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Abstract Ultraviolet B (UVB) radiation plays a dual role in human health by promoting vitamin D synthesis and causing skin and ocular damage
upon excessive exposure. However, the development of specific visual UVB sensors remains challenging. Herein, we report tough and recyclable
photochromic hydrogels (PHs) by integrating engineered photochromic nanoparticles, which contain a diarylethene derivative (DTE) and a UV
absorber (Trz), into poly(vinyl alcohol) (PVA) hydrogels through a synergistic freeze-casting and salting-out strategy. Benefiting from the compet-
itive UV absorption relationship between DTE and Trz, PHs exhibited selective responses to UVB while effectively suppressing interference from
UVA. The photochromic nanoparticles exhibited a low UVB detection limit of 0.024 W/m?, rapid and highly reversible photoswitching, excellent
photofatigue resistance over multiple switching cycles, and outstanding thermal and storage stabilities. By regulating the Trz content, the re-
sponse thresholds of the nanoparticles can be precisely programmed, enabling visually distinguishable and dose-dependent color transitions
over different UVB exposure intervals. Moreover, the PHs exhibited excellent mechanical performance, with a tensile strength of up to 22.29 MPa,
remarkable flexibility, load-bearing capability, and recyclability without noticeable degradation of mechanical properties. Finally, a wearable
wristband assembled from multiple hydrogel sensing units with programmable response thresholds was fabricated, which converts cumulative
UVB exposure into discrete and highly distinguishable color states corresponding to different minimum erythema dose (MED) levels. This strate-
gy offers a new platform for multi-molecule-based UV sensing, with potential applications in personal photoprotection and environmental moni-
toring.
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INTRODUCTION

Ultraviolet B (UVB, 280—-320 nm), a high-energy, yet shallowly
penetrating component of solar radiation, exerts a dual impact
on human health. Moderate UVB exposure is indispensable for
cutaneous vitamin D synthesis, whereas excessive exposure can
lead to sunburn, photocarcinogenesis, and ocular disorders.l'=”?
The mutagenic and carcinogenic effects of UVB are largely at-
tributed to its direct interaction with DNA, which underscores
the need for reliable UVB detection and monitoring technolo-
gies. Photochromic polymer materials, which change color up-
on exposure to light, offer a lightweight and convenient ap-
proach to visualizing ultraviolet exposure and have attracted
substantial interest for wearable and environmental sensing ap-
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plications, as well as anti-counterfeiting technologies.®'¥ These
materials are usually prepared by integrating photochromic
molecules (i.e., spiropyrans, azobenzenes, and diarylethenes) in-
to the polymer matrix via doping or covalent bonding to en-
hance stability. Among the various photochromic compounds,
diarylethene (DTE) derivatives undergo thermally irreversible
switching between open- and closed-ring isomers while ex-
hibiting exceptional photofatigue resistance, pronounced visi-
ble-light absorption modulation, and excellent cycling
stability.l>~?3! These characteristics make DTE one of the most
promising photochromic platforms for durable optical sensing
and information-storage applications. The key performance
metrics of photochromic UV sensors, including spectral selectiv-
ity, optical contrast, reversibility, and long-term photostability,
are governed not only by the intrinsic photophysical properties
of the photochromic molecules, but also by their local microen-
vironment within the host matrix.**~2¥ Therefore, designing ef-
fective UVB detectors requires careful selection and engineer-
ing of DTE-based photochromic molecules and host architec-
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tures to balance sensitivity, selectivity, mechanical compatibility,
and operational durability for real-world wearable applications.

A major challenge in UV sensing is the spectral
selectivity.[2429301 Many photochromic molecules respond to
broad UV bands, making exclusive detection of UVB
difficult.l'7.2224.2931-341 Existing solutions typically rely on
physical UVA filters or the incorporation of additional UVA-
absorbing species to suppress unwanted responses; however,
these approaches add complexity and can limit sensitivity or
durability.2434 Furthermore, most photochromic systems ex-
hibit single-mode color changes and limited environmental
robustness, impeding accurate dose discrimination and long-
term deployment under complex conditions.[242933] There-
fore, an important challenge is to integrate wavelength selec-
tivity, graded dose-dependent optical responses, mechanical
resilience, and long-term environmental stability within a sin-
gle UV sensing platform.[2935-401 Polymer nanoparticles offer a
versatile route to encapsulate multiple functional molecules
within nanoparticles, enabling the co-assembly of pho-
tochromic dyes and wavelength-selective absorbers while
preserving the photoswitching performance.l'0.2841-451 Al
though polymer nanoparticles possess many advantages,
such as simple preparation, customized coupled dyes, facile
functionalization, uniform dispersion, and scalable process-
ing, their poor mechanical properties still limit their applica-
tion. In contrast, tough hydrogels composed of water and hy-
drophilic polymer networks provide a complementary route
for integrating functional nanoparticles, while providing flexi-
bility, structural tunability, and robust mechanical perfor-
mance.[43,46—50]

Integrating engineered nanoparticles into a robust hydro-
gel matrix to develop wearable UVB sensors that deliver both
precise spectral discrimination and the mechanical tough-
ness required for practical use is desired.*31-331 Recently,
some studies have demonstrated the potential of photore-
sponsive polymer and hydrogel systems for electronic-free
and wearable optical sensing.l>'>4-56] For example, self-heal-
ing photochromic elastomer composites have been devel-
oped for programmable UV dose monitoring, enabling skin-
mounted textile-integrated wristband-type sensors.l%! Multi-
functional ionic hydrogels have been explored for outdoor
UV monitoring by combining UV responsiveness with me-
chanical robustness and environmental tolerance.>"l These
advances highlight the advantages of integrating optical
sensing functions directly into soft and deformable polymer-
ic matrices. Nevertheless, most reported systems primarily fo-
cus on broad-spectrum UV responsiveness or multifunctional-
ity, whereas achieving selective detection of a specific UV
band together with graded dose-dependent optical output
remains challenging. Therefore, the development of mechan-
ically robust wearable hydrogels with wavelength-selective
response is highly desirable.

Herein, we report tough and recyclable photochromic hy-
drogels (PHs) obtained by combining simple freeze-casting
and salting out to integrate engineered photochromic
nanoparticles containing diarylethene-based photochromic
units (DTE) and UVB-specific absorbers (Trz) into poly(vinyl al-
cohol) (PVA) hydrogels. Polymer nanoparticles encapsulating
DTE and Trz were synthesized using simple miniemulsion

polymerization, and then embedded into PVA hydrogels via
the synergy of simple freeze-casting and salting out to pro-
duce PHs. The as-prepared PHs exhibited the following ad-
vantages: (i) selective response to UVB with clear, dose-de-
pendent color changes, (ii) suppressed interference from
longer-wavelength UVA through competitive absorption, (iii)
rapid, highly reversible photoswitching and long-term opti-
cal stability, and (iv) high mechanical strength, recyclability,
and environmental robustness suitable for wearable devices.
We demonstrated PHs as a wearable UVB monitor that pro-
vides graded, visually readable responses corresponding to
different UVB doses. Wavelength- and dose-selective color
patterns revealed hidden marks only under controlled ultravi-
olet B (UVB) exposure. The combination of engineered pho-
tochromic nanoparticles and tough hydrogel matrices yield-
ed a versatile platform for precise UVB sensing.

EXPERIMENTAL

The experimental details are included in the electronic supple-
mentary information (ESI).

RESULTS AND DISCUSSION

Design and Preparation of Nanoparticles

Fig. 1 shows the design of the concepts and applications. Con-
sidering the limited wavelength selectivity, poor dose discrimi-
nation, and insufficient mechanical robustness of conventional
photochromic UV sensors, we proposed a hierarchical design
strategy that integrates engineered photochromic nanoparti-
cles with tough hydrogels (Fig. 1a). Specifically, a diarylethene
derivative,  3,3-(thiophene-2,3-diyl)bis(2-methylbenzo[b]thio-
phene) (DTE), possessing excellent photofatigue resistance and
reversible photochromic properties, was selected as the UV-re-
sponsive unit, whereas a hydroxyphenyl triazine UV absorber (2-
(4,6-diphenyl-1,3,5-triazin-2-yl)-5-(hexyloxy)phenol, Trz) was in-
troduced as a spectral regulator to selectively modulate the
UVB-triggered photochromic response of DTE (Fig. 1a). Owing
to the substantial overlap between the UVB absorption bands of
DTE and Trz, a competitive absorption mechanism was estab-
lished, whereby Trz preferentially dissipates incident UV energy,
and only excess UVB photons can activate the ring-closing reac-
tion of DTE. By precisely regulating the Trz content, the UV re-
sponse threshold and color evolution kinetics of DTE can be
programmed, enabling the wavelength-selective and dose-re-
solved visual detection of UVB irradiation. To overcome the
poor mechanical properties of polymer nanoparticles, DTE/Trz-
loaded nanoparticles prepared via simple one-step miniemul-
sion polymerization were further embedded into PVA hydro-
gels through the synergistic effects of freeze-casting and salt-
ing-out. The resulting hydrogel network not only uniformly dis-
persed the functional nanoparticles, but also provided excellent
mechanical strength, flexibility, environmental stability, and re-
cyclability through extensive interchain hydrogen-bond inter-
actions. Finally, by integrating multiple hydrogel sensing units
with programmable response thresholds into a wearable plat-
form, cumulative UVB exposure can be transformed into dis-
crete and visually distinguishable color states corresponding to
different minimum erythema dose (MED) levels (Fig. 1b), there-
by realizing high-resolution, reusable, and wearable UVB moni-
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Conceptual scheme of tough and recyclable PHs. (a) Schematic diagram of preparation process of PHs and the corresponding molecular

structure (hexadecyl trimethyl ammonium chloride (CTAC), poly(methyl methacrylate) (PMMA), poly(vinyl alcohol) (PVA)), photoisomerization
process of DTE (photochromic molecule) and Trz (UVB absorber), competitive relationship between DTE and Trz, and advantages. The photo-
isomerization process of DTE results in a color change from colorless to red, while Trz does not involve any color change process. In the competitive
relationship between DTE and Trz, the UVB absorbility of Trz is stronger than DTE. (b) Schematic illustration of UV detection application (UV

detection wristband) and corresponding color change under UVB irradiation.

toring.

Photochromic DTE was synthesized according to a previ-
ously reported method.[?Z The detailed synthetic route is pre-
sented in Fig. S1 (in ESI), while the corresponding nuclear
magnetic resonance (NMR) spectra and solvent-dependent
spectral characterizations are shown in Figs. 52-54 (in ESI), re-
spectively. Trz exhibited no obvious photoresponsive charac-
teristics in different solvents (trichloromethane (CHCI;),
dichloromethane (DCM), N,N-dimethylformamide (DMF),
ethyl acetate (EA), n-hexane (Hex), ethyl acetate (EA), tetrahy-
drofuran (THF), Fig. S5 in ESI) because of its rapid thermal re-
covery property. Trz can undergo fast and reversible excited-
state intramolecular proton transfer (ESIPT) under UV irradia-
tion and is stored in the dark (Fig. 1a).°7 Spectral selectivity,
that is, the ability to distinguish different UV wavelengths, is a
critical criterion for evaluating the practical applicability of UV
sensors. However, most reported UV sensors exhibit limited
spectral discrimination and are susceptible to interference
from nontarget UV wavelengths. Therefore, the spectral prop-
erties of DTE in dichloromethane (DCM) were first investigat-
ed. DTE underwent an intramolecular ring-closing reaction

upon irradiation with UV light (254 nm (1 mW/cm2) and 302
nm (100 yW/cm?)), leading to the appearance of a character-
istic absorption peak at 536 nm (Figs. S6a and S6b in ESI). In
contrast, UVA (365 nm (15 mW/cm?2)) did not induce any no-
ticeable increase in the absorption peak at 536 nm and no ob-
vious color change was observed (Fig. S6¢ in ESI). Moreover,
the UV absorption band of the DTE significantly overlapped
with that of the UV absorber (Trz, Fig. S6d in ESI). These re-
sults indicate that DTE presented negligible responsiveness
toward the UVA region and was essentially unaffected by
UVA irradiation. Interestingly, DTE and Trz display a high de-
gree of spectral overlap within the UVB region, providing a
feasible strategy for regulating the UV detection range by
tuning the competitive absorption relationship between DTE
and Trz. The distinct spectral responses of DTE and Trz estab-
lish a solid foundation for constructing nanoparticles with
tunable wavelength-selective photoresponses.

As illustrated in Fig. 2(a), the synthesis procedure for the
nanoparticles is schematically depicted. DTE and Trz were co-
encapsulated into polymer nanoparticles through facile one-
pot miniemulsion polymerization of methyl methacrylate
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Fig.2 (a) Schematic diagram of the preparation of nanoparticles and their constituent components; (b) DLS characterization of N1 sample. Inset in

(b): TEM image. (c) Absorption spectra of N1 after UVB (302 nm, 100 uW/cm?) irradiation. Inset in (c): optical photographs of N1 after UVB (302 nm,
100 pW/cm?) or Vis. (525 nm, 1.34 mW/cm?) irradiation. (d) The photo-responsiveness of N1 under UVB (302 nm, 100 uW/cm?) and Vis. irradiation;

(e) The switching cycles of N1 under alternative UVB and Vis. irradiation.

(MMA). The oil phase consisted of DTE, Trz, MMA, hexade-
cane (HD), and azobisisobutyronitrile (AIBN), whereas the
aqueous phase was composed of a 1 wt% PVA and N-hexade-
cyltrimethylammonium chloride (CTAC) solution. To deter-
mine the optimal amount of DTE, nanoparticles containing 1,
3,5,7,and 9 mg of DTE were prepared (Table S1 in ESI). The
color change of the nanoparticles under UVB irradiation was
positively correlated with DTE content (Fig. S7 in ESI). Specifi-
cally, increasing the DTE concentration resulted in progres-
sively darker coloration of the miniemulsion (nanoparticle so-
lutions), and distinct color discrimination was observed when
the DTE dosage reached 5 mg. Therefore, 5 mg of DTE (N1)
was selected for the subsequent experiments.

For example, N1 was chosen as a typical sample to investi-
gate the morphology using dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The results indi-
cate that N1 has an average particle size of 65.28 nm with a
narrow polydispersity index (PDI) of 0.188 (DLS, Table S1 in
ESI, Fig. 2b) and show a dispersed, uniform, and spherical
structure (TEM, 51.23 nm). As shown in Fig. 2(c), the absorp-
tion spectrum of N1 under alternating irradiation with UVB
(302 nm, 100 pW/cm?) and green light (525 nm, 1.34
mW/cm?2) was investigated. Upon UVB irradiation, the absorp-
tion peak of N1 at 536 nm gradually increased, accompanied
by a distinct transition from colorless to deep red (Fig. 2c).

Understanding the photoswitchable characteristics of pho-
tochromic systems is essential for their practical applications.
Therefore, the photoswitchable behavior and fatigue resis-
tance of N1 were systematically investigated. In the initial
state, the absorption intensity of N1 at 536 nm gradually in-
creased under continuous irradiation with 302 nm UVB (100
MW/cm?) and reached a maximum after 40 min. Subsequent-

ly, exposure to 525 nm visible light. (1.34 mW/cm?) for 50 s
caused the absorption intensity to rapidly decrease to its min-
imum value (Fig. 2d). In addition, when N1 was placed in an
incandescent lamp, its absorption value decayed to colorless
within 1000 s, which confirms that this molecule can com-
plete the recovery process without the need for an external
light source (such as green light), demonstrating its inherent
spontaneous recovery characteristic (Fig. S8 in ESI). Further-
more, alternating irradiation with ultraviolet (UV) and visible
light was used. was used to evaluate the photoreversibility of
N1. As shown in Fig. 2(e), N1 retained a stable photoswitch-
ing behavior over more than 20 irradiation cycles without no-
ticeable photobleaching, demonstrating excellent reversibili-
ty and fatigue resistance.

The stability of ultraviolet sensors ultimately determines
their practical performance and service lifetime. Therefore,
the long-term stability of the nanoparticles was evaluated.
Only a slight increase in particle size was observed after stor-
age for four weeks (Fig. S9 in ESI), indicating excellent col-
loidal stability. In addition, the optical stability of the
nanoparticles under harsh conditions was investigated by
monitoring their photochromic properties after storage at 60
°C and over prolonged storage periods. No significant deteri-
oration in the photochromic performance was observed un-
der either condition (Fig. S10 in ESI), demonstrating the excel-
lent thermal and storage stability of these nanoparticles as ul-
traviolet sensing materials.

Characterization of Nanoparticles

A series of nanoparticles containing different amounts of Trz (0,
2.5, 5,10, and 20 mg) was prepared. All samples exhibited a uni-
form particle size distribution (Table S1 in ESI). The maximum
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absorbance values of N1 and the corresponding linear fitting
curves are shown in Fig. 3(a). Based on the evolution of the ab-
sorption peak, the absorbance of N1 gradually increased with
increasing UVB dose and reached a maximum at an accumulat-
ed dose of 2000 J/m?2. These results demonstrate that the pre-
pared nanoparticles exhibit a dose-dependent response to ul-
traviolet irradiation, confirming their feasibility as UV-sensing
materials.

By analyzing the fitting curves of the absorption changes
for each sample (Figs. 3b and 3c) and comprehensively con-
sidering both the extent of color variation and response sen-
sitivity under low-intensity irradiation and different wave-
lengths (UVA, UVB, Fig. 3d, Fig. S11 in ESI), 5 loading was de-
termined to be the optimal DTE mg. Under these conditions,
the limit of detection (LOD) for UVB irradiation was calculat-
ed to be as low as 0.024 W/m?, indicating excellent sensing
performance. To ensure experimental consistency, all subse-
guent measurements were performed using a single UVB
light source (100 yW/cm?2).

The color evolution of nanoparticles with different Trz con-
tents under UV irradiation was further investigated (Fig. 3e).
Distinct and highly reproducible color variations were ob-
served as the UV dose was increased. Notably, the final col-
oration progressively became lighter with increasing Trz load-
ing. This phenomenon can be attributed to the unique pho-
tophysical properties of the Trz. Upon UV absorption, the Trz
molecules were excited from the ground state to the excited
state, accompanied by hydrogen bond dissociation and

molecular isomerization. The absorbed UV energy is rapidly
dissipated as thermal energy through vibrational relaxation
and internal conversion processes. Because these processes
were reversible and did not induce any color change in Trz,
increasing the Trz content effectively reduced the amount of
UV energy available to activate the photochromic transition
of the DTE. Therefore, the competitive UV absorption be-
tween Trz and DTE endowed the system with a threshold re-
sponse. Only when the incident UV irradiation exceeded the
absorption capacity of Trz could sufficient UV energy reach
the DTE to trigger the ring-closing reaction, resulting in an
observable color transition (Fig. S11 in ESI). This competitive
absorption mechanism enabled the precise regulation of the
photochromic response threshold.

Visual determination of cumulative UV doses has long been
an important goal in the development of simple and user-in-
terpretable ultraviolet dosimeters.5859 In this study, by inte-
grating a UV absorber (Trz) with photochromic sensing
molecules (DTE), real-time detection of different UVB dose in-
tervals was successfully achieved. As shown in Figs. 3(e) and
3(f), the color evolution of nanoparticles N1-N5 under UV irra-
diation exhibited excellent resolution, and the coloring rate
decreased linearly with increasing Trz loading (Fig. S12 in ESI).
These results demonstrate that modulation of Trz content
provides an effective strategy for constructing wavelength-
selective and dose-resolved visual UVB sensors.

Characterization of PHs in Hydrogels
Although the nanoparticles exhibited excellent characteristics,
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including high spectral selectivity, low detection limits, and
facile functionalization, their poor mechanical robustness still
limits their practical application of UV sensors. To address this is-
sue, PVA was employed as a polymer matrix to fabricate
nanoparticle-embedded tough hydrogels (PHs) through the
synergy of simple freeze-casting and salting out (Fig. 4a).** The
nanoparticles (N1) and PVA were dispersed in water to form a
stable and highly viscous precursor solution (cy;=2 wt% and
Cpya=18 Wt%). The resulting solution was transferred into a glass
mold with a spacing of 2 mm, frozen at -20 °C for 12 h, and sub-
sequently thawed at 25 °C for 12 h. After three freeze-thaw cy-
cles, the transparent hydrogel was immersed in a 1.5 M sodium
citrate solution for one week, producing a hydrogel with a thick-
ness of approximately 1 mm and a volume shrinkage of approx-
imately 70%. The spatial distribution of the nanoparticles within
the hydrogel matrix was evaluated by monitoring the color
changes of the hydrogels (H1-H5, Table S2 in ESI) under UVB ir-
radiation. The homogeneous photochromic response indicates
that the nanoparticles were uniformly dispersed throughout the
hydrogel network (Fig. 4b). Notably, incorporation of the
nanoparticles into the hydrogel matrix did not compromise
their photochromic performance, indicating that the hydrogel
platform effectively preserved the UV-responsive properties of
the nanoparticles and possessed great potential for wearable
UVB-sensing applications.

Moreover, all hydrogel samples exhibited excellent me-

chanical performance, with a tensile strength as high as 22.29
MPa (Fig. 4c, Table S2 in ESI). The incorporation of polymer
nanoparticles can slightly reinforce the hydrogel network by
promoting additional physical interactions and energy-dissi-
pation mechanisms.[*3] The mechanical properties of the
composite hydrogels were also evaluated. As shown in Fig.
4(d), PH1 could be twisted, knotted, bent, and stretched with-
out fracture, and was even capable of lifting a bucket contain-
ing 5 kg of water, highlighting its remarkable toughness and
load-bearing capability. Interestingly, the prepared PHs ex-
hibit a characteristic lamellar structure consisting of transpar-
ent outer layers and an opaque middle region. To elucidate
the origin of this unique morphology, cross-sections of
freeze-dried and salt-treated H1 were characterized using
scanning electron microscopy (SEM). The thicknesses of the
upper layer, lower layer, and middle region were measured to
be approximately 300.4, 174.3, and 236.9 um, respectively
(Fig. S13 in ESI).*31 The nanoparticle particles at the cross sec-
tion can be clearly observed (Fig. S14 in ESI).

The outstanding mechanical performance of PVA hydro-
gels originates from the extensive interchain hydrogen bond-
ing interactions among the PVA chains. These hydrogen
bonds dissociated at elevated temperatures, endowing the
hydrogel with excellent recyclability and reprocessability. To
demonstrate this feature, a square-shaped H1 hydrogel (Fig.
4e) was first cut into small pieces. The fragments were then
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mixed with water to obtain a solid content of 17.6 wt% and
dissolved at 90 °C to obtain a homogeneous viscous solution.
Subsequently, the solution was poured into a glass mold with
a spacing of 2 mm and subjected to three freeze-thaw cycles
(=20 °C for 12 h and 25 °C for 12 h). Finally, the regenerated
transparent hydrogel was immersed in a 1.5 mol/L sodium cit-
rate solution for seven days to produce recycled samples af-
ter two, four, and six reprocessing cycles (Fig. 4e). Notably, re-
peated recycling had a negligible effect on the mechanical
properties of the hydrogels, indicating their excellent repro-
cessability and structural robustness.

UVB Detection

Wearable devices have emerged as an important platform for
continuous personal health monitoring and environmental pro-
tection, enabling real-time assessment of physiological status
and harmful environmental exposures, such as ultraviolet radia-
tion.[%9~%? Hydrogels have attracted considerable attention as
promising materials for wearable sensing applications because
of their excellent biocompatibility, flexibility, and skin con-
formability. To demonstrate the applicability of the prepared
hydrogels for wearable UV monitoring, a hydrogel (H1) was first
cut into a dove-shaped pattern and attached to a piece of cloth-
ing (Figs. 5a and 5b). Upon exposure to UVB irradiation (302
nm), the pattern gradually changed from colorless to red, ex-
hibiting a pronounced photochromic response (Figs. 5a and 5b).
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A wearable wristband was fabricated for UVB monitoring (Fig.
5¢). The device consisted of a bistable snap wristband serving as
the substrate and five hydrogel patches (H1-H5) containing dif-
ferent concentrations of Trz as the sensing units. Upon UVB ex-
posure, the hydrogel patches exhibited distinct progressive
photochromic responses (Fig. 5¢c). Specifically, the hydrogel with
the lowest Trz content responded first, followed by the other
hydrogels sequentially, resulting in stepwise color evolution.
This behavior resulted from the competitive UV energy-harvest-
ing mechanism between Trz and DTE, whereby increasing the
Trz loading progressively increased the threshold UV dose re-
quired to activate the photochromic transition. Moreover, ow-
ing to the excellent reversibility of DTE, the colored hydrogels
spontaneously reverted to their initial colorless state under am-
bient light conditions without requiring additional visible light
irradiation. Consequently, the device can be repeatedly used
through simple and user-friendly operation. Inspired by com-
mercial indicator strips, hydrogel patches were arranged in a
strip-like configuration to produce a sequential color change
from bottom to top under UVB irradiation. The response thresh-
olds of the hydrogel patches were designed to correspond to
different levels of the minimum erythema dose (MED), thereby
enabling gradient and semiquantitative detection of UVB expo-
sure. Compared with conventional visual UV indicators that rely
solely on variations in color intensity, the present strategy pro-
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UVB and nature light, and the corresponding photographs of color change of hydrogels under UVB radiation (0-1000 J/m?); (d) Schematic diagram
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different times (0-1000 s); (g) Photographs of integrated wearable devices based on “flower” under nail-curing devices (UVA, 365 nm, 1 mW/cm?),
industrial curing lamps (UVB, 302 nm, 100 uW/cm?), and germicidal lamps (UVC, 254 nm, 100 uW/cm?) irradiation for 10 min.

vided substantially improved resolution and contrast, allowing a
more intuitive and accurate assessment of UVB exposure levels.

UVB detection can be achieved by simply combining the
corresponding basic functional units (Fig. 5c), but the me-
chanical performance of the tough hydrogel still needs to be
fully utilized. Therefore, we integrated different hydrogel
units with programmable response thresholds into a single
wearable platform (Fig. 5d). The integrated wearable devices
based on “tree” prepared by H1, H2, H3, H4, and H5 can con-
vert cumulative UVB exposure into discrete and highly distin-
guishable color states (Fig. 5e). The degree of color change
decreased significantly as the concentration of Trz increased.
This strategy provides an intuitive, high-resolution, and
reusable approach for real-time personal UVB monitoring,
and offers considerable potential for applications in skin pho-
toprotection, outdoor health management, and intelligent
wearable devices.

Although monitoring solar UVB is of primary importance,
artificial UV sources are ubiquitous in daily life, including UVA
from nail-curing devices, UVB from industrial curing lamps,
and UVC from germicidal lamps. Therefore, the performance
of the PHs was further evaluated in these representative irra-
diation environments. To visualize the wavelength-selective
response, integrated "flower" patterns were fabricated by
combining H1, H3, and H5 and subsequently exposed to UVA
(365 nm), UVB (302 nm), and UVC (254 nm) irradiation. As
shown in Fig. 5(f), the hydrogels exhibited negligible color
variation under UVA exposure, whereas pronounced and pro-
grammable color evolution occurred within 1000 s under
both UVB and UVC irradiation. To further demonstrate its

practical applicability, commercially available nail-curing
lamps (UVA), industrial curing lamps (UVB), and germicidal
lamps (UVC) were used as irradiation sources (Fig. 5g). Consis-
tent with the laboratory results, no obvious color change was
observed under the nail-curing lamp, whereas distinct chro-
matic transitions were readily induced by both germicidal
and curing lamps (Fig. 5g). These results confirm that the hy-
drogel could selectively detect UVB and UVC radiation from
practical UV sources, while remaining insensitive to UVA in-
terference. Collectively, the programmable color evolution of
the individual hydrogel units under different ultraviolet wave-
lengths established a versatile platform for wavelength-selec-
tive ultraviolet sensing, environmental UV monitoring, and
high-security optical warning applications.

Specifically, the integrated single-platform design elimi-
nates the need for additional assembly and encapsulation,
thereby simplifying the fabrication and minimizing interfacial
defects. The intimate integration of the sensing components
within the robust hydrogel matrix also improves mechanical
integrity and prevents component displacement or delamina-
tion during deformation. More importantly, this architecture
simultaneously integrates UV sensing, optical signal genera-
tion, and wearable functionality, thereby providing a com-
pact, flexible, and reliable platform for real-time UV monitor-
ing and anti-counterfeiting applications.

CONCLUSIONS

In summary, we described a wavelength-selective and mechan-
ically robust photochromic hydrogel platform by integrating

https://doi.org/10.1007/510118-026-3861-9
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DTE/Trz-loaded polymer nanoparticles into PVA hydrogels
through the synergy of freeze-casting and salting-out. The uni-
form nanoparticles retained the excellent photoresponsive
characteristics of the diarylethene derivatives, including rapid
photoswitching, outstanding reversibility, and long-term pho-
tostability. More importantly, the introduction of Trz estab-
lished a competitive UV absorption mechanism with DTE, which
effectively suppressed interference from UVA and enabled pro-
grammable UVB dose thresholds and graded color responses.
The resulting PHs exhibited excellent toughness, high tensile
strength (22.29 MPa), flexibility, load-bearing capability, envi-
ronmental stability, and recyclability while preserving the pho-
tochromic performance of the nanoparticles. By integrating
multiple hydrogel sensing units with programmable response
thresholds into a wearable wristband, cumulative UVB expo-
sure can be converted into discrete and visually distinguishable
color states corresponding to different MED levels, enabling in-
tuitive, high-resolution, and reusable UVB monitoring. Collec-
tively, the integration of UV-absorbing and photochromic com-
ponents establishes a competitive energy-harvesting mecha-
nism, enabling programmable and visually distinguishable re-
sponses to different UVB dose ranges, and provides a versatile
platform for high-resolution ultraviolet dosimetry and practical
optical warning applications.
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Wavelength-selective Tough and Recyclable Photochromic Hydrogels Based on Competitive UV

Energy Harvesting for Specific UVB Detector
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A competitive UV energy-harvesting strategy was established by integrating Ultraviolet B (UVB) absorbers and di-
arylethene photochromic units into tough poly(vinyl alcohol) (PVA) hydrogels, enabling wavelength-selective, dose-re-
solved, and mechanically robust visual UVB sensing for wearable monitoring.
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