


[bookmark: _GoBack]Original Research Article
Antibacterial Activity of Clove (Syzygium aromaticum) Extracts Against Selected Multidrug-Resistant Clinical Bacteria

ABSTRACT
Multidrug-resistant (MDR) bacteria are a significant health issue throughout the world that limit the possibilities of treatment and increasing the number of deaths that occur due to the infection. The necessity to find alternative antibacterial agents increases as conventional antibiotics become less effective because of their high resistance rates attributed to the presence of resistance mechanisms. Clove (Syzygiumaromaticum) is a spice containing bioactive phytochemicals with promising antibacterial effects. This study aimed to evaluate the antibacterial activity of Syzygiumaromaticumextracts on selected clinically relevant MDR bacteria. Dried Clove bud was purchased from the market, and authenticated by a botanist in the Department of Botany, University of Ilorin. Clove extracts were prepared in ethanol, methanol, and water, and tested against methicillin-resistant Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, andPseudomonas aeruginosa collected from Department of Microbiology of University of Ilorin. Antibacterial activity was assessed using agar well diffusion at five concentrations (6.25–100 mg/mL). MIC and MBC were determined using standard microbiological technique. No activity was detected in 6.25 and 12.5 mg/mL whereas the inhibition zones were concentration-dependent and increased between 25-100 mg/mL (p< 0.05). Ethanol extracts consistently produced the largest zones, followed by methanol, with aqueous extracts showing the least activity. The most susceptible organisms were MRSA (11.5–23.1 mm) and E. faecalis (7.2–20.1 mm) and the least was P. aeruginosa (3.5–15.8 mm). MIC ranged from 25-100 mg/mL and MBC from 50-200 mg/mL and ethanol extracts tended to be the lowest required concentration. In conclusion, clove extracts exhibit concentration-dependent antibacterial activity against MDR bacteria, with higher efficacy against Gram-positive bacteria. 
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1.0 Introduction
Multidrug-resistant (MDR) bacteria have emerged at an alarming rate and spread across the world, becoming one of the most dangerous threats to the health of the general population in the twenty-first century (GBD 2021 Antimicrobial Resistance Collaborators, 2024). MDR bacteria can be defined as those that are resistant to at least one of the classes of antimicrobial agents that are used in three or more classes, which severely limits the choices of treatment and the treatment of the clinical outcome (Magiorakoset al., 2012). These pathogens have various resistance mechanisms such as the enzymatic inactivation of drugs, the cell membrane permeability, efflux pumps, and genetic mutation that alters the antimicrobial targets (Elshobaryet al., 2025). Common ones are methicillin-resistant Staphylococcus aureus (MRSA), extended-spectrum beta-lactamase (ESBL)-positive Escherichia coli and Klebsiella pneumoniae, and multidrug-resistant Pseudomonas aeruginosa. These organisms have been identified as priority pathogens by the world health organization (WHO) when it comes to designing novel therapeutic interventions (World Health Organization, 2017; World Health Organization, 2024). MDR infections are a significant issue in healthcare facilities, where they cause infections among vulnerable groups of people, including the elderly, the immunocompromised, and hospitalized patients with a long-term stay (Kalınet al., 2023). The misuse and overuse of antibiotics have continued to increase the development of these resistant strains (World Health Organization, 2024).
Despite decades of progress in antimicrobial discovery, the conventional antibiotics are increasingly becoming ineffective against MDR pathogens, leading to rising morbidity, mortality, and healthcare costs (Ajose et al., 2024). This is an acute crisis that highlights the necessity of using alternative therapeutic approaches that are both effective, safe and accessible. Natural plants, in particular, medicinal plants are the potential source of bioactive compounds that can be used as antimicrobial agent. Among these, clove (Syzygiumaromaticum), a commonly used spice in culinary and traditional medicine has been receiving increased interest due to its rich phytochemical composition and broad-spectrum biological activities (Batihaet al., 2020). Eugenol, the major bioactive constituents of clove, have been shown to exert antibacterial effects through various mechanisms such as cell membrane disruptor, biofilm inhibitor and oxidative stress inducers (Zhang et al., 2017; Aljuwaydet al., 2024; Tariq et al., 2025). In addition to the predominant compound eugenol, S. aromaticum essential oil contains other bioactive constituents such as eugenyl acetate and β‑caryophyllene, which have also been reported to exhibit antimicrobial and related biological activities, contributing to the overall antibacterial potential of clove extracts (Selles et al., 2020). Several studies also found that clove extracts have a strong inhibiting effect against the MDR bacteria such as S. aureus, E. coli and K. pneumoniae with some reporting biofilm inhibition levels of up to 90 percent (Zhang et al., 2017; Salisuet al., 2022; Hamid et al., 2024). Besides its microbial inhibitory effects, clove has been used in food preservation, pharmaceutical, and cosmetic thus showing its diverse therapeutic application (Batihaet al., 2020).
Nevertheless, regardless of these promising results, comparative analyses of clove extracts prepared using various solvents against clinically relevant MDR bacteria remain limited.Such studies are important to determine the most effective solvent and extraction techniques,to inform the production of plant based antimicrobial agents and other complementary or alternative treatment. The objective of this study was to compare the antibacterial effects of aqueous, ethanol, and methanol extracts of Syzygium aromaticum against five clinically relevant multidrug-resistant (MDR) bacteria including methicillin-resistant Staphylococcus aureus (MRSA), MDR Enterococcus faecalis, ESBL-producing Escherichia coli and Klebsiella pneumoniae, and MDR Pseudomonas aeruginosa. This study offers comparative information on the antimicrobial potential of clove extracts and identifies their potential future application as a source of new agents in the management of antibiotic resistance by including Gram-positive and Gram-negative bacteria.
2.0 Materials and Methods
2.1 Collection and Authentication of plant materials
[bookmark: _Hlk212968271]Dried flower buds of Syzygium aromaticum (clove) were bought in a local market and were authenticated by a botanist in the Department of Botany, University of Ilorin. The specimen was put in a voucher in the departmental herbarium to make reference. A sterile electric grinder was used to grind the cloves to fine powder. The powder content was kept in airtight containers until they were needed during extraction.
2.2 Preparation of Plant Extracts
Three solvents were used to extract the product including distilled water, ethanol, and methanol. In case of the aqueous extract, 50 g of powdered clove was boiled in 500 mL of distilled water at 60 °C for 30 minutes, and then the extract was cooled and filtered using Whatman No. 1 filter paper. For the organic extracts, 50 g of clove powder was macerated individually in 500 mL of 95% ethanol and in 95% methanol for 72 hours with occasional shaking. The extracts were filtered, concentrated at reduced pressure using rotary evaporator at 40 °C and stored in sterile containers at 4 °C.
2.3 Test Microorganisms
Antibacterial activity of the extracts was tested against 5 multidrug-resistant (MDR) clinical bacteria namely; methicillin-resistant Staphylococcus aureus (MRSA), multidrug-resistant Enterococcus faecalis, extended-spectrum beta-lactamase (ESBL) producing Escherichia coli, ESBL-producing Klebsiella pneumoniae, and multidrug-resistant Pseudomonas aeruginosa. The organismswere obtained from the Microbiology Department of University of Ilorin and has been previously verified using the standard microbiological and antimicrobial susceptibility tests of Clinical and Laboratory Standards Institute guidelines(CLSI, 2024).
2.4 Antibacterial Assays
The agar well diffusion technique was used to determine the antibacterial activity of clove extracts. Bacterial suspensions standardized to 0.5 McFarland (1.5 x 108 CFU/mL) were spread on Mueller-Hinton agar plates. Agar Wells of 6 mm diameter were prepared using a sterile cork borer, and the 100 µL (Owusu et al., 2021)) of clove extract at different concentrations (6.25, 12.5, 25, 50, and 100 mg/mL) (Salisuet al., 2022), prepared in 10% dimethyl sulfoxide (DMSO) (Manandharet al., 2019), were dispensed into each well. The plates were incubated at 37 °C for 24 hours, and the resulting zones of inhibition were measured in millimeters. Ciprofloxacin (5 µg) disc was used as the positive control, while 10% dimethyl sulfoxide (DMSO) served as the negative control. All tests were performed in triplicate.
2.5 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
The minimum inhibitory concentration (MIC) of the clove extracts was determined using the broth dilution method. Extracts were prepared at four concentrations (25, 50, 100, and 200 mg/mL) in Mueller–Hinton broth and inoculated with 0.1 mL of standardized bacterial suspension (1.5 × 10⁸ CFU/mL). The mixtures were incubated at 37 °C for 24 hours, and the lowest concentration of the extract that showed no visible bacterial growth was recorded as the MIC. A growth control containing Mueller–Hinton broth and bacterial suspension without extract was included to confirm bacterial viability, while a sterility control containing only Mueller–Hinton broth was used to ensure media sterility. The minimum bactericidal concentration (MBC) was determined by sub-culturing 10 µL from tubes that showed no visible growth onto fresh Mueller–Hinton agar plates and incubating at 37 °C for 24 hours. The MBC was defined as the lowest extract concentration at which no bacterial colonies were observed on the agar plates(CLSI, 2020).
2.6 Statistical Analysis
Analyses were done with the help of SPSS software, version 25.0. Descriptive statistics were employed to determine the mean and standard deviation, and the results were represented as mean ± standard deviation (SD). Two-way analysis of variance (ANOVA) with Duncan post hoc test was used to compare antibacterial activity of extracts, and statistical significance was defined as p< 0.05.
3.0 RESULTS
3.1 Antibacterial Activity
The antibacterial activity of clove extracts against MDR bacterial pathogens is presented in Table 1. The antibacterial activity increased in a concentration-dependent manner and no activity was detected at 6.25 and 12.5 mg/mL in all the organisms and solvents. Zones of inhibition were detectable at 25 mg/mL and increased progressively at 50 and 100 mg/mL, which demonstrate the minimal threshold concentration for antibacterial activity. Ethanol extracts consistently produced the largest inhibition zones, followed by methanol, while aqueous extracts exhibited the least activity that indicated organic solvents are more effective in extracting bioactive compounds of clove. Statistical analysis (Two-way ANOVA) revealed that there was a significant main effect of concentration in all organisms (p< 0.05) and thus, proved that the increasing concentration of extract greatly stimulated antibacterial activity. Solvents main effect was also significant (p< 0.05) as the overall most active solvent was ethanol. The association between solvent and concentration was significant, which imply that the increase in activity with concentration depended on the solvent used. The gram-positive bacteria, especially MRSA (11.5–23.1 mm) and E. faecalis (7.2–20.1 mm) were the most susceptible to the clove extracts, whereas the gram-negative bacteria such as E. coli (6.5–17.2 mm), K. pneumoniae (5.5–16.5 mm), and P. aeruginosa (3.5–15.8 mm) were less susceptible, with inhibition zones generally smaller than those of the Gram-positive bacteria. P. aeruginosa was the most resistant organism in general and especially to aqueous extracts. Across all organisms and solvents, inhibition zones increased proportionally with concentration, which supported a strong concentration effect and ethanol as the most effective solvent.
3.2 Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)
The MIC and MBC of clove extracts against MDR bacterial pathogens are presented in Table 2.Ethanol extracts consistently gave the lowest MIC and MBC values in all the organisms, which indicate the highest antibacterial activity, followed by methanol,while aqueous extracts required the highest concentrations to achieve inhibition or bactericidal effect. In the case of MRSA and Enterococcus faecalis, ethanol and methanol extracts showed MIC and MBC of 25 and 50mg/mL, respectively and aqueous extract had 50 and 100mg/mL. Ethanol and methanol had MIC and MBC of 50 and 100 mg/mL, respectively, against ESBL-producing Escherichia coli, while aqueous had an MIC and MBC of 100 and 200mg/mL, respectively. ESBL-producing Klebsiella pneumoniaehad MIC and MBC of 50 and 100 mg/mL with ethanol and methanol extracts, and 100 and 200 mg/mL with aqueous. In the case of Pseudomonas aeruginosa, the MIC and MBC of ethanol were 50 and 100 mg/mL while that of the methanol and aqueous extracts were 100 and 200 mg/mL. Overall, Gram-positive MDR bacteria were inhibited at lower concentrations than Gram-negative strains with P. aeruginosa showing the least susceptibility. The higher values of MBCs in every activity by one dilution than the MIC, suggest that it was bactericidal action and not bacteriostatic.

Table 1: Antibacterial Activity (mm) of S. aromaticum Extracts Against MDR Pathogens

PathogenExtract  		Concentration (mg/mL)
	
	
	6.25 
	 12.5 
	      25 
	       50
	     100 

	MRSA
	Ethanol
	–
	–
	11.5 ± 0.5aA
	17.2 ± 0.6bA
	23.1 ± 0.8cA

	
	Methanol
	–
	–
	9.7 ± 0.4aB
	14.3 ± 0.5bB
	19.4 ± 0.7cB

	
	Aqueous
	–
	–
	8.0 ± 0.2aC
	10.2 ± 0.4bC
	13.5 ± 0.5cC

	E. faecalis (MDR)
	Ethanol
	–
	–
	10.2 ± 0.4aA
	15.1 ± 0.6bA
	20.1 ± 0.7cA

	
	Methanol
	–
	–
	8.6 ± 0.3aB
	13.2 ± 0.5bB
	17.3 ± 0.6cB

	
	Aqueous
	–
	–
	7.2 ± 0.2aC
	9.2 ± 0.3bC
	12.3 ± 0.4cC

	E. coli (ESBL)
	Ethanol
	–
	–
	8.9 ± 0.3aA
	13.1 ± 0.5bA
	17.2 ± 0.6cA

	
	Methanol
	–
	–
	7.6 ± 0.2aA
	11.4 ± 0.4bB
	15.0 ± 0.5cB

	
	Aqueous
	–
	–
	6.5 ± 0.2aB
	8.3 ± 0.3bC
	10.9 ± 0.4cC

	K. pneumoniae (ESBL)
	Ethanol
	–
	–
	8.5 ± 0.3aA
	12.8 ± 0.4bA
	16.5 ± 0.6cA

	
	Methanol
	–
	–
	6.5 ± 0.2aB
	9.8 ± 0.3bB
	13.1 ± 0.5cB

	
	Aqueous
	–
	–
	5.5 ± 0.2aC
	7.7 ± 0.3bC
	10.3 ± 0.4cC

	P. aeruginosa (MDR)
	Ethanol
	–
	–
	8.2 ± 0.3aA
	12.0 ± 0.4bA
	15.8 ± 0.6cA

	
	Methanol
	–
	–
	5.8 ± 0.2aB
	9.0 ± 0.3bB
	12.2 ± 0.4cB

	
	Aqueous
	–
	–
	3.5 ± 0.1aC
	6.3 ± 0.2bC
	8.7 ± 0.3cC



Values are expressed as mean of triplicate ± SEM, where SEM is the standard error of the mean. Lowercase superscripts (a–c) compare concentrations within the same solvent–organism pair; different letters indicate significant differences at p< 0.05. Uppercase superscripts (A–C) compare solvents at the same concentration within each organism; different letters indicate significant differences at p< 0.05. Two-way ANOVA showed significant main effects of solvent and concentration, as well as a significant interaction effect (p< 0.05). MRSA: Methicillin-resistant Staphylococcus aureus; E. faecalis: Multidrug-resistant Enterococcus faecalis; E. coli (ESBL): Extended-Spectrum Beta-Lactamase -producing Escherichia coli; K. pneumoniae (ESBL): Extended-Spectrum Beta-Lactamase -producing Klebsiella pneumoniae; P. aeruginosa (MDR): Multidrug-resistant Pseudomonas aeruginosa

Table 2: Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) (mg/mL) of S. aromaticum Extracts Against MDR Pathogens

	Pathogen
	Extract
	MIC (mg/mL)
	MBC (mg/mL)

	MRSA
	Ethanol
	25
	50

	
	Methanol
	25
	50

	
	Aqueous
	50
	100

	E. faecalis (MDR)
	Ethanol
	25
	50

	
	Methanol
	25
	50

	
	Aqueous
	50
	100

	E. coli (ESBL)
	Ethanol
	50
	100

	
	Methanol
	50
	100

	
	Aqueous
	100
	200

	K. pneumoniae (ESBL)
	Ethanol
	50
	100

	
	Methanol
	50
	100

	
	Aqueous
	100
	200

	P. aeruginosa (MDR)
	Ethanol
	50
	100

	
	Methanol
	100
	200

	
	Aqueous
	100
	200



MIC represents the lowest concentration of extract that inhibited visible growth, while MBC represents the lowest concentration that yielded no bacterial recovery upon subculture. MRSA: Methicillin-resistant Staphylococcus aureus; E. faecalis: Multidrug-resistant Enterococcus faecalis; E. coli (ESBL): Extended-Spectrum Beta-Lactamase -producing Escherichia coli; K. pneumoniae (ESBL): Extended-Spectrum Beta-Lactamase -producing Klebsiella pneumoniae; P. aeruginosa (MDR): Multidrug-resistant Pseudomonas aeruginosa

4.0 Discussion
The present study demonstrates that clove (Syzygiumaromaticum) extracts exhibit concentration- and solvent-dependent antibacterial activity against multidrug-resistant (MDR) bacterial pathogens. The higher zone of inhibition observed in ethanol extracts over methanol and aqueous extracts highlights the importance of solvent polarity and extraction efficiency in isolating bioactive phytochemicals. Ethanol is found to be more effective in solubilizing eugenol, the main phenolic compound found in clove and other hydrophobic secondary metabolites like flavonoids and tannins (Batihaet al., 2020). The compounds were known to interfere with the activity of bacterial membranes, disrupt the activity of enzymes, and cause oxidative stress in bacterial cells, which is why the level of antibacterial activity of ethanol extracts was increased (Zhang et al., 2017; Aljuwaydet al., 2024; Tariq et al., 2025). Methanol had a smaller extract efficiency than ethanol but was still capable of extracting a significant percentage of these compounds, and water can extract hydrophilic compounds, which lead to its lower antibacterial properties. 
The inhibitory effect in increasing with concentration suggests that a range of bioactive compounds is required at the threshold level of inhibitory action. In low concentration (6.25 and 12.5 mg/mL), the extracts failed to work, probably due to the fact that the quantity of eugenol and other active constituents was not enough to interfere with bacterial cell. In higher concentrations (25-100 mg/mL), the extracts attained adequate levels of intracellular concentrations that produced antibacterial actions. This pattern is consistent with previous studies on clove essential oils and ethanol extracts that exhibit dose dependent inhibition of Gram-positive as well as Gram-negative bacterium (Salisuet al., 2022; Giamiet al., 2025).The statistical test confirmed the significant effects of both concentration and solvent on antibacterial activity. Although ethanol was the most consistent, no significant difference was made between ethanol and methanol at 25 mg/mL for E. coli, despite the solvent type which demonstrates the need to include both types of solvents when analyzing plant-derived antimicrobials.
The difference in the susceptibility between Gram-positive and Gram-negative bacteria can be due to the difference in the structure of their cell envelope. Gram-positive microbes, such as MRSA and E. faecalis, have a thick peptidoglycan layer but do not have outer membrane and this could be an easy entry point to lipophilic phenolic compounds. On the contrary, Gram-negative bacteria, including E. coli, K. pneumoniae, and P. aeruginosa, possess an outer membrane that is rich in lipopolysaccharides, which serve as barrier against hydrophobic molecules, and may reduce the extract penetration (Willey et al., 2014). The lowest susceptibility to Gram-negative bacteria was recorded in P. aeruginosa which may be as a result of its natural resistance mechanisms such as efflux pumps and biofilm formation that inhibit accumulation of antimicrobial agents into the cells (Poole, 2011).
Clove extract exhibited significant inhibitory effect on MRSA which causes severe hospital and community acquired infections (Alanaziet al., 2022). In MRSA, resistance is mainly caused by the mecA gene that induces the modification of penicillin-binding proteins and makes β-lactam antibiotics ineffective (Peacock&Paterson, 2015). The susceptibility exhibited by clove extract indicates that the eugenol might act via other mechanisms, including disrupting the bacterial cell membrane and disrupting the vital functions of proteins and thereby circumventing the β-lactam resistance mechanism. Similar findings have been reported by Wadi (2025), who observed significant antibacterial activity of clove extract against MRSA strains. E. faecalis inhibition is remarkable since it is resistant to most antibiotics, and the causes of persistent nosocomial infections, including endocarditis and urinary tract infections are associated with it. E. faecalis is also able to build resilient biofilms, which help it to survive antimicrobial stress (Arias &Murray, 2012). The activity observed in this study can be associated with the potential of clove compounds to disrupt bacterial attachment, and biofilm development as proposed by previous studies ((Batihaet al., 2020). 
Clove extract also worked on ESBL-producing E. coli which is a hydrolyzer of third-generation cephalosporins and is becoming more common in both community and hospital environments(Pitout&Laupland, 2008; Shaikh et al., 2015). Sinceβ-lactamase enzymes fail to counteraction the phenomenon of plant-derived phenolic compounds, the susceptibility of this pathogen can be attributed to alternative actions of clove which include membrane disruption and protein denaturation. Our results agree with those of Mejía-Argueta et al. (2020), who demonstrated similar inhibition of ESBL-E. coliby clove oil. K. pneumoniae which is among the critical priority pathogens identified by the WHO because it is resistant to carbapenem and produces ESBLs, was also inhibited by clove extract. Similar results have previously been mentioned that clove extractcan cause structural damage to K. pneumoniae cell envelopes (Azhariet al., 2024). 
P. aeruginosa which is commonly considered very resistant, especially in efflux pumps, enzyme degradation and low membrane permeability, was the least susceptible although still was inhibited by clove extract (Poole, 2011). This implies that clove constituents can be effective in mechanisms that cannot be readily avoided by efflux actions, including direct destabilization of membranes and inhibition of enzymes. Our findings are consistent with those of Wadi et al. (2025), who observed susceptibility of P. aeruginosa to clove extract.The activity against this highly notoriously difficult-to-treat organism highlights the therapeutic potential of clove in the treatment of hard-to-eradicate infections.
The overall trend of MBC being just an extra dilution above MIC implies that at the point of reaching the threshold concentration, not only is growth inhibited but the bacterial cell is killed by clove extracts as well. Such bactericidal activity is critical in the environment of MDR pathogens because bacteriostatic agents could cause chronic infection and subsequent development of resistance. The slightly higher MIC and MBC values observed for aqueous extracts further confirm that the solvent’s extraction efficiency directly impacts the potency of the resulting antibacterial extract.
Mechanistically, eugenol or other bioactive constituents of clove such as eugenyl acetate and β‑caryophyllene can have antibacterial activity by several mechanisms such as cytoplasmic membrane disruption, biofilm inhibition, enzyme inhibition and quorum sensing interference (Gill &Holley, 2006; Zhou et al., 2013; Selles et al., 2020). The greater efficacy of ethanol extracts helps to prove the hypothesis that the antimicrobial action is mostly associated with the lipophilic compounds which are not extracted in water but extracted well in organic solvents (Balouiriet al., 2016). Also, the fact that the effect was dose-dependent indicates that the antibacterial effect of clove extracts is affected by the concentration of compounds in bacterial cells, which is also in line with the principles of pharmacodynamics (Levison &Levison, 2009). 
The significance of the findings is associated with the fact that there is an increasing global interest in the antimicrobial resistance problem. K. pneumoniae and P. aeruginosa are MDR pathogens that are becoming linked with nosocomial infections and few treatment options. The fact that clove extracts could prevent the growth of these organisms raises the possibility that plant-derived compounds could be used as alternative or complementary antimicrobial agents. These natural products can be used as the template to a new drug discovery or as the safe additive in the prescription of drugs.
One of the limitations of this research is that the crude extracts were only evaluated and the individual active compounds were not isolated and quantified. Additionally, the study was limited to in vitro experiments that might not be entirely effective in relation to the effectiveness of clove extracts in vivo. Nevertheless, these are outweighed by the fact that the study offers some useful insights into the potential of clove extracts as an antibacterial agent against multidrug-resistant (MDR) bacterial pathogens.
5.0 Conclusion
This study demonstrated that clove extracts, especially those made in ethanol, exhibitantibacterial effects on MDR pathogens, with higher efficacy against Gram-positive bacteria. The findings support the therapeutic potential of clove as a natural antibacterial agent and provides information regarding the interactive relationship between solvent selection, concentration, bacteria cell structure, and antimicrobial activity. It could be recommended from this research that, future studies should focus on isolating individual bioactive compounds, and as well as synergistic activity with current antibiotics to optimize the clinical applicability.
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