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and Chemical Signal Gradients in Tissue Engineering
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From embryonic development to wound repair, concentration gradients of bioactive signaling molecules guide
tissue formation and regeneration. Moreover, gradients in cellular and extracellular architecture as well as in
mechanical properties are readily apparent in native tissues. Perhaps tissue engineers can take a cue from nature in
attempting to regenerate tissues by incorporating gradients into engineering design strategies. Indeed, gradient-
based approaches are an emerging trend in tissue engineering, standing in contrast to traditional approaches of
homogeneous delivery of cells and/or growth factors using isotropic scaffolds. Gradients in tissue engineering
lie at the intersection of three major paradigms in the field—biomimetic, interfacial, and functional tissue
engineering—by combining physical (via biomaterial design) and chemical (with growth/differentiation factors
and cell adhesion molecules) signal delivery to achieve a continuous transition in both structure and function. This
review consolidates several key methodologies to generate gradients, some of which have never been employed in
a tissue engineering application, and discusses strategies for incorporating these methods into tissue engineering
and implant design. A key finding of this review was that two-dimensional physicochemical gradient substrates,
which serve as excellent high-throughput screening tools for optimizing desired biomaterial properties, can be
enhanced in the future by transitioning from two dimensions to three dimensions, which would enable studies of
cell-protein-biomaterial interactions in a more native tissue-like environment. In addition, biomimetic tissue
regeneration via combined delivery of graded physical and chemical signals appears to be a promising strategy for
the regeneration of heterogeneous tissues and tissue interfaces. In the future, in vivo applications will shed more
light on the performance of gradient-based mechanical integrity and signal delivery strategies compared to
traditional tissue engineering approaches.

Introduction

ROM ROCKS' TO SQUID BEAKS,” nature is rich with gra-

dients. Chemical signal gradients drive embryonic
development, whereas gradients in cellular-extracellular ar-
chitecture exist throughout the human body, within tissues
and at tissue interfaces, to satisfy spatially diverse functional
needs. In order to engineer complex tissues, gradient-based
strategies can be incorporated into tissue engineering.

In this review, we discuss gradient-generation methodol-
ogies, some of which have been applied in tissue engineering
investigations, while many others hold potential to be incor-
porated into biomaterial design or for spatially controlled
delivery of bioactive factors. From the perspective of tradi-
tional tissue engineering, gradient-based substrates have
provided a quick single-experiment route to optimize bio-
material characteristics without introducing the experimental
artifacts generated due to discrete substrate preparations,
thus serving as a tool for high-throughput screening of bio-
materials. More importantly, chemical and/or physical gra-

dients can be directly incorporated into the design of bioma-
terials to engineer heterogeneous tissues and tissue interfaces.
Combined with spatially and temporally controlled delivery
of exogenous bioactive factors, the gradient-based tissue en-
gineering approaches may provide an effective scheme to
engineer tissues and organs. The known sensitivity of cells to
various physical and chemical stimuli, which cause cell mi-
gration (or “-taxis”) (Table 1),>* has yet to be fully utilized in
tissue engineering. Integration of spatially controlled signal
gradients with tissue engineering may lead to dynamic
cellular machineries that could enhance such cell-based ther-
apies.

Gradient-based devices and strategies are employed
in practice in a plethora of fields commercially, such as in
electrophoresis,” dielectrophoresis,® chromatography (e.g.,
gradient elution generators in liquid chromatography),
the aerospace industry,” and the discovery of drugs, materi-
als, and catalysts.® Here, we concisely present gradient-
generation techniques relevant to the tissue engineering
community, many of which have never before been employed
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TABLE 1. A SUMMARY OF VARIOUS FORMS OF PHYSICAL AND
CHEMICAL STIMULI, GRADIENTS OF WHICH ARE KNOWN TO
ProviDE A CoNTROL OVER CELL MOVEMENT OR “TAx1s”
(ADAPTED FROM Lo ET AL AND HacGaA ET ALY

Stimulus

Type Form Form of “-taxis”

Chemical Dissolved form Chemotaxis
Immobilized form Haptotaxis

Physical Substrate rigidity Durotaxis/

mechanotaxis

Electrostatic potential Galvanotaxis
Light intensity Phototaxis
Gravitational potential Geotaxis
Extracellular tension Tensotaxis

in tissue engineering applications, and emphasize specific
possible future roles of mechanical and signal gradients in
next-generation tissue engineering strategies.

Biomaterial-Based “Physical” Signal Gradients

Tissues consist of cells and extracellular matrix (ECM), and
differ with each other in type, content, and organization of the
constituent cells and ECM components. In tissue engineering,
these differences must be considered before selecting bioma-
terials and designing scaffolds for a specific application. In
addition, findings of several studies probing cell-biomaterial
interactions suggest that biomaterials at the micro/nanoscale
may also act as a “physical” signal that may affect cell be-
havior, such as adhesion, spreading, motility, survival, and
differentiation. The following is a discussion of the impor-
tance of gradient-based strategies that (1) can be utilized in the
identification of optimal scaffold design parameters for tra-
ditional homogeneous scaffolds, and (2) can directly be
incorporated as physical and chemical signals in the hetero-
geneous scaffold design for specific tissue engineering appli-
cations. We also briefly discuss the use of gradient-based
approaches in the design of implants used for orthopedic and
orthodontic repair procedures.

Polymeric Materials

In this section, we discuss the strategies that have been
applied for creating polymer-based gradients, and also em-
phasize the possible applications of these gradients from a
tissue engineering perspective. Among several scaffold de-
sign parameters, we have considered a select few: pore size,
porosity, material stiffness, and surface physicochemical
characteristics, which are of high interest.

Pore-size/porosity gradients

Among several scaffold design parameters, pore size and
porosity bear prime importance. Pore size is known to affect
cellular affinity and viability by influencing cellular move-
ment, binding and spreading, intracellular signaling, and
transport of nutrients and metabolites.” Porosity governs the
maximum possible accommodation of cell mass in the scaf-
fold'%; however, high porosity values often compromise me-
chanical properties of the scaffold."! From an application
standpoint, pore size and porosity also affect neovascular-
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ization in vivo.'° In addition, the scaffold architecture also
requires consideration. An interconnected pore network is
desired to minimize dead volume, and tortuosity of the net-
work requires attention from a mass transport perspec’cive.]2
Pore shapes may also critically affect the cellular organization
in the scaffolds,'®'* as substantiated by several studies based
on the contact guidance theory. The importance of scaffold
architecture in tissue engineering is increasingly being real-
ized, which has resulted in a change in trend in the designs of
scaffolds, from isotropic scaffolds to heterogeneous and an-
isotropic “biomimetic” scaffolds, with the goal being to mimic
the organization of the cells (such as alignment or clustering)
and/or the ECM of the tissue under consideration.

For designing isotropic scaffolds, the required range of
optimal pore sizes depends on the intended tissue engineer-
ing application (i.e., the type(s) of cells/tissues that will
interact with the scaffold).”!%!® In this regard, scaffolds con-
taining a pore-size gradient provide a rapid screening tool to
probe in vitro cell-scaffold or in vivo tissue-scaffold inter-
actions, as demonstrated earlier,” which may help in the
identification/validation of the optimal pore sizes. Such gra-
ded porous scaffolds can be instrumental in the engineering of
specific tissues that possess highly zonal architecture or in-
terfacial tissues, consisting of organized multiple cell layers
and extracellular environments. So far, only a few such re-
ports exist, for example, where native zonal organization of
the cartilage was accounted for in the scaffold design by uti-
lizing an anisotropic gradient-based pore architecture,'® or
where heterogeneous organization of an osteochondral tissue
was considered by including gradients in material composi-
tion (and thus, mechanical properties) and pore size in the
scaffold design.'” In one study, a prototype of graded bone
implant with spatially varying pore size and porosity (in the
radial direction) was created.'® Gradients in material com-
position at the transition region may also reduce or eliminate
the problem of delamination that is commonly observed in
similar biphasic scaffold designs."” Scaffolds exhibiting pore-
size and porosity gradients can also provide control over cell
migration, where the migration can be restricted in the di-
rection of decreasing pore sizes by appropriately selecting the
pore sizes,'? or can be facilitated in the direction of increasing
porosity to guide tissue ingrowth.*

Application of pore-size gradients is common in pore gra-
dient gel electrophoresis.*' Due to its purpose, the size of the
pores in such gels allows permeability at the protein-size
level, not at the cellular level. To create continuous gradients
in pore size as well as porosity in macroporous scaffolds
(permitting movement at the cellular level), techniques that
have been developed include a centrifugation-heat-sintering
method,” a combination of melt pressing and porogen
leaching,18 a centrifugation—freeze drying method,” and a
phase separation—freeze drying method.”>** Using a three-
dimensional (3D) printing technique in combination with
porogen leaching, scaffolds having gradients in porosity with
near-uniform pore sizes were created.'””’ Solid free-form
fabrication methods would in general be quite amenable to
creating pore-size and other structure-based gradients. A
novel 3D fiber deposition technique was utilized in creat-
ing scaffolds that contained a gradient in pore size with a
uniform porosity.'® Table 2 summarizes the specifics of the
aforementioned studies, which provide routes to creating 3D
scaffolds with a pore-size and/or porosity gradient(s).
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Substrate stiffness gradients

Substrate stiffness affects cellular adhesion, spreading,
motility, survival, and differentiation (for details, see reviews
by Discher et al.** Schwarz,?® and Li et al.2%). Research with
fibroblasts, epithelial cells, and smooth muscle cells has dem-
onstrated that cell contact with the substrate diminishes on
increasingly softer substrates,”?® and cells migrate from
softer regions to stiffer regions when exposed to a gradient
in substrate stiffness,’**~>? a phenomenon termed “durotaxis”
or “mechanotaxis” (Table 1). A recent review by Georges
and ]anmey33 summarizes findings with various cell types
(e.g., endothelial cells, neurons, and hepatocytes) that pro-
vide corroborating evidence for the importance of substrate
stiffness as a physical signal for cells. An “effective” stiffness
range, however, varies between cell types and leads to cell-
specific responses.*® For example, fibroblasts placed on vari-
ous soft polyacrylamide substrates (shear modulus: <1.6 kPa*;
Young’s modulus [AFM]: 14 kPa,® ~2.7kPa®; Young’s mod-
ulus [bulk]: 1.8kPa,> ~4.4kPa®) display a change in their
cytoskeletons (destabilized focal adhesions, and loss in actin
filament or “stress fiber” expression, resulting in a rounded
cellular morphology) compared to corresponding stiffer sub-
strates (shear modulus: >3.6 kPa>%; Young’s modulus [AFM]:
30kPa,’® ~7.7kPa%; Young’s modulus [bulk]: 34 kPa,3!
12.4kPa™), where these cells adapt a flat morphology. Neu-
rons preferentially branch on soft substrates (50 Pa) compared
to stiff surfaces (550Pa), while the range of stiffness that is
relevant to neurons may not affect fibroblasts.>>>® Smooth
muscle cells prefer moderately stiff surfaces (E ~ 8-10kPa) to
display tissue-like actomyosin patterns and cellular spreading
areas compared to softer or stiffer substrates.>”?® Also, the
response of the cells to the physical cues is generally not iso-
lated from the presence of cell-to-cell interaction and hapto-
tactic (surface-bound) cues.*** These pioneering studies have
proven the importance of substrate stiffness for cells; however,
many of these studies utilized homogeneous or step-gradient
substrate preparations possessing randomly selected stiff-
nesses, which provided little information regarding the
“threshold values” of stiffness that critically alter the behavior
(e.g., morphology, clustering, and apoptosis) of a particular
type of cell. In this regard, use of substrates containing con-
tinuous gradients with a large range in stiffness may provide
a means to systematically study the cell response to sub-
strate stiffness and accurately identify the threshold substrate
properties critical to cellular behavior.** Continuous gradient
surfaces may also facilitate the understanding of molecular
mechanisms of cellular dependence on substrate stiffness.

Strategies to design tissue-engineered replacements require
judicious selection of the biomaterials with one of the goals
being to satisfy the biomechanical requirements of musculo-
skeletal tissues. Material selection and scaffold design become
particularly important when developing heterogeneous tis-
sues or tissue interfaces that are biomechanically anisotropic
and endowed with gradients in stiffness by nature, such as an
osteochondral tissue, the intervertebral disc, skin layers,
blood vessel walls, and so on. Importantly, some investiga-
tions suggest that a tissue-like in vitro growth of cells (such as
tissue-like striated actomyosin patterns and cellular spread-
ing areas, as in the case of smooth muscle cells, or elevated
branching, as in the case of neurons) requires substrate me-
chanical properties to be close to that of the ECM of the native
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tissue.***® While these findings certainly require validation of
the relationship between physiologically relevant cellular
morphology and cell functions,® the implication of these
findings could be relevant to tissue engineers because it may
provide justification to the current criteria of biomaterial se-
lection and design. It may further implicate the need to design
heterogeneous constructs for interfacial tissue regeneration,
containing built-in continuous 3D gradients in stiffness im-
parted by the specific biomaterials, which may not only lead
to a mechanically robust tissue-engineered replacements, but
may also prove useful in cell-mediated tissue repair. In ad-
dition, in vivo cellular infiltration in the biomaterial from the
surrounding tissue can be optimized by suitably selecting
material properties that may promote durotaxis toward the
tissue-engineered replacement. Also, due to the diversity in
the ranges of effective stiffness to which a cell responds
(as mentioned earlier), gradient substrates hold potential
to be utilized in durotaxis-driven cell separation and sorting
applications commercially.

Two-dimensional (2D) substrates containing both a step-
transition and a continuous gradient in stiffness have been
made in the past. Using soft lithography, poly(dimethylsi-
loxane) substrates containing near-absolute step gradients in
stiffness were fabricated, and utilized to study durotaxis and
micropatterning of cells.*' In some studies (including the
breakthrough work by Wang and colleagues), a diffusion-
based photopolymerization approach was utilized to create
substrates that contained a sharp transition in material stiff-
ness with a thin (extending to several microns) stiffness-
gradient region.’*'*? To fabricate substrates containing
controlled continuous stiffness gradients at macro- and mi-
croscales, controlled photopolymerization processes have
been utilized in the past, where gradients were generated by
controlled photoexposure (using a gradient photomask®*
or by varying photoexposure time*') or by precisely altering
the crosslinker concentration using a microfluidic device.***”
In many of these early investigations, polyacrylamide gels
served as tools to create step and continuous compliance
substrates. Various other materials that have similarly been
used to create substrates with continuous stiffness gradients
include a two-component dimethacrylate blend,*! styrenated
gelatin,** and PEG-diacrylate.*>

In summary, the utility of stiffness gradient surfaces has
so far been realized in studying durotaxis phenomena, mi-
cropatterning of cells, and high-throughput screening of
materials. Probing other possible cell-biomaterial combina-
tions using continuous stiffness gradient surfaces (as a
screening tool) may provide useful information to the tissue
engineering community. Stiffness gradient constructs may
also be useful in interfacial tissue regeneration; however, it
will require a transition from 2D surfaces to 3D environments.
The challenge lies in gathering further knowledge and com-
bining it toward designing “active” optimal bioengineered
constructs.

Surface gradients in physicochemical characteristics

Surface physicochemical characteristics of a biomaterial
(e.g., wettability [hydrophilicity], roughness, crystallinity,
charge, and functionality) may critically influence the host
response to an engineered replacement by affecting protein—
biomaterial and cell-biomaterial interactions in vivo, directly
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or indirectly (as reviewed by Ruardy et al.*’). Tailoring the
surface features in a user-specified manner can provide spa-
tial control over relevant phenomena, such as protein adsorp-
tion and cellular adhesion, proliferation, and morphology,
selectively or nonselectively. For example, cell repellant sur-
face functional groups can be utilized and/or surface wetta-
bility can be controlled to diminish scar tissue formation
or reduce platelet adhesion and activation.** For a different
application, the same functional groups can be exploited to
immobilize nanospheres that may alter cellular spreading and
morphology, or to immobilize bioactive factors of interest
over the surface (for example, by utilizing surface carboxyl or
amine functionalities) to impart other desired features.*>*®
For tissue engineering advancements, surface physicochemi-
cal gradients continue to serve as a fast-screening tool to iden-
tify the threshold regimes in physicochemical characteristics
to optimize biomaterial properties (e.g., improved biomaterial
coatings, and application-specific protein and cell interaction
with the biomaterial).*” In addition, patterned and gradient
substrates can be utilized to alter site-specific biomaterial
properties.44 In the following paragraphs, we highlight some
of the well-developed surface chemistry gradient-generation
methodologies (summarized in Table 3). These continuous
surface chemistry gradient-generation methodologies can be
divided into two major groups, as described by Genzer and
Bhat*®: (1) top-down (involving modification of a substrate
via physical and/or chemical treatments) or (2) bottom-up
(involving deposition onto the substrate). For a more detailed
overview, we recommend recent review articles by Kim et al ¥’
and Genzer and Bhat,*® where surface chemistry gradients
and characterization techniques have been comprehensively
discussed.

Wettability gradient surfaces have been produced using
surface etching techniques, such as UV-ozonolysis (UVO),** ™!
radio-frequency gas plasma discharge,52755 power-graded
corona discharge treatment, > or a combination (UVO-
plasma).®* Peroxide initiators generated during the etching
process lead to oxidation of the substrate surface and in-
duce oxygen-based hydrophilic functionalities (such as —OH,
—COOH, and —COOR). By varying a process-specific pa-
rameter continually (such as exposure intensity, exposure
time, and power), a surface with a continuously increasing
surface energy and wettability results. Deposition of mono-
mer(s) during the induction or graft copolymerization fol-
lowing the induction of these functionalities results in
polymer-templated substrates, where gradients can be pro-
duced by monomer composition and/or by varying a process-
specific parameter in a controlled manner. Examples include
UV grafting,**¢%” grafting following power-graded co-
rona discharge, and plasma depositionm’77 (Table 3).
With a proper choice of monomers, the chargeable func-
tional group gradients were created to investigate the effect
of charge density over cell behavior.”>”! In addition to the
functional group density and wettability gradients, a gradient
in nanoscale thickness of the substrate usually develops fol-
lowing the graft copolymerization, where the grafted poly-
mer shows a transition from a loosely packed “mushroom”
regime to a densely packed “brush” regime.”® Other creative
methods utilized to fabricate wettability gradient surfaces
include diffusive deposition from a vapor or liquid phase
absorbent (organosilanes) to hydrophilic substrates,”®* a
density gradient method,* spatially varying electrochemical
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desorption/adsorption of alkanethiols on gold electrodes,*
hyperthermal polyatomic ion deposition,”® atom transfer
radical polymerization (ATRP) (grafting from initiator gra-
dients generated via diffusion,®® continuous depletion of
monomer solution®®®®), thermochemical manipulation of ali-
phatic tert-butyl ester—functionalized self-assembled mono-
layers,*” and continuous immersion techniques (polyvinyl
carbonate films in NaOH solution,** gold substrate in alka-
nethiol solutions,” gradient chemisorption in ATRP initia-
tor solution,”® and a metal oxide substrate into a solution
of polycationic polymer [electrostatic interaction]).”! These
methods result in a gradient in surface functional group den-
sity that can generally be translated into gradients in polymer
grafting density (or molecular weight), surface nanoparticle
density (by covalent or charge’** interactions), and/or im-
mobilized bioactive factor density.

Development of 2D gradient substrates with continuously
modified polymer compositions has been one of the central
themes in combinatorial polymer research.”**> Gradients in
thickness and nanostructures were achieved by block copol-
ymer thin film casting using accelerated knife-edge coating
followed by annealing.”®®” A gradient in morphology and
nanoscale roughness was achieved by using a constant-
thickness thin film casting followed by temperature gradient
annealing.” Utilizing a three-syringe pump system, polymer
composition gradients were generated by thin film casting
followed by annealing, where an appropriate choice of poly-
mers along with acceleration of the knife-edge coater and
annealing temperature can lead to gradients in other prop-
erties (such as thickness, chemistry, crystallinity, stiffness,
microstructure, roughness, wettability, degradation rate, or a
combination).””'% In particular, coating velocity and accel-
eration affect the thickness of the film, and temperature affects
the morphological appearance and roughness (as rate of
crystallite nucleation is a function of temperature).”® By
combining UVO pretreatment, surface energy gradients were
also introduced to the substrates.'® Utilizing one or a com-
bination of these continuous gradient-generation methodol-
ogies, 2D “orthogonal” gradient libraries were also created,
where gradual variation in one or more properties occurred
orthogonal to each other independently; for example, or-
thogonal gradients of molecular weights or molecular
weight—graft density generated through ATRP, or an or-
thogonal gradient in the thickness (1), temperature-induced
roughness (T) or composition (¢) of polymeric thin films (i.e.,
h-T, h-¢, and T-¢ libraries).8101-103.105-107

To summarize, a number of 2D surface physicochemical
gradient-generation methodologies have been developed
in the past and have served as a great high-throughput
fast-screening tool. An important future step from a tissue
engineering perspective will be the advancement of such
methodologies from 2D flat substrates to 3D polymeric scaf-
folds, and recording/validating the phenomena observed
on 2D substrates in a 3D environment, as cellular responses in
2D environments are known to be different from those in
3D environments.'%!%”

Metal or Bioceramic Materials

A major area of contemporary research is the develop-
ment of biomaterial-based implants for orthopaedic and or-
thodontic applications (including maxillofacial, hip, or knee
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GRADIENTS IN TISSUE ENGINEERING

replacements). Unlike tissue-engineered constructs, such im-
plants are usually nondegradable and devoid of cells by de-
sign, usually lacking in self-repairing ability. Nevertheless,
such “spare-parts” appear promising due to their “off-
the-shelf” nature. Two major categories of such implants are
metallic implants and bioceramic implants. Gradient-based
strategies can be integrated in the design of such implants to
address some of the major concerns associated with these
implants. In this section, we highlight some of the interesting
and relevant current trends in implant design (Table 4).

Due to the relatively inferior biocompatibility and poor
corrosion resistance of metallic implants, bioceramic or poly-
meric coatings are usually applied. The bioconductive nature
of bioceramic coatings, or degradable nature of the polymeric
coatings, imparts on them the ability to induce/promote bone
ingrowth and to help in the integration of the implant with the
surrounding tissue. However, the durability of the coating—
substrate interface is a common concern.'' This issue has
been addressed by using coatings made of so-called func-
tionally graded materials, which are nonuniform composites
containing a continuous or multilayered structure, varying in
composition (and other desired properties) from one end of
the composite to the other.''*'"® Using a bioconductive ce-
ramic (such as hydroxyapatite, p-tricalcium phosphate, or
bioglass) as the outer surface, a metallic/tough bioceramic
(TiO,, Al,O3, ZrO,, etc.) as the inner surface (contacting the
substrate) and a gradient of the materials in between, the
desired balance between the mechanical properties and bio-
conductivity can be achieved. 191115 [n 4 similar manner,
graded polymeric coatings or graded composite (polymer—
bioceramic) coatings were employed to achieve gradient
transitions in mechanical properties and degradation, where
degradation of the coating can be programmed to match the
bone ingrowth, ideally.''® Polymeric coatings can also be uti-
lized as a controlled delivery vehicle of osteogenic factors
that may enhance bone ingrowth. Likewise, gradient sur-
face treatments of metal implants were utilized to reduce the
metal ion release, enhance corrosion resistance, and improve
the biocompatibility of the surface layer, while preserving
the superior mechanical properties of the implant with a du-
rable interface between the coating and the implant.''”~"*° For
example, electrochemical oxidation processes were used to
form graded TiO, coatings on Ti-based implants with a po-
rous outer coating to enhance integration with the bone, and a
dense inner coating to reduce metal ion release.!’ Similarly,
addressing wear-induced osteolysis as a result of ultra-high-
molecular-weight polyethylene (UHMWPE) debris formation
following total joint arthroplasty, a gradient surface treat-
ment using a low-energy electron beam resulted in depth-
dependent gradient crosslinking that yielded a UHMWPE
surface with high wear resistance and superior mechanical
properties in the interior (due to low crosslinking).'**'*! In a
different approach, a gradient interpenetrating polymer net-
work, formed due to the diffusion of poly-L-lysine (PLL) into
UHMWPE, was proposed to address UHMWPE wear, where
recruitment of hyaluronic acid by PLL (via charge interaction)
was hypothesized to decrease joint friction and wear.'**

Another area of application for gradient-based strategies is
in the design of the implant itself. To address detrimental bone
resorption resulting from stress shielding, a metal implant
with a gradient in porosity was utilized to match the stiffness
of the implant to that of the bone.'*® Graded structures were
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created to mimic the bone architecture (low porosity outside,
as in cortical bone, and high porosity inside, as in cancellous
bone)''*!%* or to influence the bone ingrowth while main-
taining the mechanical integrity of the implant (high porosity
inside and low porosity outside).'*>'?® These two approaches
to create bimodal bone structures primarily depend on the
desired mechanical characteristics of the engineered structure
and influence the pore sizes. Functionally graded implants
have also been considered for other applications, for example,
for the treatment of cranial defects'” and spinal disc pros-
thesis.'*® Moreover, gradient-based structures may be instru-
mental in optimizing the biocompatibility of the implants.
Such structures can be utilized as cost-effective fast-screening
tools in determining the biocompatibility of the materials, as
demonstrated earlier,'® or can be utilized in the design of
implants, both traditional and functionally graded implants,
to improve biocompatibility at desired locations.'*%'*!

Various techniques have been applied to create function-
ally graded implants and coatings, resulting in desired spatial
variation in properties of interest, while reducing or elimi-
nating the interfacial stresses due to the material-property
disparity that may cause delamination'''® (summarized in
Table 4). Many studies, at least preparation-wise, included
the formation of graded structures in a multi-stepwise, as
opposed to continuous, manner. Although these techniques
may have resulted in the formation of micro/submicron-
range diffusion-based gradients at the interface, it may not be
sufficient to avoid delamination or interfacial failure. Con-
trolled continuous gradation can be employed to ensure a
smooth transition, as opposed to stepwise transition, that may
(or may not) be a concern for delamination. Another distinct
benefit with the use of continuously graded structures is that
many techniques for creating such continuously graded
structures offer a one-step fabrication method, which is more
efficient than multiple processing steps commonly employed
for stepwise grada’don.132 For example, a dual-torch plasma
spraying was used to create decreasing titanium and in-
creasing hydroxyapatite gradients toward the surface by in-
dependently adjusting the feed rate and plasma power of
mixture gases to yield a continuously varying gradient
region.110 Generally, a higher percent value of the thickness of
the gradient region compared to the overall thickness of the
implant/coating can be selected to eliminate the cause for
concern (i.e., delamination); however, one must also take the
envisioned application into consideration.

In summary, functionally graded materials have tremen-
dous application in the design of implants/implant coatings,
which can either be fabricated or may result as an effect of
transport-based surface-treatment methods (see reviews by
Mortensen and Suresh'*® and Kieback et al.'**). Compared to
multi-stepwise graded structures, continuous gradient-based
approaches appear promising as they may provide more
time-efficient and mechanically robust alternatives; however,
they are still in their infancy. In this regard, development of
novel fabrication techniques and comparison with the corre-
sponding stepwise gradation will provide more insight re-
garding the usefulness of continuously graded structures.

“Chemical Signal” Gradients

Concentration gradients of bioactive signaling molecules
(hereafter, collectively referred to as chemical signals) play a
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GRADIENTS IN TISSUE ENGINEERING

crucial role in developmental and biological repair processes,
including morphogenesis, wound healing, the immune re-
sponse, vessel pathfinding, and axonal guidance, where cel-
lular migration and/or differentiation is sensitively governed
by spatially patterned endogenous chemical signals (see re-
views by Gurdon and Bourillot,"*® Eichmann ef al.,'3° Tessier-
Lavigne,]37 and Parent and Devreotes'®). A biomimetic
approach toward tissue regeneration necessitates a proper
consideration of the spatial and temporal aspects of exoge-
nous delivery of such signals in tissue engineering.'*'*’ The
following sections contain a brief discussion of the importance
of chemical signal gradients, and the techniques applied to
generate chemical signal gradients in 2D and 3D environ-
ments.

Gradients of Growth/Differentiation
Factors and Cell Adhesion Molecules

Spatial patterning of chemical signals is a field of growing
interest for the tissue engineering community. Several of these
bioactive factors are well characterized for different tissue
engineering applications, are known to induce concentration-
dependent cell type-specific responses, and usually work in a
synchronized manner with other similar factors during the
development or repair of a natural tissue.'*! While these fac-
tors are traditionally delivered homogeneously for in vitro or
in vivo tissue engineering, both temporal and spatial control
over the delivery of such factors is an understood requirement
for biomimetic repair and regeneration.

Cell-ECM interfacing is governed through a type of ligand-
receptor binding primarily mediated by transmembrane ad-
hesion proteins of the integrin family, where extracellular
domains of the integrin receptors form anchoring junctions
(such as focal adhesions, fibrillar adhesions, and hemides-
mosomes) by binding to certain ECM proteins, for example,
collagens, fibronectin, fibrinogen, or vitronectin.'*? Cell-
matrix interaction, in turn, produces specific cell responses
that influence cell adhesion, motility, shape, orientation, dif-
ferentiation, and survival. Specific parts of the ECM protein
sequences act as cell adhesion ligands, and domains, RGD,
YIGSR, and IKVAYV represent some well-investigated peptide
sequences that are recognized by cells as adhesion sites
(see reviews by Yamada'®® and Hersel et al.'**). The RGD
sequence, for example, is a cell adhesion site found in active
fibronectin, fibrinogen, and laminin.

Continuous gradients of chemical signals are a form of
spatially patterned signals that have been successfully devel-
oped and employed in various investigations, most notably,
probing directed axonal regeneration,**'*>'>* nerve regener-
ation,'™ controlled cellular migration, and localization and/or
alignment involving fibroblasts, endothelial cells, Chinese
hamster ovary cells, vascular smooth muscle cells, leukocytes,
and neutrophils.*>%”73 781347163 T, their soluble or immobilized
forms, the chemical signal gradients induce specific cellular
responses, which may include controlled cellular migration
(a.k.a. chemotaxis or haptotaxis, respectively) (Table 1), usu-
ally in the direction of increasing concentration/surface den-
sity of the chemical signal. A positive effect on directed axonal
growth has been demonstrated under the influence of vari-
ous chemical signal gradients, including gradients of IKVAV-
containing peptide,'®* laminin,'*>* nerve growth factor
(NGF),148'150 combined laminin and NGF,'*® and combined
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NGF and neurotrophin-3,'4%!>! where neurite extensions were
found to be superior in the presence of signal gradients com-
pared to corresponding homogeneously delivered signals.
Wound healing is another area of investigation. Controlled
movement of fibroblasts is known to take place under the in-
fluence of chemotactic factors secreted by macrophages and
platelets'®® and represents a key area to explore the effect of
various chemical signal gradients on the migratory behavior of
fibroblasts, leukocytes, and neutrophils. In addition, the abil-
ity of chemical signal gradients (such as an RGD-containing
peptide density gradient) to influence the alignment of the
fibroblasts, as suggested by the authors, can also be exploited
in the tissue engineering of ligaments and tendons.'** More-
over, gradient substrates can also be used as a screening tool
in optimizing the dosage of growth factors that lead to, for
example, a higher cell proliferation rate or improved juxtra-
crine signaling.'*® In addition to chemical signals, a number of
other model factor gradients (such as other proteins or fluor-
ophores) have also been created during the development of
gradient-generation techniques, some of which are summa-
rized in Table 5.

Strategies to Create Gradients of Growth/
Differentiation Factors and Cell Adhesion Molecules

Chemical signal gradients can be broadly divided into two
categories: soluble and immobilized. Other important cate-
gories include gradients in two dimensions versus three
dimensions, and the principle involved in gradient genera-
tion. Specifically, the methods to create signal gradients are
based on either diffusion- or convection-based approaches. In
convection-based approaches, a gradient of the concentra-
tion/surface density of the bioactive factor is achieved by a
gradual increase/decrease in the concentration of the fac-
tor itself, or continuous spatial variation in the chemistry/
preprocessing of the substrate that leads to a gradient in the
concentration/surface density of the factor. General methods
used to create chemical signal gradients (for peptide and
proteins) are summarized in Table 6.

Soluble

To study chemotactic responses of cells under the influence
of gradients, the principle of molecular diffusion was first
utilized to create soluble factor gradients in solutions (such as
culture medium) using a Boyden chamber or its variants (such
as Zigmond and Dunn chambers).ng’lél’162 These chambers,
although simple and inexpensive, have drawbacks in sus-
taining the concentration gradients of signals for a long period
and do not provide a 3D cell culture environment.'®® Similar
creation of gradients in macroporous gels (such as aga-
rose, fibrin, or collagen) provided 3D culture platforms.
Approaches to generate signal gradients in such gels involve
either a single source/chamber of bioactive factors (such as a
chamber of bioactive factor-rich solution),’®'% or multi-
source/chamber of factors (such as the gel in between two
chambers of factor, or delivery of factors at multiple positions
in gel)150’151’16o’163; the latter enabling the generation of rela-
tively more stable linear gradient profiles. A controlled mi-
crodispensing technique was recently developed to create
patterns of chemical factors with user-defined profiles on
the surface of thin 3D gels, where gradients of these factors
are established via diffusion in the gel, which were found to be



UOT}e[NIS SULID
-enpxn| repynIe
“uorjezifedo] pue
Ayiqour remnyd
uo sreudisorq

auaif)sAjod pajeod

pazijiqounut jo -(aurwerA[re) (punoq
S[[@0 A1eA0 s309y30 Juapuadap UOT}EZIJEALISP Ajod pazyeauap ATyusreaod)
8GT I9)surey Isaury)) -UOTJRIJUSDUOD) [Auaydopizy -[Auaydopizy paziiqouruy wojsn)) az 99
40300 131045
(arerAeowr
[AyeAX0IpAY-7)
Ajod/qq payerd [eprowsis
Surpeaads —aurjoyprAroyd /(q8uar
pue uorsaype -soyd [4redxo (paqiospe) ureyd 1Ay
8/ ‘€l syse[qoIqry > Sumrendruey - -[AO[AIDRYIRIN-O pazijiqowruy jo uonouI,) az UnO_UOIqL]
dnoig apiz
-e[A1e oronprad
JUSWILOIIAUD (] UT aanearojoyd
(oa12 u1) UONRISUISaI SAIOU ‘(Ixur[SsoId (punoq
uoneIdUISaI SAISU pue yymoidino [euonounyIq Apuarenrod)
€GT ‘SHI OIS ‘SU0INaU DY (] ajumau pasoxdw]  -01939Y) HVINVS asoredy pazijiqowruy osrerpeng) as
aouepms Ansmuayd ayereyyydoaray
9% ST ¢1-Dd uoxe 3urqoig aprumpoqre) oudlAypeklog  pazIqowrwy reprowdis g
pro$ uo 1akefouowr
oryauee
uonerdnu Ppajeurura) (punoq
S[1e0 9-DHI [[e° “@duepms uoxe -Axoqred Apusreaod
[BUIISaUI “SUOINSU pue juswdoPadp ‘9yensqns payeod 10 pagIospe)
041 “Z¥1 “9%1 redureooddrpy [euoinau 3urqoif - —aursA1-1-Ajod /sse[n paziiqowrury Iesur| az ururue |
uogezuawAod
-ojoyd sonpur 03 (punoq
aouepms UOTJRZI)BALIDP Jjensqns Apuarerod)
¥91 suomau Y] uoxe 3urqoiJ suousydozuag aua1£3sA[0 ] pazijiqowruy Iesury az AVAII
/ST sise[qoiqr]  SIxejoweyd Jurdpnig - 98 unqry 10 ueSero) arqnos IRIUTUON as
(Aqreneds (Too473
pue Aqrerodusy) auaAyye)ATod
Aymow uonezowAod ‘(NS 19
pue quawudie -ojoyd sonpur -yrurojoyd) (proe (punoq sopndad
S[[9d Ter[aYyIopus ‘uorsaype 0} uonjez orAeyyaur)Ajod ApuareAr0D) Surureyuod
9GT ‘FST '£9 ‘Th ‘syse[qoIqL] [190 pafionuo)  -Beadp JA0ADY ‘(poe oAe)A]0g  pazIqow] reour] g -aoy
sapydad /SN D
CERIEYEIEN Jpawdysaauy adhy 110D uoyvorddy SaJ0N qlopvf iy pazijiqouituy aord  ag/azc L4070
a3p10d.100u1 03 /a1qnjos

pasn S|uLduN

adhy juarpvio)

ONTIFANIONY ANSSI] T0d SAOLOVH THAOJN dHHI( IO ‘SNIZLOYJ ‘STALLIEJ 40 SILNAIAVIL) ALISNA(] MU<mMDm\ZOHH§HZmUZOU ONIATOAN] SHIANIS HTIINVXH G H14V ],

356



‘(g ur “o°1) S8 ayy Jo sadeyms

3U} UO PAIOUOW I9M SUOTIRINUI Ie[N[[30 “I9ASMOH] (€ Ul $10)0ej pazijiqow jo sjusipeld Sunersusd jo dqeded atom jeiy senbruypey ayy pekojdws (v 42 3uopeq “3+9) sarpnys asay jo awos,
*S[[D S[PSNUI JOOWS Je[noseA :SONSA ‘ewojhoowonpoayd :z1-DJ ‘uordued 1001 [es1op N[,
usfAypeLod g rehejouow pajqussse-jos (NVS PuexonsiAyewrpA[od :GINAd,
-ayeydsoydouowr sursouape d14d- G- ¢ JINV? ‘SAMNIS[OW UOISAYpPE [[30 SIAYD) ‘@sepixosad ysiperasiol ;Y ‘WSS PajeAnde-uesowAiz gyz ‘c-unjdonomau :¢- 1N ‘1030ej
mo13 dAIU (DN “1030ey Y3moI3 Jse[qoIqy d1seq :{0){q 103oey ypmoid jeunrapide 1J0y ‘@reouexay [ourue[Ausydoniu-,z-opize- §]-9-[Apruruoonsoyns 1y INVS ‘proe onredse-aunA3-aururdre :qoy,

G/1'891

99

VL1

991
091

€91

791 ‘191 ‘6S1

6¥1
161

[45]!

0ST ‘8¥1

qal

s914003na
Jeqaowe
WNIPL0ISIP

wn1a3soh1o1q
sirydonnau
/s91£003nay

reapnoydiowA[o

suoInau o[
suoInau O

S[[®° ¢1-Od

SI[®0
ZI-Dd/suomau Y

SOINSA

Surpuiq
uadnue-Apoquue
‘s)0ayjo TuoSueRIeIA
moId pue
uoneapNU ‘Sunydid
‘stxejoydey
‘SIxejouway))

sasuodsax
[eor3ojorq Surqoiq
SIOSUISOIq
‘urroourdus
anssy ‘SIxejoway))
s1souad
-oydrow pue sixe}
-oway Surkpmnys
‘douepms Jeuoxy
sIxejouayd Surdpnig

sIxejowayd Surdpnig

sixejowayd urdpnig

ouepms [euoxy
aouepms [euoxy

ouepms [euoxy
sisauadoydiow
pue sixejouwayd
Surdpnys
‘souepmg Jeuoxy

Juswudie
pue uonerdnu
IR0 PajdaII(]

UOT}RZI}RALI
-op auouaydoz
-uaq ‘Ansruayd

SpIuIpoq.res

Ansruuayd
sprupoqgres

uonez
-tawfjodojoyd
adnpur 03
UOT}RZIJRALIOP

[Aoj&1oYy

SINAJ

ayensqns
aua1kisAjog

uro1qy s

198 uadero)
93 asoredy

98 asoredy

WNIpaw 2Imjmy

(arerAeowr
AqeAxorpAy-g)ATog
asoreldy

(ayerAneyow
[ApasxorpAy-g)A[og

98 ssoxele
/198 ualeron

(Too418
QuRIAyIR)AT0J

pagiospe
adejms

/a1qnios

paziqouruy

paziiqowuy

a[qnios
a[qnios

a[qntos

oIqnIos

(paddenjus)
pazirqouruy
a[qnJos

(paddenus)
paziiqouru]

a[qn|os

(punoq
Apuarenod)
pazijiqowriy

wojsn)

Jeaury

Ieaury

wo3sn))
Ieaur]

Ieaury

JTeaur]/reaur|
/TeaUI[UON]

Ieaury
Ieaury

Teaur]

Teaur]/woisn))

Ieaury

ac

ac

ac

ac

ac

ac

ac

aec
ac

ac

>dc¢

saTpoquue
Io/pue
sua8nue

2fp yudsazon(y

urnpAr00Ayd-y

dIH

q-urse)
SvVZ

dINV?

WINISS UBWNE]
s4ayjo puv
su12304d 1opoN

€-IN Pue 4ON

dON

495449

357



(punoq

Apuarenrod) (Sprojyess sayoeoxdde
snozodomew Iaquureyd
VL1 paywry g 9[EdSOIRIN - Ansnwayd SHN-DAH ur) uorsnygIq /oomos-s[3uig
SjuAPYLS
1039vf pazijiqowiuy
(yuounean
(030 ySom QUBYOUWIOIONDIP SI0JORJ DATIOR AU}
Ie[ndaow ‘uorepeIdap) 10 “urp[our-jouey}a WM papeo|
sanjradord xewAfod ‘uriayurs-jeay Sursn) saraydsommuu Sursn SpIoy
IYARIA payury as 9[EISOIDEIN ‘9z1s a1aydsoIdTN saraydsomru sy SurpPEPN uoneredaxd xuejy -yeds paseq-a1aydsordrn
S[oS8 Ul (SLIN'D)
sanqnioxmw prdif
(oz1s dass ayy) paseq—autjoyd
€61 paywry  Ag 3[EISOIBIN aryoxd Surpeo] LN Burjood £q uonepPD s[o8 ur Surpeo| LN [Apneydsoyq
q(Hovoiddp asvajal
PaJj0IFLU0D) SJUILPVAS
1030f 319nj0s
dyer (s[98 snozodoxewr ur)
as uorje[suer; a3e)s ‘ajer Gursuadsrporomu uoISnyFIp
991 “§%1 9K 10 (T S[EISOIBIA] uonoafo 3ardoIg PO[[OIUO0D SSI[-}OLIU0)) pue uondsAU0D) Sunurzdoiy
(uonnios ur)
21 d[edsoew MO} ISWOUOW UOISTYJIp
‘69T ‘891 S9X az 03} -OIIN ‘ugrsap [euuey)) QSPTPMFOIIA ‘MOT[J JOWOUON
sayproxdde
€91 ‘091 (198 snoxodoxew pquIeyd
“IST ‘0ST payury g 9IS\ ury - ur) uorsngiq /eomosymu/-feng
sayoeoxdde
(1030€§ 9ATIOROIq
(s;e8 snoxodordewr JO) I_dquIEeyd
L91 “£81 paywr]y Qg 3[eISOIBIN awry, - ur) uorsnyiq /92mos-a13uIg
91 (uonnjos SIaquueYd uun(g
‘191 ‘661 paywry Qg 3[ISOIRIN sy, - ur) uorsnyji /puowidrz /uspAog
sjuapLS 10300f 21njos
SaoULRRY  ¢jo4quo0 advys  qe/dc 2[V0S JUAPVID) (S)4a1auipivd Su1j1041100 Suissaoosd (v-)uoudioudyd anbiyoa ]
-JuaIpvi) advys-juaipvis Aivmrid [puoIppYy Buta1ip $52004J

uoyvILIQU ]

SNOILVOI'TddY ONIIHIANIONH HASSI], d0d SNIHLOUJ ANV SHAILIH J 40 SINHIAVID) ZOHH<MHZWUZOU\>H$ZNQ HOVAING HLVALD) OL SAOHIHJN "9 14V ],

358



‘uonjezwA[od [edIpeI I9jsuen} Woje (NI QPIUIumINsAxoIpAy-N :SHN ‘eprurnpoqred ([Adoxdourwrerfyowrp)Auye :DAd

‘sayprordde ssesfer paq[onuEd pue pased-dIpPmMEOIU ‘se yons ‘[oruod [erodway se [pm se [egeds apraoid 0 Tenusjod aaey uonerousd jusrpeld jo sayprordde swog,
“wmnjensqns ayj 03 yoeye A[[eniussd pue papuadsns 1dey aq jouued S[[9d “ISAIMOL] ‘SUOISUSWIIP S9I} Ul pajerausd aq ued sjusrperd paseq-uonnjos,

9.1

LL1°8L

L9 9%

¥91 99

891

e7Al

041
LY1 Ty

941941

TST ‘671

VL1

€91 ‘vl

ids

SO

S9K

SO

SOX

pajrwr]

SOX

S9X

SOX

SOX

pajury

pajiuury

ac

ac

ac

ac

ac

ac

de 10 dc

ag 10 dc

ac

ac

ac

O[eISOIdCIA

9[edsoIdeW 0} -OIDIN

o[edsoadeuwr 03 -0

o[edsoadewr 03 -0

o[edso.adoeuwr 03 -OIdIA

o[edso.aoeuwr 03 -OIdIA

o[edso.adewr 03 -OJdTAN

d[edsoIdEW 0} -OIdIA

9[eDSOIdeIN

aTedsoIew
0} -OIdIN

9[edSOIdRIN

sanpradoxd uonnjos
pue dyensqns
‘udrsop uIRpeJ

(9yex Teaouraz/3ury)

aur arnsodxe 10jenIuI

10/pue wwped ysew
‘owr amsodxaojoyg

a3e)s pazriojowr

e Gursn paforuod
awry 2msodxa030Y ]

ureped yseN
10)0¥J a3 10§ Ayrunye

drensqns ‘Anowoad
Puueyd ‘sadioy Areqide)

MOJJ ISWOUOu
“ursap [euury))

o}el MO} JoWOUOJN

ojel MOTJ J9WOUON

djer1 uondng

([qd.Lv] uonnios
1oyenrur ue ur Surddip

[enuaIayp 10 sewojoyd

/o3e3s pazrojowr

Sursn) jusrperd ssauydy)

/£y1susp 1l 1owA[oJ
soads aanoear
-ojoyd e 03 pajednfuod

urdjoid jJo syusIpeIn

sarads aanoearojoyd e 0}

uonednfuod U1

(pag1ospe
I030®J) SOIPINIJOIITIN
pagiospe 1030€j
/(payoene Appusreaod
1030€) uorjezawAod
-ojoyd “sorpmpjoIdTN
(payoene
Apuarerod 10)0€§)
uonezrwAodojoyg
(paddexnus 1030ey)
uonezrwAodojoyg

Anstwayp SHN-DAH

IUT[SSOID
[eUOTIPUNJIqOIN

powow Areqiden

(Suryurzd
3obur) Sunund
pazuamduo)

amsodxa
WIN-Pa[ONU0D)
(sewojoyd) amsod
-xa030yd TenuaIsgI(q
(90eyIns
uo uondiospe)
UoIsSnyIp
‘MOT[J IOWOUON

uorsnyIp
‘MOTJ IOWOUON

(moyy
JSWOUOW) UOT}I3AU0))

(sproyyess snoxod
-0I0'W UI) UOIIIIAUO))

(S8 ur) uorsnyiq
(e9egIns uo
uondiospe) uorsnyyiq

Surureyedoorua
/8unyein

uonnos

10J0€J JO MOTJ

USALIP—9010§
Axeden

uonnNJos I030eJ
JO MO[J UDALIP
-fyaeid/-dumg
sayoeoxdde
Toquueyd
/3damos-Tenq

359



360

stable for a day or more."**'® Laminar flow-based micro-
fluidic devices have also been developed that are capable of
generating concentration gradients of chemical signals with
highly stable spatial and temporal profiles, although these
have mostly been applied to 2D systems.'*®* ! Devices based
on controlled release principles, for example, phosphatidyl
choline-based lipid microtubules (LMTs) loaded in gels or
microsphere-based scaffolds, have recently been applied to
create gradients of chemical signals/model factors.'”*!7*173
Such devices may serve as long-term (several days to months)
release vehicles for the generation of gradients of chemotactic
factors.

Immobilized

The general techniques to create surface-immobilized
chemical gradients include adsorption of the molecule on
the desired surface, covalent linking of the peptides/proteins
via peptide bond formation through carboxylic acid
(—COOH) or primary amine (—NH;) moieties present on the
original or modified surface (for example, using carbodi-
imide chemistry), or by derivatizing with photoreactive
moieties (such as azidophenyl, benzophenone, acryloyl, or
aryl azide groups), all more or less governed by the chemis-
try of the substrate/scaffold, as reviewed earlier. General
methods that have been utilized to create immobilized
chemical signal gradients in two dimensions and three
dimensions include single- or dual-source/chamber ap-
proaches, 45146153174 sump_ or gravity-driven flow of fac-
tor solution,*>!#7/1491521547156.174 * capsillary-driven flow of
factor solution,'”® automated printing,l% and adsorption or
covalent linking of proteins utilizing polymer-grafted/
micropatterned substrates.*®%¢”78138177 Microfluidics, pho-
topolymerization, ATRP, and/or protein conjugation chem-
istry are among valuable flexible tools that were usually
involved during the fabrication of immobilized protein gra-
dients (Table 6).

Techniques to create bioactive factor gradients vary in
terms of scale, accuracy, flexibility, and stability of gradient
profiles.'®® In summary, hydrogel-based approaches have
provided many routes to generate soluble or immobilized
bioactive factor gradients in both two dimensions and three
dimensions, which were widely used in studying the che-
motaxis and haptotaxis. Surface modification and photo-
polymerization techniques have been successfully used to
create gradients of surface-bound factors on polymeric sur-
faces. In contrast, fewer attempts have been made regarding
the generation of such gradients in degradable 3D macro-
porous scaffolds, a prototype that constitutes a significant
percentage of commonly used tissue engineering scaffolds. In
this regard, primary issues to be addressed appear to pertain
to the translation of many 2D physicochemical gradient-
generation techniques from two dimensions to three dimen-
sions.

Discussion

Integration of three schools of thought—functional, inter-
facial, and biomimetic tissue engineering—can be addressed
through gradient-based strategies by combining physical and
chemical signal delivery. Various tissues display strong non-
homogeneous characteristics in their morphology, cellular,
and ECM organization. For example, cartilage (superficial,
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middle, and deep zones), bone (cortical and cancellous), blood
vessels (media, intima, and adventitia), skin (dermis and
epidermis), or any interfacial tissue (such as bone-cartilage or
muscle-tendon), all consist of graded zonal structures to sat-
isfy diverse functional needs. Gradients in mechanical prop-
erties often exist within and between the tissues, which help in
avoiding stress concentrations,? for example, cartilage,]78
human crystalline lens,'”” and the dentin-enamel junction.'®
A tissue-engineered replacement must satisfy at least the
“minimum” functional requirements that may be addressed
through the choice of biomaterials and the scaffold design.
Incorporating gradient-based physical signal delivery strate-
gies in the design of biomaterials, such as pore-size and po-
rosity gradients or stiffness gradients, may thus improve the
functional characteristics of and cellular remodeling in
the scaffolds. Simultaneously, chemical signal gradients that
are involved during the regeneration and repair of tissues can
be incorporated in the design of scaffolds. Gradients of che-
mical signals may also offer single cell source tissue regener-
ation alternatives for the regeneration of interfacial tissues,
where a stem cell population can be selectively differentiated
into disparate lineages in a graded manner in the same con-
struct. Thus, a biomimetic approach can be combined with a
functional tissue regeneration approach by utilizing a com-
bined physical and chemical signal delivery through gradient-
based strategies. As an example, stiffness gradients could be
combined with growth factor gradients that may yield a
synergistic response of enhanced axonal branching® and
guided axonal regeneration.

While a combination of physical and chemical signal gra-
dients may not be necessary for all tissues, such an approach
could be an interesting subject of investigation for interfacial
tissue regeneration. From the perspective of interfacial tissue
regeneration, a transition from homogeneous cell/growth
factor/scaffold designs to signal gradient-based tissue engi-
neering may be advocated for a number of reasons. First, the
replacement of a tissue that is engineered in isolation requires
a fixation or bridging with the adjacent tissue (such as su-
turing, press-fitting, or gluing), which may not result in the
best mechanical characteristics at the interface. Second, iso-
lated tissue engineering may not be able to provide mutually
inductive endogenous signals from the adjacent tissues that
are involved during the tissue formation i1 vivo. In an extreme
example, it is widely known that gastrulation and the subse-
quent fate of germ layers during embryogenesis depend on a
series of spatially and temporally controlled inductive cell
interactions.’®2 In a specific example, relevant to os-
teochondral tissue engineering, an in vitro culture study re-
ported that only coculture with chondrocytes (as opposed to
fibroblasts or osteoblasts) was successful at promoting oste-
ogenic differentiation of mesenchymal stem cells in a selective
manner."® Even tumor cells display a strong neighbor-
dependent behavior arising from cell-to-cell interactions.'®*
Finally, stratified tissue regeneration techniques (e.g., utiliz-
ing bi- or multiphasic scaffolds), the closest alternative to
gradient-based signal delivery, may not effectively mimic the
native tissue function, or may undergo delamination due to
stress concentrations.

Along with spatial regionalization of chemical signals, an-
other key aspect of biomimetic tissue engineering is the de-
livery of such signals in a temporally controlled manner, that
is, simultaneous or sequential release of multiple growth fac-
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tors.'®1%¢ In this regard, controlled drug delivery technolo-
gies can be combined with gradient fabrication strategies, for
example, phosphatidyl choline-based LMTs or microsphere-
based scaffolds.'*17*173

In summary, continuous gradients of physical and chemical
signals can be considered as an important subset of spatially
patterned signals, capable of driving dynamic cellular phe-
nomena and a cost-effective tool for high-throughput screen-
ing. A variety of gradient-generation techniques have been
reviewed here, which are promising for biological and tissue
engineering investigations. Controlled patterning of chemical
signaling molecules combined with physical gradients of sig-
nals hold immense potential for complex tissue regeneration,
which may be a missing ingredient in the quest to fulfill the
true potential of the field of regenerative medicine. In the
future, in vivo comparisons will be required to provide sub-
stantial evidence for the superior performance of gradient-
based signal delivery strategies compared to traditional forms
of tissue engineering.
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