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ABSTRACT: Opal-structured thin-film hydrogel materials with micropatterns hold great potential for utility in a wide range of
sensing applications. Micropatterning offers key advantages such as ready addressability, high throughput assay, and multiplexing.
However, controlled fabrication of such films in a rapid, inexpensive, and reliable manner remains a challenge. Existing techniques
suffer from long opal deposition times and often involve complex and arduous steps. In this report, we examined a simple
micromolding-based evaporation-polymerization method for the fabrication of poly(ethylene glycol)-based hydrogel films containing
micropatterned opal structures. Specifically, intense and uniform opalescent colors were achieved by evaporative deposition of
polystyrene bead solution in patterned micromolds. These opal micropatterns were then captured in hydrogel films by simple
photopolymerization of a UV-curable PEG diacrylate solution. The as-prepared films show high tunability as well as responsiveness
to various environmental cues readily manifested via shifts in color. Combined with UV−vis reflectance spectroscopy and scanning
electron microscopy results, these findings illustrate the robust, simple, and reliable nature of our integrated deposition-
polymerization approach for controlled fabrication of optically active and stimuli-responsive functional materials. We thus envision
that the results and the facile approach reported here can be extended to many application areas including environmental
monitoring, diagnostics, and biosensing applications.

■ INTRODUCTION

Naturally occurring opal gemstones exhibit brilliant opalescent
color arising from the diffraction of visible light by regularly
ordered spherical particles of amorphous silica in the 150 to
400 nm size range.1−4 Such optically active properties can be
readily mimicked by controlled assembly of nanoparticles to
create artificial opals. Because of the structural colors that can
be readily controlled by the particle size, artificial opals have
gained significant attention for optical applications. Hydrogel
materials containing such opal structures can provide a
dynamic optical response to environmental variables such as
humidity, pH, and ionic strength5−11 in the readily
recognizable visible color range and thus have emerged as
promising materials for sensing.

Micropatterned hydrogels have been used for creating
microenvironments to manipulate and allow controlled growth
of cells.12 Furthermore, micropatterned opal hydrogel
materials can offer various advantages including ready
addressability, high throughput assaying, and multiplexing
capability for a range of applications including protein
patterning,13 enzyme detection,14 and high-sensitivity humidity
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sensing.15 Despite such potential, existing fabrication tech-
nologies for micropatterned opal hydrogel materials face
limitations. While widely available and mature, typical
photolithography-based techniques suffer from extensive
equipment needs, arduous multistep procedures, and long
processing time.13,15−18 In contrast, soft-lithographic techni-
ques offer simpler routes to the fabrication of micropatterned
opal hydrogel materials.19−21 For example, imprinting
lithography22,23 and templating methods19,20,24,25 have been
utilized to generate micropatterned opal and inverse opal
structures; however, these methods often involve exquisitely
controlled equipment or rely on external forces (e.g., capillary
microfluidics) to drive the patterning or assembly.16,18,24 Thus,
there exists a critical need for a simple, rapid, and readily
controllable fabrication approach for micropatterned opal
hydrogel films.
Our proposed solution for these challenges is a simple

micromolding-based evaporation-polymerization method for
deposition of micropatterned opal structures and their
integration into hydrogels, as shown in the schematic diagram
of Figure 1A. Micromolding, a soft-lithographic technique that
enables simple and inexpensive replication and transfer of
patterns,21,31 provides efficient physical confinement of nano-
particles during opal formation and prepolymer infiltration.
Briefly, aqueous suspensions of monodisperse PS beads with

size ranges in the nanometer scale are filled into patterned

microwells on PDMS molds. Upon removing excess solution
by pipetting, simple evaporation leads to rapid and
spontaneous assembly of the PS beads into regularly ordered
face-centered cubic (FCC) structures, yielding micropatterned
opal structures showing brilliant color (Figure 1B). Next, the
opal micropatterns are covered with a photocurable prepol-
ymer solution, which is polymerized by exposure to UV light
(365 nm) with a simple handheld UV lamp to create hydrogel
films that capture the opal micropatterns (Figure 1C).
Our results indicate reliable fabrication of opal micro-

patterns with a precise assembly structure and color via simple
evaporative deposition. Next, photopolymerization leads to
hydrogel films with uniform and intense color that can be
controlled simply by tuning the prepolymer solution
compositions. Scanning electron microscopy (SEM) images
confirm closely packed structural arrangement of the PS beads
and reveal uniform film micropatterns, indicating efficient
packing and polymerization. SEM and dynamic light scattering
(DLS) separately give bead sizes in close agreement with the
theoretical sizes estimated by the modified Bragg equation.
Drying and wetting experiments illustrate significant and
reversible shift in colors, showing the versatile nature of the
hydrogel film format. Finally, hydrogel films prepared with
carboxylate functionalities provide a reliable response to pH,
showing potential for sensing applications. Combined, these
results indicate a facile fabrication technique for potent
functional hydrogel materials containing micropatterned opal
structures. We envision that the fabrication technique and the
promising results reported here can be readily extended to
manufacture a variety of functional materials for many
applications in a simple and low-cost manner.

■ EXPERIMENTAL SECTION
Materials. Styrene (Reagent Plus, ≥99%, 4-ter-butylcatechol as

the stabilizer), polyvinylpyrrolidone (PVP40, Ave. MW 40 kDa),
potassium persulfate (KPS, Initiator, 99.99%), poly(ethylene glycol)
diacrylate (PEGDA, Mn 700 Da), 2-hydroxy-2-methylpropiophenone
(Darocur 1173, photoinitiator (PI)), acrylic acid (AA), methacrylic
acid (MAA), 2-hydroxyethylmethacrylate (HEMA), and ethanol were
purchased from Sigma-Aldrich (St. Louis, MO). Tween 20 (TW20)
was purchased from Thermo Fisher Scientific (Waltham, MA). A
poly(dimethylsiloxane) elastomer kit (PDMS, Sylgard 184) was
supplied by Dow Corning (Auburn, MI).

PS Bead Synthesis. Monodisperse PS nanospheres (beads) were
synthesized using the emulsion polymerization technique,32 from
aqueous mixtures of styrene, PVP, and KPS. First, 0.2−0.7 g of PVP
was dissolved in 90−100 mL of deionized (DI) water. Following
dissolution of PVP, 11 mL of styrene monomer was added into a 250
mL two-neck round bottom (RB) flask. The solution was stirred for
15 min at room temperature. Initiator solution containing 0.15 g of
KPS dissolved in 10 mL DI water was added to the RB flask. The
mixture was set on a magnetic stirrer and stirred at a rate of 450 rpm,
and its temperature was maintained at 72−74 °C. The reaction was
allowed to run for 24 h, after which the mixture was cooled, washed
with DI water, and centrifuged (15,000 rcf and 90 min) three times to
remove excess unreacted monomers. The PS bead mixture was then
sonicated to remove aggregates.

Micropatterned PDMS Molds. Silicon mastermolds with circular
or square patterns fabricated via photolithography were prepared with
standard protocols28−30 and supplied by Professor Chang-Soo Lee’s
group at Chungnam National University. To fabricate the PDMS
molds, the PDMS elastomer was mixed with a curing agent in a 10:1
ratio, and the mixture was poured onto a silicon mastermold and
cured at 65 °C. The cross-linked PDMS was then peeled off from the
silicon mastermold. Molds had a micropatterned area of 0.7 × 0.7 cm2

Figure 1. Evaporation-polymerization approach for micropatterned
opal hydrogel films. (A) Schematic diagram of the fabrication process.
(B) Photograph of micropatterned poly(dimethylsiloxane) (PDMS)
mold with circular microwells upon deposition of polystyrene (PS)
beads. (C) Photograph of a micropatterned opal hydrogel film.
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containing 1600 100 μm × 100 μm × 46 μm circular or square
patterns.
Deposition of PS Beads into Opal Structures. As shown in the

schematic diagram of Figure 1A, 100 μL aqueous suspensions of PS
beads containing 40% ethanol and 0.1% TW20 were applied onto the
patterned surfaces of the micromolds and filled into the microwells by
rubbing through the suspensions with a pipette tip. After removing
excess suspension by simple pipetting, the PDMS molds were left in a
humidity chamber (relative humidity >90%) for 30 min to allow for
controlled evaporation.
Fabrication of Micropatterned Opal Hydrogel Films. The

second step of the scheme in Figure 1A shows the procedure for
synthesis of opal hydrogel films via photoinduced radical polymer-
ization using PEGDA as a representative monomer. To synthesize an
opal film, aqueous prepolymer solution containing a monomer or
comonomers and 1% (v/v) PI was added onto a PDMS mold
containing deposited opal structures. The solution was forced to seep
into the microwells and fill the voids of opals in a vacuum chamber for
30 min. Upon covering the micropatterned area with a microscope
coverslip, the mold was exposed to UV light (365 nm) using a hand-
held UV lamp (8 W, Spectronics Corporation, Westbury, NY) for 30
min. Upon polymerization, the opal hydrogel films were recovered by
carefully peeling them off the PDMS mold, washed, and stored in DI
water.
Stimuli-Based Response Studies. Drying and Wetting. Films

were dehydrated by taking them out of DI water and drying them in
open air at room temperature for 30 min. They were then rehydrated
in DI water for the same duration. The process was repeated four
times for a total of five cycles (Figure S1, Supporting Information).
pH Studies. For pH studies, carboxylate-containing films with

square-shaped micropatterns were fabricated by photopolymerization
of an aqueous prepolymer solution containing 20% HEMA (base
polymer), 10% MAA, 10% AA, 7% PEGDA (cross-linker), and 1% PI.
To probe the pH response, films were immersed in buffer solutions of
different pH values (2.92−7.60). Ionic strength of the buffers was
maintained at 240 mM using appropriate amounts of sodium chloride.
Determination of PEG Content. To determine the postpolyme-

rization poly(ethylene) glycol (PEG) content in PEG-based opal
hydrogel films, wet mass of the films was determined by weighing
them on an analytical balance. The films were then dried to constant
mass in an oven at 75 °C for 15 h. PEG content was obtained from
the ratios of dry weight to wet weight.
Analysis. Microscopic Imaging. Dark-field micrographs were

obtained using an upright epifluorescence microscope (Olympus
BX51, Waltham, MA).
Reflectance Spectrometry. Ultraviolet−visible (UV−vis) reflec-

tance spectra were recorded using a fiber-optic spectrometer (USB-
2000, Ocean Optics, Dunedin, FL) with the distance between the
sample and fiber tip fixed at 1 mm. An aluminum mirror was used to
measure the reference signal of 100% reflectance.
Scanning Electron Microscopy. To obtain the SEM images, films

were dried at room temperature for 3 h and sputter-coated with a
gold−palladium alloy for 30 s at 30 mA under an argon atmosphere
using a Cressington sputter coater 108 (Cressington Scientific
Instruments, Watford, UK). The films were then imaged using a
Phenom G2 pure scanning electron microscope (Phenom-World BV,
Eindhoven, The Netherlands) at 5 kV. ImageJ software was used to
analyze the micropatterns in the SEM images.
Determination of PS Bead Sizes. Theoretical Estimation. The

Bragg equation (eq 1), which describes the relationship between the
wavelength of diffracted light (λmax, measured by spectrometry
(Figure 2)) and the diffracting plane spacing(D),4,27,33−35 was used
to estimate PS bead diameters (sizes). This form of the Bragg
equation applies to a system with a close-packed FCC structure in
which PS beads are assumed to behave like hard spheres and where
incident light is normal to the sample.

D n n
8
3

( (1 ))max

1/2

ps
2

void
2 1/2i
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jjj

y
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zzzλ ϕ ϕ= + −

(1)

where λmax is the wavelength of diffracted color, D is the diffracting
plane spacing (assumed to be equal to the PS bead size), nps is the
refractive index of PS (1.59),36 ϕ is the PS bead volume fraction (0.74
for FCC)34,37 and nvoid is the refractive index of the material in the
interstices (air, nair = 1.00).38

Dynamic Light Scattering. DLS measurements were carried out
using a ZetaPALS particle analyzer (Brookhaven, NY) equipped with
a 10 mW He−Ne laser at 630 nm wavelength and a temperature of
approximately 20 °C. Measured PS bead diameters via intensity
average are reported from at least three measurements.

■ RESULTS AND DISCUSSION
Generation of Highly Uniform Opal Micropatterns by

Evaporative Deposition. As shown in Figure 2, we first
demonstrate that a simple evaporative deposition of PS beads
can be enlisted to generate micropatterns containing artificial
opal structures in a controlled and robust manner. For this, we
added small volumes of aqueous solution containing PS beads
with varying sizes onto patterned PDMS molds and left the
molds in a humidity-controlled chamber (relative humidity
>90%) to dry. The molds were then imaged with dark-field
optical microscopy, and the spectra of the resulting opals were
collected using UV−vis reflectance spectroscopy (Experimen-
tal Section).
The micrograph and the inset photograph of Figure 2A show

that the PS182 beads (182 nm bead size as determined by the
Bragg equation and confirmed by DLS; further discussed
below) exhibit faint purple color when deposited into circle-
shaped micropatterns, illustrating the formation of “artificial
opal” structures via assembly into FCC lattices by hexagonal
packing. Similarly, Figure 2B−D shows that PS190, PS204, and
PS264 beads deposit into intense purple, teal, and red colors,
respectively. All bead types yield highly uniform and intense
colors within each micropattern and among micropatterns,
illustrating the robust and reliable nature of our simple
evaporative deposition method. Several studies have shown
promising results for deposition of nanobeads in microwell
arrays using evaporative deposition.19,39−41 Note that in our
method here all four bead types are assembled into opals
within 30 min, indicating the more rapid nature of this method
compared to other deposition techniques.26,38 Furthermore,
the micrographs in Figure 2 show that the opals are formed in
highly regular microarrays of circular shapes, arising from the
microwells that constitute the micropattern of the PDMS
mold. Thus, this method eliminates the need for complex and
expensive micropatterning techniques or equipment, illustrat-
ing the simple nature of our method.
Next, the UV−vis reflectance spectrum of the opal made

with PS182 shows a prominent peak at a wavelength of 435
nm, correlating well with the color in the micrograph and the
photograph shown in Figure 2A. Similar observations are
apparent for PS190 (peak at 453 nm), PS204 (peak at 486
nm), and PS264 (peak at 631 nm) whose peaks also coincide
with the colors seen in the micrographs and photographs
shown in Figure 2B−D, respectively. These sharp and
prominent reflectance peaks indicate that our simple
evaporation method enables reliable and uniform deposition
into micropatterned opal arrays yielding brilliant and intense
colors.
Note that the PS bead sizes were first estimated from the

UV-reflectance spectra shown in Figure 2 via the Bragg
equation (eq 1, Experimental Section). We then utilized DLS
to confirm these estimated PS bead sizes. As reported in the
table of Figure 2E, the diameters of the four types of PS beads
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measured via DLS show good agreement with those estimated
from the Bragg equation (eq 1) using the UV−vis reflectance
spectra. Note that the average differences in diameters across
the two routes are less than 6%, with the DLS-based values
being consistently higher. The observed DLS values are likely
to be slightly overestimated because of the negative charge on
the PS bead surfaces leading to the formation of a hydration
shell under the aqueous colloidal solution condition, thus
slightly increasing the observed diameters of the beads.42,43

These results show the reliability of the Bragg equation in
predicting sizes of PS beads upon deposition into opal

structures. We thus use PS bead sizes determined from Eq 1
throughout this report.
In short summary, the results in Figure 2 indicate reliable

generation of uniform opal structured micropatterns via a
simple evaporative deposition method.

Fabrication of Micropatterned Opal Hydrogel Films
via Photoinduced Polymerization. Next, we demonstrate
that hydrogel films containing micropatterned opal structures
can be fabricated via simple photoinduced polymerization as
shown in Figure 3. For this, we added aqueous polymerizable
solutions containing varying concentrations of PEGDA and PI
(prepolymer solution) onto the opal micropatterns and
exposed them to UV light (365 nm) using a simple handheld
lamp upon covering them with coverslips as shown in the
schematic diagram of Figure 1A. The as-formed films were
then peeled off from the molds (photograph in Figure 1C) and
imaged in DI water via dark-field optical microscopy.
The micrographs in Figure 3 show 12 different films

prepared with varying PEGDA content and PS beads of
different sizes. First, the micrographs of the top row (Figure
3A) show that the opal micropatterns of films prepared with
PS182 exhibit green to purple colors depending on the
PEGDA content in the prepolymer solution. From left to right,
the 10% film micropatterns display green color, the 20% a
green color with a hint of blue, the 40% a bluish-purple, and
the 60% a purple color, illustrating the high tunability of opal
color by simply changing the PEGDA content.
Importantly, all four conditions examined show that the

micropatterns were well preserved upon film formation via
polymerization and that the colors remained uniform among
and within all the patterns. This uniformity illustrates the
robustness and versatility as well as ready tunability of our
simple evaporation-polymerization method.
Likewise, the micrographs in the middle row (Figure 3B)

show that the micropatterns of the films prepared with PS190
display colors ranging from green to blue, depending on the
PEGDA content in the prepolymer solution. Specifically, the
10% film micropatterns exhibit a green-yellow color, the 20%
green, the 40% a bluish-green, and the 60% blue. As with the
results from PS182 shown in Figure 3A, the micropatterns
were preserved well, and the colors were highly uniform.
The bottom row (Figure 3C) shows that the micropatterns

of the films of PS204 opals yield orange to green colors. The
10% film shows a red-orange color, the 20% greenish-yellow,
the 40% light green, and the 60% green. Again, the
micropatterns were well incorporated into the film, and the
colors were highly uniform, further supporting the results with
PS182 and PS190.
Overall, the results in Figure 3 show that the opal structured

micropatterns (Figure 2) can be readily captured into hydrogel
films with high fidelity and minimal disruption of the
crystalline structures via simple photoinduced polymerization.
The colors are readily tunable by simple variation of PEGDA
content in the prepolymer solution and the PS bead size.
Compared to colors of the opals in Figure 2 (air-PS system),
colors generated by the same bead types in Figure 3 (wet PEG-
PS system) are red-shifted under all conditions examined. This
is likely a result of both the increase in the refractive index of
the interstitial material as wet PEG (1.33 < n < 1.47)10,14

occupies the voids previously filled with air (n = 1) and the
increase in diffracting plane spacing arising from the swelling of
the PEG hydrogel in DI water. According to Bragg’s Law (eq
1), both the refractive index and plane spacing correlate

Figure 2. Evaporative deposition of PS beads into opal structured
micropatterns. (A−D) Dark-field optical micrographs and the
corresponding UV−vis reflectance spectra of micropatterns from
deposition of PS beads of diameters: (A) 182 nm (PS182), (B) 190
nm (PS190), (C) 204 nm (PS204), and (D) 264 nm (PS264),
respectively, in circle-shaped microwells. Insets: Photographs of the
micropatterns in PDMS molds. Yellow scale bars represent 200 μm.
(E) Table showing the PS bead sizes measured by DLS.
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positively with the wavelength, implying a red shift in the
observed color with a larger refractive index of the interstitial
material as with greater plane spacing.
Furthermore, for the same bead type, the colors of

micropatterns shown in Figure 3 vary with the PEGDA
content in the prepolymer solution. Specifically, increasing
PEGDA content causes blue-shifting, while decreasing PEGDA
content results in red-shifting. We attribute this to the varying
extents of swelling of PEG hydrogels caused by differing
degrees of cross-linking at different PEGDA contents. Low
PEG content films arising from low PEGDA prepolymer
solutions swell more than the high PEG content films
synthesized from high PEGDA prepolymer solutions possibly
because of lower polymerization efficiency in the former,44,45

thus a lower degree of cross-linking. Dense cross-linking of
PEG is reported to result in reduced mesh sizes46,47 leaving less
room for imbibition of water to induce swelling, while lighter
cross-linking yields larger mesh sizes that facilitate better water
uptake by the hydrogel leading to larger swelling capacity.
Consequently, greater swelling leads to larger diffracting plane
spacings (proportional to D in eq 1, Theoretical Estimation),
thus to longer wavelengths as predicted by eq 1 because D and
λ correlate positively. On the other hand, low swelling leads to
smaller values of D, thus to shorter wavelengths. This could
explain the red-shifting with decreasing PEGDA content and
the blue-shifting with increasing PEGDA content.
Note that as the water carrying capacity of the hydrogel

changes with the degree of cross-linking, so does the refractive
index of the wet hydrogel. However, the refractive index varies
over a small range of values (1.33 < nwet hydrogel < 1.47). Thus,
the refractive index contrast would not likely have a significant
impact on the changes in color observed for varying PEGDA
composition.
Combined, the results of Figure 3 show reliable and highly

tunable synthesis of opal-containing hydrogel films by our
integrated evaporation-polymerization method.

Morphological Characterization of Micropatterned
Opal Hydrogel Films by SEM. Next, we examined the
micropatterned opal hydrogel structures via SEM as shown in
Figure 4. To acquire these images, opal-containing PEG

hydrogel films were synthesized via our evaporation-polymer-
ization method as shown in Figure 1, dried, and sputter-coated
with a gold−palladium layer, and imaged using SEM.
First, the wide view SEM image of a representative film

(PS182, 40% PEGDA) in Figure 4A shows consistent circle-
shaped opal micropatterns, clearly indicating the reliable nature
of our evaporation-polymerization method. Specifically, this

Figure 3. Effects of PEGDA content on opal color. (A) Dark-field images of four different films prepared with PS182 beads and varying PEGDA
content (10−60% (v/v)). (B) Films prepared with PS190 beads. (C) Films prepared with PS204. All images were taken in DI water. Yellow scale
bars represent 200 μm.

Figure 4. SEM images of the micropatterned opal-containing PEG
hydrogel film. (A) Top view of the film showing representative
micropatterns. (B) Tilted view of the film showing the sides of
micropatterns. (C) Close-up view of an individual micropattern
showing an opal-containing layer on the top and the hydrogel layer
beneath it. (D) Image of the opal layer showing the FCC arrangement
of PS beads. Inset: Enlarged portion of the FCC structure.
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dried sample showed an average circle size of 101 ± 1 μm and
an average distance of 40 μm between the patterns. Outside
the view shown here, all the patterns possessed 100% fidelity
indicating robustness of our simple micromolding technique
(data not shown). Next, the tilted and slightly zoomed-in view
of the patterns in Figure 4B shows similarly reliable patterns
along with two-layered structures. This two-layered structure is
more apparent in the higher-resolution view in Figure 4C,
where the top and the bottom layers each have distinct
diameters and heights. The top layer is most likely the
captured opal structure with the hydrogel filling the interstitial
spaces among PS beads, while the bottom layer is the dried
hydrogel. Finally, the zoomed-in image and the inset of the top
opal layer in Figure 4D reveal hexagonal packing (thus FCC)
of the PS beads. This clearly confirms the regularly ordered
packing afforded by the simple evaporation step as well as
reliable capture of those structures via polymerization into
hydrogels. Both the top and sides of the opal layer show
uniform packing of PS beads, again showing the reliable nature
of the evaporative deposition method.
In short summary, the SEM results in Figure 4 confirm the

hexagonal packing by evaporation and reliable capture of opal
micropatterns into hydrogels consistent with the results in
Figures 2 and 3, illustrating the robust nature of our
evaporation-polymerization method.
Reversible and Tunable Response of Micropatterned

Opal Hydrogel Films to Water Content. As shown in
Figure 5, we next demonstrate the responsiveness of our films
to changes in water content, illustrating their potential utility
toward humidity sensing. For this, we studied the color and
UV−vis reflectance spectra of the films in water (wet state)
and in open air upon drying at room temperature for 30 min
(dried state).
First, the micrographs in Figure 5A show that the

micropatterns of the film fabricated with PS204 and 10%
PEGDA display a uniform orange color in wet state, which
changes to a uniform green color in the dried state. As
indicated in the micrographs, the sizes of the circular
micropatterns and the interpattern distances decrease from
110 to 95 μm (13.6% change) and 51 to 30 μm (41.7%
change), respectively, upon drying, showing greater shrinkage

of the PEG-only parts of the film compared to the opal region
containing the more rigid PS beads. The large change in color
is also confirmed by UV−vis reflectance spectra in Figure 5B;
peak wavelengths of the wet and the dry states at 611 and 543
nm correspond to the observed orange and green colors,
respectively. These results clearly indicate a large shift in color
(Δλ = 68 nm) for the opal hydrogel films, suggesting potential
for simple visual humidity sensing. Meanwhile, repeated drying
and wetting for five cycles show complete reversibility of these
color changes (Figure S1, Supporting Information), demon-
strating the robustness of our opal hydrogel films.
Next in Figure 5C, the differences in responsiveness to

drying between 10 and 60% PEGDA films prepared with
PS182 as determined by UV−vis reflectance illustrate the
readily tunable nature of our hydrogels. In particular, the 10%
PEGDA film showed a large shift in the peak wavelength of 88
nm compared to just 3 nm for the 60% PEGDA film likely
because of the more substantial cross-linking and limited
swelling of the latter.
Finally, SEM images of films prepared with 10 versus 60%

PEGDA in Figure 5D show morphological differences between
these two conditions in thoroughly dried states under SEM’s
imaging condition in vacuum. The SEM image of the 10%
PEGDA film on the left side of Figure 5D shows circular
micropatterns very close to each other, while the zoomed-in
inset image shows a narrow stem area indicating substantial
shrinkage. In contrast, the right-side SEM image for the 60%
PEGDA film shows a thicker stem area and larger interpattern
distances, indicating a much smaller degree of shrinkage and
higher PEG content.
The results in Figure 5 present several important features of

our integrated deposition-polymerization approach as well as
the as-prepared opal hydrogel films. The large shift in color in
dry versus wet states indicates high responsiveness and
reversibility, while the uniform color throughout each pattern
and among patterns shows robustness of the hydrogels that
capture and retain the ordered assembly structure of PS beads
through extreme changes. This responsiveness is readily
tunable via modulation of simple parameters, such as PS
bead size and PEGDA content. As described in Figure 3, the
color changes accompanying drying or wetting of the opal

Figure 5. Responsiveness of micropatterned opal hydrogel films to water content. (A) Optical micrographs showing change in color of a PS204
10% PEGDA film in wet vs dried states. (B) Normalized UV−vis reflectance spectra of the wet and dried states of the film in (A). (C) Normalized
UV−vis reflectance spectra of films fabricated with PS182 and 10 and 60% PEGDA, respectively. Δλmax indicates the change in the maximum
wavelength upon drying. (D) SEM images of films fabricated with PS204 and 10 and 60% PEGDA, respectively, upon 30 min of drying at room
temperature. The insets show tilted zoomed-in view of each state.

Langmuir pubs.acs.org/Langmuir Article

https://dx.doi.org/10.1021/acs.langmuir.0c02983
Langmuir XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c02983/suppl_file/la0c02983_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02983?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c02983?ref=pdf


hydrogel in Figure 5 are primarily the result of changes in the
diffracting plane spacing. In brief, loss of water during drying
causes shrinkage of the hydrogel, leading to reduction in the
diffracting plane spacing and hence the blue shift in color from
orange to green in Figure 5A. Reversing the process by
resoaking the hydrogel in DI water leads to swelling of
hydrogel, restoration of wet-state diffracting plane spacing, thus
the redshift in opal color back to orange (Figure S1).
Meanwhile, the differences in responsiveness for the 10%

versus 60% PEGDA film in Figure 5C can be attributed to
their varying degrees of PEG cross-linking. Compared to the
10% film, the 60% film is more densely cross-linked, with
smaller mesh sizes and therefore much lower water uptake
capacity. Importantly, we determined that the 10% film
contained mostly water (∼29% (w/w) PEG, 71% (w/w)
water) while the 60% film contained mostly PEG (∼78.5%
PEG, 21.5% water) (Figure S2, Supporting Information),
suggesting propensity for greater shrinkage and swelling of the
10% PEGDA film following water loss and gain respectively,
compared to the 60% PEGDA film.
The SEM images of the dried 10% film and the 60% film

(Figure 5D) further support these observations. In particular,
the small interpattern distances and the thin stem area beneath
the circular opal micropattern of the 10% PEGDA film indicate
a low PEG content and substantial shrinkage. On the other
hand, the larger distances among micropatterns and the thicker
stem area beneath the individual micropatterns of the 60%
PEGDA film suggest a high PEG content and limited
shrinkage.
In sum, the micrographs, UV−vis reflectance spectra, and

SEM results in Figure 5 demonstrate substantial and reversible
shift in color, robust and tunable nature, and stimuli-responsive
properties of our opal hydrogel films.
Responsiveness of Opal Hydrogel Films to pH. Finally,

we demonstrate that our technique can be utilized to
synthesize micropatterned opal hydrogel films that are
responsive to chemical changes, indicating their applicability
to environmental sensing. For this, we prepared an opal film
using PS204 and a prepolymer solution containing HEMA as
the base monomer, AA and MAA as carboxylate functional
moieties, PEGDA as the cross-linker, and PI. We used two
functional moieties because they gave more vivid color changes
than AA alone (data not shown). The resulting poly(HEMA-
co-AA-co-MAA) film was then immersed in solutions of varying
pH (constant ionic strength, I = 240 mM), and dark-field
optical micrographs were taken for each pH condition upon
color equilibration for 20 min (color changes occurred within
seconds).
Figure 6A−D shows the film in four solutions of different

pH and the same ionic strength. Figure 6A shows the film in
acetate buffer at pH 2.92, while Figure 6B−D shows the same
film in phosphate buffers of pH 6.4, 7.0, and 7.6, respectively.
The color of the micropatterns changes from green to lime-
green to yellow-green to orange, in buffers of pH 2.92, 6.4, 7.0,
and 7.6, respectively, illustrating that the opal hydrogel films
containing carboxylate functionalities exhibit responsiveness to
pH with substantial changes in color. A simple image analysis
of the color intensity of the center parts of the patterns shown
in Figure 6A through D in Figure S3 (Supporting Information)
shows the peak wavelength change from 569 to 580 nm,
respectively. This responsiveness is reversible, as further
illustrated by the shift in color via three repeated cycles of
exposure to varying pH values (Figure S4, Supporting

Information), further supporting the robustness of our method
and the as-prepared opal hydrogel films.
Meanwhile, Figure 6E,F shows the morphology of the

square-shaped micropatterns via SEM. Similar to the circle-
shaped micropatterns in Figure 4C, in Figure 5D, the square-
shaped patterns show high fidelity with our simple micro-
molding-based patterning as well as a smaller cross-sectional
area at the stem than at the PS bead-containing top layer,
indicating robustness of our approach along with greater
shrinkage in the hydrogel-only part than in the top in this dried
SEM sample.
As with the PEG system shown in Figure 2 through Figure 5,

the poly(HEMA-co-AA-co-MAA) system with square-shaped
micropatterns yields films with highly uniform colors,
indicating the versatility of our synthesis technique with
different polymer systems as well as various simple 2D shapes.
Note, AA as the only comonomer tends to produce brittle
hydrogels that do not exhibit robust mechanical integrity as
partially observed in one of our recent studies31 as well as in
other reports.48,49

Our poly(HEMA-co-AA-co-MAA) films had an experimen-
tally determined pKa value of 5.08, which is slightly higher
than the individual pKa values of poly(acrylic acid) (pKa
4.5)50 and poly(methacrylic acid) (pKa 4.8).51 For pH values
below the pKa of the hydrogel, green color was observed, while
a gradual redshift in color was seen for pH values above the
pKa (Figure 6A−D). These results are expected because the
carboxyl groups exist in their neutral, protonated state under
low-pH (< pKa) conditions and exhibit minimal swelling. They
ionize converting into anionic carboxylate groups under high-
pH (> pKa) conditions. This ionization leads to red-shifting by
potentially inducing two factors, which contribute to swelling
of the hydrogels: the increase in Donnan osmotic potential and
the repulsive anion−anion charge interactions. First as pH
increases beyond pKa, formation of fixed carboxylate anions
increases the negative charge within the hydrogel film. This in
turn induces an influx of cations from the buffer solution to

Figure 6. Responsiveness of carboxylate-containing micropatterned
opal hydrogel films to pH. (A−D) Dark-field optical micrographs of a
square-shaped micropatterned poly(HEMA-co-AA-co-MAA) film
made with PS204 immersed in various pH environments. Extended
(E) and zoomed-in (F) SEM views of the square-shaped micro-
p a t t e r n s . P o l y ( H E M A - c o - A A - c o -M A A ) : p o l y -
(hydroxyethylmethacrylate-co-acrylic acid-co-methacrylic acid)
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counter the growing negative charge to maintain neutrality.
With an imbalance of cations between the buffer and the
hydrogel, Donnan potential of the hydrogel increases leading
to entry of water into the gel and the subsequent increase in gel
volume. Second, the repulsive interactions between the created
anions cause extension of the polymer chains, increasing the
volume of the gels. The swelling induced by these two factors
leads to an increase in the diffracting plane spacing and
consequently, the Bragg diffraction wavelength.
In short summary, the results in Figure 6 show that our

technique can be used to synthesize stimuli-responsive
materials.

■ CONCLUSIONS
In this report, we demonstrated a simple, rapid, and
inexpensive evaporation-polymerization technique based on
micromolding and its potential application in sensing. First,
highly uniform artificial opal structures were generated in
micropatterned molds via simple evaporative deposition in a
rapid, controlled, and robust manner. Next, the as-prepared
opal structures were incorporated into PEG-based hydrogels to
produce micropatterned hydrogel films via simple photo-
induced polymerization with highly uniform colors that can be
tuned simply by changing the PEGDA content in the
prepolymer solution. The opal hydrogel films are highly
responsive to change in water content and pH with a reversible
and large shift up to 88 nm observed.
Overall, our simple evaporation-deposition technique should

provide a promising platform for manufacturing highly tunable
and responsive micropatterned opal hydrogel film materials
toward a wide range of sensing applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c02983.

Reversibility of the responsiveness to water content and
pH, final polymer and water content of the as-prepared
opal hydrogel films, and image analysis of pH
responsiveness (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Hyunmin Yi − Department of Chemical and Biological
Engineering, Tufts University, Medford 02155,
Massachusetts, United States; orcid.org/0000-0002-
7750-9679; Phone: (617) 627-2195; Email: hyunmin.yi@
tufts.edu; Fax: (617) 627-3991

Authors
Maurice Bukenya − Department of Chemical and Biological
Engineering, Tufts University, Medford 02155,
Massachusetts, United States

Jun Hyuk Lee − School of Chemical Engineering,
Sungkyunkwan University, Suwon 16419, Korea

Subhash Kalidindi − Department of Chemical and Biological
Engineering, Tufts University, Medford 02155,
Massachusetts, United States

Michael DeCortin − Department of Chemical and Biological
Engineering, Tufts University, Medford 02155,
Massachusetts, United States

Lauren Tice − Department of Chemical and Biological
Engineering, Tufts University, Medford 02155,
Massachusetts, United States

Pil J. Yoo − School of Chemical Engineering, Sungkyunkwan
University, Suwon 16419, Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.0c02983

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding
The authors gratefully acknowledge partial financial support by
U.S. National Science Foundation (CBET-1703549).

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge Dr. Wenyi Li, Dr. Yu Wang, and
Professor Fiorenzo Omenetto at Tufts University for their
generous help with the UV−vis reflectance measurements.

■ REFERENCES
(1) Sanders, J. Colour of Precious Opal. Nature 1964, 204, 1151−
1153.
(2) Arsenault, A. C.; Puzzo, D. P.; Manners, I.; Ozin, G. A. Photonic-
Crystal Full-Colour Displays. Nat. Photonics 2007, 1, 468−472.
(3) Fudouzi, H.; Xia, Y. Colloidal Crystals with Tunable Colors and
Their Use as Photonic Papers. Langmuir 2003, 19, 9653−9660.
(4) Mayoral, R.; Requena, J.; Moya, J. S.; Loṕez, C.; Cintas, A.;
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