
Chinese Chemical Letters 37 (2026) 111282

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Overcoming the drug retention barrier with photosensitive hydrogel

for sustained photodynamic therapy of oral leukoplakia

Zhengzheng Lva, Xin Xiab, Peisheng Caoa, Qi Hanc, Hang Zhaob, Ronghui Zhoub,∗,
Peng Wua

a Analytical & Testing Center, Sichuan University, Chengdu 610064, China
b State Key Laboratory of Oral Diseases, National Clinical Research Center for Oral Diseases, West China Hospital of Stomatology, Sichuan University,

Chengdu 610041, China
cWest China Hospital of Stomatology, Oral Pathology, Sichuan University, Chengdu 610041, China

a r t i c l e i n f o

Article history:

Received 1 April 2025

Revised 29 April 2025

Accepted 30 April 2025

Available online 30 April 2025

Keywords:

Oral leukoplakia

Photosensitive hydrogel

Graphene quantum dots

Drug retention time

Sustained photodynamic therapy

a b s t r a c t

Oral leukoplakia (OLK) is a common and representative malignant disease of oral mucosa, and possess

a higher risk of cancer. Compared with traditional surgical treatment, photodynamic therapy (PDT) has

great potential in OLK treatment, due to its advantages of minimally invasiveness and low toxic side ef-

fects. However, traditional photosensitizer administration suffers from short retention time due to the

fluid environment of saliva and extensive tongue movement, leading to poor drug (photosensitizer) uti-

lization and limited therapeutic outcome. To address such issue, here a photosensitive guanosine (G)-

based hydrogel system (G@GQD) was constructed, in which graphene quantum dots (GQDs) featuring

high photosensitization activity was loaded through three dimensional (3D) fiber network physical en-

capsulation. The favorable adhesion of the G@GQD hydrogel on the tongue, together with sustained GQDs

release, significantly enhanced the retention of GQDs within the oral cavity. As a result, G@GQD hydrogel

could continuously generate high levels of reactive oxygen species (ROS) under irradiation, demonstrat-

ing a sustained therapeutic efficiency in vitro. Compared with free GQDs, G@GQD exhibited significantly

improved PDT efficiency in treating 4-nitroquinoline 1-oxide (4-NQO)-induced OLK animals. This study

presented a promising strategy in overcoming the drug retention barrier that caused by saliva and tongue

movement, which has far-reaching significance for the future PDT therapies.

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

Medica, Chinese Academy of Medical Sciences.

Oral leukoplakia (OLK) is a common oral potential malignant

disorder (OPMD) with a heightened risk of malignant trans-

formation and a canceration rate of >13% (Scheme 1A) [1–3].

Surgical intervention is primary for OLK managing, but scars and

function impairments are typically unavoidable, thus adds further

psychological burden to patients. Photodynamic therapy (PDT), a

minimally invasive treatment modality based on photosensitizer,

oxygen and excitation light [4–7], is appealing for OLK treatment

[8–12]. Besides, PDT exerts locally and can spar adjacent healthy

tissues from the harm one, thus can better prevent the aesthetic

and functional integrity of the affected region. However, the open,

moist, and highly dynamic microenvironment of the oral pose

makes the drug (photosensitizer) retention problematic, thereby

significantly challenging the clinical efficacy of PDT (Scheme 1B)

[13,14]. Therefore, an oral mucosal-compatible delivery of photo-
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sensitizer with long-term drug retention for sustained therapeutic

efficiency is highly demanded [15,16].

Supramolecular hydrogels are a typical biocompatible and in-

jectable drug dosage form, which could help to avoid the various

adverse consequences of systemic administration and have been

widely studied in the field of drug delivery [17–20]. In recent years,

natural guanosine (G) and its derivatives have emerged as ideal

candidates for the construction and function of supramolecular hy-

drogels because of the existence of intrinsic hydrogen bond recep-

tor and donor groups, which facilitate the formation of reversible

non-covalent interactions and exhibit superior self-assembly capa-

bilities [21,22]. Especially, the diol structure within G is capable of

forming a dynamic and reversible borate ester linkage with boric

acid, which enables the hydrogel to facilitate a controlled and sus-

tained release of encapsulated drug molecules based on the break

of the boryl ester bond [23–26]. The above features suggest that

G-based supramolecular self-assembly may provide new opportu-

nities for the construction of oral mucosal photosensitive delivery

[27,28].

https://doi.org/10.1016/j.cclet.2025.111282
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Scheme 1. G@GQD photosensitive hydrogel for sustained and high-efficacy PDT of

oral leukoplakia.

Herein, a novel photosensitive G-based hydrogel system

(G@GQD) was successfully constructed by a one-pot method, in

which the graphene quantum dots (GQDs) with highly photosensi-

tive activity was loaded through three dimensional (3D) fiber net-

work physical encapsulation (Scheme 1C). Firstly, because of their

adhesive and acidic pH-responsive characteristics, G@GQD hydro-

gel can be well suited for enhancing the retention time of GQDs in

the oral cavity. In addition, our previous study demonstrated that

GQDs exhibit superior efficiency in PDT due to their higher singlet

oxygen yield when compared with organic photosensitizer that ap-

proved for clinical use [29]. Thus, the G@GQD hydrogel achieves

sustained therapeutic efficiency in vitro through continuously re-

leasing GQDs and simultaneously generating high levels of reac-

tive oxygen species (ROS). At the same time, in vivo studies us-

ing 4-nitroquinoline-1-oxide (4-NQO)-induced OLK mouse models

revealed that G@GQD-mediated PDT significantly enhances thera-

peutic efficacy with long-term drug retention.

To implement the proposed GQDs loading process, GQDs with a

size of 13.2±2.7 nm were first prepared by hydrothermal method

according to the literature previously reported (Fig. S1 in Sup-

porting information) [30], which possesses a wide absorption at

400–600nm as well as a red fluorescence emission at ∼665nm

[31]. Building on our previous development of hydrogels with good

adhesion properties that incorporate 2-formylphenylboronic acid

(2-FPBA) and G [32], the proposed photosensitive hydrogel system

(abbreviated as G@GQD) was engineered through a straightforward

one-pot synthesis involving G, 2-FPBA and GQDs. Meanwhile, the

hydrogel without GQDs (abbreviated as GFPBA) was also fabricated

at the same time. As shown in Fig. 1A, both the GFPBA and

G@GQD demonstrated superior gelation stability, retaining their

structure without collapse even after 14 days, confirming success-

ful preparation of the G@GQD hydrogel. Meanwhile, fluorescence

and UV absorption characterization indicate that GQDs has been

successfully incorporated into the hydrogel matrix (Figs. 1B and

C), and the optimal concentration of GQDs for loading was de-

termined through fluorescence intensity measurements (Fig. S2 in

Supporting information). Furthermore, after embedding GQDs, the

zeta potential of the photosensitive hydrogel G@GQD shifted from

−36.9mV (GFPBA) to −28.2mV, indicating successful incorporation

of the positively charged GQDs (+27.8mV) through electrostatic in-

teractions, thus forming the G@GQD hydrogel (Fig. 1D). Finally, the

fiber networks of G@GQD exhibit bright dotted protrusions com-

pared to GFPBA from the morphologies characterized by atomic

force microscopy (AFM) (Figs. 1E–G), indicating that GQDs were

effectively embedded in the 3D fibrous network space of GFPBA.

Then, the supramolecular self-assembly behavior of the G@GQD

was characterized by comparing their core self-assembly structure

content with that of the GFPBA. As shown in Fig. S3 (Support-

ing information), the presence of hydrogen bonds is confirmed

Fig. 1. Preparation and characterization of the G@GQD hydrogel. (A) The vial

tube inversion of GFPBA and G@GQD hydrogels (concentration of GQDs in hydro-

gels: 1.8 μmol/L). (B) Ultraviolet-visible (UV–vis) spectroscopy of GQDs, GFPBA and

G@GQD. (C) Fluorescence spectra of GQDs and G@GQD at excitation wavelengths

of 450nm. (D) Zeta potential of GQDs, GFPBA and G@GQD. Data are presented as

mean ± standard deviation (SD) (n=3). (E–G) AFM images of GQDs, GFPBA and

G@GQD. Scale bar: 200nm. (H) 11B-NMR of 2-FPBA, GFPBA and G@GQD (I) CD spec-

tral data of GFPBA and G@GQD. (J) XRD patterns of GFPBA and G@GQD. (K–M) XPS

data for N, C, and B elements of GFPBA and G@GQD. (N) Schematic diagram of the

self-assembly behavior and loading mechanism of GQDs in the G@GQD hydrogel.

by the disappearance of the νO–H (3350–3067 cm−1) peak in

the Fourier transform infrared spectroscopy (FTIR) spectra. Mean-

while, boron nuclear magnetic resonance (11B-NMR) [33,34] fur-

ther captured the boronate ester bonds of GFPBA (11.54ppm) and

G@GQD (11.43ppm), while the arylboronic acid structure from 2-

FPBA (29.93ppm) was not detected (Fig. 1H). Subsequently, circu-

lar dichroism (CD) shows that G@GQD and GFPBA have a nega-

tive peak at 252nm and a positive peak at 218nm (Fig. 1I), in-

dicating that the stacked G-quartet heads are in a head-to-head

stacking manner [35,36]. The fluorescence enhancement experi-

ment of thioflavin T (ThT) confirmed the relevant existence of G-

quadruplexes (Fig. S4 in Supporting information). X-ray diffrac-

tion (XRD) also clearly showed the presence of 3.36 and 3.35 Å

structures in the hydrogel (Fig. 1J and Fig. S5 in Supporting infor-

mation), which are characteristic π-π stacking distances [37,38].

To further investigate the loading mechanism of GQDs within the

G@GQD, X-ray photoelectron spectroscopy (XPS) was examined in

Figs. 1K–M. The analysis revealed that the N, C, and B elemen-

tals in G@GQD remained unchanged relative to GFPBA, indicating

no new chemical bonds formed. Consequently, it is evident that

the fundamental supramolecular self-assembly behaviour of the

G@GQD closely resembles that of the GFPBA. The guanine bases

self-assemble into G-tetramers through hydrogen bonding, while

the o-diol groups in the ribose of guanine react with boric acid

from 2-FPBA to create borate, resulting in the formation of a "G-

tetramer-boric acid" structure, simultaneously GQDs is physically
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Fig. 2. Mechanical and adhesion properties of G@GQD hydrogel: (A) Visual injec-

tion experiment of methyl blue by GFPBA and G@GQD. (B) Time scan of GFPBA and

G@GQD hydrogels within 30min. (C) Frequency scanning of GFPBA and G@GQD hy-

drogels. (D) Test the viscosity of GFPBA and G@GQD hydrogels at the shear rate

of 0.1–100 s−1. (E) Strain scanning test GFPBA and G@GQD hydrogels GFPBA and

G@GQD at a constant frequency of 1Hz. (F) The self-healing ability of GFPBA and

G@GQD hydrogels was tested under 0.1 % and 100% stress, repeated for three times.

(G) GQDs, GFPBA and G@GQD hydrogels were coated on pig tongue and washed at

the flow rate of PBS (1mL/min), and the residence time histogram of GQDs, GFPBA

and G@GQD on pig tongue surface was also obtained. (H) G@GQD hydrogel (20 μL)

and H2O were injected subcutaneously and degradation was observed at specific

time points (0, 24, 48 and 72h).

encapsulated. This structure then proceeds to engage in longitu-

dinal π-π stacking interactions, which subsequently twist into a

fibrous network, ultimately culminating in gelation, as depicted in

Fig. 1N.

Dynamically covalently cross-linked hydrogels are typically in-

jectable and can achieve minimally invasive drug delivery [39,40],

so the mechanical properties of the G@GQD hydrogel were then

validated to assess their potential for injectable drug delivery. As

shown in Fig. 2A, the methyl blue visualization injection experi-

ment verified the injectability of both the G@GQD and GFPBA hy-

drogels as they could be injected through the syringe and quickly

gelatinized in situ again. Rheological experiments further quan-

titatively analyzed the shear-thinning and self-healing properties

of hydrogels. Time and frequency scans showed that both GF-

PBA and G@GQD possess solid-like properties (G′ > G′′) and can

rapidly gelate within 5min (Figs. 2B and C). Viscosity scanning in-

dicated that the GFPBA and G@GQD have shear-thinning properties

(Fig. 2D), and strain scanning further shown that both GFPBA and

G@GQD hydrogels can achieve a "gel-solution" transition when the

applied strain reaches 67% (Fig. 2E). Self-healing scan results re-

vealed that the GFPBA and G@GQD hydrogels almost unaffectedly

maintain their storage modulus after undergoing three "gel-sol-gel"

transitions (Fig. 2F). The above experiments provide compelling ev-

idence of the excellent injectability and self-healing properties of

G@GQD. Importantly, the incorporation of GQDs does not compro-

mise these properties, which is crucial for their potential as an ef-

fective local drug delivery system for PDT treatment of OLK.

To further explore the adhesion properties of G@GQD hydrogel,

the flow method experiment demonstrated that the G@GQD hy-

drogel significantly increased its retention time on the pig tongue

to 10.5 h, compared to GQDs alone (Fig. 2G). Furthermore, the sub-

cutaneous degradation time in Kunming (KM) mice showed that

both G@GQD hydrogel could be rapidly in-situ formed on the back

of mice after injection, and completely degraded within approxi-

mately 3 days. The H2O solution (as the control group) was com-

pletely cleared within 1 day after injection (Fig. 2H). The improved

adhesive properties significantly prolong the residence time of the

liquid photosensitizer at the oral lesion, thereby validating the lo-

cal drug delivery potential of G@GQD for OLK-PDT treatment.

After clarifying the loading mechanism of GQDs in the G@GQD

hydrogel, the drug release behavior of the G@GQD hydrogel was

further explored. Significantly, research has revealed that borate

ester bond possesses an acidic pH-responsive property, allowing it

to potentially undergo reversible bond cleavage at weakly acidic

pH levels [41,42]. The feature triggers G@GQD degradation at pH

levels below the pKa of 2-FPBA (7.65–8.71), leading to the re-

lease of encapsulated GQDs. Base on this, we placed the G@GQD

in phosphate-buffered saline (PBS) buffer solutions with differ-

ent pH values (5.4, 6.4, 7.4) to simulate and evaluate the sus-

tained release of GQDs under weakly acidic oral conditions. Obser-

vations and fluorescence measurements were conducted at subse-

quent time points to calculate the cumulative release of GQDs. The

study showed that the G@GQD hydrogel exhibited significant pH-

responsiveness, with hydrogel disintegration rates increasing as the

pH level decreased (Fig. 3A). Specifically, at 72h, the cumulative

release of GQDs reached approximately 90% in a buffer solution at

pH 5.4, around 49% at pH 6.4, and roughly 28% at pH 7.4 (Fig. 3B).

Fig. 3. Sustained PDT effects of G@GQD hydrogel in vitro. (A) Sustained re-

lease images of G@GQD hydrogel. (B) Sustained-release profile of GQDs from

the G@GQD hydrogel. (C–E) CCK-8 assessment of cytotoxicity: GQDs, GFPBA and

G@GQD (200nmol/L) and DOK cells incubated at different times (12, 24, 48h) un-

der white light (1.0W/cm2) irradiation for 5min. (F) DCFH-DA probe for imaging

of ROS generation assessment in DOK cells after treatment with GQDs, GFPBA and

G@GQD at different times. Scale bar: 100μm. Data are presented as mean ± SD

(n=3). ∗∗P<0.01, ∗∗∗P<0.001.
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Then, the release data of GQDs from G@GQD was analyzed using

four mathematical models to determine their release mechanism

[43]. The results indicated that the release kinetics of GQDs from

the G@GQD closely followed the Ritger-Peppas model, which im-

plies that the GQDs’ release is primarily attributed to the diffusion

and degradation of the hydrogel matrix (Table S5 in Supporting in-

formation). This behavior is likely due to the loading mechanism

of GQDs, where GQDs is physically embedded within the fiber net-

work. Meanwhile, it was also found that the presence of mucin

and lysozyme did not affect the degradation of G@GQD hydro-

gels (Fig. S6 in Supporting information). To further verify the pH

responsiveness of the G@GQD hydrogel, we prepared hydrogel in

buffer solutions with varying pH levels. As shown in Fig. S7 (Sup-

porting information), the frequency scan reveals that the strength

of the hydrogel under acidic conditions is weaker than that under

neutral conditions, implying phenylboronate ester bond is more

likely to break in an acidic environment. Meanwhile, the CD re-

sults showed that the positive peak at 212nm of the GFPBA and

G@GQD hydrogels at pH 7.4 is stronger than pH 6.4 and 5.4 (Fig. S8

in Supporting information), suggesting the hydrogel are more sta-

ble in an alkaline due to the higher content of G-quadruplex struc-

tures. In addition, the characteristic absorption peak of oxidized

TMB (oxTMB) at 652nm intensified with increasing GQDs release

time (Fig. S9 in Supporting information). This observation further

proving that the G@GQD hydrogel has successfully achieved sus-

tained release of GQDs, which will maintain the effective concen-

trations of GQDs at the OLK lesion, so as to achieve a better PDT

therapeutic effect.

Herein, the potential of G@GQD hydrogel for continuous gen-

eration of ROS as well as high efficiency PDT in vitro were sub-

sequently evaluated. Firstly, the photosensitive oxidation activity

of GQDs was verified to ensure an ideal PDT effect in OLK. As

seen in Fig. S10A (Supporting information), the phosphorescence

characteristic peak of 1O2 from GQDs was observed upon excita-

tion at 450nm. In addition, electron paramagnetic resonance (EPR)

test results provided further evidence that GQDs can produce 1O2

upon irradiation, as evidenced by the observation of the character-

istic 1O2 peak induced by 2,2,6,6-tetramethylpiperidine (Fig. S10B

in Supporting information). Besides, using DPBF as a singlet oxy-

gen indicator probe [44], Fig. S10C (Supporting information) illus-

trates that as the illumination time increases, the absorption peak

at 420nm diminishes gradually, indicating the superior 1O2 gen-

eration capability of GQDs. To further highlight the superior pho-

todynamic performance of GQDs, their photocytotoxicity was as-

sessed and compared with that of chlorin e6 and protoporphyrin

IX (Ce6 and PpIX, Food and Drug Administration-approved photo-

sensitizers) in DOK cells. As shown in Fig. S11A (Supporting infor-

mation), GQDs have negligible impact on the viability of DOK cells

in the absence of light, but upon irradiation, a survival rate of 10%

is achieved when the GQDs concentration is raised to 100nmol/L.

In contrast, as depicted in Fig. S11B (Supporting information), com-

pared to Ce6 and PpIX, a lower concentration of GQDs was able to

induce a higher number of apoptotic cells, further confirmed the

superior PDT efficacy of GQDs over organic photosensitizers [45].

These results collectively demonstrated that GQDs have an out-

standing ability to generate 1O2, which is highly significant for the

subsequent in vivo PDT of OLK using G@GQD hydrogel.

Then, to study the sustained PDT effect in vitro, G@GQD hy-

drogel was placed in transwell chamber and co-cultured with

DOK cells for different periods, where GQDs and GFPBA hydrogel

also employed as control. Cell counting kit-8 (CCK-8) assay results

showed that GQDs-PDT achieves high cytotoxicity within 12h, as

there is no sustained-release mechanism involved. In the case of

G@GQD-PDT, the survival rate of DOK cells progressively dimin-

ished from 29% to 5.3% over the incubation period extending from

12h to 48h (Figs. 3C–E), suggesting a sustained and prolonged PDT

effect. Similarly, the same trend in ROS content changes was ob-

served during this process (Fig. 3F). Besides, after 48h co-cultured,

the staining results of live and dead cells [46] showed that more

dead cells could be observed in G@GQD-PDT (Fig. S12 in Support-

ing information), further demonstrating that the sustained PDT of

G@GQD hydrogel is effectively realized through sustained releasing

GQDs.

Given the promising in vitro results of G@GQD hydrogel on OLK

cells, further investigation was conducted to evaluate its PDT per-

formance in vivo. Initially, hematoxylin and eosin (H&E) staining

showed that there was almost no obvious inflammation, edema,

congestion, or other adverse phenomena in the skin and major or-

gans of the mice throughout the study period (Figs. S13A and B

in Supporting information). The favorable biocompatibility of the

G@GQD hydrogel is essential for achieving an effective in vivo PDT

response in OLK.

To confirm the potential of G@GQD-PDT for the treatment of

OLK in vivo, we established a mouse tongue OLK model using

4-NQO [47]. All animal experiments were conducted in accordance

with the guidelines of the Laboratory Animal Care Principles (NIH)

and approved by the Animal Care and Use Committee of West

China Stomatological Hospital (No. WCHSIRB-2023–448). The suc-

cessful establishment of the OLK model was confirmed by a clinical

and pathological comparison between wild-type and OLK model

mice (Fig. S14 in Supporting information). Subsequently, 32 male

mice with white spots on the back of the tongue were selected for

PDT and randomly divided into 8 groups for follow-up treatment.

As shown in Fig. 4A, firstly, G@GQD hydrogel (20μL, concentration

of GQDs: 1.8 μmol/L), GQDs (20μL, 1.8 μmol/L) and GFPBA hydrogel

(20μL) were injected into the oral lesion site of mice, and irradi-

ated with 450nm laser for 3 min, and repeated once every 7 days,

for a total of 3 treatments. Throughout the treatment, lesions in

all groups except for the G@GQD hydrogel+ light group showed

continuous progression, with the OLK area gradually enlarging,

hardening, and becoming more prominently protruding from the

mucosal surface. In contrast, the G@GQD hydrogel+ light group

exhibited progressive improvement in the OLK region (Fig. 4B). All

mice were killed after 21 days of treatment, and the efficacy was

Fig. 4. In vivo PDT effect of the G@GQD hydrogel in oral leukoplakia. (A) Schematic

diagram of the timeline for the OLK mouse model treated with the G@GQD hydro-

gel. (B) Pictures of treatment of OLK mice in each group at 1, 7, 14 and 21 days.

(C) H&E staining data of tongue sections of OLK mice in each group after treat-

ment. Scale bar: 100nm. (D) Columnar statistical chart of treatment score effect of

OLK mice in each group after PDT. (E) Body weight records of OLK mice in each

group at 1, 7, 14 and 21 days. Data are presented as mean ± SD (n=4). ∗∗P<0.01,
∗∗∗P<0.001.
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judged according to the occurrence of lesions and pathological

manifestations [47]. As shown in Fig. 4C, except G@GQD hydro-

gel+ light group and GQDs+ light group, all groups displayed

evident epithelial dysplasia, indicating an inability to retard or

reverse the advancement of OLK. While for GQDs+ light group,

the degree of epithelial dysplasia was relatively mild due to the

unsustainable photodynamic effect. As anticipated, the G@GQD

hydrogel+ light group demonstrated the highest efficacy and the

lowest scoring, with only mild epithelial thickening observed

relative to the normal group (Fig. 4D). These results indicate that

the G@GQD hydrogel exhibits a potent anti-OLK-PDT effect in vivo,

aligning with the outcomes of in vitro studies. In addition, no sig-

nificant weight loss was observed in the mice in each group during

the entire treatment process (Fig. 4E), and H&E staining (heart,

liver, spleen, lung, and kidney) showed no significant pathological

changes during each treatment process (Fig. S15 in Supporting

information), further reaffirming the satisfactory biocompatibility

of G@GQD hydrogel during in vivo treatment of OLK.

Subsequently, immunohistochemical (IHC) staining of clinical

tissue samples corroborated these findings. Analysis of Ki-67 ex-

pression revealed that the G@GQD-PDT treatment group exhib-

ited the lowest number of Ki-67-positive cells (Figs. S16A and B

in Supporting information). Terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling (TUNEL) immunofluorescence as-

says demonstrated increased green fluorescence following G@GQD

hydrogel-mediated PDT, indicating a higher level of apoptosis in

DOK cells (Fig. S16C in Supporting information). Meanwhile, the

statistical diagram of TUNEL positive cells obviously showed that

the G@GQD-PDT group had highest number of apoptotic cells

(Fig. S16D in Supporting information). In summary, we have pre-

liminarily revealed that G@GQD hydrogel can achieve high effi-

ciency PDT in OLK model mice by sustained releasing of GQDs,

thereby promoting cell apoptosis.

Addressing the challenge of limited PDT performance in OLK

due to the drug retention problematic caused by saliva and tongue

movement, this study successfully developed an oral mucosal-

compatible photosensitive hydrogel (G@GQD) with favorable ad-

hesion via a one-pot method. Specifically, the G@GQD hydro-

gel was constructed by incorporating GQDs into a G-based hy-

drogel through a 3D fiber network physical encapsulation pro-

cess, which possesses good biocompatibility, injectable and self-

healing properties. Due to its superior adhesive characteristics, the

G@GQD hydrogel showed a markedly prolonged retention duration

in moist and dynamic oral environments when compared to free

GQDs. Leveraging this advantage, GQDs can be sustainably released

from G@GQD hydrogel in response to weak acidity, ensuring pro-

longed drug retention and sustained therapeutic efficacy. Finally,

this photosensitive hydrogel system also demonstrated improved

efficacy in PDT for 4-NQO-induced OLK lesions in mice, suggesting

a promising strategy in overcoming the drug retention barrier for

OLK therapy.
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