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a b s t r a c t

Light is a powerful tool for controlling hydrogel formation and drug release, which are essential in tis-

sue engineering and drug delivery. Achieving orthogonal control over hydrogelation and drug release us-

ing different wavelengths of light offers precise spatiotemporal regulation but is challenged by limited

penetration depth and spectral crosstalk of commonly used visible light. Herein, this work develops an

orthogonal light-responsive hydrogel based on dual-wavelength upconversion nanoparticles (UCNPs) for

controlled hydrogelation and drug release. Upon 808nm excitation, these UCNPs emit green light, trig-

gering the photopolymerization of hyaluronic acid-2-aminoethyl methacrylate hydrogels. While 980nm

induces ultraviolet emission, enabling controlled and sustained drug release. Through structural design,

the emissions under dual-wavelength excitation exhibit no spectral crosstalk, enabling orthogonal light

control of both processes. In vitro and in vivo experiments show that both hydrogel formation and drug

release processes can be finely tuned by controlling the power density and excitation durations, signifi-

cantly enhancing the spatiotemporal precision of drug delivery. This orthogonal light-responsive hydrogel

holds significant potential for precise, spatiotemporally controlled drug delivery.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogel has emerged as a versatile platform in drug delivery

[1–3], offering substantial promise for targeted therapies in oncol-

ogy. Among the reported hydrogels, stimulus-responsive hydrogels

are particularly important due to their ability to mitigate the sys-

temic side effects typically associated with chemotherapy. These

hydrogels respond to specific physiological stimuli such as en-

zymes [4,5], temperature [6–8], or pH [9–11], enabling site-specific

drug release. However, the clinical translation of these hydrogels

faces challenges, including uncontrolled mechanical strength and

immature drug release.

Recently, light-responsive hydrogel has gained great interest for

its potential in precise drug delivery [12–19]. It employs light as a

trigger for prodrug cleavage and subsequent drug release, facilitat-

ing on-demand therapy. Besides that, light can initiate photopoly-

merization [20–22], allowing for the customization of hydrogel’s

physical and chemical properties. We envision that achieving or-

thogonal control over both hydrogel mechanical strength and drug

release within a single system could enable long-term, precise drug
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delivery; however, the simultaneous achievement of both functions

still remains a challenge. The main obstacle is the limited pene-

tration depth of conventional light sources [23,24], such as ultra-

violet (UV) [25,26] and visible light [15,27], used in current light-

responsive hydrogels. While these wavelengths have sufficient pho-

ton energy to activate light- responsive reactions, they suffer from

poor tissue penetration and are prone to spectral overlap, causing

unintended crosstalk between hydrogelation and drug release. This

significantly limits their effectiveness for targeting deep-seated tu-

mors. Therefore, it is highly desired to develop light-responsive hy-

drogels that operate with high penetration light and allow orthog-

onal control of hydrogelation and drug release.

A breakthrough in addressing these challenges comes from

the development of upconversion nanoparticles (UCNPs) [28–34].

These nanoparticles convert deeply-penetrating near-infrared (NIR)

light into visible or UV light, effectively triggering a variety of

light-responsive processes [35]. Furthermore, UCNPs can be en-

gineered to exhibit orthogonal luminescence, emitting different

wavelengths of light in response to varying NIR excitations [36,37].

This unique feature allows for the creation of orthogonal hydro-

gel systems that combine precise in-situ hydrogelation and light-

controlled prodrug activation. However, a light-responsive hydrogel

https://doi.org/10.1016/j.cclet.2025.111284
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Fig. 1. Schematic illustration of photopolymerized hydrogelation and in vivo drug

release by a dual-wavelength orthogonal UCNP-based nanoplatform.

system with dual-wavelength orthogonal NIR activation has not yet

been reported.

Herein, we present a dual-wavelength orthogonal UCNPs-

based nanoplatform system that allows for precise control over

both NIR-responsive hydrogel photopolymerization and pro-

drug activation followed by the release of 5-fluorouracil (5-FU),

enabling enhanced tissue penetration and targeted cancer ther-

apy (Fig. 1). Our system features a multi-layered UCNPs design

(β-NaGdF4:Yb20%/Er2%@NaYF4:Yb20%@NaGdF4:Yb20%/Nd50%@

NaYF4@NaGdF4:Yb80%/Tm1%@NaYF4), optimized to harness the

energy from 808nm to 980nm excitations, upconvert to 545nm

and 365nm for the in-situ photopolymerized hydrogelation and

prodrug activation, respectively. After incorporating UCNPs into

a hyaluronic acid-2-aminoethyl methacrylate (HA-AEMA) hydro-

gel, 808nm irradiation initiates photopolymerization, forming a

matrix that acts as a reservoir for both prodrugs and UCNPs.

The HA-modified UCNPs bind to the CD44 receptor on tumor

cells, facilitating cellular accumulation [38]. Subsequent 980nm

irradiation activates ONB-5-FU, leading to cell death. Our find-

ings underscore the efficiency of this platform in achieving

rapid hydrogelation within five minutes and allowing adjustable

crosslinking densities based on 808nm irradiation times. The

subsequent 980nm excitation led to a significant cytotoxic effect

against B16-F10 melanoma cells. Furthermore, in vivo studies

demonstrated the potential of this approach for targeted can-

cer therapy, as evidenced by the effective inhibition of tumor

growth in a B16-F10-xenografted mouse model, without notable

systemic toxicity. To the best of our knowledge, this is the first

instance that combines dual-wavelength orthogonal UCNPs for

hydrogel photopolymerization and drug activation with targeted

delivery. We believe that the dual-wavelength orthogonal NIR

light-responsive hydrogel system will be an effective nanoplatform

for more accurate and less harmful cancer treatments.

The multilayer core-shell nanostructure β-NaGdF4:Yb20%/

Er2%@NaYF4:Yb20 %@NaGdF4:Yb20 %/Nd50%@NaYF4@NaGdF4:Yb

80%/Tm1%@NaYF4 UCNPs were designed to achieve dual emis-

sions through precise control of excitation energy orientation

(Fig. 2). The multilayer core-shell structure was segmented by

NaYF4 inert layers into two parts, each conducting an independent

upconversion process to yield dual emissions: green emission

at ∼545nm with 808nm excitation, UV emission at ∼365nm

with 980nm excitation (Fig. 2D). The synthesized UCNPs were

characterized using transmission electron microscopy (TEM). Fig.

2A shows the alternating bright and dark layers of these UC-

NPs, which can be explained by the contrast difference between

gadolinium (Gd, Z=64) and yttrium (Y, Z=39) in different lay-

ers, indicating successful shell growth. Energy dispersive X-ray

spectroscopy (EDX) mapping of a single nanocrystal successfully

confirmed the presence of all expected elements (Fig. S1 in Sup-

porting information). The UCNPs showed an average diameter

of ∼60nm and a uniform size distribution (Fig. 2B), which is

consistent with the dynamic light scattering (DLS) measurements

(Table S1 in Supporting information). The upconversion emission

spectra and the related emission mechanisms are displayed in

Figs. 2C and D. Upon 808nm excitation, Nd3+ undergoes excita-

tion (4I9/2 → 4F5/2) and transfers energy to Yb3+(2F7/2 → 2F5/2),

subsequently transferring the energy to Er3+ located within the

core (4S3/2 → 4I15/2), resulting in the upconversion emission at

approximately 545nm. Tm3+ in the outer shell is excited by the

980nm NIR laser with Yb3+acting as a sensitizer (2F7/2 → 2F5/2),

leading to the emission of blue and UV light at around 450nm

(1D2 → 3F4) and 365nm (1D2 → 3H6), respectively. The presence

of Y3+ in the middle and outermost shells plays a crucial role

in preventing cross-relaxation and surface quenching, thereby

augmenting the efficiency of upconversion luminescence.

The hydrogel was composed of UCNPs, HA-AEMA, Eosin Y, tri-

ethanolamine (TEOA) and N-vinylpyrrolidone (NVP). UCNPs pre-

pared above were utilized to in-situ convert the 808nm light

to green light, aiding the photopolymerization process. Eosin Y,

activated by 545nm green light, served as the photo-initiator,

while TEOA acted as co-initiator. NVP, a co-monomer, was co-

polymerized with HA-AEMA to enhance the hydrogel’s cross-

linking speed and mechanical strength. The HA-AEMA was syn-

thesized via an 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-

hydroxysuccinimide (EDC/NHS) reaction (Figs. S2 and S3 in Sup-

porting information). After optimization (Table S2 in Supporting in-

formation), the final hydrogel composition, referred to as formula

Fig. 2. Characterization of dual-wavelength orthogonal UCNPs. (A) TEM image and (B) size distribution of UCNPs. (C) Schematic illustration of energy transfer upconversion

processes in UCNPs. (D) Upconversion emission spectra excited by 808 and 980nm laser, respectively. Scale bar: 20nm.
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Fig. 3. Characterization of photopolymerized HA-AEMA hydrogel with variable

808nm laser durations: HA-AEMA (I) for 5min, HA-AEMA (II) for 7min, and HA-

AEMA (III) for 10min. (A) SEM images. Scale bar: 100μm. (B) Rheological character-

izations. (C) In vivo fluorescence (FL) imaging of BALB/c Nude mice after receiving

UCNPs/HA-AEME hydrogel of different cross-linking densities. (D) Relative FL inten-

sity curve over time. Data are presented as mean ± standard deviation (SD) (n=3).

Statistical comparisons between two groups were conducted using one-way analysis

of variance (ANOVA). ∗∗P<0.01, ∗∗∗P<0.001.

4, comprised 10% (w/v) HA-AEMA, 2% (v/v) NVP, 0.01% (w/v) Eosin

Y, 1 % (v/v) TEOA and 0.4% (w/v) UCNPs. This mixture was exposed

to an 808nm NIR laser (3.5W/cm2) for variable durations (5, 7, and

10min) to produce hydrogels named HA-AEMA (I), HA-AEMA (II)

and HA-AEMA (III), respectively, with different cross-linking densi-

ties.

The morphology of the three hydrogels was characterized us-

ing scanning electron microscope (SEM) (Fig. 3A). SEM revealed

that HA-AEMA (I) exhibited large and fluffy pores; HA-AEMA (II)

displayed medium-sized pores with a less fluffy texture; and HA-

AEMA (III) had the most compact structure. Using a Flory-Rehner

model, we determined the effective cross-link densities (νe) and

mesh sizes (ɛ) of UCNPs/HA-AEMA hydrogels (Table S3 in Support-

ing information). These findings indicate enhancements in cross-

link densities and reductions in mesh sizes with increasing ir-

radiation duration, consistent with SEM observations. Rheologi-

cal assessments revealed storage moduli (G’) of 91.0, 306.8 and

690.0 Pa for HA-AEMA (I), (II) and (III) hydrogels, respectively. Fur-

thermore, the loss angle tangent (tan δ) values were calculated as

0.154, 0.070 and 0.030 by G”/G’ accordingly (Fig. 3B and Fig. S4

in Supporting information), highlighting the strengthening effect of

808nm irradiation on the hydrogel network. These results suggest

that hydrogel density can be controlled in-situ using NIR light by

adjusting the irradiation time.

To evaluate the hydrogels’ stability in vivo, further imaging

experiments were conducted on UCNPs/HA-AEMA hydrogels that

were photopolymerized under 808nm irradiation after subcuta-

neous injection. All animal procedures were performed in accor-

dance with the Guidelines for the Care and Use of Laboratory Ani-

mals established by China Pharmaceutical University and approved

by its Animal Ethics Committee (Approve No. 2024–07–139). As

shown in Fig. 3C, the fluorescence signals of Eosin Y within the

HA-AEMA (III) group exhibited prolonged retention. Quantitative

analysis showed that the fluorescence signals in the HA-AEMA

(III) group decreased much slower than those in the HA-AEMA (I)

group, indicating that the former remained in the body for approx-

imately 18 days until complete clean up (Fig. 3D). Without prior

808nm irradiation, as shown in Fig. S5 (Supporting information),

the composite exhibited significantly shorter retention (24h) com-

pared to groups subjected to 808nm irradiation (HA-AEMA (I): 3

days, HA-AEMA (II): 12 days, and HA-AEMA (III): 18 days). These

findings highlight the critical role of 808nm irradiation in facilitat-

ing in-situ hydrogelation and achieving prolonged retention, which

is essential for sustained therapeutic efficacy. These findings sug-

gest that the in vivo stability of UCNPs/HA-AEMA hydrogels can

Fig. 4. In vitro cumulative release of 5-Fu triggered by 980nm laser: (A) release

profiles from the solution, hydrogels HA-AEMA (I), HA-AEMA (II) and HA-AEMA (III)

under continuous 980nm laser irradiation for 0–120min. (B) release profiles of the

solution and hydrogels HA-AEMA (I), HA-AEMA (II) and HA-AEMA (III) after an ini-

tial 20min 980nm laser irradiation, followed by no further laser exposure, and then

the drug release was monitored over 7 days. (C) Release profiles from hydrogels

HA-AEMA (III) under alternating "ON–OFF" laser excitation at varying power densi-

ties. Data are presented as mean ± SD (n=3). Statistical comparisons between two

groups were conducted using one-way ANOVA.

also be adjusted by controlling the 808nm NIR irradiation dura-

tions.

The synthesis and characterization of ONB-5-FU [39] are shown

in Figs. S6–S11 and Table S4 (Supporting information). The light-

triggered release of 5-FU from UCNPs/ONB-5-FU solution was first

tested using UV light (Fig. S12 in Supporting information). The re-

lease rate was initially rapid but then gradually slowed down. Af-

ter 2 h, drug release reached a plateau with a cumulative release

of 89.0 %. Similarly, the solution was exposed to a 980nm laser

(3.5W/cm2), as shown in Fig. 4A (solution). The release trend was

similar to that observed under UV light, while the release rate was

relatively more stable. This suggests that the 980nm photons were

successfully upconverted to UV photons by the UCNPs, facilitating

the activation of prodrugs. After 2h of 980nm excitation, the re-

leased drug was 53.6%.

Next, we examined the activation release profiles of 5-FU from

UCNPs/HA-AEMA/ONB-5-FU hydrogels with varying cross-linking

densities. Under physiological conditions (pH 7.4, 37 °C) and con-

tinuous 980nm irradiation, the release of 5-FU increased over

time, demonstrating a near-linear relationship between the cu-

mulative release amount and the duration of irradiation. Hydro-

gels with varying cross-linking densities displayed different 5-FU

release rates. Hydrogels with higher cross-linking densities (HA-

AEMA (III)) have smaller pore sizes, leading to slower release rates.

Specifically, hydrogels with high cross-linking densities released

only 27.5% of drug over 2h, in contrast to the 47.2% released by

low cross-linking hydrogels (HA-AEMA (I)), as shown in Fig. 4A.

After 980nm irradiation for 20min, the release rates continued

to differ significantly. High cross-linking hydrogels (HA-AEMA (III))

demonstrated a slow and sustained release, with only 6.3 % of 5-

FU released after 1 day and 12.0% after 7 days. In comparison, the

low cross-linking hydrogels (HA-AEMA (I) and (II)) released 10.8%

and 13.5% of the drug over the same periods, respectively, as illus-

trated in Fig. 4B The differences in release rates can be attributed

to the variations in cross-linking densities and pore sizes between

the hydrogels (Table S3 and Fig. 3A).

We also examined the effect of varying 980nm laser power

densities (2.5, 3.0, 3.5W/cm2) on the activation of ONB-5-FU from

hydrogels using periodic ON/OFF cycles. The results showed that

the drug release rate increased when the laser was “ON” and

slowed when it was “OFF” (Fig. 4C). This release pattern remained

consistent across all tested power densities, with higher power

densities have faster release rates. Quantitative analysis revealed

that the slope of the release curve during the “ON” phases was

3–5 times steeper than during the “OFF” phases. Notably, after 2

hours of irradiation at the highest power density of 3.5W/cm2, the

cumulative release of 5-FU reached 17.4%, significantly higher than

the 0.6 % observed in hydrogels not subjected to laser activation.
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These results highlight the capability of dual-wavelength orthogo-

nal hydrogel system for facilitating on-demand drug release.

We next evaluated the anticancer efficacy of the dual-

wavelength orthogonal UCNPs/ONB-5-FU hydrogel in vitro using

the B16-F10 mouse malignant melanoma cell line. Initially, we as-

sessed the cytotoxicity of both ONB-5-FU and 5-FU with a stan-

dard MTT assay. As depicted in Fig. S13 (Supporting information),

ONB-5-FU exhibited minimal cytotoxicity to B16-F10 cells, suggest-

ing high biocompatibility. In contrast, 5-FU demonstrated signifi-

cant inhibition of B16-F10 cell proliferation at concentrations ex-

ceeding 5 μmol/L. The half maximal inhibitory concentration (IC50)

value for 5-FU in B16-F10 cells was determined to be 2.87 μmol/L.

Subsequently, we tested the viability of B16-F10 cells treated

with UCNPs/ONB-5-FU in darkness or under 980nm laser irradi-

ation (2.5W/cm2, 50 s). As shown in Fig. S14 (Supporting informa-

tion), UCNPs/ONB-5-FU alone demonstrated negligible cytotoxicity,

confirming biosafety. Under 980nm irradiation, however, cell via-

bility decreased in a dose-dependent manner (2.5–10 μmol/L ONB-

5-FU and 50–200μg/mL UCNPs), with an IC50 of 7.49 μmol/L. Vary-

ing irradiation time (0–50 s, 2.5W/cm2) showed negligible cytotox-

icity in the blank control but a marked, time-dependent reduction

in viability when cells were treated with UCNPs/ONB-5-FU, espe-

cially beyond 40 s (Fig. S15 in Supporting information). When the

irradiation power was increased to 3.5W/cm2 for 50 s (Fig. S16 in

Supporting information), which was consistent with subsequent in

vivo settings, only the UCNPs/ONB-5-FU group exhibited a marked

therapeutic effect, indicating that our nanoplatform exhibits excel-

lent biocompatibility.

To further understand the mechanism behind the observed cy-

totoxicity, we evaluated reactive oxygen species (ROS) generation

in B16-F10 cells under different treatment conditions. We found

that ROS levels were significantly elevated in B16-F10 cells treated

with UCNPs/ONB-5-FU under 980nm irradiation (Figs. S17 and

S18 in Supporting information), indicating that the combination

of UCNPs/ONB-5-FU and laser irradiation effectively induces ROS-

mediated cytotoxicity. Similar results were observed in Live/Dead

cell staining assays, where the UCNPs/ONB-5-FU group under

980nm irradiation exhibited the highest cell death rate (98.99%),

significantly surpassing all other treatment groups (Figs. S19 and

S20 in Supporting information). These results collectively confirm

the effectiveness of light-controlled cytotoxicity in UCNPs/ONB-5-

FU. To visualize the uptake of HA-modified water-soluble UCNPs by

cells, the upconversion emission was observed using a BX53 Olym-

pus fluorescence microscope. As shown in Fig. S21 (Supporting in-

formation), co-incubation with UCNPs resulted in a strong upcon-

version signal in B16-F10 cells, indicating effective uptake via CD44

receptors. Conversely, HaCaT cells showed a weaker signal due to

fewer CD44 receptors. Pre-incubating B16-F10 cells with free HA

(10mg/mL) reduced UCNP uptake, confirming the role of CD44 re-

ceptors in targeting UCNPs.

Before conducting therapeutic experiments, we carefully mon-

itored the temperature changes on mice under the laser irradi-

ation. As shown in Figs. S22–S25 (Supporting information), the

local temperature exposed to 808 and 980nm increased to 30.1

and 30.2 °C, respectively, indicating a safe and controlled temper-

ature rise with minimal overheating. In our study utilizing a B16-

F10 xenografted tumor model in mice, we investigated the in vivo

anticancer efficacy of the dual-wavelength orthogonal UCNPs/HA-

AEMA/ONB-5-FU hydrogel, as illustrated in Fig. 5. We divided the

treatment groups as follows: the phosphate buffered saline (PBS)

control group (group a); tumors only treated with UCNPs/HA-

AEMA hydrogel (group b); tumors treated with ONB-5-FU solu-

tion and 808nm irradiation followed by 980nm laser irradiation

(group c); tumors treated with UCNPs/HA-AEMA/ONB-5-FU hydro-

gel without laser exposure (group d); and tumors treated with

UCNPs/HA-AEMA/ONB-5-FU hydrogel along with 808nm irradia-

Fig. 5. Effect of in vivo treatment on changes in (A) tumor volume, (B) body weight,

(C) optical images of tumor and (D) the tumor weight in BALB/c Nude mice. Data

are presented as mean ± SD (n=4). Statistical comparisons between two groups

were conducted using one-way ANOVA. N.S., not significant. ∗∗∗P<0.001.

tion followed by 980nm laser irradiation (group e). The results

showed that groups b, c, and d exhibited moderate tumor growth

rates without significant differences compared to the PBS con-

trol group. However, a notable distinction was observed in group

e, where the UCNPs/HA-AEMA/ONB-5-FU hydrogel was applied in

conjunction with 980nm laser irradiation at 3.5W/cm2 for 50 s,

markedly suppressed tumor growth (Figs. 5A, C and D). By day 15,

the average tumor volume in group e was significantly reduced,

showing a profound decrease compared to the PBS control group,

with a statistical significance (P<0.001).

Further histological analyses of tumor tissues using hematoxylin

and eosin (H&E) and terminal deoxynucleotidyl transferase dUTP

nick end labeling (TUNEL) staining methods revealed treatment ef-

ficacy of the UCNPs/HA-AEMA/ONB-5-FU hydrogel. H&E staining

showed that tumor tissues of group e, treated with UCNPs/HA-

AEMA/ONB-5-FU hydrogel and 980nm laser irradiation, exhibited

the lowest cell density and extensive necrotic regions (Fig. S26E in

Supporting information). In contrast, tumor cells in the PBS and

other control groups (b, c, d) tumor cells were densely packed.

TUNEL staining identified a significant quantity of apoptotic cells

in group e, in contrast with the minimal apoptotic cells observed

in the PBS group (Fig. S27 in Supporting information). These find-

ings collectively suggest the UCNPs/HA-AEMA/ONB-5-FU hydrogel’s

effectiveness in cancer treatment when used together with 980nm

laser irradiation.

Additionally, we evaluated the systemic toxicity of the

UCNPs/HA-AEMA/ONB-5-FU hydrogel after the treatment. H&E

staining were employed to evaluate morphological alterations in

the skin at the injection site and in major organs, including the

heart, liver, spleen, lungs, and kidneys. Our findings, illustrated in

Figs. S28 and S29 (Supporting information), revealed no signifi-

cant morphological differences between the PBS group (group a)

and the group treated with the hydrogel and dual-wavelength laser

irradiation (group e) in all tissues assessed. Moreover, through-

out the treatment period, all experimental groups, including the

treated groups, demonstrated stable body weights, as shown in

Fig. 5B. These results indicate the high biocompatibility of the

UCNPs/HA-AEMA/ONB-5-FU hydrogel, highlighting its potential as

a non-toxic treatment option for targeted cancer therapy.

In conclusion, the dual-wavelength orthogonal upconversion

hydrogel nanoplatform demonstrates the feasibility of orthogonally

triggering hydrogelation and drug release using dual-wavelength
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NIR light. Utilizing well-engineered UCNPs, this system overcomes

the limited penetration depths and spectral crosstalk that typ-

ically constrain traditional light-responsive hydrogels. The dual-

wavelength functionality is crucial, with 808nm NIR light exci-

tation employed for in-situ hydrogel polymerization and 980nm

excitation for precise drug release. The successful encapsulation

and targeted release of 5-FU within a HA-AEMA hydrogel matrix

demonstrates its effectiveness in enhancing chemotherapy efficacy

while minimizing systemic toxicity. We believe this versatile drug

delivery system holds great potential to significantly improve can-

cer therapeutic outcomes in near future.
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