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Antibacterial, Anti-Biofilm, and Anti-Inflammatory Properties of Azadirachta indica A. Juss (Neem) Oil Against Multidrug-Resistant Pathogens



ABSTRACT
[bookmark: _Hlk206069190][bookmark: _Hlk206069020]Infections caused by the extended-spectrum beta-lactamase (ESBL), Escherichia coli, and methicillin-resistant Staphylococcus aureus (MRSA) pathogens have sparked research on alternative herbal medicines for treatment. This study evaluated the antibacterial, anti-inflammatory, and anti-biofilm properties of Azadirachta indica A. Juss (Neem) oil (NO) against ESBL and MRSA pathogens. Antibacterial activity was assessed through the determination of minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and time-kill kinetics to evaluate bacteriostatic/bactericidal effects. The comparative MIC and MBC values obtained for NO against MRSA were 40 µL/mL and 160 µL/mL and for ESBL were 80 µL/mL and 320 µL/mL, respectively. Higher susceptibility of MRSA to NO was indicated by the lower MIC values for MRSA compared to ESBL. Reduction of CFU/ml (Colony forming unit) by NO at 2× MIC was significant compared to NO at ½× MIC.  NO exhibited concentration-dependent biofilm inhibition, with maximum suppression at 25–30 µL/mL, and greater inhibition against Klebsiella than E. coli. In lipopolysaccharide-stimulated mouse macrophages, NO significantly reduced nitric oxide production, and at a 50 µL concentration, the strongest anti-inflammatory effect was exhibited. The findings highlight neem oil as a potential herbal drug for use in antibacterial and anti-inflammatory applications against multidrug-resistant pathogens.
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1. INTRODUCTION
In recent years, antimicrobial resistance has become the biggest risk to global public health, as many standard antibiotics have become ineffective against common bacterial pathogens. Of concern is the fact that high resistance rates have been reported in 76 countries for various common clinical pathogens, viz., E. coli,42% of which is resistant to third-generation cephalosporins (ESBL), and Staphylococcus aureus,35% of which is resistant to methicillin (MRSA) (Murray et al., 2022). Exacerbating the problem is the high dissemination rates of these pathogens from the environment, especially the aquatic environment, to humans’ food and companion animals (Das et al., 2023). MRSA is a widespread and prevalent source of skin and wound infections, as well as soft tissue infections (Garonzik et al., 2016). Pathogenic bacteria, such as E. coli and Klebsiella pneumoniae-producing ESBL, frequently cause urinary tract infections and can be challenging to treat due to antibiotic resistance. Serious bloodstream infections, gastrointestinal or gut infections, diarrhea, and vomiting in animals are reported due to E. coli and Klebsiella infections (Denkel et al., 2020). ESBL-producing E. coli and Klebsiella also form robust biofilms, which in turn cause serious infections in animals (Gharavi et al., 2021). Unfortunately, most of these infections at present are reported to be non-responsive to conventional antimicrobial therapy. Hence, there is an urgent need to explore therapies utilizing herbal formulations and essential oils as viable alternatives to antimicrobials (AMs) to tackle these infections. Numerous herbal drugs have simultaneous antibacterial, anti-inflammatory, and antibiofilm properties (Boakye et al., 2019). Azadirachta indica (Meliaceae), commonly called the neem tree, has a history of use as a traditional medicine for over 2000 years in India (Kumar and Navaratnam, 2013; Kurimoto et al., 2014). Abundantly prevalent in Africa, India, and South Asia, the plant forms a rich source of secondary metabolites. The antibacterial, anti-inflammatory, anti-malarial, and anti-oxidant activities of Neem oil (NO) formed from extracts of various parts of Azadirachta indica A. Juss (neem), are abundantly reflected since it contains a variety of constituents, including azadirachtin, Nimbin, nimbolide, nimbidiol, geduin, tannin, and quercetin that have antibacterial and anti-inflammatory properties. Investigators have also reported that neem seed oil inhibits the growth of S. aureus and E. coli (Alzohairy, 2016; Shilpa et al., 2017). However, there are a few reports also suggesting intermediate antimicrobial action against S. aureus (Massey and Mehtab, 2023). Considering the meager investigations conducted on the potential antimicrobial properties of neem oil, the present study has been conducted to holistically assess the potential of a specially formulated neem oil for its antibacterial and antibiofilm, and anti-inflammatory properties on the multidrug-resistant pathogenic Staphylococcus aureus (MRSA) and ESBL E. coli. and Klebsiella through in vitro trials.
2. METHODS AND MATERIALS
2.1 Ayurvedic Neem Oil Formulation Used in the Experiment: A prepared Neem oil formulation used in the present investigation was obtained from Rasashastra Laboratory, J. B. Roy State Ayurvedic Medical College and Hospital, Kolkata. 

2.2 Bacterial Strains: Isolates of the ESBL ivkdr6 and MRSA-SCC mec-V-spa t267 strains used for the investigation were obtained from the repository of the Indian Veterinary Research Institute, ERS Kolkata.
2.3 Antibacterial Activity Evaluation
2.3.1 MIC (Minimum Inhibitory Concentration), and MBC (Minimum Bactericidal Concentration) Determination: To ascertain the MIC of Neem oil (NO), two different methods were applied, viz., i) evaluation through optical density and ii) a mathematical analysis method using a previously established model with certain modifications (Lambert and Pearson, 2000). Both these methods provided complementary insights. The Optical Density (OD) method provided a direct, real-time measurement of microbial growth inhibition under experimental conditions. The mathematical model allowed quantitative analysis of the dose-response relationship, identifying MIC based on sigmoidal curve fitting and inflection points.
2.3.2 Optical Density Method (Broth Microdilution): In each microtiter plate well,100 µL of Mueller Hinton Broth (MHB) medium was first added. NO was evenly distributed throughout the broth at final concentrations of 1.25, 2.5, 5, 10, 20, 40, 80, 160, 320, and 640 µL/mL. An inoculum was prepared by suspending fresh (18–24 hrs..) bacterial (ESBL and MRSA) colonies in Luria broth to attain a turbidity of 0.5 McFarland standard measured using a colorimeter, corresponding to approx. 1.5 × 10^8 CFU/mL.2μLof this bacterial culture was added to each well in a 96-well plate. The MIC and MBC were calculated as per standard methods (Fazeli-Nasab et al., 2021).
2.3.3 Mathematical Analysis Method: From the OD values obtained, mathematical analysis was carried out to calculate the MIC by applying the Gompertz equation as established by a model of Lambert–Pearson (LPM), which was later updated (Lambert and Lambert, 2003).
                                      fa = exp [-(x /P1)P2]……………(i)
where the concentration at the maximum slope P1 (on a log x vs. fa plot), x represents the inhibitor (NO) concentration, fa represents the fractional area, and P2 is a slope parameter. The Minimum Inhibitory Concentration was determined as the point where the tangent to the fa vs. log(concentration) curve — representing the steepest gradient — intersects the concentration axis. This point corresponds to the concentration at which the drug exhibits its most rapid increase in inhibitory effect. This was put forth as:
                        MIC = P1 exp (1/P2)…………..(ii)
2.3.4 Time-Kill Kinetics Assay: NO bacteriostatic and bactericidal effects were evaluated using kill kinetics profiling against the ten isolates of MRSA and ESBL. Both strains were cultured on Luria broth (LB) media and incubated for 24 h at 37°C. To obtain log phase cultures, a suspension of approximately 1.5 × 108 cells/mL (0.5 McFarland standard) was made in LB and incubated for 24 hours at 37°C. In 3 ml of LB, concentrations of NO as per its MIC,1/2x MIC, and 2x MIC values were prepared and added with 30 µl of each organism's 24-hour culture. Duplicate colony counts at intervals of 2,4,8, and 24 hrs were obtained as per the standard methods elucidated (Bandyopadhyay et al., 2021).

2.4 Antibiofilm Activity Assessment
2.4.1 Crystal Violet Assay (TCP Assay): Bacterial cultures of E. coli and Klebsiella identified as ESBL were inoculated in test tubes containing 3 mL LB broth overnight and incubated at 37 ºC in a shaking incubator for the organisms to form biofilms. 2 µL of the bacterial culture was added in varying concentrations of NO viz., (2.5,5,10,15,20,25 and 30) µL/mL separately to the wells of the microtiter plate, and the remaining total volume of 200 µL was adjusted with growth media. PBS was utilized as a negative control. TCP assay was performed using a standardized method (Teanpaisan et al., 2017).

2.4.2 (4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay: MTT test was applied to assess the impact of NO on Klebsiella and E. coli biofilm development. NO used in this test was also prepared at the same concentrations as those tested in the TCP procedure (Guchhait et al., 2022).
2.4.3 Determination of the % Biofilm Inhibition: The % biofilm inhibition was determined using the formula:
Inhibition% = (ODuntreated –ODtreated)/ODuntreated × 100% (Fortier and Falk, 1994).
2.5 Assessment of Anti-Inflammatory Activity (In vitro)
2.5.1 Estimation of Nitric Oxide Levels in Murine Macrophage Cell Line
Preparation of Animals: Mice in a group of three were maintained under standard conditions of food, water, and temperature in the animal room of the Indian Veterinary Research Institute, ERS, Kolkata.
Preparation of the Cell Culture Medium: A 15 mL test tube was filled with 5 mL of the cell culture medium, RPMI 1640 (phenol red-free, Himedia Laboratories, India). To this was added 700 µL of FCS (Foetal calf serum), 10 µL of the antibiotic Gentamicin, and 10 µL of the antifungal Amphotericin B (Hi-media laboratories, India). The entire procedure was carried out under regular anti-contamination procedures inside a BSL grade II Biosafety cabinet.
Activation and Isolation of Murine Macrophages: Murine macrophage cells from the peritoneal cavity were isolated post-activation following an elucidated standard (Sastry et al., 2006).
Plating of the Cell Exudates and Estimation of NO Levels: A 48-well tissue culture plate was taken. About 400 µL of the cell suspension resuspended in the media prepared was plated into 5 wells individually. It was then kept for half an hour, and 1µl of 2.5µg/mL LPS (lipopolysaccharide) (Himedia, India) was added into the wells except for the blank, and cells suspended singly with media were used as negative controls in the experiment. Three different concentrations of NO, viz, 12.5, 25, and 50 µL, were added to the stimulated cells along with media in the wells. The experiment was performed in duplicate and the entire setup was kept under CO2 incubation for 24 hours. Following incubation, the experiment was performed following the standard protocols provided in the EZ assay Nitric Oxide estimation kit by Himedia Laboratories India, and the Nitrite levels (µM concentration) were generated from a standard curve calibration.



2.6 Statistical Analysis:
Data analysis was done using Mean ± SD and One-way ANOVA in GraphPad Prism software 10.0.
3. RESULTS & DISCUSSION
3.1 Determination of MIC and MBC
The OD values obtained corresponding to the concentrations used in the experiment by the Optical density method are depicted in Table 1. The results show a considerable decrease in bacterial growth at a concentration of 40 µL/mL, which was considered to be the MIC value. At 4 times the MIC concentration of 160 µL/mL, the corresponding OD value was reduced to zero, indicating nil growth, and hence was considered the MBC value. Against ESBL, however, the MIC was obtained at a concentration of 80 µL/mL, and the corresponding MBC value was obtained at a concentration of 320 µL/mL.
[bookmark: _Hlk161829025]Table 1: MIC calculation against MRSA and ESBL
	Concentration (µL/mL)
	MIC
MRSA
	MBC
MRSA
	MIC
ESBL
	MBC
ESBL

	1.25
	+
	+
	+
	+

	2.5
	+
	+
	+
	+

	5
	+
	+
	+
	+

	10
	+
	+
	+
	+

	20
	+
	+
	+
	+

	40
	+
	+
	+
	+

	80
	-
	+
	+
	+

	160
	-
	+
	-
	+

	320
	-
	-
	-
	+

	640
	-
	-
	-
	-


 + indicates the presence of bacterial growth and – indicates nil or no growth

The results obtained through the mathematical analysis method are depicted in Fig.1 and Fig.2. It is evident from the figures that, comparatively inhibitory concentration of NO against ESBL was almost twice the MIC obtained against MRSA. This finding led to the preliminary conclusion that NO was more effective against MRSA than ESBL bacteria.
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	[bookmark: _Hlk193315603][bookmark: _Hlk193315616]Fig. 1: MIC determined against MRSA using a non-linear regression fit following the Gompertz equation.
	Fig. 2: MIC determined against ESBL using non-linear regression fit following the Gompertz equation.



The MIC and MBC values determined showed a lower MIC value against MRSA compared to ESBL, indicating higher effectiveness against MRSA than ESBL. The MBC values obtained also showed a similar pattern. In an earlier study, MIC values of Neem oil active constituents showed greater effectiveness against Gram-positive isolates compared to Gram-negative isolates (Chorianopoulos et al., 2006). In another study conducted by Okemo et al. 2001 where the determination of MIC values of Satureja spinosa essential oil was determined using the optical density method and a novel impedimetric method, revealing Enteritidis to be least effective against S. spinosa essential oil, followed by L. monocytogenes, E. coli, B. cereus, and S. aureus. Our assessment of the MIC values for NO using both these methods has provided further evidence towards the fact that Gram-positive isolates are more vulnerable to NO than Gram-negative resistant ones, emphasizing the earlier evidence obtained that the MIC values are reduced twofold against MRSA than ESBL.
3.2 Kill Kinetics Assessment of NO Against Bacterial Growth
The variations in the bacterial colony counts obtained from plated cultures at the defined intervals are depicted graphically in Fig. 3 and Fig. 4. It is evident from the results obtained that at a concentration corresponding to 2x MIC, the CFU/mL decreased appreciably than that at concentrations corresponding to the MIC. At ½ x MIC concentration, no effective change in CFU/mL could be observed against both ESBL and MRSA. The reduction in CFU was higher against MRSA compared to ESBL at all of the concentrations tested. The kill kinetic curves against both ESBL and MRSA graphically depicted in Fig.3 and 4 reveal the bactericidal action of NO against MRSA from 24 hrs. onwards, with the onset of a rapid decline in growth activity at 8 hours. However, against ESBL NO displayed bacteriostatic activity post 8 hours.
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	[bookmark: _Hlk193315736][bookmark: _Hlk193315839]Fig.3: Kill kinetic profile of NO at 1/2x MIC, 2x MIC, and MIC against MRSA.
	Fig. 4: Kill kinetic profile of NO at 1/2x MIC, 2x MIC, and MIC against ESBL.



Similar studies on neem oil by other investigators revealed that at sub-inhibitory concentrations, i.e., 1/4x MIC and 1/2x MIC of Neem leaf extracts tested against P. aeruginosa, bacterial growth remained almost static after 4 hours; however, effective killing was observed at the MIC after 8 hours (Banerjee et al., 2021). Sarkar et al. (2016) observed a time-linked reduction in log CFU/mL of cells, with a significant decrease in MRSA and MSSA to 2 and 3.5 log CFU/mL at 8 and 12 h, respectively. Complete bactericidal action was recorded. A time-kill kinetic study on Nimbolide and methicillin by (Chou et al.,2013) revealed that at a concentration of 32 μg/mL, they exhibited a ~2.5- to 4.5-log reduction in viable cell number (CFU) within 24 hours for S. aureus PCS111 and S. aureus ATCC 25923, compared to the untreated control.
The above results obtained from the MIC, MBC, and bacterial growth studies of NO against MRSA and ESBL E. coli indicate its potential efficacy in combating MDR pathogens. It is corroborated by the findings of Almowallad et al. (2024) and Khayri et al. (2025), where they observed the effectiveness of neem seed, leaf, and bark in resisting MRSA and ESBL E. coli. They opined that the bioactive compounds present in neem viz., azadirachtin and nimbin, inhibit MRSA, Klebsiella pneumoniae, and E. coli by restricting their metabolic functions. The results of the present study are in agreement with Khairy et al. (2025), where they observed that neem extracts possess a significantly lower MIC as compared to other conventional antimicrobial agents, indicating enhanced sensitivity of the pathogens to lower concentrations of neem extracts. The findings open up future opportunities for treating MDR pathogens at a lower cost.
3.3 Anti-Biofilm Activity Assessment of Neem Oil
A visible reduction in OD values in the treatment wells of the microtiter plate at higher concentrations of NO indicated greater inhibition of the biofilm formation capacity of NO against both strains (Fig.5A, C). However, the efficacy of NO against Klebsiella was comparatively higher than E. coli, as evident in both TCP and MTT assays (Fig.5B, D).
	A.
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	C.
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	[bookmark: _Hlk193315888]Fig. 5: A and C: wells of the NO-treated microtiter plates of E. coli and Klebsiella for TCP and MTT assays. B and D: Changes in the OD values with change in NO concentrations depicted via column plot.



Multiple studies have confirmed similar findings, stating Neem oil exhibits a concentration-dependent inhibition of biofilm formation in both Klebsiella pneumoniae and Escherichia coli, where increasing Neem oil concentrations lead to greater reductions in optical density (OD) values in microtiter plate assays, indicating more effective inhibition of biofilm biomass (Mahmoud et al., 2024). Klebsiella is also reported to show a sharper decline in both OD-based biomass and metabolic activity (as measured by MTT assays) upon Neem oil exposure, compared to E. coli (Omar et al., 2024). It is evident that natural plant substances provide high efficiency in controlling the Klebsiella pneumoniae biofilm and inhibit cell growth (Sah et al., 2019).
3.4 Percent Biofilm Inhibition Assessment
It is evident from the graphical depictions in Fig.6 and Fig.7 that the percent biofilm inhibition capacity of NO differs with changes in concentrations against both strains studied. The maximum inhibition is achieved at higher concentrations of 25 and 30 µL/mL of NO. Mahmoud et al. (2024) in their findings reported that in microtiter plate-based assays, the percentage of biofilm inhibition by Neem extract can reach over 70% for Klebsiella pneumoniae at higher concentrations (100 μg/mL), while the inhibition for E. coli is generally lower at similar doses. Ali et al. (2021) reported that A. indica extract to exhibit effective antibacterial activities against E. coli and Salmonella pullorem using 25 to 100 µg/mL of leaf extract.
ESBL pathogens contributing to the spread of biofilm-related diseases are an alarming aspect of tackling antimicrobial resistance. The anti-biofilm properties of Neem oil studied in the present investigation, based on the crystal violet and MTT assay, indicate that NO at higher concentrations was able to inhibit biofilm production of ESBL-producing Klebsiella and E. coli. The minimum biofilm inhibitory concentration MBIC values varied between 15-20 µL/mL. Gucchait et al. (2021) study indicated MBIC values of unripe and ripe neem seed extracts to be 100 and 75 µg/mL against S. aureus and 300 µg/mL against Vibrio cholerae, respectively.
	[image: ]
	[image: ]

	Fig 6: Variation of inhibition percentage with increasing concentration in MTT assay.
	Fig 7: Variation of inhibition percentage with increasing concentration in TCP assay.



3.5 Assessment of Anti-Inflammatory Activity of NO
3.5.1 In vitro inhibition of Nitric Oxide in murine macrophage cell line: NO anti-inflammatory efficacy was recorded in LPS (Lipopolysaccharide)-stimulated cells, indicating the peak rate of Nitric Oxide generation occurred 18–24 hours after the activator was added. The result obtained on adding the specified concentrations of NO to the cell nitrite generation showed that the administration reduced synthesis of Nitric Oxide in a dose-dependent way (Fig.8). Generation was suppressed prominently at 50 µl of NO and its half and one-fourth concentrations, the levels of Nitrite generation reduced as compared to the cells administered with LPS singly.
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	Fig.8: Cell Nitrite release levels shown at the different concentrations of NO administered.



The present investigation's assessment of the anti-inflammatory ability of Neem oil in a murine model showed a decrease in nitrite levels with a 50 μL dose of being the most effective (Fig.8). Prior research by Chou et al. (2013) indicated A. millefolium essential oil reduces the nitrite levels in RAW 264.7 macrophage cell line by 35% at a concentration of 80 mg/mL. ESBL and MRSA-related diseases are often associated with chronic inflammation at the initiation of infection. Macrophages play an important role in immune response and inflammation. Lipopolysaccharides (LPS) present in Gram-negative bacterial cell walls are responsible for activating macrophages to release inflammatory mediators, viz., nitric oxide, superoxide anion, interleukins (IL-6) (Heo et al., 2012). Quercetin and nimbin, the bioactive compounds present in neem, possess anti-inflammatory properties and are reported by Rai et al 2025 to diminish inflammation caused by infection by regulating inflammatory mediators, cytokines, and enzymes. 
4. CONCLUSIONS: 
There is an urgent necessity of effective antimicrobials that can combat the growing menace of drug-resistant pathogens. Neem oil (NO) has potential antibacterial and anti-biofilm and inflammation reduction properties against both ESBL and MRSA bacterial pathogens, serving as a promising plant-derived alternative drug for conventional antibiotic therapy. Simultaneously, synergistic use of NO with conventional antibiotics would be a positive approach for combating MDR pathogens. The combination has the potential of greater effectiveness and will be cost-effective to users. However, it is suggested that further dosage standardization experiments needs to be taken up through clinical trials on companion animals to combat drug-resistant pathogenic infections in animals with regulatory backing.
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