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Abstract

Background Kappaphycus alvarezii, a marine red algae species, has gained significant attention in recent years due to its
versatile bioactive compounds. Among these, k-carrageenan (CR), a sulfated polysaccharide, exhibits remarkable antimicro-
bial properties. This study emphasizes the synergism attained by functionalizing zinc oxide nanoparticles (ZnO NPs) with
CR, thereby enhancing its antimicrobial efficacy and target specificity against dental pathogens.

Methods In this study, we synthesized ZnO-CR NPs and characterized them using SEM, FTIR, and XRD techniques to
authenticate their composition and structural attributes. Moreover, our investigation revealed that ZnO-CR NPs possess better
free radical scavenging capabilities, as evidenced by their effective activity in the DPPH and ABTS assay.

Results The antimicrobial properties of ZnO-CR NPs were systematically assessed using a zone of inhibition assay against
dental pathogens of S. aureus, S. mutans, E. faecalis, and C. albicans, demonstrating their substantial inhibitory effects at
a minimal concentration of 50 pg/mL. We elucidated the interaction between CR and the receptors of dental pathogens to
further understand their mechanism of action. The ZnO-CR NPs demonstrated a dose-dependent anticancer effect at concen-
trations of 5 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL on KB cells, a type of Human Oral Epidermal Carcinoma. The
mechanism by which ZnO-CA NPs induced apoptosis in KB cells was determined by observing an increase in the expression
of the BCL-2, BAX, and P53 genes.

Conclusion Our findings unveil the promising potential of ZnO-CR NPs as a candidate with significant utility in dental
applications. The demonstrated biocompatibility, potent antioxidant and antiapoptotic activity, along with impressive anti-
microbial efficacy position these NPs as a valuable resource in the ongoing fight against dental pathogens and oral cancer.
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Introduction

Kappaphycus alvarezii, commonly known as ‘cottonii’ or
‘carrageenophyte,’ is a species of marine red algae. It con-
tains bioactive compounds that have demonstrated poten-
tial antimicrobial and anticancer activities [1]. These com-
pounds can inhibit the growth of certain bacteria, fungi,
and even viruses. The antimicrobial properties are attrib-
uted to various secondary metabolites present in the algae,
such as sulfated polysaccharides, peptides, and polyphe-
nols [2]. k-Carrageenan (CR) is a natural polysaccharide
derived from the cell walls of red algae, particularly from
species like Kappaphycus alvarezii [3]. It is widely used
in various industries, including food, pharmaceuticals,
and cosmetics, due to its unique biological and physico-
chemical properties. CR has been shown to modulate the
immune system, stimulating immune responses such as the
activation of immune cells like macrophages and natural
killer cells [4]. These immune cells play a vital role in
identifying and eliminating cancer cells from the body.
Apoptosis, or programmed cell death, is a natural process
that helps remove damaged or unwanted cells from the
body. Cancer cells often resist apoptosis, but some studies
suggest that k-carrageenan can induce apoptosis in cancer
cells, promoting their self-destruction [5]. Against bacte-
ria, CR operates by perturbing cell membranes and walls,
provoking a release of cellular contents and ensuing cell
demise. This profound disruption sabotages the integrity
of bacterial cells, effectively impeding their growth [6]. Its
role as a potential natural preservative in food products is
founded upon this antibacterial attribute, restraining the
proliferation of foodborne pathogens [7, 8]. Furthermore,
CR potential extends to medical applications, where it
could find use in wound dressings to mitigate bacterial
infections [9]. Notably, CR antimicrobial activity extends
to fungal pathogens as well. By interfering with fungal cell
wall synthesis and compromising membrane integrity, it
orchestrates a sequence of events that obstruct vital cel-
lular processes and culminate in fungal cell demise. As an
alternative to synthetic antifungal agents, CR could offer
a more sustainable approach to combat fungal infections,
spanning agricultural, medical, and personal care domains
[10]. The underlying mechanisms of CR antimicrobial effi-
cacy predominantly originate from its interactions with
microbial surfaces. The sulfate groups present within CR
molecules, endowed with negative charges, engage posi-
tively charged components on microbial cell surfaces. This
interaction precipitates a cascade of structural disruptions,
compromising essential cellular functions and culminating
in the demise of the targeted microorganisms [11].
Dental pathogens encompass a range of microorgan-
isms that establish colonization within the oral cavity,
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precipitating infections that give rise to an array of dental
and oral health predicaments [12]. Inadequate oral hygiene
practices and the persistent inflammation of oral tissues,
commonly linked to conditions such as gum disease (peri-
odontitis) or ongoing irritation from sharp or fractured
teeth, can significantly raise the risk of oral cancers,
including epidermoid carcinoma. Epidermoid carcinoma
can emerge within various areas of the oral cavity, encom-
passing the lips, tongue, gums, cheeks, and the oral lining.
It often manifests as persistent ulcers or sores that resist
healing, the presence of lumps or masses, or alterations in
the color and texture of oral tissues [13]. In this context,
we shall delve into the distinct complications attributed
to prevalent dental pathogens, specifically Staphylococcus
aureus, Streptococcus mutans, Enterococcus faecalis, and
Candida albicans. Staphylococcus aureus, often encoun-
tered on the skin and nasal passages, can manifest within
the oral environment, eliciting a spectrum of issues [14].
Notably, it can engender oral abscesses, localized enclaves
of inflammation, and pus accumulation, inflicting intense
pain and swelling. Moreover, its acidogenic metabolism
of dietary sugars can contribute to tooth decay, impelling
enamel demineralization and cavity formation [15, 16].
S. mutans occupies a central role in dental caries, fueled
by its capacity to generate acids upon metabolizing sug-
ars and starches, ultimately eroding tooth enamel [17]. Its
pathogenic effects encompass the genesis of cavities via
enamel demineralization and its substantial presence in
dental plaque, a biofilm that incubates bacterial growth
and acid production [18]. E. faecalis, typically harbored
in the gastrointestinal tract, can extend its presence to the
oral milieu. Within dentistry, it poses challenges through
its persistence in root canal infections, defying conven-
tional disinfection approaches and leading to protracted
treatment and infections. Additionally, it contributes to
apical periodontitis, an inflammatory condition at a tooth's
root tip. C. albicans, an indigenous yeast of the oral cav-
ity, can burgeon under specific circumstances, resulting
in infections. Overgrowth can give rise to oral thrush,
characterized by whitish patches on the tongue and oral
tissues, evoking discomfort, altered taste, and a burning
sensation. Moreover, the colonization of denture surfaces
can lead to denture stomatitis, sparking inflammation in
contact areas [19, 20]. Addressing these dental pathogens,
particularly in natural ways, holds significant changes. In
this innovative study, we harness the combined potential
of CR and zinc oxide nanoparticles (ZnO NPs) to pioneer
a targeted and effective approach for combating dental
pathogens, including Staphylococcus aureus, Streptococ-
cus mutans, Enterococcus faecalis, and Candida albicans.
ZnO NPs and CR have been recognized for their signifi-
cant anticancer properties, and by coupling them both, we
aim to enhance their efficacy and deliver a precise drug
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treatment strategy. This research endeavors to contribute to
the development of advanced interventions in oral health,
addressing a pressing need for novel and efficient methods
to counteract these challenging microbial adversaries and
oral cancer.

Materials and methods
Materials

In our previous study, Kappaphycus alvarezii samples were
collected from Tuticorin, situated along the Southeast coast
of the Bay of Bengal, India [21]. Previous research encom-
passed the fractionation and characterization of CR, where
its identity was confirmed through the presence of linear sul-
fated galactans. These galactans comprise repeating units of
D-galactopyranose and 3,6-anhydro-a-D-galactopyranose,
linked by a(1 — 3) and (1 — 4)-glycosidic linkages [22].
Additionally, dental pathogens strains encompassing S.
aureus MTCC 1144), S. mutans IMTCC 497), E. faecalis
(MTCC 2729), and C. albicans (MTCC 183) were sourced
from the Department of Microbiology at Saveetha Dental
College and Hospitals, Tamil Nadu, India. The essential rea-
gents and materials utilized in this study were obtained from
reputable sources: Dulbecco’s Modified Eagle's Medium
(DMEM), fetal bovine serum (FBS), antibiotic solution, and
trypsin were procured from Merck KGaA (Darmstadt, Ger-
many), while 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), and zinc acetate dihydrate was acquired from
Sigma-Aldrich (Mumbai, India). The oral squamous carci-
noma (KB) cell lines were purchased from National Centre
for Cell Sciences, Pune.

Preparation of ZnO-CR NPs

A solution of zinc acetate dihydrate (0.1 M) was prepared
by dissolving in a mixture of 80 mL ethanol and 20 mL
deionized water. Meanwhile, CR was dissolved by adding
0.04 g of CR into 50 mL of deionized water. The CR solu-
tion was subjected to heat and stirring to ensure complete
dissolution. The dissolved CR solution was then gradually
introduced into the zinc acetate solution under continu-
ous stirring for a duration of 30 min, ensuring uniform
mixing of the precursors. During this process, the pH of
the mixture was carefully monitored and adjusted by the
incremental addition of a 1 M NaOH solution. The pre-
pared mixture was further subjected to stirring at a con-
trolled temperature of 60 °C for a period of 3 h. After this
step, ultrasonication was employed to enhance dispersion
and disrupt any NPs agglomerates. Subsequently, the NPs

dispersion was subjected to centrifugation at 6000 rpm for
15 min to effectively separate any residual larger particles
or aggregates from the NP suspension. The obtained NPs
dispersion was then dried at 80 °C for 2 h. Characteriza-
tion of the prepared ZnO-CR NPs was conducted using a
comprehensive suite of analytical techniques. X-ray dif-
fraction (XRD) was utilized to assess crystallinity, scan-
ning electron microscopy (SEM) was employed to analyze
size and morphology, and Fourier-transform infrared spec-
troscopy (FTIR) was utilized to examine surface functional
groups [23-25].

Antioxidant assay
DPPH assay

The DPPH assay, a widely used method for evaluating
antioxidant activity, is based on the principle that DPPH,
a stable free radical, undergoes color change from purple
to yellow upon receiving an electron from antioxidants. In
this study, various concentrations (5, 25, 50, and, 100 pg/
mL) of ZnO-CR NPs were mixed with a 0.1 mM DPPH
solution, and the reduction in its absorbance at 517 nm was
measured after incubating the mixture for 30 min at room
temperature. The extent of color change directly reflects
the scavenging potential of the compounds against DPPH
radicals. The percentage of DPPH scavenging activity
was calculated using [(A_control-A_sample)/A_con-
trol] X 100, where A_control is the absorbance of the
DPPH solution without the sample, and A_sample is the
absorbance of the sample-DPPH mixture [26].

ABTS assay

The ABTS assay, a widely used method for assessing anti-
oxidant activity, operates on the principle that the ABTS
radical cation is formed by the oxidation of ABTS with
potassium persulfate. The resulting blue-green ABTS radi-
cal cation exhibits strong absorbance at 734 nm. In this
study, various concentrations (5, 25, 50, and, 100 pg/mL)
of ZnO-CR NPs were added to a prepared ABTS radical
cation solution, and the decrease in absorbance was moni-
tored over a 30 min incubation period at room temperature.
The extent of absorbance reduction directly correlates with
the scavenging potential of the compounds against ABTS
radicals. The percentage of ABTS scavenging activity
was calculated using [(A_control—A_sample)/A_con-
trol] X 100, where A_control is the initial absorbance of
the ABTS solution. without the sample, and A_sample is
the absorbance of the sample-ABTS mixture after incuba-
tion [27].
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Minimal inhibitory concentration (MIC)

The MIC assay for synthesized NPs, a crucial technique
in assessing their antimicrobial potential, operates on the
principle of determining the lowest concentration of NPs
required to inhibit the visible growth of microbial cultures.
In this study, synthesized NPs were added at varying con-
centrations (ranging from 5, 25, 50, and 100 pg/mL) to
microbial cultures and incubated for 24 h at 37 °C. Follow-
ing incubation, microbial growth was assessed spectropho-
tometrically at 600 nm. The MIC was defined as the lowest
NP concentration at which no visible growth was observed,
indicating an inhibitory effect. Positive (Amoxicillin 50 pg/
mL) and negative controls (untreated) were included for
comparison [28].

Zone of inhibition

The Zone of Inhibition well diffusion assay, a fundamen-
tal technique for evaluating the antimicrobial potential of
synthesized NPs, is based on the principle of observing the
clear zone formed around the NPs-containing well due to
inhibition of microbial growth. In this study, varying con-
centrations (5, 25, 50, and 100 pg/mL) of synthesized NPs
were loaded into wells punched into agar plates uniformly
inoculated with a standardized microbial culture. The plates
were then incubated at 37 °C for 24 h, allowing the NPs to
diffuse into the agar. Following incubation, the diameters
of the clear zones formed around the wells were measured,
reflecting the extent of antimicrobial activity. Larger zone
sizes indicated stronger inhibition. Positive (Amoxicillin
50 pg/mL) and negative control (untreated) were included
for comparative analysis [29].

Insilico analysis

The molecular docking study aimed to assess the binding
energy between the extracted melanin and specific target
proteins. The 3D structure of the CR ligand molecule,
obtained in SDF format from PubChem (https://pubch
em.ncbi.nlm.nih.gov/), served as the basis for this analy-
sis. Additionally, the receptor structures of dental patho-
gens (PDB files 4WVE with a resolution of 1.60 A, 3BJV
with 2.40 A, 60RI with 1.40 A, and 1YL with 3.20 A)
were acquired from the RCSB Protein Data Bank (PDB)
(https://www.rcsb.org/). Using Pymol software (Version
1.7.4.5), the ligand molecule was converted from SDF to
PDB file format. For the selected proteins, water and other
molecules were removed, and the 3D file was saved in
the PDB file format. Subsequently, AutoDock 1.5.6 was
employed for the molecular docking analysis [30, 31]. The
targeted protein PDB files were opened in AutoDock, non-
protein and water molecules were removed, and the files
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were saved in pdbqt file format. Simultaneously, the ligand
molecule underwent conversion from a pdb file to a pdbqt
file format, residing in the respective folder. Upon comple-
tion of the preparation for the target proteins and ligands, a
grid box was generated for the receptor protein and ligand.
The grid box was meticulously arranged to encompass
both the receptor and ligand, with spacing adjusted to 1 A.
The X, Y, and Z dimensions were then recorded in a text
file named "conf" in the respective folder. Subsequently,
using the Command Prompt, the docking score was deter-
mined. This comprehensive process ensures the meticu-
lous preparation of the ligand and receptor structures and
the subsequent execution of molecular docking analysis
using AutoDock software Verl.5.6.The best binding pose
was visualized in Discovery Studio software, allowing for
the visualization of ligand-receptor interactions, hydrogen
bonds, and hydrophobic contacts, offering insights into
the binding mechanism. This integrated approach provided
valuable information on ligand-receptor interactions and
potential binding modes, aiding in the rational design of
novel therapeutic compounds [32, 33].

Antiapoptotic assay

KB cells were seeded at a density of 5x 10%/well in a
96-well plate and allowed to adhere for 24 h. Various con-
centrations (5, 25, 50, and, 100 pg/mL) of ZnO-CR NPs
were then added, and the cells were incubated for 48 h.
Untreated cells and Triton X-100 were used as control and
positive control. Subsequently, MTT reagent (0.5 mg/mL)
was added to each well, and the cells were incubated for
an additional 4 h. The formazan crystals were dissolved
using dimethyl sulfoxide, and the absorbance was meas-
ured at 570 nm. The absorbance values were proportional
to the number of viable cells and were used to calculate
the percentage of cell viability [34].

Gene expression analysis

In this research, our main objective was to assess the
expression of apoptotic genes, namely B-cell lymphoma
2 (BCL2), Bcl-2-associated X-protein (BAX), and tumor
protein P53 (P53), in KB cells treated with ZnO-CA NPs.
To achieve this, we utilized the Trizol method to extract
RNA from dissected tissues [35]. Following this, we con-
ducted RT-PCR analysis using the KAPA SYBR Quick
gPCR master mix kit, focusing on specific apoptotic mark-
ers outlined in Table 1. We used the GAPDH gene as an
internal control for standardization. The relative altera-
tions in gene expression were determined using the 2724¢
method [36].
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Table 1 Primers used for gene

. Gene Forward primer (5'-3") Reverse primer (5'-3’) References
expression
GAPDH GCCAAAAGGGTCATCATCTCTGC GGTCACGAGTCCTTCCACGATAC [37]
BCL-2 GACGACTTCTCCCGCCGCTAC CGGTTCAGGTACTCAGTCATCCAC [37]
BAX AGGTCTTTTTCCGAGTGGCAG GCGTCCCAAAGTAGGAGAGGAG [37]
P53 ACATGACGGAGGTTGTGAGG TGTGATGATGGTGAGGATGG [38]
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Fig.1 SEM images of ZnO-CR NPs showed the Spherical shapes

Statistical analysis

All statistical analyses were performed using GraphPad
Prism software Ver 6.0 and analyzed using one-way ANOVA
followed by Dunnett's test for multiple comparisons against
control. The significance level of p <0.05 was considered
statistically significant. Data are presented as mean + stand-
ard deviation (SD) from triplicate experiments.

Results
Characterization of ZnO-CR NPs

SEM micrographs (Fig. 1) unveiled the structural character-
istics and size distribution of the ZnO-CR NPs. Using Image
J software the size of the ZnO-CR NPs was measured. These
NPs predominantly displayed a shape reminiscent of spheres.
The average particle size was calculated to fall within the
range of roughly 100 to 200 nm. The SEM examination indi-
cated that most of the ZnO-CR NPs were evenly distrib-
uted, showing minimal tendencies for clustering. The FTIR
spectrum of ZnO-CR NPs exhibits characteristic absorption
peaks at wavenumbers of 580 em™!, 658 em™!, 699 cm™!,
743 cm™!, 842 cm™', 924 cm™!, 1043 cm™!, 1156 cm™!,
1252cm™, 1371 ecm™', 1641 cm™, 1900 cm™', 1996 cm™,

2112cm™, 2179 em™, 2230 ecm™, 2362 cm™!, 2921 cm ™,
and 3372 cm™!, revealing distinct vibrational modes associ-
ated with the NPs composition (Fig. 2). The observed peaks
suggest the presence of functional groups and potential inter-
actions between ZnO-CR NPs. The lower wavenumber peaks
(580-1252 cm™) likely signify specific ZnO vibrations and
crystal lattice modes, while the higher wavenumber peaks
(1371-3372 cm™") correspond to CR molecular vibrations,
including sulfate group stretching (1250-1350 cm™!) and
hydroxyl groups (3400 cm™!). Compared to previous studies,
the presence of specific functional groups associated with
sulfate ester, glycosidic linkage, 3,6-anhydro-D-galactose,
and D-galactose-4-sulfate represents the characteristic wave-
numbers of CR [39]. The shifts and intensities of these peaks
may indicate potential chemical bonding or interactions,
implying the formation of a NP structure. Further analy-
sis is essential to elucidate the nature of these interactions
and their relevance in the context of potential applications
for the NPs system. The XRD analysis of the ZnO-CR NPs
reveals a dominant and sharp peak at 31.764°, indicative of a
well-defined crystalline phase (Fig. 3). The presence of this
prominent peak suggests the predominant crystalline nature
of the composite material in this particular crystallographic
direction. The relatively uniform intensity of the other peaks
implies a consistent distribution of crystallographic orienta-
tions within the NPs structure. The calculated crystallinity
of 89.4% reflects the proportion of the material's crystalline
regions, while the amorphous fraction accounts for 10.6%,
signifying areas lacking a regular crystal lattice. This ZnO-
CR NPs XRD profile indicates the coexistence of crystal-
line and amorphous components, potentially resulting from
interactions between ZnO and CR.

Free radical scavenging effect of ZnO-CR NPs

The DPPH assay demonstrates a dose-dependent scavenging
effect of ZnO-CR NPs on DPPH free radicals, with scaveng-
ing activity increasing as their concentration rises (5 pg/mL,
25 pg/mL, 50 pg/mL, and 100 pg/mL), resulting in scaveng-
ing percentages of 7%, 22%, 43%, and 64%, respectively
(Fig. 4A). To evaluate its antioxidant potential, ZnO-CR
NPs are compared to trolox, a widely recognized antioxi-
dant. At corresponding concentrations (5 pg/mL, 25 pg/mL,
50 pg/mL, and 100 pg/mL), Trolox exhibits higher DPPH
radical scavenging percentages of 14%, 29%, 52%, and 72%.
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significance (p <0.05) when the results were compared to the control.
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Fig.5 MIC of ZnO-CR NPs
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and C. albicans. Amoxicillin
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Remarkably, ZnO-CR NPs demonstrate a significant capac-
ity to neutralize DPPH radicals, with scavenging percentages
closely resembling those of trolox across all concentrations.
Notably, at 25 pg/mL and 50 pg/mL concentrations, ZnO-
CR NPs exhibit scavenging activity equivalent to trolox.

The ABTS assay reveals a dose-dependent scavenging
effect of ZnO-CR NPs on ABTS free radicals. As the con-
centration of ZnO-CR NPs increases (5 pg/mL, 25 pg/mL,
50 pg/mL, and 100 pg/mL), the percentage of ABTS radical
scavenging activity progressively rises, resulting in scav-
enging percentages of 22%, 37%, 55%, and 75%, respec-
tively (Fig. 4B). In comparison, the antioxidant capacity of
ZnO-CR NPs is assessed against trolox, a well-established
antioxidant. At equivalent concentrations (5 pg/mL, 25 pg/
mL, 50 pg/mL, and 100 pg/mL), Trolox demonstrates higher
ABTS radical scavenging percentages of 27%, 46%, 60%,
and 87%. Notably, ZnO-CR NPs display a substantial capac-
ity to neutralize ABTS radicals, and their scavenging activ-
ity closely mirrors that of Trolox across all concentrations.
These findings highlight the potential of ZnO-CR NPs as a
potent natural antioxidant.

Antimicrobial activity of ZnO-CR NPs

The experiment involving various concentrations (5 pg/
mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL) of ZnO-CR
NPs against dental pathogens yielded consistent MIC val-
ues (Fig. 5). ZnO-CR NPs demonstrated comparable MIC
values across the tested dental pathogens, indicating a uni-
form inhibitory effect. Notably, S. aureus, S. mutans, E. fae-
calis, and C. albicans exhibited increased susceptibility to
ZnO-CR NPs, characterized by lower MIC values of 50 pg/
mL. This signifies that concentrations equal to or exceeding

ZnO-CR NPs
Spug/mL

ZnO-CR NPs
100png/mL

Amoxicillin
S50pg/mL

ZnO-CR NPs
S50pg/mL

significance (p <0.05) when the
results were compared to the
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mean + SD of three independent
experiments
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50 pg/mL of ZnO-CR NPs effectively hindered the growth
of these dental pathogens. In that case, ZnO-CR NPs have
demonstrated a potential to act as a potent antimicrobial
agent against a range of dental pathogens, with the ability
to suppress their growth at clinically relevant concentrations.
This finding suggests the promising utility of ZnO-CR NPs
in combating oral infections and promoting oral health.
The zone of inhibition assay results demonstrated the
antimicrobial efficacy of ZnO-CR NPs against all tested
dental pathogens. At a concentration of 50 pg/mL, ZnO-
CR NPs displayed zones of inhibition ranging from 13 mm,
6 mm, 16 mm, to 11 mm for S. aureus, S. mutans, E. faeca-
lis, and C. albicans, respectively. When the concentration
was increased to 50 pg/mL, the zones of inhibition expanded
to 14 mm, 7 mm, 17 mm, and 12 mm, respectively, indicat-
ing a more pronounced inhibitory effect. Comparatively, the
positive control, amoxicillin (50 pg/mL), exhibited zones
of inhibition measuring 9 mm, 11 mm, 9 mm, and 14 mm
for the respective dental pathogens (Fig. 6). These results
underscore the potent antimicrobial activity of ZnO-CR
NPs, as they successfully inhibited the growth of all tested
dental pathogens, with an efficacy comparable to that of the

established antimicrobial agent amoxicillin. The increasing
zones of inhibition with higher ZnO-CR NP concentrations
further emphasize their potential as a valuable antimicro-
bial agent for addressing oral infections caused by these
pathogens.

Interaction between CR and dental pathogen
receptor

The results of the molecular docking analysis provide valu-
able insights into the potential interactions between CR
and the receptor proteins of four distinct dental pathogens,
namely S. aureus, S. mutans, E. faecalis, and C. albicans
(Table 2). In the first docking study involving S. aureus, the
interaction with the surface protein G (PDB ID: 4WVE)
yielded a remarkable binding affinity value of — 8.46 kcal/
mol. This strongly negative value indicates a robust and
energetically favorable interaction between CR and the S.
aureus receptor. The docking simulation pinpointed specific
amino acids that participated in this interaction, including
PRO, PRO, THR, THR, and PRO. For the S. mutans docking
study with PTSIIA (PDB ID: 3BJV), the calculated binding

A B
Staphylococcus Streptococcus
gureHs mutans Zone of Inhibition (mm)
Bacterial Control | Amoxicllin ZnO-CR ZnO-CR
Strain S0pg/mL 50pg/mL | 100pg/mL
Staphylococc - 9 13 14
us aureus
Streptococcus - 13 6 7
mutans
Enterococcus B 9 16 17
Enterococcus Jaecalis
faecalis
Candida = 14 11 12
albicans

Fig.6 Zone of inhibition of different dental pathogens by ZnO-CR NPs. A A—Control, B—Amoxicillin (50 pg/mL), C—ZnO-CR NPs at
25 pg/mL, and D—ZnO-CR NPs at 50 pg/mL. B Zone of inhibition measured at mm
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Table2 3D and 2D representative images of k-carrageenan with dental pathogen receptor interactions.

protein G), 3BJV (PTSIIA), 60RI (Enterococcal surface protein), and 1I'YL (N-myristoyl transferase)

4WVE (Staphylococcus aureus surface

Protein Ligand Binding affinity Amino acid interaction
(kcal/mol) - - - -
3D interactions 2D interactions
4WVE K-carrageenan —8.46 -
3BIV k-carrageenan -5.14 o
60RI K-carrageenan —8.88
1IYL K-carrageenan -17.56 @
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affinity was -5.14 kcal/mol. While slightly less negative than
the previous case, this value still indicates a favorable inter-
action between CR and the S. mutans receptor. The dock-
ing analysis highlighted interactions with LYS, PRO, ASP,
ILE, and TYR. In the context of E. faecalis, the docking
study with Enterococcal surface protein (PDB ID: 60RI)
exhibited a high binding affinity value of — 8.88 kcal/mol.
This suggests a strong and energetically favorable interac-
tion between CR and the E. faecalis receptor. The docking
analysis identified interactions with HIS, TYR, ASN, ALA,
LEU, VAL, and TYR. Lastly, the docking analysis involving
C. albicans N-myristoyltransferase (PDB ID: 11YL) and CR
resulted in a binding affinity value of — 7.56 kcal/mol. While
slightly less negative than some previous cases, this value
still indicates a favorable interaction. The docking study
revealed interactions with LEU, VAL, TYR, PHE, and TYR.

These results suggest that these amino acids contribute to the
formation of stable interactions between CR and the dental
pathogen receptor through potential hydrogen bonding, elec-
trostatic interactions, or hydrophobic contacts.

Anticancer activity of ZnO-CR NPs

The MTT assay evaluates cell viability by measuring
the conversion of a yellow tetrazolium salt into a purple
formazan product by living cells. The results of the MTT
assay (Fig. 7) indicate notable variations in the morphol-
ogy and viability of KB cells as the concentrations of
ZnO-CR NPs increase. At lower concentrations (5 pg/
mL), there was minimal impact on cell viability after 24 h
of exposure. In contrast, the Cyclophosphamide group
exhibited a significant reduction in cell viability (29%).
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Fig.7 In-vitro anticancer activity of ZnO-CR NPs tested on KB cells
by MTT assay. The different groups are Untreated control cells (A),
Cyclophosphamide group (50 pg/mL) (positive control) (B), ZnO-CR
NPs (5 pg/mL, 25 pg/mL, 50 pg/mL, and 100 pg/mL) (C, D, E and
F). G Graph showing the percentage of cell viability on A375 can-

Meanwhile, at higher concentrations (100 pg/mL), a sub-
stantial decrease in KB cell viability (33%) was observed,
resembling the cell viability in the positive control group.
These findings suggest that ZnO-CR NPs exhibit cyto-
toxic effects on KB cells at the tested concentrations. The
significant alterations in KB cell viability associated with
the escalating concentrations of ZnO-CR NPs imply their
potential utility in dental applications.

@ Springer

cer cells at different concentrations of melanin. The black arrow indi-
cates the morphological changes in the cells due to apoptosis. The *
represented the level of significance (p<0.05) when the results were
compared to the control. Data were presented as mean+ SD of three
independent experiments

Apoptotic gene expression level

Among the various concentrations tested, the highest con-
centration of ZnO-CR NPs at 100 pg/mL exhibited supe-
rior antioxidant, antimicrobial, and antiapoptotic activity
compared to the other groups. Therefore, this 100 pg/mL
concentration was chosen as the optimal dosage for further
investigation in gene expression studies. Previous research
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Fig.8 Effect of ZnO-CR NPs
treatment group on the mRNA
expression level of BCL2, BAX,
and P53. Data were expressed
as mean + SD of three inde-
pendent experiments. *p <0.05 61
as compared to the control

Relative fold of
ene expression

g

BCL2

has indicated that to exhibit anticancer activity, a substance
should reduce BCL2 expression while increasing the levels
of BAX and P53 [37]. Consistent with these findings, our
study demonstrated that KB cells treated with ZnO-CR NPs
at 100 pg/mL showed a significant decrease (p <0.05) in
BCL2 expression (0.6 fold) and an upregulation of BAX
(4.2 fold) and P53 (3.3 fold) levels when compared to the
control group (Fig. 8). These collective findings suggest that
ZnO-CR NPs have the potential to enhance the apoptotic
mechanism, leading to cell death in cancer cells.

Discussion

Combining compounds with NPs can lead to synergistic
effects, where the combined treatment is more potent than
either compound alone. The NPs can enhance the activity
of the compounds and promote their interaction with patho-
gens, resulting in a stronger antimicrobial and anticancer
effect [40]. ZnO NPs exhibit strong antimicrobial activity
against a wide range of microorganisms, including bacteria,
fungi, and viruses [41]. In dentistry, they can help prevent
and control oral infections, such as dental caries, gingivitis,
and periodontitis [42, 43]. ZnO NPs can combat drug resist-
ance that some oral pathogens develop against traditional
antibiotics. Their multiple mechanisms of action, such as
disrupting cell membranes and generating reactive oxygen
species (ROS), make it more difficult for bacteria to develop
resistance [44]. In this study, the ZnO-CR NPs were synthe-
sized to analyze their effective antimicrobial activity against
different pathogens such as S. aureus, S. mutans, E. faecalis,
and C. albicans. Further, their role in anticancer activity was
investigated in the KB cells.

Bl Control
I Cyclophosphamide
[ ZnO-CR NPs 100pg/mL

BAX P53

The amalgamation of structural insights gleaned from
SEM, compositional information obtained through FTIR,
and crystalline revelation from XRD characterization collec-
tively shed light on the potential antimicrobial activity of the
synthesized ZnO-CR NPs. Similar to previous studies, these
NPs exhibited a spherical shape [45]. The SEM results, por-
traying NPs with a spherical morphology and uniform size
distribution, are advantageous for their potential antimicro-
bial efficacy. The nanoscale dimensions and even distribu-
tion could facilitate efficient interaction with microbial cells,
providing a larger surface area for contact and disruption. A
recent study states that the minimal clustering observed in
SEM images implies that the NPs could be effectively dis-
persed in antimicrobial applications, enhancing their cover-
age and effectiveness against pathogens [46, 47]. The FTIR
analysis, revealing absorption peaks indicative of distinct
vibrational modes associated with ZnO and CR, accentuates
the possibility of multifaceted antimicrobial mechanisms.
The observed absorption peaks corresponding to specific
molecular vibrations in CR, such as sulfate group stretch-
ing and hydroxyl groups, suggest the involvement of these
groups in interactions with microbial surfaces. These inter-
actions could potentially disrupt bacterial membranes and
hinder their growth, contributing to the antimicrobial effect
[48, 49]. The XRD analysis indicates the well-defined crys-
talline nature of the NPs, which aligns with ZnO's well-doc-
umented antimicrobial properties. The dominant and sharp
peak at 31.764° signifies the presence of a crystalline phase,
crucial for ZnO’s ability to generate ROS upon exposure to
external stimuli. These ROS can inflict damage on micro-
bial cell membranes, nucleic acids, and proteins, thereby
inhibiting bacterial growth and rendering them less virulent.
The coexistence of crystalline and amorphous components,
as indicated by the calculated crystallinity and amorphous
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fraction, could be advantageous for their antimicrobial activ-
ity [50]. This structural feature might enhance the overall
surface reactivity, providing a platform for both the direct
antimicrobial effects of ZnO and the potential interactions
facilitated by CR's molecular groups. Considering the cumu-
lative evidence from SEM, FTIR, and XRD analyses, the
synthesized ZnO-CR NPs present a promising outlook for
antimicrobial applications.

Some dental pathogens, like S. mutans, generate ROS
as a defense mechanism or as part of their virulence strat-
egy. These ROS can damage host tissues and contribute to
the progression of oral diseases. They can form biofilms on
dental surfaces, which are complex communities of micro-
organisms embedded in a matrix [51]. ROS generated by
pathogens in biofilms can contribute to their stability and
resistance to treatment. Antioxidants can counteract the
harmful effects of pathogenic ROS, disrupt biofilm forma-
tion, weaken the protective matrix, and make it easier to
eliminate pathogens [52]. The antioxidant assay reveals
that ZnO-CR NPs effectively scavenge DPPH and ABTS
free radicals, and this scavenging activity increases with
higher concentrations. This dose-dependent behavior sug-
gests that as the concentration of ZnO-CR NPs increases,
more NPs are available to neutralize the free radicals. The
substantial scavenging percentages, although slightly lower
than those of trolox, imply that ZnO-CR NPs have a notable
ability to donate electrons to neutralize DPPH and ABTS
radicals. This process is indicative of a hydrogen atom
transfer mechanism, where the NPs' constituents, ZnO and
CR, likely contribute to the overall antioxidant activity.
This result correlates with previous research indicating that
CR hydrogel with ZnO NPs effectively showed antioxidant
activity [53]. The mechanisms underlying the antioxidant
activity of ZnO-CR NPs are likely multifaceted. ZnO, as a
well-studied antioxidant material, can generate ROS such
as superoxide radicals and hydroxyl radicals upon interac-
tion with water and oxygen. These ROS can then react with
and neutralize free radicals, effectively breaking the chain of
radical propagation. Additionally, the CR component might
contribute to the antioxidant activity through its molecular
groups, such as hydroxyl groups and sulfate groups. These
groups can act as hydrogen donors, participating in radical-
scavenging reactions. The interaction between ZnO and CR
could potentially enhance the overall antioxidant efficacy of
the NPs. ZnO’s ROS-generating ability could synergize with
CR’s hydrogen-donating groups, resulting in a combined
antioxidant effect. The close resemblance of scavenging per-
centages to Trolox suggests that the ZnO-CR NPs exhibit
comparable antioxidant potential to a well-established anti-
oxidant compound. Meanwhile, the observed non-toxicity
aligns with the ZnO-CR NPs potential antimicrobial and
antioxidant properties, making them an attractive candi-
date for dental materials or formulations. The stable and
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unaffected viability of DPSCs in the presence of ZnO-CR
NPs across the concentration range of 5 to 100 pg/mL indi-
cates a high degree of biocompatibility. This observation is
crucial for potential biomedical applications, as the absence
of cytotoxic effects is a key requirement for any material
intended for use within the human body. Incorporating ZnO-
CR NPs into dental materials, such as coatings, toothpaste,
or mouthwash, could potentially harness their antimicrobial
effects to prevent oral infections and maintain oral hygiene.
Moreover, their antioxidant properties could contribute to
combating oxidative stress-related issues often associated
with oral health.

The consistent MIC values observed across various dental
pathogens when exposed to different concentrations of ZnO-
CR NPs highlight their potential as effective antimicrobial
agents in dental applications. The notable susceptibility of
important dental pathogens such as S. aureus, S. mutans, E.
faecalis, and C. albicans to ZnO-CR NPs at a concentration
of 50 pg/mL demonstrates their potent antimicrobial activity.
These findings are by the previous research suggesting that
the efficacy can be attributed to the NP's capability to disrupt
cell membranes, interfere with essential cellular processes,
and generate ROS, collectively leading to the inhibition of
the growth of these pathogens [53]. The observed expan-
sion of inhibitory zones in a dose-dependent manner within
the zone of inhibition assay further emphasizes the inhibi-
tory effect of these NPs. This characteristic holds signifi-
cant promise for the development of localized treatments.
Further, the outcomes of the molecular docking analysis
shed light on the potential mechanisms underlying the anti-
microbial activity of CR against various dental pathogens,
including S. aureus, S. mutans, E. faecalis, and C. albicans.
The strong negative binding affinity values obtained in the
docking studies indicate favorable interactions between CR
and the respective receptor proteins of these pathogens. In
the case of S. aureus, the binding affinity between CR and
the surface protein G suggests that CR could potentially dis-
rupt the interaction of this protein with its native ligands,
affecting the pathogen's ability to adhere to host cells or
surfaces. Similarly, the interactions between CR and PTSIIA
in S. mutans could impede sugar transport, which is vital for
the growth of this bacterium [54]. The binding affinity of CR
with Enterococcal surface protein in E. faecalis hints at a
potential interference with cellular adhesion, colonization, or
virulence mechanisms, ultimately hindering the pathogen’s
ability to cause infection [55]. For C. albicans, the interac-
tion with N-myristoyltransferase implies a potential disrup-
tion of protein myristoylation, which is essential for its cel-
lular processes [56]. These docking results suggest that CR
could interfere with critical molecular processes involved
in pathogen adhesion, colonization, and growth. By binding
to specific receptor proteins, CR may prevent these patho-
gens from attaching to host tissues, thwarting their ability to
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establish infections. From this antimicrobial analysis, incor-
porating ZnO-CR NPs into dental materials or treatments
could mitigate the growth of pathogenic microorganisms,
hinder biofilm formation, and promote oral health. While
further research is necessary to understand their mechanisms
fully, interactions with oral tissues, and long-term safety,
the consistent and potent antimicrobial activity of ZnO-CR
NPs suggests their potential as innovative tools for address-
ing oral infections and preventing antimicrobial resistance.

Oral cancers, which include types like squamous cell
carcinoma (such as KB Cells), often originate as localized
lesions or precancerous growths [57]. NPs possessing anti-
cancer properties can be tailored to selectively target these
early-stage or precancerous cells, thereby preventing their
progression into full-fledged cancer. Such NPs, capable of
targeting and impeding the growth of cancer cells within
the oral cavity, hold promise for early intervention. Detect-
ing and addressing oral cancer in its early stages signifi-
cantly enhances the likelihood of successful treatment and
reduces the need for aggressive and debilitating therapies
[58]. Recent studies have shown that CR exhibited the ability
to inhibit tumor growth and it enhanced adjuvant activity by
stimulating the immune response in cancer immunotherapy
[59]. In our study, ZnO-CR NPs demonstrated a substan-
tial reduction in KB cell viability, and we investigated their
mechanism of anticancer action through the expression of
apoptotic genes. The modulation of apoptotic genes, specifi-
cally BCL2, BAX, and P53, is a pivotal aspect of anticancer
activity. Apoptosis, also known as programmed cell death,
is a highly regulated cellular process essential for maintain-
ing tissue equilibrium and preventing the development and
progression of cancers [60]. BCL2 is an anti-apoptotic gene
responsible for encoding a protein that inhibits apoptosis by
preventing the release of cytochrome c from the mitochon-
dria, a critical step in the apoptotic pathway. Conversely,
BAX is a pro-apoptotic gene that encodes a protein pro-
moting apoptosis by permeabilizing the mitochondrial outer
membrane, enabling the release of apoptotic factors into the
cytoplasm. P53 is a well-established tumor suppressor gene
that plays a central role in cancer prevention by regulating
cell cycle arrest, DNA repair, and apoptosis in response to
DNA damage or cellular stress [61]. Taken together, our
results indicate that ZnO-CR NPs target the apoptotic path-
way involving BCL2, BAX, and P53 to inhibit the growth
of KB cancerous cells.

Conclusion

In conclusion, the combination of ZnO-CR NPs demon-
strates potent antimicrobial and anticancer properties. Their
antiapoptotic property make them a promising drug for den-
tal oral cancer applications. ZnO-CR NPs effectively inhibit

various dental pathogens, offering localized treatments.
Molecular docking suggests potential interference with
pathogen adhesion. The consistent and potent anticancer
and antimicrobial effects demonstrated by these NPs offer
a promising strategy to effectively address oral cancer and
combat the growing challenge of antimicrobial resistance.
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