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Oral squamous cell carcinoma (OSCC) is a common human malignancy with an estimated incidence of around 377,713 new cases worldwide in 2020. Despite the advance in clinical management, some of OSCC patients still miss the opportunity of completable resection of tumor, and have to accept medical therapies, e.g., chemotherapy, radiotherapy, or immunotherapy when the disease develops into the advanced stage. However, these therapies have been reported to be far from ideal due to the low efficiency of conventional delivery approaches. To obtain a better therapeutic effect, considerable attempts have been made toward to develop an effective drug delivery system (DDS). Nanoparticles (NPs) including inorganic NPs, polymer NPs, lipid NP, extracellular vesicles and cell membrane-based NPs have been evaluated as the better DDS candidates that can specifically accumulate in the tumor microenvironment along with a large amount of blood vessels. Emerging evidence suggested that NPs formulated with anticancer drugs including chemotherapeutic drugs, radiotherapy and immunotarget antibodies could remarkably improve the release and increase concentration of these drugs at the tumor site and show a better therapeutic efficacy, suggesting that NPs might serve as promising DDSs in the treatment of OSCC. Therefore, we have conducted this review to summarize recent progression and current status of diverse NPs as DDSs in this research field.
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1 INTRODUCTION
Oral squamous cell carcinoma (OSCC) is the most common type of oral cancers, with an approximately 70% increase in incidence over the past 20 years (Gulland, 2016; Bugshan and Farooq, 2020). The estimated annual incidence of OSCC in 2020 was around 377,713 new cases worldwide, with Asia having the highest number of cases, followed by Europe and North America, according to statistical data obtained from 185 countries (Sung et al., 2021). The usual treatment for patients with early stage OSCC is surgery that can totally remove the tumors. The main clinical management for patients with advanced stage OCSS is diverse medical therapies i.e., radiotherapy, chemotherapy, immunotherapy, and combination therapy (Nandini et al., 2020; Deshmukh et al., 2021). Although these medical therapies have been optimized over the last several decades, however, they are still far from ideal therapeutic efficacy (Siegel et al., 2020; Surer et al., 2021) and the overall 5-year survival rate is less than 60% (Yu et al., 2019). Studies indicate that one of the main mechanisms responsible for such low therapeutic effect is the low efficacy of drug delivery system (DDS) that results in anticancer drugs being too low at the tumor site to exert their anticancer effects (Zhang et al., 2020a). Therefore, considerable attempts in the development of novel DDSs that can notably increase the concentration of drugs at the tumor site have been made (Ketabat et al., 2019). Recent studies have demonstrated that nanoparticles (NPs) as DDSs might reduce the toxicity and improve the safety and specificity of drugs, and represent as a promising tool for the treatment of OSCC (Calixto et al., 2014; Sah et al., 2018; Ketabat et al., 2019).
Theoretically, NPs usually refer to particles with a particle size between 1 and 100 nm. Extensive studies show that NPs can be specifically absorbed into the interstitial space of the tumor and are not rapidly cleared through enhanced permeability and retention (EPR) effects, that is a really stablished and important process and can induce in an enhanced accumulation of formulated anticancer drugs within the tumor microenvironment and result in a improve therapeutic effect (Nakamura et al., 2016). Currently, considerable NPs has been developed and evaluated, results showed an encouraged result in the treatment of OSCC.
CC. We have, therefore, summarized recent advances in the applications of major NPs as novel DDSs in the treatment of OSCC. These findings might help researchers and clinicians to better understand the effects of NPs in combining with anticancer medical therapies and to design novel therapies that significantly improve therapeutic response in patients with OSCC.
2 DIFFERENT NPS AS DDSS IN ENHANCING THE EFFICACY OF ANTICANCER DRUGS IN OCSS
Modern nanotechnology is involved in various fields of clinical research and science, where such NPs-based DDSs are of major interest (Calixto et al., 2014). Several NPs have been developed as DDSs in the treatment of OSCC, which included inorganic NPs, extracellular vesicles, polymer NPs, and lipid NPs, cell membrane-based NPs and nanoenzymes (Calixto et al., 2014; Chen et al., 2023a; Mabrouk et al., 2023; Ortega et al., 2023). The improved therapeutic effect of NPs combined with anticancer agents has been demonstrated (De Felice et al., 2019). For example, Mukherjee et al. (2022) treated OSCC cell line (KB 3-1 cell) for 24 h with cetuximab (a epithelial growth factor receptor (EGFR) inhibitor) and NC in various doses. Comparing NC to cetuximab, they found a concentration-dependent cancer cell death that was remarkable. Therefore, NPs as promising DDS candidates have shown a great potential to increase cytotoxicity and overcome resistance to anticancer therapies, in the treatment of OSCC.
The following paragraphs will discuss the potential effect of NPs as effective DDSs individually.
2.1 Inorganic NPs
Inorganic NPs have been broadly used as DDSs in the treatment of tumors due to their unique physicochemical properties, e.g., facile preparation, excellent biocompatibility and wide surface conjugation chemistry (Wang et al., 2016), including various gold NPs, platinum NPs, iron NPs, manganese NPs, and silicon NPs, etc. For example, gold NPs have unique optical and surface plasmon resonance properties, making them particularly suitable for the ultra-sensitive detection and imaging-based therapeutic techniques needed to treat cancer (Singh et al., 2018). Due to the strong anticancer effect of platinum, platinum NPs also possess efficient anticancer ability despite behaving differently from platinum-containing compounds (Abed et al., 2022). Another commonly used inorganic NPs, iron oxide, is superparamagnetic at certain sizes and has been widely used as a contrast agent and drug delivery vehicle to treat cancer (Arias et al., 2018). A reduced toxicity, greater tolerance to organic solvents, and higher bioavailability than free drugs have been demonstrated in experiments (Ketabat et al., 2019). The characteristics of each inorganic nanoparticle are summarized in Table 1.
TABLE 1 | Exhibitions of inorganic NPs as drug delivery system in OSCC.
[image: Table 1]2.1.1 Gold NPs (AuNPs or GNPs)
Gold NPs, as DDS, have been extensively studied, and promising results were observed. For example, Abdel Hamid et al. (2021) used AuNS as a drug delivery vectors to evaluate the combination effect of cytotoxic chemo-drugs 5- fluorouracil (5-Fu), camptothecin (CPT), and small molecule inhibitor fibroblast growth factor receptor1-inhibitor (FGFR1i) both in vitro and in vivo in the oral cancer, survival analysis data showed that Syrian golden male hamsters treated with conjugating AuNSs with FGFR1i, 5Fu, and CPT could remarkedly enhance survival time to more than 27 days, which was much longer than animals treated with free FGFR1i (survival time 13.5 days). In addition, animals treated with FGFR1i-AuNSs induced the highest tumor volume reduction with a 2-fold decrease (−63.09%) compared with those injected by CPT-AuNSs (−32.1%) or 5Fu-AuNSs (−43.4%) (Abdel Hamid et al., 2021). When Gamal-Eldeen et al. (2021) examined the effect of gum arabic encapsulated gold NPsNPs (GA-AuNPs) on the hypoxia regulators in tongue squamous cell carcinoma (CAL-27 cells) in vitro, they found that GA-AuNPs can remarkably reduce cell viability with IC50 of 392.3 and 247.3 μg/mL after 24 and 48 h, respectively, and increase CAL-27 cell death rate via enhanced apoptosis. In addition, GA-AuNPs significantly inhibited hypoxia production in a dose-dependent manner, which could be via the decreased expression of hypoxia-regulating miRNAs (miR-210 and miR-21), hypoxia inducible factor-1 α (HIF-1α) and c-Myc (factors influence cell survival and angiogenesis) by GA-AuNPs (30% IC50, for 48 h) (Gamal-Eldeen et al., 2021). Park et al. (2021) investigated the effectiveness of a novel combination therapy by using gold nanoparticles (GNP) conjugated to anti programmed cell death protein ligand 1 (PD-L1) antibodies and nonthermal plasma (NTP) in PD-L1 expressing SCC-25 cells. They found that immunotarget anti- PD-L1 antibody and NTP-conjugated gold NPs could specifically bind to SCC-25 cells and induced an increase in the selective uptake of anti-PD-L1 antibody + GNP on SCC-25 cells, but significantly reduced tumor cell viability. In addition, the expression of apoptosis-related proteins and the number of dead cells were remarkably increased after treatment with anti-PD-L1 antibody + GNP + NTP. Thus, their results suggested a synergistic therapeutic effect than monotherapy.
In addition, some gold NPs can also increase the respond to environmental conditions such as light and heat. These features allowed gold NPs conjugated with radiotherapy, phototherapy, or photothermal therapy to potent their therapeutic effect. Indeed, Inanc Surer et al. (2021) used nanodrug complex containing cetuximab (CTX) and cisplatin (CDDP) conjugated with gold NPs to evaluate its therapeutic effects in both radioresistant oral cancer cell line (UPCI-SCC-131) and fibroblast cell line (NIH-3T3) in vitro. The results showed that the combination of nanodrugs GNP-CTX or CDDP with radiotherapy significantly result in 2-fold and 9-fold greater decrease in the colony number of radioresistant oral cancer cells than radiotherapy alone or free CTX combined with radiotherapy respectively (Surer et al., 2021). Furthermore, PEG-stabilized, PDPN antibody and doxorubicin (DOX)-conjugated gold NPs and Ph-stabilized DOX-AuNPs (DOX-NN-AuNPs) in combining with laser treatment could significantly increase apoptosis and decrease the growth of tumor cells (Liu et al., 2020; Essawy et al., 2021). The study by Chen et al. (2021) showed that gold nano-sesame beads (GNSbs) in combining with 2 Gy irradiation significantly increased the cytotoxic activity and decreased the proliferation activity of CAL-27 cells in a concentration-dependent manner, and the formation of reactive oxygen species (ROS) as compared with irradiation alone (Chen et al., 2021). In mice with CAL-27 orthotopically injected into the oral wall model, radiotherapy combining with GNSbs (delivered every 3 days for a total dose of 10 Gy (irradiation × 5 times) and 54 mg kg−1 GNSbs) treatment resulted in a significantly decrease in average tumor size from day 0 to day 21 (Chen et al., 2021). These results suggest that GNSbs is a promising radioenhancer that enhances the therapeutic effect of radiotherapy in OSCC.
2.1.2 Mesoporous silica NPs (MSNs)
Due to their distinguishing characteristics, such as pore volume, large specific surface area, controllable particle size, and great biocompatibility, MSNs as DDSs have attracted considerable attention and been intensively studied (Wang et al., 2015). Shi et al. (2019) reported that delivery of MTH1 inhibitor (TH287) and MDR1 siRNA via hyaluronic acid-based MSN in CAL-27 OSCC cells could induce more effective anticancer effects in vitro. In male Balb/c mice with subcutaneously injecting 2 × 106 CAL27 cells model, both SiTMSN and HA-siTMSN showed an antitumor effect. However, HA-siTMSN induced 4-fold decrease in the tumor volume compared to that of control and 2-fold compared to that of the siTMSN. indicating its stronger anti-oral cancer efficacy. By using the urokinase plasminogen activator receptor (uPAR)-targeting ligand AE105 decorated dendritic mesoporous silica nanoparticles (DMSN) encapsulating photonic active ultrasmall Cu2−xS NPs and sonosensitizer Rose Bengal (RB) (Cu2−xS-RB@DMSN-AE105, abbreviated as CRDA), Zuo et al. (2020) showed an increase of CRAD at tumor site and induced higher cytotoxicity, inhibit cell proliferation, reduce tumor cells by increasing apoptosis rate in OSCC cells. Furthermore, they further evaluated synergetic therapeutics of CRDAs against OSCC xenografts in BALB/c mice, their results showed that CRAD combined with photonic hyperthermal therapy (PTT) or sonodynamic therapy (SDT) in mice elicited enhanced therapeutic efficacy with an inhibition rate of 103.4%. The eradication of the xenografts in the CRDAs + US + laser group were enhanced, the survival rate was increased and living time of mice was prolonged (Zuo et al., 2020).
2.1.3 Other inorganic NPs
There are other inorganic NPs have been assessed. For example, both platinum nanocomposite (PtNCP) beads and superparamagnetic iron oxide NPs (SPION) were found to be cytotoxic to OSCC cells (Tanaka et al., 2019; Afrasiabi et al., 2021), Tanaka et al. (2019) reported that PtNCP could significantly inhibit tumor growth and caused more pathological necrosis area in subcutaneously xenografting mice with human squamous cell carcinoma cells, HSC-3-M3. They found that the mean tumor volumes in HSC-3-M3 cells xenografts in mice receiving PtNCP treatment for 14 days were significantly reduced than that in untreated group (PtNCP treated group vs. untreated group: 91.38 vs. 206.18 mm3). The inhibition rate on tumor volume in PtNCP treated group was 44.32% compared to untreated group (Tanaka et al., 2019). Histologically, necrotic areas in tumors were frequently observed in the PtNCP beads-treated group compared to the untreated group (Tanaka et al., 2019). Their findings suggest an inhibitory effect of PtNCP on OSCC.
The use of hollow mesoporous MnO2 (H-MnO2) nanoshells formulated with docetaxel and cisplatin and highly dispersed calcined hydroxyapatite NPs (nano-SHAP) loaded with zoledronic acid (ZA) were both shown to inhibit OSCC cell proliferation (Murata et al., 2018; Zhou et al., 2021). Murata et al. (Zhou et al., 2021) evaluated the effect of hydroxyapatite anoparticle as a new DDS on OSCC cell line, their results showed that Nano-SHAP with ZA suppressed remarkably OSCC tumor cell growth, damage tumor cells and upregulate apoptosis in OSCC in vivo.
By using dual-modal optical imaging rare earth nanoparticle (RENP) probes with peptide functionalization (RENP@C@Au (UCA)), Lin et al. (2021) demonstrated that it could effectively target Cal-27 tongue squamous cell carcinoma (TSCC) cells, enhance cell uptake of drug, inhibit invasion and metastasis, cause concentration-dependent apoptosis, and has an excellent in vivo clearance rate without causing significant organ damage.
In addition, photothermal Therapy has been shown to be a potential therapeutic approach in treating OSCC (Ran et al., 2023). Based on the properties of near-infrared (NIR) excitable upconversion NPs (UCN), photosensitizers such as photodynamic therapy (PDT) agents (Lucky et al., 2016), sulfur-doped carbon dots (S-CD) (Li et al., 2020a), nitrogen-rich mesoporous carbon Nanosphere void spaces trapping ultra-small nitrogen-doped carbon quantum dots (NCQDs) (Das et al., 2019) have been reported to show an enhanced therapeutic effect. Graphene quantum dots (GQDs) as the photosensitizer and GQD-polyethylene glycol (PEG) obtained by combining with PEG (Zhang et al., 2020b) have also been found to enhance the antitumor effect in the combination with different degrees of light in subcutaneously xenografting mice with SCC VII cells. They found that SCC VII tumor-bearing C3H mice treated with GQD-PEG plus irradiation induced tumor size reduction exceeding 70%, compared with control groups, they concluded that such antitumor effect might be attributable to the efficient tumor accumulations mediated by the EPR effect and the high 1O2 toxicity induced from photoactivity (Zhang et al., 2020b).
For the convenience of readers, the characteristics of these NPs are summarized in Table 1.
2.2 Extracellular vesicles (EVs)
EVs are natural nano-sized lipid bilayer vesicles released by all cell types and can be found in biological fluids such as blood, saliva, breast milk, cerebrospinal fluids and malignant ascites (Elsharkasy et al., 2020). Multiple studies have shown that EVs have a similar specific cellular tropism, which function as target vesicles for specific tissues and/or organs. Exosomes (EXO), nanoscale vesicles secreted by various cells, have the ability to cross biological barriers, including the most impenetrable blood-brain barrier (Batrakova and Kim, 2015; Wiklander et al., 2015) and attract a high attention (Wiklander et al., 2015).
Qiu et al. (2020) found that the loading and release of CTX from mesenchymal stromal cell (MSC)-derived EXO (MSC-EXO) significantly inhibited tumor growth by the activation of PI3K, Akt and mTOR and the induction of apoptosis in SCC-25 cells in a dose-dependent manner. They further showed that such inhibitory degree was in an effective synergistic and pharmacological effect. By developing a pH/light sensitive drug system based on milk-EXO for OSCC therapy, Zhang et al. (2020c found that a bovine milk EXO-based EXO-doxorubicin (DOX)-anthracene endoperoxide derivative (Exo@Dox-EPT1) could remarkably increase cellular uptake, release of DOX under an acidic microenvironment and generate ROS in combination with 808 nm NIR laser stimulation [31]. This new milk-EXO-based DDS exhibited an significant control effect on drug-release, biocompatibility and OSCC cell growth.
Apart from its inhibitory effect on OSCC cells, bitter melon-derived extracellular vesicles (BMEV) have been found to suppress the expression of NLRP3 and IL-1β and reduce the tumor resistance to 5-FU via an increase in apoptosis rate in OSCC cells (Yang et al., 2021). By using γδ T cell-derived extracellular vesicles (γδ TDE) loaded with miR-138, Li et al. (2019) showed that γδ TDE could directly inhibit OSCC tumor progression by up-regulating anti-tumor immunity through enhanced CD8 + T cells in pre-immunized immunocompetent C3H mice.
Regarding the role of EVs as DDSs in treating OSCC, we have summarized it in Table 2.
TABLE 2 | Exhibitions of extracellular vesicles (EVs) as natural nano drug delivery system in OSCC.
[image: Table 2]2.3 Polymer NPs
Polymer NPs, including natural polymers and semi-synthetic polymer NPs, possess the promoting potential to cellular permeability (Charbe et al., 2020; Xia et al., 2021). Among them, some polymer NPs with good biocompatibility and controlled drug release as targeted DDSs have been evaluated (Rizvi and Saleh, 2018).
Kurakula and Naveen (2020) loaded quercetin-doped chitosan-coated simvastatin (SIM) NPs in an in situ gel (ISG) (SIM-QRC NP-loaded ISGs) and demonstrated an delay of drug release, which resulted in a markedly increase in caspase-3-mediated apoptosis and tumor suppressor protein expression in tongue SSC cells. Enășescu et al. (2021) found that lutein and poly (d,l-lactide-co-glycolide) (PLGA) NPs potentially downregulated matrix metallopeptidase 9 level in human OSCC cells, which has been recognized as a protecting factor that could against local invasion in tumors (Chakraborty et al., 2023). Furthermore, both DOX-loaded catechol (Cat)-modified chitosan/hyaluronic acid (HA) NPs (Cat-NPs) and phloretin-loaded chitosan NPs (PhCsNPs) could increase the release of DOX, which significantly inhibited cancer cell growth and increased apoptosis rate in human oral cancer cells (Mariadoss et al., 2019; Pornpitchanarong et al., 2020). Endo et al. (2013) reported that commonly used chemotherapy drug cisplatin-carrying polymer micelles (NC-6004) showed an equivalent antitumor effect as free cisplatin in vivo, although the inhibitory effect on the growth of oral cancer cells was less than that of free cisplatin in vitro. The authors also found that the toxicity of NC-6004 to kidney and the incidence of lymphatic metastasis were lower than free cisplatin (Endo et al., 2013). Li et al. (2020b) found that polylactic acid (PLA) combined with CDDP-chloroquine (CQ) NPs (CDDP/CQ-PLA NPs) could induce a stronger activation of caspase-3 pathway and the induction of ROS than PLA combined with CDDP NPs (CDDP-PLA NPs), which leaded to an increased rate of caspase-dependent apoptosis and but lower rate of autophagy in OSCC (Li et al., 2020b).
Polymer NPs with targeting function have broad prospects as DDS. All-trans retinoic acid (ATRA) can be loaded onto PLGA-PEG and then modified with PD-L1 antibody to prepare ATRA- Targeted α-t- FU-PLGA NPs (Srivastava et al., 2019), glutathione (GSH)-sensitive and folic acid (FA)-targeted paclitaxel-loaded NPs (FA-PEG-SS-PCL@PTX, FA-NPs) (Fan et al., 2020a), cRGD targeted polycarbonate (PCA) copolymer-based NPs (NanoPCA) loaded with DOX (NanoPCA-cRGD) (Yunxia et al., 2018) have been proved to have a good targeting effect, which can precisely release and enhance antitumor efficacy of diverse anti-tumor drugs. To evaluate the potential effect of polymer NPs on immune checkpoint inhibitor in oral dysplasia and squamous carcinoma cells, Chen et al. (2020) examined CD8+ T cells surrounding PD-L1-positive cells in the tumor microenvironment. Both in vitro and in vivo results showed that CD8+ T cells were more activated after ATRA-PLGA-PEG-PD-L1 treatment (Chen et al., 2020).
Finally, polymer NPs combined with radiotherapy also exhibited an improved therapeutic effect on OSSC. Lang et al. (2020) reported that radiation combined with capivasertib-encapsulated cathepsin B (CTSB)-reactive NPs could significantly reduce tumor cell viability and increase the rate of apoptosis than radiation alone, or free capivasertib in OSCC cells, providing a novel strategy to improve therapeutic strategy for patients with radiation resistant.
The effects of polymer NPs as DDSs in the oral cancer were summarized in Tables 3, 4.
TABLE 3 | Exhibitions of polymer NPs as drug delivery systemin in OSCC.
[image: Table 3]TABLE 4 | Exhibitions of lipid NPs as drug delivery systemin in OSCC.
[image: Table 4]2.4 Lipid NPs
Lipid NPs are delivered into tumor tissue through the passively targeted EPR effects. To obtain an selective targeting efficacy, ligands can also be attached to the surface of lipid NPs. Lipid NPs are ideal carriers for drugs with low water solubility because of their ability to penetrate cancer cells and the high stability, allowing the controlled release of loaded drugs, and protecting drugs from chemical degradation (Coelho et al., 2010).
In the context of OSCC, Bharadwaj et al. (2019) used solid lipid NPs (SLN) loaded with paclitaxel (PTX), 5-FU and ascorbic acid individually to treat OSCC cells. They reported that the combination of SLN loaded with PTX and ascorbic acid respectively exhibited a better therapeutic efficacy in the treatment of OSCC in 4-NQO induced OSCC mouse model. After 2 weeks treatment, pathological analysis showed that dysplastic degree of tumor was decreased. Their results provided valuable insights for the design of novel combinational therapeutic strategies for the treatment of OSCC. Gusti-Ngurah-Putu et al. (2019) evaluated the therapeutic efficacy of PDT + lipid-platinum-chloride nanoparticles (LPC NPs) on a xenograft model of OSCC. Mice treated with PDT + LPC exhibited an significantly reduced tumor volume by up to ∼112% as compared with the control mice, histological analysis confirmed that proliferation index was decreased, but apoptosis rate increased in OSCC cells. In addition, side effects on renal damage was reduced (Gusti-Ngurah-Putu et al., 2019). Their results indicated that combined PDT with LPC NPs could significantly enhance the medicinal outcome in human OSCC.
3 CELL MEMBRANE-BASED NPS
Recently, studies revealed that cell membrane-based NPs are an emerging technique that uses cell membranes to directly coat the outermost layer of NPs (Pereira-Silva et al., 2020) and can maximize drug targeting by exploiting the inherited bio-functionalities of cell membranes (CM) extracted from source cells and might potentially enhance the effect of anticancer drugs (Pereira-Silva et al., 2020). Thus, CM-based NPs have received widespread attention in the field of cancer (Sushnitha et al., 2020).
Using this approach, Shi et al. (2020) prepared poly (β-amino ester)/PLGA nanoparticles co-loaded with indocyanine green and Nrf2-siRNA and then encapsulated them in vesicles derived from OSCC CM to form M@PPI-siRNA. They reported that photosensitizer indocyanine green (ICG) and Nrf2-siRNA encapsulated within the vesicles of cancer cell CM showed an synergistic anticancer effect of PTT and amplified PDT in oral tongue squamous cell carcinoma cells through an inhibitory effect on the proliferation and stimulatory effect on the apoptosis of oral tongue squamous cell carcinoma cells. Dai et al. (2022) developed the biomimetic nanomaterial PCN-CQ@CCM that could homologously adhere to cancer cells, enhancing the retention and uptake of nanomaterials in the tumor microenvironment. Their results showed that such biomimetic nanomaterial system could synergically potent the effect of PDT by inhibiting macrophage phagocytosis in oral cancer (Dai et al., 2022). Chen et al. (2023b) further synthetized an biomimetic nanomaterial system named cobalt-ferrocene metal–organic framework (Co-Fc) and loaded with the classical autophagy inhibitor hydroxychloroquine (HCQ) (Co-Fc@HCQ) nanoparticles and then constructed with CMM extracted from CAL-27 OSCC cells, which reduced immune escape and macrophage phagocytosis in OSCC cells. These findings indicate that CM may be used as an efficient synergist of PDT for OSCC treatment.
Taken together above reviewing data, we have summarized current findings in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic summary of NPs as DDSs for the treatment of OSCC. Analysis of current studies suggested that several NPs, including inorganic NPs, extracellular vesicles, polymer NPs, lipid NPs, and cell membrane-based NPs, have been developed as DDSs for the treatment of OSCC and showed an enhanced therapeutic efficacy through multiple mechanisms.
4 CURRENT CHALLENGES OF THE STRATEGIES OF NPS AS DDSS IN OSCC
Despite encouraging findings demonstrating their exciting potential of NPs as DDSs in the treatment of OSCC, however a number of challenges remain. For example, experimental models used in vivo and in vitro studies were different to human OSCC in the oral environment. Most of in vitro models used OSCC cell lines that derived from human OSCC and cultured in experimental media and treated with NPs combined with anticancer drugs, which is much simple than physiological oral condition. Even in vivo animal models, whether subcutaneous xenotransplanted mice or in situ oral tumor mice, face problems such as lack of normal-precancerous-cancerous process, which is different to the process of human OSCC (Montenegro et al., 2016). Thus, how to develop an experimental model that well mimics the human oral environment and can be used for the verification of in vivo animal and in vitro cellular findings become necessary. Various novel NPs-based DDSs have been extensively studied. However, in vivo bioavailability data was still waiting to be investigated (Sachdeva et al., 2022). Furthermore, studies on long-term toxicity and side effects of NPs in human body are needed to be conducted. Therefore, more detailed studies are required to evaluate biosafety of all types of NPs. Particularly, there is a lack of ongoing and completed clinical trials in patients with OSCC so far (De Felice et al., 2019), which is a necessary step for the definition of the potential oncology applications of NPs as DDSs in daily clinical practice in the treatment of OSCC in the future. Therefore, how to develop NPs as DDSs in a cheaper, easier, and faster way still remains a technical hurdle. Until these issues are resolved, clinical trials can be considered.
Unlike other human cancers, such as gastric, colorectal and lung cancers, OSCC is not rich in angiogenesis, which means that the level of chemotherapeutic drugs (such as paclitaxel and platinum-based drugs) that normally enter the circulation and reach the tumor site, by oral or intravenous administration, is limited (Bhat et al., 2021; Kitamura et al., 2021). In addition, the use of these free drugs is faced with poor therapeutic efficacy and severe side effects. Therefore, NPs-based therapies become particularly suitable for enhancing the bioavailability of chemotherapeutic drugs and target delivery to the tumor site, which can significantly improve the therapeutic efficacy and reduce side effects (De Felice et al., 2019). In addition, unlike tumors located deeply in the human body, such as colon cancer and liver cancer, OSCC is located at surface such as the buccal mucosa and tongue, which makes that OSCC is suitable for combinational treatment with NPs-mediated/enhanced PDT/PTT (Fan et al., 2020b). Also, hydrogels that can be applied to the surface of the skin or placed inside the surgical wound are options for the treatment of OSCC (Sepantafar et al., 2017).
5 CONCLUSION MARKS AND PERSPECTIVES
OSCC patients with advanced stage are often unresectable and metastatic, therapeutic approaches are commonly chemotherapy, radiotherapy, and biotherapy, which have various limitations and shortcomings and result in a decreased therapeutic response in clinical practice. For example, these conventional therapeutic approaches lack optimal anticancer effects, however, they may induce strong site effects e.g., non-specific cell toxicity that can significantly damage health cells during the treatment period and some patients have to cease therapies. Therefore, the improvement of these therapeutic efficacy become critically important. It is becoming evident that NPs can be used as DDSs and combined with different therapies to achieve an better therapeutic effect in patients with OSCC due to their ultra-small size, functional modification, and responsiveness to heat, light and other conditions as compared with conventional drug delivery approaches. Further work that verifies and confirms the improvement of clinical efficacy of different NPs as DDSs combining with anticancer drugs in treating patients with OSCC is necessary and important.
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