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ABSTRACT: Surface topography has been introduced as a
new tool to coordinate cell selection, growth, morphology, and
differentiation. The materials explored so far for making such
structural surfaces are mostly rigid and impermeable. Hydrogel,
on the other hand, was proved a better synthetic media for cell
culture because of its biocompatibility, softness, and high
permeability. Herein, we fabricated a poly(2-hydroxyethyl
methacrylate) (pHEMA) hydrogel substrate with high-aspect-
ratio surface microfeatures. Such structural surface could
effectively guide the orientation and shape of human
mesenchymal stem cells (HMSCs). Notably, on the flat
hydrogel surface, cells rounded up, whereas on the microplate
patterned hydrogel surface, cells elongated and aligned along the direction parallel to the plates. The microplates were 2 μm
thick, 20 μm tall, and 10−50 μm wide. The interplate spacing was 5−15 μm, and the intercolumn spacing was 5 μm. The
elongation of cell body was more pronounced on the patterns with narrower interplate spacing and wider plates. The cells
behaved like soft solid. The competition between surface energy and elastic energy defined the shape of the cells on the
structured surfaces. The soft permeable hydrogel scaffold with surface structures was also demonstrated as being viable for long-
term cell culture, and could be used to generate interconnected tissues with finely tuned cell morphology and alignment across a
few centimeter sizes.
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1. INTRODUCTION
Cellular alignment of native tissues plays a crucial role in many
biological functions.1−4 The ability to control cell shape and to
engineer tissues with precisely controlled morphology holds
great potential in many biomedical applications including
regenerative medicine,5 tissue regeneration and repair,6,7 drug
screening,7,8 development of biosensors,9 and elucidation of
cell−cell and cell−matrix interactions.10,11

Cells constantly sense and respond to a variety of signals
from the environment over a wide range of length scales.12 The
interaction between cells and the biochemical and biophysical
cues imposed by the extracellular environment plays a central
role in mediating many cell properties and functions. A precise
control of cell alignment and organization in vitro relies on a
robust micro/nano-fabrication technique to construct a
synthetic extracellular environment mimicking the native
biological environment. To address this need, one popular
technique is to fabricate and use a culture substrate with

microscopic features that impose a defined cell adhesion
pattern.13−15 This technique has been used to study the
influence of cell shape on its architecture,16 migration,17,18

differentiation,19 and growth.20 Although the micropatterning
technique has shown success in controlling single cell shape
and adhesion location, it is not applicable to generate
continuous tissue due to the existence of the separations
between adhesion patches. Another widely explored technique
is to fabricate substrate with nano/micro-topographical
patterns, on which the cells elongate and align on the
structured surface through a phenomenon called contact
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guidance.21,22 The elongated cell body can induce directional
migration, which can facilitate wound healing23 and alter gene
expression.24 However, to induce effective mechanotransduc-
tive cues, the size of the topographical features for most cells is
in the hundreds of nanometers to a few micrometers range,
which limits the choice of materials.
The materials explored so far21−38 are mostly rigid and

impermeable, which are hard to be used in long-term cell
culture and tissue transplantation. Noncompliant materials can
cause localized inflammation in the dynamic in vivo environ-
ment.39 Besides, cells in the body reside in close proximity to
blood vessels that supply tissues with nutrients and oxygen and
remove waste products and carbon dioxide. It is important to
engineer an environment that can perform a similar function.
To meet these requirements, hydrogel is a good option, which
is permeable and tunable in many properties such as
biodegradability, stiffness, adhesiveness and bioactivity.40,41

However, because most hydrogels are soft and floppy, it
remains a challenge to fabricate robust topographical features
out of hydrogels in the length scales sufficient to impose
topological cues to tune cell response. It is even more
challenging to fabricate hydrogel scaffold with uniform
micrometer topography across centimeter or even larger
sizes.42−46 The topic is sufficiently broad and important that
ample room exists for exploring new materials, fine structures,
and various types of cells for different applications.
In this research, we fabricate HEMA hydrogel substrates with

high-aspect-ratio topographical features. The pHEMA hydrogel
is chosen because of its good mechanical integrity47,48 and
biocompatibility.49,50 We show that human mesenchymal stem
cells (HMSCs) cultured on the microstructured hydrogel
substrate can orient based on the underlying geometrical cues.
Instead of rounding up as on the flat pHEMA hydrogel, the
cells elongate and adhere on the patterned hydrogel substrate.
The elongation and alignment of cell bodies are highly uniform.
The effect of feature dimensions on the cell morphology and
adhesion is also discussed. Such hydrogel substrates are shown
to be viable for long-term cell culture and capable of generating
interconnected cell monolayers with uniform orientation
spanning centimeter sizes.

2. RESULTS AND DISCUSSION
The hydrogel substrates were made of poly(2-hydroxyethyl
methacrylate) (pHEMA) monomer, ethylene glycol dimethyl
acrylate (EGDMA) cross-linker, and 2-hydroxy-2-methyl-1-
phenyl-propan-1-one (Darocur 1173) photoinitiator. The
molecular structures of the chemicals are shown in Figure S1.
The monomer to cross-linker ratio was 100:1. The linear
swelling ratio of such fabricated pHEMA hydrogel in DI water
was 1.4 ± 0.2, and the shear modulus of the swollen gel was
500 ± 100 kPa. It is much softer than most of the soft
elastomers widely used for fabricating structured surfaces, e.g.
polydimethylsiloxane, which has a shear modulus of 2 MPa.51

The permeability of pHEMA gel was reported in the range of
7−9 × 10−17 m2.52 It is higher than the widely used hydrogels
for cell culture, e.g. polyacrylamide gel, which has a typical
permeability of 4−5 × 10−18 m2.53

The microstructured hydrogel surface was fabricated through
a two-step replica molding process. The procedure is illustrated
in Figure 1a. Silicon masters with microplate arrays were
fabricated by reactive ion etching (Figure 1b). The surfaces of
the silicon masters were treated by oxygen plasma, followed by
silanization to ensure easy detachment. A negative mold was

fabricated using Polydimethylsiloxane (PDMS) elastomers. A
drop of premixed hydrogel precursor was put on the PDMS
mold, covered with a glass coverslip and cured by exposure to
UV light. After curing, the hydrogel layer attached to the glass
substrate through hydrogen bonding due to the existing
hydroxyl groups, which allowed the hydrogel layer and the
glass coverslip to be peeled off together from the PDMS mold.
The sample was then submerged in water overnight, allowing
the hydrogel layer to swell. Because of swelling, the hydrogel
layer detached from the glass coverslip. Before the freestanding
hydrogel film was used as cell culture substrate, it had been
sterilized with ethanol solution and then saturated with cell
culture medium. The diameter of the circular hydrogel film was
around 2 cm and its thickness was ranging from 500 μm to 1
mm. As shown in Figure 1c, the film was transparent, showing
iridescent color due to the regular structures on the surface. A
representative microscopic image of the surface patterns is
shown in Figure 1d. The plate arrays are highly regular with
very few defects. The features from the original silicon master
are well preserved. The regularity spans the whole sample
surface. The dimensions of the hydrogel micro plates, as shown
in Figure 1, are 2 μm in thickness, 20 μm in height, and 20 μm
in width. The interplate spacing is 10 μm and the intercolumn
spacing is 5 μm. The height-to-thickness ratio of the micro
plates is 10. To the best of the authors’ knowledge, making such
small and high-aspect-ratio surface features on hydrogels over
large surface areas has not been achieved before.
To systematically study the geometric effect on cell behavior,

we designed and fabricated six modes of plate patterns. The
dimensions of the patterns are summarized in Table 1. The
hydrogel was fluorescently labeled and confocal images were
taken from each pattern of the surface. To illustrate the three-
dimensional configurations and dimensions of the surface
patterns, orthogonal views of the confocal images are shown in
Figure 2. The microplates tapered off from the bottom to the
top and the sharp edges present in the original silicon masters
were rounded in the duplicated hydrogel samples. Nevertheless,
the dimension and geometry of the surface features from the
original silicon masters were well-preserved.

Figure 1. (a) Schematic illustration of the procedure for the
fabrication of the microstructured hydrogel substrate. (b) Scanning
electron microscopic image of the microplate arrays on the surface of
the silicon master. (c) Picture of the hydrogel substrate. (d)
Microscopic image of the hydrogel surface with microplate arrays
duplicated from the silicon master.

ACS Applied Materials & Interfaces Forum Article

DOI: 10.1021/acsami.5b12268
ACS Appl. Mater. Interfaces 2016, 8, 21939−21945

21940

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b12268/suppl_file/am5b12268_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b12268


We first examined the viability of the pHEMA hydrogel for
cell culture and the effect of the surface structures on cell
attachment. For comparison, three different substrates were
tested: regular cell culture Petri-dish, flat pHEMA hydrogel
film, and microstructured pHEMA hydrogel film. The same
batch of the HMSCs was seeded on the three substrates
simultaneously and cultured in the same incubator under 37 °C
and 4% CO2. After 24 h, the cells showed distinct behaviors on
the three substrates, as shown in Figure 3. Cells on a regular cell
culture Petri-dish adhered and spread into multipolarized
shapes, which is a common observation for HMSCs. Cells on a
flat pHEMA hydrogel substrate did not spread. Instead, they
rested on the substrate with a round shape, and were easily
sheared off from the substrate. This behavior was observed
before and was understood as being due to the hydrophilic
surface property of the pHEMA hydrogels and the lack of
anchor point on the flat surface.54,55 However, on the same
pHEMA hydrogel when it was fabricated with microstructures,
HMSCs can adhere to it. The cells spread into specific
elongated geometries in response to the topographical cues and

fit into the interplate spaces (Figure 4a, b). A confocal image
shows the spatial position of an attached cell in relation to the

microplates (Figure 4c). The actin filaments and the nuclei of
the cells were fluorescently labeled. It shows the cell stays in
between the parallel plates and conforms to the gap.
We studied the geometric effects further by fabricating six

plate-patterned surfaces with different dimensions. For all the
patterns, the thickness and height of the plates were 2 and 18
μm. From experience, when the plate thickness is smaller than
2 μm or its height is larger than 20 μm, the plates are prone to
collapse. The width of the plate varied from 10, 25 to 50 μm.
The interplate spacing varied between 5 to 10 μm in this study.
When the interplate spacing was larger than 20 μm, the cells
rounded up in between the plates as on the flat hydrogel
substrate. In contrast, when the interplate spacing was less than
3 μm, the cells did not spread but stayed on top of the plates.
With these constraints, six modes of plate patterns were
fabricated (Figure 2 and Table 1). To rule out other factors that
may influence the cell behaviors, the cells seeded on the six
different substrates were always from the same batch. In each
set of experiment, 12 hydrogel samples were prepared, two for
each pattern. Each set of experiment was repeated three times.
After 24 h in incubator, the cells on the hydrogel substrate were
fixed with paraformaldehyde solution and fluorescently labeled
with phalloidin for actin filaments, and DAPI (4′,6-diamidino-
2-phenylindole) for nuclei, respectively. On each sample, 40−
60 images were taken at different locations. Several typical

Table 1. Dimensions of the Six Modes of the Microplate
Patterned Hydrogel Substrates

I II III IV V VI

plate width (μm) 10 25 50 10 25 50
plate height (μm) 18 18 18 18 18 18
plate thickness (μm) 2 2 2 2 2 2
interplate spacing (μm) 10 10 10 5 5 5
intercolumn spacing (μm) 5 5 5 5 5 5

Figure 2. Orthogonal views of the confocal images of the pHEMA
hydrogel substrates with six different patterns. The scale bar is 20 μm.

Figure 3. After 24 h of culture, HMSCs (a) adhere and spread on tissue culture Petri-dish, (b) round up on flat pHEMA hydrogel substrate, and (c)
elongate and align on microplate patterned pHEMA hydrogel substrate.

Figure 4. (a) Schematic illustration of the morphology of HMSCs on
flat pHEMA hydrogels. (b) Schematic illustration of how a cell senses
and responds to structural pHEMA surface. (c) Orthogonal views of a
confocal image of the HMSCs attached and aligned on the
microstructured pHEMA hydrogel surface confirm that the cells
grow in between parallel plates.
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images of the cell morphologies on each pattern are shown in
Figure 5a.

The six patterns allow us to study the effect of two factors
that influence the cell shape: the size of the interplate spacing
and the width of the plate. We first quantified the lengths of the
cell body on each pattern through image analysis (Figure 5b).
We observed that the elongation of the cell body is sensitive to
the size of the interplate spacing. The cells on patterns I, II and
III, which have a wider interplate spacing of 10 μm, elongated
less than those grown on patterns IV, V, and VI, which have a
narrower interplate spacing of 5 μm. To quantify this effect, we
compared the two patterns that have the same plate width but
different interplate spacing, i.e. pattern I vs IV, II vs V, and III
vs VI, and calculated the relative increase of the cell length. For
instance, we denote the average cell length on pattern-I as lI,
and the average cell length on pattern-IV as lIV. We then
calculate the relative increase as (lI − lIV)/ lI. Consequently, we
obtained a 22.5% increase of cell length on pattern IV
compared with pattern I, a 35.1% increase on pattern V
compared with pattern II, and a 35.3% increase on pattern VI
compared with pattern III. To fit into a smaller space between
the parallel plates, the cells need to squeeze themselves more in
the lateral direction, and they do so by stretching more in the
longitudinal direction. From Figure 5b, we also observe that the
elongation of the cell body is slightly sensitive to the plate
width. On wider plates, the cells tend to elongate more. For
instance, the patterns IV, V, and VI have the same interplate
spacing of 5 μm, but different plate width. From IV to VI, the
plate width increases sequentially from 10 μm, 20 to 50 μm,
and the length of the cells grown on these patterns increases
accordingly. The same trend is also shown on patterns I to III,
but less significant. When the plates are wide, the cells have less
probability to branch out in the lateral direction through the
intercolumn spacing, and thus the growth is mostly confined in
the longitudinal direction. We also quantified the lengths of the
cell nuclei on each pattern of the substrate through image
analysis and the results are shown in Figure 5c. We observed
that on narrower interplate spaces, i.e., patterns IV, V, and VI,

the length of the cell nuclei is longer. We did not observe
statistically significant dependence of nuclei length on the plate
width. We further quantified the average number of cells
adhering on the patterned substrate. As shown in Figure 5d,
comparing with cell culture Petri-dish, less cells adhere to the
patterned substrate, and the narrower the interplate spacing is,
the fewer cells adhere to the substrate due to the geometric
confinement. Considering cells as wetting liquid,56 surface
energy decreases as they fit into the structures, while
considering cells as soft solid,57 the elastic energy increases as
they stretch longer. As shown in Figure 6a, b, the surface energy

decreases linearly as cell length, while the elastic energy
increases quadratically as cell length. The overall energy
decreases and then increases. Correspondingly in experiment,
we observed that the number of spreading cells per unit area
increases and then decreases as the cell length (Figure 6c).
Comparing with flat hydrogel substrate, the patterned
substrates provide more available surfaces, and it is energetically
favorable for the cells to elongate to fit in, but as the interplate
space becomes narrower, although it provides more effective
surface per unit projected area, the elastic energy that the cells
have to overcome in order to fit in becomes predominant, and
it is energetically less favorable for the cells to fit in.
The microstructured pHEMA hydrogel substrates are viable

for long-term cell culture. As shown in Figure 7a and Figure S2,
the cells on the hydrogel substrate grow into a dense and
interconnected layer. The connection in vertical direction is
through the intercolumn spacing. As shown in the confocal
image of Figure 7b. This is one of the advantages of having
plate-patterned substrate over groove-patterned substrate,
which is the conventional design of patterned substrate, to
induce cell bipolarization. We also quantified the growth of cells
on the patterned substrate through cell viablity assay. The cell
proliferation rates on the culture Petri-dish and on the
microstructured hydrogels were recorded and shown in Figure
S3 and Figure 8, respectively. The proliferation rate on the

Figure 5. (a) Representative pictures of HMSCs on the micro-
structured hydrogel surface. (b) Quantitative measurements of the cell
length on the six different patterns. (c) Quantitative measurements of
length of the cell nuclei on the six patterns. (d) The average number of
cells adhering to the Petri-dish and different patterned hydrogel
surfaces.

Figure 6. (a) Cells round up on the flat gel surface but elongate and
adhere to the plate-patterned gel. (b) Schematic of the growth
mechanism: the surface energy decreases linearly as cell length; elastic
energy increases quadratically as cell length; and the overall energy
decreases first and then increases as cell length. (c) After 24 h of
culture, the number of cells adhering to different patterned hydrogels
is plotted against cell length.
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microstructured hydrogel is slower than on Petri-dish surface. It
might be due to the geometric confinement of the structures.
Nonetheless, the HMSCs cultured on the patterned hydrogel
substrate retain the ability to divide even after one month
(Figure 8).

3. CONCLUSIONS
On one hand, micro/nanostructured surfaces have been shown
to be a promising tool to realize cell guidance. The topological
cues can direct cell morphology and induce stem cell
differentiation. On the other hand, hydrogels have been
extensively studied as the most promising media to mimic
the extracellular environment of human bodies. Putting the two
ingredients together, hydrogel and surface topography, can
potentially create a new avenue for cellular and tissue
engineering. In this study, we showed that high-aspect-ratio
microfeatures can be fabricated out of hydrogels. The
structured hydrogel surface could effectively direct cell shape
and control cell adhesion. The influence of the dimensions of
the surface structures on cell morphology was carefully studied.
The permeable nature of hydrogels makes them an ideal media
for long-term culture. The hydrogel can be molded into any
shape, and its chemical and physical properties can be easily
tailored. For instance, to broaden its biomedical application, we
can easily introduce the biodegradability into the pHEMA
gels.50 This study provides a stepping-stone for the future
design of soft scaffolds that can fine-tune the cell morphology
and at the same time produce three-dimensional foldable

shapes that better mimic the extracellular environment,
providing solutions for easy transplantation.

4. EXPERIMENTAL SECTION
Materials. The chemicals for making pHEMA gel include the

monomer 2-hydroxyethyl methacrylate (HEMA), the cross-linker
ethylene glycol dimethyl acrylate (EGDMA), and the photoinitiator 2-
hydroxy-2-methyl-1-phenyl-propan-1-one (Darocur 1173). They were
purchased from Sigma-Aldrich (Atlanta, GA). Their chemical
structures are shown in Figure 1S. The Polydimethylsiloxane
(PDMS) precursor and curing agent (Sylgard 184) were obtained
from Dow Corning. The chemicals used for cell culture and
fluorescent labeling including the alpha-MEM media, the penicillin-
Streptomycin (Pen Strep), the fetal bovine serum (FBS), the
phosphate buffered saline (PBS) buffer, the trypsin-EDTA, the 4′,6-
diamidino-2-phenylindole (DAPI), the Alexa Fluor 594 Phalloidin, and
the 5-chloromethylfluorescein diacetate (CellTracker Green) were
purchased from Life Technologies Corporation (Chicago, IL).
Paraformaldehyde for fixation of cells was purchased from VWR
International Inc. (Pittsburgh, PA). All of the chemicals were used
without further purification.

pHEMA Hydrogel Substrate. The hydrogel substrates with
microplate-array topography were fabricated by using a two-step
replica molding process (Figure 1a). Silicon microplate arrays were
fabricated by deep UV stepper lithography and Bosch deep reactive
ion etching (DRIE) of single-crystal silicon wafers. The surfaces of the
silicon masters were treated by oxygen plasma, and hydrophobic
samples were prepared by silanization with (tridecafluoro-1,1,2,2-
tetrahydrooctyl) trichlorosilane (Gelest, Inc. Morrisville, PA, USA).
Liquid PDMS precursor in a 10:1 (base: curing agent) ratio was
poured onto the silicon master and cured at 70 °C for 2 h. The cured
PDMS was peeled off from the master. The negative PDMS mold
contained an array of high-aspect-ratio wells corresponding to the
plates of the positive master. The gel precursor solution was prepared
by mixing 2.5 mL of HEMA with 75 μL of Darocur 1173. The mixture
was exposed to UV light with the power of 16 mW/cm2 for 60 s.
Before molding, an additional 50 μL of Darocur 1173 and 25 μL of
EGDMA were added to this solution and stirred overnight. To
fabricate the hydrogel microplate arrays, the gel solution was poured
on the PDMS mold, covered by a circular glass coverslip of 18 mm
diameter, and exposed to UV light with the power of 130 mW/cm2 for
60 s. The gel substrate together with the glass coverslip was gently
peeled off from the PDMS mode. The structure was then submerged
in water overnight. The hydrogel swelled and detached from the glass
slide. The freestanding gel substrate was washed with 10, 30, 50, 70,
50, 30, and 10% ethanol solutions in sequence. Before use, the gel
substrate was washed with PBS three times and submerged in cell
culture medium for 2h.

Mechanical Characterization of pHEMA Hydrogels. For
material characterization, bulk hydrogel samples were fabricated. The
diameter and thickness of the sample were measured before and after
swelling in DI water. The swelling ratio was calculated as the linear
dimension of the gel in swollen state divided by that in dry state. Three
samples were fabricated and tested. The three samples were further
tested under compression measurements. The samples were under DI
water during testing. The loading rate was 0.1 mm/s and the
maximum displacement applied was 1 mm. The force was recorded as
the sample was compressed. A linear stress−strain relation was
assumed and the Young’s modulus was calculated accordingly. Shear
modulus was calculated with a Poisson’s ratio of 0.5.

HMSC Cell Culture and Observation. Human adult mesen-
chymal stem cells were obtained from Texas A&M Health Science
Center College of Medicine. Cells were cultured in alpha-MEM
supplemented with L-glutamate (2 mM), penicillin (100 U/mL), and
streptomycin containing 16.5% heat-inactivated FBS. Cells were
expanded in T75 flask and subcultured prior to confluence. All the
cells were used at passages between 6 and 8. Cells were seeded on the
gel substrate at concentration of 80 cells/cm2 and cultured. After 24 h
in culture, the cells on the hydrogel substrate were rinsed in serum free

Figure 7. (a) After 32 days of culture, the cells on the microstructured
hydrogel substrate grow into a dense and interconnected layer. (b) A
confocal image shows that the cells connect through the intercolumn
spaces. The picture was taken after 7 days of culture.

Figure 8. Viability of long-time culture on the gel substrates. The
average number of cells per unit projected area is plotted against in
culture.
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media and fixed with 4% paraformaldehyde in 0.1 M PBS for 30 min.
The cells were then stained with phalloidin (Alexa-Fluor 594), DAPI
and cell tracker green according to the manufacturer’s instructions to
visualize filamentous F-actin, cell nuclei, and the whole cell body,
respectively. Visualization was made with an inverted microscope
(Zeiss Axiovert 40CFL 3) and a confocal microscope (Upright Zeiss
LSM 710).
Cell Viability Assay. CellTiter-Glo Luminescent Cell Viability

Assay was purchased from Promega corporation. Before use, we
thawed the CellTiter-Glo buffer and CellTiter-Glo substrate to room
temperature, and mixed 1 vial of the substrate with 10 mL buffer for 2
min by gently vortexing the mixture. We diluted the mixture with cell
culture buffer at 1:1 ratio, covered the hydrogel sample with 3 mL of
the diluted reagent and allowed for 15 min incubation at room
temperature. We then transferred the reactive solution into opaque 96-
well plates with 100 μL per well and the luminescent signals were
recorded by a Spectramax L Plate Reader (Molecular Devices Corp.,
Sunnyvale, CA, USA).
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