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Abstract

Oral diseases affect more than 3.5 billion people globally, representing a major public
health burden, particularly in low- and middle-income countries where access to den-
tal care is often limited. Furthermore, the use of conventional antimicrobial agent may
cause side effect. This underscores the need for affordable, plant-based alternatives
to conventional antimicrobials. This study investigated the chemical compositions
and antimicrobial activities of Citrus aurantifolia peel oils from Thailand (Lime TH)
and South Africa (Lime SF), along with an ethanolic extract of Ocimum sanctum L.
(OSE), against five oral pathogens: Lactobacillus acidophilus, Streptococcus mutans,
Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Candida
albicans. Chemical constituents were analyzed using gas chromatography-mass
spectrometry (GC-MS) for the peel oils and high-performance liquid chromatogra-
phy (HPLC) for the extract. GC-MS identified D-limonene as the major constituent

in both Lime TH (49.11+£0.76% w/w) and Lime SF (42.32+0.60% w/w), while HPLC
confirmed the presence of ursolic acid in OSE (2.67 +0.07% w/w). Antimicrobial
activity was evaluated by broth microdilution to determine minimum inhibitory con-
centrations (MIC), minimum bactericidal/fungicidal concentrations (MBC/MFC), and
time-kill kinetics. Lime TH exhibited the strongest activity (MIC and MBC/MFC values
between 0.20 and 25.0 mg/mL), followed by Lime SF (0.39-50.0 mg/mL). OSE inhib-
ited four bacterial strains (excluding C. albicans) with MIC and MBC values ranging
from 0.05 to 100 mg/mL. These findings highlight the potential of C. aurantifolia peel
oils and O. sanctum extract as natural antimicrobial agents for incorporation into oral
care products.
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Introduction

Oral health is a fundamental component of overall well-being and a significant public
health concern. Oral diseases affect an estimated 3.5 billion people worldwide,
making them the most prevalent health conditions globally—surpassing the combined
burden of cardiovascular diseases, cancers, diabetes, chronic respiratory diseases,
and mental disorders [1]. The impact is especially severe in low- and middle-income
countries, where access to oral healthcare services is often limited. This underscores
an urgent need for alternative strategies that are both effective and accessible. Natu-
rally derived compounds have attracted increasing attention due to their antimicrobial
activity, natural origin, affordability, and local availability [2].

Dental caries and periodontitis are highly prevalent oral pathologies [3]. Dental
caries results from the demineralization of tooth enamel by acids produced through
bacterial fermentation of dietary sugars. Streptococcus mutans and Lactobacil-
lus acidophilus are primary cariogenic organisms [3,4]. S. mutans, an anaerobic
Gram-positive bacterium, adheres to the dental plaque biofilm and ferments sugars
to produce lactic acid, which demineralizes tooth enamel [4]. Key risk factors for
dental biofilm formation and caries include high consumption of free sugars, insuffi-
cient fluoride exposure, and poor oral hygiene [5]. Lactobacillus species, particularly
L. acidophilus, thrive in acidic, carbohydrate-rich environments, promoting lesion
formation and produces biosurfactants that interfere with S. mutans biofilm formation
by suppressing gtfB and gtfC gene expression [6]. It can also inhibit Porphyromonas
gingivalis [7] and downregulate virulence factors of Aggregatibacter actinomycetem-
comitans [8], partly through enzymatic biofilm disruption [9]. Periodontal diseases,
which begin as gingivitis and may progression to periodontitis, cause tooth mobility,
loss, and impaired mastication [10]. Gingivitis, develops from bacterial biofilm accu-
mulation, leads to gum inflammation and bleeding [11]. Without treatment, plaque
can calcify into calculus, creating niches for pathogens such as P. gingivalis and A.
actinomycetemcomitans [12]. These bacteria release virulence factors, including
enzymes (collagenases, proteases, peptidyl arginine deiminase, dispersin B), lipo-
polysaccharides, hydrogen sulfide, and ammonia, that promote connective tissue
degradation and alveolar bone resorption [13]. Opportunistic pathogens such as
Candida albicans may also overgrow, particularly in immunocompromised individuals,
causing oral candidiasis [14].

Fluoride and chlorhexidine are common antimicrobial agents in oral care prod-
ucts [15]. While fluoride prevents enamel demineralization, excessive long-term
intake may cause dental fluorosis [16,17]. Commercial toothpaste generally contains
1,000-1,500 ppm fluoride [18,19], with each brushing delivering 0.5-1.0g [20]. Chlor-
hexidine is highly effective against plaque and gingivitis but can cause tooth staining,
altered taste perception, and, with prolonged use, microbial resistance [21]. These
limitations drive the search for plant-based antimicrobial agents.

Citrus aurantifolia (Lime), belongs to the Rutaceae family. It is widely cultivated
in Thailand, particularly in Phetchaburi province. Essential oils extracted from the
leaves and fruit peel of C. aurantifolia have been reported to contain limonene
(77.5%), linalool (20.1%), and citronellal (14.5%), with antimicrobial activity against S.
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mutans (MIC: 20 pg/mL) [22]. The peel oils also showed antifungal activity against C. albicans [23]. Ethanolic peel extracts
have shown inhibitory effects against L. acidophilus, P. gingivalis, and A. actinomycetemcomitans [24,25], though most
studies used crude solvent extracts rather than pure hydrodistilled oils, which differ markedly in chemical composition and
potency.

Ocimum sanctum (holy basil), another widely cultivated plant in Thailand, has demonstrated antimicrobial effects
relevant to oral pathogens. Ethanolic leaf extracts have inhibited S. mutans and L. acidophilus, with MIC values of 25 mg/
mL and 100mg/mL, respectively [26], and shown activity against A. actinomycetemcomitans comparable, though slightly
inferior, to 0.2% chlorhexidine [27]. However, most existing studies have used agar diffusion methods without standard-
ized time—kill kinetics or MIC/MBC determination, limiting comparability.

Despite increasing interest in these natural agents, few studies have comprehensively compared the chemical profiles
and antimicrobial properties of C. aurantifolia peel oil and O. sanctum ethanolic extract, particularly against both cario-
genic and periodontal pathogens. Moreover, geographical and environmental factors can markedly influence phytochemi-
cal composition, necessitating region-specific characterization. This study addresses these gaps by: (i) characterizing the
chemical profiles of Thai and South African C. aurantifolia peel oils obtained via hydrodistillation; (ii) analyzing O. sanctum
ethanolic extract; and (iii) evaluating their antimicrobial efficacy, including MIC, MBC/MFC, and time—kill kinetics, against
clinically relevant oral pathogens. The findings are expected to offer valuable insights into their potential as alternative
agents in oral healthcare products such as mouth rinses, gels, or dentifrices.

Materials and methods
Natural agents tested

Two sources of C. aurantifolia (lime) peel oils were used: Thai C. aurantifolia peel oils (Lime TH) from Siam Worada 59
Co., Ltd. (Phetchaburi, Thailand) and South African C. aurantifolia peel oils (Lime SF) from organic farmland in Randburg
region (Gauteng, South Africa). Powdered leaves of O. sanctum L. (holy basil) were acquired from Vejpong Pharmacy
Co., Ltd. (Bangkok, Thailand).

Culture media, chemicals and reagents

Brain Heart Infusion Broth and Agar, Sabouraud Dextrose Broth and Agar, and Tryptic Soy Broth and Agar were pur-
chased from Difco-Becton Dickinson (Sparks, MD, USA). Lactobacillus MRS Broth and Agar, yeast extract, and L-cysteine
hydrochloride were obtained from Hi-media Laboratories (Mumbai, India). Ultrapure water Type | was generated using Mil-
liQ equipment (Merck KGaA, Darmstadt, Germany). Ethanol 95% (USP-grade) was purchased from the Liquor Distillery
Organization (Chachoengsao, Thailand). Methanol (HPLC grade) and acetonitrile (HPLC grade) were purchased from RCI
Labscan (Bangkok, Thailand). Dimethyl sulfoxide (DMSQO), vitamin K1, and hemin were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Tween 80 was purchased from Panreac Applichem (Barcelona, Spain). A 2% w/v chlorhexi-

dine gluconate solution was purchased from Pose Health Care (Bangkok, Thailand). The D-limonene standard solution
[(R)-(+)-limonene, 99% purity] and ursolic acid standard solution (97% purity) were purchased from Sigma-Aldrich.

Determination of chemical compositions of C. aurantifolia peel oils and quantitative analysis of D-limonene

The chemical compositions of Lime TH, Lime SF and the quantification of D-limonene were analyzed using gas chroma-
tography—mass spectrometry (GC-MS; Model 8890-5977B GC-MSD, Agilent, Santa Clara, CA, USA) in synchronous
Selective lon Monitoring and Full scan (SIM/SCAN) mode. Full scan mode was used to identify compounds by matching
with the NIST Mass Spectral Search program version 2.4 (Gaithersburg, USA) and to calculate the relative peak area of
each compound. Then, SIM mode was used to quantitative analysis of target compound (D-limonene) using selected ions.
The GC-MS conditions were modified based on the analytical method reported in a previous study by Lemes et al. [22].
Separation was achieved using a 30-m HP5MS capillary column [(5%-phenyl)-methylpolysiloxane; Agilent J&W, Santa
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Clara, CA, USA] with an inner diameter of 0.25mm and a film thickness of 0.25 ym. The oven temperature was initially
held at 50°C for 1 minute, then increased at a rate of 6°C/minute to 300°C. The injection volume was 1 pL, with a split
ratio of 20:1, and the injector temperature was set at 300 °C.

Oil samples were diluted with methanol to a concentration of 500 ug/mL, sonicated for 15 minutes, and filtered through
a 0.45-ym nylon membrane. A 1 mL aliquot was transferred into an autosampler vial (Agilent 7693A, Santa Clara, CA,
USA). A calibration curve for D-limonene was prepared using standard solutions in methanol at concentrations ranging
from 50 to 500 pg/mL. Quantification was performed based on the peak area using the calibration curve. The analyses
were performed in triplicate.

Preparation and quantitative analysis of O. sanctum L. ethanolic extract

Dried O. sanctum L. powder (300g) was macerated with 1000 ml of 95% ethanol for 5 days with occasional shaking [28].
The mixture was then filtered through Whatman No. 1 filter paper, and the filtrate was concentrated using a rotary evap-
orator (Model R-300, Buchi, Chadderton, England). The concentrate was subsequently dried at 50°C in a water bath
(Memmert WNB 22, Schwabach, Germany). The percentage yield of the crude extract was calculated using the following
formula:

Yield (%) — ( Weight of dried extract > 100

Weight of dried plant material

Quantitative analysis of ursolic acid, the biomarker of O. sanctum L., was performed according to the United States
Pharmacopeia [29], with some modifications and validated procedures in compliance with the ICH Q2(R1) guidelines [30].
The analysis employed an HPLC system (Waters Alliance €2695, Waters Corporation, Milford, MA, USA) equipped with
a Waters 2489 UV/Vis Detector. Chromatographic separation was carried out using a Hypersil BDS C18 column (5 pm,
250 % 4.6 mm; Thermo Fisher Scientific Inc., Waltham, MA, USA) maintained at 30°C. The mobile phase consisted of ace-
tonitrile and 2.5mg/mL ammonium acetate in water (70:30, v/v), delivered at a flow rate of 1.5mL/minute. Detection was
performed at 205 nm with an injection volume of 20 L.

OSE samples were prepared by dissolving the extract in methanol to a final concentration of 50 mg/mL. A standard
calibration curve was constructed using ursolic acid standard solutions prepared at concentrations ranging from 0.05 to
0.30mg/mL. Before HPLC injection, all solutions were sonicated for 15 minutes and filtered through a 0.45-um nylon filter.
Quantification was based on the peak area comparison with the ursolic acid calibration curve. The analyses were per-
formed in triplicate.

Determination of antimicrobial activity

The antimicrobial activities of Lime TH, Lime SF, and OSE were evaluated against oral pathogens, including L. acidophilus
(ATCC 4356), S. mutans (ATCC 25175), P. gingivalis (ATCC 33277), A. actinomycetemcomitans (ATCC 29522), and C.
albicans (ATCC 10231). All microbial strains were purchased from the American Type Culture Collection (ATCC, Manas-
sas, VA, USA).

The minimum inhibitory concentration (MIC), the minimum bactericidal concentration (MBC), and the minimum fungi-
cidal concentration (MFC) were determined by a microbroth dilution assay following the previously described method of
Balouiri et al. [31] and Clinical and Laboratory Standards Institute (CLSI) guidelines [32—34], with slight modifications. The
experiment protocols for the antimicrobial testing were reviewed and approved by the Naresuan University Institutional
Biosafety Committee, Thailand (NUIBC MI 67-03-14, Certification no. 67-27).

Minimum inhibitory concentration (MIC). The stock solutions of Lime TH, Lime SF, and OSE were prepared by
dissolving each agent in its corresponding growth medium (Table 1) containing 2% DMSO and 2% Tween 80 to obtain a
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Table 1. Growth mediums and incubated conditions of oral pathogens.

Oral pathogens Growth mediums Incubated conditions
L. acidophilus Lactobacillus MRS Broth/Agar 35+2°C for 48 hours in conditions with
5-10% CO
S. mutans Brain Heart Infusion Broth/Agar 35+2 °C for 24 hours in conditions with
5-10% CO
P. gingivalis Tryptic soy Broth/Agar supplemented with yeast extract (1 mg/mL), hemin 35+2 °C for 72 hours in broth and for
(5 pyg/mL) and vitamin K1 (1 pg/mL). Growth mediums of P. gingivalis were | 5—7 days on agar plates under anaerobic
preincubated for 1 day before use. conditions
A. actinomycetemcomitans Brain Heart Infusion Broth/Agar 3512 °C for 48 hours in condition with
5-10% CO,
C. albicans Sabouraud Dextrose Broth/Agar 35+2 °C for 24 hours in aerobic conditions

https://doi.org/10.1371/journal.pone.0331710.t001

final concentration of 200mg/mL. The stock solutions (200 uL) of Lime TH, Lime SF, or OSE crude extract were added
into the wells of a 96-well microplate, followed by two-fold serial dilutions with the respective growth medium.

Microbial suspensions were prepared by adjusting their turbidity to match a 0.5 McFarland standard and subsequently
diluted 1:100 in growth medium to achieve a concentration of 1-2 x 10 CFU/mL for bacterial strains and 1-2x 10* CFU/
mL for fungal strains. Then, 100 pL of the microbial suspension was inoculated into each well, resulting in a final inoculum
concentration of 0.5—1 % 108 CFU/mL for bacteria and 0.5—1x 10* CFU/mL for fungi. The microplates were incubated under
the specific conditions described in Table 1.

The MIC was defined as the lowest concentration of each tested sample that visibly inhibited the growth of oral patho-
gens. It was determined by identifying the wells that remained clear (non-turbid) compared to the growth observed in the
control wells (i.e., growth control). The negative control consisted of growth medium containing 2% DMSO and 2% Tween
80 with oral pathogens, confirming that the solvent system itself had no inhibitory or toxic effects. The positive control was
0.12% w/w chlorhexidine gluconate solution.

Minimum bactericidal concentration (MBC) or minimum fungicidal concentration (MFC) determination. The
MBC or MFC was defined as the lowest concentration of the tested samples that resulted in complete microbial killing.

To determine MBC or MFC values, 10 pL aliquots were taken from wells showing no visible growth (non-turbid) and
inoculated onto the appropriate agar medium, as specified in Table 1. The plates were incubated under conditions suited
to each pathogen, and colony formation was assessed after incubation.

Time-kill assay. Time-kill assay performed using the method described by Balouiri et al. [31], with some modifications.
The concentrations used in the time-kill assay were based on the MIC values determined previously and included 1 xMIC,
MBC, and optionally 2xMIC or 3 xMIC. Each sample was prepared at double strength by dissolving it into the appropriate
growth medium with 2% DMSO and 2% Tween 80 to ensure solubility. A 100 pL aliquot of each sample was added to
a well, followed by 100 pL of oral pathogen suspension (1-2 x 108 CFU/mL), and the contents were thoroughly mixed.
Positive and negative controls were included, consistent with the MIC assay.

The microplate was incubated under the appropriate conditions specified in Table 1. At intervals of 0, 2, 4, 6, and 24
hours, and additionally at 48 and 72 hours for the P. gingivalis, a 10 yL aliquot was collected from each well. The test sam-
ples were diluted 1:10 (sample well) or 1:100 (control) in growth medium. Then, 10 pL of the diluted sample was dropped
in triplicate onto the appropriate agar, as indicated in Table 1. Following incubation, the number of colonies was counted to
assess the viability of bacterial or fungal survival over time.

Statistical analysis

All experiments were performed in triplicate. Results were expressed as mean t standard deviation. Data analysis
was performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Normality and homogeneity of variance were
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assessed using the Shapiro—Wilk test and Levene’s test, respectively. As the data were non-normally distributed and het-
erogeneous, non-parametric analysis was conducted using the Kruskal-Wallis test, followed by pairwise post hoc compar-
isons with Bonferroni correction. Statistical significance was defined as p<0.05.

Results
Chemical compositions of Citrus aurantifolia peel oils

The chemical profiles of C. aurantifolia peel oils from Thai (Lime TH) and South African (Lime SF) sources are shown in
Fig 1 and Table 2. GC-MS analysis revealed that both peel oils were predominantly composed of D-limonene, followed
by B-pinene and y-terpinene. The D-limonene peak was observed at a retention time of 7.25 minutes. The relative peak
area, expressed as the percentage of a specific peak area divided by the total chromatographic peak area, is presented
in Table 2.

Quantitative analysis of D-limonene was performed using the selected ions for quantifier at m/z 68 and qualifier at m/z
79, 93, 136 in SIM mode. The concentration of D-limonene, calculated based on peak area and compared to the standard
calibration curve (y=2806.68x+42373.97, R2=0.9984), showed that Lime TH contained 49.11+£0.76% w/w of D-limonene,
while Lime SF contained 42.32+0.60% w/w.

Yield and ursolic acid content in O. sanctum ethanolic extract

The crude ethanolic extract of O. sanctum, obtained via maceration with 95% ethanol, yielded 4.59+0.25% w/w. HPLC
analysis of the extract showed a characteristic ursolic acid peak at a retention time of 15.60 minutes (Fig 2). The quanti-
fied ursolic acid content in the extract was 2.67 £0.07% w/w.

Antimicrobial activity

Minimum inhibitory and bactericidal/fungicidal concentrations. The MIC and MBC (or MFC) of Lime TH, Lime SF,
and OSE against oral pathogens, including L. acidophilus, S. mutans, P. gingivalis, A. actinomycetemcomitans, and C.
albicans, are presented in Table 3.

Lime TH showed strong antimicrobial activity across all tested organisms, with MIC values ranging from 0.20 to
12.5mg/mL and MBC/MFC values from 0.78 to 25.0 mg/mL. Lime SF exhibited slightly reduced potency, with MIC values
ranging from 0.39 to 12.5mg/mL and MBC/MFC values from 1.56 to 50.0mg/mL.

OSE showed selective efficacy, particularly against P. gingivalis and A. actinomycetemcomitans, but was ineffective
against C. albicans (MIC>100mg/mL). Chlorhexidine (0.12% w/w) served as the positive control, demonstrating uniform
activity against all pathogens (MIC and MBC/MFC: 1.20 mg/mL). The negative control, comprising 2% DMSO and 2%
Tween 80 in growth medium, showed uninhibited growth of all oral pathogens, confirming that the solvents did not exert
antimicrobial effects at the tested concentrations.

Time-kill assay. The results of the time-kill assays are presented as plots of log,, colony-forming units (CFU)/mL
versus time (Figs 3—7, S1 Table). These plots illustrate the bactericidal or fungicidal activity of Lime TH, Lime SF, and OSE
against the tested oral pathogens over time. These curves illustrate the time-dependent bactericidal and fungicidal effects
of each treatment.

Lime TH demonstrated the most rapid kill of L. acidophilus, achieving complete inhibition within 2 hours at MBC con-
centration (Fig 3). Lime SF required up to 24 hours for similar effects. OSE showed delayed and incomplete killing. In S.
mutans, Lime TH reduced viable counts completely by 6 hours, showing kinetics faster than Lime SF, which required 24
hours. OSE exhibited the most activity at MBC concentration, with complete bacterial clearance within 2 hours (Fig 4).
Notably, all samples tested against P. gingivalis showed rapid and sustained bactericidal activity. Lime TH was particularly
effective, eliminating the pathogen within 24 hours (Fig 5). For A. actinomycetemcomitans, Lime TH achieved bactericidal
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Fig 1. GC-MS chromatograms of Citrus aurantifolia peel oils. Chromatograms of peel oils obtained from (A) Thai lime (Lime TH) and (B) South
African lime (Lime SF), showing D-limonene as the predominant component at a retention time of 7.25 minutes with characteristic ions at m/z 68, 79,
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93, and 136. Twelve key volatile components were identified, including a-pinene, B-pinene, B-myrcene, p-cymene, D-limonene, y-terpinene, terpinolene,
linalool, terpinen-4-ol, a-terpineol, neral, and citral.

https://doi.org/10.1371/journal.pone.0331710.9001

effects by 2 hours, while Lime SF and OSE showed slower action (Fig 6). In C. albicans, Lime TH and Lime SF reduced
fungal viability in a time-dependent manner (Fig 7). According to the MIC/MFC data, OSE exhibited no fungicidal action.

Discussion

Citrus aurantifolia (lime) and Ocimum sanctum (holy basil) are extensively cultivated in Thailand and are recognized for
their potential as natural agents in oral healthcare. Previous studies have evaluated the antimicrobial activity of hydro-
distilled C. aurantifolia peel essential oil primarily against Streptococcus mutans and Candida albicans [22,23]. However,
some investigation employed the agar diffusion method, which can underestimate activity due to the high volatility of
essential oils during incubation and their limited solubility in agar matrices. Furthermore, the antimicrobial activity of lime
peel against other clinically relevant oral pathogens, including Lactobacillus acidophilus, Porphyromonas gingivalis, and
Aggregatibacter actinomycetemcomitans, has been examined mainly using crude ethanolic extracts rather than hydro-
distilled essential oils, despite the substantial differences in chemical composition between these preparations [24,25].
Similarly, the ethanolic extract of O. sanctum has been reported to exhibit activity only against L. acidophilus, S. mutans,
and A. actinomycetemcomitans [26,27]. To address these gaps, the present study investigates both the chemical compo-
sitions and antimicrobial activities of C. aurantifolia peel oils sourced from Thailand (Lime TH) and South Africa (Lime SF,
used as a commercially standardized reference) alongside the ethanolic extract of O. sanctum (OSE) against five clinically
important oral pathogens.

Gas chromatography—mass spectrometry (GC-MS) analysis revealed D-limonene as the predominant compound in
both lime oils, with higher content in Lime TH (49.11+£0.76% w/w) than in Lime SF (42.32+0.60% w/w). High-performance
liquid chromatography (HPLC) confirmed the presence of ursolic acid in OSE at 2.67 £0.07% w/w, which was slightly
higher than previously reported in Brazilian O. sanctum extracts (2.02% w/w) [35]. These compositional differences may
be attributed to geographical and environmental factors, including soil composition, climate, and harvesting conditions,
which are known to influence phytochemical profiles [36].

The antimicrobial efficacy of three natural agents was evaluated against L. acidophilus, S. mutans, P. gingivalis, A.
actinomycetemcomitans, and C. albicans. Based on MBC/MIC ratios, activities were classified as bactericidal (ratio<4) or
bacteriostatic (ratio>4) [37,38]. Additionally, these effects were confirmed by the time-kill assay. A reduction in oral patho-
gens of less than 3 log,, was defined as bacteriostatic, while a reduction of > 3 log,, in total microbial count (CFU/mL),
representing 99.9% elimination of the oral pathogens, was defined as bactericidal. Regrowth was defined as an increase
of 2 2 log, in total microbial count (CFU/mL) after 2 6 hours [39,40].

S. mutans is considered the primary etiological agent of dental caries in humans [41]. While S. mutans initiates caries
development, L. acidophilus may be more significant in the progression of existing caries lesions [42]. L. acidophilus is
investigated as probiotics to inhibit S. mutans, reduce biofilm formation, and prevent caries [43,44]. In healthy individuals,
L. acidophilus is typically absent or present in low numbers but increases markedly in active caries sites [45,46]. In this
study, all tested agents exhibited stronger antimicrobial activity against S. mutans than against L. acidophilus. At sub-MBC
concentrations, lime peel oils and OSE exhibited only bacteriostatic effects on L. acidophilus, supporting their potential
application in microbiome-friendly oral care products designed to suppress pathogens without eliminating commensal spe-
cies [47,48]. At MBC levels, these agents demonstrated bactericidal effects, which may be advantageous for therapeutic
formulations intended for active caries management.

Among the tested agents, Lime TH demonstrated the strongest activity against S. mutans (MIC 1.56 mg/mL, MBC
12.50 mg/mL), while Lime SF required higher concentrations (MIC 3.13mg/mL, MBC 25.00 mg/mL). The MBC/MIC ratios
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Fig 2. HPLC chromatograms of Ocimum sanctum ethanolic extract (OSE) and ursolic acid standard. (A) ursolic acid standard showing a sharp
peak at 0.30mg/mL and (B) OSE showing a complex phytochemical profile with multiple peaks at 50 mg/mL. Ursolic acid was identified in OSE with a
retention time of 15.60 minutes.

https://doi.org/10.1371/journal.pone.0331710.9002

Table 2. Major chemical constituents of Citrus aurantifolia peel oils. Comparison of retention time and relative peak area of key components,
and match score in Lime TH and Lime SF based on GC-MS analysis.

No. | Components| Reten- Lime TH (n=3) Lime SF (n=3)

tion time | pgak area Peak area Match Score | Peak area Peak area Match Score

(%) (%)

1 a-Pinene 5.09 83,741.67+1,018.42 1.28+0.01 913.67+£23.03 |162,510.09+1,201.35 2.55+0.02 923.00+£9.54
2 B-Pinene 6.04 652,075.31+13,720.35 |9.96+0.07 928.33+3.79 446,836.36+5,764.58 7.00+0.01 926.00+3.61
3 3-Myrcene 6.38 37,427.97£762.77 0.57+0.01 904.67+37.58 |56,736.46+1,124.61 0.89+0.01 912.33+£3.51
4 p-Cymene 717 88,655.89+1,444.05 1.35+£0.01 928.67 £6.03 48,020.22+415.29 0.76+0.02 916.67£11.02
5 D-Limonene |7.26 3,247,705.93+54,141.90 | 49.59+0.15 |948.67+9.29 2,763,946.07+£29,382.24 |43.32+0.23 |951.67+8.62
6 y-Terpinene | 8.00 423,099.27 +8,883.03 6.46+0.06 928.67+11.72 |559,194.35+3,845.50 8.77+0.08 929.67+4.16
7 Terpinolene | 8.73 162,110.49+3,900.62 2.48+0.02 931.00£14.42 |340,830.66+4,208.74 5.34+0.03 936.00+3.46
8 Linalool 9.02 4,873.95+864.61 0.07+0.01 637.33+46.00 |77,716.84+661.94 1.22+0.01 905.00+3.46
9 Terpinen-4-ol | 11.00 53,771.69+1,417.52 0.82+0.01 898.67+19.35 | 37,734.35+479.97 0.59+0.01 839.67+7.51
10 a-Terpineol 11.26 224,309.79+6,124.75 3.43+0.06 951.00+8.66 315,263.91+5,630.43 4.94+0.07 947.00£1.73
1 Neral 12.06 44,138.67£1,334.92 0.67+0.02 920.67+12.42 |8,192.64+4,412.04 0.13+£0.07 832.00+£16.09
12 Citral 12.43 21,416.01+641.50 0.33+0.01 920.00£13.00 |12,116.53+181.16 0.19+£0.00 838.33+17.67

https://doi.org/10.1371/journal.pone.0331710.t002

Table 3. MIC, MBC/MFC values, and MBC/MIC ratios of Lime TH, Lime SF, and OSE. Antimicrobial activity against five oral pathogens com-
pared to 0.12% chlorhexidine gluconate (positive control).

Oral Lime TH Lime SF OSE 0.12% CHX (Positive control)

pathogens MIC MBC MBC:MIC | MIC MBC MBC:MIC | MIC MBC MBC:MIC | MIC MBC MBC:MIC
(mg/mL) | (mg/mL) | ratio (mg/mL) | (mg/mL) | ratio (mg/mL) | (mg/mL) | ratio (mg/mL) | (mg/mL) | ratio

L. acidophilus | 12.50 25.00 2 12.50 50.00 4 50.0 >100.00 |ND 1.20 1.20 1

S. mutans 1.56 12.50 8 3.13 25.00 8 12.50 100.00 |8 1.20 1.20 1

P. gingivalis 0.20 0.78 4 0.39 1.56 4 0.05 0.20 4 1.20 1.20 1

A. actinomyce- | 3.13 12.50 4 125 50.00 4 3.13 12.50 4 1.20 1.20 1

temcomitans

C. albicans 0.78 1.56 2 0.78 3.13 4 >100 >100.00 |ND 1.20 1.20 1

All tests were performed in triplicate (n=3), and all negative control wells (2% DMSO +2% Tween 80 in growth medium) showed visible growth of all

tested pathogens.
ND: Not determined.

https://doi.org/10.1371/journal.pone.0331710.t003

for both oils were >4, indicating a bacteriostatic classification (Table 3). However, time—kill assays revealed that both oils
achieved bactericidal effects at their respective MBCs: Lime TH produced a 3 log,, reduction within 6 hours, while Lime SF
required 24 hours (Fig 4 and S1 Table). These findings are consistent with previous reports of the anti-cariogenic activity

of lime oil and D-limonene [22]. OSE showed lower potency against S. mutans (MIC 12.50 mg/mL; MBC 100.00 mg/mL;
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Fig 3. Time-kill curves showing the antimicrobial activity of test agents against Lactobacillus acidophilus. Each panel shows the reduction in
log,, CFU/mL over time for treatments with Lime TH (A), Lime SF (B), and OSE (C). Each data point represents the mean+SD (n=3). Asterisks indicate
significant differences compared to the untreated control at corresponding time points (p<0.05).

https://doi.org/10.1371/journal.pone.0331710.g003

MBC/MIC =8), suggesting a bacteriostatic effect. Nonetheless, at its MBC concentration, OSE achieved a 3 log,, reduction
within 2 hours.

The anti-cariogenic effects of lime peel oil are largely attributed to D-limonene [49-51]. As a Gram-positive bacterium,
S. mutans possesses a thick, mesh-like peptidoglycan cell wall surrounding a single cytoplasmic membrane [52]. The
rigid peptidoglycan network provides structural support and protects against osmotic lysis, while the underlying phospho-
lipid bilayer maintains cellular integrity. D-limonene (~136 Da; log P=5.41 [53]) is a low molecular weight, highly lipophilic
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Fig 4. Time-kill curves showing the antimicrobial activity of test agents against Streptococcus mutans. Each panel shows the reduction in log,
CFU/mL over time for treatments with Lime TH (A), Lime SF (B), and OSE (C). Each data point represents the mean+SD (n=3). Asterisks indicate
significant differences compared to the untreated control at corresponding time points (*p<0.05; **p<0.01).

https://doi.org/10.1371/journal.pone.0331710.9004

monocyclic monoterpene hydrocarbon. Its structure activity relationship (SAR) is dominated by hydrophobic membrane
partitioning. It can penetrate the cell wall and reach the cytoplasmic membrane, causing membrane fluidization, altering
membrane potential, increased permeability, and leakage of intracellular contents; at high concentrations this can lead

to cell lysis [51,54]. In addition, S. mutans adheres to tooth surfaces and produces extracellular polysaccharides (EPS)
through glucosyltransferases (GTFs) activity. D-limonene impairs the adhesion and biofilm formation by down-regulating
surface/virulence genes and interfering with EPS production, thereby reducing acid retention and enhancing susceptibility
to environmental stress [51,55].
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Fig 5. Time-kill curves showing the antimicrobial activity of test agents against Porphyromonas gingivalis. Each panel shows the reduction in
log,, CFU/mL over time for treatments with Lime TH (A), Lime SF (B), and OSE (C). Each data point represents the mean+SD (n=3). Asterisks indicate
significant differences compared to the untreated control at corresponding time points (*p<0.05; **p<0.01).

https://doi.org/10.1371/journal.pone.0331710.9005

From a SAR perspective, ursolic acid (~456 Da; log P=7.09 [56]) is also lipophilic but possesses a larger, more rigid
triterpenoid structure than D-limonene, which may hinder its penetration into bacterial cells. While limonene primarily
disrupts membranes, ursolic acid may exert its antimicrobial effects through interactions with bacterial surface proteins or
enzymes. Notably, Liu et al. [57] demonstrated that ursolic acid inhibits cariogenic biofilm formation by directly binding to
bacterial GTFs, thereby blocking EPS synthesis, reducing bacterial viability, and compromising biofilm structural integ-
rity. Given that OSE is a crude ethanolic extract containing multiple bioactive constituents, the antimicrobial mechanism
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Fig 6. Time-kill curves showing the antimicrobial activity of test agents against Aggregatibacter actinomycetemcomitans. Each panel shows
the reduction in log,, CFU/mL over time for treatments with Lime TH (A), Lime SF (B), and OSE (C). Each data point represents the mean+SD (n=3).
Asterisks indicate significant differences compared to the untreated control at corresponding time points (*p<0.05; **p<0.01).

https://doi.org/10.1371/journal.pone.0331710.9006

observed in this study likely results from a combination of actions, and the specific contribution of ursolic acid cannot be
conclusively determined.

P. gingivalis and A. actinomycetemcomitans are key periodontal pathogens. P. gingivalis is more commonly associated
with severe chronic periodontitis in both young and adult patients, while A. actinomycetemcomitans linked to aggressive
periodontitis in younger individuals [58]. In this study, Lime TH showed the highest potency against P. gingivalis (MIC
0.20mg/mL; MBC 0.78 mg/mL), followed by Lime SF (MIC 0.39mg/mL; MBC 1.56 mg/mL). Both oils were bactericidal
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Fig 7. Time-kill curves showing the antimicrobial activity of test agents against Candida albicans. Each panel shows the reduction in log,; CFU/
mL over time for treatments with Lime TH (A), Lime SF (B), and OSE (C). Each data point represents the mean+SD (n=3). Asterisks indicate significant
differences compared to the untreated control at corresponding time points (p<0.05).

https://doi.org/10.1371/journal.pone.0331710.9007

(MBC/MIC <4). In time—kill assays, Lime TH achieved a = 3 log;,, reduction within 24 hours, while Lime SF required 48
hours (Fig 5; S1 Table). OSE inhibited P. gingivalis growth but required 72 hours at its MBC for bactericidal effects.

For A. actinomycetemcomitans, previous studies have reported antimicrobial activity of OSE at 5-10% w/w [59], but
no prior data exist for lime peel oils. Here, Lime TH and OSE both showed MIC and MBC values of 3.13mg/mL and
12.50mg/mL, respectively, while Lime SF was less potent (MIC 12.50 mg/mL; MBC 50.00 mg/mL). Time—kill assays indi-
cated that at MBC levels, Lime TH achieved bactericidal activity within 2 hours, compared to 24 hours for both OSE and
Lime SF (Fig 6).

Both P. gingivalis and A. actinomycetemcomitans are Gram-negative bacteria with a tripartite cell envelope compris-
ing an outer membrane, a thin peptidoglycan layer, and an inner cytoplasmic membrane [52]. These pathogens cause
periodontitis through direct infection and by delivering virulence factors into host cells, often via outer membrane vesicles
(OMVs), which contribute to tissue destruction and inflammation [60]. D-limonene, a small lipophilic monoterpene, parti-
tions into the lipid-rich outer membrane and OMVs, disrupting membrane integrity and permeability. Such disruption may
impair the stability and release of key virulence enzymes, including peptidyl arginine deiminase (PPAD) from P. gingivalis,
which catalyzes protein citrullination and promotes tissue-destructive inflammation, and dispersin B from A. actinomyce-
temcomitans, which degrades poly-N-acetylglucosamine (PGA) biofilm matrix [61,62].

The molecular mechanisms of ursolic acid against these periodontal pathogens are less well characterized. Ursolic
acid exhibits general antibacterial and antibiofilm activity against Gram-negative bacteria, likely due to its high lipophilicity,
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enabling insertion into lipid-rich OMVs and bacterial membranes, leading to leakage of vesicle contents and destabili-
zation of biofilms [63]. From a SAR perspective, ursolic acid’s higher molecular weight and rigid triterpenoid skeleton
limit rapid membrane penetration, but its high log P allows strong insertion into hydrophobic domains once access is
gained. This may destabilize OMVs and compromise biofilm matrices, explaining its observed bactericidal effects against
Gram-negative species despite slower killing kinetics.

C. albicans, the predominant cause of oral candidiasis, was most susceptible to Lime TH (MFC 1.56 mg/mL) compared
with Lime SF (MFC 3.13mg/mL), though both achieved>99.9% killing within 2 hours (Fig 7; S1 Table). OSE exhibited no
antifungal activity up to 100.00 mg/mL.

The C. albicans cell wall contains an outer glycoprotein—mannan layer and an inner structural layer of chitin and glu-
cans [64]. Limonene exposure activates cell wall integrity signaling genes (e.g., ROM1, RLM1, PIR3, CTT1, YGP1, MLP1,
PST1, CWP1), indicating stress and weakening of the cell wall [65]. This is followed by plasma membrane disruption,
increased permeability, and ion leakage, triggering ROS accumulation, oxidative stress, apoptosis, and DNA damage [66].
In SAR terms, limonene’s low molecular weight and high hydrophobicity facilitate rapid penetration and membrane desta-
bilization, explaining the fast fungicidal action observed. Ursolic acid, in contrast, penetrates more slowly due to steric
bulk, resulting in delayed or absent antifungal activity under the tested conditions.

This study is the first to compare C. aurantifolia peel oils from different geographical origins alongside O. sanctum
ethanolic extract against a clinically relevant spectrum of oral pathogens, integrating MIC, MBC/MFC, and time—kill assays
for robust classification of bacteriostatic/bactericidal effects. The SAR-based discussion links phytochemical composition
to pathogen-specific mechanisms, supporting rational formulation design. Limitations include the in vitro nature of the
assays, lack of cytotoxicity testing on human oral cells, and absence of biofilm or multispecies models that better simulate
oral environments. Furthermore, the crude nature of OSE complicates attribution of activity to specific compounds. Future
studies should evaluate safety margins, biofilm activity, and stability within realistic oral care formulations.

Conclusion

This study provides detailed insights into the chemical composition and antimicrobial potential of Citrus aurantifolia peel
oils from Thailand and South Africa and Ocimum sanctum ethanolic extract. By quantifying key bioactive compounds
(D-limonene and ursolic acid) and evaluating their antimicrobial activity against major oral pathogens using MIC, MBC/
MFC, and time-kill assays, the findings demonstrate the potential of these natural agents for combating oral patho-

gens associated with dental caries, periodontal diseases, and fungal infections. Lime TH exhibited the strongest and
broad-spectrum activity, supporting its potential for incorporation into oral care formulations such as mouth rinses, oral
gels, or dentifrices. However, as the experiments were conducted under in vitro conditions, physiological factors such as
salivary enzymes, pH fluctuations, biofilm complexity, and oral mucosal irritation were not evaluated. Therefore, further
studies should include in vivo experiments, irritation testing using 3D oral mucosal models, and formulation-based investi-
gations to confirm clinical efficacy, safety, and long-term stability.
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