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Hydrogels undergo extensive three-dimensional volume changes when immersed in water, the degree
of which is determined by the network chemical composition and degree of crosslinking. When the
hydrogel is attached to a rigid substrate, it swells preferentially perpendicular to the substrate. This
anisotropic swelling generates a compressive stress, which drives the formation of surface patterns
when exceeding a critical stress value (¢ = ¢.). In order to develop an indepth understanding of the
mechanism of surface pattern formation in hydrogels, we investigated the dynamic evolution of surface
patterns in photocured hydrogel films from poly(2-hydroxyethyl methacrylate) (PHEMA) crosslinked
with different concentrations of ethylene glycol dimethacrylate (EGDMA, 0-3 wt%). During curing in
the presence of oxygen, a modulus gradient along the film depth was generated due to oxygen inhibition
of the radical polymerization near the film surface. The swelling-induced wrinkling pattern formation
followed Fickian-type kinetics (A ~ ¢?) at early stages, which was independent of the final pattern
morphology. The onset of wrinkling was found at a linear expansion of «, = 1.12, which remained
constant with increasing EGDMA concentration but decreased with increasing film thickness,
indicating an increase in critical stress with crosslinker concentration. In contrast, the equilibrium
linear expansion value, «., decreased significantly (from 2.55 to 1.20) with increasing crosslinker
concentration (from 0 to 3 wt%), resulting in transition from random patterns to highly ordered

hexagonal structures.

Introduction

Hydrogels are three-dimensional networks that can hold a large
quantity of water. Because of the potential responsiveness to
small environmental changes (e.g., temperature, pH, and ion
concentration), bicompatibility, and ability to store functional
chemicals and nanoparticles, they have been investigated exten-
sively for the past several decades.’ Hydrogel thin films have
been particularly intriguing lately as they can be used as tissue
culture substrates,* sensors,’ bioadhesives,® microfluidic devices’
and responsive coatings.® In most of these applications, the
hydrogel film is covalently attached to a much stiffer substrate,
which restricts osmotic swelling at the film/substrate interface
when the gels are exposed to a solvent. Thus, the film preferen-
tially swells in the direction normal to the surface, affecting the
structural and mechanical properties of the hydrogels, such as
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permeability and solvent-uptake.®'* Due to this anisotropic
swelling, hydrogels experience an in-plane equibiaxial compres-
sive stress, which is related to the equilibrium swelling of
unconstrained hydrogel films in a stress-free state (Fig. 1a).'*¢
The degree of swelling and hence the magnitude of the
compressive stress is dependent on the gel composition and
extent of crosslinking. When the compressive stress exceeds
a threshold value (¢ = o.), an elastic surface instability arises to
locally relieve the compressive stress, creating a variety of surface
patterns (Fig. 1b).!3'"2° When the compressive stress exceeds the
elastic modulus and/or the interfacial adhesion strength between
the gel and the substrate, the gel eventually delaminates.!
Therefore, it is important to develop a greater understanding of
the dynamics of swelling and surface instabilities to better
control the pattern formation and surface properties of the
surface-attached hydrogel films.*??

Although much work has focused on manipulation of
swelling-induced elastic instabilities in elastomeric films to form
complex patterns,”®?’ there has been a renewed interest in
controlling pattern formation and ordering in hydrogel
films.'31%17:2%28 On a soft elastomer with a thin rigid skin, rela-
tively small compressive stresses lead to formation of surface
patterns,?*=* and the mechanism can often be approximated by
the classical plate theory.3!-3%3%36¢ For hydrogels, swelling induced
instability arises due to constraint of the highly swollen film to
a substrate, thus, leading to anisotropic osmotic pressure and
relatively larger compressive stresses. Therefore, in addition to
film modulus and strain level, crosslinking density and homog-
enity within the film, and film thickness could play important
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Fig. 1 (a) Illustration of swelling of a surface attached gel. The gel is
under compressive stress due to anisotropic swelling perpendicular to the
substrate. (b) When the stress is above the critical threshold, the gel
surface buckles, or otherwise the surface remains flat. (¢) 3D recon-
struction of the optical image of PHEMA gel containing 3 wt%o EGDMA
after swelling and drying, showing the hexagonal pattern. Inset: FFT of
the optical image. (d) An illustration of the PHEMA gel transition from
dry (glassy) to the swollen (rubbery) state. Due to oxygen inhibition
during photocrosslinking the outer surface of the water swollen gel
behaves like a viscoelastic liquid whereas the bulk remains elastic. The
illustration is not to scale.

roles in controlling pattern morphology and characteristic
Size.13’15’17

Recently, we have reported the formation of a wide range of
surface patterns in swollen poly(2-hydroxyethyl methacrylate)
(PHEMA) hydrogel films confined onto a flat substrate, from
random worm-like structures in transit to peanut shape, lamellar
and a highly ordered hexagonal pattern.?’ The key difference in
our approach compared to prior reports on swelling-induced
patterns on hydrogels is that we create a depth-wise modulus
gradient by manipulating O, diffusion during the UV curing
process. In addition, because of the glassy nature of the dried
PHEMA, the de-swelling kinetics is not the same as for swelling.
Instead, the surface patterns formed during swelling are kineti-
cally trapped during drying, leading to stable patterns in both wet
and dry states (Fig. 1¢). The observed hydrogel surface patterns in
the present work are in the form of shallow undulations, “wrin-
kles”, which is fundamentally different than the “creasing”
patterns in the form of localized sharp folds reported in highly-
swollen polyacrylamide hydrogels'®'* The “creasing” patterns
can be obtained in our gradient hydrogels by increasing the
solvent quality, and thus swelling ratio. A detailed comparison
between crease and wrinkle formation will be reported elsewhere.
We note that all of the observations and characterizations of
pattern formations are based on the equilibrium states, where the
gelsare swollen for a long period of time, followed by drying in air.

Here, we present a detailed kinetics study of gradient
PHEMA gels, including their initiation and growth as a func-
tion of time in comparison with the equilibrium states in order
to develop a better understanding of the mechanisms of pattern
formation and transition between different pattern orders. The
changes in pattern size (1) and amplitude (4), and film thick-
ness (h) of the hydrogel films were monitored in situ by
confocal microscopy during swelling in water. We observed
a Fickian-type pattern growth behavior, A ~ "2, which was
independent of pattern morphology. Our results suggest that
we can tune the equilibrium linear expansion with the cross-
linker concentration, and thus the pattern morphology. The
critical linear expansion, on the other hand, is slightly
decreased with increasing crosslinker concentration and initial
film thickness. Furthermore, we find that when the linear
expansion value approaches the critical linear expansion,
patterns with perfectly hexagonal order are initiated; however,
the degree of equilibrium linear expansion determines whether
the hexagonal order remains stable or not when the gel
continues to swell and reaches equilibrium.

Results and discussion

PHEMA films with depth-wise crosslinking gradients were
prepared by photopolymerization of the precursor solution in the
presence of oxygen (i.e., open to air). During radical photo-
polymerization, dissolved oxygen acted as a radical scavenger,
which lowered the crosslinking density of the hydrogels, and the
concentration of oxygen in the film was determined by the
oxygen diffusion profile from the top surface into the film
(Fig. 1b, and Fig. S17). Details of fabrication and characteriza-
tion of these gradient PHEMA films can be found in our earlier
study.?®

Initially, the crosslinked gradient-PHEMA films were in
solvent-free glassy states and covalently attached to the rigid
glass substrates. When exposed to water, water diffused into the
film at the surface. However, the confinement of the film to the
rigid substrate restricted osmotic swelling in the direction parallel
to the substrate (xy plane), creating an equibiaxial compressive
stress (Fig. la), the degree of which was determined by the
network composition and extent of crosslinking. Swelling of
a constrained gel can be considered as uniaxial expansion, where
the linear extension ratio () is equal to the volumetric degree of
swelling (V):

amty o M

=2 )

Here, i and hq are the swollen and dry film thicknesses, respec-
tively, and ¢ and ¢ (= 1) are the polymer fractions of the swollen
and dry films, respectively. For PHEMA hydrogel films, the
equilibrium water fraction (¢, = 1 — ¢.) was determined by the
crosslinker (EGDMA) concentration (Fig. 2). For uniformly
crosslinked films (polymerized with a cover),?® the highest
swelling, ¢, = 0.13 £ 0.02, was obtained for films without
EGDMA. ¢, then dropped sharply to ~0.09 with 0.5 wt%
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Fig. 2 Equilibrium water fraction (¢,) of uniform and gradient
PHEMA hydrogel films vs. EGDMA concentration.

EGDMA, and gradually afterwards with increasing EGDMA
concentration. The opposite trend was observed for Young’s
modulus (see Fig. S2). For uniform gels, only random swelling
patterns were formed without EGDMA. However, for gradient
films, ¢, values were higher when compared with uniform films
with the same EGDMA loadings. For example, ¢,, = 0.16 and
0.10 in gradient films compared to 0.14 and 0.07 in uniform films
with 0 and 3 wt% EGDMA, respectively. For gradient films,
patterns were observed for all formulations with =4 wt%
EGDMA, at which point swelling approached that of the
uniform film. These results suggest that the outer surface of the
gradient film is much softer than the uniform gels, much like
a viscoelastic liquid (see Fig. 1d), thus, creating a much larger
compressive stress to generate surface wrinkling patterns.

In order to understand pattern formation dynamics, we
studied the time-dependent evolution of characteristic wave-
length of the surface patterns, A(¢). Sequences of images captured
by optical microscopy during water swelling of a PHEMA film
(~60 pm thick) with 2 wt% EGDMA are shown in Fig. 3a. When
the crosslinked dry film was exposed to water, surface instability
was initiated and the pattern began growing within 60 s (Fig. 3b).
Pattern formation started with a finer hexagonal pattern, which
remained stable, but the pattern size increased gradually and
reached an equilibrium value, A.q. The pattern size and
morphology were maintained after the gel was dried (Fig. 3b).
Further study showed that A, decreased with increasing
EGDMA concentration, whereas it increased with increasing
initial film thickness (Fig. 4). For hydrogel thin films, we assume
that A(7) is proportional to the deformation along the z axis
(normal to the substrate), u(z,?), since this diffusion length is the
only relevant length scale.'® This behavior can be explained by
linear diffusion, or Fickian-type kinetics, where 0u/0t = D0*u/0z>,
and the solution of u(z)/u() = A(#)/A() i’

X(l‘) = )\eq(l — (8/1’17)2::0 (2}1 + 1)*2 e(—t/r,,)) (3)

where A( ) is denoted by Acq, 7, = /(21 + 1)*, and 7 = (ac/19)*/[(70/
2)2D], and a, is the equilibrium linear expansion and D is the
effective diffusion coefficient. Eqn (3) can be further simplified
for a short (eqn (4)) and a long period of swelling time (eqn (5)),
respectively:*®
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Fig. 3 (a) Snapshots of optical images showing the evolution of hexag-
onal patterns formed on a PHEMA hydrogel film with 2 wt% EGDMA
(dry thickness ~60 pm) when swollen in DI water. (b) Characteristic
pattern size (1) plotted against elapsed time. Dotted lines separate the
swelling region, gel in equilibrium, and dry gel. Inset: A vs. 2.

A() = (1 — Va)(Dn)*"? “

A1) = Aey(1 — (8127 (%)

Although this methodology assumes one-dimensional (1D)
uniform diffusion, while in practice the diffusion is nonlinear due
to the depth-wise crosslinking gradient in our PHEMA gels, we
found that the initial growth of A did follow a #* relationship
(see Fig. 3b inset) as shown in eqn (4). The pattern growth rate
decreased for a longer swelling time, relaxing to a final equilib-
rium state, which was well fitted by eqn (5). D values were
calculated from Fig. 4a in the range of 1.96 x 10~7 cm?s~!' (3 wt%
EGDMA) up to 4.60 x 1077 cm? s~! (0 wt% EGDMA). These
values were an order of magnitude smaller than the D value
(~5 x 107° cm? s7') for surface-attached acrylamide gels
obtained from the morphological change of surface patterns
(similar to our analogy). Therefore, pattern formation kinetics
were much slower in our PHEMA gel system when compared
with acrylamide hydrogels, enabling us to directly visulize
pattern initiation and growth in a greater detail. We observed
that the initial order of the patterns was hexagonal (Fig. 5),
independent of EGDMA concentration. Individual hexagons
nucleated from different locations on the gel surface, rapidly
consuming the undeformed (flat) regions. Transient defects
(dislocations) were observed when the boundary of these
deformed regions came into contact. The orientation mismatch
between neighboring hexagons mostly disappeared with time for
PHEMA films with 2 wt% and 3 wt% EGDMA.
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Fig. 4 Time evolution of characteristic wavelengths of patterns (1) of
PHEMA hydrogels during swelling in water. (a) The effect of crosslinker
(EGDMA) concentration (for /1o = 30 pm). (b) The effect of initial film
thickness (h) (for 1 wt% EGDMA). The equilibrium wavelength
(%, indicated by the plateau value) significantly decreased with EGDMA
concentration and decreasing film thickness. Lines represent the fits using
eqn (4) and (5) for short and long swelling time, respectively.
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Fig. 5 Optical microscope images showing the evolution of swelling
patterns for PHEMA hydrogels with and without EGDMA. The dry film
thickness was ~30 pm. In each system, swelling patterns originated from
a hexagonal order and evolved to reach its equilibrium state with time,
which was determined by the EGDMA concentration.

The initially formed finer hexagonal pattern continued to grow
with time and collapsed into peanut (1 wt% EGDMA), worm-
like (0.5 wt% EGDMA) and irregular (0 wt% EGDMA)
morphologies depending on the crosslinker concentration
(i.e. the gradient) (Fig. 5). In comparison, the initial hexagonal
order remained for films with 2 and 3 wt% EGDMA, whereas no
patterns were formed with EGDMA =4 wt%. We believe that
our observations are consistent with previous pattern ordering
theory for swelling hydrogels.'>3® Specifically, Tanaka et al. have
suggested that when the osmotic stress is equal to the critical
value a hexagonal order is obtained, which becomes distorted
when the stress exceeds this threshold (o = ¢.)."* As g = E &(,9),
where E is modulus and strain ¢ is a function of either the linear
expansion ratio («) or polymer fraction (¢) in the swollen gel,
there must be a window within close proximity to the critical
linear expansion value («.) in which the hexagonal patterns are
stable for EGDMA concentrations between 2 and 3 wt%. When
EGDMA concentration is decreased, « > «. and the hexagonal
order becomes distorted. Thus, the degree of distortion, and
hence the equilibrium morphology, can be controlled by the
relative linear expansion, or the crosslinker concentration.

The real time change in total swollen film thickness (4y),
pattern amplitude (4) and A during water swelling was monitored
via confocal microscopy. We used xy-scans (parallel to the
surface) to obtain A and pattern order, and xz-scans (depth
profiles) to measure 4 and h,. The confocal snapshots (at ¢ =
15 min) of xy- and xz-scans are given for 3 wt% EGDMA in
Fig. 6a and 6b, respectively. A red fluorescent dye (PolyFluor™
570) was added to the precursor solution prior to UV exposure
for confocal imaging of the gels. A typical plot of the data
obtained from confocal microscopy is provided in Fig. 6¢, which
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Fig. 6 Confocal microscopy images of PHEMA hydrogel films (3 wt%
EGDMA) in DI water. (a) xy-scan (surface profile) and (b) xz-scan (depth
profile) at = 13 min. (¢) Change of characteristic pattern size (1), total
swollen film thickness (%), and pattern amplitude (A4) with time (¢). Cross-
linked gel (dry at z = 0) was placed in a chamber filled with DI water. The data
was obtained from the images of same location of the gel. The shaded area
represents the pattern evolution regime where 4 and A increases.
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shows the change in A, 4, and A with elapsed time. The first data
point in the plot (at # = 0 min) was from a crosslinked gel in
a solvent-free state. After this initial scan, the sample chamber
was filled with water and the film swelled as water diffused from
the top surface. The height of the gel increased almost instan-
taneously, whereas an induction period was necessary for the
pattern to develop, during which /%, increased gradually
(see Fig. S37). For instance, for 3 wt% EGDMA, /, increased
from 85 um to 100 pm in order for patterns to initiate. The
shaded area in Fig. 6¢ indicates the pattern growth region, where
A and A increased sharply before reaching equilibrium. As seen in
Fig. S4,7 the corresponding equilibrium values, /A.,, A., and 4.,
decreased with EGDMA concentration, and increased with the
initial film thickness.

A was calculated for each time point (Fig. 7a) according to
eqn (1). As long as the film surface remained flat, the swollen
thickness of the film was equal to the total film thickness ;. When
patterns appeared on the film surface, the swollen thickness (/)
was measured from the half maximum of the pattern amplitude,
assuming constant volume (Fig. 7b). « for pattern formation was
then determined from the onset of change in A and A (starting
point of shaded area in Fig. 7a). «. remained constant with
increasing EGDMA concentration but decreased slightly with
increasing initial film thickness (see Fig. S51). The equilibrium
linear expansion ratio («.) was plotted against crosslinker
concentration in Fig. 8. For each EGDMA concentration, o, was
the average value measured for films with thickness in the range of
90-300 um. «, decreased significantly with increasing EGDMA
concentration. For PHEMA films without EGDMA, o, = 2.54 &+
0.53, for 0.5 wt% EGDMA, «,. = 2.39 + 0.36, which significantly
decreased to 1.37 £+ 0.11 for 1 wt% EGDMA. For 3 wt%
EGDMA, a. = 1.19 £ 0.36, which was very close to the critical
value. The solid line in Fig. 8 denotes o, values (1.14 +0.10), below
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Fig.7 (a) The change in extension ratio of the PHEMA hydrogel (3 wt%
EGDMA) during swelling. (b) As the water diffuses into the network, the
gel can only expand in the direction perpendicular to the substrate due to
constraint to substrate. /g is the initial (dry) thickness, /, is the time
dependent swollen gel thickness, and 4, = hy — (A/2), where A is the
amplitude after patterns formed. 4 is the total swollen film thickness.
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Fig. 8 The change in the equilibrium expansion ratio («.) for PHEMA
films with EGDMA concentration. The solid line in the figure represents
the critical values, «., below which the hydrogel surface remains flat.

which the swollen film surface remainded flat. «, decreased
significantly with increasing EGDMA concentration.

Conclusions

We investigated the dynamic evolution of osmotically driven
surface patterns in PHEMA hydrogels with depth-wise cross-
linking gradients. It was observed that pattern evolution followed
the Fickian-type kinetics, A ~ ' relationship, at early swelling
stages, regardless of the final pattern morphology and size. The
equilibrium pattern size and elapsed time to equilibrium were
determined by the initial film thickness and EGDMA concentra-
tion. Our results showed that the critical linear expansion («)
remained constant with increasing EGDMA concentration but
decreased slightly with increase of the initial film thickness (/).
This finding is important because the stress magnitude in the
hydrogel depends on the crosslink density and the constant critical
linear expansion indicates the critical stress should vary with
EGDMA concentration. Therefore, our results invalidate the
critical stress criteria proposed in the previous studies.'*'¢ We
showed that highly ordered and stable hexagonal patterns were
formed when the equilibrium linear expansion (e,) was just above
o, when EGDMA concentration was between 2 and 3 wt%.
However, when o, > «, the hexagonal order was transient and
could be distorted. The final pattern morphology was then deter-
mined by «., which could be fine-tuned by crosslinker concentra-
tion. For thess PHEMA hydrogels, hexagons coalesced into
peanuts for 1 wt% EGDMA, lamellar patterns for 0.5 wt%
EGDMA, and complete random structures for PHEMA without
crosslinker. We believe that the presented study of swelling kinetics
of the PHEMA gels with gradient crosslinking density will shed
light on how to control long-range ordering in swelling-induced
pattern formation, for example, using non-homogeneous gels.

Experimental

PHEMA prepolymer was prepared by UV exposure (UVP Black
Ray, 8 mW cm™?) of 2-hydroxyethyl methacrylate (HEMA,
2 mL, 98%, Alfa Aesar) as monomer and the Darocur 1173
(3 wt%, 60 uL, Ciba Specialty Chemicals) as photoinitiator for
60 s. Another mixture of Darocur 1173 and the crosslinker,
ethylene glycol dimethacrylate (EGDMA, Polysciences) (2 : 1 wt
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ratio), was added to the viscous prepolymer to form the PHEMA
precursor solution. A series of precursor solutions without and
containing EGDMA (0.5 wt% to 3 wt%) were prepared (stable
for several months when kept in the dark).

PHEMA films were fabricated using a Micrometer Adjustable
Film Applicator (S271727, Sheen Instruments Ltd., Kingston,
England). Micrometer heads were set to the desired precursor
film thickness and a glass slide was placed under the blade and
the heads were calibrated. The precursor was added in front of
the blade and the applicator was gently drawn along the glass
slide. Precursor coated glass slides were then exposed to UV light
(Omnicure S1000 UV Spot Cure System, Exfo Life Sciences
Division, Mississauga, Ontario, Canada) for 20 min (10 mW
cm~2, 365 nm) either covered (‘uniform’) or uncovered
(‘gradient’). In order to covalently attach the film to the substrate
during UV exposure, glass slides were functionalized with
3-(trimethoxysilyl)propyl methacrylate (TMS, Aldrich) by
covering the surface of the glass slides (1" x 1” coverslip) with
TMS (100 pL) immediately after UV-ozone treatment (Jelight
UVO, Model 144AX) for 30 min, followed by two step annealing
(100 °C for 30 min, then 110 °C for 10 min). Glass slides were
then rinsed thoroughly in DI water and dried overnight.

Optical microscopy was performed on an Olympus BX61
motorized microscope with Hamamatsu controller. For kinetic
studies, images were captured automaticaly (1 image per 3 s).
Confocal microscopy imaging was performed on a Nikon TE300
inverted microscope fitted with a Bio-Rad Radiance 2000 MP3
system (Bio-Rad Laboratories, Inc., Hercules, CA). Images were
observed through a 10x and/or 20x objective, and recorded with
Lasersharp 2000 software (Bio-Rad Laboratories, Inc.).
A fluorescent dye, methacryloxyethyl thiocarbonyl rhodamine B
(PolyFluor™ 570, Polysciences, Warrington, PA), was added to
the precursor to obtain contrast (gel appeared red under fluo-
rescent light). Depth profiles were obtained by collecting xz-scans
with 1 um step size. For kinetic studies, 2 scans per minute were
performed. All measurements were completed in ImageJ (1.41n,
National Institute of Health).
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