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Abstract

Synergistic antimicrobial interaction is a promising strategy to overcome the challenges of microbial contamination in
food. The aim of this study was to elucidate possible mode of synergistic antimicrobial interaction of essential oil
components cinnamaldehyde and eugenol in combination against foodborne bacteria Listeria monocytogenes and
Salmonella typhimurium using standard methods. At their individual effect, eugenol at 0.5xMIC concentration acted
upon bacterial cell envelope leading to membrane damage and cytoplasm leakage whereas cinnamaldehyde at 0.5xMIC
concentration failed to do so. But in combination, at their 0.5xMIC concentrations, eugenol allows cinnamaldehyde to
enter inside the bacterial cells of studied bacterial pathogens with ease. Once they entered inside the cell, both eugenol
and cinnamaldehyde simultaneously induced a significant disturbance in the cytoplasm of bacterial cells leading to
significant release of cellular materials compared to their individual effects due to their synergistic interaction. The
ultimate result is the loss of membrane integrity which caused a significant change in cellular morphology and
subsequently led to cell lysis and cell death. The results provide evidence that eugenol/cinnamaldehyde blend at
sufficiently low concentration may serve as a more potent natural alternative to synthetic antimicrobial food
preservatives in food industry. This study can provide an interesting platform in the near future for this area of research.
To the best of our knowledge this paper is the first to study possible mode of synergistic antimicrobial interactions of
essential oil components in combination against foodborne Gram-positive and Gram-negative bacteria.

Keywords: Food Safety; Essential Oil Components; Natural Antimicrobials; Synergistic Interactions; Mode of
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1. Introduction

Food spoilage and contamination caused by microorganisms is a worldwide food safety challenge for both consumers
and the food industry. Therefore, preventive measures are essential to reduce food loss and protect consumers from
foodborne illnesses (Gustavsson et al. 2011; Kirk et al. 2017). The use of synthetic antimicrobial compounds as food
preservatives has raised consumers’ concerns since they have accumulated evidence that they could be toxic and
carcinogenic (Anand and Sati 2013; Singh et al. 2019). This problem demands that a new effort should be made to seek
safe and effective novel natural antimicrobials from other sources especially from plant origin (Burt 2004; Hyldgaard
etal. 2012). Essential oils are generally regarded as safe (GRAS) by the U.S. Food and Drug Administration (FDA 2020).
Efficacy of essential oils and some of their active components as potent antimicrobials against a number of pathogens
and food contaminants has been reported by several workers (Gutierrez et al. 2008; Soliman et al. 2017; Mo &0s 2017;
Vasireddy et al. 2018), suggesting their possible application in food industry (Burt 2004; Chouhan et al. 2017). But, the
main obstacle for using essential oils and their active components as food grade preservatives is that they are not potent
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enough as single components, and their high concentration is required to get desired activities which may cause
negative organoleptic impact in foods (Hyldgaard et al. 2012). Exploiting synergies between several bioactive
compounds and detailed understanding about their mode of interactions have been suggested as a possible solution to
this problem (Burt 2004; Hyldgaard et al. 2012). Such knowledge could contribute to design of new and more potent
antimicrobial blend effective at sufficiently low concentration and this understanding is also imperative to design
strategies to eradicate foodborne microbes without compromising the organoleptic properties of foods (Hyldgaard et
al. 2012; Chouhan et al. 2017; Angane et al. 2022). Our previous study revealed that cinnamon oil and clove oil in
combination exhibited synergistic antibacterial interaction against foodborne bacteria Listeria monocytogenes and
Salmonella typhimurium (Purkait et al. 2020). Chemical analysis revealed that bioactive compounds responsible for
synergistic antibacterial interaction against the studied bacterial pathogens are cinnamaldehyde from cinnamon oil and
eugenol from clove oil (Purkait et al. 2021). In the present investigation, an attempt has therefore been made to
elucidate possible mode behind the synergistic antimicrobial interaction of these two active essential oil components
cinnamaldehyde and eugenol against foodborne bacteria L. monocytogenes and S. typhimurium with a view to contribute
more knowledge in the relevant field for their plausible application in food industry as safe and effective novel natural
antimicrobial blend.

2. Materials and Methods

2.1. Collection and maintenance of test microbes

The bacterial strains used in this study were Listeria monocytogenes (MTCC 657) and Salmonella typhimurium (MTCC
3224) as indicator strains of Gram-positive and Gram-negative bacteria respectively. These strains were procured from
the Institute of Microbial Technology, Chandigarh, India. For standardization, test bacterial strains were incubated at
respective temperature (30°C for L. monocytogenes and 37°C for S. typhimurium) in nutrient broth for 3-6h to attain a
turbidity of 0.5 McFarland Standard. The inoculum size was adjusted to 5 x 105CFU/ml following CLSI guidelines (CLSI
2005).

2.2. Chemicals

The essential oil components cinnamaldehyde and eugenol used in the present investigation were isolated, identified
and chemically characterized from cinnamon oil and clove oil respectively (Purkait et al. 2021). Other chemicals were
procured from E. Merck KG, Darmstadt, Germany, unless stated otherwise.

2.3. Elucidation of mode of synergistic antimicrobial interaction

2.3.1. Effects on cell viability

Kill-kinetics assay

Effects of test compounds cinnamaldehyde and eugenol alone and in combination against cell viability of studied
bacterial pathogens L. monocytogenes (MTCC657) and S. typhimurium (MTCC 3224) were evaluated by kill-kinetics
assay following the method of Zhou et al. (2016). Briefly, 100pul of bacterial inoculum (5 x 105 CFU/ml), 100 pl of test
compounds individually at their 1xMIC concentration and in combination (1:1) at their 0.5xMIC concentrations were
taken in test tubes each containing 10ml of nutrient broth. The tubes were then incubated at respective temperature
(30°C for L. monocytogenes; 37°C for S. typhimurium) for 24h. 500l sample was collected from culture tubes at different
time intervals (0-, 3-, 6-, 12- and 24-h of incubation). Collected samples were then diluted serially with nutrient broth
and 100pl of diluted sample was spread evenly on fresh nutrient agar media and incubated for 24h at respective
temperature (30°C/37°C) for viable cell count (logio CFU/ml). Samples without test compounds served as negative
control. Kill-kinetics curves [logio CFU/ml Vs. Time (h)] were plotted to know the effects of test compounds alone and
in combination on rate and extent of killing of studied bacterial pathogens. Each experiment was repeated thrice.

2.3.2. Effects on cell membrane integrity

Measurement of release of 260-nm absorbing cellular materials

To determine the effects of test compounds alone and in combination on cell membrane integrity of studied bacterial
pathogens, release of 260-nm absorbing materials (DNA and RNA) of the cells was measured following the method
described by Chen and Cooper (2002). Briefly, bacterial suspension was prepared from overnight culture of test
bacterial strains. Cells were separated from medium by centrifugation at 1000xg for 10 min, washed twice in phosphate
buffered saline (pH 7.4), and re-suspended in the same buffer. 100 pl of different concentrations of test compounds
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alone at their 1xMIC concentration and in combination (1:1) at their 0.5xMIC concentrations were added to 100 ul of
cell suspension (5x105 CFU/ml) of studied bacterial strains. Cell suspension without test compounds served as negative
control. Samples were incubated at respective temperature (30°C/37°C) for 24h and filtered. The absorbance of the
supernatant was then measured at 260 nm. All experiments were repeated thrice.

Measurement of leakage of cellular proteins

Effect of test compounds on cell membrane integrity was also evaluated by determining their individual and combined
effects on release of cellular proteins in the supernatant of bacterial cells following Bradford's method (1976). In brief,
100pl of an overnight culture of bacterial cells (5 x105 CFU/ml) was treated with 100 pl of test compounds alone at their
1xMIC concentration and in combination (1:1) at their 0.5xMIC concentrations and incubated for 24 h at respective
temperature (30°C/37°C). 100pul of sample was then mixed with 400ul of Bradford reagent and incubated for further
10 min at room temperature. After incubation, absorbance of the samples was measured at 595 nm using a
spectrophotometer. Control samples were treated similarly without test compounds and served as negative control.
Bovine serum albumin (BSA) was used as a reference standard protein. Each experiment was repeated thrice.

2.3.3. Effects on cell membrane permeability

Measurement of leakage of extracellular potassium ions

To determine the effects of test compounds alone and in combination on cell membrane permeability of studied
bacterial pathogens, the release of extracellular potassium ions of studied bacterial pathogens before and after
treatment of test compounds was measured following the method of Lee et al. (2002) with slight modifications. Briefly,
100 pl of overnight culture of bacterial cells (5 x105 CFU/ml) were treated with 100 pl of test compounds alone at their
1xMIC concentration and in combination (1:1) at their 0.5xMIC concentrations and incubated for 2h at respective
temperature (30°C/37°C). Incubated samples were collected at 30 min, 60 min, 90 min and 120 min intervals. The
release of potassium ion of samples at each time interval was measured using the Kalium/Potassium kit (Quantofix,
GmbH, Wiesbaden, Germany). Control samples were treated similarly without test compounds. Results were expressed
as the amount of extracellular free potassium ion (K* ion) (uM) released at each time interval of incubation period. Each
experiment was repeated thrice.

2.3.4. Effects on cellular morphology

Scanning Electron Microscopy (SEM) analysis

To evaluate the effects of test compounds alone and in combination on cellular morphology of studied bacterial
pathogens, scanning electron microscopy (SEM) analysis following the method of Benli et al. (2008) was performed.
Briefly, 100pl of an overnight culture of bacterial cells (5x105 CFU/ml) were treated with test compounds individually
at their 1 xMIC concentration and in combination (1:1) at their 0.5xMIC concentrations. Samples were then incubated
at respective temperature (30°C/37°C) for 24h, centrifuged at 10000xg for 10 min and filtered. The pellet was washed
slowly with 50mM phosphate buffer solution (pH 7.2), mounted over glass slides and fixed with 2.5% glutaraldehyde
followed by dehydration using various concentrations (50% -100%) of ethanol. Finally, ethanol was replaced by t-
butanol and incubated at room temperature for 2h. Control samples were treated similarly without test compounds.
The samples were then subjected to gold sputtering (sputter coating k500, Emitech) for 120s and observed for possible
changes in cellular morphology of treated cells compared to their controls by scanning electron microscopy (SEM) (S-
4100; Hitachi).

2.4. Statistical Analysis

Statistical analysis was performed using SPSS software: Version 18.0 with the level of significance set at p < 0.05.

3. Results and Discussion

Various modes of antimicrobial action of essential oils and their bioactive compounds have been proposed by several
workers. It has been reported that essential oils have the ability to disrupt cell membrane integrity and membrane
permeability leading to cellular damage and subsequent release of intracellular materials (Cox et al. 2000; Carson et al.
2002; Burt 2004; Rota et al. 2004). It has also been reported that antimicrobial activity of essential oils is dependent on
their composition, configuration, amount and their possible interactions (Lis-Balchin et al. 1998). Considering these, to
achieve our goal, in the present investigation we evaluated the effects of test compounds eugenol and cinnamaldehyde
alone at their 1 xMIC concentration and in combination at their 0.5xMIC concentrations on cell viability, cell membrane
integrity, cell membrane permeability and cellular morphology against both Gram-positive and Gram-negative
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foodborne bacterial pathogens. The MICs of eugenol against L. monocytogenes (MTCC 657) and S. typhimurium (MTCC
3224) were found to be 70.74 + 2.16 Pg/ml and 85.43+3.54 pg/ml respectively whereas these values for
cinnamaldehyde against L. monocytogenes (MTCC 657) and S. typhimurium (MTCC 3224) were found to be 75.18+2.16
Mg/mland 114.63+3.44 pg/ml respectively in our previous experiment (Purkait et al. 2021).
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Figure 1 a Effect of cinnamaldehyde and eugenol alone and in combination on cell viability (Logio CFU/ml) against L.
monocytogenes (MTCC 657). Error bars indicate standard deviation; CIN: Cinnamaldehyde; EUG: Eugenol
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Figure 1b Effect of cinnamaldehyde and eugenol alone and in combination on cell viability (Logio CFU/ml) against S.
typhimurium (MTCC 3224). Error bars indicate standard deviation; CIN: Cinnamaldehyde; EUG: Eugenol

Effects on cell viability was evaluated by performing kill-kinetics assay (Schaper et al. 2005). From kill-kinetics curves
of studied bacterial pathogens L. monocytogenes (Figure 1a) and S. typhimurium (Figure 1b), it was observed that
cinnamaldehyde at its individual effect at 0.5xMIC concentration failed to reduce significantly the viable cell count of
both the studied bacterial pathogens compared to respective controls throughout the incubation period. However, at
1xMIC concentration, the reduction in viable cell count by cinnamaldehyde against both the studied bacterial pathogens
was found to be significant (p < 0.05) from 3h onward. On the other hand, eugenol at its individual effect at 0.5xMIC
concentration had significant effect (p < 0.05) on reduction in viable cells against both the studied bacteria from 3h
onward. But in combination with cinnamaldehyde at their 0.5xMIC concentrations, a reduction in colony count by
>3logi0 CFU/ml was observed against both the studied bacterial pathogens compared to controls from 3h onwards and
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a complete reduction in cell viability by test compounds in combination at their 0.5xMIC concentrations was observed
at 12h against L. monocytogenes (Figure 1a) and at 24h against S. typhimurium (Figure 1b) suggesting their time-
dependent strain-specific antibacterial activity against studied bacterial pathogens. They were also found to be more
effective both at their individual and combined effects against L. monocytogenes compared to S. typhimurium which was
most likely to be due to differences in the cell membrane composition of studied bacterial pathogens (Gutierrez et al.
2008) as well as chemical composition of test bioactive compounds (Sikkema et al. 1995; Gill and Holley 2004).
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Figure 2 Effect of cinnamaldehyde and eugenol alone and in combination on release of 260-nm absorbing materials of
L. monocytogenes(MTCC 657) and S. typhimurium(MTCC 3224)
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Figure 3 Effect of cinnamaldehyde and eugenol alone and in combination on leakage of cellular proteins of L.
monocytogenes (MTCC 657) and S. typhimurium (MTCC 3224)
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Figure 4a Effects of cinnamaldehyde and eugenol alone and in combination on leakage of potassium ions of L.
monocytogenes (MTCC 657); CIN: Cinnamaldehyde; EUG: Eugenol

15
e
S
g et L]
"E’ 15
o 1M1 5 M
+
= 1 —i—CIW Lk
Y
(=]
g)n i LI 5 1 SHMC|
O 05
-t
o —— L]
= t:*;‘@::‘
-

]

I ) ) 1 s
4.5

Time (min)

Figure 4b Effects of cinnamaldehyde and eugenol alone and in combination on leakage of potassium ionsof S.
typhimurium (MTCC 3224); CIN: Cinnamaldehyde; EUG: Eugenol
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Figure 5 (A-D) SEM images of cellular morphology of L. monocytogenes (MTCC 657): (A) control; (B) cinnamaldehyde
(1xMIC) treated; (C) eugenol (1xMIC) treated and (D)cinnamaldehyde (0.5 xMIC) + eugenol (0.5 xMIC) treated

(C) (D]

Figure 6 (A-D) SEM images of cellular morphology of S. typhimurium (MTCC 3224) : (A) control; (B) cinnamaldehyde
(1xMIC) treated; (C) eugenol (1xMIC) treated and (D) cinnamaldehyde (0.5 xMIC) + eugenol (0.5 xMIC) treated
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Next, we evaluated the effects of test compounds alone and in combination on release of 260-nm absorbing materials
(DNA, RNA) (Figure 2) and leakage of cellular proteins (Figure 3) to know the effects of test compounds on cell
membrane integrity of studied bacterial pathogens (Carson et al. 2002). It was observed that the test bioactive
compounds at their individual effect exhibited varying degrees of concentration-dependent activity on release of 260-
nm absorbing materials and cellular proteins against both the studied bacterial pathogens. Eugenol by itself at low
concentration (0.5xMIC) increased the release of both 260-nm absorbing materials and cellular proteins significantly
(p< 0.05) against the studied bacterial pathogens compared to controls whereas cinnamaldehyde by itself at low
concentration (0.5xMIC) failed to do so. In combination, at their 0.5xMIC concentrations, the release of 260-nm
absorbing materials as well as cellular proteins of studied bacterial pathogens were found to be significantly greater
(p<0.05) compared to their individual effects (Figure 2 and Figure 3) suggesting their higher effectiveness against the
studied bacterial pathogens in combination at low concentration compared to their individual effects.

Relevant literature reveals that the internal environment of bacterial cells is generally rich in potassium (K*) ions and
their presence in the extracellular medium is an indication of cytoplasmic membrane damage (Newman and Cragg 2012;
Carson etal. 2002; O’Bryan et al. 2015). Therefore, to observe the effects of test bioactive compounds on cell membrane
permeability of studied bacterial pathogens, their individual and combined effects on release of extracellular potassium
ions against the studied bacterial pathogens were evaluated and the obtained results are shown in Figure 4a (L.
monocytogenes) and Figure 4b (S. typhimurium). 1t was observed that cinnamaldehyde at its individual effect at 0.5xMIC
concentration failed to release significantly the extracellular potassium ions of studied bacterial pathogens compared
to its control values and even at 1xMIC concentration, it did not show any significant alteration in release of extra
cellular potassium ion compared to its 0.5xMIC concentration. But, eugenol even at 0.5xMIC concentration at its
individual effect caused a significant release (p< 0.05) in extracellular potassium ions of both the studied bacterial
pathogens compared to their control values, and this was further increased at its 1xMIC concentration. However, in
combination with cinnamaldehyde at their 0.5xMIC concentrations, the release of extracellular potassium ions was
increased significantly (p< 0.05) in both the studied bacterial pathogens compared to their control values. The findings
indicate that eugenol at its individual effect has the ability to increase membrane permeability at low concentration of
studied bacterial pathogens but cinnamaldehyde at its individual effect even at higher concentration (1xMIC) failed to
do so. In combination at lower concentration (0.5xMIC), the increased release of extracellular potassium ions of studied
bacterial pathogens might be due to their synergistic interactions on bacterial cytoplasm.

The findings of higher antibacterial efficacy of eugenol compared to cinnamaldehyde at their individual effect against
the studied bacterial pathogens obtained in our present investigation are in corroboration with the findings of other
workers where eugenol showed higher antibacterial efficacy than cinnamaldehyde against a number of microbes
(Helander et al. 1997; 1998; Gill & Holley 2004; Nazzaro 2013). Possible reasons behind the differences in mode of
antibacterial action between eugenol and cinnamaldehyde at their individual effect against the studied bacterial
pathogens observed in our present investigation is not clear right now. Relevant literature reveals that eugenol is a
lipophilic molecule which can actively penetrate the cell membrane lipid bilayer (Atsumi et al. 2001). Besides, eugenol
has a phenolic group, which has the ability to destroy the cell membrane (Sikkema et al. 1995). Furthermore, such a
phenolic group is actually widely utilized in the extraction of lipopolysaccharide (LPS) from bacteria (Helander 1983).
Thus, it can be presumed that the strong membrane damaging effect of eugenol at its individual effect at lower
concentration on the studied bacterial pathogens may be due to its lipophilic nature and it contains phenolic group in
its molecular structure. On the other hand, cinnamaldehyde by itself at its lower concentration was found to have no
effect on the cell membrane of studied bacterial pathogens. This may be due to the fact that cinnamaldehyde does not
possess any —OH group which has the ability to damage membrane function at low concentration (Gill & Holley 2004).
Its antimicrobial action by destabilizing the outer membrane at higher concentration was also observed by other
workers against E. coli, and S. typhimurium (Helandel et al. 1998; Nazzaro et al. 2013). The inability of cinnamaldehyde
to access the bacterial cells at low concentration at its individual effect, may be due lack of aromatic hydroxyl group (-
OH) in its chemical structure for which at low concentration it is pumped out from the periplasm of bacterial pathogens
at a rate exceeding its penetration rate (Nikaido 1994).

Next, scanning electron microscopy (SEM) analysis was performed to characterize the surface features and also to
evaluate the morphological changes of cell membrane of studied bacterial pathogens before and after treatment with
test bioactive compounds alone and in combination with a view to support our previous findings. The images of
scanning electron microscopy analysis of studied bacterial pathogens are shown in Figure 5(A-D) for L.monocytogenes
and Figure 6(A-D) for S. typhimurium. It was observed that the cellular morphology of control groups of studied bacterial
pathogens exhibited a normal shape and smooth surface [Figure 5 (A) and Figure 6 (A)]. After treatment with
cinnamaldehyde alone at 1xMIC concentration, the overall morphology of both the studied bacterial cells showed a
negligible change compared to the cellular images of control cells (Figure 5B and Figure6B). But the cellular morphology
of studied bacterial pathogens was found to be moderately damaged by eugenol at 1xMIC concentration at its individual
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effect (Figure 5C and Figure 6C). In combination of test bioactive compounds, at their 0.5 x MIC concentrations, there
was a significant alteration in cellular morphology of both the studied bacterial pathogens (Figure5D and Figure 6D)
compared to their control images (Figure 5A and Figure 6A) was observed. Scanning electron microscopy analysis
results indicate that at their individual effect, they showed strain-specific little to moderate alternations in cellular
morphology of studied bacterial pathogens and eugenol was found to be more potent antibacterial agent than
cinnamaldehyde against both the studied bacterial pathogens. In combination at their 0.5xMIC concentrations, they
could destroy the structure of studied bacterial pathogens by inducing serious alterations in the intracellular
organization, and lead to the outflow of cytoplasmic components which may be due to their synergistic antimicrobial
interactions in combination.

4. Conclusions

From the foregoing findings it was observed that mode of antibacterial action of cinnamaldehyde and eugenol at their
individual effect against the studied bacterial pathogen is different. Eugenol at its individual effect at lower
concentration, acted upon bacterial cell envelope of both the studied bacterial pathogens leading to membrane damage
and cytoplasm leakage whereas cinnamaldehyde at its individual effect at same concentration failed to damage bacterial
cell membrane as well as cytoplasm leakage which may be due to differences in their chemical nature. In combination,
at their lower concentrations, eugenol due to its lipophilic nature with a hydroxyl group in its chemical structure,
increased membrane permeability of both the studied bacterial pathogens and allows cinnamaldehyde to enter at its
lower concentration inside the bacterial cells with ease. Once they entered inside the cell, both eugenol and
cinnamaldehyde simultaneously possibly due to their synergistic interactions induced a significant disturbance in the
cytoplasm of bacterial cells leading to significant release of cytoplasmic materials. At the end, the loss of membrane
integrity caused a significant change in cellular morphology which subsequently led to cell lysis and cell death. These
promising findings may have significant impact in food industries for the development of a more potent and best suited
promising natural alternative to synthetic antimicrobial food preservatives. The combination of these two active
essential oil components at lower concentration may also be helpful in minimizing the undesirable impact of essential
oils on sensory properties of food as well as to overcome the problem of multidrug-resistant microorganisms. This
promising report may serve as a footstep on these important aspects.
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