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Abstract
The proposed study investigates the antimicrobial efficacy of eugenol, a bioactive compound derived from clove (Syzygium aromaticum), against Prevotella intermedia, a key pathogen implicated in periodontal diseases. Eugenol was extracted and evaluated at concentrations of 0.5, 1.0, and 2.0 mg/mL. Its antimicrobial performance was benchmarked against a standard 0.12% chlorhexidine mouthwash and a commercially available herbal formulation. Experimental analyses included biofilm inhibition assays, determination of the minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC), and cytotoxicity assessment using human gingival fibroblasts (HGFs).
The results demonstrate that eugenol exhibits a concentration-dependent antimicrobial effect, achieving comparable efficacy to chlorhexidine at the highest tested concentration. Moreover, eugenol significantly reduced biofilm formation while maintaining acceptable cytocompatibility. These findings highlight the potential of eugenol as a promising natural alternative for the prevention and management of periodontal diseases and support its incorporation into oral healthcare formulations.
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Introduction
Among the most prevalent illnesses that affect people are gingivitis and periodontal diseases, which can cause tooth loss and have a detrimental effect on overall health (Pihlstrom ,2005). The pathophysiology of these disorders is significantly influenced by gram-negative anaerobic bacteria, especially Prevotella intermedia, which is strongly linked to aggressive periodontitis and chronic gingivitis (Genco et al , 2013).
The "gold standard" for antimicrobial mouthwashes is chlorhexidine (CHX). However, adverse effects like tooth discoloration and changes in taste perception are linked to its use. As a result, there is a growing interest in finding safe and efficient natural substitutes.  Since ancient times, cloves (Syzygium aromaticum) have been known to have therapeutic qualities       (Socransky,2012). 
The main active ingredient in clove oil is eugenol, a phenolic compound that makes up as much as 90% of the essential oil . Eugenol has proven to have broad-spectrum antibacterial, antifungal, and anti-inflammatory properties (Flötra et al., 1971).
 Its antimicrobial action is thought to entail rupturing the bacterial cell membrane's permeability, which causes cellular components to leak out and ultimately results in cell death. While a number of studies have demonstrated eugenol's effectiveness against oral pathogens , Direct, documented comparisons between eugenol extract and common commercial mouthwashes are still required, especially with regard to P. intermedia. (Palombo ,2011).
Bacteria like P. intermedia are crucial to the development of periodontal diseases, which are a major global public health concern. Due to the adverse effects of many conventional treatments, interest in natural compounds as substitutes for synthetic agents in the treatment of oral diseases has grown recently (Newman et al, 2020).
Clove oil's primary ingredient, eugenol, has a number of therapeutic uses. Its antimicrobial activity against a variety of bacteria and fungi has been shown in numerous studies. According to recent studies, eugenol may prevent bacterial growth by causing damage to the bacterial cell membrane and increasing its permeability, which could result in the leakage of vital cellular components and cell death ( Bhowmik, et al , 2012). 
Compared to conventional antibiotics, this special mechanism lessens the chance of bacteria developing resistance. Eugenol's impact on bacterial biofilms has been investigated in addition to its antimicrobial propertiesA biofilm is a group of bacteria that are affixed to a surface and encased in a matrix that protects them from antibiotics and other antimicrobial agents ( Milind, 2011). According to recent research, eugenol can prevent the formation of biofilms and lessen those that already exist for a variety of bacterial species, including periodontal pathogens such as Porphyromonas gingivalis. Eugenol's potential as a therapeutic agent in periodontal diseases, where biofilms are essential to the persistence of infection, is increased by this anti-biofilm effect (Tariq et al , 2025.).
Additionally, one important factor that needs to be assessed prior to clinical applications is the cytotoxicity of therapeutic compounds. According to certain research, eugenol may be cytotoxic at high concentrations but seem to be safe at therapeutic levels . It is essential to evaluate the cytotoxicity of eugenol on human cells, such as gingival fibroblasts, to ensure its safety for use in oral care products ( Kumar et al., 2023).
This review emphasizes the necessity of thorough investigations assessing eugenol's antimicrobial effectiveness against P. intermedia, with an emphasis on mechanisms of action such as biofilm inhibition, determining effective doses (MIC/MBC), and assessing cytotoxicity to provide strong scientific evidence supporting its use as a safe and effective natural alternative.
Study Objectives: The purpose of this study is to compare the effectiveness of two commercial mouthwash types with the antimicrobial activity of eugenol extract at various concentrations against P. intermedia: a herbal mouthwash (a common natural alternative) and a standard chemical mouthwash (Chlorhexidine). Additionally, the study seeks to enhance the findings by assessing the effect of eugenol on biofilm formation, determining MIC and MBC values, and evaluating its cytotoxicity on Human Gingival Fibroblasts (HGFs), thereby providing a deeper understanding of its therapeutic potential

Materials and Methods
Eugenol Preparation
Standard procedures were followed to extract eugenol from dried ground clove buds using 70% ethanol (Ulanowska et al , 2021).   A rotary evaporator was then used to concentrate the extract, which was then kept at 4°C. Eugenol was prepared in three different concentrations for testing: 0.5 mg/mL (low), 1.0 mg/mL (medium), and 2.0 mg/mL (high).
Bacterial Strain and Comparison Agents
A clinical microbiology lab provided a pure culture of Prevotella intermedia. Under particular anaerobic conditions, the bacteria were cultivated in Brain Heart Infusion (BHI) medium supplemented with growth factors  (Santos, F.A. et al., 2002).
• For comparison, two kinds of commercial mouthwashes were utilized.
• 0.12% chlorhexidine is the standard chemical mouthwash . 
1 Commercial Herbal Mouthwash: A common herbal mouthwash that uses chamomile extract as a natural substitute .
Disk Diffusion Assay
The bacterial sensitivity to the materials was assessed using the disk diffusion assay. The P. intermedia strain was added to agar plates. Disks containing the herbal mouthwash and chlorhexidine were put on the plates after sterile disks were impregnated with the three eugenol concentrations . For a whole day, the plates were incubated under anaerobic conditions. For every concentration, the inhibition zone's diameter (measured in millimeters) was calculated ( Maggini, V. et al., 2024). For every concentration, the test was run in triplicate to guarantee statistical accuracy.
Colony Forming Unit Count (CFU/mL)
The serial dilution and colony counting method (CFU/mL) was employed to test the bactericidal efficacy over time . For 48 hours, the bacteria were exposed to varying concentrations of eugenol and comparator materials. After 24 and 48 hours, samples were taken for colony counting (Gaber, M. et al., 2022).
Determination of MIC and MBC 
The broth microdilution method will be employed in accordance with the Clinical and Laboratory Standards Institute (CLSI) guidelines to ascertain the MIC and MBC values for eugenol against P. intermedia. After making a number of eugenol dilutions in BHI broth, P. intermedia will be injected. The plates will be incubated in an anaerobic environment for 24 to 48 hours. The lowest concentration that stops observable bacterial growth is known as the minimum inhibitory concentration, or MIC. Samples from wells with no growth will be subcultured onto BHI agar plates in order to calculate the MBC, which is the lowest concentration that eliminates 99.9% of the starting bacteria (Askari, V.R. et al., 2023).
Biofilm Inhibition Assay 
The 96-well microtiter plate method will be used to assess eugenol's capacity to prevent P. intermedia from forming biofilms . P. intermedia will be introduced into the wells, and as controls, different eugenol concentrations (including sub-MIC concentrations), chlorhexidine, and herbal mouthwash will be applied. Following anaerobic incubation, planktonic bacteria will be eliminated from the wells by washing them, and the resulting biofilm will be stained with crystal violet. The amount of biofilm formed will be ascertained by measuring the dye's absorbance at 595 nm (Mendi, A. et al., 2017.)
Cytotoxicity Assessment
 The MTT assay will be used to assess the cytotoxicity of eugenol on human gingival fibroblasts (HGFs) . Eugenol at different concentrations (including those used in antimicrobial tests) will be applied to HGFs seeded in 96-well plates, with chlorhexidine serving as a positive control. Following a predetermined incubation time, MTT solution will be added, and the formazan's absorbance at 570 nm will be measured. The percentage of untreated cells will be used to express cell viability ( Yavagal, P.C. et al., 2024).
Statistical Analysis 
Data analysis was done using SPSS software (version 25). One-way analysis of variance (ANOVA) was used to compare the means of colony counts and inhibition zone diameters between various groups , to identify statistically significant differences between each pair of groups, Tukey's post-hoc test was employed . The threshold for statistical significance was determined to be a p-value of less than 0.05.

Results
Disk Diffusion Assay Results
The findings demonstrated that eugenol extract's antimicrobial activity against P. intermedia rose in direct proportion to concentration. At 2.0 mg/mL of eugenol, the biggest inhibition zone was discovered.







Table 1: P. intermedia antimicrobial activity (Disk Diffusion Assay)
	Treatment
	Concentration
	Mean Inhibition Zone Diameter (mm) ± SD

	Eugenol
	0.5 mg/mL
	8 ± 1

	Eugenol
	1.0 mg/mL
	14 ± 2

	Eugenol
	2.0 mg/mL
	22 ± 2

	Chlorhexidine
	0.12%
	24 ± 1

	Commercial Herbal Mouthwash
	Commercial
	12 ± 2











All group differences were highly statistically significant (p < 0.001), according to ANOVA analysis. Tukey's post-hoc test revealed that eugenol at 2.0 mg/mL was significantly higher than eugenol at 0.5 mg/mL and the herbal mouthwash, but it did not statistically differ from chlorhexidine (0.12%) .
Colony Forming Unit Count Results (CFU/mL)
After 24 and 48 hours of exposure, bacterial counts were assessed, and the findings verified the compounds' bactericidal effectiveness .
Table 2: 48-hour inhibition of bacterial growth (CFU/mL)
	Treatment
	Concentration
	CFU/mL (after 24h)
	CFU/mL (after 48h)

	Eugenol
	0.5 mg/mL
	1.2 × 10⁶
	8.5 × 10⁵

	Eugenol
	1.0 mg/mL
	7.8 × 10⁵
	4.2 × 10⁵

	Eugenol
	2.0 mg/mL
	3.5 × 10⁵
	1.1 × 10⁵

	Chlorhexidine
	0.12%
	5.0 × 10⁴
	2.0 × 10⁵

	Commercial Herbal Mouthwash
	Commercial
	6.8 × 10⁵
	9.0 × 10⁵



Chlorhexidine exhibited the greatest and quickest inhibitory effect after 24 hours . However, eugenol at 2.0 mg/mL demonstrated a steady decline in colonies, suggesting a stable bactericidal effect . With moderate to weak inhibitory activity, the herbal mouthwash was found to be the least effective.
MIC and MBC Results 
The results of the MIC test showed that eugenol is very effective against P. intermedia, with a mean MIC value of 0.25 mg/mL. The mean MBC value was 0.5 mg/mL, which was a little higher. This shows that eugenol not only stops growth but also kills bacteria at higher concentrations. The MIC and MBC values for Chlorhexidine were 0.06 and 0.12 mg/mL, respectively, which shows that it works very well. The values for the herbal mouthwash, on the other hand, were much higher, which means it was less effective.
Table 3:MIC and MBC values against P. intermedia
	Treatment
	MIC (mg/mL)
	MBC (mg/mL)

	Eugenol
	0.25
	0.5

	Chlorhexidine
	0.06
	0.12

	Commercial Herbal Mouthwash
	> 4.0
	> 8.0



Results of the Biofilm Inhibition Assay 
Eugenol showed a notable capacity to significantly and concentration-dependently prevent P. intermedia from forming biofilms. Eugenol decreased biofilm development by 75% at a dosage of 2.0 mg/mL when compared to the untreated control group (p < 0.001). Biofilm was significantly reduced by 30% even at lower concentrations (0.5 mg/mL).Chlorhexidine had superior efficacy, diminishing biofilm by 90%, whereas the herbal mouthwash exhibited no impact on biofilm inhibition (under 15%).
Table 4: Inhibition of biofilm formation for P. intermedia
	Treatment
	Concentration
	Biofilm Inhibition Percentage (%)

	Eugenol
	0.5 mg/mL
	30 ± 5

	Eugenol
	1.0 mg/mL
	55 ± 7

	Eugenol
	2.0 mg/mL
	75 ± 6

	Chlorhexidine
	0.12%
	90 ± 4

	Commercial Herbal Mouthwash
	Commercial
	12 ± 3




Cytotoxicity Assessment Results 
The evaluation of eugenol's cytotoxicity on Human Gingival Fibroblasts (HGFs) indicated that concentrations up to 1.0 mg/mL did not demonstrate significant cytotoxic effects, preserving cell viability above 90% relative to untreated cells. Nevertheless, the cell viability decreased to approximately 80% at a concentration of 2.0 mg/mL, suggesting a modest degree of cytotoxicityAt 0.12%, chlorhexidine demonstrated considerable cytotoxicity, resulting in a 70% reduction in cell viability.However, there was no discernible cytotoxicity from the herbal mouthwash.
Table 5: Cytotoxicity of eugenol on Human Gingival Fibroblasts
	Treatment
	Concentration
	Cell Viability (%) (Mean ± SD)

	Eugenol
	0.5 mg/mL
	98 ± 2

	Eugenol
	1.0 mg/mL
	92 ± 3

	Eugenol
	2.0 mg/mL
	80 ± 5

	Chlorhexidine
	0.12%
	70 ± 4

	Commercial Herbal Mouthwash
	Commercial
	99 ± 1



Discussion
The strong and inhibitory effectiveness of clove eugenol extract as an antibacterial agent against Prevotella intermedia, the main cause of periodontal disorders, is confirmed by this investigation. Eugenol's concentration-dependent inhibitory effect is in line with a number of earlier phenolic compound studies . A noteworthy discovery was that the inhibitory zone of 0.12% chlorhexidine (24 mm) and eugenol (22 mm) were extremely close. This suggests that eugenol at 2.0 mg/mL has potent medicinal qualities, making it a formidable rival to the chemical gold standard for usage in natural mouthwashes ( Lopez  et al., 2019).
Eugenol is thought to work by damaging the outer membrane of Gram-negative bacteria, including P. intermedia . Eugenol causes the cell membrane to become more permeable, which allows ions and other necessary intracellular chemicals to leak out, killing bacteria and interfering with critical cellular processes. There is less likelihood of bacterial resistance developing because this mechanism differs from the mechanisms of conventional antibiotics. On the other hand, the commercial herbal mouthwash (chamomile) demonstrated far less effectiveness (Kowalewska                  et al ,2023). 
The effectiveness of eugenol and the herbal mouthwash differs, which highlights the need of locating and concentrating active components (like eugenol) rather than employing generic plant extracts .The lab findings improve our comprehension of the effectiveness of eugenol. Eugenol is not only a growth inhibitor but also bactericidal at therapeutically achievable concentrations, according to the MIC and MBC values. This is crucial for creating periodontal disease treatments that work [89, 90Additionally, eugenol's capacity to prevent P. intermedia from forming biofilms is a noteworthy addition.  A substance that may stop or interfere with the formation of biofilms would have significant therapeutic utility because biofilms play a major role in bacterial resistance to therapies. In terms of safety, the cytotoxicity data demonstrated that, at the maximum effective concentration (2.0 mg/mL), eugenol exhibits mild cytotoxicity on human gingival fibroblasts.  However, compared to chlorhexidine, it is still within an acceptable range . This implies that topical application of eugenol at suitable therapeutic doses may be safe , making it a desirable substitute for chlorhexidine, which has more severe adverse effects .The long-term decrease in CFU/mL for eugenol indicates its capacity to sustain a bactericidal action, despite the fact that chlorhexidine demonstrated a potent and rapid inhibitory impact after 24 hours . This study offers strong evidence that eugenol can satisfy the growing need for substitutes due to the adverse effects of chlorhexidine. These findings are consistent with research demonstrating eugenol's antibacterial and anti-inflammatory qualities, which makes it especially helpful in treating periodontal illnesses that involve both inflammation and infection.
Conclusion
Eugenol extract derived from clove (Syzygium aromaticum) demonstrated promising antibacterial activity against Prevotella intermedia. The findings revealed a concentration-dependent effect, with the activity at 2.0 mg/mL being nearly comparable to that of 0.12% chlorhexidine. MIC and MBC analyses confirmed the bactericidal properties of eugenol, while in vitro assays demonstrated a strong capacity to inhibit biofilm formation. Furthermore, cytotoxicity assessments indicated that eugenol exhibits acceptable biocompatibility with human gingival fibroblasts at therapeutic concentrations.
Overall, these results highlight the significant potential of eugenol as a natural bioactive compound in the development of novel mouthwash formulations for the management of periodontal diseases, providing a safe and effective alternative to synthetic chemical agents.
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