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Purpose: Oral squamous cell carcinoma is the most common type of malignant tumor in the head and neck region. Despite 
advancements, metastasis and recurrence rates remain high, and patient survival has not significantly improved. Although miRNA 
therapies are promising for cancer gene therapy, their applications in treating oral cancer are limited. Targeted medication delivery 
systems based on nanotechnology offer an efficient way to enhance oral cancer treatment efficacy.
Methods: We synthesized nanosilver (AgNPs) and loaded them with the tumor suppressor miR-181a-5p. In vitro experiments were 
conducted to investigate the inhibitory effects of AgNPs and their composites on the malignant behavior of oral cancer cell lines. The 
xenograft experiment was utilized to examine their effects on tumorigenesis and the potential molecular mechanisms involved.
Results: The nanosilver exhibited a spherical morphology with a size distribution ranging from 50 to 100 nm. They exhibited 
a distinct absorption peak at 330 nm and could be excited to emit green fluorescence. The biocompatible AgNPs effectively shielded 
miRNA from degradation by RNase and serum. The nanocomposites significantly inhibited the proliferation, invasion, migration, and 
colony formation of oral cancer cell lines. Notably, treatment with the nanocomposites resulted in substantial tumor growth 
suppression in the xenograft model. Mechanistically, these composites directly targeted BCL2 and exerted their antitumor effects 
by suppressing the β-catenin signaling pathway and other downstream genes without inducing acute toxicity.
Conclusion: Collectively, the findings demonstrate that the miR-181a-5p/AgNPs combination significantly impedes the growth and 
progression of oral cancer both in vitro and in vivo, highlighting a pivotal role for the β-catenin signaling pathway. This multifaceted 
approach holds promise as a prospective therapeutic strategy for oral cancer management in the future.
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Introduction
Squamous cell carcinoma makes up 90% of the malignant tumors in the oral and maxillofacial region.1 Oral cancer 
frequently affects the lips, the hard palate, the floor of the mouth, the first two-thirds of the tongue, the upper and lower 
alveolar ridges, and the buccal mucosa.2 The advancement of medical technology has led to significant progress in the 
treatment of oral cancer. However, the prognosis and treatment outcomes for patients with squamous cell carcinoma and 
mucosal precancerous lesions have not improved significantly due to the wide age range, complex lesions, and variety of 
patient types with oral cancer.3 One of the main reasons is that conventional therapies like surgery, chemotherapy, and 
radiotherapy typically have significant side effects, and traditional clinical diagnosis often lags, delaying the optimal time 
to begin treatment.4,5 Currently, oral cancer has a 5-year survival rate of about 55–60% following treatment. Researchers 
have increasingly focused on comprehensive treatment with several regimens to improve clinical efficacy because 
a single treatment modality has limited clinical success.
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MicroRNAs (miRNAs) are endogenous short noncoding RNAs, approximately 22 nt in length, created by the stem- 
loop region of pri-miRNA.6 Numerous studies indicate that miRNAs play a major role in the initiation and progression of 
cancer and are markedly differently expressed in oral cancer.7–9 Based on our previous research findings, we observed 
that the expression of miR-181a-5p progressively decreases at each stage in the development of Chinese hamster buccal 
pouch mucosa, including normal mucosa, mucosal simple hyperplasia, mucosal dysplasia, and squamous cell carcinoma. 
Similarly, its expression is significantly downregulated in human oral cancer tissues and multiple human oral cancer cell 
lines. Moreover, miR-181a-5p exhibits potential tumor-suppressing activity against oral cancer. To better guide clinical 
applications, we conducted a search for its conservation and found that it is highly conserved among mammals.10 These 
findings indicate that miR-181a-5p can be applied to the treatment of human oral cancer. Additionally, genes with high 
conservation often hold significant biological implications, thereby indirectly reflecting the importance of miR-181a-5p.

Park et al found that miR-181a-5p is significantly upregulated during replicative senescence in normal human oral 
keratinocytes. Since aging is also considered a tumor suppression mechanism, they investigated the expression and 
potential biological function of this gene in oral cancer. They discovered that it is frequently downregulated in oral 
cancer and can significantly inhibit proliferation and anchorage-independent growth ability. At the molecular level, 
they found that miR-181a-5p may act as an oral cancer suppressor by targeting Kras. Based on these findings, they 
propose that miR-181a-5p could be utilized for the treatment of oral cancer.11 A study on chemoresistance in oral 
cancer found that the migration and invasion capabilities of cisplatin-induced drug-resistant oral cancer cell lines are 
significantly enhanced, accompanied by a marked downregulation of miR-181a-5p and upregulation of Twist1. 
Further functional validation demonstrated that miR-181a can reverse the chemoresistance of oral cancer cells and 
suppress their epithelial-mesenchymal transition (EMT) and metastasis by directly targeting Twist1.12 A study on the 
metastasis of salivary adenoid cystic carcinoma (SACC) cells discovered that the upregulation of miR-181a-5p 
inhibited wound healing and invasion in SACC-LM cells.13 Concurrently, research by He et al revealed that miR- 
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181a can suppress the migration, invasion, and proliferation of SACC cells in vitro, as well as tumor growth and lung 
metastasis in vivo, by directly targeting and inhibiting the expression of MAP2K1, MAPK1, and Snai2.14 Jain et al 
found that miR-181a can inhibit the progression of SACC, making it a potential biomarker for diagnosis and 
prognosis.15 A study on laryngeal squamous cell carcinoma (LSCC) indicated that miR-181a is downregulated in 
LSCC. Overexpression of miR-181a significantly inhibits proliferation, colony formation, invasion, migration, and 
EMT, while promoting apoptosis in LSCC cells.16 Tang et al found that miR-181a-5p is downregulated in nasophar-
yngeal carcinoma (NPC) and can retard NPC development through negative regulation of KDM5C, suggesting its 
potential as a candidate therapeutic target for NPC treatment.17 Recently, a study on biological aging revealed that 
miR-181a-5p can significantly induce cellular senescence and shorten cell lifespan, indirectly reflecting the potential 
tumor-suppressive function of miR-181a-5p.18

As miR-181a-5p has been recently discovered, there are only a few articles reporting its low expression in oral cancer; 
however, detailed investigations into its specific oral tumor-suppressive mechanisms and functional roles remain scarce. 
Additionally, unmodified miRNAs are highly susceptible to degradation and inactivation by certain substances within the 
complex internal environment of organisms, leading to their typically short half-life and necessitating frequent administration 
to maintain their effective concentration. In terms of drug absorption, after injection into the body, miRNAs must navigate 
through the circulatory system while evading uptake by the reticuloendothelial system and degradation by endogenous 
nucleases to reach their target organs. The size and negatively charged nature of miRNAs make it difficult for them to cross 
cell membranes and escape from endosomes on their own. To address the demands of miRNA-based illness treatment, it is 
imperative to design reliable, effective, and non-toxic targeted delivery systems.19–21

Ultrafine particulate materials, sometimes referred to as nanomaterials, exhibit unique qualities such as macroscopic 
quantum tunneling, surface effects, self-assembly, and quantum size effects.22 Researchers have found that materials such 
as metals and metal oxide nanoparticles possess unique antitumor properties, making nanomaterials promising for a wide 
range of applications in tumor therapy. Among them, nanosilver, as an important member of the metallic nanomaterials 
family, has been confirmed to have good therapeutic effects and significant clinical application prospects.23 It can inhibit 
proliferation and induce apoptosis by decreasing mitochondrial function, inducing the production of reactive oxygen 
species, releasing lactate dehydrogenase, causing cell cycle dysregulation, upregulating apoptosis-related genes, and 
inducing micronucleus formation, chromosomal aberrations, and DNA damage.24,25

Currently, many transfection reagents struggle to effectively escape from endosomes, resulting in excellent perfor-
mance during in vitro cell transfection, but being cleared by cellular organelles such as lysosomes when used for in vivo 
therapy, thereby significantly reducing their therapeutic efficacy.26 Nanosilver, however, is uniquely positioned to 
overcome this limitation. According to relevant literatures, compared to traditional transfection reagents, nanosilver 
offers the advantages of a smaller size, a high specific surface area, and the capability to easily penetrate biological 
membranes to enter cells.24,25,27 This, in turn, aids the escape of nanosilver from intracellular endosomes. Moreover, 
silver possesses broad-spectrum antimicrobial28 and multiple antitumor properties.29,30 Therefore, utilizing nanosilver as 
a delivery carrier can significantly reduce the risk of contamination in the transfection system, offering a unique 
advantage and producing synergistic effects that are difficult to achieve with a single drug. Additionally, owing to the 
high permeability and retention effect of cancer cells, nanosilver can readily penetrate target cells and become selectively 
enriched within tumors. This makes nanosilver an effective drug delivery system.31,32 In terms of economic feasibility, 
silver offers a lower cost option compared to precious metals, making it easier to synthesize and apply on a large scale. 
Silver also has stable properties, allowing for easy long-term storage and transportation after synthesis. Furthermore, 
numerous studies have reported that nanosilver can be utilized for early detection, diagnosis, and treatment of various 
types of cancer.33–36 However, there is a notable scarcity of research specifically addressing the use of nanosilver in oral 
cancer. To further elucidate the possible therapeutic roles of significantly differentially expressed miR-181a-5p in oral 
cancer development and the specific inhibitory effects and mechanisms, further studies on nanosilver-conjugated miR- 
181a-5p are urgently needed.

In this study, the precision of gene therapy, the loading properties of nanomedicines, and their targeted delivery, high 
stability, and therapeutic properties were combined to explore their common effects on oral cancer treatment.
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Material and Methods
The Synthesis of Nanosilver
Firstly, to ensure that the various raw materials did not absorb light on their own, we utilized a UV-VIS spectro-
photometer to measure the absorbance of each raw material. We also explored the optimal conditions of pH, AgNO3: PEI 
ratio, AgNO3: AA ratio, and the stirring time (T) after adding the reducing agent AA. The detailed methods and results 
(Supplementary Figure 1) are attached to the Supplementary Methods 1 and Supplementary Results 1.

Briefly, ultrapure water, PEI 25K (Sigma, USA, 5 μmol/L), and AgNO3 (Shanghai Sinopharm Chemical Reagent Co., Ltd., 
China, 0.1 mol/L) were slowly added to a beaker, which was sealed with plastic wrap. The pH of the system was adjusted to 4 
using glacial acetic acid (Shanghai Aladdin Biochemical Technology Co., Ltd., China) after stirring for 2 h in the dark. 
Subsequently, ascorbic acid (AA) (Shanghai Aladdin Biochemical Technology Co., Ltd., China, 0.01 mol/L) was added. The 
total volume was adjusted to 20 mL using ultrapure water, and the solution was stirred at room temperature for 6 h under 365 nm 
UV light. The system was then transferred into an electric thermostatic blast drying oven at 45–55°C for 10–16 h. Finally, 20 mL 
of ultrapure water was added, and the mixture was ultrasonicated for 20–30 min to obtain a pure nanosilver solution. The charge 
of the synthesized nanosilver is positive.

The Characterization of Nanosilver
The AgNPs were characterized using a UV-8000 full-band UV-VIS spectrophotometer. Preliminary fluorescence characteriza-
tion of AgNPs was performed under UV lamp irradiation. The fluorescent properties of AgNPs were further characterized using 
a chemiluminescent instrument (Syngene, UK). The optimal fluorescence excitation and emission wavelengths of AgNPs were 
scanned and detected using a fluorescence excitation and emission detector. The AgNPs solution was dropped onto a carbon-film 
copper grid, and the morphology of AgNPs was observed using a JEOL JEM-2100 transmission electron microscope (TEM) 
(JEOL Ltd., Tokyo, Japan). Nanoparticle size analyses were carried out by dynamic light scattering (DLS), and the AgNPs were 
also characterized by inductive coupled plasma (ICP).

Hemolysis Assay
To further evaluate the biocompatibility of AgNPs, we performed hemolysis experiments. Blood was obtained from the mouse 
orbit and immediately centrifuged at 3000 rpm for 5 min. The supernatant was removed, and the blood was washed with 
physiological saline to obtain red blood cells. Subsequently, 40 μL of red blood cells was added to 960 μL of physiological saline, 
deionized water, and samples of different concentrations (0.5, 1, 3, 5, and 10 mg/mL). Physiological saline and deionized water 
were used as negative and positive controls, respectively. All mixtures were incubated at 37°C for 1 h, then centrifuged at 
5000 rpm for 5 min. After collecting images, 200 μL of supernatant was used to detect absorbance at a wavelength of 540 nm, and 
the hemolysis rate was calculated.

The Synthesis of Nanocomposites
The synthesis of nanocomposites begins by adding the AgNPs carrier to a centrifuge tube according to the specified 
proportion. miR-181a-5p mimics are then gradually added in the same proportion. The mixture is pipetted 40 to 50 times 
and incubated at room temperature for 20 to 30 min to synthesize the nanocomposite (miR-181a-5p/AgNPs).

Determination of the Optimal Loading Proportion of miR-181a-5p
The miR-181a-5p/AgNPs complexes synthesized at different molar ratios were loaded onto a 2% agarose gel for 
electrophoresis. The electrophoresis was performed at a constant voltage of 110 V for 15–20 min. After electrophoresis, 
the gel was developed using a chemiluminescent instrument (Syngene, UK) to determine the optimal ratio of miR-181a- 
5p mimics to nanosilver carriers.
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The Characterization of Nanocomposites
Before testing, calibration was performed using ultrapure water (as the solvent) as the reference solution. The sample was 
diluted 15 times and added to a microplate for detection. The morphology of the nanocomposites was observed using 
a TEM. The size analyses of nanocomposites were further carried out by DLS.

The Detection of RNA Enzyme Stability of Nanocomposites
Both miR-181a-5p and miR-181a-5p/AgNPs were mixed with an equal volume of 0.05 mg/mL RNase solution and 
incubated in a CO2 incubator for 1 h. After incubation, half of each solution was mixed with a 10 mg/mL heparin 
solution for 15 min. The samples were divided into four groups: miR-181a-5p + RNase, miR-181a-5p + RNase + 
heparin, miR-181a-5p/AgNPs + RNase, and miR-181a-5p/AgNPs + RNase + heparin. The solutions from each group 
were electrophoresed on a 2% agarose gel for 15–20 min at 110 V.

The Detection of the Serum Stability of Nanocomposites
Both miR-181a-5p and miR-181a-5p/AgNPs solutions were mixed with an equal volume of serum and incubated in 
a CO2 incubator for 2, 4, 6, 8, 10, 12, and 24 h, respectively. After incubation, half of each sample was mixed with a 2% 
SDS solution for 15 min. The samples were divided into four groups: miR-181a-5p + FBS, miR-181a-5p + FBS + 2% 
SDS, miR-181a-5p/AgNPs + FBS, and miR-181a-5p/AgNPs + FBS + 2% SDS. After all groups were incubated, they 
were electrophoresed for 15–20 min at 110 V on a 2% agarose gel.

Cell Culture
The human oral cancer cell lines CAL-27, SCC-9, the Chinese hamster ovary cell line CHO, and human neural cells SH- 
SY5Y and HT22 were purchased from Procell Life Science & Technology Co., Ltd. (Hubei, China). The 293T, HN6, and 
SCC-25 cell lines were provided by Henan Provincial People’s Hospital. CAL-27, CHO, SCC-9, HN6, and 293T, and 
HT22 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM). SCC-25 and SH-SY5Y cells were grown in 
DMEM/F12 medium. The medium contained 10% fetal bovine serum (Gibco, USA) and 1% penicillin and streptomycin 
solution (Solarbio, China). The cells were maintained at 37°C in a CO2 incubator.

Quantitative Real-Time PCR
Total RNA from tissues and cell lines was isolated using TRIzol (Takara, Japan). Reverse transcription of miRNA was 
performed using the Mir-X miRNA First Strand Synthesis Kit (Takara, Japan), and cDNA of mRNA was synthesized using 
the PrimeScript RT Master Mix Kit (Takara, Japan). Quantitative real-time PCR (qPCR) was performed using the SYBR Green 
PCR Master Mix Kit (Takara, Japan) on a StepOne Plus system (ABI, USA). The primers synthesized by Beijing Genomics 
Institute (BGI, China) are listed in Table 1. The quantification of miRNA and mRNA was performed according to the 
manufacturer’s instructions, with U6 and β-actin used as internal references. The 2–ΔΔCT method was used to analyze the results.

Transfection Efficiency Detection of Nanocomposites in Multiple Cell Lines
Unrelated sequences were used as negative controls (NC group). One hour before transfection, the medium was replaced 
with fresh medium. In tube A, the nanosilver carrier was added, followed by 250 μL/well of medium, gently pipetted to 
mix, and incubated at room temperature for 5 min. miR-181a-5p mimics or NC were added to tube B, followed by 250 
μL/well of medium. The B solution was then added to the A solution, mixed thoroughly, and incubated at room 
temperature for 30 min. The mixture was added to the corresponding wells and replenished to 2 mL with medium. 
The culture continued, with the medium replaced with complete medium 6 h after transfection. Twenty-four hours post- 
transfection, the medium in each well was aspirated, and the wells were gently washed twice with PBS. TRIzol was 
added to lyse the cells and extract RNA from each group. The expression of miR-181a-5p was quantified after reverse 
transcription. miR-181a-5p mimics (5’-AACAUUCAACGCUGUCGGUGAGU-3’, 5’-UCACCGACAGCGUUGAAUG 
UUUU-3’) and its corresponding negative control (miR-181a-5p mimics NC: 5’-UUCUCCGAACGUGUCACGUTT-3’, 
5’-ACGUGACACGUUCGGAGAATT-3’) were purchased from GenePharma Inc. (Shanghai, China).
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Effect of Nanocomposites Transfection on Target Genes and Selection of Target Cell 
Lines
Similarly, transfections were performed after seeding cells in six-well plates (at 2×105 cells/well), and RNA from each 
group was isolated using TRIzol. Reverse transcription and quantification of target genes were performed following the 
procedure described above. Primer sequence information for the target genes is shown in Table 1.

Research on the Uptake of Nanosilver by Oral Cancer Cell Lines
Cells to be transfected were seeded in dishes 24 h before transfection. The nanosilver solution was added to each group 
and replenished to 2 mL with medium. Six hours post-transfection, the medium was replaced with complete medium. 
Twenty-four to forty-eight hours after transfection, the medium from each dish was aspirated, and the wells were gently 
washed twice with PBS. The laser confocal microscope was adjusted to the optimal excitation wavelength of AgNPs and 
subsequently used for microscopic examination and photography.

Determination of Nanosilver Transfection Efficiency of miR-181a-5p
To detect the transfection efficiency of nanosilver, miR-181a-5p was labeled with FAM. The transfection procedure was 
performed as previously described. The laser confocal microscope excitation wavelength was adjusted to the optimal 
excitation wavelength of the FAM label, and each dish was then examined and photographed.

CCK8 Assay
Cells were seeded into 96-well plates (5 × 103 cells/well). Transfection was performed after the 96-well plates were 
incubated overnight. At 0, 24, 48, and 72 h, the CCK8 reagent was added to each well. After 2 h of incubation at 37°C, 
the absorbance was detected at 450 nm.

Table 1 Primer Sequence Information

Name Sequence (5’-3’)

β-actin F: CATGTACGTTGCTATCCAGGC
R: CTCCTTAATGTCACGCACGAT

BCL2 F: TTTGTGGAACTGTACGGCCC

R: TCACTTGTGGCCCAGATAGG
Kras F: TGTGGACGAATATGATCCAACA

R: GCAAATACACAAAGAAAGCCCT

Twist1 F: TGTCCGCGTCCCACTAGC
R: TGTCCATTTTCTCCTTCTCTGGA

Cyclin D1 F: ATGTTCGAGGCGCGCCTGGTC
R: CTAAGATCCTTCTTCATCCTC

CDK6 F: GTGACCAGCAGCGGACAAATAA

R: AGCAAGACTTCGGGTGCTCTGTA
MMP9 F: ACGCACGACGTCTTCCAGTAC

R: ACCTGGTTCAACTCACTCCGG

MMP2 F: TTGACGGTAAGGACGGACTC
R: GGCGTTCCCATACTTCACAC

E2F1 F: AGCTGGACCACCTGATGAATATCTG

R: TTGATCACCATAACCATCTGCTCTG
Vimentin F: GAAGAGAACTTTGCCGTTGA

R: CGAAGGTGACGAGCCATT

U6 CGCTTCGGCAGCACATATAC
miR-181a-5p CATTCAACGCTGTCGGTGAGTA
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Colony Formation Assay
Cells were seeded into six-well plates and incubated overnight. Forty-eight hours post-transfection, cells were collected 
and counted. Each group was subsequently seeded into six-well plates at a density of 2000–5000 cells per well. After 
approximately 15 days, the cells were washed twice with PBS. The cells were then fixed with paraformaldehyde for 30 
min, stained with 0.1% crystal violet for 30 min, and washed three times with PBS. The cells in each group were 
photographed and counted.

Cell Invasion Assay
The cell invasion assay was performed using Transwell chambers (Corning, USA). The necessary materials were pre- 
cooled, including Matrigel, pipette tips, and centrifuge tubes, at 4°C. The transwell chamber was covered with 100 μL of 
Matrigel™ (Corning, USA) and dried in an incubator. Cells from each group (5 × 103) were resuspended in 100 μL of 
serum-free medium after 48 h of transfection and seeded in the upper chamber. Complete medium was added to the lower 
chamber and the plate was transferred to an incubator for 24 h. The medium was aspirated from the upper chamber, each 
chamber was washed twice with PBS, and the upper chamber was gently scratched with a cotton swab. The cells were 
fixed with 4% paraformaldehyde for 30 min, stained with 0.1% crystal violet for 20 min, washed with PBS three times, 
and photographed and counted under a light microscope.

Cell Migration Assay
The cell migration assay followed the same steps as the cell invasion assay, except the upper chamber was not treated 
with Matrigel.

Detection of Cell Morphology and Pathological Changes
A little PBS was added to each well of a six-well plate and a 75% alcohol-treated coverslip was placed on the PBS in 
each well. Log-phase cells were collected and counted, then 3.0×104 cells were plated on each coverslip. After 48 h, the 
cells were washed twice with PBS and fixed with 4% paraformaldehyde for 30 min. HE staining was performed 
following the manufacturer’s instructions and the slides were analyzed under a light microscope.

Oxidative Stress Detection
After seeding an appropriate amount of neural cells into a 6-well plate, transfer the plate to the incubator for overnight 
culture. And perform transfection according to the preceding steps. Subsequently, the levels of ROS, MDA, SOD, CAT, 
LDH, and GSH in the two types of neuronal cells were assessed using the appropriate detection kits (Nanjing JianCheng, 
Nanjing, China) and their corresponding assay procedures.

Screening the Target Gene of miR-181a-5p
The target genes of miR-181a-5p were predicted using miRTarBase37 and visualized with Cytoscape. Targetscan 
(http://www.targetscan.org) was used to predict the binding sites of miR-181a-5p and its target gene.

Dual-Luciferase Reporter System to Validate the Target Gene
Wild- and mutant-type plasmids of the target gene were constructed. A 24-well plate was seeded with 1 × 105 293T cells 
per well. When the cells reached 80% confluence, Lipo 3000 transfection reagent was used to co-transfect the constructed 
reporter plasmids with miR-181a-5p sequence or miR-181a-5p negative control. After 48 h, the medium was removed, 
cells were washed twice with PBS, and the detection steps according to the kit protocol were followed (TransGen 
Biotech, China). Supplementary Materials included the sequences of wild-type and mutant BCL2 mRNA 3’UTR 
(Supplementary Table 1) and detailed information about the plasmids (Supplementary Figure 2).
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Verification of Downstream Gene Expression
Total RNA was extracted from tissues and transfected cells, reverse transcribed, and quantified by qPCR, following the 
procedures described earlier. Relevant primers for the detected genes are listed in Table 1.

Detection of Downstream Proteins
Total protein was extracted from tissues and transfected cells, 15 µg/well of each protein was loaded on 10% SDS-PAGE, 
and the separated protein samples were transferred to polyvinylidene fluoride membranes. After blocking at room 
temperature, the membranes were incubated with the following antibodies overnight at 4°C: anti-BCL2 (1:800 dilution; 
Abcam, USA), anti-Kras (1:1000 dilution; Proteintech, China), anti-Twist1 (1:600 dilution; Proteintech, China), anti- 
MMP9 (1:1000 dilution; abclonal, China), anti-MMP2 (1:1000 dilution; Proteintech, China), anti-E-cadherin (1:1000 
dilution; abclonal, China), anti-N-cadherin (1:1000 dilution; Proteintech, China), anti-Vimentin (1:1000 dilution; 
Proteintech, China), anti-β-catenin (1:1000 dilution; BOSTER, China), and anti-β-actin (1:5000 dilution; BIOSS, 
China). Next, they were incubated with a conjugated secondary antibody (TransGen Biotech; 1:5000) for 1 h at room 
temperature. The protein bands were detected and photographed using an enhanced chemiluminescence detection system. 
The grayscale was analyzed using ImageJ software, with β-actin as the internal control.

Construction of a Tumor Xenograft Animal Model
Fifteen 4-week-old female nude mice (18–22 g) were purchased from Gempharmatech Biotechnology Co., Ltd. (Jiangsu, 
China) and raised in the Experimental Animal Center of Shanxi Medical University (Taiyuan, China). All experimental 
procedures were strictly performed according to the Guidelines for Ethical Review of Laboratory Animal Welfare in 
China (GB/T3589-2018). All experimental procedures were approved by the Animal Care and Use Committee of Shanxi 
Medical University (SYDL2023015). The oral cancer cell line CAL-27 (5 × 106/mice) was subcutaneously injected into 
the left armpit. The tumor volume was calculated using the formula: length × Width2 × 1/2.

In Vivo Therapy
After successful establishment of the xenotransplantation model, 15 nude mice were randomly divided into the control 
group (PBS), carrier group (negative control group, AgNPs/NC), and treatment group (AgNPs/miR-181a-5p) when their 
tumors grew to about 100 mm3. Five animals in each group were intraperitoneally injected twice a week (15 mg/kg) for 
treatment. The tumor volume was measured with a vernier caliper every 2 days.

Analysis of Tumor Inhibition
After 21 days of treatment, the mice were euthanized, and the tumors were collected and weighed. The tumor inhibition 
rate was calculated as follows: (1 − tumor weight of treated group / tumor weight of control group) × 100%. Tumor 
growth inhibition was calculated as follows: [1 – (average tumor volume on the last day in the treated group – average 
tumor volume before treatment in the treated group) / (average tumor volume after treatment in the control group – 
average tumor volume before treatment in the control group)].

Body Weight Monitoring and Detection of Body Weight Inhibition Rate
The activity, diet, and mental state of animal models were observed every day. Body weight was monitored every 2 days. 
The body weight inhibition rate was calculated as follows: (1 – body weight of the mice after treatment / body weight of 
the mice before treatment) × 100%.

Pathological and Organ Coefficient Analysis
After 21 days of treatment, the mice were euthanized, and the tumor, heart, liver, spleen, lung, kidney, and other major 
organs of each group were collected for further molecular and pathological analysis. The organ coefficients (the ratio of 
organ weight to body weight) of each major organ were calculated. H&E pathological staining was performed using the 
corresponding kits from BOSTER Biological Technology Co., Ltd. (Wuhan, China) according to the attached protocol.
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Immunohistochemical Verification of Molecular Mechanisms In Vivo
Target and downstream protein expression in oral cancer tissues were detected using the SABC kit (Boster, China). 
Slicing and dehydration were consistent with the HE examination. Endogenous peroxidase activity was blocked with 3% 
H2O2. Heat-induced epitope retrieval was performed using a citrate buffer. The slices were then incubated with the 
primary antibody (diluted 1:100) overnight at 4°C, followed by incubation with the secondary antibody (diluted 1:800) 
for 30 min at 37°C. Kit protocols were followed for the remaining steps. Finally, the sections were examined under 
a light microscope, and cells with brown cytoplasm or membrane were identified as positive.

Statistical Analysis
All data are presented as mean ± standard deviation. Student’s t-test was used for statistical comparisons. *P < 0.05 was 
considered significant, and **P < 0.01 was considered highly significant.

Results
Evaluation of the Physical Properties of Nanosilver
As shown in Figure 1A, AgNPs exhibited higher absorbance values and smoother absorbance curves. The curves did not 
have obvious multipeaks and peak shoulders and were uniform and narrow, with one maximum absorption peak at 330 nm. 
AgNPs emitted green fluorescence when exposed to UV light, whereas the other raw materials used in the synthesis only 
illuminated under UV light without visible fluorescence (Figure 1B and C). The fluorescence of the AgNPs solution in 
a small beaker showed obvious yellow-green fluorescence under UV light (Figure 1D). As depicted in Figure 1E and F, 
AgNPs exhibited distinct outlines under UV excitation, while other components showed no discernible images. This 
observation further substantiates that AgNPs can indeed emit fluorescence under UV light excitation.

We found that the optimal excitation wavelength of AgNPs is 437 nm, at which point the fluorescence intensity was 
1390. The optimal emission wavelength was 524 nm, with a fluorescence intensity of 1394 (Figure 1G). Transmission 
electron microscopy revealed that the AgNPs had a spherical structure with a small globular shape, uniform in size and 
dispersion (Figure 1H). The size of AgNPs mostly ranged from 40–80 nm, as observed by transmission electron 
microscopy (TEM). The results of ICP (Table 2) confirmed that AgNPs contained a certain amount of Ag element, 
illustrating that the AgNPs were indeed silver-containing particles from an elemental, qualitative, and quantitative 
perspective. Nanoparticle size analysis (Figure 1I) showed that the AgNPs were well dispersed with a uniform size, 
most of them around 40 nm.

Evaluation of the Biosafety of Nanosilver
Good biocompatibility is crucial for constructing a nanoco-delivery system. We performed a hemolysis assay to evaluate 
the biocompatibility of AgNPs. The results showed that AgNPs have good biocompatibility, with hemolysis rates at 
various concentrations significantly lower than 5% (Figure 1J and K). Even at a concentration of 10 mg/mL, the 
hemolysis rate was only 2.16%, indicating that AgNPs could be used for subsequent experiments.

The Optimal Ratio for Loading miR-181a-5p
The amount of miR-181a-5p remaining in solution decreased with increasing AgNPs usage, as shown by the results of loading 
miR-181a-5p mimics sequence by AgNPs (Figure 2A). Therefore, the amount of sequence able to run out of the gel is also 
gradually reduced, corresponding to the lower brightness in the lane. The miRNA well is the brightest because no miRNA is 
loaded on the carrier, so all miRNAs in the well run down with electrophoresis, making the band corresponding to this well the 
lightest. No band brightness was exhibited in the loading well for miRNAs not tethered by the carrier. The AgNPs group, 
having no nucleic acid, showed no bands in the lanes and no brightness in the loading well.

At the 0.125:1 ratio, only a small portion of miRNAs could be tethered to the loading wells without running into the 
corresponding lanes due to the low content of nanocarriers, resulting in darker brightness in the loading wells and more distinct 
bands in the corresponding position in the lane. At a 0.5:1 ratio, the majority of miRNAs were loaded onto the carrier, with 
only a small fraction of unentrapped miRNAs reaching the corresponding position in the lane. At a 1:1 ratio, all miRNAs were 
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Figure 1 Synthesis and characterization of AgNPs. (A) UV-Vis characterization of AgNPs. (B). Normal light images; (C). Ultraviolet radiation exposed images of AgNPs. (D) 
Ultraviolet irradiated AgNPs in a small beaker post-synthesis. (E). Normal light view of AgNPs in the chemiluminescent instrument. (F) Image of AgNPs in the exposure 
mode of the chemiluminescent instrument. (G) Determination of optimal excitation and emission wavelengths for AgNPs. (H) Characterization of AgNPs by transmission 
electron microscopy. (I) Particle Size Analysis of AgNPs. (J) Digital photographs of each group. (K) Hemolysis rate analysis for AgNPs at different concentrations. 
Notes: **compared with the positive control group, P < 0.01.

https://doi.org/10.2147/IJN.S458484                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 9236

Xu et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


tethered in the loading well by the carrier. Similarly, in the 2:1 and 3:1 groups, all miRNAs were fully loaded on the 
nanocarrier, tethered to loading wells, and did not electrophorese into lanes. Therefore, we chose the molar ratio of the 
nanosilver carrier to miR-181a-5p at 1:1 as the final ratio to prepare the composite drug loading system of nanosilver.

Table 2 Identification of AgNPs by ICP

Sample Volume/mL Dilution Coefficient Readings Content

Repeat 1 1 1 0.9766 24.4145
Repeat 2 1 1 0.9206 23.0146

Average 1 1 0.9486 23.7146

Figure 2 Synthesis and characterization of nanocomposite. (A) Research on the optimal proportion of AgNPs loading miR-181a-5p. (B) UV-Vis characterization of 
nanocomposite. (C) Characterization of nanocomposite by transmission electron microscopy. (D) Characterization of particle size of nanocomposite. (E) RNase stability 
characterization of nanocomposite. (F) FBS stability characterization of nanocomposite.
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Characterization of the Nanocomposite
As shown in Figure 2B, the miR-181a-5p/AgNPs composite has characteristic absorption peaks not only at the 
characteristic peak position of AgNPs but also at OD 260 nm, the characteristic absorption peak of nucleic acid. This 
result indicates that the composite contains both nanosilver clusters and nucleic acids, confirming that miR-181a-5p was 
successfully loaded onto the AgNPs. TEM characterization (Figure 2C) revealed that the composite exhibited a spherical 
structure with particle sizes mostly distributed in the range of 80–120 nm. DLS examination of the composite also 
showed particle sizes mainly in the range of 80–120 nm (Figure 2D). TEM and DLS characterizations revealed no 
significant alteration in the morphology of the nanocomposites after loading with miR-181a-5p.

RNase Stability Assay of Nanocomposite
RNases can degrade RNA fragments quickly, but miRNAs are protected from degradation by RNases when loaded onto 
nanocarriers. Heparin and SDS can affect the binding of miRNA to nanocarriers, so when miR-181a-5p/AgNPs and 
heparin (or SDS) are co-incubated, the miR-181a-5p is released and shows a clear band.

To demonstrate that AgNPs protect the loaded miRNAs, we assessed the RNase stability of the miR-181a-5p/AgNPs 
composites (Figure 2E). In the miR-181a-5p group, miR-181a-5p did not co-incubate with RNase, so it consistently 
moved with electrophoresis, showing a clear, bright band. When miR-181a-5p and RNase were incubated together for 1 
h, miR-181a-5p was degraded by RNase, resulting in no clear band in the miR-181a-5p + RNase group. In the miR-181a- 
5p/AgNPs + RNase group, miR-181a-5p was protected by the carrier and thus neither ran toward the positive electrode 
nor was degraded by RNase, resulting in a bright band in the loading well. In the miR-181a-5p + RNase + heparin group, 
miR-181a-5p was degraded during the previous incubation, producing no distinct bands. In the miR-181a-5p/AgNPs + 
RNase + heparin group, miR-181a-5p was protected from degradation by the AgNPs carrier during RNase incubation. 
Heparin affected the binding of miRNA to nanocarriers, causing miR-181a-5p to detach from the composites and shift 
down during electrophoresis, resulting in bright bands at the same position as the miR-181a-5p group. In summary, the 
AgNPs carrier has a strong protective effect on miR-181a-5p and can effectively protect it from RNase degradation.

Serum Stability Assay of Nanocomposite
To confirm that AgNPs protect the targeted miRNA and to better simulate the microenvironment of nanocarriers and 
nucleic acid sequences in transfected cells and within the body, we characterized the serum stability of miR-181a-5p/ 
AgNPs composites. The results (Figure 2F) showed that the AgNPs carrier well-protected miR-181a-5p, ensuring its 
stability in serum for a longer period. The single miR-181a-5p sequence was almost completely degraded when incubated 
in 50% serum for 4–6 h. However, the miR-181a-5p sequence in the miR-181a-5p/AgNPs composite was released 
smoothly after incubation in 50% serum for up to 24 h, showing a bright band at the corresponding position. Therefore, 
the AgNPs carrier can protect the miR-181a-5p sequence in serum.

Detection of the Transfection Efficiency of Nanocomposite
The transfection efficiency verification experiment showed that AgNPs can successfully carry the target miR-181a-5p 
mimic sequence into the cell and release it smoothly (Figure 3A). The results indicate that the AgNPs carrier has high 
transfection efficiency in various cell lines, laying the foundation for subsequent mechanism validation experiments.

When verifying the transfection efficiency of AgNPs, we found that when the molar ratio of the carrier to the 
sequence was 1:1, the expression of the target sequence maintained a high level. Therefore, we chose a 1:1 loading ratio 
for subsequent experiments.

Effects of Nanocomposite on Downstream Genes and Screening of Target Cell Lines
The changes in downstream genes in each cell line are shown in Figure 3B. According to the results, in SCC-25 and 
CAL-27 cell lines, the miR-181a-5p/AgNPs composite exhibits the most significant inhibitory effect on downstream 
target genes. Therefore, we selected SCC-25 and CAL-27 for subsequent functional verification experiments.
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The Uptake of Nanosilver by Oral Cancer Cell Lines
After transfecting the two cell lines with AgNPs, it was shown that AgNPs could enter the two cell lines smoothly, 
demonstrating high transfection efficiency and producing obvious green fluorescence in the cells (Figure 3C and D). From 
the results, it is evident that AgNPs have good transfection ability and can be used as a new carrier to transport drugs into 
cells. Additionally, AgNPs exhibit favorable fluorescence properties, emitting green fluorescence upon excitation and 
displaying clear images within oral cells. This suggests that AgNPs may hold potential for use as drug tracers.

Figure 3 Screening of target cell lines and identification of transfection efficiency. (A) Transfection efficiency detection of AgNPs in distinct cell lines. On the x-axis, the 
ratios 1:1, 2:1, and 3:1 represent different molar proportions of carrier AgNPs to miR-181a-5p sequence. (B) Expression levels of three downstream genes across various 
cell lines. (C) and (D). Detection of fluorescence in AgNPs following transfection in SCC-25 (C) and CAL-27 (D) cell lines. (E) and (F). Assessment of transfection efficiency 
of AgNPs in SCC-25 (E) and CAL-27 (F) cell lines using FAM-tagged miR-181a-5p. 
Notes: *: miR-181a-5p/AgNPs group compared with the Con group, P < 0.05; **: miR-181a-5p/AgNPs group compared with the Con group, P < 0.01; #: miR-181a-5p/ 
AgNPs group compared with the miR-NC/AgNPs group, P < 0.05; ##: miR-181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.01; and: miR-NC/AgNPs 
group compared with the Con group, P < 0.05.
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Determining the Transfection Efficiency of Nanosilver
AgNPs were used as a carrier to transport miR-181a-5p mimics with a FAM tag to transfect the two cell lines. The results 
showed that AgNPs could not only enter the cells but also carry nucleic acid sequences into the cells smoothly, indicating that 
AgNPs can serve as a new type of nucleic acid transfection carrier. The transfection results indicated that most cells 
contained varying degrees of green fluorescence (Figure 3E and F), confirming that AgNPs have high transfection efficiency.

Nanocomposite Inhibits the Proliferation of Oral Cancer Cell Lines
Compared with the control group and the AgNPs/NC group, the miR-181a-5p/AgNPs composite significantly inhibits the 
proliferation of oral cancer cell lines (Figure 4A and B). Notably, AgNPs alone also exhibit an inhibitory effect, with the 
proliferation rate of the AgNPs group being significantly lower than that of the control group.

Nanocomposite Inhibits the Colony Formation of Oral Cancer Cell Lines
A colony formation experiment was conducted to determine the effect of miR-181a-5p/AgNPs on the growth and 
development of human oral cancer cell lines. The results showed that AgNPs and their composites significantly inhibit 
the formation of oral cancer cell colonies. Compared with the blank group and the AgNPs/NC group, the miR-181a-5p/ 
AgNPs complex has a more significant inhibitory effect on the colony formation of oral cancer. The inhibitory effect of 
the miR-181a-5p/AgNPs complex is significantly stronger than that of the AgNPs/NC group (Figure 4C–H).

Nanocomposite Inhibits the Invasion of Oral Cancer Cell Lines
The invasion results (Figure 5A–D) show that miR-181a-5p/AgNPs significantly reduces the invasive ability of oral cancer cells 
compared with the control and AgNPs/NC groups. Additionally, AgNPs alone can inhibit the invasion of oral cancer cells to 
a certain extent.

Nanocomposite Inhibits the Migration of Oral Cancer Cell Lines
The migration results show that miR-181a-5p/AgNPs composites significantly inhibit the migration of oral cancer cells 
(Figure 5E–H). While the AgNPs carrier itself also inhibits migration, its effect is significantly lower than that of the 
miR-181a-5p/AgNPs group.

Cell Morphology and Pathological Changes
To assess the impact of AgNPs and miR-181a-5p/AgNPs on the pathological morphology of oral cancer cell lines, HE staining 
was employed to observe cellular morphological alterations. The results showed that the cells in the control group were short 
and spindle-shaped, tightly adherent, with clear and large nuclei, and structurally intact cell membranes (Figure 5I and J). 
Some cells in the AgNPs group maintained their original short spindle type, while others had loose adherence and exhibited 
ellipsoid shapes (Figure 5I and J). Meanwhile, the cells in the composite group typically tended to have a round shape with 
swelling and disintegration of some nuclei, exhibiting an apoptotic morphology. This indicates that miR-181a-5p/AgNPs can 
further inhibit proliferation and induce apoptosis of oral cancer cells compared to AgNPs alone (Figure 5I and J).

Prediction and Screening of Target Genes and Construction of the miR-181a-5p/ 
Target Gene Network
To further study its molecular mechanisms, the target gene of miR-181a-5p was predicted and screened. The interaction 
network of miR-181a-5p and its main targets, validated in previous studies, is shown in Figure 6A. BCL2 was selected as 
a key candidate target gene for further research.

miR-181a-5p Binds to BCL2 3′-UTR
We found that BCL2 is a potential target gene of miR-181a-5p and screened their binding sites (Figure 6B). The dual- 
luciferase reporter assay showed that, in the miR-181a-5p mimic group, the luciferase activity of the wild-type BCL2 3′- 
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Figure 4 Detection of proliferation and colony formation in oral cancer cell lines. (A) Proliferation detection in the SCC-25 cell line. (B) Proliferation detection in the CAL- 
27 cell line. (C). Detection of colony formation in the SCC-25 cell line (microscopic images). (D). Detection of colony formation in the SCC-25 cell line (under the digital 
camera). (E). Statistics of colony formation in the SCC-25 cell line. (F) Detection of colony formation in the CAL-27 cell line (microscopic images). (G). Detection of colony 
formation in the CAL-27 cell line (under the digital camera). (H) Statistics of colony formation in the CAL-27 cell line. 
Notes:**miR-181a-5p/AgNPs group compared with the Con group, P < 0.01; ##miR-181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.01; and: miR- 
NC/AgNPs group compared with the Con group, P < 0.05; andand: miR-NC/AgNPs group compared with the Con group, P < 0.01.
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Figure 5 Invasion, migration, and pathological detection in oral cancer cell lines. (A) Detection of invasion in the CAL-27 cell line. (B) Statistics of invasion results in the 
CAL-27 cell line. (C) Detection of invasion in the SCC-25 cell line. (D) Statistics of invasion results in the SCC-25 cell line. (E) Detection of migration in the CAL-27 cell line. 
(F) Statistics of migration results in the CAL-27 cell line. (G) Detection of migration in the SCC-25 cell line. (H) Statistics of migration results in the SCC-25 cell line. (I) 
Morphology and pathological changes of the CAL-27 cell line. (J) Morphology and pathological changes of the SCC-25 cell line. 
Notes: **: miR-181a-5p/AgNPs group compared with the Con group, P < 0.01; ##: miR-181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.01; andand: 
miR-NC/AgNPs group compared with the Con group, P < 0.01.
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UTR (Wt-BCL2) was significantly inhibited. However, there were no significant changes in the miR-181a-5p mimics NC 
and mutant BCL2 3′-UTR (Mut-BCL2) groups (Figure 6C).

The Effects on Tumorigenesis-Related Genes and Proteins
To better explore the molecular mechanisms of tumor suppression, we detected the expression of the target gene and 
related downstream genes. The results indicated that the target genes BCL2, Kras, and Twist1 were significantly 

Figure 6 Prediction and validation of target genes, as well as detection of downstream genes and proteins. (A) Networks of miR-181a-5p and its main target genes. (B) 
Binding sites of miR-181a-5p to BCL2. (C) Validation of miR-181a-5p binding to BCL2 using dual luciferase reporter assay. (D) Detection of downstream gene expression in 
the CAL-27 cell line. (E) Detection of downstream gene expression in the SCC-25 cell line. (F) Detection of target and downstream protein expression in the CAL-27 cell 
line. (G). Detection of target and downstream protein expression in the SCC-25 cell line. 
Notes: *: miR-181a-5p/AgNPs group compared with the Con group, P < 0.05; **: miR-181a-5p/AgNPs group compared with the Con group, P < 0.01; #: miR-181a-5p/ 
AgNPs group compared with the miR-NC/AgNPs group, P < 0.05; ##: miR-181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.01; and: miR-NC/AgNPs 
group compared with the Con group, P < 0.05; andand: miR-NC/AgNPs group compared with the Con group, P < 0.01.
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downregulated in the miR-181a-5p/AgNPs group. Meanwhile, the downstream genes Cyclin D1, CDK6, E2F1, MMP9, 
MMP2, and Vimentin also had significantly lower expression levels in the miR-181a-5p/AgNPs group in the two oral 
cancer cell lines (Figure 3B, Figure 6D and E).

Moreover, we detected the related target and downstream protein expression in the cell lines. The results showed that 
treatment with AgNPs and miR-181a-5p/AgNPs significantly inhibited the expression of BCL2, Twist1, Kras, MMP2, 
MMP9, N-cadherin, Vimentin, and β-catenin, but promoted the expression of the E-cadherin protein. The promotion and 
inhibition effects of miR-181a-5p/AgNPs were more significant (Figure 6F and G). Our findings suggest that miR-181a- 
5p/AgNPs may inhibit oral cancer development by suppressing target genes and proteins as well as the downstream β- 
catenin signaling pathway.

Analysis of Tumor Volume and Weight
In vivo assays showed that delivery of miR-181a-5p using AgNPs as nanocarriers effectively inhibited the growth of 
transplanted tumors (Figure 7A and B). Additionally, we measured the weight of the isolated tumor, and the results 
indicated that the tumor weight in the AgNPs (AgNPs/NC) group was significantly lower than that in the normal group. 
Compared with the control group and AgNPs group, the tumor weight of the nanocomposite group was significantly 
reduced (Figure 7C).

Furthermore, compared with the control group, after 21 days of treatment, the tumor weight of the AgNPs group 
decreased by about 40%, while the group treated with miR-181a-5p/AgNPs composite showed a 76% reduction in tumor 
weight (Figure 7D). In the analysis of tumor growth inhibition rate, compared with the control group, the tumor volume 
decreased by about 37% in the AgNPs group and 75% in the miR-181a-5p/AgNPs group (Figure 7E).

Pathological Examination
To further evaluate the therapeutic effects of the AgNPs and the nanocomposite, HE and immunohistochemical staining 
were performed. The results showed that the tumors in the control group were composed of masses of malignant cells. 
The tumor tissue in the control group contained rich blood vessels, with the tumor cells being primarily spindle-shaped 
and exhibiting an elevated nuclear-to-cytoplasmic ratio. Some tumor cells showed an insular or nested distribution. 
However, mice treated with nanosilver (AgNPs) or the composite (miR-181a-5p/AgNPs) showed significantly reduced 
tumor malignancy. Some cells underwent apoptosis, and tissues contained necrotic cell clusters accompanied by nuclear 
chromatin condensation, fragmentation, and cell shrinkage, with their tumors being significantly disrupted. Additionally, 
the tumors in the AgNPs group were damaged to a certain extent compared to the PBS control group, but the damage was 
weaker than that in the composite group (Figure 7F).

At the same time, we assessed the degree of cell proliferation in tumor tissue using Ki67 expression levels. 
Immunohistochemistry showed that, compared to the control group, the AgNPs and miR-181a-5p/AgNPs-treated groups 
had a lower number of Ki67-positive cells. The number of Ki67-positive cells and staining area were lowest in the miR- 
181a-5p/AgNPs-treated group. These results indicated that the proliferation of tumors was significantly inhibited in the 
treated groups, with the inhibition being more effective in the miR-181a-5p/AgNPs-treated group (Figure 7G).

Body Weight Detection and Evaluation of Weight Inhibition Rate
To examine the toxicity of the nanocomposite, we monitored the body weight of the nude mice. As shown in Figure 8A, there 
were no significant changes in body weight among the nude mice across treatment groups throughout the experiment. In 
Figure 8B, the analysis of weight inhibition rate in the treatment group revealed that nanosilver and composites did not exert 
a significant inhibitory effect on the body weight of the nude mice. Both Figure 8A and B indicate that the nanosilver carrier 
and composite have no significant toxicity towards mice during the treatment process, demonstrating their favorable 
biocompatibility.

Detection of Organ Coefficient
To further investigate the toxicity effect of the nanocomposite, the organ coefficients of the heart, liver, spleen, lung, and 
kidney for the three groups were analyzed. As shown in Table 3, no significant organ damage or abnormalities were 
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Figure 7 Validation of tumor-suppressing effects in a xenograft model. (A) Isolated tumors from the xenograft model. (B) Tumor growth curves. (C) Weight statistics for 
isolated tumors. (D). Statistics on tumor inhibition rate. (E). Statistics on tumor growth inhibition rate. (F). HE staining of isolated tumors. (G). Immunohistochemical 
analysis of Ki67 in the isolated tumors. 
Notes: **: miR-181a-5p/AgNPs group compared with the Con group, P < 0.01; #: miR-181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.05; ##: miR- 
181a-5p/AgNPs group compared with the miR-NC/AgNPs group, P < 0.01; and: miR-NC/AgNPs group compared with the Con group, P < 0.05.
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Figure 8 In vivo safety evaluation. (A) Weight change curves in nude mice with xenograft tumors. (B) Analysis of body weight inhibition rate. (C) HE staining of main organs 
(heart, liver, spleen, lung, and kidney) in nude mice with xenograft tumors.
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observed in all groups, and no significant difference was detected in the organ coefficients between the three groups. The 
results indicated that the AgNPs and miR-181a-5p/AgNPs have good organ compatibility.

Pathological Changes in the Main Organs
After dissection, observation with the naked eye revealed no discernible differences in the organs of all three groups. 
Moreover, we further assessed potential toxicity toward major organs (heart, liver, spleen, lung, and kidney) by HE 
staining. The results revealed that in the three groups, the structure of the main organs was intact, and no obvious organ 
damage or abnormalities were observed. These findings were consistent with the results of body weight and organ 
coefficients, indicating that the miR-181a-5p/AgNPs composite has no obvious toxicity to the main organs. This further 
reveals that the nanocomposite has a good safety profile (Figure 8C).

Neurotoxicity Assessments
To evaluate the biosafety of AgNPs and AgNP-miRNA, we performed toxicity assessments on neuronal cells SH-SY5Y 
and HT22. The results indicate that neither AgNPs nor miR-181a-5p/AgNPs significantly affected cell viability 
(Supplementary Figures 3 and 4) or oxidative stress levels (Supplementary Figures 5 and 6) in these neuronal cells. 
This suggests that, under our synthesis conditions, they exhibit minimal neurotoxicity.

Molecular Mechanism Validation In Vivo
Immunohistochemical staining was employed to validate protein expression in the three groups. As illustrated in 
Figure 9, the miR-181a-5p/AgNPs group exhibited significantly higher E-cadherin expression compared to the other 
groups. Additionally, the expression of BCL2, Twist1, β-catenin, Vimentin, N-cadherin, MMP2, and MMP9 was notably 
lower in the miR-181a-5p/AgNPs group compared to the other groups. These proteins also showed a decreasing trend in 
the AgNPs group; however, this trend was more pronounced in the miR-181a-5p/AgNPs group. Thus, the tumor- 
suppressive effect of the miR-181a-5p/AgNPs group was more prominent, consistent with our in vitro validation results 
in oral cancer cells, indicating superior tumor suppressive efficacy of miR-181a-5p/AgNPs nanocomplexes over single 
nanomedicines. Our in vivo findings further demonstrated that miR-181a-5p/AgNPs could inhibit oral cancer by 
suppressing the target protein and downstream β-catenin signaling pathway, aligning with our in vitro findings.

Discussion
Oral cancer presents a significant global health challenge with a low survival rate and poor prognosis. Annually, over 
400,000 new cases are diagnosed worldwide, highlighting its widespread impact.1 Despite advancements in clinical 
diagnosis and therapy, the prognosis for oral cancer remains bleak.38 One contributing factor is the inefficacy and toxicity 
of current treatment modalities.39 Additionally, the molecular mechanisms underlying oral cancer pathogenesis remain 
poorly understood.40 Therefore, there is an urgent need to develop effective treatment strategies and elucidate the 
underlying pathogenesis of oral cancer.

Accumulating evidence suggests that miRNAs play a pivotal role in the occurrence and progression of oral 
cancer.7,39,41 Research has underscored the essential role of miRNAs in oral cancer onset and progression, highlighting 
their potential as crucial regulatory molecules in treatment. Notably, miRNAs have shown promise as effective treatment 
agents for tumors without causing toxicity to normal cells.42–44 Consequently, miRNAs are considered a promising 

Table 3 Organ Coefficients of Nude Mice

Organ PBS AgNPs miR-181a-5p/AgNPs

Heart 0.5788±0.1948 0.5405±0.0348 0.5501±0.0198
Liver 8.0120±0.3496 7.9315±1.0339 7.8516±1.1680

Spleen 1.8694±0.1560 1.8440±0.2255 1.7185±0.1849

Lungs 0.8609±0.0629 0.9817±0.2457 0.7887±0.0286
Kidney 1.5076±0.1323 1.5230±0.1778 1.5597±0.0795
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Figure 9 Immunohistochemical detection of target and downstream proteins in isolated tumors.
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option for gene therapy. However, the application of miRNA-based gene therapy faces numerous obstacles, including 
low cell uptake, immunogenicity, kidney clearance, nuclease degradation, poor internal release, and adverse side effects 
associated with high-dose therapy.45,46 Various approaches, such as probes and miRNA delivery vectors based on 
adenovirus and lentivirus, have been explored to overcome these challenges. Despite their potential, these methods 
also present biological toxicity and side effects.47,48 Current research efforts predominantly focus on utilizing nanodrugs 
and nanocarriers to treat malignant tumors.39,49,50 Substantial attention has been directed towards the development of 
nanocarriers to enhance miRNA delivery efficacy and minimize associated challenges.

Traditional miRNA delivery methods primarily include lipid-based transfection and chemically modified miRNAs. 
While these methods are commonly employed in preliminary in vitro cell experiments, they have limitations for further 
in vivo therapeutic research.51 Lipid-based miRNA delivery involves encapsulating miRNA within liposome particles to 
enhance stability and bioavailability, facilitating cellular entry. However, liposomes may undergo rapid degradation by 
in vivo enzymes, leading to premature miRNA release and degradation before reaching target cells.26 Additionally, the 
lack of sufficient targeting specificity results in broad distribution throughout normal tissues, causing unnecessary side 
effects.26,51 Some liposome materials may trigger immune responses, leading to inflammation or other adverse 
reactions.26,51 Chemical modification alters miRNA structure to enhance cellular uptake and stability. However, this 
process is complex, requiring specialized reagents and equipment, which leads to higher production costs. At the same 
time, not all miRNAs can be effectively modified. Moreover, chemically modified miRNAs may lose their biological 
activity and undergo engulfment and degradation by endosomes during in vivo therapy.51

Because cancer cells exhibit a high permeability and retention effect, nanosilver can readily enter and accumulate in 
target cancer cells. Moreover, in clinical medicine, nanosilver finds utility in various applications such as antimicrobial 
excipients, surgical sutures, heart valves, and targeting agents.52 Several studies have highlighted the potential of 
nanosilver in the early detection and clinical diagnosis of cancers including colorectal, gastric, cervical, esophageal, 
and prostate cancer.33–36 Consequently, nanosilver has emerged as an effective drug delivery system owing to its intrinsic 
properties.53,54 Its excellent antibacterial properties further allow for the prevention of contamination during the 
transfection process, providing a significant advantage over conventional carriers.48,49 The outstanding antibacterial 
properties of nanosilver effectively prevent contamination during the transfection process, offering a significant advan-
tage over conventional carriers when used as cell transfection vectors.53,54 Through the utilization of common raw 
materials and refined synthesis methods, we have addressed potential adverse environmental impacts, high preparation 
costs, and the complexity of synthesis and production processes associated with nanodrugs. Consequently, our nano-
composite has become more convenient and safe.

Notably, the synthesis process of nanosilver in our research does not involve the use of toxic chemical reagents, resulting in 
minimal environmental impact and positioning it as a novel environmentally friendly transfection agent. Moreover, compared 
to other commercially available transfection carriers, the multifaceted characteristics of the nanocarrier delivery system can be 
tailored according to experimental requirements. Lastly, the small size and large specific surface area of nanocarriers enable 
them to circulate longer in vivo, effectively enhancing therapeutic outcomes.53,54

In our study, AgNPs were successfully prepared using AA as a reducing agent. Co-incubation of miR-181a-5p and 
AgNPs solutions yielded miR-181a-5p/AgNPs nanocomplexes. Characterization by fluorescence development demon-
strated the excitation of AgNPs to fluoresce, with bright intracellular green fluorescence observed in tumor cells. 
Furthermore, the miR-181a-5p/AgNPs composites exhibited high transfection efficiency and effectively protected 
miRNA from degradation by RNase and serum.

To elucidate the complex’s biological mechanism in regulating oral cancer cells, we utilized miR-181a-5p/AgNPs 
nanocomposites to deliver miR-181a-5p into oral cancer cells. In vitro functional assays revealed the inhibitory effects of 
miR-181a-5p on cell proliferation, colony formation, migration, and invasion. Simultaneously, to better explore the role 
of miR-181a-5p in tumor suppression in vivo, we constructed a tumor xenograft animal model. The results showed that 
both nanosilver and the composite significantly inhibited tumor growth in vivo, with the composite exhibiting superior 
efficacy to nanosilver alone. We found that miR-181a-5p/AgNPs not only efficiently delivered miR-181a-5p but also 
showed excellent antitumor activity both in vitro and in vivo. These findings suggest the potential of miR-181a-5p/ 
AgNPs nanocomposites as oral cancer suppressors.
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Hemolysis tests and xenograft tumor model evaluations demonstrated favorable biosafety profiles of both AgNPs and 
miR-181a-5p/AgNPs in vivo and in vitro. Additionally, neurotoxicity assessments revealed almost no significant 
neurotoxicity. We speculate that several factors may account for the absence of significant neurotoxicity observed: 
Firstly, our comprehensive treatment approach employed low single doses that were insufficient to induce neurotoxicity. 
Secondly, the brief duration of administration further limited the cumulative dose of nanomedicine, preventing damage. 
Furthermore, to comprehensively evaluate the neurotoxicity of AgNPs and miR-181a-5p/AgNPs, we intend to employ 
animal models in subsequent research to investigate their effects on behavior, brain myelination, cerebral pathological 
alterations, and changes in oxidative stress levels within the nervous system.

Our previous animal models and functional verification of oral cancer cell lines have demonstrated the promising 
antitumor effects of miR-181a-5p. Similarly, Shin KH reported a downregulation of miR-181a-5p in oral cancer.11 The 
functional analysis by Liu et al showed a significant downregulation of miR-181a in stable cisplatin-resistant oral cancer 
cell lines, with the miR-181a-Twist1 pathway identified as reversing chemical resistance and inhibiting EMT.12 The high 
expression of miR-181a-5p significantly delays the development of NPC,17 while also inducing cell senescence and 
shortening cell lifespan.18 These findings align with our results, indicating the potential tumor suppressor function of 
miR-181a-5p across various contexts.

In the present study, we discovered that miR-181a-5p directly targets the 3’-UTR region of BCL2 to inhibit its 
expression. Overexpression of miR-181a-5p significantly reduced the expression of Twist1, Kras, β-catenin, MMP2, 
MMP9, N-cadherin, and Vimentin, while increasing the expression of E-cadherin. Increased BCL2 expression in tumor 
vessels has been associated with patients’ metastasis status in head and neck squamous cell carcinoma, suggesting its role 
in promoting tumor angiogenesis, vascular leakage, and metastasis.55 In oral cancer tissue, BCL2 interacts with Twist1, 
correlating with pathological grade and poor prognosis.56 In our study, miR-181a-5p/AgNPs nanocomplexes notably 
decreased the expression of the target gene BCL2, consequently affecting Twist1 expression and the activation of the β- 
catenin signaling pathway. This inhibition led to decreased expression of invasion-related genes MMP2 and MMP9, 
EMT-related genes N-cadherin and Vimentin, and increased expression of E-cadherin. Therefore, the nanocomposites 
suppress the β-catenin signaling pathway activation through the miR-181a-5p/BCL2/Twist1 axis, inhibiting the occur-
rence and progression of oral cancer.

This study successfully synthesized nanosilver loaded with anti-cancer miRNA to form a nanocomposite, thoroughly 
investigating its in vivo and in vitro anti-cancer mechanisms and biosafety. Additionally, research was conducted on the 
neurotoxicity of nanosilver and the nanocomposite. Subsequent research will utilize appropriate animal models for in-depth 
studies on the neurotoxicity of AgNPs and the composites within living organisms, investigating their potential impact on the 
nervous system, brain, and long-term biosafety profile. Challenges may arise in future clinical applications of AgNPs/miRNA, 
including the impact of the tumor microenvironment’s heterogeneity and complexity on nanocomposite targeting precision 
and stability, as well as large-scale production and cost control. Ongoing research and innovation are essential to overcome 
these challenges and unleash the potential of nanotechnology in cancer treatment. In the future, it is imperative to strengthen 
interdisciplinary collaboration to develop more efficient, stable, and safe nanocomposite drugs, as well as to explore the 
applications of nanotechnology in cancer immunotherapy and gene therapy.

Conclusion
We successfully synthesized nanosilver with uniform distribution, capable of emitting fluorescence upon excitation, 
exhibiting excellent biocompatibility, and ensuring high safety. Utilizing this nanosilver as a base, we prepared 
a nanocomposite loaded with the tumor suppressor gene miR-181a-5p. The resulting nanocomposite effectively inhibits 
the growth and progression of oral cancer both in vitro and in vivo, partially attributed to its suppression of the β-catenin 
signaling pathway. These effects demonstrate synergy that may be challenging for a single drug to achieve in treatment. 
In vivo treatment and histopathological analysis revealed a significant reduction in transplanted tumor growth without 
apparent toxicity to other organs. Overall, this study presents novel options for the clinical prevention and treatment of 
oral cancer, focusing on modulating gene expression through non-coding RNAs and utilizing nanodrug therapy.
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