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Background: The photodynamic therapy (PDT) showed promising potential in treating tongue squamous cell carcinoma (TSCC). 
The Food and Drug Administration approved Verteporfin (Ver) is a powerful alternative in this field for its penetrating power and high 
production of reactive oxygen species (ROS). However, its applications in the treatment of TSCC are still rare.
Methods: Ver was loaded onto Poly (lactic-co-glycolic acid) (PLGA) nanoparticles, followed by the modification with RGD peptide 
as the ligand. The nanostructured was named as RPV. In vitro assessments were conducted to evaluate the cytotoxicity of RPV through 
the Live/Dead assay analysis and Cell Counting Kit-8 (CCK-8) assay. Using the reactive oxygen species assay kit, the potential for 
inducing targeted tumor cell death upon laser irradiation by promoting ROS production was investigated. In vivo experiments involved 
with the biological distribution of RPV, the administration with RPV followed by laser irradiation, and the measurement of the tumor 
volumes. Immunohistochemical analysis was used to detect the Ki-67 expression, and apoptosis induced by RPV-treated group. 
Systemic toxicity was evaluated through hematoxylin-eosin staining and blood routine analysis. Real-time monitoring was employed 
to track RPV accumulation at tumor sites.
Results: The in vitro assessments demonstrated the low cytotoxicity of RPV and indicated its potential for targeted killing TSCC cells 
under laser irradiation. In vivo experiments revealed significant tumor growth inhibition with RPV treatment and laser irradiation. 
Immunohistochemical analysis showed a notable decrease in Ki-67 expression, suggesting the effective suppression of cell prolifera-
tion, and TUNEL assay indicated the increased apoptosis in the RPV-treated group. Pathological examination and blood routine 
analysis revealed no significant systemic toxicity. Real-time monitoring exhibited selective accumulation of RPV at tumor sites.
Conclusion: The findings collectively suggest that RPV holds promise as a safe and effective therapeutic strategy for TSCC, offering 
a combination of targeted drug delivery with photodynamic therapy.
Keywords: photodynamic therapy, verteporfin, RGD sequence, tumor-specific drug delivery

Introduction
Tongue squamous cell carcinoma (TSCC) stands as a prevalent malignant tumor within the oral and maxillofacial 
region.1 The American Cancer Society anticipates a substantial 18,040 new cases of tongue cancer in 2023, constituting 
approximately 52% of all oral cancer incidences.2 TSCC exhibits a higher prevalence in men, with risk factors 
encompassing tobacco use, alcohol consumption, betel nut, genetic factors, HPV infection, and poor oral hygiene.3 

The rich blood supply and tissue abundance in the tongue, coupled with its frequent movement, contribute to the swift 
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progression and early metastasis of TSCC. Current treatment modalities predominantly involve surgery, complemented 
by comprehensive approaches involving radiotherapy and chemotherapy.4 However, these treatments carry significant 
side effects, impacting crucial functions such as pronunciation and swallowing, thereby influencing the overall survival 
and potentially leading to recurrence and metastasis.5 Consequently, there is an urgent need to explore novel treatment 
techniques and drugs to enhance the prognosis of TSCC patients, ultimately improving their survival rates and impeding 
tumor spread.

Photodynamic therapy (PDT) represents an established and clinically approved treatment approach capable of 
generating singlet oxygen (1O2) and other reactive oxygen species (ROS) through the photoactivation of photosensiti-
zers, effectively eliminating diseased cells.6,7 This non-invasive approach has shown effectiveness with minimal adverse 
effects, making it applicable for treating a variety of conditions such as skin tumors, head and neck tumors, digestive 
system tumors, abdominal tumors, urinary system tumors, and brain tumors.8,9 PDT requires the presence of 
a photosensitizer, a light source, and molecular oxygen.10 Current photosensitizers exhibit hydrophobic characteristics 
and lack specificity for tumors, highlighting the critical need for drug delivery systems with excellent biocompatibility 
and the ability to selectively target tumor sites.11

In recent decades, substantial progress has been achieved in the advancement of drug delivery systems based on 
nanoparticles, encompassing polymer nanoparticles, liposomes, carbon dots, upconverting nanoparticles (UCNP), and 
inorganic nanoparticles.12 Polymer nanoparticles, particularly those utilizing an FDA-approved material - poly (lactic-co- 
glycolic acid) (PLGA), have emerged as a prominent focus in current research.13 Comprising lactic acid and glycolic acid 
monomers, PLGA nanoparticles exhibit commendable biocompatibility, degradability, and non-toxicity.14,15 Moreover, 
surface modifications of PLGA nanoparticles can be chemically engineered to target specific tumor areas, thereby 
enhancing therapeutic outcomes.16

Targeted drug delivery involves the precise localization of drugs to specific sites through carriers, facilitated either by local 
or systemic administration. Passive targeting primarily depends on the enhanced permeability and retention effect (EPR 
effect).17 Conversely, the active targeting enables the direct delivery of drugs to specific sites, enhancing cellular uptake. This 
active targeting can be categorized into receptor-mediated and ligand-mediated approaches. Notably, the RGD peptide, 
a polypeptide comprising arginine-glycine-aspartate (Arg-Gly-Asp), exhibits specificity in binding to the overexpressed αvβ3 
integrin receptor on the surfaces of tumor cells and vascular endothelial cells, facilitating effective active targeting.17–19

Verteporfin (Ver), a benzoporphyrin derivative (BPD), serves as an effective photosensitizer for cancer treatment by 
producing ROS.20 FDA-approved in 2000, Ver was initially employed for photodynamic therapy in macular degeneration.21,22 

While extensively studied in liver cancer, ovarian cancer, colon cancer, pancreatic cancer, thyroid cancer, and other tumors as 
a second-generation photosensitizer, limited research has investigated its therapeutic impact on tongue cancer.20,23

In this study, we developed a novel multifunctional nanocarrier, designed for the photodynamic therapy of 
TSCC. To improve the targeting of treatment, we used RGD sequences to enhance delivery capability. The carrier 
integrated Ver into RGD-modified PLGA, forming nanoparticles (RPV). The characterization of RPV was presented, 
followed by a comprehensive evaluation of its anti-tumor efficacy both in vitro and in vivo. The nanoparticles 
exhibited low cytotoxicity, facilitating the specific accumulation of Ver at the tumor site while minimizing side 
effects. Hence, the incorporation of RGD-modified polymer nanocarriers proved to significantly improve the 
targeted delivery efficiency of Ver in photodynamic therapy for tongue cancer, leading to an enhancement in 
therapeutic outcomes. PLGA and verteporfin we employed have both obtained FDA approval, emphasizing their 
significant potential for innovation. This investigation specifically centered on materials and medications holding 
promising clinical applications, particularly in the context of oral cancer treatment, demonstrating considerable 
transformative potential. It is noteworthy that while Ver holds significant value in treatment, there is currently 
limited research on the RGD-mediated delivery of Ver, providing compelling evidence for the potential application 
of nanoparticles in tongue cancer treatment.
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Materials and Methods
PLGA-PEG-MAL and DSPE-PEG-RGD were obtained from RuixiBiotech Co.Ltd (Xi’an, China). Verteporfin (Ver) was 
procured from MedChem Express (China). The DMEM/F-12 culture medium, fetal bovine serum (FBS), phosphate 
buffer saline (PBS), and penicillin/streptomycin were sourced from Gibco (USA).

Cell Culture
Human tongue squamous cell carcinoma cell lines (CAL-27) were acquired from Wuhan Procell Life Technology Co. 
LTD in Wuhan, China. These cells were cultured in DMEM/F-12 medium, supplemented with 10% FBS and 1% 
penicillin/streptomycin, in an incubation chamber under a humidified atmosphere with 5% CO2 at 37 °C.

Preparation of PV and RPV
For the synthesis of PLGA/Ver (PV), PLGA-PEG-Mal was prepared by dissolving in a mixture of ethyl acetate and 
dichloromethane (v/v = 3/7). Ver was added to a dichloromethane solution and mixed well with the PLGA solution. After 
ultrasonic treatment (Power 160 W, 3s on and 1 s off for 6 min) in an ice water bath, the resulting emulsion was dropped 
into a 3% polyvinyl alcohol (PVA) solution. Subsequently, the product was stirred magnetically for 4 h, followed by 
centrifugation at 12,000 rpm for 30 min to obtain the precipitate of PLGA/Ver (PV).

To initiate the synthesis of RPV, PLGA was dissolved in an appropriate amount of 4-Morpholinoethanesulfonic acid 
(MES) buffer. Subsequently, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-Hydroxysuccinimide 
(NHS) were added to the PLGA solution. The mixture was magnetically stirred for 2 h and subjected to three rounds 
of centrifugation. Next, the resuspended PV was combined with a DSPE-PEG-RGD solution (with a molar ratio of PV to 
DSPE-PEG-RGD set at 1:1), followed by magnetic incubation for 12 h. After mixing, the solution underwent centrifuga-
tion at 12,000 rpm for 30 min to yield the RPV precipitate. Subsequently, this precipitate was reconstituted in 1 mL of 
PBS and stored at 4 °C.

Characterization of PV and RPV
The zeta potential, particle size, and polydispersity index (PDI) of PLGA, PV, and RPV were determined using the Zeta 
Sizer (Malvern, UK). Another set of prepared RPV samples was exposed to PBS solution at various time points (0, 12, 
24, 36, 48, 60, and 72 h) to assess their stability.

For electron microscopy analysis, a volume of 10 μL of PLGA, PV, and RPV solutions were individually dropped on 
a copper mesh for 10 min. Subsequently, the excess solution was absorbed using filter paper, and the grids were left to dry 
overnight. The copper meshes were then captured using transmission electron microscopy (TEM) (JEOL, Tokyo, Japan).

Drug Encapsulation Efficiency and Drug Loading Capacity
The analysis of drug encapsulation efficiency and drug loading capacity for Ver was conducted using PLGA with varying 
ratios of PLGA to Ver (PLGA/Ver = 5/1, 50/1, 100/1, 200/1, and 300/1). The loaded PLGA samples underwent 
centrifugation, and the supernatant was examined using an ultraviolet (UV) spectrophotometer (Spectrum, SP1920, 
China). The calculations were performed using the following formulas: Ver encapsulation efficiency (%) = (Amount of 
loaded Ver) / (Initial input of Ver) × 100%; Ver loading capacity (%) = (Amount of loaded Ver) / (Total weight of 
nanoparticles) × 100%; Amount of loaded Ver = (Initial input of Ver) – (Ver content of supernatant).

Extracellular Release Profile of Ver
RPV was dissolved in 1 mL PBS and subsequently introduced into a dialysis bag with a cutoff of 3000 Da. The dialysis 
bags were prepared and respectively placed in centrifuge tubes containing 40 mL solutions adjusted to different pH levels 
(pH = 5.4 and 7.4). The tubes were set to rotate at 250 rpm at 37 °C.

At different time intervals (0, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 72, 84, and 96 hours), 1 mL of the liquid was withdrawn 
and replaced with an equal amount of fresh dialysate. To determine the Ver content in the withdrawn liquid, UV 
absorbance measurements were conducted using a microporous plate detector (BioTek, USA).
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Cellular Uptake in vitro
CAL-27 cells were initially seeded in confocal dishes and six-well plates at a density of 2×105 cells per well, 
cultured in DMEM/F-12. Following a 24-hour incubation period, different concentrations of RPV (Ver equivalent 
to 1, 2, 3, 4, and 5 μg/mL) in DMEM/F12 were added into CAL-27 cells. After the designated culture duration, 
the samples underwent fixation at 37 °C for 10 min using 4% paraformaldehyde. Subsequently, Actin-Tracker 
Green and DAPI was respectively utilized to stain the cytoskeleton and cell nucleus. Cellular imaging was 
conducted using confocal laser scanning microscopy (CLSM, LSM880, Zeiss, Germany). For fluorescence quanti-
fication assessment, Flow Cytometry (FACS) analysis was performed. Cells were harvested and suspended at 50 
μL PBS, and fluorescence was analyzed through FACS. To evaluate the cellular nanoparticle uptake over time (1, 
2, 4, 6, and 8 h), the same procedures were followed. After optimizing the dose and time, various environments, 
such as PBS, PLGA, PV, or RPV, were individually incubated with CAL-27 cells. CLSM and FACS analyses were 
employed to monitor the fluorescence in these different experimental conditions.

In vitro Cytotoxicity Assays
A total of 2.5×105 CAL-27 cells were initially cultured in confocal dishes for 24 h. Subsequently, the cells were treated 
with PBS (as a negative control), Ver, PV, or RPV for 8 h. Following the incubation, the cells were exposed to a 660 nm 
laser for 3 minutes at an intensity of 2 W/cm2 and stained with Calcein-AM/PI (Beyotime, China) at 37 °C for 30 
minutes under the light proof condition. Subsequently, the cells were observed under CLSM.

The cytotoxicity of different concentrations and formulations (PBS, Ver, PV, or RPV) was evaluated using the Cell 
Counting Kit-8 (CCK-8) assay. They were incubated separately for 8 h, with or without laser irradiation. Assessment of 
cell viability was quantified using a multifunctional plate reader (BioTek, USA).

Assessment of ROS Generation
CAL-27 cells (2×105 cells per well) were initially seeded onto confocal dishes and cultured in a 37°C incubator for 24 
h. Subsequently, the cells were exposed to various treatments, including PBS, PBS + Laser, Ver, Ver + Laser, PV, PV + Laser, 
RPV, and RPV + Laser for a duration of 4 h. DCFH-DA was incubated with CAL-27 cells at 37°C for 30 min in the dark. 
Laser treatment was applied to the designated groups, involving irradiation with a 660 nm laser at 2 W/cm2 for a duration of 3 
min. Observation of the treated cells was carried out using CLSM with excitation at Ex=488 nm and Em=525 nm. This 
approach allowed for the assessment of ROS generation in response to different treatments and laser exposures.

Antitumor Effect in vivo
Female BALB/c Nude mice weighing 18–20 g and aged 6–8 weeks, were maintained in a specific pathogen-free 
environment. All animal experiments were conducted following approval from the Laboratory Animal Care of 
Guangzhou Medical University (Approval Number: G2023-775), and in accordance with the “Laboratory Animal— 
Guideline for Ethical Review of Animal Welfare (GB/T 35892–2018)”.

The tumor mouse model was established by subcutaneously inoculating CAL-27 cells per mouse on the right 
side of BALB/c Nude mice. After 2 weeks, tumor-bearing mice were randomly divided into six groups (n=4 per 
group): PBS, RPV, PBS + Laser, Ver + Laser, PV + Laser, and RPV + Laser. The mice received an equivalent Ver 
dose of 20 mg/kg. Local injections of the corresponding formulations were injected every 2 days, followed by 660 
nm laser irradiation (2 W/cm2, 10 min), with a distance of 5 cm between the laser and the tumor. Tumor volumes 
were calculated as follows: tumor size (mm3) = (width2 × length)/2. After five treatment cycles, the mice were 
weighed and subsequently sacrificed. The major organs (heart, liver, spleen, lung, and kidney) and tumors were 
preserved in 4% paraformaldehyde and subjected to analysis using Hematoxylin and Eosin staining (HE), IHC 
staining with anti-Ki67 antibody staining and TdT-mediated dUTP Nick-End Labeling (TUNEL). Additionally, 
a blood routine test was conducted to monitor potential systemic toxicity.
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In vivo Fluorescence Imaging
Tumor-bearing nude mice were randomly allocated into four groups. Following anesthesia with 2% isoflurane, the mice 
received local injections of different dosage forms (Ver, PV, or RPV), while the control group was injected with an equal 
volume of PBS. In Vivo Imaging System (PerkinElmer, IVIS Lumina LT, USA) was employed for monitoring at 1, 2, 4, 
8, 12, 24, and 48 h, respectively. Subsequent to in vivo tracking, the mice were euthanized, and the major organs were 
dissected and imaged. The fluorescence intensity was then analyzed using Maestro V3.0.A software.

Statistical Analysis
The data were analyzed using GraphPad Prism 8.0 software. All data are presented as mean ± standard deviation (SD). 
Statistical comparisons among groups were performed using one-way analysis of variance (ANOVA), followed by 
Tukey’s multiple comparisons test. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
Preparation and Characterization of RPV
The size and morphology of PLGA, PV, and RPV nanoparticles were assessed by TEM. It was evident that the structure 
of PLGA, PV, and RPV were round, regular in shape, and uniform in size (Figure 1A-C), with the particle sizes 
corresponding to approximately 216.8 nm, 234.7 nm, and 257.2 nm, respectively (Figure 1D-F). The zeta potential of PV 
was −13.4 mV, representing an increase from −18.9 mV corresponding to PLGA. Following the modification with DSPE- 
PEG-RGD, the zeta potential of the prepared nanoparticles was −16.3 mV (Figure 1G). Simultaneously, the particle size 
and polydispersity index (PDI) of RPV remained stable within 72 h in PBS, with the particle size at approximately 263.4 
nm and a PDI of 0.12 (Figure 1H). The loading efficiency of Ver was analyzed, revealing that at a ratio of 50:1, the 
encapsulation efficiency was nearly 60%, and the drug loading efficiency was 1.17% (Figure 1I). To investigate the 
extracellular release profile of Ver, RPV was exposed to environments with pH values of 5.4 and 7.4, respectively. The 
results indicated a slow release of RPV in a pH 7.4 environment. Conversely, under pH 5.4 conditions, the drug release 
rate significantly accelerated, reaching 50.61% (Figure 1J). TEM images confirmed that RPV degraded or dissolved in 
a pH 5.4 environment (Figure 1K). The observed degradation or dissolution in this low pH setting strongly suggests that 
RPV undergoes decomposition in acidic conditions. The ability of RPV to degrade in response to specific environmental 
conditions enhances its applicability, offering a versatile feature that may be advantageous in various applications, 
especially those requiring controlled release or targeted delivery systems.

Evaluation of Cellular Uptake
The cellular uptake of RPV was assessed using CLSM and analyzed through FACS. Ver, with its inherent fluorescence, 
allows for the direct detection of nanoparticles containing Ver. This property facilitates the tracking of cellular uptake 
in vitro. DAPI was employed to stain the nucleus (blue), while Ver exhibited red fluorescence. Limited red fluorescence 
was evident following the incubation of CAL-27 cells with 1 μg/mL RPV (equivalent to the concentration of 1 μg/mL 
Ver). As the concentration increased, the red fluorescence of RPV nanoparticles gradually intensified. FACS-based 
quantitative analysis revealed that the fluorescence intensity within the cells exhibited a concentration-dependent 
increase, peaking at 98.8% at 5 μg/mL RPV (Figure 2A). Thus, RPV at a concentration of 5 μg/mL was selected for 
further investigation to determine the optimal incubation time.

At the initial time points (1 and 2 h), a minimal fluorescence signal suggested a low cellular uptake. However, with 
prolonged incubation time of 4, 6, and 8 h, a significant increase in fluorescence intensity was observed, indicating 
a substantial enhancement in the cellular uptake of RPV (Figure 2B). Thus, the subsequent experiments were employed 
at the condition of RPV at a Ver concentration of 5 μg/mL, followed by an 8-hour transfection.

Moreover, we evaluated the cellular uptake of different formulations by the TSCC cell line, CAL-27 cells. Both 
CLSM and FACS results showed that RGD played pivotal roles in enhancing the cellular uptake of Ver, as indicated by 
the strongest fluorescence observed in CAL-27 cells after the incubation with RPV (Figure 2C).
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In vitro Assessment of Antitumor Potential
In this experiment, living cells were identified by the green fluorescence of Calcein, while dead cells were marked with 
the red fluorescence of propidium iodide (PI). Following different treatments without laser irradiation, the majority of 
cells exhibited green fluorescence. On the contrary, the exposure to the laser irradiation induced a substantial rise in red 
fluorescence, as observed following the treatment with Ver, PV, and RPV, implying the increases of dead cells 
(Figure 3A). The cytotoxicity of RPV was assessed in CAL-27 cells. Without laser conditions, there was no significant 
change in cell viability of CAL-27 cells treated with different concentrations (0.0125 μg/mL, 0.025 μg/mL, 0.05 μg/mL, 
0.1 μg/mL) of RPV. After laser irradiation, the viability of CAL-27 cells significantly decreased with increasing 
concentration. The IC50 value (50% inhibitory concentration) of RPV with laser was 0.03 μg/mL (Figure S1).

Figure 1 Characterizations of PV and RPV. (A-C) TEM image analysis of PLGA, PV and RPV. (D-F) The size distribution of PLGA, PV and RPV. (G) The zeta potential of 
PLGA, PV and RPV. (H) The size and PDI of RPV. (I) Encapsulation efficiency and loading capacity of RPV. (J) The cumulative release of RPV. (K) TEM image analysis of RPV at 
pH 5.4 and pH 7.4.
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Figure 2 Cellular uptake of RPV under varied conditions. (A) Transfection of CAL-27 cells with varying concentrations of RPV. (B) Transfection of CAL-27 cells for different 
time intervals. (C) CAL-27 cells transfected with Ver, PV, and RPV.
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Upon the treatment with Ver + Laser, PV + Laser, or RPV + Laser, the cell viability significantly decreased compared 
to the groups without laser treatment. Remarkably, the synergistic effect was more pronounced when RPV was combined 
with laser irradiation, resulting in a greater cytotoxic effect than the Ver + Laser or PV + Laser group (Figure 3B). It was 
observed that Ver-loaded nanoparticles exhibited low cytotoxicity, avoiding the side effects to the normal cells in the 
absence of laser exposure. However, upon laser irradiation, they demonstrated the capability to induce tumor cell death.

ROS production subjected to various treatments (Ver, PV, and RPV) was assessed using ROS detection kits. 
Negligible ROS production was detected across the various groups in the absence of laser irradiation. However, 
following laser irradiation, a substantial increase in intracellular fluorescence signals was evident in Ver, PV and RPV- 
treated groups. Moreover, cells treated with RPV and exposed to laser demonstrated a notable elevation in intracellular 
ROS levels in comparison to the Ver and PV groups (Figure 3C). This phenomenon underscored the ability of RPV to 
significantly enhanced ROS production in cells, potentially leading to cell death by disrupting the cellular redox balance.

Figure 3 In vitro assessment involved calcein AM/PI staining, cytotoxicity, and ROS Levels. CAL-27 cells were subjected to treatments with PBS, Ver, PV, and RPV for 8 h, 
both with and without 660 nm laser irradiation. (A) Fluorescence microscopy images depicting Calcein AM/PI-stained CAL-27 cells. (B) CAL-27 cell viability assessed by 
CCK-8 assay. (C) Determination of cellular ROS levels using the DCFDA assay. All data are presented as the mean ± SD. ****, P < 0.001 vs without laser group; ####P < 
0.001 vs Ver + laser group; &&&&P < 0.001 vs RPV + laser group.
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Tracking Nano-Photosensitizer in vivo
The analysis of drug distribution and content is facilitated by the In Vivo Imaging System, which enables real-time 
monitoring of fluorescence signals within living organisms. In this study, we employed this technology to investigate 
nanoparticle distribution in nude mice and tumor sites. Following drug injection, fluorescence signals prominently 
accumulated at the tumor area, with RPV-injected mice exhibiting higher fluorescence levels compared to other groups 
(Figure 4A). Notably, the fluorescence signals of major organs were minimal in the administered groups, indicating 
heightened fluorescence exclusively at tumor sites (Figure 4B and C).

In vivo Antitumor Effects
To evaluate the in vivo anti-tumor effect of RPV, tumor-bearing mice were divided into six groups and treated with PBS, 
RPV, PBS + Laser, Ver + Laser, PV + Laser, and RPV + Laser every two days (Figure 5A). Our results revealed the 
largest tumor volume in the PBS, RPV, and PBS + Laser groups. Laser treatment resulted in smaller tumor volumes, with 
the RPV group exhibiting the smallest (Figure 5B and C). The tumor growth curve showed a faster growth rate in the 
PBS, RPV, and PBS + Laser groups, while the other three groups exhibited inhibited growth. Among them, RPV showed 
the most pronounced inhibitory effect (Figure 5C). Notably, tumor weights confirmed these findings (Figure 5D). The 
weight of nude mice in all treatment groups slightly increased, indicating reliable biosafety of the drug preparation 

Figure 4 Conducting an in vivo assessment of biodistribution and homotypic targeting involved the administration of Ver, PV, or RPV to BALB/c mice (n = 4). (A) In vivo 
analysis of fluorescent nanoparticles for biodistribution. (B and C) Ex-vivo imaging of major organs accompanied by corresponding quantitative evaluations. All data are 
presented as the mean ± SD. **P < 0.01, ****P < 0.0001 between two groups. 
Abbreviation: ns, no significance.
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Figure 5 The antitumor effects of CAL-27 tumor-bearing nude mice following subcutaneous administration of PBS, RPV, PBS + Laser, Ver + Laser, PV + Laser, and RPV + 
Laser (n = 4), with an administered dose equivalent to Ver (20 mg/kg). (A) Schematic representation illustrating photothermal therapy in nude mice. (B) Extraction of 
tumors post-treatment with various formulations. (C) Presentation depicting dynamic changes in tumor volume. (D) Recorded weights of tumors at the conclusion of 
therapy on day 11. (E) The changes in body weight of mice in different treatment groups. (F) Representative histological images of tumor tissues stained with H&E, Ki-67, 
and TUNEL, respectively. All data are presented as the mean ± SD. ns, no significance; *P < 0.05, **P < 0.01 between two groups.
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(Figure 5E). As expected, conspicuous necrotic regions were markedly observed in tumor tissues after laser irradiation in 
the RPV treatment group, while the control groups (PBS, RPV, and PBS + Laser) exhibited minimal necrosis (Figure 5F). 
Ki-67, a commonly used biomarker for cell proliferation, showed significantly down-regulated expression in tumor 
tissues of the laser-treated groups compared to other groups. The group treated with RPV and laser demonstrated the most 
pronounced reduction in Ki-67 expression (Figure 5F). TUNEL assay for apoptosis detection revealed minimal apoptotic 
cells in the tumor tissues of the groups treated without laser, while the RPV + Laser group exhibited the highest apoptosis 
rate, with tumor tissues predominantly occupied by green fluorescent apoptotic cells (Figure 5F).

To further assess the safety of RPV as an anti-tumor drug, pathological examination of tumor tissues and major organs 
in each group was conducted. No significant differences were observed in the major organs between each treatment and 
control groups (Figure S2). Blood routine analysis in each group supported the conclusion that RPV poses no serious 
systemic toxicity, establishing it as an ideal therapeutic drug (Figure S3).

Discussion
PDT for tumors involves injecting photosensitizers into the tumor site and subsequently using specific wavelengths of 
light to generate a significant amount of reactive oxygen species.24 This process induces chemical damage to tumor cells, 
ultimately leading to tumor cell death. Ver has been utilized as a photosensitizer for tumor PDT.25 In an aerobic 
environment, Ver can be activated by laser to produce ROS, leading to the destruction of tumor tissue. In addition, 
Ver can selectively attack abnormal blood vessels with laser irradiation, causing endothelial cell damage and vascular 
dysfunction.22 Junya et al utilized the reactive oxygen species generated by laser irradiation with Ver to cause damage to 
ameloblastoma cells, ultimately leading to tumor cell death.26 However, in numerous analogous studies, Ver is frequently 
administered as a standalone free drug. This approach may result in low aggregation in tumor tissue, diminished drug 
utilization, and even phototoxic side effects in non-tumor areas. Hence, there is a need to confer Ver with specific 
targeting ability towards tumor tissue.

In our prior studies focusing on the treatment of oral cancer, we utilized macrophage membranes to encapsulate 
zeolite imidazolium framework 8 loaded with Ver.27 However, literature has clearly pointed out that zeolitic imidazolate 
frameworks, as a metal material, also have certain cytotoxicity and exhibit toxic side effects on different parts of the 
body, severely limiting their application in the field of biomedicine.28 In this investigation, we formulated and 
characterized RGD-decorated PLGA nanoparticles to facilitate the targeted delivery of Ver for photodynamic therapy 
in tongue squamous cell carcinoma (TSCC). Both PLGA and verteporfin have received FDA approval, showcasing 
considerable potential for transformation, particularly in the treatment of oral cancer. Significantly, to enhance treatment 
targeting, we utilized RGD sequences to improve delivery capability. Despite the substantial value of verteporfin in 
treatment, there was still relatively limited research on the RGD delivery of verteporfin, offering compelling evidence for 
the potential application of nanoparticles in cancer treatment.

The multifunctional nanocarrier RPV exhibited promising results in both in vitro and in vivo evaluations. The in vitro 
experiments demonstrated the effective cellular uptake of RPV by CAL-27 cells, suggesting its potential for targeted 
drug delivery. Moreover, the pH-responsive drug release behavior observed in RPV indicated its ability to release the 
drug in a controlled manner within the tumor microenvironment, enhancing its therapeutic precision.

The in vitro experiments indicated that RPV effectively inhibited tumor cell activity and growth. The cytotoxicity 
studies revealed that RPV induced a significant decrease in cell viability, particularly in the presence of laser irradiation. 
This effect was attributed to the promotion of ROS production, validating RPV’s potential to disrupt cell redox balance 
and induce cell death.

In vivo experiments on tumor-bearing mice further validated the anti-tumor effects of RPV. The group treated with 
RPV and laser showed the most significant decrease in Ki-67 expression, indicating a substantial reduction in cell 
proliferation. TUNEL assay results confirmed a higher apoptosis rate in the RPV treatment group with laser irradiation, 
suggesting that RPV promotes apoptosis in tumor cells, especially under laser irradiation. In vivo evaluation of 
biodistribution highlighted the preferential accumulation of RPV in tumor sites, emphasizing its potential as an effective 
drug delivery system with active targeting capabilities. Moreover, the study explored the biosafety of RPV, as evidenced 
by the slight increase in the weight of nude mice and the absence of significant differences in major organs and blood 
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routine analysis between treatment and control groups. These findings suggest that RPV possesses reliable biosafety and 
is a promising therapeutic option for TSCC.

Conclusion
In conclusion, RPV has demonstrated significant promise as a potential treatment for TSCC, demonstrating efficacy in 
inhibiting tumor growth, inducing apoptosis, and maintaining a favorable safety profile. The multifaceted attributes of 
RPV, including efficient cellular uptake, pH-responsive drug release, and targeted therapy, position it as a noteworthy 
avenue for further exploration in preclinical and potentially clinical studies. The findings contribute to valuable insights 
into the formulation of safe and effective therapeutic strategies for tongue cancer. Future research will explore additional 
aspects such as long-term effects, potential resistance mechanisms, and optimizing dosage regimens. By acknowledging 
these limitations and charting a course for future investigations, the study will lay the groundwork for continued 
advancements in the field, aiming to enhance the translational impact of RPV in the clinical landscape for TSCC 
treatment.
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