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Preface

Even five years into the new millennium, cancer continues to torment humanity as

the second leading cause of death with 10.9 million newly diagnosed cases world-

wide in the year 2005 alone. Despite new discoveries of drugs and treatment com-

binations as evidenced by reports of close to 200,000 experimental studies on mice,

two million scientific publications and an annual spending of around 15 billion US

dollars world wide, the mortality rate due to cancer did not change in the past five

to six decades. Therefore, there is still a strong need for a paradigm shift in the

approach to cancer diagnosis and therapy. The advent of nanotechnological revolu-

tion offers an opportunity to achieve this paradigm shift. Since the biological pro-

cesses in general and those that lead to cancer in particular occur at the nanoscale,

there is a great opportunity for nanotechnologists to treat cancer at an as early

stage as possible. Several innovative nanoscale constructs have been demonstrated

to radically change cancer therapy with capabilities to deliver large doses of chemo-

therapeutic agents or therapeutic genes into malignant cells while sparing healthy

cells. They have also shown great promise in enabling rapid and sensitive detection

of single cancer cells and cancer-related molecules. Reports of these investigations

are being published in a very broad range of journals spanning several traditional

disciplines. It is becoming difficult for researchers to gather all the available infor-

mation on ‘Cancer Nanotechnology’. I am, therefore, pleased to share with you,

again on behalf of dedicated team of researchers in cancer nanotechnology, two

volumes of the ten volume series on nanotechnologies for the life sciences specifi-

cally dedicated to cancer. The first of these two volumes, sixth in the series, that is

being presented to you here is dedicated to cancer therapy and is aptly titled as

‘‘Nanomaterials for Cancer Therapy.’’
The book is divided into eleven chapters encompassing a number of therapeutic

approaches in cancer treatment through use of a variety of nanomaterials. It begins

with a chapter reviewing the progress that has been made to date in utilization of

conventional chemotherapeutic drug nanoparticles for cancer treatment. The chap-

ter Conventional Chemotherapeutic Drug Nanoparticles for Cancer Treatment contrib-
uted by Loredanna Serpa from the University of Turin, Italy, is an up to date review

of literature on advances being made in cancer treatment through use of nanopar-

ticle formulations containing conventional chemotherapeutic drugs such as doxor-

ubicin, cisplatin, paclitaxel and other drugs. Moving from conventional anticancer

Nanotechnologies for the Life Sciences Vol. 6
Nanomaterials for Cancer Therapy. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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drugs to conventional therapies that are being affected by nanotechnological tools,

the second chapter starts with fundamental aspects of Photo Dynamic Therapy

(PDT) that has been found to be promising in selectively treating tumors as well

as metastasis without affecting the surrounding healthy tissue. The chapter Nano-
particles for Photodynamic Therapy of Cancer, written by Florence Delie and her team

from the Laboratory of Pharmaceutical Technology and Biopharmaceutics, Univer-

sity of Geneva, Switzerland, provides an in-depth analysis of how nanoparticles,

with special emphasis on polymeric biodegradable ones, are being developed to im-

prove the conventional approaches to PDT. Continuing on a similar theme of im-

proving conventional therapies, Yoshinobu Fukumori and co-workers from Kobe

Gakuin University in Japan provide a general background on neutron capture ther-

apy (NCT), a new radiotherapy that differs from the conventional radiotherapies,

in the third chapter. This is followed by the authors reviewing more specifically

both gadolinium neutron capture therapy (GdNCT) and boron neutron capture

therapy (BNCT) with reference to use of nanomaterials. The remainder of the

chapter Nanoparticles for Neutron Capture Therapy of Cancer provides a detailed ac-

count of the authors’ experiences in developing Gd-containing lipid nanoemul-

sions and chitosan nanoparticles to demonstrate the usefulness of nanoparticle

technology in NCT. Addressing a different facet of NCT, the fourth chapter entitled

Nanovehicles and High Molecular Weight Delivery Agents for Boron Neutron Capture
Therapy focuses on various high molecular weight (HMW) agents consisting of

macromolecules and nanovehicles such as monoclonal antibodies, dendrimers, lip-

osomes, dextrans, polylysine, avidin and folic acid, epidermal and vascular endo-

thelial growth factors (EGF and VEGF) as delivery vehicles for introducing boron

atoms. In it, Gong Wu, Rolf F. Barth, Weilian Yang, Robert Lee, Werner Tjarks,

Marina V. Backer and Joseph M. Backer from the Department of Pathology at

Ohio State University in Columbus, USA, have done a remarkable job in describ-

ing procedures for introducing boron atoms into HMW agents in addition to pro-

viding information on their chemical properties, bio-distribution based on in vivo

studies, delivery across the blood brain barrier and various routes of their adminis-

tration. Overall, the work reported in chapters three & four is very valuable and ex-

citing not only from the scientific point of view, but also from the commercial

point of view as recently clinical BNCT trials mainly for brain tumors were carried

out in Japan.

Switching gears from earlier parts of the book where applications of nanotech-

nology to already well established treatments for cancer are presented, the rest of

the chapters describe ‘non-traditional’ and innovative approaches completely based

on nanotechnology that are being investigated for cancer therapy. Christoph Alex-

iou and Roland Jurgons from the Policlinic for otorhinolaryngological Illnesses of

Friedrich-Alexander University, Erlangen-Nuremberg, Germany, contributed the

fifth chapter, Local Cancer Therapy with Magnetic Drug Targeting using Magnetic
Nanoparticles, in which they review current literature on the use of magnetic nano-

particles in biomedicine in general and local chemotherapies, focusing especially

on regional cancer therapy, in particular. In the sixth chapter, Nanomaterials
for Controlled Release of Anticancer Agents, the team lead by Do Kyung Kim at the

XIV Preface



Massachusetts Institute of Technology, Cambridge, USA, has done a remarkable

job in capturing nuances of nanotechnologies, particularly those based on poly-

meric nanomaterials, being developed for controlled release of anticancer agents.

In this chapter, the authors discuss various design aspects, theoretical models and

kinetics of controlled release of anticancer drugs. The seventh chapter on the other

hand provides a much broader perspective to cancer therapy using nanomaterials

by providing a critical analysis of various approaches. While the chapter starts with

a description of the tools of nanoparticle technology that can be used to treat can-

cer, it goes a step further in critically reviewing and discussing the advantages and

drawbacks of nanoparticles for the targeted delivery of anticancer agents to defined

cells of human cancers. The chapter entitled Critical Analysis of Cancer Therapy us-
ing Nanomaterials contributed by Lucienne Juillerat-Jeanneret from the University

Institute of Pathology in Lausanne, Switzerland, concludes the section with a final

section that describes the author’s own design of how an ideal nanoparticulate sys-

tem should be for the targeted treatment of human cancers.

Treating cancer using heat has been known for a long time as cells are known to

undergo apoptosis when exposed to temperatures around 40 �C. Thermotherapy,

as it is called, as performed using conventional approaches has several drawbacks.

In the eighth chapter, Nanoparticles for Thermotherapy, a team of cancer specialists

lead by Andreas Jordan describe, based on their own experience, how some of

these drawbacks are being overcome using magnetic nanoparticles. The chapter is

particularly valuable as the team from the Center of Biomedical Nanotechnology

(CBN), Berlin, Germany, share their experience in conducting the first ever clinical

trials with thermotherapy using magnetic nanoparticles. Moving conceptually to a

more elegant approach, the ninth chapter entitled Ferromagnetic Filled Carbon
Nanotubes as Novel and Potential Containers for Anticancer Treatment Strategies ex-
plores the feasibility of different applications using magnetic multi-walled CNTs

(MWCNTs) more specifically as heat mediators for hyperthermia of solid tumors.

While authors Ingolf Mönch et al. from the Leibniz Institute for Solid State and

Materials Research in Dresden, Germany, are upbeat about potential opportunities

in the use of different types of functionalized MWCNTs, they restrict their review

to only those that are novel and those that have benefits specifically in the treat-

ment of prostate cancer.

Several types of nanomaterials are currently being investigated for targeted deliv-

ery of anticancer agents and there is a need for understanding the pros and cons of

using these different types of nanomaterials. Chapter ten written by Yong Zhang

and Dev K. Chatterjee from the Division of Bioengineering at the National Univer-

sity of Singapore provides a platform for comparing the efficacy of different types

of nanomaterials for targeted delivery. The chapter, Liposomes, Dendrimers and other
Polymeric Nanoparticles for Targeted Delivery of Anticancer Agents – A Comparative
Study, provides a unique perspective on different types of nanomaterials in general

and three major types in particular that are gaining importance in this field. The

chapter is a must for those interested in learning about background information

on mechanisms and methods of targeting cancer cells. At this point of time, lipo-

somes seem to have an edge over the other types of nanomaterials and in the au-
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thor’s own words, ‘‘the most exciting news is the performance of Epeius Biotech-

nologies Corporation’s liposomal based active targeting system that delivers genetic

material to treat several cancers, including pancreatic head carcinoma, which has

one of the worst prognoses among all neoplasms.’’ In the eleventh and final chap-

ter of the book, the team lead by Jack-Michel Renoir from University of Paris-Sud

in Châtenay-Malabry, France, focuses on the benefits of encapsulating a class of

anticancer drugs known as antiestrogens (AEs) to improve antitumoral activities

in vivo. In addition, the authors discuss in this chapter, Colloidal Systems for the De-
livery of Anticancer Agents in Breast Cancer and Multiple Myeloma, the use of passive

targeting through long-circulating drug delivery systems in different types of xeno-

grafts. They strongly believe that the approach using colloidal systems is promising

not only for the administration of antiestrogens in estrogen-dependent breast can-

cers and multiple myeloma (MM), but also for the delivery of much more toxic

anticancer agents such as taxol, thalidomide, bortezomib, VEGF inhibitors, farne-

syltransferase inhibitors, histone transferase inhibitors and hsp90 inhibitors.

I am pleased by the broad range of useful information gathered by the dedicated

contributors working in the area of cancer nanotechnology, and I am hoping that

the book will be a guide for all those who wish to be associated with the growing

field of ‘Nanomaterials for Cancer Therapy’. I am indebted to all the authors for

their extraordinary efforts and as always grateful to my employer, family, friends

and Wiley VCH publishers for making this book a reality. I am thankful to you,

the reader, who has taken time to join the journey with fellow cancer nanotechnol-

ogists. It will be my pleasure to hear back from you and I look forward to receiving

your comments, suggestions and constructive criticism in order to make further

improvements in the next editions of the book.

Challa S. S. R. KumarApril 2006, Baton Rouge
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1

Conventional Chemotherapeutic Drug

Nanoparticles for Cancer Treatment

Loredana Serpe

1.1

Introduction

Chemotherapy is a major therapeutic approach for the treatment of localized and

metastasized cancers. The selective increase in tumor tissue uptake of anticancer

agents would be of great interest in cancer chemotherapy since anticancer drugs

are not specific to cancer cells. Routes of administration, biodistribution and elim-

ination of available chemotherapeutic agents can be modified by drug delivery sys-

tems to optimize drug therapy.

This chapter focuses on progress in targeted treatment of cancer through the de-

livery of conventional anticancer agents via microparticulate drug carriers as nano-

particles. Briefly, nanoparticles may be defined as submicronic colloidal systems

that are generally made of polymers and, according to the preparation process

used, nanospheres (matrix systems) or nanocapsules (reservoir systems) can be ob-

tained. The drug can either be directly incorporated during polymerization or by

adsorption onto preformed nanoparticles [1].

The first part of this chapter pays particular attention to cancer as a drug delivery

target and to the development of different types of nanoparticles as drug delivery

device. The interaction of drug carrier systems with the biological environment is

an important basis for designing strategies; these systems should be independent

in the environment and selective at the pharmacological site. If designed appropri-

ately, nanoparticles may act as a drug vehicle able to target tumor tissues or cells,

protecting the drug from inactivation during its transport. The formulation of

nanoparticles and physicochemical parameters such as pH, monomer concentra-

tion, added stabilizer and ionic strength as well as surface charge, particle size

and molecular weight are important for drug delivery.

For instance, poly(acrylamide) nanocapsules, due to their polymeric nature, are

stable in biological fluids and during storage, and can entrap various agents in a

stable and reproducible way but, since they are not lysed by lysosomal enzymes,

their clinical application is restricted [2]. The development of biodegradable

polymers by the polymerization of various alkyl cyanoacrylate monomers and the

association of anticancer agents with these poly(alkyl cyanoacrylate) polymers has

Nanotechnologies for the Life Sciences Vol. 6
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afforded further improvement. These colloidal drug carriers are biodegradable and

can associate with various drugs in a non-specific manner. The binding capacity of

these nanoparticles to dactinomycin (90%), vinblastin (36–85%) and methotrexate

(15–40%) exceeds that of these drugs incorporated in liposomes [1].

Furthermore, certain types of nanoparticles are able to reverse multidrug resis-

tance – a major problem in chemotherapy – and selectivity in drug targeting can

be achieved by the attachment of certain forms of homing devices, such as a mono-

clonal antibody or lecithin [3].

Finally, the last part of the chapter reports some of the most significant and re-

cently developed nanoparticle formulations for the delivery of specific anticancer

agents.

1.2

Cancer as Drug Delivery Target

Tumor blood vessels have several abnormalities compared with physiological ves-

sels, such as a relatively high proportion of proliferating endothelial cells, an in-

creased tortuosity and an aberrant basement membrane formation. The rapidly

expanding tumor vasculature often has a discontinuous endothelium, with gaps

between the cells that may be several hundred nanometers large [4, 5].

Macromolecular transport pathways across tumor vessels occur via open gaps

(interendothelial junctions and transendothelial channels), vesicular vacuolar or-

ganelles and fenestrations. However, it remains controversial which pathways are

predominantly responsible for tumor hyperpermeability and macromolecular trans-

vascular transport [6].

Tumor interstitium is also characterized by a high interstitial pressure, leading

to an outward convective interstitial fluid flow, as well as the absence of an anatom-

ically well-defined functioning lymphatic network. Hence, the transport of an anti-

cancer drug in the interstitium will be governed by the physiological (i.e., pressure)

and physicochemical (i.e., composition, structure) properties of the interstitium

and by the physicochemical properties of the molecule itself (i.e., size, configura-

tion, charge, hydrophobicity). Physiological barriers at the tumor level (i.e., poorly

vascularized tumor regions, acidic environment, high interstitial pressure and low

microvascular pressure) as well as at the cellular level (i.e., altered activity of spe-

cific enzyme systems, altered apoptosis regulation and transport based mecha-

nisms) and in the body (i.e., distribution, biotransformation and clearance of anti-

cancer agent) must be overcome to deliver anticancer agents to tumor cells in vivo
[1].

Colloidal nanoparticles incorporating anticancer agents can overcome such resis-

tances to drug action, increasing the selectivity of drugs towards cancer cells and

reducing their toxicity towards normal cells.

The accumulation mechanism of intravenously injected nanoparticles in cancer

tissues relies on a passive diffusion or convection across the hyperpermeable tu-

mor vasculature. Additional retention of the colloidal particles in the tumor inter-
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stitium is due to the compromised clearance via lymphatics. This so-called ‘‘en-

hanced permeability and retention effect’’ results in an important intratumoral

drug accumulation that is even higher than that observed in plasma and other tis-

sues [7]. Controlled release of the drug content inside the tumoral interstitium

may be achieved by controlling the nanoparticulate structure, the polymer used

and the way by which the drug is associated with the carrier (adsorption or encap-

sulation).

However, anticancer drugs, even if they are located in the tumoral interstitium,

can have limited efficacy against numerous tumor types because cancer cells are

able to develop mechanisms of resistance. Simultaneous cellular resistance to mul-

tiple lipophilic drugs is one of the most important problems in chemotherapy. This

drug resistance may appear clinically either as a lack of tumor size reduction or as

the occurrence of clinical relapse after an initial positive response to antitumor

treatment. Multidrug resistance is mainly due to overexpression of the plasma

membrane P-glycoprotein, which is capable of extruding various generally posi-

tively charged xenobiotics, including some anticancer drugs, out of the cell. Multi-

drug resistance is always multifactorial when other mechanisms can be associated

with this drug efflux pump in cancer cells, such as enzymatic function modifica-

tion (topoisomerase, glutathione S-transferase) or altered intracellular drug distri-

bution due to increased drug sequestration into cytoplasmic acidic vesicles [8].

P-glycoprotein probably recognizes the drug to be effluxed out of the cancer cell

only when the drug is present in the plasma membrane, and not when it is located

in the cytoplasm of lysosomes, after endocytosis. Many cancer cell types can de-

velop resistance to doxorubicin, which is a P-glycoprotein substrate, therefore in-

corporation of this compound into nanoparticles to reverse multidrug resistance

P-glycoprotein mediated has been extensively investigated [9]. Certain types of

nanoparticles are able to overcome multidrug resistance mediated by the P-

glycoprotein, such as poly(alkyl cyanoacrylate) nanoparticles [10].

The delivery of anticancer agents to a highly perfused tumoral lesion and the

tumor cells response have been described through the development of a two-

dimensional tumor simulator with the capability of showing tumoral lesion pro-

gression through the stages of diffusion-limited dormancy, neo-vascularization

and subsequent rapid growth and tissue invasion. Two-dimensional simulations

based on a self-consistent parameter estimation demonstrated fundamental con-

vective and diffusive transport limitations in delivering anticancer drug into tu-

mors via intravenous free drug administration or via 100 nm nanoparticles injected

into the bloodstream, able to extravasate and release the drug into the tumoral tis-

sue, or via 1–10 nm nanoparticles, able to diffuse directly and target the individual

tumor cell. Even with constant drug release from the nanoparticles, homogenous

drug-sensitive tumor cell type, targeted nanoparticle delivery and model parame-

ters calibrated to ensure sufficient drug or nanoparticle blood concentration to kill

all cells in vitro, analysis shows that fundamental transport limitations are severe

and that drug levels inside the tumor are far less than in vitro. This leaves large

parts of the tumor with inadequate drug concentration. Comparison of cell death

rates predicted by simulations reveals that the in vivo rate of tumor reduction is
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several orders of magnitude less than in vitro for equal chemotherapeutic carrier

concentrations in the blood. Small nanoparticles equipped with active transport

mechanisms would overcome the predicted limitations and result in improved tu-

mor response [11].

1.3

Nanoparticles as Anticancer Drug Delivery System

The fate of a drug after administration in vivo is determined by a combination of

several processes, such as distribution, metabolism and elimination when given in-

travenously or absorption, distribution, metabolism and elimination when an ex-

travascular route is used. The result depends mainly on the physicochemical prop-

erties of the drug and therefore on its chemical structure. In recent decades, much

work has been directed towards developing delivery systems to control the fate of

drugs by modifying these processes, in particular the drug distribution within the

organism. Nanoparticles loaded with anticancer agents can successfully increase

drug concentration in cancer tissues and also act at cellular levels, enhancing anti-

tumor efficacy. They can be endocytosed/phagocytosed by cells, with resulting cell

internalization of the encapsulated drug. Nanoparticles may consist of either a

polymeric matrix (nanospheres) or of a reservoir system in which an oily or aque-

ous core is surrounded by a thin polymeric wall (nanocapsules). Suitable polymers

for nanoparticles include poly(alkyl cyanoacrylates), poly(methylidene malonate)

and polyesters such as poly(lactic acid), poly(glycolic acid), poly(e-caprolactone)

and their copolymers [3].

Nanoparticles of biodegradable polymers can provide controlled and targeted de-

livery of the drug with better efficacy and fewer side-effects. Lipophilic drugs, which

have some solubility either in the polymer matrix or in the oily core of nanocap-

sules, are more readily incorporated than hydrophilic compounds, although the

latter may be adsorbed onto the particle surface. Nanospheres can also be formed

from natural macromolecules such as proteins and polysaccharides, from non polar

lipids, and from inorganic materials such as metal oxides and silica [3].

As cancer chemotherapeutic agents are often administered systemically, numer-

ous biological factors, associated with the tumor, influence the delivery of the drugs

to the tumors. Consequently, drug delivery systems to solid tumors have been

redesigned and, subsequently, injectable delivery systems (i.e., solid lipid nano-

particles) have been developed as an alternative to polymeric nanoparticles for

adequate drug delivery to solid tumors [12].

The introduction of synthetic material into the body always affects different body

systems, including the defense system. Synthetic polymers are usually thymus-

independent antigens with only a limited ability to elicit antibody formation or to

induce a cellular immune response against them. However, they influence, or can

be used to influence, the immune system of the host in many other ways. Low-

immunogenic water-soluble synthetic polymers sometimes exhibit significant im-

munomodulating activity, mainly concerning the activation/suppression of NK
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cells, LAK cells and macrophages. Some of them, such as poly(ethylene glycol) and

poly[N-(2-hydroxypropyl)methacrylamide], can be used as effective protein carriers,

as they can reduce the immunogenicity of conjugated proteins and/or reduce non-

specific uptake of nanoparticle-entrapped drugs and other therapeutic agents [13].

1.3.1

Conventional Nanoparticles

Association of a cytostatic drug to colloidal carriers modifies the drug biodistribu-

tion profile, as it is mainly delivered to the mononuclear phagocytes system (liver,

spleen, lungs and bone marrow). Once in the bloodstream, surface non-modified

nanoparticles, (conventional nanoparticles), are rapidly opsonized and massively

cleared by the fixed macrophages of the mononuclear phagocytes system organs.

The size of the colloidal carriers as well as their surface characteristics greatly in-

fluence the drug distribution pattern in the reticuloendothelial organs, since these

parameters can prevent their uptake by macrophages. The exact underlying mech-

anism was not fully understood, but it was rapid and compatible with endocytosis.

A high curvature (resulting in size < 100 nm) and/or a hydrophilic surface (as

opposed to the hydrophobic surface of conventional nanoparticles) are needed to

reduce opsonization reactions and subsequent clearance by macrophages [14].

Since conventional nanoparticles are naturally concentrated within macrophages,

they can be used to deliver drugs to these cells. The muramyl dipeptide, a low-

molecular-weight, soluble, synthetic compound based on the structure of peptido-

glycan from mucobacteria, stimulates the antitumoral activity of macrophages.

Although it acts on intracellular receptors, it penetrates poorly into macrophages.

Furthermore, it is eliminated rapidly after intravenous administration. These prob-

lems can be overcome by encapsulation within nanocapsules, and lipophilic de-

rivatives such as muramyl tripeptide-cholesterol have been developed to increase

encapsulation efficiency. In vitro studies have shown increased intracellular pene-

tration of muramyl peptides into macrophages when they are associated with

nanoparticles, increasing macrophage effector functions (i.e., nitric oxide, cytokine

and prostaglandin production) and cytostatic activity against tumor cells [3].

The contribution of conventional nanoparticles to enhance anticancer drugs effi-

cacy is limited to targeting tumors at the organs of the mononuclear phagocytes

system organ. Owing to their very short circulation time (the mean half-life of con-

ventional nanoparticles is 3–5 min after intravenous administration) addressing

anticancer drug-loaded nanoparticles to other tumoral tissues is not reasonable.

Moreover, penetration of such a carrier system across the tumoral endothelium

would be minimum, leading to subtherapeutic concentrations of the drug near

the cancer cells. This biodistribution can be of benefit for the chemotherapeutic

treatment of mononuclear phagocytes system localized tumors (i.e., hepatocarci-

noma, hepatic metastasis, bronchopulmonary tumors, myeloma and leukemia).

Activity against hepatic metastases has been observed in mouse models, although

this treatment is only therapeutic when the tumor load is low [15].

1.3 Nanoparticles as Anticancer Drug Delivery System 5



Both the polymeric composition of the nanoparticles and the associated drug

greatly influence the drug distribution pattern in the mononuclear phagocytic sys-

tem. Conventional nanoparticles, likely, have a better safety profile than free anti-

cancer agents when acting on normal tissue. For example, a reduction of the car-

diac accumulation of drugs [16] and of the genotoxicity of mitomycin [17] have

been reported. Moreover, encapsulation of doxorubicin within nanoparticles re-

duces its cardiotoxicity by reducing the amount of drug that reaches the myocar-

dium with a significant increase of drug concentrations in the liver. In one study

this was not associated with any overall toxicity [18] while another study, using un-

loaded nanoparticles, observed a reversible decline in the phagocytic capacity of the

liver after prolonged dosing, as well as a slight inflammatory response [19]. Accu-

mulation of drug nanoparticles in the liver may also influence its elimination, since

this organ is the site of metabolism and biliary excretion. Biliary clearance of indo-

methacin was increased three-fold by inclusion in nanocapsules [20]. Nanoparticle-

associated doxorubicin accumulated in bone marrow and led to a myelosuppressive

effect in one study [21]. Thus, altered distribution may generate new types of tox-

icity. When conventional nanoparticles are used as carriers in chemotherapy, some

cytotoxicity against the Kupffer cells or other targeted macrophages can be ex-

pected, as the class of drugs being used is able to induce apoptosis in these cells.

Treatments featuring frequent administrations (with intervals shorter than two

weeks – the restoration period of Kupffer cells) could result in a deficiency of

Kupffer cells, which in turn could lead to decreased liver uptake and a subsequent

decreased therapeutic efficacy for hepatic tumors. In addition, a risk for bacterie-

mia can not to be excluded [22]. Moreover, conventional carriers also target the

bone marrow, hence chemotherapy with such carriers may increase myelosuppres-

sive effects. However, this tropism of carriers can also be used to deliver myelo-

stimulating compounds such as granulocyte-colony-stimulating factor [23].

Certain types of nanoparticles were also found to be able to overcome multidrug

resistance mediated by the P-glycoprotein efflux system localized at the cancerous

cell membrane. This simultaneous cellular resistance to multiple lipophilic drugs

represents a major problem in cancer chemotherapy. Such drug resistance may ap-

pear clinically either as a lack of tumor size reduction or as the occurrence of clin-

ical relapse after an initial positive response to antitumor treatment. The resistance

mechanism can have different origins, either directly linked to specific mechanisms

developed by the tumor tissue or connected to the more general problem of distri-

bution of a drug towards its targeted tissue. Poly(alkyl cyanoacrylate) nanoparticles

have been developed to overcome multidrug resistance [10]. Despite encouraging

results with conventional carrier systems, much research has been dedicated to de-

signing carriers with modified distribution and new therapeutic applications.

1.3.2

Sterically Stabilized Nanoparticles

Since the usefulness of conventional nanoparticles is limited by their massive cap-

ture by the macrophages of the mononuclear phagocytes system after intravenous
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administration, systems with modified surface properties to reduce the disposition

of plasma proteins and the recognition by phagocytes have been developed [14].

These are known as sterically stabilized carriers or ‘‘stealth carriers’’ and may re-

main in the blood compartment for a considerable time. The hydrophilic polymers

poly(ethylene glycol), poloxamines, poloxamers, polysaccharides have been used to

coat efficiently conventional nanoparticles’ surface [24]. These coating provide a dy-

namic cloud of hydrophilic and neutral chains at the particle surface that keep

away plasma proteins [25]. Poly(ethylene glycol) (PEG) has been introduced at the

surface either by adsorption of surfactants [24] or by using block or branched co-

polymers, usually with poly(lactide) [26, 27]. These StealthTM nanoparticles are

characterized by a prolonged half-life in the blood compartment and by extravasa-

tion into sites where the endothelium is more permeable, such as solid tumors,

regions of inflammation and infection. Consequently, such long-circulating nano-

particles are supposed to be able to target directly most tumors located outside the

mononuclear phagocytes system [22]. A higher tumor uptake, thanks to the small

size and the hydrophilicity of the carrier device, as well as a sustained release of

the drug could improve the efficacy of anticancer chemotherapy. The complement-

rejecting properties of nanocapsules are superior to those of nanospheres at equiv-

alent surface area [28].

Coating conventional nanoparticles with surfactants to obtain a long-circulating

carrier, the first strategy used to direct tumor targeting in vivo, has been demon-

strated using photosensitizers like phthalocyanines in PEG-coated nanoparticles

[29] and meta-tetra(hydroxyphenyl)chlorin in poly(lactide)-PEG nanocapsules [30].

PEG chains have been attached covalently to poly(alkyl cyanoacrylate) polymers

by two chemical strategies; both types of particle have shown long-circulating prop-

erties in vivo [31]. Such particles have been loaded with tamoxifen with a view to

their use in treating hormone-dependent tumors [32]. Poly(alkyl cyanoacrylate)

nanoparticles allow the delivery of several drugs, including doxorubicin, across

the blood–brain barrier after coating with surfactants. However, only the surfac-

tants polysorbate (Tween 20, 40, 60 and 80) and some poloxamers (Pluronic F68)

can induce this uptake. A therapeutic effect with this sterically stabilized carrier

system has been noted in rats bearing intracranial glioblastoma [33]. The delivery

mechanism across the blood–brain barrier is most likely endocytosis via the LDL

receptor by the endothelial cells lining the brain blood capillaries after injection of

the nanoparticles into the blood stream. This endocytotic uptake seems to be medi-

ated by the adsorption of apolipoprotein B and/or E adsorption from the blood.

The drug, then, may be released either within these cells followed by passive dif-

fusion into the brain or be transported into the brain by transcytosis [34]. Long-

circulating nanoparticles have also been used in tumor targeting followed by irra-

diation of tumor site in the case of photodynamic therapy. To improve anticancer

efficacy and avoid systemic phototoxicity this combination was evaluated in a EMT-

6 tumor-bearing mice model. Unfortunately, poly(lactic acid) nanospheres covered

by PEG did not allow a higher intratumoral accumulation of its incorporated pho-

tosensitizer (hexadecafluoro zinc phthalocyanine). The fragility of the adsorbed

coating and the large size (>900 nm) could be responsible for this failure. How-
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ever, formulation of the photosensitizer in the biodegradable nanospheres im-

proved photodynamic therapy response, probably by influencing the intratumoral

distribution pattern of the photosensitizer [35]. The biodistribution of non-bio-

degradable poly(methyl methacrylate) nanospheres coated or not with different sur-

factants (Polysorbate 80, Poloxamer 407 and Polaxamine 908) have been investi-

gated in several mice bearing tumor models, including a murine B16-melanoma

(inoculated intramuscularly), a human breast cancer MaTu (engrafted subcutane-

ously) and an U-373 glioblastoma (implanted intracerebrally). The coated poly-

(methyl methacrylate) nanospheres in circulation showed a prolonged half-life,

especially with the Poloxamer 407 and Poloxamine 908 coatings. Moreover, an ac-

cumulation and retention of the coated nanospheres in the B-16 and MaTu tumors

were observed, depending on the particle surface hydrophilicity and the specific

growth difference of the tumor [36].

Although interesting results have been obtained with adsorbed surfactant, a co-

valent linkage of amphiphilic copolymers is generally preferred to obtain a pro-

tective hydrophilic cloud on nanoparticles that avoids the possibility of rapid coat-

ing desorption upon either dilution or after contact with blood components. This

approach has been employed with poly(lactic acid), poly(caprolactone) and poly-

(cyanoacrylate) polymers, which were chemically coupled to PEG [27, 31, 37].

The surface characteristics of nanospheres prepared from poly(lactide-co-glyco-
lide) copolymers have been optimized to reduce their interactions with plasma pro-

teins and to increase their circulating half-life [26, 27, 38]. Biodegradable nano-

spheres prepared from poly(lactide-co-glycolide) coated with poly(lactide)- PEG

diblock copolymers showed a significant increase in blood circulation time and re-

duced liver uptake in a rat model compared with non-coated poly(lactide-co-gly-
colide) nanospheres [39]. Nanocapsules containing poly(lactide)-PEG showed re-

duced association with a macrophage-like cell line (J774 A1) irrespective of

dilution and incubation time up to 24 h [40]. This formulation, which showed a

lower capture by macrophages in vitro, also gave good results in vivo, yielding a

plasma area under the curve 15-fold higher than that obtained with nanocapsules

stabilized by adsorbed Poloxamer F68. Persistence in the blood compartment was

accompanied by delayed liver and spleen uptake [41].

1.3.3

Actively Targetable Nanoparticles

Nanoparticles can be targeted to the particulate region of capillary endothelium, to

concentrate the drug within a particular organ and allow it to diffuse from the car-

rier to the target tissue. The folate receptor is overexpressed on many tumor cells.

Folinic acid has some advantages over transferrin or antibodies as a ligand for

long-circulating carriers because it is a much smaller molecule that is unlikely to

interact with opsonines and can be coupled easily to a poly(ethylene glycol) (PEG)

chain without loss of receptor-binding activity. This targeting strategy has also been

applied to long-circulating nanoparticles prepared from a cyanoacrylate-based poly-

mer. Folate grafted to PEG cyanoacrylate nanoparticles has a ten-fold higher appar-
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ent affinity for the folate-binding protein than the free folate. Indeed, the particles

represent a multivalent form of the ligand folic acid and folate receptors are often

disposed in clusters. Thus conjugated nanoparticles could display a stronger inter-

action with the surface of malignant cells [42]. Bovine serum albumin nanopar-

ticles have been reacted with the activated folic acid to conjugate folate via amino

groups of the nanoparticle to improve their intracellular uptake to target cells. The

nanoparticles were taken up to SKOV3 cells (human ovarian cancer cell line) and

levels of binding and uptake were increased with the time of incubation until 4 h.

The levels of folate-conjugated bovine serum albumin nanoparticles were higher

than those of non-conjugated nanoparticles and saturable. Association of folate

conjugated bovine serum albumin nanoparticles to SKOV3 cells was inhibited by

an excess amount of folic acid, suggestive of binding and/or uptake mediated by

the folate receptor [43].

Folate-linked microemulsions of the antitumor antibiotic aclacinomycin have

been developed and investigated both in vitro and in vivo. Three kinds of folate-

linked microemulsions with different PEG chain lengths loading aclacinomycin

were formulated. In vitro studies were performed in a human nasopharyngeal cell

line, KB, which overexpresses the folate receptor and in a human hepatoblastoma

cell line, folate receptor (–), HepG2. In vivo experiments were carried out in a KB

xenograft by systemic administration of folate-linked microemulsions loading acla-

cinomycin. This afforded selective folate receptor mediated cytotoxicity in KB but

not in HepG2 cells. Association of the folate-PEG 5000 linked and folate-PEG

2000 linked microemulsions with the cells was 200- and 4-fold higher, respectively,

whereas their cytotoxicity was 90- and 3.5-fold higher than those of non-folate

microemulsion. The folate-PEG 5000 linked microemulsions showed a 2.6-fold

higher accumulation in solid tumors 24 h after intravenous injection and greater

tumor growth inhibition than free aclacinomycin. This study showed how folate

modification with a sufficiently long PEG-chain on emulsions can be an effective

way of targeting emulsion to tumor cells [44].

Transferrin is another well-studied ligand for tumor targeting due to upregula-

tion of transferrin receptors in numerous cancer cell types. A transferrin-modified,

cyclodextrin polymer-based gene delivery system has been developed. The nano-

particle is surface-modified to display PEG for increasing stability in biological flu-

ids and transferrin for targeting of cancer cells that express transferrin receptor. At

low transferrin modification, the particles remain stable in physiologic salt concen-

trations and transfect K562 leukemia cells with increased efficiency over untar-

geted particles. The transferrin-modified nanoparticles are appropriate for use in

the systemic delivery of nucleic acid therapeutics for metastatic cancer applications

[45].

Nanoparticles conjugated with an antibody against a specific tumor antigen have

been developed to obtain selective drug delivery systems for the treatment of tu-

mors expressing a specific tumor antigen. For instance, biodegradable nanopar-

ticles based on gelatin and human serum albumin have been developed. The sur-

face of the nanoparticles was modified by covalent attachment of the biotin-binding

protein NeutrAvidin, enabling the binding of biotinylated drug targeting ligands by
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avidin–biotin complex formation. Using the HER2 receptor specific antibody tras-

tuzumab (Herceptin) conjugated to the surface of these nanoparticles, a specific

targeting to HER2-overexpressing cells could be shown. Confocal laser scanning

microscopy demonstrated an effective internalization of the nanoparticles by

HER2-overexpressing cells via receptor-mediated endocytosis [46].

There is a tremendous effort to develop and test gene delivery vectors that are

efficient, non-immunogenic, and applicable for cancer gene systemic therapy.

Since internalization of colloidal carriers usually leads to the lysosomal compart-

ment, in which hydrolytic enzymes will degrade both the carrier and its content,

the intracellular distribution of the carrier must be modified when the encapsu-

lated drug is a nucleic acid. Thus, systems have been developed that either fuse

with the plasma membrane or have a pH-sensitive configuration that changes con-

formation in the lysosomes and allows the encapsulated material to escape into the

cytoplasm [3]. Rapid endo-lysosomal escape of biodegradable nanoparticles formu-

lated from the copolymers of poly(d,l-lactide-co-glycolide) has been reported. This

occurred by selective reversal of the surface charge of nanoparticles (from anionic

to cationic) in the acidic endo-lysosomal compartment, which causes the nanopar-

ticles to interact with the endo-lysosomal membrane and escape into the cytosol.

These nanoparticles can deliver various therapeutic agents, including macromole-

cules such as DNA at a slow rate, resulting in a sustained therapeutic effect.

Thermo-responsive, pH-responsive and biodegradable nanoparticles have been de-

veloped by grafting biodegradable poly(d,l-lactide) onto N-isopropyl acrylamide and

methacrylic acid. It may be sufficient for a carrier system to concentrate the drug

in the tissue of interest. However, for hydrophilic molecules such as nucleic acid,

which cross the plasma membrane with difficulty, intracellular delivery is required.

Clinical trials for deadly pancreatic cancer have recently begun on two continents.

The aim is to evaluate the safety and efficacy of engineered nanoparticles guided

by a targeted delivery system to overcome dilution, filtration and inactivation en-

countered in the human circulatory system to deliver a killing designer gene to

metastatic tumors that are refractory to conventional chemotherapy. The first pa-

tients receiving multiple intravenous infusions of the targeted delivery system-

encapsulated genetic bullets have all responded favorably [47].

1.3.4

Routes of Drug Nanoparticles Administration

The most convenient route of drug administration is the oral one but this presents

several barriers to the use of colloidal carrier owing to conditions within the gastro-

intestinal tract. Duodenal enzymes and bile salts destroy the lipid bilayers of most

types of liposome, releasing the drug. Polymeric nanoparticles are more stable,

although there is some evidence that polyesters can be degraded by pancreatic

lipases [48]. They may be able to improve bioavailability, particularly for highly

insoluble drugs, by increasing the surface area for dissolution and as a result of

bioadhesion. However, nanoparticles can be used to protect a labile drug from deg-

radation in the gastrointestinal tract or to protect it from toxicity due to the drug.
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Polymeric nanoparticles, due to their bioadhesive properties, may be immobilized

within the mucus or, when in contact with the epithelial cells, show a slower clear-

ance from the gastrointestinal tract [49]. Nanoparticles of biodegradable polymers

containing alpha-tocopheryl PEG 1000 succinate (vitamin E TPGS) have been pro-

posed to replace the current method of clinical administration and to provide an

innovative solution for oral chemotherapy. Vitamin E TPGS could be a novel sur-

factant as well as a matrix material when blended with other biodegradable

polymers – it has great advantages for the manufacture of polymeric nanoparticles

for controlled release of paclitaxel and other anticancer drugs [50].

Potential applications of colloidal drug carriers by the intravenous route can be

summarized as concentrating drugs in accessible sites, rerouting drugs away from

sites of toxicity and increasing the circulation time of labile or rapidly eliminated

drugs.

After subcutaneous or intraperitoneal administration, nanoparticles are taken up

by regional lymph nodes [51].

Subcutaneously or locally injected (in the peri-tumoral region) nanoparticles can

be used for lymphatic targeting as a tool for chemotherapy against lymphatic tu-

mors or metastases since they penetrate the interstitial space around the injection

site and are gradually absorbed by the lymphatic capillaries into the lymphatic sys-

tem. Aclarubicin adsorbed onto activated carbon particles has been tested after sub-

cutaneous injection in mice, against a murine model (P288 leukemia cells) of

lymph node metastases [52]. The same system has also been used as a locoregional

chemotherapy adjuvant for breast cancer in patients after intratumoral and peritu-

moral injections [53]. In both cases, this carrier system distributed selectively high

levels of free aclarubicin to the regional lymphatic system and low levels to the rest

of the body. However, this carrier system is not biodegradable and it is rather big

(>100 nm), impeding drainage from the injection site. In addition, the drug is as-

sociated to the particles by adsorption, leading to a rapid release with possible sys-

temic absorption. Biodegradable systems coated by adsorption of the surfactant

Poloxamine 904 or poly(isobutyl cyanoacrylate) nanocapsules [51, 54] have been de-

veloped to improve lymphatic targeting. Poloxamine 904 caused an increased se-

questration of the particles in lymph nodes, reducing the systemic absorption of

any encapsulated drug [54]. Poly(isobutyl cyanoacrylate) nanocapsules were also

able to retain the lipophilic indicator 12-(9-anthroxy)stearic acid in the regional

lymph nodes for 168 h after intramuscular administration [51]. A study combin-

ing intratumoral administration of gadolinium-loaded chitosan nanoparticles and

neutron-capture therapy has been performed on the B16F10 melanoma model sub-

cutaneously implanted in mice. Gadolinium retention in tumor tissue increased

when it was encapsulated with respect to the free drug. Tumor irradiation 8 h after

the last intratumoral injection of gadolinium nanoparticles prevented further tu-

mor growth in the animals treated, thereby increasing their life expectancy [55].

Retention of carriers instilled into the eye also occurs, leading to important ther-

apeutic potential in this area. As well as a bioadhesive effect, some evidence has

been presented to show that nanoparticles can penetrate through the corneal epi-

thelium [56].
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1.4

Anticancer Drug Nanoparticles

1.4.1

Anthracyclines

One of the most powerful and widely used anticancer drugs is doxorubicin, an an-

thracyclinic antibiotic that inhibits the synthesis of nucleic acids. This drug has a

very narrow therapeutic index as its clinical use is hampered by several undesirable

side-effects like cardiotoxicity and myelosuppression [57]. Thus, much effort has

been made to target doxorubicin to cancer tissues, improving its efficacy and safety.

Poly(isohexyl cyanoacrylate) nanospheres incorporating doxorubicin have been

developed. On an hepatic metastases model in mice (M5076 reticulum cell sar-

coma) such doxorubicin nanospheres afforded a greater reduction in the number

of metastases than when free doxorubicin was used and it appeared to increase

the life span of the metastasis-bearing mice [58]. Another study found higher con-

centrations of doxorubicin in mice liver, spleen and lungs with doxorubicin incor-

porated into poly(isohexyl cyanoacrylate) than in mice treated with free doxorubi-

cin. At the same time, the concentration of doxorubicin in heart and kidneys of

the mice were lower than when free doxorubicin was used [18]. Tissue pharma-

cokinetic studies showed that the underlying mechanism responsible for the in-

creased therapeutic efficacy of the nanoparticle formulation was a transfer of dox-

orubicin from the healthy hepatic tissue, acting as a drug reservoir, to the

malignant cells. Kupffer cells, after a massive uptake of nanoparticles by phagocy-

tosis, were able to induce the release of doxorubicin, leading to a gradient concen-

tration, favorable for a prolonged diffusion of the free and still active drug towards

the neighboring metastatic cells [59]. Thus, this biodistribution profile can be of

benefit for chemotherapeutic treatment of tumors localized in the mononuclear

phagocytic system.

Clinical pharmacokinetics after a single intravenous administration of doxorubi-

cin adsorbed onto poly(methacrylate) nanospheres has been investigated in hepa-

toma patients. This type of conventional carrier, although of limited use in vivo be-
cause not biodegradable, allowed a reduction in both the volume of distribution

and the elimination half-life of doxorubicin [60]. Another phase I clinical investiga-

tion has been carried out on 21 cancer patients with doxorubicin associated to

biodegradable poly(isohexyl cyanoacrylate) nanospheres. Pharmacokinetic studies

conducted in 3/21 patients revealed important interindividual variation for doxoru-

bicin (encapsulated or not) plasma levels. Clinical toxicity of encapsulated doxoru-

bicin consisted of dose-dependent myelosuppression of different grades in all pa-

tients, in pseudo-allergic reactions in 3/21 patients and in diffuse bone pain in 3/

21 patients. However, neither cardiac toxicity nor hepatotoxicity were encountered

among 18 patients treated with the nanoparticles formulation. According to WHO

criteria, there were only 2/21 stable diseases lasting 4–6 months. All the other pa-

tients had progressive disease after the first course of doxorubicin-loaded poly-

(isohexyl cyanoacrylate) nanospheres. This could be due to tumor localization, as
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they were rarely located at sites of the mononuclear phagocytic system, resulting in

subtherapeutic anticancer drug concentration exposure [61].

As doxorubicin-loaded poly(isobutyl cyanoacrylate) nanoparticles are more effi-

cient than free drug in mice bearing hepatic metastasis of the M5076 tumor, and

Kupffer cells could have acted as a drug reservoir after nanoparticle phagocytosis,

the role of macrophages in mediating the cytotoxicity of doxorubicin-loaded nano-

particles on M5076 cells was studied. After direct contact, free doxorubicin and

doxorubicin-loaded nanoparticles had the same efficacy against M5076 cell growth.

Co-culture experiments with macrophages J774.A1 led to a five-fold increase in the

IC50 for both doxorubicin and doxorubicin-loaded nanoparticles. The activation of

macrophages by IFN-g in co-culture significantly decreased the IC50s. After phago-

cytosis of doxorubicin-loaded nanoparticles, J774.A1 cells were able to release active

drug, allowing it to exert its cytotoxicity against M5076 cells. Drug efficacy was po-

tentiated by the activation of macrophages releasing cytotoxic factors such as NO,

which resulted in increased tumor cell death [62]. Similarly, the use in a murine

tumor model (implanted subcutaneously J774A.1 macrophages) of a dextran–

doxorubicin conjugate incorporated into small chitosan nanospheres was reported

to outperform the free conjugate, especially in relation to life expectancy [63].

The body distribution of nanoparticle incorporating doxorubicin injected into the

hepatic artery of hepatoma bearing rats was investigated. The nanoparticle formu-

lation and free doxorubicin were injected into the hepatic artery of Walker-256 hep-

atoma bearing rats on the seventh day after tumor implantation. Survival time, tu-

mor enlargement ratio and tumor necrosis degree were compared. Nanoparticles

containing doxorubicin substantially increased the drug concentrations in liver,

spleen, and tumor of rats compared to free drug, whereas the concentrations in

plasma, heart and lungs were significantly decreased. The nanoparticulate formu-

lation brought on a more significant tumor inhibition and more extensive tumor

necrosis. The prolonged life span ratio was 109.22% as compared with rats that ac-

cepted normal saline [64, 65].

The nanoparticle modified biodistribution may generate new types of toxicity, as

has been observed with doxorubicin incorporated in poly(isobutyl cyanoacrylate)

and poly(isohexyl cyanoacrylate) nanospheres, whose hematopoietic toxicity was

generally more pronounced and long-lasting than that of free doxorubicin [21].

Acute renal toxicity was another murine-reported doxorubicin toxicity, which was

amplified by the association of the drug to poly(isobutyl cyanoacrylate) nano-

spheres. Proteinuria was probably the result of a modified biodistribution of the

associated drug, which resulted in glomerular damage [66]. In another instance,

doxorubicin was incorporated into gelatin nanospheres by a covalent bond on its

amino group via glutaraldehyde [67]. Unfortunately, no or only marginal antitu-

mor activity against a C26 tumor (mouse colon adenocarcinoma) in vivo was

showed, and in certain cases there was even an increased doxorubicin cardiotoxic-

ity. Once again this lack of antitumor activity may due to slow dissociation of the

complex due to the covalent linkage or to the slow diffusion of the complex across

the cellular membrane.

Polysorbate 80-coated poly(isobutyl cyanoacrylate) nanospheres provided no ma-
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jor changes in doxorubicin biodistribution and pharmacokinetic parameters in rats

when compared to those of conventional poly(isobutyl cyanoacrylate) nanospheres.

However, the coated nanospheres did transport a significant amount of incorpo-

rated doxorubicin to the brain of healthy rats, reaching the highest drug levels in

this organ 2–4 h after intravenous administration. Consequently, an active trans-

port from the blood to the brain was suspected since cerebral accumulation oc-

curred against a concentration gradient. A mechanism involving an endocytosis

by brain endothelial cells was hypothesized, as the brain uptake was inhibited at

4 �C and after a pretreatment with cytochalasin B [68]. Then, polysorbate 80-coated

poly(isobutyl cyanoacrylate) nanoparticles were shown to enable the transport of

doxorubicin across the blood–brain barrier to the brain after intravenous adminis-

tration and to considerably reduce the growth of brain tumors in rats. The acute

toxicity of doxorubicin associated with polysorbate 80-coated nanoparticles in

healthy rats was studied and a therapeutic dose range for this formulation in rats

with intracranially implanted 101/8 glioblastoma was established. Single intrave-

nous administration of empty poly(isobutyl cyanoacrylate) nanoparticles in the

dose range 100–400 mg kg�1 did not cause mortality within the period of observa-

tion. Association of doxorubicin with poly(isobutyl cyanoacrylate) nanoparticles did

not produce significant changes of quantitative parameters of acute toxicity of the

antitumor agent. Likewise, the presence of polysorbate 80 in the formulations was

not associated with changes in toxicity compared with free or nanoparticulate drug.

The results in tumor-bearing rats were similar to those in healthy rats. The toxicity

of doxorubicin bound to nanoparticles was similar or even lower than that of

free doxorubicin [69]. As doxorubicin bound to polysorbate-coated nanoparticles

crossed the intact blood–brain barrier, reaching therapeutic concentrations in

the brain, the therapeutic potential of this formulation in vivo was studied using

an animal model created by implantation of 101/8 glioblastoma tumor in rat

brains. Rats treated with doxorubicin bound to polysorbate-coated nanoparticles

had significantly higher survival times than with free doxorubicin; over 20% of

the animals showed a long-term remission (Fig. 1.1). All animals treated with

polysorbate-containing formulation also had a slight inflammatory reaction to the

tumor. There was no indication of neurotoxicity [70].

Doxorubicin has also been conjugated chemically to a terminal end group of

poly(d,l-lactic-co-glycolic acid) by an ester linkage and then formulated into nano-

particles. The conjugated doxorubicin nanoparticles showed increased uptake with-

in a HepG2 cell line. They exhibited a slightly lower IC50 against the HepG2 cell

line than did free doxorubicin. An in vivo antitumor activity assay also showed

that a single injection of the nanoparticles had comparable activity to that of free

doxorubicin administered by daily injection [71]. Doxorubicin-loaded poly(butyl

cyanoacrylate) nanoparticles have been used to enhance the delivery of the drug

to Dalton’s lymphoma solid tumor. 99mTc-labeled complexes of doxorubicin and

doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles were administered sub-

cutaneously below the Dalton’s lymphoma tumor. The distribution of doxorubicin-

loaded poly(butyl cyanoacrylate) nanoparticles to the blood, heart and organs of the
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reticuloendothelial system was biphasic with a rapid initial distribution, followed

by a significant decrease later at 6 h post-injection. The distribution of doxorubicin

to tissues was very low initially and increased significantly at 6 h post-injection, in-

dicating its accumulation at the injection site for a longer time. The concentration

of doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles was also high in

tissues at 6 h post-injection, indicating their accumulation at the subcutaneous

site and consequent disposition to tissues with time. A significantly high tumor up-

take of doxorubicin-loaded poly(butyl cyanoacrylate) nanoparticles (approx. 13-fold

higher at 48 h post-injection) was found compared to free doxorubicin. Tumor con-

centrations of both doxorubicin and doxorubicin-loaded poly(butyl cyanoacrylate)

nanoparticles increased with time, indicating their slow penetration from the injec-

tion site into tumor [72].

Poly(ethylene glycol)-coated poly(hexadecyl cyanoacrylate) nanospheres also dis-

played a significant accumulation within an orthotopic 9L gliosarcoma model, after

intravenous administration to rats. Hence, in the same model, the pre-clinical effi-

cacy of this carrier when loaded with doxorubicin was evaluated. The cumulative

maximum tolerated dose of nanoparticulate doxorubicin was 1.5-fold higher than

that of free doxorubicin. Nevertheless, encapsulated doxorubicin was unable to elic-

it a better therapeutic response in the 9L gliosarcoma. A biodistribution study re-

vealed that the doxorubicin-loaded nanospheres accumulated to a 2.5-fold lesser ex-

tent in the 9L tumor than did the unloaded nanospheres and that they were mainly

Fig. 1.1. Kaplan–Meier survival curves.

Percentage of survival of the rats with

intracranially transplanted glioblastoma

after intravenous injection of 2.5 mg kg�1

doxorubicin each on day 2, 5 and 8 using

one of the following formulations: DOX,

doxorubicin in saline; DOXþPs, doxorubicin

in saline plus polysorbate 80; DOX-NP,

doxorubicin bound to poly(butyl cyanoacrylate)

nanoparticles; DOX-NPþPs, doxorubicin

bound to poly(butyl cyanoacrylate)

nanoparticles coated with polysorbate 80.

(Reproduced with permission from Ref. [70].)
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localized in the lungs and the spleen. Such a typical profile indicated aggregation

with plasma proteins as a consequence of the positive surface charge of these

loaded particles; this ionic interaction resulting from drug encapsulation was

mainly responsible for 9L treatment failure [73].

The ability of doxorubicin-loaded solid lipid nanoparticles to achieve prolonged

drug plasma levels was also investigated. One study observed a low uptake of solid

lipid nanoparticles by the liver and spleen macrophages. This might be explained

by a low surface hydrophobicity of the nanoparticles avoiding the adsorption of any

blood proteins mediating the uptake by liver and spleen macrophages [74]. More-

over, uptake of the solid lipid nanoparticles (SLNs) by the brain might be explained

by adsorption of a blood protein mediating adherence to the endothelial cells of the

blood–brain barrier [75]. Pharmacokinetic studies of doxorubicin incorporated into

SLNs showed higher blood levels in comparison to a commercial drug solution

after intravenous injection in rats. Concerning the body distribution, doxorubicin-

loaded SLNs caused higher drug concentrations in lung, spleen and brain, while

the solution led to a distribution more into liver and kidneys [76]. Furthermore, in-

corporation of doxorubicin into SLNs strongly enhanced its cytotoxicity in several

cell lines [77, 78]. In particular, in the human colorectal cancer cell line HT-29,

the intracellular doxorubicin content was double after 24 h exposure to loaded

SLNs versus the conventional drug formulation [78]. Pharmacokinetics and tissue

distribution of doxorubicin incorporated in non-sterically stabilized SLNs and in

sterically stabilized SLNs at increasing concentration of stearic acid-PEG 2000 as

stabilizing agent after intravenous administration to rabbits have been studied.

The doxorubicin area under the concentration–time curve increased as a function

of the amount of sterically stabilizing agent present in the SLNs. Doxorubicin was

present in the brain only after doxorubicin-loaded SLNs administration and the in-

crease in the stabilizing agent affected the doxorubicin transported into the brain.

There was always less doxorubicin in the liver, lungs, spleen, heart and kidneys

after injection of any of the types of SLNs than after the doxorubicin solution. In par-

ticular, all SLNs formulations significantly decreased heart and liver concentrations

of doxorubicin [79]. Interestingly, both non-coated and coated SLNs showed a sim-

ilar low uptake by liver and spleen macrophages [80]. The bioavailability of idaru-

bicin can be also improved by administering idarubicin-loaded SLNs duodenally to

rats. The pharmacokinetic parameters of idarubicin found after duodenal adminis-

tration of idarubicin solution and idarubicin-loaded SLNs were different. The area

under the concentration–time curve and the elimination half-life were 2- and 30-

fold higher after administration of idarubicin-loaded SLNs than after solution ad-

ministration, respectively. Tissue distribution also differed: idarubicin and its main

metabolite idarubicinol concentrations were lower in heart, lung, spleen and kid-

neys after idarubicin-loaded SLNs administration than after solution administra-

tion. Furthermore, the drug and its metabolite were detected in the brain only after

idarubicin-loaded SLNs administration, indicating that SLNs were able to cross the

blood–brain barrier. After intravenous idarubicin-loaded SLNs administration, the

area under the time–concentration curve of idarubicin was lower than after duode-

nal administration of the same formulation [81].
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1.4.1.1 Reverse of P-glycoprotein Mediated Multidrug Resistance

of Cancer Cells to Doxorubicin

Different types of nanoparticles have been developed to reverse the P-glycoprotein

mediated multidrug resistance of cancer cells to doxorubicin, an important prob-

lem in its clinical use.

Conventional poly(cyanoacrylate) nanoparticles allow doxorubicin P-glycoprotein

mediated multidrug resistance to be overcome in vitro only when the nanoparticles

and the resistant cancer cell line are in close contact [82]. The nanoparticle-

associated drug accumulated within the cells and appeared to avoid P-glycoprotein

dependent efflux. This reversal was only observed with poly(alkyl cyanoacrylate)

nanoparticles and was not due to particle endocytosis. The formation of a complex

between positively charged doxorubicin and negatively charged polymer degrada-

tion products seemed to favor diffusion across the plasma membrane [82].

When doxorubicin was coupled via an ionic interaction to non-biodegradable

poly(methacrylate) nanospheres, the P-glycoprotein mediated multidrug resistance

reversal differed from that of doxorubicin incorporated into biodegradable poly-

(cyanoacrylate) nanoparticles.

When adsorbed onto the surface of poly(methacrylate) nanospheres, doxorubicin

was demonstrated to be cell internalized by an endocytic process in cultured rat

hepatocytes and in a human monocyte-like cancer cell line expressing P-glycopro-

tein (U-937). Once internalized, poly(methacrylate) nanospheres generated an in-

tracellular sustained release of doxorubicin in U-937 cells. A higher intracellular

accumulation, related to a more important cytotoxicity on U-937 cells, was noted

for encapsulated doxorubicin than for free doxorubicin. However, such a carrier,

despite its ability to mask the positive charge of doxorubicin, is of limited use in
vivo since it is not biodegradable [83].

When doxorubicin was incorporated into rapidly biodegraded poly(isobutyl cya-

noacrylate) nanospheres and tested in a resistant murine leukemia sub-line over-

expressing P-glycoprotein (P388/ADR), a higher cellular uptake was observed. Fur-

thermore, the cell uptake kinetics of doxorubicin nanoparticles were unchanged in

the presence of cytochalasin B, an endocytosis inhibitor. Efflux studies showed a

similar profile for doxorubicin in nanoparticulate or free form. This suggests that

poly(isobutyl cyanoacrylate) nanospheres did not enter the cells. In an in vitro
model of doxorubicin-resistant rat glioblastoma (C6 cells sub-lines), doxorubicin

incorporated into poly(isobutyl cyanoacrylate) nanospheres was always more cyto-

toxic, and also had a lower intracellular concentration, than the free drug. The poly-

mer constituting the nanospheres did not inhibit the P-glycoprotein by direct inter-

action with the protein. It was also observed that on C6 cell sub-lines with different

expression of P-glycoprotein that doxorubicin nanospheres were only efficient on

pure P-glycoprotein mediated multidrug resistance phenotype cells and not on the

additional mechanisms of resistance to doxorubicin [84]. Thus, the mechanism of

P-gp reversion by nanoparticles could only be explained by a local delivery of the

drug in high concentration close to the cell membrane, after degradation of the

polymeric carrier. Such local microconcentration of doxorubicin was supposed to

be able to saturate P-glycoprotein [85]. P-glycoprotein mediated multidrug resis-
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tance is overcome with poly(isobutyl cyanoacrylate) and poly(isobutyl cyanoacry-

late) doxorubicin-loaded nanospheres not only due to the adsorption of nanopar-

ticles to the cell surface but also due to an increased diffusion of doxorubicin

across the plasma membrane, thanks to the formation of an ion pair between neg-

atively charged cyanoacrylic acid (a nanoparticle degradation product) and the pos-

itively charged doxorubicin. Such ion-pair formation has been evidenced by Raman

spectroscopy and by ion-pair reversed-phase HPLC [86]. Masking the positive

charge of the amino sugar of doxorubicin appears to be key to overcoming P-gp

mediated multidrug resistance. At the same time, the cytotoxic activity of doxorubi-

cin was only slowly compromised after chemical modifications of the amino sugar.

Consequently, some studies focused on developing systems featuring covalent link-

age between the polymers and the amino sugar of doxorubicin [87]. Such a com-

plex mechanism for overcoming P-glycoprotein mediated multidrug resistance

was only observed with cyanoacrylate nanoparticles.

The failure to overcome P-glycoprotein mediated multidrug resistance with

nanoparticles designed with other polymers could be explained by an appropriate

release mechanism of drug (diffusion could lead to the release of the active com-

pound without the polymeric counter ion), by degradation kinetics of the polymer

that are too slow, or by the size of the polymeric counter ion, which could be the

limiting factor for diffusion across the cell membrane.

Interestingly, the association of doxorubicin with poly(alkyl cyanoacrylate) nano-

particles also reversed the resistance to doxorubicin in numerous multidrug-

resistant cell lines [88].

Furthermore, doxorubicin encapsulated in poly(isohexyl cyanoacrylate) nano-

spheres can circumvent P-glycoprotein mediated multidrug resistance. K562 and

MCF7 cell lines were more resistant to free doxorubicin than to doxorubicin poly-

(isohexyl cyanoacrylate) nanospheres. The MCF7 sub-lines selected with doxorubi-

cin poly(isohexyl cyanoacrylate) nanospheres exhibited a higher level of resistance

to both doxorubicin formulations than those selected with free doxorubicin. Differ-

ent levels of overexpression of several genes involved in drug resistance occurred in

the resistant variants. MDR1 gene overexpression was consistently higher in free

doxorubicin selected cells than in doxorubicin poly(isohexyl cyanoacrylate) nano-

sphere selected cells, while this was the reverse for the BCRP gene. Overexpression

of the MRP1 and TOP2 alpha genes was also observed in the selected variants.

Thus, drug encapsulation markedly alters or delays the several mechanisms in-

volved in the acquisition of drug resistance [89].

Other strategies to bypass doxorubicin multidrug resistance, such as the use of

StealthTM poly(cyanoacrylate) nanoparticles, could be considered, as well as the

co-administration of doxorubicin with chemo-sensitizing agents, generally acting

as P-glycoprotein inhibitors. Co-encapsulation of the reversing agent cyclosporin

and doxorubicin into poly(isobutyl cyanoacrylate) nanospheres was investigated to

reduce the side-effects of both drugs while enhancing their efficacy. This formula-

tion, compared to incubation of cyclosporin and doxorubicin, or doxorubicin nano-

particles and cyclosporin, elicited the most effective growth rate inhibition on
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P388/ADR cells. Such a high efficacy was supposed to result from the synergistic

effect of the rapid release of both doxorubicin and cyclosporin at the surface of can-

cer cells, allowing a better internalization of doxorubicin, while inhibiting its efflux

by blocking the P-gp with the cyclosporin [90].

1.4.2

Antiestrogens

Nanospheres and nanocapsules made of biodegradable copolymers and coated

with poly(ethylene glycol) (PEG) chains have been developed as parenteral delivery

system for the administration of the anti-estrogen 4-hydroxytamoxifen RU 58668

(RU). Coating with PEG chains lengthened the anti-estrogen activity of RU, with

prolonged antiuterotrophic activity of the encapsulated drug into PEG-poly(d,l-

lactic acid) nanospheres as compared with non-coated nanospheres. In mice bear-

ing MCF-7 estrogen-dependent tumors, free RU injected by the intravenous route

slightly decreased estradiol-promoted tumor growth while RU-loaded PEG-poly-

(d,l-lactic acid) nanospheres injected at the same dose strongly reduced it. The

antitumoral activity of RU encapsulated within PEGylated nanocapsules was

stronger than that of RU entrapped with PEGylated nanospheres loaded at an

equivalent dose. The PEGylated nanocapsules decreased the tumor size in

nude mice transplanted with estrogen receptor-positive but estrogen-independent

MCF-7/Ras breast cancer cells at a concentration 2.5-fold lower than that of the

PEGylated nanospheres [91, 92].

To increase the local concentration of tamoxifen in estrogen receptor-positive

breast cancer cells poly(e-caprolactone) nanoparticle formulation has been devel-

oped. Poly(e-caprolactone) nanoparticles labeled with rhodamine123 were incu-

bated with MCF-7 estrogen receptor-positive breast cancer cells. A significant frac-

tion of the administered rhodamine123-loaded poly(e-caprolactone) nanoparticles

was found in the perinuclear region of the MCF-7 cells, where estrogen receptors

are also localized, after 1 h of incubation. These nanoparticles were rapidly inter-

nalized in MCF-7 cells and intracellular tamoxifen concentrations followed a sat-

urable process [93]. In another study, the biodistribution profile of tamoxifen

encapsulated in polymeric nanoparticulate formulations after intravenous admin-

istration was evaluated, with or without surface-stabilizing agents. In vivo bio-

distribution studies of tamoxifen-loaded poly(ethylene oxide)-modified poly(e-

caprolactone) nanoparticles were carried out in Nu/Nu athymic mice bearing a

human breast carcinoma xenograft, MDA-MB-231, using tritiated [3H]tamoxifen

as radio-marker for quantification. After intravenous administration the drug-

loaded nanoparticles accumulated primarily in the liver, though up to 26% of the

total activity could be recovered in tumor at 6 h post-injection for poly(ethylene

oxide)-modified poly(e-caprolactone) nanoparticles. In comparison with free drug

and uncoated nanoparticles, the modified nanoparticles exhibited a significantly in-

creased level of accumulation of the drug within the tumor with time as well as

prolonged drug presence in the systemic circulation [94].
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1.4.3

Anti-metabolites

Poly(amidoamine) dendritic polymers coated with poly(ethylene glycol) have been

developed to deliver 5-fluorouracil. In rats after intravenous administration this

nanoparticle formulation showed a lower drug clearance than after the free drug

administration [95]. In addition, poly(d,l-lactide)-g-poly(N-isopropyl acrylamide-co-
methacrylic acid) nanoparticles have been studied as drug carrier for intracellular

delivery of 5-fluorouracil [96].

Methotrexate has been incorporated in modified poly(amidoamine) dendritic

polymers conjugated to folic acid as a targeting agent. These conjugates were in-

jected intravenously into immunodeficient mice bearing human KB tumors that

overexpress the folic acid receptor. Targeting methotrexate increased its antitumor

activity and markedly decreased its toxicity, allowing therapeutic responses not pos-

sible with the free drug [97].

1.4.4

Camptothecins

Solid lipid nanoparticles (SLNs) are a promising sustained release system for

camptothecin after oral administration. The pharmacokinetics and body distribu-

tion of camptothecin after intravenous injection in mice have been studied. Two

plasma peaks were observed after administration of camptothecin-loaded SLNs.

The first was attributed to the presence of free drug, the second peak can be attrib-

uted to controlled release or potential gut uptake of the SLNs. In comparison to the

drug solution, SLNs lead to a much higher area under the concentration–time

curve/dose and mean residence times, especially in brain, heart and organs con-

taining reticuloendothelial cells. The highest area under the concentration time

curve ratio of SLNs to drug solution among the tested organs was found in the

brain. Incorporation of camptothecin into SLNs also prevented its hydrolysis [98].

The in vitro and in vivo antitumor characteristics of methoxy poly(ethylene

glycol)-poly(d,l-lactic acid) nanoparticles containing camptothecin have been exam-

ined. After intravenous administration in rats, camptothecin-loaded nanoparticles

showed a longer plasma retention than camptothecin solution and high and long

tumor localization. In both single and double administration to mice bearing sar-

coma 180 solid tumor, camptothecin-loaded nanoparticles were much more effec-

tive than camptothecin solution, in particular the tumor disappeared completely in

three of the four mice after double administration of camptothecin-loaded nano-

particles [99].

Irinotecan-containing nanoparticles have been prepared by co-precipitation

with addition of water to an acetone solution of poly(d,l-lactic acid), PEG-block-
poly(propylene glycol)-block-PEG and irinotecan. When the antitumor effect was

examined using mice bearing sarcoma 180 subcutaneously, only nanoparticles sup-

pressed tumor growth significantly. After intravenous injection in rats, nanopar-
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ticles maintained irinotecan plasma concentration longer than irinotecan aqueous

solution [100].

Lipid based nanoparticles incorporating the irinotecan analog SN-38 have been

developed and studied in vitro and in vivo. Interestingly, incorporation of SN-38

into nanoparticles improved the stability of the active drug, the lactone form, in

serum-containing medium. Furthermore, studies in nude mice showed a pro-

longed half-life of the active drug in whole blood and increased efficacy compared

to irinotecan in a mouse xenograft tumor model [101].

1.4.5

Cisplatin

Nanoparticles prepared from poly(lactide-co-glycolide) copolymers increase the cir-

culating half-life of cisplatin [102]. A system for the local delivery of chemotherapy

to malignant solid tumors has been developed based on calcium phosphate nano-

particles containing cisplatin. Cytotoxicity was investigated in a K8 clonal murine

osteosarcoma cell line. Drug activity was retained after adsorption onto the apatite

crystals and the apatite/cisplatin formulation exhibited cytotoxic effects with a

dose-dependent decrease of cell viability [103].

1.4.6

Paclitaxel

Paclitaxel, a microtubule-stabilizing agent that promotes polymerization of tubulin

causing cell death by disrupting the dynamics necessary for cell division, is effective

against a wide spectrum of cancers, including ovarian cancer, breast cancer, small

and non-small cell lung cancer, colon cancer, head and neck cancer, multiple mye-

loma, melanoma and Kaposi’s sarcoma. In clinical practice high incidences of ad-

verse reactions of the drug such as neurotoxicity, myelosuppression and allergic re-

actions have been reported. Since its clinical administration is hampered by its

poor solubility in water, excipients such as Cremophor EL (polyethoxylated castor

oil) and ethanol are used in the pharmaceutical drug formulation of the current

clinical administration [104].

Cremophor EL and polysorbate 80 (Tween 80) are widely used as drug formula-

tion vehicles for the taxane anticancer agents paclitaxel and docetaxel. Both solu-

bilizers are biologically and pharmacologically active compounds, and their use as

drug formulation vehicles has been implicated in clinically important adverse ef-

fects, including acute hypersensitivity reactions and peripheral neuropathy. Cremo-

phor EL and Tween 80 have also been demonstrated to influence the disposition of

solubilized drugs that are administered intravenously. The overall resulting effect

is a highly increased systemic drug exposure and a simultaneously decreased clear-

ance, leading to alteration in the pharmacodynamic characteristics of the solubi-

lized drug. Kinetic experiments revealed that this effect is caused primarily by re-

duced cellular uptake of the drug from large spherical micellar-like structures with

a highly hydrophobic interior, which act as the principal carrier of circulating drug.
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The existence of Cremophor EL and Tween 80 in blood as large polar micelles has

also raised additional complexities in the case of combination chemotherapy regi-

mens with taxanes, such that the disposition of several co-administered drugs, in-

cluding anthracyclines and epipodophyllotoxins, is significantly altered. In contrast

to the enhancing effects of Tween 80, addition of Cremophor EL to the formulation

of oral drug preparations seems to result in significantly diminished drug uptake

and reduced circulating concentrations [105]. Nanoparticles of biodegradable poly-

mers can provide an ideal solution to such an adjuvant problem and realize a con-

trolled and targeted delivery of paclitaxel with better efficacy and less side-effects.

With further development, such as particle size optimization and surface coating,

nanoparticle formulation of paclitaxel can promote full paclitaxel efficacy, thereby

improving the quality of life of the patients.

Paclitaxel incorporated into poly(vinylpyrrolidone) nanospheres has been assayed

on a B16F10 murine melanoma transplanted subcutaneously in C57B1/6 mice.

Mice treated with repeated intravenous injections of paclitaxel-loaded nanospheres

showed a significant tumor regression and higher survival rates than mice treated

with free paclitaxel [106]. Sterically stabilized SLNs were also prepared to prolong

the blood circulation time following intravenous administration [107]. Incorpora-

tion of paclitaxel into SLNs enhanced paclitaxel cytotoxicity on the human breast

adenocarcinoma cell line MCF-7, but not on the human promyelocytic leukemia

cell line HL-60 [77].

In a phase I study, ABI-007 – a novel formulation prepared by high-pressure ho-

mogenization of paclitaxel in the presence of human serum albumin, which re-

sults in a nanoparticle colloidal suspension – was found to offer several clinical ad-

vantages, including a rapid infusion rate and a high maximum tolerated dose.

Furthermore, the absence of Cremophor EL allowed ABI-007 to be administered

to patients without a need for premedication that is routinely used to prevent the

hypersensitivity reactions associated with the conventional formulation of pacli-

taxel. Hematologic toxicities were mild throughout treatment, while most non-

hematologic toxicities were grade 1 or 2 [108].

The feasibility, maximum tolerated dose, and toxicities of intraarterial adminis-

tration of ABI-007 were studied in patients with advanced head and neck and re-

current anal canal squamous cell carcinoma in 43 patients (31 with advanced

head and neck and 12 with recurrent anal canal squamous cell carcinoma). Pa-

tients were treated intraarterially with paclitaxel-albumin nanoparticles every four

weeks for three cycles. Paclitaxel albumin nanoparticles were compared prelimi-

narily with paclitaxel for in vitro cytostatic activity. Significantly, pharmacoki-

netic profiles after intraarterial administration were obtained (Fig. 1.2). The dose-

limiting toxicity of the nanoparticles formulation was myelosuppression consisting

of neutropenia in three patients. Non-hematologic toxicities included total alopecia,

gastrointestinal toxicity, skin toxicity, neurologic toxicity, ocular toxicity, flu-like.

The maximum tolerated dose in a single administration was 270 mg m�2. Most

dose levels showed considerable antitumor activity (80.9% complete response and

partial response) [109].

The effectiveness of intraarterial infusion of paclitaxel incorporated into human
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albumin nanoparticles for use as induction chemotherapy before definitive treat-

ment of advanced squamous cell carcinoma of the tongue was also evaluated on

23 untreated patients who had carcinoma of the tongue. Each patient received two

to four infusions, with a three-week interval between infusions. Sixteen patients

underwent surgery, and of the remaining seven patients one received chemother-

apy alone, four received radiotherapy alone, one received chemotherapy plus radio-

Fig. 1.2. Concentration–time curves. Mean

paclitaxel concentration versus time profiles in

patients with head and neck (A) or anal canal

(B) carcinomas during and after 30 min

constant infusion of ABI-007 (250 mg m�2 of

paclitaxel); iv, intravenous; ia, intraarterial; svc,

superior vena cava; ivc, inferior vena cava.

(Reproduced with permission from Ref. [109].)
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therapy and one refused any further treatment. Eighteen patients (78%) had a clin-

ical and radiologic objective response (complete, 26%; partial, 52%). Three patients

(13%) showed stable disease and two (9%) showed disease progression. The toxic-

ities encountered were hematologic in two patients (8.6%) and neurologic in two

patients (8.6%) [110].

Furthermore, a recent phase III trial in patients with metastatic breast cancer

compared ABI-007 with paclitaxel. ABI-007 resulted in significantly higher re-

sponse rates and time to tumor progression than paclitaxel. Toxicity data showed

that ABI-007 resulted in less grade 4 neutropenia than paclitaxel, and although

the incidence of grade 3 sensory neuropathy was higher with ABI-007, the time

until the neuropathy decreased to grade 2 was significantly less with ABI-007 com-

pared with paclitaxel [111].

A cholesterol-rich microemulsion or nanoparticle termed LDE has been devel-

oped and its cytotoxicity, pharmacokinetics, toxicity to animals and therapeutic

action has been compared with those of the commercial paclitaxel. The cytostatic

activity of the drug in the complex was diminished compared with commercial pa-

clitaxel due to the cytotoxicity of the vehicle Cremophor EL used in the commercial

formulation. Competition experiments in neoplastic cultured cells showed that pa-

clitaxel oleate and LDE were internalized together by the LDL receptor pathway.

LDE-paclitaxel oleate arrested the G2/M phase of cell cycle, similarly to commercial

paclitaxel. Tolerability to mice was remarkable, such that the lethal dose (LD50) was

nine-fold greater than that of the commercial formulation. Furthermore, LDE con-

centrated paclitaxel oleate in the tumor four-fold relative to the normal adjacent tis-

sues. At equimolar doses, the association of paclitaxel oleate with LDE resulted in

remarkable changes in the drug pharmacokinetic parameters when compared to

commercial paclitaxel, with increasing half-life, area under the time–concentration

curve and diminishing clearance [112].

The in vitro antitumoral activity of a developed poly(lactic-co-glycolic acid) nano-

particle formulation incorporating paclitaxel-loaded has been assessed on a human

small cell lung cancer cell line (NCI-H69 SCLC) and compared to the in vitro anti-

tumoral activity of the commercial formulation. The release behavior of paclitaxel

from the nanoparticles exhibited a biphasic pattern characterized by an initial fast

release during the first 24 h, followed by a slower and continuous release. Incorpo-

ration of paclitaxel in these nanoparticles strongly enhanced the cytotoxic effect of

the drug as compared to free drug, this effect being more relevant for prolonged

incubation times [113]. In addition, nanoparticles of poly(lactic-co-glycolic acid)

have been developed by a modified solvent extraction/evaporation technique, in

which natural emulsifiers, such as phospholipids, cholesterol and vitamin E

TPGS were applied. These natural emulsifiers showed great advantages for nano-

particle formulation of paclitaxel over the traditional macromolecular emulsifiers

such as poly(vinyl alcohol). In the human adenocarcinoma cell line HT-29 the cyto-

toxicity caused by the drug administered after 24 h incubation was 13-fold higher

than that caused by the free drug [114].

To improve paclitaxel use in intravesical therapy of superficial bladder cancer,

paclitaxel-loaded gelatine nanoparticles have been developed. The excipient Cremo-
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phor EL contained in the commercial formulation of paclitaxel forms micelles that

entrap the drug, reducing its partition across the urothelium. The paclitaxel-loaded

nanoparticles were active against human RT4 bladder transitional cancer cells with

IC50s nearly identical to those of the commercial solution of paclitaxel. In dogs

given an intravesical dose of paclitaxel-loaded particles, drug concentrations in the

urothelium and lamina propria tissue layers, where Ta and T1 tumors would be

located, were 2.6-fold greater than those reported for dogs treated with the Cremo-

phor EL formulation [115].

The in vitro cytotoxicity, in vivo antitumor activity, pharmacokinetics, pharmaco-

dynamics, and neurotoxicity of a micellar nanoparticle formulation of paclitaxel,

NK105, has been compared with those of free paclitaxel. NK105 showed signifi-

cantly potent antitumor activity on a human colorectal cancer cell line (HT-29) xeno-

graft as compared with paclitaxel. The area under the time–concentration curve

was approximately 90-fold higher for NK105 than for free paclitaxel. Leakage of pa-

clitaxel from normal blood vessels was minimal and its capture by the reticulo-

endothelial system minimized. Thus, the tumor area under the time–concentration

curve was 25-fold higher for NK105 than for free paclitaxel. Neurotoxicity was sig-

nificantly weaker with NK105 than with free paclitaxel [116].

Paclitaxel-loaded biodegradable nanoparticles following conjugation to transfer-

rin ligand have been developed to enhance the therapeutic efficacy of the encapsu-

lated drug in the treatment of prostate cancer. The antiproliferative activity of nano-

particles was determined in a human prostate cancer cell line (PC3) and the effect

on tumor inhibition in a murine model of prostate cancer. The IC50 of the drug

with transferrin ligand conjugated nanoparticles was about five-fold lower than

that with unconjugated nanoparticles or drug in solution. Animals that received

an intratumoral injection of paclitaxel loaded transferrin ligand conjugated nano-

particles demonstrated complete tumor regression and greater survival rate than

those that received either unconjugated nanoparticles or paclitaxel Cremophor EL

formulation [117].

Poly(ethylene glycol)-coated biodegradable poly(cyanoacrylate) nanoparticles

were also conjugated to transferrin for paclitaxel delivery. This nanoparticle formu-

lation exhibited a markedly delayed blood clearance in mice and the paclitaxel level

remained much higher at 24 h compared with that of free drug after paclitaxel in-

travenous injection. In S-180 solid tumor-bearing mice, tumor regression was sig-

nificant with the actively targetable nanoparticles, and complete tumor regression

occurred for five out of nine mice. In addition, the life span of tumor-bearing mice

was significantly increased when they were treated with the nanoparticle formula-

tion [118].

Paclitaxel is active against gliomas and various brain metastases, though its use

in treating brain tumors is limited due to low blood–brain barrier permeability.

The lack of paclitaxel brain uptake is thought to be associated with the P-

glycoprotein efflux transporter. To improve paclitaxel brain uptake, paclitaxel was

entrapped in ethyl alcohol/polysorbate nanoparticles. The paclitaxel nanoparticles

cytotoxicity profile was monitored in two different cell lines, U-118 and HCT-15.

Brain uptake of paclitaxel nanoparticles was evaluated using an in situ rat brain
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perfusion model. The results suggest that entrapment of paclitaxel in nanoparticles

significantly increases the drug brain uptake and its toxicity toward P-glycoprotein-

expressing tumor cells. It was hypothesized that paclitaxel nanoparticles could

mask paclitaxel characteristics and thus limit its binding to P-glycoprotein, which

consequently would lead to higher brain and tumor cell uptake of the otherwise

effluxed drug [119].

1.4.7

Miscellaneous Agents

1.4.7.1 Arsenic Trioxide

Arsenic trioxide was considered as a novel antitumor agent. However, it also

showed a severe toxicity effect on normal tissue. To improve its therapeutic efficacy

and decrease its toxicity, arsenic trioxide-loaded albuminutes immuno-nanospheres

targeted with monoclonal antibody (McAb) BDI-1 have been developed and its spe-

cific killing effect against bladder cancer cells (BIU-87) investigated. The albumi-

nutes immuno-nanospheres were tightly junctioned with the BIU-87 cells and spe-

cific killing activity of bladder tumor cells was observed [120].

1.4.7.2 Butyric Acid

Butyric acid, a short-chain fatty acid naturally present in the human colon, regu-

lates cell proliferation. It specifically modulates the expression of oncogenes such

as c-myc, c-fos and H-ras, and various genes involved in the activation of apoptosis

like p53 and bcl-2. The clinical applicability of the sodium salt of butyric acid is

limited because of its short half-life of approximately 5 min. To improve its efficacy

the pro-drug cholesterylbutyrate has been used as a lipid matrix to develop SLNs.

The in vitro antiproliferative effect of cholesterylbutyrate SLNs was stronger than

that of sodium butyrate in several human cell lines [121–123].

1.4.7.3 Cystatins

Cystatins can inhibit the tumor-associated activity of intracellular cysteine pro-

teases cathepsins B and L and have been suggested as potential anticancer drugs.

Chicken cystatin, a model protein inhibitor of cysteine proteases, in poly(lactide-co-
glycolide) nanoparticles has been developed to improve its bioavailability and deliv-

ery into tumor cells. Poly(lactide-co-glycolide) nanoparticles and cystatin-loaded

poly(lactic-co-glycolic acid) (PLGA) nanoparticles were cytotoxic towards mammary

MCF-10A neoT cells, but free cystatin at the same concentrations was not. Poly

(lactide-co-glycolide) nanoparticles were rapidly internalized into MCF-10A neoT

cells, whereas the uptake of free cystatin was very slow. These nanoparticles are a

useful carrier system. Delivery of the protein inhibitor into tumor cells was rapid

and useful to inhibit intracellular proteolysis [124].

1.4.7.4 Diethylenetriaminepentaacetic Acid

Since chelating agents exhibit anticancer effects, the cytotoxicity of the extracellular

chelator diethylenetriaminepentaacetic acid (DTPA) has been evaluated in breast
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cancer cells, MCF-7, and neuroblastoma cells, UKF-NB-3. DTPA inhibited cancer

cell growth in three-fold lower concentrations compared to human foreskin fibro-

blasts. The anticancer activity of chelating agents is caused by intracellular com-

plexation of metal ions. DTPA was covalently coupled to human serum albumin

nanoparticles and gelatin type B (GelB) nanoparticles to increase its cellular up-

take. Coupling of DTPA to this drug carrier system increased its cytotoxic activity

by five-fold [125].

1.4.7.5 Mitoxantrone

Mitoxantrone-loaded poly(butyl cyanoacrylate) nanoparticles have been tested in

leukemia- or melanoma-bearing mice after intravenous injection. Efficacy and tox-

icity of mitoxantrone nanoparticles were compared with a drug solution and with a

mitoxantrone-liposome formulation. The poly(butyl cyanoacrylate) nanoparticles

and liposomes influenced the efficacy of mitoxantrone in cancer therapy in differ-

ent ways. Liposomes prolonged survival time in P388 leukemia, whereas nanopar-

ticles led to a significant tumor volume reduction in B16 melanoma. Neither nano-

particles nor liposomes were able to reduce the toxic side-effects caused by

mitoxantrone, specifically leucocytopenia [126].

In a different study, mitoxantrone adsorbed onto poly(isobutyl cyanoacrylate)

nanospheres, coated or not with poloxamine 1508, was administered by intrave-

nous injection in B16 melanoma-bearing mice. In both cases, the observed tumor

concentrations of mitoxantrone were high. However, the influence of the hydro-

philic coating of the nanoparticles on the biodistribution and pharmacokinetics

was minor. Moreover, the non-adsorbed drug was not removed from the nanopar-

ticle preparation and the hydrophilic coating was rapidly desorbed in vivo [127].

1.4.8

Gene Therapy

Delivery systems are necessary for molecules such as antisense oligonucleotides

since they are susceptible to nuclease-mediated degradation in the circulation and

penetrate poorly through the membranes. They are also susceptible to nuclease at-

tack within the lysosomes and their site of action is either in the cytoplasm in the

case of an antisense strategy or in the nucleus for gene replacement or antigene

therapy.

Antisense oligonucleotides are molecules that can inhibit gene expression being

potentially active for the treatment of cancer. Short nucleic acid sequences specific

to oncogene targets such as bcl-2, bcr-abl and c-myc have been shown to exhibit

specific anticancer activity in vitro through antigene or antisense activity. However,

their negative charge seriously hinders the intracellular penetration of these short

fragments of nucleic acid. Efficient in vivo delivery of oligonucleotides remains a

major limitation for their therapeutic application.

To prevent the degradation of oligonucleotides and improve their intracellular

capture, it was proposed to associate them with nanoparticles. Oligonucleotides as-

sociated to nanoparticles were shown to be protected against degradation and to
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penetrate more easily into different types of cells. Poly(alkyl cyanoacrylate) nano-

particles mainly release their drug content by biodegradation, thus rendering the

release profile of an entrapped compound independent of its physicochemical

characteristics. After intratumoral injection, the bioavailability of oligonucleotides

is seriously reduced due to their fast degradation by ubiquitous exo- and endo-

nucleases [128].

For instance, a carrier system consisting of a cationic hydrophobic detergent

(cetyltrimethylammonium bromide, CTAB), which interacted with the oligonucleo-

tides by ion-pairing, was developed. In vivo, HBL100ras1 cells implanted in nude

mice were treated intratumorally with several formulations of oligonucleotides tar-

geted against Has-ras oncogene. Tumor growth inhibition was achieved at con-

centrations 100-fold lower than those needed with free oligonucleotides, when the

oligonucleotides-CTAB complex was adsorbed onto the surface of the poly(isohexyl

cyanoacrylate) nanospheres. Interestingly, the oligonucleotides-CTAB complex

alone exerted no effect on HBL1000ras1 cell proliferation. Analysis of the amount

of intact intracellular oligonucleotides, in cell culture experiments, revealed con-

centrations 100-fold higher in cells treated with oligonucleotides-CTAB adsorbed

onto nanospheres [129].

The nanospheres were able to enhance oligonucleotides cell internalization and

to protect oligonucleotides from both rapid cell internalization and rapid intra-

cellular breakdown, which led to a considerably higher intracellular concentration

of intact oligonucleotides and to a more efficient antisense activity. However, the

oligonucleotides release was followed by the release of the detergent CTAB, which,

at high intracellular concentrations, could induce cell toxicity.

Cholesterol-modified oligonucleotides, capable of direct adsorption onto poly-

(alkyl cyanoacrylate) nanospheres without the need for potentially toxic intermedi-

ates, have also been tested, but they proved less able to inhibit T24 human bladder

carcinoma cells proliferation in culture than the system previously described [130].

To circumvent CTAB toxicity while maintaining an efficient biological activity,

another approach was developed. Functional nanospheres were obtained by free

radical emulsion polymerization of methyl methacrylate using the quaternary am-

monium salt of 2-(dimethylamino)ethyl methacrylate as the reactive emulsifier

[131].

The cationic dextran derivative diethylaminoethyl-dextran, by formation of an ion

pair at the oligonucleotides surface, was developed to replace CTAB and was asso-

ciated with poly(isohexyl cyanoacrylate) nanospheres. Poly(isohexyl cyanoacrylate)

nanoparticles, with an aqueous core containing oligonucleotides, were prepared

by interfacial polymerization of isobutyl cyanoacrylate in water/oil emulsion. Fur-

ther studies also demonstrated that nanoencapsulation was able to protect oligo-

nucleotides against degradation by serum nucleases contained in the cell culture

medium [132].

For in vivo studies, phosphorothioate oligonucleotides against EWS Fli-1 chimeric

RNA were encapsulated into cyanoacrylate nanocapsules and their efficacy was

tested on experimental Ewing sarcoma, after intratumoral administration. Oligo-
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nucleotides nanocapsules led to more efficient tumor growth inhibition. The en-

capsulation of oligonucleotides provided enhanced protection against in vivo degra-
dation, resulting in a higher number of oligonucleotides available. Cyanoacrylate

nanocapsules yielded a higher ratio of oligonucleotides targeting the tumor cells

[133].

In vivo, poly(alkyl cyanoacrylate) nanoparticles were able to efficiently distribute

the oligonucleotides to the liver and to improve, in mice, the treatment of RAS

cells expressing the point mutated Ha-ras gene. As all the oligonucleotides studied

had a specific therapeutic efficacy, this means that the oligonucleotides delivered by

nanoparticles escape from the lysosome compartment before degradation [134].

Preclinical studies have shown that DOTAP:cholesterol nanoparticles are effec-

tive systemic gene delivery vectors that efficiently deliver tumor suppressor genes

to disseminated lung tumors. A phase-I trial for systemic treatment of lung cancer

using a novel tumor suppressor gene, FUS1, has been initiated. Although DOTAP:

cholesterol nanoparticles complexed to DNA are efficient vectors for systemic ther-

apy, induction of an inflammatory response in a dose-dependent manner has also

been observed, thus limiting its use. Systemic administration of DNA nanopar-

ticles induced multiple signaling molecules both in vitro and in vivo that are asso-

ciated with inflammation. Use of small molecule inhibitors against the signaling

molecules resulted in their suppression and thereby reduced inflammation with-

out affecting transgene expression [135]. Nanoparticles coated with ligands such

as transferrin and epidermal growth factor (EGF) have also been developed in

gene delivery to target selectively the tumor cells [136]. Complexes for DNA deliv-

ery composed of polyethylenimine (polyplexes) linked to poly(ethylene glycol) and

coated with transferrin or EGF were prepared with fixed nanoparticle diameters.

Intravenous injection of the transferrin-coated polyplexes resulted in gene transfer

to subcutaneous neuroblastoma tumors in syngenic mice, and intravenous injec-

tion of the EGF-coated polyplexes targeted human hepatocellular carcinoma xeno-

grafts in SCID mice. In these models, luciferase marker gene expression levels in

tumor tissues were 10- to 100-fold higher than in other organ tissues. Repeated

systemic application of the transferrin polyplexes encoding tumor necrosis factor

alpha (TNF-a) into tumor-bearing mice induced tumor necrosis and inhibition of

tumor growth in different murine tumor models [137].

Transferrin-modified nanoparticles containing DNAzymes (short catalytic single-

stranded DNA molecules) for tumor targeting have been developed. Linear, b-

cyclodextrin-based polymers were complexed with DNAyzme molecules to form

sub-50 nm particles termed ‘‘polyplexes’’. Adamantane forms inclusion complexes

with the surface cyclodextrins of the polyplexes, allowing a sterically stabilizing lay-

er of poly(ethylene glycol) to be added. The stabilized polyplexes were also modi-

fied with transferrin to increase the targeting to tumor cells expressing transferrin

receptors. Administration by intraperitoneal bolus, infusion, intravenous bolus and

subcutaneous injection were studied in tumor-bearing nude mice. DNAzymes

packaged in polyplex formulations were concentrated and retained in tumor tissue

and other organs, whereas unformulated DNAzyme was eliminated from the body
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within 24 h post-injection. Tumor cell uptake was observed with intravenous bolus

injection only and intracellular delivery requires transferrin targeting [138].

Potent sequence selective gene inhibition by siRNA is also hindered by poor in-

tracellular uptake, limited blood stability and non-specific immune stimulation.

Thus, ligand-targeted, sterically stabilized nanoparticles have been developed for

siRNA. Self-assembling nanoparticles with siRNA were constructed with poly-

(ethyleneimine) that is PEGylated with an Arg-Gly-Asp peptide ligand, as a means

to target tumor neovasculature expressing integrins, and used to deliver siRNA in-

hibiting vascular endothelial growth factor receptor-2 (VEGF R2) expression and

thereby tumor angiogenesis. Intravenous administration into tumor-bearing mice

gave selective tumor uptake, siRNA sequence-specific inhibition of protein expres-

sion within the tumor and inhibition of both tumor angiogenesis and growth rate

[139].

References

1 I. Brigger, C. Dubernet, P.

Couvreur, Nanoparticles in cancer

therapy and diagnosis, Adv. Drug Deliv.
Rev. 2002, 54, 631–651.

2 R.K.Y. Zee-Cheng, C.C. Cheng,

Delivery of anticancer agents, Meth.
Find. Exp. Clin. Pharmacol. 1989, 11,
439–529.

3 G. Barratt, Colloidal drug carriers:

Achievements and perspectives, Cell.
Mol. Life Sci. 2003, 60, 21–37.

4 R.K. Jain, Transport of molecules in

the tumor interstitium: A review,

Cancer Res. 1987, 47, 3039–3051.
5 D. Baban, L.W. Seymour, Control of

tumor vascular permeability, Adv. Drug
Deliv. Rev. 1998, 34, 109–119.

6 S.K. Hobbs, W.L. Monsky, F. Yuan,

W.G. Roberts, L. Griffith, V.P.

Torchilin, R.K. Jain, Regulation of

transport pathway in tumor vessels:

Role of tumor type and

microenvironment, Proc. Natl. Acad.
Sci. U.S.A. 1998, 95, 4607–4612.

7 H. Maeda, The enhanced permeability

and retention (EPR) effect in tumor

vasculature: The key role of tumor-

selective macromolecular drug

targeting, Adv. Enzyme Regul. 2001, 41,
189–207.

8 R. Krishna, L.D. Mayer, Multidrug

resistance (MDR) in cancer-

mechanisms, reversal using

modulators of MDR and the role of

MDR modulators in influencing the

pharmacokinetics of anticancer drugs,

Eur. J. Cancer Sci. 2000, 11, 265–283.
9 A.K. Larsen, A.E. Escargueil,

A. Skladanowski, Resistance

mechanisms associated with altered

intracellular distribution of anticancer

agents, Pharmacol. Ther. 2000, 88,
217–229.

10 C. Vauthier, C. Dubernet,

C. Chauvierre, I. Brigger, P.

Couvreur, Drug delivery to resistant

tumors: The potential of poly(alkyl

cyanoacrylate) nanoparticles, J.
Control. Release 2003, 93, 151–160.

11 J. Sinek, H. Frieboes, X. Zheng,

V. Cristini, Two-dimensional

chemotherapy simulations

demonstrate fundamental transport

and tumor response limitations

involving nanoparticles, Biomed.
Microdevices 2004, 6, 297–309.

12 V.S. Shenoy, I.K. Vijay, R.S.

Murthy, Tumour targeting: Biological

factors and formulation advances in

injectable lipid nanoparticles, J.
Pharm. Pharmacol. 2005, 57, 411–
422.

13 B. Rihova, Immunomodulating

activities of soluble synthetic polymer-

30 1 Conventional Chemotherapeutic Drug Nanoparticles for Cancer Treatment



bound drugs, Adv. Drug Deliv. Rev.
2002, 54, 653–674.

14 G. Storm, S.O. Belliot, T. Daemen,

D.D. Lasic, Surface modification of

nanoparticles to oppose uptake by the

mononuclear phagocyte system, Adv.
Drug Deliv. Rev. 1995, 17, 31–48.

15 G.M. Barrat, F. Puisieux, W.P. Yu,

C. Foucher, H. Fessi, J.P.

Devissaguet, Anti-metastatic activity

of MDP-L-alanyl-cholesterol

incorporated into various types of

nanocapsules, Int. J. Immunopharm.

1994, 457–461.

16 P. Couvreur, B. Kante, L. Grislain,

M. Roland, P. Speiser, Toxicity of

polyalkykyanoacrylate nanoparticles II:

Doxorubicin-loaded nanoparticles,

J. Pharm. Sci. 1982, 71, 790–792.
17 P.M. Blagoeva, R.M. Balansky, T.J.

Mircheva, M.I. Simeonova,

Diminished genotoxicity of mitomycin

C and farmorubicin included in

polybutylcyanoacrylate nanoparticles,

Mut. Res. 1992, 268, 77–82.
18 C. Verdun, F. Brasseur, H.

Vranckx, P. Couvreur, M. Roland,

Tissue distribution of doxorubicin

associated with polyisohexylcyanoacry-

late nanoparticles, Cancer Chemother.
Pharmacol. 1990, 26, 13–18.

19 R. Fernandez-Urrusuno, E. Fattal,

J.M. Rodrigues, J. Féger, P.
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Fundarò, D. Vighetto, M.R. Gasco,

Intravenous administration to rabbits

of non stealth and stealth doxorubicin-

loaded solid lipid nanoparticles at

increasing concentrations of stealth

agent: Pharmacokinetics and

distribution of doxorubicin in brain

and other tissues, J. Drug Target 2002,
10, 327–335.
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2

Nanoparticles for Photodynamic Therapy

of Cancer

Magali Zeisser-Labouèbe, Angelica Vargas, and Florence Delie

2.1

Introduction

Currently, the limiting factor in cancer chemotherapy is still the lack of selectivity

of anticancer drugs towards neoplastic cells. Photosensitizers (PS), the active com-

pounds used for photodynamic therapy (PDT), have the intrinsic advantage of dis-

tributing primarily in highly regenerative tissues after intravenous or topical ad-

ministration. Therefore, they will accumulate preferentially in tumor tissue when

present. In addition, these molecules are inactive as such; indeed, the anticancer

effect is only attained after irradiation with light at the right wavelength. Compared

to other current cancer therapies such as surgery, radiotherapy or chemotherapy,

PDT is an effective and selective means of suppressing diseased tissues without

altering the surrounding healthy tissue. It also offers a unique opportunity to reach

unseen metastasis. As fluorescent molecules, PS may also be used as a tool,

namely photodetection (PD), to reveal tumor tissues that remain unseen by other

conventional methods.

Interestingly, PD and PDT are mutually beneficial. Ideally, a PS could be used to

detect tumors and then to treat them. Quantification of PS fluorescence allows us

to follow PS uptake and pharmacokinetics [1–3]. Finally, after treatment, the tissue

can be examined by PD to evaluate disease control or possible recurrence [4, 5].

The first compound on the market was Photofrin2, a synthetic haematopor-

phyrin derivative characterized by a pronounced skin photosensitivity. Second-

generation PS have since been designed with less pronounced adverse effects.

There are, currently, about ten molecules marketed worldwide. The most potent

PS currently under development are hydrophobic molecules with a high tendency

to localize in cancer tissue. However, water-insoluble products are difficult to ad-

minister to patients, especially when the intravenous route is considered. There-

fore several strategies have developed, among which polymeric nanoparticles offer

multiple advantages.

This chapter briefly presents the basis of PDT and the most used PS and then

reviews the interest in developing nanoparticles (NPs) to improve current PDT,

with special interest on polymeric biodegradable NPs. First, the main preparation
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methods used to load nanoparticles with PS will be introduced. The major achieve-

ments obtained both in vitro and in vivo with encapsulated PS are then critically

appraised, especially with regards to methodologies. The primary outcomes are

discussed, highlighting the interest in polymeric nanoparticles as delivery systems

for PS. To our knowledge, this is the first published review on the use of poly-

meric nanoparticles for the delivery of PS in the framework of cancer therapy or

detection.

2.2

Concept and Basis of Photodynamic Therapy and Photodetection

Photodynamic therapy, an innovative alternative to conventional therapies, is based

on the systemic or topical administration of a photosensitizing drug, also known as

a photosensitizer. After biodistribution of the drug, the diseased tissue is illumi-

nated with light at an appropriate wavelength. Light will activate the PS and, in

the presence of molecular oxygen, will generate cytotoxic species. In turn, those

highly oxidizing species will damage cellular constituents, leading to tumor de-

struction. Fluorescence PD of cancer is also based on the administration of a PS,

and takes advantage of the fluorescence emission of these substances. Cancer diag-

nosis is of major importance, as early detection of malignancies and metastasis

can improve the chance of success for anticancer therapies. In addition, PD is a

valuable tool to help guide biopsy and resection to minimize the removal of non-

cancerous tissue. Although PS are usually administered systemically, the therapeu-

tic effect of PDT is local rather than systemic. The selectivity of the treatment is not

only due to the preferential biodistribution of the PS in cancer tissues but also to

the precise activation of the drug by a light beam, usually from a laser source di-

rected to the target tissue.

2.2.1

Mechanisms of Photodynamic Therapy and Photodiagnosis

The phototoxic effects on which PDT is based and the fluorescence used for PD are

both initiated by the absorption of light by a PS, leading to its excitation from the

ground state to the singlet state (Fig. 2.1). The singlet state lifetime, which is on

the nanosecond time scale, is too short to allow significant interaction with sur-

rounding molecules [6]. The singlet state can be deactivated via three pathways.

The first, fluorescence, results in the emission of photons of a wavelength longer

than the excitation light (Fig. 2.1A), and thus allows fluorescence photodetection.

The use of highly sensitive imaging devices in PD permits visualization of diseased

tissues over normal tissues due to the preferential accumulation of PS in the for-

mer [7]. The singlet state can also be deactivated by the release of heat (Fig. 2.1B)

or by undergoing intersystem crossing to generate the triplet state (Fig. 2.1C).

Since the lifetime of the triplet state is in the micro- to millisecond range, the

transfer energy to surrounding molecules is possible [6]. The triplet state is the
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key to initiating the photochemical process that induces phototoxicity, and it occurs

via two main mechanisms [8, 9]. The type I mechanism involves hydrogen-atom

abstraction or electron-transfer between the triplet state and neighboring mole-

cules, generating free radicals. These radicals react with oxygen and generate a

mixture of highly reactive oxygen intermediates, such as .O2
�, H2O2 and .OH,

which are highly oxidizing [10, 11]. In the type II mechanism, energy is trans-

ferred from the PS in its triplet state to molecular oxygen to form highly reactive

singlet oxygen (1O2), which is presumed to be the most reactive species in PDT.

Reactive intermediate oxygen species, including both radicals and non-radicals,

are called reactive oxygen species (ROS). Type I and type II pathways are not mu-

tually exclusive and both ultimately lead to the formation of oxidized products and

radical chain reactions, which can trigger cascades of biochemical, immunological,

and physiological reactions, finally resulting in the destruction of the irradiated tis-

sue [7, 12–14].

At a cellular level, PDT induces cytotoxic effects through photodamage to subcel-

lular organelles and biomolecules. Various cellular components can react with sin-

Fig. 2.1. Schematic representation of the

photophysical and photochemical mechanisms

associated with photodiagnosis and

photodynamic therapy. After light irradiation,

photosensitizer in its ground state (0PS) is

excited to the singlet state (1PS). This state

can be deactivated by (A) emitting

fluorescence, (B) releasing heat or (C)

undergoing intersystem crossing, which results

in the generation of PS in its triplet state (3PS).

The PS triplet state induces phototoxicity via

type I and type II reactions, generating free

radical species and singlet oxygen, respectively.

These entities are toxic in biological systems,

inducing cellular death and vascular occlusion.
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glet oxygen, such as amino acid residues (especially cysteine, methionine, tyrosine,

histidine and tryptophan), nucleosides (mainly guanine) and unsaturated lipids

[12]. PS can localize in lysosomes, mitochondria, plasma membrane, Golgi appara-

tus and endoplasmic reticulum of tumor cells, as well as in tumor vasculature. In-

terestingly, most PS do not accumulate in cell nuclei; thus PDT has a low potential

for causing DNA damage, mutation and carcinogenesis [15]. Two distinct types of

cell death may be induced by PDT. First, PDT can trigger apoptosis, a form of pro-

grammed cell death that involves the activity of proteolytic caspases, whose action

dismantles the cell and results in cell death. Apoptosis begins internally with con-

densation and subsequent fragmentation of the cell nucleus while the plasma

membrane remains intact. Afterwards, apoptotic cells are ultimately fragmented

into multiple membrane-enclosed spherical vesicles, which are scavenged by phago-

cytes [16, 17]. The second mode of cell death induced by PDT is necrosis, charac-

terized by cytoplasm swelling, destruction of organelles and disruption of plasma

membrane, leading to the release of intracellular content and inflammatory fac-

tors. The cell type, PS subcellular localization and applied light dose determine

the type of cell death. PS with tropism for mitochondria are more likely to induce

apoptosis, whereas PS localized in the plasma membrane are expected to cause ne-

crosis [15].

There are three main mechanisms for suppressing malignant tissue when using

PDT:

1. Direct cellular damage by necrotic and/or apoptotic mechanisms [16, 17].

2. Alteration of tumor vascularization such as occlusion, stasis and/or increase in

vascular permeability, thereby depriving cancer tissue of oxygen and nutrients

[18–20].

3. Stimulation of inflammatory and immune responses against the tumor [21–23].

The impact of these pathways in the therapeutic effects of PDT depends on the PS

and its formulation, the route of administration, and the time interval between ad-

ministration and light irradiation.

2.2.2

Selective Tumor Uptake of Photosensitizers

One of the key aspects of PDT is the preferential accumulation of PS into tissues

with a high rate of regeneration such as cancer tissue and neovasculature [15, 24,

25]. Although the exact underlying mechanisms that drive this tropism have not

been completely elucidated, the abnormal physiology of tumors is the main con-

tributor to the selectivity of PS. The affinity of PS for tumors and their surrounding

stroma has been related to some of the unique characteristics of hyperproliferative

tissues listed in Table 2.1. Of great importance is the increased vascular permeabil-

ity of tumors, which facilitates the crossing of PS, or their carriers to the interstitial

space. This effect, called the enhanced permeability and retention (EPR) effect, is

potentiated by an impaired lymphatic drainage reducing macromolecule clearance
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from the tumors [26]. Indeed, macromolecules can be entrapped and retained

in solid tumors at high concentration for an extended period (>100 h) whereas

low-molecular weight substances return to circulating blood by diffusion. Conse-

quently, entrapping PS in macromolecular drug carriers, such as nanoparticles, is

thought to increase PS concentration within tumors.

The physicochemical characteristics of PS molecules, such as molecular weight,

hydrophile–lipophile balance value [1, 27–29], ionic charge [30], and protein bind-

ing characteristics, also influence their biodistribution. In a literature review, Boyle

and Dolphin have attempted to correlate PS structure with its biodistribution and

pharmacokinetics [31]. Evaluation of this relationship was, however, made impos-

sible by the disparity between delivery vehicles, animals and tumor types used in

the different studies. The PS hydrophile–lipophile balance value appears to be a

key factor that is able to regulate pharmacokinetic profiles. Indeed, hydrophobic

PS induce preferential damage to tumor cells, whereas hydrophilic PS mainly

cause damage to the tumor vasculature. This selectivity will be determined by the

nature of the binding between the PS and plasma proteins. Hydrophobic PS are

bound to the lipid moiety of lipoproteins [32–36] whereas hydrophilic PS are

bound to albumin and globulins [37]. Hydrophobic PS bound to low-density lipo-

proteins (LDL) can be endocytosed via LDL receptors [34, 38], which are over-

expressed in tumor cells. Thus, they accumulate in the lipophilic compartment of

tumor cells, including plasma, mitochondrial, endoplasmic reticulum, nuclear and

lysosomal membranes. In this case, photodamage of tumor cells occurs prefer-

entially. Conversely, hydrophilic PS will be preferentially localized within the in-

terstitial space and the vascular stroma of the tumor tissue. Owing to their hy-

drophilic character, diffusion across the plasma membrane into the cytoplasm is

limited. Subsequently, these PS cause extensive impairment of the vascular sys-

tem, promoting tumor ischemia and hypoxia [15, 39].

Since ROS have a short life-time and act close to their site of generation, the sites

of initial cell and tissue damage induced by PDT are closely related to both the lo-

Tab. 2.1. Characteristics of tumor tissues.

� Decreased pH of interstitial fluid, due to an increased glycolysis and a decreased supply of

oxygen.

� Increased number of low-density lipoprotein receptors at the cell surface.

� Abundance of macrophages.

� Abnormal stromal composition, due to the newly formed collagen.

� Leaky vasculature.

� High rate of angiogenesis (neovasculature development).

� Poor lymphatic drainage.
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calization of the PS within cells and the site of illumination. As a strategy to im-

prove photosensitizer efficiency regardless of the properties of the PS itself, several

pharmaceutical formulations have emerged. Indeed, PS delivery systems influence

the pharmacokinetic profiles and tissue distribution of PS [40–45].

2.2.3

Photosensitizers

A photosensitizer is defined as a chemical entity that, upon absorption of light,

induces a chemical or physical alteration of another chemical entity [14]. Photosen-

sitizers used against cancer must be able to absorb light and then to transfer the

absorbed energy to molecular oxygen in order to cause biological effects. Several

publications have described the characteristics of the ideal PS [7, 12, 14, 46, 47].

Since the triplet state of the PS initiates the photochemical process, a good PS re-

quires a long-lived triplet state with a high quantum yield to allow enough time to

interact with neighboring target molecules [8]. Ideally, a PS should absorb photons

efficiently in the red part of the spectrum because light with long wavelengths have

an increased penetration depth in tissues. High chemical purity, good solubility

in pharmaceutical acceptable formulations and low aggregation tendency are also

mandatory. PS used for photodetection should be photostable, have a high fluores-

cence quantum yield with low interference with tissue autofluorescence and in-

duce minimal photodamage. Allison et al. have reviewed the clinically relevant

properties of PS intended for PDT of cancer [48]. PS should not induce dark toxic-

ity, which is defined as toxicity in the absence of light. Furthermore, PS should

have a preferential biodistribution in the tumor as selectively as possible and be

eliminated quickly enough to avoid generalized skin photosensitization and sys-

temic toxicity.

2.2.3.1 Conventional Photosensitizers

Originally, PDT was based on the topical application of dyes such as eosin, methyl-

ene blue (MB) and rose bengal with remarkable success [46]. Most compounds

able to reach triplet states and to produce ROS have either tricyclic, heterocyclic or

porphyrin-like ring structures with conjugated double bonds (p-electron system)

[14]. Figure 2.2 shows examples of these structures. PS used in clinics have been

classified as first, second and third-generation PS. Haematoporphyrin derivative

(HpD) or Photofrin2, a first-generation PS, is a very complex mixture of mono-

mers and oligomers. It was the first PS approved by the U.S. Food and Drug

Administration (FDA), in 1995. Photofrin2 has been used widely in clinics to treat

esophageal, papillary bladder and endobronchial cancers. It is also indicated for ab-

lation of high-grade dysplasia associated with Barrett’s esophagus, which is a pre-

cancerous condition, thus reducing the risk of progression to esophageal cancer

[49]. However, HpD and its analogues not only have poor tumor selectivity, result-

ing in long-lasting skin photosensitivity [50, 51], but also lack strong absorption

bands in the red region of the spectrum [52]. Furthermore, they are complex mix-

tures and their synthesis and biological activity are difficult to reproduce [12, 48,
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53]. Therefore, considerable effort has been devoted to developing new second-

generation photosensitizers, characterized by greater selectivity for tumor tissue,

rapid excretion from the body, and improved purity, stability, solubility and photo-

physical properties. Owing to the high oxygen quantum yield of the porphyrin

skeleton, most second-generation PS belong to this family. The porphyrin structure

provides 12 positions that can potentially be substituted. Furthermore, the por-

phyrin cycle can be oxidized, extended and/or a central ion may be introduced to

modulate the pharmacological, as well as the photophysical, properties of the mol-

ecule [7, 52]. Porphyrins, chlorins, texaphyrins, purpurins and phthalocyanines

have been most actively investigated [24, 47].

Recently, considerable interest in the use of 5-aminolevulinic acid (5-ALA) in

PDT has risen. 5-ALA itself is not a photosensitizer, but it can induce the forma-

tion of protoporphyrin IX (PpIX), a potent PS. 5-ALA is a substrate in the biosyn-

thetic pathway of heme, the iron(ii) complex of PpIX. In contrast to heme, PpIX is

Fig. 2.2. Structure of some photosensitizers. Porphins consist

of four pyrrole subunits linked together by four methane

bridges. Derivatives of porphin are named porphyrins.

Reduction of one of the pyrrole units on the porphin ring leads

to a class of porphyrin derivatives called chlorins.
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a fluorescent molecule and a potent PS. When 5-ALA is administered, its biosyn-

thesis leads to the selective transient accumulation of PpIX in neoplastic cells [7,

54]. If tissues containing the 5-ALA-induced PpIX are irradiated, photochemical

processes are triggered, resulting in tissue destruction. Although the underlying

mechanisms of the preferential accumulation of 5-ALA-induced PpIX in tumors

and other proliferating tissues are not fully understood, the 5-ALA approach is

one of the most selective modalities currently available in anticancer therapy. Col-

laud et al. have recently reviewed the mechanisms of the selective formation of

PpIX in neoplastic tissue after 5-ALA administration [55]. Topical administration

(e.g., skin and bladder) of 5-ALA and 5-ALA ester derivatives induced no skin pho-

tosensitivity and had short half-life in the treated area [56–59]. 5-ALA and its deriv-

atives can also be used for photodiagnosis [60–62], because PpIX emits red fluores-

cence upon irradiation with blue light.

Recently, the third generation of PS has emerged. These are second-generation

photosensitizers with fine tuned properties that allow selective delivery to tumor

tissue. Different strategies have been proposed, such as conjugation to biomole-

cules like monoclonal antibodies [63].

Although the clinical potential of PDT has been recognized for over 25 years, it is

only now starting to be used clinically [24]. Table 2.2 summarizes clinically rele-

vant PS for PDT and the PD of cancer. There are few PS intended for PD, only 5-

ALA-hexyl ester has been recently approved for detection of bladder cancer in

Europe and has been submitted to the FDA (www.photocure.com). Local adminis-

tration of hypericin has also shown promising results for the PD of bladder carci-

noma [64]. Other PS evaluated for PD such as haematoporphyrin derivative and

meta-tetra(hydroxyphenyl)chlorin induced prolonged skin and eye photosensitivity

[50, 51, 65, 66] and are not yet approved for photodiagnosis.

2.2.3.2 New Entities

New systems such as semiconductors, fullerenes and transition metal complexes

are promising photosensitizers, as shown by several studies measuring singlet

oxygen production and in vitro phototoxicity against tumor cells. However, since lit-

tle is known about their biocompatibility, their use in clinical PDT of cancer is still

unexplored.

Semiconductors, such as titanium dioxide (TiO2), can sensitize the photogenera-

tion of ROS, thus inducing damage similar to that found in traditional PDT [67].

Particles of TiO2 have shown phototoxicity against HeLa cells in vitro and were not

toxic when administered orally or parenterally to nude mice. After UV irradiation,

TiO2 particles significantly suppressed the growth of HeLa [68] and T-24 cells [69]

implanted in nude mice. However, this approach is limited because UV light, used

to irradiate TiO2 particles, does not penetrate deep in the skin [70].

When the size of a semiconductor particle is decreased to the nanometric scale,

these materials are called quantum dots (QDs). QDs are single crystals of semicon-

ductor material, a few nanometers in diameter. Their size and shape can be con-

trolled precisely [71]. A quantum dot can have anything from a single electron to

a collection of several thousands. Therefore, light absorption of QDs can be precisely
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tuned from the UV to the infrared (IR) region of the spectrum by changing their

size and composition. At the same time, QDs have narrow emission spectra that

can be tuned to emit in the near-IR region, in contrast to the visible emission of

most conventional PS [72–74]. QDs are highly resistant to degradation and their

fluorescence is remarkably stable. Most work on semiconductor QDs has focused

on fluorescence imaging and diagnosis applications [71, 74–76]. However, they are

seen as suitable candidates for PDT because of their capacity to generate ROS after

light irradiation [72, 73, 77]. Interestingly, QDs can enhance the effect of conven-

tional photosensitizers if light-mediated energy transfer between both molecules is

possible. Consequently, in addition to their intrinsic efficacy as photosensitizers,

QDs have been used to potentiate conventional PS. Semiconductor QDs of cad-

mium selenide (CdSe) conjugated to anti-CD90 antibodies potentiate the activity

of the PS trifluoperazine against leukemia cells [77]. Moreover, CdSe QDs linked

to silicon phthalocyanine have enabled the use of an excitation wavelength where

the PS alone does not absorb [72]. Unwanted potential toxicity of QDs is a key

issue inhibiting their development as a therapeutic tool. Since the primary site of

acute injury within the body after exposure to Cd is the liver, the cytotoxicity of

CdSe QDs was investigated in vitro on primary hepatocytes isolated from rats [78].

QDs were cytotoxic due to the slow release of Cd. Surface oxidation of QDs after air

and UV light exposure leads to the formation of reduced Cd on the QDs surfaces.

Surface coating of QDs with either zinc sulfide or bovine serum albumin decreased

the oxidation and consequently the cytotoxicity of the nanoparticles [78]. However,

even when QDs are coated, there is still the risk of Cd release into the body after in
vivo oxidation of these particles.

Before considering the use of QDs in clinics, some concerns regarding the pro-

pensity of QDs to aggregate, their toxicity profile and potential to release heavy

metals should be addressed.

Fullerenes are a class of spherically-shaped molecules made exclusively of carbon

atoms. Fullerene C60 and C70 efficiently generate singlet oxygen when irradiated

with light. However, fullerenes are practically insoluble in both aqueous and most

polar media – not to mention their poor absorption in the red region of the visible

spectrum [79, 80]. These properties hamper the development of fullerene-based

agents for PDT. Furthermore, the mechanism of action of photoexcited fullerenes

in biological systems is not at all understood [81]. Nevertheless, intense research

has been devoted to evaluate the potential applications of fullerenes in medicine

and biology [79, 80].

Some inorganic complexes are also efficient photosensitizers, among them tran-

sition metal complexes of ruthenium(ii), osmium(ii), iridium(iii), chromium(iii),

platinum(ii) and palladium(ii) have been investigated [46].

As described above, the selectivity of PDT can be increased using a PS that pref-

erentially accumulates in cancer tissues. The affinity of PS for neoplastic cells is in

part governed by the lipoprotein transport of PS and subsequent cellular uptake of

these protein-PS complexes [34, 38]. However, little is known about the interaction

of semiconductors, fullerenes and transition metal complexes with serum proteins.

Besides the ability of such PS to photogenerate singlet oxygen, their toxicity, bio-
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distribution and selectivity towards cancer tissues should be addressed before clini-

cal application.

2.2.4

Photodynamic Therapy: Advantages and Limitations

PDT is effective, minimally invasive and offers several advantages over other can-

cer therapies, such as surgery, radiation therapy and chemotherapy. Generation of

cytotoxic species after PDT is only due to the combination of PS, light and oxygen;

therefore, great selectivity towards diseased tissues is achieved. Indeed, singlet oxy-

gen has a short lifetime in the biological environment (<40 ns) [82] and cannot

diffuse far from its point of origin (radius of actiona 70 nm) [83]. Differences in

PS clearance between tissues enable optimization of the interval between PS ad-

ministration and light irradiation, which should be performed when the drug has

reached the maximum concentration in the tumor. Additionally, the ability of cells

to recover from photodynamic damage also contributes to the selectivity of PDT.

Indeed, healthy tissues are able to recover better than tumor tissues after PDT.

For example, in the treatment of skin cancers, even if healthy tissue is damaged

during PDT, the cosmetic results are usually excellent with little or no scarring, as

has been demonstrated with topically applied 5-ALA [59] and intravenously admin-

istered verteporfin (benzoporphyrin derivative monoacid ring A) [84]. Additionally,

PDT is a photochemical process without tissue heating, thus connective tissues

such as collagen and elastin stay largely unaffected [53]. PDT can be repeated if

necessary, and performed after surgery, chemotherapy or radiotherapy. Last but

not least, PDT can be used to treat different types of cancers, including tumor re-

sistant to other treatments [85].

Even though PS are expected to be retained preferentially by neoplastic tissues

and their activity is triggered by light activation at a specific wavelength, the drug

is still distributed throughout the whole body [53]. Therefore, PS administration

can induce side effects in tissues exposed to daylight such as skin and eyes. Skin

photosensitivity reactions are characterized by erythema, edema, blistering, hyper-

pigmentation and sunburn. Some precautions are strongly recommended during

the period in which the PDT patient remains photosensitive. Physical barriers, par-

ticularly protective clothing and sun glasses, provide some protection against UV

and visible light, but by far the optimum safety for these patients is complete sun

avoidance. The period during which these safety measures have to be applied de-

pends specifically on the nature of the photosensitizer [86]. Depending on the

molecule, it ranges from a few days to up to three months. PDT can induce also

occasional systemic and metabolic disturbances, and excessive tissue destruction

at the treated site [12]. Adverse effects of PDT depend mainly on the nature of the

PS, the route of administration and the type and localization of the malignancy. Ta-

ble 2.3 summarizes the main adverse effects induced by PS used in PDT and PD of

cancer. Intravenously administered PS, such as temoporfin (Foscan2) and HpD

(Photofrin2), induce prolonged skin and eye photosensitivity [50, 51, 65, 66]. Con-

versely, 5-ALA (Levulan2) and 5-ALA-hexyl ester (Hexvix2), which are topically ap-
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plied on either skin or bladder, induce no skin photosensitivity and have a short

residence time at the application site [56–59].

The therapeutic outcome of PDT is limited by the penetration of light in tissues.

Light is either scattered or absorbed when it enters tissues and the extent of both

processes depends on the tissue type and the light wavelength. Between 600 and

1000 nm, however, light is scattered to a relatively small extent and is poorly ab-

sorbed by important endogenous chromophores such as melanin and hemoglobin

[87]. As a consequence, red light possesses a high penetration power into human

tissues. Ochsner has compared the penetration of light as a function of the wave-

length. At an equal incident light intensity, the penetration depth in human skin is

of 6.8 mm at 800 nm, whereas it is only 0.4 mm at 400 nm [88]. The deeper pene-

tration of longer wavelengths is a major incentive for the development of PS

absorbing at these wavelengths. Additionally, to improve the outcome of PDT,

new light delivery devices have been developed for this particular application. The

traditional argon-dye and copper-dye lasers can be replaced by diode lasers, which

are cheaper, very stable, reliable and easily transportable [89]. However, they are

not tunable and may only be used at fixed wavelengths [90]. Optical fibers can be

used to deliver light to the target tissue. They facilitate the illumination in various

directions using either cylindrical or spherical diffusers. Furthermore, the versatil-

ity of optical fibers enables illumination of the skin or inside a body cavity [91].

PDT is usually performed with external illumination of the target site; however,

deeply localized tumors should be treated with special light delivery devices that

are inserted percutaneously. This technique, namely interstitial PDT, uses multiple

laser fibers that are inserted directly into tumors through needles positioned under

image guidance. Therefore, it is possible to use PDT for the treatment of internal

tumors [92, 93].

The dependence of PDT on the oxygenation of the irradiated tissue represents a

limitation of this treatment. Indeed, the efficacy of PDT depends on the amount of

singlet oxygen produced within the tumor, which in turn depends on the concen-

tration of oxygen in the tissue [94, 95]. Consequently, hypoxic tumor cells are gen-

erally more resistant to PDT, and may contribute to treatment failures.

Finally, most PS are hydrophobic, which is a key factor contributing to their se-

lectivity for cancer tissues. However, PS lipophilicity makes formulation difficult

due to the lack of physiologically acceptable solvents, especially when intravenous

administration is considered. Furthermore, hydrophobic PS can aggregate in aque-

ous media, leading to quenching; thus in their aggregated form PS are less effi-

cient than in their monomeric form [96–98]. Additionally, some PS lack selectivity

for accumulating in cancerous tissues. Therefore, the design of adequate PS deliv-

ery systems is critical to improving the outcome and acceptability of PDT and PD

in a clinical context.

2.2.5

Photosensitizer Formulations

Different formulation approaches have been proposed, such as the incorporation of

PS into liposomes, micelles, polymeric particles, and LDL, as well as the develop-
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ment of hydrophilic polymer–drug complexes, as reviewed by Konan et al. [99].

The delivery carrier can influence the PS biodistribution and hence the mecha-

nisms and kinetics of PS transport to tissues, as well as PS subcellular distribution

[15]. Among the different approaches, nanoparticles (NPs) offer numerous advan-

tages, including high drug loading, controlled release, and a large variety of carrier

materials and manufacturing processes. Nanoparticles are defined as particles in

the nanometer scale, typically <1 mm. NPs appear to be suitable delivery systems

for PS because encapsulation of PS into NPs would make it possible to disperse

hydrophobic PS in aqueous media. Moreover, NPs have large surface areas, and

their surface can be modified with functional groups to modulate their biochemical

and physicochemical properties. Owing to their size, direct targeting of tumor tis-

sues is also possible by taking advantage of the tumor vasculature enhanced per-

meability [100, 101]. Biodegradable and non-biodegradable materials can be used

to produce NPs. The use of biodegradable materials enables the controlled release

of the encapsulated drug. Conversely, non-biodegradable materials offer the advan-

tage of enhancing the direct interaction of PS with molecular oxygen, either within

the nanoparticles or at their surface. The use of non-biodegradable NPs made of

metals, ceramics and non-biodegradable polymers are discussed in the next sec-

tion. The final section is devoted to biodegradable polymeric NPs used for photo-

dynamic activity. The biodegradability and biocompatibility of polymeric NPs bring

them closer to clinical application than non-biodegradable carriers.

2.3

Non-biodegradable Nanoparticles for Photodynamic Therapy

2.3.1

Metallic Nanoparticles

This approach involves the coating of metallic nanoparticles, mainly made of gold

or magnetic materials, with photosensitizers. The design of PS-coated metallic NPs

for PDT has been primarily developed in two directions. First, the adhesion of

hydrophobic PS to gold NPs enables an aqueous PS suspension, where the PS

photophysical properties are enhanced. This concept has been demonstrated with

phthalocyanine derivative-coated NPs that were able to generate singlet oxygen

with higher quantum yield than the free PS [102]. In the second approach, the de-

velopment of magnetic nanoparticles coated with PS allowed either the targeting of

the pathological tissue by directing the NPs by an external magnetic field or cancer

diagnosis by using the NPs as magnetic resonance (MR) contrast agents. For in-

stance, magnetic NPs made of Fe3O4 have been coated with haematoporphyrin

[103]. Likewise, pheophorbide-a has been complexed to Fe3O4 NPs and the spectro-

scopic and photophysical properties of this complex characterized [104]. The au-

thors hypothesized that these NPs might be used to combine the action of hyper-

thermia therapy (HT) and PDT synergistically. Similarly, Gu et al. have conjugated

porphyrin to Fe3O4 NPs for the same combination of anticancer therapies [105].

The conjugation of porphyrin to the NPs induced a blue-shift in the fluorescence
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emission spectrum of the PS. No dark toxicity on HeLa cells was seen 5 h after in-

cubation with NPs at 37 �C. Fluorescence microscopy observations showed that

NPs were taken up and localized intracellularly. Irradiation of HeLa cells, incu-

bated with the PS-conjugated NPs for 10 min, induced changes in cell morphology.

Although the authors interpreted this data as a qualitative sign of phototoxicity, fur-

ther experiments should be performed to assess the potential of such NPs.

So far, the efficacy of metallic nanoparticles in photodynamic experiments with

cancer animal models has not been yet evaluated, although the biocompatibility of

metallic nanoparticles has been tested. Neither gold nor magnetic nanoparticles

made of iron oxides were toxic in vivo. Indeed, 2-nm-gold NPs were administered

intravenously to Balb/C mice (2.7 g-Au kg�1) and no lethality was observed [106].

It was also shown that gold NPs were largely cleared from the body through the

kidneys. Furthermore, blood analysis two weeks after injection from mice treated

with 0.8 g-Au kg�1 demonstrated no signs of toxicity as far as haematocrits and

plasmatic enzymes are concerned. Similarly, iron oxides particles seem to be gen-

erally well tolerated [107, 108] and are intended for several medical applications, as

recently reviewed by Ito et al. [109]. The safety of colloidal dispersions of magnetic

nanoparticles made of iron oxides has been also demonstrated [110, 111]. In fact,

magnetic resonance agents, such as Feridex I.V.TM (Advanced Magnetic, Cam-

bridge, MA, USA) and Resovist2 (Schering, AG, Germany), have already been ap-

proved for the detection of focal hepatic lesions by MR imaging.

2.3.2

Ceramic Nanoparticles

Ceramic NPs made of silica have been developed as an alternative to polymeric

NPs. Ceramic NPs are resistant to microbial attack [112] and their particle size,

shape, and porosity can be easily controlled during the preparation process [113].

Ceramic NPs do not release encapsulated compounds even at extreme pH condi-

tions and temperature [114]. This feature represents a limitation for the delivery

of common drugs, but can be suitably used in PDT. Since ceramic matrices are

generally porous, molecular oxygen can diffuse through the pores and interact

with the PS entrapped within the NPs [115]. The photogenerated singlet oxygen

can diffuse out of the particle to generate the cytotoxic effect. This approach has

been evaluated by entrapping 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide

(HPPH) into 30 nm silica NPs; unfortunately, the percentage of PS loaded into

the NPs was not reported. In vitro studies with HeLa and UCI-107 cells demon-

strated that HPPH-loaded silica NPs were taken up by tumor cells and induced

significant cell death, similarly to Tween-80 micelles, which were used as a control

[113]. m-tetra(Hydroxyphenyl)chlorin (mTHPC) has been embedded in amine-

functionalized silica NPs of 180 nm to deliver singlet oxygen instead of releasing

PS molecules [116]. The results showed that singlet oxygen production from

mTHPC embedded in silica NPs exceeds that of free mTHPC. However, the tests

were run in a mixture of water and ethanol in which mTHPC is soluble. Thus, it is

possible that mTHPC could be released from the core of the NPs during oxygen
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sensitization. As a result, more molecules of mTHPC would be soluble and the

amount of singlet oxygen would be higher than if mTHPC would have been a solid

dispersion inside the NP core. Ideally, singlet oxygen production should be eval-

uated in aqueous media simulating biological environments. These experiments

are far from physiological conditions and may not reflect what would be observed

in the cellular environment. Methylene blue, a water-soluble PS of low molecular

weight, was encapsulated into three types of sub-200 nm NPs, achieving different

MB loadings: polyacrylamide (20–30 nm; loading 0.1%), sol–gel silica (190 nm;

loading 3.0%) and organically modified silicate (160 nm; loading 0.4%) [117]. Poly-

acrylamide NPs were, in vitro, the most efficient delivery of singlet oxygen per MB

molecule. Moreover, these particles gave the most stable aqueous suspension and

therefore were used for in vitro photodynamic experiments on rat C6 glioma tumor

cells. MB-loaded polyacrylamide NPs were more active than free MB. Notably, con-

cerning silica NPs, the potential toxicity of ceramic nanoparticles is controversial.

Toxicological data from studies investigating silica NPs as DNA delivery systems

suggest that these carriers have little toxicity [118]. Likewise, organically modified

silica NPs have been used for in vivo gene delivery in mice and no toxicity was re-

ported up to four weeks after transfection [119]. Conversely, Chen and von Mikecz

showed that the uptake of silica NPs (40–70 nm) by the cell nucleus of HEp-2 and

RPMI 2650 cells induced nuclear damages close to those seen in neurodegenera-

tive disorders [120]. The nuclear architecture was altered, probably as a result

of the formation of nucleoplasmic protein aggregates. Furthermore, silica NPs

(4–40 nm) induced inflammatory reactions in cultured human endothelial cells,

as shown by the overexpression of interleukin-8 [121].

2.3.3

Nanoparticles Made of Non-biodegradable Polymers

Polyacrylamide (PAA) and amine-functionalized PAA have been used to encapsu-

late the disulfonated PS 4,7-diphenyl-1,10-phenanthroline ruthenium into nano-

particles of 40–50 nm [122]. Incorporation of the PS into the polyacrylamide

matrix did not affect the singlet oxygen production, allowing it to be released into

the aqueous media in which the NPs were suspended. PS delivery from amine-

functionalized PAA was slower than from PAA NPs. Furthermore, less singlet ox-

ygen was produced than with both free PS and PAA nanoparticles [122]. Recently,

the same group developed polyacrylamide NPs to perform simultaneously magnet-

ic resonance imaging and PDT of a rat brain cancer model, providing a real-time

tumor death measurement [123]. In this approach, Photofrin2 and a magnetic res-

onance contrast agent were encapsulated together within a polyacrylamide core, re-

sulting in 30–60 nm NPs. The NPs were surface-coated with poly(ethylene glycol)

(PEG) to increase the plasma half-life of the carrier. Singlet oxygen production and

in vitro photoactivity against 9L rat gliosarcoma cells were evaluated. Although the

PS was not released from the NPs, as demonstrated by in vitro degradation studies

in phosphate buffer at 37 �C, the photoactivity of the encapsulated PS was retained.

The photoactivity and magnetic resonance contrast ability of this formulation have
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been evaluated after intravenous administration in intracerebral 9L tumor bearing

rats, but the dose of Photofrin2 is not mentioned. The activity of the free com-

pound was not tested; however, rats receiving no treatment and treated only with

laser were used as controls. The evolution of tumor volume was followed by mag-

netic resonance imaging. Photofrin2-loaded NPs induced tumor shrinkage, where-

as tumors not treated or treated only with laser continued to grow. However, tumor

re-growth was observed 12 days post-PDT treatment with Photofrin2-loaded NPs.

Polyacrylamide NPs showed no toxicity, in terms of alterations in histopathology

or clinical chemistry values, after administration of doses up to 500 mg of NPs

per kg over four weeks. The authors suggest that these NPs, namely a multifunc-

tional nanoparticle platform, might enable simultaneous cancer detection, therapy

and monitoring. Additionally, particles coated with an integrin ligand for the recog-

nition of the tumor neovasculature were prepared. The specific binding of these

NPs was demonstrated in vitro with MDA 435 cells expressing integrins. The au-

thors hypothesized that these multifunctional nanoparticles stay in the extracellu-

lar compartment and do not release the PS; only singlet oxygen would be delivered

after light irradiation [123]. However, the intracellular localization of these NPs

after in vivo administration should be further studied to confirm the advantages

of such a system.

Most research on non-biodegradable materials for the administration of PS has

focused on the development of carriers delivering singlet oxygen without releasing

the PS. Additionally, non-biodegradable NPs are thought to protect the entrapped

PS from the biological environment. The internalization of such NPs into target

cells is thought to be unnecessary. In this context, only the external contact of

NPs with the cell membrane is required. However, none of these systems have un-

doubtedly demonstrated the absence of internalization of such NPs. Despite the

promising results encountered with these materials, their use in PS delivery has

not yet been fully explored, probably due to toxicity concerns in the administration

of non-biodegradable materials, particularly if chronic or repeated administrations

are needed. Degradation is desired to prevent accumulation of extraneous material

and possible subsequent toxicity. Indeed, recent histopathological studies of hu-

man biopsies indicate that the development of kidney and liver pathologies, such

as chronic inflammation and granulomas, was associated with the presence of

non-biodegradable micro- and nanoparticles in these organs [124]. These particles

probably originated from debris of implants and prostheses. Certainly, studies of

the long-term toxicity non-biodegradable nanoparticles should be undertaken be-

fore clinical investigations can be launched.

2.4

Biodegradable Polymeric Nanoparticles for Photodynamic Therapy

Polymeric nanoparticles, as drug delivery systems, have been investigated for over

three decades. Several polymers and preparation methods have been developed and

the choice of both depends on the physicochemical nature of the drug, as well as
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on the type of controlled release kinetic being sought, and the desired target site.

Polymeric nanoparticles used for drug delivery are defined as submicron (<1000

nm) colloidal systems made of solid polymers that may be classified according to

their preparation processes and internal structure (Fig. 2.3). Nanocapsules (NCs)

are composed of a polymeric wall containing a liquid inner core, while nano-

spheres (NS) are made of a polymeric matrix in which the drug can be dispersed.

Active substances may be either adsorbed at the surface of the polymer or encapsu-

lated in the particle. After administration, the drug is released by diffusion from

the particles to the surrounding medium or after particle erosion resulting from

polymer degradation. Ester or amide functions can be hydrolyzed, and the rate of

this process depends on the nature of the polymer (chemical composition and mo-

lecular weight), and is triggered by water or the presence of enzymes.

2.4.1

Preparation of Biodegradable Polymeric Nanoparticles

Particles may be produced by polymerization of synthetic monomers, or dispersion

of synthetic polymers or natural macromolecules. The preparation methods have

been extensively reviewed in the literature [125–127] and will be described only

briefly here.

Nanoencapsulation of PS has been considered primarily for hydrophobic mole-

cules that are difficult to formulate in aqueous media, which are mostly used for

parenteral administration. The development of a solid suspension offers an inter-

esting alternative. Owing to their hydrophobicity, organosoluble polymers have

been mainly used as encapsulating material.

2.4.1.1 In situ Polymerization

In situ polymerization of monomers has been used mainly with poly(alkyl cyano-

acrylates) (PACA) to prepare either nanoparticles or nanocapsules. The different

Fig. 2.3. Different types of drug-loaded nanoparticles: drugs

may be either adsorbed at the surface of the polymer (f) or
encapsulated within the particle (b).
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methods of preparation as well as medical application of these polymers have been

reviewed recently [128].

The preparation of nanoparticles is based on an emulsion-polymerization pro-

cess in which the cyanoacrylic monomer is dissolved in an organic solvent and dis-

persed in an aqueous phase containing a surfactant. Anionic polymerization is

then induced by hydroxide ions present in water. The polymerization rate is mainly

determined by the surrounding pH or the presence of inhibitors. PS can be encap-

sulated directly during the reaction [129, 130] or adsorbed on the particle surface

by incubation with the nanoparticles after neutralization of the aqueous medium

[131, 132]. For PACA, the major degradation pathway is based on enzymatic hydro-

lysis, the rate of degradation being governed by the length of the side chain.

Nanocapsules are usually prepared by interfacial polymerization, where an or-

ganic phase containing the monomer and the PS is emulsified in an aqueous

phase [129, 130]. Concomitantly, solvent diffusion and anionic polymerization will

occur, creating a polymeric wall around the oil core. These particles are especially

well adapted for the encapsulation of lipophilic material.

One of the critical concerns with these techniques is the purification step to re-

move all the residual monomers and the surfactant which may induce undesirable

effects.

2.4.1.2 Dispersion of a Preformed Polymer

To reduce toxicity related to the presence of monomer residues or traces of poly-

merization initiators, preparation methods based on the use of preformed poly-

mers have been developed. These are based on the formation of an emulsion in

which the polymer is solubilized in an organic solvent immiscible with the external

phase. Polymer precipitation is initiated by the removal of the organic solvent.

Another approach, called nanoprecipitation, is based on direct precipitation of the

solubilized polymer when in contact with a non-solvent. However, to our knowl-

edge, this method has not been yet reported in the literature for PS.

Polymers used for nanoparticle preparation may be of natural origin. For in-

stance, Zhao et al. have used gelatine to encapsulate hypocrellin B [133]. Particles

were made by a modified salting-out coagulation process. An organic solution of

the photosensitizer is added to an aqueous solution of the polymer and a surfac-

tant. After nanoparticle formation, glutaraldehyde, a crosslinking agent, is added

to the NP suspension. The suspension is then dialyzed to eliminate the glutaral-

dehyde. However, for hydrophobic photosensitizers, using water-soluble polymers

might not be the best choice for their encapsulation. Indeed, no encapsulation rate

was reported; therefore, it is not possible to assess how much drug was actually

entrapped in the particles. The fluorescence quantum yields decreased as com-

pared to the free drug, but this may also be the result of quenching due to the

high number of molecules in the particles. Furthermore, the use of gelatine is war-

ranted due to the potential allergenic reactions induced by this protein; thus, bio-

compatibility may be a concern at least with certain patients prone to allergies.

To promote entrapment of hydrophobic compounds into polymeric particles,

synthetic hydrophobic polymers are frequently used. Polyesters such as poly(lactic
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acid) (PLA) and copolymers such as poly(lactic-co-glycolic acid) (PLGA) are widely

used due to their good biocompatibility and because they are accepted by the au-

thorities (FDA) as suture threads. Several methods have been described for PLA

and PLGA particle preparation. They are based on the formation of an emulsion

of an organic solvent containing the polymer (and the drug) solubilized in an aque-

ous phase containing a surfactant. The solvent is then removed to induce polymer

precipitation and particle formation. The size of the particles is governed by the

size of the emulsion and the rate of solvent removal. Several methods have been

developed to eliminate the solvent, including evaporation, diffusion [134–138] and

dilution after salting-out [138–141]. These methods allow high encapsulation rates

since usually more than 80% of the compound is entrapped in the polymeric

matrix.

Encapsulation of sensitizers has also been reported in PLA nanocapsules [142,

143]; they were obtained by a solvent-displacement process. The polymer was dis-

solved in acetone while the hydrophobic photosensitizer was dissolved in Miglyol2

(caprilic/capric diglyceryl myristate) and added to the polymer solution. The or-

ganic solution was then poured into a water solution containing surfactants. Sol-

vent removal leads to precipitation of the polymer around the oil core containing

the active compound.

The emulsion-diffusion method has also been used to prepare particles from a

complex made of poly(sebacic anhydride) and phthalocyanine, where the drug

was conjugated with the polymer before particle formation [144]. Different com-

plexes were made with various amounts of phthalocyanine, and were characterized

by UV/visible spectra. Depending on the degree of aggregation of the photosensi-

tizer in the copolymers, different spectra were found.

Complexation of a photosensitizer and a polymer has been further studied by as-

sociating poly(e-caprolactone) and silicon phthalocyanine [145]. Particles 30–90 nm

in diameter were prepared by an emulsion-diffusion process.

2.4.1.3 ‘‘Stealth’’ Particles

When administered in vivo, polymeric nanoparticles are rapidly taken up by the re-

ticuloendothelial system (RES) due to the adsorption of proteins at their surface

[146–148]. Thus, the biodistribution of particles is mainly directed towards liver

and spleen where they are sequestrated and made unavailable to other target tis-

sues. This propensity to localize in RES has been related to the hydrophobicity of

the particle surface. Therefore, ‘‘stealth’’ particles have been designed to limit this

drawback. The principle is based on ‘‘hydrophilization’’ of the surface. The first

approach reported was the coating of the particles with polymers such as polox-

amer [130, 142] or PEG [139, 142]. Another approach is to use a directly modified

polymer such PLA-PEG [142, 143] or PLGA-PEG.

2.4.1.4 Targeted Nanoparticles

Even though biodistribution of PS is characterized by a preferential accumulation

into target tissues such as cancer cells and neovasculature, their distribution in

normal tissues induces adverse side effects. Therefore, a more specific distribution
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may be sought by using active targeting. One way to increase the biodistribution of

colloidal carriers to the target site is to covalently bind a recognition molecule to

their surface that will drive the carrier to the target site. This approach was used

by Kopelman et al. with non-biodegradable particles [123], but to our knowledge it

has not yet been developed with PS-loaded biodegradable nanoparticles. Several

methods are available to covalently bind ligands to the surface of colloidal systems

[149] and numerous recognition molecules are available to target either cancer

cells or neovasculature surrounding tumor sites. This aspect of active targeting

strategies will be further developed in chapter 10.

2.4.2

In Vitro Relevance of Polymeric Nanoparticles in PDT on Cell Models

In vitro studies with cultured cells are usually an easy way to evaluate the efficacy

of new drug delivery systems. Two main issues are evaluated with in vitro studies:

either the activity of the drug-loaded carriers on cancer cells or the cellular uptake

and trafficking of the photosensitizers encapsulated into nanoparticles.

2.4.2.1 Photodynamic Activity of PS-loaded Nanoparticles

First, the potential activity of encapsulated photosensitizers has to be verified on

the targeted cancer cells. For this purpose, several in vitro models are used, corre-

sponding to different cancer cell lines, but the principle is generally similar. The

activity of PS formulations is evaluated by measuring the inhibition of cell growth.

Cells are incubated with either the free drug or the drug-loaded carriers, PDT is

applied to the cells by illumination at the right wavelength, and the damage,

namely cell death, is evaluated by a simple viability test, such as the colorimetric

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 2.4).

Nanoencapsulation does not affect the activity of photosensitizers. Indeed, the

phototoxicity of loaded nanoparticles, when compared to free drug under the

same experimental conditions, was similar or even better.

The effect of mTHPC in different formulations: in solution, PLA NCs,

poloxamer-coated NCs, PEG-grafted PLA (PLA-PEG) NCs, and oil/water nano-

emulsion (NE) has been compared by Bourdon et al. [142]. HT29 human adeno-

carcinoma cells were treated with increasing concentrations of PS (0.125 to

1.25 mg mL�1). A long incubation time (300 min) and high light dose (25 J cm�2)

were used, as fluences of 5 or 10 J cm�2 seemed to be inefficient. Phototoxicity in-

creased when PS concentrations increased, regardless of formulation. In their ex-

perimental setting, all formulations showed similar photoactivity, except PLA-PEG

NCs, which yielded a lower phototoxicity.

The activity of loaded nanocarriers was demonstrated with mTHPC on HT29

tumor cells, but the same concentration-dependent profile was obtained for other

nanocarriers or photosensitizers such as meso-tetra(p-hydroxyphenyl)porphyrin
(pTHPP) used by Konan et al. [136]. In this case, the influence of drug concentra-

tion on cellular toxicity with pTHPP-loaded nanoparticles (PLA or PLGA) was com-

pared to free pTHPP. For this purpose, EMT-6 mammary tumor cells were used
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under the following conditions: 1 h of incubation with increasing concentrations of

PS (3 to 10 mg mL�1) and a light exposure of 6 J cm�2. For all delivery systems

tested, the phototoxicity increased with PS concentration. The most important dif-

ference between formulations was observed at 3 mg mL�1, where loaded NPs ex-

hibited a two-fold higher activity than free pTHPP. In contrast, at 6 mg mL�1 all

formulations reached a plateau of cell death (90% dead cells). Thus, encapsulation

of a photosensitizer is an advantage, as the same photodynamic effect could be ob-

tained with a lower concentration, thereby minimizing possible side effects.

Before analyzing the phototoxicity of photosensitizers, the following controls

have to be performed: dark toxicity of photosensitizers, effect of irradiation on

untreated cells and finally toxicity of unloaded nanoparticles. With this intention,

Bourdon et al. [142] related no dark toxicity with mTHPC-loaded NCs in human

colorectal adenocarcinoma (HT29) cells after incubation times of up to 18 h. Light

or photosensitizer alone did not lead to a significant decrease in survival fraction

according to Konan et al. [136] on EMT-6 mammary tumor cells. Moreover, un-

loaded nanoparticles, after a 24 h-incubation and an irradiation at 9 J cm�2, in-

duced no phototoxicity in concentrations up to 20 mg mL�1. Thus, the observed

phototoxic effects were only triggered by the combination of a specific photosensi-

tizer and its activation by light.

The research by Bourdon et al. and Konan et al. have validated the proof of con-

Fig. 2.4. Schematic representation of in vitro

efficacy assay on cell culture. Cells are

incubated with NPs; after washing, the plate is

irradiated with light at the right wavelength.

The light dose depends on the power of the

light and time of exposure. Photodamage is

assessed by cell viability assay after incubation

in fresh medium.
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cept of using polymeric NPs for PDT [136, 142]. It is, however, difficult to compare

the ability of two different photosensitizers when the carriers and the experimental

conditions are different. Indeed, several parameters can influence the photoactivity

of a drug: experimental conditions (incubation time, light dose), nature of drugs

and delivery systems (free or encapsulated), size of carriers, mechanisms of up-

take (diffusion, endocytosis), subcellular localization and mechanism of cells

destruction.

Influence of Experimental Settings The survival rate is determined by a viability as-

say, which is generally done one day after irradiation. Konan et al. have studied the

influence of the time delay between irradiation and viability assay [136]. For this

purpose, the cell viability was determined either immediately or 18 h after irradia-

tion. The effect of the photosensitizer (pTHPP) was undervalued when the MTT

assay was carried out immediately after irradiation: in this case the drug dose

needed to kill 50% of cells (IC50) was doubled. Cell damage resulting from photo-

chemical reactions may not be immediately lethal. Indeed, cell death implicates

several cascades of reactions such as activation of enzymatic processes. Therefore,

cell death can not be observed immediately after illumination. This study on the

time delay is the only one in the literature on PDTwith loaded-nanoparticles. How-

ever, a study carried out on 5-ALA in solution by Betz et al. [150], evaluating cell

viability 18 or 24 h after irradiation, seemed to be reasonable to compare different

carriers or experimental conditions. It is, however, difficult to deduce a general

trend from these results as the needed post-irradiation incubation will depend at

least on the PS and the cell line.

The incubation time of the PS with cells and irradiation parameters also have an

effect on the phototoxicity of photosensitizers on cancer cells. Indeed, phototoxicity

generally increases with incubation time and this correlation is intensified at

higher drug concentrations. For example, for pTHPP-nanoparticles, cell viability

began to show a decrease after 30 min incubation at 3 mg mL�1; however, this was

reduced to 15 min when using 6 and 8 mg mL�1 [136]. At higher concentrations,

more NPs are available, so cellular uptake may be improved and then the time re-

quired for a good efficiency is reduced.

If the incubation time is long enough, an increase in light dose can also play a

considerable role on phototoxicity. PDT is performed at a fixed wavelength, where

the photosensitizer absorbs photons, from a laser source [142] or from white light

passing through an aqueous filter (e.g., rhodamine) [136]. The fluence rate is deter-

mined using a photometer and the irradiation times are adjusted accordingly to the

desired light doses. The homogeneity of the light delivered to cells is very impor-

tant to allow comparison between different treatments. Moreover, the temperature

during irradiation has to be controlled to avoid thermal effects on cell viability.

Therefore, irradiation times should not be too long. For PLA-nanoparticles, an in-

crease from 6 to 9 J cm�2 triggered a decrease in cell viability from 85 to 18% after

15 min incubation [136]. Such a fall in viability was observed for all polymeric sys-

tems, whereas the influence of light dose with free drug was quite low, 100 to 73%,

respectively, for the same dose. Perhaps the free drug needs more time to penetrate
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the cells, and thus 15 min is not long enough to obtain a reasonable phototoxicity.

Moreover, encapsulation may change the intracellular distribution into the differ-

ent compartments of the cell, bringing the PS closer to the targets.

Influence of Incubation Medium Photoactivity of loaded NPs is generally affected

by the presence of serum proteins. When cells are incubated with a photosensitizer

in the presence of proteins from fetal calf serum (FCS) or fetal bovine serum

(FBS), phototoxicity is improved [135, 141]. This trend was observed for all nano-

particle formulations, whereas free drug did not seem to be influenced by serum.

For example, pTHPP-loaded nanoparticles [135] were two-fold more efficient in the

presence of 10% FBS regardless of the polymer (PLA, 50:50 and 75:25 PLGA). The

serum may enhance the intracellular accumulation of photosensitizer but also fa-

vor the monomeric form of the photosensitizer. Indeed, as hydrophobic entities,

photosensitizer molecules tend to aggregate in aqueous solution or within the

nanoparticles. In this aggregated state, the photosensitizer exhibits a low photo-

dynamic activity and has to be first dispersed to become efficient [151]. Proteins

could enhance this dispersion process mainly by lipoprotein association with PS.

Improvements in phototoxicity were observed according to the formulations by

Konan et al. with pTHPP and verteporfin [135, 141] and Bourdon et al. with

mTHPC [142]. Indeed, when compared to nanoparticle formulations, free drug

and drug formulated in oil/water NE were not affected by the presence of proteins.

The association of PS molecules and proteins can be studied by fluorescence.

When aggregated, PS emits very little fluorescence, so the state of dispersion can

be observed by following the increase in fluorescence after adding serum. A rapid

transfer of verteporfin seems to occur from the nanoparticles to the serum pro-

teins, as Konan-Kouakou et al. observed a rapid increase in fluorescence immedi-

ately after the injection of 5% FBS in the suspension medium [141]. In contrast,

verteporfin was slightly transferred from DMSO/PBS formulation, which corre-

lates well with the results observed for in vitro phototoxicity.

Influence of Carrier Characteristics Different types of polymers are available for NP

manufacture. The characteristics of the surface can also be changed either by using

block copolymers or by coating particles with different excipients. Finally, manag-

ing the preparation processes parameters allows control of NP size. It is therefore

possible to design customized particles that exhibit very different characteristics in

terms of physicochemical properties as well as delivery features. Several studies

have evaluated the influence of these parameters.

Polymer and Surface Modifications The carrier nature can modulate the photoac-

tivity. The nature of the polymer influences the phototoxicity of drug-loaded nano-

particles. Nanoparticles having the same characteristics (size, drug loading and

polymer molecular weight) can exhibit different in vitro toxicities that depend on

the polymer they are made of. Konan et al. have shown that PLGA-nanoparticles

are more efficient than PLA-nanoparticles [136]. Even the lactic/glycolic ratio played

a role, since 50:50 PLGA induced a drop in viability at lower doses than 75:25
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PLGA (Fig. 2.5). Thus, with the same photosensitizer, in vitro activity can be af-

fected by the polymer hydrophile–lipophile balance value, degradation rate and

drug release profile. The hydrolysis-labile ester linkages are more accessible to

water in PLGA than PLA. In the same way, the higher the content of glycolide in

the polymer, the more accessible it would be to water, resulting in a faster hydroly-

sis. Thus, a faster intracellular release of drug is expected from 50:50 PLGA nano-

particles, which explains their higher efficiency.

By coating nanoparticles with poloxamer or using PEG-grafted polymers, differ-

ent efficacies can also be obtained with the same polymer (PLA). Naked PLA NCs

or poloxamer NCs exhibited quite similar toxicities as determined by Bourdon et al.

[142]. However, PLA-PEG NCs induced a slight decrease in phototoxicity.

Particle Size The influence of particle size is a key factor regarding cellular

internalization [141, 152, 153]. Usually, smaller particles tend to be more readily

internalized, and thus higher activity is expected. This parameter has not been yet

extensively studied for PDT. The efficiency of a photosensitizer seems to be im-

proved by encapsulating it into small nanoparticles rather than larger nanopar-

ticles. Konan-Kouakou et al. have compared three formulations of verteporfin on

EMT-6 mammary tumor cells [141]. Free verteporfin and verteporfin-loaded nano-

particles with different mean sizes (167 and 370 nm) resulted in different survival

rates after 1 h-incubation when irradiated at 6 J cm�2. Treatment with 70 ng mL�1

of free or entrapped verteporfin into large nanoparticles yielded only 11 and 29%

cell death, respectively. At the same concentration, almost 69% of cells were killed

by small nanoparticles. The small size can increase the particles capacity to be

taken up by cells and allow a faster drug release into cells. Furthermore, the distri-

Fig. 2.5. Influence of drug concentration on

photocytotoxicity of free pTHPP (n) or pTHPP-

loaded nanoparticles (C, 50:50 PLGA; j, 75:25
PLGA; f, PLA). The EMT-6 tumor cells were

incubated for 1 h, at equivalent drug

concentrations, ranging from 3 to 10 mg mL�1,

for 1 h and irradiated at a light dose of 6

J cm�2 (655 nm). The MTT assay was

performed 18 h after light exposure. Each data

point represents the mean (GS.D.) of six

values. (Redrawn from [136].)

2.4 Biodegradable Polymeric Nanoparticles for Photodynamic Therapy 65



bution of photosensitizer in the nanoparticles can also be affected by their size.

With small NPs, the PS could be absorbed on the particle’s surface rather than be-

ing incorporated into the polymeric matrix. The PS is then more exposed to the ex-

ternal medium and available at its site of action. This influence of size has also

been reported recently in vivo by Vargas et al. [154].

Influence of Photosensitizer Depending on their nature, photosensitizers could

enter the cells by different mechanisms and/or rates. In solution, free PS are gen-

erally taken up by diffusion, leading to a low intracellular concentration. In con-

trast, nanoparticles seem to be taken up by endocytosis, leading to higher accumu-

lation and delivery of drug.

In the same chemical family of PS, different derivatives can exhibit different

phototoxic activities but these differences can be minimized by encapsulation.

The free photosensitizers, depending on their physicochemical properties and, es-

pecially, on their hydrophile–lipophile balance value, can penetrate the cell mem-

brane to different extents. However, when encapsulated, all PS derivatives could

lead to similar photoactivities. For example, for free zinc-phthalocyanine deriva-

tives, photodynamic activity increased when the degree of sulfonation decreased,

according to Lenaerts et al. [130]. In V-79 Chinese hamster cells, the free disul-

fonated derivative (ZnPcS2) yielded an IC90 of 0.19 versus 7.5 mm for the tetra-

sulfonated derivative (ZnPcS4). However, after encapsulation into poly(isohexyl

cyanoacrylate) (PIHCA) NCs, both PS exhibited similar IC90 (0.19 and 0.28 mm,

respectively). One possible explanation is that amphiphilic molecules, such as

ZnPcS2, are readily taken up by cells in their free forms, and thus they are not

more active after encapsulation. In contrast, hydrophilic drugs, when incorporated

into carriers, can be delivered more readily to the cells and thus be more active.

This hypothesis should be verified by internalization experiments and in vivo as-

says. Indeed, in contrast with these conclusions, Pegaz et al. have demonstrated

on the chick chorioallantoic membrane (CAM) model that the photodynamic activ-

ity of PS is strongly influenced by their hydrophile–lipophile balance [138]. Once

entrapped into NPs, the most hydrophobic PS exhibited a higher photoactivity.

Lenaerts et al. [130] have also suggested that encapsulation would reduce the de-

gree of aggregation of the drug, aggregation that is detrimental to PS activity. This

point is considered to be of key importance for the success of PDT because the sus-

ceptibility of highly hydrophobic PS to undergo aggregation in aqueous environ-

ments has a deleterious effect on the photoinduced oxidative process [151]. Indeed,

due to the lack of physiological acceptable solvents for hydrophobic PS, encapsula-

tion allows one to overcome formulation problems, especially when intravenous

administration is needed.

2.4.2.2 Uptake and Trafficking of Photosensitizers

PS, depending on their properties (hydrophile–lipophile balance value, charge,

etc.), enter cells through different mechanisms, thereby determining their sub-

cellular localization and ultimately their photodynamic efficacy. PS may penetrate

into the cell by passive diffusion or by endocytosis [12].
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Interest in using polymeric nanoparticles for PDT was first demonstrated by

studies from Bachor et al. who conjugated the porphyrin derivative chlorine e6
(Ce6) on 1000 nm polystyrene particles [155]. Association of PS to the particles in-

creased the cellular uptake of the drug while the free drug stayed in the membrane

of MGH-U1 cells (human bladder carcinoma cell line). The intracellular concentra-

tion was 20� higher in cells treated with Ce6-microspheres than in cells treated

with unconjugated Ce6. As a consequence, after irradiation at 659 nm, encapsu-

lated Ce6 (0.43 mm) induced total growth inhibition at a light dose of 5 J cm�2,

whereas treatment with unconjugated Ce6 did produced no effect.

PS, free or entrapped, enters the cells in a concentration- and time-dependent

manner [135, 142]. However, different uptake rates could be obtained depending

on the PS or on the nature of the carrier. mTHPC has been entrapped in plain, or

surface modified with PLA-PEG, NCs [142]. The cellular uptake, evaluated by the

total fluorescence intensity of cells, showed that encapsulation decreased the intra-

cellular uptake of the drug. Indeed, a higher internalization rate was obtained

when the drug was solubilized in an ethanol/PEG/water (20/30/50 by volume) so-

lution than with the encapsulated drug. Plain PLA NCs were less internalized than

either poloxamer-coated nanocapsules or PLA-PEG NCs (Fig. 2.6). Nevertheless,

quite similar phototoxic activity was observed for all treated groups. This strongly

suggests that the PS does not follow the same cellular uptake pathway depending

Fig. 2.6. Uptake of mTHPC (0.25 mg mL�1) by

HT29 cells as determined by microspectro-

fluorimetry. mTHPC formulations: solution

(C), nanoemulsion (s), poloxamer-coated

PLA NCs (b), PLA-PEG NCs (n) and PLA NCs

(f). Cellular fluorescence intensities were

measured at 654 nm. For each experiment,

data have been averaged from intensity values

determined on 30 individual living cells.

Experiments were carried out in triplicate (bars

represent S.E.). (Reprinted from Ref. [142] with

permission.)
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on whether it is encapsulated or free. This was further demonstrated in a recent

publication where the degree of internalization of pTHPP-loaded nanoparticles

sharply dropped when incubation was performed at þ4 �C whereas no affect on

the uptake of the free drug was observed [135]. Thus, an energy-dependent process

is involved in the uptake of loaded-nanoparticles. Endocytosis of NPs leads to

higher intracellular concentration whereas free pTHPP, owing to its hydrophobic

nature, tends to diffuse passively into the cell membrane, where it is less active.

Therefore, encapsulation favors the PS internalization; however, PLA nanoparticles

were less likely to be taken up than PLGA NP. In this case, pTHPP is a PS able to

cross the membrane by diffusion; however, other PS, which are less hydrophobic

or too polar to diffuse through the plasma membrane, are taken up, similar to the

NPs, by endocytosis.

ROS have a short life-time, and their activity is limited to sites close to ROS gen-

eration; thus, PS uptake by cancer cells is crucial for effective PDT. To a certain

degree, the type of damage that occurs in cells depends on the subcellular localiza-

tion of the PS. The localization of PS in cancer cells, studied by fluorescence mi-

croscopy, seems to be formulation-dependent. The intracellular localization of PS

might differ between free PS and loaded-carriers, permitting induction of different

photochemical lesions in irradiated cells. A specific subcellular localization could

determine the mechanism of cell death. For example, localization in mitochondria

has been associated with the tendency of PS to produce apoptosis [12].

Precise PS localization can be determined by confocal laser scanning microscopy

and by using co-staining of cellular organelles using fluorescent markers or indi-

rect immunofluorescence. Bachor et al. first showed that microspheres loaded

with Ce6 can be visualized in the cytoplasm and more precisely in phagolysosomes

[155]. In contrast, unconjugated PS, due to their lipophilicity, seemed to stay in cel-

lular membranes, including plasma, nuclear and mitochondrial membranes. The

cellular distribution within HT29 cells reported by Bourdon et al. was also affected

by encapsulation [142]. Cells treated with free drug showed a diffused distribution

throughout the cytoplasm, with a non-fluorescent nuclear area. As for NCs, even if

the nuclear area is still non-fluorescent, PS was localized in the Golgi system.

In contrast to these studies reporting different localization for free and encapsu-

lated PS, Konan et al. observed, in EMT-6 cells, similar localization in early and late

lysosomes for free and encapsulated pTHPP [135]. However, this discrepancy

might be related to the use of different cell lines and experimental parameters. In-

deed, as far as uptake is concerned, a specific behavior of EMT-6 cells has been re-

ported compared to other cell lines [156].

The photochemical reactions induced by irradiation may damage membrane in-

tegrity and therefore cause the release of PS from their primary site of localization.

The efflux of pTHPP from EMT-6 cells was studied in a comparative manner after

treatment with PLGA loaded-nanoparticles and free drug at 6 mg mL�1 for 15 min

incubation [135]. After irradiation at 6 J cm�2, the rate of the pTHPP escape was

evaluated by loss of fluorescence as a function of time. Indeed, free or loaded drug

gradually escaped from cells as a function of time. This trend was faster for a treat-

ment with NPs. This may be due to a higher uptake and thus to more severe pho-
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tochemical damage, including important membrane disruption. Before total efflux

from cells, redistribution inside the cells could be observed, e.g., from lysosomes to

cytoplasm or nuclei [157]. This phenomenon has been demonstrated with PS, such

as porphyrins or phthalocyanines derivatives [158, 159], but not yet with PS-loaded

nanoparticles.

One of the limitations of nanocarriers is their rapid uptake by the reticuloendo-

thelial system (RES), which results from the adsorption of opsonins (plasma pro-

teins) on these carriers. Then, they are taken up by the cells of the immune system

located mainly in the liver and the spleen. Thus, a strategy has been developed to

avoid the adsorption of opsonins. Bourdon et al. have studied this phenomenon

with macrophage-like cells (J774) [142]. For this purpose they compared different

mTHPC formulations with the aim of evaluating the capability of surface-modified

NCs to reduce phagocytosis. Compared with naked PLA NCs, drug uptake by

macrophages is indeed decreased by poloxamer coating of particles, or by using

PEGylated polymers (Fig. 2.7). This reduction in uptake is better achieved with

PLA-PEG NCs. These results are a positive indication that RES clearance in vivo
could be limited with such PEGylated carriers (as discussed below). Interaction

between carriers and opsonins is of van der Waals type, and coating nanoparticles

with a hydrophilic chain of poloxamer or PEG could increase the circulating time

in the body.

Fig. 2.7. Uptake of mTHPC (0.25 mg mL�1) by

macrophage-like J774 cells as determined by

microspectrofluorimetry. mTHPP formulations:

PLA NCs (f), nanoemulsion (s), solution

(C), poloxamer-coated PLA NCs (b) and
PLA–PEG NCs (f). Cellular fluorescence inten-

sities were measured at 654 nm. For each

experiment, data have been averaged from

intensity values determined on 30 individual

living cells. Experiments were carried out in

triplicate (bars represent S.E.). (Reprinted from

Ref. [142] with permission.)
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2.4.3

In Vivo Relevance of Polymeric Nanoparticles in PDT

Encapsulation may lead to a different intracellular localization of the hydrophobic

photosensitizers, favoring light activated phototoxicity. One must, however, be very

careful in extrapolating previous data to an in vivo situation. Indeed, in vitro experi-
ments are obtained on cell monolayers directly in contact with light and PS, condi-

tions rarely encountered in vivo. These studies are a proof of concept as they docu-

ment the ability of the NP approach to improve PDT efficacy. Encapsulation would

allow one not only to reduce the PS dose administered to the patients but also to

use a lower light dose, thus reducing potential collateral damage to neighboring

tissues. To demonstrate these advantages of NPs, in vivo studies have to be carried

out with several goals: first, to compare the body biodistribution of PS according to

their formulations, to assess the efficacy of PS-loaded nanocarriers as far as vascu-

lar or tumor suppression effects are concerned, and finally to investigate possible

side effects, such as skin photosensitization.

2.4.3.1 Biodistribution and Pharmacokinetics of Photosensitizers Coupled to

Nanoparticles

As with therapies against cancer, one of the main challenges in photodynamic ther-

apy is enhancement of the PS concentration ratio between tumor and other organs

[7]. However, the localization of NP in specific tissues may depend on the intrinsic

characteristics of the carrier (e.g., nature of the polymer, size, and surface proper-

ties). The tissue distribution and pharmacokinetics of a PS can be influenced by its

incorporation into nanoparticles. Generally, following i.v. administration, nanopar-

ticles are rapidly and extensively taken up by the RES [125]. Accordingly, as soon as

a few minutes after intravenous injection of nanoparticles, the PS mainly accumu-

lates in the liver and spleen. Thereafter, the RES drug level gradually decreases

over several days, depending on the biodegradability of the polymer and on the

drug release kinetics.

Although few in vivo studies have been carried out, the advantages of surface

modification to decrease the accumulation of the photosensitizer in the liver have

been demonstrated. The body distribution of poloxamer-coated-PIHCA NCs con-

taining radiolabeled tetraiodinated zinc-phthalocyanine (ZnPcI4) were studied in

healthy Balb-C mice and mice bearing the EMT-6 mammary tumor [130]. The ac-

cumulation of PS in the liver was significantly lower with poloxamer-coated NCs

than with free ZnPcI4 in solution. As a consequence, the main fraction of PS

was present in blood when NCs are used as a carrier. The experiments in tumor-

bearing mice confirmed not only the reduced liver uptake with NCs but also

showed a higher uptake by the tumor. Photodynamic therapy should be performed

when PS concentrations have a maximum value in the tumor, thus, in this study,

tumor-to-blood ratios > 200 were obtained as early as 12 h post-injection. This high

tumor selectivity achieved by surface modification of nanocarriers confirmed that

NPs could be an efficient drug delivery system for cancer treatment.
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PLA biodegradable nanoparticles coated with PEG-20 000 have also been sug-

gested to enhance tumor uptake of the encapsulated compound [139]. Coating

PLA NPs with PEG-20 000 substantially enhanced the blood circulation time of

the photosensitizer hexadecafluoro zinc phthalocyanine (ZnPcF16), as compared

to plain particles. After 24 and 168 h, the cumulated uptake of the compound in

the liver and spleen represented 61% and 44% for plain NPs versus 50% and 29%

for PEG-coated NPs, respectively. The reduction of the uptake of the NPs by the

RES and the resulting longer blood circulation time were associated with a three-

fold increase of the compound concentration in the tumor after 24 h. Such coated

NPs yielded advantageous tumor-to-skin and tumor-to-muscle ratios, which is im-

portant in predicting the risk of damage to adjacent tissues during PDT.

Similar results were also observed by fluorescence with poloxamer-coated nano-

capsules and PEG-grafted PLA nanocapsules loaded with mTHPC [143]. A de-

crease in liver distribution was observed with coated particles and was more pro-

nounced for PLA-PEG NCs. Tumor distribution was also affected, and PLA-PEG

particles seemed to better accumulate in the tumor tissue. Nonetheless, the influ-

ence of surface modification on particle biodistribution is difficult to compare be-

tween studies because results are frequently presented in arbitrary units of fluores-

cence, and the relative fluorescence of each formulation is not given.

2.4.3.2 Vascular Effects

Vascular damage and blood flow stasis are consequences of PDT on solid tumors.

The irreversible destruction of the tumor vasculature, with the subsequent ische-

mia, is primarily responsible for an effective PDT of solid tumors and contributes

to the long-term tumor control [18, 160]. Vascular events observed after PDT in-

clude release of vasoactive molecules, enhanced leakage and platelet aggregation,

followed by occlusion of the blood vessels. Apart from oncological applications,

the vascular occlusion induced by PDT has been used to treat the wet form of

age-related macular degeneration, characterized by choroidal neovascularization.

The mechanisms underlying the vascular effects of PDT differ greatly according

to the nature of the PS and have been studied in different animal models [25].

However, the effect of incorporating photosensitizers in nanoparticles on the

PDT-induced vascular occlusion is still unexplored and has only been studied in
vivo using the chick chorioallantoic (CAM) model. The chorioallantoic membrane

is a highly vascularized organ of the chick embryo, which allows the evaluation of

vascular occlusion induced by PDT [161]. The pharmacokinetics of intravenously

injected PS in the CAM is followed by measurement of the fluorescence of the vas-

cularized and non-vascularized tissues. The photodynamic activity of the PS can be

assessed by evaluation of the vascular occlusion achieved after irradiation of the

CAM. Vargas et al. have compared the vascular effects of pTHPP, either in solution

or encapsulated in 120 nm PLGA NPs, on the CAM vessels [137]. Vascular occlu-

sion was greatly enhanced by the incorporation of pTHPP into NPs (Fig. 2.8), prob-

ably because of the reduced diffusion of NPs out of vessels during irradiation. In-

deed, non-encapsulated PS quickly leaked out of the vasculature, whereas PS-
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loaded NPs remained longer intravascularly during the 25 min observation time.

Using the CAM model, Pegaz et al. have evaluated the influence of the encapsula-

tion of PS with different degrees of lipophilicity on the vascular effects of PDT

[138]. Porphyrin derivatives, such as meso-tetraphenylporphyrin (TPP) and meso-

tetra(4-carboxyphenyl)porphyrin (TCPP), and chlorin derivatives, such as pheo-

phorbide-a (pheo-a) and Ce6, were encapsulated in PLA nanoparticles of around

200 nm. The PS loading increased with the lipophilicity of the encapsulated PS,

ranging from 0.5% for Ce6 to 4.6% for TPP. The more hydrophobic PS, TPP for

porphyrins and pheo-a for chlorins, extravasated to a lesser extent than the more

hydrophilic derivatives. At 1 mg per kg of chick embryo body weight, the extent of

vascular occlusion induced by the NPs decreased with decreasing lipophilicity of

the PS: TPP > TCPP > pheo-a > Ce6. The authors suggest that the hydrophile–

Fig. 2.8. Top. (a) Evaluation criteria of

vascular occlusion induced in CAM vessels.

Bottom: Comparison of the vascular damage

induced by (b) pTHPP-loaded nanoparticles

and (c) pTHPP dissolved in a mixture of

ethanol, poly(ethylene glycol) and water. CAM

was irradiated with various light doses. Mean

(n ¼ 3). (Adapted from [137].)
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lipophile balance value of the PS plays an important role in the release of porphyr-

ins and chlorins from these NPs. However, NPs with different drug loadings were

compared in this study, and the loading rate may also influence the phototoxicity of

NPs. Furthermore, controls using the PS in solution were not performed. Recently,

the effect of the NP size on the extent of vascular occlusion has been investigated

in the same model. pTHPP was incorporated into PLGA NPs of about 100, 300

and 600 nm [154]. Although the nanoparticles had similar porphyrin loading, the

phototoxic effects and the pharmacokinetic profile of the drug were influenced

by the size of the nanocarrier. Vascular occlusion decreased as the NPs size rose.

Although in vivo cancer models should be used to further evaluate the vascular ef-

fects of photosensitizers loaded in NPs, observations on the CAM model suggest

that the pharmacokinetic profile and the vascular effects induced by PS can be en-

hanced and modulated by their incorporation into NPs.

2.4.3.3 In Vivo Efficacy on Tumor: Tumor Suppression Effects

Encapsulation of ZnPcF16 into PEG-coated PLA NPs greatly improved its photo-

dynamic activity against EMT-6 mouse mammary tumor implanted in Balb/c mice

[140]. Light irradiation was performed 24, 48 and 72 h after intravenous injection

of ZnPcF16 in PEG-coated NPs or Cremophor2 [polyoxethylated castor oil (CRM)]

based emulsion. At a concentration of 1 mmol kg�1, the best tumor response was

obtained when irradiation was carried out 24 h post-injection. Indeed, 63% of

Balb/c mice showed no macroscopic sign of tumor progression one week after

PDT, and they were completely cured three-weeks post-treatment. In contrast,

treatment with CRM formulation led to only 14% tumor regression. Thus, uptake

is not the only important parameter as the two formulations were taken up by tu-

mor at a similar rate at this time point (24 h), but the distribution inside the tumor

might be different, depending on the formulation. To improve early tumor re-

sponse, Allémann et al. [140] increased the PS doses (2 and 5 mmol kg�1). For

both doses, early tumor response, in terms of edema, was observed for all treated

mice. At 2 mmol kg�1, no effect of the time delay between NP injection and irradi-

ation was observed. In this case, three-weeks post-PDT, 40% of the mice showed

complete healing when PDT was performed either at 24, 48 or 72 h post-injection.

At 5 mmol kg�1, the treatment with NPs is even more efficient as all mice were

cured as compared to only 60% when treated with CRM. Unfortunately, no com-

parison with uncoated NPs was performed. Nonetheless, uncoated NPs appear

to be efficient as well, since Konan-Kouakou et al. have shown the ability of

verteporfin-loaded PLGA NPs to control rhabdomyosarcoma (M1) tumor growth

implanted in DBA/2 mice [141]. At 1.4 mmol kg�1, tumor suppression was ob-

tained with irradiation as early as 15 and 30 min after injection, with 66 and 75%

tumor-free animals, respectively, on day 20. However, irradiation performed 60

min post-injection led to only 33% tumor-free animals. This suggests rapid in vivo
clearance of the PS when administered in NPs. Moreover, the size of NPs might

influence their efficacy in vivo, as demonstrated in vitro [141]. Indeed, small NPs

could reach the target sites and thus be active more rapidly than large NPs. But in

this part of the study, Konan-Kouakou et al. showed no control formulations, such
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as free PS in solution or emulsion in order to compare the possible differences in

efficacy in vivo [141].

2.4.3.4 Adverse Effects

Despite promising results in the treatment of cancer, the use of photosensitizers is

associated with undesirable side effects, such as prolonged cutaneous photosensi-

tivity that persists for a long time (up to several months). New sensitizers have

thus been developed to combine acceptably low rates of skin phototoxicity and clin-

ically useful tumor tissue specificity.

Konan-Kouakou et al. have evaluated the skin photosensitivity caused by verte-

porfin when administered in NPs to SKH1 hairless mice [141]. Mice were exposed

to 60 J cm�2 of light 15 or 60 min after PS injection. Photosensitivity was assessed

1 and 3 days later using a scoring system for erythema/eschar and edema forma-

tion (Table 2.4). The total skin photosensitivity score was calculated as the sum of

scores from injury observations. The highest skin photosensitivity scores were ob-

served one day after light exposure when mice were exposed to light 15 min after

injection. The average score was then 1:7G 0:6, and 3 days after exposure the

value came back to the normal. No skin photosensitivity was observed when mice

were irradiated 60 min after injection. Thus, the animals are photosensitive for

only a short period, which is very important in limiting the risk of adverse side ef-

fects. However, this might be limited to verteporfin, for which a rapid clearance

has been described [162]. Although NPs appear to prevent adverse effects, this as-

pect has only been evaluated in one report – confirmation requires more experi-

mental data.

Tab. 2.4. Skin photosensitivity scoring system[a].

Erythema plus eschar

0 No observable reaction

1 Minimally detectable erythema

2 Slightly visible pale pink erythema, no vessels broken, no red spots

3 Blanching, few broken vessels, no eschar formation

4 Definite erythema, more broken vessels leading to yellow eschar formation

5 Severe reaction, many broken vessels, eschar formation – but less than 50% of site

6 Very severe rosette, eschar formation on more than 50% of site

Edema

0 No observable reaction

1 Slight edema within exposure site

2 Mild edema within exposure site (skin fold measurement < 1 mm)

3 Moderate edema (skin fold measurement 1–2 mm thick)

4 Severe edema extending beyond exposure site (skin fold measurement > 2 mm thick)

aTotal skin photosensitivity score is the sum of scores from erythema

plus eschar and edema observations (minimum ¼ 0, maximum ¼ 10).
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2.5

Conclusions

Photodynamic therapy and photodetection are innovative and newly developed ap-

proaches for the treatment and detection of cancer. It implies the photoactivation

of photosensitizers to induce cellular damage in the target tissue. This approach

to cancer chemotherapy, due to the nature of the drug itself, is characterized by

better targeting of the treatment, thus limiting side effects usually encountered

with conventional therapies. The development of this therapy is somehow limited

by the fact that the more potent molecules are hydrophobic, thus requiring poten-

tially harmful solvents to have injectable formulations. The use of biodegradable or

non-biodegradable particles as a photosensitizer formulation allows injectable sus-

pensions to be obtained. Encapsulation of different types of photosensitizers does

not reduce their photoactivity and in most cases leads to a better activity than

shown by the free compounds.

Promising results have been found with non-biodegradable materials. However,

non-biodegradable nanoparticles do not offer the possibility of drug release pat-

terns achieved with biodegradable polymers. Further, toxicological aspects have

not been yet fully addressed.

In vivo and in vitro literature data have reported interest in the encapsulation of

PS into polymeric nanoparticles, a system offering long-term stable shelf life. The

main strength of polymeric nanoparticles for PS delivery is that they are well toler-

ated both in vivo and in vitro. Furthermore, encapsulation of PS preserves their

pharmacological activity and may decrease the occurrence of adverse effects. Cur-

rently, the mechanistic approach behind pharmacological efficiency has not yet

been explored and it would be interesting to better understand how photosensi-

tizers can be still active when incorporated into a polymeric shell. Indeed, is the

release of the PS necessary for the PDT effect to happen? Since PDT is a two-step

process with, first, drug administration and, second, light activation, release kinet-

ics from the polymeric matrix may have a determining influence on treatment

dose and schedule. Another unevaluated aspect is the possibility of using particles

to actively target cancer or neovascularized tissues. Active targeting with nanopar-

ticles is still at an early stage and its development in the field of PDT will increase

tremendously the interest in this type of carrier.

Photodetection with PS loaded NPs has not yet been evaluated. However, there

are many opportunities to develop delivery systems explicitly for PD. For instance,

PD is mostly used to detect superficial cancers, but the detection of deeper local-

ized tumor, using optic fibers, could take advantage of the tumor localizing proper-

ties of NPs.
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Abbreviations

5-ALA 5-Aminolevulinic acid

BPD-MA Benzoporphyrin derivative monoacid ring A

CAM Chick chorioallantoic membrane

Ce6 Chlorine e6
CNV-AMD Choroidal neovascularization associated with age-related macular de-

generation

CRM Cremophor2

DMSO Dimethyl sulfoxide

EPR Enhanced permeability and retention

FBS Fetal bovine serum

FCS Fetal calf serum

FDA U.S. food and drug administration

HpD Haematoporphyrin derivative

HPPH 2-Devinyl-2-(1-hexyloxyethyl)pyropheophorbide

HT Hyperthermia therapy

ICx Inhibitory concentration (drug dose needed to kill x% of cells)

i.v. Intravenous

IR Infrared

LDL Low-density lipoproteins

MB Methylene blue

MR Magnetic resonance

mTHPC meta-tetra(Hydroxyphenyl)chlorin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NC(s) Nanocapsule(s)

NE Nanoemulsion

NP(s) Nanoparticle(s)

NS Nanosphere

PAA Polyacrylamide

PACA Poly(alkyl cyanoacrylate)

PD Photodetection

PDT Photodynamic therapy

PEG Poly(ethylene glycol)

pheo-a Pheophorbide-a

PIHCA Poly(isohexyl cyanoacrylate)

PLA Poly(lactic acid)

PLGA Poly(lactic-co-glycolic acid)
PpIX Protoporphyrin IX

PS Photosensitizer

pTHPP meso-tetra(p-Hydroxyphenyl)porphyrin

QD(s) Quantum dot(s)

RES Reticuloendothelial system

ROS Reactive oxygen species

SnET2 Tin-ethyl etiopurpurin
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TCPP meso-tetra(4-Carboxyphenyl)porphyrin

TPP meso-Tetraphenylporphyrin

UV Ultraviolet

ZnPcF16 Hexadecafluoro zinc phthalocyanine

ZnPcI4 Tetraiodinated zinc phthalocyanine

ZnPcS2 Disulfonated zinc phthalocyanine

ZnPcS4 Tetrasulfonated zinc phthalocyanine
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3

Nanoparticles for Neutron Capture Therapy

of Cancer

Hideki Ichikawa, Hiroyuki Tokumitsu, Masahito Miyamoto,

and Yoshinobu Fukumori

3.1

Introduction

Conventional radiotherapy using X-rays or g-rays has been applied to cancer treat-

ment due to its non-invasive methodology. However, some types of tumor are ra-

dioresistive; even if radiosensitive, the radiation dose that can be delivered to the

tumor is limited by the tolerance of surrounding normal tissues within the treat-

ment volume. In addition, some special techniques are required to treat tumors

in deeper parts of the body or in organs because the radiation dose is in general

highest on the surface of the body. In particle radiotherapy using beams of acceler-

ated protons or carbon nuclei, the dose has the Brag peak, i.e., becomes maximal at

the depth depending on the energy of the particles. Despite this benefit of particle

radiotherapy, the dose is also limited by the tolerance of surrounding normal tis-

sues within the treatment volume. Targeting radiotherapy uses radioactive isotopes

that can be selectively targeted to tumor after injection, but special attention has to

be paid to handling of the radioactive isotopes.

This chapter describes neutron capture therapy (NCT), a new radiotherapy that

differs from the conventional radiotherapies described above. Coderre and Morris

have reviewed the radiation biology of boron neutron capture therapy (BNCT), in-

cluding the biodistribution of currently used boron compounds, in detail, but they

limited the coverage to BNCT [1]. Consequently, the present chapter also covers

gadolinium neutron capture therapy (GdNCT), and drug delivery issues in BNCT

and GdNCT are discussed with special focus on the roles of nanoparticle technol-

ogy. Section 3.2 explains the principle of NCT, and Section 3.3 reviews the present

status of BNCT, including two boron compounds clinically used at present and

past investigations on their nanoparticulate delivery systems. Section 3.4 deals

with the approaches to GdNCT carried out so far, including a detailed account of

the present authors’ experiences in developing Gd-containing lipid nanoemulsions

and chitosan nanoparticles to demonstrate the usefulness of nanoparticle technol-

ogy in NCT.
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3.2

Principle of Neutron Capture Therapy of Cancer

NCT is a cancer therapy that utilizes the radiations emitted in vivo as a result of the
nuclear neutron capture reaction (NCR) between radiation-producing agents ad-

ministered in the body and thermal or epithermal neutrons irradiated from outside

of the body. NCT is a binary treatment system, consisting of dosing the radiation-

producing agents and neutrons. Neutrons have in general been classified accord-

ing to their energies, E, as thermal neutrons (E < 0:4 eV), epithermal neutrons

(0.4 eV < E < 10 keV), and fast neutrons (E > 10 keV) [1]. Table 3.1 shows the

NCRs and neutron capture cross sections of typical elements [1]. Commonly exist-

ing O, C, H and N in the body or tissues have small cross sections, but boron (10B)

and gadolinium (157Gd) have extremely large cross sections.

The most common radiation-producing element for NCT is 10B at present [2]. In

clinical experiences, NCT with 10B (BNCT) has achieved encouraging results using

the mercaptoundecahydro-closo-dodecaborate dianion ([B(12)H(11)SH]2�, BSH) in

patients with grades III–IV glioma and using the boronophenylalanine (BPA) in

patients with malignant melanoma (Fig. 3.1). In BNCT, the 10B compounds ad-

ministered have to be delivered to tumor intracellularly to obtain an antitumor ef-

fect, because 10B emits a-particles whose range is nearly equal (9 mm) to a cell di-

ameter or shorter [3]: success in clinical BNCT trials depends on the selective

accumulation of 10B compounds into individual tumor cells.
157Gd causes the following neutron capture reaction by thermal neutron irradia-

tion [4]:

157Gdþ thermal neutron ! 158Gdþ g-raysþ internal conversion

electrons ! 158Gdþ g-raysþ Auger electronsþ characteristic X-rays

157Gd NCR (Gd-NCR) results in emission of long-range prompt g-rays, internal

conversion electrons, X-rays and Auger electrons with a large total kinetic energy

(7.94 MeV) [4]. The g-rays and the electrons thus generated provide a tumor-killing

Tab. 3.1. Neutron capture cross section of

typical atoms.

Atom Cross section (barn) Reaction

16O 0.00019
12C 0.0035
1H 0.333 1H(n, g)2H
14N 1.83 14N(n, p)14C
10B 3840 10B(n, a)7Li
157Gd 254000 157Gd(n, g)158Gd
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effect [5, 6]. GdNCT has the following theoretical and possible advantages over

typical BNCT: (a) 157Gd has the highest thermal neutron capture cross section

(254 000 barns) among naturally occurring isotopes, 66� larger than that of 10B

[7]; (b) the g-rays released by Gd-NCR have a long range (>100 mm) in contrast

with the a-particles, so that they may extensively affect tumors even if Gd exists ex-

tracellularly in tumor tissue [8]; (c) Auger electrons with a short-range and high

linear energy transfer may lead to a local and intensive execution of DNA in neo-

plastic cells [9]; (d) since Gd has been used as a magnetic resonance imaging

(MRI) diagnostic agent [10, 11], it will be possible in future to integrate GdNCT

with MRI diagnosis by using Gd-loaded dosage forms.

NCT has certain advantages over traditional cancer chemotherapy. Unlike che-

motherapy that uses antitumor drugs, NCT does not need to use pharmacologically

active substances in a traditional sense, since it is the neutron capture element it-

self that contributes to tumor inactivation. Therefore, a large amount of the radio-

sensitizer can be administered, provided the elements are modified so as to be

non-toxic compounds. Thus, severe side effects, which are often experienced in

cancer chemotherapy, are not a major concern in NCT.

3.3

Boron Neutron Capture Therapy

3.3.1

Boron Compounds

NCT was first postulated by Locher in 1936 [12]. The earliest clinical treatments of

malignant glioma were carried out at the Brookhaven National Laboratory in 1951–

1961, and the Massachusetts Institute of Technology in 1959–1961, but no success-

Fig. 3.1. Compounds in clinical use for BNCT.
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ful result could be obtained, possibly because of the poor tumor-selectivity of the

compounds used. Thereafter, many boron compounds have been synthesized for

this purpose and their potential to accumulate boron in tumors has been eval-

uated. However, most compounds could not be used clinically due to chemical

instability and toxicity even if they would exhibit a high tumor accumulation.

Nonetheless, two compounds, i.e., BSH and BPA (Fig. 3.1), were found to be appli-

cable to clinical treatment.

Hatanaka et al. at Teikyo University, Japan, started clinical trials on brain tumors

by using BSH in 1968 [13–15]. They reported one case where a brain tumor

seemed to be completely treated. Thereafter, they have employed BNCT for over

200 patients to date. In 1987 Mishima et al. at Kobe University, Japan, also began

BNCT of malignant melanoma, subsequently reporting 18 excellent, almost com-

pletely treated, results in the treatment of 22 patients [16, 17].

BSH and BPA are the only boron compounds that can be applied to clinical trials

at present. They are intravenously (i.v.) administrated only as solutions; however,

the selectivity in tumor accumulation has to be increased to gain a more efficient

treatment outcome. Consequently, new compounds having a high potential for se-

lective tumor-accumulation are still actively sought [18].

BNCT of melanoma has been carried out clinically as follows. Fukuda et al. in

Mishima’s group have analyzed the neutron dose in 22 melanoma patients with

primary or metastatic melanomas who received BPA and subsequently underwent

BNCT [19]. The blood concentration in nine patients receiving 179:7G 14:9 mg-

BPA per kg body weight (BW) increased with time during i.v. infusion, peaked at

the end of administration and decreased thereafter. The peak values at the end of

administration were 9:4G 2:6 mg-10B per gram of blood, and half-lives for the ini-

tial and second components of the blood clearance were 2.8 and 9.2 h, respectively.

Skin concentrations in ten patients varied from case to case; however, skin-to-blood

(Sk/B) ratios were relatively constant at 1:31G 0:22 during the 6 h after the end of

administration. Boron concentrations in the tumors resected from the seven pa-

tients who were operated on decreased in parallel with the blood values, the

tumor-to-blood (T/B) ratio being relatively constant at 3:40G 0:83. Based on these

analytical data of BPA pharmacokinetics, they optimized the timing of irradiation

and the setting of the neutron flux large enough for tumor eradication but still tol-

erable for normal skin.

3.3.2

Delivery of Boron Using Nanoparticles

Drug delivery system (DDS) is most often associated with fine particulate carriers,

such as emulsion, liposomes and nanoparticles, which are designed to localize

drugs in the target site. They have actively been studied as injectable devices that

may enhance therapeutic potency and reduce side effects. From a clinical view-

point, they might have to be biodegradable and/or highly biocompatible. In addi-

tion, high drug content is desirable, because in many cases actual drug-loading ef-

ficiency is often too low to secure an effective dose at the target site. Biodegradable
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liposomes have received considerable attention as potent vehicles for targeting a

site and controlled release of a drug.

The successful treatment of cancer by BNCT requires the selective, very high

concentration of 10B within malignant tumors. To achieve this, many approaches

relating to the liposomal delivery of boron have been carried out [20–51]. The re-

sults from typical studies are described in the following.

Shelly et al. [40] have carried out model studies on 10B delivery to murine tu-

mors with small unilamellar liposomes of 70 nm or less in tumor-bearing mice.

The liposomes were composed of a pure synthetic phospholipid (distearoyl phos-

phatidylcholine) and cholesterol, encapsulating high concentrations of water-

soluble ionic boron-rich compounds, with hydrolytically stable borane anions such

as [B(20)H(18)]2�. Unlike the boron compounds themselves, which exhibited no

affinity for tumors and are normally rapidly cleared, liposomes selectively delivered

the borane anions to tumors. The highest tumor concentrations after i.v. injection

of the two isomers of [B(20)H(18)]2� reached the therapeutic range (>15 mg-B per

g tumor) while maintaining high T/B ratios (>3). The authors suggested that these

boron compounds might have the capability to react with intracellular components

after they had been deposited within tumor cells by the liposome, thereby prevent-

ing the borane ion from being released into blood.

Feakes et al. [41] in the same group have investigated the newly synthe-

sized [B(20)H(17)NH(3)]3� as a water-soluble boron-delivery agent. The [ae-

B(20)H(17)NH(3)]3� anion was encapsulated in liposomes prepared with 5%

poly(ethylene glycol) (PEG)-2000–distearoyl phosphatidylethanolamine in the lipo-

some membrane. As expected, these liposomes exhibited a longer circulation life-

time in the biodistribution experiment, resulting in the continued accumulation of

boron in the tumor over the entire 48 h experiment, reaching a maximum of 47

mg-B per g tumor.

Subsequently, these authors have synthesized the acylated nido-carborane spe-

cies K[nido-7-CH3(CH2)15-7,8-C2B(9)H(11)] for use as an addend for the bilayer

membrane of liposomes [42]. Low injected doses of approximately 5–10 mg-B per

kg BW afforded a peak tumor boron concentration of approximately 35 mg-B per g

tumor and a T/B boron ratio of approximately 8. These values are sufficiently high

for the successful application of BNCT. Further, the incorporation of both hydro-

philic and hydrophobic species within the same liposomes demonstrated signifi-

cantly enhanced biodistribution characteristics, as exemplified by the maximum

tumor boron concentration of approximately 50 mg-B per g tumor and a T/B ratio

of approximately 6. The same authors have also synthesized the thiol derivative

[43]. At low i.v. injected doses, the tumor boron concentration increased through-

out the time-course experiment, resulting in a maximum observed boron concen-

tration of 46.7 mg-B per g tumor at 48 h and a T/B boron ratio of 7.7. They also

reported that the most favorable results were obtained with the polyhedral borane

Na3[a2-B(20)H(17)NH2CH2CH2NH2] [44]. Liposomes encapsulating this species

produced a tumor boron concentration of 45 mg-B per g tumor at 30 h post-

injection, at which time the T/B ratio was 9.3.

Watson-Clark et al. have reported model studies directed toward the application
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of BNCT to rheumatoid arthritis using the above liposomes incorporating K[nido-7-
CH3(CH2)15-7,8-C2B(9)H(11)] as an addend in the lipid bilayer and encapsulated

Na3[a2-B(20)H(17)NH2CH2CH2NH2] in the aqueous core [45]. With low i.v. in-

jected doses of 13–18 mg-B per kg BW, the peak boron concentration observed

in arthritic synovium was 29 mg-B per g tumor. The highest synovium/B ratio ob-

served was 3.0, when the synovial boron concentration was 22 mg-B per g tumor.

Yanagie et al. have reported BNCT using 10B entrapped anti-CEA (carcino-

embryonic antigen) immunoliposome. A new murine monoclonal antibody (2C-8)

was prepared by immunizing mice i.p. with a CEA-producing human pancreatic

cancer cell line, AsPC-1 [46]. This anti-CEA monoclonal antibody was conjugated

with large multilamellar liposomes incorporating BSH. AsPC-1 cells were incu-

bated with the 10B-Lip-MoAb (CEA) for 8 h. After irradiation with thermal neu-

trons (1011–1013 neutrons cm�2), AsPC-1 cells showed decreasing uptake of 3H-

TdR compared with control group, indicating that the immunoliposomes could

exert cytotoxic effect by thermal neutrons. Further, the boronated anti-CEA immu-

noliposome was applied to tumor cell growth inhibition in an in vitro BNCTmodel

[47]. The liposomes were shown to bind selectively to cells bearing CEA on their

surface. The immunoliposomes attached to tumor cells suppressed growth in vitro
upon thermal neutron irradiation, and suppression was dependent upon the con-

centration of the 10B compound in the liposomes and on the density of antibody

conjugated to the liposomes. The cytotoxic effects of locally injected 10B com-

pound, multilamellar liposomes containing 10B compound or 10B immunolipo-

somes (anti-CEA) on human pancreatic carcinoma xenografts in nude mice have

been evaluated with thermal neutron irradiation [48]. Injection of 10B immunoli-

posomes caused the greatest tumor suppression with thermal neutron irradiation

in vivo. Histopathologically, hyalinization and necrosis were found in boron-treated

tumors, while tumor tissue injected with saline or saline-containing immunolipo-

somes showed neither destruction nor necrosis, suggesting that BNCT with intra-

tumoral (i.t.) injection of immunoliposomes was able to destroy malignant cells in

the marginal portion between normal tissues and cancer tissues.

Yanagie et al. have also extended the use of BNCT assisted by liposomal boron

delivery to breast cancer [49]. In addition, they have employed neutron capture

autoradiography (NCAR) of the sliced whole-body samples of tumor-bearing mice

[50]. They obtained NCAR images for mice i.v. injected by 10B-PEG liposome,
10B-transferrin (TF)-PEG liposome, or 10B-bare liposome. This study demonstrated

the increased accumulation of 10B atoms in the tumor tissues by binding PEG-

chains to the surface of liposome, which increased retention in the blood flow and

escaped phagocytosis by the reticuloendothelial system (RES).

Maruyama et al. have prepared unilamellar TF-PEG liposomes less than 200 nm

in diameter for intracellular targeting of BSH to solid tumors [51]. When TF-PEG

liposomes were injected at 35 mg-10B per kg BW, a prolonged residence time in the

circulation and a low uptake by RES in Colon 26 tumor-bearing mice were ob-

served. TF-PEG liposomes maintained a high 10B level in the tumor with concen-

trations above 30 mg g�1 for at least 72 h after injection, indicating that binding and
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concomitant cellular uptake of the extravasated TF-PEG liposomes occurred by TF

receptor and receptor-mediated endocytosis, respectively. On the other hand, the

plasma level of 10B decreased, resulting in a tumor/plasma ratio of 6.0 at 72 h after

injection. Administration of BSH encapsulated in TF-PEG liposomes at a dose of 5

or 20 mg-10B per kg BW and irradiation with 2� 1012 neutrons cm�2 produced tu-

mor growth suppression and improved long-term survival compared with controls.

Thus, intravenous injection of TF-PEG liposomes could increase the tumor reten-

tion of 10B atoms, which were introduced by receptor-mediated endocytosis of lip-

osomes after binding, causing tumor growth suppression in vivo upon thermal

neutron irradiation.

Koning et al. have tried to target 10B to the tumor vasculature for NCT [24]. Al-

pha (v)-integrin specific RGD-peptides were coupled to liposomes that encapsu-

lated BSH. These RGD-liposomes strongly associated with human umbilical vein

endothelial cells (HUVEC) expressing this integrin and were internalized. Irradia-

tion of RGD-10B-liposome-incubated HUVEC with neutrons strongly inhibited en-

dothelial cell viability.

Low-density lipoproteins (LDLs) are internalized by the cell through receptor-

mediated mechanisms. A boronated analogue of LDL has been synthesized for

possible application in BNCT by Laster et al. [52]. The analogue was tested in cell

culture for uptake and biological efficacy in the thermal neutron beam. The boron

concentration found was 10� higher than that required in tumors for BNCT, 240

mg-10B per gram of cells.

3.4

Approaches to GdNCT

Therapeutic potential in GdNCT has been explored theoretically and experimen-

tally [53–69]. Magnevist2 (gadopentetate dimeglumine aqueous solution), an MRI

contrast agent, has been most used as gadolinium source in GdNCT studies. Be-

cause of the lack of its targeting ability, however, an adequate amount of gadoli-

nium required for an efficient therapeutic index could not be delivered through

the i.v. route. In addition, even i.t. injection did not give rise to significantly pro-

longed retention of gadolinium in tumor tissues. Thus, a key for success in current

GdNCT trails is the use of a device by which gadolinium can be delivered effi-

ciently and retained in a high level inside tumor tissues and/or cells during ther-

mal neutron irradiation. In addition, this may extend NCT to wider types of tumors.

From these perspectives, the present authors have prepared delayed-release type

ethyl cellulose-coated microcapsules containing gadopentetate dimeglumine for

preliminary GdNCT trials [61]. GdNCT using the microcapsules demonstrated a

significant effectiveness in survival time of the murine Ehrlich ascites tumor

model [62]. This result, which first demonstrated the potential of GdNCT in vivo,
led us develop a more elaborate gadolinium-loaded particulate system and to estab-

lish its potential application to GdNCT, as described below.
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3.4.1

Typical Research on GdNCT

Hofmann et al. have reported GdNCT of melanoma cells and solid tumors with a

neutral macrocyclic gadolinium complex (Gadobutrol), a magnetic resonance

imaging contrast agent [53]. In mice, i.t. administration of 1.2 mmol-Gd per kg

BW of the Gd complex, corresponding to about 23 000 mg-Gd per mL of tumor, be-

fore neutron irradiation (3:6� 1012 neutrons cm�2) resulted in a significant delay

in tumor growth with respect to control groups.

Kobayashi et al. have developed avidin-dendrimer-(1B4M-Gd)(254) (Av-G6Gd) as

a tumor-targeting therapeutic agent for GdNCT of intraperitoneal disseminated tu-

mor that can be monitored by MRI in order to deliver large quantities of Gd atoms

into tumor cells [63]. An in vitro internalization study showed that Av-G6Gd accu-

mulated and was internalized into SHIN3 cells, a human ovarian cancer, 50- and

3.5-fold greater than gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA,

Magnevist2) and G6Gd. The accumulation of Gd in the cells was also detected by

the increased signal on T1-weighted MRI. Av-G6Gd showed specific accumulation

in the SHIN3 tumor 366- and 3.4-fold greater than Gd-DTPA and G6Gd one day

after intraperitoneal (i.p.) injection. Thus, a sufficient amount of Av-G6Gd (162

ppm of Gd) was accumulated and internalized into the SHIN3 cells in vivo.
De Stasio et al. have observed directly the microdistribution of Gd in cultured

human glioblastoma cells exposed at 1–25 mg of Gd-DTPA per mL, corresponding

to 300–7100 mg-Gd mL�1 [64]. They demonstrated that Gd-DTPA penetrated the

plasma membrane, and observed no deleterious effect on cell survival and a higher

Gd accumulation in cell nuclei compared with cytoplasm. They also exposed Gd-

containing cells to thermal neutrons (3:6� 1012 neutrons cm�2) and demonstrated

the effectiveness of Gd-NCR in inducing cell death. However, the efficacy of Gd-

DTPA and Gd-DOTA as GdNCT agents in vivo was predicted to be low due to the

insufficient number of tumor cell nuclei incorporating Gd [65]. The authors then

suggested that although multiple administration schedules in vivo might induce

Gd penetration into more tumor cell nuclei, a search for new Gd compounds with

higher nuclear affinity would be warranted before planning GdNCT in animal

models or clinical trials.

Oyewumi and Mumper have used microemulsions (oil-in-water) as templates to

engineer stable emulsifying wax or Brij 72 (polyoxyl 2 stearyl ether) nanoparticles

[66]. The technique was simple, reproducible, and amenable to large-scale produc-

tion of stable nanoparticles having diameters below 100 nm. The emulsifying wax

and Brij 72 nanoparticles (2 mg mL�1) made together with polyoxyl-20 stearyl

ether and polysorbate 80, respectively, were the most stable based on retention of

nanoparticle size over time. Gadolinium acetylacetonate (GdAcAc), a potential anti-

cancer agent for NCT, was entrapped in the nanoparticles. Challenges of these

cured nanoparticles in biologically relevant media at 37 �C for 60 min demon-

strated that these nanoparticles were stable. The results showed the ease of prepa-

ration of these very small, stable nanoparticles and the ability to entrap lipophilic

drugs such as GdAcAc with high efficiency.
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Oyewumi’s group further synthesized gadolinium hexanedione (GdH) by

complexation of Gd3þ with hexane-2,4-dione as NCT agent, and a folate ligand

by chemically linking folic acid to distearoylphosphatidylethanolamine (DSPE)

through a PEG (MW 3350) spacer [67]. To obtain folate-coated nanoparticles, the

folate ligand (0.75 to 15% w/w) was added either to the microemulsion templates

at 60 �C or to nanoparticle suspensions at 25 �C. Cell uptake studies were carried

out in KB cells (human nasopharyngeal epidermal carcinoma cell line), which are

known to overexpress folate receptors. The uptake of folate-coated nanoparticles

was about ten-fold higher than uncoated nanoparticles after 30 min at 37 �C. The

uptake of folate-coated nanoparticles at 4 �C was 20-fold lower than the uptake at

37 �C and comparable to that of uncoated nanoparticles at 37 �C. Folate-mediated

endocytosis was further verified by the inhibition of the uptake of folate-coated

nanoparticles by free folic acid. Folate-coated nanoparticle uptake decreased to ap-

proximately 2% of its initial value with the co-incubation of 0.001 mm of free folic

acid. The authors suggested that these tumor-targeted nanoparticles containing

high concentrations of Gd may have potential for NCT. Thiamine was also effective

as a tumor-specific ligand for gadolinium nanoparticles in a methotrexate-resistant

breast cancer cell line, MTX(R)ZR75, transfected with thiamine transporter genes

(THTR1 and THTR2) [68].

Using the folate-coated and PEG-coated gadolinium (Gd) nanoparticles, Oye-

wumi et al. carried out in vivo studies in KB tumor-bearing athymic mice [69]. Gd

nanoparticles did not aggregate platelets or activate neutrophils. The retention of

nanoparticles in the blood 8, 16 and 24 h post-injection of nanoparticles (1.6 mg-

Gd per kg BW) was 60, 13 and 11% of the injected dose (ID), respectively. The

maximum Gd tumor localization was 33G 7 mg-Gd g�1. Both folate-coated and

PEG-coated nanoparticles had comparable tumor accumulation. However, the cell

uptake and tumor retention of folate-coated nanoparticles was significantly en-

hanced over PEG-coated nanoparticles. Thus, the folate-ligand coating shows ben-

eficial facilitation of tumor cell internalization and retention of Gd-nanoparticles in

the tumor tissue.

3.4.2

Delivery of Gadolinium using Lipid Emulsion (Gd-nanoLE)

3.4.2.1 Preparation of Gd-nanoLE

Oil-in-water (o/w) emulsions stabilized with emulsifiers such as phospholipids

have attracted much attention as drug carriers because they are biodegradable and

biocompatible and, unlike liposomes, they can be prepared on an industrial scale

and are relatively stable below 25 �C for long periods [70]. One problem with using

emulsion particles as drug carriers is how they can leave the vascular space and

reach their site of action. The extravascular transfer of particulate carriers largely

depends on their size. A diameter of approximately 100 nm is the cut-off value for

drug carriers able to pass through the discontinuous capillary endothelium of tu-

mors [71]. In addition, drug carriers <100 nm are expected to more easily avoid

uptake by RES and to circulate for longer periods in blood, as estimated from the
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finding that small unilamellar liposomes of about 70–100 nm are cleared more

slowly from the circulation than larger ones of the same composition [72].

The authors’ first study on developing nanoparticulate systems for GdNCT was

to prepare Gd-containing emulsions with reduced particle size, surface properties

exhibiting prolonged blood retention, and a high gadolinium content [73]. As a Gd-

source, a water-insoluble and oil-insoluble Gd-DTPA derivative, distearylamide

(Gd-DTPA-SA) (Fig. 3.2), was synthesized. Gd-DTPA-SA has two hydrophobic

tails (side-chains) consisting of stearylamines that are connected to the Gd-DTPA

moiety through amide linkages. It can be incorporated into the membrane of lipo-

somal vesicles as a component of the liposomal lamella [74].

The particle structure is schematically shown in Fig. 3.3. Emulsions containing

soybean oil, water, Gd-DTPA-SA, as an amphiphilic drug, and hydrogenated egg

yolk phosphatidylcholine (HEPC), as an emulsifier, in a weight ratio of 7.36:92:1:2

were prepared by the thin-layer hydration method using a bath-type sonicator

(Table 3.2). The mean particle size of the emulsions was 250 nm.

Fig. 3.2. Chemical structure and properties of Gd-DTPA-SA.

Fig. 3.3. Structure of Gd-nanoLP.
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To prepare o/w emulsions, oils other than the commonly used soybean oil have

been employed. The particle size of triolein-emulsion (240 nm) was almost the

same as that of soybean oil-emulsion. Lipiodol Ultra-Fluide2 (Guerbert Laborato-

ries, France) produced a mean droplet size of 195 nm. When caster oil (448 mPa

s/25 �C; 262 mPa s/37 �C [75a]) with a higher viscosity was selected as an oil com-

ponent, no emulsion could be prepared by the procedure used here, while stable

emulsions could be prepared using oils with a lower viscosity such as soybean oil

(49 mPa s/25 �C, 29 mPa s/37 �C [75a]), Lipiodol (37 mPa s/25 �C, 25 mPa s/37 �C

[75a]) and ethyl oleate (4 mPa s/37 �C [75b]). The mean particle size of the emul-

sions seemed to be closely correlated to the viscosity of the oils: the particle size of

the emulsions fell on reducing the viscosity of the oil. This indicated that oil viscos-

ity is an important factor, influencing the particle size of the Gd-DTPA-SA emul-

sions. Despite this, soybean oil was used in this study because of its widespread

application. To make the droplet size of the emulsions smaller than 100 nm, as

well as to modify the emulsion surfaces, a co-surfactant, Tween2 80, HCO2-60,

Pluronic2 F68, polyoxyethylene alkyl ether (Brij2) or polyoxyethylene alkyl ester

(Myrj2), was introduced into the standard system. Figure 3.4 shows the chemical

structures of typical co-surfactants. Tween 80, HCO-60, Brij 76, 78 and 700 were

effective in reducing the particle size to below 100 nm when the co-surfactant

weight ratio (CWR), defined as co-surfactant/(HEPCþGd-DTPA-SA) (w/w), was

larger than 0.67. The particle size with Tween 80 and HCO-60 was reduced to 53

and 78 nm, respectively, at a CWR of 1.0 (w/w) (Table 3.2). To increase the gadoli-

Tab. 3.2. Formulation, Gd content and particle size of the

standard- and high-Gd-nanoLE.

Formulation

Standard-Gd-nanoLE High-Gd-nanoLE

Plain With co-surfactant

HEPC[a] (mg) 500 500 250

Gd-DTPA-SA (mg) 250 250 500

Soybean oil (mL) 2 2 2

Co-surfactant[b] (mg) – 750 750

Water (mL) 23 23 23

Gd-content[c] (mg mL�1) – 1.5 3.0

Particle size (nm) 250 78 84

aL-Phosphatidylcholine hydrogenated from egg yolk.
bHCO-60.
cTheoretical Gd content.
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nium content, the weight ratio of Gd-DTPA-SA to HEPC was increased from 1:2 of

the standard-Gd formulation to 2:1 of the high-Gd formulation (Table 3.2). The

measured particle size of the HCO-60 high-Gd emulsions was 84 nm when the

CWR was 1.0 (w/w). In this case, the calculated gadolinium content reached 3.0

mg-Gd mL�1. These results indicate that HCO-60 is an effective co-surfactant not

only in terms of particle size reduction but also with respect to gadolinium enrich-

ment.

3.4.2.2 Biodistribution of Gadolinium after Intraperitoneal Administration

of Gd-nanoLE

Tokuuye et al. have reported the effect of 157Gd concentration on tumor inactiva-

tion in GdNCT [76]. The neutron fluence required for 10% survival of the Chinese

hamster cells (V79) decreased rapidly between 0 and 100 mg-157Gd mL�1, but

leveled off above that. This result indicates that the optimal tumor inactivation

effect would be achieved around 100 mg-157Gd mL�1. To achieve this level in vivo,
Gd-nanoLEs were i.p. administrated in Greene’s melanotic melanoma (D1-179)-

bearing hamsters as a model system and the biodistribution of gadolinium was in-

vestigated [77].

The inferior surface of the diaphragm is very rich in lymphatic capillaries. The

lymphatic lumen is separated from the abdominal cavity by its own endothelium,

a fenestrated basement membrane and the peritoneal mesothelium. Hirano and

Hunt have reported that, at least in rats, most compounds of molecular weight

smaller than 20 000 were exclusively absorbed via splenic or intestinal blood capil-

laries into the portal vein [78]. In contrast, the lymphatic system was a major ab-

sorption route for compounds with a molecular weight larger than 70 000 that were

impermeable to blood capillary membranes. Klein et al. have reported that even

particles administered through the abdominal cavity were transported through

pores in the diaphragm directly to lymphatic and then to the venous system [79].

Thus, lymphatic capillaries could accommodate and transport large materials such

Fig. 3.4. Chemical structure of co-surfactants.
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as erythrocytes of about 10 mm in diameter [80] and particles with a diameter of up

to 22 mm [81]. Hirano and Hunt also reported that the use of liposomes 50–720

nm in diameter gave no size effect on absorption from the abdominal cavity [78].

These results suggested that almost all the emulsion particles so-prepared might

have the potential to be absorbed through the lymphatic system.

For our in vivo experiments, a Greene’s melanotic melanoma (D1-179) [82] frag-

ment (2� 2� 2 mm) was subcutaneously inoculated on the left thigh of Syrian

hamster. The experiments were performed at 10 d after inoculation, when the di-

ameter of the tumor mass became about 10 mm (0:81G 0:60 g) and the body

weight was 99:7G 10:6 g. Gd-DTPA derivative-containing lipid emulsion (Table

3.2) was i.p. injected at a dose of 2.0 mL per hamster (30 mg-Gd/kg BW for the

standard-Gd formulation and 60 mg-Gd/kg BW for the high-Gd formulation). Tis-

sue concentration was measured by inductively coupled plasma atomic emission

spectroscopy (ICP-AES) at 355.047 nm.

Effect of Co-surfactant In addition to HCO-60, polyoxyethylene (POE) stearyl ether

(Brij, C18POEm) and POE stearyl ester (Myrj, C18POEm 0) were also selected as co-

surfactant to build up the steric hindrance on the emulsion particle surface. Figure

3.5 shows time-courses of gadolinium levels in blood and tumor after i.p. injection

of Gd-DTPA-SA-containing plain, HCO-60, Myrj 53 (C18POE50) and Brij 700

(C18POE100) emulsions prepared in the standard-Gd formulation (Table 3.2). The

Gd levels in blood (Fig. 3.5A) with the co-surfactant-containing emulsions were

significantly higher than those with the plain emulsion. The gadolinium level in

blood with the Brij 700 emulsion was prolonged during 12–48 h at the highest

level. The high blood gadolinium level with Brij 700 emulsion is related to the sta-

ble nature of its ether linkage, in contrast to the ester linkage of the Myrj family

(Fig. 3.4).

The Gd concentration in tumor with all emulsions leveled off 24 h after i.p. in-

jection (Fig. 3.5B). Although the gadolinium level in tumor with the Myrj 53 emul-

Fig. 3.5. Effect of co-surfactant on Gd distribution after i.p.

injection of the standard Gd-nanoLE at 3 mg/2 mL. Data are

represented as the meanG SD (n ¼ 3–9).
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sion was 31 mg-Gd per g tumor (wet) at 24 h, those with the HCO-60 and Brij 700

emulsions were 59 mg-Gd per g tumor (wet) and 53 mg-Gd per g tumor (wet) at

24 h, respectively. Although gadolinium retention in blood with the Brij 700 emul-

sion was prolonged at a higher level (Fig. 3.5A), the gadolinium level in tumor in-

creased more slowly, and the final level was not higher than that with the HCO-60

emulsion (Fig. 3.5B). HCO-60 was the most effective co-surfactant for gadolinium

accumulation in tumor.

The T/B ratio at 48 h was >2.8 in every emulsion, reaching 21.4 with the HCO-

60 emulsion. T/B with the Brij 700 emulsion was as low as that with the plain

emulsion. This was related to the prolonged and higher blood gadolinium level.

The T/Sk values with the Brij 700 and HCO-60 emulsions were larger than 6.0.

Conversely, the Sk/B ratios at 24 h were low (0.05–0.5).

In NCT, thermal neutrons are irradiated from outside the body. As a result, the

T/Sk ratio, T/B ratio and/or Sk/B ratio of radiation sensitizer (gadolinium or boron)

concentration are important factors influencing in the therapeutic effects. For

BNCT, Mishima [83a] and Honda et al. [83b] have reported that when 10B-BPA

fructose complex was administered by the drip infusion method, the average T/B

ratio of 10B concentration was 3–4, T/Sk was 3–6 and Sk/B was around 1.2 [19].

The T/B ratio at 48 h in the present study using the high-Gd-DTPA-SA was far

higher (13.2), with the sensitizer concentration in tumor being kept very high

(Fig. 3.5), whereas the T/Sk and Sk/B ratios were comparable with the correspond-

ing values in BNCT. These results indicate that the methodology developed here

can be used efficiently when a high and long retention of sensitizer in tumor and

a high T/B ratio are required.

Effect of Gadolinium Content in Emulsion and Derivative Type The Gd content in

the HCO-60 emulsion could be increased while the particle size was kept small

(Table 3.2). Gadolinium levels in tumor, blood, liver and spleen with the high-Gd

emulsion were almost twice as high as those with the standard-Gd emulsion. At

48 h after i.p. injection, the Gd level in tumor with the high-Gd-DTPA-SA HCO-

60 emulsion reached 107 mg-Gd per g tumor (wet).

The amide linkages of Gd-DTPA-SA were not expected to degrade in vivo. Thus,
the stearylester derivative of Gd-DTPA (Gd-DTPA-SE) was synthesized. The Gd

levels in tumor and blood with the high-Gd-DTPA-SE HCO-60 emulsion were far

lower than those with the high-Gd-DTPA-SA HCO-60 emulsion. Conversely, gado-

linium levels in liver and spleen in the early period (2–6 h) with the high-Gd-

DTPA-SE HCO-60 emulsion were higher than those with the high-Gd-DTPA-SA

HCO-60 emulsion. However, both liver and spleen gadolinium levels decreased to

levels lower than those with the high-Gd-DTPA-SA HCO-60 emulsion thereafter.

Gd-DTPA-SA was very stable in serum: no transfer to serum proteins and no me-

tabolism to small-molecular-weight compounds occurred up to 24 h at 37 �C [74b,

84]. However, the Gd-DTPA-SE complex was not stable, showing both the transfer

and metabolism in a time-dependent manner [74b, 84]. The more rapid elimina-

tion of gadolinium from liver and spleen with the Gd-DTPA-SE emulsion could

be well explained by the faster degradation of Gd-DTPA-SE.
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The pharmacokinetic parameters of MRT, Vdss and Cltot with the standard- and

the high-Gd-DTPA-SA HCO-60 emulsion were similar. In addition, the AUC with

the high-Gd-DTPA-SA HCO-60 emulsion was twice that with the standard-Gd-

DTPA-SA HCO-60 emulsion. Since the gadolinium content in the high-Gd-DTPA-

SA HCO-60 emulsion was just twice that with the standard-Gd-DTPA-SA HCO-60

emulsion (Table 3.2), these results indicated that particles of both types of emul-

sion, with different gadolinium content, behaved similarly in vivo. This led to the

high level in tumor reaching 107 mg-Gd per g tumor (wet) at 48 h, which was the

level reported by Tokuuye et al. [76] as an optimal level for tumor inactivation

when 157Gd would be used.

3.4.2.3 Biodistribution of Gadolinium after Intravenous Administration of Gd-nanoLE

The administration route is one of the most important factors in the biodistribu-

tion and pharmacokinetics of drug carriers such as liposomes and lipid-emulsions.

Previously, the i.p. route was adopted as an administration route of Gd-nanoLE be-

cause it allows the injection of a relatively large amount and, consequently, delivers

a large amount of Gd to the tumor via the systemic circulation [85]; as a result, the

Gd concentration in the tumor reached 107 mg-Gd per g wet tumor at a dose of 60

mg-Gd per kg BW (2 mL as an administration volume of the Gd-nanoLE). How-

ever, even with i.p. injection, many factors affect the biodistribution and pharmaco-

kinetics of the drug carriers, including the absorption of these carriers from the ab-

dominal cavity and their localization in the lymph nodes, making estimation of the

in vivo fate of the drug carriers difficult. In contrast, i.v. injection delivers drugs

more simply and, therefore, has been widely employed instead of i.p. injection in

clinical treatments. Consequently, our next study aimed to evaluate i.v. as an alter-

native to i.p. injection with respect to tumor accumulation of Gd incorporated in

Gd-nanoLE.

Comparison of I.V. with I.P. Injection of Gd-nanoLE The biodistribution of Gd after

i.v. or i.p. injection of the standard-Gd-nanoLE with HCO-60 (particle size, 78 nm)

was determined at a dose of 15 mg-Gd/kg BW, half that of the previous case [85].

Table 3.3 summarizes the calculated pharmacokinetic parameters. The Gd concen-

tration in the blood after i.v. injection of the Gd-nanoLE consistently decreased

from the initial high concentration of 136 mg-Gd per mL blood at the first sampling

time, whereas i.p. injection showed a peak concentration of 50 mg-Gd per mL blood

at 4 h after administration (Table 3.3).

The AUC of Gd after i.p. injection was only 57% of that after i.v. injection (Table

3.3). It was reported earlier that the blood concentration of a marker incorporated

into liposomes containing sphingomyelin and cholesterol after i.p. injection

peaked at several hours after administration and subsequently declined [86]. In ad-

dition, some reports have shown that the absorption route of the conventional lip-

osomes from the peritoneal cavity to the bloodstream is mediated by the lymphatic

system [87, 88], and part of the i.p. injected liposomes are localized in the lym-

phatic system over 24 h [88]. These findings can probably be extended to interpret

the behavior of the lipid-nanoemulsions in the peritoneal cavity. Accordingly, the
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delayed increase of Gd concentration in the blood after i.p. injection might be as-

cribed to the transport time of the Gd-nanoLE from the peritoneal cavity to the

bloodstream through the lymphatic system. In addition, the lower AUC of Gd after

i.p. injection, compared with i.v. injection might be explained by the partial local-

ization of Gd-nanoLE in the lymphatic system, since the Gd-nanoLE remaining in

the peritoneal cavity, as determined by visual observation, was negligible at 12 h

after administration.

In terms of the tumor accumulation of Gd, i.v. injection of the Gd-nanoLE had

an advantage over i.p. injection, namely, faster accumulation. The Gd concentra-

tion in the tumor after i.v. injection rapidly increased for 6 h after administration,

and thereafter it almost leveled off. In contrast, the Gd concentration after i.p. in-

jection remained at a low level for the first 6 h. The maximum Gd tumor concen-

trations after i.v. and i.p. injections of the Gd-nanoLE were 30 mg-Gd per g wet

tumor at 24 h and 22 mg-Gd per g wet tumor at 12 h, respectively.

Effect of Repeated Dosing and Gd Content of Gd-nanoLE To achieve a higher Gd

accumulation in the tumor, two i.v. injections at a 24 h interval were made at

a dose of 15 and 30 mg-Gd/kg BW per injection by using the standard- and

high-Gd-nanoLE, respectively. Biodistribution was determined at 12 h after admin-

istration, because the tumor accumulation almost leveled off thereafter with Gd-

nanoLEs prepared with HCO-60 (Fig. 3.5) [77]. Two i.v. injections of the standard-

Gd-nanoLE made the Gd concentration in the tumor higher, reaching a level of 50

mg-Gd per g wet tumor at 12 h after the second injection. Unfortunately, Gd con-

centrations in the liver and spleen concurrently increased to almost twice those ob-

served after a single i.v. injection.

In certain cases of the repeated administration of liposomes, an accelerated

blood clearance and altered biodistribution of the liposomes were observed at the

second or later administration for a certain period after the administration, result-

ing from the induction of an immunoreaction [89]. Oussoren and Storm, though,

Tab. 3.3. Pharmacokinetic parameters after i.p. or i.v.

administration of the standard-Gd-nanoLE with HCO-60 at a

dose of 1.5 mg Gd in 1 mL.

Route Cmax
[a] (mg mLC1) Tmax

[a] (h) AUC[b] (mg h mLC1) MRI[b] (h)

i.p. 50.0 4.0 612 9.2

i.v. (135.9) (0.5) 1071 6.3

aThe maximum blood concentration, Cmax, and the time of maximum

blood concentration, Tmax, were derived directly from the mean blood

concentration–time curve.
bArea under the blood concentration time curve. Each value was

calculated from the mean values of blood concentration up to infinite

time (n ¼ 3–5).
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demonstrated that the kinetic profiles of the first and second injections of the PEG-

liposomes with a 24 h interval were virtually identical [90]. In our case, the Gd con-

centrations in tissues after two administrations of the standard-Gd-nanoLE seemed

to be almost twice as high as those after a single administration (Table 3.4). This

implied that, by employing the same schedule as Oussoren and Storm, the re-

peated administration had no significant effect on the biodistribution mechanisms

of the Gd-nanoLE.

With the administration of two i.v. injections of the high-Gd-nanoLE, the Gd

concentration in the tumor reached 101 mg per g wet tissue (Table 3.4). This was

comparable to the level achieved by a single i.p. injection of 2 mL of the high-Gd-

nanoLE at a dose of 60 mg-Gd per kg body weight per injection [85]. These results

indicated that even i.v. injection of the Gd-nanoLE whose tolerable volume was

only 1 mL could result in the accumulation of Gd in the tumor at a high concen-

tration when an appropriate dosing schedule was employed.

Many researchers have demonstrated that the charge and fluidity of the liposo-

mal membrane affect the biodistribution even in conventional liposomes [91, 92].

For instance, Nagayasu et al. [92] reported that the tumor-to-bone marrow ac-

cumulation ratio of the HEPC-containing liposomes increased remarkably with

a decrease in cholesterol content. In the present study, it was anticipated that

the membrane property of the high-Gd-nanoLE would differ from that of the

standard-Gd-nanoLE. However, the biodistribution of Gd-nanoLE after i.v. injection

of each formulation was likely to be almost identical, as it had been after i.p. injec-

tion [85]. Thus, the biodistribution of the Gd-nanoLE was hardly affected by the

membrane property. In concurrence, it was also observed that the Gd tumor con-

centration was proportional to the Gd content of the lipid particles in the Gd-

nanoLE. According to this finding, a higher Gd tumor concentration could be

Tab. 3.4. Effect of dosing frequency and Gd content of the Gd-

nanoLE with HCO-60 on blood and tumor concentrations of Gd

(mg-Gd wet tissue) at 12 h after the final i.v. administration at a

dose of 1.5 mg Gd per injection for the standard- or 3.0 mg Gd

per injection for the high-Gd formulation.

Tissue Standard-Gd-nanoLE High-Gd-nanoLE

Single (1.5)[a] Double (3.0)[a] Double (6.0)[a]

Blood 29:7G 2:8 25:3G 5:7 45:1G 11:4*

Tumor 26:9G 1:4 49:7G 30:9 100:7G 35:9**

aValues in parentheses are total dose of Gd (mg). Each value

represents the meanGS.D. (n ¼ 3–5). *p < 0:05 and **p < 0:01,

significantly different from the Gd concentration of the standard-Gd-

nanoLE injected twice.
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achieved by loading a highly lipophilic Gd compound into the core component,

though the further introduction of the Gd-DTPA-SA into the membrane of the

Gd-nanoLE led to instability of the emulsion.

3.4.3

Delivery of Gadolinium using Chitosan Nanoparticles (Gd-nanoCPs)

A major problem with previous GdNCT trials using an MRI contrast agent such as

Magnevist2 was that a sufficient quantity of gadolinium could not be retained in

the tumor tissue during neutron irradiation [53, 54]. The commercially available

gadolinium agent does not exhibit such a selective accumulation in the tumor after

i.v. injection as BPA in BNCT [17] and is eliminated rapidly from the tumor tissue

after i.t. injection. Therefore, gadolinium compounds that can be efficiently ac-

cumulated in the tumor have been sought [93]. We have developed novel Gd-

nanoCPs in order to retain gadolinium in the tumor tissue during a GdNCT trial.

As is well-known, chitosan (poly[b-(1 ! 4)-2-amino-2-deoxy-d-glucopyranose]) is

a hydrophilic, cationic polysaccharide derived by the deacetylation of chitin (Fig.

3.6), which is the second most abundant polysaccharide, next to cellulose, in the

world and a promising resource, originating from crustaceans shells and insects

[94]. Chitosan has some interesting properties such as bioadhesive (cationic), bio-

compatible (nontoxic) and biodegradable (bioerodible) capabilities. Therefore, it

has been investigated in depth and used in various industrial and medical applica-

tions [95]. Furthermore, these interesting properties make it one of the most prom-

ising biopolymers for drug delivery [96–107]. Indeed, chitosan has been studied as

a drug carrier in various forms, such as tablets, beads, granules, microparticles

and nanoparticles. In particular, micro- and nano-particles are being most widely

studied as a drug carrier for the purpose of protein, peptide, vaccine and DNA de-

livery. A wide variety of preparation methods of chitosan particles have been inves-

tigated, such as solvent evaporation techniques, multiple emulsion methods, spray

drying methods, electrostatic complex-formation with anionic materials (ionotropic

gelation) and block copolymerization. These methods often require a crosslinking

agent, such as glutaraldehyde. While such crosslinking agents afford hardened par-

Fig. 3.6. Chemical structures of chitin and chitosan (100% deacetylated).
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ticles as well as the possibility of controlling the drug-release rate through the de-

gree of crosslinking, the toxicity of the crosslinking agent would become a major

concern. In addition, it leads to low loading of anionic drugs because amino

groups in chitosan responsible for electrostatic interaction with anionic drugs be-

come unavailable due to the crosslinking reaction between the amino groups in

chitosan and aldehyde groups in crosslinking agents. As an alternative approach,

a novel emulsion-droplet coalescence technique has been developed in our labora-

tory to prepare non-crosslinked chitosan nanoparticles. In fact, this technique of-

fered a useful methodology for the preparation of Gd-nanoCPs specially designed

for GdNCT as an i.t. injectable device.

3.4.3.1 Preparation of Gd-nanoCPs

Figure 3.7 shows the preparation of Gd-nanoCPs [108, 109]. Chitosan (2.5% w/v)

was dissolved in a Gd-DTPA aqueous solution (5–15% w/v) and an aliquot (1 mL)

was added to 10 mL of liquid paraffin containing 5% v/v sorbitan sesquioleate

(Arlacel C). The mixture was then stirred to form a water-in-oil (w/o) emulsion A

using a high-speed homogenizer. Similarly, a w/o emulsion B was prepared by

adding 3 m sodium hydroxide solution (1.5 mL) to liquid paraffin (10 mL) contain-

ing 5% v/v Arlacel C. As emulsion B was added to emulsion A, they were mixed

and stirred vigorously. As a result of coalescence of droplets, chitosan was depos-

ited as nanoparticles. Gd-nanoCPs in the mixed emulsion were washed and sepa-

rated by centrifugation at 3000 rpm for 60 min using toluene, ethanol and water

Fig. 3.7. Preparation process of Gd-nanoCPs using an

emulsion droplet coalescence technique.
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successively. Finally, the Gd-nanoCPs were obtained as water suspensions or pow-

ders lyophilized after suspending in isotonic mannitol solution.

This technique utilized the fact that, when two emulsions of the same type with

the same continuous phase are mixed and stirred vigorously, droplets of each

emulsion collide at random, coalesce and split, and all of the droplets finally

become uniform in content. Thus, Gd-nanoCP generation was triggered by neu-

tralization of the acidic chitosan-dissolving droplets of emulsion A with sodium hy-

droxide in the droplets of emulsion B. Nanoparticle generation consequently oc-

curred within the emulsion droplets. The size of nanoparticles did not reflect the

droplet size.

Chitosans of grade 10B (100% deacetylated), 9B (91.4% deacetylated) and 8B

(84.9% deacetylated) (Katokichi Bio, Japan) were used. Table 3.5 shows the mean

particle diameter and gadolinium content in Gd-nanoCPs for each chitosan grade.

When chitosan 9B and 8B were used, the mean particle diameters were 594 and

750 nm, respectively, and the gadolinium contents were 4.1% and 3.3% (corre-

sponding to 14.2% and 11.6% as Gd-DTPA), respectively. Namely, as the deacetyla-

tion degree of chitosan decreased, the particle size increased gradually and, in

contrast, the Gd content decreased markedly. With chitosan 10B, Gd-nanoCPs pre-

pared using 5% and 15% Gd-DTPA solution had mean particle diameters of 461

and 452 nm, respectively, and the gadolinium contents were 7.7% and 13.0% (cor-

responding to 27% and 45% as Gd-DTPA), respectively. Thus, as the Gd-DTPA

concentration in the solution of chitosan 10B increased, the gadolinium content

increased, but the particle size was not significantly influenced.

Tab. 3.5. Mean particle size and Gd content of Gd-nanoCP.

No. of

batch

Mean particle

size (nm)[a]
Gd content (% w/w)[a]

[Gd-DTPA content (%)]

Chitosan 10B

5% Gd-DTPA soln 3 461G 15 7:7G 1:7

½26:9G 5:9�
10% Gd-DTPA soln 6 426G 28 9:3G 3:2

½32:4G 11:0�
15% Gd-DTPA soln 3 452G 25 13:0G 1:8

½45:3G 6:2�
Chitosan 9B

10% Gd-DTPA soln 3 594G 96 4:1G 1:0

½14:2G 3:4�
Chitosan 8B

10% Gd-DTPA soln 3 750G 77 3:3G 0:8

½11:6G 2:7�

aValue shows averageGS.D. of 3–6 batches.
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The crosslinking [110–115] and electrostatic interaction by anionic materials

such as alginate [116, 117] have been generally used to prepare solid chitosan par-

ticles, since it is difficult to form microparticles using only chitosan and drug. In

addition, the precipitation technique [118, 119] and block copolymerization [119]

have been studied to produce chitosan nanoparticulate carriers in recent years. A

major problem with the clinical application of nanoparticles is that the drug load

is too low to deliver an effective dose; the performance of the above chitosan par-

ticles in past studies was also unexceptional. In the present emulsion-droplet co-

alescence technique, the Gd-DTPA appears to strongly interact electrostatically

with the amino groups of chitosan in the deposition of Gd-nanoCPs. This would

contribute to the extraordinarily high Gd-DTPA content (45.3%) and their small

particle size, which was reduced to i.t. injectable size (452 nm), in Gd-nanoCPs

prepared using chitosan 10B and 15% Gd-DTPA solution.

3.4.3.2 Gd-DTPA Release Property of Gd-nanoCPs

Gd-DTPA release from Gd-nanoCPs that were prepared using chitosan 10B and

10% Gd-DTPA solution has been examined in vitro [109]. As test media, an iso-

tonic phosphate-buffered saline solution (PBS) of pH 7.4 and human plasma, as a

biological medium, were used, and the method was based on a dynamic dialysis.

The gadolinium release behavior was significantly different between Gd-nanoCPs

in PBS and those in the human plasma. Gd-nanoCPs released only 1.8% up to 7

d in PBS, whereas 67.9 and 91.5% of gadolinium were eluted from Gd-nanoCPs in

human plasma for 6 and 24 h, respectively. This again suggested strong complex

formation of Gd-DTPA with chitosan in a simple aqueous medium, because highly

water-soluble Gd-DTPA was hardly eluted for a long time in PBS. This releasing

property might be advantageous to GdNCT trial by i.t. injection into a solid tumor.

The mechanism of fast release of gadolinium from Gd-nanoCPs in human plasma

was not clear.

3.4.3.3 Gd-DTPA Retention in Tumor Tissue after Intratumoral Injection

The quantity of gadolinium in the melanoma tissue on mice after i.t. injection of

each Gd-DTPA dosage form containing 1200 mg as gadolinium has been deter-

mined [109]. In an in vivo experiment, the B16F10 malignant melanoma cell sus-

pension (0.1 mL) in an isotonic PBS containing 3� 106 cells was carefully inocu-

lated subcutaneously (s.c.) into the posterior flank of a six-week-old C57BL/6

mouse. At 10 d after tumor implantation by the above procedure, 200 mL of the

Gd-nanoCP (prepared with chitosan 10B and 10% Gd-DTPA solution) suspension

in isotonic mannitol solution (Gd 6000 ppm) was injected gently into a block of

grown tumor that was about 10 mm in diameter (Gd dose, 1200 mg per mouse).

In parallel, the dilute Magnevist2 solution (Gd 6000 ppm) was injected in the

same manner. At 5 min or 24 h after i.t. injection, mice were sacrificed and tu-

moral blocks were excised. The amount of gadolinium in the tumor tissue was an-

alyzed by ICP-AES after incineration.

When a dilute solution of Magnevist2 was administered, the quantities of gado-

linium in a tumor block were 452 mg (37.6% of dose) and 5.3 mg (0.4%) 5 min and
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24 h after injection, respectively. In contrast, 892 mg (74.3% of dose) and 821 mg

(68.4%) of gadolinium remained in the tumor block 5 min and 24 h after adminis-

tration of Gd-nanoCP suspension, respectively. Thus, since the gadolinium hardly

leaked to the surrounding normal tissues, in particular to the subcutaneous space

on tumor tissue, over 24 h, damage beyond the tumor part by GdNCT would be

kept to a minimum. No Gd-DTPA release from Gd-nanoCPs in the aqueous me-

dium might contribute to prolonged retention in the tumor tissue. This extended

retention was thought to lead to greater enhancement of the antitumor effect as

compared with past GdNCT trials using Magnevist2 [52].

3.4.3.4 In vivo Growth Suppression of Experimental Melanoma Solid Tumor

A GdNCT trial has been carried out in vivo by i.t. injection using Gd-nanoCPs pre-

pared with chitosan 10B and 10% Gd-DTPA solution [120]. The Gd-nanoCPs were

430 nm in mean particle diameter and the content of the natural form of gadoli-

nium was 9.3 w/w %. Therefore, the content of 157Gd, 15.6% of the natural form,

corresponded to 1.45 w/w %. The radioresistive B16F10 malignant melanoma was

selected as tumor model [121, 122] to demonstrate a potential for GdNCT.

When the s.c. B16F10 melanoma tumor in the five-week-old male C57BL/6 mice

(body weight, 21–27 g) grew to about 10 mm in diameter 10 d after tumor implan-

tation by the above procedure, i.t. administration of the Gd-nanoCP suspension in

isotonic mannitol solution or Magnevist2 solution as a control was started. Each

gadolinium dosage form (corresponding to natural Gd 6000 mg mL), 200 mL, was

injected twice into the block of tumor, 24 and 8 h before neutron irradiation (total

natural Gd dose, 2400 mg per mouse). The source of the thermal neutron beams

was obtained from the Kyoto University Research Reactor Institute, Japan (the

Heavy Water Facility; operating power, 5 MW; irradiation time, 60 min; operating

mode, OO-0011-F) [123, 124]. The measured average fluence on the tumor surface

was 6:32� 1012 neutrons cm�2. Neutron irradiation was performed only once.

In the gadolinium-loaded nanoparticle-administered and neutron-irradiated (Gd-

P, Nþ) group, the tumor growth was significantly suppressed despite the radio-

resistance of melanoma model [121, 122] and the long interval (8 h) until neutron

irradiation after second gadolinium administration. Its mean tumor volume was

less than 15%, compared with that in the non-gadolinium-administered and

neutron-irradiated (Gd�, Nþ) group, 14 d after neutron irradiation. The mean

time taken to reach a tumor volume ratio of 10 in the [Gd-P, Nþ] group was pro-

longed to 23.2 d, which was 227% and 374% of that in the [Gd�, Nþ] group and

the non-gadolinium-administered and non-neutron-irradiated (Gd�, N�) group,

respectively. In addition, the survival time of mice in the [Gd-P, Nþ] group was

also significantly prolonged, to 22.2 d as the mean time. Three of the six mice in

the [Gd-P, Nþ] group were alive at 28 d after neutron irradiation, while all mice in

the other groups were dead by 21 d.

Conversely, no GdNCT effect was observed in the Magnevist2 solution-

administered and neutron-irradiated (Gd-S, Nþ) group, since the change in the

tumor volume ratio and the survival time of mice did not differ from those in the

[Gd�, Nþ] group. When the gadolinium nanoparticle or solution was adminis-
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tered and there was no neutron irradiation (Gd-P or Gd-S, N�), tumor growth was

not inhibited at all: the mean time to reaching a tumor volume ratio of 10 was

about 6–7 d, which is no different from that in the [Gd�, N�] group.

The content of gadolinium in the tumor just at the starting point of neutron ir-

radiation was estimated to explain the GdNCT effect enhanced by Gd-nanoCPs.

When Gd-nanoCPs were administered in the same manner as that in the GdNCT

trial, the gadolinium content in melanoma tissue in mice was 1766G 96 mg, corre-

sponding to 74% of dose. However, following the administration of Magnevist2 so-

lution, the gadolinium content in the tumoral block was 16G 7 mg, corresponding

to only 0.7% of dose. Clearly, the strong suppression of tumor growth observed in

the present GdNCT trial with Gd-nanoCPs resulted from the excellent Gd-DTPA

retention in the tumor tissue of chitosan nanoparticles after i.t. injection.

No skin damage over the tumor was apparent in [Gd�, Nþ] and [Gd-S, Nþ]

groups. However, the skin over the tumor in the [Gd-P, Nþ] group became red

for a few days after neutron irradiation and, later, ulcer formation was observed.

This severe side effect demonstrated that the photons and/or electrons emitted by

the frequent Gd-NCR would have a sufficient destructive effect for the tumor if se-

lective gadolinium distribution in the tumor tissue and neutron fluence were con-

trolled as optimally as possible in GdNCT.

In one report on a GdNCT trial, a neutral macrocyclic gadolinium complex (Ga-

dobutrol, Gadovist2) was used as the gadolinium source and excellent results were

obtained by i.t. injection [53]. The biological half-life of the wash-out from the

tumor tissue after i.t. injection of Gadobutrol was estimated to be 50–151 min (av-

erage, 115 min) and might contribute to the assured antitumor effect, because it

was longer than that of Magnevist2 [53, 54]. In the present study, the outstanding

gadolinium retention in the tumor tissue following i.t. injection of Gd-nanoCPs

clearly led to the potent GdNCT effect even though the tumors were irradiated at

an exceptionally longer interval after gadolinium administration compared with

the usual GdNCTs with Magnevist2 and Gadovist2. This property will also con-

tribute to flexible adaptation in duration and frequency of neutron irradiation in

future GdNCT trials.

In the present GdNCT trial, the dose of natural gadolinium per a tumor block

with the nanoparticle formulation (2400 mg-Gd per tumor) was considerably

smaller than that in past trials [53, 54]. This gadolinium dose indicated that if ga-

dolinium enriched to 100% of 157Gd was used the corresponding level of growth

inhibition could be gained by about 16% of gadolinium dose (460 mg) against

B16F10 melanoma block about 10 mm in diameter [53].

3.4.3.5 Bioadhesion and Uptake of Gd-nanoCP in Three Different Cell Lines

The extracellular matrix is composed of sulfated glycosaminoglycans and polysac-

charide acids, which form hydrophilic, negatively charged gels over the cell mem-

brane. Membrane glycoproteins, most often bearing sialic acid residues, also con-

tribute to the negative charge of the cell surface. Chitosan, however, has the

characteristics of a cationic polyelectrolyte, thereby providing a strong electrostatic

interaction with negatively charged cell surfaces. Therefore, the use of cationic
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polymers, such as chitosan, in preparing particulate carriers would give rise to

higher drug retention in cells and tissues because of the electrostatic interaction

between particle surfaces and cell surfaces. Indeed, many workers have reported

that the bioadhesive properties of chitosan originate from electrostatic interaction

between positively charged amino groups in chitosan and negatively charged sialic

acid residues on the cell surface [125–127]. In addition, Chatelet et al. have demon-

strated the role of deacetylation degree of chitosan on bioadhesive properties using

chitosan film [128]. They showed that the adhesion of chitosan on fibroblasts iso-

lated from foreskins of children was increased as the deacetylation degree of chito-

san was increased. Therefore, the use of 100% deacetylated chitosan in the present

Gd-nanoCPs was expected to lead to such a bioadhesive property.

L929 mouse fibroblast cells, B16F10 melanoma cells and SCC-VII squamous cell

carcinoma were employed to evaluate the bioadhesion and uptake of Gd-nanoCPs

in cultured cells in order to clarify the mechanism of high tumor-killing effects ob-

served in our GdNCT trials [129]. Gd-DTPA incorporated in Gd-nanoCPs was

hardly released in culture medium during the experiments.

Transmission Electron Microscopy Using a transmission electron microscope

(TEM), L929 cells after exposure to Gd-nanoCPs were observed. Following expo-

sure to the autoclaved Gd-nanoCP suspension in the culture medium at 37 �C for

12 h, L929 cells were washed with phosphate-buffered saline solution (PBS) to re-

move the free Gd-nanoCPs not adhered on and not endocytosed into the cells. The

cells were then fixed with formaldehyde solution and epoxy resin, thinly sliced with

a microtome, and observed by TEM.

Transmission electron micrographs of L929 cells incubated with Gd-nanoCPs for

12 h at 37 �C indicated that Gd-nanoCPs were not so stably dispersed in the cul-

ture medium because they loosely aggregated (Fig. 3.8). However, a considerable

number of Gd-nanoCPs adhered to L929 cells and some of these were being endo-

cytosed or incorporated in the cells in the form of particles.

Effect of Gd Concentration, Incubation Time and Temperature The amount of Gd in

and on the cells after 12 h incubation was increased with increasing feed concen-

tration of Gd (ranging from 0 to 20 ppm). At 20 ppm of applied Gd concentration,

the amount of Gd reached 18 mg-Gd per 106 cells and this value was unchanged up

to 40 ppm. However, it was experimentally confirmed that no further increase in

cellular uptake and adhesion was observed beyond 40 ppm. Cationic macromole-

cules such as polylysine affect, in general, cell viability [130]. However, the cytotox-

icity of Gd-nanoCPs against L929 cells was negligible in the range 20–40 ppm.

Therefore, the following studies were performed at a Gd feed concentration of

40 ppm.

The Gd accumulation in L929 cells, B16F10 melanoma cells and SCC-VII squa-

mous cell carcinoma incubated with Gd-nanoCPs at 37 and 4 �C was determined

as a function of incubation time. The accumulation at 37 �C seemed to level off

after 12 h. When incubated with Gd-nanoCPs for 12 h at 37 �C, the total Gd

amounts were 18, 27 and 60 mg Gd per 106 cells with L929 fibroblast cells,

110 3 Nanoparticles for Neutron Capture Therapy of Cancer



B16F10 cells and SCC-VII cells, respectively (Fig. 3.9). In contrast, the Gd accumu-

lation at 4 �C where endocytic activity would not exist rapidly leveled off and was

far lower, about 5 or less mg Gd per 106 cells in all three cell lines. Thus, this sig-

nificantly higher cellular-accumulation at 37 �C, which would be attributed to en-

docytosis that was active at 37 �C but suppressed at 4 �C, indicated that endocytic

Fig. 3.8. Transmission electron micrograph of L929 fibroblast

cells after exposure to Gd-nanoCPs for 12 h.

Fig. 3.9. Uptake and adhesion of Gd-nanoCPs or Magnevist at

Gd-dose of 40 ppm in three different cell lines 12 h after

exposure to the cells under a 5% CO2 atmosphere at 37 �C.
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uptake of Gd-nanoCPs made a major contribution to the total accumulation. The

notably varied accumulation behavior of Gd in these three cell lines is attributed

to their differing endocytic activity.

The size and bioadhesive property of Gd-nanoCPs is related to the endocytic up-

take by the cells. Indeed, Green et al. have examined the particle size dependence

of endocytosis of polyethylene particles in C3H murine peritoneal macrophages

[131]. They found that polyethylene particles in the range 0.3–10 mm in diameter

were endocytosable. The size of the present Gd-nanoCPs, 430 nm, is included in

this range. In addition, Lee et al. have demonstrated that a high level uptake of

liposomes in J774 cells, a murine macrophage-like cell line, could be obtained by

altering the lipid formulation to provide an adhesive property on their surfaces, as

might be achieved by the present Gd-nanoCPs [132]. These results support the

idea that the adhesion of optimally sized Gd-nanoCPs on the cell surface might

be an important step in the subsequent uptake by endocytosis.

The cellular accumulation behavior observed in vitro may also be related to the

tumor-killing effects in vivo. B16F10 cell-bearing mice were employed in our

GdNCT trials in vivo as described earlier [120]. The tumor-killing effects observed

in SCC-VII cell-bearing mice [133] were nearly identical to those achieved with

B16F10 cell-bearing mice [120] at the same i.t. Gd dose of 2400 mg per tumor

even though the thermal neutron fluence in the GdNCT trials using SCC-VII cell-

bearing mice (3:31� 1012 neutrons cm�2) was only a half of that in the cases of

B16F10 cell-bearing mice (6:32� 1012 neutrons cm�2). From these results, at least

one reason for the relatively higher tumor-killing effects obtained with SCC-VII

cell-bearing mice in vivo would be their higher endocytic activity. Further, since

the accumulation was almost saturated at 40 ppm of Gd in the in vitro studies de-

scribed here, which was far lower than the Gd level in the previous GdNCT trials at

a dose of 2400 mg per tumor, it was suggested that most of Gd i.t. administered as

Gd-nanoCPs might exist in tumor tissue extracellularly, as might be estimated

from the TEM photograph given in Fig. 3.8, which shows the presence of agglom-

erates in the cultured cells.

Comparative Studies with Magnevist2 In a comparative study using the solution

system, the most important point to be emphasized again was that Gd accumula-

tion in all cell lines utilized in the present study was mostly achieved in the form of

particles by cell-surface adhesion and endocytosis of Gd-nanoCPs, though the

activity more or less varied. In fact, Magnevist2 solution scarcely showed intra-

and extracellular Gd accumulation in any of the cell lines (Fig. 3.9). The Gd

amount detected in the Magnevist2 group after 12 h at 37 �C was less than 1% of

that in Gd-nanoCP group (Fig. 3.9), which is probably related to the well-known

fact that Magnevist2 was eliminated from the tumor tissue immediately after i.t.

injection [120]. Conversely, bioadhesion, endocytosis and strong Gd-DTPA-binding

of optimally sized Gd-nanoCPs would significantly extend the elimination half-life

of Gd i.t. administered [120]. The present results evidenced that Gd-nanoCPs have

great potential to accumulate Gd into tumor tissue and/or cells, consequently lead-

ing to improved therapeutic efficiency in our GdNCT trials [120].
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A major concern in past GdNCT trials using cultured cells and solution systems

had been the necessity of a large amount of Gd for cell-growth suppression. Akine

et al. reported that 10% survival level of the cultured Chinese hamster cells was

obtained with a fluence of 1:55� 1012 neutrons cm�2 in the presence of Gd of

5000 ppm [58]. Tokuuye et al. have evaluated the effect of radiation released during

neutron capture reaction by 157Gd of 800 ppm, 10B of 51 ppm or their combina-

tion, using Magnevist2 and BSH, on cell survival [134] – fluences of 1.13, 1.69

and 0:95� 1012 neutrons cm�2 were required for 10% survival levels, respectively.

Further, Hofmann et al. have demonstrated, using the Gadovist2, that at a fluence

of 3:6� 1012 neutrons cm�2 a Gd concentration of 10 mmol-Gd L�1, equivalent to

1570 ppm, was required to obtain about a 52% survival level of Sk-Mel-28 cells, a

melanoma cell line of human origin [53]. A possible problem of these studies was

that they had to apply high Gd concentrations, because only Gd-agents that show

no affinity to the tumor cells, possibly including Gadovist2, were available. As a

result, cells were unable to suffer sufficient neutron-irradiation because of obstruc-

tion by the presence of excess neutron capture elements in the medium. Unlike

such a solution-based formulation, Gd would be concentrated on and in cells when

using the present Gd-nanoCPs. This situation is clearly favorable for obtaining ef-

fective cell-growth suppression.

It has been believed that a contact between the cells and Gd is not always neces-

sary for the tumor cell inactivation in GdNCT, because of the long-range g-rays

emitted as a result of Gd-NCR. Akine and coworkers, however, have proposed that

the electrons might also play an important role in the tumor-killing effect in

GdNCT [58]. Therefore, the presence of Gd in the intracellular space may be rather

desirable for GdNCT, since the electrons, especially Auger electrons, have a short-

range and a high linear energy transfer. As shown in the present study, Gd-

nanoCPs could bind to the cell surfaces, owing to their cationic nature, and subse-

quently be endocytosed. These intra- and extracellular accumulation behaviors

would provide a compatible way to accomplish the high suppression of tumor

growth in GdNCT.

3.5

Conclusions

Recently, clinical BNCT trials have often been carried out, mainly for brain tumors

in Japan. It is hopeful that BNCT has been extended to other types of cancer such

as head-neck and tongue cancers, with excellent treatment results being reported.

In the near future, lung cancer and hepatoma are to be treated by BNCT. Proton

accelerators as a source of neutron beams are also going to become a reality, in-

stead of the nuclear reactors currently used. Success in NCT, essentially, depends

on the selective tumor-accumulation of boron or gadolinium. Only BPA and BSH

are now used clinically as solutions, but their selectivity in the accumulation is not

necessarily high. We believe that applications of nanoparticulate ‘‘atom’’ delivery

technologies can contribute to NCT.
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4

Nanovehicles and High Molecular Weight

Delivery Agents for Boron Neutron Capture

Therapy1)

Gong Wu, Rolf F. Barth, Weilian Yang, Robert Lee, Werner Tjarks,

Marina V. Backer, and Joseph M. Backer

4.1

Introduction

4.1.1

Overview

Boron neutron capture therapy (BNCT) is based on the nuclear capture and fission

reactions that occur when non-radioactive boron-10 is irradiated with low energy

thermal neutrons to yield high linear energy transfer (LET) alpha particles (4He)

and recoiling lithium-7 (7Li) nuclei. For BNCT to be successful, a sufficient num-

ber of 10B atoms (@109 atoms per cell) must be selectively delivered to the tumor

and enough thermal neutrons must be absorbed by them to sustain a lethal
10B(n, a) 7Li capture reaction. BNCT primarily has been used to treat patients

with brain tumors, and more recently those with head and neck cancer. Two low

molecular weight (LMW) boron delivery agents are currently used clinically, sodium

borocaptate and boronophenylalanine. However, various high molecular weight

(HMW) agents consisting of macromolecules and nanovehicles have been devel-

oped. This chapter focuses on the latter, which include monoclonal antibodies,

dendrimers, liposomes, dextrans, polylysine, folate receptor targeting agents, epider-

mal and vascular endothelial growth factors (EGF and VEGF). Procedures for intro-

ducing boron atoms into these HMW agents and their chemical properties will be

discussed. In vivo studies on their biodistribution will be described, and the efficacy

of a subset of them, which have been used for BNCT of tumors in experimental

animals, will be discussed. Since brain tumors currently are the primary candi-

dates for treatment by BNCT, delivery of these HMW agents across the blood–

brain barrier presents a special challenge. Various routes of administration will be

discussed, including receptor-facilitated transcytosis following intravenous admin-
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istration, direct intratumoral injection and convection-enhanced delivery by which

a pump is used to apply a pressure gradient to establish bulk flow of the HMW

agent during interstitial infusion. Finally, we conclude with a discussion relating

to issues that must be addressed if these HMW agents are to be used clinically.

4.1.2

General Background

After decades of intensive research, high grade gliomas, and specifically glioblas-

toma multiforme (GBM), are still extremely resistant to all current forms of ther-

apy, including surgery, chemotherapy, radiotherapy, immunotherapy and gene

therapy [1–5]. The five-year survival rate of patients diagnosed with GBM in the

United States is less than a few percent [6, 7] despite aggressive treatment using

combinations of therapeutic modalities. This is due to the infiltration of malignant

cells beyond the margins of resection and their spread into both gray and white

matter by the time of surgical resection [8, 9]. High grade gliomas are histologi-

cally complex and heterogeneous in their cellular composition. Recent molecular

genetic studies of gliomas have shown how complex the development of these tu-

mors is [10]. Glioma cells and their neoplastic precursors have biologic properties

that allow them to evade a tumor-associated host immune response [11], and bio-

chemical properties that allow them to invade the unique extracellular environ-

ment of the brain [12, 13]. Consequently, high grade supratentorial gliomas must

be regarded as a whole brain disease [14]. The inability of chemo- and radiotherapy

to cure patients with high grade gliomas is due to their failure to eradicate micro-

invasive tumor cells within the brain. To successfully treat these tumors, therefore,

strategies must be developed that can selectively target malignant cells with little or

no effect on normal cells and tissues adjacent to the tumor.

BNCT is based on nuclear capture and fission reactions that occur when non-

radioactive 10B is irradiated with low energy thermal neutrons to yield high LET

alpha particles (4He) and recoiling 7Li nuclei. In order to be successful BNCT, suf-

ficient 10B atoms (@109 atoms per cell) must be delivered selectively to the tu-

mor and enough thermal neutrons must be absorbed by them to sustain a lethal
10B(n,a) 7Li capture reaction. The destructive effects of these high-energy parti-

cles are limited to boron-containing cells. BNCT primarily has been used to treat

high grade gliomas [15, 16], and either cutaneous primaries [17] or cerebral metas-

tases of melanoma [18]. More recently, it also has been used to treat patients with

head and neck [19, 20] and metastatic liver cancer [21, 22]. BNCT is a biologically

rather than physically targeted type of radiation treatment. If sufficient amounts

of 10B and thermal neutrons can be delivered to the target volume, the potential

exists to destroy tumor cells dispersed in the normal tissue parenchyma. Readers

interested in more in-depth coverage of other topics related to BNCT are referred

to several recent reviews and monographs [15, 23–25]. The present chapter

focuses on boron-containing macromolecules and nanovehicles as boron delivery

agents.

4.1 Introduction 123



4.2

General Requirements for Boron Delivery Agents

A successful boron delivery agent should have (1) no or minimal systemic toxicity

with rapid clearance from blood and normal tissues; (2) high tumor (@20 mg-
10B g�1) and low normal tissue uptake; (3) high tumor:brain (T:Br) and tumor:

blood (T:Bl) concentration ratios (>3–4:1); and (4) persistence in the tumor for a

sufficient period of time to carry out BNCT. At this time no single boron delivery

agent fulfills all these criteria. However, as a result of new synthetic techniques and

increased knowledge of the biological and biochemical requirements for an effec-

tive agent, several promising new boron agents have emerged, and these are de-

scribed in a special issue of Anti-Cancer Agents in Medicinal Chemistry (6, 2,

2006). The major challenge in their development has been the requirement for

specific tumor targeting to achieve boron concentrations sufficient to deliver thera-

peutic doses of radiation to the tumor with minimal normal tissue toxicity. The se-

lective destruction of GBM cells in the presence of normal cells represents an even

greater challenge than malignancies at other anatomic sites.

4.3

Low Molecular Weight Delivery Agents

In the 1950s and early 1960s clinical trials of BNCT were carried out using boric

acid and some of its derivatives as delivery agents. These simple chemical com-

pounds had poor tumor retention, attained low T:Br ratios and were non-selective

[26, 27]. Among the hundreds of low-molecular weight boron-containing com-

pounds that were synthesized, two appeared to be promising. One, based on aryl-

boronic acids [28], was l-4-dihydroxyborylphenylalanine, referred to as borono-

phenylalanine or BPA (Fig. 4.1, 1). The second, a polyhedral borane anion, was

Fig. 4.1. Structure of two compounds used

clinically for BNCT, dihydroxyborylphenylalanine

or boronophenylalanine (BPA, 1) and disodium

undecahydro-closo-dodecaborate or sodium

borocaptate (BSH, 2), and the isocyanato

polyhedral borane (3), which has been used to

heavily boronate dendrimers.
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sodium mercaptoundecahydro-closo-dodecaborate [29], more commonly known as

sodium borocaptate or BSH (2). These two compounds persisted longer in animal

tumors than did related molecules, attained T:Br and T:Bl boron ratios > 1 and had

low toxicity. 10B-enriched BPA, complexed with fructose to improve its water solu-

bility, and BSH have been used clinically for BNCT of brain, as well as extracranial

tumors. Although their selective accumulation in tumors is not ideal, the safety of

these two drugs following i.v. administration has been well established [30, 31].

4.4

High Molecular Weight Boron Delivery Agents

High molecular weight (HMW) delivery agents usually contain a stable boron

group or cluster linked via a hydrolytically stable bond to a tumor-targeting moiety,

such as monoclonal antibodies (mAbs) or low molecular weight receptor targeting

ligands. Examples of these include epidermal growth factor (EGF) or the mAb ce-

tuximab (IMC-C225) to target the EGF receptor or its mutant isoform EGFRvIII,

which are overexpressed in various malignant tumors, including gliomas and squ-

amous cell carcinomas of the head and neck [32]. Agents that are to be adminis-

tered systemically should be water soluble, but lipophilicity is important in order

to cross the blood–brain barrier (BBB) and diffuse within the brain and the tumor.

There should be a favorable differential in boron concentrations between tumor

and normal brain, thereby enhancing their tumor specificity. Their amphiphilic

character is not as crucial for LMW agents that target specific biological transport

systems and/or are incorporated into nanovehicles such as liposomes. Molecular

weight also is an important factor, since it determines the rate of diffusion both

within the brain and the tumor. Detailed reviews of the state-of-the-art of com-

pound development for BNCT have been published [33, 34]. The present chapter

focuses on boron-containing macromolecules and liposomes as delivery agents for

BNCT, and how they can be most effectively administered.

4.5

Dendrimer-related Delivery Agents

4.5.1

Properties of Dendrimers

Dendrimers are synthetic polymers with a well-defined globular structure. They are

composed of a core molecule, repeat units that have three or more functionalities,

and reactive surface groups (Fig. 4.2) [35, 36]. Two techniques have been used to

synthesize these macromolecules: divergent growth outwards from the core [37],

or convergent growth from the terminal groups inwards towards the core [36, 38].

Regular and repeated branching at each monomer group gives rise to a symmetric

structure and pattern to the entire globular dendrimer. Dendrimers are an attrac-
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tive platform for macromolecular imaging and gene delivery because of their low

cytotoxicity and their multiple types of reactive terminal groups [36, 39–44].

4.5.2

Boronated Dendrimers Linked to Monoclonal Antibodies

4.5.2.1 Boron Clusters Directly Linked to mAb

Monoclonal antibodies have been attractive targeting agents for delivering radio-

nuclides [45], drugs [46–50], toxins [51] and boron to tumors [52–55]. Before the

introduction of dendrimers as boron carriers, boron compounds were directly at-

tached to mAbs [53, 54]. Approximately@109 10B atoms per cell (@20 mg g�1 tu-

mor) must be delivered to kill tumor cells [55, 56]. Based on the assumption of

106 antigenic receptor sites per cell,@50–100 boron cage structures of carboranes,

or polyhedral borane anions and their derivatives must be linked to each mAb mol-

ecule to deliver the required amount of boron for NCT. The attachment of such a

large number of boron cages to a mAb may result in precipitation of the bioconju-

gate or a loss of its immunological activity. Solubility can be improved by inserting

a water-soluble gluconamide group into the protein-binding boron cage com-

pounds, thereby enhancing their water solubility [57]. This modification makes it

possible to incorporate up to 1100 boron atoms into a human gamma globulin

(HGG) molecule without any precipitation. Other approaches to enhance solubility

include the use of negatively charged carboranes [58] or polyhedral borane anions

[59], as well as the insertion of carbohydrate groups [60, 61]. A major limitation of

using an agent containing a single boron cage is that many sites must be modified

to deliver 103 boron atoms per molecule of antibody and this can reduce its im-

munoreactivity activity. Alam et al. have shown that attachment of an average of

Fig. 4.2. Structure of a boronated PAMAM

dendrimer that has been linked to targeting

moieties. PAMAM dendrimers consist of a

core, repeating polyamido amino units, and

reactive terminal groups. Each successfully

higher generation of PAMAM dendrimer has a

geometrically incremental number of terminal

groups. Dendrimers have been boronated by

reaction with water-soluble isocyanato

polyhedral boranes and subsequently attached

to targeting moieties by means of

heterobifunctional linkers.
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1300 boron atoms to mAb 17-1A, which is directed against human colorectal carci-

noma cells, resulted in a 90% loss of immunoreactivity [62].

4.5.2.2 Attachment of Boronated Dendrimers to mAb

Dendrimers are one of the most attractive polymers that have been used as

boron carriers due to their well-defined structure and multiple reactive terminal

groups. Depending on the antigen site density, @1000 boron atoms need to be

attached per molecule of dendrimer and subsequently linked to the mAb. In our

first study, second- and fourth-generation polyamido amino (PAMAM or ‘‘star-

burst’’) dendrimers, which have 12 and 48 reactive terminal amino groups, respec-

tively, were reacted with the water-soluble isocyanato polyhedral borane

[Na(CH3)3NB10H8NCO] (3, Fig. 4.1) [63, 64]. The boronated dendrimer then was

linked to the mAb IB16-6, which is directed against the murine B16 melanoma,

by means of two heterobifunctional linkers, m-maleimidobenzoyl-N-hydroxysulfo-
succinimide ester (sulfo-MBS) and N-succinimidyl 3-(2-pyridyldithio)propionate

(SPDP) [63, 65]. However, following intravenous (i.v.) administration, large

amounts of the bioconjugate accumulated in the liver and spleen and it was con-

cluded that random conjugation of boronated dendrimers to a mAb could alter its

binding affinity and biodistribution. To minimize the loss of mAb reactivity, a 5th

generation PAMAM dendrimer was boronated with the same polyhedral borane

anion, and more recently it was site-specifically linked to the anti-EGFR mAb ce-

tuximab (or IMC-C225) or the EGFRvIII specific mAb L8A4 (Fig. 4.3). Cetuximab

was linked via glycosidic moieties in the Fc region by means of two heterobifunc-

tional reagents, SPDP and N-(k-maleimidoundecanoic acid) hydrazide (KMUH)

[66, 67]. The resulting bioconjugate, designated C225-G5-B1100, contained@1100

boron atoms per molecule of cetuximab and retained its aqueous solubility in

10% DMSO and its in vitro and in vivo immunoreactivity. As determined by a com-

petitive binding assay, there was a <1 log unit decrease in affinity for EGFR(þ)

glioma cell line F98EGFR, compared to that of unmodified cetuximab [66]. In vivo
biodistribution studies, carried out 24 h after intratumoral (i.t.) administration of

the bioconjugate, demonstrated that 92.3 mg g�1 of boron was retained in rats bear-

ing F98EGFR gliomas compared to 36.5 mg g�1 in EGFR(�) F98 parental tumors

and 6.7 mg g�1 in normal brain [67] thereby indicating specific molecular targeting

of the receptor.

4.5.3

Boronated Dendrimers Delivered by Receptor Ligands

4.5.3.1 Epidermal Growth Factors (EGF)

Due to its increased expression in various human tumors, including high grade

gliomas, and its low or undetectable expression in normal brain, EGFR is an attrac-

tive target for cancer therapy [68–70]. As described above, targeting of EGFR has

been carried out using either mAbs or alternatively, as described in this section,

EGF, which is a single-chain, 53-mer heat- and acid-stable polypeptide. It binds to

a transmembrane glycoprotein with tyrosine kinase activity, which triggers dimeri-
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Fig. 4.3. Conjugation scheme for linking a boron-containing dendrimer to the monoclonal

antibody C225 (cetuximab), which is directed against EGFR [66, 69].

128 4 Nanovehicles and High Molecular Weight Delivery Agents for Boron Neutron Capture Therapy



zation and internalization [71, 72]. Since the EGF boron bioconjugates have a

much smaller MW than mAb conjugates, they should be capable of more rapid

and effective tumor targeting than mAbs [69, 73].

The procedure used to conjugate EGF to a boronated dendrimer was slightly dif-

ferent from that used to boronate mAbs. A fourth-generation PAMAM dendrimer

was reacted with the isocyanato polyhedral borane Na(CH3)3NB10H8NCO. Next, re-

active thiol groups were introduced into the boronated dendrimer using SPDP, and

EGF was derivatized with m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester

(MBS). Reaction of the thiol groups of the derivatized, boronated dendrimer with

maleimide groups produced stable BSD-EGF bioconjugates, which contained@960

atoms of boron per molecule of EGF [74]. The BSD-EGF initially was bound to the

cell surface membrane and then was endocytosed, which resulted in accumulation

of boron in lysosomes [74]. Subsequently, in vitro and in vivo studies were carried

out to evaluate the potential efficacy of the bioconjugate as a boron delivery agent

for BNCT [73]. As will be described in more detail later below (Section 4.9.3), ther-

apy studies demonstrated that F98EGFR glioma bearing rats that received either

boronated EGF or mAb by either direct i.t. injection or convection-enhanced deliv-

ery into the brain had a longer mean survival time than animals bearing F98 pa-

rental tumors following BNCT [75–77].

4.5.3.2 Folate Receptor Targeting Agents

Folate receptor (FR) is overexpressed on various human cancers, including those

originating in ovary, lung, breast, endometrium and kidney [78–80]. Folic acid

(FA) is a vitamin that is transported into cells via FR-mediated endocytosis. The at-

tachment of FA via its g-carboxylic function to other molecules does not alter its

endocytosis by FR-expressing cells [81]. FR targeting has been used successfully

to deliver protein toxins, chemotherapeutic, radio-imaging, therapeutic and MRI

contrast agents [82], liposomes [83], gene transfer vectors [84], antisense oligo-

nucleotides [85], ribozymes and immunotherapeutic agents to FR-positive cancers

[86]. To deliver boron compounds, FA was conjugated to heavily boronated 3rd gen-

eration PAMAM dendrimers containing poly(ethylene glycol) (PEG) [87]. PEG was

introduced into the bioconjugate to reduce its uptake by the reticuloendothelial sys-

tem (RES) and, more specifically, the liver and spleen. Folate linked to 3rd genera-

tion PAMAM dendrimers containing 12–15 decaborate clusters and 1–1.5 PEG2000

units had the lowest hepatic uptake in C57Bl/6 mice (7.2–7.7% injected dose

[ID] per gram of liver). In vitro studies using FR (þ) KB cells have demonstrated

receptor-dependent uptake of the bioconjugate. Biodistribution studies with this

conjugate, carried out in C57Bl/6 mice bearing subcutaneous (s.c.) implants of

the FR (þ) murine sarcoma 24JK-FBP, demonstrated selective tumor uptake

(6.0% ID per g tumor), but there was high hepatic (38.8% ID per g) and renal

(62.8% ID per g) uptake [87].

4.5.3.3 Vascular Endothelial Growth Factor (VEGF)

There is preclinical and clinical evidence indicating that angiogenesis plays a major

role in the growth and dissemination of malignant tumors [88, 89]. Inhibition of

angiogenesis has yielded promising results in several experimental animal tumor
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models [90, 91]. The most important molecular targets have been vascular endo-

thelial growth factor (VEGF) and its receptor (VEGFR) [92, 93]. We recently have

constructed a targeting vehicle consisting of a human VEGF121 isoform fused to a

novel 15-aa cysteine-containing tag designed for site-specific conjugation of thera-

peutic and diagnostic agents [94] (Fig. 4.4). A boronated 5th generation PAMAM

dendrimer (BD), tagged with a near-infrared (IR) fluorescent dye Cy5, was conju-

gated using the heterobifunctional reagent sulfo-LC-SPDP to BD/Cy5 via reactive

SH-groups, which was generated in the VEGF fusion protein by mild dithiothreitol

(DTT) treatment. The bioconjugate, designated VEGF-BD/Cy5, contained 1050–

1100 boron atoms per dimeric VEGF molecule. VEGF-BD/Cy5 retained the in vitro
functional activity of VEGF121, which was similar to that of native VEGF. Tagging

the bioconjugate with Cy5 dye permitted near-IR fluorescence imaging of its in vi-
tro and in vivo uptake. In vitro uptake was determined by incubating VEGF-BD/Cy5

with VEGFR-2 overexpressing PAE/KDR cells and in vivo uptake was evaluated in

mice bearing s.c. tumor implants. In vitro, the bioconjugate localized in the perinu-

clear region and in vivo it primarily localized in regions of active angiogenesis. Fur-

thermore, depletion of VEGFR-2 overexpressing cells from the tumor vasculature

with VEGF-toxin fusion protein significantly decreased bioconjugate uptake, indi-

cating that these cells were the primary targets of VEGF-BD/Cy5. These studies

demonstrated that VEGF-BD/Cy5 potentially could be used as a diagnostic agent

[94]. Further studies are planned to evaluate its therapeutic efficacy using the F98

rat glioma model, which we have used extensively to evaluate both low and high

MW boron delivery agents [95].

4.5.4

Other Boronated Dendrimers

An alternative method to deliver boron compounds by means of dendrimers is to

incorporate carborane cages within the dendrimer (Fig. 4.5). Parrott et al. have

reported that 4, 8 or 16 carboranes could be inserted into an aliphatic polyester

dendrimer by means of a highly effective synthon, a bifunctional carborane deriva-

tive with an acid group and a benzyl ether protected alcohol [96]. The procedure

employed a divergent synthesis with high yield. The resulting polyhydroxylated

dendrimer was water soluble with a minimum ratio of eight hydroxyl groups per

carborane cage. Carborane-containing dendrimers potentially could be used as bo-

ron delivery agents for BNCT, since it is possible to control the number of carbor-

ane moieties and overall solubility.

4.6

Liposomes as Boron Delivery Agents

4.6.1

Overview of Liposomes

Liposomes are biodegradable, non-toxic vesicles that have been used to deliver both

hydrophilic and hydrophobic agents (Fig. 4.6) [97]. Both classical and PEGylated
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Fig. 4.4. Preparation of a vascular endothelial

growth factor (VEGF) receptor targeting

nanovehicle (VEGF-BD/Cy5). (A) A fifth-

generation (G5) PAMAM dendrimer is initially

reacted with SPDP and the near-infrared dye

Cy5-NHS dissolved in a dimethylformamide–

methanol mixture for 1 h. (B) Reaction with

the polyisocyanato polyhedral borane

Na(CH3)3-NB10H8NCO in a carbonate buffer

(pH 9.0)/9% acetone mixture for 24 h. (C) A

1.5-fold molar excess of DTT is added to the

VEGF monomer in a solution containing 20

mmol L�1 NaOAc (pH 6.5), 0.5 mol L�1 urea

and 0.5 mol L�1 NDSB-221 and incubated at

4 �C for 16 h. (D) The boronated dendrimer is

incubated with the targeting vehicle for 15 min

to produce the VEGF-BD/Cy5 [94].
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Fig. 4.5. Structure of a carborane-containing aliphatic

polyester dendrimer. Carborane cages were incorporated into

the interior of the dendrimer structure and the peripheral

hydrophilic groups improved water solubility and were available

for modification.

Fig. 4.6. Schematic structure of a liposome

that has an aqueous core and a lipid bilayer

membrane. The latter is composed of polar

head groups with hydrocarbon tails. The

liposomal surface can be modified by

PEGylation to prolong its circulation time and

can be linked to either a mAb or a ligand for

targeting.
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(‘‘stealth’’) liposomes can increase the amounts of anticancer drugs that can be de-

livered to solid tumors by passive targeting. Rapidly growing solid tumors have in-

creased permeability to nanoparticles due to increased capillary pore size. These

can range from 100 to 800 nm compared to 60–80 nm for those in normal tissues,

which are impermeable to liposomes. In addition, tumors lack efficient lymphatic

drainage, and, consequently, clearance of extravasated liposomes is slow [98]. Mod-

ification of the liposomal surface by PEGylation or attachment of antibodies or re-

ceptor ligands will improve their selective targeting and increase their circulation

time [98].

4.6.2

Liposomal Encapsulation of Sodium Borocaptate and Boronophenylalanine

4.6.2.1 Boron Delivery by Non-targeted Liposomes

Liposomes have been extensively evaluated as nanovehicles for the delivery of boron

compounds for NCT [99, 100]. In vitro and in vivo studies have demonstrated that

they can effectively and selectively deliver large quantities of boron to tumors and

that the compounds delivered by liposomes have a longer tumor retention time.

BPA is an amino acid analogue that is preferentially taken up by cells with in-

creased metabolic activity, such as tumor cells of varying histopathologic types, in-

cluding melanomas [31, 101], gliomas [102] and squamous cell carcinomas [103,

104]. Because of its low aqueous solubility, BPA has been used as a fructose com-

plex, which has permitted it to be administered i.v. rather than orally [105, 106].

Following i.v. administration of BPA, which had been incorporated into conven-

tional liposomes, there was rapid elimination by the reticuloendothelial system

(RES) with very low blood and liver boron concentrations at 3 h. In contrast, if

BPA was incorporated into liposomes composed of DSPE-PEG, therapeutically use-

ful tumor boron concentrations (>20 mg g�1) were seen at 3 and at 6 h, indicating

that PEG-liposomes had evaded the RES [107]. In addition, BPA has been incorpo-

rated into the lipid bilayer of liposomes, composed of either the positively charged

lipid 1,2-dioleoyl-3-trimethylammonium propane (DOTAP) or the zwitterionic lipid,

1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE) [108]. Cationic liposomes

have been widely used as carriers of biomolecules that specifically target the cell

nucleus [109], which would be advantageous for BNCT. Another clinically used

drug, sodium borocaptate (BSH), has been incorporated into liposomes composed

of DPPC/Chol in a 1:1 molar ratio with or without PEG stabilization [110]. The av-

erage diameter of liposomes containing BSH was in the range 100–110 nm. Both

types of liposomes resulted in a significant improvement in their circulation time

compared with that of free BSH. At 24 h following i.v. injection of PEG-liposomes,

19% of the injected dose of boron was in the blood compared with 7% following

formulation of BSH in conventional liposomes. The mean percent uptake by the

liver and spleen was not significantly different for the two types of liposomes.

However, the blood:RES ratios were higher for PEG-liposomes at all time points,

indicating that a higher fraction of the injected dose of BSH was still in the blood.

Ji et al. have reported that there were no significant differences in the in vitro up-
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take by 9L gliosarcoma cells of free BSH versus a liposomal formulation after 16 h

incubation. However, cellular persistence was increased at 12 and 24 h for BSH-

loaded liposomes [111]. BSH has also been incorporated into transferrin (TF) con-

jugated PEG liposomes (TF-PEG liposomes) [112], which then were taken up by

cells via transferrin receptor-mediated endocytosis. Intravenous administration of

this formulation increased boron retention at the tumor site compared with PEG

liposomes, bare liposomes or free BSH, and suppressed tumor growth following

BNCT. These results suggest that TF-targeted liposomes might be a useful intracel-

lular targeting vehicle.

4.6.2.2 Liposomal Encapsulation of other Boranes and Carboranes

Polyhedral boranes [34] and carboranes [113, 114] are another class of boron com-

pounds that have been used for NCT. They contain multiple boron atoms per mol-

ecule, are resistant to metabolic degradation, and are lipophilic, thereby permitting

easier penetration of the tumor cell membrane [113]. In addition to BSH, carbor-

anylpropylamine (CPA, Fig. 4.7, 4) [115] has been incorporated into conventional

and PEGylated liposomes by active loading, using a transmembrane pH gradient

[115, 116]. Although as many as 13 000 molecules of CPA were loaded into lipo-

somes having a mean average diameter of 100 nm, there was in vitro toxicity

to both the glioblastoma cell line SK-MG-1 and normal human peripheral blood

lymphocytes. Borane anions, such as B10H10
2�, B12H11SH

2�, B20H17OH
4� and

B20H19
3�, and the normal form and photoisomer of B20H18

2�, also have been en-

capsulated into small unilamellar vesicles with mean diameters of 70 nm or less

[117–120]. These were composed of the pure synthetic phospholipids, distearoyl

phosphatidylcholine and cholesterol [117]. Although encapsulation efficiencies

were only 2–3%, following i.v. injection these liposomes were selectively delivered

to tumors in mice bearing the EMT6 mammary carcinoma and had attained boron

concentrations of >15 mg-B g�1, with a T:Bl ratio of >3. Two isomers of B20H18
2�

attained boron concentrations of 13.6 and 13.9 mg g�1 with T:Bl ratios of 3.3 and

12, respectively, at 48 h following administration. The high boron retention and

prolongation of their circulation time was due to interaction with intracellular com-

ponents after it had been released from liposomes within tumor cells [117].

To examine the effect of charge and substitution on the retention of boranes the

two isomers [B20H17NH3]
3� and [1-(2 0-B10H9)-2-NH3B10H8]

3� (5) have been pre-

pared from the polyhedral borane anion [n-B20H18]
2� (6) [118, 119]. The sodium

salts of these two isomers had been encapsulated within small unilamellar lipo-

somes, composed of distearoyl phosphatidylcholine/cholesterol at a 1:1 ratio. Both

isomers of [B20H17NH3]
3� had excellent tumor uptake and selectivity in EMT 6 tu-

mor bearing mice, even at very low injected doses, and this resulted in peak tumor

boron concentrations of 30–40 mg-B g�1 and a T:Bl ratio of@5. Owing to low boron

retention of liposomal Na3[B20H19] and Na4[e
2-B20H17OH] and rapid clearance

of liposomal [2-NH3B10H9]
�, the enhanced retention of liposomal Na3[ae-

B20H17NH3] was not due to the anionic charge or substitution in the borane cage.

Rather, it could be attributed to facile intracellular oxidation to an extremely re-
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Fig. 4.7. Structures of hydrophilic and

lipophilic boron-containing compounds

incorporated into liposomes. Car-

boranylpropylamine (CPA, 4),

[1-(2 0-B10H9)-2-NH3B10H8]
3� (5), [n-B20H18]

2�

(6), [B20H17SH]4� (7), Na3[a2-

B20H17NH2CH2CH2NH2] (9) and boronated

water-soluble acridine (WSA, 11) have been

encapsulated into the aqueous core. K[nido-7-

CH3(CH2)15-7,8-C2B9H11] (8) and cholesteryl

1,12-dicarba-closo-dodecaboranel-carboxylate

(10) have been incorporated into the lipid

bilayer of liposomes.

4.6 Liposomes as Boron Delivery Agents 135



active NH3� substituted [n-B20H18]
2� electrophilic anion, [B20H17NH3]

�. Another

anion, [ae-B20H17NH3]
3�, also was encapsulated into liposomes prepared with 5%

PEG-2000-distearoyl phosphatidylethanolamine as a constituent of the membrane.

These liposomes had longer in vivo circulation times, which resulted in continued

accumulation of boron in the tumor over the entire 48 h, and reached a maximum

concentration of 47 mg-B per g tumor.

[B20H17SH]4� (7), a thiol derivative of [B20H18]
4�, possesses a reactive thiol sub-

stituent that can be oxidized to give the more reactive [B20H17SH]2� anion. Both

species were considered to be essential for high tumor boron retention [120] and

they have been encapsulated into small, unilamellar liposomes. Biodistribution

was determined after i.v. injection into BALB/c mice bearing EMT6 tumors. At

low injected doses, tumor boron concentrations increased throughout the experi-

ment, resulting in a maximum concentration of 47 mg-B per g tumor at 48 h,

which corresponded to 22.2% ID g�1 and a T:Bl ratio of 7.7. This was the most

promising of the polyhedral borane anions that had been investigated for liposo-

mal delivery. Although they were able to deliver adequate amounts of boron to

tumor cells, their application to BNCT has been limited due to their low incorpora-

tion efficiency (@3%).

Lipophilic boron compounds incorporated into the lipid bilayer would be an al-

ternative approach. Small unilamellar vesicles composed of a 3:3:1 ratio of dis-

tearoylphosphatidylcholine, cholesterol and K[nido-7-CH3(CH2)15-7,8-C2B9H11]

(8) in the lipid bilayer and Na3[a2-B20H17NH2CH2CH2NH2] (9) in the aqueous

core were produced as a delivery agents for NCT-mediated synovectomy [121]. Bio-

distribution studies were carried out in Louvain rats that had a collagen-induced

arthritis. The maximum synovial boron concentration was 29 mg per gram of tissue

at 30 h and this had only decreased to 22 mg g�1 at 96 h following i.v. administra-

tion. The prolonged retention by synovium provided sufficient time for extensive

clearance of boron from other tissues so that at 96 h the synovium:blood (Syn:Bl)

ratio was 3.0. To accelerate blood clearance, serum stability of the liposomes was

lowered by increasing the proportion of compound 8 embedded in the lipid bilayer.

Liposomes were formulated with a 3:3:2 ratio DSPC:Ch:8 in the lipid bilayer and 9

was encapsulated in the aqueous core. The boron concentration in the synovium

reached a maximum of 26 mg g�1 at 48 h with a Syn:Bl ratio of 2, following which

it slowly decreased to 14 mg g�1g at 96 h, at which time the Syn:Bl ratio was 7.5

[121].

Another method to deliver hydrophilic boron-containing compounds would be to

incorporate them into cholesterol to target tumor cells expressing amplified low

density lipoprotein (LDL) receptors [122–124]. Glioma cells, which absorb more

cholesterol, have been reported to take up more LDL than the corresponding

normal tissue cells [125–127]. The cellular uptake of liposomal cholesteryl 1,12-

dicarba-closo-dodecaboranel-carboxylate (10) by two fast-growing human glioma cell

lines, SF-763 and SF-767, was mediated via the LDL receptor and was much higher

than that of human neurons. The cellular boron concentration was @10–11�
greater than that required for BNCT [128].
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4.6.3

Boron Delivery by Targeted Liposomes

To improve the specificity of liposomally encapsulated drugs and to increase the

amount of boron delivered, targeting moieties have been attached to the surface

of liposomes. These could be any molecules that selectively recognized and bound

to target antigens or receptors that were overexpressed on neoplastic cells or

tumor-associated neovasculature. These have included either intact mAb molecules

or fragments, and low molecular weight, naturally occurring or synthetic ligands

such as peptides or receptor-binding ligands such as EGF. To date, liposomes

linked to mAbs or their fragments [129], EGF [130], folate [131] and transferrin

[112] have been the most extensively studied as targeting moieties (Fig. 4.8).

4.6.3.1 Immunoliposomes

The murine anti-carcinoembryonic antigen (CEA) mAb 2C-8 has been conjugated

to large multilamellar liposomes containing 10B compounds [132, 133]. The maxi-

mum number of 10B atoms attached per molecule of mAb was@1.2� 104. These

immunoliposomes bound selectively to the human pancreatic carcinoma cell line,

AsPC-1, that overexpressed CEA. Incubating the immunoliposomes with either

MRKnu/nu-1 or AsPC-1 tumor cells suppressed in vitro tumor cell growth follow-

Fig. 4.8. Proposed mechanism of intracellular

boron delivery based on receptor-mediated

tumor cell targeting. Liposomes loaded with a

boron compound (A) are conjugated to a

targeting ligand (e.g., folate, transferrin, or

anti-EGFR antibody). These bind to receptors

on the cell surface (B), and are then

internalized by receptor-mediated endocytosis

(C) into the acidified endosomal/lysosomal

compartment. The boron compound is then

released (D) into the cytosol by liposomal

degradation, endosome/lysosome disruption

or liposome–endosome/lysome membrane

fusion.
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ing thermal neutron irradiation [134]. This was dependent upon the liposomal

concentration of the 10B-compound and on the number of molecules of mAb con-

jugated to the liposomes. Immunoliposomes containing either (Et4N)2B10H10 and

linked to the mAb MGb 2, directed against human gastric cancer [135, 136] or

water-soluble boronated acridine (WSA, 11; Fig. 4.7) linked to trastuzumab, di-

rected against HER-2, have been prepared and evaluated in vitro [129]. There was

specific binding and high uptake of these immunoliposomes, which delivered a

sufficient amount of 10B to produce a tumoricidal effect following thermal neutron

irradiation.

4.6.3.2 Folate Receptor-targeted Liposomes

A highly ionized boron compound, Na3B20H17NH3, has been incorporated into

liposomes by passive loading [131, 137, 138]. This showed high in vitro uptake

by the FR-expressing human cell line KB (American Type Culture Collection CCL

17), which originally was thought to be derived from a squamous cell carcinoma of

the mouth, and subsequently was shown to be identical to HeLa cells, as de-

termined by isoenzyme markers, DNA fingerprinting and karyotypic analysis.

KB-tumor-bearing mice that received either FR-targeted or non-targeted control

liposomes had equivalent tumor boron values (@85 mg g�1), which attained a maxi-

mum at 24 h, while the T:Bl ratio reached a maximum at 72 h. Additional studies

were carried out with the lipophilic boron compound K[nido-7-CH3(CH2)15-7,8-

C2B9H11] (8). This was incorporated into large unilamellar vesicles,@200 nm in di-

ameter, composed of egg PC/chol/8 in a 2:2:1 mol/mol ratio, and an additional 0.5

mol% of folate-PEG-DSPE or PEG-DSPE for the FR-targeted or non-targeted lipo-

somal formulations [139]. Boron uptake by FR-overexpressing KB cells, treated

with these targeted liposomes, was@10� greater compared with those treated with

control liposomes. In addition, BSH and five weakly basic boronated polyamines

were evaluated (Fig. 4.9). Two of these were the spermidine derivatives N5-(4-car-

boranylbutyl)spermidine � 3HCl (12) and N5-[4-(2-aminoethyl-o-carboranyl)butyl]-
spermidine � 4HCl (13). Three were the spermine derivatives N5-(4-o-carboranylbu-
tyl)spermine � 4HCl (14), N5-[4-(2-aminoethyl-o-carboranyl)butyl]spermine � 5HCl

(15), and N 5,N10-bis(4-o-carboranylbutyl)spermine � 4HCl (16). These were incorpo-

rated into liposomes by a pH-gradient-driven remote-loading method with varying

loading efficiencies, which were influenced by the specific trapping agent and the

structure of the boron compound. Greater loading efficiencies were obtained with

lower molecular weight boron derivatives, using ammonium sulfate as the trap-

ping agent, compared with those obtained with sodium citrate.

4.6.3.3 EGFR Targeted Liposomes

Acridine is a water-soluble (WS) DNA-intercalator. Its boronated derivative WSA

has been incorporated into liposomes composed of EGF-conjugated lipids. Their

surface contained @5 mol% PEG and 10–15 molecules of EGF, and 104–105 of

the WSA molecules were encapsulated. These liposomes had EGFR-specific cellu-

lar binding to cultured human glioma cells [130, 140] and were internalized follow-

ing specific binding to the receptor. Following internalization, WSA, primarily, was

138 4 Nanovehicles and High Molecular Weight Delivery Agents for Boron Neutron Capture Therapy



localized in the cytoplasm, and had high cellular retention, with 80% of the boron

remaining cell-associated after 48 h [141].

4.7

Boron Delivery by Dextrans

Dextrans are glucose polymers that consist mainly of a linear a-1,6-glucosidic link-

age with some degree of branching via a 1,3-linkage [142, 143]. Dextrans have been

Fig. 4.9. Structures of five weakly basic boronated polyamines

encapsulated in FR targeting liposomes. The two spermidine

(12, 13) and three spermine derivatives (14–16), which contain

hydrophilic amine groups and lipophilic carboranyl cages, had

DNA-binding properties.
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used extensively as drug and protein carriers to increase drug circulation time [144,

145]. In addition, native or chemically-modified dextrans have been used for pas-

sive targeting to tumors, the RES or active receptor-specific cellular targeting. To

link boron compounds to dextrans [146], b-decachloro-o-carborane derivatives, in

which one of the carbon atoms is substituted by -CH2CHOHCH2-O-CH2CHbCH2,

have been epoxidized and subsequently bound to dextran, with a resulting boron

content of 4.3% (w/w) [147]. The modified dextran could then be attached to

tumor-specific antibodies [147–150]. BSH has been covalently coupled to dextran

derivatives by two methods [151]. In the first, dextran was activated with 1-cyano-

4-(dimethylamino)pyridine (CDAP) and subsequently coupled with 2-aminoethyl

pyridyl disulfide. Then, thiolated dextran was linked to BSH in a disulfide ex-

change reaction. A total of 10–20 boron cages were attached to each dextran chain.

In the second method, dextran was derivatized to a multiallyl derivative (Fig. 4.10,

17), which was reacted with BSH in a free-radical-initiated addition reaction. Using

this method, 100–125 boron cages could be attached per dextran chain, suggesting

Fig. 4.10. Preparation of EGF-targeted, boronated dextrans.

The bioconjugate was prepared by a free-radical-initiated

addition reaction between multiallyl dextran derivatives and

BSH or thiolated EGF at 50 �C using K2S2O8 as an initiator.
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that this derivative might be a promising template for the development of other

HMW delivery agents. By the second method, designed to target EGFR over-

expressing cells, EGF and BSH have been covalently linked to a 70 kDa dextran

(18) [152–154]. Bioconjugates having a few BSH molecules attained maximum in
vitro binding at 4 h with the human glioma cell line U-343 MGaC12:6. In contrast,

there was a slow increase of binding over 24 h for those having many BSH mole-

cules. Although most of the bioconjugates were internalized, in vitro retention

was low, as was in vivo uptake following i.v. injection into nude mice bearing s.c.

implants of Chinese hamster ovary (CHO) cells transfected with the human gene

encoding EGFR (designated CHO-EGFR). However, following i.t. injection, boron

uptake was higher with CHO-EGFR(þ) tumors compared to wild-type EGFR(�)

CHO tumors [155].

4.8

Other Macromolecules used for Delivering Boron Compounds

Polylysine is another polymer having multiple reactive amino groups that has been

used as a platform for the delivery of boron compounds [53, 156]. The protein-

binding polyhedral boron derivative isocyanatoundecahydro-closo-dodecaborate
(B12H11NCO

2�) has been linked to polylysine and subsequently to the anti-B16

melanoma mAb IB16-6 using two heterobifunctional linkers, SPDP and sulfo-

MBS. The bioconjugate had an average of 2700 boron atoms per molecule and re-

tained 58% of the immunoreactivity of the native antibody, as determined by a

semiquantitative immunofluorescent assay or by ELISA. Other bioconjugates pre-

pared by this method had >1000 boron atoms per molecule of antibody and re-

tained 40–90% of the immunoreactivity of the native antibody [53]. Using another

approach, site-specific linkage of boronated polylysine to the carbohydrate moieties

of anti-TSH antibody resulted in a bioconjugate that had@6� 103 boron atoms

with retention of its immunoreactivity [156].

A streptavidin–biotin system has also been developed to specifically deliver boron

to tumors. Biotin was linked to a mAb and streptavidin was attached to the boron-

containing moiety. The indirect linking of boron to the mAb minimized loss of its

immunoreactivity. BSH was attached to poly-(d-glutamate d-lysine) (poly-GL) via a

heterobifunctional agent [157]. This boronated poly-GL then was activated by a car-

bodiimide reagent and in turn reacted with streptavidin. Another approach em-

ployed a streptavidin mutant that had 20 cysteine residues per molecule. BSH

was conjugated via sulfhydryl-specific bifunctional reagents to incorporate @230

boron atoms per molecule [158]. A closomer species with an icosahedral dodecabo-

rate core and twelve pendant anionic nido-7,8-carborane groups has been developed

as a new class of unimolecular nanovehicles for evaluation as a delivery agent for

BNCT [159].
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4.9

Delivery of Boron-containing Macromolecules to Brain Tumors

4.9.1

General Considerations

Drug delivery to brain tumors is dependent upon (1) the plasma concentration pro-

file of the drug, which depends upon the amount and route of administration, (2)

the ability of the agent to traverse the blood brain barrier (BBB), (3) blood flow

within the tumor, and (4) the lipophilicity of the drug. In general, a high steady-

state blood concentration will maximize brain uptake, while rapid clearance will re-

duce it, except in the case of intra-arterial (i.a.) drug administration. Although the

i.v. route is currently being used clinically to administer both BSH and BPA, this

may not be ideal for boron-containing macromolecules, and other strategies must

be employed to improve their delivery.

4.9.2

Drug-transport Vectors

One approach to improve brain tumor uptake of boron compounds has been to

conjugate them to a drug-transport vector by means of receptor-specific transport

systems [160, 161]. Proteins such as insulin, insulin-like growth factor (IGF),

transferrin (TF) [162], and leptin can traverse the BBB. BSH encapsulated in TF-

PEG-liposomes had a prolonged residence time in the circulation and low RES up-

take in tumor-bearing mice, resulting in enhanced extravasation of the liposomes

into the tumor and concomitant internalization by receptor-mediated endocytosis

[163, 164]. Mice that received BSH-containing TF-liposomes followed by BNCT

had significantly longer survival times than those that received PEG-liposomes,

bare liposomes and free BSH, thereby establishing proof-of-principle for transcytosis
of a boron-containing nanovehicle [112].

4.9.3

Direct Intracerebral Delivery

Studies carried out by us have clearly demonstrated that the i.v. route of adminis-

tration is not suitable for delivery of boronated EGF or mAbs to glioma bearing rats

[75, 165]. Intravenous injection of technetium-99m labeled EGF to rats bearing in-

tracerebral implants of the C6 rat glioma, which had been genetically engineered

to express the human EGFR gene, resulted in 0.14% ID localizing in the tumor.

Intracarotid (i.c.) injection with or without BBB disruption increased the tumor up-

take to 0.34 to 0.45% ID g�1, but based even on the most optimistic assumptions

the amount of boron that could be delivered to the tumor by i.v. injection would be

inadequate for BNCT [165]. Direct i.t. injection of boronated EGF (BSD-EGF),

however, resulted in tumor boron concentrations of 22 mg g�1 compared to 0.01

mg g�1 following i.v. injection and almost identical boron uptake values were ob-
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tained using the F98EGFR glioma model [77]. This was produced by transfecting

F98 glioma cells with the gene encoding human EGFR. Based on our biodistribu-

tion results, therapy studies were initiated with the F98EGFR glioma in syngeneic

Fischer rats. F98EGFR glioma bearing rats that received BSD-EGF i.t. had a mean

survival time (MST) of 45G 1 d compared to 33G 2 d in animals that had EGFR-

(�) wild-type F98 gliomas. Since it is unlikely that any single boron delivery agent

will be able to target all tumor cells, the combination of i.t. administration of BSD-

EGF with i.v. injection of BPA was evaluated. This furthered increased the MST to

57G 8 d compared to 39G 2 d for i.v. BPA alone [73]. These data provide proof-of-
principle for the idea of using a combination of low and HMW boron delivery

agents.

4.9.4

Convection-enhanced Delivery (CED)

CED, by which therapeutic agents are directly infused into the brain, is an innova-

tive method to increase their uptake and distribution [166–168]. Under normal

physiological conditions, interstitial fluids move through the brain by both convec-

tion and diffusion. Diffusion of a drug in tissue depends upon its molecular

weight, ionic charge and its concentration gradient within normal tissue and the

tumor. The higher the molecular weight of the drug and the more positively

charged the ionic species, the lower its concentration, then the slower its diffusion.

For example, diffusion of antibody into a tumor requires three days to diffuse

1 mm from the point of origin. Unlike diffusion, however, convection or ‘‘bulk’’

flow results from a pressure gradient that is independent of the molecular weight

of the substance. CED, potentially, can improve the targeting of both low and

HMW molecules, as well as liposomes, to the CNS by applying a pressure gradient

to establish bulk flow during interstitial infusion. The volume of distribution (Vd)

is a linear function of the volume of the infusate (Vi). CED has been used to effi-

ciently deliver drugs and HMW agents such as mAbs and toxin fusion proteins to

brain tumors [168–170]. CED can provide a more homogenous dispersion of the

agent and at higher concentrations than otherwise would be attainable by i.v. injec-

tion [165]. For example, in our own studies, CED of 125I-labeled EGF to F98EGFR

glioma bearing rats resulted in 47% ID g�1 of the bioconjugate localizing in the

tumor compared to 10% ID g�1 in normal brain at 24 h following administration.

The corresponding boron values were 22 and 2.9–4.9 mg g�1, respectively [76].

Based on these results, therapy studies were initiated. F98EGFR-glioma-bearing rats

that received BD-EGF by CED had a MST of 53G 13 d compared to 40G 5 d for

animals that received BPA i.v. [73]. Similar studies have been carried out using ei-

ther boronated cetuximab (IMC-C225) or the mAb L8A4 [171, 172], which is specif-

ically directed against the tumor-specific mutant isoform EGFRvIII; comparable

results were obtained [173]. Direct intracerebral administration of these and other

HMW agents by CED has opened up the possibility that they actually could be

used clinically, since CED is being used to administer radiolabeled antibodies,

toxin fusion proteins and gene vectors to patients with GBM [168–170, 175–179].
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It is only a matter of time before this approach is also used to deliver both low and

HMW boron-containing agents for NCT.

4.10

Clinical Considerations and Conclusions

In this chapter we have focused on HMW boron delivery agents and nanovehicles

that potentially could be used clinically for targeting intra- and extracranial tumors.

Animal studies, carried out in glioma-bearing rats, have demonstrated that boro-

nated EGF and the mAb cetuximab, both of which bind to EGFR, selectively target

receptor (þ) tumors following direct i.c. delivery. Furthermore, following BNCT, a

significant increase in MST was observed, and this was further enhanced if BPA

was administered in combination with the HMW agents. These studies provide

proof-of-principle first for the potential utility of HMW agents and, second, the ther-

apeutic gain associated with combining them with LMW boron delivery agents. A

major question is whether any of these agents will ever be used clinically? There

are several critical issues that must be addressed if BNCT is to ever become a use-

ful modality for the treatment of cancer. First, large clinical trials, preferably

randomized, must be carried out to convincingly demonstrate the efficacy of the

two drugs that currently are being used, BPA and BSH. Once this has been estab-

lished, studies with HMW EGFR targeting agents could move forward. Both direct

i.t. injection [174, 175] and CED [170, 176–179] have been used clinically to deliver

mAbs and toxin fusion proteins to patients who have had surgical resection of their

brain tumors. These studies provide a strong clinical rationale for the direct intra-

cerebral delivery of HMW agents. Initially, the primary focus should be on deter-

mining the safety of administering them to patients prior to surgical resection of

their brain tumors. Once this has been established, then biodistribution studies

could be carried out in patients who were going to have surgical resection of their

brain tumors. Tumor and normal tissues would be analyzed for their boron con-

tent, and if there was evidence of preferential tumor localization with boron con-

centrations in the range 10–20 mg g�1 and normal brain concentrations of <5

mg g�1 then therapy studies could be undertaken. Since there is considerable vari-

ability in EGFR expression in gliomas, it is highly unlikely that any single agent

will be able to deliver the requisite amount of boron to all tumor cells, and they

would be used in combination with BPA/BSH. This general plan would also be

applicable to the other HMW delivery agents and nanovehicles that have been dis-

cussed here. The joining together of chemistry and nanotechnology [180, 181] rep-

resents a major step towards the development of effective boron delivery agents for

NCT. Nanovehicles offer the possibility of tumor targeting with enhanced boron

payloads. Potentially, this could solve the central problem of how to selectively de-

liver a large number of boron atoms to individual cancer cells.

The preceding discussion shows that the development of HMW boron delivery

agents must proceed in step with strategies to optimize their delivery and an appre-
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ciation as to how they would be used clinically. Intracerebral delivery has been used

in clinically advanced settings, but nuclear reactors, which currently are the only

source of neutrons for BNCT, would not be conducive to this. Therefore, the devel-

opment of accelerator neutron sources [24], which could be easily sited in hospi-

tals, is especially important. This would also facilitate the initiation of large-scale

clinical trials at selected centers that treat large numbers of patients with brain

tumors and would permit evaluation of new boron delivery agents. In conclusion,

as should be apparent from this review, a plethora of HMW boron delivery agents

have been designed and synthesized. The challenge is to move from experimental

animal studies to clinical biodistribution studies, a step that has yet to be taken.
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5

Local Cancer Therapy with Magnetic Drug

Targeting using Magnetic Nanoparticles

Christoph Alexiou and Roland Jurgons

5.1

Introduction

A continual problem in cancer therapy is the fact that applied drugs do not have a

selective site of action. To achieve a therapeutic concentration in the region of

interest using systemic administration it is necessary to administer high doses of

drugs. Frequently, the dose of therapeutic agents is limited by their body distribu-

tion and subsequently their negative side effects and toxicity. During the last three

decades many approaches and techniques have been developed in medicine for di-

agnosis and therapy both in vivo and in vitro to obtain a more site-specific transport

of therapeutic agents, especially anticancer drugs in local chemotherapy, so as to

increase the agent’s local concentration in specific body compartments without

harming healthy tissue [1–5]. Targeted drug delivery systems for accumulating

pharmaceuticals in specific areas can be passive, based on specific properties of

pathological tissues or specific characteristics of targeted organs [6], or active, often

magnetically directed as magnetic targeting or magnetic drug delivery, based on

various carrier systems [7]. Inflamed tissues or tumors, for example, differ from

healthy tissue concerning pH, temperature or permeability of the vascular endo-

thelium [8]. This enables the use of drug loaded pH-sensitive or thermosensitive

liposomes to achieve a high amount of the therapeutic agent in the respective tis-

sue [9–11]. Among liposomes, various substances such as peptides or proteins can

be used for targeted drug delivery. Drug-containing monoclonal antibodies can be

used for thrombolysis [12] or tumor-specific antibodies can be employed in cancer

treatment [13, 14]. In addition to reviewing magnetic nanoparticles in biomedi-

cine, this chapter overviews local chemotherapies, focusing especially on regional

cancer therapy with magnetic nanoparticles.

5.2

Local Chemotherapy

The therapeutic effectiveness of drugs, especially of chemotherapeutic agents, is

connected with their cell toxic properties [15]. This cell toxicity can cause a cell-

Nanotechnologies for the Life Sciences Vol. 6
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depression of bone marrow or the gastrointestinal tract. Furthermore, it may

have serious consequences such as mutagenic, teratogenic or cancerogenic effects.

The occurrence of secondary tumors induced by chemotherapy is evaluated at

about 3% [16]. Targeted drug delivery may increase the therapeutic effects, reduce

the costs of therapies and, especially for patients, would mean less negative side

effects.

The easiest way of drug targeting involves local injection directly in the region of

interest, which in cancer therapy is the tumor region (Table 5.1) [17, 18].

Another possibility of local chemotherapy is the intracavital application of cyto-

statics. After systemic administration, chemotherapeutic agents reach the tumor

by the vascular system; given intracavitally the site of action is penetration of the

tumor tissue. The effectiveness of such local chemotherapy depends on a high

plasma clearance and a small cavital clearance of the chemotherapeutic agent

[19], on a good penetration of the tumor tissue and on the tumor size. With tu-

mors larger than 2 cm in diameter, penetration is less and there is no advantage

over systemic administration [20]. Application can be performed intraperitoneally

[21], intrapleurally [22] or intravesically [23].

Secondary liver tumors can be treated by the injection of cytostatics in the portal

vein [24] or in most cases in the hepatic artery [25].

Actually, regional perfusion with chemotherapeutic agents in an isolated circula-

tion is used in treating liver tumors. Furthermore, isolated perfusion is performed

in malignant melanoma of extremities [26].

A very effective palliative treatment of non-resectable hepatocellular carcinomas

is chemoembolization. The combination of embolization and application of che-

motherapeutics induces a high accumulation and a long residence time of the

drug in the tumor [27].

Intraarterial infusion of chemotherapeutics bypasses a possible so-called first-

pass-effect through liver and spleen before reaching the tumor. This results in a

higher concentration of the drug compared with systemic administration. This ef-

fect can be increased by diminishing the arterial flow rate, which can be accom-

plished by the use of balloon-catheters [28], by administration of vasoconstrictive

drugs [29, 30] or embolization [31, 32].

Tab. 5.1. Application techniques of local

chemotherapy.

1. Intratumoral (intralesional) therapy

2. Intracavital therapy

3. Intra-arterial infusion

4. Intraportal infusion

5. Regional perfusion of extremities

6. Chemoembolization
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5.3

Magnetic Drug Delivery

Drug targeting with magnetic carrier systems enables an active transport of drugs

into the respective region. Therefore, therapeutic agents such as drugs [33, 34] or

radioisotopes [35] bound to a magnetic carrier will be injected in the vascular sys-

tem. Under the influence of an external magnetic field this compound will be held

in the targeted area and concentrated in the region of interest. Magnetic particles

have been used in medicine for about 40 years and different sophisticated biomed-

ical applications have been developed. Magnetic particles are frequently used in
vitro and in vivo, depending on their size, surface and coating.

5.3.1

In Vitro Applications

For in vitro applications several biotechnological approaches have been developed.

A molecular-biological diagnostic procedure that has become increasingly impor-

tant is biomagnetic separation. Magnetic nanoparticles are bound to a ligand (i.e.,

antibodies) that can be used to target cells, DNA or bacteria. After binding of the

ligands to the targets they can be separated by the use of an external magnetic

field. Magnetic cell separation is a medical approach of this biomagnetic separation

technique that has become standard for in vitro diagnosis in cancer patients [36,

37]. By the use of superparamagnetic nanospheres (Fig. 5.1) and an automated

magnetic cell separation (MACS2, Miltenyi Biotech2) this system allows the de-

tection of disseminated tumor cells in the peripheral blood of cancer patients.

Another approach for in vitro application of magnetic nanoparticles is Magneto-

fectionTM. Gene vectors bound to starch-coated magnetic nanoparticles are at-

tracted by an external magnetic field and used to transfect cells in vitro. The respec-
tive cells show greater transfection than without the influence of an external

magnetic field [38].

Fig. 5.1. Magnetic particles with homogenous size for the

magnetic cell separation system (Dynabeads4).

158 5 Local Cancer Therapy with Magnetic Drug Targeting using Magnetic Nanoparticles



5.3.2

In Vivo Applications

For in vivo applications the magnetic particles have to be biocompatible. They can

be incorporated in, or coated with, different biological materials. Therefore, differ-

ent carriers have been used, such as magnetic microparticles, magnetoliposomes

or magnetic iron oxide nanoparticles and also ferromagnetic substances. Alksne

et al. (1966) have used carbonated iron and the influence of an external magnetic

field to occlude intracranial aneurysms [39].

McNeil et al. (1995) have described a magnetic guidance system for a promising

use in neurosurgery. Six external electromagnetic coils are able to guide magnetic

neodymium-iron-bor capsules in the brain [40].

Another drug delivery system that can target chemotherapeutic agents is mag-

netic microspheres [41, 42]. Widder et al. have used magnetic albumin micro-

spheres to increase the concentration of drugs in the tumor-region after applying

an external magnetic field to this region [43–46]. Tumor remissions in rats could

be shown [45]. These particles were about 1–7 mm in size. Because of enzymatic

breakdown of the albumin, a controlled release of the incorporated drug could not

be achieved.

Another approach is the use of activated carbonated iron [47, 48]. Allen et al.

(1997) have formulated Magnetically Targetable Carriers (MTCTM) made of iron

and activated carbon bound to the chemotherapeutic agent paclitaxel for targeted

drug delivery [49].

A magnetically targeted carrier bound to doxorubicin (MTC-Dox, FerX2, CA,

USA) has been used to treat hepatocellular carcinomas. In human patients, MTC-

Dox was administered in the hepatic artery while an external magnetic field was

focused to the tumor region. In one case, reduction of tumor size could be shown

[50]. However, another study has described a necrosis of the liver corresponding

to embolization after treatment with these particles [51]. Recently, a global multi-

center phase II/III study using MTC-Dox in human patients had to be stopped

because ‘‘the clinical endpoints of the trial could not be met with statistical signifi-

cance with the product as currently manufactured’’ (FerX2, San Diego, April 30,

2004).

Magnetoliposomes are also used for magnetically targeted drug delivery. These

colloidal particles are composed of a lipid layer and qualified as drug carriers [52].

The chemotherapeutic agent Methotrexat encapsulated in thermosensitive lipo-

somes can be accumulated in the tumor region after intravenous administration

and local hyperthermia [53]. The use of magnetic thermosensitive liposomes and

the influence of an external magnetic field placed over the tumor-region may in-

crease the concentration of the encapsulated drug [54]. Furthermore, thermosensi-

tive magnetoliposomes can also be used for local hyperthermia in cancer treatment

[55]. Whole body hyperthermia in combination with chemotherapy is a very com-

mon approach in cancer treatment. A possibility to achieve local hyperthermia with

magnetic particles is the use of magnetic iron oxide particles, which can be heated

to over 40 �C by an alternating magnetic field after intralesional injection [56].
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The size of albumin-microspheres or magnetoliposomes is in the range of mms.

As a consequence there is a risk of embolization in the capillary system because of

these particles. Also useful for magnetically targeted drug delivery and smaller in

size are magnetic nanoparticles. On nanoparticles, the surface-to-volume ratio is

much higher than on larger particles. Therefore, nanomaterials show completely

new characteristics and can be used for various new approaches. After application

in an organism, different components such as material, size, charge and coating of

the nanoparticles and the bound chemotherapeutic agent have an influence on bio-

compatibility and the biodistribution as well as the applied magnetic field and the

respective gradient [57–68]. Nanoparticles have to be small enough not to occlude

the capillary system and cause embolization, but they have to be large enough to be

attractable by an external magnetic field. Furthermore, nanoparticles over 100 nm

in diameter are more readily cleared by cells of the MPS (mononuclear phagocyte

system) than smaller particles [57]. Research on biocompatible magnetic nanopar-

ticles has focused on superparamagnetic iron oxide nanoparticles (Fe3O4). These

particles have been used as a contrast agent in magnetic resonance imaging for

lymphography [69] (Fig. 5.2).

A first clinical trial with superparamagnetic iron oxide nanoparticles bound to a

chemotherapeutic agent was performed in 1996 by Lübbe et al. [33]. For experi-

mental studies on rats and in a clinical trial on 14 human patients they used

Fig. 5.2. MR-Imaging of iliac lymph nodes in tumor-bearing

rabbits. MRI before (A) and after (B) administration of

superparamagnetic iron oxide particles. There is a

homogeneous signal in healthy lymph nodes (curved arrows)

and an inhomogeneous signal in metastatic lymph nodes [69].
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Fig. 5.3. Histological cross section of a rabbit’s VX2–

squamous cell carcinoma after treatment with intraarterial

magnetic drug targeting (MDT). Arrows show the ferrofluids in

tumor vessels. Staining: Prussian blue; magnification: 200�
[72].

Fig. 5.4. Typical multidomain-particle in the intracellular space

of tumor cells. Single particles (marked with arrows) are

surrounded by starch polymers (not visible in the electron-

microscopic picture) [73].
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starch-coated magnetic nanoparticles ionically bound to epidoxorubicin. It could be

demonstrated that these particles are biocompatible. In another preclinical study,

intraarterial Magnetic Drug Targeting (MDT) on tumor-bearing rabbits was per-

formed using a powerful external magnetic field (1.7 Tesla) placed over the tumor

region. Starch-coated superparamagnetic iron oxide nanoparticles (about 100–150

nm in diameter) ionically bound to the chemotherapeutic agent mitoxantrone

were injected in the tumor supplying artery.

Through this intraarterial MDT, complete tumor remissions could be shown

only by the use of 50% and 20% of the regular systemic chemotherapeutic dose

Fig. 5.5. Concentration of mitoxantrone in

different body compartments 60 min after the

respective injection in percent of the applied

dose. Experiments were performed on tumor-

bearing rabbits (i.a. ¼ intraarterial,

i.v. ¼ intravenous).

1 i.a. application of 5 mg m�2 ferrofluid-

bound mitoxantrone with an external magnetic

field [n ¼ 1, magnetic drug targeting (MDT)].

2 i.a. application of 2 mg m�2 ferrofluid-

bound mitoxantrone with an external magnetic

field (n ¼ 1, MDT).

3 i.v. application of 10 mg m�2 mitoxantrone

without an external magnetic field (n ¼ 1,

application of the regular systemic dose).

4 i.a. application of 5 mg m�2 ferrofluid-

bound mitoxantrone without an external

magnetic field (n ¼ 1).

5 i.a. application of 10 mg m�2

mitoxantrone without an external magnetic

field (n ¼ 1).

ts. ¼ tumor side; opp. ¼ opposite; tumor

region ¼ tumor and surrounding area (<1 cm)

[72].
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without any negative side effects [34, 70, 71]. It could be demonstrated histologi-

cally that the nanoparticles were enriched in the tumor tissue (Figs. 5.3 and 5.4).

Radioactive 59Fe-nanoparticles showed 114� more activity in the tumor region

after MDT than the control without magnetic field [72]. Furthermore, with this

system a high and specific enrichment of the bound chemotherapeutic agent in

a desired body compartment (i.e. the tumor) is possible. HPLC-analysis of the che-

motherapeutic agent after MDT revealed a 75� higher concentration of the

administered chemotherapeutic agent in the tumor region compared with the

regular systemic administration (Fig. 5.5) [72, 73]. These encouraging data will

lead to further studies on cancer patients.
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W., Teller, J., Zborowski, M. (eds.),

Scientific and Clinical Applications of
Magnetic Carriers, Plenum Press, New

York and London, 1997, pp. 481–494.

50 Wilson, M.W., Kerlan, R.K.,

Fidelman, N.A., Venook, A.P., La

Berge, J.M., Koda, J., Gordon, R.L.,

Hepatocellular carcinoma: Regional

therapy with a magnetic targeted

carrier bound to doxorubicin in a

dual MR-imaging/conventional

angiography suite – initial experience

with four patients, Radiology, 2004,
230, 287–293.

51 Goodwin, S.C., Bittner, C.A.,

Peterson, C.L., Wong, G., Single

dose toxicity study of hepatic intra-

arterial infusion of doxorubicin

coupled to a novel magnetically

targeted drug carrier, Toxicol. Sci.,
2001, 60, 177–183.

52 Kubo, T., Sugita, T., Shimose, S.,

Nitta, Y., Ikuta, Y., Murakami, T.,

Targeted delivery of anticancer drugs

with intravenously administered

magnetic liposomes in osteosarcoma-

bearing hamsters, Int. J. Oncol., 2000,
17, 309–315.

53 Weinstein, J.N., Magin, R.L.,

Yatvin, M.B., Zaharko, D.S.,

Liposomes and local hyperthermia:

Selective delivery of methotrexate to

heated tumors, Science, 1979, 13,
188–191.

54 Viroonchatapan, E., Sato, H.,

Ueno, M., Adachi, I., Tazawa, K.,

Horkoshi, I., Magnetic targeting of

thermosensitive magnetoliposomes to

mouse livers in an in situ on-line

perfusion system, Life Sci., 1996, 58,
2251–2261.

55 Shinkai, M., Suzuki, M., Iijima, S.,

Kobayashi, T., Antibody-conjugated

magnetoliposomes for targeting

cancer cells and their application in

hyperthermia, Biotechnol. Appl.
Biochem., 1994, 21, 125–137.

56 Hilger, I., Hiergeist, R., Hergt,

R., Winnefeld, K., Schubert, H.,

Kaiser, W.A., Thermal ablation of

tumors using magnetic nanoparticles:

An in vivo feasibility study, Invest.
Radiol., 2002, 37, 580–586.

57 Storm, G., Belliot, S.O., Daemen,

T., Lasic, D.D., Suface modification

of nanoparticles to oppose uptake by

the mononuclear phagocyte system,

Adv. Drug Deliv. Rev., 1995, 17, 31–48.
58 Torchilin, V.P., Trubetskoy, V.S.,

Which polymer can make

nanoparticulated drug carriers long

circulating?, Adv. Drug Deliv. Rev.,
1995, 16, 141–155.

59 Zhao, A., Yao, P., Kang, C., Yuan,

X., Chang, J., Pu, P., Synthesis and

characterization of tat-mediated O-

CMC magnetic nanoparticles having

anticancer function, J. Magn. Magn.
Mater., 2005, 295, 37–43.

60 Mykhaylyk, O., Dudchenko, N.,

Dudchenko, A., Doxorubicin

magnetic conjugate targeting upon

intravenous injection into mice: High

gradient magnetic field inhibits the

clearance of nanoparticles from the

blood, J. Magn. Magn. Mater., 2005,
293, 473–482.

61 Neuberger, T., Schöpf, B.,
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6.1

Introduction

The enormous advances made in basic cancer research have not been paralleled by

similar improvements in treatment results. Metastatic breast cancer, late-stage

colon cancer, malignant melanoma and other forms of cancer are still essentially

incurable in most cases. Enormous efforts have been made in recent years to de-

velop ‘‘smart drugs’’ that are directed to tumor cell-specific enzymes and surface

receptors. Almost without exception, these drugs have encountered problems in

clinical trials. Today’s cancer treatment is therefore primarily based on the use of

conventional cytotoxic drugs that have adverse side effects and only limited effec-

tiveness. The gains in health that would be achieved by efficient tumor treatment

with fewer side effects (owing to specific targeting to tumor tissue) are therefore

enormous. Cancer is a group of diseases characterized by uncontrolled growth

and spread of abnormal cells. If the growth and spread of cancer cells is not con-

trolled, the disease is fatal. Though in many cases the specific cause of cancer is

unknown, in general it can be caused by several external factors (tobacco, chemi-

cals, radiation, and infectious organisms) and internal factors (inherited mutations,

hormones, immune conditions and mutations that occur from metabolism). The-

ses factors may act together or in sequence to initiate or promote carcinogenesis.

Generally, cancer is treated by surgery, radiation, chemotherapy, hormones and

immunotherapy [1]. Cancer therapy can be successful in treating solid tumors/

cancers in lesions that can be removed by surgery or treated by radiotherapy/

chemotherapy, the major treatment modalities for primary cancer/tumor and me-

tastases. Each of these cancer treatments has advantages and disadvantages, thus

the combination with other treatments is recommended to achieve the optimum

outcome.

Chemotherapy for cancer is a whole body treatment that is administered either

orally or intravenously. This results in systemic distribution of cytotoxic chemo-

therapeutic compounds that can be more effective for the treatment of micro-
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metastases. However, the systemic distribution of cytotoxic compounds results in

more severe side effects (some of which can be life-threatening) compared to sur-

gery or radiotherapy. The major goal of targeted therapies is to reduce the side ef-

fects of cytotoxic drugs, resulting in more effective control of cell growth or tumor

angiogenesis.

Presently, numerous anticancer agents are available in the clinic. These anti-

cancer agent/drugs have an elimination half-life that results in a decrease of thera-

peutic potential and side effects such as bone marrow depression and gastroin-

testinal damage [2]. For example, poly(alkyl cyanoacrylate) nanoparticles as drug

delivery systems (DDSs) play an important role in the incorporation of anticancer

drugs as they can enhance the drug’s concentration in the tumor and reduce drug

levels in the heart, thus avoiding some side effects [3]. Targeting toxic therapeutics

to tumors through binding to receptors overexpressed on the surface of cancer cells

can also reduce systemic toxicity and increase the effectiveness of the targeted com-

pounds. Small molecule-targeted therapeutics have several advantages over toxic

immunoconjugates, including better tumor penetration, lack of neutralizing host

immune response and superior flexibility in the selection of drug components

with optimal specificity, potency and stability in circulation [4].

Novel strategies have been developed to decrease the toxicity of active molecules

by targeting the specific tumor site, where the drug can selectively bind to the tar-

geted tissue at cellular and/or sub-cellular level to influence its therapeutic effects.

The chemotherapeutic activity can be enhanced by using macromolecules as a

vector to control the release rate of anticancer agents. The use of polymeric nano-

particles is mainly focused on controlling the loaded anticancer agent/drug at

the targeted lesion. Polymeric nanoparticles are a form of core–shell structure/

nanocapsule that can be loaded with therapeutic agents. Several kinds of inorganic

or metallic nanoparticles can be used due to their intrinsic physical properties

even without a core–shell structure. Superparamagnetic iron oxide nanoparticles

(SPION) in particular can be used as a transducer for active targeting by respond-

ing to both external ac and dc magnetic fields [5].

Despite major advances in the development of small-scale devices, however,

most DDSs still use small molecules administrated orally, transdermally, parenter-

ally, or through the nose or lung. The emergence of novel, biologically targeted

anticancer agents such as gefitinib (‘‘Iressa’’, ZD1839) has raised the question of

how the dose for later-stage clinical development and clinical use is best deter-

mined. For cytotoxic drugs, because toxic effects and antitumor activity often fall

within the same dose range and are dose dependent, the clinically used dose will

depend on the therapeutic window [6]. Cytostatic drug handling in hospitals is not

unproblematic. Large doses are given of compounds that are highly mutagenic.

Administration of the drugs and also disposal of patient urine etc. is therefore po-

tentially hazardous. Target-oriented, controlled drug delivery will lead to decreases

in the quantities of drugs used and will, therefore, help to reduce these problems.

The development of novel smart biomaterials is already having an enormous effect

on nanomedicine [7].
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6.2

Nanoparticles for Biomedical Applications

Modern technological realizations are concerned with the development of ad-

vanced, multifunctional, and even more ‘‘smart’’ materials for specific applications

in highly integrated biomedical approaches (Table 6.1). These novel interdisciplin-

ary concepts are recently emerging at the intersection of material science and mo-

lecular biotechnology. They are closely associated with surface chemistry and the

physical properties of inorganic nanoparticles, the topics of bioorganic and bio-

inorganic chemistry, and various aspects of molecular biology, recombinant DNA

technology and protein expression, and immunology.

Tab. 6.1. Examples of nano-sized inorganic components in

biomedical applications.

Particle

composition

Particle

size (nm)

Applications Ref.

Metals

Au 2–150 Drug and gene delivery 8

Ag 1–80 Antibody tagged marker 9

Pt 1–20 Sensors and electrodes 10

Co 1–50 Magnetic separation, drug

targeting

11

Semiconductors

CdX (X ¼ S, Se, Te) 1–20 Fluorescent labeling 12

ZnX (X ¼ S, Se, Te) 1–20 Fluorescent labeling 13

PbS 2–18 Photoluminescence 14

TiO2 3–50 Biomedical devices for nerve tissue

monitoring

15

ZnO 1–30 Photoluminescence 16

CaAs, InP 1–15 Nonlinear optics 17

Ge 6–30 Photoluminescence 18

Magnetic

Fe-O 6–40 MR contrast agent, drug delivery [19]

Fe-Pt 2–10 MR contrast agent, drug delivery [20]
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6.2.1

First Generation Nanoparticles

First generation nanoparticles have been available for several years. Colloids are re-

presentative of nanoparticles stabilized in solution to prevent uncontrolled growth,

aggregation, and flocculation of the nanoparticles. Utilization of colloidal process-

ing leads to attractive new concepts for the fabrication of advanced nanostructured

materials. For this reason, many investigations have focused on colloidal process-

ing of inorganic materials through chemical methods.

6.2.2

Second Generation Nanoparticles

As a result of an increasing degree of complexity and sophistication needed

for the engineering of nanostructures for advanced applications, second genera-

tion nanoparticles have emerged. A key aspect here is the need for multifunction-

ality of these materials in which several properties are combined to achieve a

specific function. For example, certain properties could be achieved through the

reduction of building blocks to the nanometer regime, e.g., magnetite (Fe3O4)/

maghemite (gFe2O3) nanoparticles become superparamagnetic at sizes below

about 30 nm. Ferrofluids – which have the fluid properties of a liquid but are

strongly magnetized in applied fields – can be produced by suspending these

sub-30 nm nanoparticles in a suitable media. Ferrofluids are useful as active

components for enhancing the performance of many devices, e.g., mechanical

(seals, bearings and dampers) or electromechanical (loudspeakers, stepper mo-

tors and sensors, etc.). However, by combining the superparamagnetic prop-

erties of ferrofluids with functional chemical groups on the particles’ surface

there are opportunities for advanced applications in magnetically targeted drug

delivery.

For second generation nanoparticles, the surface layer (a few or several mono-

layers) is distinctly different from that of the core material (composition or struc-

ture). Again, such particles are categorized as core–shell structures. The surface

layer may be thin or thick, depending on the functionality required. Figure 6.1

shows a schematic representation of different types of second generation nanopar-

ticles with surface modifications and nanoparticles with a core–shell structure.

Broadly speaking, these particles can also be considered as composite nanopar-

ticles. However, the term nanocomposite generally refers to materials consisting

of a dispersion of nanoparticles within a suitable matrix. The most common exam-

ple of nanocomposites is the precipitation of inorganic (often metal) nanoparticles

within a nanoporous polymer structure. Interestingly, the fundamental properties

of the polymeric materials can be dramatically altered as a result of the dispersion

of few percent of inorganic nanoparticles – particularly with the addition of mag-

netic iron oxides.
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6.2.3

Advanced Generation Nanoparticles

Recently, advanced generation nanoparticles have emerged to meet the need for

the fabrication of more complex nanoparticles. Further to the core–shell struc-

ture, nanoparticles with structures similar to nanocomposites have been fabricated

(nanobeads). In these nanobeads, a single bead consists of a nanocomposite core,

where one or more smaller nanoparticles are dispersed into the matrix. Several

possible combinations of organic and inorganic particles can be dispersed within

the matrix of the core structure. Each dispersed component can be selected to

achieve a specific function or properties of the particle. The surface layer can com-

bine both physical (e.g., diffusion control) and chemical (e.g., allowing certain con-

jugation chemistries) functionality to the particles. In this way, it is possible to

‘‘program’’ the nanobeads with multiple functionalities, suitable for performing

certain tasks, that can be triggered under specific conditions. For example, it is pos-

sible to fabricate such nanobeads that can be magnetically moved or localized for

controlled drug release. The release of the drug can be controlled by diffusion con-

trol of the matrix of the bead or through the control of the porosity of a suitable

shell layer on the surface of the bead. Nanobeads can be programmed to be respon-

sive to the environment, e.g., small variations in temperature or pH. Fabrication of

these advanced generation nanoparticles requires the use of comprehensive and

detailed procedures.

The design and fabrication of biochemically functionalized superparamagnetic

iron oxide nanoparticles and near-infrared light absorbing nanoparticles is of par-

ticular interest for cancer targeting and therapy applications. Figure 6.2 illustrates

a strategy to construct magnetic drug carriers in combination with thermosensitive

polymeric materials. Target-oriented release of drugs encapsulated in polymeric

nanocapsules is presently the most active research area in this field. Processing of

Fig. 6.1. Evolution of second generation

nanoparticles: (a) Nanoparticle coated with

surfactant to form a stable suspension, (b)

nanoparticle coated with a thin metallic layer,

(c) small nanoparticle coated with a porous

ceramic layer and (d) dispersion of core–shell

combination of (a) and (c) for stable

suspension.
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nanoparticles with controlled properties, such as chemical properties (composition

of the bulk, interaction between the particles, and surface charge) and structural

properties (crystalline or amorphous structure, size, and morphology), is the main

feature in designing the nanoprecursors (nanoparticles/nanotube/nanolayer). The

development of supramolecular, biomolecular, and dendrimer chemistries for engi-

neering substances of ångström and nanoscale dimensions has been encouraged

for requirements in nanotechnology. The emerging disciplines of nanoengineer-

ing, nanoelectronics, and nanobioelectronics require suitably sized and functional

building blocks to construct their architecture and devices [21].

Nanoparticles are in the solid phase and may be either amorphous or crystal-

line. They can be constructed to absorb, conjugate and encapsulate therapeutic

agents inside or outside. Several parameters of colloidal systems developed

have been considered, such as the temperature, osmolality and pH of the poly-

merization medium, that could influence the characteristics (morphology and

morphometry, drug content, melting point transition or the enthalpy of transition)

and stability of nanospheres. On the other hand, based on their unique mesoscopic

physical, chemical, thermal and mechanical properties, nanoparticles offer great

potential for many biomedical applications, including bioanalysis and biosepara-

Fig. 6.2. Functional nanoparticles: (A) Coronary plaque

removal by nanofluid of magnetic nanoparticles under RF

magnetic field and (b) multipurpose nanovectors for target

oriented controlled drug release.
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tion, tissue-specific drug therapeutic applications, gene and radionuclide delivery

[5, 22].

To be used effectively in fighting disease, the specific surface chemistry of the

nanoparticles must be tailored for the desired biomedical applications. Magnetic

nanoparticles are also of particular interest as inhomogeneous external magnetic

fields exert a force on them, and thus they can be manipulated or transported to a

specific diseased tissue by a magnetic field gradient. They also have controllable

sizes, so that their dimensions can match either that of a virus (20–500 nm), a pro-

tein (5–50 nm) or a gene (2 nm wide and 10–100 nm long). In addition, super-

paramagnetic particles are of interest because they do not retain any magnetism

after removal of the magnetic field.

6.3

Polymer Materials for Drug Delivery Systems

The past few decades has seen considerable interest in developing biodegradable

nanoparticles as effective drug delivery devices [23]. Biodegradable polymers are

polymers that can be degraded and/or catabolized, eventually to carbon dioxide

and water, by microorganisms (bacteria, fungi, etc.) under natural environments

[24]. However, due to the development of a wide variety of synthetic biocompatible

polymers, the definition has been altered to include many artificially synthesized

polymeric materials. Needless to say, degraded components of the polymers should

not be toxic and should not promote the generation of harmful substances. Bio-

degradable polymers can be classified into three major categories:

1. Polyesters produced by microorganisms.

2. Natural polysaccharides (i.e., chitosan [25–29], dextran [30]).

3. Artificially synthesized polymers, especially aliphatic polyesters, {i.e., polylactide

(PLA) [31, 32], poly(lactide-r-glycolide) (PLGA) [33], and poly(e-caprolactone)

(PCL) [34]}, polyamide (i.e., poly l-lysine [35]), and others such as poly(methyl

methacrylate) (PMMA) [36] and poly(ethyl-2-cyanoacrylate) (PECA) [37], which

have also been developed as nanoparticles for the same purpose.

Biodegradable polymers are not only limited to medical devices and wound dress-

ing, but are also used for the fabrication of scaffolds in tissue engineering [38], and

as DDSs for controlled release of 5-fluorouracil [39], cisplatin [40], lidocaine [41–

43], indomethacin [32, 34], taxol [44], 4-nitroanisole [45], dexamethasone [46],

radioactive compound [47], peptides [48], and proteins [49–54] at characteristic

rates and specific target sites. For DDS, interest has focused on the use of particle

formations prepared from aliphatic polyesters due to their biocompatibility and re-

sorbability. In terms of these required characteristics, numerous workers use poly-

esters produced from glycolic acid and lactic acid polymers, which are approved by

the FDA. These polymers do not require surgical removal after the completion of

drug release [55].
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6.4

Design of Drug Delivery Vectors and Their Prerequisites

The development of micro/nanospheres for novel drug delivery systems has be-

come and important area of research as such systems enable the controlled release

of toxic drugs into the target organs. They also make it possible to deliver useful

drugs into sites of inflammation or tumor cells. One of the most important charac-

teristics required by these materials to be suitable for biomedical applications is

their biocompatibility, especially with respect to their surface chemistry.

Biocompatibility of nanospheres can be further improved by modifying the ter-

minal groups located on the polymer surface as well as its structure. Obviously, it

is important to stabilize the nanospheres sterically by a coating process or chemical

modification so as to minimize recognition by phagocytic cells in the reticuloendo-

thelial system (RES). The most promising materials for this purpose are polymeric

drug carriers. In general, a polymer that tends to lose mass over time within a

living organism is called an absorbable, resorbable, or bioabsorbable, as well as a

biodegradable polymer. In comparison with the strict definition, biodegradable

polymers require enzymes of microorganisms for natural hydrolytic or oxidative

degradation. Regardless of its degradation behavior, this terminology applies to

both enzymatic and non-enzymatic hydrolysis.

The physiochemical properties of the materials should be considered to develop

nanoparticles as vectors for controlled DDS. Toxins must be removed from the

drugs in the patient’s body as quickly as possible. Engineered nanoparticles are

strong candidates for drug detoxification because the particle size is the key to pre-

venting further damage to the patient’s healthy organs [33].

6.4.1

Polymeric Nanoparticles

Numerous factors should be considered when designing a DDS. The first genera-

tion of polymeric vectors is simple core–shell structures/capsules within which the

therapeutic agents are loaded. The second generation of polymeric vectors aims to

enhance degradation rates by synthesizing block copolymers with more than two

different species and by varying the molecular weight of the polymer components.

Obviously, the release time of the therapeutic agents can be effectively improved in

this way by understanding the physiochemical properties of the human body. Even

though the drugs are effectively incorporated into the vectors, the nanoparticles

can be easily agglomerated after dosing via various routes of administration (i.e.,

oral, intravenous, intramuscular, subcutaneous, etc.).

A particular consideration to take into account when designing nanoparticles for

these applications is that the body’s fluids are composed of quite complex compo-

sitions such as water, hormones, plasma (e.g., erythrocytes, leukocytes, platelets),

fats, protein (e.g., albumin, globulin, fibrinogen), and numerous ions etc. For ex-

ample, stable colloidal suspensions of DDS can be prepared simply in water-based

solvent. However, the nanoparticles, once administrated into the blood stream, typ-
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ically create a serious blockage of blood flow due to their agglomeration and parti-

cle growth through interactions with compounds in the blood. Moreover, many

kinds of biological substances are hydrophilic and water soluble, and cannot there-

fore pass through the hydrophobic lipid bilayer membranes. For example, MPEG

has uncharged hydrophilic residues and a very high surface mobility, leading to

high steric exclusion. Therefore, it is expected to effectively improve the biocompat-

ibility of nanoparticles and to possibly avoid accumulation in the RES or the mono-

nuclear phagocyte system. Obviously, it is important to stabilize the nanospheres

sterically by a coating process or chemical modification so as to minimize recogni-

tion by phagocyte cells in the RES.

The most advanced generation of polymeric DDSs has been developed to re-

solve the above-mentioned problems for multifunctional applications. This can be

achieved via the use of nano-biotechnology to fabricate nanovectors with a higher

degree of complexity based on the design and fabrication of bio-active and biocom-

patible, functionalized nanofluids using nanoparticles with several chemistries rel-

evant to specific biological/medical activities.

Surface functionalization of nanovectors is designed to perform the following

tasks:

1. Carrier for certain functional compound, e.g., drug(s) and other materials.

2. Formation of stable suspension in physiologically compatible solutions.

3. Controlled targeting to an organ or tissue within the body of a living animal or

human subject.

4. Keeping the particles in a given location for a desired period.

5. Controlled release of drugs or chemicals through the pores of the shell accord-

ing to defined conditions.

As one of the stimuli-sensitive polymers (SSPs), PNIPAAm is well known as a

thermosensitive polymer due to its distinct phase transition at a specific lower crit-

ical solution temperature (LCST) of 32 �C in water [56–60]. PNIPAAm is hydro-

philic below the LCST but becomes hydrophobic when it is heated up above the

LCST. PNIPAAm has been consistently investigated as it has ‘‘smart’’ characteris-

tics and is being developed for biomedical applications in the form of micelles [56],

tablets [59], and hydrogels.

A new class of temperature-programmed ‘‘shell-in-shell’’ structures with two dif-

ferent copolymers synthesized by a modified-double-emulsion method (MDEM)

has been reported as an advanced generation nanovector [31]. In this approach,

thermosensitive inner shells composed of poly(N-isopropylacrylamide-co-d,l-
lactide) (PNIPAAm-PDLA) with a lower critical solution temperature (LCST) can

be fabricated. This novel concept can effectively load any hydrophilic proteins into

a polymeric DDS and construct an adequate vector together with the programma-

ble release rate. The release rates are governed by several key parameters, which

only involve the PLLA-PEG outer shell, such as the volumetric ratio between the

organic phase and aqueous phase, the interaction parameter between the therapeu-

tic agents and the core domain, tacticity of the copolymer, the encapsulation

efficiency, etc. Figure 6.3 shows a schematic representation of ‘‘shell-in-shell’’
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structures produced by a MDEM. Generally, a hydrophilic protein such as bovine

serum albumin (BSA) can be encapsulated in the polymeric spheres using a

double-emulsion method (DEM), a so-called ‘‘water-in-oil-in-water’’ (w/o/w) emul-

sion method [51, 60, 61]. However, the DEM has a disadvantage with respect to

the stability of amphiphilic polymer spheres because both the inner shells and the

outer shells are composed of the same species of copolymer. Instead, as for the

MDEM, two different kinds of copolymers are sequentially incorporated in the or-

ganic phase to promote enhanced stability of the spheres. In this way, the inner

shells can be prepared with PNIPAAm-PDLA diblock copolymers and the outer

shells can be prepared with PLLA-PEG diblock copolymers.

For another class of thermosensitive nanocarriers, poly[(NIPAAm-r-AAm)-co-
lactic acid] (PNAL) has been reported [62]. As schematically illustrated in Fig.

6.4(b), Au nanoparticles can be directly self-assembled on the surface of PNAL

nanospheres by virtue of primary amino groups coming from acrylamide (AAm)

molecules of the PNAL diblock terpolymer. The primary amino groups can be

strongly bound to noble metals such as gold or silver. Therefore, the ‘‘shell’’ do-

main of Au@PNAL becomes an affinity site for biomolecules to be conjugated.

Furthermore, the LCST of poly(N-isopropylacrylamide-r-acrylamide) (PNA) was

modulated from 32 up to approximately 36 �C through the manipulation of the ra-

tio between N-isopropylacrylamide (NIPAAm) and AAm units. This nanostructure

is expected to serve as a synchronous delivery system by virtue of its Au-modified

surface and hydrophobic inner core site (Fig. 6.4).

Figure 6.5 shows TEM images of the ‘‘shell-in-shell’’ spherical structures of

PLLA-PEG@PNIPAAm-PDLA (parts a and b) and Au@PLLA-PEG@PNIPAAm-

PDLA (c and d). The well-defined PLLA-PEG@PNIPAAm-PDLA can be prepared

by MDEM and the Au nanoparticles are further deposited by self-assembly, result-

ing in hybrid nanosphere, i.e., Au@PLLA-PEG@PNIPAAm-PDLA. The bright

contrast in the TEM images shown in Fig. 6.5(b) can be identified by a distinct

difference in gray scale, which infers the ‘‘shell-in-shell’’ structures are properly

fabricated. By increasing the temperature above the LCST, the inner shell of

Fig. 6.3. Schematic of the fabrication of

Au@PLLA-PEG@PNIPAAm-PDLA: (I)

Formation of the hydrophilic protein-loaded

PNIPAAm-PDLA sphere; (II) construction of

PLLA-PEG@PNIPAAm-PDLA dual-shell

structure via a MDEM; (III) functionalization of

PLLA-PEG@PNIPAAm-PDLA dual-shell

structure with 3-aminopropyltrimethoxysilane

(APTMS); (IV) in situ reduction of Au3þ for the

self-assembly of Au nanoparticles on the

surface of PLLA-PEG@PNIPAAm-PDLA; (V)

completion to load a protein in Au@PLLA-

PEG@PNIPAAm-PDLA by elimination of the

PNIPAAm-PDLA inner shell.
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PLLA-PEG@PNIPAAm-PDLA undergoes the phase transition, resulting in elimi-

nation of the inner shell. Finally, PLLA-PEG@PNIPAAm-PDLA dual-shell struc-

tures are changed to the simple core–shell structure.

Hydrolyzable diblock copolymers of poly(ethylene glycol)-poly(l-lactic acid)

(PEG-PLA) or poly(ethylene glycol)-poly(caprolactone) (PEG-PCL) have been pre-

pared and loaded with doxorubicin for controlled release of the anticancer agent.

The release rates of doxorubicin from the hydrolyzable vector can be modulated

by increasing the amount of PEG in the polymeric systems, and also increased

linearly with the molar ratio of degradable copolymer blended into the non-

degradable membranes. In both nano- (100 nm) and micro-size vectors, the aver-

age release time reflects a highly quantized process in which any given vector is

either intact or retains its encapsulant. Poration occurs as the hydrophobic PLA or

PCL block is hydrolytically scissioned, progressively generating an increasing num-

ber of pore-preferring copolymers in the membrane. The kinetics of this evolving

detergent mechanism underlies the phase behavior of amphiphiles, with transi-

tions from membranes to micelles allowing controlled release [63].

Fig. 6.4. Strategy to fabricate Au@PNAL

spheres: (a) Synthetic pathway to PNAL

diblock terpolymer: (1) NIPAAm; (2) AAm;

(3) PNA; (4) hydroxyl-terminated PNA; (5)

l,l-lactide; (6) PNAL. (b) Schematic of direct

self-assembly of Au nanoparticles on PNAL

nanospheres: step (I) PNAL nanospheres; (II)

direct self-assembly of Au nanoparticles to the

primary amide groups of Aam; (III and IV)

completion of the self-assembly of Au

nanoparticles.
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Chitosan is a polysaccharide obtained by alkaline deacetylation of the naturally

occurring abundant polysaccharide chitin. It is biodegradable, biocompatible, non-

immunogenic, and non-carcinogenic, making it suitable for pharmaceutical appli-

cations [64]. Chitosan tripolyphosphate (TPP) microspheres have been prepared

by spray-drying methods using acetaminophen as a model drug substance. Such

Fig. 6.5. TEM images of PLLA-PEG@PNIPAAm-PDLA

(negatively stained with 2 wt.% ammonium molybdate aqueous

solution for 2 min) (a and b) and Au@PLLA-PEG@PNIPAAm-

PDLA (without staining) (c and d).
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ionically crosslinked chitosan-TPP microspheres afforded slower release rates. The

vectors can be prepared using a higher concentration of chitosan, higher volume of

TPP solution, a higher molecular weight chitosan and/or higher drug loading. In

this study, acetaminophen release rates were mainly controlled by the chitosan-

TPP matrix density and by the degree of swelling of the hydrogel matrix. The over-

all release trend of acetaminophen from spray-dried chitosan-TPP microspheres is

a two-step biphasic process, with an initial burst followed by subsequent slower re-

lease [65]. A complex composite of proteins glycoproteins and proteoglycans has

provided an important model for the design of biomaterials [66, 67]. Recent prog-

ress in the development of methods for incorporating non-natural amino acids into

recombinant proteins using DNA technology points the way to an alternative strat-

egy for preparing new types of drug deliver systems (DDSs).

6.4.2

Inorganic Nanoparticles

Inorganic porous materials are emerging as novel host systems. Owing to some in-

teresting features, such as their biological stability and their drug-releasing proper-

ties, there is a significant and increasing interest in these potential vectors. Several

porous materials have been used, including synthetic zeolites and silica xerogel

materials. MCM 41 is typical mesoporous, templated silica that has been widely in-

vestigated. This material presents nanosized pores that allow the incorporation of

therapeutic agents. The release properties of ibuprofen-loaded MCM 41 show the

feasibility of such systems as vectors for DDS [68].

Porous calcium hydroxyapatite is also used as a vector for anticancer drugs (cis-

platinum). The slow release of cis-platinum from the inorganic vector has been

confirmed by in vitro experiments [69]. When the drug-loaded vector was im-

planted into normal back muscle, or the tibia, sustained release of cis-platinum

was observed during the subsequent 12 weeks. The diffusion rate of cis-platinum

into the blood and other organs (liver, kidney, brain) was <10% of that at the

implanted site. The vector administered into tumors of mice also showed a steady

release of cis-platinum for more than three months. Inhibition of tumor growth

was more obvious after local implantation of the cis-platinum-loaded inorganic

vector than after intraperitoneal administration of cis-platinum. Based on these re-

sults, this novel mesoporous vector shows great potential as controlled DDS of

anticancer agents. It is more attractive in bone tumors because the mechanical

strength of calcium hydroxyapatite permits partial surgical excision and replace-

ment of the bone defect at the same time.

Porous CuX zeolite has been synthesized as an inorganic vector to incorpo-

rate cyclophosphamide (CP). Biochemical and anatomopathological evaluations of

antitumoral effects by oral administration of the CP-loaded CuX zeolite show that

the intensity of the antitumoral effects is similar to that with normal administra-

tion of CP. An advantage of the CP-loaded CuX zeolite is the maintenance of a

CP concentration ranging between 100 and 1000 ng per mL of plasma in the blood

[70].
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6.4.3

Metallic Nanoparticles

Recently, the immobilization of biomolecules, ligands and therapeutic agents onto

the surface of metallic nanoparticles has been the focus of intense activity in bio-

logical engineering and biotechnology [71–77]. Especially, amine groups and cys-

teine residues in the proteins can be bound onto the surface of Au nanoparticles

and can be stabilized electrostatically [71, 75]. In parallel with this work, several

groups have focused on the fabrication of Au nanoparticles-organic/inorganic hy-

brid structures with polyurethane (PU) [71], silica [78–80], polystyrene (PS) [81],

and stimuli-sensitive polymers (SSPs) [31, 62, 82].

Colloidal Au can be used as a vector for therapeutic agents as well as an indicator

for immunodiagnostics. However, the use of these Au nanoparticles for in vivo
DDS was not well established. A colloidal gold (cAu) nanoparticle vector has been

used to target the delivery of tumor necrosis factor (TNF) to a solid tumor growing

in mice [83]. The optimal vector, designated PT-cAu-TNF, consists of molecules of

thiol-derivatized PEG (PT) and recombinant human TNF that can be directly

bound onto the surface of the Au nanoparticles. Following intravenous administra-

tion, PT-cAu-TNF rapidly accumulates in MC-38 colon carcinoma tumors and

shows little to no accumulation in the liver, spleen (i.e., the RES) or other healthy

organs of animals. PT-cAu-TNF was less toxic and more effective in reducing tu-

mor burden than native TNF since maximal antitumor responses were achieved

at lower drug doses. Svarovsky et al. have described the synthesis of Au nano-

shells encapsulated with up to 90 units of the Thomsen-Friedenreich (TF) tumor-

associated carbohydrate antigen (TACA) disaccharide (Galbeta1-3GaINAc-alpha-O-

Ser/Thr) as well as the assembly of a suitably linked designer glycopeptide as a

precursor to similar multivalent presentations on Au. The TF-coated Au nanopar-

ticles are highly stable, water soluble, and easily handled. Improvements in the

linker technology used to attach the disaccharide to the Au nanoparticles led to a

robust multivalent platform. The antigen retains all recognition characteristics

while displayed on this template, as shown by several in vitro assays. This approach
can be used to develop novel therapeutic agents that inhibit protein–carbohydrate

interactions [84].

6.5

Kinetics of the Controlled Release of Anticancer Agents

In vivo treatment requires the release of therapeutic agents into the body; this is

followed by absorption, metabolism, distribution, and elimination of the therapeu-

tic agents that are administered, and subsequent target organ effects, both thera-

peutic and toxic. The process of release followed by absorption, distribution, me-

tabolism, and elimination is referred to as ‘‘pharmacokinetics’’ – a process

commonly represented by a mathematical description of the behavior of a drug,

and possibly its metabolites, in the system. Pharmacokinetics are frequently
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described as what the body does to the drug. A major goal of clinical pharmacology

is to integrate pharmacokinetics and pharmacodynamics so that their relationships

can be understood, and so that drug treatment can be optimized based upon such

an understanding [85].

The release rate of DDS predicted by the diffusion- and the dissolution-based re-

lease systems can be applicable for the controlled-release of drugs during circula-

tion in the blood stream or localization at the target site. Diffusion models are de-

fined literally as a mass transfer process of the individual substance, brought about

by random molecular motion and associated with a concentration gradient. In

monolithic devices, the drug is uniformly mixed within a polymeric matrix and is

present either in a dissolved or dispersed structure.

Generally, the release model of the devices where the drug is dissolved follows

Fickian kinetics. When the drug is dispersed in a polymeric matrix, the rate of re-

lease follows the square root of time kinetics until the concentration of the drug

decreases below the saturation value. In addition, the preferred release profiles of

the drug in bulk degrading systems can be manipulated by adjusting the molecular

weight of the polymer, copolymer composition, crystallinity, loading amounts of

the drug, and interactions between polymer and drug, etc. Generally, drug release

may be diffusion controlled or dissolution controlled, depending on parameters

such as the permeability of the polymer to water, the solubility of the drug in the

polymer and in the water phase, the molecular weight of the drug, etc. With

methotrexate-loaded gelatin nanoparticles, the drug release follows a diffusion-

controlled mechanism [86].

Polakovič et al. have made a significant contribution to the investigation of the

release profiles of model drugs for spherical shapes of DDS [42]. They suggested

that two main models, consisting of the diffusion and the dissolution, should be

considered to determine the release rate of the drug from polymeric spheres. Gen-

erally, drug release mechanisms from micro/nanoparticles should be assumed

based on (a) surface desorption, (b) diffusion through particle pores, (c) diffusion

through intact polymers, (d) diffusion through water swollen polymers and (e) sur-

face or bulk erosion of polymeric matrix [87]. The last phenomenon partly repre-

sents a mechanism of drug-release. However, other factors will change the mor-

phologies of the platforms, resulting in changes to the rate of diffusion for drug

release [42].

6.5.1

Diffusion Model

The release of a drug from a polymeric matrix generally follows Fick’s second

law. The concentration gradient of the spherical particles follows the form given by

Eq. (1).

qc

qt
¼ D

q2c

qr2
þ 2

r

qc

qr

� �
ð1Þ

where c is the local drug concentration at time t and the distance r from the center
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of the particle and D is the diffusion coefficient of the drug in the polymeric

matrix.

Therefore,

c1
c1y

¼ 1�
Xy

n�1

6ðaþ 1Þa
ð9þ 3aþ q2na

2Þ e
�ðq2n=R2ÞDt ð2Þ

a ¼ V=ðVsKpÞ; where V is the bulk liquid volume of the surrounding medium, Vs

is the total volume of the particles qn ¼ lR where l is eigen value and R is radius

of particles.

6.5.2

Dissolution Model

The dissolution model can be expected when a solid drug is dissolved in media.

The dissolution rate of a drug can often be the rate-determining step when the ab-

sorption rates are faster than the dissolution rates (e.g., as with steroids). If the

drugs are not dissolved before they are removed from the intestinal absorption

site, the proper effects can not be expected due to a limited residence time at the

absorption site. Therefore, the rate of the dissolution should be considered rather

than the diffusion model for drugs that are poorly soluble. For this reason, the

dissolution rate of drugs in solid dosage forms is an important parameter in the

design of proper DDSs.

Drug release by the dissolution model can be defined by Eq. (3).

rd ¼ � dc

dt
¼ kðc � Kpc1Þ ð3Þ

where rd is the rate of drug dissolution and k is the dissolution coefficient. The

drug concentration is eliminated after introducing the mass balance and its deriva-

tive in Eq. (3). Integration of the rearranged equation provides the relationship of

c1 with time given in Eq. (4).

c1 ¼
c0

Kpðaþ 1Þ 1� exp � aþ 1

a
kt

� �� �
ð4Þ

Kp ¼ cy=c1y is the partition coefficient characterized by the concentration ratio

of the concentration inside the particles to the bulk liquid drug concentration in

thermodynamic equilibrium.

6.5.3

Kinetics of the Indomethacin (IMC, 1-[p-chlorobenzoyl]-2-methyl-5-methoxy-3-

indoleacetic acid) Release

The release kinetics of IMC as a model drug have been examined with parameters

obtained by comparing the diffusion and dissolution kinetic models. Table 6.2
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summarizes the codes of IMC-loaded PLA-PEO spheres for in vitro experiments on

the controlled-release of IMC. Figure 6.6(a–d), representing LL1, LL2, LL3, and DL1
respectively, shows four different kinetic behaviors. The results of LL1 and DL1 are

in a good agreement with the diffusion model only. However, the release profiles

gradually shift from the diffusion model towards the dissolution model as

c1yVr=c0 decreases. Figure 6.6(b) shows the release profile of LL2, which is more

dissolution-dependent than that of LL1.

A similar phenomenon can be observed in LL3, which shows the greatest

dissolution-dependent characteristics with the lowest c1yVr=c0. Consequently, LL2
has intermediate behavior between the two different models, showing that the in
vitro release profile is located between the diffusion and the dissolution profiles.

This demonstrates that the kinetic models are strongly dependent upon c1yVr=c0.
A high c1yVr=c0 can directly affect the diffusion kinetics. Therefore, a high appar-

ent efficiency ðzÞ can result in an intermediate characteristic between the diffusion-

and dissolution-dependent mechanisms. In addition to the parameters mentioned

above, other parameters should be considered during the fabrication of nano-

spheres for DDS. Yang et al. have reported a correlation between the release behav-

ior and surface porosity of microspheres [61]. They also reported that the organic

phase used for the fabrication of the nanospheres by emulsion/evaporation tech-

niques plays a critical role in determining the overall release characteristics of the

drugs. The fabrication temperature also becomes a critical factor because the shell

of the nanospheres is vulnerable to evaporating solvents with a low-boiling point

such as chlorine-based solvents (i.e., methylene chloride and/or chloroform). The

release rate is increased owing to a larger pore size on the surface of the spheres

when the DDS has a lower Vr. The release profiles of LL1 and DL1 show initial fast

release rates. In contrast, the initial ‘‘bursting’’ behaviors of LL2 and LL3 are less

pronounced. This phenomenon explains that Vr can affect the release rates at

the initial stage, especially within a short period, i.e., as soon as exposed to the

surrounding medium. From the mathematical modeling and in vitro experiments,

we should not use only one model to predict the release behavior of therapeutic

agents because the releasing environments are usually more complicated than ex-

Tab. 6.2. Different series of IMC-loaded PLA-PEO spheres.

Code Organic phaseRatio

(o/w)

Ratio

(drug/

polymer)

Water

phase

(mL) PLA soln

(mL)

IMC soln

(mL)

LL1 0.11 1 3 0.165 0.165

LL2 0.22 1 3 0.330 0.330

LL3 0.33 1 3 0.660 0.660

DL1 0.11 1 3 0.165 0.165
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pected. Thus, proper assumptions and possible variables should be considered for

both theoretical and practical applications.

6.6

Controlled Release of Anticancer Agents

Although biomaterials (biologically derived components) are useful for new medi-

cal treatments, critical problems in biocompatibility, mechanical properties, degra-

dation and numerous other issues remain. Stealth properties and responsiveness

to factors such as pH, temperature, specificity and other critical problems have to

be resolved. The possibility of delivering cytotoxic agents directly into tumor cells

has several advantages: drug losses in the bloodstream and upon liposome–cell in-

teraction are minimized and the preparation of drug-loaded nanoparticles becomes

simpler. To be effective, a material must possess several attributes, including the

ability to condense therapeutic molecules to a size of less than 150 nm so that it

can be taken up by receptor-meditated endocytosis, the ability to be taken up by

endosomes in the cell and to allow therapeutic molecules to be released in active

form, and to enable it to travel to cell’s nucleus. Moreover, gene therapy is gaining

in popularity as a medical treatment for cancer, tumors, Alzheimer’s diseases, dia-

betes etc.; however, the clinical efficacy is lower than expected due to the detergent

effect. When administered directly into the blood vessel or lesion, the therapeutic

molecules are taken up by other healthy organs/cells and the residual time in bio-

logical systems is less than 2 h, and thus the pharmacological action is diminished.

In addition, it has been reported that therapeutic molecules taken up by healthy

organs/cells undergo mutation and may cause other, more serious diseases, in-

cluding cancer. Also, most antitumor agents are hydrophilic compounds and,

therefore, cannot be retained within the membrane. Thus, the use of prodrug

forms of anticancer agents to alter the phase behavior of the chemicals is becom-

ing more popular.

6.6.1

Alkylating Agents

Alkylating reagents are chemical reagents that have an alkyl group such as propyl

in place of a nucleophilic group. They include several cytotoxic drugs, some of

which react specifically with N7 of the purine ring, resulting in depurination of

DNA. These alkylating drugs interact with DNA and prevent the division of the

cells.

The alkylation of DNA bases can disrupt the replication mechanism of the cell.

The nitrogen bases in DNA molecules are nucleophilic and can be easily alkylated.

If the N–H groups are replaced by N–R groups then the DNA base pairing is dis-

rupted and can lead to cellular dysfunction. This should have an effect on the

replication of cancerous cells, thus leading to a slow-down or stoppage of growth

of the cancer.
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6.6.1.1 Chlorambucil

Chlorambucil (pronounced ‘‘klor-AM-byoo-sill’’) is a well-known anticancer agents

for blood cancers and acts to reduce the number of blood cells. It is also used to

treat other cancers such as lymphomas. Chlorambucil is an aromatic derivative of

mechlorethamine and is closely related in structure to melphalan. The therapeutic

effects are the slowest acting and generally least toxic among the alkylating agents.

Alkylation of DNA results in breaks in the DNA molecule as well as crosslinking of

the twin strands, thus interfering with DNA replication and transcription of RNA.

Like other alkylators, chlorambucil is cell cycle phase-nonspecific [88, 89].

Leroux et al. have demonstrated that polymeric nanoparticles can be loaded with

chlorambucil (8.52% m/m) with an entrapment efficiency of 60%. Polymeric nano-

spheres have been prepared by emulsification of a benzyl alcohol solution of a

polymer in a hydrocolloid-stabilized aqueous solution followed by dilution of the

emulsion with water. Nanoparticles as small as 70 nm in diameter can be produced

by increasing the percentage of poly(vinyl alcohol) to 27.5% in the external phase.

The particle size can be controlled by using gelatin instead of poly(vinyl alcohol)

and the smallest nanoparticles, with an average size of 70 nm, can be obtained

[90].

Chitin-based biodegradable microspheres have also been investigated for their

ability to encapsulate chlorambucil as a model drug. The polymer sphere can be

prepared by directly blending chitin with different contents of poly(d,l-lactide-co-
glycolide 50:50) (PLGA 50/50) in dimethylacetamide–lithium chloride solution,

followed by coagulating in water via wet phase inversion. Chlorambucil-loaded

chitin/PLGA (50/50) has a two-step release mechanism. In the initial stage, the

drug release rate increases with increased chitin content due to hydration and sur-

face erosion of the hydrophilic chitin phase; however, the subsequent slow release

is sustained for several days, mainly due to bulk hydrolysis of the hydrophobic

PLGA phase [91].

6.6.1.2 Cyclophosphamide

Cyclophosphamide is a cyclic phosphamide ester of mechlorethamine. It is trans-

formed via hepatic and intracellular enzymes into active alkylating metabolites,

acrolein and phosphoramide mustard. Cyclophosphamide prevents cell division

primarily by crosslinking DNA strands. This anticancer agent is applicable to

breast cancer, lung cancer, multiple myeloma, mycosis fungoides, neuroblastoma

and retinoblastoma etc. It must be handled carefully as it is considered to be

highly carcinogenic in humans. Cyclophosphamide-loaded poly(butyl cyanoacry-

late) nanospheres have been investigated to obtain a suitable and tolerated ocular

delivery device for therapeutic applications, involving treatment of severe ocular in-

flammatory processes that localize in the anterior chamber of the eye [92, 93].

Local delivery of 4-hydroperoxycyclophosphamide (4HC derived from cyclophos-

phamide) has been carried out via a controlled-release biodegradable polymer

to determine whether the use of a polymer vector can enhance efficacy. Ninety

Fischer 344 rats implanted with 9L or F98 gliomas were treated with an intra-

cranial polymer implant containing 0–50% loaded 4HC in the polymer. The 20%
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4HC-loaded polymers caused minimum local brain toxicity and maximum sur-

vival. These polymers were then used to compare the in vivo efficacy of 4HC to

BCNU in rats implanted with 9L glioma. Animals with brain tumors treated with

4HC had a median survival of 77 days compared to that of 21 days in BCNU-

treated animals and 14 days in untreated animals. Long-term survival for more

than 80 days was 40% in the 4HC-treated rats versus 30% in the BCNU-treated

rats.

In conclusion, 4HC-impregnated polymers provide an effective, safe local treat-

ment for rat glioma [94].

6.6.1.3 Carmustine

Carmustine [BCNU, 1,3-bis(2-chloroethyl)-l-nitrosourea] is a highly lipophilic ni-

trosourea compound that undergoes hydrolysis in vivo to form reactive metabolites.

These metabolites cause alkylation and crosslinking of DNA. Nitrosoureas gener-

ally lack cross-resistance with other alkylating agents [88, 89]. The US Food and

Drug Administration (FDA) approval of Gliadel1 in 1996 represented the first

new treatment approved for brain tumors in over 20 years. It has also been ap-

proved by numerous regulatory agencies worldwide.

Gliadel1 is a polymer–drug combination that delivers the chemotherapeutic

agent carmustine directly to the site of a brain tumor via controlled release from a

biodegradable matrix [95]. To compare the effectiveness of lipid microspheres with

Gliadel1, Takenaga has incorporated a BCNU into lipid microspheres by homoge-

nizing a soybean oil solution of BCNU with egg yolk lecithin. Compared with the

corresponding conventional dose of BCNU, the lipid microsphere-encapsulated

BCNU significantly enhanced antitumor activity with reduced toxicity in mice

with L1210 leukemia. Lipid nanospheres with an average size of 50 nm also

showed a similar level of in vivo antitumor activity. In this report, [14C]triolein up-

take by L1210 leukemia cells was increased by incorporation into microspheres.

The nanospheres showed a longer in vivo half-life due to the avoidance of cellular

uptake by the RES, resulting in higher accumulation at the tumor sites [96].

6.6.2

Antimetabolic Agent

6.6.2.1 Cytarabine

Cytarabine is metabolized intracellularly into its active triphosphate form (cytosine

arabinoside triphosphate). This metabolite then damages DNA by multiple mecha-

nisms, including the inhibition of a-DNA polymerase, inhibition of DNA repair

through an effect on b-DNA polymerase, and incorporation into the DNA. The

latter mechanism is probably the most important. Cytotoxicity is highly specific

for the S phase of the cell cycle [88, 89]. Ellena et al. have investigated the distribu-

tion of phospholipid and triglyceride molecules in the membranes forming the

nonconcentric vesicular network within a multivesicular lipid particle (MLP). MLP

formulations exhibited controlled release of encapsulated pharmaceuticals on time

scales of a few days to a few weeks. The MLP can be synthesized by a double emul-
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sification process with a neutral lipid such as a triglyceride. MLP formulations with

the antineoplastic agent cytarabine encapsulated in the aqueous compartments

have been prepared that further contained [13C]carbonyl-enriched triolein. This

rational approach can be used to develop MLP formulations with variable rates of

sustained release, modulated by changes in the distribution of various phospholi-

pids and triglycerides [97].

6.6.2.2 Fluorouracil (FU)

Fluorouracil was developed in 1957 based on the observation that tumor cells uti-

lized the base pair uracil for DNA synthesis more efficiently than did normal cells

of the intestinal mucosa. It is a fluorinated pyrimidine that is metabolized intracell-

ularly to its active form, fluorodeoxyuridine monophosphate (FdUMP). The active

form inhibits DNA synthesis by inhibiting the normal production of thymidine.

Fluorouracil is cell cycle phase-specific (S phase) [88]. 5-Fluorouracil (5-FU)-loaded

poly(l-lactide) (PLLA) or its carbonate copolymer microspheres have been prepared

by a modified oil-in-oil (o/o) emulsion solvent evaporation technique. The dis-

persed phase was a solvent mixture of N,N-dimethylformamide (DMF) and

acetonitrile, and the continuous phase was liquid paraffin containing 1–10% (w/v)

Span 80(R). Using this modified process, microspheres with various particle sizes

can be prepared with high 5-FU entrapment efficiency (@80%). In vitro drug

release experiments showed a burst release of 5-FU from PLLA microspheres,

followed by a sustained release over 50 days. With other vectors, poly(l-lactide-

co-1,3-trimethylene carbonate) (PLTMC) and poly(l-lactide-co-2,2-dimethyl-1,3-

trimethylene carbonate) (PLDTMC), the drug release rate can be prolonged to

over 60 days [98].

Roullin et al. have developed 5-FU-loaded poly(l-lactide-co-glycolide) (PLGA) mi-

crospheres to deliver therapeutic agents into the CNS for stereotactic intracerebral

implantation [39]. In vivo experiments with C6 glioma-bearing rats showed prom-

ising results – the median survival time was doubled [99]. A phase I–II pilot study

was conducted on eight patients with high-grade glioma who underwent surgical

removal before 5-FU-loaded microspheres were implanted. After 18 months the pa-

tients’ survival rate and welfare was improved [100]. Microsphere fate and the 5-FU

diffusion area from these particles in the brain was also investigated, depending on

the inserted locations of the drug-loaded microspheres. [3H]5-FU microspheres

were used to evaluate diffusion areas from the implantation site [39].

Another approach for controlled DDSs into the brain has also been developed

using implantable, biodegradable microspheres. The strategy was evaluated ini-

tially to provide localized and sustained delivery of the radiosensitizer 5-FU after

patients underwent surgical resection of malignant glioma [101].

6.6.2.3 Methotrexate

Methotrexate and its active metabolites compete for folate-binding sites of the en-

zyme dihydrofolate reductase. Folic acid must be reduced to tetrahydrofolic acid by

this enzyme for DNA synthesis and cellular replication to occur. Competitive inhi-

bition of the enzyme leads to blockage of tetrahydrofolate synthesis, depletion of
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nucleotide precursors, and inhibition of DNA, RNA and protein synthesis. Metho-

trexate is cell cycle phase-specific (S phase) [88, 102]. Methotrexate can be widely

employed for breast cancer, bladder cancer and head and neck cancer, etc.

ABA-type triblock copolymers of poly(trimethylene carbonate)-poly(ethylene

glycol)-poly(trimethylene carbonate) were synthesized by ring-opening polymeriza-

tion. The anticancer drug methotrexate was loaded into a core–shell structure of

polymeric nanoparticles 50–160 nm in diameter. Generally, the release rate of

methotrexate from the nanoparticles was comparatively faster than that of micro-

sphere systems due the higher surface area and smaller particle size [103].

Hydrophilic gelatin nanoparticles have also been prepared that incorporated the

methotrexate by solvent evaporation techniques based on a single water-in-oil (w/o)

emulsion with glutaraldehyde as a crosslinking agent. The mean diameter of the

methotrexate-loaded gelatin particles was 100–200 nm [86].

6.6.3

Anticancer Antibiotics

6.6.3.1 Actinomycin D

At low concentrations actinomycin D inhibits DNA-directed RNA synthesis and

at higher concentrations DNA synthesis is also inhibited. All types of RNA are af-

fected, but ribosomal RNA is more sensitive. Actinomycin D binds to double-

stranded DNA, permitting RNA chain initiation but blocking chain elongation.

Binding to the DNA depends on the presence of guanine. It is applicable to the

treatment of testicular, ovarian, and germ cell cancers. Isobutyl cyanoacrylate nano-

particles loaded with actinomycin D were shown to concentrate preferentially in rat

mesangial cells and to increase the drug’s uptake in these cells in vitro and in vivo,
as compared to the free drug. Drug targeting by nanoparticles to renal cells and

macrophages may be possible, resulting in a lowering of the critical level of drug

dosage in tubular cells and a reduction of tubular toxicity [104].

The effects of atinomycin D-loaded poly(methyl cyanoacrylate) nanoparticles on

the growth of a transplantable soft tissue sarcoma has also been investigated in a

rat model. Actinomycin D-loaded poly(methyl cyanoacrylate) nanoparticles showed

a greater inhibitory action than the free drug on the growth of the S250 sarcoma

but the nanoparticles alone did not demonstrate any significant antitumor effect

[105]. This study demonstrated that, 24 h after injection, adsorbed actinomycin D

is 5.6-, 44- and 64-fold more concentrated than the free drug in muscle, spleen and

liver, respectively [106].

6.6.3.2 Bleomycin

Bleomycin is an antineoplastic antibiotic. It is used to treat several types of cancer,

including cervical and uterine cancer, head and neck cancer, testicular and penile

cancer, and certain types of lymphoma. Bleomycin causes DNA strand scission

through formation of an intermediate metal complex requiring a metal ion cofac-

tor such as copper or iron. This action results in inhibition of DNA synthesis and,

to a lesser degree, in inhibition of RNA and protein synthesis. The drug is cell
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cycle-specific for G phase, M-phase and S phase [107]. Manipulation of the physi-

cochemistry of water-soluble polymers such as glycolchitosan can be used to create

hybrid materials for drug delivery and gene delivery with biocompatibility. Glycol

chitosan modified by the attachment of a strategic number of fatty acid pendant

groups (11–16 mol%) assembles into unilamellar, polymeric vesicles in the pres-

ence of cholesterol. An ammonium sulfate gradient bleomycin (MW 1400), for ex-

ample, can be efficiently loaded onto these polymeric vesicles to yield a bleomycin-

to-polymer ratio of 0.5 units mg�1 [108].

Bleomycin has been conjugated to carbon nanoparticles as a new DDS for the

treatment of digestive cancer. In this way, higher levels of anticancer drug can be

localized to the regional lymph nodes and at the injection site compared with dis-

tribution of the drug in aqueous solution. In 12 patients with histologically proven

carcinoma, bleomycin-conjugated carbon nanoparticles were injected endoscopi-

cally into the primary lesions. Endoscopic injection of this dosage formulation

shows that it can control these digestive cancers in patients in whom operation is

contraindicated [109].

Formulations of ultra-deformable liposomes containing bleomycin (BleosomeTM)

also have been reported and proposed for topical treatment of skin cancer [110].

BleosomeTM exerted a lethal effect on human keratinocytes cell lines and a cell

line derived from a primary carcinoma in vitro when loaded with sufficient bleomy-

cin. The cell line, derived from squamous cell carcinoma, seemed to be more sus-

ceptible to BleosomeTM than HPV-immortalized keratinocytes (NEB-1) [111].

6.6.3.3 Daunorubicin

Daunorubicin is an anthracycline antibiotic that damages DNA by intercalating

between base pairs, resulting in uncoiling of the helix, ultimately inhibiting DNA

synthesis and DNA-dependent RNA synthesis [112]. DaunoXome2, a tumor-

targeting daunorubicin liposome, is commercially available and its beneficial ef-

fects are well reported. It is a formulation of daunorubicin in small unilamellar

vesicles (SUVs) composed of highly pure distearoylphosphatidylcholine (DSPC)

and cholesterol in a 2:1 mole ratio. Several countries have approved DaunoXome2
for use in for treating Kaposi’s sarcoma (KS) in HIV-positive patients. Preclinical

investigations indicate that DaunoXome2 increases in vivo daunorubicin tumor

delivery by about ten-fold over conventional drugs, yielding a comparable increase

in therapeutic efficacy [113].

6.7

Future Directions

Although many trials on different types of DDS have been reported, these labora-

tory experiments still remain far from clinical application due to matters of their

reproducibility and production. New strategies for the design of DDS vectors

should be developed to move these systems into the clinic by decreasing the toxic-

ity of anticancer agents and targeting them to malignant tissues. Furthermore,
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novel techniques for the effective loading of active molecules and surface activation

(i.e., antibodies and functional groups) for active targeting are essential to improve

the therapeutic effectiveness by reducing both the dose and the side effects. Several

functions should be considered, such as effective targeting, maximum uptake and

retention at the target sites, and rapid clearance after finishing the mission. For

this reason, the generation of intelligent smart biomaterials (ISB) based on nano-

technology is being intensively investigated for controlled DDS of anticancer

agents and is already having an enormous effect on nanomedicine as a new re-

search field.

While many of nanoparticle synthesis techniques have focused on the empirical

basis for controlled release of anticancer agents, increasing demand for multifunc-

tional vectors represents a major fabrication challenge. These vectors should be

designed to integrate several aspects: (a) theoretical and practical considerations of

the evolution of novel phenomena coming from their composition and size, (b) de-

sign of complex or composite structures with given morphology required for multi-

functionality, (c) generation and assembly of new molecular and macromolecular

structures using suitable processing routes, (d) incorporation of drugs to be deliv-

ered to the target cells, and (e) modification of the nanoparticulate surfaces and in-

terfaces, rendering them suitable for interaction with the target.

To develop artificial synthetic biomaterials based on nanotechnology for cancer-

oriented drug delivery systems (CoDDS), we should consider the extracellular ma-

trix biology, cell receptors and immunology, and how the body responds to specific

materials. These novel vectors should incorporate hydrophobic/hydrophilic drugs

with active surface modifications by the attachment of active functional ligands

for passive targeting at specific target organs, receptors, etc.

Moreover, novel concepts of ISB for CoDDS can be developed based on core–

shell, mesoporous nanotechnology. These vectors can be programmed to respond

to external environmental conditions, e.g., pH, ionic strength, temperature, ultra-

sound, radiation, magnetic fields, UV-light, etc. The development of suitable nano-

structures, methodologies for drug incorporation, methodologies for controlling

releasing rates, and acceptable biological activity should be considered in the de-

sign process.

Targeting is also an important concept for CoDDS. Passive and active targeting to

specific lesions, degradation/release rates, and surface activation/functionalization

should be considered for optimization of these systems. Toxicology and pharmaco-

logical evaluation are also important factors. Thus, the therapeutic compounds,

loading methods, quantity and efficacy, etc. should all be carefully considered dur-

ing the design proper vectors.

References

1 American Cancer Society, http://

www.cancer.org.

2 F. L. Mi, S. S. Shyu, C. Y. Kuan, S. T.

Lee, K. T. Lu, S. F. Jang, Chitosan-

polyelectrolyte complexation for the

preparation of gel beads and con-

192 6 Nanomaterials for Controlled Release of Anticancer Agents



trolled release of anticancer drug. I.

Effect of phosphorous polyelectrolyte

complex and enzymatic hydrolysis of

polymer, J. Appl. Polym. Sci. 1999, 74,
1868–1879.

3 S. Golubovic, B. Z. Radmanovic,

Increase of corneal graft-survival by

use of topically immunosuppressive

agents in rabbits, Graefes Arch. Clin.
Exp. Ophthalmol. 1988, 226, 288–290.

4 M. Dyba, N. I. Tarasova, C. J.

Michejda, Small molecule toxins

targeting tumor receptors, Curr.
Pharm. Des. 2004, 10, 2311–2334.

5 Q. A. Pankhurst, J. Connolly, S. K.

Jones, J. Dobson, Applications of

magnetic nanoparticles in

biomedicine, J. Phys. D: Appl. Phys.
2003, 36, R167–R181.

6 M. Wolf, H. Swaisland, S.

Averbuch, Development of the novel

biologically targeted anticancer agent

gefitinib: Determining the optimum

dose for clinical efficacy, Clin. Cancer
Res. 2004, 10, 4607–4613.

7 M. P. Lutolf, J. A. Hubbell,

Synthetic biomaterials as instructive

extracellular microenvironments for

morphogenesis in tissue engineering,

Nat. Biotechnol. 2005, 23, 47–55.
8 L. Ren, G. M. Chow, Synthesis of nir-

sensitive Au-Au2S nanocolloids for

drug delivery, Mater. Sci. Eng., C 2003,

23, 113–116.

9 M. Morawski, T. Reinert, C.

Meinecke, T. Arendt, T. Butz,

Antibody meets the microbeam – Or

how to find neurofibrillary tangles,

Nucl. Instrum. Methods Phys. Res., Sect.
B 2005, 231, 229–233.

10 K. Sivakumar, B. Panchapakesan,

Electric field-assisted deposition of

nanowires on carbon nanotubes for

nanoelectronics and sensor

applications, J. Nanosci. Nanotechnol.
2005, 5, 313–318.

11 J. Connolly, T. G. St Pierre, M.

Rutnakornpituk, J. S. Riffle, Cobalt

nanoparticles formed in polysiloxane

copolymer micelles: Effect of

production methods on magnetic

properties, J. Phys. D: Appl. Phys. 2004,
37, 2475–2482.

12 C. Barglik-Chory, D. Buchold,

M. Schmitt, W. Kiefer, C. Heske,

C. Kumpf, O. Fuchs, L. Weinhardt,

A. Stahl, E. Umbach, M. Lentze,

J. Geurts, G. Muller, Synthesis,

structure and spectroscopic

characterization of water-soluble CdS

nanoparticles, Chem. Phys. Lett. 2003,
379, 443–451.

13 L. Meng, Z. X. Song, Applications of

quantum dots to biological medicine,

Prog. Biochem. Biophys. 2004, 31,
185–187.

14 A. Martucci, J. Fick, S. E. LeBlanc,

M. LoCascio, A. Hache, Optical

properties of PbS quantum dot doped

sol-gel films, J. Non-Cryst. Solids 2004,
345–346, 639–642.

15 D. S. Koktysh, X. R. Liang, B. G.

Yun, I. Pastoriza-Santos, R. L.

Matts, M. Giersig, C. Serra-

Rodriguez, L. M. Liz-Marzan, N. A.

Kotov, Biomaterials by design: Layer-

by-layer assembled ion-selective and

biocompatible films of TiO2 nano-

shells for neurochemical monitoring,

Adv. Funct. Mater. 2002, 12, 255–265.
16 T. Hirai, Y. Asada, Preparation

of ZnO nanoparticles in a reverse

micellar system and their photo-

luminescence properties, J. Colloid
Interface Sci. 2005, 284, 184–189.

17 R. A. Ganeev, M. Baba, A. I.

Ryasnyansky, M. Suzuki, H. Kuroda,

Laser ablation of GaAs in liquids:

Structural, optical, and nonlinear

optical characteristics of colloidal

solutions, Appl. Phys. B 2005, 80,

595–601.

18 H. Yang, R. Yang, X. Wan, W. Wan,

Structure and photoluminescence of

Ge nanoparticles with different sizes

embedded in SiO2 glasses fabricated

by a sol–gel method, J. Cryst. Growth
2004, 261, 549–556.

19 M. Mikhaylova, D. K. Kim, N.

Bobrysheva, M. Osmolowsky, V.

Semenov, T. Tsakalakos, M.

Muhammed, Superparamagnetism of

magnetite nanoparticles: Dependence

on surface modification, Langmuir
2004, 20, 2472–2477.

20 D. K. Kim, D. Kan, T. Veres, F.

Normadin, J. K. Liao, H. H. Kim,

S.-H. Lee, M. Zahn, M. Muhammed,

References 193



Monodispersed Fe–Pt nanoparticles

for biomedical applications, J. Appl.
Phys. 2005, 97, 10Q918.

21 A. S. Edelstein, R. C. Cammarata,

Nanomaterials: Synthesis, Properties and
Applications, Institute of Physics

Publishing, London, 1998.

22 A. K. Gupta, M. Gupta, Synthesis and

surface engineering of iron oxide

nanoparticles for biomedical

applications, Biomaterials 2005, 26,
3995–4021.

23 K. S. Soppimath, T. M. Aminabhavi,

A. R. Kulkarni, W. E. Rudzinski,

Biodegradable polymeric nanoparticles

as drug delivery devices, J. Controlled
Release 2001, 70, 1–20.

24 M. Okada, Chemical syntheses of

biodegradable polymers, Prog. Polym.
Sci. 2002, 27, 87–133.

25 Z. S. Ma, H. H. Yeoh, L. Y. Lim,

Formulation pH modulates the

interaction of insulin with chitosan

nanoparticles, J. Pharm. Sci. 2002, 91,
1396–1404.

26 E. Ruel-Gariepy, A. Chenite, C.

Chaput, S. Guirguis, J. C. Leroux,

Characterization of thermosensitive

chitosan gels for the sustained delivery

of drugs, Int. J. Pharm. 2000, 203,
89–98.

27 K. A. Janes, M. P. Fresneau, A.

Marazuela, A. Fabra, M. J. Alonso,

Chitosan nanoparticles as delivery

systems for doxorubicin, J. Controlled
Release 2001, 73, 255–267.

28 A. M. De Campos, A. Sanchez, M. J.

Alonso, Chitosan nanoparticles: A

new vehicle for the improvement of

the delivery of drugs to the ocular

surface. Application to cyclosporin A,

Int. J. Pharm. 2001, 224, 159–168.
29 Y. Hu, X. Q. Jiang, Y. Ding, H. X.

Ge, Y. Y. Yuan, C. Z. Yang, Synthesis

and characterization of chitosan-

poly(acrylic acid) nanoparticles,

Biomaterials 2002, 23, 3193–3201.
30 S. Mitra, U. Gaur, P. C. Ghosh,

A. N. Maitra, Tumour targeted

delivery of encapsulated dextran-

doxorubicin conjugate using chitosan

nanoparticles as carrier, J. Controlled
Release 2001, 74, 317–323.

31 Y. S. Jo, D. K. Kim, Y. K. Jeong, K. J.

Kim, M. Muhammed, Encapsulation

of bovine serum albumin in

temperature-programmed ‘‘shell-in-

shell’’ structures, Macromol. Rapid
Commun. 2003, 24, 957–962.

32 S. Y. Kim, I. G. Shin, Y. M. Lee,

Preparation and characterization of

biodegradable nanospheres composed

of methoxy poly(ethylene glycol) and

DL-lactide block copolymer as novel

drug carriers, J. Controlled Release
1998, 56, 197–208.

33 D. Kim, H. El-Shall, D. Dennis,

T. Morey, Interaction of PLGA

nanoparticles with human blood

constituents, Colloids Surf., B 2005, 40,

83–91.

34 S. Y. Kim, I. L. G. Shin, Y. M. Lee,

C. S. Cho, Y. K. Sung, Methoxy

poly(ethylene glycol) and epsilon-

caprolactone amphiphilic block

copolymeric micelle containing

indomethacin. II. Micelle formation

and drug release behaviours,

J. Controlled Release 1998, 51, 13–22.
35 P. Calvo, J. L. VilaJato, M. J.

Alonso, Evaluation of cationic

polymer-coated nanocapsules as ocular

drug carriers, Int. J. Pharm. 1997, 153,
41–50.

36 P. Ahlin, J. Kristl, A. Kristl, F.

Vrecer, Investigation of polymeric

nanoparticles as carriers of enalaprilat

for oral administration, Int. J. Pharm.
2002, 239, 113–120.

37 J. L. Arias, V. Gallardo, S. A.

Gomez-Lopera, R. C. Plaza, A. V.

Delgado, Synthesis and characteriza-

tion of poly(ethyl-2-cyanoacrylate)

nanoparticles with a magnetic core,

J. Controlled Release 2001, 77, 309–321.
38 N. Kumar, M. N. V. Ravikumar,

A. J. Domb, Biodegradable block

copolymers, Adv. Drug Deliv. Rev.
2001, 53, 23–44.

39 V. G. Roullin, J. R. Deverre, L.

Lemaire, F. Hindre, M. C. Venier-

Julienne, R. Vienet, J. P. Benoit,

Anti-cancer drug diffusion within

living rat brain tissue: An

experimental study using [H-3](6)-5-

fluorouracil-loaded PLGA

microspheres, Eur. J. Pharm.
Biopharm. 2002, 53, 293–299.

194 6 Nanomaterials for Controlled Release of Anticancer Agents



40 K. Avgoustakis, A. Beletsi, Z.

Panagi, P. Klepetsanis, A. G.

Karydas, D. S. Ithakissios, PLGA-

mPEG nanoparticles of cisplatin: In

vitro nanoparticle degradation, in vitro

drug release and in vivo drug

residence in blood properties,

J. Controlled Release 2002, 79, 123–135.
41 T. Gorner, R. Gref, D. Michenot,

F. Sommer, M. N. Tran, E.

Dellacherie, Lidocaine-loaded bio-

degradable nanospheres. I. Optimiza-

tion of the drug incorporation into the

polymer matrix, J. Controlled Release
1999, 57, 259–268.

42 M. Polakovic, T. Gorner, R. Gref,

E. Dellacherie, Lidocaine loaded

biodegradable nanospheres. II.

Modelling of drug release, J. Controlled
Release 1999, 60, 169–177.

43 M. T. Peracchia, R. Gref, Y.

Minamitake, A. Domb, N. Lotan,

R. Langer, PEG-coated nanospheres

from amphiphilic diblock and

multiblock copolymers: Investigation

of their drug encapsulation and

release characteristics, J. Controlled
Release 1997, 46, 223–231.

44 L. Mu, S. S. Feng, A novel controlled

release formulation for the anticancer

drug paclitaxel (Taxol (R)): PLGA

nanoparticles containing vitamin E

TPGS, J. Controlled Release 2003, 86,
33–48.

45 M. S. Romero-Cano, B. Vincent,

Controlled release of 4-nitroanisole

from poly(lactic acid) nanoparticles,

J. Controlled Release 2002, 82, 127–135.
46 S. Ghassabian, T. Ehtezazi, S. M.

Forutan, S. A. Mortazavi,

Dexamethasone-loaded magnetic

albumin microspheres: Preparation

and in vitro release, Int. J. Pharm.
1996, 130, 49–55.

47 J. F. W. Nijsen, M. J. van

Steenbergern, H. Kooijman, H.

Talsma, L. M. J. Kroon-Batenburg,

M. van de Weert, P. P. van Rijk,

A. de Witte, A. D. V. Schip,

Characterization of poly(L-lactic acid)

microspheres loaded with holmium

acetylacetonate, Biomaterials 2001, 22,
3073–3081.

48 W. I. Li, K. W. Anderson, P. P.

DeLuca, Kinetic and thermodynamic

modeling of the formation of

polymeric microspheres using solvent

extraction/evaporation method,

J. Controlled Release 1995, 37, 187–198.
49 J. C. Gayet, G. Fortier, High water

content BSA-PEG hydrogel for

controlled release device: Evaluation

of the drug release properties,

J. Controlled Release 1996, 38, 177–184.
50 T. Verrecchia, G. Spenlehauer,

D. V. Bazile, A. Murrybrelier, Y.

Archimbaud, M. Veillard, Non-

stealth (poly(lactic acid albumin)) and

stealth (poly(lactic acid-polyethylene

glycol)) nanoparticles as injectable

drug carriers, J. Controlled Release
1995, 36, 49–61.

51 P. Quellec, R. Gref, L. Perrin,

E. Dellacherie, F. Sommer, J. M.

Verbavatz, M. J. Alonso, Protein

encapsulation within polyethylene

glycol-coated nanospheres. I.

Physicochemical characterization,

J. Biomed. Mater. Res. 1998, 42, 45–54.
52 J. Slager, A. J. Domb, Biopolymer

stereocomplexes, Adv. Drug Deliv. Rev.
2003, 55, 549–583.

53 J. M. Bezemer, R. Radersma, D. W.

Grijpma, P. J. Dijkstra, C. A. van

Blitterswijk, J. Feijen, Microspheres

for protein delivery prepared from

amphiphilic multiblock copolymers 1.

Influence of preparation techniques

on particle characteristics and protein

delivery, J. Controlled Release 2000, 67,
233–248.

54 T. Morita, Y. Horikiri, T. Suzuki,

H. Yoshino, Applicability of various

amphiphilic polymers to the

modification of protein release

kinetics from biodegradable reservoir-

type microspheres, Eur. J. Pharm.
Biopharm. 2001, 51, 45–53.

55 H. Y. Kwon, J. Y. Lee, S. W. Choi,

Y. S. Jang, J. H. Kim, Preparation of

PLGA nanoparticles containing

estrogen by emulsification-diffusion

method, Colloids Surf., A 2001, 182,

123–130.

56 S. H. Yuk, S. H. Cho, S. H. Lee,

pH/temperature-responsive

polymer composed of poly((N,N-

dimethylamino)ethyl methacrylate-co-

References 195



ethylacrylamide), Macromolecules 1997,
30, 6856–6859.

57 S. R. Sershen, S. L. Westcott,

N. J. Halas, J. L. West, Temperature-

sensitive polymer-nanoshell

composites for photothermally

modulated drug delivery, J. Biomed.
Mater. Res. 2000, 51, 293–298.

58 F. Eeckman, A. J. Moes, K. Amighi,

Surfactant induced drug delivery

based on the use of thermosensitive

polymers, J. Controlled Release 2003,
88, 105–116.

59 J. E. Chung, M. Yokoyama, K.

Suzuki, T. Aoyagi, Y. Sakurai, T.

Okano, Reversibly thermo-responsive

alkyl-terminated poly(N-

isopropylacrylamide) core-shell

micellar structures, Colloids Surf.,
B 1997, 9, 37–48.

60 S. B. Zhou, X. M. Deng, H. Yang,

Biodegradable poly(epsilon-

caprolactone)-poly(ethylene glycol)

block copolymers: Characterization

and their use as drug carriers for a

controlled delivery system,

Biomaterials 2003, 24, 3563–3570.
61 Y. Y. Yang, T. S. Chung, X. L. Bai,

W. K. Chan, Effect of preparation

conditions on morphology and release

profiles of biodegradable polymeric

microspheres containing protein

fabricated by double-emulsion

method, Chem. Eng. Sci. 2000, 55,
2223–2236.

62 Y. S. Jo, D. K. Kim, M. Muhammed,

Synchronous delivery systems

composed of Au nanoparticles and

stimuli-sensitive diblock terpolymer,

J. Mater. Sci.: Mater. Med. 2004, 15,
1291–1295.

63 F. Ahmed, D. E. Discher, Self-

porating polymersomes of PEG-PLA

and PEG-PCL: Hydrolysis-triggered

controlled release vesicles, J. Controlled
Release 2004, 96, 37–53.

64 R. Hejazi, M. Amiji, Chitosan-based

gastrointestinal delivery systems,

J. Controlled Release 2003, 89, 151–165.
65 K. G. H. Desai, H. J. Park,

Preparation and characterization of

drug-loaded chitosan-tripolyphosphate

microspheres by spray drying, Drug
Dev. Res. 2005, 64, 114–128.

66 R. Langer, Drug delivery and

targeting, Nature 1998, 392, 5–10.
67 D. G. Anderson, J. A. Burdick, R.

Langer, Materials science – Smart

biomaterials, Science 2004, 305,
1923–1924.

68 C. Charnay, S. Begu, C. Tourne-

Peteilh, L. Nicole, D. A. Lerner,

J. M. Devoisselle, Inclusion of

ibuprofen in mesoporous templated

silica: Drug loading and release

property, Eur. J. Pharm. Biopharm.
2004, 57, 533–540.

69 A. Uchida, Y. Shinto, N. Araki, K.

Ono, Slow release of anticancer drugs

from porous calcium hydroxyapatite

ceramic, J. Orthop. Res. 1992, 10, 440–
445.

70 C. V. Uglea, I. Albu, A. Vatajanu,

M. Croitoru, S. Antoniu, L.

Panaitescu, R. M. Ottenbrite, Drug-

delivery systems based on inorganic

materials. 1. Synthesis and character-

ization of a zeolite-cyclophosphamide

system, J. Biomater. Sci. Polym. Ed.
1994, 6, 633–637.

71 S. Phadtare, A. Kumar, V. P. Vinod,

C. Dash, D. V. Palaskar, M. Rao,

P. G. Shukla, S. Sivaram, M. Sastry,

Direct assembly of gold nanoparticle

‘‘shells’’ on polyurethane microsphere

‘‘cores’’ and their application as

enzyme immobilization templates,

Chem. Mater. 2003, 15, 1944–1949.
72 A. Gole, C. Dash, V. Ramakrishnan,

S. R. Sainkar, A. B. Mandale, M.

Rao, M. Sastry, Pepsin-gold colloid

conjugates: Preparation, characteriza-

tion, and enzymatic activity, Langmuir
2001, 17, 1674–1679.

73 A. Gole, C. Dash, C. Soman, S. R.

Sainkar, M. Rao, M. Sastry, On the

preparation, characterization, and

enzymatic activity of fungal protease-

gold colloid bioconjugates, Bioconjug.
Chem. 2001, 12, 684–690.

74 A. Gole, S. Vyas, S. Phadtare, A.

Lachke, M. Sastry, Studies on the

formation of bioconjugates of

endoglucanase with colloidal

gold, Colloids Surf., B 2002, 25,

129–138.

75 A. Csaki, G. Maubach, D. Born, J.

Reichert, W. Fritzsche, DNA-based

196 6 Nanomaterials for Controlled Release of Anticancer Agents



molecular nanotechnology, Single Mol.
2002, 3, 275–280.

76 A. Schroedter, H. Weller, Ligand

design and bioconjugation of colloidal

gold nanoparticles, Angew. Chem. Int.
Ed. 2002, 41, 3218–3221.

77 R. C. Mucic, J. J. Storhoff, C. A.

Mirkin, R. L. Letsinger, DNA-

directed synthesis of binary

nanoparticle network materials, J. Am.
Chem. Soc. 1998, 120, 12674–12675.

78 V. G. Pol, A. Gedanken, J.

Calderon-Moreno, Deposition of

gold nanoparticles on silica spheres:

A sonochemical approach, Chem.
Mater. 2003, 15, 1111–1118.

79 M. S. Fleming, D. R. Walt, Stability

and exchange studies of alkanethiol

monolayers on gold-nanoparticle-

coated silica microspheres, Langmuir
2001, 17, 4836–4843.

80 K. S. Mayya, B. Schoeler, F. Caruso,

Preparation and organization of

nanoscale polyelectrolyte-coated gold

nanoparticles, Adv. Funct. Mater. 2003,
13, 183–188.

81 Z. J. Liang, A. Susha, F. Caruso,

Gold nanoparticle-based core-shell

and hollow spheres and ordered

assemblies thereof, Chem. Mater. 2003,
15, 3176–3183.

82 N. Nath, A. Chilkoti, Creating

‘‘smart’’ surfaces using stimuli

responsive polymers, Adv. Mater. 2002,
14, 1243–1247.

83 G. F. Paciotti, L. Myer, D.

Weinreich, D. Goia, N. Pavel, R. E.

McLaughlin, L. Tamarkin, Colloidal

gold: A novel nanoparticle vector for

tumor directed drug delivery, Drug
Deliv. 2004, 11, 169–183.

84 S. A. Svarovsky, Z. Szekely,

J. J. Barchi, Synthesis of gold

nanoparticles bearing the Thomsen-

Friedenreich disaccharide: A new

multivalent presentation of an

important tumor antigen, Tetrahedron:
Asymmetry 2005, 16, 587–598.

85 M. J. Egorin, Overview of recent

topics in clinical pharmacology of

anticancer agents, Cancer Chemother.
Pharmacol. 1998, 42, S22–S30.

86 M. G. Cascone, L. Lazzeri, C.

Carmignani, Z. H. Zhu, Gelatin

nanoparticles produced by a simple

W/O emulsion as delivery system for

methotrexate, J. Mater. Sci.: Mater.
Med. 2002, 13, 523–526.

87 R. Jalil, J. R. Nixon, Biodegradable

poly(lactic acid) and poly(lactide-co-

glycolide) microcapsules – Problems

associated with preparative techniques

and release properties, J.
Microencapsul. 1990, 7, 297–325.

88 C. M. Haskell, Cancer Treatment, WB

Saunders Co., Philadelphia, 1990.

89 B. A. Chabner, C. E. Myers, Cancer:
Principles and Practice of Oncology,
Clinical Pharmacology of Cancer
Chemotherapy, JB Lippincott Co,

Philadelphia, 1989.

90 J. C. Leroux, E. Allemann, E.

Doelker, R. Gurny, New approach

for the preparation of nanoparticles by

an emulsification-diffusion method,

Eur. J. Pharm. Biopharm. 1995, 41,
14–18.

91 F. L. Mi, Y. M. Lin, Y. B. Wu, S. S.

Shyu, Y. H. Tsai, Chitin/PLGA blend

microspheres as a biodegradable drug-

delivery system: Phase-separation,

degradation and release behavior,

Biomaterials 2002, 23, 3257–3267.
92 A. Salgueiro, F. Gamisans, M.

Espina, X. Alcober, M. L. Garcia,

M. A. Egea, Cyclophosphamide-loaded

nanospheres: Analysis of the matrix

structure by thermal and spectroscopic

methods, J. Microencapsul. 2002, 19,
305–310.

93 A. Salgueiro, M. A. Egea, M. Espina,

O. Valls, M. L. Garcia, Stability and

ocular tolerance of cyclophosphamide-

loaded nanospheres, J. Microencapsul.
2004, 21, 213–223.

94 K. D. Judy, A. Olivi, K. G. Buahin,

A. Domb, J. I. Epstein, O. M. Colvin,

H. Brem, Effectiveness of controlled-

release of a cyclophosphamide

derivative with polymers against rat

gliomas, J. Neurosurg. 1995, 82,
481–486.

95 C. Guerin, A. Olivi, J. D. Weingart,

H. C. Lawson, H. Brem, Recent

advances in brain tumor therapy:

Local intracerebral drug delivery by

polymers, Invest. New Drugs 2004, 22,
27–37.

References 197



96 M. Takenaga, Application of lipid

microspheres for the treatment of

cancer, Adv. Drug Deliv. Rev. 1996, 20,
209–219.

97 J. F. Ellena, M. Le, D. S. Cafiso,

R. M. Solis, M. Langston, M. B.

Sankaram, Distribution of

phospholipids and triglycerides in

multivesicular lipid particles, Drug
Deliv. 1999, 6, 97–106.

98 K. J. Zhu, J. X. Zhang, C. Wang, H.

Yasuda, A. Ichimaru, K. Yamamoto,

Preparation and in vitro release

behaviour of 5-fluorouracil-loaded

microspheres based on poly(L-lactide)

and its carbonate copolymers,

J. Microencapsul. 2003, 20, 731–743.
99 P. Menei, M. BoisdronCelle, A.

Croue, G. Guy, J. P. Benoit, Effect

of stereotactic implantation of

biodegradable 5-fluorouracil-loaded

microspheres in healthy and C6

glioma-bearing rats, Neurosurgery
1996, 39, 117–123.

100 P. Menei, M. C. Venier, E. Gamelin,

J. P. Saint-Andre, G. Hayek, E.

Jadaud, D. Fournier, P. Mercier, G.

Guy, J. P. Benoit, Local and sustained

delivery of 5-fluorouracil from

biodegradable microspheres for the

radiosensitization of glioblastoma –

A pilot study, Cancer 1999, 86, 325–
330.

101 P. Menei, E. Jadaud, N. Faisant, M.

Boisdron-Celle, S. Michalak, D.

Fournier, M. Delhaye, J. P. Benoit,

Stereotaxic implantation of 5-

fluorouracil-releasing microspheres in

malignant glioma – A phase I study,

Cancer 2004, 100, 405–410.
102 D. S. Fischer, M. T. Knobf, H. J.

Durivage, N. Beaulieu, The Cancer
Chemotherapy Handbook, Mosby-Year

Book, Inc., New York, 2003.

103 Y. Zhang, R. X. Zhuo, Synthesis

and drug release behavior of

poly(trimethylene carbonate)-

poly(ethylene glycol)-poly(trimethylene

carbonate) nanoparticles, Biomaterials
2005, 26, 2089–2094.

104 L. Manil, J. C. Davin, C. Duchenne,

C. Kubiak, J. Foidart, P. Couvreur,

P. Mahieu, Uptake of nanoparticles

by rat glomerular mesangial cells in-

vivo and in-vitro, Pharm. Res. 1994, 11,
1160–1165.

105 F. Brasseur, P. Couvreur, B. Kante,

L. Deckerspassau, M. Roland, C.

Deckers, P. Speiser, Actinomycin-D

adsorbed on polymethylcyanoacrylate

nanoparticles – Increased efficiency

against an experimental tumor, Eur.
J. Cancer 1980, 16, 1441–1445.

106 B. Kante, P. Couvreur, V. Lenaerts,

P. Guiot, M. Roland, P. Baudhuin,

P. Speiser, Tissue distribution of

[actinomycin]-H-3 D adsorbed on

polybutylcyanoacrylate nanoparticles,

Int. J. Pharm. 1980, 7, 45–53.
107 R. H. Blum, S. K. Carter, K. Agre,

Clinical review of bleomycin – New

antineoplastic agent, Cancer 1973, 31,
903–914.

108 I. F. Uchegbu, A. G. Schatzlein,

L. Tetley, A. I. Gray, J. Sludden,

S. Siddique, E. Mosha, Polymeric

chitosan-based vesicles for drug

delivery, J. Pharm. Pharmacol. 1998,
50, 453–458.

109 A. Hagiwara, T. Takahashi, O.

Kojima, K. Kitamura, C. Sakakura,

S. Shoubayashi, K. Osaki, A.

Iwamoto, M. Lee, K. Fujita,

Endoscopic local injection of a new

drug-delivery format of peplomycin for

superficial esophageal cancer – A pilot-

study, Gastroenterology 1993, 104,
1037–1043.

110 K. G. Lau, S. Chopra, Y. Maitani,

Entrapment of bleomycin in ultra-

deformable liposomes, Stp Pharma
Sci. 2003, 13, 237–239.

111 K. G. Lau, Y. Hattori, S. Chopra,

E. A. O’Toole, A. Storey, T. Nagai,

Y. Maitani, Ultra-deformable

liposomes containing bleomycin: In

vitro stability and toxicity on human

cutaneous keratinocyte cell lines, Int.
J. Pharm. 2005, 300, 4–12.

112 R. S. Benjamin, Clinical-

pharmacology of daunorubicin, Cancer
Treat. Rep. 1981, 65, 109–110.

113 E. A. Forssen, The design and

development of DaunoXome(R) for

solid tumor targeting in vivo, Adv.
Drug Deliv. Rev. 1997, 24, 133–150.

198 6 Nanomaterials for Controlled Release of Anticancer Agents



7

Critical Analysis of Cancer Therapy using

Nanomaterials

Lucienne Juillerat-Jeanneret

7.1

Introduction

The treatment of diseases such as cancer is challenging because these pathologies

involve dysregulation of endogenous and often essential cellular processes. Cancer

cells replicate faster than most non-tumoral cells, and the vast majority of pres-

ently used therapies capitalize on these differences. More selective therapies, such

as anti-angiogenic therapies, are under development and/or clinical evaluation,

whereas a few targeted therapies are in clinical use, such as antiestrogen therapies

in estrogen receptor-positive breast cancer. With targeted approaches, not only pa-

tient survival will increase due to improved treatment efficiency, but also the qual-

ity of life of patients will improve by decreasing side effects to normal cells. Most

solid tumors possess unique features, such as extensive angiogenesis, defective

vascular architecture, increased vascular permeability, impaired lymphatic drain-

age, which can also be used as therapeutic targets. Nanoparticles can take advan-

tage of these features and act as a vehicle to selectively and specifically deliver anti-

cancer drugs to tumors, either by using passive mechanisms such as increased

vascular permeability or acting as drug reservoir in a defined location, or by using

active targeting. These combined approaches would result not only in increased ef-

ficacy but also in decreased collateral side effects. However, targeting strategies and

chemical synthesis routes need to be improved, and the mechanisms of interac-

tions of these functionalized nanostructures with living materials need to be better

understood.

This chapter describes not only the tools of nanoparticle technology that can be

used to treat cancer, as many excellent reviews (indicated below the section head-

ings) have been published, but rather critically reviews and discusses the advan-

tages and drawbacks of nanoparticles for the targeted delivery of anticancer agents

to defined cells of human cancers. Approaches that have been developed or are un-

der development to achieve improved cancer therapy using nanoparticles as target-

ing delivery agents for anticancer drugs are reviewed, and the problems and issues

that need to be answered to validate these approaches are summarized. Section 7.2

reviews the characteristics of human tumors that can be used to develop anticancer
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treatments. Section 7.3 covers the characteristics of already developed nanopar-

ticles, considering the chemical, biophysical and biological demands of such de-

vices. Information from the previous two sections is combined in Section 7.4 to

review the characteristics of already developed, or under development, nanopar-

ticles for anticancer treatments using drugs employed in clinics or under develop-

ment, photodynamic and gene therapy approaches, or magnetically controlled de-

livery. Section 7.5 describes the defects and characteristics of human tumors that

can be used to develop targeted anticancer treatments using nanoparticles, via

cancer-associated cells, cancer cell molecules, or by achieving intracellular delivery,

and also describes the chemical challenges involved in preparing these nanovec-

tors. Section 7.6 hypothesizes how nanoparticles may result in the delivery of anti-

cancer drugs in drug-resistant human cancers. Issues not yet resolved issues con-

cerning the potential toxicity of nanoparticulate vectors to patients and the general

population are covered in Section 7.7. Finally, Section 7.8 describes what might be

the ideal nanoparticle in the context of targeted treatment of human cancer using

nanodevices.

7.2

Anticancer Therapies

For a more extensive review see Ref. [1] and references herein. Effective therapies

of cancer capitalize on differences between diseased and healthy tissues that can be

targeted with drugs. Cancer drugs used in patients target the cell cycle, DNA repli-

cation, and cytoskeletal assembly. The general toxicity to the whole body of current

anticancer chemotherapeutic treatments, resulting in important side effects such

as sterility, loss of digestive capacities and appetite, loss of hair, defects in immune

functions, etc., is a challenge facing the development of new modalities of cancer

treatment. In addition, combination therapies or scheduled therapies improved pa-

tient response to chemotherapy regimen. One of the main challenges in cancer

treatment is no longer the development of efficient drugs but the improvement of

drug selectivity. More recently, the targeting of growth receptors and cellular sig-

naling pathways, ‘‘targeted therapeutics’’, has became a new approach in cancer

treatment. However, even targeted and combined therapies suffer from side effects

that result from imperfect selectivity for diseased tissue. The availability of novel

molecular targets and drug delivery systems that distinguish diseased from healthy

cells could vastly amplify therapeutic opportunities. The identification of new

disease-associated changes in cellular biology, and the development of associated

tools, that may be used to improve selectivity in diagnosis, treatment and evalua-

tion of response to treatment will be the next challenges in cancer therapy. Most

cancer-related deaths occur as a consequence of metastasis, and the major problem

facing oncologists treating cancer is metastatic disease. Metastasis of tumor cells to

organs distant from the original primary tumor site involves about half of all can-

cers and is generally detected only at an advanced stage of metastatic disease.

Successful eradication of metastatic lesions still depends on the early detection of
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metastases, which only rarely happens. Therefore, devising new means to detect

metastatic tumor lesions at the earliest possible stage, and at the same time to be

able to treat them, would be an important breakthrough in cancer treatment. Mag-

netic nanoparticles can be used for this purpose. Therefore, one goal in the field of

cancer is to develop chemically derivatized nanoparticles able to target tumor cells

and tumor-associated stromal cells via specific recognition mechanisms, and dual

cancer detection such as magnetic resonance imaging and cancer therapy using

cell-directed drugs.

Neoplastic tissue can be divided into three compartments, vascular, interstitial

and cellular, and cancers are constituted of several cell types:

� Endothelial cells and pericytes, either overnumbered or undernumbered;
� immune/inflammatory cells, including macrophages and lymphocytes, and fi-

broblasts and myofibroblasts;
� normal cells and tumor cells derived from these normal cells;
� and by the absence of a well-defined lymphatic network.

Tumor vasculature is highly abnormal, proliferating, activated, tortuous, and pre-

senting increased permeability and gaps, with pores between 350 and 800 nm,

and a cutoff around 400 nm. Tumor vascularization is generally poorly perfused.

Tumor interstitium is predominantly constituted of a protein network, including

collagens, elastin, proteoglycans and glycoproteins, forming a hydrophilic gel and

producing high interstitial osmotic pressure, leading to an outward convective fluid

flow. The tumor environment is oxidative and acidic, and thus ionization of basic

drugs may decrease their interstitial transport and oxidation destroy their anti-

cancer properties. The transport of drugs in the interstitium will thus be governed

by interstitial osmotic pressure and the relative chemical composition and charac-

teristics of drugs and the interstitium.

Therefore, the delivery of a therapeutic agent to tumor must:

1. Resist hydrostatic, hydrophilic/hydrophobic and biophysical/biochemical bar-

riers;

2. resist cellular resistance to treatment;

3. resist biotransformation, degradation and clearance mechanisms;

4. reach its treatment target: extracellular or intracellular compartments, tumor

cells or vascular cells, etc.;

5. achieve distribution in all tumor areas even with low vascularization, or poor

perfusion;

6. and be active in tumors at efficient concentrations, without unacceptable side

effects to non-tumoral cells.

Both tissue- and cell-distribution of anticancer drugs can be controlled and im-

proved by their entrapment in colloidal nanoparticles, increasing anti-tumor effi-

cacy, reversing resistance mechanisms and decreasing side effects. Active tumor

targeting with long-circulating nanoparticles decorated with targeting agents is the
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main development required to achieve these goals. The association of drugs with

colloidal nanoparticles may be a way to overcome many of these resistance mecha-

nisms of tumors to treatment and increase selectivity. In this context, nanoparticles

are defined as submicroscopic colloidal systems, which may act as a drug vehicle

either as nanospheres (a matrix system in which the drug is dispersed) or nanocap-

sules, which are reservoirs in which the drug is confined in a hydrophobic or hy-

drophilic core surrounded by a single polymeric membrane. The structure of the

polymer and the method of trapping the drugs in the nanoparticles will define the

drug release kinetics and characteristics. The necessary characteristics to be useful

in cancer treatment, and the drug–nanoparticle systems that have reached clinical

use, are under clinical evaluation or are under development will be reviewed.

7.3

Characteristics of Nanoparticles for Cancer Therapy

For more extensive reviews see Refs. [2–6] and references herein. The treatment of

cancer is limited by the inability to deliver therapeutic agents in such a way that

most drug molecules will selectively reach the desired targets, with only marginal

collateral damage. To achieve such efficient treatments, two main goals must be

met:

� Increasing targeting selectivity for defined organ, tissue or cells.
� Devising a therapeutic formulation able to overcome the biological barriers that

prevent drugs efficiently reaching their targets.

However, the realization of such a system faces formidable challenges, which in-

clude:

� Identification of neoplastic biomarkers as biological targets, and their evolution

over time.
� Development of biotechnologies to develop biomarker-targeted delivery of multi-

ple therapeutic agents, coupled to the possibility to avoid biological barriers and

various resistance mechanisms.

Nanoparticles are interesting for medical application since they present a large sur-

face for functionalization with drugs compared to larger particles made of the same

materials, and hopefully achieve targeted drug delivery. They can pass epithelial

and vascular barriers. Thus, nanoparticles have the potential to provide opportuni-

ties to meet the challenges of cancer therapy, and also of therapeutic approaches

for other disorders.

The dawning era of polymer therapeutics started with improved knowledge of

polymer characteristics and the development of polymer chemistry (reviewed in

Ref. [3]). Initially, polymer–drugs, polymer–proteins, and, in particular, PEGylated

derivatives and HPMA [N-(hydroxypropyl)-methacrylamide] copolymers have been
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used in the context of anticancer therapy [7], and are the precursors of nanoparti-

culate systems. Self-assembling block-copolymers were then evaluated to deliver

drugs to cancer. A pluronic block copolymer-doxorubicin was able to circumvent

Pgp [8, 9], and PEG-polyAsp-doxorubicin accumulated preferentially in tumors

due to vascular leakage [10, 11], while the increased size prevented back-diffusion

and renal clearance when evaluated in clinical trials. These approaches opened the

way to nanotechnology for drug delivery.

7.3.1

Nanovectors

Nanotechnology implies that the drug delivery device is man-made, and of dimen-

sions in the nm range (sub-cellular size), which includes nanovectors such as lip-

osomes or monomeric or block copolymeric nanoparticles for the (targeted) deliv-

ery of anticancer drugs, imaging contrast agents such as gadolinium or iron-oxide

nanosized magnetic resonance imaging contrast agents (cf., for example, Chapters

3 and 5), or quantum dots. First, basic definitions for the various nanoparticulate

systems in the context of cancer are given as they will be developed in this chapter.

Nanoparticles are non-viral solid nanovectors made of one or several different

materials, including water-soluble polymers, whose upper size limit is <1 mm, gen-

erally <100 nm. These nanostructures have unique properties, such as modifica-

tion of the properties, spacing and arrangement of surface atoms, and physics

and chemistry compared to larger particles of the same material, and they also

have a large surface area to volume ratio. Nanoparticles may be built of polymeric

drugs (nanosuspensions), polymer–drug conjugates, polymer–protein conjugates,

polymeric drug-micelles, etc. Micelles are self-assembling colloidal aggregates of

amphipathic molecules–polymeric block copolymers to give polymeric micelles,

which occurs when the concentration reaches the crucial micelle concentration

(c.m.c.). Polyplexes are polyelectrolyte complexes formed by a polycation and an

anionic molecule, generally an oligonucleotide. Dendrimers are macromolecule

that contain symmetrically arranged branches arising from a multifunctional core,

to which a precise number of terminal groups are added stepwise. Drug nanosus-

pensions are insoluble nanocrystals of drugs, generally coated with a surfactant.

Rational approaches in design and surface engineering for site-specific delivery

of drugs, genetic material and diagnostic agents, to tissues, cells and intracellular

cell compartments, after intravascular, parenteral, intraperitoneal, etc., administra-

tion, include:

� Liposomes: closed vesicles formed by hydratation of phospholipids above their

transition temperature. Nanoliposomes are bilayer structures of less than 100

nm, surrounding the drug entrapped in the aqueous space. Drugs can also be

contained in the lipid space between bilayers. Surface modification is possible,

and nucleic acids are adsorbed on cationic liposomes by ion-pairing. These struc-

tures have been the first to reach clinical use.
� Micelles: amphiphilic aggregates, <50 nm, made of hydrophilic (A) and hydro-
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phobic (B) block copolymers (AB or ABA), in which hydrophobic or hydrophilic

drugs are physically trapped or covalently bound. Drugs may include nucleic

acids for transfection and gene therapy.
� Nanospheres: made of polymer (synthetic or natural) aggregates (tens to hun-

dreds nm size) in which the drug is either dissolved, entrapped, encapsulated or

covalently attached. Surface modification is possible.
� Superparamagnetic iron oxide crystals: made of an iron oxide core (5–10 nm) ob-

tained by coprecipitation of Fe2þ and Fe3þ, and coated with a polymer [dextran,

poly(ethylene glycol), poly(vinyl alcohol), etc.]. Surface modification is possible by

covalent links or adsorption (drug, antibodies, nucleic acid, targeting agents).

These nanostructures have mainly been used for cancer detection, and are now

developed to couple detection with drug delivery.
� Carbohydrates-ceramic nanoparticles: core composed of calcium phosphate or

ceramic, surrounded by a polyhydroxyl oligomeric film, on which drugs are

adsorbed.
� Dendrimers: highly branched three-dimensional macromolecules that grow by

outward–controlled polymerization; drugs are covalently bound at the surface.

Therapeutic agents (chemically synthesized therapeutic small or large drugs, ther-

apeutic peptides or proteins, nucleic acids for gene therapy) can be entrapped,

encapsulated, adsorbed, covalently bound either to the surface or at the interior of

biodegradable polymeric nanoparticles (Table 7.1). These approaches can improve

drug solubility, and also achieve better drug selectivity. Drugs can be made to form

small aggregates, surrounded by a water- and bio-compatible, biodegradable poly-

Tab. 7.1. Biological characteristics of the polymers.

Polymer Efficient for

PEG Increases biocompatibility, increases circulating time, decreases

uptake by macrophages

Dextrans Increases circulating time, decreases aggregation and opsonization,

decreases uptake by macrophages

Poly(vinylpyrrolidone) Increases circulating time, decreases aggregation and opsonization,

decreases uptake by macrophages

PVA Decreased aggregation/coagulation

Polyacrylates Biostabilization, biocompatibility, increases bioadhesion

Polypeptides Targeting

Poly(dl-lactide) Increases biocompatibility, decreases cytotoxicity

Chitosan Increases biocompatibility, increases hydrophilicity
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meric thin layer, improving the biodistribution and bioavailability of drugs. Surface

or polymers functionalization with appropriate ligands can allow the targeting of

these nanostructures to defined cells, tissues or body locations, depending on the

chosen specificity and selectivity of the ligand, improving the therapeutic effective-

ness and decreasing side effects of drugs. Finally, the polymer properties may also

be defined to respond to changes in pH or redox state, chemical environment, heat

(either internal or external), or an external physical stimulus, therefore allowing

choice for the rate and location of drug release, e.g., acidic intracellular organelles

such as the lysosomes.

The development of nanovectors has given birth to what has been called ‘‘nano-

medicine’’: the applications of nanotechnology for the rational delivery and target-

ing of pharmaceuticals, therapeutics and diagnostic agents. The next challenges in-

clude:

� Identification of precise targets for selective delivery.
� Choice of appropriate nano-carriers.
� Avoidance of mononuclear phagocytes and the reticuloendothelial system, to se-

lectively target either angiogenic cancer-associated endothelial cells or cancer

cells, which are key targets in cancer.

7.3.2

Biological Issues

Injection in the blood and lymphatic vessels, but also inhalation or intraperitoneal

injection, etc., are possible routes of administration for the delivery of therapeutic

nanoparticles. The stability, extracellular or cellular distribution of nanoparticles

depend on their surface properties, chemical composition, morphology and size.

The main challenges for intravenously injected nanoparticles are rapid opsoniza-

tion and clearance by the reticuloendothelial system (RES) of the liver and the

spleen or excretion by the kidneys (Fig. 7.1). Opsonization by complement pro-

teins, vitronectin, fibronectin, immunoglobulins, lipoproteins, etc. renders nano-

particles recognizable by the major defense systems of the body, the RES and the

mononuclear phagocyte system, depending on the surface properties of nanopar-

ticles, their size (< or >200 nm) and surface characteristics. Nanoparticles with a

largely hydrophobic surface are efficiently coated with plasma components, trapped

in the liver and rapidly removed from circulation, while smaller particles can stay

in circulation. More hydrophilic nanoparticles can resist coating process to a vari-

able extent and are more slowly cleared from the blood stream [2]. Therefore, clear-

ance kinetics depend on the chemical and physical properties of the nanoparticles:

surface charges and charge density, lipophilic/hydrophilic area ratio, presence of

functional and chemically reactive groups. Consequently, successful drug delivery

requires careful control of the physicochemical properties (size and surface) of

nanovectors. Suppression of opsonization will increase the retention of nanopar-

ticles in locations other than macrophages and so afford a longer circulatory time.

In addition, macrophages are heterogeneous, in different tissues and within a tis-
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sue. PEGylation [the coating of the surface by poly(ethylene glycols)] of nanopar-

ticles has been the main approach up to now to solve opsonization problems and

short circulation times. PEG coating decreases liver, spleen, lung, or kidney clear-

ance. A large surface area is also an issue in the aggregation of nanoparticles in a

biological environment, determining the effective clearance rates and mechanisms.

7.3.3

Nanoparticle Targeting: Passive or Active

Long circulation times are efficient in both treating circulatory disorders and vascu-

lar imaging. Passive targeting depends on vascular leakage and passive diffusion

[enhanced permeability and retention (EPR) effect] of nanovectors to achieve drug

delivery. Nanoparticles escape from the vasculature compared with virus behavior

and is restricted to endothelial fenestration (between 150 and 300 nm) of leaky

areas in inflammation or tumors, or splenic filtration for non-deformable nanopar-

ticles (200–250 nm). Initially, targeting was passively achieved at the organ/tissue

level by virtue of particle size, 50–200 nm carriers restricting the distribution vol-

ume to the blood compartment.

Active (ligand-targeting, cationic lipids or polymers cytotoxic and low circulating

times) delivery using selective recognition mechanisms can be achieved with more

recent nanoparticles, and is presently under development and evaluation. There-

fore, the surface engineering of nanoparticles is a crucial determinant of their

biological behavior, and much effort is presently undertaken to improve these mod-

ifications (see below). A thorough understanding of the elaborate cell transport ma-

Fig. 7.1. Fate and distribution in the body of intravenously

injected nanoparticles – their uptake by different organs,

according to the particles’ size and surface.
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chinery as well as an understanding and the finding of targets to achieve selective

delivery will be necessary to fulfill the potential of nanobiotechnologies in cancer.

Many drugs are agonists and antagonists of chemicals inappropriately produced

by diseased cells. Intelligent systems should respond to differences in concentra-

tion of these chemicals or changes in external biological conditions, e.g., by modi-

fication of the polymer lattices, allowing increased or decreased release of drugs,

dependent on a biosensor to achieve ‘‘intelligent therapeutics’’. Delivery of thera-

peutic agents precisely where and when they are needed in the human body is be-

coming realistic due to rapid, tremendous progress in physiology, nanoparticle and

nanobiotechnology. Nanoparticles can improve the targeting of cytotoxic drugs to

cancer only if they can be directed to cancer areas and maintained there for long

time periods with their drug cargo for selective and local release of drugs such as

alkylating agents, 5-fluorouracyl, platinum derivatives, taxol derivatives, and more

selective kinase inhibitors. Chemical bonding, ionic or hydrophobic adsorption or

embedding of drugs into nanoparticles have been devised to be sensitive to cancer

tissue properties, including high proteolytic or glycolytic activity, high metabolism,

low pH, and high oxidative environments in tumors, to further ensure selective re-

lease of the drug in the tumor area. The discovery and design of intelligent mate-

rial wills be the next drug-delivery system generation for chronic diseases. These

approaches will now be reviewed.

7.4

Nanovectors in Biomedical Applications: Drug Delivery Systems (DDS) for Cancer

For general reviews see Refs. [6, 12] and references herein. Present treatments for

cancer include various unique or combined approaches, encompassing total or par-

tial surgical excision of tumor tissue, chemotherapy and radiotherapy. Anticancer

chemotherapeutic drugs are generally administered intravenously, leading to gen-

eral systemic distribution. As drugs used in cancer chemotherapy are mostly non-

selective for tumor or tumor-associated cells, important and deleterious side effects

result from their use [2, 13, 14]. These secondary effects in patients result in loss of

quality of life and necessitate drugs to alleviate them. Therefore, means are needed

to deliver drugs to specific areas of the body, maximizing drug action (exclusively

in diseased cells), together with minimizing side effects, and consequently increas-

ing treatment efficiency. Selective or targeted DDS, and in particular nanoparticles,

have the potential to achieve the goals of drug-targeted delivery:

� Delivery to a particular organ;
� to a specific cell type (differentiation from tumor and normal cells);
� to a structure within a cell (such as the nucleus in gene therapy, where targeting

to the nucleus is a prerequisite of gene expression).

They use (a) physicochemical, (b) biological or (c) chemical methods to control the

distribution of drugs to improve the outcome of chemotherapy.
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7.4.1

Physicochemical Drug Delivery

Polymers and colloidal nanocarriers (nanoparticles) can be used for passive or

active drug delivery. Passive targeting implies a physiological uptake mechanism

(filtration or macrophage sequestration), while active methods involve the use of a

recognition ligand.

7.4.2

Biological Drug Delivery

With biological targeting a specific marker (a target) is selectively expressed on dis-

eased cells and not, or at a much lower level, in normal cells. The targeting agent,

such as antibodies, a ligand for a receptor or a lectin, is covalently conjugated via

an appropriate spacer to the nanoparticle. It can be directed towards an antigen or

receptor residing on or within the target tissue.

7.4.3

Chemical Drug Delivery

Chemical methods involve the use of modified forms of active drugs, e.g., prodrugs,

by exploiting differences in pathophysiological conditions within target tissues

(e.g., pH, redox state, enzyme content) and normal tissues.

The efficiency of drug delivery depends strongly on the nanovector size and sur-

face characteristics, controlling the fate of a drug in the organism, and the selective

delivery of drugs. The size, zeta potential (surface charge, coating), release charac-

teristics (polymers and linkers), biodegradability and cytotoxicity and encapsulation

efficiency are the main factors determining efficient drug delivery. Expression at the

surface of nanovectors of cell-specific ligands can further increase selectivity. Con-

trol of the release of a drug, in a defined localization in an organism, organ, tissue,

at the cell surface or intracellularly, and the kinetics of drug release must also be

characterized. Finally, the stability, cytotoxicity, mechanisms of cell uptake and the

biodegradation of the nanovectors are also important. Passive (EPR effect) versus

active (ligand-targeting, cationic lipids or polymer cytotoxicity and poor circulating

times) delivery is also a choice to consider for efficient delivery, and must be dic-

tated by the characteristics of the cancer to be treated, whether a marked angiogen-

esis is present or not.

Various nanovectors are available to achieve drug delivery, such as liposomes,

micro/nanospheres, nanoemulsions and micro/nanocapsules. They can be used

to deliver hydrophilic drugs, hydrophobic drugs, proteins, nucleic acids, vaccines,

biological macromolecules, etc. Nanovectors, such as liposomes, protect drugs

from degradation and biological metabolism; however, liposomes have a low en-

capsulation efficiency, poor storage stability, and rapid leakage of water-soluble

drugs in the blood. As such, their ability to control the release of many drugs is

not optimal. Nanoparticles made of colloidal suspensions and biodegradable poly-
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mers offer better stability than liposomes and allow controlled release. Finally, the

efficiency of drug delivery is increased by using magnetic vectors, which can be tar-

geted with an external gradient magnetic field; such vectors also have the potential

to record the drug delivery sites as contrast agents in magnetic resonance imaging

(MRI) for diagnostics (see below). The characteristics, composition, etc. of nano-

particles (which are in clinical use, in clinical trials or under development) neces-

sary to achieve targeted delivery of anticancer agents to treat human cancers will be

reviewed as a function of their physicochemical properties and the chemical and

biological properties of the drug, or the cancer type characteristics. However, this

chapter is not an extensive review of all the published information available.

7.4.4

Nanoparticles for Anticancer Drug Delivery

For more extensive reviews see Refs. [6, 12, 15]. What has been attempted and what

are the next challenges of the nanoparticulate approach to drug delivery in cancer?

7.4.4.1 Existing Systems

Colloidal Delivery Systems Encapsulation of therapeutic agents in colloidal car-

riers, including liposomes, emulsion, solid lipid nanoparticles, polymeric particle

and polymeric micelles, form colloidal delivery systems.

Liposome Nanoparticles These nanoparticles are biodegradable and flexible, have

an aqueous core containing the drug, and are bilayer amphipathic lipids. Drugs

encapsulated in liposomes under evaluation or in clinics include paclitaxel, lurtote-

can, platinum derivatives, vincristine, doxorubicin (see below).

Emulsion/Solid Lipid Nanoparticles Here an oily core, either liquid or solid lipids

at body temperature, or a monolayer of amphipathic lipids contains the drug.

Drugs under evaluation include protoporphyrin IX, for photodynamic therapy,

and taxol (see below).

Polymeric Nanospheres Polymers [such as poly(lactide-co-glycolide), poly(vinylpyr-
rolidone), poly(e-caprolactone)] and entrapped drugs allow controlled drug release

from the polymer.

Polymeric Micelles Biodegradable polymeric micelles with the drug in the core

have been prepared from di-block copolymers (one core-forming segment, one

shell-forming segment).

Drug-conjugated Delivery Systems In these systems drugs are covalently bound to

the polymer and are either active when coupled to the polymer or after release

(acid-sensitive, enzyme-sensitive bonds) or polymer degradation.

Lipid-based or polymer–drug conjugate-based nanoparticles (<200 nm) can im-
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prove the pharmacological properties, pharmacokinetics and biodistribution, and

sustained release of free drugs. But they also present new challenges and issues

[12] that need to be taken into account for the DDS to reach clinical use, including

potency (the fewer the carrier can carry, the more potent the drug must be), the

stability of the drug carrier (either shelf or biological stability), solubility of the

drug, size of the carrier and the cargo (e.g., proteins and small carriers), charge,

carrier biocompatibility, cytotoxicity, degradation products, drug survival to chem-

ical procedures and coupling routes, rates and efficacy of drug release in the tumor

space (e.g., for schedule-dependent anticancer drug therapies drugs must stay

above minimal efficacy levels for several hours or days, for schedule-independent

drugs a large burst is more important than constant release), hypersensitivity reac-

tion to the carrier–drug conjugates. A drug linked to a carrier may have the same

activity as the free drug or, alternatively, its pharmacological properties may be

modified, e.g., the toxicity of liposomal vincristine is similar to that of the free

drug, but its potency is augmented, liposomal topotecan is protected from bio-

degradation, and doxorubicin-linked N-2-hydroxypropyl methacrylamide copolymer

displays a slow release and an increased maximal tolerated dose.

7.4.4.2 Systems under Development and Challenges

Targeted Drug Delivery Nanoparticulate Systems These are the most recent devel-

opment, presently only at the initial stages. Drugs are conjugated to ligands/

antibodies or incorporated in carriers bearing ligands/antibodies for recognition

by cell surface receptors expressed by target cells, e.g., doxorubicin-nanoparticles

targeting HerB2/neu for breast cancer. Major obstacles for the delivery of anti-

cancer drugs include the definition of selective cell-specific targets and physio-

logical barriers, in particular the epithelial and blood–brain barriers. For example,

approaches using LDL-mimic nanoparticles targeting the LDL receptors on brain

endothelial cells [16] or galactose-HPMA copolymer bearing doxorubicin for the

asialoglycoprotein receptors in liver tumors, which is under clinical trial [17], have

been attempted. One major problem in these approaches is to identify relevant tar-

geting entities in cancers compared with normal cells of the whole body. A few

have been identified and evaluated in preliminary trials, e.g., folate receptors and

PSA-doxorubicin conjugates for PSA-positive prostate cancer.

Intracellular Delivery For maximal efficacy, cancer drugs must reach their appro-

priate targets, in the appropriate location within cells, which are mainly located ei-

ther in the cytosol, the nucleus, and more recently in cell organelles such as mito-

chondria. Therefore, either drug-loaded carriers must be transported intact inside

cells, then carriers must release their cargo, or carriers must release their cargo at

the targeted-cell surface, and free drug must be transported inside cells. Colloids

and nanoparticles are mostly taken up by endocytosis in cancer cells, via the

endosome/lysosome pathway. Therefore, the drug must be released intact from

the lysosomal compartment. Most approaches have used the acidic characteristics

of this compartment to dissociate the drug from its carrier, e.g., HPMA copolymer,
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liposomes, polymeric micelles, cationic lipids and photosensitizers [18–22], and re-

lease into the cytosol; more recently, the presence of lysosomal enzymes have been

used to release covalently bound drug from a carrier system. Nuclear delivery is

also necessary for many drugs, mainly nucleic acid or protein drugs. In this case

tagging with a nuclear location signal is necessary.

Avoiding Drug Resistance Mechanisms Resistance of tumor cells to chemothera-

peutic agents is a major cause of treatment failure in cancer therapy, mainly medi-

ated by families of energy-dependent ATP-driven efflux pumps (MDR, Pgp). Lipo-

somes, polymer conjugates, polymeric micelles have the potential to overcome

resistance mechanisms, and positive results in this direction have been obtained

(reviewed in Ref. [23], and see below).

Methods of delivery and tumor targeting are key areas for the future of nanotech-

nology in anticancer therapy. For this, innovative nanotechnological methodologies

have been initiated, are under active development and will be further improved, to

achieve better, more efficient and less aggressive therapies of cancer for the whole

organism.

7.4.5

Nanoparticles for Drug Delivery in Clinical Use or under Clinical Evaluation

More extensive reviews are given in Refs. [6, 12, 24]. Several polymer–drug conju-

gates are in clinical use or under clinical evaluation as anticancer agents (Table 7.2).

Hydrophilic drugs can be easily entrapped with high efficiency in the aqueous

core of liposomes whereas hydrophobic weak bases, such as doxorubicin or vincris-

tine, are loaded by pH and chemical gradients across the liposome bilayer. Conse-

quently, as many of the agents active against cancer are hydrophobic molecules,

most presently used DDSs in clinics are liposomes, and many have been decorated

with PEG to increase their bioavailability (decreased opsonization, decreased

clearance by the RES, increased circulation time), e.g., PEGylated doxorubicin-

liposomes.

7.4.5.1 Doxorubicin Family

Liposomes encapsulating doxorubicin are the archetypal, simplest and first form of

nanoparticles used for cancer therapy. Doxorubicin-liposomes were the first to be

used clinically and ameliorated versions, such as PEGylated doxorubicin lipo-

somes, have been in clinical use for breast and other cancers for several years.

Doxorubicin belongs to the anthracyclines and is used to treat breast, ovarian,

bronchial cancers by inhibiting the synthesis of nucleic acids in cancer cells, but at

the price of cardiotoxicity and myelosuppression and a very narrow therapeutic in-

dex. Doxorubicin-liposomes of phosphatidylcholinum-carbamoyl-cholesterol coated

(glycosylated) with methoxypoly(ethylene glycol) (MPEG) (100 nm particles) to

form an hydrophilic layer that protects against phagocytosis by macrophages and

increases the circulation half-life, extravasation via defective tumor vessels and re-

lease of doxorubicin chlorhydrate selectively in tumor vicinity are in clinical use.
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Conjugates of doxorubicin and dextran have been encapsulated with chitosan (100

nm size particles) or conjugated to PLGA, PCAA or poly(g-benzyl-l-glutamate)/

poly(ethylene oxide) nanoparticles (200–250 nm), resulting in long-term in vitro
release of the drug [25] and in vivo suppression of tumor growth in in vivo
experimental models [26], proving efficacy. Efficacy was also suggested to be

macrophage-mediated [27]. Brain delivery of doxorubicin has also been obtained

by biodegradable poly(butyl cyanoacrylate)-polysorbate 80-coated nanoparticles

[28]. Recent developments of nanoparticles for doxorubicin include the develop-

ment of lecithin lipid core-drug/pluronic [poly(ethylene oxide)-poly(propylene

oxide)-poly(ethylene oxide) triblock copolymer]-shell nanoparticles, obtained by a

freeze-drying procedure [29]. In addition, solid lipid nanoparticles of cholesteryl

butyrate of doxorubicine with paclitaxel, which had additive effects [30], and nano-

particles of poly(isohexyl cyanoacrylate) able to overcome MDR and increase sensi-

tivity to doxorubicin [31], have also been developed recently.

7.4.5.2 Paclitaxel (Taxol)

Paclitaxel (taxol) is a microtubule-stabilizing agent that causes polymerization of

tubulin and cell death. Paclitaxel is used in ovarian, breast, colon, non-small cell

lung carcinomas. Paclitaxel is poorly aqueous soluble, but soluble in organic sol-

vents, and is presently formulated in Cremophor EL (polyoxyethyleneglycerol

triricinoleate 35) or polysorbate (Tween) 80 (polyoxyethylenene-sorbitan-20-

monooleate), which have important side effects and drawbacks. Strategies have

Tab. 7.2. Some nanoparticulate drugs under clinical use or

evaluation. (Adapted from Ref. [12] with modifications.)

Nanoparticulate drug Clinical use or evaluation

Doxorubicin-liposome/PEG Breast and ovarian carcinoma

Zinostatin-styrene Hepatocellular carcinoma

Liposomal-vincristine non-Hodgkin’s lymphoma

Liposomal all-trans-retinoic acid non-Hodgkin’s lymphoma

Polyglutamate-paclitaxel non-Small cell lung carcinoma

Liposomal paclitaxel Advanced solid tumors

Liposomal oxaliplatin Colorectal cancer

Liposomal lurtotecan or irinotecan Solid tumors, ovarian, small cell lung cancer

N-(2-Hydroxypropyl)methacrylamide

copolymer doxorubicin

Breast, colon, lung cancer

N-(2-Hydroxypropyl)methacrylamide

copolymer doxorubicin-galactosamine

Liver cancer
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been developed to formulate taxanes in Cremophor and Tween 80 based on phar-

maceuticals such as albumin nanoparticles, emulsions, liposomes, polyglutamates,

and prodrugs strategies [32]. New formulations that have been developed in-

clude biodegradable nanoparticle formulations (140 nm mean diameter) using

poly(lactic-co-glycolic) and nanoprecipitation in acetone, showing efficiency and

high incorporation loading [33, 34], poly(ethylene glycol)-poly(lactide) (PLGA)

nanoparticles (<100 nm) [35–38] and d-a-tocopheryl PEG as an emulsifier. In addi-

tion, the use of methoxy poly(ethylene glycol)-poly(lactide) (MPEG-PLA) results in

a slow and long-lasting release after an initial burst [39]. More recently, entrap-

ment of paclitaxel by hydrophobic forces in micelles of block copolymers (NK105)

led to increased blood stability, bioavailability and anticancer drug efficacy, ex-

tended in vivo antitumor activity and reduced the neurotoxicity of paclitaxel [40].

7.4.5.3 5-Fluorouracil

5-Fluorouracil is used in the treatment of rectum, colon, breast, stomach, pancreas,

liver, uterus, ovarian and bladder cancers. Intravenous injection of an aqueous so-

lution of 5-fluorouracil inhibits cell growth by blocking thymine (5-methyluracile)

formation, and DNA synthesis, and the formation of aberrant RNA; however, the

drug is very short-lived under this route of application. For clinical formulation,

5-fluorouracil has been incorporated in dendrimers of poly(amidoamine) modified

with mPEG-500 by simple incubation due to the hydrophilicity of the drug, achiev-

ing longer-lasting release than the free drug. The in vivo half-life of 5-fluorouracil, a
clinical problem necessitating continuous infusion for several hours, has been in-

creased by drug formulation by a diafiltration procedure in biodegradable amphi-

philic PEG-poly(g-benzyl-l-Glu) micelles (180–250 nm) and an hydrophilic shell of

30 nm [41].

7.4.5.4 Tamoxifen

Tamoxifen is a non-steroid inhibitor of estrogen receptors mainly used to treat

breast cancer. For clinical use, tamoxifen is encapsulated within PEG-coated nano-

spheres and located at the nanosphere surface, resulting in immediate drug release

[23]. More recently, tamoxifen was encapsulated in poly(ethylene oxide)-modified

poly(e-caprolactone) nanoparticles of an average diameter of 150–250 nm, for tar-

geted delivery of tamoxifen to breast cancer. The primary site of accumulation in
vivo was the liver; however, 26% of the total drug-loaded nanoparticles were recov-

ered in the tumor at 6 h post-injection, increasing further with time. Extended

presence in the circulation was also observed. Therefore, these nanoparticles

achieved preferential tumor-targeting and a circulating drug reservoir [42]. Anti-

estrogens were also incorporated at high amounts in nanocapsules [polymers

with an oily core and coupling with PEG] displaying enhanced anti-tumoral activity

toward breast cancer cells [43].

7.4.5.5 Cisplatin

Platinum derivatives (cisplatin and carboplatin) are inorganic metallic complexes

of the Pt2þ cation and pairs of chloride and amino ligands in the cis position for
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cisplatin. Their mechanism of action resembles that of alkylating agents active on

DNA, independently of the cell cycle. Cisplatin, alone or in combination with other

drugs, is used to treat testicular, ovarian, bladder, prostate, respiratory carcinomas,

and lymphoma, sarcomas and melanoma. Platinum derivatives have a short half-

life in the biological environment and are frequently associated with drug resis-

tance in many cancers and, therefore, their entrapment in liposomes has been

attempted to enhance efficacy – these formulations are presently under clinical

evaluation [44–47].

7.4.5.6 Campthotecins

Campthotecins (irinotecan and topotecan) are cytostatic drugs that act as specific

inhibitors of DNA topoisomerase I, active in S phase and on P-glycoprotein

(MDR)-positive cells, with activity that depends on exposure time; they induce

single-strand lesions in DNA and inhibition of replication. They are in clinical

use mainly for advanced colorectal cancer in conjunction with 5-fluorouracil, but

are extremely hydrophobic. Lipid-based nanoparticles (100–375 nm) of irinotecan

have been prepared and their activity was size-dependent: 375 nm irinotecan-

nanoparticles > irinotecan > 100 nm irinotecan-nanoparticles > no treatment [24].

7.4.5.7 Methotrexate

Methotrexate is a cytotoxic antagonist (antimetabolite) of folic acid during the S

phase of the cell cycle of actively proliferating cells, acting by competitive inhibition

of dihydrofolate reductase and blocking the reduction of dihydrofolic acid (FH2)

into tetrahydrofolic acid (FH4), and hence the synthesis of pyrimidine and purine

bases and amino acids, and of DNA, RNA and protein synthesis. Methotrexate has

been entrapped in triblock poly(trimethylene carbonate)-PEG-poly(trimethylene

carbonate) copolymer core–shell type nanoparticles (50–160 nm) by ring-opening

polymerization [48]. Very recently, in a very elegant approach, polyamidoamine

(PAMAM) dendrimers (<5 nm size), conjugated to folic acid for tumor targeting

and methotrexate as anticancer agent for tumor treatment, injected i.v. into folate

receptor-positive human KB tumor-bearing immunodeficient mice displayed in-

creased anti-tumor activity of methotrexate and markedly decreased toxicity, allow-

ing a tumor drug dosage not possible with the free drug [49].

7.4.6

New Experimental Drugs and Therapies

7.4.6.1 Proteins, Peptides, their Inhibitors and Antagonists

� The cysteine protease cathepsin B inhibitor cystatin, potentially active as an

anticancer drug, has been incorporated in poly(lactide-co-glycolide) nanoparticles
(300–350 nm size), preserving its cathepsin B inhibitory activity; it was internal-

ized and was cytotoxic for tumor cells whereas free cystatin was not [50, 51].
� Conjugation of an anti-EGF receptor monoclonal antibody to colloidal gold nano-
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particles increased their selectivity toward cancer cells versus non-cancer cells,

suggesting their utility in both detection and targeted delivery [52].
� Magnetic nanoparticle-loaded anti-Her2 immunoliposomes have been developed

for a combination of antibody therapy with hyperthermia [53].
� Increased transmembrane transport has been observed using positively charged,

membrane translocation-inducing poly-d-Arg and Tat-peptide crosslinked to dex-

tran nanoparticles (30 nm) [54].

7.4.6.2 New Drugs

� All-trans retinoic acid incorporated in solid lipid nanoparticle powder displayed

increased stability, decreased hemolytic toxicity, and efficacy was maintained

against human cell lines [55].
� Clinical application of cucurbitacin in poly(lactic acid) nanoparticles (85 nm di-

ameter), as anticancer targeting against metastasis foci of cervical lymph nodes

in patients with oral carcinoma, displayed enhanced efficacy, decreased side ef-

fects and a long-lasting high concentration of the drug in lymph nodes [56].

7.4.6.3 New Therapeutic Approaches: Photodynamic Therapy (PDT)

Ceramic-based nanoparticles entrapping water-insoluble photosensitizing anti-

cancer drugs have been developed as a novel drug-carrier system for the PDT of

tumor cells [57]. Methylene blue, as a photosensitizer and a source of singlet oxy-

gen in PDT, has been encapsulated in polyacrylamide, sol–gel silica or organically

modified silicate sub-200 nm nanoparticles. Of these three matrices, polyacryla-

mide was the most efficient delivery system but its content in methylene blue was

low, whereas the opposite was true for the sol–gel nanoparticles. PDT treatment of

cells was demonstrated to be efficient [58]. PDT protocols have also been developed

using photosensitizers incorporated in PLA-PEG nanospheres and tumor irradia-

tion (EMT-6 cells). However, the large (>900 nm) particle size did not allow high

enough intra-tumoral accumulation [59]. Therefore, the nanoplatform represents a

functional system for decreasing the side effects in detection and therapy of cancer

in PDT protocols.

7.4.7

Gene Therapy

Viral vectors are very efficient but present the inherent risk that the inactivated

virus reverts to wild-type and that viruses induce immunogenic reaction. There-

fore, attempts have been made to replace viruses by synthetic vectors with im-

proved safety, greater flexibility and easier manufacturing. Synthetic polymers

(mainly cyclodextrin-modified, branched polyethyleneimine) are generally cationic

molecules to which negatively charged DNA or RNA molecules electrostatically

bind, forming polyplexes of a few tens to hundreds of nm in diameter, but with

excess cationic charges maintained to favor cell uptake. Serum stability, aggrega-

tion, and clearance of polyplexes depend on the packaging polymer and surface
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modification. Surface modification with a hydrophilic polymer, such as PEG, N-

2(hydroxypropyl)methacrylamide, oligosaccharides and sugars or proteins, can in-

crease serum compatibility and provides a basis for chemically grafting target

addresses, which include membrane receptors, lectins, transferrin, antibodies,

lectins. Targeting efficacy depends on the conjugation chemistry, the length and

chemical composition of the spacer between the polyplex and the ligand, the ki-

netics characteristics and the number of interactions between the ligand and recep-

tor. Intracellular trafficking and endosomal escape are also important factors for

targeting approaches.

Polymers used for gene delivery include polylysine, branched polyethylenei-

mine, poly(amidoamine) dendrimers, membrane-disrupting pH-responsive or

pH-degradable acrylate-based polymers, allowing lysosomal escape, peptides, cyclo-

dextrins and non-cytotoxic biodegradable polymers of l-glycolic acid (for a discus-

sion of the advantages/disadvantages of the various polymers see the reviews in

Refs. [60–62]). However, whereas substantial progress has been made in vitro, their
utilization in clinics remains to be evaluated. Moreover, the much lower efficacy of

all synthetic vectors than that of viruses makes them generally considered as un-

acceptable for clinical applications.

7.4.7.1 Nanoparticle for Gene Delivery: Non-chitosan and Chitosan-type Polymers

Progress in gene therapy has relied on the emergence of polymeric and non-

polymeric nanoparticles that have been investigated for their ability to deliver

genes, mainly encompassing two families: chitosan-related and chitosan-unrelated

materials.

Non-chitosan Polymers

� Polyethyleneimine-DNA complexes (39–1200 nm) linked to PEG coated with

transferrin or EGF have achieved 10–100� higher tumor selectivity over other

organs in mice [24].
� Dextran-SPION plasmid as a model for gene carrier (59 nm effective diameter)

has achieved efficient transfer in a human bladder cancer cells line [63].
� Positively charged calcium phosphate nanoparticles (30 nm) were able to transfer

foreign DNA with high transfection efficiency and were less cytotoxic than DNA

liposomes [64].

Chitosan-type Polymers The inclusion of poly(propyl acrylic acid), which disrupts

lipid bilayer membranes at defined pH incorporated in chitosan-DNA plasmid, in-

creased delivery from the endosomal to cytoplasmic compartment for non-viral

gene delivery [65].

7.4.8

New Approaches

Recent, new and innovative approaches have been aimed mainly at (a) improving

existing systems, by enhancing biocompatibility, biodegradability and biological
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characteristics of existing systems, and (b) developing novel nanotechnological ap-

proaches for drug–nanoparticle preparation as anticancer agents (for more detailed

reviews see Refs. [6, 23]).

7.4.8.1 Improvement of Biological Characteristics

Conventional Drug-loaded Nanoparticles These nanoparticles are rapidly opson-

ized in the circulation and cleared by the RES, mainly macrophages, in the liver,

spleen, lungs, bone marrow where drug accumulates. Conventional nanoparticles

induce some cytotoxic effects against phagocytes, and drugs accumulate in bone

marrow and result in myelosuppression, an unfavorable event. Nephrotoxicity has

also been observed. However, the drug-nanoparticle toxicity profile is more favor-

able than the free drug toxicity profile, in particular for the cardiotoxicity of doxor-

ubicin. The accumulation of nanoparticle-doxorubicin in the lysosomes of Kupffer

cells in the liver, but not in tumor cells, acts as a long-term active drug delivery sys-

tem [66]. For example, in mice treated with doxorubicin-poly(isohexyl cyanoacry-

late) (PIHCA) nanospheres [67] the drug accumulates in the liver, spleen and

lungs, but a reduction of hepatic metastasis and a longer life span were also ob-

served [68] compared with free doxorubicin. The same was seen for actinomycin

D adsorbed on poly(methyl cyanoacrylate) (PMCA) and lung accumulation [69],

and for actinomycin D adsorbed on the more slowly degradable poly(ethyl cyano-

acrylate) (PECA) and small intestine accumulation [70] or vinblastine incorporated

into PECA and accumulation in the spleen [70]. Therefore, as both the polymer

composition and the drug chemical characteristics, as well as the location in the

nanoparticle (adsorbed or incorporated), are important for tissue localization these

factors have been modified.

An ideal drug carrier should be a system that can reside in vivo for long periods,

targeting particular cell types, compartmentalizing a large set of molecules and re-

leasing them in the appropriate environment at the appropriate rate and dose. Cre-

ating a toolbox of molecules that hierarchically assemble in ordered structures, spa-

tially and chemically controlled, is requisite to making them attractive and efficient

for encapsulating and delivering drugs. The chemistry used to achieve biomimetic

assemblies, which consist of the polymer, a linker and a bioactive molecule, has

been reviewed [71]. Di- or tri-block copolymers with low polydispersity can be ob-

tained via anionic polymerization. Subsequent manipulation involves self-assembly

at concentrations favoring spherical micelles, controlled crosslinking using radical

chemistry to obtain a hydrogel shell and polymer micelle architecture, followed by

conjugation with a biological molecule to achieve targeting, such as peptides via a

carboxyl end group on the polymer. The most commonly incorporated polymer

is PEG [poly(ethylene glycol)], a flexible water-soluble molecule that can be end-

functionalized to obtain aldehyde, methacryloyl, hydroxyl, primary amine, acetal,

mercapto groups, and copolymerization with other polymers [72–74]. The chem-

ical procedures available have been outlined [71].

Factors controlling the rate of drug release are not well understood but depend

on the assembly morphology, drug molecular weight, chemical composition, etc.

These factors have also been addressed. Biodegradable polymers are preferred for
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controlled drug delivery systems, and are made of natural or synthetic polymers,

which have the advantage over natural polymers in that they can be tailored to ob-

tain defined properties. They must match the mechanical properties and degrada-

tion rates required for the application. Commonly used biodegradable polymers for

biomedical applications include polyglycolic acid, l-, d-, dl-polylactic acid, poly(cap-

rolactone), poly(dl-lactide-co-glycolide), and poly(vinyl alcohol). These polymers

have features such as controllable mechanical properties, controllable degradation

rates, minimal toxicity and immune responses [75].

Long-circulating Biocompatible and Biodegradable Drug-loaded Nanoparticles To es-

cape the RES, stealth nanoparticles that are ‘‘invisible’’ to macrophages, and which

are long-lasting in the blood compartment, need to be designed. For this, modifica-

tion of the surface (hydrophilic/hydrophobic) and a small size (<100 nm) of the

colloidal carrier are essential [23]. The hydrophilicity of the carrier and sustained

drug release are also important. A previous breakthrough was the use of PEG or

polysaccharides to coat the nanoparticle surface and, thereby, repel plasma pro-

teins. Hydrophilic polymers are either adsorbed at the surface of nanoparticles or

are block copolymers. Finally, covalent linkage of amphiphilic copolymers is the

preferred way to obtain a protective hydrophilic coat, using poly(lactic) (PLA),

poly(caprolactone), or poly(cyanoacrylate) copolymers chemically coupled to PEG.

Controlled drug-delivery systems are generally based on either diffusion or degra-

dation of the polymer. The choice of polymer depends on potential interactions

with the drugs, surface characteristics, the hydrophilic–hydrophobic balance, sur-

face charges, and the biological properties of the target. Novel approaches to solve

the drug release problems have been addressed.

The preparation and characterization of biodegradable/bioerodible polymers for

the controlled targeted release of proteic drugs (interferon or growth factors for tis-

sue engineering) have been described. Bioerodible polymeric matrices are hemiesters

of alternating copolymers of maleic anhydride with alkyl vinyl ethers of oligo(ethy-

lene glycol). Hydrophilic shell coating to minimize opsonization was achieved with

grafted b-cyclodextrins. Coprecipitation was used for formulation, based on drop-

wise addition of synthetic polymer in water-miscible organic solvent to aqueous

protein solution under stirring, followed by the addition of the glycolipid. Particles

130–150 nm diameter were obtained, with b-galactose residues exposed at the sur-

face. Biodegradable polymer matrices solve the issue of removal of the device after

drug delivery. Among them, poly(malolactonates) are biocompatible, degrading to

malic acid, and contain reactive side-chain carboxyl groups that can be esterified

[76] for adjustment of the hydrophilic–hydrophobic balance [76–81]. The starting

components are commercially available and nanoparticles of 100–150 nm can be

obtained by coprecipitation (reviewed in Ref. [82]).

The effects of the following surface modifications have also been evaluated:

� Poly(lactic-co-glycolic acid) nanoparticles coated with vitamin E TPGS [82, 83], or

polysaccharide-decorated nanoparticles [84].
� Poly(alkyl cyanoacrylate) nanoparticles [85].
� Amphiphilic poly(lactic)-pluronic block copolymers, which can release either hy-
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drophobic anthracene and hydrophilic procaine drugs due to slow hydrolytic deg-

radation of poly(lactic acid) [86].
� Poly(ethylene oxide)-b-poly(N-isopropylacrylamide) nanoparticles with crosslinked

cores as hydrophobic drug carriers [87].

7.4.8.2 New Technological Approaches

Local Administration and Long-time Delivery Small particles injected locally in the

tumor vicinity infiltrate gradually the lymphatics, representing a tool for lymph

node metastases, and locoregional adjuvant therapy, for breast cancer for example.

In this model the size and choice of the carrier are of fundamental importance

to avoid clogging of small lymphatic vessels. For this purpose magnetic systems

would be a good choice (see below).

Polymer gels have been designed for controlled release and as systems for modu-

lated delivery. The hydrophobic–hydrophilic balance of a gel carrier can be modu-

lated to provide useful diffusion characteristics for periods up to months. Current

polymer network drug delivery systems incorporate the pharmaceutical agent by

imbibition, equilibrium partitioning after the network is formed, before or after

polymerization depending on the drug stability to UV light. Reference [88] gives a

more extensive review of the features of these devices.

New Materials Evaluated as Carriers: Thermoresponsive or Oxidation-sensitive Materi-

als The preparation and characterization of ‘‘intelligent’’ core–shell nanoparticles

has been described. Thermoresponsive, pH-responsive and biodegradable nanopar-

ticles of poly(d,l-lactide)-graft-poly(N-isopropyl acrylamide-co-methacrylic acid) have

been developed as a core–shell type nanoparticle with high drug loading capacity.

A hydrophilic outer shell and a hydrophobic inner core, with a phase transition

above 37 �C, have been prepared. Heating above the phase transition temperature

or pH modification caused leakage of the drugs, demonstrating the potential of

these nanoparticles as drug carriers for intracellular delivery of anticancer drugs

[89]. Monodisperse polymeric nanoparticles of polyacrylic/isopropyl acrylamide,

prepared by seed-and-feed method, displayed inverse thermogellation at 33 �C.

Therefore, drug–polymer mixtures that are liquids at room temperature become a

gel at body temperature without chemical reaction, allowing the sustained release

of drugs [90]. Oxidation-sensitive polymeric nanoparticles of crosslinked polysul-

fides have also been developed as oxidation-sensitive vehicles for hydrophilic or hy-

drophobic drugs able to release drugs in the more oxidative environment of cancer

and inflammation [91].

7.4.9

Superparamagnetic Iron Oxide Nanoparticles (SPIONs) as Magnetic Drug

Nanovectors

Nanovectors able to both detect cancer and deliver drugs have also been developed,

mainly using the outstanding superparamagnetic properties of iron-oxide nanopar-

ticles. Superparamagnetic iron oxide nanoparticles (SPIONs) are usually used as
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magnetic nanovectors since their superparamagnetic properties, depending on their

nanoscale size, make them magnetic in the presence of an external magnetic field,

but no magnetic remanence remains after removal of this external field. Magnetic

nanoparticles offer additional attractive possibilities in biomedicine since their mag-

netic properties allow them to be manipulated by an external magnetic field gradi-

ent, further improving chemical and biological drug delivery strategies, in addition

to magnetic resonance imaging (MRI) contrast enhancement detection of their sites

of localization. Previous experiments using this approach have been performed by

some groups with magnetic particles or magnetic liposomes, ranging from 10 mm

to 100 nm, loaded with chemotherapeutic agents [92–94]. Some positive effects

were obtained, in particular a decreased general toxicity, due to lower dosages, of

the agents. This approach has the advantage of being non-invasive and efficient.

Biocompatible superparamagnetic nanoparticles have been developed for in vivo
biomedical application, mainly in magnetic resonance imaging [63, 95, 96], and

have been only preclinically evaluated in the tissue-specific release of therapeutic

agents [97]. Dextran-SPIONs have been used in gene transfer experiments in a hu-

man bladder cancer cell line [98]. SPIONs combined with albumin [99] or as lip-

osomes with antibodies targeting Her2 have been used for combination of anti-

body therapy with hyperthermia [53]. Surface modification of the PEG film of

SPIONs with folic acid decreased their uptake by mouse macrophages and in-

creased their uptake by human cancer cells [100]. Anionic SPIONs, coated with al-

bumin, were taken up by cells [101], and anionic to cationic surface charge in the

acidic lysosomal compartment may allow escape from the endo-lysosomal com-

partment to the cytosol [102]. Dextran-coated SPIONs of 150 nm, but not of 10

nm, were taken up by macrophages involving type I and II scavenger receptor

SR-A-mediated endocytosis [103]. For the latter application, the internalization of

nanoparticles into specific cells is the critical step, but is limited by non-specific

targeting and a low efficiency of internalization of the endocytosed ligands grafted

on the nanoparticles [104]. Clearly, this step needs to be improved to enhance effi-

ciency. Few published studies have addressed the uptake by cells or the cell-surface

binding of functionalized superparamagnetic nanoparticles [105]. Therefore, a

firm theoretical foundation of magnetic drug targeting is still lacking.

Interactions of magnetic nanoparticles with cells may have an impact on cell

functions. Macaque T cells labeled with monocrystalline SPIONs following adsorp-

tive pinocytosis or receptor-mediated endocytosis and which localized in the cyto-

plasm did not cause any measurable effects on T cell functions [106]. Conversely,

transferrin magnetic nanoparticles localized to the cell membrane without induc-

ing endocytosis, but this surface localization induced the expression of several

genes of the cytoskeleton and cell signaling pathways [107].

7.5

Targeting

Detecting and treating cancer by targeted means at the earliest possible stage of

cancer will improve the quality of life and the life expectancy of patients. The use

of nanoparticles has a bright future towards achieving these goals. Probably the
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most promising features of nanovectors are related to the possibility of modifying

their properties, mainly their surface, to achieve organ-, tissue- and cell-specific

and -selective delivery of anticancer drugs, to increase drug efficacy and decrease

side effects, and ultimately improve the quality of life and survival of patients.

Technical problems of developing targeting nanoparticles include the increased

complexity/size of the nanoparticles, as well as the increased risks of adverse reac-

tions, while advantages include the fact that more drug will reach the target, selec-

tivity is increased, the delivery of multiple agents at the same site will become

possible for targeted combination therapies, and the ability to bypass biological bar-

riers.

Cancer targeting using drug-loaded nanovectors may be achieved in three ways:

1. Using the tissue characteristics of cancer, mainly the leaky vessels associated

with many human cancers – what has been called passive targeting.

2. Using the characteristics of cancer cells, mainly increased metabolism and active

cell proliferation, and active circumstantial targeting.
3. Using molecular markers overexpressed by either cancer cells or cancer-

associated cells, mainly the neo-angiogenic endothelium of cancer tissue, and

active molecular targeting.

Active targeting of drugs to cancer is probably the most challenging bio-

nanotechnological approach. To achieve these goals it will be necessary to:

1. Define valid targets: markers of tumor and tumor-associated cells and vascula-

ture.

2. Develop the necessary chemistry to bind drugs to nanovectors: validate synthetic

routes.

3. Release the drugs at the right place and time from the carrier: develop intelli-

gent linkers.

4. Achieve intracellular delivery: define cell penetration means and organelle ad-

dresses.

The greatest challenge in designing strategies for targeting is to define the optimal

targeting system, able to selective bind to tumor or tumor-associated cells, then to

trigger internalization of the drug cargo (for a more extensive review see Ref. [24]).

Most studies have used a modification of the nanoparticle surface, e.g.,

� covalently-linked antibodies,
� tumor vascular markers (RGD and integrins, VEGF-R, EGF-R),
� and permeation-enhancing agents.

The endothelium is a very attractive tissue for drug targeting using nanoparticles

in cancer. Surface properties of the nanocarrier may provide passive–active target-

ing to endothelium, e.g., polystyrene nanoparticles arrest in bone marrow endothe-

lium, followed by receptor-mediated endocytosis [108], while polysorbate 80-coated

nanoparticles arrest in the blood–brain barrier vasculature [16, 28]. Cationic lipo-
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somes are internalized within 1 h in endothelial cells, according to an organ- and

vessel-specific manner [109], and these effects are likely mediated by vessel-type

specific properties. Recent approaches have also provided information concerning

specific molecules expressed by the various endothelia. Issues to consider in target-

ing tumor vasculature include the fact that tumors are poorly perfused, tumor vas-

culature destruction is not enough to totally destroy tumors, that high intratumoral

osmotic pressure will result from antiangiogenic therapies, and it has to be consid-

ered that the destruction of tumor vasculature will also result in the loss of access

to the tumors.

7.5.1

Passive Targeting

Passive targeting utilizes tissue features that are characteristics of cancer, mainly

the defects of the cancer vascular system, enhanced permeability and retention

time of tumor vasculature and tissue [24], avoiding trapping in the RES, or kidney

clearance. Heterogeneity of blood flow in a tumor is also a challenge, but the leaki-

ness of tumor vasculature and the poor lymphatic drainage of human cancers may

be advantageous, allowing an enhanced permeation and retention (EPR) effect.

Following systemic administration, drug delivery devices to solid tumors must be

transported through blood vessels, across the vascular wall into the surrounding

tissues, and through the interstitial space within a tumor. These processes are de-

termined both by the characteristics of the drug and of the delivery system, and by

the biological properties of tumors. Functional and morphological differences exist

between normal and tumor-associated blood and lymphatic vasculature, offering

therapeutic opportunities and windows for the delivery of therapeutic agents [110,

111].

Tumors smaller than 2–3 mm in diameter receive nutrients, oxygen, etc. from

the surrounding host tissue by diffusion and do not develop their own vasculature,

and will not be targeted by passive targeting. The growth of tumors results in the

development of their own vascularization, which is more heterogeneous and heter-

ogeneously distributed, larger, tortuous and permeable than that of normal tissue,

depending on the tumor. In a tumor, defects in tumor vasculature result in in-

creased resistance to flow, lower blood flow and decreased perfusion of tumor tis-

sue. In tumors the lymphatic system, which returns the interstitial fluid to blood

circulation, is defective. The lack of lymphatic drainage in solid tumors also results

in decreased water clearance and the retention of high molecular weight compo-

nents (>40 kDa), but at the price of increased interstitial pressure and decreased

extravasation from blood vessels. The extravasation of molecules is accompanied

by fluid movement across the leaky vessel walls by passive diffusion or convection,

dependent on the hydrostatic and osmotic pressure differences between blood and

interstitial space. Small molecules mainly diffuse whereas large molecules are

transported by convection/pressure differences. In a tumor, convection is directed

out of the tumor. Macromolecules, extracellular matrix and cell density are impor-

tant factors in the repartition of therapeutic agents in the tumors.
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Thus, in cancer, blood perfusion is heterogeneous, the vascular wall frequently is

collapsed and the intratumoral hydrostatic pressure high; therefore, nanoparticle

distribution is unpredictable. Passive diffusion of nanoparticles (20–150 nm) at

sites of vascular leakage in cancer is possible. Drug release, near the cancer, by

the carrier must follow extravasation and drug therapeutic dosages must be

achieved. The release rates depend on both the drug and chemical and biophysical

properties of the nanomaterials and on the biological characteristics (pH, redox,

etc.) of the tissue where the drugs has to be released and be active. Drug release

from the nanocarrier remains an issue – some polymeric materials do not allow

drug release at levels and rates that are compatible with those necessary for treat-

ment efficacy.

7.5.2

Active Targeting

Actively targeted treatment of cancer and tumor-specific targets include nanopar-

ticle delivery systems selective either for cells forming tumor angiogenic vessels

and stroma or tumor cells.

7.5.2.1 Targeting Cancer-associated Cells

Human cancers are heterogeneous entities, made of several different cell types: the

tumor cells, the normal cells from which tumor cells have evolved, the cells form-

ing the normal and the tumor-associated vascular system, fibroblasts and tumor-

associated fibroblasts, and immune cells and cancer-associated immune-cells

(mainly macrophages and lymphocytes). Theoretically, all these cells may be useful

for drug targeting, but presently the cells forming the tumor vasculature have been

evaluated in most experimental approaches.

Targeting Cancer Vasculature The molecular signature of the endothelial surface is

tissue- and disease-specific, allowing one to direct functionalized nanoparticles to

selected sites through vascular markers, via appropriate ligands, receptors, and en-

zymes. Drugs in cancer may be targeted using angiogenesis-associated molecules,

such as the receptors for VEGF/VPF, bFGF, PDGF, or proteases associated with

invasion, such as the matrix metallo- and serine-proteases. The use of angiogenesis

inhibitors as drugs, including IFNa, -b, or g, thrombospondins, TIMPs, and anti-

VEGF antibody (Avastin), has been investigated. The inhibitors approach allows

one to combine drug targeting and anti-angiogenic therapy. Gene therapy using

liposome and poly(N-vinyl-2-pyrrolidone) delivery [112, 113] with the integrin avb3

and lipid-based cationic nanoparticles to target a mutant of Raf [114] has been

shown to be a potential approach only in animal models. A web site exists that lists

the clinical trials and molecules under evaluation [24].

Macrophages In cancer, macrophages have been used in the detection of lymph

node metastasis with SPIONs (see Section 7.4.9). The targeting of tumor-

associated macrophages for therapy has been little attempted to date, but might in
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the near future become an option since these cells are involved in cancer progres-

sion. The lessons gained from knowledge acquired of immune, inflammatory, in-

fectious and vascular disorders may be important.

7.5.2.2 Targeting Cancer Markers

To achieve active targeting and drug delivery to the right cells based on molecular

recognition processes, including ligand–receptor and antibody antigen, high ex-

pression at the tumor cell-surface of cancer-specific molecules is to be used. How-

ever, such molecules are frequently cancer-type specific and not expressed by all

cancer cells in human cancers, resulting in resistance mechanisms. Pro-drugs,

whose activation depends on specific biological properties of cancer cells, can also

be useful in achieving treatment selectivity. Among these approaches, peptidase- or

acid-sensitive linkers have been evaluated. For example, adriamycin conjugated to

PEG via a linker containing Ala-Val, Ala-Pro, Gly-Pro sequences that can be cleaved

by proteolytic enzymes displayed tumor cell selectivity [115]. Liposomes may be

destabilized by enzymes, e.g., phospholipases or proteases, which are highly ex-

pressed and secreted in many cancers; depending on the lipid composition and

structure, pH changes or the high redox potential associated with the cancer envi-

ronment can also be useful for this purpose.

To achieve these goals, the methods of assembling recognition molecules on the

surface of nanoparticles, through adsorption or chemicals linkages, must be devel-

oped and validated. The surface density, orientation, presentation, spacing, and

conformation of ligands on the surface of nanoparticles are crucial for the success

of the ligand–receptor binding and, therefore, targeting and drug delivery. Particle

stability, aggregation, and degradability may become problematic. If intracellular

delivery of therapeutics is the goal, the choice of the ligand–receptor pair is of the

upmost importance (phagocytosis, endocytosis, lipid rafts, receptor-mediated, etc.)

for efficiency of internalization, the cellular localization of the nanoparticle pay-

load, and the pattern of activation of cell signaling pathways.

These approaches may bypass multidrug resistance systems, but drug release

from the carrier in a biological situation is still a major problem.

Folate and Folate Receptor One of the most investigated approaches involves the

folate receptor, which is expressed at the surface of many cancer cells. Targeting

may be obtained with folate linked to PEG to target folate receptors overexpressed

on cancer cells, such as ovarian, lung, colorectal cancers, and internalization of the

nanocarrier by this receptor [116]. Folate-PEGylated cyanoacrylate nanoparticles

have been developed [104] and high affinity was achieved, probably due to in-

creased multivalent interaction of folate-nanoparticles with the clustered folate

receptors on the cell surface. As a consequence, increased internalization of encap-

sulated drug was achieved. Monodisperse (10 nm) magnetite nanoparticles, deriv-

atized with PEG-folate, were more efficiently taken up than PEG or folate nano-

particles by breast cancer cells [117]. Folate-mediated uptake of folate-conjugated

albumin nanoparticles (mean diameter 70 nm) prepared by a coacervation method

and chemical crosslinking has been demonstrated in ovarian SKOV3 cancer cells
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[118]. Polyamidoamine (PAMAM) dendrimers, <5 nm, conjugated to folic acid

and methotrexate as anticancer agent were injected i.v. into folate receptor-positive

human KB tumor-bearing immunodeficient mice. The folate-derived dendrimers

concentrated in the tumor and methotrexate was internalized into tumor cells.

The anti-tumor activity of methotrexate was increased and toxicity markedly de-

creased, allowing a tumor drug dosage not possible with the free drug [49].

Antibodies Targeting via monoclonal antibodies (listed in Table 7.1 of [24]) has

been attempted, either as direct therapeutic agents or as carriers for drug delivery

systems, to exploit differences between the expression of the corresponding anti-

gens in cancer and normal cells [119].

Breast cancers express high levels of estrogen and EGF receptors, and prostate

cancers express androgen receptors, which can also be used to achieve targeting.

The ERB-2 receptor, a growth factor receptor belonging to the EGF receptor family,

is overexpressed in about one-quarter of human breast cancers. An experimental

study has used commercial liposomal doxorubicin, incubated with an anti-ErbB2

antibody coupled to modified PEG, to induce faster and greater tumor regression

[120]. Chemical conjugation of mitoxantrone-loaded nanospheres and anti-C-erbB-

2 monoclonal antibodies to nanospheres (665 nm mean diameter) prepared by

an emulsion heating solidification technique displayed selective binding to breast

cancer cells [121]. The conjugation of an anti-EGF receptor monoclonal antibody

to colloidal gold nanoparticles increased their selectivity toward cancer cells versus

non-cancer cells, suggesting their utility in both detection and targeted drug deliv-

ery [52]. Interaction of immunotargeted nanoshells, optically active nanoparticles,

whose relative dimensions allow either the scattering or absorption light and,

therefore, the imaging or photothermal destruction of target tissue, has been dem-

onstrated in Her2-positive breast cancer cells [122].

Carbohydrates Liver cells express asialoglycoprotein, a galactose ligand, that has

been evaluated as a target for primary or metastatic liver cancers. Nanoparticles

based on biotinylated diamine-terminated PEG and using the galactose moiety of

lactobionic acid as targeting agent and A11-transretinoic acid as drug have afforded

a constant drug release in vitro over one month [123, 124].

Transferrin Receptors Transferrin receptors are overexpressed at the surface of

many tumor cells, and have been used for liposomes or PEGylated liposomes of

doxorubicin or cisplatin for intracellular targeting of tumor cells [125].

7.5.3

Intracellular Drug Delivery

Nanoparticles (nanovesicles, nanocontainers, liposomes) are generally internalized

into cells via fluid phase endocytosis, receptor-mediated endocytosis or phagocy-

tosis, resulting in the potential delivery of the nanoparticles in different cell com-

partments [125–128]. Efficient cytoplasmic delivery of drugs is important for drugs

7.5 Targeting 225



whose action is intracellular, and sustained cytoplasmic delivery of drugs with intra-

cellular receptors can only be envisioned using biodegradable nanoparticles [129].

Nanoparticle made from poly(dl-lactide-co-glycolide) can rapidly (of the order of

minutes) escape the endo-lysosomal compartment, in intact form, after internal-

ization, and reach the cytoplasm [102]. This escape mechanism is related to

the anionic to cationic surface charge in the acidic environment of endosomes-

lysosomes. pH-Sensitive liposomes have been designed using phospholipids/pH-

sensitive polymethacrylate [130, 131], which become unstable at the acidic pH of

lysosomes. Therefore, to date most approaches have involved pH effects between

cellular compartments and surface-functionalized drug-loaded nanoparticles. Chi-

tosan nanoparticles uptake was inhibited by chlorpromazine, suggesting clathrin-

mediated endocytosis [132]. Wheat-germ agglutinin-PLGA nanoparticles were

taken up by lung carcinoma cells according to a receptor-mediated, caveolae-

dependent mechanism [133]. Exocytosis and intracellular retention are also factors

that may control the efficacy of cellular delivery. A study using PLGA nanoparticles

has shown that uptake is an endocytic, concentration, time and energy-dependent

process [134]; however, a large proportion of the endocytosed nanoparticles were

excreted from cells by an energy-dependent exocytic process as early as 30 min

later [134].

Nanoparticle surface manipulations may be performed to increase cytoplasmic

delivery, in particular with protein-transduction domain peptides [54, 135, 136]

such as HIV-TAT peptides, or poly-Arg. These effects are related to the interaction

of positively charged peptides with negatively charged heparan sulfate proteogly-

cans and sialic acid-containing glycoproteins, resulting in cell internalization of

the complex by lipid-raft pinocytosis [137]; this is receptor independent, and then

destabilization of the complex and release into the cytoplasm of the nanoparticle

payload arises without fusion with lysosomes. However, cytotoxicity issues of the

carrier have been raised.

Gene transfer by carrier destabilization via surface charge modification has also

been used. Negatively charged nucleic acid material is adsorbed onto cationic poly-

meric nanoparticles, such as poly(ethyleneimine), and the complexes then undergo

endocytosis. In the low pH of endosomes, the polycation–nucleic acid complexes

are then released into the cytoplasm. Virus- or bacterial toxin-mimicking nano-

particles have been also used to achieve membrane disruption or forced-

internalization. The viral components are intercalated between the lipid bilayer of

150 nm vesicles, and the structure is destabilized at the acidic pH of lysosomes.

Gold particles modified with nuclear localization signal peptides were able to target

the nucleus [96].

7.5.4

Development of the Necessary Chemistry: Synthetic Routes and Linkers

for Conjugation

Active targeting requires that selective ligands for defined tumor or tumor-

associated cell markers are presented in adequate configuration and concentration
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at the surface of nanoparticles. But this means that reactive groups must exist at

the surface of nanoparticles for chemical coupling. PEG has been widely used to

coat the surface of polyester or poly(alkyl cyanoacrylate), delaying phagocytosis by

macrophages, and making them compatible for passive targeting by the increased

vascular permeability associated to cancer [126, 138]. Polysaccharide (e.g., chito-

san) coating may be a valuable alternative to PEG for this purpose, having the ad-

ditional advantages of providing targeting by themselves for saccharide cell surface

receptors, of being biocompatible and biodegradable [84], and being able to control

the interactions with cells:

1. Dextran, pullulan and glycolipid, or sialic acid, decrease macrophage uptake;

2. hyaluronic acid provides bioadhesive properties;

3. functionalized dextran allows vascular targeting;

4. galactose-containing copolymer achieves liver targeting;

5. polysaccharide modified by vitamin H and biotin improved cancer targeting.

Preparation methods include (reviewed in Ref. [84]):

1. Adsorption on preformed nanoparticles. This depends on the relative polysac-

charide and nanoparticle surface characteristics and chemical composition: hy-

drophobic, hydrophilic, covalent photopolymerization.

2. Incorporation during nanoparticle preparation: nano-coprecipitation or emul-

sion solvent evaporation (water–organic solvent) and stabilization with a surfac-

tant (PVA or modified dextrans), diafiltration and sequential layering.

3. Copolymerization: alkyl cyanoacrylate chain elongation under basic conditions,

or radical polymerization. A stabilizing agent (dextran) may be necessary and is

important for particle characteristics, drug release.

4. Using preformed copolymer: polysaccharide backbone grafted with preformed

polyester chains, and a core–shell structure.

In many situations, drugs have to be linked to the nanocarriers via linkers, several
of which have been evaluated (Table 7.3).

7.6

Overcoming the Mechanisms of Resistance to Therapy of Cancers

One important mechanism of resistance of tumors to treatment involves the poor

distribution of drug into the tumor, high intratumoral osmotic pressure and/or

short residence times at the tumor site. Another problem associated with cancer

chemotherapy is the concentration of the active compounds to be reached in the

tumor tissue at the expense of massive toxicity to the rest of the body, representing

an obstacle to effective anti-tumor therapy. Most drugs currently used are active on

cells in the process of cell division or proliferation. However, at any given time, a

proportion of tumor cells are in a resting state and are, therefore, irresponsive to
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Tab. 7.3. Some examples of linkers.

Linker Ref.

Peptides

Peptidyl spacers designed for cleavage by the lysosomal thiol-dependent

(cysteine) proteases (Gly-Phe-Leu-Gly)

153, 154

Glu-Lys (cleaved with bovine trypsin) 155

Leu, Ala or Leu-Ala 154

Trp-Ser-Gln 156

Valine (less prone to ester hydrolysis) 157

Chemical

4-Acyl-oxy-3-carboxybenzyloxy moiety (recognized by a specific lipase) 155

C4-Chain spacer tetramethylenediamine (TMDA, MW ¼ 88) 158

Diaminated poly(ethylene glycol) (PEG, MW 3400) 158

Ester linker, formed between a hydroxyl-containing drug and a mercaptoacid 159

Ethylene glycobis(succinimidylsuccinate) (EGS): used to link particles having

amino groups with each other via an ester linkage

160

Glutaraldehyde (crosslinker) 161

N-Hydroxysuccinimidyl active ester linker (synthesis with dianhydride) 74

Phenylacetyl derivatives, phenylacetamide moiety 162, 155

Scissile linkers 155

Succinic acid, glutaric acid 163

3-Sulfanylpropionyl 159

4-Sulfanylbutyryl 159

Triazene 164, 165

Dual linker systems 166

Coupling agents for peptide synthesis:

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) N-succinimidyl 3-(2-

pyridyldithio) propionate (SPDP) N-hydroxysuccinimide

N,N 0-methylene bis-acrylamide

115
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the drug. Thus it is necessary to maintain the drugs for a long period at the tumor

site. Nanoparticles with long, controlled drug release may thus ameliorate this de-

fect in anticancer treatment.

A second important mechanism of resistance of cancer cells to therapeutic drugs

is the simultaneous resistance mechanisms linked to ATP-driven efflux pumps

(MDR, Pgp) able to efflux positive drugs (such as doxorubicin) out of cells. Resis-

tance may appear at the onset of therapy, or later during treatment. It is mainly

linked to ATP-driven cell membrane efflux pumps on the tumor cells or the

tumor-associated vascular cells, or as detoxifying enzymes expressed by these cells.

Increased efficacy of PIHCA-doxorubicin was dependent on an increased adsorp-

tion of nanoparticles to the cell surface, and to increased diffusion of doxorubicin

forming ion pairs between the drug and cyanoacrylic monomer degradation prod-

uct [139]. This effect was initially observed with cyanoacrylate polymers. Inhibitors

of Pgp (verapamil, amiodarone, cyclosporine), or the encapsulation of drugs into

colloidal carriers, shield drugs from Pgp, which recognizes drugs associated to the

membrane but not in the cytoplasm. Inhibitors for pumps, or for detoxifying en-

zymes, may be co-administered, or anticancer drugs delivered using nanoparticles

able to overcome the resistance of pumps. Since the amino sugar of doxorubicin is

a substrate for Pgp, doxorubicin was covalently coupled to PEG-poly(Asp) (MW

14 400 and 3500 kDa, respectively) block copolymer before micelle formation or to

gelatin, but without success, probably due to poor diffusion of the drug out of the

carrier. Co-encapsulation of the Pgp inhibitor cyclosporin with doxorubicin into

PICBA inhibited efficiently growth of doxorubicin-resistant tumor cells, by contin-

uous and simultaneous release of both drugs by polymer biodegradation [140, 141].

Doxorubicin encapsulated in poly(alkyl cyanoacrylate) PIHCA nanoparticles was

able to kill Pgp-positive tumor cells, but not PIBCA nanospheres, which are more

rapidly degraded and do not enter cells [139, 142–144]. This effect requires direct

contact between the carrier and tumor cells and was mediated by poly(alkyl cyano-

acrylate) degradation products, which formed ion-pairs with the drug, and the dox-

orubicin concentration was increased in tumor cells. Pgp remains active. The same

effect was obtained by encapsulating doxorubicin in the core and expressing cyclo-

sporin A at the surface of the nanoparticles. Pluronic block copolymer may inhibit

the efflux pumps (MDR/P-glycoproteins), and their gene expression, on the endo-

thelial cells forming the blood–brain barrier (BBB) [145, 146] that protects the brain

from unwanted chemicals, but which are also involved in the resistance of brain

tumors to chemotherapeutic agents. Therefore, they may be of interest in the treat-

ment of brain cancer only if they can be made selective to tumor-associated endo-

thelium.

7.7

Toxicity Issues

For more extensive reviews see Refs. [5, 6]. Nanoparticles interact differently with

organs, tissues and cells than do larger particles made of the same components.
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Therefore, the evaluation of toxicity performed with larger particles cannot be ex-

trapolated to nanoparticles without control. The hazards of inhaled micro- and

nanoparticles in air pollution are well established, epidemiological and toxicolog-

ical studies have coherently demonstrated pro-inflammatory and prothrombotic ad-

verse effects in diverse organs. There is virtually no toxicological data available, for

patients, researchers or medical workers concerning the new types of nanoparticles

under development for drug delivery. Size and surface modification may modify

biocompatibility and biodistribution, and a combination of drugs, devices and bio-

logical agents may behave differently than each agent separately – therefore combi-

nation approval must be obtained from drug control agencies. The exact mecha-

nisms of interaction of nanovectors and cells have been determined in very few

situations. Therefore, coordinated studies will be rapidly needed to address these

issues. Nanostructures can minimize solubility and stability problems, and im-

prove the negative impact of drugs to collateral non-tumoral tissues and organs.

However, nanomaterials themselves may be cytotoxic [147, 148] or induce and/or

potentiate cell death [149, 150] or immunogenic reactions, or nanoparticle aggre-

gates may clog small blood vessels. For example, micelles of cisplatin differently

induced gene expression than cisplatin alone [149], and degradation products

from poly(l-lactic acid) were cytotoxic for immune cells [150].

Gene therapy with viruses has had poor success and many problems have

been linked to immunogenic reaction to the viral vector constituents, and random

integration in the genome. Therefore, cationic nanoparticle vectors have been de-

signed to complete viral vectors. Polycations are cytotoxic for cells, inducing

mitochondria-mediated necrosis and/or apoptosis or membrane destabilization

and pore-formation meditated by interactions of polycations with negatively-

charged cell-surface glycoproteins or actin [151]. The interactions of cationic poly-

mers with mitochondria need to be better understood, in particular with the

proteins of the bcl-2 family. Hypersensitivity reactions secondary to complement

activation and induced by infusion of PEG-modified liposomes [152] may be a

potential problem with these materials. Careful design of the polymer formula-

tion and surface functionalization is needed to reduce these side effects. There-

fore, nanoparticle design and polymer formulation and functionalization for

gene therapy in vivo must be carefully optimized before such treatments can be

envisioned.

To gain wide acceptance of nanovectors as anticancer delivery agents, the follow-

ing toxicity issues need to be addressed:

� The ultimate biological fate of nanomaterials, and their degradation products,

particularly non-biodegradable nanomaterials such as functionalized poly(ethyl-

ene glycol).
� The immunological and pharmacological activities and toxicities.
� Possible interferences with cellular machineries, gene expression, protein pro-

cessing.
� Short- and long-term consequences of exposure to nanovectors.
� How in vitro studies translate to in vivo application.
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7.8

Conclusions

In summary, medical benefits can be expected within the next 10 years from the

branch of nanotechnology named ‘‘Nanomedicine’’. However, for drug delivery,

nanocarriers have to become smarter, and the biophysical, biochemical and biolog-

ical processes and the mechanisms associated with the interaction of nanoparticles

with living tissue, at large, must be understood in detail to design optimized mate-

rials for defined therapeutic goals. This includes carrier stability, targeting, extra-

cellular and intracellular drug release mechanisms, overcoming mechanisms of

resistance to biological barriers and to anticancer agents, and understanding the

immunogenic reaction mechanisms of the nanodevices, and toxicity issues in great

detail. The future of nanomedicine will in part depend on the rational design of

smart nanoparticles.

7.8.1

Opportunities and Challenges of Nanomedicine in Cancer

1. Passive targeting effects can enhance the amounts of drug at tumor sites, but

circumstantial or active targeting can be designed to improve the selectivity

and specificity of drug delivery; therefore, combining these approaches may

greatly increase the quality of cancer treatment.

2. Targeted drug delivery systems can improve the therapeutic index of approved

drugs.

3. New drugs that are macromolecules, proteins, peptides, oligonucleotides or

plasmids will need such delivery systems to achieve an efficient local concentra-

tion.

4. Externally activated (ultrasound, irradiation, magnetic field, photodynamic ther-

apy, etc.) drug delivery of therapeutic agents can be designed to control the tim-

ing of drug delivery and administration schedules, without multiple injections.

5. Overcoming of the biological barriers:
� Including tight junctions (BBB) and epithelial barriers.
� Using permeation enhancers: tight junction opening agents, osmotic shock.
� Avoiding the RES: using surface modification of nanoparticles, e.g., by

poly(ethylene glycol)s.
� Controlling sensitization reactions: protein-dendrimers are highly immuno-

genic.
� Overpassing intratumoral increased osmotic barriers: limit to the diffusion of

nanoparticles and drugs.

6. Challenges also include the control of drug release and bioavailability at the tu-

mor site, enhancing selective targeting, and achieving controlled and efficient

intracellular delivery, together with acceptable toxicological hazards.

Therefore, an ideal nanovector should look as shown in Fig. 7.2. One representa-

tion of the ideal goal is an injectable nanoparticle for targeted drug delivery, with-

out, or with highly reduced, collateral toxicity, and with a reporter device.
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8

Nanoparticles for Thermotherapy

Andreas Jordan, Klaus Maier-Hauff, Peter Wust, and

Manfred Johannsen

8.1

Introduction

The biological effectiveness of heat in treating cancer has been known for decades

and many of the corresponding molecular mechanisms are understood. Elevation

of tissue temperature to above 40–41 �C is termed hyperthermia. It alters the func-

tion of many structural and enzymatic proteins within cells as a function of time

and temperature, which in turn alters cell growth and differentiation and can in-

duce apoptosis [1, 2]. Modest temperature rises are particularly effective against

cells that tend to be resistant to radiation, cells in the S phase of the cell cycle and

nutrient-deprived, low pH hypoxic cells [3]. Hyperthermia inhibits repair of suble-

thal radiation damage and also induces increasing radiosensitivity due to tumor re-

oxygenation [4, 5]. Treatments with tissue temperatures above 46 �C are termed

thermoablation and have direct cytotoxic effects.

Thermotherapy is a physical therapy with fewer limitations than chemotherapy

or radiotherapy and is typically used in combination with both of these therapies

[6–8]. This allows a greater number of repeated treatments without accumulation

of toxic side effects.

Although successful clinical trials have been conducted, thermotherapy is not yet

established in clinical routine. This discrepancy probably derives from technical

limitations in achieving effective temperature distributions in the depth of the hu-

man body rather than from a general lack of biological effectiveness [9].

Common thermotherapy techniques use different energy sources for generating

heat in body tissue: Electromagnetic waves radiated by antennas (radiofrequency-

or microwave-hyperthermia) [10, 11], ultrasonic sound [12, 13], magnetically ex-

cited thermoseeds as well as tubes with hot water [14, 15]. For reviews see Refs.

[16, 17].

The major problem with all present conventional thermotherapy systems is

achieving a homogenous heat distribution and deep regional therapeutic tempera-

tures in the treated tumor tissue. According to this hypothesis, treatment failure

results from an insufficient temperature rise in parts of the tumor, enabling tumor
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regrowth. However, excessive intratumoral temperatures might on the other hand

induce damage of adjacent structures.

The heating of tissues using magnetic nanoparticles as a new treatment modal-

ity for interstitial thermotherapy has the potential to overcome these shortcomings.

When describing the properties of magnetic nanoparticles for thermotherapy,

one has to consider that the magnetic properties are influenced to a large extent

by the size and shape of the particles. Although there has been much progress re-

garding nanoparticle synthesis, the control of particle size and shape on the nano-

scale level remains a synthetic challenge. Nevertheless, nanoscaled particles have

several advantages over larger particles that favor their application in biomedicine.

One advantage arises because particles change their magnetic properties when en-

tering the size regime below approximately 20 nm, giving rise to distinct mecha-

nisms of heating in alternating magnetic fields.

The use of magnetic nanoparticles for heating purposes was investigated com-

prehensively by Jordan et al. in 1993 [18]. Different studies have revealed that the

specific absorption rate (SAR) of magnetic nanoparticles depends strongly on the

diameter of the particle core [19–22]. In general, the heat production of magnetic

nanoparticles in alternating magnetic fields can be attributed to hysteresis and re-

laxation losses, the latter being more pronounced in particles below 20 nm. Hyste-

resis losses play a role in larger particles, which consist of more than one magnetic

domain and magnetization reversal occurs due to motions of the domain bound-

aries. In this case, the energy produced is proportional to the coercivity of the par-

ticles [19]. Magnetic fluids are dispersions of ultrafine magnetic particles, which

are mostly superparamagnetic, meaning that each particle has only a single mag-

netic domain. For these so-called subdomain particles (SDP), coercivity is zero and

magnetization reversal is only possible by relaxation processes. In alternating mag-

netic fields heat can be produced by two distinct relaxation mechanisms, Brownian

and Néel relaxation. The first can be attributed to the rotation of the single-domain

particle, which is related to the Brownian motion. The second corresponds to rota-

tion of the magnetization vector in the crystal, if the particle is considered to be

immobile [18].

To date, all magnetic nanoparticles intended to be used in vivo are composed of

magnetic iron oxides. The main reason for this is their low toxicity and the known

pathways of metabolism. The only two clinically relevant materials used are mag-

netite (Fe3O4) and maghemite (g-Fe2O3). The crystal structures of both oxides are

based on a cubic dense packing of oxide atoms, but they differ in the distribution

of Fe ions in the crystal lattice. Magnetite is the most common ferrite and has an

inverse spinel structure, Fe(ii)Fe(iii)2O4.

Pure iron-oxide nanoparticles have a high tendency to agglomerate and thus to

build larger structures even in the absence of a magnetic field, which has a strong

influence on the biomedical and magnetic properties of the particles. To prepare

magnetic fluids for biomedical applications, the iron-oxide particles have to be

coated with a protecting shell that prevents agglomeration. Furthermore, the pro-

tecting shell is responsible for the interaction of the particles with its surrounding

(e.g., tumor tissue) and can provide functional domains that are useful for the cou-
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pling of biomolecules or drugs to the surface. Common shell materials are poly-

mers such as dextran, starch or poly(ethylene glycol).

Most techniques established so far concerning the use of magnetic particles for

thermotherapy are basically based on direct instillation of magnetic fluids into the

tumor tissue followed by exposure to an externally applied alternating magnetic

field.

Ferromagnetic embolization hyperthermia is another technique for the local ap-

plication of nanoparticles, in which the arterial supply of certain body regions is

used as a pathway to carry magnetic particles directly into the tumor area.

8.2

Thermotherapy following Intratumoral Administration of Magnetic Nanoparticles

Magnetic particles suspended in a carrier fluid can be injected directly into tumor

tissue and subsequently be heated in an alternating magnetic field.

The history of magnetic particles for selective heating of tumors had already be-

gun in 1957, when Gilchrist et al. used magnetic particles a few micrometers in

size for inductive heating of lymph nodes in dogs [23].

In 1979, Gordon et al., for the first time, used magnetic fluids of dextran-coated

magnetite-particles (often referred to as ‘‘dextran-magnetites’’) for hyperthermia of

implanted mammary tumors of rats [24]. After systemic application of the nano-

particles with a core size of up to 6 nm and exposition to an alternating magnetic

field, the authors demonstrated histological evidence of tumor necrosis after intra-

tumoral temperature increases of 8 �C.

Direct injection of microscaled ferromagnetic particles into renal carcinomas of

rabbits and subsequent hysteresis heating in an alternating magnetic field was re-

ported by Rand et al. in 1981 [25]. They measured tumor surface temperatures of

55 �C, leading to destruction of most of the treated tumor tissue within 3 days.

Direct injection of ‘‘truly nanoscaled’’ magnetic particles into tumors was first

reported by our group in 1997 [26]. We studied single high dose thermotherapy

on intramuscularly implanted mammary carcinoma of mice. Dextran-coated mag-

netite particles with a core size of approximately 3 nm were injected intratumorally

20–30 min before excitation and trapped by magnetic targeting (50 mT), which

yielded a 2.5-fold enhancement of the intratumoral iron concentration. An intratu-

moral steady state temperature of 47 �C was maintained for 30 min with whole-

body alternating magnetic fields of 6–12.5 kA m�1 at 520 kHz. The study demon-

strated that a single high thermal dose was able to induce local tumor control in

many of the treated animals within 30 days after therapy. Histological examina-

tions of tumor tissue after thermotherapy showed widespread tumor necrosis. Tu-

mor growth after thermotherapy was heterogeneous; some tumors did not show

evidence for regrowth after 50 days whereas others had grown rapidly. This was

most probably due to inhomogeneities of the intratumoral particle distribution,

which was also confirmed qualitatively by magnetic resonance imaging (MRI).

In 2002 Hilger et al. injected colloidal suspensions of coated nanoparticles with
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average total particle sizes of 10 nm and 200 nm into human breast adenocarci-

noma implanted into immunodeficient mice (4–18 mg magnetite per 100 mg tu-

mor tissue) [27]. During exposure to an alternating magnetic field temperature

increases between 12 and 73 �C in circumscribed areas within the tumor could be

induced (termed ‘‘magnetic thermal ablation’’). Histological examination revealed

the presence of early stages of coagulation necrosis in the treated tumor cells.

Ohno et al. have investigated a new type of magnetite for interstitial hyper-

thermia [28]. They inserted stick-type carboxymethylcellulose-magnetite containing

nanoparticles (Fe3O4, average particle size approximately 10 nm) stereotactically

into gliomas of rats and exposed the animals to an alternating magnetic field.

This investigation revealed a characteristic spreading of the magnetite particles

through the tumor after three heat treatments and an approximately three-fold pro-

longation of survival time.

Groups at the University of Nagoya in Japan have developed ‘‘magnetic cationic

liposomes’’ (MCLs) with improved adsorption and accumulation properties and

demonstrated the efficacy of this approach in several animal tumor models:

Induction of antitumoral immunity to rat glioma by intratumoral hyperthermia

using these particles was investigated by Yanase et al. in 1998 [29]. For intratu-

moral hyperthermia, the cationic liposomes containing magnetite (Fe3O4 core with

approximately 10 nm diameter) were directly injected into glioma tissue trans-

planted subcutaneously into the thigh of rats. Three subsequent treatments in an

alternating magnetic field led to killing of the tumor cells and to the induction of a

host immune response, which could be demonstrated by suppressed tumor growth

after rechallenge with glioma cells 3 months later. In similar experiments using

the same tumor model and the same particles, published one year later [30], com-

plete tumor regression was observed in about 90% of the animals.

Le et al. have described successful tumor control (over two weeks) after hyper-

thermia of 43 �C using immuno-targeted magnetoliposomes [31].

In 2003, Ito et al. investigated the effect of intratumoral hyperthermia in combi-

nation with an immunotherapy of melanoma in mice [32]. After direct injection of

MCLs into the tumors, the animals were exposed to an alternating magnetic field

that raised the tumor temperature up to 43 �C; 24 h later, in a second treatment,

interleukin-2 (IL-2) or granulocyte macrophage-colony stimulating factor (GM-

CSF) was injected directly into the melanomas. In 75% (receiving IL-2) and 40%

(receiving GM-CSF) of the animals treated by both therapies complete regression

of the tumors was observed, while no tumor regression was observed in mice re-

ceiving only one of the treatments.

In 2005, Tanaka et al. investigated the therapeutic effects of tumor-specific hyper-

thermia using MCLs combined with an immunotherapy (intratumorally injected

immature dendritic cells) on mouse melanoma [33]. Complete regression of tu-

mors was observed in 60% of the mice and the cured animals rejected a second

challenge of melanoma cells.

Kawai et al. have used the same liposomes to heat prostate cancer cells injected

subcutaneously into the flank of rats [34]. They reported on tumor regression after

generating intratumoral temperatures of 45 �C in an alternating magnetic field.
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Carcinoma of the prostate represents an attractive target for minimally invasive,

interstitial treatments due to its relatively easy accessibility via the transrectal or

transperineal route.

To explore the potential of magnetic nanoparticle thermotherapy in an orthotopic

prostate carcinoma, we have carried out experiments using the Dunning R3327 tu-

mor model (MatMyLu-subtype), an established rat model developed to study pros-

tate cancer progression [35]. This model resembles the human prostate with re-

spect to physiological blood supply and local growth and may thus allow a more

accurate analysis of the effects of a local hyperthermia treatment than a heterotopic

model. In a preliminary in vivo evaluation, the feasibility and good overall tolerabil-

ity of this technique in prostate cancer could be demonstrated [36].

Thermotherapy was carried out using an alternating magnetic field applicator

system for small animals, operating at a frequency of 100 kHz and variable field

strength of 0–18 kA m�1.

Thermoablative temperatures of 50 �C were achieved at a field strength of 15

kA m�1. Iron measurements were carried out to determine the percentage of nano-

particles present in the prostate tumors at different time points following intra-

tumoral application. Without thermotherapy, 7 days after injection of magnetic

fluid into the rat prostates, 53% of the injected amount of iron oxide was still pres-

ent in the prostates. At 4 and 13 days after application 79% and 64%, respectively,

of the injected amount of iron was still retained in the prostates after two sequen-

tial thermotherapy treatments. This difference in iron content between untreated

and treated animals was attributed to the so-called ‘‘thermal bystander effect’’,

which describes a hyperthermia-induced spread of coated nanoparticles in the

target tissue, where they seem to escape rapid removal by macrophages [26]. This

effect could also be demonstrated by means of histopathology. After magnetic

fluid application alone, a loose distribution of nanoparticles within the tumor tis-

sue with deposits in capillaries could be seen in sections of rat prostate tumors,

whereas homogeneous distribution and co-localization of nanoparticles with ne-

crotic areas could be demonstrated in animals that had undergone thermotherapy.

In a further systematic in vivo analysis using a more concentrated magnetic

fluid containing approximately 112 mg-iron mL�1, as well as a slightly modified

aminosilane-based coating, intraprostatic temperatures of 70 �C could be achieved

at a maximum magnetic field strength of 18 kA m�1 in the same tumor model

[37]. Up to 0.5 mL of magnetic fluid per mL of tumor volume was injected into

the prostate tumors in these experiments. The animals received two thermotherapy

treatments carried out 48 h apart to avoid heat shock protein-induced thermoresis-

tance. At a constant field strength of 12.6 kA m�1, mean minimal intratumoral

temperatures during the first and second thermotherapy sessions were 41.2 and

41.4 �C, respectively, whereas mean maximal temperatures were 54.8 and 54.2 �C

(averaged over 12 animals). In this study, animals were sacrificed on day 20 after

tumor cell inoculation (10 days following the first thermotherapy treatment) to

compare tumor weights in the treatment and control groups and for iron measure-

ments. A significant inhibition of prostate cancer growth of 44–51% over controls
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was demonstrated in the thermotherapy group. Mean iron content of the prostates

of treated and untreated control animals was 81.6% and 83.7%, respectively,

whereas 7.6% and 2.3% of the injected dose of iron was found in the liver. No de-

tectable amount of iron was found in the blood stream. While thermal treatment

itself had a significant impact on intratumoral distribution and stable deposition

of nanoparticles in the previous pilot study, no such effect was observed using the

modified magnetic fluid. In fact, intratumoral deposition of the MFL AS particles

was the same with or without thermotherapy treatment. Histological analysis re-

vealed a co-localization of nanoparticles with areas of necrosis, but a rather incon-

sistent pattern of intratumoral distribution, which appeared less homogeneous

than with the previously used magnetic fluid preparation.

Further experimental studies have investigated the effect of combined magnetic

nanoparticle thermotherapy and external irradiation in the Dunning tumor model

[38].

Mean maximal and minimal intratumoral temperatures obtained in these experi-

ments were 59 (centrally) and 43 �C (peripherally) during the first thermotherapy

and 55 and 42 �C, respectively, during the second of two treatment sessions. Com-

bined thermotherapy and radiation with 20 Gy was significantly more effective than

radiation with 20 Gy alone and reduced tumor growth by 88% versus controls,

achieving an equal tumor growth inhibition as irradiation alone with 60 Gy. As in

the previous experiments, sequential heat treatments were possible without re-

peated injection of magnetic fluid. The mean iron content in the prostates on day 20

was 88% of the injected dose of ferrites, whereas only 2.5% was found in the liver.

In conclusion, thermotherapy using magnetic nanoparticles achieved significant

growth inhibition, but not tumor control or eradication in the orthotopic Dunning

tumor model of the rat. The results of preclinical evaluation of magnetic nanopar-

ticle thermotherapy suggest that this technique may, in principle, be suitable for

both local hyperthermia and thermoablation of prostate carcinoma, since the de-

sired treatment temperatures can be freely selected by modulating the magnetic

field strength [39].

However, for complete thermal ablation of the prostate, homogeneous infiltra-

tion of the whole prostatic tissue with magnetic nanoparticles would be required

and high magnetic field strengths would have to be applied. In view of the syner-

gistic effects of hyperthermia and radiotherapy, a combination of magnetic nano-

particle thermotherapy with irradiation may also be an attractive option for the

treatment of prostate cancer.

In a rat model of glioblastoma multiforme we could also demonstrate the high

efficacy of our new technique, leading to an up to 4.5-fold prolongation of survival

[40]. The animals received two thermotherapy treatments within 48 h after a single

stereotactic injection of the magnetic fluid into the tumor. Intratumoral tempera-

tures between 43 and 47 �C correlated well with prolonged survival. As in our pros-

tate tumor model, the application of aminosilane-coated nanoparticles led to the

formation of stable deposits in the brain, thus allowing for repeated magnetic field

treatments without repeated applications of the particles.
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8.3

Ferromagnetic Embolization Hyperthermia

Another technique of using magnetic nanoparticles for thermotherapy is ferromag-

netic embolization hyperthermia, in which a feeding artery is used to carry ferro-

magnetic particles into a tumor.

The technique seems to be well suited for the treatment of hepatic malignancies

due to the differences in blood supply of hepatic tumor cells and normal liver pa-

renchyma. Liver tumors mainly derive their blood supply from the hepatic arterial

system, while the normal liver parenchyma receives most of its blood supply from

the portal venous system [41]. Hence any substance infused into the arterial sys-

tem will have the potential to preferentially target liver tumors [42].

Several preclinical studies have reported on arterial embolization hyperthermia

of liver cancer.

Moroz et al. have demonstrated successful ferromagnetic embolization hyper-

thermia of rabbit hepatic carcinomas after arterial infusion of magnetic nanopar-

ticles suspended in lipiodol [43, 44].

In 1994, Mitsumori et al. tested the thermotherapeutical properties of dextran-

coated magnetite particles suspended in lipiodol or in degradable starch micro-

spheres [45]. The study reported an increase of over 12 �C after 10 min of heating

after embolization of the renal artery and selective heating of the embolized kidney

by exposure to an alternating magnetic field. The authors followed up this work

with a study in 1996 [46], in which hepatic carcinoma-bearing rabbits were arteri-

ally infused with the same sub-domain sized particles (75 nm in diameter with a

7.4 nm magnetite core). Slight tumor temperature increases were recorded in vivo.
In a study performed by Minamimura et al. a novel preparation of microspheres

incorporating a dextran magnetite complex was used for arterial embolization and

inductive hyperthermia of liver tumors in rats [47]. Tumor temperatures of around

43 �C were maintained for 30–40 min and three days after treatment the increase

of tumor volume in the treated animals differed significantly from that of the con-

trol groups.

Jones et al. have achieved positive temperature differences between tumor and

normal liver and consequent therapeutic responses in experimental rabbit liver

tumors after arterially infused ferromagnetic microspheres [48]. Heating to over

42 �C for 20 min by exposure to an alternating magnetic field resulted in large

areas of tumor necrosis 14 days after treatment.

After arterial infusion of iron-oxide particles suspended in lipiodol into rabbit he-

patic carcinoma, Moroz et al. have found that an iron concentration of 2–3 mg per

gram of tumor was necessary to produce heating rates up to 11.5� greater than

those in adjacent normal liver parenchyma [43]. The authors reported a mean tu-

mor to normal liver iron concentration ratio of 5.3.

Further work by this group employing the same tumor model and infusion reg-

imen has shown that large hepatic tumors are more amenable to thermotherapy

after arterial embolization than small tumors [44]. The authors concluded from

their data that, for a given tumor iron concentration, larger tumors heat at a
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greater rate than small tumors, owing to poorer tissue cooling and better heat con-

duction in the necrotic regions of large tumors.

In a later study the authors investigated the clearance of ferromagnetic particles

from the liver [49]. The normal liver of pigs was arterially embolized with g-Fe2O3

particles (150 nm) suspended in lipiodol and polymer microspheres (32 mm) con-

taining ferromagnetic particles suspended in 1% Tween-water. Both types of par-

ticles were extensively phagocytosed in the liver and there was no significant re-

duction in the hepatic iron concentration in either treatment group 28 days after

infusion. The suspension of 150 nm ferromagnetic particles in lipiodol was too

vaso-occlusive for use in hepatic tissue, while the suspension of 32 mm spheres

was safe and well tolerated.

Although few preclinical studies have been described, arterial embolization hy-

perthermia has demonstrated encouraging results. The technique seems to be par-

ticularly well suited for the treatment of hepatic malignancies. Potential advantages

are a very selective local heat deposition and a more homogeneous tissue tempera-

ture distribution than other hyperthermia techniques.

8.4

First Clinical Experiences with Thermotherapy using Magnetic Nanoparticles:

MagForce Nanotherapy

The pathways developed so far for thermotherapy using magnetic nanoparticles

have in common that they deliver the magnetic material directly into or adjacent

to the tumor tissue. To facilitate cellular uptake by tumor cells, the particle coatings

often were modified with targeting ligands such as antibodies or peptides.

Magnetic fluids can be instilled into tumor tissue percutaneously under CT, ul-

trasound or fluoroscopy guidance. Owing to inductive excitation of the nanopar-

ticles this technique allows very precise heating of almost every part of the body.

A major advantage of direct intratumoral application of the particles is the good

control of deposition, leading to high concentrations of the magnetic material

within the tumor while healthy tissue can be spared. The magnetic fluid can be

distributed in very small portions and, therefore, almost continuously within the

targeted area. Therefore, the requirement of maximal heat deposition within

the target area while sparing neighboring healthy tissue can be met.

MagForce Nanotherapy, formerly designated magnetic fluid hyperthermia, has

been developed at Charité – University Medicine Berlin over the last 15 years. Our

preclinical studies have demonstrated that this innovative approach has the poten-

tial to improve heating capabilities with certain cancer types and thus overcome ex-

isting prejudices against routine application of heat to treat cancer.

It is the first nanotechnology-based local thermotherapy to enter clinical trials.

Beginning in 2003, we started four different clinical studies to investigate the

feasibility of our new thermotherapy approach on different tumor entities.

The magnetic fluid MFL AS used in these studies is manufactured by MagForce

Nanotechnologies, Berlin, and consists of superparamagnetic iron-oxide nanopar-
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ticles in aqueous solution with an iron concentration of 2 mol L�1. The iron oxide

core is covered by an aminosilane-type shell and has a diameter of approximately

15 nm. The particles generate heat in an alternating magnetic field by Brownian

and Néel relaxation processes.

Thermotherapy is performed in a magnetic field applicator (MFH2 300F, Mag-

Force Nanotechnologies, AG, Berlin, Germany), generating an alternating mag-

netic field (100 kHz) and a variable field strength of 0–18 kA m�1 (Fig. 8.1). This

applicator meets the safety and practicability criteria for medical use imposed by

the respective European authorities. Owing to its universal design, it can be used

for treatment of malignancies in every location of the human body. Fixation or an-

esthesia of the patients during treatment is not necessary.

Minimally invasive measurement of treatment temperatures is carried out by

fiber-optic thermometry probes as part of the therapy system.

8.4.1

Feasibility Study on Thermotherapy using Magnetic Nanoparticles

in Recurrent Glioblastoma Multiforme

From March 2003 to June 2004 we performed the world’s first phase I trial on

tumor thermotherapy using magnetic nanoparticle, with 14 glioblastoma multi-

forme patients.

Malignant gliomas (anaplastic astrocytoma and glioblastoma multiforme, WHO

grades III and IV, respectively) have an incidence of approximately 5 in 100 000 per

year and represent approximately 40% of primary brain tumors in adults, with

50% of them belonging to the most malignant phenotype, glioblastoma multi-

forme. Clinically, they are highly problematic due to their widely invasive nature,

which makes complete resection almost impossible. Median overall survival after

first-line therapy does not exceed 12–15 months [50, 51] and no significant in-

Fig. 8.1. Thermotherapy treatment of a glioblastoma

multiforme patient in the magnetic field applicator MFH4 300F

(MagForce Nanotechnologies, AG, Berlin, Germany).
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crease has been achieved over the last decade, despite modern diagnostics and

treatments with surgery, radio- and chemotherapy.

All patients of our trial received stereotactic injection of the magnetic fluid into

the tumor area. Before starting thermotherapy, the position of the instilled nano-

particles was determined by computed tomography (CT). These data were matched

to presurgical MR images using specially designed software (MagForce Nano-

Plan2, not commercially available), thus allowing calculation of the expected heat

distribution within the treatment area in relation to the magnetic field strength

[52].

The preoperatively planned and neuro-navigationally guided procedure led to an

almost atraumatic instillation of the magnetic fluid and rise of intracranial pres-

sure could be avoided by slow injection of the magnetic fluid.

Patients received 4–10 thermotherapy sessions where intratumoral temperatures

of 42–49 �C could be measured; body temperatures increased by 1.0–1.5 �C.

All patients tolerated the instillation of the nanoparticles without complications

and side effects such as headache, nausea, vomitus or allergic reactions were not

observed. Neurological deficits or infections did not occur.

As documented by CT-scans and thermometry measurements, a high stability of

the nanoparticle deposits can be assumed. In fact, reproducible intratumoral tem-

peratures could be achieved during the therapy, even several weeks after adminis-

tration.

Data of the trial concerning overall survival and time to progression suggest that

intracranial thermotherapy using magnetic nanoparticles can be safely applied

with therapeutic temperatures and without side effects [53]. A phase II study is in

progress to evaluate the efficacy of this treatment approach.

8.4.2

Feasibility Study on Thermotherapy using Magnetic Nanoparticles in Recurrent and

Residual Tumors

Another phase I trial started in February 2004, which enrolled 21 patients suffering

from non-resectable and pre-treated local relapses of different tumor entities (e.g.,

rectum, ovarian, prostate, and cervix carcinoma as well as soft tissue sarcoma). All

patients received thermotherapy in combination with radio- or chemotherapy [54].

The objectives of the study were treatment planning, application and subsequent

control of magnetic fluid distributions in circumscribed lesions (<4–5 cm) and,

furthermore, assessment of safety, quality and feasibility of the heating patterns

achieved in situ.
Patients with metallic implants <30 cm from the treatment area had to be ex-

cluded. Teeth amalgam fillings or gold crowns had to be replaced by ceramics if

involved in the treatment field (head and neck, upper thorax). Metallic clips or

seeds several millimeters long and <1 mm in diameter were permitted due to their

very low power absorption capacities.

Two principally different techniques for the instillation of the magnetic fluid

were evaluated.
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The first strategy implied a prospective planning of the ‘‘ideal’’ nanofluid distri-

bution on the basis of a three-dimensional CT dataset performed in treatment po-

sition. This dataset is then transferred via the radiological information system into

a software platform to calculate the temperature distribution during thermotherapy

within the treatment area (Fig. 8.2).

The second implantation technique consisted of intraoperative injection under

visual control. In this case prospective planning is not possible, because after tu-

mor debulking an individual (non-resectable) tumor rest or an area at risk (R1/2-

situation) has to be infiltrated. Cervical cancer recurrences at the pelvic wall (after

primary treatment) are typical clinical examples.

Nanofluid concentration in the target area was claimed to be as high as possible.

In these patients a retrospective planning based on a post-operative CT dataset was

performed.

Direct temperature measurements via implanted catheters were suitable to esti-

mate a mean perfusion and to calculate the temperature distributions in and

around the target volume.

Tolerated H-fields were limited by local discomfort to 3–6 kA m�1 in the pelvic

region and up to 7.5 kA m�1 in the upper thorax.

From our experience with brain tumor patients we know that magnetic fields of

10–14 kA m�1 are technically achievable and tolerated well. The H-field limitations

are related to the periphery of the body where the accompanying electric fields and

the current densities are highest. The larger the cross section, the lower the toler-

ated H field strength (comparing pelvis with head). However, treatment-limiting

Fig. 8.2. Thermotherapy using magnetic

nanoparticles of a patient suffering from

metastases of a cervical carcinoma. Three-

dimensional reconstruction of a pelvis sliced

by a CT scan: The calculated temperature

distributions (isotherms) during thermotherapy

decrease from orange to blue. White spots

within the colored lines show the magnetic

nanoparticle deposits.
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hot spots arise from skin folds, where the current path narrows and the current

density, therefore, increases.

We also observed relative temperature maxima at tissue boundaries such as the

anal sphincter and pelvic floor. These locations were, however, never treatment-

limiting during our study, but are a typical problem during RF hyperthermia,

where the E-fields are considerably higher.

One particular advantage of MagForce Nanotherapy is the option to plan the

magnetic fluid distribution prospectively and to control the heat distribution there-

after to a high degree of reliability, thus increasing the safety of the application sig-

nificantly.

Another major advantage of the new treatment is that, owing to the stability of

the nanoparticle deposits, it can be repeated over weeks without additional injec-

tion of the magnetic fluid. This enables multimodal treatment concepts.

The heat treatments were tolerated well with only moderate side effects. The

follow-up showed encouraging results for severe oncological diseases. Several strat-

egies are available to further improve the effectiveness of treatment, e.g., to elevate

the H-field (after modification of the applicator) or to increase the amount of mag-

netic fluid in the target.

8.4.3

Feasibility Study on Thermotherapy using Magnetic Nanoparticles

in Recurrent Prostate Carcinoma

Despite much progress in the development of hyperthermia application and treat-

ment planning systems for prostate cancer, clinical hyperthermia of this deep-

seated organ is still a challenging problem [55].

Reported mean intraprostatic temperatures obtained with conventional heating

methods have been between 40 and 42 �C, rarely reaching or exceeding the critical

temperature of 43.0 �C, where a measurable cytotoxic effect is documented for var-

ious cell types [56, 57].

The first published report on thermotherapy treatment of human cancer using

magnetic nanoparticles describes the preliminary experience with this technique

in patients with locally recurrent, radioresistant prostate cancer [58]. In this inves-

tigation, treatment planning based on computerized tomography of the prostate

preceded intraprostatic application of magnetic fluid. The number and position of

magnetic fluid depots required for sufficient heat deposition was calculated accord-

ing to the anatomy of the prostate and the estimated SAR of magnetic fluids in

prostatic tissue. Nanoparticle suspensions were injected transperineally into the

prostate under transrectal ultrasound and fluoroscopy guidance and six weekly

treatments were delivered in an alternating magnetic field. Temperatures of up to

48.5 �C with a minimum of 40.0 �C were achieved in the prostate during the 1st

treatment at a field strength of 4–5 kA m�1, whereas during the 6th treatment, in-

traprostatic temperatures between 42.5 and 39.4 �C were recorded by means of in-

vasive thermometry. Maximum and minimal temperatures, respectively, measured

in the urethra were 42.4 and 38.0 �C whereas in the rectum 42.1 and 37.9 �C were
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recorded. Treatment was well tolerated without anesthesia. Since the injected mag-

netic fluid depots appear as signal-intense areas on the CT-scan, it could be docu-

mented that nanoparticles are retained in the prostate well beyond the treatment

interval of 6 weeks. Thus, further applications of magnetic fluid are unnecessary

for effective thermal treatments and at least hyperthermic temperatures can be

achieved many weeks following intratumoral injection of nanoparticles.

Further refinement of the technique appears necessary regarding several impor-

tant aspects. Firstly, the intraprostatic application and homogeneous distribution of

nanoparticles appeared suboptimal due to fibrotic changes induced by the previous

radiotherapy and may be improved. Most importantly, however, only one-third of

the available power was used in these first clinical treatments, since an increase of

magnetic field strength beyond 5 kA m�1 led to substantial patient discomfort in

the perineum and the groin. This may be due to accompanying electric fields and

current densities, which are highest in skin folds and at areas with the largest

cross-sectional volume such as the pelvis. Since SAR increases quadratically with

the magnetic field strength, significantly higher treatment temperatures can be

achieved in the prostate by applying higher magnetic field strengths. Interposition

of devices for focusing of the magnetic field may improve tolerability of treatment

in the future. Furthermore, non-invasive temperature calculations based on evalu-

ation of CT data are another area of ongoing research.

A phase I study evaluating feasibility, toxicity and quality of life during hyper-

thermia using magnetic nanoparticles, involving ten patients with radio-recurrent

prostate carcinoma, is nearing completion. Preliminary clinical results suggest that

thermotherapy using magnetic nanoparticles may be suitable for thermoablation

of the prostate, since intratumoral temperatures well above 44 �C were achieved at

low magnetic field strengths. However, further technical developments regarding

the magnetic field applicator may be necessary to fully exploit the potential of this

technique as a monotherapy. In addition, this treatment modality may also be com-

bined with interstitial or external irradiation in patients with localized prostate

cancer.
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9

Ferromagnetic Filled Carbon Nanotubes as

Novel and Potential Containers for Anticancer

Treatment Strategies

Ingolf Moench, Axel Meye, and Albrecht Leonhardt

9.1

Introduction

Especially during recent years, the discovery of various species and modifications

of carbon nanotubes (CNTs) have stimulated research on their applications, includ-

ing in human medicine. The success of these applications depends significantly

on the physical, chemical and biological properties of the CNTs and their mod-

ifications. For application in the human body, CNTs must be pure and biologically

inert.

The development and testing of novel and alternative therapeutic concepts

against cancer are needed, especially for advanced tumor types were no curative

conservative treatment option is established. Attractive novel and potential tools

for anticancer treatment strategies are nanoparticles (e.g., for hyperthermia) and

nano-scaled tubes (e.g., for targeted drug release).

Here, we propose novel types of functionalized and ferromagnetic filled multi-

walled CNTs (ffff-MWCNTs) with various advantages for application in human

medicine, especially in anti-tumor therapeutic concepts. These structures represent

multifunctional nano-scaled containers for possible use in different medical treat-

ments, including (a) magnetically guided hyperthermia, (b) heat-inducible drug

delivery/carrier and stepwise drug release and enhancement systems, (c) internal

tracer/drug carrier systems for the detection and/or (d) combinational applications

with conservative treatment modalities. Such ffff-MWCNT containers are schemati-

cally illustrated in Fig. 9.1. These structures combine the advantages of ferromag-

netic containers (for hyperthermia or other mechanisms of heat transfer) with

those from a broad spectrum for encapsulations and modifications within the car-

bon tube as well as outside.

Presently, human prostate cancer (PCa) – the most abundant tumor in men –

with the well-known limitations of conventional therapies serves as an attractive

model object for developing and optimizing treatment concepts based on and/or

associated with ffff-MWCNTs. First, a short overview and a clinical introduction

about this tumor entity are given, followed by the different methods and tech-

niques of synthesis and characterization of the MWCNTs, including novel tech-

niques for their modification and functionalization. The treatment concept pro-
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posed will be realized by principles of nanotechnology; therefore, the magnetic

properties of nano-scaled objects and materials are introduced. Furthermore, we

discuss the relevant parameters for and mechanisms of heat transfer as well as of

the specific absorption rate.

Recent knowledge of modified MWCNT will be summarized, including our own

results for synthesis strategies for ffMWCNT, (bio)functionalization for the in vitro
and in vivo transfer into different cellular systems and the accumulation in target

cells and tissues. Future steps in the development of these nanocontainers are also

discussed. These containers must fulfill numerous criteria, especially basic safety

and efficacy requirements, before being used in humans.

For a potential future application in vivo, fundamental issues that need to be

resolved include the homogeneity (uniformity of the carbon multi-wall sidewall,

grade and composition of the ferromagnetic and additional filling materials)

and purity of the MWCNT at the various stages of intrinsic and extrinsic function-

alization.

This chapter describes the feasibility of different applications using MWCNTs,

e.g., as heat mediators for hyperthermia of solid tumors. The extraordinary poten-

tial of the proposed MWCNTs is shown by their functionality as multiple con-

tainers. These therapies are based on heat dissipation in the ferromagnetic fill-

ing material of the MWCNTs. Therefore, the requirements for the heat transfer of

the nanocontainer are related to those of the hyperthermia. Thus, the material

requirements were derived from the knowledge of hyperthermia but are not lim-

ited to this application field. For this reason it is difficult to present a complete

and comprehensive overview of all modifications and variants of functionalized

MWCNTs, and so for technical and medical reasons the focus here will be on novel

types of ffff-MWCNTs and the model system of prostate cancer.

9.2

Prostate Cancer

9.2.1

Incidence, Risk Factors and Diagnostic Criteria

Prostate cancer (PCa) is the most commonly diagnosed cancer in men of western

countries. However, except for the risk factors of age, race, geographic dependence,

Fig. 9.1. Schematic of a multifunctional nanocontainer. (Modified from Ref. [232].)
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and family history of PCa, the etiology of this tumor entity remains poorly under-

stood. PCa is primarily a tumor of older men. The incidence rate for men over the

age of 65 is about 20-fold greater than that for men between 50 and 54. Less than

1% of PCa are diagnosed in patients in their first three decades of life. About 2–3%

of all male deaths are attributable to PCa.

A familial history of PCa, per definitionem an affected father or brother with an

association with at least a two-fold increase of disease, remains a consistent and

important risk factor. About 40% of PCa cases are estimated to have a genetic com-

ponent. However, PCa is a outstanding example of a tumor entity characterized by

tumorbiological and genetic heterogeneity (reviewed in Ref. [1]). The prostate of

a man diagnosed with PCa contains an average of five apparently independent

lesions [2], and this multifocality is independent of familial history.

In the general population of the U.S., the risk of PCa is highest in African-

American men, being approximately double that of their Caucasian counterparts.

Moreover, Caucasians and African-American men in the U.S. have a PCa incidence

that is 5–50� greater than that of Japanese men residing in Japan, and the inci-

dence of PCa on Japanese immigrants to the U.S. is four times that of their native

Japanese counterparts. This marked racial and cultural disparity indicates that

dietary factors might affect PCa onset and growth.

As a serum tumor marker, prostate specific antigen (PSA), a serine protease be-

longing to the human glandular kallikrein family, has revolutionized the detection

and management of PCa like no other marker in the history of oncology. With early

identification of PCa using serum PSA, less than 10% of PCa with distant meta-

stases are now diagnosed, a stage with five-year survival of only about one-third.

A patient’s serum level of PSA, clinical tumor stage and Gleason grade provide

valuable information to clinicians. The Tumor-Node-Metastases (TNM) classifica-

tion system is used for the staging of PCa, whereas the Gleason score system is

used for histologic grading characterizing the aggressiveness of this malignancy.

Classification of PCa is based on size, invasion of the prostate capsule, and clinical

stage. PCa develops in two different regions of the gland, with about 80% being

found in the periphery, whereas the remaining cancers are found in the periure-

thral region, termed transitional zone (Fig. 9.2).

Primary PCa growth is characterized by an extremely heterogeneous and multi-

focal pattern. Initially, the tumor growth is an androgen-dependent and mediated

by the androgen receptor. Despite an initial sensitivity, PCa become more or less

quickly androgen-independent. Then the PCa becomes metastatic and, finally, hor-

mone refractory [3].

The entity of PCa represents a significant public health problem and under-

scores the need for the development of improved diagnostic markers [4] as well as

of treatment modalities.

9.2.2

Treatment Options, Outcome and Limits

The serum marker PSA improves the detection of clinically important tumors

without significantly increasing the detection of unimportant tumors; most PSA-
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detected tumors are curable using current techniques, but there is no cure for

metastatic disease. Treatment options, mostly radical prostatectomy, external

beam radiation and brachytherapy, have become increasingly used to manage local-

ized disease.

Contemporary methods of radical prostatectomy for patients with clinically local-

ized disease are generally associated with excellent outcomes (reviewed in Ref. [5]).

The cancer specific survival 10 years after radical perineal prostatectomy for pa-

tients with organ confined disease is approximately 90%. Crude survival rates at

10 and 15 years after surgery were similar to those of age-matched men from the

general population without PCa. However, about 30–50% of patients thought

to have organ-confined PCa at the time of surgery are later found to have disease

beyond the prostate based on a careful review of the surgical specimen [5].

Neoadjuvant therapy with hormonal ablation has been evaluated in several

studies and resulted in reduced positive surgical margins, and decreased volume

of the PCa, equivalent to a pathological down-staging [6].

Virtually all recurrent clinical and metastatic diseases are preceded by a rising

PSA, and only a few sporadic cases of recurrence have been reported in the ab-

sence of a detectable serum PSA. Biochemical failure is defined as either the per-

sistence of detectable PSA after surgery or the development of detectable PSA in

those with previously undetectable postoperative level.

For advanced disease, ablating androgenic hormones is the mainstay of therapy

(reviewed in Ref. [7]), and will result in tumor response in about 80% of men.

For men considered to be at high-risk of treatment failure after local therapy

alone, multimodal treatment strategies, for instance the combination of radiother-

apy followed by hormonal therapy, may result in improved cancer-control out-

Fig. 9.2. Staging modality section of the

prostate. The prostate gland with a branched

structure can be divided in four distinct

regions that reveal a different incidence of PCa:

the anterior zone is purely fibro-muscular, the

central zone contains the ejaculatory ducts

(8% of cancers), the transitional zone (25% of

cancers) is characterized by two lateral lobes,

together with the periurethral glands, and the

peripheral zone gives rise to 67% of cancers.
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comes. The benefit of neoadjuvant or adjuvant hormonal and/or chemotherapy

followed by radical prostatectomy in high-risk patients is unclear but is the subject

of ongoing or planned Phase III clinical trials. These studies will help to examine

the role of multimodal treatment strategies in these high-risk patients.

In summary, alternative therapeutic strategies are needed for the treatment, es-

pecially, of locally advanced and metastatic PCa.

9.2.3

MWCNT Model

Figure 9.1 depicts a schematic diagram of a multifunctional nanocontainer that is

possibly applicable for future anticancer therapy. The main component is a multi-

wall carbon nanotube, filled with a ferromagnetic material, with an external diam-

eter of 20–60 nm and a length of approx. 100–10 000 nm, as required. The case is

made up of a pre-defined number of graphene layers (2–20), which guarantee an

extremely high chemical stability. The external case is already filled during produc-

tion. Iron [8–12], nickel [11], cobalt [13, 11], or FeCo [11, 14] may be used as ferro-

magnetic materials. The deposits can grow without a substrate in powder form [8,

9] or on substrates [10, 12], which is of particular technological advantage. Of these

materials, we favor iron as a filling material for future application in antitumor

therapy, owing to the possible toxic side effects of Ni, Co or FeCo alloys. Even at

this early stage, the ff-MWCNT can be put to practical use as part of a therapy.

One particularly notable consideration is magnetic particle hyperthermia. The

basic effectiveness of this therapy and the biological compatibility of the material

system have been confirmed in animal testing (mice). With regard to superpara-

magnetic particles (SPM, see Chapter 8) also discussed for these applications –

using magnetite and maghemite – the different mechanism for heat generation

must be born in mind.

The primary field of application is the single ‘‘magnetic particle hyperthermia’’

(MPH) or in combinations with other treatment modalities. Therapeutic efficacy

and the biocompatibility of ff-MWCNTs have been confirmed in cell culture and

animal experiments in recent years by our group.

For these applications and in comparison with other nanoparticles, especially

superparamagnetic particles containing magnetite or maghemite (see Chapter 8),

the function of ff-MWCNTs is based on a completely different mechanism of heat

induction.

Apart from the basic functionality (for hyperthermia), the container system pro-

posed allows a broad spectrum of further applications. Since the ferromagnetic fill-

ing is often partial and the ff-MWCNTs can be opened after synthesis, a secondary

filling with an additional agent and a subsequent defined closing is applicable. The

agents could be (a) enhancer substances for hyperthermia, (b) chemotherapeutics

with better efficiency at higher temperatures (e.g., cisplatin). Furthermore, mini-

malized sensors can be integrated for contact-free measurement of local tempera-

tures. The inclusion of rare elements for the localization of ff-MWCNT within the

body has been suggested.
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The opened ff-MWCNT is re-closed by the chemical reconstruction of the carbon

tube or by addition of foreign materials such as heat-inducible and biocompatible

polymers. Moreover, specific functionalization increases the accumulation within

the target tissue and can stimulate the uptake by the target cells [15]. The proposed

nanocontainers are suitable (a) alone for hyperthermia, (b) as adjuvant therapeutics

or (c) alone or in combination with other nanoparticles (e.g., g-Fe2O3 as SPM) for

heat-inducible drug-releasing containers.

9.3

Carbon Nanotubes

9.3.1

General Remarks

After detailed systematic studies of very thin carbon filaments in a high-resolution

transmission microscope Iijima reported the existence of SWCNT and MWCNT in

1991 [16, 17]. Since then there have been intensive investigations into the synthe-

sis, structure and properties of these new nanostructured materials. Their unique

electrical, thermal, optical and mechanical properties have already generated great

interest for applications in many different fields. They have shown increasing po-

tential for use as field emission devices, nanoscale transistors, tips for scanning

microscopy or components for composite materials [18]. Moreover, CNTs filled

with ferromagnetic metals such as Fe, Ni, or Co represent a fascinating new mate-

rial. Owing to their size and enhanced magnetic coercivities these carbon-covered

ferromagnetic nanowires have significant possibilities in different areas too. They

can be used in magnetic recording media or, as individually filled ff-CNTs, as sen-

sors for magnetic force microscopy [19]. In addition to pure CNTs, derivative nano-

tubes with attached chemical or biochemical groups have been prepared that

should find applications in biomedicine [20].

Two types of CNTs can be distinguished, single-walled (SWCNTs) and multi-

walled (MWCNTs). They can be described as cylindrically shaped molecules made

of rolled up single or multilayer sheets of graphitic planes. Typical diameters are

approximately 1 nm for a SWCNT and 10–100 nm for a MWCNT and a length

reaching up to the centimeter-range (Fig. 9.3). Besides catalytic chemical vapor de-

position (cCVD) [21, 22], electric discharge [17, 23] and laser ablation methods

[24], various types of plasma-enhanced chemical vapor deposition methods [25–

27] are practicable and controllable methods for the preparation of CNTs.

The electrical and electronic properties of carbon nanotubes depend on their

geometrical structure and, for SWCNTs, on the so-called chirality. SWCNTs can be

either metallic or semiconducting. CNTs are among the strongest and most resil-

ient materials in nature.

The properties of MWCNTs strongly depend on the structure of their shells. Es-

pecially, the electrical conductivity varies between nearly metallic and insulator.

The quality of shells depends on the synthesis method used.
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Both SWCNTs and MWCNTs consist of two regions: the first is the sidewall of

the tube and the second is the cap of the tube. By using different chemical and

physical methods, the end caps can be opened and caps and sidewalls can be deriv-

atized with different functional groups, radicals or molecules. Such manipulable

nanotubes are well suited for application in biology and/or medicine. With a spe-

cial material as filling (e.g., a ferromagnetic metal) CNTs can play an important

role as a multifunctional nanocontainer in the diagnosis and therapeutic treatment

of different diseases.

The next section describes the synthesis of f-MWCNTs and shows the unusual

magnetic properties and possibilities of functionalization and manipulation (open,

fill, close).

Fig. 9.3. Schematic and TEM images of SWCNT (single-walled

carbon nanotubes) bundles and MWCNT (multi-walled CNT

carbon nanotubes). (Modified from Ref. [233].)
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9.3.2

Preparation and Structure of Filled Multi-walled Carbon Nanotubes

9.3.2.1 Synthesis of Ferromagnetic Filled Multi-walled Carbon Nanotubes

f-MWCNTs can be synthesized by various methods. We classify two general ver-

sions: the first is an ‘‘in situ method’’, in which the formation of the CNTs and

their filling with different elements or compounds take place simultaneously. The

other method is a ‘‘step by step process’’: synthesis of empty CNTs – opening the

tubes by chemical treatment – depositing and diffusion of filling material using

different methods, mostly by wet chemical techniques – and, finally, closing the

filled nanotubes by redeposition with a polymer or other carbon-containing phases

(post-filling method).

In the following we only deal with ‘‘in situ techniques’’ for which there are phys-

ical and chemical methods. A physical, promising method is the ‘‘arc discharge’’.

This method delivers long, relatively continuous nanowires of many different ele-

ments, e.g., transition metals (Cr, Ni, Re, Au) rare earth metals (Sm, Gd, Dy, Yb)

and other elements (S, Ge, Se, Sb) [28, 29]. The alternative, well-established

method for synthesizing CNTs filled with metals as Fe, Co or Ni is catalytic chem-

ical vapor deposition (cCVD). Different groups world-wide have used this method

in a similar way.

With the suitable precursors, cCVD can deliver well-defined MWCNTs with a

relatively high grade of filling and on a large scale, especially with elements of the

iron triad. Compounds of the organometallic complex family ‘‘metallocenes’’ are

such precursors. They have a ‘‘sandwich structure’’ of two parallel cyclopentadienyl

rings and a metal in the center between these rings [M(C5H5)2 with M ¼ Fe, Co,

Ni]; they are solid at room temperature, readily applicable, soluble in different or-

ganic solvents but also show suitable decomposition behavior in the temperature

range 600–1150 �C. Pyrolysis of these metallocenes (Fe, Co, Ni) has been analyzed

by Dyagileva et al. [30]. They showed that the decomposition is a complex process

of homogeneous–heterogeneous nature of a series of consecutive, parallel and cat-

alytic reactions.

Thus, the synthesis process of ff-MWCNTs, based on the decomposition of

metallocenes, will also be catalytically determined and, consequently, a support

(substrate) covered (completely or partially) with an active catalyst material will pro-

mote the formation of filled nanotubes.

In principle, all known methods for manufacturing (Fe,Co,Ni)-filled CNTs have

the same basic concept. Figure 9.4 shows a typical synthesis (two-band) reactor, as

used by different groups of researchers.

Sen et al. reported the first experimental results for the synthesis of f-MWCNTs

[31]. The pyrolysis of metallocenes (ferrocene, cobaltocene, nickelocene) was car-

ried out in a quartz tube located in a two-stage furnace system. In a typical experi-

ment a defined quantity of a metallocene was placed in a quartz boat, placed inside

a furnace and a mixture of argon and hydrogen passed through the quartz tube

(in some experiments acetylene is used as additional gas-phase component). The

furnace temperature was increased to 200 �C, leading to the generation of the met-
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allocene vapor, which was carried by the Ar/H2-stream into a quartz tube main-

tained at 900 �C in a second furnace. Depending on the deposition conditions, par-

tially filled CNTs were unoriented or aligned deposited on the quartz tube walls,

and no substrate was positioned in the reactor. Sen et al. have recognized that this

method is a real alternative to previously known methods (arc discharge) [31].

Grobert et al. at Cambridge University (Kroto’s group) has synthesized iron and

Invar (iron/nickel alloy) f-CNTs in an aligned structure by using a mixture of ferro-

cene and fullerene (C60) in the temperature range 900–1050 �C [9]. For the first

time, the Cambridge group could also show the enhanced magnetic properties in

such iron nanowires inside the CNTs. Later, Grobert used the aerosol-technique for

the decomposition of ferrocene [32]. Here, a benzene solution containing ferrocene

is nebulized by an aerosol generator in an argon flow and is injected in the reactor

through a nozzle directly (Fig. 9.5).

In a further study the same group have prepared aligned, partly filled MWNTs

(30–130 mm long) in high yield by using a compressed gas Ar driven atomizer

Fig. 9.4. Typical two-band furnace for the synthesis of filled

carbon nanotubes, based on the decomposition of

metallocenes. (Modified from Ref. [12].)

Fig. 9.5. Aerosol-technique for the injection of ferrocene in the

deposition zone. (Modified from Ref. [32].)

9.3 Carbon Nanotubes 267



[33]. They demonstrated that the yield of filling is proportional to the ferrocene

concentration, but complete filling could be not achieved.

In 2002, Satishkumar et al. from Rao’s group observed, besides increased coer-

civity, Barkhausen jumps with 5 emu g�1 steps in Fe-filled CNTs [34]. The ff-

MWCNTs were prepared by pyrolysis of ferrocene along with acetylene. Selected

area diffraction patterns of the nanowires show spots due to (011) planes of an a-

phase, the ferromagnetic modification of iron. Additional X-ray investigations

revealed g-Fe and, as the minor phase, cementite (Fe3C).

In our laboratory we have synthesized ff-MWCNTs on precoated substrates [10,

12]. On oxidized Si-wafers, thin layers (few nm) of the iron triad group (the catalyst

material) have been deposited by using the sputter technique. Before beginning

the deposition process, the pre-coated substrates were annealed at 900–1000 �C, di-

rectly in the deposition apparatus for a short time (few minutes). The annealing

yielded some nm-sized islands on the substrate surface, which act as a source for

nanotube growth. Hence, both iron from the surface in a solid or liquid-like state

and the iron from the gas phase (ferrocene pyrolysis) deliver the material for the

filling, causing a higher yield of filling than obtained by the groups of Kroto and

Rao. With the higher filling yield the magnetic properties were also improved.

The aligned-grown nanotubes show a pronounced magnetic anisotropy, with the

easy axis perpendicular to the substrate plane and parallel to the axis of the aligned

MWCNTs. Coercivity for the magnetic field direction perpendicular to the sub-

strate amounts to 44.56 kA m�1 (m0H ¼ 56 mT) compared with 19.89 kA m�1 (25

mT) for the direction parallel to the substrate. For comparison, the coercivity of

bulk iron amounts to 0.072 kA m�1 (0.09 mT).

X-Ray diffraction analysis indicated the presence of bcc-Fe (a-Fe), fcc-Fe (g-Fe)

and, as minor phase, Fe3C with a relatively strong h011i texture. An annealing

process below the transition temperature of g-Fe to a-Fe led to an increase of the

ferromagnetic phase (a) and an enhancement of magnetization saturation [35].

Similar results could be realized in the same group for Co- and Co/Fe-filled

MWCNTs. In the latter, the filled material enhanced coercivities to about 103.5

kA m�1 (130 mT) [14, 36].

Recently, our group has explored various means of improving the deposition

procedure in regard to increasing the grade of filling and the abundance of ff-

MWCNTs. We have also investigated aligned and relatively small, short f-CNTs

that are suitable for special applications.

Figure 9.6 illustrates a so-called two-stage reactor. It shows a first conveyor belt

system for a constant and reproducible transport of the ferrocene precursor. The

ferrocene is dissolved in cyclopentane and dropped on the moving band continu-

ously. In the first part the solvent is vaporized and the ferrocene is transported

alone in the reactor at a defined temperature and constant transport velocity. In

the deposition reactor a second moving band, populated with Fe-precoated sub-

strates is positioned. In principle, such an apparatus can work continuously [37].

By using this equipment, very strong aligned f-MWCNTs can be synthesized with

extremely high magnetic anisotropies and coercivities. The tube lengths are lin-

early dependent on the concentration of ferrocene in the solvent cyclopentane and
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range between a few mm to 40 mm. In contrast, the diameter of filled nanotubes is

independent of ferrocene concentration and constantly in the range < 10–50 nm

[inner (Fe-wire) diameter] and 20–180 nm (outer tube diameter).

9.3.2.2 Crystallographic Structure of Core Material in Filled Multi-walled

Carbon Nanotubes

Some research groups have determined the structure of the core material in

f-MWCNTs. Detailed results exist about Fe-filled tubes, which we only report on

here. Figure 9.7 shows typical TEM images of CNTs with a partial and a complete

Fig. 9.6. A two-stage reactor for continuous deposition of filled

carbon nanotubes. (Modified from Ref. [37].)

Fig. 9.7. Partly and completely filled multi-walled carbon nanotubes (MWCNT).
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iron filling. The core material seems to be homogeneous. But which crystallo-

graphic phases does this material consist of? Several studies have investigated the

X-ray-diffraction patterns of Fe-filled carbon nanotubes synthesized by cCVD in the

temperature range 830–900 �C [33, 38, 39]. In most cases, the basic-centered cubic

phase of iron (a-Fe) is the main component of the core material and is h100i-
textured along the tube axis.

Only Che et al. have reported that the filling material is amorphous if the cooling

rate is very high after the synthesis process [40]. A post-annealing leads to crystal-

line a-iron. In addition, Pichot et al. have shown that inside their aligned grown

MWCNTs carpets faced-centered cubic iron (g-Fe) is the dominant phase, with a

h110i texture parallel to the tube axis [41]. Finally, if the argon transport gas con-

tains small amounts of oxygen (@1%) it is also possible that the filling consists of

iron oxides such as hematite or magnetite [42]. These partly contrary results de-

served detailed study. Recently, Kim and Sigmund have examined the crystallo-

graphic structures and orientations of iron nanowires inside carbon nanotubes

with and without heat treatments at various temperatures [43]. The core material

was found to consist of both bcc- and fcc-iron, in general, with their ratio depen-

dent on the post-annealing temperature (without post-annealing and at room tem-

perature the ratio g=a is <1; after post-annealing at 1000 �C the ratio is near 1.0

and at 1400 �C approx. 2.3). Interestingly, the high temperature g-Fe remains sta-

bile in a large quantity at room temperature. The reason why is explained below.

The bcc-structure of iron is oriented in the h001i or h111i directions, while the

fcc-structure is aligned only in the h110i directions, along the axis of CNTs.

Besides the two modifications of iron a third phase, the thermodynamically un-

stable iron carbide phase Fe3C, is often detected as a core material component.

This phase plays a decisive role in the growth of empty and filled carbon nanotubes

[44, 45]. Both Kim [43] and Shaper [45] have found that the iron carbide is en-

riched in the tips of the aligned CNT, and Shaper concluded that this iron carbide

is an important intermediate in the catalyst-mediated growth of the tubes.

The application of iron-filled CNTs as nanomagnets requires complete filling

with ferromagnetic iron, namely the bcc-phase a-Fe.

As reported, at a synthesis temperature of 850–920 �C the core material consists

of a- and g-Fe in various ratios, depending on the temperature, and a small amount

of Fe3C. Comparison with the FeaC phase diagram shows that we do not have a

thermodynamically stable state. The g-Fe and Fe3C cores are in a ‘‘frozen’’ state.

Therefore, for the paramagnetic g-phase to be transformed into the ferromagnetic

a-phase, a post-annealing process at a temperature below the eutectic line at 723 �C

is needed. However, the g ! a transformation is connected with a 9% volume dila-

tation and if the g-Fe is in a tight contact with the carbon shells it cannot expand

and transform into a-Fe because of the high elastic modulus of CNTs. Neverthe-

less, such a post-annealing has been realized at 645 �C for 20 h by our laboratory

[46]. After this treatment the fcc-phase was completely transformed into the bcc-

phase, as proved by X-ray diffraction.

Investigations of the crystallographic structures of core material, especially filled

with iron, have led to differing views on the growth mechanism of empty and filled

MWCNTs.
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9.3.2.3 Growth Mechanism of Multi-walled Carbon Nanotubes

The growth mechanism of MWCNTs, especially of filled MWCNTs is still under

discussion. However, some experimental facts are certain. First, growth is always

carried out by a catalytically determined process, which means that a catalyst mate-

rial is absolutely necessary. Secondly, tubular MWCNTs grow by a vapor–liquid–

solid (VLS) mechanism with the catalyst particle in a liquid-like constitution, in

contrast to the bamboo-like structures produced with a solid catalyst particle (VSS

growth mechanism, see Fig. 9.8) [47, 48].

When a CNT is grown on a substrate, two types of growth modes are ob-

served: so-called tip growth and the base or root growth mode (Fig. 9.9). The

actual mode depends on the contact forces between the particle and the substrate.

Strong adhesion promotes the base or root growth mode – it is often observed on

plain substrates.

Fig. 9.8. Tubular MWCNT with a spherical catalyst (a, b) and a

bamboo-like nanotube with a conic-shaped catalyst (c, d).

(Modified from Ref. [230].)
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The diameter of the growing nanotubes depends on the size of catalyst particle

on the substrate and on the size of a stable catalyst particle on the Young contact

angle between substrate and particle. Figure 9.10 shows an example.

Catalytic acting metals are mainly the iron triad group, i.e., iron, cobalt and

nickel. Thus, metallocenes of these elements are used as precursors for the syn-

thesis of CNTs. An effective, well-known method for the preparation of tubular

MWCNTs is the injection method [49, 50] using ferrocene dissolved in a hydrocar-

bon (e.g., xylene or benzene). This mixture is injected in the hot zone of the

reactor chamber. By spontaneous decomposition of both ferrocene and xylene a

rapid and aligned growth of MWCNT is performed on the reactor walls or on a

used substrate.

Dyagileva et al. have investigated the decomposition behavior of (Fe, Co, Ni)-

metallocenes and ascertained that their thermal stability decreases in the order

Cp2Fe > Cp2Co > Cp2Ni [30]. Furthermore, ferrocene decomposes mainly into

H2 and CH4 above 500 �C, in contrast to the Co- and Ni-metallocenes, which

mainly decompose to give cyclopentadiene (C5H6) and less H2 and CH4. This de-

composition behavior of ferrocene is advantageous for growth because by hydrogen

formation the Cp-complex is completely cleaved and carbon is released for tube

shell growth. The hydrogen produced additionally reduces fresh ferrocene in the

Fig. 9.9. Tip and root growth modes of a CNT (carbon nanotube) on a substrate [231].

Fig. 9.10. Calculated Young contact angles for Fe and Co on

oxidized silicon. Iron has a lower surface energy and a lower

viscosity than cobalt. (Modified from Ref. [54].)

272 9 Ferromagnetic Filled Carbon Nanotubes as Novel and Potential Containers



gas flux and inhibits oxidation of the iron and carbon. In fact, Dormans has ob-

served the reduction of ferrocene at between 673 and 1173 K in a hydrogen atmo-

sphere, whereas no decomposition was detected up to 1173 K in helium [51].

Consequently, the first step of the CNT growth mechanism is the homogeneous

gas-phase decomposition of ferrocene:

FeðC5H5Þ2 ! Feþ 2C5H5 ! H2 þ CH4 þ C5H6 þ � � � ð1Þ

As additional carbon feedstock the solvent xylene or benzene is used in the injec-

tion method. For the hydrocarbon xylene, a derivative of benzene, Endo et al.

have considered two gas-phase and four surface reactions and found very good

agreement between experimentally determined and calculated production rates of

MWNTs allowing for these six elementary equations [52].

Xylene reacts with the hydrogen formed by ferrocene decomposition to afford

toluene which then yields benzene:

C8H10 þH2 ! C7H8 þ CH4 ð2Þ

C7H8 þH2 ! C6H6 þ CH4 ð3Þ

These four hydrocarbons (xylene, toluene, benzene, methane) will decompose on

the catalyst particle surface, and Eqs. (2) and (3) are named as the second step in

the growth mechanism of MWNTs.

Promotion of reactions according to Eqs. (1–3) is always observed on the walls

of the reactor chamber or on an inert substrate, positioned in the hot zone of the

oven, because a heterogeneous reaction, two-dimensional nuclei formation, is al-

ways energetically favored. At relatively low temperatures (820–850 �C) such heter-

ogeneous reactions are exclusively dominant.

It is assumed that the iron particles impinge on the substrate and solve the car-

bon. The solved carbon diffuses through the particles and precipitates again as

tube shells. As mentioned above, a tip or root growth mode can be observed, de-

pending on the adhesion forces on the exclusive substrate material. Wafers com-

posed of oxidized silicon are often as substrates. The tip growth mode is often

realized on such materials, where the catalyst material is deposited by a sputter

technique on the substrate before nanotube growth is started. Nanometer-sized

droplets are subsequently formed by a thermal pre-treatment of these very thin

sputtered layers (a few nm thick) in either an argon or hydrogen atmosphere [12,

52]. The subsequent CNT growth is affected by the introduction of a catalyst-free

hydrocarbon in the reaction chamber. In contrast, using spray pyrolysis of ferro-

cene dissolved in a hydrocarbon, spontaneous deposition on the reactor walls leads

to base growth [53].

Normally, a grown MWCNT has only one catalyst particle on either the base or

tip. The core of tube is hollow and free of inclusions.

By using the ferrocene pyrolysis technique with and without an additional hydro-

carbon the synthesized carbon nanotubes show a partial filling with catalyst mate-
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rial; the tubes exhibit multiple particles or wires along the middle of the tube (Fig.

9.11).

Investigations aiming to explain this phenomena have shown that the root or

base growth mode is a suitable model for describing the growth of such partially

ff-MWCNTs [50, 52, 53]. Figure 9.12 shows the initial state schematically. Short

catalyst-containing tubes deposit on the reactor wall or on the substrate. The tubes

always show an open tube end (root growth). With continued growth the gas-phase

delivered carbon and iron and iron particles can fall into these open tube ends. Si-

multaneously, carbon dissolves in the particle and graphite precipitation occurs

into the wall of the CNT, thereby increasing the tube length. The particle is de-

formed due to the squeeze of the tip. As the distance between the open tube end

and the catalyst particle increases, it becomes harder for carbon to reach this parti-

cle. After a defined time, a new iron particle falls on the open end and growth is

continued. The model explains not only the growth of partially filled tubes but

also the growth of very long tubes.

Is it is possible to influence the yield of filling by deposition conditions? Cer-

Fig. 9.11. Continued growth of partially filled carbon nanotubes. (Modified from Ref. [234].)

Fig. 9.12. Initial state of growth of partially filled carbon

nanotubes when using the spray technique with continuous

catalyst addition. (Modified from Ref. [53].)
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tainly, the catalyst addition rate plays an important role. This addition rate can be

increased by a higher Fe/carbon ratio in the gas phase (ferrocene decomposition

without hydrocarbon) or by first and additional catalyst particles on the substrate.

Using latter method we have reached a filling yield of nearly 50 vol% [46]. In doing

so, we could prove that both the catalyst material from the substrate and from the

gas phase participates in the filling of nanotubes. Furthermore, the deposition of

filled tubes using cobaltocene as catalyst and a carbon feedstock was realized

on an iron pre-coated substrate. The result was a carpet of aligned Fe/Co filled

MWCNTs. The iron could be detected in the tips of tubes, meaning that it diffused

into the Co filling material that was delivered from the gas phase.

As mentioned above, the open tube end model can explain the rapid growth of

super long MWCNTs. Nevertheless, with longer deposition times the growth rate

decreases and more Fe particles and no nanotubes are formed [11, 54]. This means

that although new catalyst material is supplied again and again the catalytic reac-

tion at a tube material will be ever more deactivated. This effect of catalyst deacti-

vation is well known and is indicated by an overcoating of the iron particles with

an amorphous carbon layer. It is caused by a momentary supersaturation of carbon

on the surface of the catalyst particle due to too high a carbon supply from the gas

phase.

9.3.3

Post-treatment: Opening, Filling and Closing of MWCNTs

The application of ff-MWCNTs as multifunctional nanocontainers (for instance in

the medicine) requires the ends of these tubes to be opened, further filled with

drugs or agents and, finally, re-closed (cf. Fig. 9.1).

The opening process of both SWCNTs and MWCNTs is relatively well controlled.

This procedure is often connected with a necessary purification of the synthesized

nanotube material. CNTs are effectively purified and opened by an oxidation pro-

cess, either by a treatment in an oxidizing atmosphere at increased temperature

(O2 annealing or treatment in a O2-containing Ar-plasma [55–57]) or by a wet-

chemical post-treatment in an oxygen acid (HNO3) [58, 59].

Tsang et al. first published the method of wet-chemical opening with HNO3 in

1993 [60, 61] and today this method is used by many research groups. However,

all these procedures, which are primarily developed for the purification of CNTs,

i.e., as means of eliminating of amorphous carbon and metal particles, are very ag-

gressive. They not only remove the ends of the carbon nanotubes, they also dam-

age parts of the tube walls. Such defects in the tube walls reduce the mechanical

properties and limit the application fields. Recently, Raymondo-Pinero have re-

ported on the simultaneous purification and opening of MWCNTs by using of

solid NaOH [62]. By such a solid–solid reaction between NaOH and as-grown car-

bon nanotubes the MWCNTs will be purified and opened without defects in the

tube shells (Fig. 9.13).

The next necessary step for the construction of a nanocontainer is to fill the

opened carbon with the desired agents, drugs or sensor materials. In principle,
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this is generally possible because the hollow interior can serve as a nanometer-

sized capillary.

Ajayan and Iijima could already show in 1993 that CNTs can be filled with mol-

ten material through such a capillary action (Pb and Bi melts) [63]. By using a sim-

ple wet chemical method (suspending the CNTs in a nitric acid solution containing

nickel nitrate), Tsang et al. have filled the CNTs with Ag [61]. In 1996, Chu et al.

described a two-step method for filling CNTs with silver and gold metal with a high

grade of filling [64]. Ugarte et al. have studied in detail the wetting and capillarity

by metal salts by a similar two-step method [65]. First, nanotubes were opened by

oxidation in the air and, subsequently, nanotubes were immersed a in molten salt

(e.g., AgNO3).

Wu et al. have successfully prepared Fe-Ni alloy nanoparticles inside carbon

nanotubes by wet chemistry [66a]. Using nitrates of iron and nickel, filling lengths

of up to 50 nm were reached. Gao and Bando have developed a special nanother-

mometer by filling carbon nanotubes with liquid gallium [66]. Gallium has one of

the greatest liquid ranges of any metal and has a low vapor pressure and a high

thermal expansion coefficient. Such a thermometer can be used over a wide tem-

perature range.

Besides filling with metals or salts, CNTs can be also filled with oxides [67, 68]

Fig. 9.13. TEM images of carbon nanotubes: (a, b) as grown

and (c, d) after reaction with NaOH at 800 �C for 1 h.

(Modified from Ref. [62].)
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and halides [69, 70]. Recently, CNTs have been filled controllably with fluorescent

particles by immersion in liquid ethylene glycol, by the complementary action of

capillary forces and evaporation of the liquid [71]. In addition, Korneva et al. have

described a simple capillary action technique to fill CNTs with paramagnetic iron

oxide particles using commercial ferrofluids (particle size@ 10 nm) [72].

Both of the latter results show important progress and that filling a CNT with

solid particles (up to 10 nm diameter!) is generally possible. This is one of the

most important requirements for filling CNTs with drugs or agents and thus for

possible application as a nanocontainer to transport these drugs to specific loca-

tions in the human body.

After the post-filling process it is necessary to re-close the nanotubes. This

can be achieved by reaction with different reagents such as ethylene glycol or by

treatment with benzene or another hydrocarbon vapor in a reducing atmosphere

of argon and hydrogen at increased temperatures [73].

Another possibility is an additional thermal treatment with a biocompatible

monomer that will polymerize at higher temperatures.

9.4

Magnetism in Nano-sized Materials

9.4.1

General Remarks

The principles suggested here for putting the multifunctional nanocontainer to use

can only really become effective when it is produced on a nm scale. Understanding

the difference between bulk and nm materials and the changes in properties they

cause is the main condition for appreciating how magnetic materials can be used

in biomedical applications [74, 75]. To better understand the special uses of ferro-

magnetic materials, especially those with geometric forms at the nm scale, some

fundamental magnetic parameters, and dimension-related changes where neces-

sary, must be briefly elaborated. These relations are, however, highly complex and

extensive, meaning that only some selected challenges can be briefly described

at this point. For complementary, continuing deliberations, reference should be

made to the relevant standard works on magnetism [76–80], and to studies that

deal specifically with physical characteristics specific to nanoscale arrays of ferro-

magnetic materials [81–86]. For an immediate understanding of the problem, we

explain briefly some of the parameters necessary for the suggested therapy plan us-

ing a nanocontainer to be effective. In particular, these include those that affect

heat development by AC heating. Magnetic reorientation is responsible for losses

in ferro- or ferrimagnetic materials such ff-MWCNT. The reorientation depends

on the type of demagnetization process. These processes are determined by intrin-

sic magnetic properties such as magneto crystalline anisotropy and magnetization,

on the one hand, and extrinsic properties such as shape, particle size and aspect

ratio on the other hand. The size and shape dependence of Hc are well known.
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Hc will be maximized when the size reaches a critical low size (single domain par-

ticle). In the same way, it can be enhanced for particles having large aspect ratios

[75]. To study these dependences in detail, the challenge of producing uniform

nanomagnets must be solved. To prepare nanomagnets, complex technologies are

often used, not only based on conventional thin film or CVD technology but also

on a combination of wet chemical methods and special technology. One technique

that has proved particularly valuably is the electrolytic deposition of ferromagnetic

materials in the pores of suitable substrates (e.g., Al2O3) [82–85, 87, 88].

Another point that needs to be explained is that the preferred ferromagnetic met-

als (iron, cobalt and nickel) are, for example, susceptible to oxidation [89–92] and

that the oxides may have different magnetic characteristics than the pure metal. If

the characteristics of nanoparticles with diameters of <100 nm are to be deter-

mined and used, the volume/surface ratio detrimental to oxidization must be

considered here. The improvement of biocompatibility is often the reason why

nanoparticles are coated with paramagnetic materials. For this purpose, Al or

Al2O3 [93–95], Au [96], Si or SiO2 [97–99], and other materials are discussed. Sev-

eral groups suggest the use carbon [92, 100–104]. In the case of the ff-MWCNT,

protection from oxidation is guaranteed by the carbon [9]. Even a small number

of graphene layers provide excellent protection against chemical changes. The

magnetic characteristics do not change over a long time, even in unfavorable con-

ditions [9]. For example, Fe-filled MWCNTs can be stored in acids and brines [105]

with no demonstrable reaction and thus no demonstrable change in their magnetic

characteristics. This avoidance of oxidation is acquired at the cost of possible lim-

ited biodegradability, however. Nonetheless, these external cases/coatings can also

indirectly have an (sometimes positive) effect on the magnetic qualities, e.g., by

mechanical stresses [106], even if these case materials are paramagnetic by nature.

As well as the applications described here, magnets in the desirable single-domain

state generally demonstrate a wide range of potential uses in biomedicine [107], if

the challenges of production can be solved.

9.4.2

Magnetization in Nano-sized Materials

Ferromagnetism is the result of an ordered alignment of the atomic magnetic mo-

ments. Fe, Co, Ni and their alloys are the most important substances of this mate-

rial class. Ferromagnetic materials are materials that can remain magnetized after

application of an external magnetic field. This external field is typically applied by

another permanent magnet, or by an electromagnet. If the temperature of a ferro-

magnetic material is raised above a certain point, called the Curie temperature (Tc),

the ferromagnet loses its long-range magnetic order that establishes the spontane-

ous magnetization and becomes simply paramagnetic [108].

The magnetic behavior of a ferromagnetic material can be illustrated in a plot of

the magnetization (M) versus the applied field (H). For ferromagnets, which are

the focus of this work, the ‘‘hysteresis loop’’ [109] is the most evident distinction.

The remnant magnetization (Mr), the saturation magnetization (Msat) and the co-
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ercive field (Hc) are important magnetic properties (Fig. 9.14). Mr is the magneti-

zation of the sample in the absence of an external applied field and is often used in

relation with Msat (i.e., Mr=Msat). Hc is the applied field in the direction opposite to

the current magnetization direction, which is necessary to bring the global magne-

tization to zero [79]. This does not imply that M ¼ 0, but the magnetization breaks

up into domains that are magnetically oriented such that the integration over the

entire sample disappears. Table 9.1 shows the values of some magnetic character-

istics for bulk Fe, Co and Ni.

In contrast to bulk material, enhanced values of the coercivity have been ob-

tained for ferromagnetic nanoparticles [110, 111] or nanowires encapsulated inside

a carbon envelope, where the coercivity reaches tens of millitesla [9]. Generally, the

origin of this phenomenon is related to the small size and the single domain na-

ture of the encapsulated metal crystals [9].

9.4.3

Influence of the Dimensions on the Magnetization Distribution

Without a magnetic field applied, a piece of a ferromagnet often assumes a state

with global magnetization vanishing. Such behavior indicates the presence of do-

main closures inside the material. The overall magnetization Moverall of the mag-

netic object is given by Eq. (4).

Moverall ¼
1

Voverall

X

i

MiVi ð4Þ

where Mi and Vi are the magnetization and the volume of the domain, respectively,

and Voverall is the volume of the ferromagnet.

Fig. 9.14. Typical hysteresis loop (M vs. H) for ferromagnetic materials.
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Figure 9.15(a) depicts a ferromagnet consisting of many domains with an overall

magnetic moment (Moverall) equal to zero. At zero applied fields, a domain circuit

or closure is created to approach the lowest energy state and the minimum demag-

netizing field [78]. In the following, we consider the changes in domain state that

depend on the diameter of the ferromagnetic material (Dp) relative to the critical

diameter Dcr for a single domain state.

When Dp of a magnetic nanowire is larger than Dcr, the creation of more mag-

netic domains or a strong non-uniform magnetization (‘M0 0) allows a more sta-

ble lower energy state. When Dp is less than the critical single domain diameter,

the magnetization of the nanowire is almost uniform (‘MA0) and spreads along

the wire axis (Fig. 9.15b). Micromagnetic calculations for magnetic nanowires with

an aspect ratio (length/diameter) of A 3 have shown the following dependence:

Tab. 9.1. Some magnetic characteristics of the ferromagnetic

elements Fe, Co and Ni (bulk and nano-sized materials).

Fe (bcc) Co (hcp) Ni (fcc)

Bulk material

Curie-temperature Tc (
�C) 770 1131 355

Saturation

magnetization

Ms (emu cm�3) 1710 1422 484

First anisotropy

constant

K1 (erg cm�3) 4:6� 105 45� 105 �0:5� 105

Exchange constant A (erg cm�1) 2:5� 10�6 1:3� 10�6 0:86� 10�6

Coercive field (bulk) Hc (A m�1) 71.6 795.8 159.2

Nano-sized material

Coercive field

(nano-sized)

Hc (A m�1) 31 830 [96]

127 337 [54]

99 470 [11]

21 200 (par.) [136]

37 900 (perp.) [136]

6446 [110]

49 800 [111]

9700 [166]

24 020 [166]

270 572 [171]

55 900 [111]

47 100 [36]

1190 [172]

1800 [111]

Critical diameter Dcr (nm) 32 (l=dA3) [84]

45 (l=dA2) [86]

85 (l=dA5) [86]

140 (l=d ¼ 10) [86]

28 (l=dA3)

[84]

140 (l=d ¼ 10)

[86]

64 (l=dA3)

600 (l=d ¼ 10)

[86]
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where A is the exchange constant (Table 9.1). Estimated Dcr for Fe, Co and Ni are

32, 28 and 64 nm, respectively. The critical diameter should also increase with in-

creasing aspect ratio (length/diameter). These dependences for Fe, Co, and Ni have

been determined by Sun et al. using micromagnetic calculations [86]. They re-

ported critical diameters (Fe) of A 45 nm (aspect ratio ¼ 2), A 85 nm (aspect ratio

5) and 140 nm (aspect ratio 10).

Figure 9.16 shows several magnetization configurations and their respective hys-

teresis curves, which depend on the nanowire diameter. Magnetic nanowires with

a diameter significantly larger than Dcr break into domains of uniform magneti-

zation to approach the lowest energy state (Fig. 9.16a). The overall remnant mag-

netization of this multidomain state is negligible. When the nanowire diameter

decreases down to Dcr, the formation of a domain wall will not be energetically fa-

vored and no domains are formed. In this case, the magnetization is non-uniform.

Such a magnetization configuration is called a ‘‘flower’’ [112] (Fig. 9.16b).

Another configuration observed in this type of magnetic material is the ‘‘vortex’’

structure. There is a flower–vortex transition that depends on the particle size and

the aspect ratio. Micromagnetic calculations for Ni nanowires (aspect ratio < 3)

made by Ross et al. point to the existence of a ‘‘flower-state’’ magnetization for

small diameters [113]. As the diameter increases, a gradual transition to a ‘‘vortex’’

state occurs.

For ff-MWCNTs with filler diameters of 10–70 nm and aspect ratios of 1 ! 100

(Fig. 9.7), from the point of view of magnetism we are in the transitional area from

Fig. 9.15. Magnetization in magnetic elements: (a) multi- and

(b) single-domain particle. (Modified from Ref. [84].)
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single domain to ‘‘flower/vortex’’ structures. For specific applications it seems of

advantage, in the long run, to aim for a single domain structure. However, to carry

out alternating field heating with this single domain material, taking into consider-

ation the limiting values for magnetic fields in medical applications, a specific al-

teration is necessary; seen from the point of view of the maximum values attained

on the material we synthesized, it is a reduction of Hc a 15 kA m�1 (18.8 mT).

When the nanowire diameter is <Dcr, the magnetization is almost uniform and

is oriented along the wire axis (Fig. 9.16c). In this case, the hysteresis loop for the

direction along the nanowire axis has the form of a rectangle. As the nanowire size

continues to decrease within the single domain range, another critical threshold is

reached, at which the remnant magnetization and the coercivity go to zero. When

this happens, the material becomes superparamagnetic (Fig. 9.16d). Superpara-

magnetism occurs when the wire becomes so tiny that random thermal vibrations

at room temperature cause them to lose their ability to hold their magnetic orien-

tation, resulting in a spontaneous reversal of the magnetization. The geometric

dimensions at which this transition from the ferromagnetic to the superpara-

magnetic state takes place are known as the superparamagnetic limit (SPL). For

Fig. 9.16. Schematic magnetization configuration and

hysteresis loops of ferromagnetic materials of different sizes.

(Modified from Ref. [84].)
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iron [114, 115] and carbon-wrapped Fe wires [116], arranged in an array, these di-

mensions have been estimated at <10 nm.

9.4.4

Anisotropy and Interaction

Magnetic anisotropy is another characteristic evident from the hysteresis. This is

described as the tendency of a ferromagnetic material to have a preferential direc-

tion, ‘‘easy axis’’, of magnetization [80]. For Fe, which has a bcc structure, the (100)

axis is the easy axis, whereas the (110) and (111) axes correspond to the medium

and hard axis, respectively. The anisotropy of magnetic nanowires is usually deter-

mined by the form of the ferromagnetic material and its crystal structure. In our

experience, the crystal structure of the filler is a given fact. As described above,

ff-MWCNT filler consists mainly of monocrystal a- or g-Fe. The g-Fe phase can be

transformed into ferromagnetic a-Fe(110) by subsequent heat treatment.

In addition to the magnetocrystalline anisotropy, the preferential direction of

magnetization can be determined by the shape of the material (i.e., a wire prefers

the easy axis to be along its large dimensions) – shape anisotropy. The essential

anisotropy contribution in thin metal nanowires is the shape anisotropy with the

easy axis of magnetization parallel to the wire axis [117]. This anisotropic contribu-

tion can be decisively influenced by production technology, by means of the filler

diameter and length. The shape anisotropy of a ferromagnetic nanowire is deter-

mined by the stray field energy of each nanomagnet, the decisive factor being the

stray field vector HD, which determines the easy magnetic direction. According to

Eq. (6) the local stray field energy density ED is lowest when M points in the direc-

tion of the stray field determined by the nanomagnet.

ED ¼ � 1
2 jHD
�!j � jM!j � cos b ð6Þ

To estimate the stray field energy, the conventional model of Stoner and Wohlfarth

is often drawn upon [118]. This model assumes that the cylinder (ff-MWCNT

filler) can be approximately represented by a homogeneously magnetized rotation-

ally symmetric ellipsoid. The aspect ratio of a Stoner–Wohlfarth particle, a ¼ l=Dp,

is decisive for its shape anisotropy energy. With further simplifications, such as

presuming an aspect ratio of g1 and the orientation of the magnetic moment

along the axis, the effect of the stray field can be described in a simplified manner

as an additional anisotropy field HD of the shape anisotropy. HD is given by Eq. (7).

HD ¼ 2pMsatf1þ 3=a2½1� lnð2aÞ�g ð7Þ

This means it is possible to determine the magnetic field necessary to rotate the

magnetization in the axis 180�. In the borderline case of infinitely long nanowires,

HD approaches the value given in Eq. (8).

HD;y ¼ 2pMsat ð8Þ
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The model of Stoner and Wohlfarth drawn upon here can only describe a simple

estimation, but clearly shows the principal influencing variables.

For HD we examined a single nanomagnet. When a collection of several nano-

wires is involved, they affect each other interactively.

In terms of material production, a distinction must be made here between the

conditions of the production of ff-MWCNTs on a substrate and the conditions of

ff-MWCNTs in tumor tissues. Whereas magnetic nanowires on a substrate are

very closely packed in great numbers, once they are detached and transferred into

the tissue they spread out. The magnetostatic interaction of the nanomagnets with

the external field is described by the Zeeman therm.

Ezee ¼ �HMsatV cosF ð9Þ

In Eq. (9), F is the angle between the magnetic field and the magnetization. When

the magnetic field is realized along the easy axis of the nanomagnet, the hysteresis

loop is rectangular. The coercivity Hc is equal to the anisotropy field (HA, Eq. 10).

HA ¼ 2Ku

Msat
ð10Þ

In evaluating the magnetic properties of nanomagnets like ff-MWCNTs we have

to differentiate between the properties of structures arranged on a substrate and

disordered in a tissue. Here it is meaningful to appropriate an ensemble of

non-interacting and randomly oriented Stoner–Wohlfarth particles. Averaging

over all possible spatial direction results in a hysteresis loop characterized by

Mr ¼ 0:5Msat and Hc ¼ 0:48Hsat. Hysteresis losses are reduced by a factor of

A 0:25 in comparison with the aligned situation [119, 120]. These differences

mean that the hysteresis loops of a single material can be markedly different on

the substrate (after production) and after being transferred to biological systems.

For further examination of this problem, reference should be made to the relevant

technical literature.

9.4.5

Magnetic Reversal

The mechanisms of magnetic reversal are also important for future therapy op-

tions using ff-MWCNTs. What is of significance here is the relative size of the

nanomagnets expressed by the DP=Dcr ratio (as in Fig. 9.16). To turn the magneti-

zation in a nanomagnet around 180�, a reversal field, HSW, is necessary. This field

depends mainly on the stray fields and the anisotropic contributions. For the mag-

netic reversal of particles with the dimensions examined here, a homogeneous ro-

tation is mostly discussed [86, 118] or, by Curling’s rotation [86, 121], an inhomo-

geneous rotation. The magnetic bipolar moments remain in parallel alignment

in the case of homogeneous rotation during magnetic reversal. They rotate to the

new orientation together. This mechanism is often adopted for mesoscopic, single-
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domain ferromagnets with a uniaxial anisotropy. The accompanying magnetization

curve is rectangular when the external magnetic field Hex is parallel to the axis of

the nanomagnets; it is a linear function of the external field in the case of a per-

pendicular field direction. Curling’s inhomogeneous rotation is discussed for

DP bDcr, i.e., for flower structures, for example. At the ends of the ferromagnetic

cylinder, vortex structures are expected to form and then spread out across the cyl-

inder as the opposing field increases. In practice, especially when a very high num-

ber of nanomagnets are spatially randomly dispersed and interact with one an-

other, magnetic reversal can not be satisfactorily described using a model. It must

be assumed that all energy contributions according to Eq. (11) are moving towards

a common minimum; EK is the magnetocrystalline anisotropic density, EA is the

exchange energy density, Ezee is the magnetostatic energy density (Zeeman energy),

and ED the stray field energy density.

Eges ¼ EK þ EA þ Ezee þ ED ð11Þ

9.4.6

Magnetic Properties of Filled Multi-walled Carbon Nanotubes

The effects described above are crucial for ff-MWCNTs as a material system, which

is the central element of the proposed multifunctional nanocontainer. In evaluat-

ing the magnetic properties, we must take into account the following aspects:

1. The fillers are mainly produced in a monocrystalline form (Fig. 9.17). They may

exist not only as a-Fe but in some cases also as g-Fe or Fe3C. In the present case,

a-Fe is the desired ferromagnetic phase. A transformation of g ! a is partly pos-

sible using temperature treatment. The higher volume of the a-phase may in

some cases change the mechanical stress state. By this means the shape of the

magnetization curve and Hc could sometimes be influenced.

Fig. 9.17. TEM image and SAED pattern of a partly filled Fe-MWCNT.
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2. Consideration must be given to variation in the level of filling in general, the

filler diameter and the length of the ferromagnetic nanoparticles (aspect ratio

1 ! 100, see Fig. 9.7). Because of these, both single domain and flower/vortex

states may be achieved in nanotubes from one batch.

3. During therapy, the ff-MWCNTs are no longer arranged parallel to one another

in the form of up to 109 tubes per cm2, but face in all directions in a statistically

even manner. This affects the way the ff-MWCNTs interact magnetically.

4. The number of carbon shells can vary considerably, which is another reason

why the influence of mechanical stresses on magnetic properties can not be

ruled out.

These few points suffice to make it clear that many different variables must be

considered when evaluating the magnetic properties of ff-MWCNTs. Much funda-

mental research is still necessary for a complete understanding of these relations.

Rising to this fascinating challenge is important not only for the biomedical appli-

cations discussed but also for a whole array of other interesting applications.

CNTs filled with most different materials have numerous applications in differ-

ent areas. These unique nanostructured materials with a nanowire as material in-

side and the carbon shell around are receiving increasing attention. The closed

CNT saves the sensitive core material by their relatively chemically inert carbon

shells against oxidation or reduction. Therefore, the material will open up new ap-

plications, e.g., in nanoelectronics. ff-MWCNTs have attracted increasing interest.

‘‘Saved magnetic wires’’ are fascinating objects in itself, revealing unusual mag-

netic properties [122, 123], e.g., they will find application as magnetic electrodes in

future molecular spintronic devices or as new material for high-density magnetic

recording media [124]. As already mentioned, one very interesting application

area is their utilization as magnetic nanoparticles in medicine, as material for hy-

perthermic therapy of cancer tissues.

The major advantage of filled CNTs is that their catalyst materials, the metals of

the iron triad group (Fe, Co, Ni), are ferromagnetic over a wide temperature range.

Thus, the catalyst and the necessary ferromagnetic material are identical (Section

9.3.2.1).

All three metals are suitable for hyperthermic application at temperatures up to

45 �C as they are all ferromagnetic in this temperature range.

Nevertheless, the ferromagnetic properties of the filling material are determined

by the presence of the ferromagnetic Fe-phase (a-Fe). Therefore, the synthesis tem-

perature is one of the most important parameters. Conforming with the phase di-

agram, unsurprisingly, at a synthesis temperature of 850 �C the Fe filling consists

of both para- and ferromagnetic iron and, particularly in the presence of carbon,

iron carbide too. Complete transformation into the ferromagnetic phase is not

possible, because the transformation of paramagnetic (fcc lattice) into the ferro-

magnetic phase (bcc lattice) is associated with a 10% volume dilatation. Iron tightly

embedded in the nanotube would cause a permanent strain on the carbon shells;

however, that is not possible due to the high elastic modulus of CNTs. The alterna-

tive is, necessarily, destruction of the nanotubes.

Several groups have investigated the magnetic properties of ff-MWCNTs. Figure
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9.18 shows a typical hysteresis loop of an ff-CNT carpet on a silicon substrate. The

measurements always reveal a uniaxial magnetic anisotropy with the easy axis

along the tube axis. The magnetic characteristics saturation magnetization (Msat)

and coercivity (HC) depend not only on the synthesis parameters and the g=a-Fe

ratio, as mentioned above, but also on the alignment level, the diameter and the

length of the CNTs on the substrate (Fig. 9.19). For instance, Satishkumar et al.

have found that these magnetic properties are significantly dependent on the used

hydrocarbon [34] (Table 9.2). This is because of the different diameters, lengths

and alignment levels produced as a result of the significantly different growth rates

obtained with different hydrocarbons. The higher the growth rate the stronger

the alignment. With elongation of the aligned CNTs the magnetic anisotropy in-

creased. This means that the aspect ratio determined the magnetic anisotropy too

(so-called shape anisotropy). This phenomenon causes the extremely high coer-

civities observed in such CNT carpets.

Table 9.3 summarizes experimentally determined coercivities parallel to the tube

axis. The values were determined using superconducting quantum interference

devices (SQUID), an alternating gradient magnetometer (AGM) and a vibrating-

sample magnetometer (VSM). As can be seen, the single values differ greatly, but

are always higher at low temperature. In addition, the coercivities are far higher

than in bulk material [HCðFe-bulkÞ ¼ 0:072 kA m�1 (0.09 mT), HCðNi-bulkÞ ¼ 0:159

kA m�1 (0.2 mT) and HCðCo-bulkÞ ¼ 0:796 kA m�1 (1 mT)]. This is due to the shape

anisotropy and to the aligned arrangement of the CNTs on Si substrates.

Figure 9.19 illustrates clearly that at a strong alignment the anisotropy and the

HC values are very high in contrast to the case of sub-optimal alignment, where

the shape anisotropy is weak and the HC values are identical. This very interesting

behavior is typical for arrangement on a substrate. After removal from the sub-

Fig. 9.18. Typical hysteresis loops of Fe-MWCNTs grown on a

silicon substrate (parallel ¼ magnetic field parallel to the

substrate on which the Fe-MWCNTs are in perpendicular

positions).
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strate the ff-MWCNs lose their alignment. To study this effect, the removed nano-

tubes were transferred into human cancer cells [15] on a sample holder substrate.

Figure 9.20 shows a typical hysteresis loop for this situation. The measured

curves for magnetic fields in the x, y, and z directions are almost identical.

This is most likely due to the statistical random orientation of the ff-MWCNTs.

The Hcs for the individual directions in kA m�1 are Hcx ¼ 18:35 (23 mT),

Fig. 9.19. Comparison of hysteresis loops of strong and sub-

optimal aligned fCNT on Si-substrates. Left: strong, optimal

alignment; right: sub-optimal alignment.

Tab. 9.2. Magnetic properties of Fe-filled carbon nanotubes

obtained from the pyrolysis of ferrocene–hydrocarbon mixtures.

Hydrocarbon Ar flow (sccm) MS (emu gC1) HC (kA mC1)

Methane (50 sccm) 950 20 40.9

Acetylene (50 sccm) 950 29 45.4

Butane (50 sccm) 950 48 46.2

Acetylene (100 sccm) 900 90 45.4
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Hcy ¼ 18:43 (23.1 mT) and Hcz ¼ 18:83 (23.6 mT). These values give the relation

Hc_perpendicular=Hc_parallelA1:02, which is significantly smaller than for parallel

aligned nanotubes on a Si substrate. Hc_par=Hc_perp for ff-MWCNTs grown on a

wafer lies in the range 1.8–6. The magnetic characteristics determined for ferro-

magnetic filled nanotubes in cells and tissues are much more representative for

Tab. 9.3. Coercivities of filled carbon nanotubes.

Filling material HC (5 K) (kA mC1) HC (300 K) (kA mC1) Ref.

Fe 85.2 34.2 9

Fe 74.8 27.7 199

Fe 111.4 63.7 39

Fe a79.6 200

Fe 52.5 24.4 38

Fe 46.2[a] 6.4[a] 136

Fe 87.6 31.8 19

Fe 52.5 34

Fe 42.2[a] 11

Fe 44.6[a] 46

Fe 127.3[a] 54

Fe/Co 100.3[a] 14

Co 47.0[a] 36

Co 26.6 201

Ni 14.6 202

Ni 3.2 203

aAligned ff-MWCNTs on Si-substrates, measured along the tube axis.

Fig. 9.20. Hysteresis loop of Fe-MWCNTs in cancer cells on a sample holder substrate.
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applications in therapy than those obtained for ff-MWCNTs on a substrate. Our

data – based on hysteresis loops, holographic experiments (Fig. 9.21) and MFM

measurements – strongly suggest that single nanotubes can display switching be-

haviors as single-domain element. Because of the large number of tubes in an issu-

ing batch it is possible to find different filling diameters and different aspect ratios.

In the present state of technology, you can produce particles with an aspect ratio in

the range 1 ! 100 in one batch (Fig. 9.7). The fraction of single domain and

flower/vortex structures is not well-defined. The present state of technological

knowledge is insufficient to predetermine the fraction of single domain and

flower/vortex structures in one batch. Remarkably, concerning Fe-MWCNTs there

is a gap in the evidence regarding the general transferability of results, because

either 1 or >104 tubes have been evaluated. It is a challenge to transfer the results

from one area to another. Study of the intermediate area should be expanded exper-

imentally. Detailed investigations would be important in addressing these issues.

9.5

Heat Generation

9.5.1

General Remarks

When exposing materials in alternating magnetic fields, apart from the qualities of

the materials, the geometric conditions and the frequency applied, we may in some

Fig. 9.21. Electron holography images of a single Fe-filled

MWCNT. (a) Reconstructed intensity distribution and (b)

reconstructed phase distribution outside the structure. The

phase shift reflects the enclosed magnetic flux line pattern.

(Modified from Ref. [122].)
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cases also have to take into account several heating principles, which differ due to

their individual dependency on frequency ( f ) and modulation (B̂B) [120, 125–127].
The possible heating principles do not generally all occur at the same time in the

different applications. What are principally seen are relaxation losses, dielectric

losses, hysteresis losses and eddy current losses. In the technical literature, differ-

ent formulae are sometimes used for the dependencies that apply, according to

whether the work is of a magnetic or biomedical nature. Here, we mainly use

the formulae that have become established in the biomedical literature. For hyper-

thermia using superparamagnetic (very small) particles, Rosenszweig has refined a

model that was originally developed to describe dielectric dispersion in polar

liquids [128].

For small field amplitudes, and assuming minimal interactions between the par-

ticles, the response of the magnetization to an AC field can be described in terms

of the its complex susceptibility w ¼ w 0 þ iw 00. Both parts, w 0 and w 00, are frequency

dependent. The out-of-phase w 00 components result in heat generation, given by Eq.

(12) [128].

Pspm ¼ m0pw
00H2 ð12Þ

This can be interpreted physically as meaning that if M lags H there is a positive

conversion of magnetic energy into internal energy. This simple theory compares

favorably with experimental results, e.g., in predicting a square dependence of Pspm

on H, and the dependence of w 00 on the driving frequency.

As this heating principle does not play a decisive part in the ferromagnetic par-

ticles we favor, for further considerations and a detailed description of the depen-

dencies reference should be made to Chapter 8 (Jordan et al.) of this book. Another

principle considered is that of dielectric losses. These result in Eq. (13).

PdA c1 f
3B̂B ð13Þ

For a concrete example of the application of ff-MWCNTs in alternating magnetic

fields <20 kA m�1 (<25.1 mT) with frequencies of up to 250 kHz (the operating

range we prefer for ferromagnetic filled nanocontainers) the dielectric losses and

the energy transfer in the tissue are also not the determining factor. They are only

of importance for far higher frequencies [129–134]. In the application suggested

here, the heating of ferromagnetic materials (e.g., ff-MWCNTs) with dimensions

above the superparamagnetic limit, the determining heating principle is assumed

to be that of heating by hysteresis losses. The general view is that the such losses

are determined according to Eq. (14).

PFM ¼ m0 f

ð
H dM ð14Þ

Apart from the frequency used, the area under the magnetization curve is also an
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especially decisive factor in heat transfer. Equation (14) is sometimes also used in

the form of Eq. (15).

PFMA c2 f HcBr ð15Þ

From this it can be seen that the hysteresis losses of different materials can be

compared using the material parameters Hc and Br. To achieve the high heat trans-

fer desirable in the application of hyperthermia, it appears expedient to choose a

material with a high Hc and a high Br. However, in this case, notably, the applica-

tion of very high magnetic fields is not possible for medical reasons (meaning hard

magnetic materials can be considered only to a limited extent) and, physiologically,

not all possible materials can be used. For example, the elements cobalt and nickel

and their alloys, which are often used for magnetic materials, must be considered

toxic and therefore questionable [135]. For this reason we prefer to discuss the use

of iron as a possible material. The magnetic parameters that characterize iron have

been investigated in many studies and determined with great precision. The coer-

civity of bulk Fe is considered verified at 0.072 kA m�1 (0.09 mT). As described

above, the dimensionality of the ferromagnetic materials has a significant influ-

ence on the parameters examined [9, 19, 136]. In Fe-CNTs synthesized by our

group, as the filler mainly consisted of single-domain particles, and because of the

shape anisotropy, we were able to verify values from 103.45 kA m�1 (130 mT) [11].

This rise by a factor of >1300 compared with the Hc of the bulk material has a di-

rect influence, according to Eq. (15), on the energy transfer that can be achieved

and is therefore of fundamental importance. Pure iron can only be considered as

a possible material for hyperthermia when there is a rise of Hc compared with

the bulk material values and in particular when the shape of the magnetization

curve is specifically modified. Iron with any other magnetic configuration (multi-

domain particles) does not allow sufficient energy transfer [137]. Furthermore, the

demands on the magnetizing field concerning the field strength needed also de-

pend on the Hc and Br of the material to be re-magnetized. For an isotropic dis-

persal of magnetically uniaxial particles, BrA Js=2, where Js is the saturation polar-

ization. The magnetic field amplitude should fulfill the condition of Eq. (16) in

order for the material to be nearly entirely re-magnetized (see also Ref. [120]).

Hext > Hc þ 1
3 m0 Js with m0 ¼ 4p� 10�7 Vs m�2 ð16Þ

The magnetic reversal losses of various hard magnetic materials have been studied

[138]. At a diameter of 30 mm, the particle size was such that eddy current losses

are no longer negligible. Nonetheless, it was still possible to show that the condi-

tions of Eq. (16) must be fulfilled to achieve high-performance yields. In Ref. [120]

this is also confirmed for the use of magnetite.

According to Eq. (15), as well as the aspect that can be technologically influenced

(shape of magnetization curve), the energy transfer is linearly dependant on the

frequency of the alternating field applied.

As well as the alternating magnetic field losses discussed above, one last sub-
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stantial contribution in particular must be considered, namely energy transfer due

to eddy current losses that occur. This heating, known technically as inductive

heating, occurs when conductive materials – even non-magnetic ones – are sub-

jected to an alternating field. Several important parameters, including conductivity,

essentially determine the possible energy transfer. As the human body also pos-

sesses an appreciable degree of electrical conductivity it too can be heated accord-

ing to this principle. Considering these losses is extremely important as they di-

rectly determine the boundary conditions of the alternating field heating actually

desired. For inductive heating, both the geometric dimensions and electrical con-

ductivity are determining factors. There are great differences between the factors

to be considered. While ff-MWCNTs are geometrically very small (101 nm) and ex-

hibit very high electrical conductivity, biological tissue displays only low electrical

conductivity, but the dimensions of a real patient are significant (108 nm). For

this reason, both systems reach the limiting values when considered as a whole

and both materials connect differently. It therefore seems advisable to examine

these cases separately, taking that of ff-MWCNTs first. In the usual technical dis-

cussions on inductive heating, the losses that occur are generally described by

Eq. (17).

PeddyA c3 f
2B̂B2d2se ð17Þ

In Eq. (17), f is the frequency, B̂B the working induction, s is the penetration depth,

and c is a parameter that depends on the materials and geometry; d represents the

work-piece diameter.

An essential difference between the heating methods discussed here is the

frequency dependency of the energy transfer. Whereas alternating field losses in-

crease linearly with frequency during magnetization reversal processes, the square

of the frequency is a determinant of eddy current losses. Figure 9.22 presents these

Fig. 9.22. Variation of both hysteresis losses and eddy current

losses with frequency. (Modified from Ref. [204].)
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ratios for iron with large geometric dimensions. Clearly, above approx. 70 kHz –

i.e., in the area of interest for a therapy – the eddy current losses very quickly

come to dominate in the case of electrical conductivity and dimensions on a mm

level. A special feature of inductive heating is that energy transfer tends to occur

more in the outer areas of the work piece. Because of the skin effect, eddy current

flow is mostly on the surface of the material. The depth at which the energy den-

sity drops to 1/e ¼ 0.368 is known as the current penetration depth. Some 86% of

the energy is transformed between the edge of the work piece and s, and the rest

heats lower-lying layers.

The penetration depth itself depends on the electrical conductivity of the mate-

rial to be heated. For energy transfer to be very effective, the geometric conditions

must be optimally adjusted. The most important (influencable) parameters here in

particular are the work-piece diameter d and the construction of the coil system.

Once the boundary conditions, which can be technically altered, have been opti-

mized, the ratio work-piece diameter d to penetration depth s is of decisive impor-

tance for the energy transfer that can be achieved. Table 9.4 illustrates the effect of

this parameter on energy transfer. Whereas energy transfer still reaches 10% at a

d=s ratio of 1, at a ratio of 0.4 it already drops to 1%. When Fe-containing ff-

MWCNTs are used a d=s ratio of A10�4 is achieved. Figure 9.23 illustrates these

dependencies. The figure 9.23(a) shows a screw with a diameter of 10 mm 10 s

after start of AC-heating. The induced increase in temperature was >500 K. More-

over, the so-called ‘‘skin’’ effect is clearly seen. The large temperature difference

was mediated by the high electric conductivity and the nearly optimal geometry.

Figure 9.23(b) shows a substrate placed at the same site (10� 10 mm) with aligned

Fe-MWCNTs. In this case and under the same conditions no change in tempera-

ture was found. The difference between the two cases is based on the geometry be-

cause both consist of the same material (Fe).

Gilchrist et al. have already dealt with this challenge in their fundamental publi-

cation describing the initial application of magnetic particle hyperthermia [130].

They were able to show that, in metallic powders, the eddy current loss becomes

negligible at a level of <5 mm. With the ff-MWCNTs the diameter of the magnetic

particles is not 5 mm but only 0.015 mm. This seems to verify the assumption that

eddy current heating does not dominate in nanoparticles of this dimension; an as-

Tab. 9.4. Dependence of the degree of efficiency on the ratio

d=s (d=s ¼ 0:4–8). (Modified from [204].)

d=s 8 6 4 2 1 0.6 0.4 0.0001

(Fe-MWCNTs)

Degree of efficiency (%) 95 85 65 30 10 4 1 f1*

* f1 is a postulation, but the value could not be determined experimentally.
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sumption shared by other authors [120, 125, 128, 139]. Taking these results into

consideration, we conclude that for hyperthermia using Fe-containing MWCNTs,

eddy current losses are negligible and magnetic alternating field losses can be as-

sumed to dominate.

The other borderline case with eddy current heating is the direct heating of hu-

man tissue. In the biomedical literature, the modification of the Eq. (17) written as

Eq. (18) has become established [131, 133, 140], where sT is the conductivity of tis-

sue and r is the distance from the central axis of the body.

Ptissue ¼
p2m2m2

0sTr
2ð f 2H2

0 Þ
2

ð18Þ

Fig. 9.23. Schematic images and photographs of AC-heating

experiments using iron in the cm- (a) or nm-range (b).
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Equation (18) is valid only for H0 ¼ const and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðosm0rmaxÞ

p
f 1 [135]. Biological

tissue fulfills this condition because of its low electrical conductivity.

In principle, this heating method can also be used to treat patients. It has not

become established as defined localized heating, e.g., in lower-lying tissue, is only

possible to a very limited extent. Instead, the objective is to concentrate the heat

precisely in the tumor tissue. For thermoseed treatment, Stauffer et al. called for a

performance ratio of at least 10:1 [131].

When therapy focuses on magnetization reversal heating it is, therefore, wise to

find ways to minimize eddy current heating. According to Eq. (18) r, f and H are

the alterable parameters. As the square of the radius is a determinant of perfor-

mance rate, an undesirably high level of heating is most likely to occur if the body

is surrounded by the coil system at its widest point (the chest cavity). The problem

is then lessened if treatment can be carried out in the extremities with far smaller

radii. Theoretical calculations and experiments have shown that an H � f product

of a 4� 108 A m�1 s�1 can be safely applied when treating tumors in the chest

cavity. Higher values can be achieved if the radius can be reduced. Hilger et al.,

for example, specify an H � f product of 1:5� 109 A m�1 s�1 when treating breast

cancer (coil diameter 150 mm) [141]. For this very important boundary value to

be determined with certainty, however, in our opinion too few experimental data

are as yet available.

9.5.2

Requirements for the Development of Materials for Hyperthermia and Magnetism

The use of magnetic nanoparticles in hyperthermia goes back to Gilchrist et al.,

who treated different tissue samples with particles of g-Fe2O3 (20–100 nm) in a

magnetic field of up to 20 kA m�1 (25.1 mT) and a frequency of 1200 kHz [130].

Since then, numerous different materials and technical boundary conditions have

been proposed.

The concept of locally and contact-free heating in the tumor tissue itself by

raising the temperature up to >42 �C for 30 min to influence apoptosis and/or to

destroy the tumor is fascinating, but requires reproducible conditions for particle

production as well as reproducible heat dispersal in the tumor. At the same time,

the therapeutic effects on humans depends on the actual conditions in the appro-

priate target tissue and organ. In particular, heat transport in different kinds of tis-

sue and the differing blood supply in the organs mean that only limited theoretical

predictions can be made. What is more, the temperature rise required for long-

term therapy success has been estimated at varying levels. Hilger et al., for exam-

ple, have suggested implementing temperatures around 55 �C, the thermoablative

level, when treating breast cancer, as when the temperature is limited to 44 �C

approx. 50% of the tumors recur [142].

Since the pioneering work of Gilchrist et al. [130] various materials have been

suggested for hyperthermia using magnetic nanoparticles. These can be classified

conveniently according to their magnetic condition at the temperature of applica-

tion (41–55 �C). There is a differentiation between:
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1. Particles that are in a superparamagnetic state under the application conditions

due to their geometric dimensions or their physical properties. These include

Fe3O4 (magnetite) or g-Fe2O3 particles (maghemite) with small dimensions

and

2. Particles that are in a ferri- or ferromagnetic state under the application condi-

tions due to their geometric dimensions or their physical properties, e.g., g-

Fe2O3 particles (maghemite) of large dimensions, multidomain ferrite or ferro-

magnetic materials.

Several interesting studies have been carried out using materials of these two

groups [120, 130, 137, 140–156]. This summary of different studies can not

be complete. It reflects the different goals concerning the material and the heating

mechanism. Many different materials – such as alloy-based systems – have been

used by other groups. Our focus is directed towards pure iron or some iron

compounds.

Another interesting alternative option in terms of heat generation, although with

geometric dimensions at the mm or mm scale, is:

3. ‘‘Self-regulating thermoseeds’’ with a Curie temperature of >42 to approx. 57 �C

[157–160], i.e., above the Curie temperature these materials change their prop-

erties and the energy transfer is greatly reduced. This strategy shows that self-

regulation mechanisms can be achieved by optimizing material properties –

here the Curie temperature – in a targeted manner. If the AC losses of these

types of alloys can successfully be raised considerably in moderate fields, then

this principle of temperature limiting could also be of interest for magnetic par-

ticle hyperthermia.

Materials can only be sorted into categories (1) and (2) above as suggested because

the materials of one composition can be placed in either group solely on the basis

of their geometric dimensions. For maghemite and magnetite particles, it is not al-

ways possible to state unequivocally that the material is in a superparamagnetic

state. The division does, however, take into account the fact that the mechanism

for heat transfer is fundamentally different [120, 161], meaning that different steps

must be taken to selectively develop the material. Based on this division, we now

confine this review to particles with ferromagnetic properties. With regard to

superparamagnetic nanoparticles, which are very important for hyperthermia, the

reader is referred to Chapter 8 by Jordan et al., which describes this point in detail.

As the first, simplest application of ff-MWCNTs – note that this principle only

applies here – we begin from a therapeutical point of view by focusing on the treat-

ment of urological carcinomas, including PCa. These are diseases that are, statisti-

cally, more likely to occur in later life. It must be taken into account that quite a

substantial number of patients may already be fitted with metal implants, e.g., hip

prostheses. This means that the use of high frequencies is only possible and/or
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practical in a limited way due to the occurrence of eddy current heating [129, 132,

133, 157]. For this reason, within the limits of the admissible H � f product [133,

141], we focus our attention on higher fields and not the commonly-implemented

higher frequencies. According to the conditions described in Section 9.5.1, high

frequencies produce eddy current losses on a mm scale, and thus possibly very

high temperatures (Fig. 9.23) that can result in serious health problems.

For the successful therapeutic application of magnetic particle hyperthermia, the

key data contained in Table 9.5 must be taken as a starting point. In the last

few years, superparamagnetic material (SPM) particles have increasingly been dis-

cussed, as they are attributed with better heat generation. This judgment is based

on the magnetic values of the materials in a multidomain state [137]. The produc-

tion, for instance, of Fe nanoparticles that are, magnetically, in the desirable single

domain or flower condition constitutes a technological challenge. For example, Fe

Tab. 9.5. SAR values of different materials.

Material Diameter (nm) SAR (W gC1) Frequency (kHz) H (kA mC1) Ref.

Magnetite (Fe3O4)

Fe3O4 7.5 400 6.5 143

Fe3O4 950 410 10

Fe3O4 50–200 410 6.5 161

Fe3O4 <0.1–45 300 6.5 161

Fe3O4 10 a45 300 14 120

Fe3O4 350 a75 300 14 120

Maghemite (g-Fe2O3)

g-Fe2O3 210 880 7.2 176

g-Fe2O3 12

240

240 880 9.3 177

g-Fe2O3 250–370 1100 6.84 205

g-Fe2O3 100–150 42 880 7.2 175

g-Fe2O3 6–12 12–240 880 7.2 175

g-Fe2O3 20–160 a400 410 11 206

g-Fe2O3 3.3

13.1

120

146

520 13.2 137

Pure metals

Fe 1000–2500 21 880 7.2 175

Fe 20–50 100[a,b] 230 20 188

Fe 20–50 720[a,c] 230 34 188

aSAR [W g(a-Fe)�1].
bQuality: high grade.
cQuality: best grade.
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as a favored material is susceptible to oxidation [89] and at this particle size a sub-

stantial proportion of the volume has been transformed into Fe oxides. Further-

more, iron is pyrophoric [162], meaning that conventional production techniques

such as milling, which is often used in industry, can only be used to a limited ex-

tent and/or after further technological measures have been taken. Only the much-

used wet-chemical, dry-chemical methods or thin film technologies, sometimes

with the implementation of extra protective coatings where applicable, have led to

any obvious progress [92, 102, 111, 163–171]. Materials with unusual magnetic

properties are described in these studies.

These materials have are also been rendered interesting for this kind of appli-

cation by alternative nanotechnology processes. Natural nanostructures, such as

magnetotactic bacteria, are not the focus of our interest. Using these particles, a

defined influencing of the magnetic properties is hardly possible. Useful magnetic

nanostructures can also be obtained by the production of ff-MWCNTs using CVD,

affording > 1000� higher Hcs, magnetization properties that are more favorable to

this kind of application compared with bulk material, and permanent oxidation

protection. However, notably, the characteristics of the nanoparticles are always

partly determined by structure and by production-caused contamination, mechani-

cal stresses, etc.

Several parameters play an important role in optimizing a material; some pa-

rameters affect, negatively or positively, optimization of the magnetic properties.

For example, the nickel nanoparticles encapsulated in graphite by Hwang et al.

showed distinctly lower Hcs than in bulk material [172]. Pirota et al., however,

showed from the example of magnetic-phase multilayer microwires at the mm scale

that by adding another coating to the microwires the hysteresis loop could be

clearly improved towards single-domain characteristics [106]. Thus, production

technology is of decisive importance, and the hysteresis loops can and must be ad-

justed. On the basis of these methods of influencing magnetic parameters and

their effect on heat generation, it must again be underlined that the therapeutic

method we suggest using the multifunctional nanocontainer is only made possible

when the entire system, or the decisive parameters, is optimized (not maximized).

Taking as a basis an H � f product of 1:5� 109 A m�1s�1 [141], the maximum

that can be applied during therapy, a magnetic field that can usefully be applied

is at most approx. 20 kA m�1 (25.1 mT). As the hysteresis loop must be modulated

to exceed Hc for heat to develop, seen from this angle it appears pointless to try to

achieve Hcs higher than 100 kA m�1 (125.3 mT), even though this is possible with

the ff-MWCNTs (Table 9.3). The point is much rather to influence the shape of the

magnetization curve, as in Fig. 9.24, with an Hc of approximately 15 kA m�1 (18.8

mT). To do this, it is advantageous to provide a material in a single domain state.

This, again, means that the aim should be a Fe filler diameter of between approx.

10 nm (<10 nm SPL) and approx. 32 nm [84] or approximately 45 nm [86] (no

single-domain particles). As mentioned above, the higher values depend on the

aspect ratio. The given values are representative for d=la 3. For favorable shape

anisotropy, the particles should have a length/diameter ratio of b 2, requiring a
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nanoparticle length of at least 20–60 nm. Furthermore, as high a magnetization as

possible should be guaranteed. Based on these benchmark figures, high heat dis-

persion is possible in the case of single-domain-ff-MWCNT. However, this remains

a distant goal.

Our data strongly suggests that single ff-MWCNTs can display switching behav-

iors as a single-domain element. Because of the large number of tubes in an

issuing batch the fraction of single domain and flower/vortex structures is not

well-defined. The present state of knowledge is insufficient to determine the

optimal conditions (single domain, flower/vortex or mixing) for heat generation.

To answer this question the conditions of the therapy must be considered.

Single-domain elements can generate a large amount of heat only in magnetic

fields Hext > ðHc þ DHÞ. From a medical viewpoint, the therapy might need be

performed in a low magnetic field. Under this condition the application of another

type of ff-MWCNTs could be advantageous. Detailed investigations are important

in further answering these questions.

The ff-MWCNTs described at present are, most likely, not yet entirely in a single-

domain state. Because of the magnetization behavior and the varying diameters,

we must assume that significant proportions of the materials are in a flower/vortex

condition. Nonetheless, considerable heat dispersion could be proved.

9.5.3

Specific Absorption Rate (SAR)

A characteristic parameter is necessary to evaluate the effectiveness of a material

system. For hyperthermia two processes must be considered. In principle, we

have to evaluate the process of heat generation. It is determined by the loss power

or specific heating power of the material. We also have to consider the process of

heat absorption by a biological tissue. The specific absorption rate (SAR), the mass-

normalized rate of energy absorption by a biological body, in W g�1, has become

Fig. 9.24. Schematic of well- and ill-conditioned hysteresis

loops for medical applications (e.g., hyperthermia).
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the most important parameter in characterizing the effectiveness of a material sys-

tem in hyperthermia. It is determined according to Eq. (19) [140, 173], where c is
the specific heat capacity.

SAR ¼ c dT=dt ð19Þ

For water, cwater ¼ 4:118 J g�1 K�1. For better comparability with different magnet-

ic materials, some groups have used a particular SAR that is related to the active

magnetic component [174–177]. This SAR of iron is given by Eq. (20), with m tot

the total mass of the specimen, and mFe the mass of the iron content.

SARFe ¼ SARðm tot=mFeÞ ð20Þ

This means the specific absorption rate SARFe allows comparison of the efficien-

cies of different types of magnetic particles. In the description of our own material,

we use this type of evaluation too.

With ff-MWCNTs, magnetic reversal losses are assumed to dominate for the

mechanism of heat generation. On account of the opinion sometimes raised in

the literature that sufficient heat transfer is not possible by this means with com-

patible magnetic fields [137, 139], it seems expedient to start with a calculated esti-

mate. According to Eq. (21), the amount of heat generation per unit volume can be

obtained by the frequency multiplied by the area of the hysteresis loop [75, 139].

PFM ¼ m0 f

ð
H dM ð21Þ

Here, the substantiated assumption is made that the magnetization curve in the

area examined is not dependent on frequency.

Under these conditions, PFM can be readily determined from quasi-static mea-

surements of the hysteresis loop [120, 139, 150] using an AGM, VSM or SQUID.

To make these estimates, Fe-MWCNTs were transferred into tumor cells [15] and

washed, and 50 000 cells were separated using fluorescence-activated cell sorting

(see below). A defined volume of this solution was transferred onto a suitable sub-

strate material. The magnetic properties of samples of this kind were studied by

recording hysteresis loops in an alternating gradient magnetometer (AGM, 2900

MicroMag). As well as measuring complete hysteresis loops (major loops) the

minor loops, which are decisive for the conditions of application, were also deter-

mined. For this purpose, when recording individual minor loops the maximum

magnetic fields were limited to Hmax (kA m�1) ¼ 0.796, 1.591, 9.549, 12.732,

15.915, 39.788, 59.683, 79.577, 119.366, 159.155, 198.943, 397.887, 238.732,

318.310, 477.464, 557.042, 636.620, 716.197, and 795.775 (1 mT–1 T). Typical mag-

netization curves are presented in Fig. 9.25. Notably, the curves shown here are not

those of Fe-containing ff-MWCNTs in parallel alignment on substrates, but of Fe-

containing ff-MWCNTs at a random spatial orientation in tumor cells. Where a

parallel magnetic field orientation is mentioned this means, in this case, parallel

to the substrate and no longer parallel to the tube axis. Because of the random ori-
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entation, to some extent an averaging-out of all the spatial axes takes place. This is

reflected in the directional dependence of the magnetization curves, which is now

only weak. By determining the areas of the magnetization curves and multiplying

them with an assumed frequency, the energy dissipation calculated for each mag-

netic field was estimated at 0.796–796 kA m�1 (1 mT–1 T). For the calculated

frequency, we drew upon the limiting frequencies of 50 and 1200 kHz generally

accepted in the literature as well as our favored frequency of 250 kHz. Figure 9.26

shows the results obtained. Based upon quasi-stationary measurements, suffi-

ciently high energy losses can already be achieved with magnetic fields of 10

kA m�1 (12.5 mT). Energy losses > 250 W (g-a-Fe)�1 are, however, only to be

expected for this material from above 30 kA m�1 (37.7 mT). Although fields of

20 kA m�1 (25.1 mT) at 1200 kHz [130] or 45 kA m�1 (56.4 mT) at 53 kHz [153]

have been used for hyperthermia treatments, lower magnetic fields are often pre-

ferred, in the range of the recommended f �H product of 4:85� 108 [133] to

1:5� 109 A (m s)�1 [141]. The range of possible combinations of frequency and

magnetic field that result from this fit in with the range defined as acceptable for

clinical applications by Pankhurst et al. [139], f ¼ 50–1200 kHz and H ¼ 0–15

kA m�1 (0–18.8 mT). Based on these first fundamental assertions on the possible

achievement of high energy losses by magnetic reversal, in a further step the SAR

was also determined experimentally.

Determination by measurement often takes place using a calorimetric (time-

resolved) method, with certain boundary conditions concerning technology and/or

Fig. 9.25. Hysteresis loops of Fe-MWCNTs in cancer cells.

Outermost line: major loop; inner lines: minor loops.
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measuring techniques due to the high-frequency alternating fields. As illustrated

in Fig. 9.27, the set-up we used consists of a high-frequency generator with an

impedance matching network and the magnetic coil system. Water-cooled copper

tubes are wound into a coil system (e.g., 4–10 turns, diameter of bore 20–100

mm, l ¼ 60–120 mm) in which the sample to be examined is placed. The sample

must have good heat insulation and the coils must be sufficiently cooled. The sam-

ple in the coil system is heated by applying an alternating magnetic field. The

temperature change per time unit is determined using an appropriate device.

Fiber-optic systems such as the FLUOROPTIK2 Thermometer have proven effec-

tive for high-frequency magnetic fields: these metal-free systems are not affected

by the alternating magnetic field and eddy current effects do not occur. With these

systems, the temperature can be measured in situ. The output resolution and the

accuracy also meet the demands posed, at 0.001 �C andG0.2 �C respectively.

Another notable point is that the magnetic field amplitudes are often determined

by measuring the coil current and then calculating H. This is possible with suffi-

cient precision in the case of coil geometries, which are generally simple. For the

simplest case of a single circular conductor loop with radius R in the x–y plane (if

the origin is the center of the circle) we obtain Eq. (22) for the field components in

the z direction, with I the current passing through the conductor.

Fig. 9.26. Variation of specific absorption rate (SARFe) of Fe-

MWCNTs with magnetic field (lines: calculated from hysteresis

loops; symbols: experimental measurements).
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Hz ¼
1

2
IR2 1

ðR2 þ z2Þ3=2
ð22Þ

Clearly, for zgR the field decreases at about 1=z3, and therefore outside the coil

there is only slight stress on the tissue during treatment. For therapy the field is of

importance within a long coil. It applies to Eq. (23), where n is the number of

turns and l is the length of the coil.

H ¼ nI

l
ð23Þ

Initial attempts to determine the SAR experimentally used water, physiological salt

solution and agarose gel blocks, to each of which was added a defined quantity of

ff-MWCNTs. Heat insulation of the sample is extremely important, as mentioned

above. When simple glass vessels were used we observed a distinct time depen-

dency of the determined SAR. As shown in Fig. 9.28, the values vary from about

750 W (g-a-Fe)�1 (30 s measuring time) up to 150 W (g-a-Fe)�1 (900 s measuring

time). We ascribe these differences to an unfavorable ratio of sample volume/

sample surface at the time and, in particular, to heat conduction from the sample

into the sample vessel. After the geometry of the materials used was optimized and

heat conduction was minimized, this problem was reduced. It was possible to in-

crease the accuracy and to realize the well-known t–T characteristics. The initial

slope was used to determine the SAR.

Figure 9.26 shows the SAR obtained by experiment under these altered condi-

tions at a frequency of 250 kHz, depending on the magnetic field strength for

the mid-quality material used for the quasi-static measurements. The figure also

shows the SAR curves calculated for this material. The material used was from

Fig. 9.27. Experimental setup for time-dependent calorimetric measurements.
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one batch but was not that used for the magnetic measurements. Clearly, the

values obtained by experiment in a magnetic field area of up to about 28 kA m�1

(35.1 mT) tend to be lower than expected from the quasi-static measurements.

What is more, there is distinct scattering of the measured results in all magnetic

fields. We ascribe this scattering to instrument-related problems in controlling the

HF current, as when the HF transmitter was at full drive, values were determined

that could easily be reproduced. The SARs determined by experiment at 34 kA m�1

(42.6 mT) came out at 286, 280, 286, 292, 286, and 292 W (g-a-Fe)�1 in a series of

measurements, for example. At the level of magnetic fields <12 kA m�1 (<15 mT)

it was not yet possible to obtain any sufficiently firm measured values. One reason

could be the switching behavior of single-domain particles. To throw light on

the real cause, further equipment-related improvements and basic studies of the

switching characteristics of individual ff-MWCNTs must be carried out. The results

already gathered by experiment, however, tend to confirm the expected course. In

the range that can be applied in therapy, up to approximately 20 kA m�1 (25.1 mT),

we were able to verify SARs ofa100 W (g-a-Fe)�1 for this not yet optimized mate-

rial. However, clearly, far higher values could be obtained in the range >30 kA m�1

(37.6 mT). From this, central questions emerge concerning:

1. The maximum H � f product that is possible to use;

2. how these values appear in relation to the superparamagnetic particles;

3. whether the present situation achieved is sufficient for treating urological

tumors.

Fig. 9.28. Variation of specific absorption rate (SARFe) of Fe-

MWCNTs with time (H ¼ 30 kA m�1). Different colors

represent data points from independent experimental series.

9.5 Heat Generation 305



Table 9.5 lists typical SARs for the most important material systems, magnetite

and maghemite, as well as for iron. The differing values for the frequencies and

magnetic fields must be taken into account when comparing the results. Even after

numerical correction of the SARs to ‘‘standard frequencies’’ and ‘‘standard mag-

netic fields’’ in accordance with the known dependences given by Eqs. (12) or

(15), a great deal of scattering still clearly takes place within each material system.

One reason for this can be found in the dependence of the energy loss on particle

diameter and working frequency. As shown by Hergt et al. (Figs. 9.29 and 9.30),

when using superparamagnetic nanoparticles, a distinct reduction in energy trans-

fer achieved can be expected, even from a deviation of aroundG1 nm from the op-

Fig. 9.29. Grain size dependence of the loss power density for

small ellipsoidal particles of magnetite (H ¼ 6:5 kA m�1).

(Modified from Ref. [120].)

Fig. 9.30. Dependence of magnetic loss power density on

particle size for magnetite (H ¼ 6:5 kA m�1). (Modified from

Ref. [120].)
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timal diameter [120]. With ferromagnetic particles up to the superparamagnetic

limit, however, only a relatively minor change occurs depending on the diameter.

Here too, the marked influence of technology on the results that can be obtained

is apparent. As has already been established, controlling heat conduction in the tu-

mor and the surrounding tissue is of decisive importance in connection with the

SAR achieved. The group of Andrä, Hergt and Hilger [141, 143, 178] have stated

more precisely results [143] for the range of thermoablation (T ¼ 51–55 �C). The

calculations imply that the specific heating power needed to achieve the required

rise in temperature in the tumor goes up sharply as the diameter of the tumor

falls. With thermoablation, the target is a temperature difference of 15 K.

Figure 9.31 shows the specific heating power required for this for three different

concentrations of magnetite, depending on the tumor diameter. The low and high

concentrations of 0.001 and 0.1 g cm�3 are approximately the limiting values that

are usefully applicable in practice. From the graphic representation, the required

specific heating power clearly varies by several orders of magnitude, depending

on the concentration of particles achieved. According to this, for an average particle

concentration of 0.01 g cm�3 and 100 W g�1 (Table 9.5), tumors from a diameter of

about 1 cm can be treated. By analogy, a higher particle concentration results

in a size of 4 mm. These observations apply to the range of thermoablation. For

hyperthermia, the proportions are slightly more favorable due to the lower temper-

ature difference required. As only slight differences can be made to the heat con-

ductivity conditions in the tumor tissue, one urgent task for materials development

is to raise the performance of the material. The heat condition problem, on the one

hand, and the amount of heat generated by a few magnetic nanoparticles inside a

biological cell, on the other hand, are the background for the discussion: Is hyper-

thermia on a cellular level possible [137, 141, 179]?

Fig. 9.31. Power requirements of magnetic nanoparticles. (Modified from Ref. [120]; 3 curves.)
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Taking as a basis the SARs for Fe-containing ff-MWCNTs at the level used in ther-
apy of approx. 100 W (g-a-Fe)�1, the minimum SARs postulated in the literature to

achieve the necessary temperature rise in the tissue, it can be concluded that this

ferromagnetic material in a single-domain state should be suited for the treatment

of a diagnosed PCa with an extension of at least several millimeters. Assuming this

to be the case, experiments have been made in heating model systems. Beef was

used as a model substance for the first heating experiments (specimen 7� 7� 7

mm). Fe-MWCNTs were injected into this tissue (see Fig. 9.32a) and the sample

was heated (at H ¼ 20 kA m�1 and f ¼ 250 kHz). Figure 9.33 shows the tempera-

ture curve within the muscle tissue (43 �C after 7.5 min AC-heating). By compari-

Fig. 9.32. AC-heating using model tissue: (a) Muscle tissue

containing Fe-MWCNTs (black), (b) muscle tissue: before and

after AC-heating.

Fig. 9.33. Temperature development during AC-heating.
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son, without an injection of Fe-MWCNTs no temperature difference was measured

for at least 15 min after the start of magnetic induction. Figure 9.32(b) shows typi-

cal photographs of model specimens/tissues before and after AC-heating. Based on

these results, further experiments were carried out on cell cultures, tissue and

organ samples and animals.

9.6

Study Results for In Vitro and In Vivo Applications of ff-MWCNTs

9.6.1

Efficient Endocytosis In Vitro, Lipid-mediated Could Enhance the Internalization Rate

and Efficiency

Using different types of ff-MWCNTs we have studied the uptake by different uro-

logic cancer cell lines. In cell culture experiments an efficient delivery into human

EJ28 bladder cancer cells after complex formation of the ff-MWCNTs with cationic

lipids was detected [15]. Our original conclusion was that the lipid is necessary for

efficient uptake of ff-MWCNTs by cancer cells in our settings. However, systematic

investigations of several cancer cell lines indicated that the ff-MWCNTs with differ-

ent sizes (1–10 mm long) were also internalized without lipid addition. Therefore,

we hypothesized that lipid addition in vitro can stimulate the internalization, prob-

ably via endocytosis. Internalization by cancer cells under optimal growth condi-

tions in vitro guarantees an efficient transfer in the cytoplasm of most of the cells.

Our data implicate a potential direct association between the proliferating capacity

of the individual cell type and the rate of internalization, which is in accordance

with an active uptake mechanism. Further analyses should clarify this point in

more detail because of its potential importance for the development of future ther-

apeutic concepts.

Using TEM we have detected clusters of ff-MWCNTs mainly in the cytoplasm of

the PCa model cell line PC-3. This uptake had no influence on the cell viability

quantified by WST-1-assay in the first three days after short-term (4 h) treatment

with ff-MWCNTs. These data confirm several reports for unfilled SWCNT [180–

186] and also indicate that ff-MWCNTs appear non-toxic once internalized into

mammalian cells of malignant (PCa and bladder cancer cells) and non-malignant

origin, and without adverse effects to cell viability.

Beside the intracellular detection of ff-MWCNTs in the form of clusters or bun-

dles the association with cells was further evaluated by flow cytometry. The results

indicate that clusters of ff-MWCNTs are detectable in solution by FSC-SSC scatter

flow cytometric analyses (FACS) (Fig. 9.34). They can be discriminated from can-

cer cells because of their higher granularity and smaller size (cf. Fig. 9.34b). After

addition of ff-MWCNTs in serum-free culture medium to the cancer cells for 2 h,

FACS analysis revealed a high percentage of cells characterized by a larger granu-

larity, indicating an association between cells and ff-MWCNTs. Cells with internal-

ized ff-MWCNTs and those with ff-MWCNTs at their surface can not be differenti-
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ated by this technique. However, the detection of a broad spectrum of increasing

granularity confirms the TEM studies, showing that cancer cells have internalized

different amounts of ff-MWCNTs. Moreover, on repeating the flow cytometry two

days later, the same percentages of cells associated with ff-MWCNTs were found.

Summarizing these experiments, clearly, by addition to the culture medium an in-

tracellular accumulation of ff-MWCNTs takes place within a few hours, especially

as cytoplasmic localized aggregates (Fig. 9.35). In addition, cell-associated and in-

ternalized ff-MWCNTs have the same magnetic properties as ff-MWCNTs in solu-

tion without cells.

A pilot animal study has checked the distribution of Fe-MWCNTs in mice [187,

188]. Briefly, male mice at 8 weeks of age were narcotized, and different doses of ff-

MWCNTs were injected once intraperitoneally (i.p.) or intravenously (i.v.; via the

tail vein). The animals were sacrificed 20 h after treatment. Tissue samples of dif-

ferent organs were conserved for TEM and histological analyses. Mice without

treatment were used as controls. The remaining but treated animals were observed

over a period of 150 days. For several mice of this treatment group, the injections

were repeated. All animals survived and showed no abnormalities in their behavior

or food consumptions. Remarkably, one mouse with a five-fold injection over a

period of 3 months was treated with a total of >1 g ff-MWCNTs per kg of body

weight.

In sacrificed animals, large agglomerates of ff-MWCNTs were detected at various

organs in the retroperitoneum for the i.p. treatment but not in the i.v. treatment

group. This indicates that most of the intraperitoneally administrated ff-MWCNTs

is retained within the retroperitoneum over several weeks. Interestingly, the macro-

scopically visible agglomerates were attached in most cases to the surface of organs

and penetrated to the peripheral zone of different organs, including kidney and

liver. So, remarkably, magnetic force was transferred to the organs (Fig. 9.36).

The amount of magnetic material required to produce the appropriate tempera-

ture for hyperthermia or thermoablation depends to a large extent on the method

of in vivo administration. Intra- or peritumoral injection or deposit allows for sub-

Fig. 9.34. Representative results of flow

cytometric analyses of human PC3 cells

without MWCNT transfection (b). In

comparison, 4 h after incubation of cells with

Fe-MWCNTs (c) the granularity and size of the

cells have increased. Remarkably, bundles of

Fe-MWCNTs are also detectable in solution (a).
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stantially greater amounts of magnetic material to be concentrated in a tumor than

do other methods employing intravascular, intradermal or intraperitoneal adminis-

tration and/or targeting. A general assumption is the concentration of at least 5 mg

of the magnetic material within 1 cm3 of target (tumor) tissue.

Fig. 9.35. Representative TEM photographs

showing the internalization of ff-MWCNT by

the PCa cell line PC-3. Black structures

represent an accumulation of Fe-MWCNTs. (a)

One large complex with many single CNTs was

detected within the cytoplasm (magnification

�7000); (b) intracytoplasmatically localized

CNTs with different grades of ferromagnetic

filling (dark) (magnification �12 100); (c)

different types of complex formation within the

cytoplasm of PC-3 cells containing many CNTs

(4 h after incubation, magnification each

�7000).

9.6 Study Results for In Vitro and In Vivo Applications of ff-MWCNTs 311



9.6.2

Production of Two Types of ff-MWCNTs for In Vivo Application

ff-MWCNTs can be synthesized by two different types of CVD. The first, solid

source CVD (SSCVD), uses a simple quartz-tube gas flow reactor inside a two-

zone furnace system [12]. Ferrocene, Fe(C5H5)2, is sublimated in the first zone at

about 150 �C. Decomposition is then realized in the second, the hot, zone at about

830 �C in an Ar flow on oxidized Si-wafers.

The second CVD system (so-called liquid source CVD, LSCVD) consists of a

band evaporator with continuous action and a hot wall reactor with a tape on which

the precoated substrates are positioned. This tape can be moved through the hot

zone of the reactor. Here the ferrocene is solved in cyclopentane and drops contin-

uously on the moving band evaporator. At 45 �C the solvent evaporates, at 270 �C

the ferrocene is completely sublimated and, finally, the vapor is transported into

the CVD reactor. At 900 �C the precursor decomposes and ff-MWCNTs are depos-

ited on the precoated substrates directly. The CVD system has been described in

detail previously [189].

Therefore, this method has the important advantage of producing filled nano-

tubes continuously and is, thus, favorable for a large-scale application.

The nanotube material was investigated by scanning (SEM, XL 30, Philips) and

transmission electron microscopy (TEM; TECNAI F30 with GiF 200). Thermal

gravimetric analysis (TGA, RUBOTHERM) in an Ar/O2 atmosphere up to 450 �C

was used to determine the thermal stability and the filling grade of the nano-

tubes (oxidation of nanotubes up to the remaining Fe2O3). Alternating gradient

magnetometry (AGM) revealed the ferromagnetic behaviors of the filled nanotube-

ensembles on the Si-substrates.

Depending on the deposition conditions, the length, structure, filling grade and

the magnetic properties of the CNTs varied. Here, two different batches of ff-

MWCNTs were used. One batch was synthesized by SSCVD, affording ff-MWCNTs

about 10 mm long (type 1), with a filling yield of 25–30 wt.%. The ff-MWCNTs of

Fig. 9.36. Transfer of magnetic force to tissue.
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the other batch (type 2), produced by LSCVD, were about 15 mm long (Fig. 9.37),

with filling yields of 30–35 wt.%. Both types had the same diameter distribution,

i.e., 10–30 nm (inner) and 20–130 nm (outer). The number of carbon shells

ranged between 20 and 100.

9.6.3

Outlook/Next Steps in Evaluation of these ffff-MWCNTs

The future goal is the design and optimization of biofunctionalized ff-MWCNTs for

different anticancer applications (Table 9.6). These multifunctional nanocontainers

are finely regulated regarding the site of action, the temperature induced by exter-

nal magnetic field application, and the step-by-step release of different drugs. In

addition to therapeutic applications, nanocontainers could also be functional units

for diagnostic and therapeutic monitoring purposes. They fulfill all the criteria for

nanoscaled mediators of anticancer treatment with an optional intrinsic sensoric

unit. The latter can function both for the detection of small tumor lesions as well

as for the control of therapeutic effects. Note that either all of the individual char-

acteristics can be incorporated in a single MWCNT species or a combination of dif-

ferent species with various behaviors can be synthesized, produced on a large scale,

and applied under standardized conditions.

In our view, a variable experimental model is needed to test these possibilities.

Therefore, we suggest a chamber model for the administration and characteriza-

tion of in vitro and in vivo effects using a standardized device (Fig. 9.38).

Potential applications (Tables 9.6 and 9.7) of improved functionalization of ff-

MWCNTs include:

1. Selective tumor-targeting by coupling of specific antibodies to the sidewall or

the ends of ff-MWCNTs.

2. The formation of complexes with suitable lipids for better internalization of ff-

MWCNTs inside target cells and tissues.

Fig. 9.37. SEM image of Type 1 ff-MWCNTs used for administration studies in mice.
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3. Conjugation with other nanomaterials (nanoparticles, nanotubes, nanowires)

characterized by other intrinsic biological, chemical or physical properties for

an enhanced effect in diagnosis and treatment of malignant tumors.

4. Biofunctionalization and/or labeling of the ends of CNTs.

5. Potential as dual container (intrinsic chambers) and cargo system (functional-

ization, e.g., conjugation at the sidewall and at both ends of ff-MWCNTs).

Kam and coworkers have described recently the overall potential of functionalized

CNT for anticancer therapies in general because of the intrinsic advanced physical

and biological properties of these nanomaterials [185]. They reported that short

(A150 nm long and A1:2 nm in diameter) and unfilled HIPCO-SWCNT solubi-

lized in the aqueous phase by noncovalently and strongly adsorbing either fluores-

cently labeled 15-mer oligonucleotides (ODN) or phospholipid-PEG-grafted folic

Fig. 9.38. Principle of the chamber used to analyze the

interaction between ff-MWCNTs and tissues or organs.
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Tab. 9.6. Advantages of CNTs and particles.

Parameter/behavior CNT Particles (and SWCNT?)

Functionality Filling with diagnostics and therapeutics

in defined chambers

Possibility of different locations of the

anti-tumor substances (as intrinsic filling)

and the tumor/tissue targeting system (as

extrinsic bio-functional units)

Minimum of ferromagnetic filling (for

necessary magnetic properties and energy

transfer)

High energy transfer within a target cell

and tissue

Low(er) immunogenecity and/or toxicity?

Relatively inert tissue distribution of

deposed long CNT (>1 mm long)

Morphology Length–width ratio Optimal surface area–

diameter ratio

Intrinsic depot function

Compared to the filling volume, a

relatively large and single surface area/

sidewall for functionalization or coupling

to other structures and molecules; f.e.

MWCNT offer a higher available surface

for interaction with DNA (compared with

SWCNT and round beads)

Possibility of defined (and temperature-

dependent) release of filling substances in

two directions

Relative flexibility of the tubular structure

Inert covering by the carbon multi-wall

Relatively large surface area improves

functionality as shuttling system/vector

(cf. Singh et al. 2005 [196])
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acid were internalized inside folate-overexpressing HeLa cancer cells by simple

incubation in cell culture medium at 37 �C (Fig. 9.39). This was in contrast to the

results of the same experiment at 4 �C, which indicated that uptake is based on

receptor-mediated and energy-dependent endocytosis. The SWCNT were heated by

external near-infrared laser pulses, resulting in an intracytoplasmic release of ODN

Tab. 9.7. Reported examples of studies with functionalized

CNTs.

Type of

functionalization

Methods and results Ref.

Drug/vaccine

delivery

Delivery of nucleic

acids and proteins

Crossing the cell membrane and

cytoplasmic accumulation enhance the

immune (ab) response against peptides

with no cross-reactivity to CNT, SWCNT

as molecular cargoes into cells by

noncovalently and non-specifically bound

proteins to the nanotube sidewall and

intracellular delivery by endocytosis,

delivery of plasmid DNA by binding and

condensation onto ammonium-

functionalized SWCNT and MWCNT

and onto lysine-functionalized SWCNT,

selective targeting and destruction of

tumor cells

180, 182–186, 190–193,

207–212

Usage as new types

of biosensors based

on DNA or proteins

Examples: CNT functionalized with PNA

bind DNA containing a complementary

sequence, nanoassembly by DNA–DNA

interaction

213–220

Complement

activation and

protein adsorption

Description only for SWCNT and double-

wall CNT

221

Imaging of cells, use

in atomic force

microscopy

By covalent linkage to visible-wavelength

fluorophores or as Pluronic SWCNT

fluorophores through near-infrared

microscopy

180, 181, 192, 222, 223

Enzyme

immobilization,

usage as ion channel

blockers

224, 225

Molecular

electronics

Formation of nanoassemblies useful as

molecular switches

226–229
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from the SWCNT and translocation into the nucleus. Note that radiation of the

aqueous SWCNT solution (25 mg mL�1, without cells) by an 808 nm laser (1.4

W cm�2) continuously for 2 min caused heating toA70 �C. The authors suggested

that the SWCNTs can act as tiny ‘‘heaters’’ in living cells overexpressing the recep-

tor molecule (folate receptor) targeted by the functionalized SWCNTs. Selective tar-

geting and induction of necrosis of HeLa cells was observed after the same laser

pulse treatment, without harming receptor-free normal cells. Dying cells released

the ODN cargoes and were mixed with cell debris in black aggregates.

The same properties should be transferred and adapted to our ffff-MWCNT

model because of the intrinsic heating function of the ferromagnetic filling. In

general, new PCa-specific antigens recognized by PCa-specific receptors can be ap-

plied for a selective ffff-MWCNT-based hyperthermia in the histologically remark-

ably heterogeneous PCa tissue containing also receptor-negative stromal and nor-

mal prostatic cells.

A major advantage of using ff-MWCNTs would be the external control available

for localization and intrinsic heating. Note that the finely-regulated, slow and

controlled induction of heating should also improve the internalization of ffff-

Fig. 9.39. Selective targeting and killing of tumor cells using

functionalized SWNT. After internalization of modified SWCNT

via folate receptor (FR) binding on FR expressing tumor cells

laser radiation induces selective tumor cell death. (Modified

from Ref. [191].)
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MWCNTs by target cells that did not primarily take them up; this implies a possi-

ble multiplicity of anticancer therapeutic efficacy once or in multiple treatments:

stepwise (a) heating, (b) improvement of uptake within the target tissue, (c) release

of drug from the container at a defined temperature, (d) repeating the hyperther-

mia as secondary local treatment and release of other drug classes by realization

of higher temperatures than at the time of primary hyperthermia.

Biocompatibility is a major concern when introducing a therapeutic agent inside

the human body. For different, mainly short and pure, species of unfilled SWCNT

no adverse or toxic effects have been reported by various groups on testing the

cellular viability and the proliferation [180–182, 184–186, 190].

Studies with SWCNTs indicate that simple mixing of oxidized SWCNT with so-

lutions of various types of proteins resulted in covalent and non-covalent bonds to

the sidewall [191]. The sidewall was functionalized with oxygen-containing groups

was by refluxing and sonication of SWCNTs in nitric acid. Interestingly, the ad-

sorption of proteins with a molecular weight ofa 80 kDa (bovine serum albumine

and cytochrome c) on SWCNTs imparts hydrophilicity to the CNTs. The spontane-

ously formed nanotube–protein conjugates were internalized by different cell types

of non-malignant as well as malignant origin. While single proteins were unable to

cross the cell membranes by themselves, SWCNTs efficiently traffick protein car-

gos inside the cells. An energy-dependent endocytosis mechanism for the uptake

of the conjugates was proposed [191].

However, other mechanisms as the dominant internalization processes in vitro
have also been discussed recently in the literature, including uptake of the CNTs

by insertion and diffusion through cellular membrane phagocytosis [181, 182,

184, 190, 192]. The detailed uptake mechanisms and efficacy for the different tar-

get and non-target cells should be evaluated in various animal models.

Kam et al. have further described the release of internalized conjugates with

SWCNTs and proteins from endosomes by adding the membrane-passing base

chloroquine to the culture medium [191]. The functionality of adsorbed protein

was shown for cytochrome-c because, after release of this protein from the endo-

somes, cells died by active apoptosis (mediated by the delivered cytochrome c).

Recently, derivatization of unfilled MWCNTs with N-protected amino acids based

on a cycloaddition reaction to the external sidewall was described by Georgakilas

et al. [193]. The modified MWCNTs had a lower solubilization than functionalized

SWCNTs. However, 12 mg mL�1 of functionalized MWCNTs gave a clear solution

in water. The authors conclude that this result represents the basis towards the

synthesis of peptide-based CNTs.

Other reports have shown the interactions between SWCNT (HiPco tubes) and

nucleic acids. Refs. [194, 195] describe the extremely strong binding of short single

stranded DNA (oligonucleotide) by p-stacking. The binding of the oligonucleotide

was realized by helical wrapping with right- and left-hand turns or simply by

adsorption at the sidewall with linearly extended structures. This DNA coating

of bundled SWCNTs was effectively dispersed in water by sonication. Moreover,

subsequent functionalization was made by labeling one terminus of the oligo-

nucleotides with biotin.
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Ammonium-functionalized SWCNTs and MWCNTs facilitate the delivery of

plasmid DNA in different murine [180, 196]. Complexes of DNA and unfilled,

ammonium-functionalized MWCNTs formed aggregates >4 mm and possessed a

planar lattice structure, whereas the double-stranded plasmid molecules formed a

planar structure with MWCNTs buried within. Compared with SWCNTs, the side-

wall of MWCNTs had a higher charge density and an increased surface, resulting

in a closer DNA association with the MWCNTs. The authors found >96% of plas-

mid DNA is condensed by ammonium-functionalized MWCNTs at a charge ratio

of 1:1.

Future developments in this fascinating application spectrum will depend on

whether the specific synthesis methods and, afterwards, the defined functionaliza-

tion for CNTs of a desired structure can be realized (Tables 11.6 and 11.7). Accord-

ing to the planned therapeutic application of ffff-MWCNTs, the focus should be on

the stepwise shortening of the length of the sidewall, the definition of a feasible

amount of sidewall. In addition, the dependence of chemical reactivity on the de-

tailed MWCNT structure is particularly interesting.

As well as investigation of the general toxicities of ff-MWCNTs, the principal bio-

distribution has been studied in a mouse model for the i.v. and i.p. administration

route. For biological TEM analyses, different organs were fixed immediately after

removal from sacrificed mice by fixating them in glutaraldehyde. Ultrathin slices

were prepared as described recently by us [187]. Additionally, other samples of the

same tissues were also collected, fixed in formaldehyde and embedded in paraffin

for routine H&E staining and subsequent histological analyses.

The major goal of these studies was to investigate the short-term accumulation

and distribution of the containers within the body. Furthermore, by histopatholog-

ical investigations potential toxic effects after single or multiple in vivo administra-

tions were assessed.

Recent results of both TEM and histological light microscopy studies indicate

that aggregated to form clusters, independently of the localization site in vivo
[187]. The aggregation can be observed even macroscopically after sonication and

during injection. Therefore, the ff-MWCNTs can reach different tissues by diffus-

ing through capillaries. The cluster sizes, detected by TEM, ranged from 0.5 to sev-

eral microns. The structure of these clusters was identical to those found in cell

culture incubation experiments. From the calculated sizes each cluster, mainly de-

tected intracellular, may consist of several to hundreds or thousands of individual

ff-MWCNTs. Remarkably, the tendency of in vivo formation of such large clusters

did not influence the health conditions of the animals, and did not reduce survival.

All animals (n ¼ 14) treated with different dosages of MWCNTs of both subtypes

(once or several times) survived 150 days.

In several animals injected once with one of both types of ff-MWCNTs, the CNTs

were detected within different cell types of different organs, including lung, heart,

liver, colon or accumulated within the tissues (Fig. 9.40). Only in the minority of

TEM positive samples were individual ff-MWCNTs found.

Moreover, after i.p.-injection low amounts of bundled ff-MWCNTs were also de-

tected in feces. This observation needs further detailed investigation.
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Fig. 9.40. Representative results of ff-

MWCNTs detected by TEM analysis in different

mouse organs 20 h after injections (i.v. or i.p.).

(a) Lung section collected 20 h after i.v.

injection of type 2 (mouse No 8, 9 weeks of

age); magnification �7000. (b) Liver section

collected 20 h after i.v. injection of type 1

(mouse No 4, 9 weeks old); magnification

�7000. (c) Diaphragm section derived from

the same mouse as (b); magnification �7000.

(d) Colon section collected 20 h after i.p.

injection of type 1 (mouse No 6, 9 weeks old);

magnification �7000. (e) Same as (d) but at

magnification �32 000. (f ) Heart section col-

lected 20 h after i.v. injection of type 1 (mouse

No 3, 9 weeks old); magnification �4700. (g)

Faeces collected 20 h after i.p. injection of type

1 (mouse No 15, 9 weeks old).
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Other animals injected once or several times with doses of approximately 100–

400 mg ff-MWCNTs per injection survived more than 150 days without any indica-

tion of toxic or other adverse events. Analysis of the body weight indicated no influ-

ence of the administration of ff-MWCNTs on health condition.

Moreover, for example, several animals were sacrificed 6 weeks after first injec-

tions and analyzed by an experienced pathologist for potential alterations caused

by the accumulation of ff-MWCNTs. In general, 6 weeks after the first injection ff-

MWCNTs were detected cell-associated in most cases. Several microphotographs

revealed an association of ff-MWCNTs accumulation with macrophages.

No formation of giant cells or granuloma was detected, indicating the absence of

inflammation signs. The unrestricted localization of bundles and clusters of ff-

MWCNTs was not associated with encapsulation of the accumulated tubes within

the different tissues and organs. Especially in lung tissue specimens, the clusters

were found near the alvealoe and beside microvessels (Fig. 9.41). Interestingly, af-

ter i.p.-administration, in some cases tubes were also detected in the lung but in

significantly lower amounts and number than after the i.v. administration.

Fig. 9.41. Detection of Fe-MWCNTs by H&E-

stained histological slices of different mouse

tissue 6-weeks after i.v. or i.p. administration.

Black structures represent an accumulation of

Fe-MWCNTs. Lung section at a magnification

of (a) �100, (b) �1000, (c) �10000, and (d)

with accumulation of ff-MWCNTs in the alveole

at �1000.
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The determined long-term accumulation of ff-MWCNTs in different organs and

tissue indicated the biocompatibility of this compound over several weeks without

dramatic toxicity. The comparable patterns of accumulation between short- and

long-term treated animals showed the injected ff-MWCNTs can accumulate within

hours and persist in these depot tissues without encapsulation.

Partially needle-like formations of bundles were detected. In the liver, low num-

bers of clusters of ff-MWCNTs were localized at the sinus.

In an additional experiment series the principle of ff-MWCNTs-mediated hyper-

thermia was tested using freshly explanted mouse tissue specimens. At seven

months of age, one untreated mouse was sacrificed, and one kidney and muscle

from the leg (5� 3� 3 mm) was collected for heating analyses. After injection of

approximately 10–20 mL of freshly sonicated 0.9% saline containing type 1 ff-

MWCNTs (20 mg mL�1) the heating potential was tested immediately using the

device described in Section 9.5.3. A magnetic field of 20 kA m�1 was realized at a

frequency of 230 kHz. The explanted tissue specimens were incubated in the mag-

netic field. The temperature was measured in the centre of the treated specimens

at the beginning, after 5 and 10 min (Table 9.8). Remarkably, for both explanted

tissues an increase of >10 K was detectable after 10 min of treatment with <400

mg of ff-MWCNTs. In comparison with control experiments (applying the same

magnetic field for equivalent tissue specimens without injections of ff-MWCNTs)

the heat injection clearly confirmed our working hypothesis that ff-MWCNTs are

useful for hyperthermia purposes. These pilot experiments ex vivo clearly showed

that doses of lower than the mg range of ff-MWCNTs can mediate an intrinsic tem-

perature shift to >40 �C after a couple of minutes of treatment.

The traditional approaches to hyperthermia, including radiofrequency, micro-

wave and ultrasound, showed only limited efficacy in clinical studies because of

(a) mediating of inhomogeneous temperature conditions, (b) difficulties in focus-

ing in the target tissue, and/or (c) relatively high absorption of the heat by the in-

tratumoral capillaries and connective tissues. The prostate as the target organ for

local treatment primary PCa represents an extraordinary example because of the

anatomy of the pelvis and the high perfusion of this gland.

Jordan et al. (Magforce GmbH, Berlin) have developed amino-silane-coated iron-

oxide superparamagnetic nanoparticles with a mean diameter of 15 nm.

Tab. 9.8. Temperature developed during AC-heating in mouse

tissue containing Fe-MWCNTs.

Time (min) Mouse muscle (T/̊ C) Kidney from mouse (T/̊ C)

0 28.0 29.2

5 40.5 40.0

10 42.6 40.7
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Aqueous ferromagnetic fluid (nanoparticles at a concentration of 120 mg mL�1)

were injected directly in the target tissue and subsequently heated by intracellular

hyperthermia. The particles were taken up efficiently by endocytosis. The so-called

magnetic fluid thermotherapy (MFH) was proposed in principal as suitable for

both local hyperthermia and thermoablation of PCa, since the intratumoral tem-

perature conditions can be selected over a broad range by modulating the magnetic

field. Moreover, in contrast to E-field dominant systems used for regional hyper-

thermia, the boundaries of differently conductive tissues do not interfere with

power absorption in the MFH treatment.

In a subsequent animal study using orthotopically implanted MatLyLu-cells

(Dunning R3327 model), magnetic fluid (200–400 mL) was injected into the pros-

tate tumors (0.5 mL per cm3 of tumor). Immediately after injection, an AC field

was applied (100 kHz, 0–18 kA m�1; gradually increased field strength from 45%

to 70% over a period of 17 min, heat treatment at 70% field strength for 30 min)

using the MFH 12-TS (MagForce Nanotechnologies GmbH, Berlin) [197, 198]. By

intratumoral temperature control, the authors described mean maximal tempera-

tures of up to 58 �C. The observation that >85% of the nanoparticles were retained

in the prostate 10 days after injection indicates that repeated thermal treatment is

possible. Afterwards, external radiation of 20 Gy was applied. Combined thermora-

diotherapy resulted in a higher inhibition of tumor growth than radiation with the

same dose alone. The combinational treatment was as effective in tumor growth

control as radiation therapy alone with a three-times higher dose.

Recent data from a phase I clinical study has been used to evaluate the toxicity

and tolerability of MFH using a novel hyperthermia- and thermoablation-system

(MFH 300F) [174] in PCa patients [147]. To our knowledge, this is the first report

of the clinical application of interstitial hyperthermia using magnetic nanoparticles

in the treatment on human carcinomas. A patient with locally progressive growing

PCa following a high dose brachytherapy received a total of 12.5 mL of magnetic

fluid in 24 depots (each of 0.5 mL) in the prostate (intraperineal injection under

rectal ultrasound control and fluoroscopy guidance) with an approximate volume

of 35 mL. Thermotherapy was applied using an initial magnetic field strength of

2.5 kA m�1, which was gradually increased to 5 kA m�1, and was kept constant

for one hour. Five subsequent MFH applications took place at weekly intervals.

The maximum intra-prostatic temperatures determined (48.5 and 42.2 �C during

the first and second treatment, respectively) achieved were in the thermoablative

range.

It was assumed that for sufficient heating of the prostate gland, and ideally a ho-

mogenous distribution of the nanoparticles field strength of 10 kA m�1 toxicity, 0.2

mL of the magnetic fluids per mL of tissue volume is necessary to guarantee an

SARtissue of 300 W kg�1. However, the measured particle distribution within the

tumor tissue was sub-optimal and must be improved.

As side effects, the patients experienced local pain several times (especially when

the field strength was >5 kA m�1) and moderate bladder spasms occurred after the

first treatment cycle.

Moreover, in this report the authors also described preliminary experiences in
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glioblastoma and recurrent soft-tissue sarcomas of the ongoing phase I study. In-

terestingly, the particles are retained in the PCa tissue for at least several weeks.

The authors conclude that this observation represents an important pre-requisite

for the clinical application of MPH in locally advanced PCa.

In comparison, an aqueous solution of ff-MWCNTs per se represents a homoge-

nous population of particles based on the principles of their synthesis. This could

be a major advantage over superparamagnetic particles for a cost-effective clinical

use as thermal transmitters.

This development of nanoscaled containers, including the proposed ffff-

MWCNTs, opens a new chapter in the field of anticancer therapeutic concepts

based on nanotechnology. Further steps of evaluation and optimization must un-

dergo very different and detailed tests to ensure their therapeutic efficacy and me-

chanical stability and safety after local implantation or systemic injection. Progress

in medical device technology is strongly linked to progress in material science tech-

nology, and new combinations of different materials that have been developed for

different application in human medicine have influenced the design, and also the

structural, chemical and biological properties of CNTs.
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Abbreviations

AC Alternating current

CNT Carbon nanotube

CVD Chemical vapor deposition

FACS Fluorescence-activated cell sorting

ffff-MWCNT Functionalized and ferromagnetic filled MWCNT

ff-MWCNT Ferromagnetic filled MWCNT

f-MWCNT Filled MWCNT
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Hc Coercivity

MFH Magnetic fluid hyperthermia

MPH Magnetic particle hyperthermia

Mr Remnant magnetization

Msat Saturation magnetization

MWCNT Multi-walled carbon nanotube

PCa Prostate cancer

PFM Power loss of ferromagnetic material

PSA Prostate specific antigen

PSPM Power loss of superparamagnetic material

SARFe Specific absorption rate of iron

SAR Specific absorption rate

SEM Scanning electron microscope

SWCNT Single-walled carbon nanotube

TEM Transmission electron microscope

T Temperature

t Time
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Ferromagnetic filled carbon nanotubes

and nanoparticles: Synthesis and lipid-

mediated delivery into human tumor

cells, J. Magn. Magn. Mater., 2005,
290–291, 276–278.

16 Iijima S, Helical microtubules of

graphitic carbon, Nature 1991, 354,
56–58.

17 Iijima S, Ichihashi T, Single-shell

carbon nanotubes of 1-nm diameter,

Nature, 1993, 363, 603–605.
18 Dresselhaus MS, Dresselhaus G,

Avouris P, Carbon nanotubes,

synthesis, structure, properties,

applications, Top. Appl. Phys., 2001, 80.
19 Prados C, Crespo P, Gonzalez JM,

Hernando A, Marco JF, Gancedo R,

Grobert N, Terrones M, Walton

RM, Kroto HW, Hysteresis shift in

Fe-filled carbon nanotubes due to

gamma-Fe, Phys. Rev. B (Condensed
Matter Mater. Phys.), 2002, 65,
113 404–113 405.

20 Wong Shi Kam N, O’Connell M,

Wisdom JA, Dai H, Proc. Natl. Acad.
Sci. U.S.A., 2005, 102, 11 600.

21 Cheng HM, Li F, Sun X, Brown

SDM, Pimenta MA, Marucci A,

Dresselhaus G, Dresselhaus MS,

Bulk morphology and diameter

distribution of single-walled carbon

nanotubes synthesized by catalytic

decomposition of hydrocarbons, Chem.
Phys. Lett., 1998, 289, 602–610.

22 Colomer J-F, Stephan C, Lefrant S,

Van Tendeloo G, Willems I, Konya

Z, Fonseca A, Laurent C, Nagy BJ,

Large-scale synthesis of single-wall

carbon nanotubes by catalytic

chemical vapor deposition (CCVD)

method, Chem. Phys. Lett., 2000, 317,
83–89.

23 Joumet C, Maser WK, Bernier P,

Nature, 1997, 388, 756.
24 Guo T, Nikolaev P, Thess A,

Colbert DT, Smalley RE, Catalytic

growth of single-walled nanotubes by

laser vaporization, Chem. Phys. Lett.,
1995, 243, 49–54.
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Liposomes, Dendrimers and other Polymeric

Nanoparticles for Targeted Delivery of

Anticancer Agents – A Comparative Study

Yong Zhang and Dev K. Chatterjee

10.1

Introduction

Cancer management through chemotherapy, surgery and radiotherapy often fails

because of high toxicity and poor target selectivity. Nanotechnology, through the

synthesis and modification of nanoparticles, has the potential to overcome these

barriers by providing drug molecule stability in circulation, reduced toxicity and

better targeting of tumors.

Several excellent reviews deal with the anti-tumor activities of nanoparticles. A

look at recent ones in this fast changing field shows that most have tackled the

wider issue of nanotechnology as a tool against cancer. In an excellent review, Fer-

rari has dealt with the whole field of cancer nanotechnology, including in vitro di-

agnostics as well as in vivo targeting [1]. In a very recent review Jain (of Jain Phar-

maBiotech in Switzerland) has focused on the field of ‘‘nanobiotechnologies’’ and

its effect on drug delivery in cancer [2]. The same author has also reviewed nano-

technology in the setting of the diagnostic clinical laboratory [3]. Another recent

review, by McNeil, deals more widely with the ramifications of nanotechnology for

the biologist [4]. A similar review by Fortina et al. details the uses and promises of

nanobiotechnology in the whole field of molecular recognition, mainly for en-

hanced in vitro molecular diagnostics [5]. As these and other examples show, most

reviews deal either with the wider aspects of nanotechnology or with different sub-

sets.

This chapter focuses specifically on the targeting of drug0-loaded nanoparticles

to tumor sites. This is perhaps the most important aspect of anticancer therapy

with nanoparticles. However, even with a wish to limit ourselves to detailing the

means of targeting nanoparticles and discussing and comparing current reports

about the three major types of nanoparticles, we find it imperative to include short

introductions, wherever applicable, so that even recent entrants to the field can pe-

ruse this chapter.

Nanoparticles that are currently under consideration as drug delivery vehicles can

be considered to be of three major types: liposomes, dendrimers and other poly-

meric nanoparticles. When modified with certain chemicals, mainly poly(ethylene

Nanotechnologies for the Life Sciences Vol. 6
Nanomaterials for Cancer Therapy. Edited by Challa S. S. R. Kumar
Copyright 8 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31386-9

338



glycol), they enjoy long circulation times and selectively accumulate at tumor sites

due to an enhanced permeation and retention (EPR) effect. When a targeting li-

gand or antibody is attached this selectivity is enhanced. Suitable targets include

antigens of the neo-angiogenic process associated with tumor growth, altered anti-

gens specific for tumors (tumor specific antigens) and growth factor receptors such

as transferrin and folic acid receptors. Drugs delivered to the site include conven-

tional anti-neoplastic drugs such as doxorubicin and paclitaxel, and also other bio-

logical response modifiers such as cytokines and antibodies. Corporate interest in

the future of this technology has resulted in a few start ups that have already mar-

keted a few anti-tumor nanoparticles formulations; hope for a better future is ap-

preciably high.

Section 10.2 deals with the effectiveness of chemotherapy and other conven-

tional therapies and discusses their limitations in halting tumor growth. We intro-

duce the concept of targeted drug delivery in Section 10.3 and elaborate on target-

ing ligands in Section 10.4. Section 10.5 deals with the achievements of each of the

three major types of nanoparticles. Section 10.6 wraps up the review with a look at

the overall picture that is emerging and ends on an optimistic note.

10.2

Cancer Chemotherapy: so Far, but not so Good

The fundamental differences between cancer cells and normal human cells are still

not clear. None of the empirically developed anti-neoplastic drugs in conventional

use appear to involve a mechanism or target that is completely unique to the cancer

cell. They appear to achieve some degree of selectivity in their action by acting on

certain characteristics that are found altered in cancerous tissues as compared to

normal ones. These include a rapid rate of cell division, differences in the rate of

uptake of or the sensitivity to the drug in different types of cells, and occasional

presence in the cancer cells of hormonal responses characteristic of the original

cells from which they developed.

All cells undergo divisions in a cyclical manner. This cell cycle has been divided

into several phases. Very broadly, cells can undergo DNA synthesis (S phase) and

mitotic and cytokinetic activity (M phase) while dividing; or can be in a dormant

non-dividing state (G0 phase). Anti-neoplastic drugs can be broadly classified ac-

cording to whether they are cycle sensitive or insensitive. Cycle sensitive agents act

on dividing cells, during the M or S phase, and have first-order kinetics and expo-

nential dose–response curves. They are highly active on rapidly dividing tumor

cells, but fail to kill cells that are dormant or dividing slowly.

The selection of drugs for a particular cancer depends on several factors: the type

of cancer, the stage and grade of the tumor, the condition of the patient, and the

ability to afford the therapy. The selected regimen may aim for palliation, i.e., re-

duction in the severity or extent of the disease, or remission, i.e., complete absence

of cancerous growth clinically and with laboratory tests. Current cancer therapy

suffers from the serious disadvantage of high toxicity to the patient’s normal body
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tissues. The effectiveness of therapeutic regimens has to be balanced against their

side effects. Poor selectivity for cancer cells by the anticancer drugs is the underly-

ing cause.

The major reason for poor selectivity is the relative paucity of marker molecules

that will unequivocally distinguish neoplastic from non-neoplastic cells. Most can-

cer chemotherapeutic drugs interfere with the mechanism of cell division. Some

cancers are intrinsically highly drug-sensitive, such as childhood acute lymphoblas-

tic leukemia (ALL), Hodgkin’s disease, some non-Hodgkin’s lymphomas, and tes-

ticular cancer. For these, relatively lower doses of chemotherapy may be effective.

However, for most other cancers, promiscuous interaction of significant amounts

of potent drug molecules with normal cells cannot fail to have serious conse-

quences. The immune system, hematopoietic system and the internal lining of

the gastrointestinal tract are the major sufferers as they have the highest cell turn-

overs. Side effects of therapy can be acute or delayed. Acute complications include

nausea, vomiting, diarrhea, anorexia, allergic reactions and anaphylaxis. Delayed

toxicities include myelosuppression, which can cause neutropenia and repeated

infections, anemia from multiple causes, and hemorrhagic manifestations from

thrombocytopenia. As a consequence of all these, and perhaps other unknown

causes, the patient may develop a severe form of cachexia that is almost exclusively

found in advanced cancers.

To avoid or reduce toxicities, several approaches have been adopted. Supportive

therapy in cancer aims to reduce the specific toxicities of the drugs. Potent anti-

emetics for gastrointestinal toxicities, diuretics for nephrotoxic agents such as cis-

platin, anti-histaminics for allergic reactions, and the more recently introduced

recombinant therapies such as erythropoietin and GM-CSF to treat myelosuppres-

sion are a few examples. Another is the use of several drugs at lower doses for a

single cancer, rather than a single drug in high doses. Multidrug regimens, or pro-

tocols, have become the norm in cancer treatment. This is advantageous because

the anticancer effects of the drugs will be additive when the drugs have different

mechanisms of action, while the side effects will be distributive if their toxic effects

are on different cells. Combination of a cycle-specific and non-specific drug may

prevent tumor resistance by killing actively dividing as well as dormant cells. Com-

bination chemotherapy also suppresses drug resistance, which is another major

drawback of conventional chemotherapy.

Drug resistance, or the lack of responsiveness to the chemotherapeutic agent,

can be due to several causes. The drug may not be reaching the tumor site at effec-

tive concentrations, either because of poor blood flow, or even after reaching the

site may not achieve high enough concentration in the cell due to poor absorption,

metabolic degradation, or rapid excretion from the cell (pharmacokinetic resis-

tance). Failure to achieve total cell kills result in cytokinetic resistance: a population

of survivors serve as source for repeated proliferation of the tumor. Tumor cells can

evolve under these conditions to develop biochemical resistance by altering uptake

and target molecules, developing or upgrading drug metabolism and excretion

pathways, increasing the intracellular concentration of the drug-affected molecule,

or incorporating protective genetic changes.
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When multidrug regimens are not effective on their own, they are supplemented

with radiotherapy and surgery. Unfortunately, radiotherapy also has the same de-

pressive effect on the immune system and dividing cells, and results in nausea,

vomiting, diarrhea and anemia. Surgery in early stages in some cancers can be cu-

rative, with only limited associated morbidity and very low fatality. However, most

deep-seated cancers in the body are detected after they have metastasized, while

some cancers, notably those of intracranial origin, are not easily approachable sur-

gically, and carry high mortality and morbidity risks. Various ingenious combina-

tions of the above, such as adjuvant (and neo-adjuvant) chemotherapy and radio-

therapy with surgery to reduce tumor size or treat disseminated tumor cell nests,

have been used to maximize the benefit to the patient.

In recent years, in recognition of the limited success of ‘‘classical’’ chemotherapy

to treat cancers, several new methods have been investigated. Most important

among them are gene therapy for correcting the altered genetic profile in cancer

cells; and the biologic response modifiers that aim to enhance the innate anti-

tumor immunity of the human body. Nonspecific immune modulators like BCG

(for bladder cancer) and cimetidine (for melanoma) have shown limited efficacy.

Better results have been obtained with the introduction of lymphokines and cyto-

kines (IL-1, IL-2, TNF and more recently CCL21). These are natural human mole-

cules produced in minute quantities for the purpose of signaling among immune

cells. However, nonspecific use of these cytokines, especially IL-2 and TNF, has

shown unacceptable levels of toxicity. This is primarily because of the short half-

lives of these small molecules. To achieve acceptable levels inside the tumor micro-

environment, very high doses need to be introduced: a common theme in cancer

therapy regimens. A way to increase the stability of these molecules in circulation,

along with the means to target them to selective neoplastic tissue, has become the

current need.

10.3

Nanoparticles and Drug Delivery in Cancer: a new Road

10.3.1

Importance of Nanoparticles in Cancer Therapy

Nanotechnology, especially nanoparticulate drug delivery systems, may provide the

solution to the problems facing current cancer therapy. Nanoparticles can be de-

fined as spherical (or spherical-like) particles with at least one dimension less

than 100 nm [6]. The history and technology involved in nanoparticle synthesis

can be found elsewhere (e.g. [6]). Nanoparticles, along with liposomes and block

copolymer micelles, form the group of submicron sized colloidal systems used as

targeted drug delivery vehicles (Fig. 10.1). Their small size allows intravenous

administration without the risk of embolization, and passage through capillary

vessels [7] and mucosae [8], while affording special properties of large surface
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area, significant surface properties, greater solubility (especially for oil-based drugs)

and better tissue adhesion [9].

Nanoparticles can have several roles in cancer therapy. They can be useful in tar-

geting the tumor and achieving local therapeutic concentration of the toxic drug

while keeping circulating levels of free drug fairly low, thus reducing systemic tox-

icity. They can stabilize lipophilic drugs in circulation, and help them enter previ-

ously inaccessible regions of the body like the central nervous system by cross-

ing the blood–brain barrier, and treat previously untreatable tumors and reach

‘‘tumor sanctuaries’’. They can increase the circulatory period of drugs by con-

trolled release, thus overcoming the toxicity associated with initial high concen-

trations in periodic doses. They can also, conceivably, overcome multidrug resis-

tance by a combination of these effects [6]. Apart from their therapeutic benefits,

nanoparticles – as fluorescent nanoparticles and quantum dots – can also help in

the early detection of tumors.

Therapeutic effects of nanoparticles can be achieved by ‘‘physical’’, ‘‘chemical’’ or

‘‘biological’’ means. Physical means include the recently developed methods of hy-

perthermia and magnetic therapy. Chemical means include the delivery of more

conventional chemotherapeutic drugs to the tumor sites. Biological response modi-

fiers like immunotherapeutic agents are also gaining favor.

It is debatable whether the term ‘‘nanoparticles’’ applies only to the more re-

cently developed polymeric nanoparticles or if, applying the definition in a broader

sense, it should encompass block copolymer micelles and liposomes. Taking the

emerging field of targeted drug delivery to cancer as the leit motif of this chapter,

and acknowledging the significant roles played by both these types of ‘‘nanopar-

ticles’’ in the development of this important branch of cancer therapeutics, we

have included short subsections on both. The reader will thus get a better overview

of the current state of knowledge and can peruse the reference section to further

his/her interest. However, henceforth, we use the term ‘‘nanoparticles’’ in the nar-

rower sense of polymeric spherical coiled particles, whether modified or unmodi-

fied.

Fig. 10.1. Types of nanoparticulate drug delivery systems and

their common targeting methods. Left to right: Liposomes with

enclosed drug molecules; other polymeric nanoparticles, and

dendrimers.
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10.3.2

An Overview of Targeting Methods

In this chapter we concentrate on the methods and materials by which nanopar-

ticles are targeted to neoplastic tissue. Targeting can be loosely defined in this con-

text as any means that increases the specificity of localization of nanoparticles in

tumor cell masses. Targeting does not intrinsically imply improved sensitivity but,

as we shall see, the different methods employed to increase the specificity allow

administration of higher doses of the drugs, thus also favorably increasing sensitiv-

ity. Also, as mentioned earlier, the ability of nanoparticles to cross the blood–brain

barrier and other impediments to conventional therapy increases its volume of dis-

tribution. This also results in increased sensitivity.

Targeting can be divided into two major types – passive and active. Passive tar-

geting involves modifications of nanoparticles that increase the circulation time

without addition of any component/involvement of any method that is specific to

the tumor; increased circulation time helps in accumulation of the particles in the

tumor by an EPR effect described below. Active targeting of tumors can be divided

into ‘‘physical’’ and ‘‘chemical/biological’’ targeting. Physical targeting involves di-

recting magnetic nanoparticles to tumor sites under the influence of an external

magnetic field. Chemical/biological targeting involves the modification of nanopar-

ticles’ surfaces with tumor-specific ligands.

Notably, any of these methods can used in conjunction with others. For example,

common modifications for passive targeting, such as PEGylation, are frequently

used with more ‘‘active’’ modifications like antibodies. The methods are almost in-

dependent of each other, and can be judiciously combined to increase the effective-

ness of the drugs.

This chapter does not deal extensively with the magnetic therapy of cancer and

induced hyperthermic killing of tumor cells (see Chapters 5, 8 and 9). However, in

keeping with the idea of overviewing the whole field of targeting, we have incorpo-

rated a short discussion of physical targeting by magnetically directing particles to

tumor tissues.

10.4

Means to the End: Methods for Targeting

10.4.1

Passive Targeting

Here we must make a clearer distinction between what can be described as ‘‘active’’

and ‘‘passive’’ targeting. In general terms, a targeted drug can be defined as one

modified in a fashion that allows its preferential uptake in the desired cells/tissues,

in this case cancer. Evidence has been provided that many nanoparticles, especially

long circulating ones, will show a preferential distribution to cancer sites over

healthy tissues, even without any specific targeting molecule. This was demon-
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strated for the first time my Matsumara and Maeda [10]. This is likely due to the

increased vasculature of these regions, larger fenestrations in the capillary walls for

rapid delivery of nutrients, general disordered architecture that is symbolic of the

neoplastic process, and the reduced lymphatic drainage in these regions. All these

factors lead to the enhanced permeation and retention effect (EPR) [11, 12] (Fig.

10.2). This fortuitous distribution has been taken advantage of by numerous

researchers in designing targeted drug delivery systems. As an example, in a

recent study tamoxifen was encapsulated in poly(ethylene oxide)-modified poly(e-

caprolactone) (PEO-PCL) nanoparticles and administered to a murine model of

breast cancer [13]. The poly(ethylene oxide) (PEO) coating made it a ‘‘stealth nano-

particle’’, i.e., able to avoid detection by the body’s MPS system for a considerable

time. The PEO surface modified nanoparticles showed significantly increased

levels of accumulation within tumor with time than did the native drug or surface

unmodified nanoparticles. An earlier effort by one of the authors to incorporate ta-

moxifen in nanoparticles for preferential uptake by estrogen receptor (ER) positive

breast cancer cells had been shown to be successful in vitro [14]. However, to trans-

late that success in vivo, a long-circulating nanoparticle was necessary. Another cur-

rent example is the incorporation of cisplatin in liposomal formulations [15] with

poly(ethylene glycol) (PEG) coating for gastric tumors: in preclinical and clinical

trials, this formulation has been demonstrated to have longer half-life in circula-

tion without the attendant side effects.

This targeted distribution of nanoparticles, together with the controlled release

of anticancer drugs, can bring about a type of ‘‘passive’’ but effective targeted deliv-

ery. The other type of targeting is by specific ligand–receptor interaction. Possibly,

Fig. 10.2. The enhanced permeation and retention (EPR) effect

accumulates nanoparticles to tumor sites without active

targeting.
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better specificity and sensitivity can only be achieved by this more ‘‘active’’ means.

However, the introduction of a biological entity on the surface of the nanoparticle

can create several problems: the size and complexity will increase, with attendant

complexities of synthesis and characterization; the biomolecule may react adversely

with the immune system or any of the other myriad proteins in the blood and tis-

sues. This may give rise to unpredictable adverse reactions.

However, potential advantages include the ability to deliver larger amounts of

drug per target biorecognition event; increase selectivity by including more than

one type of targeting molecule, better avoidance of barriers by using different

avoidance methods and the ability to administer ‘‘localized integrated combination

therapy’’ by including multiple drugs in the same nanoparticle [1].

A method for enhancing this passive delivery to the cancer using nanoparticles

is by the use of pH- and heat-sensitive nanoparticles. The fact that the pH in the

region of cancerous growth is lower than in the rest of body, while the temperature

is raised locally because of enhanced metabolism and ongoing inflammation, has

been used to design pH-responsive nanoparticles: a lower pH causes enhanced

drug release. Wei et al. have given a recent example of this [16]. The temperature-

and pH-sensitive amphiphilic polymer poly(N-isopropylacrylamide-co-acrylic acid-

co-cholesteryl acrylate) [P(NIPAAm-co-AA-co-CHA)] was synthesized and used to

encapsulate paclitaxel in core–shell nanoparticles fabricated by a membrane dial-

ysis method. The spherical nanoparticles are below 200 nm and have a pH-

dependent lower critical solution temperature (LCST). In vitro release of paclitaxel

from the nanoparticles was responsive to external pH changes, and was faster in a

lower pH environment.

10.4.2

Magnetic Targeting of Nanoparticles

Magnetic drug targeting has been defined as ‘‘the specific delivery of chemothera-

peutic agents to their desired targets, e.g., tumors, by using magnetic nanoparticles

(ferrofluids) bound to these agents and an external magnetic field which is focused

on the tumor’’ [17]. This type of tumor targeting is aimed at concentrating the

toxic drug at the cancer, hence enhancing its efficacy and reducing systemic side

effects from high doses.

Gilchrist et al. described the first magnetic nanoparticles in 1957 [18]. These are

generally 10–200 nm in diameter, magnetic or superparamagnetic and usually

composed of iron oxide, magnetite, nickel, cobalt or neodymium; of these, magnet-

ite (Fe3O4) and maghemite (g-Fe2O3) are more biocompatible and preferred. Iron

oxide is degradable in the body and has been shown to be safe for in vivo applica-

tions [6]. However, to be effective, magnetic nanoparticles should demonstrate

high magnetization for external magnetic field control and should exceed linear

blood flow rates of 10 cm s�1 in arteries and 0.05 cm s�1 in capillaries. For this

purpose, particles composed of, for example, 20% magnetite require a field of 0.8

Tesla. Tissue depth is a limiting factor in active targeting, with deeply localized tu-

mors being hard to access.
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Lubbe et al. have utilized a complex of 4-epirubicin bound to ferrofluids in the

treatment of squamous carcinoma of the breast or head and neck [19]. They used

a field of 0.5–0.8 T at the tumor site while infusing the particles. Results showed

accumulation in tumors in 6 of 14 patients with reduced toxicity, a transient rise of

serum iron, but no demonstrable damage to kidney or hepatic function. Alexiou et

al. have used mitoxantrone complexed to 100 nm ferromagnetic particles against

VX2 squamous cell carcinoma among rabbits to demonstrate the superiority of

intra-arterial infusion to other routes of delivery, especially the intravenous route

where the particles are removed from circulation by the reticulo-endothelial system

[20]. They have also demonstrated that circulating mitoxantrone becomes concen-

trated at the tumor tissue when complexed to ferrofluids; a higher concentration of

the complexed drug (compared to the free drug) is achieved at the tumor site using

only a half to one-fifth dose [17]. The drug mainly resides in the intraluminal

space, the tumor interstitium and peritumoral area (region surrounding the tumor

a1 cm). Other researchers have investigated ferrous nanoparticles in glioblastoma

(a tumor of the brain), and demonstrated that these particles effectively cross the

blood–brain barrier [21].

The clinical applications of magnetic drug targeting have been reviewed in more

detail [22].

10.4.3

Ligands for Active Targeting

Cancer cells arise from normal cells through a complex series of genetic events.

Unlike infectious agents like bacteria, they largely share the same proteins as nor-

mal cells. However, some proteins are found in much larger numbers on cancer

cells than in normal cells [23]. These overexpressed antigens are called tumor-

associated antigens (TAA). Some proteins derived from normally silent genes or

mutated forms of normal proteins are found exclusively on cancer cells. These are

known as tumor-specific antigens (TSA). The obvious targets for targeted cancer

therapy are TSAs. However, TSAs are often difficult to characterize for a particular

tumor. When found, they are usually not extensive, i.e., they are not found in all

patients affected by the tumor, nor are they found in all the cells in a particular

tumor in the same patient. The aberrantly expressed tumor specific antigens are

produced by aberrant glycosylation in glycolipids, glycoproteins, proteoglycans,

and mucin [24]. For example, the glycosylation pattern of MUC1 mem-

brane mucin of breast cancer epithelial cells differs from normal breast epi-

thelial cells, possibly as a result of changes in expression of glycosyltransferases

[25]. TAG-72 is a mucin-like tumor-associated glycoprotein [26] that is found in

some epithelial tumors. Melanoma cells aberrantly express GM3 ganglioside on

their surface [27]. Gastrointestinal cancer cells abnormally express LeX antigens

[28].

Tumor-associated antigens are often growth factor receptors on the tumor that

are overexpressed to meet the rapidly dividing neoplastic cells’ demands. A classic

example is folic acid and congeners. These are low molecular weight pterin-based
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vitamins essential for carbon metabolism and de novo nucleotide synthesis. The

presence of elevated levels of folate receptors has been demonstrated from epithe-

lial tumors of various organs such as the colon, lungs, prostate, ovaries, mammary

glands, and brain [29–40]. These present attractive targets for drug delivery. An-

other promising tumor receptor target is Her2_neu, also known as c-erbB-2. This

is a transmembrane protein with an epidermal growth factor receptor that pos-

sesses intrinsic tyrosine kinase activity [41–43]. The normal human Her-2_neu

proto-oncogene is frequently found to be overexpressed in breast and ovarian can-

cers among others. Its level may correlate with the metastatic potential of the

cancer cells [44, 45].

Another such membrane-associated tumor antigen is the transferrin receptor.

This is overexpressed in different types of cancers [46]. The levels may also corre-

late with the malignant potential of these cells [47] (Fig. 10.3).

The presence of various other tumor antigens has been demonstrated:

membrane-associated Carcinoembryonic antigen; CD10 or CALLA in leukemias,

melanomas and myelomas [48, 49]; CD20 in B cell malignancies [50]; etc. Many

others are being recognized routinely. They all represent potential goals for tar-

geted drug delivery.

10.4.3.1 Monoclonal Antibodies against Tumor-specific Antigens

Specific targeting became a possibility with the discovery of monoclonal antibodies

in 1975 [51]. As the name suggests, these are antibodies derived from a single

clone of cells. They can be mass produced in the laboratory from a single clone

and recognize only one antigen. Monoclonal antibodies are usually made by fusing

a short-lived, antibody-producing B cell to a fast-growing cell, such as a cancer cell.

The resulting hybrid cell, or hybridoma, multiplies rapidly, creating a clone that

produces large quantities of the antibody. It was hoped that monoclonal antibodies

would be able to target specific antigens on the surface of cancer cells, and initially

Fig. 10.3. Cancer cell antigens are targeted with monoclonal

antibodies; ligands such as folic acid and transferrin also show

specificity.
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raised high hopes for targeted cancer therapy. Animal-origin monoclonal anti-

bodies such as murine antibodies were strongly immunogenic; to avoid this, chi-

meric antibodies [52] and humanized antibodies [53, 54] were produced. More

recently, completely human monoclonal antibodies and single-chain human anti-

body fragments [55] have been introduced for immunotherapy and targeted drug

delivery.

Antigen targets for monoclonal antibody therapy (or for any other targeted anti-

cancer therapies) must have the property of specificity, i.e., present only on the

cancer cell surface and be absent from the surfaces of all normal cells; they should

be extensive, i.e., present on all the cells in a given tumor, preferably on all such

tumors in every patient; there should not be any mutation or structural variation

of the antigen; and they should be preferably involved with a critical function of

the cell, so that adaptive response of the cancer to therapy by losing the antigen

can be prevented [56]. However, naturally, such a perfect antigen is rarely, if ever,

found. Several good candidates have been discovered, and monoclonal antibodies

against these have been marketed. Examples include anti-CD20 antibody for

relapsed/refractory CD20 positive B-cell non-Hodgkin’s lymphoma and low-grade

or follicular-type lymphoma, anti-CD53 antibody for relapsed/refractory AML, and

anti-CD52 antibody for B-cell chronic lymphocytic leukemia [56, 57]. Recently,

Zhou et al. have utilized BDI-1 monoclonal antibodies to target highly toxic to blad-

der cancer cells in vitro [58]. To improve therapeutic efficacy and decrease toxicity,

we prepared arsenic trioxide-loaded aluminates immuno-nanospheres [As2O3-

(HAS-NS)-BDI-1] targeted with monoclonal antibody (McAb) BDI-1 and tested its

specific killing effect against bladder cancer cells.

Identifying Monoclonal Antibodies One strategy to identify ideal targets for mono-

clonal antibodies is to select the internalizing antibodies from phage libraries; ac-

cordingly, two antibodies to the breast cancer cell line SK-BR-3 which bind to ErbB2

have been identified [59]. Nielsen et al. have demonstrated the use of single-chain

Fv (scFv) antibodies for internalization of nanoparticles in target cells [60]. The

antibodies were recovered from a non-immune phage library and the scFv specific

for ErbB2 (F5) was re-engineered and attached to liposomes. Doxorubicin loaded in

these immunoliposomes was selectively active on ErbB2 positive breast cancer cells

and showed targeted cancer cell cytotoxicity.

Liu et al. have described a method to map the ‘‘epitope space’’ of a tumor using

monoclonal antibody libraries [61]. The expressed epitopes on the cell surface,

which constitute the ‘‘epitope space’’, is essential to targeted drug delivery. This

is ‘‘highly complex, composed of proteins, carbohydrates, and other membrane-

associated determinants including post-translational modification products, which

are difficult to probe by approaches based on gene expression’’ [61]. The authors

used monoclonal antibody libraries against prostrate cancer cells and identified

over 90 antibodies, which bind to the cancer cells selectively, with little or no bind-

ing to normal human cells. This approach does not attempt to identify the tumor-

specific antigens, but rather takes a functional approach to the problem of tumor-

target identification.
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Monoclonal Antibodies and Nanoparticles Monoclonal antibodies were initially

hailed as therapy for cancers in their own right (Fig. 10.4). To introduce more

cancer cell killing ability, they can also be conjugated with anticancer drugs. This

complex can also be formulated as a prodrug, which is cleaved to release the anti-

cancer agent at the cancer site. Usually, the link between the molecules would be

peptidase cleavable, in order to separate inside the cancer cell. However, such for-

mulations are not very stable in vivo, and may undergo early cleavage. The absence

or reduction of cleavage at the site will, clearly, lower the potency of the anticancer

agent.

The greatest difficulty in using monoclonal antibodies for cancer therapy is their

rapid clearance from the bloodstream by the immune mechanisms of the body. Li

et al. have estimated that <0.01% of the administered dose of antibodies reaches

the target sites [62]. This has two serious drawbacks: firstly, monoclonal antibodies

are relatively costly, and a large dose of the therapy becomes prohibitively expen-

sive; secondly, the excess antibody can have serious toxic effects on rest of the

patient’s body. As we discussed in the introductory section on chemotherapy,

this problem, in various proportions, dogs all current therapies of cancer. Hence,

monoclonal antibodies by themselves provide no advantage over general anticancer

drugs. Attachment of the molecules to nanoparticles circumvents some of these

problems.

10.4.3.2 Targeting the Angiogenic Process

Judah Folkman discussed one of the prime candidates for targeted cancer therapy,

angiogenic factors, in 1989 [63]. Cancer cells require a significant amount of nutri-

tion to keep growing and reproducing. To obtain this they promote the ingrowth of

capillary vessels into the tumor site. This is known as angiogenesis. Tumor cells

secrete chemicals that promote angiogenesis. Since active promotion of angio-

genesis is unnecessary in most body cells, the associated antigens are of interest

Fig. 10.4. Monoclonal antibodies against cancer were

originally used either by themselves (A) or attached to drug

molecules (B). However, attachment to nanoparticles (C)

provides longer circulation times and lower toxicity.
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in targeted therapies. The anti-VEGF (vascular endothelial growth factor) drug

Avastin2 has shown moderate effectiveness in several solid tumors. This has led

to a gene-therapeutic approach to anti-angiogenesis using liposomes [64] and cat-

ionic nanoparticles [65]. In the latter, an integrin-targeting ligand was used for

specific delivery of a mutant Raf gene, and selectivity was demonstrated.

Hallahan et al. have described novel targets that depend on targeting radiation-

induced neoantigens in the cancer microvasculature [66]. They demonstrated the

presence of an RGD-containing amino acid sequence in phage-displayed peptides

obtained from irradiated tumors. This peptide binds to integrins. Immunohisto-

chemical examination confirmed the presence of the fibrinogen receptor integrin

in irradiated tumors. Targeting this receptor by fibrinogen-containing nanopar-

ticles showed enhanced anti-tumor effects.

The Intradigm Corporation (MD, USA) has utilized the RGD sequence attached

to PEG to target their siRNA-containing nanoparticles to the integrins present in

the tumor microvasculature [67]. The siRNA provide potent selective gene inhibi-

tion with high specificity. They delivered siRNA-inhibiting vascular endothelial

growth factor receptor-2 (VEGF R2) expression and, thereby, tumor angiogenesis

to a mouse tumor model using PEI-PEG nanoparticles. The siRNA was found to

be active in a highly cell-selective manner. They demonstrated that selectivity could

be incorporated in the drug itself, along with the ligand–receptor interaction.

Nucleic acid conjugates have been favored as targeting ligands for their exquisite

specificity for the targeted molecule. Farokhzad et al. have utilized nucleic acid li-

gands (aptamers) to target cells expressing prostate-specific membrane antigen, a

tumor marker for prostate cancer acinar epithelial cells [68]. They created PEG-

containing PLA nanoparticles that bind to aptamers by surface negative charge.

These aptamer conjugated nanoparticles showed 77� greater uptake by the cancer

cells than unmodified nanoparticles.

Other efforts [69] have demonstrated nanoparticle targeting to angiogenic epi-

thelium using the avb3-integrin, which is found on endothelial cells. Anti-

angiogenic effects were demonstrated in mouse models of melanoma and adeno-

carcinoma.

10.4.3.3 Folic Acid and Cancer Targeting

Perhaps the most interesting molecule to attract attention for its targeting abilities

in recent times is the humble folic acid. Most normal human cells take up this

molecule in its reduced form (Fig. 10.5). One of the notable exceptions is the

Fig. 10.5. Molecular structure of folic acid.
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luminal sides of the gut endothelial layer, which take up the folic acid present in

food, convert it into folate, and release it into our bloodstream. Many types of

cancer cells, however, take up folic acid in its oxidized form. Since intravenously

administered nanoparticles will only come into contact with the abluminal side of

the gut epithelium, selectivity for tumor cells is very high. As mentioned above,

several endothelial tumors (e.g., derived from the ovaries, mammary glands, colon,

lungs, prostate and brain) possess elevated levels of folic acid receptors on their

surface [29, 30, 32, 33, 36–40]. Already, a large body of research has accumulated

regarding the use of folic acid receptors as cancer targets. Since folic acid, the nat-

ural choice for ligand to the folic acid receptor, can be quite easily coupled to the

nanoparticle surface, it has been used for targeting these to cancer cells.

Hattori and Maitani have reported in vitro studies of folate-linked nanoparticles

in human cancer cells [31]. They synthesized DC cholesterol–Tween 80 nanopar-

ticles with incorporated folate-PEG conjugates for steric stability and targeting.

The nanoparticles were complexed with plasmid DNA. They showed enhanced

uptake in human oral cancer cells by a folate-dependent route. Human prostate

cancer cells also showed high uptake of the nanoparticle–DNA complexes. How-

ever, based on their results, the authors suggest that the route of uptake may be

different for the two cell types.

Oyewumi and Mumper have reported the cellular uptake, distribution and tumor

retention of folate-coated and PEG-coated gadolinium nanoparticles in mice models

of human nasopharyngeal carcinomas [34]. While this was more for imaging than

therapeutic purposes, their results also indicate the efficacy of using folate as a tar-

geting agent. Baker et al. at the Center for Biologic Nanotechnology, University of

Michigan Medical School have focused on the use of dendrimers as targeted deliv-

ery vehicles (described in detail later). They used folic acid as targeting element to

deliver a triplex-forming growth-inhibitory oligonucleotide to breast, ovarian and

prostate cell lines [35]. A very recent example of folic acid receptor targeting in

squamous cell carcinoma has been demonstrated by Santra et al. [70], who em-

ployed a novel technique that uses fluorescent silica nanoparticles (FSNPs) to

detect overexpressed folate receptors.

Folic acid targeting to cancer cells has also been demonstrated in our own Cellu-

lar and Molecular Bioengineering Laboratory in the National University of Singa-

pore. Although the use of folate as a targeting agent has been extensively reported,

little has been done to continuously track the intracellular delivery of nanoparticles

grafted with folate using imaging techniques such as confocal microscope. This is

possibly due to the short lifetime of most biological fluorescent labels. The prob-

lem has been tackled using quantum dots (QDs).

QDs have several advantages over conventional fluorescent dyes and proteins

like the Green Fluorescent Protein. They exhibit a strong fluorescence emission, a

broad absorption spectra and a narrow, symmetric emission spectrum, and are

photochemically stable. The most exciting finding is that QDs also exhibit a wide

range of colors, which is exquisitely controlled by their size; a broad absorption

spectra means that a series of different-colored dots can be activated using a single

laser. These properties of QDs raise the possibility of using them to tag biomole-
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cules with an optical coding technology. This can, for example, create QD bar

codes, and the use of six colors and ten intensity levels can theoretically encode

one million biomolecules. Techniques have been developed to incorporate QDs

into polymer beads, to solve problems relating to their surface chemistry. In

general, quantum dots exhibit water insolubility, poor biocompatibility, and low

chemical stability in physiological media; encapsulation in polymer nanoparticles

can reduce these problems. In their work, Zhang et al. have incorporated lumines-

cent CdSe/ZnS QDs into polystyrene (PS) nanoparticles grafted with carboxyl

groups using an emulsion polymerization method. Nanoscale QD-incorporated

PS nanoparticles (30 nm diameter) were separated by centrifugation at high speed

in viscous solution.

Finally, the nanoparticles were modified with folic acid on their surface and their

intracellular uptake into NIH-3T3 (an immortalized epithelial cell line) and HT-29

(colon cancer epithelial cell line) cells was investigated using a confocal laser scan-

ning microscope.

For nanoparticles without a folate cover, fluorescence was observed in the cyto-

plasm of the cells but not in the nuclei of most cells, indicating that the nanopar-

ticles have difficulty in reaching the nuclei on their own. After surface modification

of the nanoparticles with folic acid, fluorescence appeared in the nuclei of some

cells (Fig. 10.6). This suggested that intranuclear uptake of the nanoparticles may

be affected by the folic acid attached to the surface.

It took three hours of incubation for the PS-encapsulated QDs with folate-

modified surfaces to spread throughout the cytoplasm of cells. Folic acid modified

nanoparticles first attached to the folate receptors expressed on the cell membrane

after 0.5 h incubation. After 1 h, more fluorescence was found on the cells’ mem-

branes and some fluorescence spots were already seen in the cytoplasm, indicating

early migration of the nanoparticles into cells. After 1.5 h, more fluorescence was

observed inside the cytoplasms. Throughout the observation period, fluorescence

was seen on the cell membranes. This can be explained by the fact that internal-

ized nanoparticles were rapidly replaced by nanoparticles from the surrounding

media. This seems to argue in favor of a receptor-mediated endocytosis process.

In contrast, slight cytoplasmic fluorescence was observed with unmodified nano-

Fig. 10.6. (top) Confocal images of NIH-3T3 cells after

culture with (a) unmodified and (b) folic acid modified

nanoparticles and (c, d) their corresponding bright field

images.

Fig. 10.7. (bottom) Transferrin and its receptor. The levels of

these receptors are elevated in several tumors. (Source: The

protein data bank; http://www.rcsb.org/pdb/molecules/

pdb35_2.html)

________________________________________________________________________________G
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particles, and did not change throughout the observation period. This uptake was

possibly by non-specific endocytosis of the PS beads by the cells.

10.4.3.4 Transferrin as a Targeting Ligand

Approximately 3 mg or 0.1% of body iron in the adult male circulates in the plasma

as an exchangeable store. Essentially all circulating plasma iron normally is bound

to an 80 kDa glycoprotein called transferrin. Plasma transferrin is synthesized

by the liver and secreted into plasma. It has two homologous N-terminal and C-

terminal iron-binding domains [71] (Fig. 10.7). This iron–protein chelate serves

three functions: it makes iron soluble under physiologic conditions, it prevents

iron-mediated free radical toxicity, and it facilitates transport of iron into cells.

Transferrin is the most important physiological source of iron for red cells [72].

The liver synthesizes transferrin and secretes it into the plasma. Transferrin is a

suitable ligand for tumor targeting because of the upregulation of its receptors in

many cancers [46] in which their levels correlate with the malignant potential [47].

Insert Therapeutics (California, USA) have reported transferrin based targeting.

They demonstrated tumor targeting in mice by transferrin-modified nanopar-

ticles containing DNAzymes (short catalytic single-stranded DNA molecules) [73].

They synthesized b-cyclodextrin polymer–DNAzyme nanoparticles. Steric stabiliza-

tion was obtained by adamantane-PEG conjugates complexed to the surface by

adamantane-cyclodextrin interaction. Transferrin was included for targeting trans-

ferrin receptor expressing tumors. While the uptake of unmodified nanoparticles

was demonstrated in vivo in nude mice, transfer modification was demonstrated

to be necessary for intracellular delivery of the DNAzyme.

Previously, the same group demonstrated [74] the uptake of transferrin-modified

cyclodextrin-adamantane inclusion complex nanoparticles to leukemia cells, which

was competitively inhibited by excess free transferrin.

10.4.3.5 Other Targeting Ligands

Another targeting molecule used is biotin (vitamin H). Na et al. have incorporated

this molecule into a hydrophobically modified polysaccharide, pullulan acetate,

loaded with adriamycin [75]. The biotinylated nanoparticles exhibited very strong

adsorption to the HepG2 cells, while the unmodified nanoparticles showed no sig-

nificant interaction. Uptake was confirmed by confocal microscopy. While the de-

gree of interaction increased with increasing vitamin H content, drug uptake by

the nanoparticle was inversely related to the vitamin H content.

Various other ligands have been studied as probable candidates for targeted drug

delivery in tumors. These include antibodies against tumor-associated antigens

[76], lectins [77], and glycoproteins [78]. Recently, Yu et al. from Japan have de-

tailed the use of the surface antigen (sAg) of the hepatitis B virus to accomplish

liver-specific delivery of genes and drugs. They describe the association of approxi-

mately 110 molecules of this protein to form a polymeric capsule (which they call a

‘‘BioNanoCapsule’’ or BNC) with an average diameter of 130 nm. The nanopar-

ticles that were produced delivered emerald green fluorescent protein (EGFP) to

human hepatoma cells [79].
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10.5

Targeting with Different Types of Nanoparticles

10.5.1

Liposomes in Cancer Targeting

Currently, the most exciting event in targeted drug delivery systems is undoubtedly

the ongoing clinical trial of the world’s first tumor-targeted gene delivery vector,

Rexin-G.TM, marketed by Epeius Biotechnologies Corporation. This nanoparticle

formulation combines a proprietary vector system with a proprietary anticancer

gene controlling cell cycle. The company website claims that ‘‘when given by intra-

venous infusions, Rexin-GTM has been shown to eradicate remote metastatic can-

cers in mice and to arrest cancer growth with shrinkage and necrosis of solid tu-

mors in humans – determined by CT Scan and MRI – without eliciting systemic

side effects.’’ The first clinical trials were started in 2003 in Manila, Philippines;

and following FDA approval shortly thereafter, clinical trials were started in New

York from April, 2005 for metastatic pancreatic and colon cancer. Initial reports

are favorable and results of ongoing studies are eagerly awaited [3, 80, 81].

In this context, a few words regarding immunoliposomes are in order. In our ini-

tial classification of colloid based systems, we separated nanoparticles from lipo-

somes and block copolymer micelles. Many authors consider them part and parcel

of the same package [1, 82]. Hence, in the interest of topicality and completeness,

we consider both in some measure.

Liposomes (and, in some instances, micelles) have long been used for targeted

delivery of drugs. Of all the proposed nanoparticulate drug delivery systems,

liposome-based agents, particularly liposomal anthracyclines, have had the greatest

impact on oncology to date [82]. These lipid based formulations have several ad-

vantages as drug carriers: they are amphiphilic, hence allowing the carriage of lip-

ophilic drugs in plasma; they fuse with cell membranes and transfer their load

inside cells; and they can be embedded with targeting molecules like antibodies

on their outer surface. They have been likened to the Trojan horse in Greek my-

thology: the cancer cells fuse to the liposomal membrane and takes up the con-

tents of the liposome, which contains the anticancer formulations (the company

that is conducting the liposomal targeted-gene delivery trials has been appropri-

ately named after Epeius, the maker of the original Trojan horse).

Several problems have dogged liposomal drug delivery systems from its concep-

tion and implementation. These include a short half-life in circulation, instability

in vivo, and lack of target selectivity. Liposomes are removed rapidly from the circu-

lation by the reticulo-endothelial system (RES) [83]. Stability and circulation times

were increased, as in nanoparticles, by the introduction of a steric stabilizer on

the surface, usually PEG [84]. Like other nanoparticles, enhanced passive uptake

of liposomes has been demonstrated with longer circulation times. PEGylation

has increased therapeutic efficacy of the liposomal formulations [85, 86]. These in-

novations, affording longer and stable circulation times, have resulted in approval

of some liposomal formulations for clinical use [87]. The passive increase of lipo-
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somes in cancer sites was recognized as a means of delivering toxic, poorly soluble

drugs. Liposome-encapsulated doxorubicin was approved for use in Kaposi’s sar-

coma more than a decade ago. Formulations are available now for breast and

ovarian cancers. The most recent instance deals with liposomes encapsulating cis-

platin; this has been demonstrated in preclinical and phase 1 clinical trials in hu-

mans to have almost negligible nephrotoxicity, ototoxicity and neurotoxicity, which

are the major side-effects of free cisplatin in circulation [15].

Improved target selectivity has been demonstrated using ligands and antibodies.

Active targeting of liposomes using ligands for tumor-associated receptors, and

antibodies against tumor-associated antigens, has been investigated as a means of

improving selectivity. Liposome–antibody complexes (immunoliposomes) have re-

ceived most attention [88]. The problem of rapid removal by the RES is com-

pounded by the attachment of antibodies [89, 90]. However, PEGylation has cre-

ated a generation of ‘‘stealth’’ immunoliposomes that can effectively hide from the

RES for long periods. In this context, immunoliposomes can be classified into two

groups based on the relation of the antibody to the PEG group on the liposomal

surface: antibody coupled to lipid head group 76 and antibody coupled to the distal

end of PEG [91]. The latter composition has been considered to be better for effi-

cient antibody–target coupling because of the absence of interference from PEG

chains [92]. At optimal compositions of both types of formulations, antibodies do

not interfere with PEG function and long circulation times have been demon-

strated; conversely, PEG does not interfere with antibody function, and active tar-

geting is unimpaired. Immunoliposomes complexed with PEG have been success-

fully demonstrated for in vivo targeting of brain [93] and lung [91] tumors.

Immunoliposomes with cancer targeting antibodies have been shown to be cyto-

toxic to cancer cells in vitro [94]. However, this did not translate to in vivo success.

This was because not all antibodies used to target the cancer cells result in uptake

and internalization of the liposome. The use of more specific internalizing anti-

bodies aided in uptake and cytotoxic effects in vitro. As an example, the anticancer

antibody anti-ErbB2 did not increase cytotoxicity of the liposome [95]; but when

the anti-ErbB2 Fab fragment was used, the liposome was internalized and had

high efficacy of cancer kill [96, 97]. More recently, scFV (single-chain Fv) antibodies

against ErbB2 have been utilized for cancer targeting with doxorubicin-loaded lip-

osomal formulations. The antibodies are selected from a phage display library, and

demonstrate higher internalization efficacy [98–100]. Ongoing research by Park et

al. at UCSF comprehensive cancer centre [82, 101] aims to develop immunolipo-

somes with antibodies targeted to HER 2, overexpressed in breast cancer, and

EGFR, overexpressed in several cancers such as lung, pancreas and prostate. The

targeted liposomes have been loaded with anticancer drugs like doxorubicin and

vinorelbine. The loaded immunoliposomes have shown increased effectiveness

and reduced toxicity compared with conventional chemotherapy.

The issue of internalization can be circumvented by a two-step method to release

the anticancer drugs from the liposome near the tumor. This antibody-directed en-

zyme pro-drug therapy (ADEPT) involves first administering an enzyme–antibody

conjugate that preferentially targets cancer cells, followed by administration of a
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non-toxic prodrug that is activated by the bound enzyme and releases the toxic

product close to the cancer cells [102]. An improvement of the ADEPTmethod us-

ing immunoliposomes to carry the enzyme shows greater stability in the body and

has been tested pre-clinically [103].

10.5.1.1 Beyond Immunoliposomes

Similar to the development of nanoparticles, scientists have looked beyond mono-

clonal antibodies as a means of targeting liposome to cancer. This was to avoid the

intrinsic immunogenic nature of antibodies, their high cost, and the ease of pro-

curement of ligands for overexpressed growth receptors on the tumor surface. Folic

acid coupled liposomes have been developed and tested against various cancer cells

both in vitro and in vivo [85, 104, 105]. Transferrin has also been evaluated as a tar-

geting ligand for anticancer drug carrying liposomes [106].

Targeting with transferrin and folic acid has also been used to deliver anticancer

genes to tumor cells. Cationic liposome–DNA complexes (lipoplexes) that are

formed spontaneously by charge interaction exhibit the best gene-transfer effi-

ciency. However, cationic liposomes were found to be unsuitable for active

cancer cell targeting. Hence, a new anionic liposome–polyplex (anionic liposome-

entrapped polycation-condensed DNA, LPD-II) was introduced for the gene ther-

apy of cancer. Cationic lipoplexes containing liposomes and DNA were better inter-

nalized and transfected when transferrin was conjugated [107] and demonstrated

selectivity for myeloblast cells [108], adenocarcinomas and squamous cell carci-

nomas [109]. Folic acid has also been used for tumor targeting the LPD-II poly-

plexes [110]; and systemic administration of anticancer gene therapy for selective

uptake in squamous cell carcinomas of the head and neck, and breast cancer xe-

nografts have been demonstrated [109].

10.5.2

Dendrimers

Block copolymers or dendrimers were described as far back as 1985. Initial studies

elucidated the physical and chemical properties of these new materials. However,

their entry into the field of targeted cancer therapy is relatively recent.

Dendrimers are globular macromolecules that have a ‘‘starburst’’-like shape,

with multiple branches radiating from a central core. The stepwise synthesis of

dendrimers makes it possible to fine-tune its highly regular branched structure

with defined peripheral groups and adjust physical properties such as the high mo-

lecular weight and low polydispersity index. Dendrimers have several advantages

over polymeric nanoparticles derived from linear chains. Dendrimers are multiva-

lent: several different drug molecules, targeting agents and other groups can be at-

tached in a predefined fashion. Dendrimers have low polydispersity: all the synthe-

sized molecules have molecular weights within a narrow range; this makes their

behavior highly reproducible. Dendrimers have a globular rather than random

coil structure, which could lead to better biologic properties [111]. Various types of
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dendrimers have been synthesized. The most common is the polyamidoamine

(PAMAM) dendrimers developed by Tomalia and coworkers [112] (Fig. 10.8), which

uses a divergent growth approach. Other types include polypropyleneimine den-

drimers [113], polyaryl ether dendrimers [114] and peptide-based dendrimers,

such as polylysine-based ones [115].

Passive targeting can be achieved by dendrimers having long circulation times.

Unlike polymeric micelles, dendritic unimolecular micelles maintain their struc-

ture at all concentrations because of the covalent linkage [111]. This increased sta-

bility has the disadvantage that drug release from the central core cannot be con-

trolled. This can be circumvented by attaching the drug molecule covalently to the

periphery of the radiating arms of the dendrimer molecule. The amount of drug

conjugated can be controlled by the number of generations (which increases the

length of the radiating arms) and the release can be ensured by making the drug–

dendrimer linkage easily degradable. Attachment of cisplatin to PAMAM den-

drimers has been demonstrated by Duncan et al. [116]. Another of type of passive

Fig. 10.8. PAMAM dendrimers are the most common

dendrimer nanoparticles currently used in drug delivery.

(Source: http://www.dendritech.com/pamam.html)
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targeting that utilizes the lowered pH of the intracellular endosomal and lysosomal

microenvironment for drug release has been demonstrated [117]. Doxorubicin was

conjugated to hybrid dendrimers using hydrazone linkages; these are stable at nor-

mal physiologic pHs, but break down after uptake in the mildly acidic endosomes

and lysosomes. They demonstrate longer circulation times and toxicity to several

tumors [118].

Active targeting of dendrimers using folic acid conjugates has been demonstrated

by Frechet and coworkers [119] using dendrimer folate and dendrimer methotrex-

ate conjugates. Quintana et al. have created analogous PAMAM–methotrexate con-

jugates with degradable amide and ester linkages [35]. Folic acid conjugation

enhanced cellular uptake of these compounds, resulting in increased cancer cell

cytotoxicity and efficacy of the anticancer drug as compared with the free drug in
vivo.
Dendrimers have enormous potential in targeted drug delivery systems because

of their reproducibility, controlled synthesis, and multivalent structure, which en-

sures incorporation of different functions like targeting, imaging and multidrug

delivery. However, relatively less literature is available on these exciting molecules

and they suffer from lower circulation times and drug release rates than those of

more established nanoparticles and liposomes, and their biodistribution is still be-

ing investigated. With time and experience, these technical obstacles will, hope-

fully, be solved and they will have an even wider impact on targeted drug delivery.

10.5.3

Other Polymeric Nanoparticles

Historically, nanoparticles were first introduced by Birrenbach and Speiser [120].

They were later developed to become drug delivery systems as a substitute for lip-

osomes. Initial formulations were made by emulsion polymerizations [120]. How-

ever, later methods were developed (like phase separation, controlled gelation, etc.)

that made use of preformed polymers with already characterized physicochemical

properties. This allowed better control over the properties of the nanoparticles.

The most common polymers used as core material for polymeric nanoparticles

are poly(alkyl cyanoacrylate), poly(lactide) derivatives and chitosan. However, sev-

eral other materials have also been investigated, as noted in other volumes of this

series. Recently, Gilbert et al. have developed fluorescent virus-like nanoparticles

(fVLPs) from fusion protein VP2 and GFP that may serve as a model for the devel-

opment of vehicles that can be designed for the delivery of large biomolecules to

cancer cells [121]. These are taken up with high efficiency and transferred to the

nucleus using the microtubular network. In another very recent example, Mo et

al. have developed a novel lectin-conjugated isopropyl myristate (IPM)-incorporated

PLGA nanoparticle for the local delivery of paclitaxel to the lungs [122].

Nanoparticles can be nanospheres or nanocapsules, the basic difference being

that nanospheres have a matrix structure, while the capsules have a core-and-shell

structure. While a wide range of sizes are available and have been tried, generally,
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the particles should be less than 100 nm in diameter [123]. The greater surface

area of the nanoparticles allows attachment of targeting molecules and anticancer

agents; alternatively, the drug may form the core of the nanocapsule with a poly-

meric shell.

Nanoparticles as vehicles of targeted drug delivery enjoy several advantages. Pri-

marily, the attachment of different molecules to the same platform confers bi- and

multi-functionality. This is important because conjugating targeting molecules di-

rectly to the anticancer drug may cause decreased functionality of either or both.

Nanoparticles can be modified to incorporate not only two but more functions.

One of could report the presence of the tumor using, for example, quantum dots.

Secondly, attachment to the nanoparticle surface increases the stability of mole-

cules. This is particularly important with peptides, nucleic acids (like anti-HA-ras
[124]) and anti-Ewing sarcoma [125] and small proteins (like antibodies), which

are easily removed from the circulation in the free form. It is also important for

carrying poorly soluble drugs (e.g., muramyl tripeptide cholesterol [126]) in signif-

icant quantities without the usual side effects. Controlled release can be achieved

to ensure a long-term, high level of the drug without encountering the loading

dose problem. This has been shown in the use of doxorubicin-loaded nanopar-

ticles. Doxorubicin can cause acute and chronic cardiomyopathy at high levels. By

attachment to nanoparticles, high levels of doxorubicin were achieved in the circu-

lation, with reduced cardiac levels and, consequently, less toxic effects and in-

creased effectiveness against the metastatic cancer.

Chemotherapy fails in vivo even when the cancer is shown to be highly sensitive

to the drug in vitro because of cellular ‘‘sanctuaries’’. For example, the recurrence

of acute lymphoblastic leukemia has been attributed to cell nests in the CNS. Intra-

venous drug formulations fail to cross the blood–brain barrier. Nanoparticles, how-

ever, can accomplish this feat, perhaps by trans-cellular movement after endocy-

tosis by the endothelial cells. Some examples of this include the use of polysorbate

80-coated nanospheres to deliver Kytorphin, turbocurarine NMDA antagonist and

doxorubicin to the brain. Polysorbate 80 adsorbs apolipoprotein E from the circula-

tion and becomes attached to the low-density lipoprotein receptors on the endothe-

lial surface.

The major drawback of nanoparticles is their propensity to be taken up by the

macrophages lodged in the organs of the mononuclear phagocytic system (MPS).

After intravenous administration, most of the nanoparticles accumulate in the

spleen and the liver, and to a lesser extent in the bone marrow. Steric stabilization

has been devised to avoid this. The attachment of PEG to the nanoparticle surface

allows them to ‘‘hide’’ from the MPS and stay longer in circulation, eventually find-

ing their way to the targeted regions. Poloxamine has been proposed as an alterna-

tive to PEG for producing steric stabilization.

In fact, PEG-coated poly(cyanoacrylate) (pCA) nanoparticles – made by a copoly-

mer inculcating both – have such a long circulating time that they penetrated the

brain more than any other modifications, including coating by polysorbate. This

uptake was increased in pathological situations with, presumably, higher blood–

brain barrier permeability.
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Modeling of nanoparticle delivery and effects has raised the question of ‘‘diffu-

sional instability’’. Vittorio Cristini et al. have shown that the delivery of cytotoxic

agents to tumors, particularly anti-angiogenic drugs, might fractionate the lesion

into multiple satellite neoplasms [127]. This is likely due to the rearrangement of

the sources of oxygen and nutrient supply because of the anti-angiogenic therapy.

The other difficulty is the issue of control. Especially with synthetic methods de-

rived from microencapsulation techniques, there may be considerable difficulty in

encapsulating the drug and then controlling its release after encapsulation.

To summarize, a nanoparticle designed for targeted delivery of anticancer agents

will have three essential components: (a) the capsule or matrix or core that pro-

vides the platform to bind or contain; (b) the drug or anticancer agent, which binds

on the surface; and (c) the targeting molecule. This whole arrangement must be

made immune from the attacks of the immune system by steric stabilization, usu-

ally by the attachment of PEG to the surface.

Mauro Ferrari has labeled these modified nanoparticles as ‘‘nanovectors’’ [1].

The name is appropriate as an indication of their function as carriers of large ther-

apeutic payloads to target sites. He points out that while antibody conjugated thera-

pies can only deliver single molecules of drug per recognition event, nanovectors

can deposit a much larger amount. This makes nanoparticles particularly attractive

when dealing with toxic drugs.

In the described tripartite arrangement, an optimum combination of matrix,

drug and surface recognition element is required. As stated above and described

elsewhere, many matrix polymers have been tested for their drug uptake and sur-

face modification abilities (for a review see Ref. [128]). Targeting has ranged from

‘‘active’’ targeting, using antibodies, radiation-induced vascular neo-antigens, folic

acid receptors and transferrin, to passive targeting that depends on surface modifi-

cation with PEG and enhanced fenestrations of tumor vasculature to selectively de-

liver the drug.

The role of the surface-modified matrix and the targeting molecule is to effec-

tively deliver the drug to the target site. For this, they must provide stability to pep-

tides and others drugs with short half-lives in circulation, avoid uptake by the MPS

or RES, circumvent the endothelial and blood–brain barrier, be non-toxic to normal

body tissues and, finally, deliver the drug to the tumor cells, avoiding the enhanced

osmotic pressure in tumor regions [129] and ensuring uptake and action.

However, a nanoparticle may have yet further uses. As demonstrated by Baker et

al., dendrimer-based nanoparticles can be modified to not only avoid obstacles and

target tumors but also to ‘‘report’’ on the presence and extent of the tumor by the

means of an attached ‘‘reporter’’ molecule, in this case fluorescein [35]. In a similar

vein, Loo et al. have demonstrated the dual functional ability of immunotargeted

nanoshells for integrated cancer imaging and therapy [130]. They define nano-

shells as ‘‘a novel class of optically tunable nanoparticles that consist of a dielectric

core surrounded by a thin gold shell’’. The relative dimensions of the shell thick-

ness and core radius allow nanoshells to either scatter and/or absorb light over a

broad spectral range, including the near-infrared (NIR). The NIR is a wavelength

region that provides maximal penetration of light through human tissue. Thus,
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with attachment of suitable antibodies, these nanoshells offer the opportunity to

design vehicles that provide, in a single nanoparticle, both diagnostic and thera-

peutic capabilities.

Targeting can be enhanced or achieved by other factors, too. One of these is the

use of drugs that act preferentially on tumor cells. While most conventional che-

motherapeutic drugs now in use have greater or lesser degrees of tumor selectivity

(usually by targeting the rapid proliferation of tumor cells), greater selectivity may

be achieved by using siRNA that are specific for tumor antigens (see below). An-

other type of targeting, demonstrated by Potineni, et al. [131], describes a method

to utilize pH differences to release drugs at tumor sites. They demonstrated the in
vitro release of the anticancer drug paclitaxel by biodegradable poly(ethylene oxide)-

modified poly(b-amino ester) nanoparticles. This can theoretically be reproduced at

cancer sites, which have high metabolic rates and altered pH.

10.6

Conclusion

As far back as the late 19th century, Paul Ehrlich (1854–1915) – Nobel laureate for

Physiology or Medicine in 1908 for his pioneering work in immunology and

chemotherapy and for the discovery of the first effective therapy for syphilis –

propounded and popularized the concept of a ‘‘magic bullet’’. This is a drug that

targets and destroys diseased cells selectively, to the exclusion of all others, like a

bullet that finds its mark every time. His invention, preparation 606, later called

Salvarsan, was highly effective against syphilis and harmless despite a large arsenic

content. This drug was also found to be successful in curing several other diseases.

Indeed, it seemed that a ‘‘magic bullet’’ had indeed been found [132]. We, of

course, realize that despite its effectiveness, arsenical-based therapy of syphilis

can not accurately qualify for the label of magic bullet. Indeed, for years scientists

have searched in vain for such a drug for cancer, but as our understanding of the

complexities of the cancer cell and the diverse nature of the neoplastic process

grows, more than one researcher has denounced this concept as an unachievable

objective. The search for the magic bullet for cancer has become a sort of Holy

Grail for cancer researchers worldwide – to be sought for, but not to be found.

Each new advance and discovery in this field has been accompanied by hopes that

finally the grail has been found, but in all cases these hopes have been shattered by

the realities of failure rates. On the bright side, very large strides have been made

in cancer treatment, and average life expectancy after detection has increased for

most cancers, and several treatments have chalked up impressive cure rates.

The field of nanotechnology was famously introduced by another Nobel laureate,

Richard P. Feynmann, in his lecture ‘‘There is plenty of room at the bottom’’ at the

annual meeting of the American Physical Society at the California Institute of

Technology in 1959. Many nanotechnology researchers consider this talk to be the

inspiration for their work. Feynmann, in this lecture, proposed two challenges to

future nanotechnologists, but neither, however, was related to the field of biology.
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Lipid based formulations, especially liposome encapsulated doxorubicin, first

raised visions of a route to the magic bullet. However, it was still just a drug mod-

ification that allowed the transfer of toxic but effective drugs in the serum. The in-

troduction of monoclonal antibodies suddenly made active targeting an attractive

possibility. However, the high cost of these antibodies, the large amounts needed

to counter their rapid removal from circulation, and the single molecule of drug

they carried, all presented technical difficulties for their widespread use. An ant

can carry 10–20� its body weight of food; imagine how ineffective it would be if

it could carry only a mouthful at a time! Nanoparticles – introduced in the 1970s

– seemed to be the probable replacement for liposomes. However, they soon came

up against the same problem that monoclonal antibodies faced: they were rapidly

cleared from circulation by the mononuclear phagocytic system in the liver and

spleen. Scientists innovatively tried to turn this drawback into an advantage, by us-

ing nanoparticles to target the liver specifically, e.g., to transfect genes to produce

essential proteins, but in the end the goal of targeted delivery seemed to be as far

away as before.

The discovery of the steric stabilization effect of poly(ethylene glycol) (PEG)

solved that major problem. While ‘‘PEGylating’’ nanoparticles increased their cir-

culation time dramatically, it also reaped an unexpected harvest. The local environ-

ment of the tumor supports extravasation of nanoparticles through large endothe-

lial fenestrations and disordered neoplastic tissue architecture. Their retention is

ensured by a low lymphatic drainage. This enhanced permeation and retention

(EPR) effect had a dramatic influence on the distribution of long-circulating nano-

particles: they collected at tumor sites to the exclusion of other body tissues even

without any ‘‘active’’ targeting molecules. Long time of circulation and the EPR ef-

fect ensured that nanoparticles circumvented the blood–brain barrier, with impor-

tant implications for the treatment of resistant tumors with cell sanctuaries in the

brain.

Innovations continue to increase almost daily. Not satisfied with costly monoclo-

nal antibodies for tumor targeting, researchers have turned to such mundane mol-

ecules as folic acid, transferrin and biotin for enhanced selective uptake in tumors.

Folic acid in particular has a relatively long history of tumor targeting abilities, and

preferential uptake in a large number of solid tumors.

The drug carried to the tumor site is not restricted to the more traditional doxo-

rubicins and paclitaxels. There had been considerable interest in a possible gene

therapy of cancer. Indeed, at one time it had been hyped as the elusive ‘‘magic bul-

let’’. In vitro studies have conclusively demonstrated repetitively the effectiveness

of this approach against a wide variety of cancer. The obstacle had always been an

appropriate vehicle that can effectively deliver sufficient amounts of the gene to the

cancer cells. Direct injection of the naked DNA into muscle cells (the so-called

‘‘gene gun’’) showed considerable uptake and expression. But for the ultimate de-

livery vehicle, man decided to trust the vector that Nature’s evolutionary process

has skillfully crafted over millions of years for this very purpose: viruses. Initial ex-

periments with harmless adenoviridae in vitro promised success; however, clinical

trials (to supplement the mutated p53 in ovarian cancer) failed to demonstrate any
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advantage over conventional therapy [133]. On September 17, 1999, eighteen-year-

old Jesse Gelsinger died during a gene therapy clinical trial for ornithine trans-

carbamylase (OTC) deficiency, a rare metabolic disorder that is marked by danger-

ous levels of ammonia in the bloodstream. He died after a vector injected into his

liver triggered an immune response that led to multiple organ failure. This inci-

dent seemed to ring the death knell to virus-delivered gene therapy.

Gene therapists turned to non-viral means of delivery – the obvious solution ap-

peared to be nanoparticles. They can be modified to carry biological macromole-

cules, are themselves harmless, and can help protect the gene from the immune

system till the cancerous tissue is reached. The complex of genetic material, espe-

cially siRNA, and targeted nanoparticle vector brought together a double selectivity

process: the targeting ligand ensures selective uptake to cancer cells, and the

siRNA ensures that even if some non-cancerous cells have taken up the particle,

only the cancer cells are affected.

The excellent results with nanoparticulate gene vector complexes brought back

the old nanoparticle workhorse, liposomes, to the forefront. Ease of DNA uptake

by the cationic liposomes, and their uptake by fusion to membranes, ensures effi-

cient transfection. With added targeting ligands, the complex promises to be the

answer to many cancer therapy problems. Another nano-sized colloidal drug deliv-

ery system made its entry into the field more recently: block copolymer micelles or

dendrimers.

With nearly all the components finally at hand, the assembly of the actively tar-

geted nanoparticle against cancer was but a matter of time. Several such complexes

have already shown promise. In a natural spin off, several start-up companies have

already begun early research into human applications. Endocyte, Inc. has taken up

folic acid as their solution, while Baker has established the Center for Biologic

Nanotechnology at the University of Michigan to espouse the cause of dendrimers.

Arguably the most exciting is the performance of Epeius Biotechnologies Corpora-

tion’s liposomal based active targeting system that delivers genetic material to treat

several cancers, including pancreatic head carcinoma, which has one of the worst

prognoses among all neoplasms.

It may be that nanoparticles fail to provide us the ‘‘magic bullet’’ against all can-

cers. However, if current interest, effort and progress in the field of nanoparticulate

targeted drug delivery systems are any indication, we may be heading towards an

era of more effective chemotherapy with less morbidity and higher cure rates.
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Colloidal Systems for the Delivery of Anticancer

Agents in Breast Cancer and Multiple Myeloma

Sébastien Maillard, Elias Fattal, Véronique Marsaud, Brigitte Sola,

and Jack-Michel Renoir

11.1

Introduction

The success of cancer treatments depends on an active drug concentration at the

tumor sites. In fact, drug dispatch remains the objective of clinicians and drug de-

livery has been the subject of a tremendous amount of research during the past

four decades [1, 2]. Indeed, most used anticancer drugs have great toxicity, includ-

ing for normal tissues, and it is crucial to minimize massive damage to the rest of

the body after their administration. Moreover, despite poor water solubility, owing

to a high hydrophobicity, some chemotherapeutic drugs were initially given orally.

However, drug administration, particularly for antitumor drugs, increasingly re-

quired intravenous perfusion, leading to a poor amount reaching the tumors and

to important side effects because high doses are often administered. This poor spe-

cificity creates a toxicological problem that constitutes a serious obstacle to effective

antitumor therapy. Thus, a crucial problem remains the addressing of the drug to

the site of action, i.e., being more tumor selective.

Undoubtedly, intravenous administration of anticancer drugs could be of great

help but it remains limited by the capture of the drug by macrophages of the

mononuclear phagocytes system (MPS), leading to drug destruction in the

liver, spleen, lung and bone marrow. If the propensity of MPS macrophages for

endocytosis/phagocytosis provides an opportunity to deliver efficiently therapeutic

agents to these organs, the targeting of non-MPS organs remains a priority. One

strategy consists of associating antitumor drugs with colloidal systems engineered

to resist the MPS and to increase the selectivity of drugs towards cancer cells while

reducing their toxicity towards normal tissues. Various injectable delivery systems,

nanoparticles, emulsions and liposomes (conventional drug delivery systems,

CDDS), have been developed but only a few are clinically used. To avoid their rec-

ognition by opsonins (immunoglobulins, proteins from the complement) and their

degradation by the MPS organs, hydrophilic polymers may be grafted [2, 3] at the

surface of these colloidal systems [4, 5], rendering them capable of long circula-
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tion times in the blood stream, thus constituting ‘‘Stealth’’ drug delivery systems

(SDDS) [6].

Another important issue is the capacity of formulations to cross the vascular en-

dothelium (extravasation process). Vascularization of solid tumors is heteroge-

neous, with regions of necrosis and other areas that are densely vascularized in

order to supply the tumor cells with nutrients for tumor growth. The formation of

new capillaries from pre-existing vessels (angiogenesis) also contributes to tumor

growth. Tumor blood vessels present various abnormalities (increased tortuosity,

deficiency in pericytes, aberrant basement membrane formation [1, 7]) that result

in an enhanced permeability of tumor vasculature. This enhancement is thought

to be regulated by various mediators, such as vascular endothelium growth factor

(VEGF), nitric oxide, prostaglandins and metalloproteinases [8, 9]. Macromolecules

cross tumor vessels through open gaps (interendothelial junctions and transendo-

thelial channels), vesicular endothelial organelles and fenestrations [10]. The pore

size cut-off of various solid tumor models usually lies in the range 380–800 nm [2,

9–13], which is compatible with the extravasation of SDDS.

Thus, to deliver therapeutic agents to tumor cells following i.v. injection one

must: (a) avoid the opsonization process and resulting destruction by the MPS;

(b) realize a stealth formulation incorporating high amounts of drug; (c) dispatch

a high and active drug concentration at the tumor level; (d) overcome drug resis-

tance mechanisms. This chapter focuses on two types of cancer, which differ in

the sort of cells they affect and in their morphology, i.e., breast cancers and multi-

ple myeloma, and we describe how new antiestrogen drug delivery devices strongly

inhibit tumor growth in xenograft models.

Besides their essential function in female reproduction, estrogens exert various

responses in target cells, including promotion of tissue differentiation, morpho-

genesis, mitogenic activity and development of the mammary gland. They are also

beneficial hormones in the regulation of bone mineral density, through effects on

the osteoclast/osteoblast balance, in the prevention of atheromatous plaque, and in

the nervous system. Importantly, they are also implicated in oncogenesis and

maintenance of some tumor growth. In fact, estrogens are regulators of several

proto-oncogenes coding for nuclear proteins [14]. Estrogens act on cells via interac-

tion with two types of intracellular receptors, ERa [15, 16] and ERb [17–19]. Like

all steroid hormone receptors, ERs are trans-acting transcription enhancer factors

that are activated by binding of their ligands. They become, therefore, capable of

interacting with specific cis-acting enhancer elements that are usually located with

the 5 0-flanking regions of target genes. This classical mechanism of action was

thought for many years to be unique. However, following recent findings reporting

the membrane localization of ER, ‘‘non-genomic’’ mechanisms involving mitogen-

activated protein kinase (MAPK) activation have emerged [20, 21].

Half of breast cancers are intrinsically estrogen sensitive and, therefore, respond

to antiestrogens [22, 23]. To treat these estrogen-dependent cancers, pharmacolo-

gists have aimed to develop antiestrogens, i.e., compounds capable of blocking the

effects of estradiol without displaying any estrogenic activity on their own. Numer-
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ous molecules (Fig. 11.1) behave both as agonists or antagonists of estradiol, de-

pending on the tissue, the promoter and the type of the ER [22, 24]. These com-

pounds have been classified as ‘‘selective estrogen receptor modulators’’ (SERMs).

Recently, a few compounds able to bind ER and to abrogate all effects of estrogens

in a competitive manner have been elaborated [24]. These so-called ‘‘pure anti-

estrogens’’ were expected to be very useful for estradiol-dependent cancer treat-

ment. In addition to their ability to inhibit all the effects of estradiol, one other

important characteristic is their capacity to target ERs to proteasome-mediated deg-

radation in human breast cancer cells [25–27], On the basis of this property, ‘‘pure

antiestrogens’’ have been called selective ER down-regulators (SERDs). However,

recent findings in various cancer cell lines prompted reconsideration of this no-

tion, because it has been observed that any kind of antiestrogen, both SERMs and

‘‘pure antiestrogens’’, behave as inducers of transcription through the activating

protein 1 (AP1) pathway [28–30].

Multiple myeloma (MM) is a B-cell malignancy characterized by the clonal

expansion of tumoral plasma cells in the bone marrow. This accumulation of ma-

lignant cells synthesizing immunoglobulins results in hyperproteinemia, renal

Fig. 11.1. Structure of the most commonly

studied antiestrogens: The most commonly

used SERMs (Tamoxifen and raloxifen) and

three pure antiestrogens (ICI 182,780, RU

58 668 and EM 800) are shown. Among them

only ICI 182,780 (Faslodex4) is used clinically,

by deep i.m. oily injection in tamoxifen-

resistant breast cancers. RU 58 668 develop-

ment has been stopped and EM 800 is in

phase II clinical trials [183, 184].
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dysfunctions, bone lesions and immunodeficiency [31]. This pathology, which ac-

counts for 2% of all cancer deaths per year in occidental countries, remains largely

incurable despite novel therapeutic approaches involving the targeting of both MM

cells and the bone-marrow environment [32]. Previous studies have established

that both ERa and b isotypes are expressed in some MM cells [33–36]. Surpris-

ingly, and differing strongly from breast cancer cells, estradiol as well as SERMs

and SERDs induce a decrease of MM cell proliferation, and at a micromolar con-

centration preclude a classical recruitment of ERs. However, SERMs and SERDs

induce breast cancer and MM cell cycle arrest as well as apoptosis. Therefore,

they all can be considered as potent anticancer drugs.

Other work relating to the use of anticancer drug delivery systems has shown the

importance of this approach in developing new anticancer treatments. However,

most work describes the use of drug delivery systems containing highly cytotoxic

drugs devoid of specific cellular target, leading to ubiquitous effects and high

toxicity [37, 38]. A physicochemical DDS containing an anticancer drug implies

knowledge of the physicochemical properties of the drug, its exact mechanism of

action in the pathology to be treated, and the physiology of the pathology itself.

Here, we point out the importance of delivering a molecule endowed with a very

specific intracellular target.

Thus, we focus first (Section 11.2.1) on the importance of estrogens in breast

cancer development. The different roles of estrogens will be discussed by present-

ing the classical ER-ligand and ERE-dependant, ERE-independent, ER-ligand inde-

pendent, and ‘‘non-genomic’’ pathways. Knowledge of these precise mechanisms

has led to the use of various families of antiestrogens (AEs), the properties of

which differ (Section 11.2.2). The benefits of AE encapsulation, to improve anti-

tumoral activities in vivo and to limit side effects, are discussed in Section 11.2.3.

In Section 11.3, we focus on another pathology, multiple myeloma (MM), de-

scribing current treatments and new biological therapies as well as the promising

use of AEs.

Whatever the concerned pathology, we will develop in Section 11.4 the require-

ment for a specific drug delivery system. Thus, the use of passive targeting long-

circulating drug delivery systems in different types of xenografts are detailed,

such as nanoparticles for breast cancer (Section 11.4.1) and liposomes for MM

(Section 11.4.2). Finally, we discus the potential improvement of these systems on

acquiring a specific tumoral recognition element (Section 11.4.3).

11.2

Hormone Therapy in Breast Cancers

Two important general ways have been imagined for eliminating the mitogenic

activity of estradiol in estrogen-dependent breast cancers: blocking the site of an

estrogenic specific target (the estradiol receptor) or blocking the synthesis of estra-

diol. For the first case, antiestrogenic compounds are used, and for the second case

aromatase inhibitors have been developed [39].
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11.2.1

Molecular Mechanisms of Estrogen Action in Breast Cancers

11.2.1.1 Classical ER-ligand and ERE-dependent Mechanism

The general mechanism by which estrogens transduce their mitogenic activity re-

sults from their binding to the two nuclear receptors from the steroid/thyroid

superfamily of transcription factors, ERa and ERb [40, 41]. In addition to binding

estrogens with a high affinity, ERs bind to specific DNA sequences called estrogen

responsive elements (EREs), possess defined activating functions (AF1 in the N-

terminal domain and AF2 in the ligand binding domain), and interact with var-

ious protein partners [22, 24, 42–44]. In target cells unexposed to estradiol (E2) or

growth factors, ERa is part of a large complex in which molecular chaperones such

as heat shock proteins (hsp) and co-chaperones are present (for a review see Ref.

[44]). The major chaperones that favors the efficient folding of ERa are hsp90 and

hsp70 [44–47]. Another important partner of this supramolecular complex is p23

[48, 49], a N-terminal interacting client protein of hsp90 [50], the overexpression

of which decreases the transactivation capacity and ligand binding of ERa [51].

In fact, this p23 is a prostaglandin-E2 synthase and its degradation is an apoptosis

indicator [52, 53].

Following E2 binding, a change in ERa conformation occurs, promoting the dis-

sociation of hsp90 and other proteins from the molecular chaperone complex.

Phosphorylation of ERa increases in response to estradiol binding prior to tran-

scriptional enhancement [54]. This rapid process leads to dimerization of ERa, to

its tight association with the nucleus [55] and to its interaction with specific nu-

cleotide sequences of the specific EREs in gene promoters. This leads to enhance-

ment of transcription through the recruitment of co-activators, some of which

carry a histone acetyl transferase (HAT) activity (Fig. 11.2A), like SRC1 and CBP/

p300 [41, 56, 57]. Histone acetylation leads to chromatin opening and to re-

positioning of nucleosomes [58]. Other modifications of the ER state and of some

co-regulators and the specific DNA sequences (like phosphorylations, methylation,

ubiquitination, acetylation) also take place in the sequentially and processivity

of transactivation [O’Malley, B. W., NURSA e-journal (2003) 1, ID# 3.11052003.1;

ISSN 1550-7629]. This interaction of ER with DNA leads to activation of transcrip-

tion [40, 42]. Recently, the concept of a ‘‘transcriptional clock’’ that directs and

achieves the sequential and combinatorial assembly of 46 co-activators at a specific

E2-inducible (pS2) promoter in human breast cancer MCF-7 cells was defined [59,

60]. Following the pS2 promoter transactivation, the E2-ER complex is polyubiqui-

tinated, leading to its proteasome-mediated destruction [60, 61].

With binding of a SERM, cofactors different from those recruited upon E2 bind-

ing associate with the ERa/DNA complex (Fig. 11.2A). Co-repressors, such as N-

COR, SMRT and REA (specific for ERa), are present in these complexes [56,

57, 62]. The co-repressors are associated with a histone deacetylase activity

(HDAC), which re-compacts chromatin followed by nucleosome re-positioning,

leading to blockade of transcription of specific genes. It has also been proposed

that, in the absence of ligand, ERa could be sequestered in complexes containing
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Fig. 11.2. Mechanisms of action of estradiol

and antiestrogens: (A) In the classical genomic

mechanism of ER, the inactivated receptor (1)

is sequestered in a supramolecular chaperone

complex (organized around hsp90, p23 and

immunophilins). E2 binds to inactivated ER,

changes its conformation, promotes both its

phosphorylation by different kinases and its

release from the molecular chaperones, helps

in the sequential recruitment of a set of co-

activators, among which are histone acetyl

transferases (HAT), which modify the

chromatin structure en route to transcription.

When a SERM like OH-tamoxifen (OHT) binds

to ER (2), the induced conformational change

and the phosphorylation state of ER differ from

those induced by E2 binding. Co-repressors

instead of co-activators are recruited, among

which are histone deacetylases (HDAC), which

re-compact the chromatin and preclude

interaction with the basal machinery of

transcription (BMT) at an ERE, allowing

activation of the polymerase and leading to

inhibition of the transcription. With an AP1-

containing promoter, the SERM-ERb complex

activates transcription while the E2-ER complex

inhibits AP1-mediated transcription. If a SERD

like RU or Faslodex complexes with ERa (3) a

delocalization of ER and its fast proteasome-

mediated destruction occurs, precluding

binding to DNA.
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these repressors (or some of them), maintaining the receptor in an inactive state

[63].

11.2.1.2 ERE-independent Pathway

In addition to the classical transactivation pathway that results in binding of the

E2/ERa-complex to EREs, tamoxifen and other SERMs also activate target genes

(like collagenase gene) through binding at an activating protein-1 (AP-1) site; this

is observed in uterine cells but not in breast tumor cells [28]. It occurs through di-

rect binding of ER-E2 complex to the heterodimer c-fos/c-jun at AP-1 binding sites

and is mainly mediated via ERb, the major ER form in the endometrium (Fig.

11.2B). Remarkably, the pharmacology of ER ligands bound to ERb is reversed at

an AP-1 element. Bound to ERb, the antiestrogens, including the ‘‘pure antiestro-

gens’’ Faslodex2 and RU 58668 (RU) (Gougelet, A., Marsaud, V., Renoir, J.-M., in

preparation), act as transcriptional activators and E2 behaves as a transcription

inhibitor. These features may explain the incidence of uterine cancers following

long-term tamoxifen treatment of E2-dependent breast cancers, and could be in-

volved in the acquisition of tamoxifen resistance in breast tumors [24]. Similarly,

other genes containing GC-rich promoter sequences are activated via an ER-SP1

complex [64, 65].

11.2.1.3 ER-ligand-independent Pathway

There is accumulating evidence that ER-mediated transcription activation occurs

also in the absence of ER-ligand binding in response to cell surface growth factor

receptors and the intracellular signaling cascades that they activate [66–68]. In-

deed, growth factors or cyclic adenosine monophosphate (cAMP) activate intra-

cellular kinase pathways, leading to phosphorylation and activation of ER at ERE-

containing promoters in a ligand-independent manner, possibly via p42/44 MAPK

activation [69–71]. Similarly, phorbol-12-myristate-13-acetate (PMA) through the

stimulation of adenylate cyclase also increases the ER-mediated transcription.

Therefore, the genomic activity of ER can be induced by numerous different stim-

uli, ER agonists themselves but also activators of various kinases of the EGF recep-

tor family as well as activators of PI3-K, PKA and PKC [54]. These variable pro-

cesses target ER to different sequences present in E2- and/or PMA-inducible

promoters to affect gene expression. However, the crosstalk between the classical

activation E2-dependent pathways and other pathways has considerably helped our

understanding of the complicated multifaceted mechanism of action of estrogens.

(B) ERa can also be rapidly phosphorylated

on Ser118 by the MAPKinase pathway following

activation of the EGF receptor which, through

the Ras,Raf, MEK, ERK cascade, leads to an

ERE-dependent, ER-ligand-independent

transactivation activity, or an ERE-independent,

ER-ligand-independent-PI3K/AKT-dependent

activation process. The ‘‘non-genomic’’

activation process by which ERa can be

activated proceeds through binding of E2 to a

cytosoluble ER bound to caveolin-1, to

translocation of the caveolin-1/ERa complex to

the membrane, leading to association with a

caveolin-1 receptor (CR), allowing contact with

small G proteins, which acts to activate the

MAPK cascade and gene expression without

any DNA binding of ERa.

H_________________________________________________________________________________
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11.2.1.4 ‘‘Non-genomic’’ Pathway

Besides this general and well-accepted genomic mechanism (representing direct

or indirect binding of ER to DNA), estrogens may induce effects occurring within

minutes (‘‘non-genomic effects’’), which is incompatible with a process requiring

DNA and transcription (Fig. 11.2B). For instance, estrogen-induced vasodilatation

is rapid and relies on the activation of nitric oxide synthase by a mechanism involv-

ing trimeric G proteins [72] and Akt via the PI3-K pathway [73]. Direct interaction

between ER and PI3-K has been demonstrated [74]. Rapid activation by E2 of pro-

tein kinase C in MCF-7 ER-positive (ERþ) cells as well as in other human breast

cancers lacking ER is membrane mediated and inhibited by tamoxifen [75]. Several

groups have reported that E2 induces a rapid activation of MAPK/ERK in breast

cancer cells [76–78] as well as a rapid non-transcriptional activation of PI3-K [79].

However, this E2-induced activation of both MAPK and PI3-K in human ERþ
breast cancer cells such as MCF-7 and ZR75.1 has been severely criticized by sev-

eral laboratories, who have questioned the non-genomic mitogenic activity of E2

[80–83]. In fact, it is now accepted that a small amount of ERa exists as a func-

tional non-traditional G-protein coupled receptor (GPCR) at the plasma membrane

[78, 84–86]. Such a membrane localization of ERa is thought to be the conse-

quence of the S522A mutation, which convert the receptor into a dominant-

negative form [86]. This GPCR is now known as the endoplasmic reticulum

GPR30 [84], which under direct E2 binding results in intracellular calcium mobili-

zation and synthesis of phosphatidylinositol 3,4,5-triphosphate in the nucleus [87].

11.2.2

Differential Activity of Antiestrogens

Evidently, from several reports emanating from various laboratories, an efficient

way to inhibit the E2-mediated mitogenic effects in breast tumors could be the sup-

pression of the biological activity of ER. This is possible through different pathways

that block ER-mediated transcription, as realized with SERMs and SERDs, but also

by inhibiting ER protein expression. Introduced as a new approach for targeted

therapy with few side effects compared with traditional cytotoxic chemotherapy,

hormone therapy is based on the use of non-steroidal antiestrogens, the archetype

of which is tamoxifen (Tam), which has been used clinically with success since the

1970s. Initially investigated in the late 1960s these antiestrogens are partial estro-

gen antagonists or SERMs (Fig. 11.1).

In terms of breast cancer growth, Tam as well as several other SERMs are anti-

estrogenic, whereas they exert estrogen-like actions in bone, the cardiovascular sys-

tem, and in the regulation of circulating low density lipoproteins (LDL) [22, 23].

Unfortunately, the SERMs are agonist in the uterus and can enhance the growth

of human endometrial tumors implanted into immune deficient mice [88]. SERMs

such as tamoxifen and raloxifen induce an accumulation of ERa in breast cancer

cells [25–27, 89, 90]. In contrast to tamoxifen, both ICI 182,780 (Faslodex2) and

RU 58668 treatment of human breast cancer cells results in rapid delocalization
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and a fast destruction of endogenous ERa through the 26S proteasome pathway

[25–27, 61, 86, 89, 90]. Such pure antiestrogen-induced down-regulation of ERa

expression takes place in a nuclear compartment from which ERa is difficult to

extract [27, 78, 91] and is recovered with the nuclear matrix [55]. The CSN5/Jab1,

a subunit of the COP9 signalosome, is involved in ligand-dependent degradation of

ERa by the proteasome [92]. Interestingly, any alteration of the activity of various

kinases known to affect signaling involved in cell cycle progression targets ERa

to the 26S proteasome-mediated degradation [27]. Similarly, several co-activators

involved in the activation of ER-mediated transcription are also degraded through

the proteasome pathway [61]. Contrarily to ERa, ERb stably expressed in ER-

negative MDA-MB-231 cells is more slowly degraded by the SERDs than the ERa

isotype and still conserves a high expression level [93].

In addition to SERDs, hsp90 inhibitors are also able to trigger ERa to proteaso-

mal degradation [94]. Both N-terminal hsp90 ligands such as geldanamycin and

radicicol, as well as C-terminal hsp90 ligands such as novobiocin, target not only

ERa but also ERb [93] to degradation through the proteasome pathway. Thus,

destabilization of steroid receptors by hsp90-binding drugs constitutes a ligand-

independent approach to hormonal therapy of breast cancer [95, 96]. In general,

any compound with high inhibitory ability of the activity of one (or more) of the

proteins implicated in the mechanism of action of ERs could be a potential anti-

cancer drug (SERDs for ERa, HDAC inhibitors, proteasome inhibitors, hsp90 in-

hibitors, immunosuppressors, p23 inhibitors).

11.2.3

The Need to Encapsulate Antiestrogens

We have already mentioned the large spectrum of activity of SERMs. Actually, their

use in postmenopausal women treated for estrogen-dependent breast cancer is

based on a daily oral administration of Tam (20 mg day�1). Sometimes, detrimen-

tal side effects occur, leading often to hot flushes and more rarely to endometrium

cancers (1–2%). Nevertheless, tamoxifen is still clinically used and, in addition, it

is of benefit for osteoporosis and cardiovascular disease due to its agonistic activity

in bones and vessels. Pure antiestrogens were first reported nearly 20 years ago

[97]. Nevertheless, concern about the increased risk of osteoporosis and coronary

heart disease, as well as problems with drug delivery, is similar to that caused by

aromatase inhibitors developed as an alternative strategy for antiestrogen therapy

[98]. Delivery of these molecules to their site of action at the desired rate is a

challenge because their transport through compartmental barriers (endothelium

or epithelium) in the body is inefficient and/or because they are rapidly metabo-

lized. For controlled release or for site-specific delivery, new delivery systems will

be required (as only oral tablets and an oil solution for i.m. injection of Faslodex2
are currently available). Furthermore, alkyl estradiol derivatives are difficult to syn-

thesize, and their oral bioavailability is very low. Therefore, a targeted drug delivery

system of both SERMs and SERDs for breast cancer treatment could be of benefit.
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11.3

Multiple Myeloma

Despite new insights into the biology of MM, the major prognostic for such pathol-

ogy was not significantly improved. Thus, for several years, research into novel ap-

proaches, implying new therapeutic targets, has increased. We focus here on the

new biological strategies and, particularly, on the promising outcomes of the estro-

gens and antiestrogens regimen.

11.3.1

Current Treatments

Addition of glucocorticoids (which trigger apoptosis) to the oral alkylating agent

melphalan [melphalan-prednisone (MP) regimen] constituted the mainstay of ther-

apy for many years, although remissions were rare (<5%) and median survival did

not exceed three years. Addition of other alkylating agents such as anthracyclines

and vinca alkaloids to MP did not improve patient survival. The further developed

therapeutic management of MM for the last two decades has mainly involved regi-

mens based on the use of glucocorticoids (dexamethasone) and cytotoxic chemo-

therapeutic drugs [99, 100]. The standard therapy for MM, at least for younger pa-

tients, is considered to be autologous peripheral blood stem cell (PBSC)-supported

high-dose melphalan [101].

11.3.2

New Biological Therapies for MM Treatment

The need for efficient therapy has become obvious and several new agents seem

very promising [102, 103]. Among them, SU 5416 [104], an inhibitor of VEGF-

induced MM proliferation, and thalidomide, an inhibitor of tumor necrosis factor

(TNFa) and VEGF production, which is in phase II trials, could be of great interest

[105–107]. As many regulators of cell proliferation or apoptosis are degraded by

the ubiquitin-proteasome pathway, proteasome inhibitors such as bortezomib (PS-

341) [108–111] (Velcade; Millennium, Cambridge, MA) may be promising. Inhibit-

ing the Ras/Raf/MAPK signaling pathway with farnesyltransferase inhibitors like

R115777 [112–114] or promoting growth arrest and apoptosis by HDAC [115] and

2-methoxyestradiol [116, 117], which induce apoptosis in numerous cancers by

producing reactive oxygen species as well as hsp90 ATPase inhibitors, are other

areas of clinical development. All these drugs/inhibitors represent potential anti-

cancer agents [93, 95, 96] alone and in combination with dexamethasone or other

drugs. However, they are highly toxic and great care must be given to their admin-

istration so as to avoid healthy tissues. For example, the strong cardio-toxicity of

anthracyclines must be suppressed as much as possible. This has been successfully

realized with the incorporation of doxorubicin in numerous stealth liposomes.

Among them caelix/doxil [118] is actually clinically used for different cancer

therapies (breast, ovary, myeloma) alone or in combination with vincristine and
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dexamethasone [119]. Liposomal vincristine and liposomal cisplatin have also been

clinically evaluated on various cancers [120]. Despite progress in delineating the

activity of such regimens, at either conventional or high dose, MM has remained

incurable. No substantial improvement of the median survival was obtained, even

from new promising attempts.

11.3.3

Incidence of Estrogens and Antiestrogens on Multiple Myeloma

Both isotypes of ER have been identified in several MM cell lines as well as in cells

isolated from patients [33–36], and both SERMs like OH-tamoxifen, the active me-

tabolite of tamoxifen, and two pure antiestrogens (Faslodex2 and RU 58668) have

been shown to block the cell cycle progression of MM cells and to induce apop-

tosis [34, 36, 121]. Interestingly, 4-OH-tamoxifen-induced apoptosis in several ER-

positive MM cells is a mitochondrial process [121]. Such an event, in conjunction

with the high doses needed to obtain apoptosis in these MM cells (as compared

with lower doses giving the same effect in ER-positive breast cancer cells), raised

the question of the ER specificity of antiestrogens in MM. Even if the pathway(s)

that conduct MM cells to apoptosis under antiestrogens is (are) not totally eluci-

dated at present, this has prompted us to evaluate the efficacy of liposomal formu-

lations loaded with RU in a xenograft model of MM.

11.4

Colloidal Systems for Antiestrogen Delivery

11.4.1

Nanoparticles Charged with AEs in Breast Cancer

The first strategy employed to obtain a controlled release of the 11b-alkylestradiol

derivatives manufactured by Schering was the use of a polyacrylate-based matrix

transdermal system [122, 123]. Pretreatment of the skin with a fluid permeation

enhancer of propylene glycol–lauric acid should enhance absorption of transder-

mally administered antiestrogens. Drugs that permeate easily through the skin

must be small molecules with moderate lipophilicity. Nanoparticles for intrave-

nous administration of drugs have since been developed. Because the usefulness

of conventional nanoparticles is limited by their rapid and massive capture by mac-

rophages of the MPS after i.v. administration, different nanoparticle devices have

been considered to target tumors that are not localized in the MPS organs. Several

studies have been devoted to the development of so-called ‘‘stealth’’ particles, which

are ‘‘invisible’’ to macrophages [6, 124]. These stealth nanoparticles are character-

ized by a prolonged half-life in the blood compartment, allowing them to extrava-

sate in pathological sites like tumors or inflamed regions with a leaky vasculature

[125, 126]. The size of the colloidal carriers and their surface characteristics are the

keys for the biological fate of nanoparticles, since these parameters can prevent

11.4 Colloidal Systems for Antiestrogen Delivery 381



their uptake by the MPS. A high curvature, small size (<100–200 nm) and a

hydrophilic surface (as opposed to the hydrophobic surface of conventional nano-

particles) reduce opsonization and subsequent clearance by macrophages [2, 124].

A major breakthrough came with the use of hydrophilic polymers [poly(ethylene

glycol) (PEG), poloxamines, poloxamers, polysaccharides] to coat the surface of

nanoparticles [6, 127] (Fig. 11.3). Such coatings provide a dynamic ‘‘cloud’’ of

hydrophilic and neutral chains at the surface of the particles, repelling plasma pro-

teins and avoiding opsonization. Two ways have been used to introduce hydro-

philic polymers at the surface of nanoparticles: either adsorption of surfactants or

the use of branched copolymers [6, 127–130]. The second strategy, consisting of

the covalent linkage of amphiphilic copolymers, is generally preferred for obtain-

ing a protective hydrophilic cloud on nanoparticles, as it avoids the possibility of

rapid coating desorption upon dilution or after contact with blood components.

This approach has been employed with poly(lactic acid) (PLA), poly(caprolactone)

and poly(cyanoacrylate) polymers, which were chemically coupled to PEG [125,

131–134]. This type of DDS has been used to incorporate antiestrogens in the stud-

ies described here.

The ‘‘pure antiestrogen’’ RU 58 668 [135, 136], referred as to RU below, is highly

hydrophobic and could be trapped in the lipidic skin layer, avoiding its access

Fig. 11.3. Schematic structures of colloidal

systems used for antiestrogen incorporation:

Nanospheres (A), nanocapsules (B) and

liposomes (C) are the drug delivery systems

used to encapsulate antiestrogens.

Nanospheres are composed of a polymeric

matrix in which the ligand (e) can be

encapsulated; nanocapsules consist of the

same polymer surrounding an oily core,

allowing solubilization of hydrophobic

compounds. PEG-PLA or PEG-PLGA or PERG-e-

caprolactone copolymers were also used.

Liposomes (C) made of various phospholipid

compositions containing a water core were

also employed. The antiestrogens were

presumed to be located in the lipid bilayer.

Tumor recognition molecules are shown as

shaded triangles (A and B), and the ligand and

antibody as shaded solid Vs (C).
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to targets localized in other tissues. Colloidal particles may be used as drug carriers

to obtain a site-specific drug delivery. The vascular endothelium in solid tumors

is discontinuous [10], and nanoparticles are able to cross this discontinuous

endothelium in a process called extravasation. Such a strategy has been already

employed in the case of Tam, but the drug release was too fast and its loading

too low to obtain significant effects in vivo. In fact, poly(e-caprolactone) and

poly(MePEGcyanoacrylate-co-hexadecyl cyanoacrylate) nanoparticles failed to en-

capsulate Tam correctly, with a maximum loading efficiency of 64% and most of

the drug being adsorbed onto the particle surface [137–139]. In contrast, the highly

promising pure antiestrogen RU has been successfully incorporated with a high

loading efficiency in polyester-PEG nanospheres [140]. These small nanoparticu-

late systems (@150–200 nm) showed reduced drug release in vitro, and reduced

protein adsorption in the presence of serum, two features compatible with in-

creased persistence in blood [141]. These parenteral delivery systems inhibited

estradiol-promoted tumor growth in vivo that correlated with an arrest of cell cycle

proliferation in MCF-7 cells [142]. Accumulation of these nanoparticles in tumor

sites following i.v. administration has been demonstrated by the use of radioactive

polymer [142].

The recent antiestrogen-containing formulations we have synthesized represent,

to our knowledge, the first drug delivery systems loaded with an antiestrogen that

have been successfully evaluated biologically in animal models. They are made of

copolymers that are organized as nanospheres or nanocapsules (Fig. 11.3); in the

latter case, the antiestrogen is solubilized in an oily core. Two types of copolymers

were employed, affording nanoparticles with a small size that is compatible with

good extravasation (Table 11.1). Tamoxifen-loaded PEG-poly(alkyl cyanoacrylate)

(PEG-PACA) nanospheres contained only a small amount of drug (1.8 mg mL�1)

[137], whereas RU-loaded PEG-poly(lactic acid) (PEG-PLA) nanocapsules (NC)

and nanospheres (NS) contained at least 3� more drug (5 and 33 mg mL�1, respec-

tively) [140, 142]. In addition, PEG-PLA nanoparticles are devoid of any intrinsic

toxicity, which is not the case for the PACA-based copolymer [143, 144]. RU-

charged PEG-PLA nanoparticles in MCF-7 cells show greater toxicity than free

RU, and flow cytometry experiments have revealed a strong increase of MCF-7

cells in apoptosis after treatment with RU-loaded NS and NC. Interestingly, follow-

ing i.v. administration to mice bearing MCF-7 breast cancer xenografts, nano-

spheres loaded with RU were highly efficient at inhibiting E2-induced tumor

growth at a dosage 50 to 100� lower than that at which free RU is active [142,

145] (Fig. 11.4). Comparatively, RU-loaded nanocapsules possessed a strong po-

tency to reduce the E2-induced tumor growth in this model as well as in xenografts

of MCF-7/ras tumors [142]. They also prolonged the anti-uterotrophic activity of

RU [142] at a low dose.

Tamoxifen-loaded PEG-PLA nanospheres also possess a high potency for inhibit-

ing E2-induced growth in MCF-7 tumors (Fig. 11.4). Analysis of the cell cycle pro-

teins and proteins involved in apoptosis in tumor extracts from mice injected with

nanospheres or nanocapsules containing RU indicated that both cyclin dependent

11.4 Colloidal Systems for Antiestrogen Delivery 383



Ta
b
.
1
1
.1
.

P
h
ys
ic
o
ch
em

ic
al

ch
ar
ac
te
ri
st
ic
s
an

d
b
io
lo
g
ic
al

p
ar
am

et
er
s
o
f
an

ti
es
tr
o
g
en

-l
o
ad

ed
co
llo

id
al

sy
st
em

s.

T
h
e
si
ze

an
d
ze
ta

p
o
te
n
ti
al

o
f
n
an

o
sp
h
er
es

n
an

o
ca
p
su
le
s
an

d
lip

o
so
m
es

lo
ad

ed
w
it
h
ei
th
er

R
U
o
r
O
H
-T
am

ar
e

in
d
ic
at
ed

,
to
g
et
h
er

w
it
h
th
e
en

ca
p
su
la
ti
o
n
ra
te
s
o
f
th
e
d
ru
g
s.
In
te
re
st
in
g
ly
,
th
e
ch
an

g
e
in

ze
ta

p
o
te
n
ti
al

fo
r

n
an

o
p
ar
ti
cl
es

lo
ad

ed
w
it
h
O
H
-T
am

in
d
ic
at
es

th
at

so
m
e
d
ru
g
is
lo
ca
te
d
at

th
ei
r
su
rf
ac
e,

u
n
lik
e
R
U
-n
an

o
p
ar
ti
cl
es

an
d
lip

o
so
m
es
.

R
U

4
H
T

M
ea
n

d
ia
m
et
er

(n
m
)

Z
et
a

p
o
te
n
ti
al

(m
V
)

E
n
ca
p
su
la
ti
o
n

effi
ci
en

cy

E
n
ca
p
su
la
ti
o
n

p
er
ce
n
ta
g
e

(%
)

E
st
ro
g
en

-i
n
d
u
ce
d

in
h
ib
it
o
ry

ac
ti
vi
ty

h
al
f-
lif
e
(m

in
)

N
an

o
p
ar
ti
cl
es

m
g
A
E
p
er

m
g

p
o
ly
m
er

P
L
A
N
S

�
�

2
0
0
G

5
0

�
2
8
G

3
n
d

n
d

P
L
A
N
S

þ
�

1
7
0
G

3
0

�
3
:1
G

0
:7

3
2
.8

b
9
8

P
L
A
N
S

�
þ

1
7
2
G

3
3

4
:1
G

0
:6

1
9

9
8

P
E
G
-P
L
A
N
S

�
�

1
3
3
G

4
8

�
2
6
:1
G

0
:9

n
d

n
d

P
E
G
-P
L
A
N
S

þ
�

1
6
0
G

3
0

�
2
4
:7
G

0
:6

3
2
.8

9
6

1
9
0
0

P
E
G
-P
L
A
N
S

�
þ

1
3
7
G

4
7

1
:2
G

0
:7

1
8
.1

9
7
.6

1
8
0
0

P
L
A
N
C

�
�

2
4
5
G

9
0

�
5
0
G

1
:1

n
d

n
d

P
L
A
N
C

þ
�

2
3
3
G

7
5

�
5
:2
G

4
5
.3

b
9
9

P
E
G
-P
L
A
N
C

�
�

2
3
3
G

6
7

�
4
4
:4
G

1
:3

n
d

n
d

P
E
G
-P
L
A
N
C

þ
�

2
4
5
G

8
7

�
4
2
:2
G

2
:3

5
.3

9
8

2
3
0
0

L
ip
o
so
m
es

m
m

A
E
�
1
0
0

m
m

li
p
id
s

E
P
C
/D

S
P
E
-P
E
G

2
0
0
0
(9
4
:6
)

�
�

1
1
0
G

3
3

�
2
3
:5
G

5
:8

n
d

n
d

E
P
C
/D

S
P
E
-P
E
G

2
0
0
0
(9
4
:6
)

þ
�

1
1
1
G

3
1

�
2
4
:0
G

5
:8

3
.6
0
9

b
9
0

9
0

E
P
C
/C

H
O
L
/D

S
P
E
-P
E
G

2
0
0
0
(9
4
:3
0:
6
)

�
�

1
0
6
G

2
9
:7

�
2
5
:6
G

5
:9

n
d

n
d

E
P
C
/C

H
O
L
/D

S
P
E
-P
E
G

2
0
0
0
(6
4
:3
0:
6
)

þ
�

9
4
:7
G

3
2
:2

�
2
6
:5
G

5
:8

3
.2
0
5

b
9
0

3
0
0

H
al
f-
li
ve
s
w
er
e
d
et
er
m
in
ed

fo
ll
o
w
in
g
a
2
4
h
-t
re
at
m
en

t
o
f
M
E
L
N

ce
ll
s
w
it
h
E
2
(0
.1

n
m
)
in

th
e
p
re
se
n
ce

o
r
n
o
t
o
f
0
.5

n
m

R
U
;
re
su
lt
s
re
p
re
se
n
t
th
e
ti
m
es

at
w
h
ic
h
5
0
%

lu
ci
fe
ra
se

ex
p
re
ss
io
n
w
as

in
h
ib
it
ed
.
E
m
p
ty

li
p
o
so
m
es

h
ad

n
o
eff

ec
ts

[1
5
4
].

n
d
:
n
o
t
d
efi

n
ed
.

384 11 Colloidal Systems for the Delivery of Anticancer Agents in Breast Cancer and Multiple Myeloma



kinase inhibitors p21WAF-1=CIP1 and p27kip1 (CDKIs) were dramatically augmented

(Ameller, T., Marsaud, V., Legrand, P., Renoir, J.-M., manuscript in preparation).

This was not seen in tumor extracts from mice having received encapsulated 4-

OHT. This finding supports the concept that delivery of RU incorporated in long-

circulating formulations is able to arrest tumor growth by a mechanism in which

both CDKIs are overexpressed [142]. This agrees with the need for an elevated level

of p27kip1 for cells to remain quiescent, an effect produced by pure antiestrogens in

human breast cancer cells [146] but not by SERMs such as 4-OHT. Additionally,

immunological analysis of MCF-7 cells tumors exposed to both nanospheres and

nanocapsules containing RU revealed a strong destruction of the ERa content, con-

trary to tumors exposed to nanospheres loaded with OH-Tamoxifen. In the former,

TUNEL experiments indicated a strong apoptosis while a weaker one was detected

in the latter. These data correlate with the proteasome-mediated degradation of

ERa under RU, concomitantly with apoptosis induction.

Finally, s.c. administration of trapped RU in mice bearing MCF-7 tumors was as

efficient as the i.v. route at the same dose of RU (Fig. 11.5). This finding led to the

hypothesis that nanospheres could behave like a reservoir from which the drug

could diffuse and release slowly in the interstitium before reaching the tumor. In

that case it is intriguing that the efficiency was similar to that obtained by i.v. More

research is necessary to elucidate this mechanism, in particular to find out how the

administration of an antiestrogen through a stealth DDS affects its pharmaco-

kinetics and biodistribution as well as its bioavailability.

Fig. 11.4. Tumor evolution of MCF-7 breast

cancer xenografts i.v. injected with RU- and

OH-Tam-nanospheres. Bi-weekly i.v. injections

of RU-PEG-PLA nanospheres (NS) and of 4-

OH-Tam-PEG-PLA nanospheres (12 mg kg�1

week�1 each) were performed in mice (n ¼ 10

per group) bearing MCF-7 tumors (ranging

from 0.8 to 1 cm3). Identical amounts of free

antiestrogen in 5% glucose were i.v. injected

as controls. All groups received 0.5 mg-E2 kg
�1

week�1 following skin deposition of an E2
solution in ethanol. Tumors were measured

each week.
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11.4.2

Liposomes Charged with RU 58668 in MM

Several liposomal formulations have been elaborated for the delivery of highly cy-

totoxic anticancer drugs such as doxorubicin and platinum-based agents [4, 147–

151]. These formulations utilized liposomes capable of circulating with very long

half-lives (referred to as sterically stabilized liposomes) [152, 153] that avoid the op-

sonization process when injected in the blood stream. Similarly to nanoparticles,

opsonization is reduced by coupling phospholipids to hydrophilic polymers such

as PEG. PEG-liposomes can be injected either intravenously or subcutaneously.

From in vitro experiments, we have established that high antiestrogen amounts

are able to trigger cell cycle arrest in MM cells as well as to induce apoptosis [121,

154]. We then incorporated RU in liposomes known to have a better incorporation

capacity than nanoparticles. Table 11.1 summarizes the physicochemical character-

istics of the different formulations obtained and their biological properties in terms

of drug loading and in vitro release. At least 10� more RU was incorporated into

liposomes of EPC/DSPE-PEG2000 than in nanospheres of PEG-PLA. Coupling of

PEG did not modify any of the characteristics of liposomes but addition of choles-

terol enhanced vesicle stability of the liposomes and strongly decreased the RU re-

Fig. 11.5. Tumor evolution of MCF-7 breast

cancer xenografts s.c. injected with RU-

nanospheres and RU-nanocapsules. Bi-weekly

subcutaneous injection of PEG-PLA-RU loaded

nanocapsules and of PEG-PLA-RU-loaded

nanospheres [containing, respectively, 2� 10�5

m (0.3 mg kg�1 week�1) and 5� 10�4
m RU

(4.3 mg kg�1 week�1)] was performed in nude

mice bearing MCF-7 tumors (n ¼ 8 mice per

group), in addition to 0.5 mg kg�1 week�1 by

skin deposition. Free RU at the highest

concentration was s.c. injected at 4.3

mg kg�1 week�1. Control group received only

E2.
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lease measured in vitro. RU release from liposomes was comparatively faster than

that of RU from nanoparticles (Table 11.1). Flow cytometry experiments carried out

on various MM cell lines (LP1, NCI-H929, RPMI8226, OPM-2 and U266) exposed

to increasing amounts of RU revealed that in all MM cells RU blocks the cell cycle

progression in the G0/G1 phase and/or induced apoptosis (except in OPM-2). This

occurred at up to 5 mm RU, a concentration far above (100�) that at which the

antiestrogen induced apoptosis in breast cancer ERþ cancer cells. Interestingly,

the extent of apoptosis in cells exposed to RU-loaded liposomes is strongly aug-

mented in all MM cells (Fig. 11.6).

Intravenously injected in a RPMI8226 MM xenograft model, RU-charged lipo-

somes inhibited strongly the tumor growth even when injected at 12 mg kg�1

week�1 in a single injection (Fig. 11.7). Conversely, free RU at this dose had no ef-

fect, as well as empty liposomes. This suggests that the release of RU is slow and

that its potency in inhibiting the growth of the MM tumor is enhanced by incorpo-

ration in the liposome system. Another interesting observation made in RPMI8226

xenografts was the enhanced anti-angiogenesis activity following RU-charged lipo-

somes (Maillard, S., Gauduchon, J., Gouilleux, F. Marsaud, V., Connault, E., Opo-

lon, P., Fattal, E., Sola, B., Renoir, J.-M., submitted for publication), which is con-

sistent with the inhibition of VEGF by RU in the MM cells (our unpublished work)

as well as in human breast cancer cells [155, 156], an effect mediated by ERa con-

tained in the endothelium membranes. In addition, in all of the MM and breast

cancer xenograft models we used, no apparent toxicity (liver, lung, bone) was no-

ticed. Interestingly, the size of the xenograft uteri injected with RU-PEG-PLA nano-

spheres was not decreased, contrary to that of healthy mature mice having received

RU at 12 mg kg�1 week�1 for at least 5 weeks (RPMI8226 xenografts) and 4.3

mg kg�1 week�1 (MCF-7 xenografts) [142, 145, 154]. This strongly suggest that,

although being passive, some tumor targeting is produced when stealth DDS are

employed.

11.4.3

Tumor-targeted Drug-loaded Colloidal Systems

Targeting of drugs to specific tissues of the body has been the major focus of re-

search in recent decades in an attempt to improve selectivity in cancer treatment.

The PEG stabilizing effect results from local surface concentration of highly hy-

drated groups that sterically inhibit both hydrophobic and electrostatic interactions

of various blood components at the carrier surface [152, 153, 157]. ‘‘Active target-

ing’’ of either nanoparticles or liposomes is generally attempted by conjugating li-

gands, to the carrier surface, that possess high affinity for the tumor cells [158].

Several types of ligands have been used, including antibody fragments [159–161],

vitamins [162–164], glycoproteins [165], peptides (RGD-sequences) [166], and oli-

gonucleotides aptamers [158]. The concept is actually over 25 years old, but only

small improvements have been obtained. In fact many difficulties are encountered.

The major one, besides the complexity of such conjugation chemistry, is the di-

lemma of preserving the stealth property of the formulation, by leaving enough
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free PEG chains grafted at the surface, while also obtaining enough tumor grafted

ligand molecules capable of binding to the tumor cell receptors (Fig. 11.3).

In some cases, ‘‘active targeting’’ may take advantage of the overexpression of a

membrane receptor. This is, in particular, the case with breast cancer cells that are

insensitive to antiestrogens because they are ER-negative. In that case, a tyrosine

kinase membrane receptor of the EGFR family, HER2-Neu or Erb-B2, is over-

expressed [24]. Overexpression of Erb-B2 remains a major risk factor in non-

metastatic breast cancers treated with high-dose alkylating agents and autologous

stem cell transplantation. The activity of Erb-B2 is blocked by a specific antibody,

herceptin (trastuzumab), which enhances tumor necrosis factor-related apoptosis-

inducing ligand-mediated apoptosis in breast and ovarian cancer cell lines [167].

In MM cells, Erb-B2 is also overexpressed, representing a major risk [168]. Then,

coupling trastuzumab on PEG chains of PEGylated nanoparticles and liposomes

loaded with an antiestrogen could be of great benefit for breast cancers and MM

since both the ‘‘piloting’’ grafted recognition molecule and the encapsulating drug

Fig. 11.6. Flow cytometry: NCI-H929 MM

cells (50% confluence) were grown and

exposed or not to RU (1 mm) free or

encapsulated, or to empty liposomes (at the

same lipid concentration as that used in RU-

loaded liposomes) for various periods. Cells

(104) were then analyzed by FACS. Cell cycle

profiles and the percentage of cells in the sub-

G1 fraction obtained without treatment

(control) are indicated in panels A, E, I for 24,

48 and 72 h, respectively. Panels B, F, J show

the same parameters obtained after treatment

with free RU. Similarly, panels C, G, K and D,

H, L show the profiles obtained for cells

treated with RU-loaded liposomes and

unloaded liposomes, respectively.

H_________________________________________________________________________________

Fig. 11.7. Tumor evolution of multiple

myeloma xenografts i.v. injected with RU-

liposomes. RPMI8226 xenografted nude mice

received, or not, a weekly injection of free RU

or RU-loaded liposomes (12 mg per kg per

week of RU) or unloaded liposomes at the

same lipidic concentration as that containing

RU. Tumor volume was measured and tumor

evolution plotted as a function of the time of

injection. *p < 0:01 with regard to control.
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can conduct tumor cells to apoptosis. Several sterically stabilized anti-Erb-B2 im-

munoliposomes have been synthesized to date [161, 169–173], all of which seem

promising.

Another interesting and simple molecule to couple at the end of PEG chains is

folic acid [174, 175]. Several malignant cells, including KB3-1 cells, endometrial

Ishikawa cells and also some MM cells (but, unfortunately, not breast cancer cells),

overexpress a folate receptor [176] that mediates internalization. Folate linked to

PEGylated cyanoacrylate nanoparticles show a ten-fold higher apparent affinity

for the folate membrane receptor than free folate does. The particles represent a

multivalent form of free folic acid and the folate receptor(s) is (are) often dis-

posed in clusters [175]. As a result, conjugated nanoparticles could display a

multivalent and hence stronger interaction with the surface of the malignant cells

[177]. Moreover, confocal microscopy has demonstrated that folate nanoparticles,

compared with non-conjugated nanoparticles, were selectively taken up by the

folate receptor-bearing KB3-1 cells, but not by MCF-7 cells. In the former case,

the folate nanoparticles were located in the cell cytoplasm, as a consequence of

receptor-mediated endocytosis [176]. Very recently, the improved therapeutic re-

sponse of folate-nanoparticles charged with methotrexate demonstrated a marked

decrease in toxicity and increase in antitumor capacity [178].

11.5

Conclusions and Perspectives

The potential use of pure antiestrogens in anticancer therapy leads again to the

question of how they must be administered to avoid side effects. Altogether, the

data obtained with AE-loaded colloidal systems demonstrate that drug delivery of

this type of anticancer drug either i.v. or s.c. administered enhances the apoptotic

activity of the drug, decreases the side effects and behaves as long-lasting delivery

systems, although probably acting through different process. For example, while

it is likely that PEGylated nanoparticles concentrate at tumor sites via a passive

targeting, liposomes are believed to deliver the encapsulated RU through an endo-

cytosis process (Fig. 11.8). Several novel drug delivery systems for steroid hor-

mones have been developed, including intra-uterine delivery systems, implants

and steroid-loaded vaginal rings [145]. However, what is needed for the delivery of

anticancer drugs in general, and for antiestrogens in particular, is a specific target-

ing of tumor cells with maximum avoidance of normal cells. The challenge is not

to reach the pathological cells with a high dose of drug but rather to incorporate at

these sites the optimal drug concentration necessary to completely inhibit the activ-

ity of the target. If this condition is attained, little of the drug will be disseminated

at other sites of the organism, thus minimizing undesirable side effects.

In fact, another way to inhibit ERa activity has emerged recently from Gustafs-

son’s group, who have described ERb as a potent dominant negative variant of

ERa [179, 180]. This has been confirmed by other groups [181, 182]. Thus, delivery

of the cDNA encoding ERb or of silencing RNA directed against ERa concomi-
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tantly with RU could be a helpful approach since it can reduce, on the one hand,

the activity of ERa and, on the other hand, destroys the ERa protein itself, preserv-

ing ERb.

The results obtained are encouraging and we strongly believe that the drug

delivery approach is promising not only for the administration of antiestrogens in

estrogen-dependent breast cancers and MM but also for the delivery of much more

toxic anticancer agents such as taxol, thalidomide, bortezomib, VEGF inhibitors,

farnesyltransferase inhibitors, histone transferase inhibitors and hsp90 inhibitors.
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