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The increasing incidence of methicillin-resistant S. aureus is a major public health concern. Recently, the
performance of Citrus hystrix essential oil (CHEO) has been shown to contain broad-spectrum antibacte-
rial activity. Therefore, this study aims to determine the antibacterial activity of CHEO alone and in com-
bination with gentamicin against panels of clinical isolates of methicillin-susceptible S. aureus (MSSA,
n = 45) and methicillin-resistant S. aureus (MRSA, n = 40). Antibiotic susceptibility testing revealed
multidrug-resistant (MDR) patterns among 3 MSSA isolates and 39 MRSA isolates, indicating that the
clinical MRSA isolates were associated with MDR (p < 0.05). For the drug resistant isolates, resistance
was observed toward most antibiotics, except for chloramphenicol, trimethoprim-sulfamethoxazole,
linezolid, and vancomycin. Antibacterial screening by disk diffusion demonstrated that CHEO alone
had certain antibacterial activity toward all MSSA isolates (IZD: 16.0 ± 4.7 mm) and MRSA isolates
(IZD: 16.5 ± 4.2 mm) (p > 0.05). The MIC values of CHEO are 18.3 ± 6.1 mg/mL in MSSA isolates and
17.9 ± 6.9 mg/mL in MRSA isolates (p > 0.05). The antibacterial activity of CHEO demonstrated the bac-
tericidal effect with MIC index 1.0–1.4. Time-killing kinetics revealed that CHEO at 1 � MIC completely
killed MSSA and MRSA within 12 h. Moreover, the checkerboard titration demonstrated the synergistic
and additive interactions of CHEO with gentamicin with FIC index 0.012–0.625. CHEO against human epi-
dermal keratinocyte; HaCaT cell line demonstrated the IC50 value at 2.15 mg/mL. The use of CHEO as an
alternative antibacterial agent would reduce the emergence of resistant bacteria, especially MDR MRSA.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Staphylococcus aureus, a high priority resistant bacterium, is an
organism of major public health concern worldwide. It can cause a
wide variety of infections in the skin, respiratory tract, and surgical
wounds, as well as life-threatening sepsis, particularly in immuno-
compromised hosts (Tong et al., 2015). Moreover, it is a major
problem of both nosocomial and community-acquired infections
(Li, 2018). Methicillin-resistant S. aureus (MRSA) is a resistant bac-
teria that has acquired resistance to b-lactam antibiotics associated
with the resistance to most antibiotics. Methicillin resistance is
caused by the acquisition of mecA gene carried by staphylococcal
cassette chromosome mec (SCCmec), which produces penicillin-
binding protein 2a (PBP2a) that contains a low b-lactam affinity
(Lakhundi and Zhang, 2018). The emerging of this resistance is
attributed to inappropriate use of b-lactam antibiotics. Therefore,
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several studies have attempted to seek out an alternative antibac-
terial agent against S. aureus, including herbal extracts.

Citrus plants belong to the family of Rutaceae containing around
1,300 species (Kamal et al., 2011). The citrus EOs are colorless to
yellowish transparent liquids with a density of around 0.8 g/mL
and a refractive index of approximately 1.46–1.47 (Yang et al.,
2021). The major component is d-limonene accounting for 25–
97% of the total component (Jing et al., 2014). Citrus hystrix DC.
(or makrut lime) is a traditional plant which is commonly found
in Thailand. Several biological properties of C. hystrix essential oil
(CHEO) have been demonstrated, with antioxidant, anti-
inflammatory, antibiofilm, and antimicrobial activities
(Chanthaphon et al., 2008; Chao et al., 2008; Wongsariya et al.,
2014; Md Othman et al., 2016; Kantawong et al., 2017;
Aumeeruddy Elalf et al., 2018; Sreepian et al., 2019; Siti et al.,
2022). For antibacterial activity, the efficacy of CHEO toward
Gram-positive and Gram-negative bacteria have been reported.
The greater activity of CHEO was observed against Gram-positive
bacteria, especially S. aureus (Sreepian et al., 2019). The antibacte-
rial activity of CHEO against the reference strain of MRSA has also
been reported (Chao et al., 2008). However, there is still limited
data on the antibacterial activity of CHEO towards clinical isolates
of S. aureus, which contains a high variation of the antibiotic-
resistant patterns, particularly in MDR S. aureus. This study
hypothesized that CHEO could exhibit antibacterial activity toward
clinical MDR MSSA and MRSA isolates. Therefore, the main objec-
tive of the present study is to evaluate the efficacy of CHEO as an
alternative antibacterial agent for clinical S. aureus isolates includ-
ing MRSA and MSSA, by disk diffusion and broth microdilution. The
potential for synergistic interaction or additive effect of CHEO with
gentamicin, a broad-spectrum antibiotic, was also investigated by
checkerboard titration assay. The time-killing kinetic was also
determined to quantify the growth of the bacteria in the presence
of CHEO. Furthermore, cytotoxicity was evaluated on a human epi-
dermal keratinocyte cell line by MTT assay.
2. Materials and methods

2.1. Citrus hystrix essential oil

The fresh fruit of C. hystrix DC. were collected from the northern
part of Thailand, Chiang Rai Province. The plant sample was iden-
tified by the Department of Botany, Faculty of Science, Chula-
longkorn University, Thailand (BCU No. 015826). The fruit peels
were harvested, then processed through hydrodistillation. The per-
centage yield of C. hystrix essential oil (CHEO) was 1.35% (w/w)
with a density of 0.9 g/mL. The chemical compositions were ana-
lyzed by Gas Chromatography-Mass Spectrometry (GC–MS) in a
previous study; 3 major components composed of d-limonene
(25.28%), b-pinene (21.10%), and sabinene (14.99%) (Sreepian
et al., 2019). The CHEO was stored in a brown bottle at 4 �C. A
working solution of CHEO was prepared at the concentration of
400 mg/mL in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis,
MO, USA) prior to MIC determination.
2.2. Bacterial strains and culture conditions

Two reference strains used in the present study composed of S.
aureus ATCC 25923 (methicillin-susceptible S. aureus; MSSA) and S.
aureus ATCC 43300 (methicillin-resistant S. aureus; MRSA) were
received from the Faculty of Medical Technology, Rangsit Univer-
sity, Thailand. The 85 clinical S. aureus isolates were collected from
the Division of Microbiology, Department of Central Laboratory
and Blood bank, Faculty of Medicine, Vajira Hospital, Navamin-
dradhiraj University, Thailand. All bacteria were stored at �70 �C
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and sub-cultivated on blood agar at 37 �C overnight prior to the
assay.

2.3. Antibiotic susceptibility test

Antibiotic susceptibility patterns of reference strains and clini-
cal isolates were investigated by using Kirby-Bauer disk diffusion
according to Clinical and Laboratory Standards Institute (CLSI)
2020. Totally, 12 different standard antibiotic disks (Oxoid, Eng-
land) containing ampicillin (AMP, 10 lg), amoxicillin/clavulanic
acid (AMC, 30 lg), penicillin (P, 10 units), chloramphenicol (C,
30 lg), cefoxitin (FOX, 30 lg), gentamicin (CN, 10 lg), ery-
thromycin (E, 5 lg), clindamycin (DA, 2 lg), ciprofloxacin (CIP,
5 lg), levofloxacin (LEV, 5 lg), trimethoprim-sulfamethoxazole
(SXT, 1.25/23.75 lg), and linezolid (LZD, 30 lg) were selected to
investigate the susceptibility profile. The MIC of vancomycin (VA)
was also analyzed by E-test strip (Oxoid, England). The inhibition
zone diameter (IZD) and MIC value of these standard antibiotics
were interpreted according to CLSI (2020). D-test was also investi-
gated for detecting erythromycin inducible clindamycin resistance.
In brief, a bacterial suspension (McFarland no. 0.5) was inoculated
on Mueller Hinton agar (MHA) plate (Oxoid, England). E and DA
disks were placed nearby around 20 mm and incubated at 37 �C
for 16–18 h. The D-shaped zone surrounding the DA disk
was defined as erythromycin inducible clindamycin resistance
S. aureus.

2.4. Antibacterial activity screening for CHEO

To screen whether CHEO has in vitro antibacterial activity
against clinical isolates of S. aureus, disk diffusion was performed
according to Sreepian et al. (2019). In brief, a bacterial suspension
(1.5 � 108 CFU/mL) was inoculated on MHA. After that, a sterile
disk (6 mm in diameter) impregnated with 10 lL of undiluted
CHEO was placed on MHA plate which contained inoculum bacte-
ria. The disk impregnated with 10 lL of 4% DMSO and gentamicin
disk (10 lg) were included as negative and positive controls. After
incubation at 37 �C for 18–24 h, the IZDs were measured in diam-
eter (mm) and interpreted by the following criteria described by Lv
et al. (2011); no activity (IZD = 6 mm), weak activity
(6 mm < IZD � 12 mm), moderate activity
(12 mm < IZD < 20 mm), and strong activity (IZD � 20 mm).

2.5. Broth microdilution

The minimum inhibitory concentration (MIC) of CHEO and gen-
tamicin were evaluated by resazurin-based microdilution (Elshikh
et al., 2016). Briefly, 50 lL of various concentrations of CHEO were
prepared by serial 2-fold dilution with cation-adjusted Mueller
Hinton broth (CAMHB) to obtain the final concentrations of 0.1–
32.0 mg/mL in a sterile 96-well microplate. Gentamicin was pre-
pared with the final concentrations of 0.1–256.0 lg/mL. Afterward,
50 lL of bacterial suspension (5 � 105 CFU/mL) was added into
each well. The oil control (CHEO in CAMHB), bacterial control (bac-
terial suspension in CAMHB) and diluent control (4% DMSO with
bacterial suspension) were also included in the experiment. After
incubation at 37 �C for 24 h, 5 lL of 0.015% resazurin (Sigma-
Aldrich, St. Louis, MO, USA) was added into each well. The bacterial
growth was measured after incubation for 2 h in the dark by the
change of blue-purple to red-pink color. The MIC was defined as
the lowest concentration that had no color change corresponding
to no bacterial cell growth. Consequently, one loop of the MIC sus-
pension that showed no color change was sub-cultivated on MHA
and further incubated at 37 �C for 18–24 h. Then, the minimum
bactericidal concentration (MBC) was defined as the lowest con-
centration that no bacterial growth on the agar plate. The MIC
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index was calculated by MBC/MIC ratio to classify the effect of
antimicrobial activity. It is considered a bactericidal effect if the
MIC index � 4, bacteriostatic effect if MIC index > 4, and resistant
effect if MIC index � 32 (Gatsing et al., 2009).
Fig. 1. The supplemented HaCaT cell line without treatments of CHEO and d-
limonene.
2.6. Checkerboard titration assay

The checkerboard titration assay was performed to evaluate the
synergistic interaction between CHEO and gentamicin against the
clinical isolates of S. aureus. The method is based on the
resazurin-based microdilution method with a final volume of
100 lL (Sreepian et al., 2022). Briefly, 25 lL of various concentra-
tions of CHEO (0.3–32.0 mg/mL) were prepared by serial 2-fold
dilution in 96-well microplate. Meanwhile, various concentrations
of gentamicin were prepared at 0.001–128.0 lg/mL. Then, 25 lL of
each concentration of gentamicin was added into each concentra-
tion of CHEO to perform checkerboard testing. Fifty microliters of
bacterial suspension (5 � 105 CFU/mL) were added to each well.
After incubation at 37 �C for 18–24 h, 5 lL of 0.015% resazurin
was added to each well and further incubated for 2 h in the dark.
The bacterial growth was measured by the color change of resa-
zurin. The combination effect of CHEO with gentamicin was deter-
mined by calculating fractional inhibitory concentration (FIC) and
fractional inhibitory concentration index (FICI) by the following
equations below:

FIC ¼ MICof CHEO in combinationwith gentamicin=
MICof CHEOalone:
FICI ¼ FIC of CHEOþ FIC of gentamicin

The interaction of CHEO and gentamicin was interpreted by
using the following criteria: synergistic effect (FICI � 0.5), additive
effect (0.5 < FICI � 1), indifferent effect (1 < FICI � 4), and antago-
nistic effect (FICI > 4) (Mulyaningsih et al., 2010).
2.7. Time-killing kinetics assay

The 24-h time-killing kinetics of CHEO against S. aureus ATCC
25923 and ATCC 43300 were performed using a previously
described procedure with some modifications (Xu et al., 2016).
One milliliter of bacterial cell suspension (5 � 105 CFU/mL) was
exposed to 1 mL of CHEO at final concentrations of 1 � MIC,
2 � MIC, and 4 � MIC, and then incubated at 37 �C. The suspension
was sampling at different time points; 0–24 h. The bacterial sus-
pensions in either CAMHB or 4% DMSO were included as bacterial
and diluent controls. At a particular timepoint, the absorbance of
bacterial turbidity at a wavelength of 600 nm was measured. The
bacterial kinetic growth curves were constructed by the exposure
time as the x-axis and the optical density as the y-axis. Conse-
quently, the timepoint for bactericidal effect was determined by
sub-cultivated with one loop of a bacterial suspension at each
timepoint on MHA plate and further incubated at 37 �C for 18–
24 h. After that, the bactericidal timepoint was classified as a par-
ticular time with no bacterial colony observed on MHA plate.
2.8. Cell culture and conditions

Human epidermal keratinocyte: HaCaT cell line, was main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) with high
glucose (Hyclone, USA) supplemented with 10% fetal bovine serum
(Gibco, USA) and penicillin (100 IU/mL)/streptomycin (100 lg/mL)
(Gibco, USA). The supplemented cells were incubated at 37 �C with
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5% CO2 for 24 h prior to the MTT assay. The healthy HaCaT cell line
is shown in Fig. 1.
2.9. Cell cytotoxicity by MTT assay

The cell cytotoxicity of CHEO against human keratinocyte was
evaluated by MTT assay following the previous study with some
modification (López-García et al., 2014). HaCaT cells were seeded
in a sterile 96-well microplate at a density of 1.8 � 104 cells/well.
The cell line was incubated at 37 �C in a humidified atmosphere
with 5% CO2 for 24 h prior to be treated with CHEO or limonene
at 0.5–32 mg/mL. The mixture of ethyl acetate (EtOAc) and ethanol
(EtOH) which is a solvent for dissolving CHEO and d-limonene, at
the concentrations of 0.01–1.0% EtOAc and 0.04–5.4% EtOH, were
used as a comparator. HaCaT cells in a mixture of EtOAc and EtOH
was included as diluent control. After treatment for 24 h, 10 lL of
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide
(MTT) (5 mg/mL) was added into each well and further incubated
at 37 �C for 4 h. After that, 200 lL of DMSO was added to each well
to solubilize the water-insoluble purple formazan crystals in a liv-
ing cell. The absorbance was measured at a wavelength of 540 nm
by a microplate reader (Multiskan; Thermo Fisher Scientific, USA).
The percentage of cell inhibition was calculated based on the
untreated cell using the following equation.

%inhibition ¼ 100� ½ðAbsX=AbsðcontrolÞÞ � 100�
Where AbsX and Abs (control) are the absorbances at a wave-

length of 540 nm of HaCaT cells treated with and without either
CHEO or d-limonene, respectively.

The IC50 values were analyzed using the non-linear sigmoidal
curve equation in KaleidaGraph (Synergy Software, Reading, PA,
USA) according to the following equation.

Y ¼ m1þ ðm2�m1Þ=½1þ ðX=m3Þm4�
Where m1 is the maximum value on the y-axis, m2 is the min-

imum value on the y-axis, m3 is the X value at mid-point of the Y
range, and m4 is the slope of the curve at the midpoint
(Sopitthummakhun et al., 2021).
2.10. Statistical analysis

All experiments were performed in triplicate. Analysis of data
was carried out by the descriptive statistic, Mann-Whitney U test
and Chi-square test using the IBM Statistical Package for Social Ser-
vices (SPSS) version 21.0 (IBM, Armonk, NY, USA). A p-value < 0.05
was considered statistically significant.
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3. Results

3.1. Antibacterial susceptibility of clinical S. Aureus

In the present study, the reference strains of S. aureus; ATCC
25923 and ATCC 43300 were included as FOX-susceptible and
FOX-resistant control strains according to CLSI 2020. In Fig. 2, the
results indicated that they were methicillin-susceptible S. aureus
(MSSA) and methicillin-resistant S. aureus (MRSA) with IZDs at
28.7 ± 5.0 mm and 14.0 ± 1.7 mm, respectively. In addition, MSSA
ATCC 25923 was susceptible to all tested antibiotics including P
(IZD 29.0 ± 0.0 mm), CN (IZD 25.3 ± 1.2 mm), C (IZD 25.0 ± 0.0 m
m), E (IZD 29.7 ± 2.1 mm), DA (IZD 30.3 ± 2.1 mm), CIP (IZD 25.0
± 1.0 mm), LEV (IZD 26.0 ± 0.0 mm), SXT (IZD 28.0 ± 0.0 mm),
LZD (IZD 26.0 ± 0.0 mm), and VA (MIC 1.9 ± 0.1 lg/mL). Meanwhile,
MRSA ATCC 43300 was susceptible to CN (IZD 22.3 ± 0.6 mm), C
(IZD 20.0 ± 0.2 mm), CIP (IZD 25.0 ± 3.6 mm), LEV (IZD 32.0 ± 0.0
mm), SXT (IZD 28.0 ± 0.0 mm), LZD (IZD 40.0 ± 0.0 mm), and VA
(MIC 1.0 ± 0.0 lg/mL), but no of inhibition zone was observed in
P, E, and DA (IZD = 6 mm). The IZDs of AMC and AMP were also
reported but there were no interpreting criteria for their suscepti-
bility patterns. However, the IZDs for S. aureus ATCC 25923 (IZDs
for AMC: 30.0 ± 5.3 mm; AMP: 33.0 ± 2.6 mm) were greater than
those of S. aureus ATCC 43300 (IZDs for AMC: 14.7 ± 2.3 mm;
AMP: 12.0 ± 3.5 mm). The antibiotic susceptibility pattern of S. aur-
eus clinical isolates is displayed in Fig. 3. All isolates were further
screened for methicillin resistance by FOX disk and then inter-
preted according to CLSI 2020. It indicated that 45 isolates were
MSSA (IZD 30.0 ± 2.3 mm), and the other 40 isolates were MRSA
(IZD 7.2 ± 2.4 mm) (Fig. 2A). The IZDs of AMC, AMP, and P
against MSSA isolates were 25.6 ± 6.9 mm, 21.9 ± 8.6 mm, and
22.0 ± 10.4 mm, while those of MRSA isolates were 8.9 ± 3.9 mm,
Fig. 2. Antibiotic susceptibility patterns of S. aureus ATCC 25923 and S. aureus ATCC 4330
experiments. AMP, ampicillin; AMC, amoxicillin/clavulanic acid; P, penicillin; FOX, cefo
ciprofloxacin; LEV, levofloxacin; SXT, trimethoprim-sulfamethoxazole; LZD, linezolid; VA
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8.3 ± 2.4 mm, and 8.5 ± 5.0 mm (p-value < 0.05) (Fig. 3B � 3D). The
resistance rates of penicillin were 68.9% in MSSA isolates and 97.5%
in MRSA isolates (Fig. 4).

For antibiotics that inhibit protein synthesis, the IZDs of CN, C,
E, and DA for MSSA isolates were 22.3 ± 3.5 mm, 25.8 ± 2.7 mm,
23.8 ± 8.4 mm, and 24.0 ± 7.5 mm, while those of MRSA isolates
were 17.7 ± 8.5 mm, 24.9 ± 4.8 mm, 9.7 ± 7.9 mm, and 9.7 ± 8.1
mm, respectively. The results indicated that the IZDs of these stan-
dard antibiotics against MSSA were significantly higher than those
of MRSA (p-value < 0.05), except for CN and C (p-value > 0.05)
(Fig. 3E�H). According to CLSI 2020, among MRSA isolates, the
resistance rates of CN, C, E, and DA were 37.5%, 5.0%, 77.5%, and
75.0%. Only one MRSA isolate was D-test positive indicating a D-
phenotype. Among MSSA isolates, the resistance rates of CN, E,
and DA were 4.4%, 15.5%, and 11.1%, but the resistance was not
observed against C (Fig. 4). These results indicated a relatively
low resistance rate of C among both MRSA and MSSA isolates in
the present study.

For the fluoroquinolone antibiotics, the IZDs of CIP and LEV for
MSSA isolates were 25.2 ± 6.3 mm and 28.6 ± 5.6 mm, while those
of MRSA isolates were 7.4 ± 6.0 mm and 9.7 ± 8.2 mm, respectively
(p-value < 0.05) (Fig. 3I and J). In MSSA isolates, the resistance rates
of CIP and LEV were equal to 6.7%. However, the higher rates of
resistance against CIP and LEV were observed in MRSA at 95.0%
and 92.5%, respectively (Fig. 4).

The IZDs of SXT (an inhibitor of tetrahydrofolic acid synthesis)
and LZD (an oxazolidinone antibiotic) against MSSA isolates were
32.8 ± 4.0 mm and 30.3 ± 2.6 mm, and those of MRSA isolates were
35.4 ± 3.6 mm and 32.8 ± 5.4 mm, respectively (p-value < 0.05)
(Fig. 3K and L). The MICs of VA (a glycopeptide class-antibiotic)
against MSSA and MRSA isolates were equal to 0.5 ± 0.2 lg/mL
(p-value > 0.05) (Fig. 3M). A relatively low resistance rate against
0 by disk diffusion (A) and E test (B). Values are presented as mean ± SD of triplicate
xitin; CN, gentamicin; C, chloramphenicol; E, erythromycin; DA, clindamycin; CIP,
, vancomycin.



Fig. 3. Antibiotic susceptibility patterns of 13 antibiotics against MSSA and MRSA isolates. * Significant difference in the IZDs between MSSA and MRSA isolates (p-
value < 0.05). The means are displayed by the middle horizontal line, and the SD values are displayed by the lower and the upper lines.
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LZD (2.5%) was observed in MRSA isolates, with no resistance to
SXT and VA (Fig. 4).

Overall, the IZDs of all tested antibiotics (AMC, AMP, P, E, DA,
CIP, LEV, SXT, and LZD) against the MRSA isolates were signifi-
1098
cantly different from the MSSA isolates (p-value < 0.05), except
for CN and C, (p-value > 0.05). In addition, the MICs of VA were
not significantly different between MSSA and MRSA isolates (p-
value > 0.05). These results demonstrated that the MSSA and MRSA



Fig. 4. Resistant rates of MSSA and MRSA clinical isolates toward 10 standard
antibiotics. P, penicillin; CN, gentamicin; C, chloramphenicol; E, erythromycin; DA,
clindamycin; CIP, ciprofloxacin; LEV, levofloxacin; SXT, trimethoprim-sulfamethox-
azole; LZD, linezolid; VA, vancomycin.
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isolates were highly susceptible to C, SXT, LZD, and VA. However,
the MRSA isolates were less susceptible to several classes of antibi-
otics with different mechanisms of action compared to the MSSA
isolates.

The multidrug-resistant (MDR) profile of the S. aureus isolates is
shown in Fig. 5. MDR is designated as bacteria with no susceptibil-
ity to at least 1 in 3 or more antibiotic classes. It showed that 3/45
(8.9%) isolates of MSSA and 39/40 (97.5%) isolates of MRSA were
MDR MSSA and MDR MRSA, respectively. This result indicated that
clinical MRSA associated with MDR resisted to several classes of
antibiotics (p-value < 0.05). The highest resistance rate of MDR
was revealed in P (97.7%), followed by FOX (93.0%), and CIP (90.7%).
3.2. Antibacterial activity of CHEO

The results of the antibacterial activity of CHEO against 2 refer-
ence strains and 85 clinical isolates of S. aureus are shown in
Table 1. The negative control (4% DMSO) demonstrated no inhibi-
tory effect (IZD = 6 mm), whereas the positive control (CN disk)
indicated an inhibitory effect toward all tested bacteria. The results
showed that CHEO exhibited moderate activity against both refer-
ence strains of S. aureus ATCC 25923 and ATCC 43300 (IZD 16.3 ± 4.
0 mm and 12.3 ± 1.5 mm, respectively). Among the clinical isolates,
the IZDs of CHEO were 16.0 ± 4.7 mm for MSSA isolates and 16.5
± 4.2 mm for MRSA isolates (p-value > 0.05). It indicated that CHEO
had an inhibitory effect against both MSSA and MRSA isolates,
which is in accordance with a previous study (Lv et al., 2011).
The inhibitory effect of CHEO on the growth of MSSA and MRSA
Fig. 5. Multidrug-resistant profile of the clinical isolates; MSSA (n = 45) and MRSA
(n = 40). MDR is defined as non-susceptibility to at least one agent in three or more
antibiotic classes. Overall, 3 isolates of MSSA and 39 isolates of MRSA were
classified as MDR.

1099
isolates was observed in different extents; strong, moderate, and
weak effectiveness. The trend of activity was most likely to be
moderately effective (77.8% and 60.0%), followed by strongly effec-
tive (8.9% and 25.0%), and weakly effective (13.3% and 15.0%)
against MSSA and MRSA isolates, respectively.

According to the resazurin-based microdilution assay, all nega-
tive controls including oil control, bacterial control, and diluent
control indicated no contamination in the tested CHEO, growth
ability of the tested bacteria, and no inhibitory effect according
to 4% DMSO diluent, respectively. As expected, CHEO had antibac-
terial activity toward all tested bacteria. The MIC values of CHEO
against the reference strains; MSSA ATCC 25923 and MRSA ATCC
43300 were 6.0 ± 2.8 mg/mL and 8.0 ± 0.0 mg/mL, while those of
the MSSA and MRSA isolates were 18.3 ± 6.1 mg/mL and 17.9 ± 6.
9 mg/mL, respectively (p-value > 0.05). The MIC indexes of CHEO
for the reference strains and clinical isolates of MSSA and MRSA
were 1.0–1.4, indicating a bactericidal effect in manner.

3.3. Determination of time-killing kinetics

Time-killing kinetic curves were performed to evaluate the
duration of CHEO to inhibit the growth of MSSA and MRSA. The
growth curves of S. aureus ATCC 25923 (MSSA) and ATCC 43300
(MRSA) after exposure to CHEO are shown in Fig. 6. In the present
study, the bacterial and diluent controls of both MSSA ATCC 25923
and MRSA ATCC 43300 demonstrated growth curves as S trended
lines indicating normal growth of bacteria, while those bacterial
suspension exposures to different MIC of CHEO tend to be a hori-
zontal straight trended line. The bacterial growth curves in the
controls and CHEO treatments had no obvious change within 5 h.
However, after 6 h, increasing turbidity was observed in both bac-
terial and diluent controls indicating the initiation of the exponen-
tial phase of bacterial growth. Afterward, the maximum turbidity
was observed after 20 h indicating the stationary phase. On the
contrary, the bacterial suspension exposure to various MIC of
CHEO led to no increase in bacterial turbidity within 24 h, indicat-
ing the growth of bacteria was inhibited by CHEO. The bactericidal
effect of CHEO was also observed after subculture on MHA plates.
MSSA ATCC 25923 was completely killed after exposure to CHEO at
1 � MIC, 2 � MIC, and 4 � MIC within 12, 5, and 1 h, while MRSA
ATCC 43300 was completely killed in 12, 6, and 1 h, respectively.
For bacterial and diluent controls, the bacterial growths on the
MHA plate were observed in all experimental timepoints.

3.4. Synergistic interaction of CHEO in combination with gentamicin

The interaction of CHEO in combination with gentamicin
against the clinical isolates of MDRMSSA and MDRMRSAwas eval-
uated by checkerboard titration assay. As shown in Table 2, the
indifferent interaction in the CHEO-gentamicin combination was
found in all MDR MSSA isolates (FIC index: 1.001–1.335), and only
in one isolate of MDR MRSA (FIC index: 1.031). However, no antag-
onistic effect was observed in both MDR MRSA and MDR MSSA iso-
lates. Interestingly, the CHEO-gentamicin combination produced
predominantly synergistic and additive interactions (FIC indexes:
0.012–0.016 and 0.531–0.625) against MDR MRSA isolates, with
a substantial reduction in the MIC values of gentamicin. These find-
ings demonstrated the synergistic and additive interactions of
CHEO with gentamicin, affecting the growth inhibition of clinical
MDR MRSA isolates.

3.5. In vitro cell cytotoxicity of CHEO and d-limonene toward human
keratinocytes

The cytotoxicity of CHEO and d-limonene, a major component
in CHEO, were evaluated against HaCaT cell line by using the



Table 1
Antibacterial activity of CHEO against the reference strains and the clinical isolates of MSSA and MRSA by disk diffusion and broth microdilution.

Bacterial strains CHEO Gentamicin

IZD
(mm)

MIC
(mg/mL)

MBC
(mg/mL)

MIC index IZD
(mm)

MIC
(lg/mL)

MBC
(lg/mL)

MIC index

S. aureus ATCC 25923 (MSSA) 16.3 ± 4.0 (M) 6.0 ± 2.8 6.0 ± 2.8 1.0 ± 0.0 25.3 ± 1.2 (S) 3.0 ± 1.4 (S) 3.0 ± 1.4 1.0 ± 0.0
S. aureus ATCC 43300 (MRSA) 12.3 ± 1.5 (M) 8.0 ± 0.0 8.0 ± 0.0 1.0 ± 0.0 22.3 ± 0.6 (S) 3.0 ± 1.4 (S) 8.0 ± 0.0 3.0 ± 1.4
MSSA isolates (n = 45) 16.0 ± 4.7 18.3 ± 6.1 19.0 ± 6.5 1.2 ± 0.5 22.3 ± 3.5 6.3 ± 37.9 15.4 ± 77.6 9.4 ± 23.0
MRSA isolates (n = 40) 16.5 ± 4.2 17.9 ± 6.9 21.9 ± 6.6 1.4 ± 0.6 17.7 ± 8.5 46.3 ± 77.4 61.2 ± 101.9 9.4 ± 21.6
MSSA isolates
Weak, n (%) 6/45 (13.3)
Moderate, n (%) 35/45 (77.8)
Strong, n (%) 4/45 (8.9)
MRSA isolates
Weak. n (%) 6/40 (15.0)
Moderate, n (%) 24/40 (60.0)
Strong, n (%) 10/40 (25.0)

IZD and MIC values are expressed by mean ± SD of triplicate experiments. The IZD of the CHEO was measured and interpreted following the criteria: no activity, IZD = 6 mm;
weak activity, 6 mm < IZD � 12 mm; moderate activity, 12 mm < IZD < 20 mm; and strong activity, IZD > 20 mm (Lv et al., 2011).

Fig. 6. The time-killing kinetics of S. aureus ATCC 25923 (MSSA) (A) and S. aureus ATCC 43300 (MRSA) (B) after exposure to CHEO at 1 � MIC, 2 � MIC, and 4 � MIC from 0 to
24 h.

Table 2
The interaction of CHEO with gentamicin on MDR MSSA and MDR MRSA isolates by checkerboard titration method.

Isolate No. Compounds MIC FIC FIC index Interaction

Alone Combination

MSSA01 CHEO 12.0 ± 5.7 16.0 1.333 1.335 Indifference
Gentamicin 256.0 ± 0.0 0.5 0.002

MSSA02 CHEO 16.0 ± 0.0 16.0 1.000 1.001 Indifference
Gentamicin 48.0 ± 22.6 0.063 0.001

MRSA01 CHEO 32.0 ± 0.0 0.25 0.008 0.012 Synergy
Gentamicin 0.5 ± 0.0 0.002 0.004

MRSA02 CHEO 32.0 ± 0.0 0.25 0.008 0.016 Synergy
Gentamicin 0.3 ± 0.0 0.002 0.008

MRSA03 CHEO 16.0 ± 0.0 8.0 0.500 0.531 Additive
Gentamicin 64.0 ± 0.0 2.0 0.031

MRSA04 CHEO 16.0 ± 0.0 8.0 0.500 0.625 Additive
Gentamicin 128.0 ± 0.0 16.0 0.125

MRSA05 CHEO 8.0 ± 0.0 8.0 1.000 1.031 Indifference
Gentamicin 256.0 ± 0.0 8.0 0.031

Values are expressed by mean ± SD of triplicate experiments. MIC and FIC of CHEO are expressed in mg/mL whereas that of gentamicin is expressed in lg/mL.
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MTT assay. The concentrations of CHEO and d-limonene ranged
from 0.5�32.0 mg/mL. As shown in Fig. 7A, the results revealed
that CHEO exhibited cytotoxicity against HaCaT cells with an IC50

value of 2.15 mg/mL. However, d-limonene exhibited higher cyto-
toxicity with an IC50 value of 1.35 mg/mL (Fig. 7B), indicating that
the cytotoxicity of CHEO might be influenced by the d-limonene
compound.

The morphology of HaCaT cells after treatment with CHEO and
d-limonene was shown in Fig. 8. After 24 h treatment with CHEO
1100
and d-limonene at concentrations greater than 2 mg/mL and
1 mg/mL, respectively, the alterations in cell morphology were
observed including cell debris, round cells, and floating cells in
the medium (Fig. 8M�P, T�X). The HaCaT cells untreated with
CHEO or d-limonene demonstrated normal fibroblastic-like shape
with high confluence and adherence to a 96-well microplate
(Fig. 8I and 8Q). In addition, the HaCaT cells treated with a mixture
of EtOAc and EtOH, which is a diluent of CHEO and d-limonene in
the experiment, also exhibited a fibroblastic-like shape



Fig. 7. In vitro cytotoxic effect on HaCaT cell line after 24 h treatment with CHEO (A) and d-limonene (B).

Fig. 8. The morphology of HaCaT cell line at 24 h post-exposure by MTT assay. A � H, HaCaT cells in the diluent. I � P, HaCaT cells exposed to CHEO at 0–32 mg/mL. Q � X,
HaCaT cells exposed to d-limonene at 0–32 mg/mL.
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(Fig. 8A�H). This result indicated that the diluent at various con-
centrations did not affect the morphology of the HaCaT cells.
4. Discussion

Methicillin-resistant S. aureus established resistance to several
classes of antibiotics including the b-lactams and are considered
to be multidrug resistant. Therefore, it is necessary to develop
alternative antibacterial agents to combat these currently circulat-
ing resistant bacterial strains. C. hystrix or makrut lime, is a medic-
inal plant prevalent in several regions worldwide including
Thailand. It is used as an ingredient in food and hair products. In
addition, it also contains several biological properties, including
antibacterial activity, with fewer side effects than standard antibi-
otics. Therefore, the present study was carried out to evaluate the
antibacterial activity and the possible synergistic interaction with
antibiotic drugs with CHEO extracted from its peel against S. aureus
isolates from various sources of the clinical specimens using disk
diffusion, microdilution, checkerboard titration, and time-killing
assays. Our preliminary study of the antibacterial activity on a
broad range of pathogenic bacteria demonstrated greater activity
to Gram-positive bacteria, particularly S. aureus (Sreepian et al.,
2019). In this study, clinical MRSA isolates of which almost all of
them were MDR (97.5%) were investigated with CHEO. MRSA is a
serious threat to public health due to its extensive antibiotic resis-
tance. In addition, it is associated with an increasing resistance rate
to other antibiotics such as ciprofloxacin (fluoroquinolones; DNA
synthesis inhibitor). In the present study, we estimated the preva-
lence of S. aureus resistance to 13 different antibiotics and showed
a high degree of resistance to most antibiotics. This finding is con-
sistent with previous studies that demonstrated clinical MRSA iso-
lates were MDR against various kinds of antibiotics (Gurung et al.,
2020; Mekuriya et al., 2022). To a lower extent resistance was dis-
played against chloramphenicol, trimethoprim/sulfamethoxazole,
and vancomycin. It has been acknowledged that vancomycin is
the last resort for Gram-positive bacteria (Cheng et al., 2015).
One possible mechanism of MDR MRSA might be the production
of biofilm (McCarthy et al., 2015). In addition, the indiscriminate
use of these antibiotics might lead to the emergence of resistant
bacteria such as vancomycin-resistant S. aureus (VRSA). Under
these circumstances, the utility of alternative medicinal plants
for the treatment of antibiotic-resistant bacteria is being explored.
Although this study found that the clinical MRSA isolates are resis-
tant to several antibiotics, the essential oil extracted from the peel
of C. hystrix has antibacterial activity against them, including MSSA
isolates, in a bactericidal manner. On the basis of the results
obtained from the present study, CHEO can be used as a medicinal
product to fight MRSA. CHEO contains various volatile components
which can be divided into 3 major groups: monoterpenes,
sesquiterpenes, and their oxygenated derivatives (Nannapaneni
et al., 2009). Our previous study showed that CHEO was rich in
monoterpenes with the major component being d-limonene,
which is in accordance with the previous study (Lin et al., 2021).
The monoterpenes can be found in various citrus plants and con-
tain anti-staphylococcal properties (Badawy et al., 2019). In addi-
tion, d-limonene has been reported to have antibacterial activity
against MRSA (Sreepian et al., 2022). However, the antibacterial
activity of CHEO might result from the interaction between its var-
ious components which produces a synergistic effect (Bassolé and
Juliani, 2012; Cox et al., 2000).

Previously, various EOs and their components possessing vari-
ous antibacterial activities showed synergistic or additive effects
with antibiotics. For example, Uzair et al. (2017) exhibited the syn-
ergism of EO with some b-lactam against S. aureus. However, no
studies have been reported on the synergistic effect of EO with
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gentamicin. In the present study, synergistic interaction between
CHEO and gentamicin was observed. This indicated that CHEO
could be used alone or in combination with an antibiotic against
MRSA. The synergistic interaction between essential oil and stan-
dard antibiotics might be attributed to the membrane permeability
facilitating the penetration of standard antibiotics and conse-
quently their action inside the bacterial cells in a specific target
such as gentamicin (Kohanski et al., 2010). Gentamicin is a bacte-
ricidal antibiotic of aminoglycoside which inhibits bacterial pro-
tein synthesis by binding to 30S ribosomal subunit while CHEO
causing the loss of cell membrane permeability and eventually cell
death (Filoche et al., 2005). The strategy of combining CHEO and
antibiotics is a creative strategy to enhance antibacterial activity.
It could be applied in various forms of products such as a topical
application or oral spray to reduce the usage of antibiotics
(Srifuengfung et al., 2020).

To assess biological safety, the cytotoxicity of CHEO was evalu-
ated against human keratinocytes. HaCaT cell line is considered to
be a model to assess the safety of CHEO regarding the topical appli-
cation. HaCaT cells were treated with different concentrations of
CHEO for 24 h and evaluated in terms of IC50 and cell morpholog-
ical change. In addition, to better understand the complexity in the
action of CHEO, the present study also included an evaluation of
the cytotoxicity of d-limonene. Unfortunately, the results revealed
that both CHEO and d-limonene had cytotoxicity on HaCaT cell line
at 24 h post-exposure. This observation indicated that the cytotox-
icity of CHEO might be attributed to a high content of d-limonene.
In addition, it revealed that CHEO and d-limonene had cytotoxicity
on HaCaT cells at the active concentration on MRSA. The previous
study also reported that although d-limonene had no acute toxic-
ity, nephrotoxic, and carcinogenic effects, it can be an irritant at
concentrations of 50% or above. The acute dermal LD50 of d-
limonene was greater than 5 g/kg in rabbits, while the acute oral
LD50 was greater than 5 g/kg in rats (Dosoky and Setzer, 2018).
Another previous study carried out an experiment in human
fibroblasts, to assess the safety of CHEO for topical application on
the skin (Kulig et al., 2022). It revealed that CHEO and its major
component were not cytotoxic to the normal cells after prolonged
exposure to 72 h. Although CHEO has a perspective as an antibac-
terial agent, pure CHEO might be unsafe when applied via a topical
route. Therefore, further in vitro studies on the cytotoxic effect of
CHEO alone and in combination with either antibiotics or bioactive
compounds on various types of human cells, as well as in-depth
in vivo efficacy and safety should be investigated.
5. Conclusions

This study demonstrated that CHEO exhibited a high efficacy of
bactericidal activities against clinical isolates of S. aureus, particu-
larly MDR MRSA. The synergistic and additive effects of CHEO with
gentamicin, an aminoglycoside, toward clinical isolates of MDR
MRSA were also revealed. These findings indicated that CHEO
might be a candidate for use as an antibacterial agent against
MDR MRSA. This alternative medicinal plant might reduce the
indiscriminate use of antibiotics and indirectly delay the spread
of multidrug resistance. Further in vitro studies on cytotoxic effect
of CHEO alone and in combination with either antibiotics or bioac-
tive compounds on various types of human cells should be
investigated.
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