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Complex Stiffness Gradient Substrates for Studying

Mechanotactic Cell Migration

Cheng-Hwa R. Kuo, Jian Xian, James D. Brenton, Kristian Franze,* and Easan Sivaniah*

Directed cell migration in response to chemical signals (“chem-
otaxis”) has been extensively studied.!! In contrast, mechano-
taxis (i.e., cellular migration towards mechanical cues) is poorly
understood, partly due to a lack of facile methods for gener-
ating appropriate cellular environments. Biological tissues are
mechanically inhomogeneous;??l particularly during growth
and migration, cells are exposed to different mechanical stimuli.
The importance of mechanical signaling for cell functioning
is becoming increasingly clear. For example, mechanical cues
have been shown to direct stem-cell fate,*! contribute to cancer
development,P! and to influence the growth of nerve-tissue
cells.[l While the number of studies on cellular mechanosen-
sitivity has exploded in recent years, the response of cells to
changes in substrate rigidity — despite its potential importance
for cell growth and migration — remains sparsely studied.l®
This lack of data may at least partly be attributed to the tech-
nical challenges that come with the production of substrates
incorporating changes in stiffness while maintaining constant
topological and chemical properties.

Currently, most cell-culture substrates used for testing the
response of cells to their mechanical environment are made
of hydrogels such as polyacrylamide (PAA), polyethylene
glycol (PEG), or polydimethylsiloxane (PDMS). Approaches to
cell-culture substrates with changes in mechanical properties
usually aim at altering the degree of cross-linking in the gel,"*3!
which alters its stiffness. Gradients in cross-linker density are
either generated by flowing two sols with different amounts of
cross-linking agent into one another or by differentially exposing
a photo-crosslinkable gel to UV radiation using a photomask.
However, in both instances the gel's mesh size and crosslink-
induced surface chemistry will also vary.'*! These substrates
are, furthermore, often limited by the minimum possible shear
modulus, which is usually in the kilopascal range; the steepness
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of the gradient, which is usually rather shallow; or the simplicity
of the stiffness gradients, which are often linear.

Herein we present a new approach to mechanically complex
cell-culture substrates, which overcomes these limitations. This
approach is based on the fact that stiff materials can be sensed
through soft ones, similar to the fairy-tale princess feeling a
pea underneath a pile of mattresses.'”l The amount to which
an underlying stiff substrate is felt through a second layer of
material depends on the thickness of the superficial compliant
layer and the magnitude of its deformation.'>'8l Most tissue
cells constantly exert forces on their substrate; the resulting
substrate deformation depends on its mechanical properties
and the force amplitude. If cells are growing on a compliant
gel, which is tightly coupled to an underlying, infinitely stiff
material, the gel's apparent stiffness is enhanced as its thick-
ness becomes comparable to the characteristic length scale over
which the deformation zone extends.

We employed this phenomenon and built cell-culture sub-
strates with lateral apparent stiffness gradients by varying the
height of the superficial compliant material. These variations
were achieved by pouring a polymerizing PAA solution onto
a glass slide with a topographically patterned surface. After
polymerization, the resulting composite materials had a smooth
surface; however, the height of the upper, compliant hydrogel
layer changed according to the structure of the underlying glass
substrate (Figure 1).

In this study, we used three different topographically defined
glass substrates, which included a step of 100 um height (“step
substrates”); an array of polystyrene spheres of 80 um diam-
eter (“bead substrates”); and a series of 200 pum wide grooves
(“groove substrates”) (Figure 1a). Subsequently, we coated these
modified substrates with PAA gels of controlled thickness H
and known bulk shear modulus G’ppal**! (Figure 1, Supporting
Information, Figure S1). PAA was chosen because of its favo-
rable properties as substrate for cell culture: it provides a diverse
range of mechanical compliances covering the elasticity range
of most tissue types (0.1-100 kPa), while remaining isotropic
and biologically inert. In this study, we used PAA hydrogels
with G’'paa= 3.3 k Pa, 10 kPa, and 30 kPa, resembling the stiff-
ness of muscle tissue (=3-6 kPa),?% osteoids (>10 kPa),'® and
arteries (=24—45 kPa)l?!l (assuming a Poisson’s ratio v = 0.5): tis-
sues which are in close contact with fibroblasts in vivo.

Thus, the surface of the resulting cell-culture substrates was
made of the same material with the same cross-linker density
and mesh size; however, the distance between of the gel surface
and the underlying glass surface varied across the substrate.
This local change in height resulted in a one-dimensional stiff-
ness gradient in case of the step and groove substrates. More-
over, bead substrates incorporated a periodic, two-dimensional,
azimuthally symmetric stiffness gradient. To demonstrate this,
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Figure 1. Design of complex mechanical substrates. a) Schematic of different substrates
designed for this study. Polyacrylamide (PAA) hydrogel of controlled compliance is polymerized
on a topographically patterned stiff support. The resulting variation in gel height H generates
apparent stiffness gradients at the substrate surface. The substrates used in this study included
‘step substrates’, ‘bead substrates’, and ‘groove substrates’. b) Apparent stiffness K, of a
“bead substrate”, determined by AFM indentation experiments, as a function of gel thickness.
The Hertz model was used to fit the raw data at an indentation depth of 1 um. Inset: apparent
stiffness distribution of the substrate over a bead; the bead is indicated by the white broken
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substrates incorporating alternating patterns
of apparent stiffness. Fibroblasts cultured on
these substrates behaved similarly as on step
substrates. For Hye,q < 15 um, cell distribu-
tions were again inversely correlated with gel
height, with =80% of the cells being located
on top of the beads at a substrate thickness of
=3 um (Figure 2c,d).

To constrain the space available on the
apparently softer gel, we then cultured cells
on groove substrates (Figure 1a). These sub-
strates were used to test the effect of pharma-
cological interference with the cells’ intrinsic
motility machinery on their mechanotactic
behavior. Similarly, we investigated how
genetic modification of the cells’ interaction
with their extracellular environment impacts
mechanotaxis.

Untreated fibroblasts on groove substrates
with Hgroove < 15 m showed preferential cov-
erage over the non-grooved area (Figure 3a,d).
Furthermore, their average spreading area
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line. Scale bar: 10 um.

atomic force microscopy (AFM) was used to measure stiffness
maps of the gel surface.*? The Hertz model was used to extract
an apparent elastic constant K, = E/(1 — 1?) from the raw data,
where E and v are Young’s modulus and Poisson’s ratio, respec-
tively.l?l Similar to cells, the Hertz model overestimates the true
stiffness of a compliant material that is coupled to an under-
lying stiffer material if the thickness of the compliant material
is not much larger than the indentation depth of the probe.l*!
Accordingly, K, significantly increased with decreasing gel
thicknesses below =15 um, (Figure 1b and Supporting Informa-
tion, Figure S2 for different indentation depths).

In order to evaluate the suitability of this novel template
for mechanotaxis studies, we cultured fibroblasts on the sub-
strates. Fibroblasts are cells found in connective tissue, which
is mechanically inhomogeneous. Previously, these cells have
been shown to migrate along stiffness gradients./”! Fibroblasts
were first cultured on ‘step substrates’ for up to 24 h. When the
gel thickness Hg, was larger than =15 um, the cells remained
homogeneously distributed across the whole area as quantified
by the area-normalized fraction of cells in the shallow region
Ocs = (Ns/Ag)/(Ns/As + Ng/Ag) = 50%, where N refers to cell
number, A to the area over which the cell count was performed
and d and s denote the deep and shallow zones. However, for
substrate areas with Hge, < 15 pm, cells relocated towards
the shallower (stiffer) region over a matter of hours of culture
(Figure 2a). This critical value for Hg,, was similar to the gel
thicknesses below which K., increased sharply. We found an
inverse relationship between Hg., and ¢ ; on the thinnest PAA
gels (=3 um), between =75% and 90% of the cells were located at
the apparently stiff region. Surprisingly, ¢ depended only on
Hgep and not on the bulk modulus of the PAA gel (Figure 2b).

One advantage of this method is the ability to create more
complex stiffness variations in the cell-culture surface. ‘Bead
substrates’, for example, provide a simple way of engineering
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A, increased significantly (Figure 3e), which
is typical for fibroblasts grown on stiff sub-
strates.? On thicker gels, coverage and
spreading area were indiscriminate (Figures 3b,e).

The cytoskeleton is crucial for cell motility.”’! To investi-
gate the contribution of its constituents to mechanotactic cell
migration, we applied: 1) cytochalasin D (Figure 3c), which
inhibits actin polymerization; 2) nocodazole, which induces
disassembly of microtubules; or 3) blebbistatin, which blocks
the activity of the myosin II motors. All of the independently
treated cells were insensitive to the presence of an apparent
stiffness gradient, yielding indiscriminate cell coverage over
the entire groove substrate area (Figure 3d) and no increase
in spreading area (Figure 3e). This insensitivity indicated that
all three cytoskeletal components (actin filaments, myosin II
motors and microtubules) are required for mechanotactic cell
migration.

Transforming growth factor beta induced (TGFBI) is a
secreted extracellular-matrix protein that mediates cell adhe-
sion through its interaction with integrins and microtubule sta-
bility.?! It is involved in cell migration, and in cancer cells it
may promote invasion and metastasis.?”] To test the importance
of cell adhesion for mechanotactic cell migration, we cultured
human colorectal DLD1 cells that had been engineered to be
TGFBI/~ by homologous recombination on groove substrates.
While wild-type DLD1 cells relocated towards the shallow
regions of the gel, TGFBI™/~ cells homogeneously covered the
whole substrate area (Supporting Information, Figure S3), indi-
cating that cell adhesion is crucial for mechanotaxis.

In this study, we developed three simple approaches to fabri-
cate rigidity-patterned cell-culture substrates with homogeneous
chemical composition. The slope of the apparent stiffness gra-
dient was altered by the geometry of the underlying stiff sub-
strate: K,p, will be sharper over an abrupt step if compared
to the smoother change in gel height over beads or polymer
melts (Supporting Information, Figure S4). These substrates
provide promising tools to look into mechanically guided cell
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Figure 2. Cell response to complex mechanical substrates. a) Confocal laser scanning microscopy (CLSM) images of fibroblasts growing on a step
substrate with Hgep =3 um and G’pap = 10 kPa. Cells were labelled with CellTracker Orange (orange), nuclei with Syto 59 (blue). To visualize steps, PAA
gels were stained with fluorescein dimethylacrylate (green). The cells are maximum intensity z-projections, the substrates correspond to one optical
plane. Fibroblasts relocated towards the apparently stiffer region of the substrate. b) Plot of the area-normalized fraction of cells in the shallow region
of the step substrate, ¢, as a function of gel thickness and bulk shear modulus G’paa (average + SEM). For gels with Hgep < 15 um, cells preferentially
relocated towards the apparently stiffer shallow region (N = 45, 45, and 59 for G’paa =3, 10, and 30 kPa, respectively; P < 1 x 107 for all shear moduli,
ANOVA), with more cells relocating with decreasing hydrogel thickness. Within the investigated range this critical thickness was largely independent
of the bulk shear modulus G’pas of the hydrogel (P> 0.05 for Hg, # 7 um, ANOVA). The inset shows the temporal development of cell coverage for
a step gel with Hge, = 10 um; the broken line serves as guide to the eye. c) CLSM z-projection of fibroblasts grown on a bead substrate with Hyeaq =
8 um and G’pap = 10 kPa. Cells migrated to the area over the beads where K is highest. d) Plot of ¢ for bead substrates. For Hpeaq < 15 um, cells
accumulated in the apparently stiffer regions (N =59, 89, and 136 for G’pap = 3, 10, and 30 kPa, respectively; P < 0.01 for all shear moduli, ANOVA);
¢ increased with further decreasing hydrogel thickness. Again, this critical thickness was independent of the bulk shear modulus of the hydrogel

(P> 0.05 for all Hye,q, ANOVA). Scale bar: 50 um.

migration. In vivo, many cells are constantly exposed to a
variety of mechanical cues: tissues are mechanically inhomoge-
neous at the cellular scale, and local tissue stiffness may change
during developmental and pathological events.[®) Many tissue
cells respond to their mechanical environment; cellular mech-
anotaxis may, for example, be involved in wound closure?®! and
glial-scar formation after nerve-tissue injuries.[®!

Fibroblasts, which are known to migrate towards increased
substrate stiffness,”?l recognized and migrated towards the
increasing apparent stiffness of their polyacrylamide substrate,
whose bulk shear modulus G’pss was homogeneous but whose
depth varied across the surface. We found the critical depth H
below which the cells responded to the underlying stiff scaf-
fold to be =15 um, with more cells relocating with decreasing
hydrogel thickness. Surprisingly, within the investigated range
this critical thickness was largely independent of G’ppa.

The critical depth found in our experiments is in good agree-
ment with previous experiments investigating how deeply
cells feel. The substrate height at which cells started to show
an increase in area was around 10-20 um,!"”! and cells were
suggested to feel the underlying stiff substrate when the gel
thickness approaches the lateral cell dimension.?”! In contrast,
finite-element computations estimated the critical gel thickness
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to be 1-2 um.[>1% Other studies based on cell-induced traction
estimate values on the order of tens of micrometers.?!l How-
ever, these values depend on the magnitude of forces exerted by
the cells and their adhesion strength.!]

The apparent substrate stiffness Ky, that is perceived by a
cell is a function of stress o (i.e., the force it applies to the gel
per area, and the resultant strain &) as K, = o/&. Thus, Ky,
will be larger if cells exert larger forces (compare also Sup-
porting Information, Figure S2). Different cell types exert
different strength forces on their substrates,[*23% so that sub-
strates should be tailored to the cells of interest. Furthermore,
cellular traction forces are dynamic and force magnitudes vary
over time.’”) Consequently, K, may vary for a cell within an
experiment. While these variations in perceived stiffness cannot
experimentally be controlled directly, they partly resemble in
vivo conditions where cells are in close contact with the extra-
cellular matrix and other cells whose mechanical properties
are often dominated by their cytoskeleton. Similar to the topo-
graphically defined substrates presented in this work, extracel-
lular matrix and cytoskeletal proteins stiffen with increasing
strainB4 (Supporting Information, Figure S2).

The substrates’ apparent stiffness reached the gel's bulk mod-
ulus within a few tens of micrometers away from the shallow
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Figure 3. Influence of cytoskeletal components on cellular mechanotaxis. a—c) y- (top) and z-projections (bottom) of fibroblasts cultured on groove
substrates with G’ppa = 10 kPa. The white broken lines indicate the transition between the shallow and the deep regions of the substrate. Scale bar:
50 um. a) Hgroove = 6 LM; most cells relocated towards the apparently stiffer region of the substrate. b) Hgroove = 21 um; cells no longer responded to
the underlying stiff substrate and remained homogeneously distributed. c) Representative image of pharmacologically treated cells. Hgroove = 12 im; the
fibroblasts were treated with cytochalasin D, which interferes with their actin cytoskeleton. Although Hyooe Was below the critical threshold of =15 um,
the cells did not respond to stiffness variations in their substrate. d) Plot of ¢ ; for groove substrates (G’paa = 10 kPa). For Hgyeo.e < 15 Um, untreated
cells relocated towards the apparently stiffer region (N =57, P < 107'"®, ANOVA); ¢, increased with further decreasing hydrogel thickness. However,
when cells were treated with either cytochalasin D, nocodazole, or blebbistatin, cells did not respond to the increasing apparent stiffness of their sub-
strate, indicating that all of the affected components of their cytoskeleton (actin filaments, microtubules, and myosin Il motors, respectively) are impor-
tant for mechanotactic cell migration. e) Similarly, the average spreading area A, of untreated cells increased significantly for Hyroove < 15 um (N =93,
P=0.017, ANOVA), which is typical for fibroblasts grown on and responding to stiff substrates.?l In contrast, A, of pharmacologically treated cells did
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not increase (N =45, P=0.65, ANOVA), suggesting that all of the investigated cytoskeletal components are involved in cellular mechanosensitivity.

part, making the generated apparent stiffness gradient sharper
than what is usually achieved by changing the gels’ cross-linker
density. However, by varying the topology of the underlying
stiff substrates, much shallower gradients can be achieved if
desired (Supporting Information, Figure S4). Because the sur-
face of these substrates consists of the same material, cells are
not exposed to substrate-mediated differential chemical or topo-
logical cues at the cellular scale.l'] A previous study exploiting
the principle of layered cell-culture substrates to create stiffness
gradients used PDMS as a material that can be patterned using
photolithographic techniques.?® However, the bulk modulus of
PDMS is comparatively high, which limits its physiological appli-
cation to cells found in stiffer tissues such as cartilage or bone.

Due to the nature of hydrogels, thicker portions of the
substrates (i.e., larger volume) show a slightly larger degree
of swelling than the shallower ones. However, the resulting
change in height at the substrate surface has a small slope and
occurs over several cell lengths. Furthermore, shallower regions
of the gel, which are apparently stiffer, show a concave curva-
ture, which, if at all, should repel cells, which would lead to an
underestimation of the number of mechanically guided cells
accumulating at shallow gel regions.®!

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In conclusion, we present an elegant application of mate-
rial physics that allows the projection of an effective stiffness
map onto an otherwise homogenous substrate surface using a
submerged programmable topography. The production of topo-
graphically defined substrates is achievable with lithographic
and mold-processing techniques, enabling the fabrication of
large amounts and varieties of substrate architectures and
hence stiffness patterns. Moreover, these stiffness patterns can
be combined with controlled chemical stimuli in a complemen-
tary or competing manner. The resulting substrates will offer a
complex road-map resembling in vivo conditions more closely
than what currently can be achieved. Ultimately, this approach
may contribute to the development of a next-generation of bio-
compatible scaffolds suitable for tissue engineering and bio-
medical applications.

Experimental Section

Gel and Substrate Preparation: PAA gels of known bulk shear modulus
were prepared according to Moshayedi et al.'”l (Supporting Information,
Table S1). Briefly, phosphate buffered saline (PBS) (Bioclear), acrylamide

Adv. Mater. 2012, 24, 6059-6064
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solution (Electran BDH) in PBS, and N,N’-methylenebis(acrylamide)
(Fisher Scientific) were mixed in appropriate monomer/cross-linker
ratios. The gels were fluorescently labeled by addition of fluorescein
dimethylacrylate (Aldrich) solution in dimethyl sulfoxide (Sigma). The
gel premix was desiccated for 20 min and then gelation initiated by the
addition of tetramethyletylenediamine (Argos Organics) accelerator
and ammonium persulphate initiator (Sigma). The gel thickness
was controlled by altering the volume of pregel mixture added onto
topographically patterned substrates before gently sandwiching the gel
layer with a further coverslip. To obtain substrates with H <15 um, =10 uL
PAA solution were used for the step and bead substrates and =30 uL for
groove substrates. After gelation, the substrates were soaked in PBS for
2 h followed by the gentle removal of the top coverslips. To functionalize
the surface and facilitate cell adhesion, the substrates were then soaked
in hydrazine hydrate (Aldrich) for 16 h, followed by washing in 5% acetic
acid (1 h) and sterile PBS before treatment with poly(p-lysine) (PDL)
(100 pg mL™", Sigma) in PBS. Finally, substrates were washed in PBS
and cell-culture medium and then cells were added.

Step substrates were prepared by gluing two overlapping coverslips
together (using UV adhesives; Northland UV-cured Adhesive 81). Bead
substrates were prepared by depositing and drying a dilute solution of
mondisperse polystyrene spheres (80 um diameter, 8 wt% in absolute
ethanol; Duke Scientific Itd.) on coverslips. Slow air drying enabled
the surface tension of the solvent to gently pull individual polystyrene
spheres together as it evaporated away, leaving behind a densely packed
monolayer array of beads. These spheres were briefly heat treated to
ensure adhesion to themselves and the glass surface. Groove substrates
were custom-made from microscope glass slides (UQG Optics ltd.)
using a diamond saw to create a 200 um deep and 150 or 200 um wide
grooves that were 2 mm apart, and 2 cm long. To allow the PAA gel
to adhere to these structures, substrates were chemically treated as
previously described.["”]

Cell Culture: 3T3 fibroblasts (ATCC: CCL-92) and DLD-1 colorectal
adenocarcinoma cells were grown in polystyrene flasks between
passages 2 and 20 in a humidified 37 °C, 5% CO, incubator using
modified Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen) for
fibroblasts and RPMI-1640 medium (Invitrogen) for DLD-1 cells. DLD-1
colorectal adenocarcinoma cell-line wild-type and TGFBI7~ cells were
produced by homologous recombination. The strategy for generating
gene-targeting constructs was described by others.?”] Using polymerase
chain reaction (PCR), regions of homology at the TGFBI loci were
amplified from genomic DNA extracted from DLD1 cells. Notl sites were
embedded within the primers used to amplify homology arms. Targeting
constructs were generated by fusion PCR, which links homology arms
and selectable marker gene cassettes. The targeting plasmid pAAV-
TGFBI (AAV: adeno-associated viral) was assembled by ligation of
fusion PCR product into pAAV-MCS (MCS: multiple cloning site),
an AAV shuttle vector that carries two inverted terminal repeats (ITR)
sequences necessary for viral packaging (Stratagene). The selectable
marker gene cassette contained neomycin resistant or hygromycin B
resistant gene flanked by loxP sites. The cells were fluorescently labeled
with CellTracker Orange CMRA (C34557, Invitrogen) and Hoechst 33342
(H3570, Invitrogen) or Syto 59 (red fluorescent, S11341, Invitrogen).
Stained cells were resuspended in fresh culture medium, 100 pL of
which (5 x 10° cells mL™") were added onto the PDL-coated substrates.
After allowing 10 min for cells to settle onto the gel surface, petri dishes
were filled with fresh cell-culture medium and incubated for 24 h before
imaging. In a set of experiments, cells were treated with blebbistatin
(1 X 107 m, Sigma), cytochalasin D (1 x 107 m, Sigma), or nocodazole
(1 X 107® w, Sigma) for 1 h inside an incubator prior to staining and
seeding using the same protocol as mentioned above.?’!

Imaging and Analysis: AFM measurements were carried out as
previously described.??l Monodisperse polystyrene beads (diameter
5.46 um £ 0.12 pm, microParticles GmbH, Berlin, Germany) were
glued to silicon cantilevers (spring constant =0.1 N m™') (PPP-BSI,
Nanosensors, Neuchatel, Switzerland). Cantilevers were mounted on
a Nanowizard Ill AFM (JPK Instruments AG, Berlin, Germany), which
was setup on an inverted microscope (AxioObserver Al, Zeiss, UK).
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Force—distance curves were recorded every 10 pum within arrays of
100 x 100 um (Figure 1b inset); phase-contrast microscopy was used
at the same time to visualize the position on the substrate. Data were
analyzed for up to 1 um indentation depths using a custom algorithm
based in Matlab (MathWorks, Natick, USA),Z which fitted the data with
the Hertz model.?4

Optical imaging was performed using a Zeiss LSM-510 Meta confocal
laser scanning microscope with a 25x objective (water immersion, NA =
0.8). Z-stacks were acquired at randomly selected areas along the
transition zone between shallow and deep regions of the gels. The gel
thickness H was measured using a 3D reconstruction of the z-stacks.
Image stacks were further processed and analyzed using Image] to
determine the pattern coverage area and total cell counts. The statistical
significance of the cell coverage was determined using analysis of
variance (ANOVA).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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