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Abstract: Introduction: Tea tree essential oil (TTO) incorporated polylactic-co-glycolic acid (PLGA)
nanoparticulate powder form was aimed to desined that can be applied with water and is effective against oral
pathogens to prevent caries, and that is able to provide a long-lasting oral antiseptic effect.

Methods: TTO-PLGA nanoparticles (TTO-NPs) was synthesized by single emulsion technique; average
particle size, Pdl value and zeta potential was measured by Zetasizer; TTO-PLGA interactions were
investigated by FTIR, and morphological analysis was performed by TEM analysis. Phytoactive release and
performans tests were carried out with in vitro dissolution and DNA binding-cleavage tests while
antimicrobial performance was investigated by Ames-Salmonella assay, susceptibility test, in silico Molecular
Docking and Molecular Dynamics studies.

Results: TTO-NPs had an average particle size of 221.6 nm, a PdI of 0.103, and a zeta potential of -5.22 mV,
59.25% encapsulation efficiency and 25.65%. loading capacity. At the end of 5 h and 72 h the TTO release
was 33.34+2.17% and 97.61+3.91% respectively. TTO-NPs were not mutagenic and were effective on
investigated four cariogenic bacteria. The binding interactions of terpinen-4-ol, the main component of TTO,
with Streptococcus mutans and Lactobacillus casei were revealed with enzyme-active-site-key residues.

Discussion: In vitro and in silico studies confirmed that TTO-NPs were non-mutagenic and exhibited strong
antimicrobial activity against dental caries-causing bacteria like Streptococcus mutans and Lactobacillus
casei.

Conclusion: In conclusion, TTO-NPs, which can be used as a mouthwash or powder, represent a promising
solution for reducing oral pathogens, meriting further in vivo and clinical evaluations.

Keywords: Nanophytomedicine, tea tree oil, polylactic-co-glycolic acid, mouth pathogens, antimicrobial performance, in silico evaluation,

molecular docking, molecular dynamics.

1. INTRODUCTION

Tooth decay is a widespread disease that affects a significant
portion of the global population. The worldwide distribution of
dental caries prevalence has been non-homogeneous for many
years. Developed countries are reducing the prevalence of dental
caries in their populations by implementing public health strategies
focused on prevention. In contrast, the prevalence of dental caries
remains high in undeveloped and developing countries, where
socioeconomic status is low, access to oral and dental health
services is limited, and preventive dentistry practices are not
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adopted [1]. According to data from The Turkish Statistical
Institute, oral and dental health problems are among the top five
diseases in the 0-6 age group (6.4%) and in third place with 14.2%
in the 7-14 age group. As previously documented, dental caries has
been identified as the most prevalent pathology during general
health screenings conducted among school-age children in
Tiirkiye. A body of research has been conducted on a global scale
to determine the prevalence of dental caries at the age of five years.
The prevalence was found to be 53.9% in Brazil, 16.5% in Greece,
and 44.4% in India. In 12-year-old children, the prevalence of
dental caries was reported as 22.3% in India, 56% in Lao, 43.1% in
Italy, 62% in Iraq, and 45.7% in Germany. The prevalence of
dental caries in children aged 15 years in the Southeast region of
Macedonia was 82.75%, 82% in India, 47.2% in South Africa, and
92.9% in Lithuania [1, 2].
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Dental caries are caused by several reasons, including bacteria
buildup and microbial plaque development [2, 3]. Streptococcus
mutans Lactobacillus casei, Lactobacillus acidophilus and Scardovia
wiggsiae are the bacteria that have a role in the formation of dental
caries [4, 5]. The increased prevalence of dental caries and
associated disorders, particularly in emerging nations, in addition to
antibiotic-resistant pathogenic microorganisms and undesirable
effects of frequently used antibacterial substances, such as amine
fluorides, chlorhexidine, and cetylpyridinium chloride, means that
effective oral care product alternatives need to be developed [6-9].
In line with studies on nanomaterials that have proved their
antibacterial effectiveness, many nanomaterials such as zinc oxide,
titanium oxide, copper oxide, graphene, silver, silica, and also
chitosan were studied to control dental biofilm formation [10-13].
Additionally, researches showed that nanoparticles have a specific
affinity to tooth surfaces, which present a significant advantage to
prevent the adhesion of bacteria to the tooth sufaces [14-18]. The
antibacterial effectiveness of essential oils on mouth pathogens is
known and they have been used in various mouth care products
especially in mouthwashes [19, 20]. Particularly, natural sources
that contain polyphenols are preferable, and they have also been
used in traditional medicines [21]. Between those, tea tree oil is
widely used in many personal care products, including oral care
ones, especially in Europe and America, due to its antimicrobial
and anti-inflammatory effects. However, its oral use is limited due
to its toxicity [22, 23]. There have been studies conducted on tea
tree oil dental applications [24, 25] and proved antimicrobial
effectiveness of the oral mouthwashes containing 0.2%-0.5% tea
tree oil may limit dental plaque accumulation and a periodental gel
containing 5% tea tree oil may help to treat periodontitis [24].
Polymeric encapsulation of bioactives has present benefits including
the increase of the stability of many phytobioactives. And in case of
formation of polymeric particles in nanoparticular sizes the ability
of adhesion and penetration of those have been increased [26-29].
The development of low-toxicity, antibacterial, and bad breath
prevention alternative oral care products has been achieved through
the use of nanoparticles prepared with tea tree extract. These
products have been formulated to ensure optimal oral hygiene in
cases where mechanical cleaning is inadequate. In addition to these
benefits they also provide to decrease the loaded efficient doses of
phytobioactives such as essential oils resulted as decrease in toxicity
especially by using biocompatible and biodegradable polymers such
as polylactic-co-glycolic acid (PLGA) [30, 31]. In the light of the
studies showed the effectiveness of the tea tree oil on oral pathogens
and the benefits of phytoactives loaded nanoparticular delivery in
the treatment, in this study, it was aimed; to synthesis of tea tree
oil (TTO) combined PLGA nanoparticles (TTO-NPs); to evaluate
their effectiveness by using in vitro and in silico antimicrobial
effectiveness tests in addition to safety evaluation by using DNA
cleavage-binding studies and genotoxicity determined by the Ames/
Salmonella test. The difference of this study from the existing ones
is to create a nanoparticle powder form that can be mixed with
tooth powder or water during use, different from the classical tea
tree oil-containing dosage forms and has a longer lasting effect
than immediate action mouthwashes etc. In the first step the
phytochemical composition of tea tree oil (essential oil of Melaleuca
linariifolia var. alternifolia Maiden & Betche) was determined by
using Gas Chromatography coupled with Flame Ionization Dedector/
Mass Spectrometry (GC-FID/MS) analysis and to determine tea tree
oil concentration in various media analytical calibration was created
by using UV-Vis spectrophotometer. In the second step TTO
combined PLGA nanoparticles was prepared by using single
emulsion technique, the encapsulation efficency was calculated
and in vitro TTO release from TTO-NPs was studied. The
physicochemical characterization of TTO-NPs was performed by
determination of average particle size, PdI value and zeta potential,
TTO and PLGA interactions by Fourier Transform Infrared
Spectroscopy (FTIR) analysis, investigation of their surface
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morphology by using Transmission electron microscopy (TEM)
analysis. In the third step in vitro antibacterial effectiveness of the
TTO-NPs, which were in solid powder form were investigated by
DNA Binding Assay, DNA Cleavage Assay, antimicrobial
susceptibility test and in silico Molecular Docking (docking-MD)
and Molecular Dynamics (dynamics-MD) studies. In the fourth
step safety of TTO-NPs was investigated by Ames/Salmonella
Test.

2. MATERIALS AND METHODS

2.1. Materials

Australian Tea Tree (Melaleuca alternifolia) oil from FitoBio
(Istanbul-Tiirkiye) series MAEO(0722 was used that conforms to
the ISO standard. Polyvinyl alcohol (PVA) (CAS no. 9002-89-5),
PLGA (CAS no. 26780-50-7), calf thymus DNA (CT-DNA),
ethidium bromide and dichloromethane (DCM) (CAS no. 75-09-2)
were purchased from Sigma Aldrich. Sodium chloride (NaCl),
sodium hydroxide (NaOH), Tris base hydrochloric acid (Tris-HCI)
and ethylene diamine tetra acetic acid (EDTA) were purchased
from Merck Millipore (Burlington, MA, USA). Graphical abstract
was created with BioRender.com. Homogenizer (Bandelin HD,
Berlin, Germany), lyophilizer (Biobase, Shandong, China),
UV-Vis spectrophotometer (Shimadzu, Kyoto, Japan), centrifuge
(Hettich-Universal 320R, Tuttlingen, Germany) and Zeta Sizer
Nano ZS (Malvern Instruments, Malvern, UK) were used.

2.2. Metods
2.2.1. GC-FID/MS Analysis of Essential Oil

Solutions of 10% (v/v) essential oils in n-hexane were
subjected to GC-FID/MS analysis. An Agilent 7890B GC-FID
(Santa Clara, CA, USA) coupled with an Agilent 5977E electron
impact mass spectrometer (Santa Clara, CA, USA) via a two-way
capillary splitter was utilized to identify and quantify essential oil
components. Analyses were performed in triplicate and using a
similar method in our previous work [32].

2.2.2. Calibration Curve of the TTO

TTO solution was prepared at seven different concentrations
(200; 100; 50; 25; 12.5; 6.25; 3.125 pg/mL). Then, a calibration
curve was created by measuring the absorbance values of each
concentration using a UV-Vis spectrophotometer. The calibration
curve was used to determine the amount of TTO encapsulated with
PLGA and the amount of TTO released in the in vitro release
experiment.

2.2.3. Preparation of the TTO-NPs

A single emulsion technique was used to synthesize TTO-NPs
[32] Briefly, 1% PLGA solution was prepared with DCM and
mixed with 40 mg of TTO. TTO-NPs mixture was added dropwise
into a 5% PVA solution with the help of an insulin injector. This
mixture was sonicated for 2 minutes under 70 W energy. The
homogenized solution was stirred for 16 hours on a magnetic
stirrer, and the solvent (DCM) was evaporated. After evaporation,
washing with ultrapure water was performed by applying
centrifugation (three times, each time for 40 min) at 8000 rpm to
remove the solvent from the nanoparticle solution. Blank NPs were
also synthesized using the same procedure without TTO added.
The prepared nanoparticle solutions were dried by lyophilization.

2.2.4. Average Particle Size, Polydispersity Index (Pdl) and Zeta
Potential Analyses of the TTO-NPs

The average particle size, PDI value, and zeta potential of solid
TTO-NPs were evaluated using a ZetaSizerNano ZS (Malvern
Instruments, UK) instrument equipped with a 4.0 mV He-Ne laser
(633 nm) operating at 25°C by dynamic light scattering. Lyophilized
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TTO-NPs were homogeneously dissolved with distilled water
(1:10 ratio), and then measured in triplicate.

2.2.5. Determination of the Encapsulation Efficiency and
Loading Capacity

The centrifugation process used to make TTO-NPs solid
particles allowed for measuring the TTO concentration in the
supernatant. Utilizing the absorbance measurement from the UV-
Vis spectrometer. The total TTO content was calculated from the
curve equation. The encapsulation efficiency (EE) was calculated
using Equation (1). The loading capacity (LC) was also calculated
using Equation (2).

Total amount of loaded TTO
Initial amount of the TTO

EE % =

x100% Eq. (1)

Total amount of loaded TTO

LC %= - -
NPs after freeze drying —Weight of the TTO

x100% Eq.(2)

2.2.6. Investigation of In vitro Release Profile of TTO-NPs
Powder

TTO-NPs, which were in solid powder form, were dissolved in
distilled water and inserted into the dialysis capsule to assess the
release profile of TTO. The release medium was composed of 40%
ethanol and 60% phosphate buffer (pH 7.4). At room temperature
and 120 rpm, capsules were incubated in a horizontal shaking
water bath. Samples taken from the release medium at the specified
periods were analyzed with UV-Vis spectrometry. The release was
calculated using Equation (3) [33, 34].

Released TTO

Release % =
elease % Total TTO

x100% Eq. (3)

2.2.7. FT-IR Spectroscopy Analysis

Blank NPs and TTO-NPs and FTIR characterizations of TTO
were performed in the 4000-400 cm™ wavenumber region using
the Jasco 6300E FT-IR spectrometer with diamond ATR unit.

2.2.8. TEM Analysis of the TTO-NPs

Morphological analysis of TTO-NPs in solid powder form was
performed using TEM (JEOL JEM-1400 Plus). 3 mg of lyophilized
nanoparticle sample was transferred into water and sonicated in an
ultrasound bath for 45 minutes. Dry samples were dispersed in
isopropyl alcohol, and 1 pL of the solution was taken and dropped
onto a carbon film-supported copper grid. The solvent was
analyzed after evaporation. TEM images were taken by working
with 80 kV voltage.

2.2.9. DNA Binding Assay

Substances that bind to and cut DNA are essential for bacterial
and cancer diseases. The most popularly straightforward way for
illuminating the conformational changes of biomacromolecules in
the presence of small molecules is a UV-visible absorption
spectrum [35]. The UV-Vis absorption titration method was used to
conduct a DNA binding assay at room temperature in a Tris-
HCI/NaCl buffer (pH 7.2). The experiment was carried out by
adding increasing amounts of CT-DNAto seven different
concentrations from 10 uM to 75 pM and a constant amount of TTO
concentration. To prevent CT-DNA from absorbing itself, equal
volumes of CT-DNA were added to the TTO-containing solution
and the reference solution before measuring the absorption. TTO-
DNA solutions were incubated for 5 minutes at room temperature,
and their absorption spectra were recorded [33].

2.2.10. DNA Cleavage Assay

The ability of TTO and TTO-NPs powder to cleave DNA was
observed using the agarose gel electrophoresis method. Using
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pBR322 DNA, DNA cleavage characteristics of TTO and TTO-
NPs were examined both in the presence of an oxidizing agent
(H,O,) and without an oxidizing agent (hydrolytic cleavage).
EcoRI restriction enzyme was used as the positive control, and a 1
kb DNA ladder was used as the marker. Solutions were prepared
separately for TTO and TTO-NPs by adding pBR322 DNA (0.1
png/ul) to Tris-HCI buffer (10 M, pH: 7.2) of water/H,0,, and the
prepared solutions were left for 3 h incubation at 37°C. Following
the incubation, samples were run in TBE (Tris-Boric acid-EDTA,
pH: 8.0) buffer for 1 hour at 60 V. Finally, UV light was used to
see the bands formed due to the execution.

2.2.11. Ames/Salmonella Test

A biological experiment known as the Ames test is used to
evaluate the mutagenic potential of chemical substances such as
medications, dyes, reagents, cosmetics, pesticides, or wastes.
Bacteria are used to determine whether specific sample results in
DNA mutations in the test organism. Salmonella typhimurium
TA98 and TA100 strains are the best-standardized strains against
frameshift and base pair substitution mutations [36]. Therefore,
Salmonella typhimurium TA98 and TA100 strains were used in
this study. TTO and TTO-NPs powder form were utilized at four
different concentrations following the findings of the in vitro
release investigation. The doses that allowed these strains to
synthesize histidine were tried to be determined. The number of
colonies that could synthesize histidine was compared to the
negative control group to assess the outcomes. The sample that
caused the colonies shown in the negative control to multiply two-
fold was deemed mutagenic. It was thought to have a weak
mutagenic effect when the quantity of returned bacteria increased
in a dose-dependent manner.

2.2.12. Antimicrobial Susceptibility Test

Antimicrobial activity for empty NPs, TTO-NPs, and TTO was
performed against Lactobacillus casei, Lactobacillus acidophilus,
Streptococcus mutans, Streptococcus wiggsiae bacteria using the
agar well diffusion method. MRS agar and broth (Merck) media
were used for Lactobacillus casei and Lactobacillus acidophilus
strains. For Streptococcus mutans and Streptococcus wiggsiae,
5-7% human blood Brain Heart Infusion agar (BHIA) and
bloodless BHI broth were used.

Bacteria were resuscitated on appropriate agar medium for
three days at 37°C, and in the microaerophilic medium. Bacterial
suspensions of McFarland, 0.5 turbidities from fresh cultures were
prepared in appropriate liquid media. Smears were applied using
sterile swab sticks under sterile circumstances to the appropriate
agar medium surfaces. The plate surface needs 30 minutes to dry.
After waiting for drying procedure, wells with a diameter of 6 mm
were opened with 2 cm spacing. Three replicates were tested by
dropping 100 pL of TTO, blank NPs and TTO-NPs into each well.
Three days were devoted to growing the cultures at 37°C in a
microaerophilic medium. After incubation, the diameters of the
non-growth zones around the wells were measured with the help of
a ruler and evaluated as the inhibition zone diameter. Since
Streptococcus mutans and Streptococcus wiggsiae were tested on
BHIA, the diameters of the particles' non-growth zones were
determined with a ruler's help.

2.2.13. In silico Analysis

In silico analysis was carried out with docking and
dynamics-MD studies. The association of the antibacterial activity
in TTO with its chemical composition rich in terpinen-4-ol, and
its antibacterial activity against Lactobacillus casei, and
Streptococcus mutans bacteria were also investigated using in
silico methods. Terpinen-4-ol has antifungal and antibacterial
properties and is the most abundant major active ingredient among
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the complex mixtures of compounds in TTO. Therefore, Terpinen-
4-0l was chosen as the active ligand. The three-dimensional
structure of this ligand, which has a molecular formula of C;,H;3s0
and is also known as 4-Carvomenthenol, was obtained from
Pubchem [37] site, and its optimized geometric structure was used
in both Docking and MD analyzes. Streptococcus mutans, the main
bacterium responsible for dental caries, and Lactobacillus casei,
which supports the formation of dental caries, were preferred
as possible receptor structures to reveal the antibacterial activity.
The crystal structure of glucan-sucrase from the dental caries
pathogen Streptococcus mutans (PDB ID: 3AIC) [38] and the
crystal structures of Escherichia coli and Lactobacillus casei
dihydrofolate reductase (PDB ID: 1BZF) [39] were taken from the
protein data bank [40]. For molecular docking analysis, using the
"receptor preparation wizard" in the Schrodinger Glide module
[41, 42], all other molecular structures, such as water and ions in
the structure, were removed, and polar hydrogen atoms were added
to the receptors. The bond patterns were determined, the charges
were adapted by PROPKA [43] at neutral pH, and the heavy atoms
were approximated by choosing the 0.3 A RMSD value of the
selected receptors. They were optimized by the OPLS3 force field
[44]. In addition, by using the OPLS force field with the "LigPrep"
tool in the Glide module of this program, the conformers of
different geometries of the terpinen-4-ol ligand, which is the main
active ingredient in the TTO, were obtained at neutral pH and all
these conformers were used for docking analysis. Grids were
created to determine the active binding sites of the receptors. By
applying molecular docking analysis after the grid process, the
binding affinities, binding sites, and binding mechanisms of the
dockings process were examined, and the inhibition efficiencies of
Streptococcus mutans and Lactobacillus casei were compared
among themselves. Desmond simulation module of the same
package program was preferred for dynamics-MD simulations [45,
46]. Ligand-receptor complexes, which achieved the most stable
binding obtained in the docking analysis results, were placed in a
cubic box containing the TIP3P water molecule model, and Na*
and CI” ions were added to the system to neutralize the net charge
of the system. MD simulations were performed for 50 ns after the
NPT ensemble, followed by all systems to hold pressure (1 bar)

Table 1. Composition of TTO (Melaleuca alternifolia leaf essential oil).
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and temperature (300°K). The calculated root mean square
deviation (RMSD) and the root-mean-square fluctuations (RMSF)
of the MD trajectories provided an analysis of ligad-reseptors
complexes. Reseptors-ligand interactions were also identified by
the contact times and contact zones.

2.2.14. Statistical Analysis

Mutagenic activity data were subjected to analysis of variance
(ANOVA) followed by Tukey’s test with Statitix 9.0 Analytical
Software 2008 for Windows (USA). Differences at p<0.05 were
considered significant. Antimicrobial susceptibility test results
were subjected to Student T test. Differences at p<0.05 level were
considered significant.

3. RESULTS

3.1. GC-FID/MS Analysis of Essential Oil

A total of eleven compounds in TTO were detected and
quantified. Table 1 presents the constituents in terms of the
retention indices order. The components of TTO were found to be
45.476% terpinen-4-ol as the major compound, 22.039% 1v-
terpinene, and 9.748 % a-terpinene respectively.

3.2. Analysis of Average Particle Size, Pdl, and Zeta Potential

The average particle size, PdI, and zeta potential of TTO-NPs
and blank NPs were determined using DLS, an extensively utilized
technique. It was found that the average particle size of the empty
NPs was 196.4 nm, the Pdl was 0.124, and the zeta potential was
-6.08 mV, as shown in Figs. (1a and b), respectively. The average
particle size of TTO-NPs was 221.6 nm, the PdI value was 0.103,
and the zeta potential value was -5.22 mV (Figs. 2a and b,
respectively).

3.3. Determination of the Encapsulation Efficiency and
Loading Capacity

The calibration curve (Fig. 3) of TTO was used to assess the
encapsulation efficiency and the loading capacity of the TTO-NPs.
The encapsulation efficiency and the loading capacity of TTO-NPs
were determined via Equation 1 and Equation 2 as 88.57% and
62%, respectively.

No. Compound R.T (min) R.I" R.I¢ Amount (%)
1 a-Pinene 6.966 1032 1028 3.865
2 f-Pinene 9.524 1118 1115 0.235
3 Sabinene 10.001 1132 1129 0.174
4 a-Terpinene 13.007 1186 1193 9.748
5 Limonene 14.169 1203 1207 2.571
6 1,8-Cineole 14.836 1214 1216 2.237
7 y-Terpinene 17.759 1255 1261 22.039
8 p-Cymene 19.632 1280 1276 5.161
9 o-Terpinolene 20.487 1290 1287 2.801
10 Terpinen-4-ol 43.468 1610 1618 45.476
11 a-Terpineol 49.091 1707 1711 5.680
Total Identified 99.578
Monoterpenes (1-5, 7-9) 46.185
Oxygenated Monoterpenes (6, 10, 11) 53.393

Note: R.T; Retention time (min), R.I"; Retention indices derived from literature and NIST webbook database, R.I; Calculated retention indices.
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( a) Size (d.am): %intensity:  StDev (d.nm): ( ) Mean (mV) Area (%) StDev (mV)
Z-Average (d.nm): 1964 Peak1: 2270 100,0 88,16 Zeta Potential (mV): -6,08 Peak1: -601 1000 102
Pdk: 0,124 Peak2 0000 0.0 0,000 Zeta Devistion (mV: 10.0 Pesk2: 000 00 000
Intercept: 0,957 Peak3: 0,000 00 0,000 Conductivity (mSicm): 00200 Pesk3: 0,00 00 0%
Result quality : Good Result quality : Good

Intensity (Percent)

Fig. (1). DLS analysis of the blank NPs: (a) Average particle size, and (b) Zeta potential graphs. (4 higher resolution/colour version of this figure is
available in the electronic copy of the article).

(a) Size(dnm):  %intensity:  StDev(d.im): ( b) Mean (mV) Area (%) StDev (mV)
Z-Average (d.nm): 2216 Peak1: 2541 1000 1050 Zeta Potential (mV): -5,22 Peak 1: -520 1000 6,05
pat 0103 PeskZ 0,000 00 0000 Zota Deviation (mV): 584 Peak2: 0.00 00 000
Intercept: 0,960 p 3 0.000 0.0 0.000 Conductivity (mS/cm): 0,0190 Peak3: 0,00 0.0 0,00
Result quality : Good Result quality : Good
Size Distribution by Intensity

Size (d.nm)

Fig. (2). DLS analysis of the TTO-NPs: (a) Average particle size, and (b) Zeta potential graphs. (4 higher resolution/colour version of this figure is
available in the electronic copy of the article).
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Fig. (3). Calibration curve of the TTO. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

The spectrophotometric method was used to generate the 3.4. In vitro Release Profile of the TTO
calibration curve of TTO. Analysis was performed in PBS solution
containing 3% Tween 80 using the method used by Ge et al. [47].
The peak from terpinen-4-ol at 265 nm was obtained for
consecutive TTO concentrations. A calibration curve was created
with the concentration values corresponding to the obtained
absorbance values.

The release profile of the TTO-NPs was assessed as a function
of time. The release graph was plotted with time values and
concentration values on the x-axis and y-axis, respectively. In vitro
release results of TTO-NPs are given in Fig. (4). The result showed
that at the end of the first 5 hours, 33.34%+2.17 of TTO was
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Fig. (4). In vitro release graph of TTO and TTO-NPs. (4 higher resolution/colour version of this figure is available in the electronic copy of the

article).

released in the sixth hour, and 97.61%+3.91 of TTO was released
from TTO-NPs in the 72th hour.

3.5. FT-IR Spectroscopy Analysis

ATR-FTIR spectra spectra for blank NPs, TTO-NPs, and TTO
were captured in three distinct areas (Fig. 5). It is thought that the
broad band observed in the spectrum between 3400 cm™ and 3300
cm™ is mainly due to the OH contribution of molecules such as
terpinen-4-ol and o-terpineol in TTO. The peaks of TTO at 2960
cm'l, 2915 cm'l, 2877 cm™ were observed in TTO-NPs at 2938 cm™
and 2915 cm™. This region corresponds to the C-Hs found in the
TTO to the stretching vibrations caused by the presence of -C-H
bonds in almost all the components in the TTO (Fig. 5a). The peak
at 1641 cm™ for TTO and TTO-NP spectra was attributed to C=C
stretching. The C-H bending vibrations in compounds like
terpinen-4-ol contributed to the formation of sharp peaks at 1444
em™ in the TTO spectrum in Fig. (5b). Also, it is thought that the
alkaloid C-O bonds in these compounds contributed to a sharp
peak at 1068 em™. The C-O bond present in the TTO spectrum
contributes to the sharp peak of high intensity at 1026 cm™. The
region between 948 cm” and 721 cm™ corresponds to =C-H
bending vibrations of the compounds in the TTO in Fig. (5¢). The
peak observed at 924 cm™ in TTO was not observed in TTO-NPs.
The presence of TTO-related peaks in the spectrum of TTO-NPs
showed that TTO was present in the structure of TTO-NPs, and the
all peaks observed for TTO correspond [48]. Figure 5 illustrates
the spectra of TTO, TTO-NPs, and blank NP, allowing for an in-
depth exploration of their unique peaks. In (a), the expansive 4000-
2400 cm'region, (b) the 1800-1000 cm™ region, and (c) the 1100-
500 cm™ region.

3.6. TEM Micrograph of the TTO-NPs

TEM analysis is an imaging method that provides a better
understanding of the actual geometric size of nanoparticles and
information about their morphology [49]. In our study, the
morphology analysis of TTO-NPs was performed by using TEM.
As seen in Fig. (6), the nanoparticles were dispersed and the TTO-
NPs were spherical shapes and smooth surfaces. However, a slight
aggregation tendency was observed in some of the particles.

3.7. DNA Binding Assay

The interaction of TTO with DNA was determined by UV-Vis
spectroscopy using CT-DNA. The TTO spectra were recorded by

adding seven different increasing concentrations of varying CT-
DNA (Fig. 7). As seen from the figure, when CT-DNA was added
successively, 46.5% hypochromism at 236.40 nm (indicated by the
black arrow) and a red shift of 9 nm (indicated by the red arrow)
were observed in the UV-Vis absorption of TTO.

3.8. DNA Cleavage Assay

The ability of TTO-NPs and TTO to fragment DNA was
evaluated using the agarose gel electrophoresis method. It was
visualized under UV light. Hydrolytic activity was not observed in
the electrophoresis image of TTO-NPs and TTO, as seen in Fig.
(8). In Fig. (9), it was observed that oxidative activity was caused
by the direct interaction of TTO with DNA, as indicated in the
electrophoresis images of TTO-NPs and TTO. TTO-NPs did not
react with DNA resulted in no activity being seen.

3.9. Ames/Salmonella Test

In our study, the mutagenicity of TTO and TTO-NPs was
evaluated with the Ames test. In experiments using TA98 and
TA100 strains, results were evaluated using positive, negative, and
spontaneous controls. The mutagenicity results of TTO and TTO-
NPs were given in Tables 2 and 3, respectively.

3.10. Antimicrobial Susceptibility Test

Antibacterial activity of blank NPs, TTO-NPs, and TTO was
performed via agar well diffusion method against four different
bacteria, Lactobacillus  casei, Lactobacillus  acidophilus,
Streptococcus mutans and Scardovia wiggsiae. For all bacterial
species, the inhibition zone diameter of the blank NPs group was
measured as O mm. This finding statistically confirms that the
observed antimicrobial activity is directly attributable to the tested
TTO and TTO-NP substances, and that the nanoparticle matrix
alone does not exhibit any antimicrobial effect. On the other hand,
it was determined that bacteria were very sensitive to TTO;
similarly, TTO-NPs were found to be effective on these bacteria
(Table 4).

3.11. In silico Analysis

3.11.1. Molecular Docking

Molecular  docking analysis was performed using
Streptococcus mutans (PDB ID: 3AIC) and Lactobacillus casei
dihydrofolate reductase (PDB ID: 1BZF) receptors to predict the
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Fig. (5). Attenuated comparative total reflectance spectra of TTO, TTO-NPs, and blank NP are superimposed for a clearer view of the peaks. (a)
shows the 4000-2400 cm™ region, (b) the 1800-1000 cm™ region, and (c) the 1100-500 cm™ region. (4 higher resolution/colour version of this figure

is available in the electronic copy of the article).

Table 2. Genotoxicity results of TTO.

Number of Revertant Colony/Plate
Treatment Concentrations (mg/mL)

TA98 Mean+SD TA100 Mean+SD

0.10 170.00 + 2.00* 199.33 £26.01
0.205 148.33 +£3.79* 366.67 = 76.38*

TTO
0.40 2.67 £2.08* 5.00 £ 3.00*
0.80 4.00 +2.00* 3.67 £0.58*
Positive Control (NPD) 107 947.67 £ 9.29* -
Positive Control (NaNj3) 10° - 1242.00 += 73.12*

Negative Control (Water) - 34.33+£2.08 165.00 + 3.00*
Spontaneous Control - 20.33 +£2.08* 180.33 £ 41.50

Note: Asterisks (*) show differences in mean revertant colony numbers between the application and negative control groups that are significant at the level of p<0.05 (Tukey test).
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Table 3. Genotoxicity results of TTO-NPs.

Budama-Kilinc et al.

Number of Revertant Colony/Plate
Treatment Concentrations (mg/mL)
TA98 Mean+SD TA100 Mean+SD
0.125 24.67+2.52 210.00 + 10.00
0.25 21.33+2.08 178.00 + 8.00
TTO-NPs
0.50 20.67 £2.08 159.33 +£34.93
1.00 21.33+3.06 150.00 + 10.00
Positive Control (NPD) 107 947.67 £ 9.29* -
Positive Control (NaNj3) 10° - 1242.00 + 73.12*
Negative Control (Water) - 20.33+2.52 146.00 + 6.00
Spontaneous Control - 20.33 +£2.08 180.33 +41.50

Note: Asterisks (*) show differences in mean revertant colony numbers between the application and negative control groups that are significant at the level of p<0.05 (Tukey test).
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Fig. (6). TEM image of TTO-NPs. (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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Fig. (7). Absorption spectrum of TTO in the absence (red peak indicated with black arrow) and presence of CT-DNA. (4 higher resolution/colour
version of this figure is available in the electronic copy of the article).
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Fig. (8). Electrophoresis image of TTO-NPs and hydrolytic activity of TTO (1: 0.10 mg/mL TTO +DNA, 2: 0.20 mg/ml TTO +DNA, 3: 0.40
mg/mL TTO+DNA, 4: 0.80 mg/mL TTO+DNA, 5: 0.125 mg/mL TTO-NPs+DNA, 6: 0.25 mg/mL TTO-NPs DNA, 7: 0.50 mg/mL TTO-
NPs+DNA, 8: 1.00 mg/mL TTO-NPs +DNA). (4 higher resolution/colour version of this figure is available in the electronic copy of the article).
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Fig. (9). Electrophoresis image of TTO-NPs and oxidative activity of TTO (1: 0.10 mg/mL TTO+DNA+H,0,, 2: 0.20 mg/ml TTO+DNA+ H,0,, 3:
0.40 mg/mL TTO+ DNA+ H,0,, 4: 0.80 mg/mL TTO+DNA+ H,0,, 5: 0.125 mg/mL TTO-NPs+DNA+ H,0,, 6: 0.25 mg/mL TTO-NPs +DNA+
H,0,, 7: 0.5 mg/mL TTO-NPs +DNA+ H,0,, 8: 1.00 mg/mL TTO-NPs +DNA+ H,0,). (4 higher resolution/colour version of this figure is availa-

ble in the electronic copy of the article).

Table 4. Inhibition zone diameters (mm) of the tested TTO and nanoparticles on bacteria. (N=4).

Particles
Bacteria
TTO (Mean+SD) Blank NPs (Mean+SD) TTO-NPs (Mean+SD)
Lactobacillus casei 20.59 £ 0.5* ND 10.01 £0.1*
Lactobacillus acidophilus 20.58 £ 0.5*% ND 11.99 +£0.1*
Streptococcus mutans 11.99 £0.1* ND 20.42 +£0.5*%
Streptococcus wiggsiae 12.13£0.1* ND 14.04 £0.1*

Note: ND: Not determined (no activity observed, 0 mm).

Asterisks (*) indicate that the differences between the zone of inhibition (ZOI) values of the samples and the determined threshold values (>10 mm: effective, >20 mm: high

sensitivity) are significant at the p<0.05 level (T-test).

antibacterial inhibitory activity of TTO, considering the correct
binding pose and binding energies. The results of the docking
study conducted for terpinen-4-ol and Streptococcus mutans
glucanosucrase (PDB ID: 3AIC) indicated that the residues of ASP
588 and HIS 587 were the major residues involved in the
stabilization of Streptococcus mutans Fig. (10a, ¢), and the two
hydrogen bonds 1.50A and 2.01A formed between these residues
and terpinen-4-ol supported the stabilization of the complex seen in
Figs. (10b, c).

The active site of DHFR comprises ILE-13, LEU-12, PHE-30,
ARG-31, TYR-29, HIS-28, VAL-115 amino acid residues seen in
Figs. (11a, b). The hydrophobic active site pocket of DHFR, which
contains the heterocyclic ring system of the substrate or drug, is
terminated at one end by the methyl group of THR in a-helix C
(THR45 in Lactobacillus casei).

In this study, the methyl group of the terpinen-4-ol molecule
was directed towards ASP-26 and the distance between them,

which does not have a hydrogen bond interaction, was observed as
2.53 A and 3.82 A. The methyl carbon of the ALA-6 side chain
projects towards the binding site and is in a crucial position for
binding the drug with ASP-26. Van der Waals interactions are
likely and will stabilize the position of the ligand interacting with
the ASP-26 carboxylic acid oxygens in Fig. (11b, ¢). Estimates of
the two inhibitors' free binding energy were -5.32 kcal/mol for
Streptococcus mutans and -5.76 kcal/mol for Lactobacillus casei
dihydrofolate reductase, as seen in Table 5, respectively.

The binding site interactions and docking score energies
of Streptococcus mutans with D-Acarbose, 6-Deoxysucrose,
Trichloro-galactosucrose, and Myricetin were provided by [50] in
Table 5a.

The interactions at the binding of Lactobacillus casei
with Trimetrexate [51], Curcumine [52], and a comparison of
Methotrexate and Trimethoprim [53] were also given in Table 5b.
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Fig. (10). Represents docking pose of terpinen-4-ol (a), hydrogen binding interactions (b), binding pocket of Streptococcus mutans (PDB-1D: 3AIC)
(¢). (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Table 5. The binding site interactions and docking score energies of Streptococcus mutans, Lactobacillus casei together with terpinen-4-ol.

Table 5a. The binding site interactions and docking score energies of Streptococcus mutans (PDB ID:34IC) and terpinen-4-ol in TTO

Ligand (Inhibitor) in this Study

Ligands (Inhibitor)

Terpinen-4-ol in TTO D-Acarbose 6-Deoxysucrose Trichloro-galactosucrose Flavonoid Myrecitin
Docking Score (Kcal/mol) -5.32 -7.11 -5.31 -5.15 -5.76
GLN960, ASP477, TYRO16
H Bonding interaction ASP588 (1.50) ASP909, HIS587, ASP588, ASP909, ARGA475, HiS587, ASPESS.
(Angstrom) HIS587 (2.01) ARG475, GLUS1S, GLN960, ASP477 ASP588, ASP477 o
ALAA478
ASP588
Table 5b. The binding site interactions and docking score energies of Lactobacillus casei (PDB ID:1BZF) and terpinen-4-ol in TTO

Ligand (Inhibitor) in this Study

Ligands (inhibitor)

- . . . Curcumine Methotrexate . .
Terpinen-4-ol in TTO Trimetrexate PDB:1DRE MTX Trimethoprim TMP
Docking Score (Kcal/mol) -5.76 - - - -
ALA9, ASP26, ALA6, ASP26, ALA6,
H Bonding interaction ILE13 (2.35) LEU4 GLU30, PHE31, THRI116, THR116, LEU4,
(Angstrom) ALAG6 (2.11) ASP26 PHE34, TYRI121, LEU4, ALA97, ALA97,
VALI115 THRA45 THRA45

In Fig. (13), Streptococcus mutans contact residues (Fig. 13a),
Ligand binding interactions and residue numbers (Fig. 13b),
RMSD (Fig. 13¢), RMSF (Fig. 13d) and ligand contact (Fig. 13e)
are given.

The RMSD value calculated for Streptococcus mutans
remained stable for the first 15ns and remained between 1-3 A and
stabilized again at 1.6A between 40-50 ns, as seen Fig. (13c).
ASP477 and ASP588 hydrogen binding interactions, TYR-916
with hydrophobic interaction, and ASP-380 with hydrogen
bonding effect as seen in Figs. (13b, e).

3.11.2. Molecular Dynamics

The antibacterial activity in TTO is related to its terpinen-4-ol
rich chemical composition, terpinen-4-ol-Streptococcus mutans
and terpinen-4-ol-Lactobacillus casei receptor complexes, which
indicated the most stable coupling by the docking analysis results,
MD simulations were monitored throughout the 50 ns simulation.
To form the Streptococcus mutans-ligand system, 25308 water
molecules and 72 CI" and 70 Na’ atoms were included in the
system in Fig. (12a), and 6758 water molecules and 23 Na" and 19,
CI ions were added to the system to form the Lactobacillus casei-
ligand system seen in Fig. (12b).
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Fig. (11). Represents docking pose of terpinen-4-ol (a), hydrogen binding interactions (b), binding pocket of Lactobacillus casei dihydrofolate
reductase (PDB-ID: 1BZF) (c¢). (4 higher resolution/colour version of this figure is available in the electronic copy of the article).

Fig. (12). MD systems for Streptococcus mutans-ligand with 25308 water molecules and 72 CI" and 70 Na' (a), Lactobacillus casei-ligand system
with 6758 water molecules and 23 Na™ and 19 CI ions (b). (4 higher resolution/colour version of this figure is available in the electronic copy of the
article).
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In Fig. (14) Lactobacillus casei contact residues (Fig. 14a),
Ligand binding interactions and residue numbers (Fig. 14b),
RMSD (Fig. 14¢), RMSF (Fig. 14d) and ligand contact (Fig. 14e)
are also given.

It was seen in Fig. (14¢) that the calculated RMSD value
fluctuated around 1.2 A and 2.8 A for the first 50 ns and remained
stable around 1.2 A after 20ns. The calculated Ligand RMSD value
was also seen as 0.6 A. From the RMSF graph in Fig. (14d), it was
seen that there was interaction with the ligand at residues up to 30,
between 40-100.

ADME analysis of terpinen-4-ol ligand was calculated by
SwissADME platform and is given in Table 6.

Table 6. ADME properties of Terpinen-4-ol.

ial Oil for Possible Dental Applications

Physicochemical Properties

Formula CioH1s0

Molecular weight 154.25 g/mol

Num. heavy atoms 11
Num. arom. heavy atoms 0
Fraction Csp3 0.80
Num. rotatable bonds 1
Num. H-bond acceptors 1
Num. H-bond donors 1
Molar Refractivity 48.80
TPSA 2023 A2
Lipophilicity
Log P, (iILOGP) 2.51
Log P (XLOGP3) 3.26
Log Py (WLOGP) 2.50
Log Pow (MLOGP) 2.30
Log P (SILICOS-IT) 2.44
Consensus Log Py 2.60

Water Solubility

Log S (ESOL) -2.78
Solubility 2.54e-01 mg/ml ; 1.64e-03 mol/l
Class Soluble
Log S (Ali) -3.36
Solubility 6.75¢-02 mg/ml ; 4.38e-04 mol/l
Class Soluble
Log S (SILICOS-IT) -1.91
Solubility 1.92e+00 mg/ml ; 1.24e-02 mol/l
Class Soluble
Pharmacokinetics
GI absorption High
BBB permeant Yes
P-gp substrate No
CYP1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Log K, (skin permeation) -4.93 cm/s

Current Pharmaceutical Design, XXXX, Vol. XX, No. XX 13

Druglikeness
Lipinski Yes, 0 violation
Ghose No; 1 violation: My <160
Veber Yes
Egan Yes
Muegge No; 2 violations: My<200, Heteroatoms<2
Bioavailability Score 0.55
Medicinal Chemistry
PAINS 0 alert
Brenk 1 alert: isolated alkene
Leadlikeness No; 1 violation: MW<250
Synthetic accessibility 3.28
4. DISCUSSION

The antibacterial effectiveness of TTO has been proven with
its polyphenol content, which was found to be 45.476 % terpinen-
4-ol as the major compound, 22.039% y-terpinene, and 9.748 % a-
terpinene, respectively. These findings are in accordance with the
literature in terms of providing an effective mouth hygiene [21,
24].

The size of nanoparticles plays a crucial role in their antibacterial
activity, as well as in their interaction with bacteria and biofilms [54-
56]. The average particle size of TTO-NPs was 221.6 nm, the PdI
value was 0.103, and the zeta potential value was -522 mV
According to our results, the average particle size values of TTO-
NPs and blank NPs were 221.6 nm and 196.4 nm, respectively.
These results were compared with other studies in the literature for
dental applications. The average particle size of PLGA nanoparticles
loaded with 10 and 25 mg of clove oil was 165.37 + 22.53 and
237.63 £ 13.68 nm, respectively [57]. The hydrodynamic diameter
of amphiphilic quaternized chitosan nanoparticles, which possess
anti-cariogenic biofilm properties, was approximately 100-300 nm
[58]. In the study of Ferreira et al. [59], the average size of TTO-
loaded PCL nanoparticles was determined to be in the 180-220 nm
range. The mean particle size of curcumin-loaded PLGA
nanoparticles developed against endodontic biofilms was 247.6 +
3.651 nm [60]. Moreover, it was demonstrated that the mean
particle sizes of PLGA nanoparticles loaded with cinnamon bark
and orange peel essential oils, synthesized to prevent dental caries,
were 219 + 449 nm and 243.1 £ 0.60 nm, respectively. The
combination of two essential oils was effective against L. casei and
S. mutans bacteria [61]. Therefore, it was concluded that TTO-NPs
have a suitable size range for dental applications. In our study, the
DLS analysis showed that the TTO-NPs were obtained with an
average particle size of 221.6 nm, and the blank NPs had an
average particle size of 196.4 nm.

On the other hand, TTO-NPs had a higher average particle size
compared to blank NPs. Other studies in the literature similarly
supported the increase in average particle size after the addition of
an active ingredient. This is most likely due to the volume occupied
by the essential oil as a result of encapsulation, resulting in an
increase in average particle size [62]. It is desirable for nanoparticles
to exhibit a monodisperse size distribution to be effective, safe,
stable, and have predictable properties [63]. Moreover, monodisperse
nanoparticles are preferred to obtain improved therapeutic results
[64]. In this context, the PdI value relatively shows the particle size
distribution of colloidal systems. In general, PdI values less than 0.2
are considered monodisperse, while those greater than 0.2 are
considered polydisperse [65]. Our DLS results showed that blank
NPs and TTO-NPs had PdI values of 0.124 and 0.103, respectively.
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Panyam et al. showed that a polydispersity index (PdI) up to 0.2 is
considered a monodisperse formulation for PLGA NPs [66].
Moreover, in many studies on essential oil-loaded PLGA
nanoparticles in the literature, it has been reported that the PdI
value is 0.2 or less, and the colloidal system is monodispersing
[67-69]. In another study, it was reported that Ferula assa-foetida
loaded PLGA nanoparticles were synthesized. It was stated that
these therapeutic nanoparticles had good antibacterial effects with
the 203.62 nm average particle size and the 0.264 PdI value [70].
In this context, it was understood that the TTO-NPs synthesized
within the scope of our study exhibited monodisperse size
distribution as desired for high therapeutic success. Zeta potential
is a measure of the electrical potential at the interface between
particles and a surrounding liquid medium. Zeta potential value can
provide important information about nanoparticles' stability and their
possible interactions with biological systems [71]. Our DLS results
showed that blank NPs and TTO-NPs had zeta potentials of -6.08
mV and -5.22 mV, respectively. These results were compared with
other studies in the literature. Gursu er al. [72] reported that
cinnamaldehyde-loaded PLGA nanoparticles exhibited good stability
with zeta potential values ranging from -3.54 to -3.86 mV. Minhaco
et al. [60] synthesized curcumin-loaded PLGA nanoparticles to treat
endodontic biofilms with zeta potential values of -1.65 + 0.355 mV.
In this context, it was concluded that the TTO-NPs have a higher
zeta potential value compared to those reported in the literature.

The encapsulation efficiency and the loading capacity of TTO-
NPs were determined via Equations 1 and 2 as 88.57% and 62%,
respectively. In a study completed in 2016, it was observed that the
encapsulation efficiency was around 96.08% [47]. The encapsulation
efficiency of 88.57% calculated in our study was found to be close to
the data given in the literature. It was observed that the difference
might be due to the volatility of the essential oil. Khan et al. [73]
obtained PLGA nanoparticles loaded with doxorubicin and
berberine and investigated the effect of these nanoparticles in
cancer treatment. The trapping efficiency and drug loading of the
obtained nanoparticles were found to be 52.98 +1.58% and 12.8
+1.35% (%w/w), respectively. Loading efficiency affects release
time, as the release profile requires sustained release over a longer
period of time. The low loading capacity resulted in a reduced
release time [73]. Consequently, the loading efficiency was
calculated as 62% in our study, and it was observed that this had a
positive effect on the release time.

The release profile of the TTO-NPs was assessed as a function
of time. It was determined that the in vitro release study results
showed a biphasic release pattern (Fig. 4). A faster release in the
first 5 hours was followed by a slower release from the 6th hour to
72 hours. This kind of release profile occurs because the essential
oil molecules adsorbed on or near the nanoparticle surface have
been located [68, 74]. After the 6th hour, the slower release phase
occurred with the diffusion of encapsulated essential oil molecules
from the polymer matrix into the release medium. When the in
vitro release of free TTO was evaluated under the same conditions,
it was observed to be rapidly released at a rate of 99.98% + 1.24%
in the sixth hour. Ercin er al. [32] reported that essential oil-loaded
PLGA nanoparticles exhibited 72 hours in vitro release profile. In
our study, TTO was almost entirely released from TTO NPs within
72 hours. This result was similar to that found in essential oil-
loaded polymeric nanoparticle formulations in the literature [68,
74]. It was reported that the in vitro release profile of the essential
oil from the nanoparticles can be based on the formulation
parameters, such as the molecular weight and electrical charge of
the polymer, essential oil concentration, and average particle size
[74-76].

ATR-FTIR spectra ATR spectra for blank NPs, TTO-NPs, and
TTO were captured in three distinct areas (Fig. 5). It is thought that
the broad band observed in the spectrum between 3400 cm™ and
3300 cm™ is mainly due to the OH contribution of molecules such
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as terpinen-4-ol and a-terpineol in TTO. The peaks of TTO at
2960 cm™, 2915 em™, 2877 em™ were observed in TTO-NPs at 2938
cm™ and 2915 cm™. This region corresponds to the C-Hs found in
the TTO to the stretching vibrations caused by the presence of -C-
H bonds in almost all the components in the TTO. The peak at
1641 cm™ for TTO and TTO-NP spectra was attributed to C=C
stretching. The C-H bending vibrations in compounds like
terpinen-4-ol contributed to the formation of sharp peaks at 1444
em™ in the TTO spectrum. Also, it is thought that the alkaloid C-O
bonds in these compounds contributed to a sharp peak at 1068 cm™.
The C-O bond present in the TTO spectrum contributes to the
sharp peak of high intensity at 1026 cm™. The region between 948
em™ and 721 cm™ corresponds to =C-H bending vibrations of the
compounds in the TTO. The peak observed at 924 cm™ in TTO
was not observed in TTO-NPs. The presence of TTO-related peaks
in the spectrum of TTO-NPs showed that TTO was present in the
structure of TTO-NPs, and the all peaks observed for TTO
correspond [48]. In literature, the pure terpinen-4-ol presents
absorption bands at 889 cm’!, 864 cm’', and 799 cm ™! in the TTO
spectrum. Similar peaks at 886 em’, 864 cm™!, and 798 cm™! were
also observed for terpinen-4-ol in the TTO spectrum [77]. Ocak et
al. [78] performed FT-IR spectroscopy analysis of gelatin-coated
TTO nanoparticles. The determined TTO strong absorption peak
was found at a wavelength of 1737 cm™, and when the absorption
peak of TTO loaded gelatin nanoparticles was examined, it was
seen that it remained unchanged at a wavelength of 1737 cm™. In
this study, this peak was seen at 1737 cm™ for only TTO-NPs.
Figure 5 illustrates the spectra of TTO, TTO-NPs, and blank NP,
allowing for an in-depth exploration of their unique peaks. In (a),
the expansive 4000-2400 cm™ region, (b) the 1800-1000 cm™
region, and (c) the 1100-500 cm™ region.

Unlike DLS analysis, TEM analysis is an imaging method that
provides a better understanding of the actual geometric size of
nanoparticles and information about their morphology [49]. In our
study, the morphology analysis of TTO-NPs was performed by
using TEM. As seen in Fig. (6), the nanoparticles were dispersed,
and the TTO-NPs were spherical in shapes and had smooth
surfaces. However, a slight aggregation tendency was observed in
some of the particles. In a study conducted in 2021, it was seen by
TEM analysis that piperine-loaded PLGA nanoparticles had a
smooth outer surface and a spherical shape. It was reported that the
low surface roughness was found to be effective in controlled drug
release [79]. In our study, TTO-NPs were also found to be
uniformly distributed and spherical. From the images obtained
through TEM analysis, it was determined that the diameter of the
particles ranged from 188.07 nm to 223.50 nm. Additionally, the
dynamic light scattering results of TTO-NPs revealed an average
particle size of 221.60 nm. Although the obtained results are quite
close to each other, it is thought that there are slight size
differences due to methodological differences because DLS
analysis measures the average particle size of the colloidal system,
whereas TEM analysis is based on the real-time analysis of particle
sizes in situ.

One of the first targets of antibacterial drugs is DNA, and
UV-Vis spectroscopy is one of the fundamental techniques for
studying small molecule-DNA interactions, which investigates the
variations in absorbance magnitude (hyper- or hypochromism) and
peak position (blue- or red-shift), which are related to the strength
of the interaction [35]. In general, tiny molecule non-covalent
interactions with DNA are connected to hyperchromism, whereas
an intercalative mode may lead to hypochromism and red shift
[33]. The interaction of TTO with DNA showed (Fig. 7) that when
CT-DNA was added successively, 46.5% hypochromism at 236.40
nm (indicated by the black arrow) and a red shift of 9 nm
(indicated by the red arrow) were observed in the UV-Vis
absorption of TTO. The UV-Vis absorption spectrum precludes
analyzing small and conformational groups of biomacromolecules
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[80]. In the DNA binding assay, absorbance amplitude
(hyperchromism) and shift of peaks (blue determination) are detected
[81]. Intercalative is related to hypochromism and redshift. In a
study, it was stated that 14 nm hypochromic shifts of essential oil
were observed at a high rate [82]. In the literature review, it was
seen that DNA binding analysis of TTO was not performed. The 9
nm hypochromic shift observed in our study matched the result of
intercalative binding of essential oils to DNA seen in studies.

The ability of TTO-NPs and TTO to fragment DNA was
evaluated using the agarose gel electrophoresis method (Figs. 8
and 9). TTO-NPs did not react with DNA, resulted in no activity
being seen. Encapsulation of TTO with the PLGA polymer
prevented TTO from interacting directly with the DNA, thereby
preventing oxidative damage to the DNA and acting as a barrier.
The mutagenic activity of essential oils has been the subject of
many studies in the literature [83-86]. Various studies have
reported that the encapsulation of essential oils with polymer
contributes to the prevention of mutagenic activity [86, 87]. It has
been recognized as a strategic approach to formulating them as a
controlled release system to eliminate the problem of the
genotoxicity of EOs. In our study, the mutagenicity of TTO and
TTO-NPs was evaluated with the Ames test. In experiments using
TA98 and TA100 strains, results were evaluated using positive,
negative, and spontaneous controls (Tables 2 and 3), respectively.
The results showed that the applied concentrations of TTO-NPs
were not mutagenic. However, concentrations of TTO (0.10, 0.20,
0.40, and 0.80 mg/mL) were found to cause both frameshift
mutation (TA98) and base change mutation (TA100). In addition,
it was observed that the number of returned colonies on the plate of
TTO (0.40 and 0.80 mg/mL) was very low. It was reported in
various studies that the number of colonies returned on the plate is
quite small. This is because the sample used is toxic [86-88]. It was
evaluated that all concentrations of TTO were mutagenic (p < 0.05).
Shoeibi ef al. [89] in their study examining the mutagenic effects of
four different essential oils, reported that the concentrations in the
range of 50 and 2000 pg/mL of Cinnamum zeylanicum, Thymus
vulgaris, and Zataria multiflora essential oils had no mutagenic
effect. However, they reported that clove essential oil was
mutagenic at 500 pg/mL and higher concentrations. In a study, the
mutagenic potential of TTO was examined with the aid of the
Ames assay by Casalle et al. [90], and they reported that none of
the TTO concentrations increased in colony count over the
negative (solvent) control values obtained from strains TA100 and
TA98. The result demonstrated that the concentrations of TTO did
not generate any base pair or frameshift mutations. However, in
our study, a mutagenic feature was observed for all concentrations of
TTO (p < 0.05). In contrast, mutagenicity was not observed for the
TTO-NPs. The results showed that TTO NPs were not mutagenic (p
< 0.05) in TA98 and TA100 strains due to their controlled release
properties, consistent with literature studies [91, 92].

Our results are consistent with studies reporting that EOs are
not genotoxic when formulated as a controlled-release system
encapsulated with a polymer. Nearly all doses of TTO were found
as mutagenic, while not all doses of TTO-NPs were mutagenic.
Formulation in nanoparticle dosage forms eliminated the
mutagenicity of TTO. The results of our study indicate that the
mutagenicity of TTO-NPs is formulation-dependent, and the
encapsulation strategy helped decrease the mutagenicity of the
essential oil.

Agar diffusion assays are commonly employed to evaluate the
antimicrobial activity of natural products. A zone of inhibition
(ZOI) of 10 mm or more typically indicates antimicrobial activity,
while >15 mm is considered high sensitivity [93]. For all bacterial
species, the inhibition zone diameter of the blank NPs group was
measured as 0 mm, confirming that the antimicrobial effects were
due to TTO and TTO-NPs. On the other hand, it was determined
that bacteria were very sensitive to TTO; similarly, TTO-NPs were
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found to be effective on these bacteria (Table 4). TTO was more
effective against Lactobacillus species, while TTO-NPs showed
superior activity against Streptococcus species, especially S.
mutans. Lactobacillus casei and Lactobacillus acidophilus are
gram-positive, rod-shaped bacteria that do not form spores or
flagella. In contrast, Streptococcus mutans and Streptococcus
wiggsiae are gram-positive, non-spore-forming cocci [94, 95]. Our
results supported the notion that TTO-NPs with controlled release
and a negatively charged surface could selectively inhibit
streptococci more effectively while inhibiting lactobacilli to a
lesser extent. Additionally, it was found that TTO interacted more
effectively than TTO-NPs with Lactobacillus species. TTO-NPs,
which we determined to have a spherical morphology by TEM
analysis, exhibited different interactions with bacteria of varying
morphologies, such as rods and cocci, due to their negative surface
charge. The obtained results indicated that TTO-NPs interacted
more effectively with Streptococcus mutans and Streptococcus
wiggsiae, which are non-spore-forming cocci, and exhibited higher
inhibition compared to the Lactobacillus species.

The most important parameters affecting the interaction of
nanoparticles with bacteria are their surface chemistry, increased
surface area at the nanoscale, and morphology [96]. For example,
the large surface area of spherical nanoparticles allows them to
interact more effectively with bacteria and penetrate the bacterial
cell membrane. This, in turn, allows for the disruption of bacterial
molecular mechanisms [54]. The large surface area of TTO-loaded
PLGA nanoparticles creates more interaction sites with the
bacterial cell wall, which consists of the peptidoglycan layer, and
by forming various interactions, including primarily hydrophobic
interactions, hydrogen bonds, and van der Waals interactions, they
contribute to biofilm inhibition and the penetration of the active
ingredient, TTO, into bacteria [96, 97].

Dental caries demineralizes the tooth structure day by day. It is
caused by cariogenic bacteria, especially Streptococcus mutans,
which adhere to the tooth and play a role in developing dental
caries [98]. As a result, medications specifically targeting the
cariogenic bacterium are thought to be the best way to treat dental
caries [99]. The caries inhibition activity of the TTO-NPs
developed in this study was matched with the data described in the
literature.

TTO is an essential oil made from the leaves of the Melaleuca
alternifolia plant through distillation [100]. Essential oil
constituents interact with bacterial structural components. The
antibacterial activity of this interaction is crucial. Terpinen-4-ol,
which is determined as the major component among the active
components in the TTO structure, is thought to be responsible for
the antibacterial effect of TTO [101]. It was reported by in vitro
studies that TTO showed antimicrobial activity [100]. In a study
examining the effectiveness of TTO and TTO-loaded metallic
nanoparticles on different dental caries-causing bacteria, the
authors reported that free TTO was more effective than TTO-
loaded metallic nanoparticles. This situation can be explained by
the fact that TTO-loaded metal nanoparticles cannot trap enough
TTO during synthesis; metal NPs tend to collapse and cluster, thus
reducing biological interaction interfaces due to the decrease in
surface area ratio and the functional groups that will show
bioactivity of the phytochemical (TTO) bound to the metal NP
core remain in the inner part (inactive region). In our study, it was
determined that TTO-NPs were effective on four different bacteria,
especially on Streptococcus mutants [25]. Kanth et al. [102] stated
that it could be inferred that natural products have the maximum
effectiveness against microorganisms and can be recommended in
dentifrices, mouth rinses, topical gels, efc. TTO was shown to
affect Staphylococcus and Streptococcus species [59] significantly.
In addition, the antifungal [103], anti-inflammatory [104, 105], and
antiviral [105] effects of TTO have been proven. Li et al. [30]
studied the effectiveness of TTO on Escherichia coli and
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Streptococcus mutans bacteria. They reported that no colony was
observed in either bacterium. In this study, it was found that TTO-
NPs had antimicrobial activity on Lactobacillus casei,
Lactobacillus acidophilus, Streptococcus mutans, and Scardovia
wiggsiae. The biodegradability, biocompatibility, and biosafety of
the PLGA, found as a coating material in TTO-NPs, are known
[106]. Our results showed that blank PLGA nanoparticles applied
to bacteria did not cause any effects on the bacteria. Mechanical
clearance is still of the utmost relevance among all dental biofilm-
controlling strategies. However, instead of eliminating the oral
microflora, chemical therapy offers a substitute or supplemental
approach by reducing the buildup of biofilm [107]. Topically
applied antibacterial drugs can not demonstrate effectiveness at
acceptable concentrations for a long enough period due to the
complexity of the oral microbiota and the inability of saliva to
remain in the mouth for the needed time [108]. According to
Yallapu et al. [106], new nanomaterials that carry antimicrobial
drugs/molecules or function as pharmaceuticals can precisely
target the pathogen in response to particular environmental cues.
Additionally, potential therapeutics to disrupt oral biofilm are
specially created small compounds that target important mediators
of bacterial adhesion.

Molecular  docking analysis was performed using
Streptococcus mutans (PDB ID: 3AIC) and Lactobacillus casei
dihydrofolate reductase (PDB ID: 1BZF) receptors to predict the
antibacterial inhibitory activity of TTO, considering the correct
binding pose and binding energies. Streptococcus mutans is a
gram-positive, acidic, and acidogenic bacterium that causes caries
development by allowing colonization of the tooth surface,
including its high biofilm-forming capacity. Glucansucrases or
glycosyltransferases (GTFs) are extracellular enzymes produced by
various bacteria, including Streptococcus mutans, that break down
sucroseinto glucose and fructose and form adhesive biofilm chains.
Glucan chain growth is also associated with the adhesion of one
bacterium to another and to the tooth surface. Preventing the
formation of this microbial complex is one of the most targeted
strategies for caries control [109]. Glucanosucrase in Streptococcus
mutans also allows the metabolism of sucrose to lactic acid, which
lowers the pH around the teeth and facilitates the dissolution of
calcium phosphate from tooth enamel, which causes tooth decay.
These properties make Streptococcus mutans glucanosucrase one
of the primary and most studied targets in the development of new
agents useful in the prevention of dental caries. The amino acid
residues ASP-588, TRP-517, and ASN-481 of the A1 domain of
the enzyme proved to be vital for the inhibitory effect and binding
of all carbohydrate derivatives (6-Deoxy sucrose and Trichloro
galactosucrose) to these residues. This enabled them to be
identified as the most promising GtfC inhibitors [50]. The results
of the docking study conducted for terpinen-4-ol and Streptococcus
mutans glucanosucrase (PDB ID: 3AIC) indicated that the residues
of ASP 588 and HIS 587 were the major residues involved in the
stabilization of Streptococcus mutans, and the two hydrogen bonds
1.50 A and 2.01 A formed between these residues and terpinen-4-
ol supported the stabilization of the complex (Fig. 10b, c).

The active binding site encompasses GLUS15, ASP588,
ASP477, ARG475, HIS587, TYR916, TYR430, LEU433,
ASN481, and TRP517. Looking at the binding efficiency and
interactions of reference ligand D-Acarbose into the Streptococcus
mutans, amino acid residues in subsite-1 (ARG475, ASP477,
GLUS51S5, HIS587, and ASP588) established hydrogen bonds with
oxygen and nitrogen atoms of D-Acarbose. The inhibitory activity
of D-Acarbose can be explained by its stable interaction, especially
with GLUS515, ASP477, ASP588, LEU433, TRP517, and ASN481
residues [50]. For deoxysucrose, which has a high inhibitory effect,
this effect can be attributed to the multiple hydrogen bonds with
ASP588. Multiple hydrogen bonding with the Subsite —1 amino
acids, including GLUS515, ASP477, ARG475, HIS587, and
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ASP588, stabilizes the inhibition complex of Streptococcus
mutans. In this study, terpinen-4-ol, a major compound in TTO,
was specifically attributed to its stable interaction with strong
hydrogen bonding between ASP588 and HIS587 in Fig. (10b, c).
Dihydrofolate reductase (DHFR) plays a critical role in regulating
folate metabolism, and therefore, DHFR is essential for purine and
thymidylate synthesis and cell growth and proliferation. Because of
that, DHFR has been a primary focus in developing anticancer and
antibacterial reagents. DHFR is of pharmaceutical importance as
another drug target against bacterial, fungal, and protozoan
infections [110, 111]. Antifolate drugs are widely used in
medicines for the treatment of tumor diseases (Methotrexate,
MTX), (Trimethrexate TMQ), bacterial infections (Trimethoprim
TMP), and protozoan infections (Pyrimethamine, PMX) by
blocking the DHFR enzyme functioning [112]. The active site of
DHFR comprises ILE-13, LEU-12, PHE-30, ARG-31, TYR-29,
HIS-28, VAL-115 amino acid residues as seen in Figs. (11a, b).
Two hydrogen-bonding interactions (2.35A and 2.11 A) were
observed between active site residues ILE-13 and ALA-6 with the
OH group of terpinen-4-ol in Figs. (11b, ¢). The active site of
DHFR was given by [52] the ILE-7, LEU-22, PHE-31, PHE-34,
ARG-70, VAL-115, and TYR121 residues. The ligand curcumin
also appears to bind in the active site by making extensive van der
Waals contacts. The nonpolar interactions occur with the side
chains of ILE-7, ALA-9, and VAL-115 with some main chain
atoms of VAL-8 and ALA-9 for MTX binding, and similar
nonpolar interactions were observed for curcumin at residues ILE-
7, ALA-9, LEU-22, and VAL-115 [52]. In this study, the
hydrophobic ALA-6 residue interacted with hydrogen bonding
with the terpinen-4-ol’s hydroxy group. The hydrophobic active
site pocket of DHFR, which contains the heterocyclic ring system
of the substrate or drug, is terminated at one end by the methyl
group of THR in a-helix C (THR45 in Lactobacillus casei). DHFR
revealed several significant interactions of the THR-45 residue
within the active site [53]. Methotrexate (MTX) has the -CH2-
carbon 4.3 A from the methyl carbon of THR45 in the ternary
complex. The distances from drug molecules like Methotrexate,
Trimethoprim, Pyrimethamine, Cycloguanil, and Chlorcycloguanil
have been given4.3 A,54 A, 2.1 A, 1.8 A, and 1.9 A, respectively
[53]. In this study, the distance from the terpinen-4-ol is given by
4.44 A. Tt is not recommended that the van der Waals distance for
the contact and interaction between terpinen-4-ol and the methyl
carbon of the THR45 side chain be less than 3.6 A, and our ligand
placement pose is suitable for this distance.

The substructure-domain interactions validated from [51] give
the distance between Trimetrexate against the dihydrofolate
reductase domain with LEU-4 residue as 3.2 A by hydrogen
bonding interaction. In this study, the distance from the LEU-4
residue was calculated by 3.45 A. The two hydrogen bonding
interactions (3.16 A and 3.18 A) occurred between the O atoms of
ASP-26 and the N atoms of Trimetrexate. In this study, the methyl
group of the terpinen-4-ol molecule was directed towards ASP-26,
and the distance between them, which does not have a hydrogen
bond interaction, was observed as 2.53 A and 3.82 A. The methyl
carbon of the ALA-6 side chain projects towards the binding site
and is in a crucial position for binding the drug with ASP-26. Van
der Waals interactions are likely and will stabilize the position of
the ligand interacting with the ASP-26 carboxylic acid oxygens.
Estimates of the two inhibitors' free binding energy were -5.32
kcal/mol for Streptococcus mutans and -5.76 kcal/mol for
Lactobacillus casei dihydrofolate reductase, as seen in Table 5,
respectively.

The antibacterial activity in TTO is related to its terpinen-4-ol
rich chemical composition, terpinen-4-ol-Streptococcus mutans
and terpinen-4-ol-Lactobacillus casei receptor complexes, which
indicated the most stable coupling by the docking analysis results.
MD simulations were monitored throughout the 50 ns simulation.
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To form the Streptococcus mutans-ligand system, 25308 water
molecules and 72 CI" and 70 Na' atoms were included in the
system in Fig. (12a), and 6758 water molecules and 23 Na* and 19
CI ions were added to the system to form the Lactobacillus casei-
ligand system seen in Fig. (12b). Calculated root mean square
deviation (RMSD) and root-mean-square fluctuations (RMSF)
analyses were provided by MD trajectories for analysis of the
stability of ligand-receptor complexes. Receptor-Ligand interactions
were also defined by contact times and contact sites.

The RMSD value of the receptors, which allows us to analyze
the simulation balance, can give an idea of the structural
conformation of the receptors throughout the entire process.
Changes at the 1-3 A are acceptable, indicating that the receptors
did not undergo a major conformational change during the
simulation. The RMSD value calculated for Streptococcus mutans
remained stable for the first 15 ns and fluctuated between 15 ns
and 40 ns (Fig. 13c). This value remained between 1-3 A and
stabilized again at 1.6 A between 40-50 ns, as seen in Fig. (13).
During this whole process, the ligand RMSD value remained
below 0.4 A and preserved its stable structure. The peaks in the
calculated RMSF plot in Fig. (13d) indicated the parts of the
receptor that fluctuated the most during the simulation. The
overlap in the calculated RMSF and B factor plots indicates that
the simulation results align with the crystallographic data of
Streptococcus mutans. Residue contacts interacting between
Streptococcus mutans and the ligand were also shown with green
lines. Among the interactions between Streptococcus mutans and
ligand, PHE-378, ASP-379, ASP-380, HIS-381, TYR-430, ASP-
477, and VAL-608 provided interaction with hydrogen bonding in
Fig. (13b). Both hydrogen bonding and ionic interaction took place
between ASP-477 and the ligand (see in Fig. 13b). The ASP-588
interaction due to docking was observed here as an ionic
interaction with the water effect. During the simulation, the most
interacting residues were ASP-477 in Fig. (13a) with hydrogen
bonding and ionic interactions with 24%, ASP-588 with ionic
interaction with 13%, TYR-916 with hydrophobic interaction, and
ASP-380 with hydrogen bonding effect as seen in Figs. (13b, e).

Similar residues in subsite-1 (ARG475, ASP477, GLUSIS,
HIS587, ASP588) in the binding interactions of D-Acarbose
to Streptococcus mutans enabled D-Acarbose to show inhibitory
activity. These residues interacted with D-Acarbose, 6-
Deoxysucrose, Trichloro-galactosucrose, and also Flavonoid
Myrecitin [50].

In our study, the calculated RMSD value fluctuated around 1.2
A and 2.8 A for the first 50 ns and remained stable around 1.2 A
after 20 ns (Fig. 14¢). The calculated Ligand RMSD value was also
seen as 0.6 A. From the RMSF graph, it was seen that there was
interaction with the ligand at residues up to 30, between 40-100 in
Fig. (14d). The most interacting ones during 50 ns are ALA-6,
ILE-13, PHE-30, LEU-19, GLY-17, PHE-49, ALA-97, and LEU-4
in Figs. (14a, b). The LEU-4, LEU-19, LEU-27, TYR-29, PHE-30
and PHE-49 showed hydrophobic interactions. LEU-4 and ALA-
97 showed backbone acceptor, while ALA-6 presented backbone
donor hydrophobic interactions. On the other hand, the LEU-4,
ALA-6, ILE-13, GLY-17, and ALA-97 residues showed bonding
with the ligand by water-interacting hydrogen bonding. These
interactions occurred more than 20% of the simulation time.
During the simulation, the most interacting residues were ILE-13,
with hydrogen bonding mediated by water molecules at 38% and
hydrophobic interactions with PHE-30 in Figs. (14b, e). The MD
analysis results also supported the results of the docking analysis,
giving the residues of LEU-4, LEU-19, LEU-27, TYR-29, PHE-30
hydrophobic interactions and LEU-4, ALA-6, ILE-13, GLY-17,
and ALA-97 residues water-interacting hydrogen bonding.

The MD analysis results also supported the results of the

docking analysis, giving the residues of ILE-13, LEU-12, PHE-30,
PHE-49, ASP-16, and THR-45 located in the binding region of
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DFR as residues interacting with the ligand. Combined, the
docking and MD results reveal an intense match in key interaction
residues and overall binding stability. However, the MD
simulations offer a more detailed understanding by taking into
account solvent effects and conformational flexibility. These
findings confirm that terpinene-4-ol shows a robust and sustained
binding profile against Lactobacillus casei DHFR, supporting
its potential as a natural antibacterial agent targeting this
microorganism. Overall, combining molecular docking and MD
simulations provided a detailed understanding of how the structure
of terpinene-4-ol affects its activity, highlighting its potential as a
natural antimicrobial agent. These computational methods were
crucial in pinpointing potential molecular targets, understanding
how they bind, and providing predictive models for the
development of anti-caries treatments based on plant chemicals.

According to Lipinski's rule of five, compounds with five or
fewer hydrogen bond donors and 10 or fewer hydrogen bond
acceptors are likely to achieve optimal oral bioavailability. ADME
analysis of the terpinen-4-ol ligand showed (Table 6) that these
values are met. Since the molecular weights of the drug candidate
compounds are below 500 Daltons, as per Lipinski's Rule of five,
they are more easily and quickly absorbed and distributed
throughout the body. The molecular weight of the terpinen-4-ol
molecule is 154.25 g/mol. Overall, the molecular weights under
500 Daltons suggest a favourable potential for absorption by the
body. LogP parameters determine how easily a drug candidate
dissolves in fats. Its lipophilic properties allow it to pass through
lipid-structured cell membranes with ease. The LogP value for
the terpinen-4-ol molecule was found to be below 5. The skin
permeability (Kp) parameter, which affects the transport of
compounds through the mammalian epidermis, is determined by
the lipophilic properties of the compound, specifically its
molecular weight and the octanol/water partition coefficient.
Furthermore, the varying polarities of the compounds impact skin
absorption. Negative Log kp (-4.93 cm/s) values indicate the
potential of the compounds to penetrate the skin.

CONCLUSION

In conclusion, TTO-NPs were successfully synthesized, which
have spherical morphology with an average particle size of 221.6
nm, a Pdl of 0.103, and a zeta potential of -5.22 mV. TTO-NPs
presented a loading capacity of 25.65% and provided a biphasic
extended release of TTO, which did not exceed the general oral
exposure limits of TTO for 72 hours (total TTO release of 33.34 +
2.17% after the first 5 h period and 97.61 + 3.91% at the end of
72 h). In vitro safety and effectiveness studies showed that
TTO-NPs were not mutagenic and had demonstrated good
antimicrobial activity on various bacteria causing dental caries,
such as Streptococcus mutans, Lactobacillus casei, Lactobacillus
acidophilus, and Scardovia wiggsiae. Moreover, in silico studies
supported the inhibitory effect of TTO on Streptococcus mutans
and Lactobacillus casei. Since dental caries is a widespread oral
disorder caused by the demineralization of tooth enamel due
to acid production by bacteria, a long-lasting and effective
antimicrobial dental care product will be beneficial to prevent
dental caries. In recent years, researchers have focused on new
formulations containing nanoparticles with great potential for
dental caries prevention. In particular, the formulations containing
essential oils with nano-sized and extended release properties
provide superior reduction of biofilm accumulation and inhibition
of bacteria that cause dental caries. It is worth mentioning that tea
tree oil is widely used in oral hygiene. It is beneficial in treating
halitosis by reducing both the bacterial load and the production of
volatile sulphur compounds. Due to its low toxicity and natural
origin, it is considered a phytomedicinal agent. TTO-NPs could be
a promising formula, which is practically used either as a powder
or mixed with 5-10 mL of water and applied to the mouth like a
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mouthwash, providing a fresh mouth odour with effective
inhibition of mouth pathogens and biofilm formation; it is
noteworthy for further in vivo and clinical evaluations.
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