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A B S T R A C T

Oral leukoplakia (OLK) is the most emblematic oral potentially malignant disorder that may precede the diag-
nosis of oral squamous cell carcinoma (OSCC) and has an overall malignant transformation rate of 9.8 %. Early 
intervention is crucial to reduce the malignant transformation rate from OLK to OSCC but the lack of effective 
local pharmaceutical preparations poses a challenge to clinical management. Rapamycin is speculated to prevent 
OLK from carcinogenesis and its inherent lipophilicity facilitates its penetration into stratum corneum. Never-
theless, hydrophilic hydrogels frequently encounter challenges when attempting to deliver lipophilic drugs. 
Furthermore, the oral cavity presents a complex environment defined by oral motor functions, saliva secretion 
cycles, dynamic fluctuations, and protective barriers comprising mucus and lipid layers. Consequently, 
addressing issues of muco-penetration and muco-adhesion is imperative for developing an effective drug delivery 
system aiming at delivering rapamycin to target oral potentially malignant disorders.

Here, a dual-function hydrogel drug delivery system integrating adhesion and lipophilicity was successfully 
developed based on polyvinyl alcohol (PVA) and dioleoyl phosphatidylglycerol (DOPG) via dynamic boronic 
ester bonds. Rheological experiments based on orthogonal design revealed that PVA-DOPG hydrogels exhibited 
ideal adhesive strength (around 6 kPa) and could adhere to various surfaces in both dry and wet conditions. PVA- 
DOPG hydrogels also significantly promoted lipophilic molecules’ penetration into stratum corneum (integrated 
fluorescence density of 6.95 ± 0.52 × 106 and mean fluorescence depth of 0.96 ± 0.07 mm) of ex-vivo porcine 
buccal mucosa (p < 0.001). Furthermore, PVA-DOPG hydrogels incorporating rapamycin inhibited malignant 
transformation of OLK mouse model induced by 4-Nitroquinoline N-oxide (4-NQO), distinct improvements in 
survival (the neoplasm incidence density at the 40th day is 0.0091) (p < 0.05), decrease in neoplasm incidence 
density of 36.36 % and inhibition rate in neoplasm volume of 75.04 ± 33.67 % have been demonstrated, sug-
gesting the hydrogels were valuable candidates for potential applications in the management of OLK.

1. Introduction

Oral leukoplakia (OLK) is the most emblematic oral potentially 
malignant disorder that may precede the diagnosis of oral squamous cell 
carcinoma (OSCC) and has an overall malignant transformation rate of 
9.8 % [1]. Early intervention is crucial to reduce the malignant trans-
formation rate from OLK to OSCC and it is always an enduring topic 
among researchers and clinicians. Medications such as retinoids, ca-
rotenoids, and curcumin are employed in clinical settings to mitigate the 
malignant transformation rate of OLK; however, their efficacy remains 

uncertain, and side effects are frequently observed [2–4].
Components of the protein kinase B (AKT)/mammalian target of 

rapamycin (mTOR) pathway are intrinsic factors for carcinogenesis. The 
expression of mTOR protein is significantly elevated in OSCC and OLK, 
and the phosphorylation of mTOR protein increases with escalating 
dysplasia [5–7]. Tashiro et al. reported that phosphorylated mTOR 
(pmTOR) reactivity was significantly decreased in leukoplakia without 
epithelial dysplasia compared to that in mild to moderate dysplasia, 
moderate to severe dysplasia or carcinoma in situ (p < 0.001), and 
OSCC. A meta-analysis noted that mono-therapeutic mTOR inhibitors 
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resulted in stabilization of disease (52.5 %), but partial response (48.1 
%) was reached when mTOR inhibitors were combined with chemo-
therapy and/or radiation. Rapamycin, renowned for its effectiveness as 
an inhibitor of mTOR protein and its reported ability to delay the pro-
gression of various cancers [8–10], which is speculated to prevent OLK 
from carcinogenesis. Unfortunately, its application is limited due to its 
inherent limited hydrophilicity, low oral bioavailability, obvious 
first-pass elimination effect and possible immunosuppression effect due 
to systemic application [11–13].

A local delivery system for rapamycin may take advantage of its 
inherent lipophilicity to enhance the penetration into the stratum cor-
neum, thereby boosting local concentration and reducing the risk of 
immunosuppression. The barriers posed by the mucus and lipid layers in 
the oral cavity favor the passage and penetration of lipophilic molecules. 
Therefore, lipophilicity stands as a fundamental property to prioritize 
when seeking optimal solubility and uniform distribution. Furthermore, 
the oral cavity, being a moist and intricate environment, is characterized 
by a saliva-secreting cycle and oral motor functions [14,15]. Over-
coming the challenges posed by moisture and motor functions contrib-
utes to achieving prolonged retention time. Therefore, adhesion emerges 
as another crucial factor that must be carefully considered [16–18].

Hydrogels, prized for their extended retention time, serve as valuable 
local drug carriers and find wide application in the topical treatment of 
various diseases. Polyvinyl alcohol (PVA) contains abundant hydroxy 
groups that can form hydrogen bonds and electrostatic interactions, 
contributing to the establishment of adhesive force [19–22]. PVA-based 
hydrogels have been utilized in various medical applications such as 
tissue engineering and wound dressing, where their adhesive properties 
are highly advantageous [23,24]. Pace et al. developed triboelectric 
nanogenerators based on amorphous PVA with high density of hydroxyl 
groups and amorphous structure present enabling a strong binding to 
water molecules and stronger adhesive contact [25]. Nonetheless, those 
hydrogels often contain excessive water content, making them unsuit-
able for carrying lipophilic medications. Incorporating lipids has been 
shown to enhance the lipophilicity of hydrogels and boost the solubility 

of lipophilic compounds. This, in turn, promotes the dispersion and 
diffusion of lipophilic molecules within the hydrogels [26–28]. Dioleoyl 
phosphatidylglycerol (DOPG) is a long-chain lipid with adjacent hy-
droxy groups at one end [29,30]. Additionally, borates can form boronic 
ester bonds with 1,2-diol or 1,3-diol groups, which not only strengthen 
the network structure but also endow hydrogels with responsiveness to 
environmental stimuli [31–33]. Our team has successfully developed a 
series of drug delivery systems based on boronic ester bonds [34–36].

Building upon the aforementioned points, it is hypothesized that 
lipophilic and adhesive hydrogels formulated using polyvinyl alcohol 
(PVA) and dioleoyl phosphatidylglycerol (DOPG) through boronic ester 
bonds could be developed and incorporating rapamycin into those PVA- 
DOPG hydrogels might potentially create an effective topical formula-
tion for preventing carcinogenesis of OLK (Fig. 1).

2. Results

2.1. Construction and characterization of PVA-DOPG hydrogels

On one hand, the oral cavity is a humid and intricate environment 
characterized by a saliva-secreting cycle and oral motor functions. The 
hydrogels used are expected to be adhesive to ensure extended retention 
time. In this study, molecular weight of PVA, hydrolysis degrees of PVA, 
sodium borate, heating time and heating temperature have been chosen 
to design an orthogonal experiment (Appendix Table 1). Adhesive force 
was measured through rheological tests (Appendix Table 2) and 
analyzed with Minitab software (Fig. 2a). Results showed that the range 
of the five factors and their influence on the adhesive force above were 
as follows: molecular weight > hydrolysis degrees > heating tempera-
ture > sodium borate > heating time (Appendix Table 3) (Fig. 2b). 
Molecular weight and hydrolysis degrees significantly influenced the 
adhesive force of the hydrogels (Appendix Table 4). Consequently, in 
practical application, level 2 for molecular weight, hydrolysis degrees, 
and sodium borate were maintained, while level 2 for heating temper-
ature and heating time were selected to ensure a more uniform 

Fig. 1. Schematic summary of PVA-DOPG hydrogels loaded with rapamycin preventing malignant transformation of OLK: (a) Structural formula and diagrammatic 
drawing of PVA (i), DOPG (ii) and rapamycin (iii). (b) In mouse models exposed to a constant supply of 4-Nitroquinoline 1-oxide (4-NQO) in drinking water, 
lipophilic and adhesive hydrogels containing rapamycin are applied to prevent malignant transformation of oral epithelial cells. Conversely, the untreated group 
shows a significant occurrence of malignant transformation.
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distribution of drug molecules and adequate operating time. An adhe-
sive hydrogel based on PVA polymer were established using PVA with a 
molecular weight of 146–186 kDa and 98 % degrees of hydrolysis, so-
dium borate (25 % volume ratio), a heating temperature of 90 ◦C, and a 
heating time of 10 min. According to that formulation, PVA-DOPG 
hydrogels were developed with an adhesive force of 6422.55 ±
1396.87 Pa, which was sufficient for adhering to mucosa without 
causing any discomfort during peeling. When loaded with rapamycin, 
although adhesive force of PVA-DOPG hydrogels decreases slightly 
(4431.94 ± 1174.96 Pa) (p > 0.05), they still adhered to various sur-
faces in both dry and wet conditions (Fig. 2c).

On the other hand, oral cavity is also a dynamic environment marked 
by fluctuating temperatures, near-neutral pH values, and high me-
chanical strain [37,38]. Hence, how those factors would impact the 
gelation of hydrogels are investigated. It was found that the 
gel-to-solution transition temperature of PVA-DOPG hydrogels was 
around 65 ◦C, which was higher than body temperature, suggesting that 
physiological temperatures did not hinder the gelation of the hydrogels 
(Appendix Table 5). The collapse of those hydrogels under different pH 
followed the order: basic pH < neutral pH < acidic pH (Fig. 2d), 
implying that pH significantly affects the gelation of hydrogels. Rheo-
logical strain sweep analysis revealed that the storage modulus (G’) of 
PVA-DOPG hydrogels remained higher than the loss modulus (G’′) when 
the strain exceeded 100 % (Fig. 2e), indicating their ability to withstand 
high strain. When loaded with rapamycin, response to temperature, pH, 
high strain of PVA-DOPG hydrogels remained nearly unchanged, 
demonstrating that addition of rapamycin did not significantly alter 

those properties.

2.2. Enhanced penetration of PVA-DOPG hydrogels and mechanistic 
insights

Having demonstrated the adhesive properties of PVA-DOPG hydro-
gels, capable of adhering to diverse surfaces under dry and wet condi-
tions, their potential to facilitate molecule penetration through the 
stratum corneum is yet to be unveiled. The hydrophilic stain fluorescein 
isothiocyanate (FITC) was uniformly distributed in both hydrogels, 
while the lipophilic stain nile red distributed uniformly in PVA-DOPG 
hydrogels but congregates in PVA hydrogels (Fig. 3a). Fluorescence of 
nile red was observed gradually crossing the stratum corneum of the 
porcine buccal mucosa (Fig. 3b). The integrated fluorescence density 
(6.95 ± 0.52 × 106) (Fig. 3c) and the fluorescence depth (0.96 ± 0.07 
mm) (Fig. 3d) of PVA-DOPG hydrogels were significantly higher than 
those of the two others (p < 0.001), suggesting that PVA-DOPG hydro-
gels effectively promoted the penetration of lipophilic stains instead of 
hydrophilic molecules into isolated porcine buccal mucosa (Appendix 
Fig. 1).

Next, penetration across the cornified mucosa has been investigated. 
Red fluorescence emitted by hypericin was detected by VELscope 
(Fig. 3e). The mean fluorescence intensity of PVA-DOPG hydrogels was 
higher than that of poloxamer-HA hydrogels (p < 0.01) (Fig. 3f), indi-
cating that PVA-DOPG hydrogels promote the penetration of hypericin 
across the cornified mucosa more effectively than commercial polox-
amer hyaluronic acid (poloxamer-HA) hydrogels. Nevertheless, no 

Fig. 2. Measurement of adhesiveness and characterization of PVA-DOPG hydrogels: (a) Schematic diagram of rheological tests to quantitatively measure adhesive 
force of hydrogels: (i) PP12 plate reaches at testing position; (ii) PP12 plate descends at first for a while and ascends at 1 μm/s and maximal normal force is recorded; 
(iii) PP12 plate keeps ascending till it is separated from hydrogels completely. (b) The effect plot of adhesive force. (c) PVA-DOPG rap hydrogels adhere to glass, 
woods, plastics and porcine buccal mucosa in the air and water. (d) PVA-DOPG hydrogels and PVA-DOPG rap hydrogels without PBS (i), in pH = 10 (ii), 7 (iii), 4 (iv) 
PBS. (e) Strain sweeps of PVA hydrogels (i), PVA-DOPG hydrogels (ii) and PVA-DOPG rap hydrogels (iii). Experiments were repeated at least three times.
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Fig. 3. Promoted penetration of PVA-DOPG hydrogels: (a) Distribution of FITC and nile red in hydrogels. Frozen sections of porcine buccal mucosa (b) integrated fluorescence 
density (c) and fluorescence depth analysis (d). Pictures and VELscope images of cornified tongues (e) and analysis of the fluorescence (f). Rapamycin in tongues (g) and 
plasma (h) of PVA hydrogels group and PVA-DOPG hydrogels group. Experiments were repeated at least three times. The data were shown as the mean ± SEM. *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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significant difference in mean fluorescence density was observed be-
tween PVA and PVA-DOPG hydrogels. This could be attributed to the 
constraints of VELscope, which detects fluorescence solely at the su-
perficial layer, thereby complicating the accurate representation of the 
total amount of penetrated hypericin.

Then, penetration across the normal mucosa was investigated. 
Considering that the hydrogels may have been swallowed and would 
degrade in acidic digestive juice, the released molecules could be 
absorbed into the bloodstream through the gastrointestinal mucosa. The 
concentration of rapamycin both in tongue tissues and plasma have been 
compared after the local application of PVA-DOPG hydrogels loaded 
with rapamycin. The concentration of the PVA-DOPG hydrogels group 
in tongue tissues (p < 0.01) (Fig. 3g) and plasma (p < 0.05) (Fig. 3h) was 
significantly higher than that of the PVA hydrogel group at the first 

hour, suggesting that PVA-DOPG hydrogels promoted the penetration of 
rapamycin more quickly.

All of the aforementioned results indicated that PVA-DOPG hydro-
gels significantly promoted the penetration of lipophilic molecules into 
the stratum corneum. To understand how PVA-DOPG hydrogels facili-
tate that penetration, the process was divided into three aspects: adhe-
sion, release, and penetration. Quartz crystal microbalance with 
dissipation monitoring (QCMD) tests were performed to reveal adhesion 
and penetration. A decrease in frequency (F) and an increase in dissi-
pation (D) indicated the formation of a mucus or lipid layer (Fig. 4a). 
The influx of PVA at high concentration led to further decreases in F and 
increases in D, suggesting an interaction between PVA and mucus 
(Fig. 4b–ii) or lipid (Fig. 4c–ii), although this interaction appeared to be 
weak and interrupted by water. On the other hand, the influx of PVA at 

Fig. 4. Mechanism of penetration of PVA-DOPG hydrogels: (a) Scheme of a QCMD test: (i) possible passage way of influx and efflux of liquids; (ii) buffer influx to wet 
a crystal chip or flush weak connection; (iii) influx of saliva to establish a mucus layer and influx of dimyristoyl phosphatidylcholine (DMPC) vesicles to establish a 
lipid layer; (iv) influx of PVA solution to establish interaction with mucus or lipids. The tested process is: ii, iii, ii, iv, ii. (b) QCMD result of mucus with PVA in low 
concentration (i) and of mucus with PVA in high concentration (ii). (c) QCMD result of lipids with PVA in low concentration (i) and of mucus with PVA in high 
concentration (ii). (d) Frequency sweep of PVA (i) and PVA-DOPG (ii) hydrogels. (e) 11B NMR spectra of sodium borate, PVA hydrogels and PVA-DOPG hydrogels. (f) 
FTIR spectra of PVA solution without borates (i), PVA hydrogels (ii) and PVA-DOPG hydrogels (iii). Experiments were repeated at least three times.
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low concentration led to an increase in F with a mucus layer (Fig. 4b–i) 
and a decrease in F with a lipid layer (Fig. 4c–i), suggesting that PVA at 
low concentration did not interact with mucus but interacted with lipid, 
again with weak interaction. Rheological tests, nuclear magnetic reso-
nance (NMR) tests and Fourier transform infrared spectroscopy (FTIR) 
were performed to reveal release. Furthermore, frequency sweep tests 
have showed that the storage modulus of hydrogels is lower than the loss 
modulus (Fig. 4d), indicating that the main connecting bonds are weak. 
NMR and FTIR spectra of PVA-DOPG hydrogels have indicated the 

formation of boronic ester bonds, with a new peak (Fig. 4e) and char-
acteristic absorption peak for B-O (absorption peak in 1050–1300 cm− 1 

and at 1050 cm− 1) (Fig. 4f) being observed.

2.3. Effect and mechanism of PVA-DOPG hydrogels loaded with 
rapamycin combating OLK malignant transformation

Following the verification that PVA-DOPG hydrogels enhance the 
penetration of lipophilic molecules into the stratum corneum, an 

Fig. 5. Preventive effect of PVA-DOPG rap hydrogels (n = 54): (a) Scheme of establishing OLK mice model induced by 4-NQO. Pictures and VELscope images (b), 
weight analysis (c), survival analysis (d) and neoplasm analysis (e). (f) Pathological grade of those groups. (g) Ki-67 staining of normal tongues (i), blank group (ii), 
no dose group (iii), low dose group (iv), high dose group (v), PVA hydrogels (vi) and gavage group (vii) and statistical results (viii) (scale bar 1:100).
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investigation was conducted to determine whether PVA-DOPG hydro-
gels loaded with rapamycin could inhibit OLK carcinogenesis. Prior to 
initiating the study on the anti-cancer efficacy, the biocompatibility of 
PVA-DOPG hydrogels was assessed. There were no evident macroscopic 
signs of local adverse reactions on the tongues during the application of 
hydrogels (Appendix Table 6). Histological examination of mouse 
tongues using hematoxylin and eosin (HE) staining, immunohisto-
chemical staining for interleukin-6 (IL-6) and tumor necrosis factor- 
alpha (TNF-α) indicated no local adverse reactions (Appendix Fig. 2). 
No systemic adverse reactions were found by plasm biochemical index 
interested (Appendix Fig. 3) and HE staining of main internal organs 
(Appendix Fig. 4).

The reliability of the OLK mouse model induced by 4-Nitroquinoline 
N-oxide (4-NQO) in replicating the progression from potentially ma-
lignant lesions to carcinoma was then verified (Appendix Fig. 5). 
Macroscopic examination reveals the gradual appearance of rough tis-
sues (12th week), white plaques (16th week), and neoplasm (18th week) 
on the tongues of the mice, accompanied by uneven autofluorescence 
intensities as the drinking time progresses. Histological analysis using 
HE staining demonstrated a gradual progression of hyperkeratosis, 
atypia, and invasive carcinoma. Immunohistochemical staining for Ki- 
67 reveals positive staining in epithelial cells that extends beyond the 
basal layer of the epithelium. Based on those findings, the OLK mouse 
model induced by 4-NQO successfully recapitulated the progression 
from OLK lesions to carcinoma.

Can PVA-DOPG hydrogels loaded with rapamycin (PVA-DOPG rap 
hydrogels) inhibit the progression of OLK to carcinoma? After 16 weeks 
of 4-NQO drinking water to establish the OLK model (Fig. 5a), hydrogels 
were applied daily for 6 weeks while continuing 4-NQO drinking water 
(considering that white-plaque lesions may disappear without drugs 
when 4-NQO drinking water was discontinued). Seven groups were 
divided: normal tongues (normal animals), blank group (OLK models 
without hydrogels or medication), no dose group (OLK models with 
PVA-DOPG hydrogels delivering no drugs), low dose group (OLK models 
with PVA-DOPG hydrogels delivering 5 mg/mL rapamycin), high dose 
group (OLK models with PVA-DOPG hydrogels delivering 25 mg/mL 
rapamycin) PVA hydrogels (OLK models with PVA hydrogels delivering 
25 mg/mL rapamycin) and gavage group (OLK models with DOPG so-
lution delivering 25 mg/mL rapamycin). Macroscopic examination of all 
groups was recorded (Fig. 5b). Body weight of the mice gradually de-
creases, with no significant difference being observed among the groups 
at the median time point (p > 0.05) (Fig. 5c), suggesting that 4-NQO led 
to weight loss and rapamycin did not reverse this effect. Survival anal-
ysis demonstrates that the high dose group had better survival rate than 
the other groups did (p < 0.05) (Fig. 5d), indicating that PVA-DOPG 
hydrogels carrying rapamycin in a high dose improved the survival of 
OLK mice. Analysis of neoplasm incidence shows that the high dose 
group had the lowest incidence of neoplasms, although without statis-
tical significance (p = 0.056) (Fig. 5e). At the 40th day, the neoplasm 
incidence density (calculated as the number of new events divided by 
the total person-time at risk) of the blank group, no dose group, low dose 
group, high dose group, PVA hydrogels group, and gavage group is 
0.0143 (95%CI: 0.0046, 0.0387), 0.024 (95%CI: 0.0098, 0.054), 0.0225 
(95%CI: 0.0092, 0.0507), 0.0091 (95%CI: 0.0023, 0.0287), 0.0131 
(95%CI: 0.0034, 0.041), and 0.0305 (95%CI: 0.0113, 0.0735), respec-
tively. Compared with blank group, the neoplasm incidence density of 
high dose group has decreased by 36.36 %. Histological examination 
using HE staining is used to assess oral epithelial dysplasia (OED) 
(Appendix Fig. 6). OED of those groups were shown in Fig. 5f, which 
shows that PVA-DOPG hydrogels carrying rapamycin in a high dose 
effectively decreased the incidence of neoplasms. Immunohistochemical 
staining for Ki-67 analysis revealed that the high dose group has a 
positive rate of 37.33 ± 4.51 %, which was lower than the blank group 
(45.67 ± 6.66 %) (p = 0.05), lower than the no dose group (45.33 ±
5.77 %) (p = 0.058), significantly lower than the PVA hydrogels group 
(48 ± 1.73 %) (p < 0.05), and similar to the gavage group (p > 0.05) 

(Fig. 5g). Those results suggested that PVA-DOPG hydrogels carrying 
rapamycin in a high dose inhibited the proliferation of epithelial cells.

The mechanism by which rapamycin inhibits OLK carcinogenesis 
was subsequently explored. Results of RNA sequencing revealed the up- 
regulation of 138 genes and the down-regulation of 427 genes in the 
rapamycin group compared to the normal group (Fig. 6a). Cluster 
analysis showed a good clustering pattern (Appendix Fig. 6). Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis revealed that 
among the down-regulated genes, differentially expressed genes was the 
estrogen signaling (ER) pathway (Fig. 6b). Immunohistochemical 
staining of phosphorylated eIF4E-binding protein (p4EBP1) and phos-
phorylated S6 ribosomal protein (pS6) showed that expressions of the 
two downstream phosphorylated proteins of mTOR protein were down- 
regulated in the high-dose group (Fig. 6c). Western blot analyses 
revealed that proteins of pS6, Bcl-2, MMP-2 were down-regulated in 
response to rapamycin (Fig. 6d–Appendix Fig. 8); qPCR tests proved that 
rapamycin inhibited the gene expression of S6K1, Bcl-2, MMP-2 
(Fig. 6e). All results above suggested that rapamycin might inhibit the 
malignant transformation via down-regulating the ER pathway.

3. Discussion

The responsiveness of hydrogels to acidic pH, high temperature and 
high strain can be attributed to the dynamic covalent bonds. The dy-
namic covalent bond utilized here is the boronic ester bond, formed by 
the interaction of sodium borate with 1,3-diol. Under alkaline condi-
tions, the boron atom exhibits sp3 hybridization, which favors the for-
mation of boronic ester bonds with cis-diol-containing compounds. 
Conversely, under acidic conditions, the boron atom undergoes a tran-
sition from sp3 to sp2 hybridization, leading to the cleavage of the 
boronic ester bond [32,39]. Besides pH, temperature and mechanical 
force can also break chemical bonds [40–42]. Our experimental results 
demonstrate that PVA-DOPG hydrogels are sensitive to acidic pH, but 
insensitive to body temperature and high strain, indicating that acidity 
could promote the degradation of PVA-DOPG hydrogels in the oral 
cavity. Importantly, the pH of fresh human saliva typically ranges from 
6.6 to 7.1, suggesting that the pH of saliva might trigger the degradation 
of hydrogels, leading to the release of drug molecules. It also denotes 
that isolation from saliva and the use of borates with lower pKa values 
may delay the degradation of hydrogels based on boronic ester bonds.

Muco-adhesion and muco-penetration are two strategies employed 
to reach a more efficient mucosal drug delivery [43]. Muco-adhesion 
requires a strong interaction between mucus and particles, conversely, 
muco-penetration necessitates a weak interaction between mucus and 
particles. In our study, hydrogels are utilized as vehicles to provide 
sufficient retention time. Lipophilic molecules naturally repel 
water-containing mucus and attract lipid-containing stratum corneum. 
Based on QCMD results, it is inferred that PVA at high concentration is 
able to interact with mucus and provide adhesion force before 
PVA-DOPG hydrogels degrade. As the hydrogels degrade because of 
destruction of boronic ester bonds, PVA particles containing lipophilic 
molecules interact with the lipid layer, bringing lipophilic molecules 
closer to the stratum corneum and facilitating their passive diffusion 
into the stratum corneum. Additionally, the incorporation of DOPG 
promotes the penetration of lipophilic molecules, which may be attrib-
uted to the uniform distribution of lipophilic molecules within the 
hydrogels and the potential role of DOPG as a penetration enhancer [44,
45].

Rapamycin shows significant anti-cancer effect in 4-NQO induced 
mice models and is revealed to be related to estrogen signaling pathway. 
The estrogen signaling pathway has been found to be activated in 
multiple cancers [46]. It has been reported that estrogen receptor (ER) is 
present in some head and neck squamous cell carcinoma (HNSCC) pa-
tients and is negatively correlated with prognosis [47,48]. Furthermore, 
estrogen has been shown to promote the proliferation of HNSCC cells, 
and knock-down of ER inhibits the proliferation of these cells [49,50]. 
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Rapamycin, by binding to FK506-binding protein of 12 kDa (FKBP12), 
inhibits the activity of mTORC1, which phosphorylates ribosomal pro-
tein S6 kinase 1 (S6K1) [51,52]. S6K1 has been reported to phosphor-
ylate Ser167 of ERα, thereby promoting its transcription [53,54]. 
Rapamycin can reverse this process. It is inferred that rapamycin inhibits 
OLK from carcinogenesis by down-regulating the estrogen signaling 
pathway. But further investigation is required to establish the relation-
ship between rapamycin and the estrogen signaling pathway, as well as 
to elucidate the precise mechanisms through which rapamycin interacts 
with this pathway. In our study, RNA sequencing was performed on a 
complete tongue tissue, comprising epithelium, connective tissue, and 
muscles, which could potentially affect the sequencing results. To 
enhance the accuracy of future experiments, it is recommended to 
carefully isolate the epithelium before conducting RNA sequencing and 
subsequent analyses.

By the way, a recent study by Hanna et al. demonstrated the potential 

clinical activity of nivolumab (480 mg intravenously), an inhibitor of the 
programmed cell death 1 protein (PD-1), in an immune checkpoint 
therapy trial for high-risk OLK [55]. However, immune-related adverse 
events remind that local administration of nivolumab may hold greater 
promise in reducing both the required dosage and associated toxicity, 
when compared to intravenous administration. Meanwhile, this 
PVA-DOPG drug delivery system only contains carbon, hydrogen, oxy-
gen, nitrogen, phosphorus and boron. No heavy metals are involved. 
Raw materials of PVA and DOPG are all renewable. As what mentioned 
above, PVA-DOPG hydrogels cause no local adverse reactions or sys-
temic adverse reactions. Thus, PVA-DOPG hydrogel delivery system is 
rather environmentally friendly, sustainable and biocompatible.

4. Conclusions

In our study, considering the wetness, functions, dynamics, and 

Fig. 6. Mechanism of rapamycin inhibiting carcinogenesis: (a) Volcano plot of mice tongues in blank and rapamycin group. (b) KEGG analysis of down-regulated 
genes. (c) Diagram of mTORC1 regulate S6K and 4EBP1 (i) and immunohistochemical staining of and pS6 in blank and high-dose group (scale bar 1:100) (ii). (d) 
Diagram of S6K1 regulates ER, MMP-2 and Bcl-2 (i) and Western blotting results of HSC-3 cell line after rapamycin processing (ii). (e) qPCR results of HSC-3 cell line 
after rapamycin processing. Experiments were repeated at least three times.
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barriers of oral cavity, PVA-DOPG hydrogels integrating adhesion and 
lipophilicity have been developed for loading rapamycin, aiming to 
inhibit the malignant transformation of OPMD. The adhesion of PVA- 
DOPG hydrogels is optimized to reach an ideal adhesive force of 6 kPa 
and adhere to various surfaces and the lipophilicity of the hydrogels is 
illustrated by lipophilic molecules’ more uniform distribution and more 
enhanced penetration into stratum corneum (integrated fluorescence 
density of 6.95 ± 0.52 × 106 and mean fluorescence depth of 0.96 ±
0.07 mm) (p < 0.001). By incorporating rapamycin, biocompatible PVA- 
DOPG hydrogels have exhibited a significant effect in inhibiting the 
malignant transformation of 4-NQO induced OPMD mice animals (the 
neoplasm incidence density at the 40th day is 0.0091) (p < 0.05), 
decrease in neoplasm incidence density of 36.36 % and inhibition rate in 
neoplasm volume of 75.04 ± 33.67 %).

Besides what mentioned above that PVA-DOPG hydrogel delivered 
rapamycin for OLK management which showed potential as a local de-
livery system for lipophilic drugs especially on condition that adhesion 
is needed. Also, it has potential as a wound dressing which protect skin 
and mucosa from the external environmental aggressions, shield the 
body from physical, biological, and chemical damage. However, usage is 
limited in extreme acidic environment like gastric mucosal lesions.

5. Materials and methods

5.1. Materials

PVA (Cas NO. 9002-89-5) with different molecular weight and de-
grees of hydrolysis were purchased from Sigma. DOPG (Cas NO. 62700- 
69-0) (TCI, Japan), rapamycin (Cas NO. 53123-88-9) (Shaosu, China), 
nile red (Cas NO. 7385-67-3) (sigma, the USA), FITC (Cas NO. 3326-32- 
7) (Adamas, China), artificial saliva (Solarbio, China), hypericin (Cas 
NO. 548-04-9) (Bide medication, China), 4-NQO (Cas NO. 56-57-5) (TCI, 
Japan), Poloxamer-HA (ALA, China), dimyristoyl phosphatidylcholine 
(DMPC) (Cas NO. 18194-24-6) (A.V.T,China), anti Ki-67 antibody 
(abcam, British), anti IL-6 antibody (abcam, British), anti TNF-α anti-
body (Abcam, British) were purchased from the corresponding 
companies.

Male C57BL/6JGpt mice were purchased from Jicuiyaokang 
Biotechnology Co., Ltd (Jiangsu, China). All experiments were con-
ducted in accordance with the guidelines outlined in the ’’Principles of 
Laboratory Animal Care’’ (NIH) and were approved by the Ethics 
Committee of West China Hospital of Stomatology, Sichuan University. 
The animals had free access to sterilized/4-NQO water and food in a 
temperature-controlled room (22 ◦C) with a 12 h light/dark cycle. They 
were fed adaptively for one week in these surroundings before the 
experiments.

5.2. Orthogonal experiment and adhesion measurement

PVA powder (0.88 g) was heated in ultra-pure water (20 mL) till all 
powder was dissolved completely to make PVA solution. Equal sodium 
hydroxide (0.5 M) and boric acid (0.5 M) were mixed to make sodium 
borate (0.25 M) and was diluted ten-fold (0.025 M). Varied PVA solution 
(1 mL) and sodium borate (200 μL or 500 μL) were mixed, heated (80 ◦C 
or 90 ◦C) for a while (5 min or 10 min). Those hydrogels in liquid status 
were poured onto the parallel plate of rheometer (Anton Paar, Ger-
many). PP12 plate (S = 0.011 m2) descends and compresses hydrogels. 
Excessive hydrogels were extruded till remaining hydrogels reach at 1 
mm in thickness. Extruded hydrogels were scraped off. Test was started 
after 5 min. Maximal normal force (F) was recorded and adhesion force 
(p) was calculated as p = F/S.

5.3. Preparation of hydrogels

DOPG powder (400 mg) was dissolved in sodium borate (0.025 M, 
20 mL) at room temperature to make milk-like DOPG solution. DOPG 

solution, PVA solution and sodium borate were mixed as V(DOPG): V(PVA): 
V(sodium borate) = 1: 2: 1, heated for 10 min (90 ◦C) and cooled down at 
room temperature for over 5 min to make PVA-DOPG hydrogels. 
Rapamycin was added to DOPG solution and vortexed. DOPG solution 
with rapamycin, PVA solution and sodium borate were mixed as V(DOPG 

and rapamycin): V(PVA): V(sodium borate) = 1: 2: 1, heated for 10 min (90 ◦C) 
and cooled down at room temperature for over 5 min to make PVA- 
DOPG rap hydrogels. Ultra-pure water, PVA solution and sodium 
borate and were mixed as V(water): V(PVA): V(sodium borate) = 1: 2: 1, heated 
for 10 min (90 ◦C) and cooled down at room temperature for over 5 min 
to make PVA hydrogels.

5.4. Vial inversion tests

According to the formulation and parameters above, hydrogels were 
developed in a vial and the vial is inverted. If hydrogels resisted gravity 
and keeps status of solid, successful vial inversion (SVI) was determined. 
Contrarily, if hydrogels did not resist gravity and cannot keeps status of 
solid after interference, unsuccessful vial inversion (UVI) was deter-
mined. Lifetime stability was calculated from when hydrogels were 
developed to when gels crystallize or UVI. Thermal reversibility was 
decided when hydrogels was heated again to be liquid and then cool 
down with SVI. Concentration of PVA was not calculated until UVI with 
extra ultra-pure water being added (100 μL per time) into hydrogels 
(200 μL) and heating-cooling cycling. Hydrogels (400 μL) were formed 
in a vial and PBS (400 μL) at different pH was added onto the gels. Vial 
inversion tests were performed 1 h later to decide SVI or UVI and 
remaining gels were recorded.

5.5. Penetration ability tests

Firstly, fresh isolated normal porcine buccal mucosa was bought 
from local butcher and trimmed to be rectangle with similar width and 
length. Hydrogels carrying nile red or FITC were applied onto the mu-
cosa and the tissue was fixed onto a slide via a thin ribbon. That slide was 
immersed into artificial saliva who is heated to keep at 37 ◦C with the 
rotator spinning at 200 rpm. Those buccal tissues were frozen by dry ice 
and embedded into OCT. Slices were made with 30 μm thickness and 
observed under microscope (Olympus, Japan). Images were dealt with 
ImageJ software and analyzed via SPSS statistics 26 software. Secondly, 
male C57BL/6JGpt mice (GemPharmatech, China) were fed with 4-NQO 
drinking water (50 μg/mL) for about 16 weeks. Hypericin (30 mg) was 
added to DOPG solution (500 μL) or ultra-pure water (500 μL) and 
vortexed. As what mentioned above, PVA-DOPG hydrogels carrying 
hypericin and PVA hydrogels carrying hypericin were developed 
respectively. Thermal-sensitive poloxamer-HA hydrogels were provided 
by ALA cooperation. Poloxamer-HA hydrogels were in liquid status at 
4 ◦C and turned to be solid status at room temperature. Hypericin (30 
mg) was mixed with poloxamer-HA hydrogels (500 μL) on ice and vor-
texed. Poloxamer-HA hydrogels carrying hypericin were stored at room 
temperature for later use. Those three hydrogels (100 μL) were applied 
on mice tongue for 1.5 h with mice being anesthetized. New application 
(100 μL) was followed for another 1.5 h. VELscope images were 
captured before and after application, which were dealt with ImageJ 
software and analyzed via SPSS software. Blank group was untreated. 
Every group has 3 mice and a total of 12 mice were used. Simple size was 
determined based on references.

Thirdly, PVA-DOPG rap hydrogels (200 μL) and PVA rap hydrogels 
(200 μL) were applied on normal male C57BL/6JGpt mice tongue tissues 
for once. Every group has 9 mice and a total of 9 mice were used. Simple 
size was determined based on references. Tongues tissues and blood 
were collected for further rapamycin detection by high-performance 
liquid chromatograph (Shimadzu, Japan).
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5.6. Collection of fresh saliva and formation of DMPC vesicles and QCMD 
tests

This study was approved by the Ethics Committee of West China 
Hospital of Stomatology, Sichuan University (WCHSIRB-CT-2021-338). 
Centrifuge tubes (50 mL) was pressed close to lower lip of volunteers 
with head down forward. Fresh saliva outflowed into the tube and stored 
at 4 ◦C for later use. DMPC powder (20 mg) was dissolved with chlo-
roform and dried under a stream of nitrogen. Being kept under vacuum 
overnight, the dried lipid film was resuspended in ultra-pure water (20 
mL) at 35 ◦C. Next, the solution was sonicated with a probe tip sonicator 
(Scientz, China) till the milky solution turns to be clear. QCMD is a label- 
free mass-adsorption technique at solid-liquid interface which can help 
to understand binding processes based on changes in the frequency and 
dissipation. In our study, a QCMD technique (Biolin Scientific, Sweden) 
was used. Fresh saliva vesicles underwent surface adsorption onto SiO2- 
coated quartz crystal sensors to form a mucus layer and DMPC to form a 
lipid bilayer. Fresh saliva or DMPC vesicles were injected into the QCM 
chamber at a flow rate of 100 μL/min using a peristaltic pump at 37 ◦C.

5.7. NMR tests and FTIR tests

Considering that PVA (molecular weight: 146–186 kDa; degrees of 
hydrolysis: 98 %) in high concentration form solid gel with sodium 
borate at the lowest concentration detected by NMR. Therefore, PVA 
(molecular weight: 13–23 kDa; degrees of hydrolysis: 88 %) and 0.25 M 
sodium borate were chosen to form PVA-DOPG solution. D2O was added 
into PVA-DOPG solution to make 10 % volume fraction. NMR spectra 
were recorded on a spectrometer (AV II, Germany) at 600 MHz and 11B 
NMR signals were detected. PVA-DOPG hydrogels were frozen and 
evaporated using a vacuum pump. The xerogels were scanned in a FTIR 
spectrometer (Bruker, Germany) through 400 to 4000 cm− 1 scanning 
ranges for 16 times and 4 cm− 1 resolution.

5.8. PVA-DOPG rap hydrogels applied in OLK and RNA sequencing

This study was approved by the Ethics Committee of West China 
Hospital of Stomatology, Sichuan University (WCHSIRB-D-2023-274). 
Male C57BL/6JGpt mice were fed with 4-NQO (50 μM) for 16 weeks to 
establish OLK models. Mice are divided into 6 groups randomly. Every 
group has 9 mice and a total of 54 mice were used. Blank group was 
untreated. Simple size was determined based on references. No dose 
group, low dose group and high dose group were treated with PVA- 
DOPG hydrogels carrying rapamycin at 0 mg/mL, 2.5 mg/mL and 
12.5 mg/mL. PVA group was treated with PVA hydrogels carrying 
rapamycin at 12.5 mg/mL. Gavage group was treated with DOPG so-
lution carrying rapamycin at 12.5 mg/mL. Interference was applied 
once a day. The position of mouse cage, the order of treatment and 
measurements were randomly assigned every day. Weight of mice, 
survival and papilloma were recorded every day. Decrease of weight loss 
exceeded 20 % were euthanized. Five mice tongues in each group were 
embedded by paraffin and taken to stain HE, Ki-67, IL-6 and TNF-α. 
Degrees of dysplasia were determined by three seasoned pathologists in 
blind experiments.

Four mice tongues in control group and high-dose group were 
collected respectively and sent to Novogene cooperation for RNA 
sequencing. Data was analyzed on NovoMagic with log2Fold Change >1 
and p adjusted <0.01. Clustering analysis, GO analysis and KEGG 
analysis were performed.

5.9. PVA-DOPG rap hydrogels applied in tumor

Male C57BL/6JGpt mice were fed with 4-NQO (50 μM) for 18 weeks 
to establish tumor models. Mice are divided into 6 groups randomly. 
Blank group was untreated. Every group has 6 mice and a total of 18 
mice were used. Simple size was determined based on references. PVA 

hydrogels group was treated with PVA hydrogels carrying rapamycin at 
12.5 mg/mL. PVA-DOPG hydrogels group was treated with PVA-DOPG 
hydrogels carrying rapamycin at 12.5 mg/mL. Interference was 
applied once a day. The position of mouse cage, the order of treatment 
and measurements were randomly assigned every day. Papilloma was 
measured. Male C57BL/6JGpt mice were fed with 4-NQO (50 μM) for 16 
weeks to establish OLK models. Blank group was untreated. Rapamycin 
group was treated with PVA-DOPG hydrogels carrying rapamycin at 
12.5 mg/mL. Decrease of weight loss exceeded 20 % were euthanized.

5.10. Quantitative real-time PCR

HSC-3 cells in 6-well plates were treated with control, rapamycin 
(100 nM) for 1 h, 2 h, 4 h, 6 h and 8 h, respectively. Then, total RNA was 
extracted (FOREGENE) and reverse transcribed into cDNA (TaKaRa). 
Finally, qRT-PCR was performed using the TB Green® PreMix EX Taq™ 
II Kit (TaKaRa). The following primer pairs were used for quantitative 
qRT-PCR: human ERα, 5′- GCTTACTGACCAACCTGGCAGA-3’ (forward), 
5′-GGATCTCTAGCCAGGCACATTC-3’ (reverse); human BCL2, 5′- 
ATCGCCCTGTGGATGACTGAGT-3’ (forward), 5′-GCCAGGA-
GAAATCAAACAGAGGC-3’ (reverse); human MMP2, 5′- AGCGAGTG-
GATGCCGCCTTTAA-3’ (forward), 5′- CATTCCAGGCATCTGCGATGAG- 
3’ (reverse); human S6K1, 5′-TATTGGCAGCCCACGAACACCT-3’ (for-
ward), 5′-GTCACATCCATCTGCTCTATGCC-3’ (reverse); human 
GAPDH, 5′-CAGGAGGCATTGCTGATGAT-3’ (forward), 5′- 
GAAGGCTGGGGCTCATTT-3’ (reverse).

5.11. Western blot

HSC-3 cells in 6-well plates were treated with control, rapamycin 
(20 nM) for 1 h, 2 h, 4 h, 6 h and 8 h, respectively. The total cell lysates 
were obtained in RIPA Lysis Buffer (Beyotime, with protease and 
phosphatase inhibitor cocktail) and quantified by Micro BCA Protein 
Assay Kit (CWBIO, CW2011S). Then western blot was conducted as 
described previously [34]. The samples were subjected to 12 % sodium 
dodecyl sulfate polyacrylamide hydrogel electrophoresis (SDS-PAGE) at 
120 V for 1 h and then transferred onto 0.22 μm polyvinylidene 
difluoride membranes (PVDF, MA, USA) using wet transfer electro-
phoresis at 300 mA for 1.5 h. The membranes were blocked with 5 % 
nonfat milk in TBST for 1 h at room temperature and then incubated 
with diluted primary antibodies (rabbit antibodies including ERα, Pro-
teintech, Cat No: 21244-1-AP, 1/1000, MMP2, Proteintech, Cat No: 
10373-2-AP, 1/800, Phospho-S6 Ribosomal Protein (Ser235/236), CST, 
Cat No: 4858, 1/2000, BCL2, abcam, Cat No: ab182858, 1/2000, 
GAPDH, Proteintech, Cat No: 10494-1-A5000P, 1/) at 4 ◦C with gentle 
shaking, overnight. After washing with TBST, membranes were incu-
bated with secondary antibody (Rabbit, ZSGB-BIO, ZB2306, 1/5000) for 
2 h at room temperature. Finally, the membranes were exposed using 
Immobilon® Western Chemiluminescent HRP Substrate.

Statistical analysis

Data were analyzed by IBM SPSS Statistics 26 software using the 
Mann–Whitney test, Fischer precision test one-way ANOVA. The data 
were expressed as mean ± SEM or mean ± SD. (ns: no statistical sig-
nificance, *p＜0.05, **p＜0.01, ***p＜0.001, ****p＜0.0001)
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