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Oral health problems such as infections, tooth decay, and gum disease, often caused 
by oral pathogens, are increasingly linked to oral cancer. This study successfully 
synthesized and characterized beta sitosterol functionalized ZnO nanoparticles (BS-
ZnO NPs), with UV-Visspectroscopy showing a prominent absorption peak at 302 
nm, and FTIR analysis confirming the functionalization through characteristic peaks 
of O–H, C=C, C–O, and Zn–O bonds. SEM and XRD analyses revealed their crystalline 
nature and morphology. The antioxidant potential of BS-ZnO NPs, demonstrated 
through DPPH and ABTS assays, showed a dose-dependent radical scavenging 
activity comparable to standard antioxidants. Antimicrobial activity against 
Streptococcus aureus, Enterococcus faecalis, Candida albicans, and Staphylococcus 
mutans revealed significant growth inhibition and superior efficacy to amoxicillin 
at equivalent concentrations. Molecular docking studies highlighted strong binding 
affinities of BS with pathogen virulence proteins, including Als3 adhesin in C. 
albicans and phospholipase C in S. aureus, disrupting biofilm formation and microbial 
adhesion. Additionally, BS-ZnO NPs exhibited potent anticancer activity against KB 
oral cancer cells, reducing cell viability to 28% at 100 μg/mL and outperforming 
cyclophosphamide. Gene expression analysis showed significant downregulation 
of the anti-apoptotic gene Bcl-2 and upregulation of pro-apoptotic Bax and tumor 
suppressor p53, highlighting their role in modulating apoptotic pathways. These 
findings underscore the multifunctional potential of BS-ZnO NPs as promising agents 
for oral health applications, including antioxidants, antimicrobials, and targeted 
therapeutics for oral cancer.
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1. Introduction
Oral health problems, including oral infections and oral 

cancer, represent significant challenges to global health. Oral 
pathogens such as Streptococcus mutans, Enterococcus faecalis, 
Staphylococcus aureus, and Candida albicans contribute a vital 
role in the pathological process of oral disorders (Amaya 
Arbeláez et al., 2021; Li et al., 2022). These microorganisms 
create a conducive environment for microbial proliferation 
and inflammation, often leading to tooth decay, gum disease, 
and systemic complications. Dental caries can progress from 
enamel demineralization to deeper infections affecting the 
dental pulp, potentially resulting in abscess formation and 
severe pain (Roberts et al., 2022). Chronic periodontal diseases, 

such as periodontitis and gingivitis, cause progressive 
destruction of the supporting tissues around the teeth, 
eventually leading to tooth loss (Junge et al., 2021). Beyond 
these localized effects, oral infections are increasingly 
associated with systemic health issues, including the 
development of oral cancer. Chronic inflammation induced 
by periodontal pathogens is believed to foster conditions 
conducive to carcinogenesis (Li et al., 2022). Oral squamous 
cell carcinoma (OSCC), the most common form of oral cancer, 
remains challenging to manage due to its rapid progression 
and frequent late-stage diagnosis (Ravikumar et al., 2024). 
Current treatment options, including immunotherapy, 
chemotherapy, targeted therapy, radiation therapy, and 
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surgery are often possess significant side effects and variable 
outcomes. Furthermore, rising antibiotic resistance among 
oral pathogens underscores the urgent need for innovative 
therapeutic strategies to combat both oral infections and 
cancer effectively. 

Nanotechnology offers promising solutions to these 
challenges by enabling the development of multifunctional 
therapeutic agents. Zinc oxide nanoparticles (ZnO 
NPs) have attracted interest due to their impressive 
characteristics, such as a large surface area relative to their 
volume, compatibility with biological systems, and strong 
antimicrobial and anticancer effects (Tayyeb et al. 2024). 
ZnO NPs can induce apoptosis in cancer cells, suppress 
proliferation, and modulate signalling pathways critical 
for cell survival (Shaik et al., 2024). Their antibacterial 
properties are effective against a wide range of pathogens, 
including strains resistant to drugs, which positions them 
as a valuable resource in overcoming the challenges posed 
by traditional treatments. Beta-sitosterol (BS), a natural 
plant compound, has strong therapeutic potential due to 
its antioxidant, anti-inflammatory, and anticancer effects. 
It helps regulate cholesterol levels, boosts the immune 
system, and can trigger cell death and slow tumor growth 
through various molecular pathways (Khan et al., 2022). 
The combination of beta-sitosterol and ZnO NPs presents 
an innovative strategy to maximize their synergistic effects. 
BS-ZnO NPs offer a dual therapeutic approach by enhancing 
antibacterial activity against resistant pathogens while 
exhibiting anticancer properties through the regulation of 
apoptotic pathways. This study focuses on the synthesis and 
characterization of BS-ZnO NPs using advanced analytical 
techniques. The antibacterial, antioxidant, and anticancer 
effects of these NPs were evaluated to explore their potential 
in addressing the dual challenges of oral infections and oral 
cancer.

2. Materials and Methods
2.1. BS-ZnO NPs synthesis

The synthesis of beta-sitosterol-functionalized 
zinc oxide nanoparticles (BS-ZnO NPs) was initiated by 
preparing a 10 mg/mL BS solution through the dissolution 
of 50 mg of beta-sitosterol in 5 mL of ethanol. Concurrently, 
20 mL of 0.1 M zinc acetate dihydrate solution was 
prepared and stirred continuously at room temperature. 
The BS solution was then gradually introduced into the 
zinc acetate solution under constant stirring. The pH of the 
mixture was adjusted to approximately 10 by the dropwise 
addition of 0.1 M sodium hydroxide solution. To ensure 
the reaction's completion, the mixture was stirred for an 
additional two hours. The resulting nanoparticles were 
collected via centrifugation at 8000 rpm for 10 minutes, 
washed with distilled water to remove residual impurities, 
and subsequently vacuum-dried at 60°C for 12 hours. 

Characterization of the synthesized BS-ZnO NPs was 
performed using UV-Vis spectroscopy to determine their 
optical bandgap energy, scanning electron microscopy 
(SEM) to evaluate morphology and size distribution, 
X-ray diffraction (XRD) to analyze crystallographic phases 
and crystalline size, and Fourier-transform infrared 
spectroscopy (FTIR) to identify functional groups and 
confirm chemical composition(Tayyeb et al., 2024a).

2.2. Antioxidant assay
The antioxidant potential of BS-ZnO NPs was assessed 

using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. 
A 0.1 mM DPPH solution was prepared in ethanol, and 
varying concentrations of BS-ZnO NPs (5, 25, 50, and 100 
μg/mL) were prepared. For each concentration, 100 μL of 
the nanoparticle solution was mixed with 900 μL of the 
DPPH solution. The mixtures were incubated in the dark at 
room temperature for 30 minutes to allow for the reaction. 
Following incubation, the absorbance of each mixture was 
measured at 517 nm using a UV-Vis spectrophotometer to 
determine the DPPH radical scavenging activity of the BS-
ZnO NPs (Hussain et al., 2024).

The antioxidant activity of BS-ZnO NPs was evaluated 
using the 2,2′-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) assay, which measures the scavenging 
of ABTS•+ radicals. ABTS solution (7 mM) and potassium 
persulfate (2.45 mM) were mixed and allowed to react in 
the dark at room temperature for 16 hours to generate 
ABTS+ radical cations. The resultant solution was diluted 
with ethanol to achieve an absorbance of 0.70 ± 0.02 at 
734 nm. To assess antioxidant activity, BS-ZnO NPs were 
prepared at concentrations of 5, 25, 50, and 100 μg/mL. A 
volume of 900 μL of the diluted ABTS+ solution was mixed 
with 100 μL of BS-ZnO NPs at each concentration. The 
mixtures were incubated in the dark at room temperature 
for six months. Absorbance was measured at 734 nm 
using a UV-Vis spectrophotometer to determine the radical 
scavenging activity of BS-ZnO NPs (Rafe Hatshan et al., 
2024).

2.3. Antimicrobial assay
The microdilution method determined the minimum 

inhibitory concentration (MIC) of BS-ZnO NPs against oral 
pathogens, including S. mutans, S. aureus, E. faecalis, and 
C. albicans. In a sterile 96-well microtiter plate, 100 μL of 
serially diluted BS-ZnO NPs solutions were added to wells, 
followed by 100 μL of a pathogen suspension (~1.5 × 10⁵ 
CFU/mL). The plate was incubated at 37°C for 24 hours. 
Finally, turbidity for each well was measured at 590 nm 
(Ahmad et al., 2021).

The inhibitory zone activity of BS-ZnO NPs against oral 
pathogens was assessed using the well diffusion method. 
Using sterile cotton swabs, the bacterial suspension 
was evenly spread over Basal medium agar plates were 
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inoculated with a standardized microbial suspension evenly 
spread with a sterile swab. Wells were created in the agar 
using a sterile cork borer, and 20 μL of BS-ZnO NPs were 
dispensed into each well. Positive control wells containing 
a standard antibacterial agent were included. The plates 
were incubated for 24 hours and the diameter of the zone 
of inhibition was measured (Alam et al., 2021).

2.4. Ligand-receptor interaction studies
Molecular docking of BS with receptors of oral 

pathogens was performed using AutoDock. The 3D structure 
of BS was sourced from the PubChem database. Structures 
of the receptors were obtained from the PDB. Preparation 
of ligands and receptors in AutoDock Tool 1.5.7 included the 
addition of hydrogens, charges, and essential bonds.  Active 
site residues were identified, and grid box parameters 
were established for the docking procedure. Docking was 
executed using the Lamarckian genetic algorithm, and 
molecular interactions were illustrated using Discovery 
Studio Visualizer (Kandaswamy et al., 2024).

2.5. Apoptosis assay
The anti-cancer activity of BS-ZnO NP was determined 

using the Hela tumor cell line (KB cells). Briefly, the cells 
were obtained from the National Centre for Cell Repository 
(NCCS) and were maintained in a DMEM medium 
supplemented with 10% FBS and 0.05% penicillin-

streptomicin solution at 37°C with 5% CO2. For the MTT 
assay, the cells were seeded into 96 well plates, in which 
each well contained ~1×104 cells.  The cells were exposed 
to different concentrations of BS-ZnO NPs for a duration 
of 24 hours. After exposure, the solutions were removed 
and the cells were rinsed thrice with Phosphate buffer 
and treated with MTT solution (5 mg/mL in PBS) for 4 
hours in dark at 37°C. The formazan crystals formed were 
dissolved into DMSO and absorbance was recorded at 579 
nm (Marunganathan et al., 2024).

2.6. Apoptosis gene expression
The total RNA was obtained from KB cells that were 

treated with BS-ZnO NPs using the Trizol reagent. After 
extracting RNA, the sample was purified with ethanol, 
precipitated using isopropanol, and then resuspended in 
TE buffer. The purity of the RNA extracted was determined 
using a NanoDrop spectrophotometer. From RNA, cDNA 
was generated using a reverse transcription kit, with the 
RNA incubating at 37°C. The reaction was halted by heating 
to 95°C for five minutes, and the cDNA was preserved for 
subsequent analysis. The cDNA were then taken for qRT-PCR 
analysis. qRT-PCR was performed with conditions including 
40 cycles of denaturation at 95°C for thirty seconds (Table 
1). Gene expression was analyzed using the 2−ΔΔCt method, 
with normalization to GAPDH (Livak and Schmittgen, 2001).

 

Table 1. List of Primer sequence used for gene expression
	

Gene Forward primer (5´-3´) Reverse primer (5´-3´) Reference
GAPDH GCCAAAAGGGTCATCATCTCTGC GGTCACGAGTCCTTCCACGATAC (Heidari and Doosti, 2023)
BCL-2 GACGACTTCTCCCGCCGCTAC CGGTTCAGGTACTCAGTCATCCAC (Heidari and Doosti, 2023)
BAX AGGTCTTTTTCCGAGTGGCAG GCGTCCCAAAGTAGGAGAGGAG (Heidari and Doosti, 2023)
P53 ACATGACGGAGGTTGTGAGG TGTGATGATGGTGAGGATGG (Hong et al., 2021)

2.7. Statistical analysis
Each experiment was repeated for three individual 

times and the values obtained from three independent 
experiment were plotted as mean ± standard deviation 
using GraphPad Prism 9.0. The graphs were analysed 
using One-way or Two-way ANOVA analysis and the all 
groups were compared with control using Dunnett’s and 
Bonferroni’s multiple comparison test, respectively.  p< 
0.05 was considered as significant. 

3. Results
3.1. Characteristics of BS-ZnO NP

The results from UV-spectrum analysis revealed a 
single absorption peak at 302 nm, indicating the successful 
synthesis of ZnO NPs (Figure 1). The FTIR spectrum 
further supports the successful functionalization of ZnO 

NPs with BS. The broad peak observed around 3456 cm⁻¹ 
corresponds to O–H stretching vibrations, indicating the 
presence of hydroxyl groups from beta-sitosterol. The 
sharp peak at 1637 cm⁻¹ is attributed to the C=C stretching 
vibrations, confirming the presence of the sterol ring system, 
while peaks at 1372 cm⁻¹ and 873 cm⁻¹ correspond to C–O 
stretching and Zn–O bond vibrations, respectively (Figure 2). 
These results collectively validate the successful synthesis 
and coating of ZnO NPs with BS. Complementary SEM and 
XRD analysis further confirmed the crystalline nature of the 
NPs, with SEM providing insights into the morphology and 
XRD revealing distinct diffraction peaks characteristic of 
ZnO's crystalline structure (Figure 3 & 4).
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Figure 1: UV-Vis Spectral Analysis of Synthesized BS-ZnO

Figure 2: FTIR analysis of BS-ZnO NPs
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3.2. Effect of Free radical Scavenging
The free radical scavenging activity of BS-ZnO NPs was 

determined using the DPPH assay. Various doses of BS-ZnO 
NPs from 5 to 100 μg/mL were used in this experiment. At the 
lowest dose of 5 μg/mL, BS-ZnO NPs showed modest DPPH 
radical scavenging activity, with an inhibition percentage of 
6%. Increasing the concentration to 100 μg/mL significantly 
enhanced the DPPH scavenging activity, with an inhibition 

percentage of 58%. This demonstrated a dose-dependent 
increase in antioxidant capacity (Figure 5a).

The ABTS assay demonstrated that BS-ZnO NPs 
exhibited strong antioxidant activity, with a clear dose-
dependent increase in ABTS radical scavenging ability 
(Figure 5b). At a concentration of 100 μg/mL, BS-ZnO NPs 
showed an ABTS radical inhibition rate of 70%, which was 
comparable to trolox treatment at 100 μg/mL (83%).

Figure 3: SEM images of BS-ZnO NPs

Figure 4: XRD analysis of BS-ZnO NPs
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3.3  BS-ZnO NPs inhibit oral pathogens
The antimicrobial activity of BS-ZnO was investigated 

against four oral pathogens strains. The MIC of BS-ZnO NPs 
was determined to be 50 μg/mL for all tested pathogens, 
indicating inhibition of microbial growth at this concentration 
(Figure 6). At a concentration of 50 μg/mL, BS-ZnO NPs 
produced inhibition zones of 1.1 cm for S. aureus, 1.0 cm for 
E. faecalis, 0.6 cm for C. albicans, and 0.6 cm for S. mutans. 

Whereas, at 100 μg/mL, the inhibition zones increased to 
1.3 cm, 1.1 cm, 0.8 cm, and 0.9 cm, respectively (Figure 
7a & b). These results suggest that BS-ZnO NPs exhibit a 
concentration-dependent enhancement in antimicrobial 
activity. BS-ZnO NPs outperformed amoxicillin in their 
activity against S. aureus and S. mutans at equivalent 
concentrations of 100 μg/mL.

Figure 5: The radical scavenging activities of BS-ZnO NPs were evaluated using both (a) DPPH and (b) ABTS assays. 
Significant differences between BS-ZnO NPs and trolox were indicated by * indicated the p < 0.05. 
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Figure 6: The MIC of BS-ZnO NPs was assessed against oral pathogens. The positive control was amoxicillin. When compared 
to the control, statistical significance (p < 0.05) is indicated by the asterisk (*).

Figure 7: (a) Zone of Inhibition and (b) MIC activity of BS-ZnO NPs tested against different oral pathogens 
and compared with amoxicillin
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3.4. BS effectively binds with microbial peptides
The molecular docking was performed between beta-

sitosterol and potential anti-microbial target peptides of 
microbial pathogens. Among the proteins analyzed, the 
strongest binding affinity was observed with C. albicans 
adhesin Als3 (-6.6 kcal/mol), where BS interacted with 
residues such as PHE, TRP, and VAL through hydrophobic 
interactions and GLN through polar contacts. For S. aureus 

phospholipase C (-5.4 kcal/mol), interactions with TYR, 
ARG, and ILE indicate a combination of hydrophobic and 
electrostatic interactions. Similarly, moderate binding was 
observed with S. mutans glucosyltransferase B (-5.5 kcal/
mol), where LYS, VAL, and MET residues facilitated the 
interaction. For E. faecalis enterococcal surface protein 
(-5.3 kcal/mol), the binding involved MET and ASN 
residues (Table 2 & Figure 8).

Figure 8: The interaction between oral pathogen receptors andBS are depicted includes both 2D and 3D typical representa-
tions of the interactions. (a) 3V16 of S. aureus, (b) 8FKL of S. mutans, (c) 6ORI of E. faecalis, (d) 4LE8 of C. albicans.
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Table 2. Molecular Docking analysis of BS with different oral pathogens target proteins

Sl. No. Protein PDB ID Binding affinity 
(kcal/mol)

Amino acids in other type of 
bonding except hydrogen bond

1 S.aureus: Phospholipase C 3V16 -5.43 TYR, ARG, ASN, ILE
2 S. mutans: 

Glucosyltransferase B 
8FKL -5.56 LYS, VAL, MET, LYS

3 E. faecalis: Enterococcal 
surface protein

6ORI -5.39 MET, MET, ASN

4 C. albicans: Adhesin Als3 4LE8 -6.64 PRO. GLN, PHE, PHE, TRP, VAL

3.5. BS-ZnO NPs showed anti-cancer activity
The results from MTT assay revealed that cytotoxic 

effects of BS-ZnO NPs increased in dose-dependent 
manner. The cell viability of KB cells reduced to 28% at 

100 μg/mL, which is almost similar with the activity of 
cyclophosphamide, which reduced cell viability to 35% at 
100 μg/mL (Figure 9).

Figure 9: Cytotoxic effect of BS-ZnO NPs on KB oral cancer cells compared to cyclophosphamide.

3.6. Molecular mechanism of BS-ZnO NPs
The results from gene expression analysis revealed 

that expression of anti-apoptotic protein Bcl-2 (0.8-fold) 
was substantially downregulated by the treatment of 
BS-ZnO NPs, compared to cyclophosphamide (0.7-fold).
Conversely, the pro-apoptotic gene Bax was markedly 
upregulated following treatment with BS-ZnO NPs (4.2-
fold), which was comparable to the increase observed 

with cyclophosphamide (4.5-fold). Similarly, the tumor 
suppressor gene p53 showed notable upregulation, with 
BS-ZnO NPs inducing a 3.8-fold increase compared to 
cyclophosphamide, which showed a 3.5-fold increase.
These findings suggest that BS-ZnO NPs effectively 
modulate apoptotic pathways in KB cells by decreasing 
Bcl-2 expression and enhancing Bax and p53 expression.
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Figure 10: Gene expression was analyzed using quantitative PCR to assess the effects of BS-ZnO NPs on Bcl-2, 
Bax, and p53 in KB cells.

4. Discussion
The effective production and characterization 

of these BS-ZnO NPs in this study demonstrated their 
multifunctional roles in oral health, particularly in 
treating common oral illnesses, controlling oxidative 
stress, and presenting new treatment alternatives for oral 
cancer. One of the major factors contributing to various 
oral diseases is the imbalance between ROS production 
and the body's antioxidant defense mechanisms. The 
antioxidant properties of BS-ZnO NPs, demonstrated 
by the free radical scavenging assays, are of particular 
interest in the context of oral health. Similarly, the recent 
studies have also showed that ZnO NPs synthesized with 
Ailanthus altissima leaf extract effectively scavenged the 
DPPH radicals (Shabbir Awan et al., 2023). The use of 
BS-ZnO NPs as an antioxidant agent could, therefore, be 
integrated into oral care products, such as mouthwashes, 
toothpaste, or gels, helping to prevent oxidative damage 
to oral tissues, reduce gum inflammation, and protect 
against enamel erosion.In the oral cavity, microbial 
infections are the leading cause of dental diseases. S. 
mutans, for example, is a major contributor to dental caries 
(Al-Ansari et al., 2021), while C. albicans is associated 
with oral candidiasis (Hato et al., 2022). In this study, 
the antimicrobial efficacy of BS-ZnO NPs was reported 
to show wide range of activity against oral pathogens. 
The incorporation of BS into ZnO NPs could enhance 
this mechanism by adding another layer of action, such 
as inhibiting microbial enzymes. Additionally, BS itself 
has shown antimicrobial properties in previous studies 

(Pierre Luhata and Usuki, 2021), which may further 
contribute to the enhanced activity of BS-ZnO NPs.
The results indicating BS binding interactions with key 
virulence proteins of oral pathogens provide a promising 
basis for developing targeted oral applications. For S. 
aureus, BS interaction with phospholipase C, a critical 
enzyme responsible for hydrolyzing host cell membrane 
phospholipids and promoting bacterial invasion 
(Nakamura et al., 2020), suggests that an inhibition-
based approach could be highly effective. For S. mutans, 
BS binding with glucosyltransferase B, an enzyme crucial 
for synthesizing insoluble glucans and promoting biofilm 
formation (Zhang et al., 2021), indicates its potential 
to disrupt plaque development. Similarly, targeting 
the enterococcal surface protein in E faecalis, a factor 
contributing to adhesion and persistence in dental 
root canals (Gaeta et al., 2023), disrupting bacterial 
colonization and aiding in endodontic treatments. Lastly, 
the interaction of BS with adhesin Als3, a surface protein 
of C. albicans essential for fungal adhesion and invasion 
(Karkowska‐Kuleta et al., 2021), points to its potential 
in managing fungal biofilms.Oral cancer, often linked to 
chronic dental diseases such as periodontitis and poor 
oral hygiene, highlights the critical interplay between 
persistent inflammation and carcinogenesis in the 
oral cavity (Komlós et al., 2021; Li et al., 2022). At the 
molecular level, BS-ZnO NPs show strong potential as a 
therapeutic option by effectively modulating apoptotic 
pathways. The downregulation of the anti-apoptotic gene 
bcl2 suggests that these NPs can interfere with cancer cell 
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survival mechanisms, promoting cell death. Additionally, the 
upregulation of the pro-apoptotic gene bax and the tumor 
suppressor gene p53 indicates the activation of intrinsic 
apoptotic pathways. This combined effect of reducing 
cell survival signals while enhancing cell death pathways 
highlights their potential to efficiently target and eliminate 
cancer cells.

5. Conclusion
The current study demonstrate the significant potential 

of BS-ZnO NPs in dental and oral health applications, 
particularly for managing oxidative stress, combating 
microbial infections, and providing novel therapeutic 
options for oral cancer. Future research, including in vivo 
studies and clinical trials, will be essential to translate these 
findings into practical applications, paving the way for the 
widespread use of BS-ZnO NPs in oral healthcare.
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