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[Abstract] Objective To investigate the therapeutic effect of a dual-network hydrogel-microneedle (MN) on inhibit-
ing oral squamous cell carcinoma (OSCC) recurrence and promoting tissue repair, thereby providing a foundation for the
clinical treatment of OSCC. Methods A Schiff base hydrogelformed between chitosan (CS) and poly(ethylene glycol)
dibenzaldehyde (PEG-CHO), combined witha coordination-crosslinked hydrogel formed between sodium alginate (SA)
and Cu’*, were jointly integrated to form the CS/PEG-CHO/SA/Cu®* (CPSC) dual-network hydrogel base. The hydrogel
formulation was optimized based on characterization by scanning electron microscopy, Fourier transform infrared spec-
troscopy, rheology, and swelling tests. Subsequently, 5-fluorouracil (5-FU) and gold nanorod (GNR) were incorporated
into the CPSC hydrogel to fabricate an MN loaded with 5-FU/GNR (FG). The mechanical strength and dissolution be-
havior of FG MNs were characterized, and their photothermal performance was evaluated under near-infrared (NIR) irra-
diation using thermal imaging. The mouse fibroblast cell line 1929 cells and the human oral mucosal epithelial-derived
cell line GMSM-K cells were co-cultured with FG MNs for 2 and 4 days, respectively, and cell viability was assessed by
the Cell Counting Kit-8 (CCK-8) assay and dead/live staining. Separately, the human tongue OSCC cell line Cal-27
cells were divided into four groups: a control group (cultured in complete medium), 5-FU MN group (co-cultured with 5-
FU-loaded MNs), GNR MN + NIR group (co-cultured with GNR-loaded MNs followed by NIR irradiation at 0.4 W/cm?
for 5 min), and FG MN + NIR group (co-cultured with FG MNs followed by identical NIR irradiation). After 24 and 48
h of co-culture, Cal-27 cell viability was assessed using both CCK-8 assay and dead/live staining. All animal experi-
ments were approved by the Institutional Animal Ethics Committee. A subcutaneous Cal-27-derived OSCC postopera-
tive recurrence model was established in BALB/c nude mice. The mice were divided into four groups: a control group, 5-
FU MN group, GNR MN + NIR group, and FG MN + NIR group. Mice in the control group received no intervention,
while the other groups were treated with the corresponding MN patches. Additionally, the GNR MN + NIR and FG MN
+ NIR groups received NIR irradiation (0.4 W/cm?, 5 min). Tumors were excised and their volumes measured on day 7,
and tumor recurrence and wound healing were assessed on day 14. Results A dual-network hydrogel-MN was success-
fully constructed, demonstrating favorable mechanical and dissolution properties. Upon NIR irradiation for 5 min, the
temperature rapidly increased to 48.4°C, reaching the threshold for effective tumor ablation. CCK-8 and dead/live stain-
ing results showed that FG MNs exhibited no cytotoxicity toward L929 and GMSM-K cells, indicating good cytocompat-
ibility. However, Cal-27 cell viability in the chemotherapy-photothermal combination group was lower than that in the
other three groups, with a statistical difference (P < 0.0001). In the nude mouse model, subcutaneous Cal-27 tumors
were resected 7 days post-implantation. No statistical difference in tumor volume was observed among groups at this
timepoint, confirming successful model establishment. By postoperative day 14, the control group displayed complete
tumor recurrence with unhealed wounds, while the 5-FU and GNR MN + NIR groups showed mild recurrence and par-
tial wound healing. The FG MN + NIR group demonstrated superior efficacy in both inhibiting tumor recurrence and
promoting tissue repair compared with all other groups, with a statistical difference (P < 0.0001). Conclusion The
dual-network hydrogel-MN system effectively suppresses postoperative recurrence of Cal-27-derived subcutaneous
OSCC and promotes tissue repair through chemo-photothermal combined therapy.

[Key words] dual-network hydrogel; 5-fluorouracil; gold nanorods; microneedles; photothermal therapy;
oral squamous cell carcinoma; neoplasm recurrence; tissue repair
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a: representative SEM images of hydrogels with chitosan/poly(ethylene glycol) dibenzaldehyde (CP):sodium alginate/Cu®* (SC) ratios of 1:1, 1:2, and
2:1 show progressively increasing pore sizes. b: the smallest pore size and porosity were observed at a CP:SC ratio of 1:1. ¢ & d: the highest storage
modulus (G') and loss modulus (G'’) and the lowest swelling ratio were achieved at a CP:SC ratio of 1:1. e: the characteristic absorption peak of
the C=N bond was at 1 643 cm™. f: representative images showing 5-fluorouracil/gold nanorod (FG) microneedles with a tetrahedral pyramidal
structure and distinct interface. g: representative images showing FG microneedles bending yet remaining structural integrity under a 500 g load.
h: representative images showing near-complete dissolution of needle tips after 60 min. i: mechanical properties of a single microneedle, showing a
maximum displacement of —0.6 mm before fracture and the ability to withstand a load exceeding 0.45 N. j: the elastic modulus was (1.69 + 0.10)
MPa. k: ultraviolet-visible absorption spectrum of 5-fluorouracil (5-FU) showing a maximum absorption wavelength (\) at 265 nm. |: standard cali-
bration curve of 5-FU. m: the release rate of 5-FU from the FG MN + NIR group was higher than that of the FG MN group during the first 24 h. n:
release at 168 h; no significant difference between groups. FG MN: FG microneedles stored at room temperature without any treatment; FG MN +
NIR: FG microneedles irradiated with near-infrared (NIR) light (0.4 W/cm?, 808 nm, 5 min) at 0, 24, 72, and 120 h. All experiments above: n=3.
Statistical analysis used z-test for two groups or one-way ANOVA with Tukey ’s test for multiple groups. **P < 0.01, *#**P < 0.000 1

Figure 1 Preparation and characterization of the dual-network hydrogel-microneedle
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croneedles without GNR. 3, 6, 9 pg/mL: FG microneedles prepared from tip-premixed GNR solutions at 3, 6, and 9 pg/mL. NIR irradiation param-

eters: 0.4 W/em?, 808 nm. All experiments above: n=3

Figure 2 Photothermal performance characterization of the dual-network hydrogel-microneedle
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group: complete culture medium group. FG MN group: FG microneedles co-cultured with cells. All experiments above: n=3. Statistical analysis

used t-test for two groups or one-way ANOVA with Tukey s test for multiple groups. *P < 0.05. **P < 0.01. ***P < 0.001.##%* P < 0.000 1

Figure 3 In vitro cytocompatibility of the dual-network hydrogel-microneedle with 1.929 and GMSM-K cells
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Figure 4  In vitro anti-tumor efficacy of the dual-network hydrogel-microneedle against Cal-27 cells
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Figure 5 In vivo biocompatibility of the dual-network hydrogel-microneedle in BALB/c nude mice
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a: schematic of oral squamous cell carcinoma (OSCC) postoperative recurrence model establishment and therapeutic regimen. b: tumor volumes at
3 and 7 days after Cal-27 cell inoculation showed no statistical difference among groups. c: excised tumors at postoperative day 7 were uniform in
size across all groups. d: in the FG MN + NIR group, local tumor temperature rapidly increased to 48.2°C within 5 min of near-infrared (NIR) irra-
diation. e: at postoperative day 14, recurrent tumors resected from the FG MN + NIR group were smaller than those from all other groups, with
some even absent. f: from postoperative days 0 to 14, tumor volume in the control group progressively increased due to recurrence, whereas the 5-
FU MN and GNR MN + NIR groups exhibited mild recurrence, and the FG MN + NIR group consistently maintained the lowest tumor volume. g:
during days 0-14 post-surgery, the body weight of mice in the control group gradually declined, showed slight fluctuations in the 5-FU MN and
GNR MN + NIR groups, and steadily increased in the FG MN+NIR group. h: the FG MN + NIR group exhibited the highest heat shock protein 70
(HSP70)-positive rate among all groups. i: the FG MN + NIR group exhibited the lowest antigen Ki-67 (Ki-67)-positive rate among all groups. j:
representative images showing the strongest HSP70 and weakest Ki-67 immunostaining signals in the FG MN + NIR group. Control: control group.
5-FU MN: animals treated with 5-fluorouracil (5-FU)-loaded microneedles. GNR MN + NIR: animals treated with gold nanorod (GNR)-loaded mi-
croneedles followed by NIR irradiation. FG MN + NIR: animals treated with microneedles co-loaded with 5-FU and GNR, followed by NIR irradia-
tion. All experiments above: n=3. Statistical analysis used one-way ANOVA with Tukey ’s test for multiple groups. **P < 0.01, *#**P < 0.000 1
Figure 6  Anti-tumor recurrence efficacy of the dual-network hydrogel-microneedle in a subcutaneous Cal-27-derived oral squa-
mous cell carcinoma post-surgical recurrence model in BALB/c nude mice
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a: representative results show near-complete healing in the FG MN + NIR group versus other groups (red dashed lines: unhealed areas). b: wound

residual rate in the FG MN + NIR group was only 0.44% + 0.73%, lower than that of the other groups. c: representative results show only minimal

residual tumor cells in the FG MN + NIR group. d: the area of residual tumor cells was smaller in the FG MN + NIR group compared to other

groups. e: representative results show largely absent pathological collagen in the FG MN + NIR, with abundant newly formed, well organized fi-

bers. f: the collagen deposition area was greater in the FG MN + NIR group than in other groups. Control: control group. 5-FU MN: animals treated

with 5-fluorouracil (5-FU)-loaded microneedles. GNR MN + NIR: animals treated with gold nanorod (GNR)-loaded microneedles followed by near-

infrared (NIR) irradiation. FG MN + NIR: animals treated with microneedles co-loaded with 5-FU and GNR, followed by NIR irradiation. All ex-

periments above: n=3. Statistical analysis used one-way ANOVA with Tukey’s test for multiple groups. **P < 0.01, *#*P < 0.001, ****P <

0.000 1

Figure 7  Tissue repair efficacy of the dual-network hydrogel-microneedle on day 14 in a subcutaneous Cal-27-derived oral squa-

mous cell carcinoma post-surgical recurrence model in BALB/c nude mice
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