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Approaches to control the microstructure of hydrogels enable the control of cell-material interactions and the
design of stimuli-responsive materials. We report a versatile approach for the synthesis of anisotropic
polyacrylamide hydrogels using lyotropic chromonic liquid crystal (LCLC) templating. The orientational order of
LCLCs in a mold can be patterned by controlling surface anchoring conditions, which in turn patterns the
polymer network. The resulting hydrogels have tunable pore size and mechanical anisotropy. For example, the
elastic moduli measured parallel and perpendicular to the LCLC order are 124.9 + 6.4 kPa and 17.4 + 11 kPa
for a single composition. The resulting anisotropic hydrogels also have 30% larger swelling normal to the LCLC
orientation than along the LCLC orientation. By patterning the LCLC order, this anisotropic swelling can be
used to create 3D hydrogel structures. These anisotropic gels can also be functionalized with extracellular
matrix (ECM) proteins and used as compliant substrata for cell culture. As an illustrative example, we show that
the patterned hydrogel microstructure can be used to direct the orientation of cultured human corneal
fibroblasts. This strategy to make anisotropic hydrogels has potential for enabling patternable tissue scaffolds,
soft robotics, or microfluidic devices.

1. Introduction

Devices with user-defined mechanical properties, stimulus response,
and cell-material interactions can be fabricated by programming the
microstructure of soft materials. Traditionally, soft materials with
programmed microstructures are generated via top-down patterning
technologies, such as 3D printing or photolithography.'® These
programmed materials exhibit controllable structural anisotropy and
stimulus response, enabling their potential applications as control-
lable actuators,”” patterned tissue scaffolds,® and microfluidic
devices.” Control of the microstructure is typically constrained by
the spatial resolution of the patterning technique, and the treatment
conditions intrinsic to each technique can limit the types of
materials that can be successfully patterned. By comparison,
bottom-up approaches, where conditions during material synthesis
are controlled to dictate the microstructure, can be harnessed to
provide control at length scales and in materials that are difficult to
pattern using top-down approaches.® Bottom-up approaches, such
as the directed self-assembly of either liquid crystals or nano-
particles, can result in anisotropic glassy polymer networks, elasto-
mers, and hydrogels.”™*
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Anisotropic hydrogels with controlled microstructures are well-
suited to interact with biological systems because they can simulate
the anisotropic environment of living systems. Therefore, a number
of strategies have been explored to synthesize these anisotropic
hydrogels.”>'® For example, mechanically stretching a hydrogel
network and fixing the oriented polymer chains with additional
crosslinking can result in structural anisotropy.'”*® By orienting
nanofillers in the monomer solution, anisotropic mechanical prop-
erties can be obtained after polymerization."**® Heterogeneous
hydrogels with controlled microstructures and microscale
mechanics can be fabricated via the liquid-liquid phase separation
of polypeptide and poly(ethylene glycol) solutions.*"** Anisotropic
hydrogels with oriented voids can also be fabricated by polymeriza-
tion after directional freezing or in the presence of lyotropic liquid
crystals to serve as templates.***"** However, most of these meth-
ods cannot produce user-defined, arbitrary orientation, limiting
potential applications. A new and versatile approach to in plane
and through thickness control the microstructure of hydrogels
could enable the synthesis of new materials with high-resolution
control of the microstructure.

Lyotropic chromonic liquid crystals (LCLCs) are potentially use-
ful templates to generate anisotropic hydrogels.”” LCLCs, which are
quite different from typical amphiphiles, usually have plank-like,
aromatic cores with hydrophilic groups on the periphery.”® These
molecules aggregate into stacks when dissolved in water, and these
stacks form mesophases when in specific temperature and compo-
sition ranges. As the concentration is increased or temperature is
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lowered, isotropic (I) solutions can order into nematic (N), columnar
(M), and rectangular (O) phases.”*>* A variety of strategies can be
used to pattern the molecular orientation of LCLCs, such as surface
anchoring controlled by grooved surfaces or photoaligned dyes,*>®
3D confinement,*>*° and magnetic fields." These methods have
enabled spatial control over the alignment of LCLCs. The resulting
anisotropic, aqueous solution can be used to provide structure to
biological systems or for chemical reactions.*>**

Here, we report a versatile approach to synthesize anisotropic
polyacrylamide hydrogels with tunable microstructures via polymer-
ization in different LCLC phases. By only changing the temperature
of polymerization, hydrogels with either a homogeneous, macro-
porous, fibrous, or cellular microstructure can be fabricated. Impor-
tantly, if the monomer solution is oriented, an aligned fibrous or
cellular microstructure results. The resulting hydrogels have tunable
and anisotropic pore size, swelling, and mechanical properties. The
orientation of the microstructure can be controlled both within the
plane and through the thickness of the sample. Spatial patterns can
lead to programmable shape change, morphing a flat material into
a 3D structure. Finally, we show that these anisotropic materials can
be functionalized with extracellular matrix (ECM) proteins and used
as substrata for cell culture. Human corneal fibroblasts cultured on
patterned, anisotropic polyacrylamide gels adopt defined cellular
patterns.

2. Experimental
2.1 Materials

Disodium cromoglycate (DSCG, 98% purity) was purchased from
Alfa Aesar (Haverhill, USA). Acrylamide (AAm, 99% purity),
N,N'-methylenebis(acrylamide) (MBAAm), N,N,N',N'-tetramethyl-
ethylenediamine (TEMED), ammonium persulfate (APS), 3-(tri-
methoxysilyl) propyl methacrylate, Sulfo-SANPAH, DMEM, Triton
X-100, and DAPI were purchased from Sigma-Aldrich (St. Louis,
USA). Methacryloxyethyl thiocarbonyl rhodamine B (PolyFluor 570)
was purchased from Polysciences. Alconox, dimethylformamide
(DMF), acetone, isopropanol, and toluene were purchased from
Fisher Chemicals. RM257 was purchased from Wilshire Technolo-
gies. Irgacure 651 was donated by Ciba. Type I Collagen was
purchased from PureCol (Advanced Biomatrix, San Diego, USA).
Fetal Bovine Serum was purchased from R&D Systems (Minneapo-
lis, MN). Pen/Strep/Amp B was purchased from Lonza (Walkersville,
MD). Paraformaldehyde was purchased from Electron Microscopy
Sciences (Hatfield, PA). Goat Serum was purchased from Gibco
(Gaithersburg, MD). Phalloidin was purchased from Invitrogen
(Carlsbad, CA). Brilliant yellow (50% purity, Sigma) dissolved in
DMF at a concentration of 10 wt% was filtered three times before
use. All chemicals were used as received without further
purification.

2.2 Preparation

2.2.1 Preparation of glass molds

Rubbed glass molds. Clean glass slides were rubbed with P400 3M
sandpaper. A mold was then assembled. The rubbed sides were
then made to face inward and parallel to each other, and 30 pm
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thick paper spacers were used between the glass slides. A UV-
curable thiol-acrylate glue was used to hold the molds together.

Photo-patterned glass molds. Clean glass slides were exposed to O,
plasma for 60 seconds. A solution of 10 wt% brilliant yellow
dissolved in DMF was spincoated on one surface of each glass slide
at 3000 rpm for 30 seconds. Brilliant yellow coated glass slides were
photo-patterned using polarized light. Each orientation was exposed
for 3 minutes with a previously described system.** Brilliant yellow
coated glass slides were then spincoated with a 10 wt% RM257
solution dissolved in toluene at 3000 rpm for 30 seconds. This
coating was then dried at 50 °C for 5 minutes, and the coating was
then exposed to 365 nm UV light for 10 minutes at an intensity of
4 mW cm™? to polymerize RM257.

2.2.2 Preparation of hydrogels. To form the monomer
solution, 18 wt% DSCG, 9 wt% AAm, and 0.3 wt% MBAAmM were
dissolved in N,-bubbled deionized water and mixed for 2 minutes
(Fig. 1A). After dissolution, 0.9 wt% APS and 0.0018 wt% TEMED
were added to induce free radical polymerization. The reaction
mixture was well mixed and filled into the rubbed glass molds.
For photo-patterned samples, the reaction mixture was well mixed
and dropped on the surface of a RM257 coated glass slide, and then
assembled with another patterned glass slide. Molds were sealed
using photopolymerizable glue to prevent evaporation. To remove
potential flow-induced alignment, cells were heated to 45 °C for
15 seconds and then cooled down to room temperature (RT). For
O-phase templated hydrogels, the sealed molds were stored at 4 °C
for 15 minutes and then stored at —18 °C for 24 hours. For
isotropic hydrogels, the molds were stored at 60 °C for 24 hours.
For nematic + isotropic hydrogels, the molds were stored at RT for
24 hours. For nematic hydrogels, the molds were stored at 4 °C for
24 hours. Samples were retrieved from molds and soaked in
deionized water for 3 hours to remove DSCG and any unreacted
monomers (Fig. 1B). POM images of the samples before and after
washing DSCG show the loss of birefringence indicating the removal
of DSCG (Fig. S1A-C, ESI¥).

2.3 Characterization

2.3.1 Polarized optical microscopy. To observe the phase
behavior of the monomer solutions, sample solutions were
prepared with 18 wt% DSCG, 9 wt% AAm in DI water and
sealed in glass molds. A polarized optical microscope (POM)
(Olympus, BX51) was used to record the phase behavior of each
sealed sample. Temperature was controlled using a Linkam
thermal stage. For images at cold temperatures, the samples
were stored in vacuum sealed plastic bags for 1 hour at an
appropriate temperature to prevent condensation. Images were
then recorded using the POM immediately.

2.3.2 Differential scanning calorimetry. Differential scan-
ning calorimetry (DSC) (TA Instruments DSC 2500) was used to
check the phase diagram of the precursor solution. Sample solu-
tions (~15 mg) were made with 18 wt% DSCG and 9 wt% AAm and
were loaded in sealed aluminum pans. The samples were heated
from room temperature to 55 °C, cooled to —25 °C, and then heated
to 55 °C. All heating and cooling rates were set to 5 °C min~". Three
samples were repeated for all measurements.
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Fig. 1 Schematic of the templating process. (A) Chemical structure of
DSCG and monomers. (B) lllustration of the synthesis of anisotropic
hydrogels templated by chromonic liquid crystals.

2.3.3 Confocal laser scanning microscopy of hydrogel
microstructures. Hydrogel samples were dyed with a 0.05%
(w/v) solution of PolyFluor 570 in water for 30 minutes. This
solution was then replaced with deionized water. An Olympus
FV3000RS confocal laser scanning microscope (CLSM) was used
for imaging (excitation wavelength 548 nm and emission wave-
length 570 nm). For twisted samples, the signals of Z-stack images
were normalized using the Imaris software. To observe macro-
scopic shape transformation, hydrogels with a twisted director
pattern were cut into 5 mm x 1 mm rectangular prisms where the
cutting angle was varied from 0-90° with respect to the director
orientation at the top of the film.

2.3.4 Pore size measurements. To measure pore size, Fiji-
Image] software was used to analyze the confocal images. Each
image was bandpass filtered and thresholded, such that the pores
were distinguished from the hydrogel pore walls. The “analyze
particles” function was used to measure the pores. The range of
allowable pore area was set to be from 5-500 um?, and ellipses were
chosen to represent the pores. In the results, Feret and MinFeret
were chosen for the pore length and width. All the measurements
were repeated for 3 samples.

2.3.5 Micro-tensile testing. For mechanical testing, samples
(n = 3) of different crosslink densities (0.1, 0.3, and 0.5 wt%) with
alignment parallel and perpendicular to the loading direction were
cut into 5 mm x 1 mm rectangles. A CellScale Microsquisher was
used to measure the elastic modulus. Briefly, a tungsten microbeam
(diameter of 0.3048 mm) was on one side attached to a vertical
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actuator while on the other side fixed to a custom, 13 um thick
folded stainless-steel foil clamp. The samples were fixed by this
clamp on the top side and secured with a similar clamp at the
bottom of a water bath. The samples were stretched at a rate of
10 mm min~ !, and strain was tracked using a camera. The
deflection of the beam was used to calculate the force exerted on
each sample. The first 10% strain was used to calculate Young’s
modulus. The mechanical anisotropy was determined by the ratio of
parallel and perpendicular elastic moduli.

2.3.6 Swelling measurements. For swelling tests, samples
(n = 3) of different crosslink densities (0.1, 0.3, and 0.5 wt%) with
alignment parallel and perpendicular to the director were cut into
1 mm x 1 mm square films. The samples were dried, and the
dimensions were measured by optical microscopy. After soaking in
deionized water for 6 hours, swollen dimensions were measured to
determine the dimensional change.

/ swollen — l dried

Dimensional change% = x 100%

ldried

2.3.7 Gel functionalization and cell culture

Glass slide functionalization. Rubbed glass slides were serially
washed by sonication with 5% Alconox water solution, acetone, and
isopropanol, each for 10 minutes. After cleaning, the glass slides
were kept in deionized water overnight to keep the surface hydrated.
Next, the clean glass slides were treated with a 5% (v/v) solution of
3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in toluene for
30 minutes at 60 °C, washed with toluene, dried with nitrogen gas,
and baked at 120 °C for 5 minutes.

Gel preparation. Uniaxially oriented hydrogels were synthesized
with LCLCs in the O-phase in rubbed molds, as described above.
Polydomain O-phase templated hydrogels were prepared in non-
rubbed glass molds. In the absence of rubbing, the LCLCs adopt a
polydomain LCLC texture. This polydomain texture is comprised of
randomly oriented domains on the order of 100 um in dimension.
At the millimeter scale and larger, the samples are expected to be
isotropic in nature (Fig. S1D, ESIt). Isotropic hydrogels were synthe-
sized in the isotropic phase at 60 °C in rubbed cells. PAAm
hydrogels were prepared at room temperature in rubbed cells, but
in these monomer solutions, DSCG was replaced by additional
water. Spatially patterned aligned hydrogels were prepared by first
creating a mold with spatially patterned alignment. Clean glass
slides were partially covered by masking tape. P400 3M sandpaper
was used to rub the uncovered part along the long axis of the glass
slide. This tape was then removed and used to cover the rubbed
portion. P400 3M sandpaper was used to rub the remaining part
along the short axis of the glass slide. In all molds used to synthesize
hydrogels for cell culture, one side of the rubbed glass mold was
methacrylate functionalized to facilitate hydrogel attachment while
the other side facilitated release.

Gel functionalization. To enable cell attachment, the different
polyacrylamide substrates were functionalized with unpoly-
merized type I collagen via the heterobifunctional crosslinker
sulfosuccinimidyl 6-(4’-azido-2'-nitrophenylamino)hexanoate
(sulfo-SANPAH; Sigma-Aldrich, St. Louis, MO). Briefly, the gels

This journal is © The Royal Society of Chemistry 2020
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were rinsed with a 50 mM solution of HEPES, treated with a
1 mg ml™" solution of sulfo-SANPAH in sterile water, and
exposed to UV light for 10 min. This process was repeated, and
the gels were rinsed with 50 mM HEPES to remove any excess
sulfo-SANPAH. The gels were then incubated with a neutralized
solution of 50 pg ml~" unpolymerized type I collagen (PureCol;
Advanced Biomatrix, San Diego, CA) at 37 °C for 30 minutes and
rinsed with Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, St. Louis, MO), as described previously.*® Prior
to plating cells, the gels were incubated with DMEM at 37 °C for
an additional 30 minutes.

Cell culture. Cell culture studies were performed using the
previously characterized human corneal fibroblast cell line,
HTK.*>*” Prior to plating on the collagen-functionalized polyacryl-
amide substrates, HTK cells were cultured at 37 °C in tissue
culture flasks containing DMEM supplemented with 10% fetal
bovine serum (FBS; R&D Systems, Minneapolis, MN) and 1%
penicillin/streptomycin/amphotericin B (Lonza, Walkersville,
MD). The cells were then plated onto the polyacrylamide gels at
a density of 30000 cells per ml and incubated at 37 °C for
48 hours.

Fluorescence imaging. The samples were fixed in 3% paraformal-
dehyde in PBS for 20 minutes at room temperature, then washed
three times with PBS and permeabilized in 0.5% Triton X-100 in PBS
for 20 minutes. The cells were then blocked with 10% goat serum
(Gibco, Gaithersburg, MD) in PBS for 1 hour at room temperature,
incubated with Alexa Fluor 594 phalloidin (1:200 dilution) (Invitro-
gen, Carlsbad, CA) for 60 minutes at 37 °C, washed three times with
PBS, and incubated with DAPI (1:1000 dilution) (Invitrogen, Carls-
bad, CA) for 20 minutes at room temperature. Confocal microscopy
of fixed samples was performed with a Zeiss LSM 800 microscope
using a computer-controlled, motorized stage and a 20x, NA 0.8,
Plan-Apochromat air objective (Zeiss).

Cell nuclei angle measurements. Quantitative image analysis was
performed in Image]. As a first approximation, we used the angle of
the major axis of a bestfit ellipse of the cell nucleus to quantify the
orientation of the cultured fibroblasts. This angle was measured
with respect to the horizontal axis in each image, which corre-
sponded to the direction of sandpaper rubbing along the glass slide.
The number of cell nuclei was counted by Image]. Each substrate
was imaged in 3 representative locations with each image represent-
ing an area of 0.4 mm’ We analyzed >500 nuclei for each
treatment condition for n = 6 substrates from 3 different experi-
mental replicates.

Cell nuclei orientation index. To quantify the degree of the cell
alignment, an orientation index (Ol,.ej) Was calculated using the
following equation,

OlLyeiei = {2{cos?(0)) — 1} x 100%
where

N
>~ cos?(0;)

{cos*(0)) = = ¥
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In this equation, 0; represents the angle of the cell nucleus, and
N is the total number of nuclei analyzed on a given substrate.
An OI of 100% corresponds to perfect alignment to the horizontal
axis, an OI of 0 corresponds to random alignment to the horizontal
axis, and an OI of —100% corresponds to perpendicular alignment
to the horizontal axis.

Statistical analysis. Analysis of the normality and variance
showed non-normal data with equal variance. Statistical compar-
isons were made using the non-parametric Kruskal-Wallis test
followed by Dunn’s post-hoc test. For all tests, a significance level of
0.05 was used.

Cell aspect ratio and area. The cell morphology was measured by
Image]. The diameters of the major and the minor axes of the cell
were recorded. The cell aspect ratio (r) was defined by the ratio of
the diameters of the major axis to the minor axis. The cell area was
obtained by Image] directly. We analyzed 300 cells for each
treatment condition for n = 6 substrates from 3 different experi-
mental replicates.

Statistical analysis. Analysis of the normality and variance
showed normal data with equal variance. Statistical comparisons
were made using the 1-way ANOVA test followed by a post-hoc
Tukey test. For all tests, a significance level of 0.05 was used.

3. Results and discussion

In this work, we describe the microstructure of hydrogels poly-
merized in different phases of an LCLC solution. The morpholo-
gies of the resulting anisotropic hydrogels are characterized. The
effect of the morphology on the mechanical properties is
described. Finally, aligned hydrogels are used to orient human
corneal fibroblasts.

3.1 Effect of the polymerization phase on the PAAm hydrogel
structures

In order to template a hydrogel with an LCLC phase, the phase
behavior of the monomer-LCLC solutions must be controlled.
Typically, it is expected that by adding water-soluble compounds
that do not form LCLC phases to LCLC solutions, the phase
transition temperatures will be reduced.”® Solutions of 18 wt%
DSCG in water serve as our LCLC, as this solution typically is
nematic at room temperature.”® By adding 9 wt% AAm to this DSCG
solution, the LCLC phases remain, but the phase transition tem-
peratures decreased as compared to the neat DSCG solution, as
determined by POM and DSC. On cooling from the isotropic phase,
a broad exothermic event is observed from 44 °C to 8 °C, and a
narrow exothermic event is observed from 1 °C to —6 °C (Fig. 2A).
The latent heat of these transformations is 4.31J g 'and 4.77J g,
respectively. Based on prior work on DSCG solutions,** we assign
the higher temperature transition as isotropic to nematic + isotropic
to nematic and the second transition as the nematic to O-phase.
The same phase transitions were observed in the heating cycle. By
further cooling to —25 °C, the aqueous solution froze (Fig. S2, ESIt).

Variable temperature POM of AAm-DSCG solutions in a
rubbed cell at different temperatures supports the presence of
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these transitions. At 60 °C, the solution is dark between crossed
polarizers, indicating that it is an isotropic liquid (Fig. 2B). At
room temperature, birefringent nematic tactoids and isotropic
regions are observed (Fig. 2C). At 4 °C, the entire sample is a
nematic (Fig. 2D). Importantly, the nematic phase is oriented
by the presence of scratches on the interior surface of the mold
and shows a typical dark-bright pattern on rotation between
crossed polarizers, as has been observed for neat DSCG solu-
tions. At —18 °C, the homogeneous nematic texture is lost, and
a texture associated with the O-phase is observed.?**!%*° This
O-phase texture also exhibits changes in brightness when
rotated between crossed polarizers, indicating potential align-
ment of this phase (Fig. 2E).

The temperature of polymerization can be used to change the
phase of the monomer solution, which in turn controls the
microstructure of the hydrogel. All hydrogels were observed after
washing away the DSCG and allowing the gel to reach equilibrium
swelling in water. When polymerized in the isotropic phase, a

View Article Online
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homogenous PAAm hydrogel is formed (Fig. 2F). In the biphasic
nematic + isotropic phase region, the resulting hydrogels form a
macroporous structure (Fig. 2G). As has been previously observed
with other additives in LCLCs,*® the acrylamide monomers are
expected to be preferentially excluded to the isotropic regions. In
this system, this exclusion leads to gelation only in isotropic
regions. These pores are neither uniformly spherical nor elliptical,
and the pores have similar dimensions to the nematic tactoids in
the monomer solution. In the nematic phase, fibrous structures of
PAAm hydrogels form with the fibrils oriented along the nematic
director (Fig. 2H). When polymerization occurs in the O-phase,
anisotropic cellular structures are observed (Fig. 2I). These fibrous
and cellular microstructures likely result from phase separation
between LCLCs and polymer chains. Based on prior work on
polymer-stabilized liquid crystals, similar fibrous and cellular
structures are observed when polymerization occurs in the ther-
motropic nematic phase.”*® However, the mechanisms of the
formation of the distinct network morphologies in nematic and

A T T T fim T T 1 , T T T
5 5| - 5
= |]o.01wr = = 1 2
2 ’ 2 p —— = a3
z 3 % 0z
E E IQéW/Q TExo 4 E
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Fig. 2 Tunable hydrogel morphology by polymerizing in different chromonic liquid crystal phases. (A) DSC thermogram of the DSCG/AAmM solution with insets
showing the transition peaks in detail on heating and cooling. (B—E) Polarized Optical Microscopy images of the DSCG/AAm solution in isotropic (60 °C), nematic +
isotropic (RT), nematic (4 °C), and O- (—18 °C) phases (from left to right, scale bars 200 um). (F—I) Confocal images of hydrogel microstructures after polymerization
in the corresponding phase (hydrogels fluoresce red, scale bars 20 pm). Arrows in the top left corner of the images depict the direction of rubbing.
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O-phase are still unclear. In the following sections, only the cellular
structures resulting from polymerization in the O-phase are
discussed.

3.2 Effect of crosslinker concentration on the pore
morphology and mechanical and swelling properties of aligned
cellular PAAm hydrogels

To further understand the aligned cellular PAAm hydrogels, the
influence of crosslink density on the porous structure and corres-
ponding mechanical and swelling properties was investigated. All
samples were prepared in the O-phase, and the crosslinker concen-
tration (0.1, 0.3, and 0.5 wt% MBAAm) was varied. Aligned cellular
structures with different pore sizes can be observed by confocal
microscopy for each composition (Fig. S3, ESIT). Pore size decreases
with increasing crosslink density, both parallel and perpendicular to
the alignment direction. The average pore sizes along the rubbing
direction are 25.8 + 7.8, 19.5 + 9.2, and 7.2 + 3.0 pm, while the
average pore sizes perpendicular to the director are 6.5 + 2.1, 4.6 +
1.9, and 1.6 + 0.6 pm with 0.1, 0.3 and 0.5 wt% crosslinker
respectively (Fig. 3A). One reasonable explanation of the decreasing
pore size with increased crosslink density is that higher content of
MBAAm forms a crosslinked network at lower monomer conver-
sion, which prevents further phase separation.

In addition to changes in morphology, the amount of crosslinker
can be used to control the anisotropic mechanical properties of the
aligned cellular hydrogels. Young’s modulus was measured both
parallel and perpendicular to the alighment by the micro-tensile test
in water (Fig. S4, ESItT). Upon increasing the crosslink density from
0.1, 0.3, to 0.5 wt%, the elastic moduli increase (85.4 + 5.4, 124.9 +
6.4, and 186.4 + 4.6 kPa respectively) along the rubbing direction
(Fig. 3B). However, the elastic modulus perpendicular to the align-
ment shows little difference with increasing crosslink density. We
note that for 0.3 wt% crosslinker, the elastic modulus parallel to the
director is 6 times higher than the elastic modulus perpendicular to
the alignment, which indicates that the aligned cellular structures
induce sizeable mechanical anisotropy. This mechanical anisotropy
is also confirmed by comparing with a 0.3 wt% isotropic PAAm
hydrogel which has an isotropic elastic modulus of 40.4 + 6.8 kPa.
This anisotropy is substantially larger than the anisotropy observed
in hydrogels with mechanically elongated polymer chains or
oriented cylindrical clay nanofibers, which ranges from 2 to 3.'°"
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The anisotropic porous structures generated by polymerization
in the oriented O-phase swell anisotropically. To measure swelling
anisotropy, the gel was allowed to dry within the glass mold, and the
sample was then immersed in water to allow the DSCG to be
removed from the gel and for the gel to reach its equilibrium shape.
The hydrogels swell 30% more perpendicular to the alighment than
along the alignment (Fig. 3C). By comparison, a 0.3 wt% isotropic
PAAm hydrogel swells isotropically (Fig. S5A and B, ESIf), which
also confirms that the swelling anisotropy of anisotropic hydrogels
is induced by the anisotropic porous structure. As crosslink density
increases, the swelling ratio decreases, as expected, but the aniso-
tropy of the material remains apparent. The negative dimensional
change of hydrogels at higher crosslink densities parallel to the
alignment is affected by three factors (Fig. S5C and D, ESIt). The
first factor is that the whole hydrogel will swell when absorbing
water. The second factor is that the DSCG within the network will be
removed. The third is that the porosity enables larger expansion in
the perpendicular direction. These three competing factors cause
the very small or negative dimensional change for the parallel
direction.

3.3 Patterned alignment in PAAm hydrogels

By controlling the orientation of the LCLC monomer solution,
hydrogels with through-thickness patterned microstructures can
be synthesized. By building molds where the rubbing directions
of the two sides of the glass mold are perpendicular to one another,
the monomer solution can be induced to undergo a 90° twist in
molecular orientation. At each surface, the LCLC aligns according to
the rubbing direction. Confocal images (Fig. 4A) indicate the twisted
pores of the resulting hydrogels through the thickness. As the
orientation of the pores within the hydrogel varies through
the thickness, the anisotropy of swelling should also vary through
the thickness. When rectangular strips are cut from the twisted
porous gel, the change in swelling anisotropy results in out of plane
bending or twisting. By varying the cutting angle with respect to the
rubbing direction of the top layer, the initially flat hydrogel films
morph into 3D bent or helical structures (Fig. 4B). In the 0° and 90°
samples, surface alignment is along the long and short axes of the
gel strip. The resulting hydrogels bend either along the short axis or
long axis of the strip; both shapes are observed with each alignment.
The presence of metastable shapes in these hydrogels is reminiscent
of the shape transformations of the tape spring.”> Samples with
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Fig. 3 Mechanical anisotropy induced by the anisotropic structure. (A) Pore size along and perpendicular to the nematic director as a function of
crosslink density. (B) Elastic modulus of the hydrogels along and perpendicular to the nematic director as a function of crosslink density. (C) Swelling
along and perpendicular to the nematic director as a function of crosslink density.
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Fig. 4 Twisted aligned PAAM hydrogels. (A) Twisted aligned hydrogels induced by twisted oriented LCLCs (confocal images indicate the Z-stacking structure of
hydrogels from top layer to bottom layer, scale bar 10 um). (B) Confocal images of 2D hydrogel films forming 3D shapes by varying the cutting angle from 0° to 90°
(scale bars 2 mm). (C) Pitch and helical angle of the 3D shapes measured as a function of cutting angle (the pitch of the 0° sample is infinite).

surface alignments between 0° and 90° form helical ribbons. By
increasing the angle from 0° to 90°, the helical angle of hydrogels
also increases accordingly while the helical pitch decreases (Fig. 4C).
Similar behavior has been observed for twisted nematic liquid
crystal elastomers.>

The orientation of the LCLC monomer solution can also be
controlled spatially. We adopted a strategy for LCLC photo-
patterning previously described by Peng et al®” Briefly, a layer of
photosensitive dye can be oriented with spatial control using
linearly polarized light. An additional layer of a polymerized hydro-
phobic RM257 layer, a thermotropic reactive mesogen, is then
coated on top of this dye. This crosslinked RM257 layer, in turn,
orients the LCLC monomer solution and hydrogel microstructure.
We first patterned a film with two domains oriented at 90° to one
another. POM images with a waveplate indicate the LCLC pattern

and the corresponding hydrogel alignment after polymerization
(Fig. 5A). We note that the observed birefringence is a product of
both the DSCG and the RM257 alignment layers. However, confocal
images (Fig. 5B) taken from three spots of this sample after washing
away the DSCG also show a clear microstructural change according
to the photoalignment pattern. More complex patterns can also be
designed, such as the letters “CLC” and the director field associated
with an azimuthal +1 topological defect. To visualize these mm-scale
patterns, the hydrogel with the DSCG still present is heated to
isotropic and then cooled to the nematic-isotropic region while
being viewed with POM. In the isotropic phase, the birefringence is
only due to the alignment layers. During the cooling process, the
hydrogel serves as a template to guide the orientation of the DSCG
tactoids, which form elongated structures as dictated by the photo-
alignment process (Fig. 5C and D). Notably, due to the interaction

Right

Fig. 5 Spatially patterned PAAM hydrogels. (A) POM image at room temperature of the patterned hydrogel after polymerization and before washing the DSCG
solution (scale bar 200 um). (B) Confocal images indicating the patterned hydrogel microstructure after removal of the DSCG (scale bars 30 pm). (C and D)
Schematic illustration of chromonic liquid crystal pattern and the corresponding POM image of the “CLC" and "+1 defect” patterned hydrogel/DSCG solution after
polymerization when heated and cooled from the isotropic phase, the resulting hydrogel structures can be shown by the liquid crystal tactoids which follow the
hydrogel network (scale bars 400 pum). Dotted arrows indicate the direction of an inserted quarter waveplate to distinguish perpendicular states.
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Fig. 6 Human corneal fibroblast orientation induced by different PAAmM substrates. Confocal images of human corneal fibroblast cell line (A) (scale bars 100 pm)
and (B) (scale bars 30 um) on different patterned PAAm substrates after incubating for 2 days. Cells were stained using phalloidin (green) and DAPI (blue) to visualize
F-actin and nuclei, respectively. The gel microstructure (grayscale) was imaged using DIC. (C) Rose plot of cell nucleus orientation angle with respect to the rubbing
direction (horizontal axis). (D) Cell orientation index on different PAAM substrates towards the horizontal axis (*, P < 0.05). (E) Cell aspect ratio cultured on different

PAAmM substrates (**, P < 0.001).

between the RM257 layers and hydrogels during polymerization,
RM257 layers attach to both sides of the resulting hydrogels, which
limit their applications (Fig. S6, ESIt). Soaking in 1 M NaOH
solution for 24 hours can be used to induce degradation of
RM257 layers. However, this method results in the hydrogel also

This journal is © The Royal Society of Chemistry 2020

becoming partially degraded, which changes the mechanical prop-
erties of the original hydrogels. In order to use these hydrogels
without a hydrophobic coating, we adopted spatially selective rub-
bing of the surfaces of the glass mold to control hydrogel
microstructures.
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3.4 Anisotropic properties of LCLC-templated hydrogels used
to create defined patterns of cultured corneal fibroblasts

The oriented porous structures of the LCLC-templated hydrogels
are reminiscent of the aligned, fibrous networks of ECM proteins
present within many biological tissues. For example, in the human
cornea, which is situated at the anterior aspect of the eye, the
stromal compartment contains lamellae of aligned type I collagen
fibrils that endow the tissue with its transparent optical
properties.®**> A population of cells called corneal keratocytes
maintain this highly organized ECM and mediate the wound
healing response in the event of an injury.>® Previous experiments
have suggested that the aligned ECM provides an important
topographical cue that can modulate the differentiation and
motility of these cells.””*® To demonstrate the potential applica-
tion of these anisotropic hydrogels for cell and tissue engineering
applications, we cultured human corneal fibroblasts (HTKs) on
polyacrylamide substrates functionalized with unpolymerized
type I collagen and determined their effect on cell alignment.
The microstructure of the anisotropic hydrogel, as dictated by
the orientation of the LCLC monomer solution during gel poly-
merization, can be used to control the alighment of cultured
HTKs. Cells were cultured on four different types of substrates:
(1) hydrogels that are uniaxially oriented by polymerization in the
aligned O-phase, (2) hydrogels polymerized in a polydomain
O-phase, (3) hydrogels polymerized in the isotropic phase within
rubbed molds, and (4) hydrogels polymerized in rubbed molds
without DSCG. These gels were selected to elucidate the effects of
orientation and porosity on cell attachment and alignment. On
aligned polyacrylamide substrates, the HTKs strongly orient in the
direction of the aligned porous microstructure after 48 hours of
culture (Fig. 6A and B). By contrast, a much smaller orientation
preference is exhibited on the other three substrates. HTK align-
ment is quantified by analyzing the orientation of cell nuclei with
respect to the alignment of the glass rubbing direction (Fig. 6C).
We computed a running average for each substrate to ensure that
a sufficient number of nuclei were analyzed and obtained an
orientation index for the cells on each substrate (Fig. S7, ESIt). For
aligned porous gels, greater than 70% of nuclei are aligned within
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20° of the glass rubbing direction. The orientation index is
79.8% =+ 8.3% for cells cultured on these substrates (Fig. 6D). In
contrast, cell nuclei are less aligned on the other three substrates.
The orientation indices are 40.6% = 10.1% for polydomain PAAm,
27.9% + 14.1% for isotropic PAAm, and 22.8% + 14.1% for pure
PAAm. Statistical analysis reveals a significant difference between
aligned PAAm vs. isotropic PAAm and aligned PAAm vs. pure
PAAm (P < 0.05), suggesting that cell orientation is determined by
the alignment of the porosity of the hydrogel and not by the
submicrometer-scale grooves used to orient the liquid crystals.
Although the difference of orientation index between aligned
PAAm and polydomain PAAm is substantial, we do not observe a
significant difference. The partial alignment of the HTKs on the
polydomain samples may indicate that the polydomain sample
has some residual alignment resulting from flow during synthesis.

The cell area and aspect ratio are also modulated by the
microstructure of the substrate. HTKs cultured on either aligned
or polydomain PAAm gels exhibit geometries that are elongated
along the local pore wall direction. These cells have a significantly
increased aspect ratio, with the HTKs on the aligned PAAm gels
exhibiting the largest values (Fig. 6B and E) (P < 0.001), as
compared to cells cultured on either isotropic or pure PAAm
substrates, which have more homogeneous microstructures
(P < 0.001). The projected cell area is also weakly modulated by
changes in the gel microstructure. The area of cultured HTKs is
somewhat lower on gels that have been polymerized with DSCG, as
compared to pure PAAm substrates (Fig. S8A, ESIT), with cells on
pure PAAm substrates being significantly larger in area as compared
to cells on the aligned PAAm and isotropic PAAm (p < 0.05)
substrates. It is unclear if the presence of DSCG alters the stiffness
of the gel, which might regulate the observed differences in cell
area. Still, despite these differences, the cells attach to all hydrogel
substrates with a similar affinity, as the average number of cells per
unit area is not affected by the gel microstructure (Fig. S8B, ESIT).

Different spatial patterns of cellular alignment can also be
created on individual substrates, using a spatially patterned gel
microstructure. An illustration of the alighment pattern generated
using spatially patterned rubbing is shown in Fig. 7A. After 48 hours

DAPI F-actin ___DAPI

Fig. 7 Patterned human corneal fibroblast orientation. (A) Illustration of the alignment of the substrate microstructure. (B) Composite confocal
fluorescence image depicting fibroblast alignment on patterned hydrogel substrates (scale bar 100 um). Cells were stained using phalloidin (green) and
DAPI (blue) to visualize F-actin and nuclei, respectively. The gel microstructure (grayscale) was imaged using DIC. (C) A higher magnification confocal

image showing the interface of the alignment domains (scale bar 30 um).
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of culture, HTKs align with the local direction of the hydrogel
microstructure, generating clear spatial patterns of cellular align-
ment (Fig. 7B). At the interface between the perpendicular regions of
the gel, HTK orientation changes dramatically (Fig. 7C). Therefore,
spatially patterned hydrogel microstructures templated by directed
self-assembly of liquid crystals can in turn spatially control cell
orientation. While surface topography is a well-known strategy to
induce cell alignment,® the formation of topography directed by
self-assembly and not top-down methods such as lithography may
enable new strategies to generate high fidelity patterns of cell
alignment in non-planar scaffolds. We note that within chemically
identical gels, the substratum microstructure can be widely varied
between homogeneous, macroporous, fibrous, and cellular. We
believe that this templating technique may be applicable to 3D
scaffolds. However, two limiting factors are that the surface anchor-
ing techniques shown here are only active ~100 um from an
aligning surface and that the pore size is currently too small to
enable cell penetration. In combination with well-known strategies
to functionalize polyacrylamide hydrogels with extracellular proteins,
the programmable microstructure of these templated hydrogels may
enable new strategies to elucidate the effects of topography, stiffness,
and other environmental cues on cellular behavior.

4. Conclusions

In summary, we put forward a new strategy to make anisotropic
polyacrylamide hydrogels. By utilizing the nature of LCLC phases,
substantially different hydrogel structures were formed by simply
varying the polymerization temperature. Polymerization in the
O-phase of the monomer mixture leads to a highly oriented cellular
microstructure. This O-phase can be aligned uniaxially, with a
through-thickness twist, or in a spatially varied pattern to produce
porous polyacrylamide hydrogels templated by this structure. The
anisotropic porosity induces mechanical anisotropy, which results
in anisotropic elastic modulus and swelling ratio. Cultured corneal
fibroblasts follow this orientation. It is anticipated that this new
strategy to synthesize anisotropic hydrogels has potential applica-
tions in patterned tissue scaffolds and in the synthesis of program-
mable stimuli-responsive materials.
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