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Abstract:  This study investigated the bactericidal mechanism of peppermint essential oil (PEO) when used 

singly and in combination with meropenem against multidrug resistant Escherichia coli. Chemical compositions 

of PEO were identified via GC-MS, followed by time-kill analysis which was performed to evaluate the 
antibacterial activities of PEO and meropenem. Furthermore, outer membrane permeability test, zeta potential 

measurement and scanning electron microscopy were performed to evaluate the ability of PEO in bacterial 

membrane disruption. Next, anti-quorum sensing assay was performed to assess the ability of PEO in quorum 

sensing inhibition. A complete killing activity was observed within five minutes of treatment with PEO and 

meropenem at sub-lethal concentrations. In addition, the outer membrane permeability test and zeta potential 

measurement performed indicated increase in the membrane permeability and membrane disruption which can 

be observed in the scanning electron micrograph. Furthermore, significant decrease in the light production of E. 

coli pSB1075 treated by PEO indicates the presence of quorum sensing inhibitors within PEO. The findings 

suggest that PEO has the ability to disrupt the bacterial outer membrane which increases membrane 

permeability, in addition to the possible inhibition of bacterial quorum sensing ability in multidrug resistant E. 

coli, aiding in the reversal of antibiotic resistance. 
 

Keywords: Escherichia coli; essential oil; membrane permeability; Mentha x piperita L. Carl; quorum sensing; 
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1. Introduction 

Extensive use of antibiotics in hospitals, communities and agriculture have fueled the ever 
increasing threat of antibiotic resistant infections, fast tracking the evolution towards antibiotic 

resistance in microorganisms [1]. Escherichia coli and Klebsiella pneumonia expressing genes such as 

CMY, IMP, KPC, NDM, OXA and VIM which encode carbapenemases which have been described in 
numerous study and are surfacing at an alarming rate [2-5]. Gram negative bacteria often 

simultaneously activate two resistant mechanisms whereby the mass production of β-lactamases is 

coupled with the decrease in the permeability of their outer membrane (OM) [6-8], making a multi-

targeted drug therapy the ideal treatment method. Preferences for combination therapy by testing 
natural products alongside with existing antibiotics have been reported to exert synergistic effects [9]. 

However, limited information about the exact mechanisms of essential oil functioning as an antibiotic 

resistant modifier is known, despite countless reports demonstrating favorable synergistic interactions 
[10-13].  

In the previous work by Yap et al. 2013, the minimum inhibitory concentration of both 

peppermint essential oil (PEO) (8% v/v) and meropenem (4 µg/mL) were determined via resazurin 
microplate assay [14]. In subsequent checkerboard assay, it was found that, when combined, PEO and 

meropenem reacted synergistically against KPC-3 producing E. coli pMG309, with significantly 

lowered minimum inhibitory concentration (MIC) (PEO, 1% v/v; meropenem, 0.5 µg/mL) [14]. This 

resulted in a fractional inhibitory concentration (FIC) index of 0.26, indicating a high degree of 
synergism. The option for using essential oils in combination with antibiotics hold potential in offering 

possibly a novel, multi-targeted method in addressing the issue of antimicrobial resistance (AMR). A 

related study demonstrated that PEO and its major component menthol displayed synergistic activity 
with oxytetracycline. The finding postulated that the lowered antibiotic effective dosage needed to 

achieve total eradication of bacteria is attributed to the ability of PEO in plasmid curing [15]. 

However, the roles of the components within essential oils have not been explored thoroughly to date. 

Therefore, the objective of the current study was carried out to elucidate the possible mechanism of 
PEO when used against E. coli pMG309, which harbors plasmid encoding KPC-3 β-lactamase capable 

of hydrolyzing a wide range of β-lactam antibiotics such as, penicillins, cephalosporins and 

carbapenems [16] 

 

2. Materials and Methods 

 

2.1. Peppermint (Mentha x piperita L. Carl) Essential Oil (PEO) and Meropenem  

 
The peppermint (Mentha x piperita L. Carl) essential oil (Serial number: 7212) purchased from 

Aroma Trading Ltd. (Milton Keynes, UK) was used throughout the studies. Both PEO and meropenem 
(Sigma Aldrich, St Louis, USA) were dissolved in Mueller-Hinton broth (MHB; oxoid, Cambrigde, 

UK) supplemented with Tween80, a solubilizing agent at 1% (v/v) concentration to make desirable 

stock solution as described in the Clinical and Laboratory Standards Institute (CLSI) M100-S21 
guidelines.  

 

2.2. Gas chromatography-mass Spectrometry (GC-MS) Analysis 

 

The GC-MS analysis was performed with Agilent GC-MS, 7890A GC System with a 

triple-axis detector (5975C MSD) and an HP-5MS column (30 m × 250 μm × 0.25 μm) 

(Agilent Technologies, California, USA). Helium was used as the carrier gas in the MS. The 

sample was injected with an auto-injector heated to 250 °C (Agilent Technologies 7693 Auto-

sampler, California, USA). The oven column, on the other hand, was temperature-

programmed from 40 °C (2 min) to 175 °C at a rate of 5 °C min-1 within 10 min. The 

temperature then rose to 250 °C at a rate of 90 °C min-1 within the next 5 min. The flow rate 

of the column was 1 mL min-1 with a split ratio of 40:1. EI mode with scan range 30-450 m/z 

was used to analyze the MS. The temperature of the MS source was set at 250 °C whereas the 

MS quad at 150 °C. Identification of compounds was solely based on the comparison of the 
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mass spectra with those in National Institute of Standards and Technology libraries. The 

relative percentage of the identified compounds was computed from their GC peak area and 

only components with total abundance exceeding 0.1 % were presented. 

 

2.3. Bacterial Strains and Growth Conditions  

 
  Escherichia coli pMG309 harboring a plasmid encoding β-lactamase, KPC-3, a kind gift from 

George A. Jacoby (Lahey Clinic, MA, USA) was cultured in Mueller-Hinton broth (MHB; Oxoid, 
Cambridge, UK) and all test conditions were carried out according to the CLSI M07-A8 guidelines. 

Biosensor strains E. coli pSB1075 and E. coli pSB401 used for the anti-quorum sensing assay were 

detailed in Table 1. Both biosensor strains were cultured in Luria Bertani (LB; Oxoid, Cambridge, 

UK) broth supplemented with the antibiotics tetracycline and ampicillin (Thermo Fisher Scientific, 

Massachusetts, USA) at 37 °C with shaking at 200 rpm. 

 

Table 1. Biosensor E. coli strains and their plasmid used 

Biosensor Description           Source 

Escherichia 

coli pSB1075 

lasR lasI’ (Pseudomonas aeruginosa PAO1) : luxCDABE 

(Photorhabdus luminescens ATCC 29999) fusion in pUC18 
AmpR, AHL biosensor producing bioluminescence in 

response to long chain AHL. 

 

             [17] 

Escherichia 
coli pSB401 

 

luxR luxI’ (Photobacterium fischeri ATCC 7744) 
:luxCDABE (Photorhabdus luminescens ATCC 29999) 

fusion; pACYC184-derived, TetR, AHL biosensor producing 

bioluminescence in response to short chain AHL. 

             [17] 

 

2.4. Time-kill Assay 
 

The spread-plate method was used for viable counts of bacteria in the time kill assay. The sub-

lethal concentrations of PEO and meropenem used in the time-kill assay were determined in previous 

work [14], control (without treatment); PEO (1 % v/v); meropenem (0.5 µg/mL); PEO (1 % v/v) in 

combination with meropenem (0.5 µg/mL). Directly after addition of the inoculum and after each 
interval of incubation (every 4 h), 100 µL of samples was removed for viable counting as a 

preliminary screening (data not shown). Sampling time was then shortened to 5, 10, 30, 60, 120, 180, 

240 min in the events of rapid killing rate. Samples were serially diluted with 0.85% (w/v) sodium 
chloride, then plated onto Mueller-Hinton (MH) agar followed by an overnight incubation at 37°C. 

The minimum time required to inhibit the growth of bacteria undergoing combinatory treatment was 

used in subsequent assays as the optimal treatment time. The experiment was performed in triplicates.     
 

2.5. Outer Membrane (OM) Permeability Test 
 

OM permeability test was performed using sub-lethal concentration of PEO (1% v/v) and 

meropenem (0.5 µg/mL), as detailed previously [14], using 0.1 % (w/v) of anionic detergent, sodium 

dodecyl sulfate (SDS; Thermo Fisher Scientific, Massachusetts, USA) as a permeabilizing probe [18]. 
The absorbance at 625 nm were measured and compared amongst treatment group with and without 

SDS via a UV-visible and visible spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). 

The experiment was performed in 3 biological replicate in order to minimize the variance between 

sample of the same treatment group.  
 

2.6. Bacterial Surface Charge: Zeta Potential Measurement 
 

The zeta potential of all treatment groups was quantified using Nano Zetasizer (Malvern 

Instruments, Malvern, UK). After treatment with sub-lethal concentration of PEO (1% v/v) and 

meropenem (0.5 µg/mL) alone, and in combination for 5 minutes, cells were washed thoroughly with 
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phosphate buffered saline (PBS) (pH 7.4) for in preparation for measurements. The non-treated cell 

suspension in PBS was used as a control. The experiment was performed in 3 biological replicate in 

order to minimize the variance between sample of the same treatment group. 
 

2.7. Scanning Electron Microscopy 
 

SEM were performed on non-treated cells, cell treated with PEO (1% v/v) alone and in 

combination with meropenem (0.5 µg/mL) for 5 min, as determined in the time kill assay. After the 5 

minute treatment, cells were harvested and washed with PBS (pH 7.4) for at least three times to 
remove the treatment residue completely. Then, the samples were processed according to the reported 

protocol with slight modification [19]. Samples were fixed with 4% glutaraldehyde and 1% osmium 

tetroxide at 4°C followed by dehydration via sequential exposure to graded acetone (35-100%). The 
samples were then subjected to critical point drying and finally sputter-coated with gold, followed by 

SEM observations via JEOL JSM-6400 (JEOL Ltd., Tokyo, Japan). All treatment groups were 

compared visually to the untreated group based on the criteria of modification towards the cell surface 
(blebbing/corrugation) and cell to cell contact (adhesion). 

 

2.8. Anti-quorum Sensing Assay: Quantification of Light Production from E. coli pSB1075 

and E. coli pSB401 
 

Light produced by both biosensor strains of E. coli was measured using an Infinite M200 Pro 
Tecan Microplate Reader (Tecan, Männedorf, Switzerland). A concentration of 0.5 μg/mL 3-oxo-C6-

HSL and 10 μg/mL 3-oxo-C12-HSL (Sigma-Aldrich, Missouri, USA) were prepared in acetonitrile 

(Sigma-Aldrich, Missouri, USA) and stored at −20 °C. An overnight culture of E. coli biosensor cells 
were diluted to 0.5 McFarland Standard. Then, 200 μL of E. coli biosensor cells with essential oil 

(0.01%, 0.025% and 0.05%) was added into the well of Greiner 96-well microtitre plate (Greiner Bio-

One, Kremsmünster, Austria). For comparison, E. coli pSB401 and E. coli pSB1075 were 
supplemented with 2 μL of 3-oxo-C6-HSL (0.005 μg/mL) and 2 μL of 3-oxo-C12-HSL (0.1 μg/mL), 

respectively. The light signal produced was determined every 30 min for 24 h at 495 nm by the 

microplate reader. Production of light was measured as relative light units (RLU), whereby the total 

light production is directly proportional to the growth rate as well as the quorum sensing ability of the 
biosensor strains [20]. A decrease of light production in E. coli pSB1075 and E. coli pSB401 indicates 

anti-quorum sensing properties of the PEO.  

 

2.9. Statistical Analysis 
 

All results represent the average of three independent experiments. The data were presented as 
mean ± standard deviation (SD) and analyzed by one-way analysis of variance (ANOVA) and 

Student’s t-test. The P value was calculated via GraphPad Prism 5 statistical software with P < 0.05 

considered as significant. 
 

3.  Results and Discussion 

 
The chemical composition of peppermint (Piperita x mentha) essential oil is tabulated in Table 

2. The major compounds (>1.0%) found in PEO are menthol (50.1435%), followed by menthone 

(24.4276%), menthyl acetate (6.1701%), eucalyptol (5.7894%), cis-β-Terpineol (1.8929%), o-cymene 
(1.0384%) and caryophyllene oxide (1.0148%). 
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         Table 2. Chemical composition of peppermint (Mentha x piperita) essential oil  

Peak Library/ID RIa RIb Composition % 

1 Menthol 1177 1177 41.36 

2 p-menthone 1156 1150 25.72 

3 l-menthone 1166 1150 17.78 

4 Isomenthol acetate 1295 1295 4.59 

5 Isopulegol 1147 1145 1.60 

6 Piperitone 1256 1253 1.49 

7 Caryophyllene 1423 1420 1.15 

8 (±)-pulegone 1241 1234 1.07 

9 Neoisomenthol 1185 1173 0.96 

10 Terpineol 1193 1189 0.52 

11 (-)-β-bourbonene 1388 1384 0.46 

12 (-)-lavandulol 1169 1168 0.34 

13 p-methan-1-ol 1191 1110 0.25 

14 Germacrene D 1458 1480 0.22 

15 Elixene 1339 1337 0.19 

16 D-limonene 1028 1029 0.17 

17 γ-muurolene 1502 1476 0.14 

18 Caryophyllene oxide 1589 1580 0.13 

19 Linalool 1101 1099 0.12 

20 (-)-elemene 1395 1390 0.10 

21 1-decanol 1274 1272 0.05 

Time-kill assay indicated synergism between PEO and meropenem whereby the combination 

treatment results in a reduction of ≥ 2-log10 CFU/mL compared to the growth curve of cells treated 

singly with essential oil and antibiotic and the control [20]. The PEO and meropenem combination 
showed rapid and complete killing profile within 5 mins after the addition of PEO and meropenem. 

However, when applied singly, PEO or meropenem did not eradicate the cells completely or as rapidly 

as the combinatory counterpart (Figure 1). 

 
Figure 1. Growth curves of E. coli pMG309 

 

Untreated E. coli pMG309 (♦), E. coli pMG309 treated with PEO (●) and meropenem (*) alone and in 

combination (▲). 
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Sodium dodecyl sulfate (SDS) was the permeabilizing probe used to detect a disruption in the 

bacterial outer membrane in this experiment. Differences in absorbance between pre- and post-

treatment of the control, essential oil or/and meropenem with or without 0.1% SDS was presented in 
Table 3. Sample treated with PEO alone and the combination of PEO and meropenem reduced the cell 

viability significantly (P < 0.05) when compared to the non-treated group after 5 minutes of treatment 

time (denoted by superscript a in Table 3). Absorbance of cells treated with meropenem alone (with 
and without 0.1% SDS) remained constant throughout the study and was not significant (P > 0.05). 

 

Table 3. Outer membrane permeabilization of E. coli pMG309 treated with PEO and/or meropenem 

Treatment OD625 ± SD (n=3) 

Time (min) 0 5 10 30 60 

Control 
     with 0.1% SDS 0.33±0.001 0.32±0.005 0.31±0.006 0.30±0.001 0.30±0.002 

without 0.1% SDS 0.32±0.003 0.33±0.003 0.33±0.004 0.33±0.005 0.33±0.006 

      Peppermint (1% v/v) 
    with 0.1% SDS 0.25±0.005a 0.23±0.007b 0.22±0.007b 0.21±0.001b 0.22±0.003b 

without 0.1% SDS 0.26±0.001a 0.26±0.004b 0.25±0.002b 0.25±0.003b 0.26±0.011b 

      Meropenem (0.5µg/mL) 
    with 0.1% SDS 0.33±0.002 0.33±0.005 0.32±0.007 0.33±0.010 0.33±0.003 

without 0.1% SDS 0.33±0.002 0.32±0.010 0.33±0.009 0.32±0.001 0.32±0.005 

      Peppermint (1% v/v) + Meropenem (0.5µg/mL) 

with 0.1% SDS 0.26±0.004a 0.23±0.006b 0.21±0.002b 0.21±0.006b 0.20±0.008b 

without 0.1% SDS 0.26±0.004a 0.25±0.004b 0.25±0.005b 0.26±0.004b 0.25±0.003b 

a Significant difference among treatment groups when compared to the corresponding control groups (with or 

without 0.1% SDS). (P < 0.05) 
b Significant difference between samples treated and non-treated with 0.1% SDS at the corresponding time 

points.  (P < 0.05) 

Values are mean OD625 ± S.D of three replicates. 

 
The surface charge of bacterial cells is determined based on their zeta potential value, which 

can be measured based on the mobility of cells exposed to an electrophoretic force under defined pH 

and salt concentrations. Under normal condition, E. coli pMG309 had an original negative surface 
charge of -11.52 mV. Singular treatment of PEO and meropenem further increases the surface charge 

to -2.82 mV and -3.67 mV while combinatory treatment yielded the further increases the surface 

charge to -2.56. Thus, all the treatments applied significantly reduced the negative charges on the cell 

surface with the cells treated with the combination of PEO and meropenem being the least negative (P 
< 0.05) (Figure 2). 
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Figure 2. Zeta potential values (mV) of E. coli pMG309 when treated with PEO or/and meropenem 
 

 
Figure 3. Scanning electron micrographs of E. coli pMG309 

 

(a) Untreated E. coli pMG309, (b) cells treated with PEO (1% v/v), (c) cells treated with meropenem (0.5µg/mL) 

and (d) cells treated with the combination of peppermint (1% v/v) and meropenem (0.5µg/mL) for five minutes. 

The outer membrane of the treated cells appeared to be corrugated (shown in white arrows). 
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The scanning electron micrographs further depict the morphological changes of E. coli 

pMG309 treated with PEO and meropenem, alone and in combination (Figure 3). In the non-treated 

controls, a rod-shaped morphology which is characteristic of E. coli was observed (Figure 3a). It was 
observed that samples treated with PEO alone (Figure 3b) and in combination with meropenem 

(Figure 3d) resulted in severe corrugation of the bacterial cell membrane when compared with 

untreated sample (Figure 3a) and sample treated with meropenem alone (Figure 3c).  
An anti-quorum sensing assay was also performed to investigate the ability of PEO as a 

quorum sensing inhibitor by using biosensor E. coli. In the presence of a quorum sensing inhibitor, 

light production by the biosensor cells will decrease. Prior to the assay, resazurin microplate assay 
were used to determine the concentration of PEO that can be used for the anti-QS assay without 

harming the biosensor cell (data not shown). As observed from Figure 4, increment in the 

concentration of PEO from 0.01%, 0.025% to 0.05% significantly inhibited light production activity in 

E. coli pSB1075 (Figure 4a) but not in E. coli pSB401 (Figure 4b) when compared to the controls 
(untreated cells and cells treated with Tween80). 

 

 

 
 

Figure 4. Light production by biosensor E. coli pSB1075 and E. coli pSB401 
 

Both biosensor cells were treated with PEO at concentration 0.01% (▲), 0.025% (■), and 0.05% (●). Tween 80 

(♦) and E. coli  pSB401 and pSB1075 supplemented with 3-oxo-C6-HSL and 3-oxo-C12-HSL, were also 

included respectively, serving as controls (▼). The data were presented as RLU/OD to account for any 

differences in growth. Data were analyzed via one-way analysis of variance, with p < 0.05 being significant 

(indicated by * in figure). 
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In previous publication [14], five essential oils (cinnamon bark, tea tree, peppermint, 

marjoram and lavender essential oil) and seven antibiotics (ampicillin, carbenicillin, cefazolin, 

cefuroxime, piperacillin, ceftazidime and meropenem) had been screened for their minimum inhibitory 
concentration individually against 3 different strains of E. coli harboring different plasmid which 

encodes different β-lactamases, via resazurin microplate assay [14]. Following that, checkerboard 

assay had also been performed on all possible combinations of essential oil and antibiotics. Of all 
pairs, only 4 combinations of EO and antibiotic exhibited synergism with one another in nature and 

one of it was the combination of PEO and meropenem against E. coli pMG309 harboring KPC-3 β-

lactamase. The MIC of PEO and meropenem were 8 % and 4 µg/mL respectively when used alone. 
However, when applied in combination, the MIC of PEO and meropenem were reduced to 1 % and 0.5 

µg/mL respectively, yielding a high degree of synergism with fractional inhibitory concentration index 

of 0.26. Thus, this particular combination was chosen to be further studied in the current work.  

GC-MS had been performed in order to understand and postulate the possible compounds 
which might be associated with the mechanism of PEO in combinatory treatment. According to the 

GC-MS analysis, PEO consisted of a total of 21 compounds (≥0.1%) as presented in Table 2. The 

major compounds found within PEO were menthol (41.36 %), p-menthone (25.72%), l-menthone 
(17.78%) and isomenthol acetate (4.59%). For comparison, a previous study in Poland reported that 

menthol, menthone, and menthyl acetate were the major components in PEO [22]. In addition, similar 

studies carried out by researchers in Germany and Africa also obtained a similar result whereby 
menthol and menthone are the major components of PEO [23, 24]. According to the study conducted 

by [24], it was found that menthol disturbs the plasma membrane of bacteria, resulting in the alteration 

of membrane permeability and intracellular leakage [25]. However, there is no reported mechanism to 

date regarding the second most abundant component in PEO, menthone.  
In the time-kill analysis, combinatory treatment with PEO and meropenem at their sub-lethal 

concentrations showed a complete and rapid killing profile when compared to the other three treatment 

groups. Therefore the bactericidal activity of PEO was not affected by the β-lactamase produced. 
Action of PEO against the E. coli might be due to the general toxicity effects of the essential oil itself 

on the bacterial outer membrane [25]. A similar study carried out on one of the major components of 

peppermint, menthol also caused disruption of outer membrane, leading to an increase in the 

membrane permeability and leakage of intracellular content [26]. To further validate this theory, the 
OM permeability test and zeta potential measurement were performed to assess the ability of PEOs in 

altering the OM permeability. In OM permeability test, anionic detergent, SDS was used as a 

permeabilizing probe whereby it was excluded extracellularly by the OM under normal condition [27]. 
However, a disruption in the membrane enabled the influx of SDS which eventually led to cell death 

when the accumulated concentration of SDS reached its threshold. Thus, SDS functions as a 

permeabilizing probe whereby it initiated cell lysis after the bacterial membrane had reached a critical 
extent of membrane disordering [28,29]. As shown in Table 3, PEO alone and PEO-meropenem 

combination altered the OM permeability of E. coli pMG309 significantly when compared to the other 

two treatment groups. Sub-lethal concentration of meropenem alone did not increase outer membrane 

permeability, thus there were no influx of SDS into the cells observed wherein the OD readings were 
not decreased significantly (P > 0.05) throughout the entire course of this experiment. This is due to 

the hydrophilic nature of meropenem, a β-lactam antibiotic which did not cause any 

lipopolysaccharide destabilisation, and thus did not potentiate the influx of SDS into the cells [29]. 
These results suggest that the outer membrane was disrupted solely by PEO, increasing the bacterial 

membrane permeability, subsequently decreasing the membrane’s ability to osmoregulate the cell 

adequately, thus, promoting the influx of SDS, eventually lysing the cell [30]. In the current study, the 
possible mode of action of PEO is through the disruption of the bacterial membrane, either directly or 

indirectly, both at lethal and sub-lethal concentrations which increases the non-specific penetration of 

the antibiotic into the bacteria [31,32]. As discussed before [33], alteration in the OM of the bacteria 

would facilitate the diffusion of antibiotics through the cell barrier eventually elevating the 
intracellular concentration of antibiotics which subsequently leads to cell death [33]. This explains the 

synergism observed which caused rapid killing of multidrug resistant E. coli as observed in the time-

kill assay. Zeta potential measurement was then carried out to further clarify the effect of PEOs on the 
bacterial membrane. The zeta potential of bacterial cell membrane provides information of the 

membrane potential which reflects the metabolic state of the bacteria, whereby the zeta potential 
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values were inversely proportional to the growth rate of the bacteria [34,35]. Bacterial cell surfaces are 

normally negatively charged under physiological conditions due to the presence of anionic groups 

such as carboxyl and phosphate in their membranes but the value becomes less negative when the 
bacteria is under stressful conditions. In this study, the zeta potential of E. coli pMG309 treated with 

PEO alone and in combination with meropenem was significantly higher than the non-treated cells, 

indicating disruption in the membrane thus leading to slow metabolic rate. This might be due to the 
acidification of OM by the PEO which increases the zeta potential of the bacteria, leading to 

membrane damage [36].  

The scanning electron micrograph (Figure 3) revealed that the overall cell surface of E. coli 
pMG309 treated with PEO alone and in combination with meropenem were structurally different from 

the control, validating the ability of PEO in bacterial OM disruption. Observed morphological changes 

were due to the disruption of outer membrane as evidenced by the OM permeability test and zeta 

potential measurement as well as the previous findings by other researchers [37-39]. As shown in 
Figure 3c, cells treated with meropenem alone had minor corrugation on their outer membrane. 

Similar observations have been reported on bacterial cells treated with imipenem [40]. The minor 

corrugation was attributed to the nature of β-lactam antibiotic which interferes with the peptidoglycan 
linkage, eventually altering the integrity of the cell towards osmotic pressure and thus disrupting the 

outer membrane [41]. As shown in Figure 3b and 3d, a severe alteration on the cellular surface of E. 

coli pMG309 was observed in the presence of PEO alone and in combination with meropenem. 
Therefore, OM permeability test, zeta potential measurement and scanning electron microscopy used 

in this study has provided strong evidence that PEO possess the capability to disrupt the outer 

membrane of E. coli pMG309, leading to an influx of meropenem into the cell which eventually 

eradicates the cell synergistically. 
In this study, the anti-quorum sensing assay had also been carried out to detect the quorum 

sensing inhibitor compound which might be present within PEO. Quorum sensing is the language used 

between bacteria to communicate with each other solely through chemical signalling. QS regulates a 
vast number of bacterial functions including virulence and pathogenic potential of bacteria [41]. This 

communicative capability is also one of the major causes of antibiotic resistance nowadays. Under the 

stress of antimicrobials, a bacterial community produces signals which enhance the secretion of 

extracellular polymeric substances, leading to the formation of biofilm which serves as a protective 
shield to the bacterial community from antibiotics [42]. Meropenem is a broad-spectrum carbapenem 

antibiotic with a known mode of action that penetrates bacterial cells readily and interferes with the 

synthesis of the vital cell wall components [43]. In this current study, PEO was tested individually to 
investigate its anti-quorum sensing potential as an important anti-infective target that does not rely on 

antibiotics. Hence, the combination of meropenem/PEO aims to address gaps in the development 

carbapenem resistance such as increased expression of the efflux system, porin deficiency and 
increased chromosomal carbapenemases activity [44]. Results shown in Figure 4 indicates that 

increment in the concentration of peppermint oil significantly decreases the light production in 

biosensor E. coli pSB1075, subsequently increasing in quorum sensing inhibition. However, quorum 

sensing inhibition was not observed in control biosensor E. coli pSB401. Hence, PEO was shown to 
inhibit quorum sensing activity in E. coli pSB1075 carrying the lasR receptor gene but not in E. coli 

pSB401 carrying the luxR. lasR gene is commonly found in opportunistic pathongens such as P. 

aeruginosa while luxR gene is found in harmless bacteria such as Vibrio harveyi [45].  
One of the most prominent mechanisms postulated in recent studies for the synergistic 

interactions between essential oil and antibiotics is via the disruption of the bacterial cytoplasmic 

membrane. Further investigation by researchers also showed the specific mechanism of essential oil 
components responsible for the leakage of potassium ions, loss of 260-nm-absorbing material and salt 

tolerance as well as up/down-regulation of protein found in bacterial membrane [37,38,40,46]. A 

standardized method for the evaluation of membrane permeability is yet to be developed and 

limitations exist whereby the activity of the compounds tested in unrelated studies cannot be compared 
to each other directly. 

In the current study, PEO was found to act synergistically with meropenem showing 

disruption of the bacterial membrane as evidenced by findings from the OM permeability test, zeta 
potential measurement and scanning electron microscopy (SEM) observation. The findings implied 

that PEO has the potential to increase the bacterial susceptibility towards β-lactam antibiotics; in this 
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case, meropenem may operate via two mechanisms: generalized bacterial outer membrane disruption 

which potentiates antibiotics influx into the cytoplasm, eventually leading to cell death and anti-

quorum sensing ability. It should be pointed out that this study serves as preliminary work on the 
mode of action of PEO in its synergistic interaction with meropenem. It has been discussed and 

hypothesized that the actions of PEO are broad and may provide promising cell targets other than the 

membrane effects. This possibility deserves further investigation. Additionally, since the membrane 
permeabilizing effects of PEO are demonstrated, their possible effect on up/down-regulation of the 

membrane proteins opens an interesting avenue for further study using high-throughput screening such 

as microarray. Further work such as better understanding of the mechanisms at the molecular level are 
required before the actual applications of combinatory therapy using essential oils and antibiotics as a 

potential drug treatment strategy in the clinical setting can be fully employed. 
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