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Swelling-Induced Surface Patterns in Hydrogels with
Gradient Crosslinking Density
By Murat Guvendiren, Shu Yang,* and Jason A. Burdick*
Hydrogels with controlled surface patterns are useful for a range of

applications, including in microdevices, sensors, coatings, and adhesives. In

this work, a simple and robust method to generate a wide range of osmotically

driven surface patterns, including random, lamellar, peanut, and hexagonal

structures is developed. This method does not require the use of organic

solvents for swelling, pre-patterning of the film surface, or coating of a second

layer on the gel. The patterns are fabricated by exposing a photocurable

formulation to light while open to air and then swelling, using oxygen

inhibition of the radical polymerization at the surface to create a gradient of

crosslinking with depth, which was confirmed by measuring the double bond

conversion at the surface, surface mechanics, and molecule diffusion into the

network. The modulus gradient, and hence osmotic pressure, is controlled by

the crosslinker concentration, and the characteristic size of the patterns is

determined by the initial film thickness. The patterns are stable in both

swollen and dry states, creating a versatile approach that is useful for diverse

polymers to create complex patterns with long-range order.
1. Introduction

There is a growing interest in polymeric systems that display
spontaneous formation of patterns with controlled size, order,
morphology, and complexity, as they are useful for a wide range of
applications, including sensors,[1,2] microfluidic devices,[3] respon-
sive coatings,[4] smart adhesives,[5] microlens arrays,[6–8] and for
controlling cellular behavior.[9] Buckling or wrinkling of a thin film
on a compliant substrate is themost commonmethod to obtain self-
organizedpatternswithawiderangeofmorphologyandcomplexity.
Themajority of studies performed in this field, originating from the
pioneeringworkofBowdenetal.,[10] involve coatinga thinhardskin,
for example, metal,[11] polymers,[1,12] or silicate,[7,8,13] on a softer
elastomersheet, suchaspoly(dimethyl siloxane) (PDMS),whichcan
be expanded thermally, mechanically, or osmotically. The modulus
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mismatch between the bilayers creates a
compressive stress that triggers buckling,
leading to the formation of various wrinkle
patterns, including one-dimensional (1D)
ripples, two-dimensional (2D) labyrinth and
herringbone structures, and their varia-
tions.[14,15] The morphology, order, and
complexity of the wrinkle patterns can be
controlled by varying the uniformity of the
physical properties and the dimensions of
the materials.[10] However, the majority of
these studies have focused on pattern
formation above the critical stress, and few
have demonstrated highly ordered hexago-
nal patterns with this wrinkling mechan-
ism.[7,16] The length scales in these systems
are typically on the order of submicrometer to
tens of micrometers, due to the competi-
tion between the hard skin favoring the short
wavelength wrinkles and the soft elastomer
favoring the longer wavelength wrinkles.

Another system of interest to create

various surface patterns via harnessing materials instability is
hydrogels. In comparison to PDMS elastomers, there are a wide
range of hydrogels with tunable chemistry and functionality that
will allowus tomanipulate their crosslinking density and gradient,
and responsiveness to environmental stimuli (e.g., heat, light,
electrical potential, chemicals, and biological agents), therefore
offering much richer materials properties to create surface
patterns than PDMS. Almost two decades ago, Tanaka et al.[17]

reported on the evolution of swelling-induced surface patterns in
acrylamide hydrogels constrained on a flat substrate. The pattern
formation was attributed to the competition between osmotic
pressure and mechanical constraints, or lateral confinement
within the gel. Although the initial gel was crosslinked
homogeneously, because it was fixed on a rigid flat substrate,
only the top layer was free to expand, which generated an
anisotropic osmotic pressure along the film thickness. This
pressure increased with time as the gel was swollen. When the
osmotic pressurewas large enough, the outer surfacewas forced to
buckle, resulting in the formation of surface patterns. The pattern
formation was transient in nature depending on the osmotic
pressure. Since this observation, many have attempted to
manipulate the surface pattern formation in various hydrogels
both experimentally[18–20] and theoretically.[21] However, the
nonlinear nature of the gel swelling and lack of the control over
osmotic pressure, which is always much greater than the critical
value for buckling, make it challenging to control the long-range
order and morphology of the final patterns.
Adv. Funct. Mater. 2009, 19, 3038–3045
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Here, by combining the solvent-induced gel swelling and
buckling effect due to modulus mismatch in a bilayer film, we
report the dynamic evolution of a wide range of surface patterns in
poly(hydroxyethyl methacrylate) (PHEMA) hydrogel films con-
finedonaflat substrate, fromahighly orderedhexagonal pattern in
transit to peanut shape, lamellar, and random worm-like
structures. The key difference from the prior reports on
swelling-induced surface pattern formation is that we create a
modulus gradient along the hydrogel film thickness by manip-
ulating the UV curing process, thus allowing us to fine-tune the
local osmotic pressure within the film toward the formation of a
highly ordered hexagonal pattern. The resulting surface patterns
are stable inbothwet anddry states. Further study suggests that the
equilibrium morphology is determined by the mechanical
properties of the film (e.g., crosslinker concentration), whereas
the characteristic wavelength of the pattern is controlled by the
initial film thickness.Herewepresent afirst step inunderstanding
the importance of gel uniformity toward the ordering of surface
patterns. We believe our study will shed light on forming complex
patterns with long range ordering by harnessing instabilities in
anisotropic soft gels.
Figure 1. Schematic showing the fabrication of PHEMA films either with a

modulus gradient or with a uniform modulus with depth. The spun-cast

precursor solution is exposed to UV either open to air or covered with

PDMS. Patterns are spontaneously formed for films with a modulus

gradient when the film is exposed to water and are stable even when

the film is dried.

Figure 2. a) Model system composed of two layers: bottom layer with

uniform mechanical properties and a thinner top layer with gradient

mechanical properties due to oxygen inhibition during photocrosslinking.

b) Cross-sectional SEM image of PHEMA film. c,d) Optical image of dry

and swollen films, respectively.
2. Results and Discussion

PHEMA films were fabricated from a UV-curable precursor
solution composed of partially polymerized PHEMA, a photo-
initiator (Darocur 1173), and a crosslinker (ethylene glycol
dimethacrylate, EGDMA). The precursor solutionwas spin-coated
on to a substrate (silicon wafer or methacrylated glass slide) and
exposed to UV light either open to air or covered to form a
crosslinked film (Fig. 1). Initially, the precursor solution was well
aerated and contained dissolved oxygen (typically �10�3M[22]). It
iswell known that dissolved oxygencanconsumeradicals[22,23] and
hence inhibit photopolymerization and crosslinking of polymers
(Fig. S1a, Supporting Information) until dissolved oxygen is
consumed to aminimal level. In an open air environment, oxygen
continually diffused into the film from the air–film interface:[22,23]

d O2½ �
dt

¼ DO
d O2½ �
dz

� kO R½ � O2½ � (1)

where DO is the oxygen diffusion constant (�10�6 cm2 s�1), ko is
the rate of oxidation (�5� 108 L mol�1 s�1), and [R] and [O2]
denote molar concentration of initiator and oxygen, respectively.
It was evident from our experiments that, when the film thickness
was less than 20mm, more than 2wt% crosslinker was necessary
to form a crosslinked film by photocuring, indicating that when
EGDMA< 2wt%, DOd O2½ �=dz >> kO R½ � O2½ �. For films thicker
than 20mm, the consumed oxygen could not be replaced fast
enough to limit crosslinking, and the amount of diffused oxygen
gradually decreased along the film depth. With this in mind, it is
possible to create a modulus gradient with depth such that the top
surface (near air) has a lower crosslinking density and modulus,
which gradually increases with film depth, and levels off after
reaching the critical depth for oxygen diffusion (Fig. 2 and Fig. S1,
Supporting Information). The profile of the crosslinking density
gradient with depth can be modulated by the initiator and
EGDMA concentrations, precursor viscosity, exposure time and
Adv. Funct. Mater. 2009, 19, 3038–3045 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3039
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intensity, and film thickness. Our approach specifically investi-
gates the influence of EGDMA concentration and film thickness.
We would like to point out that our system differs from the UV-
cured coatings where a hard elastic skin is generally formed above
a softer elastic or viscous layer.[24] We created a soft layer that
gradually stiffened with depth (Fig. 1).

When a droplet of water was placed on the gradient PHEMA
film surface, four distinctive wrinkling patterns, including
random worms, lamellae, peanuts, and long-range ordered
hexagonal patterns, were formed spontaneously and transited
with an increase in EGDMA concentration (Fig. 3). The patterns
were confined within the trace of the water droplet, and remained
stable upon water evaporation (Fig. 2). The patterns were also
observed in both the hydrated and dried states, with no change in
the pattern morphology or stability, even after complete immer-
sion in water for several days. We suspect that the gradient
crosslinking density plays a critical role in the evolution of surface
patterns and their ordering together with lateral confinement of
the gel, promoting anisotropic osmotic pressure along the film
thickness. Supporting this, we observed no pattern formation in
samples containing the same amount of EGDMA and photo-
initiator when they were covered with a flat PDMS slab during UV
exposure (Fig. 1). Although PDMS is permeable to oxygen, we
believe that the PDMS acts as a barrier that limits oxygen diffusion
(especially compared to the open system) into the precursor
solution, leading to a relatively uniformly cured gel and no pattern
Figure 3. a) Optical images of patterns on the surfaces of DI-water-swollen PH

ones are grayscale images. b) Schematic illustration of the wave pattern format

has equal magnitude, a hexagonal pattern is obtained [17]. When the crossl

distorting the hexagonal symmetry.

� 2009 WILEY-VCH Verlag GmbH &
formation. We note that this observation is different from prior
reports in uniformly cured and swollen poly(acrylamide) gel
systems.[17,20]We attribute it to the highermodulus, and as a result
less swelling, of PHEMA gels over poly(acrylamide) gels. In our
PHEMA-gel systems with modulus gradients, the top surface
swelled extensively in comparison to theunderlying layers, leading
to the formation of surface wrinkling patterns (Fig. 3). No patterns
were observed when the EGDMA concentration was �4wt%,
indicating that the filmwas highly crosslinked to resist swelling by
water, leading to an internal osmotic pressure below the wrinkling
threshold.

By simply varying the crosslinker concentration and the initial
film thickness, we generated a library of surface patterns with
controlledorderingandsize (seeFig.S2, Supporting Information).
Thepattern orderingwasnearly independent of thefilm thickness,
whereas the characteristic wavelength (l) (40–120mm) increased
linearly with film thickness (30–250mm; Fig. 4), and was
dependent on the film modulus. This is consistent with the
observation by Tanaka et al.[17] For films of equal thicknesses, l
increased with decreasing crosslinker concentration.We note that
the order and characteristic wavelength of the patterns formed in
swollen states and dry conditions are nearly identical (Figs. S2 and
S3, Supporting Information), and remained stable during
subsequent swelling. Thus, the generated patterns can be used
in both conditions. This observation is different from the
constrained hydrogels where patterns are transient in nature
EMA films. Top images are RGB colored with magnified insets and bottom

ion, where each wave consists of three wave vectors. When each wave vector

inker concentration is decreased, more than one waves become unstable,

Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3038–3045
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Figure 4. Optical images showing the change in pattern ordering with

initial PHEMA film thickness. The characteristic wavelengths of the pat-

terns increase linearly with film thickness and decrease in magnitude with

increasing crosslinker concentration. The pattern ordering is dependent on

the crosslinker concentration, but independent of film thickness.
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Figure 5. a) FTIR spectra for PHEMA without EGDMA: the precursor

solution, polymerized film open to air, and polymerized film covered with

PDMS. b) % Conversion of the vinyl bonds (C¼C) in PHEMA films exposed

to UV light while covered with PDMS in comparison to those open to air.
and disappear during drying.[17,20] We attribute this result to the
transition of PHEMA from a rubbery (swollen) to glassy (dry) state
during drying, which locks the equilibrium pattern, as the
relaxation times aremuch larger than the time required for drying.
PHEMA films were glassy in the pre-swollen dry state with a
Tg� 85–105 8C for 0–4wt% EGDMA for uniform films and
Tg� 40–55 8C for gradient films (see Fig. S4, Supporting
Information). For swollen films, the Tg dropped to less than
2 8C. Therefore, swollen films could easily buckle under in-plane
compressive stress due to osmotic pressure, whereas the surface
pattern became trapped upon drying. Consistent with our
argument, when the PHEMA films were polymerized without
EGDMA, followed by drying at 90 8C, the patterns were barely
visible under the microscope.

To further investigate the nature of the formed gradients, we
used attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) to assess the double bond (C¼C)
conversion at the surface of the crosslinked films. Crosslinked
films (70mm) attached to glass slides were placed on to the
selenium crystal with the film surface facing the crystal and full
contact between the crystal and film was maintained with a
pressure clamp. The penetration depth of the beam for our system
was calculated to be �2mm (see Experimental Section). The
Adv. Funct. Mater. 2009, 19, 3038–3045 � 2009 WILEY-VCH Verl
spectra for PHEMA films (Fig. 5a) indicates that the peak for the
vinyl bond (�1635 cm�1) from the precursor solution became
smaller when the film was exposed to UV open to air (open),
indicating the presence of unreacted double bonds, and almost
disappeared when the precursor was covered with PDMS during
UV exposure (covered). The conversion was calculated by
comparing the vinyl peak areas before and after polymerization
versus an internal standard, C¼O (1730 cm�1) peak (Fig 5b). Our
results showed that for PHEMAwithout EGDMA, conversion was
�68% for an open system and �90% for the covered system. For
0.7wt% EGDMA, it was�75% for an open system and�93% for
the covered system. For 2wt%EGDMA, conversionwas�90% for
an open system and �98% for a covered system. These results
indicate that UV exposure of precursor solutions open to air leads
to a lower conversion at the surface, and higher conversions were
obtained with increasing EGDMA concentration. The presence of
unreacted groups after curing was also confirmed byDSC thermal
analysis. When the crosslinked films were heated, a broad
exothermic peak around 120–130 8C (corresponding to the
thermal curing of the unreacted groups) was observed. This peak
disappeared when the films were reheated after cooling (Fig. S4,
Supporting Information) or swollen to equilibrium and dried at
room temperature prior to measurements, indicating that the
ag GmbH & Co. KGaA, Weinheim 3041
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Figure 6. Confocal fluorescent microscopy depth profiles for photocros-

slinked PHEMA films swollen to equilibrium in a FITC/H2O solution. Films

were fabricated by exposing the precursor solution to UV while the surface

of the precursor was a) open to air or b) covered with PDMS. Inset pictures

are confocal xz-scans of the swollen films, gray indicating the diffusion of

FITC molecules within the gels at various EGDMA concentrations.

Figure 7. AFM force curves for swollen PHEMA films. Films were prepared

by exposing the precursor solution to UV light: the top surface a) open to air

creating a modulus gradient with thickness and b) covered with PDMS

resulting in uniform modulus with thickness. Curves are shown for various

EGDMA concentrations and are shifted along the horizontal axis for clarity.

3042
unreacted groups at the surface of the film leached out during
swelling.

In order to characterize the depth profile of the modulus
gradient, the films (�80-mm thick) were equilibrated in
an aqueous fluorescein-5-isothiocyanate (FITC) solution
(�3mg mL�1). The amount of diffused solvent in the hydrogel
film is supposed to be related to the crosslinking density (either in
gradient or uniform fashion, depending on the crosslinking
systemused). For uniformfilms (films coveredwithPDMSduring
crosslinking), the intensity (normalized to the highest fluores-
cence) of the FITC decreased gradually from 100 to 60 when
assessed for depths up to 90mm (Fig. 6a). This decrease is due to
confinement of the gels, which leads to the water concentration in
the gel gradually decreasing with depth. For gradient films
(crosslinked in open air), the intensity profiles showed two
distinctive regions (Fig. 6b) that started with a sharp decrease in
FITC concentration up to 20–40-mm depth followed by a gradual
decrease similar to the uniform films. The first region of the
intensity-depth curve is attributed to the oxygen-diffusion
gradient, and thus a crosslinking gradient, whereas the second
part is attributed to the mechanical constraint by the rigid
substrate. The steepness of the gradient increased with increasing
crosslinker concentration, and the depth of crosslinking gradient
� 2009 WILEY-VCH Verlag GmbH &
(h) decreased with increasing crosslinker concentration. The
values for h were�39mm for films without EGDMA,�34mm for
1wt% EGDMA, �27mm for 3wt% EGDMA, and � 22mm for
4wt% EGDMA. The reproducibility of the gradient was also
confirmed by comparing the results for three samples per
formulation and at least three different locations per sample. It
should be noted that the maximum absolute fluorescent intensity
was much higher at the surface for the gradient films than for the
uniform films.

To better understand the effect of surface properties of the film
on thefinal pattern formation, atomic forcemicroscopy (AFM)was
used to characterize the structural and mechanical properties of
the crosslinked PHEMA films. Films (70-mm dry thickness)
crosslinked open to air and coveredbyPDMSduring curing,with a
range of EGDMA concentrations were equilibrated in DI water
prior to analysis. As seen in Figure 7a, PHEMAfilmswith 0.7wt%
EGDMA and crosslinked in open air show: i) a sharp decrease in
cantilever deflection (force) prior to the actual contact, ii) hysteresis
between loading and retraction curves, and iii) a negative force
required to retract the tip from the sample surface due to adhesion
between the AFM tip and hydrogel film. Similar behavior was
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 3038–3045
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observedwhen the PHEMAprecursor solutionwas exposed toUV
without EGDMA(seeFig. 7b).When the concentrationofEGDMA
was increased to 4wt%, no patterns were observed, and the
negative force prior to contact and the adhesive force were much
lower in magnitude compared to the lower EGDMA concentra-
tions that did formpatterns. Further, the linear response in loading
and unloading suggested the film was highly crosslinked. These
features clearly indicate that at low EGDMA concentrations
(<4wt%) the gels were inhomogeneous with a weak boundary
layer at the air–film interface.[25] Such negative force prior to
contact was not present for any gels covered with PDMS, and the
curves showed no hysteresis except for without EGDMA (Fig. 7b).
Although a small adhesive force was observed for gels with
EGDMA< 1wt%, it completely disappeared at higher EGDMA
concentrations. These results again support our hypothesis that a
moreuniformgel surface structure is obtainedwhen theprecursor
solution is protected from oxygen diffusion during curing.

These results clearly confirm that curing films open to air
generates crosslinking gradients with depth due to oxygen
inhibition. The competition between oxygen diffusion through
the air–film interface and oxygen consumption during curing
leads to a film with a steeper crosslinking gradient at the surface
and a more uniform gel near the substrate (Fig. 2b). Since the
hydrogel films covered by PDMS were more uniform, AFM force
curves were used to calculate the Young’s modulus (E) of the
uniform PHEMA films with varying crosslinker concentration
according to aHertzmodel for small indentations (d<R/10):[26,27]

F ¼ k z� dð Þ ¼ 4

3

E

1� y2ð Þ d
3=2R�1=2 (2)

where the Poisson’s ratio y¼ 0.5 for an incompressible gel (for
uniform gels), the force constant of the cantilever k¼ 0.06Nm�1

(DNP, Veeco), and the radius of curvature of the tip R¼ 500 nm.
By fitting the experimental force curve,[26] the Young’s moduli of
the PHEMA gels were in the range of �200 kPa to �3MPa,
depending on the EGDMA concentration (Table 1). The
corresponding shear moduli obtained from shear rheology of
the bulk gels are also included in Table 1 for comparison. A single
E value for each composition obtained for uniform films is not
valid for a gradient film; however, these values could be assigned
Table 1. Glass transition temperature (Tg), shear modulus (G), Young’s
modulus (E), and pattern ordering in PHEMA films as a function of
crosslinker (EGDMA) concentration and equilibrium water fraction (fw).

EGDMA [wt%] Tg [a] [8C] fw G [b] [kPa] E [c] [kPa] Pattern

0 �85 0.69� 0.01 31� 11 194� 44 Random

0.7 �87 0.58� 0.01 98� 1 283� 57 Lamella

1 �87 0.54� 0.06 133� 56 395� 89 Peanut

2 �85 0.52� 0.05 176� 28 1374� 342 Hexagonal

3 �92 0.45� 0.01 300� 23 1639� 215 Hexagonal

4 �104 0.41� 0.03 430� 40 2950� 557 No Pattern

[a] For dry films (swollen Tg< 20C for all samples except for 4 wt%

EGDMA). [b] Shear rheology of bulk gels. Standard deviations are for 3

samples each. [c] Modulus values obtained from AFM force curves for

uniform thin films (70mm). Standard deviations are for 30 measurements

each.

Adv. Funct. Mater. 2009, 19, 3038–3045 � 2009 WILEY-VCH Verl
as the upper modulus limit for the gradient films (i.e., area where
oxygen inhibition is not significant, see Fig. 2b).

In a swollen gel, the instability is determined by the competing
forces of osmotic pressure and lateral confinement. Tanaka et al.
defined the osmotic pressure (P) for instability as follows[17]

P ¼ E1=2
2

kh

3
� E1=2

0

1

kh

� �2
þ 2

3
E2E0ð Þ1=2 (3)

The critical pressure for buckling (Pc) with a critical wavelength
(lc) is equal to

Pc ¼
2

3
E2E0ð Þ1=2; kc ¼

2p

lc
¼ E0

E2

� �1=4 ffiffiffi
3

p

h
(4)

which is roughly proportional to the average Young’s modulus of
a uniform gel (Pc� E) and independent of the film thickness (h),
whereas the characteristic wavelength (lc) of the patterns is
proportional to the film thickness and dependent on themodulus.
For the gradient gels, the modulus of the film at the surface and
deeper in the film differs much so that E2 is approximated as the
effective modulus for the surface (E

�
) and E0 is approximated as

bulk modulus of the bottom region (E). The stability diagram is
shown in Figure 8a for a wide range of E/E

�
. Supporting our

experimental results, the critical stress required to buckle films
Figure 8. a) Pressure curves showing the effect of steepness. For press-

ures below the curve, the surface is flat, whereas the film buckles above the

critical pressure (Pc). b) Pressure curves for pattern stability showing the

effect of modulus for constant steepness.

ag GmbH & Co. KGaA, Weinheim 3043



F
U
L
L
P
A
P
E
R

www.afm-journal.de

3044
increases significantly with increasing E/E
�

values, which
indicates a steeper gradient (high EGDMA concentration). In
addition, for a constant E/E

�
as the modulus increases, the

pressure curve shifts to higher values (Fig. 8b). The order of the
patterns is determined by the osmotic pressure, and can be
explained using a similar approach to that of Benard’s cell
pattern.[28] A wave composed of three standing waves with wave
vectors k1, k2, and k3 construct a perfectly hexagonal pattern when
k1þ k2þ k3¼ 0 and jk1j ¼ jk2j ¼ jk3j (Fig. S3, Supporting Infor-
mation). This condition is satisfied for a swollen gel when P¼Pc

with kc¼ jkij (i¼ 1,2,3).[17,28] In practice, for a highly swollen gel,
the osmotic pressure is always higher than the critical osmotic
pressure, leading to more than one unstable mode growing
simultaneously. Therefore, it has been difficult to obtain perfect
hexagonal patterns.[17,19] Similarly, for bilayer systems, k3¼ 0.
When the compressive stress is much greater than the critical
stress, it leads to the formation of 1D ripples, k1¼ kc (k2¼ 0), or
2D herringbone structures,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1 þ k2

p
¼ kc.

[15]

In our case, the modulus gradient within the film makes it
possible to control the critical osmotic pressure (Fig. 3), and thus
the buckling modes. For EGDMA concentration �4wt%
(E� 3MPa), the critical osmotic pressure is much higher than
the osmotic pressure, thus no patterns form. At 2–3wt% EGDMA
loading, the modulus of the gels decreased to �1.5MPa and a
highly ordered hexagonal pattern in the form of an array of convex
lenses (honeycomb structure) was observed, suggesting that the
osmotic pressure was close to the critical osmotic pressure. As the
modulus of the gel continued to decrease (e.g., 1wt% EGDMA)
more than one mode became unstable, and the two individual
hexagonal patterns coalesce into peanut-shaped features. At
0.7wt% EGDMA loading, the features further coalesce to form
lamellar patterns. When the film was formed without an external
crosslinker, the modulus and hence the critical osmotic pressure
wasmuch lower than theosmoticpressure, resulting incompletely
random, worm-like patterns.
3. Conclusions

Wehave developed a simple and robustmethod to generate a wide
range of osmotically driven surface patterns, including random,
lamellar, peanut, and hexagonal structures, on hydrogels with
moduli gradients. Hydrogels were fabricated by exposing a
photocurable formulation ofHEMAandEGDMAtoUV light open
to air and then swelling. The competition between the saturated
oxygen consumption due to curing and oxygen diffusion into the
film from the air–film interface (top surface) led to gradients of
high to low crosslinking with depth. The steepness of the gradient
increased and the depth of the gradient decreased with increasing
EGDMA concentration. In particular, long-range ordered hex-
agonal patterns were observed when the osmotic pressure was
close to the critical osmotic pressure. By tuning the modulus
gradient, we were able to capture the order transition, where the
initially formed hexagonal pattern collapsed into peanut shape,
then lamellar and random worm patterns with the increase of
osmotic pressure relative to the critical value. The modulus
gradient, and hence osmotic pressure, was controlled by the
EGDMA concentration, and the characteristic size of the patterns
were determined by the initial film thickness. Patterns were stable
� 2009 WILEY-VCH Verlag GmbH &
inbothswollenanddry states.Ourmethoddoesnot require theuse
of organic solvents for swelling, pre-patterning of the film surface,
or coating of a second layer on the gel film surface. This versatile
approach is potentially useful for diverse polymers to create
complex patternswith a long-range order,whichwill impact awide
range of potential applications, including microlens arrays,
tunable optical devices, sensors, and tissue engineering.
4. Experimental

Film Fabrication: Hydroxyethyl methacrylate (HEMA, 2mL, 98%, from
Alfa Aesar) monomers were mixed with Darocur 1173 (3wt%, 60mL, from
Ciba Specialty) in a glass vial (20mL) and exposed to UV light (UVP Black
Ray, 8mW cm�2) for 60 s to obtain a viscous, partially polymerized PHEMA
prepolymer solution. Additional Darocur 1173 (2wt%, 40mL) and ethylene
glycol dimethacrylate (EGDMA) was added to the prepolymer to form a
photocurable precursor solution. A series of precursor solutions either
without or containing 0.7 wt% to 5wt% EGDMA were prepared. They
remained stable for several months when kept in dark. The precursor
solution was spin-cast (Cee-100CB) onto a glass slide or silicon wafer,
followed by exposure to UV light (Oriel Flood Exposure Source with 68951
Digital Exposure Controller, 500W Hg Lamp) for 1min to obtain a
crosslinked PHEMA film. The thickness of the film was controlled by the
spin speed (500–2 000 rpm) and time (10–30 s). In order to covalently
attach the film to the substrate, glass slides were first functionalized with 3-
(trimethoxysilyl)propyl methacrylate (TMS; 98%, Aldrich). The surface of
the glass slides (1� 1 inch coverslip) was covered with TMS (100mL)
immediately after UV–ozone treatment (Jelight UVO, Model 144AX) for
20min, followed by two step annealing (100 8C for 30min, then 1108C for
10min). Glass slides were then rinsed thoroughly in deionised (DI) water
and dried overnight.

Wrinkling Patterns: The surfaces of the PHEMA films were covered with
water to induce swelling assisted wrinkling. In a typical experiment, DI
water (2mL) was dropped onto the film surface with an automated
dispenser (ramé-hart), and the covered region was allowed to swell for
20min in order to fully develop the patterns. The water drop dried in
�25min, which was long enough for the patterns to reach their equilibrium
state.

Characterization: The dry thickness of the crosslinked film was
measured by an optical profilometer (Alpha Step 200, Tencor). The
patterns were characterized by optical microscopy (Olympus BX61) and
scanning electron microscopy (SEM, FEI Strata DB235 Focused Ion Beam,
5 kV, film gold-coated). The surface mechanical properties of the gels were
measured by atomic force microscopy (AFM). The AFM used was a
Bioscope (DAFM-2X, Veeco) mounted on an epifluorescence microscope
(Axiovert 100, Zeiss). For AFM studies, the films (�80mm) were prepared
on glass slides coated with TMS. Prior to the measurements, films were
equilibrated in DI water for at least 15min. Standard deviations were
obtained from 30 consecutive measurements at different spots for each
sample.

Reaction conversion of the crosslinked films at the film surface was
characterized by ATR-FTIR performed using a Thermo Nicolet Nexus 470
FTIR with a Smart MIRacle ATR accessory (PIKE Technologies, Inc.)
including single reflection ATR plate with zinc selenide (ZnSe) crystal, and a
pressure clamp. Data were collected and analyzed using Omnic software.
Spectra were collected using 64 scans at a resolution of 4 cm�1 between
630 and 4 000 cm�1. Films (70mm) crosslinked on glass slides were turned
upside down (film surface facing the crystal), and full contact between the
film and crystal surface was established using the pressure clamp. The
depth of penetration was calculated as follows:

dp ¼
l

2p n2c sin
2 u � n2p

� � (5)
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where l is the wavelength of light, u is the angle of incidence of IR beam
(458), nc is the refractive index of ZeSe crystal (2.4) and np is the refractive
index of the sample (�1.5 for PHEMA).

Differential scanning calorimetry (DSC) experiments were performed
using a TA Instruments Q2000 DSC. Samples were heated to 170 8C and
cooled to 1 8C, both at 5 8C min�1. The data were analyzed using the
Universal Analysis 2000 software provided by TA instruments. The glass
transition temperature, Tg, was taken as the midpoint of the change in
slope in heat capacity curve.
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