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Abstract: Multidrug-resistant (MDR) bacteria are increasing due to the abuse and misuse of antibi-
otics, and nosocomial infections by MDR bacteria are also increasing. The aim of this study was to
identify new substances that can target MDR bacteria among 12 plant extracts that are known to have
antibacterial effects. The experiments were performed by the disk diffusion test and microdilution
minimum inhibitory concentration (MIC) test, as described by the Clinical and Laboratory Standards
Institute (CLSI). By screening against methicillin-sensitive Staphylococcus aureus (MSSA), grapefruit
seed extract (GSE) was selected from 12 plant extracts for subsequent experiments. GSE showed
antibacterial effects against methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus
(VRSA) in the disk diffusion test. Even at the lowest concentration, GSE showed antibacterial activity
in the microdilution MIC test. As a result, we can conclude that GSE is a naturally derived antibacte-
rial substance that exhibits a favorable antibacterial effect even at a very low concentration, so itis a
good candidate for a natural substance that can be used to prevent or reduce nosocomial infections
as coating for materials used in medical contexts or by mixing a small amount with other materials.

Keywords: multidrug-resistant bacteria; nosocomial infection; plant extract; grapefruit seed extract;
antibacterial activity

1. Introduction

The number of bacterial strains that are resistant to antibiotics continues to increase due
to the misuse and abuse of antibiotics. Among these, bacteria that are resistant to several
antibiotics are called multidrug-resistant (MDR) bacteria. For example, methicillin-resistant
Staphylococcus aureus (MRSA), which was first identified in the early 1960s [1], is resistant to
other beta-lactam antibiotics, including those in the penicillin class and cephalosporin class,
in addition to methicillin [2]. MDR bacteria constitute the leading cause of nosocomial
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infection, and outcomes in patients infected with MDR bacteria tend to be worse than
for those infected by more sensitive organisms [3-5]. In addition, the mortality rate
from MDR bacteria such as MRSA is significantly higher than for susceptible strains [6].
Therefore, efforts to discover new substances that can target MDR bacteria have become
increasingly important.

Antibacterial effects are being studied in various fields, such as tissue engineering [7-9],
and many experiments have been conducted to identify new substances that can target
antibiotic-resistant bacteria. Recently, antimicrobial activity experiments using nanoparti-
cles (NPs) have been actively conducted. The antibacterial effects of nanoparticles such as
silver, gold, and ZnO have already been confirmed for over a decade and are still actively
being studied [10-14]. In addition, these nanoparticles have also shown antibacterial effects
against MDR bacteria such as vancomycin-resistant Enterococcus (VRE) and MRSA [15-19].
In addition to nanoparticles, interest in natural products as substitutes for traditional an-
tibiotics to fight multidrug-resistant pathogens has greatly increased [20]. The antibacterial
effect of honeydew honey and the antibacterial effects of plant extracts such as black pepper
extract, grapefruit seed extract (GSE), and coral Hibiscus extract have been proven in many
papers [21-27].

Natural products have long been used as the basis for treatment [28]. Most of the
drugs on the market today are natural-based products or their derivatives [29], suggesting
that natural-based products may be better accepted by the body and more successful
than synthetic chemicals [30]. Therefore, we focused on natural products, especially
plant extracts.

In this study, 12 plant extracts known for having antibacterial activity were analyzed by
disk diffusion test against MSSA. From this screening test, only GSE showed antibacterial
effect. Therefore, the purpose of this study was to evaluate the antibacterial activity of GSE
against MDR bacteria such as MRSA and VRSA, which cause serious problems through
nosocomial infection, and investigate the cause of the antibacterial effect of GSE.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

S. aureus ATCC6538 (MSSA) and S. aureus ATCC33591 (MRSA) were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA). S. aureus CCARM3795
(MRSA) was purchased from the Culture Collection of Antimicrobial Resistant Microbes
(Nowon-gu, Seoul, Korea). VRSA48, which was clinically isolated, was generously pro-
vided by the Korea Research Institute of Bioscience & Biotechnology (KRIBB, Yuseong-gu,
Daejeon, Korea) through Prof. Jin-Hwan Kwak of Handong Global University (HGU,
Buk-gu, Pohang, Korea). All strains, which had been kept as glycerol stock solutions in a
—80 °C deep freezer, were streaked on tryptic soy agar (TSA, Difco Laboratories, Becton
Dickinson, Sparks, MD, USA) plates and incubated at 35 °C £ 2 °C for 18 h. A single colony,
after incubation, was transferred to tryptic soy broth (TSB, Difco Laboratories, Sparks, MD,
USA) and incubated with shaking at 35 °C £ 2 °C for 18 h. To achieve the desired con-
centration, dilutions were performed with phosphate-buffered saline (PBS; Gibco, Grand
Island, NY, USA) for the disk diffusion test and TSB media for the microdilution minimum
inhibitory concentration (MIC) test.

2.2. Plant Extracts and Antimicrobial Agents

Among the natural extracts already used in soaps and cosmetics on the market, but not
applicable for biomedical settings now, twelve extracts that have antibacterial activity and
are considered economical were purchased and used. Bamboo extract was purchased
from KoreaSimilac (Pocheon, Gyeonggi-do, Korea). Refined wood vinegar, rosemary, Pi-
nus densiflora leaf, Sophora, Cinnamomum cassia bark, Hibiscus sabdariffa flower, Chamomilla
recutita (Matricaria) flower, Centella asiatica, Houttuynia cordata, and Yucca extracts were
purchased from HERBFLORA (Dobong-gu, Seoul, Korea). Grapefruit seed extract (GSE)
was purchased from CANDLEIKEA (Jung-gu, Seoul, Korea). Bamboo, rosemary, Sophora,
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Centella asiatica, Houttuynia cordata, and Yucca extracts were extracted by hot water extrac-
tion. Cinnamomum cassia bark, Hibiscus sabdariffa flower, and Chamomilla recutita (Matricaria)
flower extracts were extracted by low temperature extraction. The extraction types for
refined wood vinegar, Pinus densiflora leaf, and Grapefruit seed extracts are unrevealed due
to the company’s confidentiality. Vancomycin (VAN), oxacillin (OXA), and linezolid (LZD)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. pH Measurements

The pH of GSE, 76% G (76% glycerol), and pH 76% G (pH-adjusted 76% glyc-
erol) were measured with a pH meter (inoLab pH 7110, WTW, Weilheim, Germany).
The 76% glycerol solution was prepared by adding distilled water (DW) to glycerol (>99.0%,
Sigma-Aldrich, St. Louis, MO, USA), and pH 76% G was derived from 76% G using acetic
acid. The electrode was soaked in each solution at room temperature (24 °C), and each
measurement was repeated three times and averaged.

2.4. GSE Analysis by LC-MS and LC-MS/MS

GSE was analyzed by liquid chromatography/mass spectrometry (LC-MS) and liquid
chromatography/tandem mass spectrometry (LC-MS/MS) with an Ultimate 3000 RS-Q-
Exactive Orbitrap Plus (Thermo Fisher Scientific, Waltham, MA, USA) at the Yonsei Center
for Research Facilities (YCRF, Seodaemun-gu, Seoul, Korea). For the negative-mode LC
condition, an Acquity UPLC BEH C18 (1.7 um, 2.1 x 100 mm) was used as an LC column
at 40 °C. The injection volume was 3 uL. The run time was 12 min. The mobile phase
consisting of solvent A, 6.5 mM ammonium bicarbonate in DW, and solvent B, 6.5 mM
ammonium bicarbonate in acetonitrile (ACN) was delivered at a flow rate of 0.4 mL/min.
The following linear gradient was used: 0 min, 0% B; 1 min, 10% B; 9 min, 100% B;
12 min; 10% B. The electrospray ionization (ESI) (negative ionization mode) conditions
were capillary voltage was 3.0 kV, S-lens RF level was 45, capillary temperature was 370 °C,
and aux gas heater temperature was 285 °C. The sheath and aux gas flows were 60 and 20,
respectively.

2.5. In Vitro Studies
2.5.1. Disk Diffusion Test

All strains that were grown on TSA plates at 35 °C + 2 °C for 18 h were subcultured
separately into 3 mL of TSB media at 35 °C & 2 °C for 18 h. The cultured bacteria were
diluted using PBS to obtain bacterial cell densities of approximately 1~2 x 108 CFU (colony
forming unit)/mL, and then the diluted bacterial suspensions were spread using sterilized
cotton swabs on TSA plates (100 mm x 15 mm). Bacterial concentration was determined
by measuring the optical density at 600 nm with a spectrophotometer. The actual number
of colonies was confirmed by diluting the bacterial culture solution that was diluted to the
desired concentration to 10°> CFU/mL, dropping 100 uL on an MHA plate, spreading and
incubating. After allowing the surface of each medium to dry for 3-5 min, ADVANTEC
paper disks (8 mm/0.7 mm) that had been sterilized with ethylene gas were placed on TSA
plates and pressed with forceps to ensure complete contact with each agar surface. For the
screening test, 20 uL of plant extract and linezolid (1.5 mg/mL) were loaded onto paper
disks on agar plates spread with S. aureus ATCC6538 (MSSA). To check the antibacterial
effect of GSE on MDR bacteria, 20 puL of GSE and linezolid (1.5 mg/mL) were loaded onto
paper disks on separate agar plates spread with MSSA and MDR bacteria. To investigate
the effects of glycerol and pH on bacterial growth, 20 uL of GSE, 76% G, pH 76% G and
linezolid (1.5 mg/mL) were loaded separately onto paper disks on plates spread with
MSSA or MDR bacteria, and then agar plates were incubated at 35 °C 4 2 °C for 18 h.
After incubation, the diameters of the inhibition zones were measured from edge to edge
across the centers of the disks. All experiments were conducted 3 times.
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2.5.2. Microdilution MIC Test

The MICs of GSE, 76% G, pH 76% G, pH 76% G with naringin (1.7 mg/mL), and antimi-
crobial agents were determined using the twofold microdilution broth method. Naringin
was dissolved in DMSO first and then diluted with pH 76% G, and all other test compounds
were diluted with DW. GSE, 76% G, pH 76% G, and pH 76% G with naringin (1.7 mg/mL)
were diluted to yield 10 concentrations from undiluted solution to 1/512, and antimicrobial
agents were diluted to yield 10 concentrations from 64 pg to 0.125 pg/mL. All strains that
were grown on TSA plates at 35 °C £ 2 °C for 18 h were subcultured into 3 mL of TSB
media at 35 °C £ 2 °C for 18 h. The cultured bacterial broth suspensions were diluted
using TSB media to obtain bacterial cell densities of approximately 1 x 10® CFU/mL.
One-hundred microliters of each diluted bacterial suspension were seeded in 96-well plates
containing 100 puL of serially diluted test compounds to achieve a bacterial concentration
of 5 x 10° CFU/well, which also resulted in 1/2 dilution of test compounds. The 96-well
plates were incubated at 35 °C £ 2 °C for 18 h. MICs were defined as the lowest concen-
trations that completely inhibited the growth of bacteria when viewed with the unaided
eye. As the MIC test was performed by finding the MIC values of the antibiotics for each
bacterium several times, each MIC test including GSE was completed in one experiment.

2.6. Statistical Analysis

All data are shown as mean £ SD. In each experiment, n is the number of repeated
trials. Statistical significance was determined by unpaired, two-tailed t-tests for differences
between two groups and using one-way ANOVA and Dunnett’s multiple comparisons
tests for differences among more than two groups. GraphPad Prism 8 software (San Diego,
CA, USA) was used.

3. Results and Discussion
3.1. Antibacterial Effect of GSE in Disk Diffusion Test

Among the commercially available plant extracts, 12 types of extracts that are known
to have antibacterial effects were purchased, and the antibacterial activities of 12 extracts
(specified as numbers in Table S1) were analyzed against MSSA ATCC6538 (Figure S1)
by the disk diffusion test. The disk diffusion test is a standard method described by
the Clinical and Laboratory Standards Institute (CLSI) and is an experimental method
that can quickly and easily evaluate the antibacterial activity of many compounds [31].
If an extract exerts an antibacterial effect, an inhibition zone will form around the paper
disk where the extract was dropped. A highly effective antibacterial agent produces a
wide ring without bacterial growth, whereas an ineffective antibacterial agent shows no
change in the concentration of bacteria around it. Except for GSE, the other plant extracts
showed no antibacterial effects against MSSA in the disk diffusion test. For subsequent
experiments, therefore, only GSE was used. GSE showed inhibition zones against MDR
bacteria (MRSA and VRSA) as well as MSSA (Figure 1). The inhibition zones of GSE
against MSSA, MRSA 33591, MRSA 3795, and VRSA48 were 18.3 £ 0.6 mm, 16.8 £ 0.6 mm,
18.8 = 0.3 mm, and 16.4 & 0.4 mm, respectively (n = 3). In the experiment with VRSA4S,
there were two circles surrounding the GSE paper disk. One was a small circle (real inhi-
bition zone), and the other was a larger circle (zone of incomplete inhibition of bacterial
growth). Therefore, the smaller circle was measured as the inhibition zone. GSE showed
antibacterial effects against all tested bacteria. The inhibition zones of LZD, which was used
as a control, against MSSA, MRSA 33591, MRSA 3795, and VRSA48, were 28.8 £ 0.3 mm,
29.3 £ 0.6 mm, 24.6 & 0.5 mm, and 25.7 & 0.4 mm, respectively (n = 3). These diameter
values were illustrated with bar graphs. All tested bacteria were susceptible to LZD, accord-
ing to the CLSI guidelines (>21 mm for Staphylococcus spp.) [31]. Although the inhibition
zone for GSE was smaller than that of LZD, the antibacterial effect of GSE was confirmed
through a disk diffusion test. In the next experiment, the pH and percentage of the solvent
of the GSE were measured because the antibacterial effect of GSE may occur due to the
solvent in which the GSE was dissolved or the acidic properties of the GSE itself.
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Figure 1. Disk diffusion tests and inhibition zone diameters for Grapefruit seed extract (GSE)
and linezolid (LZD) against methicillin-sensitive Staphylococcus aureus (MSSA), methicillin-resistant
S. aureus (MRSA), and VRSA. (A) S. aureus ATCC 6538 (MSSA), (B) S. aureus ATCC 33591 (MRSA),
(C) S. aureus CCARM 3795 (MRSA), and (D) vancomycin-resistant S. aureus (VRSA48). The concen-
tration of LZD was 30 ng/disk, following the CLSI guidelines. The diameters of the inhibition zones
for GSE and LZD are illustrated by the bar graphs as the means + SD (1 = 3). All tested bacteria were
susceptible to LZD, according to the CLSI guidelines (>21 mm for Staphylococcus spp.), and GSE also
showed antibacterial effects against all tested bacteria. p values were calculated using two-tailed,
unpaired f-tests in this figure. **** p < 0.0001.

3.2. GSE Characterization

As the pH or solvent of GSE solutions could affect bacterial growth, the pH of the
GSE and the percentage solvent were measured with a pH meter (inoLab pH 7110, Ger-
many) and an LC-MS/MS system (Thermo Fisher Scientific, Waltham, MA, USA), respec-
tively. Glycerol was analyzed quantitatively because we had received information from
HERBFLORA (Seoul, Korea) that the GSE extract was dissolved in glycerol that is highly
effective for obtaining phenolic compounds [32]. It was confirmed that the pH of GSE
was 2.90 £ 0.04 (n = 3) and that the GSE extract was dissolved in 76% glycerol (Figure 2).
Based on these results, 76% glycerol (76% G throughout the paper) was prepared, and pH-
adjusted 76% glycerol (pH 76% G throughout the paper) was prepared from 76% G using
acetic acid. The pH of 76% G and pH 76% G were measured using a pH meter (inoLab
pH 7110, Germany) and showed pH values of 4.37 + 0.06 and 2.94 + 0.01, respectively
(n =3). The pH 76% G was prepared carefully without any significant difference from the
pH of GSE. The antibacterial effect of GSE is already known, and since it is known that GSE
contains flavonoids with antimicrobial effects, flavonoids were also analyzed by LC-MS
and LC-MS/MS in addition to glycerol [25,26,33-35]. GSE is known to contain relatively
large amounts of the flavonoid naringin, so naringin was quantitatively analyzed. Glycerol
and naringin were analyzed by LC-MS/MS, and the other flavonoids hesperidin, eriocitrin,
poncirin, and quercetin were analyzed by LC-MS. To measure the concentration of glycerol
and naringin in GSE, reference compounds glycerol (>99.0%, Sigma-Aldrich, St. Louis,
MO, USA) and naringin (>95.0%, Sigma-Aldrich, St. Louis, MO, USA) were purchased.
These reagents dissolved in DW were measured by LC-MS/MS, and then compared with
GSE analysis results. Glycerol concentration was measured at 762.544 mg/mL (it was
considered to be 760 mg/mL, 76%) at 0.63 min, and naringin concentration was determined
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as 1.726 mg/mL (it was considered to be 1.7 mg/mL) at 3.64 min. From the LC-MS results,
quercetin and hesperidin were identified at 0.74 min and 3.70 min, respectively, in GSE
(Figure S2). However, because the quercetin and hesperidin concentrations were very low,
no peaks were seen in Figure 2B. Eriocitrin and poncirin were not detected in GSE.

(A) (B) Glycerol
5 Rk xx 0.63
I I 12,000,000
4—
= 3
= = 8,000,000
3 w2
= 2 §
- = Quercetin
14 ™ 4,000,000 074
Naringin Hesperidin
/ 3.64 3.70
0- T ¢ .
Gf" 00 \c’ 0 ._J\!.L.— ‘--‘/
\\ N
Q:\b a° 0 2 4 6 8 10 12
Q
Compound Time (min)

Figure 2. GSE characterization. (A) The pH values for GSE, 76% G, and pH 76% G. The pH values of the tested compounds
are illustrated by the bar graphs as the means + SD (1 = 3). The pH 76% G was prepared from 76% G using acetic acid, and it
did not show any significant difference from the pH value of GSE. (B) LC-MS/MS results of GSE. Glycerol and naringin
were analyzed by LC-MS/MS and LC-MS for quercetin and hesperidin. Because the peaks for quercetin and hesperidin
were too small (not visible on the graph), their peaks were replaced by dashed boxes. The numbers above the arrows and
peaks represent the retention times. p values were calculated using one-way ANOVA with Dunnett’s multiple comparisons
test in this figure. ns, not significant; **** p < 0.0001.

3.3. Antibacterial Effects of Solvent and pH of GSE in Disk Diffusion Tests

GSE dissolved in 76% G was analyzed, and it also had a low pH value. Because high
concentrations of glycerol and low pH can affect bacterial growth [36,37], the antimicrobial
activity of 76% G and pH 76% G was evaluated along with GSE and LZD. In disk diffusion
tests, GSE and LZD showed effects almost identical to those shown in Figure 1, but 76% G
and pH 76% G did not show any inhibition zones against any tested bacteria (Figure 3).
Therefore, 76% G and pH 76% G were marked as N.D. (not detected) in bar graphs. In the
experiment with VRSAA4S, it appeared that an inhibition zone formed in the glycerol group,
but bacterial growth was checked inside the circle which resembled an inhibition zone.
From disk diffusion tests, we found that glycerol and the pH of GSE have little effect on
the antibacterial effect of GSE.
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Figure 3. Disk diffusion tests and inhibition zone diameters for the tested compounds and LZD against MSSA, MRSA,
and VRSA. (A) S. aureus ATCC 6538 (MSSA), (B) S. aureus ATCC 33591 (MRSA), (C) S. aureus CCARM 3795 (MRSA),
and (D) VRSA48. The concentration of LZD was 30 pg/disk. N.D. means that an inhibition zone was not detected.
The diameters of the inhibition zones for GSE and LZD are illustrated by the bar graphs as means + SD (n = 3). GSE and
LZD showed antibacterial effects, as shown in Figure 1, but 76% G and pH 76% G did not show any inhibition zones.
This indicates that glycerol and the pH of GSE have little influence on the antibacterial effect of GSE. p values were calculated

using one-way ANOVA with Dunnett’s multiple comparisons test in this figure. **** p < 0.0001.

3.4. Antibacterial Effects of Solvent and pH of GSE in Microdilution MIC Test

To further investigate whether glycerol or the pH of GSE influenced the antimicro-
bial activity of GSE, microdilution MIC tests were performed. The MIC test is also a
standard method described by the CLSI. This method is more detailed than the disk
diffusion test because it shows antibacterial effects according to various concentrations.
In the 96-well plate figures, the MICs of pH 76% G and 76% G are indicated by red
arrows and the MICs of antibiotics by blue arrows. The MIC of GSE and the MIC for
>32 pg/mL antibiotic are not indicated. In MIC tests, GSE showed potent antibacterial
activity against all tested bacteria. Even at a concentration of 1/1024, the growth of all
tested bacteria was suppressed. The red dots that resemble bacterial colonies at the 1/64
and 1/128 concentrations and the turbidity seen in the other concentration groups were
the result of the influence of the GSE itself (Figure S3), and it was confirmed that bacteria
did not grow in the 1/2 through the 1/1024 concentrations by checking values of CFU
(data not shown). The 76% G and pH 76% G treatments showed slight antibacterial ef-
fects in MIC tests. pH 76% G showed a MIC value one level lower (1/4 concentration)
than that for 76% G (1/2 concentration), except for MRSA. For MRSA, both 76% G and
pH 76% G showed a MIC value at 1/2 concentration. Antibiotics were used as controls
to check if the experiment was performed properly, and they were also used to check
MRSA and VRSA. MSSA and MRSA can be distinguished through the OXA MIC value
(>4 nug/mL, MRSA), and VRSA can be identified through the VAN MIC value
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(>16 pug/mL, VRSA) [31]. VAN, OXA, and LZD showed MIC values of 1 ug/mL, 0.25 pg/mL,
and 2 ug/mL against MSSA, respectively. VAN, OXA, and LZD showed MIC values of
1 pg/mL, >32 ug/mL, and 1 pg/mL against MRSA 33591, respectively. VAN, OXA,
and LZD showed MIC values of 1 pg/mL, >32 ug/mL, and 1 pg/mL against MRSA
3795, respectively. VAN, OXA, and LZD showed MIC values of >32 ug/mL, >32 pg/mL,
and 4 ug/mL against VRSA48, respectively. These results are illustrated as bar graphs.
The MICs of GSE, pH 76% G, and 76% G can be read as values of the left y-axis (red arrow),
and MICs of antibiotics can be read as values of the right y-axis (blue arrow). GSE was
expressed as <1/1024, as bacteria did not grow even at 1/1024 concentration in any experi-
mental groups. For antibiotics, MIC was expressed as >32 if the growth of bacteria was
not inhibited even at a concentration of 32 pg/mL. Based on these antibiotic MIC values,
MSSA, MRSA, and VRSA could be identified, and the reliability of the experiment was
confirmed. As the MIC test was performed by finding the MIC values of the antibiotics for
each bacterial strain several times, each MIC test including that for GSE was completed in
one experiment. In disk diffusion tests and MIC tests, it was confirmed that the pH and
glycerol did not significantly affect the antimicrobial activity of GSE. This result signifies
that there are substances that affect the antibacterial activity of GSE in addition to the pH
and solvent of GSE. Several articles related to the antibacterial activity of GSE or other
plants have indicated that flavonoids have antibacterial activity [38—40]. GSE contained
a large amount of the flavonoid naringin, so the following experiment was conducted by
focusing on naringin.

3.5. Antibacterial Effect of Naringin

The antimicrobial activity of naringin against several bacterial species, including
S. aureus, has already been confirmed in several papers [39,41-43]. The experiment was
conducted after preparing a pH 76% G solution containing 1.7 mg/mL naringin. It is
indicated as “pH 76% G (naringin)” in figures. In the 96-well plate figures, the MICs of
pH 76% G and 76% G are indicated by red arrows, and antibiotic MICs are indicated by
blue arrows. The MIC of GSE and the MICs for >32 pg/mL antibiotic are not indicated.
In the bar graphs, the MICs of GSE and pH 76% G (naringin) can be read as values of the
left y-axis (red arrow), and MICs of antibiotics can be read as values of the right y-axis
(blue arrow). Compared to the results in Figure 4, GSE and antibiotics showed identical
MIC values. The pH 76% G (naringin) also showed the same effects as pH 76% G without
naringin against MSSA, MRSA 33591, MRSA 3795, and VRSA48. From the results of Figure
5, we knew that naringin did not play an important role in the antibacterial activity of GSE.
The antibacterial effect of GSE can be exhibited by benzethonium chloride, a preservative
commonly used in commercial GSE [44], but the GSE used in this experiment was confirmed
by the manufacturer to be free of benzethonium chloride. Furthermore, the antimicrobial
effect of GSE may result from synergistic effects of flavonoids [45]. However, because
the concentrations of flavonoids other than naringin are quite small, the probability of a
synergistic effect is very low. These our experiments and results can indirectly support the
claim that the other phenolic compounds other than flavonoids in GSE contribute to the
antimicrobial effects of GSE [46]. However, LC-MS/MS analysis was conducted without
removing the solvent (glycerol) to find out the concentration of glycerol and to eliminate
the potential risk that the filter to make concentrated GSE could filter out substances with
antibacterial activity. Therefore, an experiment to analyze concentrated GSE is required,
and then additional experiments to confirm the antibacterial activity of flavonoids and
other phenolic compounds are required.
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Figure 4. Microdilution minimum inhibitory concentration (MIC) tests for compounds and antibiotics
tested against MSSA, MRSA, and VRSA. (A) S. aureus ATCC 6538 (MSSA), (B) S. aureus ATCC 33591
(MRSA), (C) S. aureus CCARM 3795 (MRSA), and (D) VRSA48. P is a positive control without any
antimicrobial agents, and N is a negative control with only media and DW. In the 96-well plate,
from left to right, the tested compound concentrations were 1/2 to 1/1024, and the concentrations of
antibiotics were 32 to 0.06 ug/mL. The MICs of pH 76% G and 76% G are indicated by red arrows,
and those for antibiotics are indicated by blue arrows. MIC values <1/1024 or >32 pg/mL are not
indicated by arrows. The MIC values of the tested compounds and antibiotics for each of the bacterial
strains are also illustrated by bar graphs next to the 96-well plate figures. In the bar graph, the MIC
values of the tested compounds can be read along the left y-axis indicated by the red arrow, and the
MIC values of antibiotics along the right y-axis are indicated by the blue arrow. MRSA 335591 and
3795 showed OXA MIC values >32 pg/mL, confirmed to be MRSA, and VRSA48 also showed MIC
values >32 pg/mL for OXA and VAN, confirming VRSA. The GSE showed MIC values of <1/1024
concentration for all tested bacteria. Excluding MRSA 33591, pH 76% G showed an MIC value
(1/4 concentration) lower than 76% G (1/2 concentration), but it was still insufficient to explain the
antibacterial effect of GSE.
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Figure 5. Microdilution MIC test with naringin against MSSA, MRSA, and VRSA. (A) S. aureus ATCC
6538 (MSSA), (B) S. aureus ATCC 33591 (MRSA), (C) S. aureus CCARM 3795 (MRSA), and (D) VRSAA48S.
P is a positive control without any antimicrobial agents, and N is a negative control with only media
and DW. In the 96-well plate, from left to right, the GSE and pH 76% G (naringin) concentrations
were 1/2 to 1/1024, and the concentrations of antibiotics were 32 to 0.06 ug/mL. The MICs of pH
76% G (naringin) are indicated by red arrows, and antibiotic MICs are indicated by blue arrows.
MIC values <1/1024 or >32 ug/mL are not indicated by arrows. The MIC values for GSE, pH 76% G
(naringin), and antibiotics for each of the bacterial strains are also illustrated by bar graphs next to
the 96-well plate figures. In the bar graphs, the MIC values of GSE and pH 76% G (naringin) can be
read along the left y-axis indicated by the red arrow, and the MIC values of antibiotics can be read
along the right y-axis indicated by the blue arrow. GSE and the antibiotics showed the same effect,
as shown in Figure 4. The pH 76% G (naringin) did not show a better effect than the pH 76% G.
This indicates that substances other than naringin in GSE affect the antibacterial activity of GSE.
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4. Conclusions

There are many papers on the antibacterial activity of GSE. They have shown antibac-
terial activity of GSE against MDR bacteria such as MRSA and VRE (vancomycin-resistant
enterococci). However, the antibacterial effect of GSE on VRSA was first mentioned in
this paper. GSE showed antibacterial activity against MSSA, MRSA, and VRSA in disk
diffusion and microdilution MIC tests. The experiments were conducted with glycerol,
acidic conditions, and naringin, which were expected to have antimicrobial activity, but the
antibacterial effect of GSE was not sufficiently explained. Nevertheless, since GSE exerts
favorable antimicrobial activity against not only MSSA but also MDR bacteria, it can be a
valuable natural substance for preventing or reducing nosocomial infection, and further
analysis is likely to be needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
382/10/1/85/s1, Figure S1: Antibacterial activity in 12 plant extract screening tests against MSSA;
Figure 52. LC-MS Chromatogram of quercetin and hesperidin. LC-MS chromatograms showing;
Figure S3. GSE incubation without bacteria and antimicrobial agents Table S1: List of plant extracts
used for the antibacterial activity test.

Author Contributions: Conceptualization, H-W.H., ] -H. K., and J.-H.L.; formal analysis, H.-W.H.;
funding acquisition, H.-H.L. and ].-H.L.; investigation, H.-W.H.; project administration, T.-S.J., ].C.K.,
and J.-H.L.; resources, ]J.-H.K,; supervision, H.-H.L. and J.-H.L.; writing—original draft, H-W.H.;
writing—review and editing, T.-S.J., H-W.K,, H--H.L,, and J.-H.L. All authors have read and agreed
to the published version of the manuscript.

Funding: National Research Foundation of Korea: 2019R1C1C1002490; Ministry of Science and ICT,
South Korea: 2020R1A2C1005867; Global Research Development Center: 2018K1A4A3A01064257;
Priority Research Center: 2019R1A6A1A11034536; University Innovation Support Program.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by a National Research Foundation of Korea (NRF)
grant funded by the Ministry of Science and ICT (2019R1C1C1002490 and 2020R1A2C1005867), by the
Global Research Development Center Program (2018K1A4A3A01064257) and by the Priority Research
Center Program provided by the Ministry of Education (2019R1A6A1A11034536). The present
research was also supported by the research fund of Dankook University in 2019 for the University
Innovation Support Program.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript;
or in the decision to publish the results.

References

1. Jevons, M.P. “Celbenin”-resistant staphylococci. Br. Med. |. 1961, 1, 124. [CrossRef]

2. Magiorakos, A.-P; Srinivasan, A.; Carey, R.T.; Carmeli, Y.; Falagas, M.T.; Giske, C.T.; Harbarth, S.; Hindler, ].T.; Kahlmeter, G.;
Olsson-Liljequist, B. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: An international expert
proposal for interim standard definitions for acquired resistance. Clin. Microbiol. Infect. 2012, 18, 268-281. [CrossRef] [PubMed]

3. Anudit, C,; Kooltheat, N.; Potup, P.; Sranujit, R.P.; Usuwanthim, K. Nosocomial infection of multidrug-resistant Acinetobacter
baumannii in Thailand. Am. J. Infect. Control. 2016, 44, 1161-1163. [CrossRef] [PubMed]

4. Bodi, M.; Ardanuy, C.; Rello, J. Impact of Gram-positive resistance on outcome of nosocomial pneumonia. Crit. Care Med. 2001,
29, N82-N86. [CrossRef]

5. Vardakas, K.Z.; Rafailidis, PI.; Konstantelias, A.A.; Falagas, M.E. Predictors of mortality in patients with infections due to
multi-drug resistant Gram negative bacteria: The study, the patient, the bug or the drug? J. Infect. 2013, 66, 401-414. [CrossRef]

6. Gandra, S.; Tseng, K.K.; Arora, A.; Bhowmik, B.; Robinson, M.L.; Panigrahi, B.; Laxminarayan, R.; Klein, E.Y. The mortality
burden of multidrug-resistant pathogens in India: A retrospective, observational study. Clin. Infect. Dis. 2019, 69, 563-570.
[CrossRef]

7.  Qiao, S.;Wu, D.; Li, Z.; Zhu, Y,; Zhan, F; Lai, H.; Gu, Y. The combination of multi-functional ingredients-loaded hydrogels and
three-dimensional printed porous titanium alloys for infective bone defect treatment. J. Tissue Eng. 2020, 11. [CrossRef]

8.  Singh, RK.; Knowles, J.C.; Kim, H.-W. Advances in nanoparticle development for improved therapeutics delivery: Nanoscale
topographical aspect. J. Tissue Eng. 2019, 10. [CrossRef]


https://www.mdpi.com/2079-6382/10/1/85/s1
https://www.mdpi.com/2079-6382/10/1/85/s1
http://doi.org/10.1136/bmj.1.5219.124-a
http://doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
http://doi.org/10.1016/j.ajic.2016.03.068
http://www.ncbi.nlm.nih.gov/pubmed/27375062
http://doi.org/10.1097/00003246-200104001-00005
http://doi.org/10.1016/j.jinf.2012.10.028
http://doi.org/10.1093/cid/ciy955
http://doi.org/10.1177/2041731420965797
http://doi.org/10.1177/2041731419877528

Antibiotics 2021, 10, 85 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

Wang, Z.; Liu, H.; Luo, W.; Cai, T; Li, Z,; Liu, Y.; Gao, W.; Wan, Q.; Wang, X.; Wang, J. Regeneration of skeletal system with
genipin crosslinked biomaterials. J. Tissue Eng. 2020, 11. [CrossRef]

Martinez-Castafon, G.-A.; Nino-Martinez, N.; Martinez-Gutierrez, F.; Martinez-Mendoza, J.; Ruiz, F. Synthesis and antibacterial
activity of silver nanoparticles with different sizes. J. Nanopart. Res. 2008, 10, 1343-1348. [CrossRef]

Guzman, M,; Dille, J.; Godet, S. Synthesis and antibacterial activity of silver nanoparticles against gram-positive and gram-
negative bacteria. Nanomed. Nanotechnol. Biol. Med. 2012, 8, 37-45. [CrossRef] [PubMed]

Zhou, Y;; Kong, Y.; Kundu, S.; Cirillo, J.D.; Liang, H. Antibacterial activities of gold and silver nanoparticles against Escherichia
coli and bacillus Calmette-Guérin. J. Nanobiotechnol. 2012, 10, 19. [CrossRef] [PubMed]

Jones, N.; Ray, B.; Ranjit, K.T.; Manna, A.C. Antibacterial activity of ZnO nanoparticle suspensions on a broad spectrum of
microorganisms. FEMS Microbiol. Lett. 2008, 279, 71-76. [CrossRef] [PubMed]

Da Silva, B.L.; Caetano, B.L.; Chiari-Andréo, B.G.; Pietro, R.C.L.R.; Chiavacci, L.A. Increased antibacterial activity of ZnO
nanoparticles: Influence of size and surface modification. Colloids Surf. B Biointerfaces 2019, 177, 440-447. [CrossRef]

Dasari, T.S.; Zhang, Y.; Yu, H. Antibacterial activity and cytotoxicity of gold (I) and (III) ions and gold nanoparticles. Biocherm.
Pharmacol. Open Access 2015, 4, 199. [CrossRef]

Lakkim, V.;; Reddy, M.C.; Pallavali, R.R.; Reddy, K.R.; Reddy, C.V.; Inamuddin; Bilgrami, A.L.; Lomada, D. Green synthesis of
silver nanoparticles and evaluation of their antibacterial activity against multidrug-resistant bacteria and wound healing efficacy
using a murine model. Antibiotics 2020, 9, 902. [CrossRef]

Tang, S.; Zheng, J. Antibacterial activity of silver nanoparticles: Structural effects. Adv. Healthc. Mater. 2018, 7, 1701503. [CrossRef]
Tiwari, V.; Mishra, N.; Gadani, K.; Solanki, P.S.; Shah, N.; Tiwari, M. Mechanism of anti-bacterial activity of zinc oxide nanoparticle
against carbapenem-resistant Acinetobacter baumannii. Front. Microbiol. 2018, 9, 1218. [CrossRef]

Yang, X.; Yang, J.; Wang, L.; Ran, B,; Jia, Y.; Zhang, L.; Yang, G.; Shao, H.; Jiang, X. Pharmaceutical intermediate-modified gold
nanoparticles: Against multidrug-resistant bacteria and wound-healing application via an electrospun scaffold. ACS Nano 2017,
11, 5737-5745. [CrossRef]

Abdallah, E.M.; Koko, W.S. Medicinal plants of antimicrobial and immunomodulating properties. In Antimicrobial Research:
Novelbioknowledge and Educational Programs; Formatex Research Center: Badajoz, Spain, 2017; pp. 127-139.

Ng, W.-J; Sit, N.-W.; Ooi, P.A.-C.; Ee, K.-Y.; Lim, T.-M. The antibacterial potential of honeydew honey produced by stingless bee
(Heterotrigona itama) against antibiotic resistant bacteria. Antibiotics 2020, 9, 871. [CrossRef]

Chen, W.; Tang, H.; Jiang, N.; Zhong, Q.; Hu, Y,; Chen, H.; Chen, W. Antibacterial effect of black pepper petroleum ether extract
against Listeria monocytogenes and Salmonella typhimurium. J. Food Qual. 2019, 2019, 2356161. [CrossRef]

Zaki, N.; Al-Oqaili, R.; Tahreer, H. Antibacterial effect of ginger and black pepper extracts (alone and in combination) with sesame
oil on some pathogenic bacteria. World J. Pharm. Pharm. Sci. 2015, 4, 774-784.

Zou, L.; Huy, Y.-Y.;; Chen, W.-X. Antibacterial mechanism and activities of black pepper chloroform extract. J. Food Sci. Technol.
2015, 52, 8196-8203. [CrossRef] [PubMed]

Heggers, ].P.; Cottingham, J.; Gusman, J.; Reagor, L.; McCoy, L.; Carino, E.; Cox, R.; Zhao, J.-G. The effectiveness of processed
grapefruit-seed extract as an antibacterial agent: II. Mechanism of action and in vitro toxicity. J. Altern. Complement. Med. 2002, 8,
333-340. [CrossRef] [PubMed]

Reagor, L.; Gusman, J.; McCoy, L.; Carino, E.; Heggers, ].P. The effectiveness of processed grapefruit-seed extract as an antibacterial
agent: I. An in vitro agar assay. J. Altern. Complement. Med. 2002, 8, 325-332. [CrossRef]

El-Shiekh, R.A.; Abdelmohsen, U.R.; Ashour, H.M.; Ashour, RM. Novel antiviral and antibacterial activities of Hibiscus
schizopetalus. Antibiotics 2020, 9, 756. [CrossRef]

Cragg, G.M.; Newman, D.]. Medicinals for the millennia: The historical record. Ann. N. Y. Acad. Sci. 2001, 953, 3-25. [CrossRef]
Andrade-Carrera, B.; Clares, B.; Noé, V.; Mallandrich, M.; Calpena, A.C.; Garcia, M.L.; Gardufio-Ramirez, M.L. Cytotoxic
evaluation of (25)-5, 7-dihydroxy-6-prenylflavanone derivatives loaded PLGA nanoparticles against MiaPaCa-2 cells. Molecules
2017, 22, 1553. [CrossRef]

Zaid, H.; Raiyn, J.; Nasser, A.; Saad, B.; Rayan, A. Physicochemical properties of natural based products versus synthetic
chemicals. Open Nutraceuticals J. 2010, 3, 194-202. [CrossRef]

Wayne, P. Clinical and laboratory standards institute: Performance standards for antimicrobial susceptibility testing: 28th
informational supplement. In CLSI Document M100-S28; Clinical and Laboratory Standards Institute: Annapolis Junction, MD,
USA, 2018.

Huaman-Castilla, N.L.; Mariotti-Celis, M.S.; Martinez-Cifuentes, M.; Pérez-Correa, ].R. Glycerol as alternative co-solvent for water
extraction of polyphenols from Carménere pomace: Hot pressurized liquid extraction and computational chemistry calculations.
Biomolecules 2020, 10, 474. [CrossRef]

Dzoyem, J.; Tchamgoue, J.; Tchouankeu, J.; Kouam, S.; Choudhary, M.; Bakowsky, U. Antibacterial activity and cytotoxicity of
flavonoids compounds isolated from Pseudarthria hookeri Wight & Arn. (Fabaceae). S. Afr. ]. Bot. 2018, 114, 100-103.

Sahu, N.; Soni, D.; Chandrashekhar, B.; Satpute, D.; Saravanadevi, S.; Sarangi, B.; Pandey, R. Synthesis of silver nanoparticles
using flavonoids: Hesperidin, naringin and diosmin, and their antibacterial effects and cytotoxicity. Int. Nano Lett. 2016, 6,
173-181. [CrossRef]

Gutiérrez-Venegas, G.; Gomez-Mora, ].A.; Meraz-Rodriguez, M.A.; Flores-Sanchez, M. A.; Ortiz-Miranda, L.F. Effect of flavonoids
on antimicrobial activity of microorganisms present in dental plaque. Heliyon 2019, 5, e03013. [CrossRef] [PubMed]


http://doi.org/10.1177/2041731420974861
http://doi.org/10.1007/s11051-008-9428-6
http://doi.org/10.1016/j.nano.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21703988
http://doi.org/10.1186/1477-3155-10-19
http://www.ncbi.nlm.nih.gov/pubmed/22559747
http://doi.org/10.1111/j.1574-6968.2007.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/18081843
http://doi.org/10.1016/j.colsurfb.2019.02.013
http://doi.org/10.4172/2167-0501.1000199
http://doi.org/10.3390/antibiotics9120902
http://doi.org/10.1002/adhm.201701503
http://doi.org/10.3389/fmicb.2018.01218
http://doi.org/10.1021/acsnano.7b01240
http://doi.org/10.3390/antibiotics9120871
http://doi.org/10.1155/2019/2356161
http://doi.org/10.1007/s13197-015-1914-0
http://www.ncbi.nlm.nih.gov/pubmed/26604394
http://doi.org/10.1089/10755530260128023
http://www.ncbi.nlm.nih.gov/pubmed/12165191
http://doi.org/10.1089/10755530260128014
http://doi.org/10.3390/antibiotics9110756
http://doi.org/10.1111/j.1749-6632.2001.tb11356.x
http://doi.org/10.3390/molecules22091553
http://doi.org/10.2174/18763960010030100194
http://doi.org/10.3390/biom10030474
http://doi.org/10.1007/s40089-016-0184-9
http://doi.org/10.1016/j.heliyon.2019.e03013
http://www.ncbi.nlm.nih.gov/pubmed/31886429

Antibiotics 2021, 10, 85 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Nalawade, T.M.; Bhat, K.; Sogi, S.H. Bactericidal activity of propylene glycol, glycerine, polyethylene glycol 400, and polyethylene
glycol 1000 against selected microorganisms. J. Int. Soc. Prev. Community Dent. 2015, 5, 114. [CrossRef] [PubMed]

Rousk, J.; Brookes, P.C.; Baath, E. Contrasting soil pH effects on fungal and bacterial growth suggest functional redundancy in
carbon mineralization. Appl. Environ. Microbiol. 2009, 75, 1589-1596. [CrossRef] [PubMed]

Negi, P.; Jayaprakasha, G. Antibacterial activity of grapefruit (Citrus paradisi) peel extracts. Eur. Food Res. Technol. 2001, 213,
484-487.

Adamczak, A.; Ozarowski, M.; Karpiriski, TM. Antibacterial activity of some flavonoids and organic acids widely distributed in
plants. J. Clin. Med. 2020, 9, 109. [CrossRef]

Rattanachaikunsopon, P.; Phumkhachorn, P. Contents and antibacterial activity of flavonoids extracted from leaves of Psidium
guajava. |. Med. Plants Res. 2010, 4, 393-396.

Hendra, R.; Ahmad, S.; Sukari, A.; Shukor, M.Y.; Oskoueian, E. Flavonoid analyses and antimicrobial activity of various parts of
Phaleria macrocarpa (Scheff.) Boerl fruit. Int. J. Mol. Sci. 2011, 12, 3422-3431. [CrossRef]

Tsui, V.; Wong, R.; Rabie, A.B.M. The inhibitory effects of naringin on the growth of periodontal pathogens in vitro. Phytother. Res.
Int. ]. Devoted Pharmacol. Toxicol. Eval. Nat. Prod. Deriv. 2008, 22, 401-406.

Ab Rahman, S.ES.; Sijam, K.; Omar, D. Identification and antibacterial activity of phenolic compounds in crude extracts of Piper
sarmentosum (Kadok). J. Pure Appl. Microbiol. 2014, 8, 483-490.

Takeoka, G.; Dao, L.; Wong, R.Y.; Lundin, R.; Mahoney, N. Identification of benzethonium chloride in commercial grapefruit seed
extracts. J. Agric. Food Chem. 2001, 49, 3316-3320. [CrossRef] [PubMed]

Ali, H; Dixit, S. In vitro antimicrobial activity of flavanoids of Ocimum sanctum with synergistic effect of their combined form.
Asian Pac. |. Trop. Dis. 2012, 2, S396-S398. [CrossRef]

Silvan, ].M.; Mingo, E.; Hidalgo, M.; de Pascual-Teresa, S.; Carrascosa, A.V.; Martinez-Rodriguez, A.J. Antibacterial activity of a
grape seed extract and its fractions against Campylobacter spp. Food Control 2013, 29, 25-31. [CrossRef]


http://doi.org/10.4103/2231-0762.155736
http://www.ncbi.nlm.nih.gov/pubmed/25992336
http://doi.org/10.1128/AEM.02775-08
http://www.ncbi.nlm.nih.gov/pubmed/19151179
http://doi.org/10.3390/jcm9010109
http://doi.org/10.3390/ijms12063422
http://doi.org/10.1021/jf010222w
http://www.ncbi.nlm.nih.gov/pubmed/11453769
http://doi.org/10.1016/S2222-1808(12)60189-3
http://doi.org/10.1016/j.foodcont.2012.05.063

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Plant Extracts and Antimicrobial Agents 
	pH Measurements 
	GSE Analysis by LC-MS and LC-MS/MS 
	In Vitro Studies 
	Disk Diffusion Test 
	Microdilution MIC Test 

	Statistical Analysis 

	Results and Discussion 
	Antibacterial Effect of GSE in Disk Diffusion Test 
	GSE Characterization 
	Antibacterial Effects of Solvent and pH of GSE in Disk Diffusion Tests 
	Antibacterial Effects of Solvent and pH of GSE in Microdilution MIC Test 
	Antibacterial Effect of Naringin 

	Conclusions 
	References

