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1. Introduction

Hydrogels with exceptional responsiveness to environmental
stimuli have emerged as a captivating class of materials in the
field of actuators. Actuators are devices designed to convert vari-
ous forms of energy into mechanical motion.[1] Hydrogels, with
their unique ability to undergo significant volume changes in
response to external factors, are gaining prominence in this
field.[2] One of the distinctive features of hydrogels as actuators

lies in their responsiveness to stimuli
such as temperature, pH, and light.[3]

The responsiveness of hydrogel is attrib-
uted to the ability to absorb and release
water, leading to pronounced swelling and
contraction. Furthermore, the design and
mechanism of hydrogel actuators play a
pivotal role in determining their efficacy.[4]

Through precise engineering, hydrogels
can be tailored to selectively respond to
specific stimuli.[5] This adaptability makes
hydrogel actuators highly promising for
diverse applications, including biomedical
devices[6] and drug delivery systems[7] to
soft robotics and adaptive structures.[8]

As the development of hydrogel actuators
progresses, their unique combination of
responsiveness and versatility paves the
way for innovative technological advance-
ments across multiple fields.

Temperature-responsive and light-
responsive hydrogels have emerged as
advanced platforms capable of intelligently
reacting to environmental stimuli.[9] These
hydrogels possess the ability to undergo

significant physical changes when exposed to specific tempera-
tures or light wavelengths. Temperature-responsive hydrogels
exhibit the unique property of undergoing a reversible phase
transition in response to variations in temperature, which allows
the hydrogel to act as responsive matrices in applications such as
drug delivery,[10] tissue engineering,[11] and controlled release
systems.[12] Common polymers employed in fabricating ther-
moresponsive hydrogels include poly(N-isopropylacrylamide)
(PNIPAM). PNIPAM undergoes a coil-to-globule transition near
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Photopatterning offers a versatile and precise approach for modifying surface
properties, making it a valuable technique in material design. Recent research
demonstrates that polymer swelling can significantly enhance photodegradation,
facilitating topographical patterning. Herein, this concept in stimuli-responsive
hydrogels is explored, focusing on the thermoresponsive poly(ethylene glycol)
methylether acrylate-co-poly(N-isopropylacrylamide) (PPEGA–PNIPAM) hydro-
gel. Surprisingly, it is observed that UV exposure not only partially degrades the
hydrogel but also diminishes its thermal responsiveness. This effect enables
selective deactivation of responsive properties of the PPEGA–PNIPAM, allowing
for spatially defined variations in thermomechanical behavior through photoli-
thography. By using these spatial differences, the hydrogel is programmatically
transformed into a thermoresponsive actuator via a single-step photopatterning
process, demonstrating a potential application of UV-induced change of ther-
moresponsiveness. Furthermore, incorporating gelatin methacrylate enhances
biocompatibility, suggesting new possibilities for developing thermoresponsive
bioactuators. Thus, the results demonstrate the potential of UV-induced mod-
ulation of stimuli-responsive properties of hydrogels and present new oppor-
tunities for creating multifunctional materials with tailored properties.

RESEARCH ARTICLE
www.small-structures.com

Small Struct. 2025, 2400560 2400560 (1 of 10) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

mailto:shhsu@ntu.edu.tw
https://doi.org/10.1002/sstr.202400560
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:levkin@kit.edu
http://www.small-structures.com


physiological temperatures, making it particularly suitable
for biomedical applications.[13] On the other hand, light-
responsive hydrogels leverage the unique properties of photores-
ponsive polymers to trigger changes in their structure or
properties upon exposure to specific wavelengths of light.[14,15]

Photoresponsive polymers, such as azobenzene-containing
polymers[16] and acrylate group-based polymers,[17]are frequently
used for light-responsive hydrogel systems as they can undergo
reversible photoisomerization or irreversible polymerization
upon exposure to UV or visible light. In particular, poly(ethylene
glycol) methacrylate (PEGMA)-based hydrogel exhibits photode-
gradability as revealed in previous literature, which stems from
the susceptibility of the hydrated PEG and poly(meth)acrylate
chains to cleavage upon exposure to high intensity UVC
light.[18] This photodegradability enables precise control over the
degradation of hydrogels, offering a pathway to environmentally
responsive and programmable material behaviors. The PEGMA
displays favorable attributes of PEG, such as biocompatibility
and hydrophilicity.[19] Generally, the exact choice of polymer
depends on the specific requirements of the application, consid-
ering factors such as biocompatibility, tunable responsiveness,
and stability.

Designing hydrogel actuators requires a multidisciplinary
approach, combining materials engineering and responsive sys-
tems to harness the inherent properties of hydrogels for con-
trolled and dynamic mechanical responses. Hydrogel actuator
design centers on forming a three-dimensional network using
materials such as PNIPAM, polyacrylic acid, or PEG-based
hydrogels, selected for their ability to undergo significant
volume changes in response to external stimuli.[20] Meanwhile,
the spatial arrangement and geometric design of hydrogel actua-
tors play a pivotal role in determining their mechanical
responses.[21] Engineered structures, such as bilayers or gradient
patterns within the hydrogel, contribute to controlled directional
actuation.[22] Hydrogels with a carefully designed structure can
achieve complex and programmable movements. Innovations in
hydrogel actuators focus on improving responsiveness, durabil-
ity, and biocompatibility, paving the way for applications in bio-
medical fields such as wearable devices, artificial muscles, and
in vitro simulation platforms.[23–25]

Here, we successfully develop a PPEGA–PNIPAM (PN)
hydrogel actuator utilizing a photodegradable poly(ethylene
glycol) methyl ether acrylate (PEGA) hydrogel system combined
with temperature-responsive PNIPAM. The PPEGA–PNIPAM
hydrogel exhibits thermal responsiveness and can be partially
degraded by UVC irradiation. Most notably, photodegradation
also suppresses the hydrogel’s thermal responsiveness, enabling
programmable actuation capabilities within a single-layer hydro-
gel. By employing different grating patterns, photodegraded
(i.e., passive) regions were introduced, resulting in hydrogel
structures with tunable contraction or bending. This study
systematically investigates the photodegradation behavior,
thermal responsiveness, actuation performance, and biocom-
patibility of the PPEGA–PNIPAM hydrogel. Biocompatibility
tests using C2C12 muscle cells assess the potential of
PPEGA–PNIPAM hydrogels as platforms for in vitro muscle
tissue simulation, opening new possibilities for biomedical
applications.

2. Results and Discussion

2.1. Photodegradation and Temperature Responsiveness of PN
Hydrogel Thin Films

The design of the PN hydrogel drew inspiration from previous
research on photodegradable hydrogels[26] and PNIPAM-based
hydrogels.[27] The combined system aimed to exhibit a dual-
responsive behavior, involving both photoresponsiveness and
thermoresponsiveness. The PN hydrogel was initially prepared
as a uniformly responsive material and then transformed into
a programmable responsive hydrogel through selective photode-
gradation and photopatterning (Figure 1A). The compositions of
various PN hydrogels and the PEGA hydrogel control group are
shown in Table 1. The compositions were adjusted and opti-
mized for this study based on previous research.[18] The possible
network structure of the PN hydrogel is depicted in Figure 1B.
Photocrosslinking between PEGA and NIPAM occurs upon
exposure to UVA light (365 nm), while the PEGA–PNIPAM net-
work is observed to degrade under UVC light (254 nm). The
continuous network between PEGA and NIPAM is assumed
to resemble a copolymer. After photodegradation, the PN net-
work is expected to cleave, resulting in fragments of PPEGA–
PNIPAM. This fragmentation is supported by the IR spectra
of photocrosslinked and photodegraded PN hydrogels,
which show no significant differences in characteristic peaks
(Figure S1, Supporting Information).

The preparation process of photodegradable PN hydrogels is
illustrated in Figure 2A. The preparation of PN hydrogel thin
films involved the use of channels formed by slides and aligned
tapes. The polymerization of PEGA and NIPAM monomer was
performed under UVA exposure for 2min. The resulting photo-
crosslinked PN hydrogel was then immersed in DI water over-
night to allow for swelling, which expanded the polymer chains
and network. Subsequently, the swollen hydrogel underwent
photodegradation under UVC exposure at a constant tempera-
ture of 20 °C for 1 h. Maintaining a constant temperature of
20 °C for the PN hydrogel ensures that no phase transition occurs
under UV exposure heat, which is important as PNIPAM has a
lower critical solution temperature of 32 °C. The height of the
swollen and photodegraded PN hydrogels was measured using
a camera to assess the degree of photodegradation. The swelling
ability and thickness of PN hydrogel can influence photodegra-
dation efficiency, as previously reported.[18] PN hydrogels with
different compositions exhibit high swelling ratios and gel frac-
tions, indicating a stable crosslinking network, as detailed in
Table 1. In Figure S2A, Supporting Information, the swollen
PN hydrogel thin film measured a height of 0.965mm, while
the thin film postphotodegradation (UVC exposure for 1 h) mea-
sured a height of 0.670mm. The degree of photodegradation
against UVC exposure time, illustrated in Figure S2B,
Supporting Information, depicts the remaining percentage of
PN hydrogel thin films across the three groups. A higher
NIPAM ratio in the PN hydrogel was found to inhibit photode-
gradability. NIPAM monomers are presumed to act as cross-
linkers or short bridges between PEGA polymers in the PN
system. A higher NIPAM ratio in the PN hydrogel leads to stron-
ger and longer crosslinkages between PEGA polymers compared
to a lower NIPAM ratio. The PN hydrogel group containing 2 wt%
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of NIPAM exhibited �40% thickness reduction through photo-
degradation, similar to the group with 1 wt% of NIPAM. The
2 wt% group was selected for further experiments.

The PN hydrogel thin films exhibit partial photodegradability
and derivative properties, as evidenced by gross obversion,
Small angle X-ray scattering (SAXS) analyses, and rheology.
The photodegradation of the PN hydrogel thin film significantly
affects its thermoresponsive ability. A comparison of the thermor-
esponsiveness of the PN hydrogel at 40 °C across the groups after
photocrosslinking, after swelling, and after photodegradation
revealed noticeable shrinking in the group after swelling, but only
minor change in the group after photodegradation, as shown in
Figure 2B. The thermoresponsive ability of the PN hydrogels
was quantified using the deswelling ratio (Table 2). The PN hydro-
gels exhibited over 30% deswelling ratio under 40 °C heating and
above 95% reswelling ratio at 25 °C. The deswelling ratio of the PN
hydrogel thin film after photodegradation approached 2%, indicat-
ing the near-complete loss of thermoresponsiveness.

The microstructure of the PN hydrogel thin film after photo-
crosslinking and photodegradation at 25, 40, and 70 °C was
inferred from SAXS profiles. A comparison of the SAXS profile
for the photodegraded PN hydrogel with that of the photocros-
slinked PN hydrogel showed a decrease in intensity starting from

the q-value of 0.009 (Figure 2C(i)). This q-value corresponds to an
estimated scale of 69.7 nm. The observed decrease in intensity
suggests that photodegradation of the PN hydrogel occurs due
to network cleavage at length scales shorter than �69.7 nm
(Figure 2C(ii)). The thermoresponsiveness of the photocros-
slinked PN hydrogel is evident from the increase in intensity
in the q-range from 0.007 Å�1 (corresponding to 89.7 nm) to
0.07 Å�1 (8.97 nm) observed in the SAXS profiles as the temper-
ature increases from 25 °C to 40 °C (Figure 2D(i)). It is also noted
that no further changes to the profiles are observed when the
temperature is increased further from 40 to 70 °C. Together,
this suggests that the network of the photocrosslinked PN
hydrogel tightens within the range of 89.7–8.97 nm during
heating (Figure 2D(ii)). In contrast, the SAXS profiles for the
photodegraded PN hydrogel show no difference upon heating
(Figure 2E(i)). This indicates that the photodegraded PN hydrogel
does not exhibit any thermoresponsive behavior in terms of
network structure (Figure 2E(ii)). The results from the SAXS
analysis support the relationship between thermoresponsiveness
and photodegradation of the PN hydrogel thin film. These
fundamental mechanism studies for microstructure–property–
functionality of the PN hydrogel thin film corroborate its poten-
tial as a programmable actuator.

Table 1. Swelling ratios and gel fractions of PEGA and PN hydrogels. The swelling ratio was calculated using the formula (Ws/Wp)� 100%, whereWp is
the initial hydrogel weight and Ws is the weight after swelling. For the gel fraction, samples were lyophilized, weighed (Wi), immersed in deionized (DI)
water at 25 °C for 24 h, and then freeze-dried and weighed again (Wf ). The gel fraction was determined using the equation (Wf/Wi)� 100%.

Sample PEGA [32 wt%] PEGA:NIPAM [31 wt%:1 wt%] PEGA:NIPAM [30 wt%:2 wt%] PEGA:NIPAM [28 wt%:4 wt%]

Swelling ratio [%] 523� 37 586� 24 551� 16 542� 28

Gel fraction [wt%] 73� 2 77� 2 71� 2 72� 2

Figure 1. Schematic illustrating the concept and mechanism of selective photodegradation for programmable material responsiveness.
A) PPEGA–PNIPAM (PN) hydrogel was prepared as a uniformly responsive hydrogel and selectively photodegraded to create programmable
responsiveness. B) Chemical structures between PEGA and NIPAM illustrate anticipated crosslinks following UVA exposure (365 nm) and cleaved
polymer chains after UVC exposure (254 nm).
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The storage modulus of the PN hydrogel after photocrosslink-
ing was measured at 353 Pa (Figure 3A), with a decrease in mod-
ulus observed following both swelling (265 Pa, Figure 3B) and
photodegradation (98 Pa, Figure 3C). During strain sweep anal-
ysis, damage to the photocrosslinked PN hydrogel was observed
at 900% strain (Figure 3D), while the swollen and photodegraded
PN hydrogels experienced damage at the strain of 490%
(Figure 3E) and 190% (Figure 3F), respectively. Rheological anal-
ysis of the PN hydrogel indicates that the crosslinking and struc-
ture weakening after swelling and photodegradation. The results

of rheology for the PN hydrogels reveal the mechanical proper-
ties after photocrosslinking and photodegradation.

The photodegradation mechanism of the hydrogel under
254 nm UV light is primarily attributed to Norrish type I
cleavage of ester bonds within the polymer network. This
cleavage leads to decrosslinking of the polymer network and
alters its thermoresponsive properties. Photodegradation was
previously investigated,[28,29] where the effects of UV irradiation
on swollen hydrogels and microgels were studied using techni-
ques such as UV–vis spectroscopy, nuclear magnetic resonance
(NMR), and gel permeation chromatography (GPC). The reduced
susceptibility of PNIPAM-based hydrogels to UV-induced
degradation, along with the lower reduction in deswelling ratio
compared to PEG-based systems, suggests that the cleavage of
PEG chains (ester bonds) is more efficient than that of
amide groups. Overall, disruption of the three-dimensional
network of the hydrogel alters its thermoresponsive
properties, deswelling behavior, and mechanical integrity
(Figure 2B and 3B,C).

It should be mentioned that prolonged exposure to UV irradi-
ation that induces bond cleavage, degradation, and reduction of
thermoresponsive properties of the hydrogel may also affect the
mechanical properties of the remaining hydrogel. The latter may
deteriorate the lifespan and reduce usage cycles of the produced
hydrogel material.[30]

Figure 2. Preparation, thermoresponsive ability, SAXS analysis, and structural hypothesis of PN hydrogel thin film. A) Hydrogel thin films were prepared
using photocrosslinking (UVA, 365 nm, 2min), swelling overnight, and photodegradation (UVC, 254 nm, 20 °C, 1 h). B) Observations: i) slight shrinkage
in the photocrosslinked hydrogel, ii) swollen hydrogel rolled into a tube, and iii) no change in the photodegraded hydrogel. C) SAXS analysis: i) decreased
intensity postphotodegradation from q= 0.009 (69.7 nm) and ii) structural collapse suggested in postphotodegradation network. D) Heating effects
postphotocrosslinking: i) increased intensity from q= 0.007 (89.7 nm) to 0.07 (8.97 nm) and ii) network tightening during heating. E) Heating effects
postphotodegradation: i) no change in SAXS profiles and ii) no thermoresponsive behavior observed.

Table 2. The deswelling ratio and reswelling ratio of PN hydrogels.
Temperature-responsive behavior of PN hydrogels, evaluated by
deswelling and reswelling ratios. The deswelling ratio at 40 °C was
calculated as [(Ws�Wd)/Ws]� 100%, where Ws and Wd are the hydrogel
weights after swelling and deswelling, respectively. The reswelling
ratio was determined by immersing the deswelled hydrogel in 25 °C DI
water and calculated as (Wr/Ws)� 100%, where Wr is the weight after
reswelling.

Experimental
group

PEGA:NIPAM
[31 wt%:1 wt%]

PEGA:NIPAM
[30 wt%:2 wt%]

PEGA:NIPAM
[28 wt%:4 wt%]

Deswelling ratio [%] 31� 1 36� 1 40� 1

Reswelling ratio [%] 98� 0.4 99� 0.1 95� 0.2
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2.2. UV Pattern Design and Actuation Behavior on a Single
Layer of the PN Hydrogel Thin Film

Recent progress in manufacturing hydrogel actuators with ani-
sotropic structures has included bilayer structures, gradient
structures, patterned structures, and oriented structures.[4] The
materials in these methods were mostly prepared by combining
two hydrogel systems and inorganic additives.[31–35] Here, in
contrast, we fabricated the PN hydrogel actuator from a mono-
layer hydrogel system, as shown in Figure S3, Supporting
Information. The PN hydrogel thin film was covered with a
customized photomask, and the uncovered area was exposed
to UVC light for an hour to create a passive area (i.e., photode-
graded area), as illustrated in Figure 4A. The PN hydrogel thin
films with simple patterns were used to demonstrate the actu-
ation principle. Two examples are shown, where either 1) half of
a rectangular hydrogel thin films or 2) a quarter of a square
hydrogel thin films was left active, both cases showing noticeable
selective bending and shrinking upon heating (Figure 4B,C).
The actuating performance of the patterned hydrogel thin films
indicated controllable actuation by inhibiting the thermorespon-
sive ability (Figure S4, Supporting Information).

Moreover, the deswelling ratios of the PN hydrogel thin film
under different exposure times for photodegradation (1, 5, 10, 30,
and 60min) demonstrated a gradual inhibition of thermorespon-
sive ability (Figure 4D). Depicting the deswelling ratio against
different exposure times provides guidance for controllably
adjusting the thermoresponsiveness of the PN hydrogel thin
film. A programmable actuation of the PN hydrogel thin film

was achieved using a gradient thermoresponsive ability to per-
form a sequential reaction in heating and exhibited the reswel-
ling performance after cooling (Figure 4E). Different durations
(0, 10, 15, and 20min) of UVC exposure on the leaf blades of
the clover-shaped hydrogel thin film resulted in an ordered,
sequential motion during heating (Figure 4F). The actuated
hydrogel thin film was subsequently immersed in cool water
and reswelled gradually (Figure 4G). The force from the water
for reswelling the hydrogel thin film was insufficient to fully
unfold the leaves, so they were expanded manually using twee-
zers, and the excess water was removed using a pipette. The com-
plete heating/cooling cycle of the clover-shaped hydrogel thin
film was recorded and is shown in Movie S1, Supporting
Information. Moreover, another programmable actuation of
the PN hydrogel thin film was performed in a finger shape,
which showed sequential withdrawal of the fingers (Figure S5,
Supporting Information).

2.3. Growth of C2C12 Myoblast Cells in PN-Based Hydrogel
Thin Films

Drawing inspiration from the adaptability and responsiveness of
biological systems, hydrogel actuators demonstrate unique capa-
bilities that position them at the forefront of innovation in bio-
mimicry.[36] The biomimetic design of hydrogel actuators aims to
replicate the remarkable features of living organisms. One of
the key behaviors that researchers focus on is the hierarchical
organization observed in muscle tissue.[37] While mimicking
the intricate structure and function of muscle tissue in vitro is

Figure 3. Rheological analysis of PN hydrogel (30 wt% of PEGA:2 wt% of NIPAM). A) Time sweep of hydrogel during photocrosslinking conducted under
1% strain and 1 Hz frequency using an in situ UV system. B,C) Time-dependent storage and loss moduli (G’ and G’’) of hydrogels after swelling
and photodegradation were measured under 1% strain and 1 Hz frequency. D–F) Strain-dependent storage and loss moduli (G’ and G’’) of hydrogels
postphotocrosslinking, swelling, and photodegradation processes were examined under dynamic strain at a frequency of 1 Hz.
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a formidable challenge, hydrogel actuators offer a versatile solu-
tion.[27,38] The in vitro simulation platform of muscle tissue
allows researchers to assess the effects of drugs on muscle cells,
study the progression of muscle-related diseases, and explore
potential therapeutic interventions.[39,40] The challenges in the
field of hydrogel actuators revolve around achieving precise con-
trol, customization for specific applications, and biomimetic rep-
lication of complex biological structures. The intricacies of
muscle movement have received considerable attention, leading
to efforts to mimic muscle performance using hydrogel actuators
as artificial muscles.[41–44] Most studies on manufacturing hydro-
gel actuators have focused on mechanical properties, stimuli-
responsive speed, and durability to ensure they are suitable
for use as artificial muscles.[45–47] Therefore, the materials used
in these studies generally lack biocompatibility, making it diffi-
cult to develop an in vitro platform for researching muscle cells
or muscle-related diseases within an artificial muscle environ-
ment. The gelation of the PN-based hydrogels is primarily
achieved through the copolymerization of PEGA and NIPAM,
where the polymer chains form a three-dimensional network
without the need for an extra covalent crosslinking agent. This
approach simplifies the synthesis and reduces potential cytotox-
icity associated with some crosslinking agents. Additionally,
previous studies on PEGA-based photodegradable hydrogel and
gelatin-methacryloyl (GelMA)-based hydrogel actuators have
demonstrated the potential for biocompatibility in cell cul-
ture.[19,29] In this study, 2 wt% of GelMA was added to the PN
hydrogel system to enhance its biocompatibility (Figure S6,

Supporting Information). The PN-GelMA hydrogel exhibited a
high swelling ratio, photodegradation, and thermoresponsive
ability as well (Table S2 and Figure S7, Supporting Information).
A comparison of the C2C12-embedded PN hydrogel and PN-
GelMA hydrogel demonstrated good cell viability of C2C12 cells
in the PN-GelMA hydrogel after photocrosslinking, as shown in
the live/dead staining in Figure 5A. The PKH67-stained C2C12
cells incubated in the PN hydrogel and PN-GelMA hydrogel,
tracked with green fluorescence, revealed expansion of the cells
after swelling (Figure 5B). The long-term cell viability of C2C12
cells in the PN-GelMA hydrogel exhibited 150% cell proliferation
after 7 days in Figure 5C. A 4 wt% GelMA hydrogel was used as a
positive control in cell proliferation experiments. The survival of
C2C12 myoblast cells in the PN-GelMA hydrogel presented the
potential application as an in vitro actuating environment for
researching drug effects on muscle cells or muscle-related
diseases.

2.4. Overview and Comparison of Our UV-Induced
Photodegraded PN Hydrogel with Existing Stimuli-Responsive
Hydrogels and Actuators

The typical gradient hydrogel actuator created by photolithogra-
phy involves a photo-induced crosslinking reaction, which
provides tunable mechanical properties and achieves distinct
actuation capabilities, such as bending angles or anisotropic actu-
ation behaviors.[35] Compared to photo-induced surface cross-
linking, UV-induced degradation achieves comparable spatial

Figure 4. Anisotropic and programmable actuation of PN hydrogel thin film. A) Photodegradation was used to inhibit thermoresponsive behavior,
creating passive areas (blue: active, purple: passive). B) Photodegradation on half of a rectangular film caused bending during heating on one
side. C) Shrinking occurred at the corners of a square film where photodegradation was not applied. D) Deswelling ratios reflect the impact of
UVC exposure on thermoresponsiveness. E) Gradual thermoresponsiveness was induced by varying UVC exposure times, enabling sequential leaf
actuation in a clover-shaped film. F) The leaf blades reacted in the programmed order during heating. The actuating speeds of the third and fourth
leaves are very similar. G) The hydrogel thin film was immersed in cool water for reswelling. Tweezers and a pipette were used to unfold the leaves
and remove the excess water after the hydrogel thin film reswelled.
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control. In photo-induced surface crosslinking strategies, using
two or more materials or precise control of crosslinking degree is
typically required to achieve anisotropic actuation. Hydrogels
with lower crosslinking densities often face mechanical weak-
nesses due to the rapid free radical reaction of photocrosslinking.
Therefore, using different materials in photo-induced surface
crosslinking strategies allows for more stable or predictable
mechanical strength, making it a widely adopted approach for
achieving spatially specific actuation. While this multimaterial
strategy provides stability and predictability, it complicates the
fabrication process. In contrast, our PN hydrogel thin-film sys-
tem achieves comparable spatial control through UV-induced
degradation without requiring additional materials or intricate
crosslinking control.

While our PN hydrogel thin-film system is, to our best knowl-
edge, the first to demonstrate the integration of photodegradabil-
ity with inhibition of thermoresponsiveness, there are many
other thermoresponsive polymers and hydrogels (Table S3,
Supporting Information) of which thermoresponsiveness might
be tuned by UV-induced degradation of the polymer network.
Nevertheless, not all polymers might be degraded by UV light
to the same extent as the swollen PEG-containing hydrogels
investigated here, warranting further investigation to explore
the broader applicability of this approach to tuning the stimuli-
responsive properties.

In order to assess if the observed UV-induced degradation
may influence responsive hydrogel systems with other composi-
tions, we synthesized two additional hydrogel variants:
PNIPAM–PEGA (15 wt% NIPAM and 5 wt% PEGA) and
PEGDA–PNIPAM (30 wt% PEGDA and 2 wt% NIPAM). The
PNIPAM–PEGA hydrogel contains a significantly larger fraction
of NIPAM (15 wt% vs 1–4 wt% in the previous system), while the
PEGDA–PNIPAM is based on the bifunctional PEG making it
a more crosslinked PEGDA-based hydrogel, as opposed to the
PEGA–NIPAM system investigated above. Both hydrogels were
studied for their UV-induced photodegradable properties

assessed by measuring decreases in hydrogel thicknesses
(Figure S8, Supporting Information) as well as for their deswel-
ling ratios upon heating to 40 °C before and after photodegrada-
tion (Table S4, Supporting Information). Both PNIPAM–PEGA
and PEGDA–PNIPAM hydrogels showed thermoresponsive
properties before photodegradation with deswelling ratios of
93 and 13.5%, respectively. PNIPAM–PEGA and PEGDA–
PNIPAM hydrogels showed a reduction in thickness of 0.75
and 0.3 mm, respectively, after irradiation with 254 nm UV light
(22mW cm�2) for 1 h, demonstrating the photodegradability,
while the deswelling ratio reduced only from 93 to 90% in the
case of NIPAM–PEGA and from 13.5 to 7% in the case of
PEGDA–NIPAM. These results show that the reduction of ther-
moresponsive properties is not universal and depends on the
composition of the hydrogel. The presence of PEG in the mate-
rial seems to be important for achieving more efficient reduction
of thermoresponsiveness (cf., 13.5–7% vs 93–90% change of
deswelling ratio), at least for the PEG–NIPAM systems.

3. Conclusion

In this study, we demonstrated a photodegradation-based
method to locally modulate the stimuli-responsive properties
of PPEGA–PNIPAM hydrogel. We showed that UV exposure
of this hydrogel induces partial degradation of the hydrogel while
simultaneously diminishing its thermal responsiveness. This
dual effect allows for the selective deactivation of responsive
properties, enabling the creation of spatially defined variations
in thermomechanical behavior through photolithography. By
exploiting these spatial differences, we transformed the hydrogel
into a thermoresponsive actuator using a single-step photopat-
terning process. This approach shows an application of
UV-induced changes in thermoresponsiveness, offering a
straightforward method to program complex actuation behaviors
into hydrogel materials. Furthermore, the incorporation of
GelMA enhanced the biocompatibility of the hydrogel,

Figure 5. Survival, tracking, and proliferation of C2C12 cells in the PN hydrogel and PN-GelMA hydrogel. A) Cell viability in the hydrogels after
photocrosslinking was shown by the live/dead staining of C2C12 cells. B) The PKH67-stained C2C12 cells incubated in the hydrogels for 0 h (after
photocrosslinking) and 24 h (after swelling) were captured with green fluorescence for tracking. C) The long-term proliferation of C2C12 cells in
PN hydrogel, PN-GelMA hydrogel, and GelMA hydrogel (positive control) was determined by the Cell Counting Kit-8 (CCK-8) assay. *p< 0.05 and
***p< 0.001 among the indicated groups.
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suggesting promising avenues for developing thermoresponsive
bioactuators. Thus, our findings demonstrate the potential of
UV-induced modulation in altering temperature-responsive
properties. This technique can be used for designing materials
with customized properties, providing solutions in areas such as
soft robotics, tissue engineering, and responsive surfaces.

4. Experimental Section

Chemicals: NIPAM (99%, Thermo Scientific, USA), poly(ethylene
glycol) methyl ether acrylate (PEGA, Mn� 480, Sigma–Aldrich, Germany),
2,2-azobis(2-metheyl-N-(2-hydrocyethyl) propionamide) (VA-086, Wako
Chemicals GmbH, Germany), gelatin (type A, 300 bloom, Sigma–Aldrich,
USA), methyl acrylic anhydride (MAA, Sigma–Aldrich, Germany), high-
glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA), fetal
bovine serum (FBS, Gibco, USA), penicillin–streptomycin (Caisson),
and CCK-8 (CCK-8, Sigma–Aldrich, Japan) were purchased. Gelatin-
methacryloyl (GelMA) was synthesized from gelatin and MAA in
carbonate–bicarbonate buffer according to a protocol previously reported.
The degree of substitution of GelMA was evaluated by 1H NMR spectros-
copy (Bruker Avance-500 Spectrometer).

Preparation and UV Photodegradation of PEGA–PNIPAM (PN) Hydrogel
Thin Films: The PN hydrogels were prepared from PEGA and NIPAM.
PEGA (31, 30, and 28 wt%) and NIPAM (1, 2, and 4 wt%) solutions were
mixed with the photoinitiator VA-086 (2 wt% of solid content). The prepol-
ymer was pipetted onto a commercial slide with a customized channel and
covered by a hydrophobic slide. The precursor was exposed to UV light
(22mW cm�2, 365 nm) for 2 min to allow for the hydrogel thin film for-
mation. The photocrosslinked hydrogel thin film was subsequently swollen
overnight in DI water. The swollen hydrogel thin film was degraded under
UV light (254 nm) for 1 h at a constant temperature of 20 °C. The UV lamp
used in our experiments is a UV chamber with a customized temperature
controller (UV chamber with customized temperature controller, GB-3501,
Ganbow Tech., Taiwan). The UV wavelength used was 254 nm (intensity
22mW cm�2). After the degradation of the PN hydrogel thin film, we
observed significant overall thickness changes using a camera to take
the image of the cross section. The remaining percentage was determined
by measuring changes at multiple points and calculating the average,
ensuring the reliability of our measurements.

Characterization of PN Hydrogel Thin Films: The chemical composition
of crosslinked hydrogel and photodegraded hydrogel was confirmed using
Fourier transform infrared spectroscopy (PerkinElmer, USA) and scanned
at a resolution of 8 cm�1 from 400 to 4000 cm�1. The gel fraction of vari-
ous PN hydrogels and the control group PEGA hydrogel with 32 wt% were
estimated as the degree of chemical crosslinking. The samples were lyoph-
ilized for 24 h and weighed (Wi). Subsequently, the lyophilized samples
were immersed in 25 °C DI water for 24 h. The resulting samples were
then freeze-dried for another 24 h and weighed (Wf ). The gel fraction
was calculated by equation (Wf/Wi)�100%. The height of the swollen
hydrogel thin film and the photodegraded hydrogel thin film were imaged
using a contact angle meter (WCA instrument, First Ten Angstroms, USA)
and measured with the ImageJ software.

SAXS experiments for the PN hydrogels were conducted at the beam-
line 23 A of the Taiwan Light Source (TLS 23 A) in the National
Synchrotron Radiation Research Center located in Hsinchu, Taiwan.
The photon energy of the equipment was set to 8 keV, and the scattering
vector (q values) ranged from 0.004 to 0.4 Å�1. The profiles of photocros-
slinked PN hydrogel and photodegraded PN hydrogel were measured at
25 °C. Temperature-dependent profiles were obtained at 25 °C, 40 °C, and
70 °C, with the sample allowed to equilibrate for 10min after each temper-
ature change to ensure thermal stability.

Rheological properties of the PN hydrogels during photocrosslinking
and postswelling and photodegradation were assessed using a rheometer
(HR-2, TA Instruments). All experiments were conducted at 25 °C employ-
ing a 20mm parallel plate geometry, and an in situ UV light platform (HR-2,
TA Instruments) was utilized, except for the time and strain sweeps.

During photocrosslinking, the storage modulus (G 0) and loss modulus
(G 00) were monitored over time under a UV lamp (22.4 mW cm�2) at a
constant frequency of 1 Hz and an oscillatory strain of 1%. Additionally,
the storage modulus (G 0) and loss modulus (G 00) of the swollen hydrogel
and photodegraded hydrogel were determined at a constant frequency of
1 Hz and an oscillatory strain of 1%. A dynamic strain sweep was per-
formed at a constant frequency of 1 Hz within the strain range of 0.1–
1500%.

Swelling and Temperature Responsiveness of PN Hydrogel Thin Films:
Swelling ratios of the PN hydrogels in DI water were measured at 25 °C.
Initially, the hydrogel was weighed (Wp) and then immersed into water for
a specified duration. After swelling, the weight of the hydrogel (Ws) was
measured following the removal of excess water around the hydrogel and
container. The swelling ratio was obtained from the formula

ðWs=WpÞ � 100% (1)

The temperature-responsive ability of PN hydrogels was evaluated
based on the deswelling ratio at 40 °C. The swollen hydrogel was initially
weighed (Ws) at 25 °C. Subsequently, the hydrogel was heated to an equi-
librium temperature of 40 °C, and its weight (Wd) was measured after
removing the excess of water. The deswelling ratio was calculated using
equation

½ðWs �WdÞ=Ws� � 100% (2)

The deswelled PN hydrogel was immersed in 25 °C DI water to assess
the reswelling ratio. The weight (Wr) of reswelled hydrogel was measured
following the removal of excess water around the hydrogel. The reswelling
ratio was calculated using the equation

ðWr=WsÞ � 100% (3)

UV Pattern Design and Actuation Experiment: Patterning of the hydrogel
thin films was conducted by irradiation of UV light (22 mW cm�2) for 1 h
under various shapes of customized photomasks. The active area of the
hydrogel thin film was the nonphotodegraded part. The external heater
(40 °C) triggered the actuation of the hydrogel thin film to achieve aniso-
tropic shrinking.

The hydrogel thin films were shaped into finger and flower shapes to
mimic finger counting and flower blooming gestures. These shaped hydro-
gel thin films were subjected to varying exposure times (10, 15, 20, and
60min) of UVC light to induce gradient thermoresponsiveness and
observe their actuation behaviors.

Cell Viability of PN-Based Hydrogel Thin Films: The C2C12 mouse
myoblast cell line derived from mouse musculus was employed for
3D cell culture. Cells were cultured in high-glucose DMEM supplemented
with 10% FBS and 1% penicillin–streptomycin. The cultured cells were
maintained at 37 °C and a humidified atmosphere containing 5% CO2.
The cell culture medium was refreshed every 2–3 days.

Cell proliferation within hydrogels was assessed using the CCK-8
assay. Following trypsinization, cells (6� 106 cells mL�1) were combined
with PN solution and PN-GelMA solution, respectively. The photoinitiator
VA-086 was used at 2 w% of solid content, and the PEGA, NIPAM,
and GelMA were used at 30, 2, and 2 wt%, respectively. These solutions
were then dispensed into the wells of a 24-well plate and exposed to UV
light (365 nm, 22mW cm�2) for 2 min. The hydrogel formed a volume
of 400 μL and a weight of 0.4139� 0.003 g with a cylinder and was trans-
ferred to DMEM for cell culture. Subsequently, the cell-laden hydrogels
were rinsed three times with phosphate buffered saline (PBS) and cultured
in DMEM before being placed into the incubator. Additionally, cell
proliferation on the surfaces of the PN and PN-GelMA hydrogel
thin films postphotodegradation was examined. Cell proliferation was
assessed at 0, 1, 3, and 7 days. C2C12-laden hydrogels were submerged
in a 1:10 dilution of CCK-8 solution for 2 h within the incubator. The solu-
tion was then transferred to a 96-well plate, and absorbance at 450 nm
was measured using a plate reader (SpectraMax M5, Molecular
Devices, USA).
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Live/Dead Staining and Fluorescence Tracking: Live and dead C2C12 cells
were stained using the LIVE/DEAD Cell Vitality Kits (Invitrogen, USA). The
cell-laden hydrogel was incubated for 1 h after fabrication. Following incu-
bation, the hydrogel was washed with TBS and immersed in the calcein
AM/ethidium homodimer-1 solution for �15min. Subsequently, the sam-
ples were excited at 488 and 514 nm wavelengths and visualized using a
fluorescence microscope (Leica DM IRB).

C2C12 cells were labeled with a green fluorescent cell tracker, PKH67
(Sigma–Aldrich, USA). Subsequently, the labeled C2C12 cells were cul-
tured in PN-GelMA hydrogels for 0 h (after photocrosslinking) and
1 day (after swelling), and cell adhesion and proliferation were observed
using a fluorescence microscope (Leica DM IRB). The green fluorescence
emitted by the labeled cells was detected within the range of 610–750 nm.

Statistical Analysis: All experiments were performed three times
independently. Data in this study were presented as mean � standard
deviation. Statistical analysis was carried out using the Student’s t-test,
and statistical significance was determined for results with p values less
than 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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