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HIGHLIGHTS

e A light-induced crosslinking strategy enables multi-color patterning of anti-opal hydrogel with a minimum line width of 15 pm,

significantly enhancing information capacity.

e Control film crosslinking degree via UV irradiation allows adjust swelling, mechanical and optical properties of various stimulus-

responsive structural color films simultaneously.

e A "film formation first, then patterning" approach provides a new train of thought for dynamic information encryption, security and

ink-free printing.

ABSTRACT Photonically structured e ——
colors, characterized by high resolu-
tion and dynamic responsiveness, hold
promising prospects in the field of infor-
mation security. However, conventional
patterning methods are often limited
by high equipment costs and monoto-
nous color outputs, which restrict their
widespread adoption. To address these
issues, this paper proposes a novel
multi-color patterning method based

on light-induced chemical crosslinking.

By introducing light-initiated crosslink-
ing molecules into anti-opal hydrogels,
we developed a film that can be further regulated by photo-curing, enabling a “film formation first, then patterning” approach. The structural
color hydrogels created using this method can display multi-color patterns, with a minimum line width of 15 pm, significantly enhancing their
information-carrying capacity. Moreover, ultraviolet radiation can increase the degree of cross-linking, thereby inhibiting swelling behavior,
enhancing tensile strength, reducing elongation at break, and causing the color of the inverse opal structure to shift toward blue or disappear. With
inherent responsiveness to stress, temperature, and solvents, this approach enables dynamic information display and has excellent stability (able
to cycle stably for more than 100 times). This work introduces a new method for patterning stimulus-responsive structural colors and opens up

new possibilities for their use in applications such as ink-free printing, information encryption, and anti-counterfeiting.
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Abbreviations

S Seconds

min Minutes

g Grams

h Hours

mL Milliliters

mm Millimeter

nm Nanometer

pm Micrometer

m Mass(g)

T Temperature (°C)

t Time (min)

rmin~!  Rotate per minute
wt% Mass fraction percent
vol% Volume fraction percent

W cem™2  Watt per square centimeter

List of symbols

a Fitting coefficient

AA Acrylic acid

ABP 4-Acryloyloxybenzophenone

AIBN Azo diisobutyronitrile

AM Acrylamide

F Water retention rates

FCC Face-centered cubic

HF Hydrofluoric acid

MBAA N, N-methylene acrylamide

PAMBP The copolymer of AA, AM and ABP
Tg Glass transition temperature

uv Ultraviolet

Subscripts

M, Final mass

M, Initial mass

Greek symbols

A Maximum reflection wavelength

AN Maximum reflection wavelength displacement

1 Introduction

Information security is crucial for protecting national
security, economic stability, and personal privacy [1-3].
Traditionally, techniques such as information encryption,
anti-counterfeiting, and traceability have relied on complex
algorithms or specialized chemical materials. However,
these conventional methods are increasingly facing chal-
lenges such as computational power attacks and counter-
feit reproduction [4-6]. Therefore, there is an urgent need
for innovative information security technologies that are
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resistant to both imitation and cracking, even with the cur-
rent computing power available.

In response, structural color technology has emerged as
a promising solution in the field of information security
[7-10]. Unlike traditional color generation, which relies on
chemical pigments, structural colors are created through the
interaction of light with periodic micro- and nanostructures
at specific wavelengths [11, 12]. This unique physical mech-
anism provides features such as high resolution [13, 14],
iridescence [15, 16], and environmental sustainability [17].
More importantly, by manipulating microstructural param-
eters, such as the lattice constant in opal photonic crystals,
structural colors can be made to dynamically change in
response to external stimuli [18-22]. This capability mimics
the intelligent color shifts seen in chameleon skin [23, 24],
offering a platform for next-generation optical anti-coun-
terfeiting labels and information encryption technologies.

However, to effectively utilize structural colors in infor-
mation security, it is essential to develop techniques for pat-
terning them. A single, uniform structural color carries lim-
ited information, making it challenging to encode complex
data or create identifiable patterns. Currently, the primary
method for producing stimulus-responsive structural color
patterns relies on laser etching templates [25-28]. Although
this technique can achieve precise patterns, it requires costly
laser systems, making it expensive. Furthermore, since
structural colors depend on selective light reflection from
periodic structures, the resulting patterns typically exhibit
only one color, and secondary coloring or post-processing
modifications are difficult to implement. These limitations
hinder the broader application of this technology in practi-
cal scenarios.

To address this, many researchers have proposed their
own solutions. For instance, Yu et al. [29] utilized the
excellent adhesion property of polymers to cut and reattach
different colored structural color gels, thereby fabricating
multi-color patterned films; while Sun et al. [30] utilized
light-stimulated-responsive complex fluorescent molecules
to achieve dual-mode patterned display of liquid crystals
and fluorescence; Shen et al. [31] used light-stimulated-
responsive anthracene derivatives to prepare protein stone
gel-like structural colors, and realized anti-counterfeiting
applications of stretch pattern display.

Here, we propose a novel patterning strategy. First, we
create structural colors across the entire film, followed by

https://doi.org/10.1007/s40820-026-02130-x
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patterning to generate two or more distinct color patterns on
the same film. Specifically, we introduced the photoinitia-
tor 4-acryloyloxybenzophenone (ABP) together with acrylic
acid (AA) and acrylamide (AM) into the opal template. After
thermal curing and etching, we obtained an anti-opal struc-
tural color hydrogel (PAMBP). This hydrogel film displays
clear structural color in its swollen state, but upon drying,
the pore structure collapses and the color fades. In addition,
the ABP molecules can initiate molecular chain cross-
linking under ultraviolet (UV) light [32, 33], which reduces
the hydrogel’s swelling capacity and alters its mechanical
properties, such as tensile strength. The anti-opal hydrogel
also exhibits excellent tensile properties and responds sig-
nificantly to external stimuli, including stress, temperature,
and solvents. These features give the structural color film
unique capabilities (Scheme 1): (1) Exposure to UV light on
the dry film can fix the collapsed pore structure, making the
structural color disappear permanently; (2) When the film
is water-soaked and exposed to UV light, the pore structure
remains, but the increased cross-linking weakens the swell-
ing ability, causing the pores to contract and resulting in a
blue shift in the structural color; (3) In UV-exposed areas,
the increased cross-linking and reduced swelling capacity
cause the material to exhibit a lower strain under the same
stress. With these photo-patterning characteristics and the
film’s inherent response behavior, it is possible to create
multi-region and multi-color patterns through spatially con-
trollable optical cross-linking. This strategy offers a novel
approach for high-security, hard-to-imitate information
encryption and anti-counterfeiting applications.

2 Experimental Section
2.1 Preparation of SiO, Nanospheres

Monodispersed SiO, nanospheres were prepared by the mod-
ified Stober method. Ethanol (200 mL) was added to ammo-
nia solution (100 mL) with different concentrations, and a
mixed solution of tetraethyl orthosilicate (40 mL) and etha-
nol (160 mL) was then added under magnetic stirring (1500
rpm min~') at room temperature. After 2 min, the rotating
speed was reduced to 600 rpm min~!, and the reaction was
continuously stirred for 5 h to obtain the white emulsion of
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Si0, nanospheres. The particle sizes of SiO, nanospheres
were regulated by varying the volume of the seed solution.

2.2 General Procedure of Hydrogel Photonic Films

The hydrophobic structural color films were fabricated using
a sacrificial template method. First, the monodispersed SiO,
nanospheres were synthesized, then washed with water and
ethanol, and an ethanol dispersion of 8 wt% was prepared
for further use. Next, the SiO, colloidal crystal templates
were prepared by the dip-coating method. During the etha-
nol volatilization, SiO, nanospheres were self-assembled on
the glass substrates.

Then, the prepared mixed solution of AA-AM-ABP mono-
mers (1 mL) (quality score of AA: AM: ABP:BMAA:AIBN
is 3:1:1.8:0.05:0.05) was infiltrated into the space among the
Si0, nanospheres of the templates under vacuum and capil-
lary force. Following the thermal polymerization, the SiO,
templates were immersed in 4 vol% hydrofluoric acid and
finally rinsed with deionized water, forming the hydrogel
photonic films (PAMBP).

2.3 General Procedure of PAMBP Patterning

The preparation method of PAMBP with the USAF 1951
resolution test card patterns of the United States Air Force:
Dry the PAMBP hydrogel, cover it with a USAF 1951 reso-
lution test card mask of the United States Air Force, expose
it to UV light, and then immerse it in water. Through the
above methods, a USAF 1951 resolution test card patterned
PAMBP film can be obtained.

The heterologous butterfly pattern was prepared as
follows: the preparation method of the heterologous
butterfly pattern: First, under dry conditions, place the
butterfly-shaped mask on the PAMBP (where the reverse
opal structure collapses, so the structural color does not
appear). Expose the film to 365 nm ultraviolet light (1 W
cm_z) for 5 min. Then, immerse the PAMBP film in water,
and the butterfly pattern appears quickly. Cover half of
the butterfly area with the mask. PAMBP films in water
were irradiated with 365 nm ultraviolet light for 20 min.
The ultraviolet light and the mask were removed. It was
found that the color of the irradiated area shifted blue,

@ Springer
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Scheme 1 Schematic diagram of PAMBP photo-patterning and anti-counterfeiting application. a Schematic diagram of possible molecular
chains of PAMBP. b Optical photograph of patterned PAMBP. ¢ Stimulus response behaviors of PAMBP. d Changes in mechanical properties
and e swelling capacity of PAMBP before and after photo-induced crosslinking. f Schematic diagrams of photo-patterning. g, h Schematic dia-
grams of PAMBP application in information security
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and a PAMBP patterned with heterochronic butterflies was
obtained. Other patterning methods are similar.

3 Results and Discussion

3.1 Design and Preparation of Optical Patterned
Structural Color Films

The process for preparing photocross-linkable and pattern-
able structurally colored films is outlined in Fig. 1a, with
the corresponding reaction shown in Fig. 1b. First, SiO,
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nanospheres of varying particle sizes are synthesized using
the Stober method (size parameters are detailed in Fig. S1
and Table S1). These nanospheres are then assembled
into opal templates exhibiting structural color through the
impregnation and lifting method (Fig. S2). As the particle
size of the SiO, nanospheres increases, the structural color
of the template shifts toward longer wavelengths, or a red-
shift, in accordance with Bragg diffraction theory (Eq. S1)
[15, 23, 34]. For example, the scanning electron microscopy
(SEM) image (Fig. 1d) of the template assembled with 354
nm SiO, nanospheres shows a face-centered cubic (FCC)
structure [35-37].
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Fig. 1 Preparation and characterization diagram of PAMBP. a Schematic diagram of PAMBP preparation and water response. b Schematic dia-
gram of monomers for PAMBP preparation, possible copolymer chains and interchain hydrogen bonds. ¢ Fourier infrared absorption spectra of
monomers and PAMBP. d-f Optical images, surface SEM images and cross-sectional SEM images of opal templates, freeze-dried PAMBP and
volatilized dried PAMBP. g Optical images of PAMBP water response and water writing paper application. h Time-resolved reflection spectra of

PAMBP water response
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To prepare the hydrogel film, we dissolved the copoly-
mer monomer acrylamide (AM), photo-crosslinking mol-
ecule ABP, thermal initiator azodiisobutyronitrile (AIBN),
and crosslinking agent N,N-Methyldipropylenecarboxam-
ide (MBAA) in acrylic acid (AA) to create the precursor
solution. This solution was injected into the template, and
after heating and curing, the SiO, nanospheres were etched
away using an HF solution. The residual HF was replaced
with deionized water and ethanol. Finally, after soaking in
deionized water, a series of anti-opal hydrogels with dif-
ferent structural colors (referred to as PAMBP, with color
changes shown in Fig. S2) were successfully obtained. As
the particle size of the template nanospheres increased, the
structural color of the hydrogel also exhibited a redshift,
consistent with the Bragg diffraction law.

We conducted infrared spectroscopy analysis on the
resulting PAMBP hydrogel (Fig. 1c), and found that the
stretching vibration peak of the carbon—carbon double
bond at 1635 cm™! disappeared completely, confirming that
the polymerization reaction had been fully completed. In
addition, energy-dispersive spectroscopy (EDS) analysis
(Fig. S3) revealed that the characteristic Si peaks in the
etched samples were absent, indicating complete removal
of the SiO, template.

SEM images of the freeze-dried PAMBP (Figs. le and S4)
show a well-defined pore structure, successfully replicating
the FCC structure of the opal template. Because we used a
sandwich structure to inject the precursor solution to initi-
ate the polymerization, and then further etched to obtain
the PAMBP structured color film, the anti-opal structure is
located on the surface of the PAMBP film, and its thickness
is only a few nanometers (Fig. S4). Different thicknesses of
anti-opal structures can be obtained by changing the num-
ber of coating and pulling times (Fig. S5). Increasing the
number of coating and pulling times can enhance the thick-
ness of the anti-opal structure, make the color more vivid,
and increase the maximum reflectance corresponding to the
reflection spectrum (Fig. S6). When the number of coat-
ing and pulling times reaches more than 6, the thickness
of the anti-opal structure reaches 5.7 pm. When the num-
ber of coating and pulling times was further increased, the
structural color change in PAMBP was not obvious, while
the time required for preparation, SiO, nanospheres, and
HF acid all increased. Therefore, the template of impreg-
nation and lifting six times was adopted in the subsequent
experiments.

© The authors

The pore size is smaller than that of the template nano-
spheres, due to the hydrogel’s shrinkage during freeze-
drying. When the hydrogel is air-dried, the pore structure
collapses (Fig. 1f), causing the structural color to disap-
pear. The PAMBP film exhibits excellent stability. By test-
ing its reflection spectra during the drying-water soaking
cycle (Fig. S7), it can be observed that after 100 cycles, the
structural color remains almost unchanged, indicating its
outstanding water-responsive stability. This feature enables
applications like water-rewritten paper (Fig. 1g) and water-
activated anti-counterfeiting (Fig. S8), with a water response
time of less than 0.5 s (Fig. 1h and Video S1).

To study the effect of ABP on the performance of the struc-
tural color films, we first optimized the PAMBP raw material
ratio. We prepared five PAMBP hydrogel films with molar
ratios of AA, AM, and ABP of 6:2:2, 6:2:1, 6:2:0, 6:0:1,
and 6:4:1, which were named P622, P621, P620, P601, and
P641, respectively. Infrared spectroscopy analysis (Fig. 2b)
revealed that as the ABP content increased, the absorption
peaks corresponding to the C-H out-of-plane bending vibra-
tion of the benzene ring at 750 cm™! and the stretching vibra-
tion of the benzene ring skeleton at 1600 cm™! became more
pronounced. Additionally, when the AM content increased,
the absorption peak near 1250 cm™!, corresponding to the
coupling mode of C-N stretching and N-H bending vibra-
tions in the primary amide, also intensified.

Tensile performance tests were conducted on the hydrogels
mentioned above (Fig. 2c, d). The results show that the hydro-
gel’s elongation at break significantly increased after 12 h of
water immersion. Notably, the fracture strain of P621 exceeded
500% (Fig. S9), although its fracture stress decreased. This
behavior can be attributed to the effect of water molecules
on the dynamic properties of the polymer network, enhancing
energy dissipation, preventing crack propagation, and improv-
ing network ductility. In the dry state, the molecular chains
are closer together and form interchain entanglements, reduc-
ing the material’s toughness [38, 39]. Interestingly, the P621
hydrogel demonstrated excellent ductility while maintaining
some tensile strength: a P621 sample with a cross-sectional
size of 0.3 mm X2 mm was able to lift a 100 g weight (Fig. S5)
and achieve a tensile strain of up to 500%.

In addition, after full water immersion, the P622 sample
show noticeable whitening, while the light transmittance of
P621 and P620 remained relatively stable (Figs. 2e, g and
S10). This difference can be explained by ABP’s hydropho-
bic nature, which reduces the overall hydrophilicity of the

https://doi.org/10.1007/s40820-026-02130-x
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Fig. 2 Performance characterization of PAMBP with different raw material ratios. a Schematic diagrams of possible polymer chains and inter-
chain hydrogen bonds of hydrogels in dry, semi-wet and wet states. b-d FT-IR spectra of P622, P601, P621, P641, and P620, as well as the ten-
sile fracture curves in dry and wet states. e Optical images of P622, P621, and P620 swelling in deionized water at 0, 5, and 10 min, respectively.
f Cross-sectional SEM images of P622 and P621 in a dry state and after being thoroughly soaked in deionized water and freeze-dried. g Trans-
mission spectra of P622, P621, and P620 under dry conditions and after being thoroughly soaked in deionized water

film. In P622, the high ABP content triggered microphase
separation during water absorption, creating an inhomogene-
ous structure with dry and swollen regions coexisting [32,
40] (Fig. 2a). This phase separation caused local differences
in the refractive index, leading to strong light scattering and
the whitening effect. In contrast, P621 and P620, which had
lower ABP content, exhibited more uniform water absorp-
tion with no significant phase separation. SEM analysis

)
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of P622 and P621 in both dry and wet freeze-dried states
(Figs. 2f and S10) show micron-sized pores in P622, further
confirming the microphase separation structure. The struc-
ture of P621 was uniform with no such phenomenon, con-
sistent with the proposed mechanism. In conclusion, P621
has good light transmission performance, does not affect
the color of the anti-protein structural color, and has good
mechanical properties. Therefore, this study identifies P621

@ Springer
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as the optimal polymer substrate for constructing anti-opal
structurally identifies hydrogels. All subsequent experiments
were conducted using the PAMBP material prepared accord-
ing to this formulation.

3.2 Response Behavior of PAMBP

The AM-AA system responds to various stimuli. When
combined with structural colors, it will produce wonderful
phenomena [41-43]. Research on the response behavior of
PAMBP structural color films reveals that the material can
respond to a range of external stimuli, including stress, tem-
perature, pH, and alcohol-water solvents. When the PAMBP
anti-opal structural color hydrogel film is stretched, the
effective lattice constant of its anti-opal structure decreases
(Fig. 3a). According to Bragg’s diffraction law (Eq. S1), this
reduction in lattice constant results in a blue shift of the struc-
tural color. Reflection spectra measured during the tensile

a b o% 20%

process (Fig. 3c) show a noticeable blue shift as the film
deforms (Fig. 3b and Video S2). The mechanical chromic
sensitivity of the material is impressive, reaching 2.5nm per
1% distortion with a maximum wavelength shift (A)A) exceed-
ing 260 nm. This excellent response performance is attributed
to the hydrogel’s high stretchability and the periodic structure
of the anti-opal film. A loading—unloading cycle test under
100% strain (Fig. 3d) revealed no significant drift in the opti-
cal signals after 100 cycles, indicating strong cycle stability.

The PAMBP film also demonstrates a sensitivity to tem-
perature. This system contains a large number of carboxyl
groups and hydrogen bonds within the polymer chains. As
the temperature rises, the dissociation of these carboxyl
groups becomes more intense, and the electrostatic repul-
sion between molecular chains increases [44, 45]. Moreo-
ver, as the temperature rises, the hydrogen bonds within the
polymer break [46, 47]. These two factors jointly lead to the
expansion of the hydrogel (Figs. 3g and S12a). By taking
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Fig. 3 Relevant characterization of PAMBP stimulus response behavior. a Schematic diagrams of pore structure and structural color changes in
stretched PAMBP. b, ¢ PAMBP tensile color-changing optical photograph and reflection spectra. d Changes in reflection wavelength during 100
load-unloading cycles. e, f, i Reflection spectra and optical images of PAMBP impregnated with solvents of different temperatures, pH values
and ethanol concentrations. g Schematic diagram of the redshift of PAMBP structural color. h Atomic force microscope image of the surface of

PAMBP impregnated with different
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photographs of circular PAMBP films with swelling equi-
librium at different temperatures (Fig. S11) and measuring
the film radius, it can be found that as the temperature rises,
the degree of film swelling increases. Meanwhile, variable-
temperature infrared spectroscopy also demonstrated that as
the temperature rose, the water content within the hydrogel
increased (Fig. S12b). Moreover, through pH meter meas-
urement, it was found that the pH decreased significantly
(Fig. S12c¢, d), which proved that the degree of dissocia-
tion did indeed increase with the rise in temperature. As the
temperature increases, the swelling of PAMBP results in
a red shift of its structural color (Fig. 3e). Moreover, after
100 cycles from 20 to 60 °C H,O soaking, the response
characteristics of PAMBP to temperature remained almost
unchanged, indicating that it has good cycling stability
(Fig. S13). In addition, when an infrared laser is directed at
PAMBP samples doped with carbon black, the photother-
mal conversion of carbon black raises the local temperature,
inducing a red shift in the structural color of the irradiated
area (Fig. S14).

The PAMBP film also demonstrates a sensitivity to pH.
The system contains a large number of carboxyl groups,
which dissociate more intensely as pH increases. This
increased dissociation leads to greater electrostatic repul-
sion between the carboxylate ions, causing the hydrogel to
swell (Fig. 3g) [48, 49]. By taking photographs of circu-
lar PAMBP films with swelling equilibrium at different pH
values (Fig. S15) and measuring the film radius, it can be
found that as the pH increases, the degree of film swelling
increases. When the pH rises to 14, the film radius increases
significantly and wrinkles appear. The films also exhibit a
pH response. As the pH increases from 4 to 12, the reflec-
tion peak shifts from 460 to 630 nm, indicating a red shift in
the structural color. Moreover, after 100 solvent immersion
cycles with pH values of 4 and 12, the response charac-
teristics of PAMBP to pH remained basically unchanged,
indicating that it has good cycling stability (Fig. S16). When
the pH reaches 14, the structural color disappears entirely
(Fig. 3f). This is because the film’s swelling capacity has
increased too much, and its color has redshifted beyond the
visible light region.

Furthermore, PAMBP films respond significantly to alco-
hol-water solvents. As the ethanol concentration increases,
the reflection wavelength initially shifts to the red and
then shifts back to the blue (Fig. 3i). Moreover, after 100
cycles of H,O-EtOH soaking, the response characteristics

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

of PAMBP to alcohol-water solvents remained basically
unchanged, indicating that it has good cycling stability (Fig.
S18). This behavior can be explained as follows: PAMBP,
being a polymer hydrogel, is highly compatible with etha-
nol. As the ethanol concentration increases, the hydrogel
swells, causing a red shift in its structural color. However,
as the ethanol concentration continues to rise, the dissocia-
tion of carboxyl groups decreases, electrostatic repulsion
weakens, and the swelling reduces, causing a blue shift in
the structural color. By photographing circular PAMBP films
with swelling equilibrium at different ethanol concentrations
(Fig. S17) and measuring the film radius, it can be found that
as the ethanol content increases, the degree of film swell-
ing first increases and then decreases, verifying the above
response mechanism. This mechanism is further supported
by atomic force microscopy (AFM) images (Fig. 3h), which
show that the pore structure partially collapses in the dry
state, swells in water, and shows a visible structural color.
Upon exposure to ethanol, the pore spacing increases from
360 to 424 nm, resulting in a red shift of the structural color.

Building on the optical response characteristics of
PAMBP to solvent stimuli, we developed a chrysanthemum-
patterned sensing array (Figs. S19 and S20) for detecting
ethanol-water solutions. This array can output matrix optical
signals, which not only enhance detection accuracy but also
improvethe fault tolerance of the system.

4 Research on the Photo-Initiated
Crosslinking Process

The crosslinking process of PAMBP hydrogel films under
UV light irradiation was deeply studied. Previous studies,
such as those by Liu et al., have shown that UV light can
excite the benzophenone group, initiating a hydrogen extrac-
tion reaction [32, 50]. This reaction generates a benzyl alco-
hol structure and forms new C—C bonds, which increases the
crosslinking density of the film (Fig. 4a). We verified this
mechanism through XPS and DMA tests. The XPS peak fit-
ting results for the O 1s orbital of the hydrogel film after O,
10, and 20 min of UV irradiation are shown in Fig. 4b. As
the irradiation time increases, the peak corresponding to the
C=0 group gradually decreases, while the peak for the C-O
group increases, confirming the transformation from benzo-
phenone to benzyl alcohol. DMA results (Fig. 4c) also show
that as UV irradiation time increases, the glass transition
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Fig. 4 Relevant representations of PAMBP photo-patterning behavior. a Schematic diagrams of possible copolymer chains and inter-chain
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ting spectra of XPS, ¢ DMA diagrams, d stress—strain curves, e reflection spectra, f swelling kinetics curves and g swelling equilibrium mass
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temperature (T,) of the hydrogel rises, together with the
maximum loss modulus and the temperature corresponding
to the maximum tand. These changes indicate a significant
increase in the crosslinking degree of the material as the UV
light reaction progresses [51]. Therefore, the tensile stress of
the material increases with the higher crosslinking degree,
while the fracture strain decreases (Fig. 4d). Thermal gravi-
metric analysis (TGA) (Fig. S21) shows a slight increase
in the thermal decomposition temperature with longer UV
exposure.

© The authors

To visually demonstrate the effect of UV light on the
crosslinking degree, we used a mold press to shape the
hydrogel films into a “flower” shape (Fig. S22). When
placed in room-temperature water and exposed to UV light
on the top surface, the “flower” gradually closed as the
exposure time increased (Video S3). This phenomenon can
be explained by UV light predominantly affecting the top
surface of the film, leading to a higher crosslinking den-
sity there. This causes the bottom surface to retain a greater
swelling capacity in water (Fig. S22a). The asymmetry in

https://doi.org/10.1007/s40820-026-02130-x
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swelling behavior causes the “flower” structure to bend
inward, eventually closing up.

To confirm this mechanism, we conducted swelling tests
on hydrogel films exposed to uniform UV light on both sur-
faces for different durations. Figure S23 shows the scatter
plot of the hydrogel’s swelling mass over time after exposure
to UV light for O, 5, 10, and 20 min. By fitting the experi-
mental data to the Equation in Formula S2, we obtained the
In(F)—In(t) relationship curve (Fig. 4f). The results show
that as UV exposure time increases, the fitting coefficient
(a) rises from 0.213 to 0.649, indicating that the swelling
behavior shifts from the Fick diffusion model (a<0.5) to a
non-Fick diffusion model (0.5 <a< 1) [52, 53]. Without UV
treatment, the swelling follows the Fick diffusion model,
but after UV exposure, the relaxation of macromolecular
chains significantly affects the water absorption process. In
addition, as UV exposure time increases, the volume change
of the hydrogel at equilibrium swelling decreases (Fig. 4g),
and the water absorption mass ratio (Am/mg) drops from
2.544 to 2.106. This suggests that increased crosslinking
effectively reduces the swelling capacity of the material.
The reduced swelling capacity causes the pores in the opal
structural color hydrogel film to shrink, which results in a
blue shift of the structural color (Fig. 4e).

Based on the photocuring crosslinking characteristics
of PAMBP structural color films, we developed two pho-
tocuring procedures for patterning the films (Fig. 4h). The
first uses photocuring in water, which induces a blue shift
in the structural color, while the second occurs under dry
conditions, causing the structural color to disappear. We
also explored the ultimate resolution of this patterning
method. Using the USAF 1951 resolution test card as the
mask (Fig. 4i), we determined that the minimum line width
achievable is 15 pm, demonstrating the high resolution of
this patterning technique for structural color films.

The high-resolution patterning of this film is formed by
the light-induced cross-linking locking of the collapsed pore
structure, which cannot restore the reverse opal structure.
Since the patterning originates from the anti-opal structure
on the upper layer of the film, the thickness of the film has
almost no effect on the patterning resolution, while the thick-
ness of the anti-opal layer may have a certain impact on
the patterning resolution. Therefore, we supplemented the
pattering experiments of PAMBP obtained from templates
with different coating and pulling times (Fig. S24), and
found that as the thickness of the anti-opal layer increased,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

the minimum line width of the pattering decreased, indi-
cating that the resolution of the pattering improves when
the thickness of the anti-opal layer increase. We analyzed
that it might be due to the light leakage problem during the
photo-patterning process. This can be confirmed by the SEM
images of the cross-section and surface (Fig. S25). It can
be found that after photo-patterning, the originally regular
FCC structure in the masked area has also undergone a cer-
tain degree of distortion and deformation. It is precisely the
slight light leakage of the mask that leads to the decrease in
resolution during the PAMBP photo-pattering process. Due
to the limited penetrating power of light, when the number of
layers of opal is small, the impact of light leakage is greater.

4.1 Anti-Counterfeiting Application of Structured
Color Films

By combining the photo-induced crosslinking patterning
property of PAMBP with its stimulus—response charac-
teristics, we have developed a structured color film with
both information encryption and anti-counterfeiting capa-
bilities. To demonstrate this, we first prepared a red and
green dual-color butterfly pattern film, and the preparation
process is illustrated in Fig. 5a. Initially, the dry PAMBP
film is exposed to UV light through a mask to fix the col-
lapsed pores in the areas outside the butterfly pattern. This
allows a red butterfly pattern to appear when the film was
immersed in water. Then, the left half of the butterfly pat-
tern is exposed to UV light while the film was in water. The
increased crosslinking in this region reduces its swelling
capacity, causing a blue shift in its structural color. This
process results in a red and green butterfly pattern. The anti-
counterfeiting feature of this film is evident in several ways:
in its dry state, it is colorless, but when it comes into contact
with water, the butterfly pattern becomes visible. Addition-
ally, when stretched laterally, the green area, with its higher
degree of crosslinking, has a lower tensile elongation, while
the red area deforms more easily, showing greater elonga-
tion. This mechanical response can further serve as an anti-
counterfeiting verification method (Fig. Se and Video S4).
Building on the characteristic solvent-responsive behav-
ior of PAMBP (Fig. 3i), we also developed a new sol-
vent-responsive anti-counterfeiting mechanism (Fig. 5d).
The red and green dual-color structural color films were
designed using the emblem pattern of Dalian University of
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graphs of PAMBP with d Dalian University of Technology emblem, e dual-color butterfly, and f MSI code pattern

Technology (Fig. 5b). The central area of the emblem, which
was subjected to a higher degree of UV crosslinking, has a
lower swelling capacity compared to the peripheral area.
In its dry state, the film is colorless, but when exposed to
water, the outer pattern turns red and the central emblem
turns green. When placed in a 1:1 alcohol-water solution, the
outer pattern shifts to the infrared spectrum, becoming invis-
ible to the human eye, while the central pattern turns red.

© The authors

In pure ethanol, the outer pattern appears deep red, while
the central emblem turns yellow. This multi-solvent color
response behavior makes the film ideal for advanced infor-
mation security and anti-counterfeiting applications, offering
multiple layers of verification.

Lastly, we leveraged the effect of crosslinking on the
material’s stress—strain behavior to create PAMBP films with
MSI barcode patterns (Fig. 5c). In its dry state, this film
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does not display any information. However, after soaking in
water, it shows false information, and only when stretched
does it reveal the true data (Fig. 5f). To decode the pattern,
we used MATLAB to write a pattern recognition script,
which converted the MSI barcode pattern into a fluctuating
curve, enabling us to analyze its binary data. Specifically,
the corresponding MATLAB program script first reads the
MSI optical image, then performs grayscale processing and
binarization analysis to obtain a black-and-white image. It
further extracts binary data, finally converts it into deci-
mal values, and outputs the obtained data (Fig. S26). The
areas exposed to UV light for a longer period (except for the
third barcode) exhibited less deformation during stretching,
resulting in an initial recognition of "221." After stretch-
ing, the third barcode area, which had less crosslinking,
deformed significantly, changing the final recognition result
to "621." This dynamic, mechanically triggered information
display provides a new strategy for information security and
encryption.

5 Conclusion

This study presents a novel approach to preparing structural
color films using a “film formation first, then patterning”
strategy. We successfully created anti-opal hydrogel struc-
tural color films that respond to various stimuli, including
stress, temperature, and solvents. These films are transpar-
ent and colorless in their dry state but exhibit structural
color upon contact with water. By introducing the photo-
crosslinking molecule ABP, we achieved patterned regula-
tion through UV irradiation: in the dry state, UV exposure
causes the structural color in the irradiated area to disappear,
while exposure in water induces a blue shift in the color.
Through light-induced, regionally differentiated crosslink-
ing, we were able to spatially regulate the film’s mechani-
cal properties and swelling behavior, resulting in patterned
structural colors. This method enables the creation of pat-
terns with a line width as small as 15 pm, greatly enhancing
the resolution of structural color films. By combining these
responsive characteristics, we successfully created both
multi-color and single-color patterned films, and demon-
strated three applications suitable for information encryption
and anti-counterfeiting. This research offers new approaches
for developing intelligent anti-counterfeiting and encryption

SHANGHAI JIAO TONG UNIVERSITY PRESS

technologies and highlights the broad potential of responsive
sensing applications.
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