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Abstract: Industrial hemp leaves have raised much interest in nutraceuticals and functional foods
areas. To expand its application ranges, the antibacterial activities of industrial hemp leaf extract on
Escherichia coli, Staphylococcus aureus, and Bacillus cereus were evaluated and the active components
were screened. As a result, the industrial hemp leaf extract was found to have strong bacteriostatic ef-
fects on E. coli and S. aureus. Bioassay-guided fractionation and isolation from fractions active against
E. coli were conducted. Two compounds, cannabidivarinic acid and cannabidiolic acid, were firstly
recognized by analytical HPLC by comparing the retention times and UV spectra with standards
and later isolated using preparative HPLC. Moreover, the antibacterial mechanisms of cannabidi-
varinic acid and cannabidiolic acid were investigated by testing the alkaline phosphatase activity,
β-galactosidase activity, conductivity, proteins leakage, nucleic acid leakage, and scanning electron
microscope observation. The results demonstrated that cannabidivarinic acid and cannabidiolic acid
could destroy the cell wall and membrane of E. coli, resulting in the inhibition of enzyme activity and
leakage of contents. They could damage the bacteria cell envelope as well. Presented results pointed
out cannabidivarinic acid and cannabidiolic acid as promising natural bacteriostatic agents for the
food, pharmaceutical, and cosmetic industry.

Keywords: antibacterial; cannabidiolic acid; cannabidivarinic acid; Escherichia coli; HPLC;
industrial hemp

1. Introduction

Industrial hemp (IH) is an annual herbal plant of the cannabis species (Cannabaceae)
which is cultivated for fiber, oil, and dietary supplements [1]. IH is widely cultivated
worldwide and has a long planting history in China for its applications in textile and
consumption. In recent years, various kinds of nutraceuticals and functional foods made
from IH leaves (IHL) and seeds are presented [2]. The most active compounds in IHL
are flavonoids, alkaloids, terpenes, and cannabinoids, which are responsible for diverse
pharmacological functions [3]. As a group of unique and typical natural active compounds,
cannabinoids have anti-pain activity closely related to various physiological activities such
as obesity, dyslipidemia, hypertension, pain, and diabetes [4,5]. Specifically, cannabinol has
inhibition on cancer cells [6]. Cannabidivarin could be applied in medicine, nutrition, and
cosmetics, limiting the production of psychoactive and illegal cannabinoids [7]. In general,
cannabinoids have great potential in scientific research and application development [8].

Escherichia coli (E. coli) is one of the bacteria that seriously endanger the healthy
development of humans and animals [9]. Under certain conditions, it would cause diarrhea
in humans and animals [10]. It also could cause the spoilage of food, which is the main
topic in food preservation [11]. For a long time, its prevention and treatment mainly relied
on antibiotics. With the concern of food safety and drug resistance, screening of natural
sources, pathogenic bacteria sensitivity, and low toxicity active components to prevent
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and control human and animal diseases has become the current research hot spot and
trend [12,13].

Research of the antibacterial activity of IHL extract (IHLE) and cannabinoids on E. coli
is relatively rare. Ali et al. investigated seed oil, petroleum ether extract, and methanol
extract of the whole IH for their antimicrobial activity against four bacterial strains including
E. coli. The results show that the petroleum ether extract exhibited high activity against
E. coli [14]. Novak investigated the activity of essential oils against potential pathogen
microorganisms including E. coli. However, only one variety shows inhibition on E. coli [15].
Naveed reported the ethanol extract of the leaf of Cannabis Sativa exerted antibacterial
activity against E. coli [16]. Another report shows that CBD could significantly enhance the
antibacterial effect of erythromycin and rifampicin against E. coli [17].

Staphylococcus aureus is a gram-positive and aerobic bacterium and opportunistic
pathogen [18]. The main sites of colonization for S. aureus are the skin and mucous
membranes. It could cause a wide range of diseases including common problems such as
skin infections, and some severe problems such as endocarditis, bloodstream infections, and
osteomyelitis [19]. Bacillus cereus is a common foodborne gram-positive pathogenic bacteria
existing in food, soil, and human skin [20]. It could produce cytotoxins and enzymes that
cause diarrhea and vomiting, such as hemolysin BL, nonhemolytic enterotoxin, cytotoxin
K, and vomitoxin. B. cereus has become a threat to the health of populations since about
1.4–12% of the world’s food poisoning is caused by it [21]. Consequently, the finding of
antibacterial ingredients for these bacteria is meaningful and helpful for human health.

2. Materials and Methods
2.1. Reagents

IHL was provided by the Institute of Bast Fiber Crops, Chinese Academy of Agricul-
tural Sciences, which was collected in Yunnan province in 2019. Institute of Bast Fiber Crops,
Chinese Academy of Agricultural Sciences provided E. coli, S. aureus, and B. cereus. The
strains were cultured in a nutrient broth at 37 ◦C for 48 h with shaking. Ethanol, petroleum
ether, ethyl acetate, n-butanol, and glutaraldehyde were bought from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Acetic acid and acetonitrile in HPLC grade were
obtained from Macklin Inc. (Shanghai, China). Deionized water used in the experiments
was supplied by an ELGA water purification system (ELGA Berkefeld, Veolia, Germany).
All other chemicals were of analytical grade.

2.2. Preparation of IHLE

The workflow was shown in Figure 1. The collected IHL were dried in the shade and
then ground into powder. A total of 25.0 g of IHL powders were weighed and poured into
250 mL of 70% ethanol solution. The solution was refluxed at 80 ◦C for 2 h two times and
obtained extracts were combined and evaporated using a vacuum rotary evaporator to
afford IHLE.

For preparing the antibacterial activity test, the IHLE was re-dissolved in 70% ethanol
to adjust the concentration to certain values. The IHLE was re-dissolved in water to screen
active antibacterial ingredients. In sequence, the suspension was extracted with petroleum
ether, ethyl acetate, and n-butanol. Organic solvents and water were evaporated to obtain
appropriate extracts. Four parts of IHLE were, respectively, redissolved in 70% ethanol to
certain concentrations and marked as IHLE-p, IHLE-e, IHLE-b, and IHLE-w, which were
diluted with water in further experiments.
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Figure 1. The workflow of extraction and fractionation of IHLE.

2.3. Evaluation of Antibacterial Activity
2.3.1. Determination of Bacterial Inhibition Zone

The diameter of the inhibition zone (DIZ) of extracts was determined by the paper
disc diffusion method, as previous reports described [22]. Three bacteria suspensions
(E. coli, S. aureus, and B. cereus) were cultured in a nutrient broth at 37 ◦C for 48 h and
diluted to about 1 × 10−6 CFU. A total of 100 µL of bacterial suspensions was evenly spread
on an agar plate. Then, sterilized filter paper discs (Φ = 6 mm) were soaked in samples with
different concentrations and carefully placed on the plates. The plates were incubated at
37 ◦C for 24 h, and the DIZ was measured by a vernier caliper. A solvent without samples
was used as a negative control.

2.3.2. Determination of Minimal Inhibitory Concentration (MIC)

The MIC was determined by the micro-dilution broth method with some modifica-
tions [23]. Extracts with concentrations of 100.0, 50.0, 25.0, 12.5, and 6.25 mg/mL were
obtained by the double dilution method. A total of 500 µL of nutrient broth and 50 µL of
samples were mixed in a tube. Then, the bacterial solution (1 × 10−6 CFU) was added
to the tube and incubated at 37 ◦C for 12 h. The absorbance at 600 nm of the bacterial
suspensions was monitored by a spectrophotometer at predetermined time intervals. The
nutrient broth was used as a negative control. The lowest concentration of the sample
inhibiting the growth of bacteria was defined as the MIC value.

2.3.3. Effect of Extracts on the Growth Curve

To study the effect of IHL extracts on the growth curve of bacteria [24]. The sample was
added to the bacteria suspensions (1 × 10−6 CFU) and incubated at 37 ◦C and 100 rpm. The
absorbance at 600 nm of the cultures was monitored by a spectrophotometer at predetermined
time intervals. The sample using nutrient broth instead of the extract was set as a control.

2.4. Analytical and Preparative HPLC Conditions

The analysis of IHL extracts was carried out on the Agilent 1260 HPLC system including
a quaternary pump, an autosampler, a thermostatic column compartment, and a diode array
detector (Agilent Technologies Inc., Santa Clara, CA, USA). The chromatographic separation
was performed on the Waters Sunfire C18 column was employed (250 mm × 4.6 mm i.d.;
5 µm, Milford, MA, USA). The mobile phase consisted of solvent A (0.1% v/v acetic acid
solution) and solvent B (acetonitrile containing 0.1% v/v acetic acid) with gradient elution:
0–5 min, 5% B; 5–20 min, 5–15% B; and 20–50 min, 15–95% B; and 50–60 min, 95% B. The flow
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rate, temperature, injection volume, and detection wavelength were respectively controlled
at 0.8 mL/min, 25 ◦C, 20 µL, and 220 nm. In the analysis of IHLE-pe, the elution mode
was re-optimized as isocratic elution as 60% B for 40 min. The separation and isolation
of target active compounds were performed by preparative HPLC (Sykam S500, Eresing,
Germany) with an Innoval ODS-2 column (150 mm × 10 mm i.d.; 5 µm, Agela company,
Tianjin, China). The elution mode was isocratic elution at 65% B for 25 min. The flow rate was
1.2 mL/min, and the injection volume was 200 µL. The temperature and detector were set as in
previous methods.

2.5. Antibacterial Mechanism
2.5.1. Scanning Electron Microscope (SEM) Observation

An appropriate amount of bacterial suspension was added to the liquid culture con-
taining IHL in MIC, and the bacteria were cultured under shaking at 37 ◦C and 160 r/min
for 12 h. Then, 10 mL of suspension was centrifuged (4000 r/min, 15 min), and fixed for
12 h with 2.5% glutaraldehyde solution. The fixed cells were pelleted and washed with PBS
for 15 min 3 times. The samples were then dehydrated by gradient ethanol of 30%, 50%,
70%, and 90% respectively, and dried in freeze drying. After the spraying with gold, the
morphology and structure of the bacteria were observed by SEM [25].

2.5.2. Effect on the Cell Membrane

The effect of IHL extracts and active compounds on E. coli cell membrane was studied
by measuring conductivity, protein concentration, nucleic acid leakage, and β-galactosidase
(β-GAL) enzyme activity [26,27]. The bacteria were treated with MIC concentration of
samples for 3 h. Then, the suspension was centrifuged at 4000 r/min for 15 min, and the
conductivity of the supernatant was measured with a conductivity meter after 20-fold
dilution (DDSJ-308A, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China).
The content of proteins in suspension was determined by bicinchoninic acid (BCA) protein
quantification kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China). The
concentration of nucleic acid in the supernatant was expressed as the absorbance at 260 nm
by UV–Vis spectrophotometer (UV-2700, Shimadzu, Kyoto, Japan). The activity of β-GAL
was measured by the Micro β-GAL Assay Kit provided by Solarbio (Beijing Solarbio Science
& Technology Co., Ltd., Beijing, China).

2.5.3. Effect on the Cell Wall

The cell wall integrity of bacteria was measured through an alkaline phosphatase
(AKP) activity assay [28]. The bacteria were treated with MIC concentration of samples for
3 h. Then, the suspension was centrifuged at 4000 r/min for 15 min, and the supernatant
was submitted for determination. The extracellular AKP level was determined by spec-
trophotometry method using the commercial AKP assay kit following the manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.6. Statistical Analysis

All values were expressed as means ± SD of triplicate experimental studies. Statistical
analysis was performed by SPSS V20 software (IBM SPSS Statistics 20, New York, NY, USA).
The data were then compared using Duncan’s multiple range tests at 5% significance levels,
and one-way ANOVA with Tukey’s post hoc test [29,30].

3. Results and Discussion
3.1. Evaluation of the Antibacterial Activity of IHLE
3.1.1. Screening of the Target Bacterial Strain

IHLE was acquired by traditional reflux extraction and then we screened its antibacte-
rial activity in E. coli, S. aureus, and B. cereus. The DIZ of IHLE in various concentrations
was determined by the disc diffusion method, which could reflect the sensitivity of bac-
terial strains [31]. The highest bacteriostatic effects were observed on E. coli and S. aureus
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(Table 1), with DIZ values of 15.57 ± 1.65 mm and 14.86 ± 1.37 mm when the extract
was 100 mg/mL, respectively. However, the IHLE was insensitive to B. cereus and had
no inhibitory effect. With the decrease in the concentration of IHLE, the antibacterial ring
significantly decreased. The minimum inhibitory concentrations of E. coli and S. aureus
were 12.5 mg/mL. In previous investigation of antibacterial activity of Cannabis sativa
extracts against E. coli, ethyl acetate leaf extract exhibited the highest activity, ranging from
7.50 ± 0.71 to 21.50 ± 0.71 mm, which is in agreement with our results for 70% ethanol
extract [32].

Table 1. The DIZ of three strains of IHLE in different concentrations (mm).

Bacteria Strains 100 mg/mL 50 mg/mL 25 mg/mL 12.5 mg/mL 6.25 mg/mL

E. coli 15.57 ± 1.65 a 11.66 ± 2.87 b 10.74 ± 2.23 b 8.65 ± 2.09 b - c

S. aureus 14.86 ± 1.37 a 10.46 ± 2.57 b 9.02 ± 3.09 b 8.60 ± 2.21 b - c

B. cereus - - - - -
Values followed by different letters (a–c) in the same column are significantly different according to Duncan’s test
(p < 0.05).

3.1.2. Screening of the Antibacterial Fraction

To find the active ingredients in the extract, the antibacterial activities of four fractions
of IHLE including IHLE-p, IHLE-e, IHLE-b, and IHLE-w on E. coli were detected. Table 2
showed the DIZ of IHLE-p, IHLE-e, IHLE-b, and IHLE-w on E. coli, and the concentration
of samples was adjusted to be 20 mg/mL. As a result, IHLE-p and IHLE-e had apparent bac-
teriostatic effects on E. coli, whose DIZ values were 15.43 ± 1.01 mm and 16.18 ± 1.28 mm,
respectively. Meanwhile, IHLE-b and IHLE-w had no inhibitory effect on E. coli. Therefore,
IHLE-p and IHLE-e were used as the objects in subsequent screening research to explore
the specific antibacterial active components in IHLE.

Table 2. The DIZ of E. coli under different fractions of IHLE (mm).

Samples Concentration DIZ

IHLE-p 20 mg/mL 15.43 ± 1.01 a

IHLE-e 20 mg/mL 16.18 ± 1.28 a

IHLE-b 20 mg/mL - c

IHLE-w 20 mg/mL - c

IHLE-pe1 4 mg/mL - c

IHLE-pe2 4 mg/mL 11.40 ± 1.41 b

IHLE-pe3 4 mg/mL 12.76 ± 1.55 b

IHLE-pe4 4 mg/mL - c

Values followed by different letters (a–c) in the same column are significantly different according to Duncan’s test
(p < 0.05).

To screen the active components, HPLC analyses of fractions were conducted. Accord-
ing to the chromatograms of IHLE-p and IHLE-e in Figure 2, the main peaks of IHLE-p
and IHLE-e were similar. Therefore, these two parts were combined as IHLE-pe, and the
new fraction’s HPLC parameters were re-optimized. Under the new optimized HPLC
condition, the IHLE-pe was well separated in Figure 3. According to the retention time in
the chromatogram, the IHLE-pe was divided into four parts marked as IHLE-pe1 (1–9 min),
IHLE-pe2 (9–15 min), IHLE-pe3 (15–25 min) and IHLE-pe4 (25–40 min).

For screening active ingredients in IHLE-pe, the antibacterial activities of IHLE-pe1 to
IHLE-pe4 on E. coli were subsequently detected. As shown in Table 2, the DIZ of IHLE-pe2
and IHLE-pe3 were respectively 11.40 ± 1.41 mm and 12.76 ± 1.55 mm, indicating these
two parts contained active compounds on E. coli. However, there was no inhibition of
IHLE-pe1 and IHLE-pe4, which showed there was no active compound in these samples.
Hence, IHLE-pe2 and IHLE-pe3 contained antibacterial components. According to the
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chromatogram in Figure 3, two peaks could be observed in IHLE-pe2 and IHLE-pe3. These
two peaks would be further isolated using preparative HPLC and identified.

Separations 2023, 10, x FOR PEER REVIEW 6 of 13 
 

 

the chromatogram, the IHLE-pe was divided into four parts marked as IHLE-pe1 (1–9 
min), IHLE-pe2 (9–15 min), IHLE-pe3 (15–25 min) and IHLE-pe4 (25–40 min). 

 
Figure 2. The chromatograms of IHLE-p and IHLE-e in HPLC analysis. 

 
Figure 3. The chromatograms of IHLE-pe and the division of four fractions. 

For screening active ingredients in IHLE-pe, the antibacterial activities of IHLE-pe1 
to IHLE-pe4 on E. coli were subsequently detected. As shown in Table 2, the DIZ of IHLE-
pe2 and IHLE-pe3 were respectively 11.40 ± 1.41 mm and 12.76 ± 1.55 mm, indicating these 
two parts contained active compounds on E. coli. However, there was no inhibition of 
IHLE-pe1 and IHLE-pe4, which showed there was no active compound in these samples. 
Hence, IHLE-pe2 and IHLE-pe3 contained antibacterial components. According to the 
chromatogram in Figure 3, two peaks could be observed in IHLE-pe2 and IHLE-pe3. 
These two peaks would be further isolated using preparative HPLC and identified. 

  

Figure 2. The chromatograms of IHLE-p and IHLE-e in HPLC analysis.

Separations 2023, 10, x FOR PEER REVIEW 6 of 13 
 

 

the chromatogram, the IHLE-pe was divided into four parts marked as IHLE-pe1 (1–9 
min), IHLE-pe2 (9–15 min), IHLE-pe3 (15–25 min) and IHLE-pe4 (25–40 min). 

 
Figure 2. The chromatograms of IHLE-p and IHLE-e in HPLC analysis. 

 
Figure 3. The chromatograms of IHLE-pe and the division of four fractions. 

For screening active ingredients in IHLE-pe, the antibacterial activities of IHLE-pe1 
to IHLE-pe4 on E. coli were subsequently detected. As shown in Table 2, the DIZ of IHLE-
pe2 and IHLE-pe3 were respectively 11.40 ± 1.41 mm and 12.76 ± 1.55 mm, indicating these 
two parts contained active compounds on E. coli. However, there was no inhibition of 
IHLE-pe1 and IHLE-pe4, which showed there was no active compound in these samples. 
Hence, IHLE-pe2 and IHLE-pe3 contained antibacterial components. According to the 
chromatogram in Figure 3, two peaks could be observed in IHLE-pe2 and IHLE-pe3. 
These two peaks would be further isolated using preparative HPLC and identified. 

  

Figure 3. The chromatograms of IHLE-pe and the division of four fractions.

3.2. Identification of Antibacterial Active Components

Since fractions IHLE-pe2 and IHLE-pe3 exhibited significant antibacterial activity,
and both possessed one peak each, according to HPLC analyses, antibacterial activity
was ascribed to these two peaks (compounds). Peaks from IHLE-pe2 and IHLE-pe3 were
identified as CBDVA and CBDA using standards and the same HPLC conditions, according
to the same retention times and UV spectra [33–35]. Both compounds were later isolated
using preparative HPLC. The structures of CBDA and CBDVA were shown in Figure 4.
The chromatograms of CBDA and CBDVA were illustrated in Figure 5 together with the
chromatograms of IHLE-pe, IHLE-pe2, and IHLE-pe3.
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3.3. Antibacterial Activity of CBDA and CBDVA
3.3.1. MIC

The DIZ and MIC values of CBDA and CBDVA were also conducted. As indicated
in Table 3, CBDVA has an inhibitory effect on E. coli. Up to 4.0 mg/mL CBDVA has an
apparent inhibition with the DIZ of 11.19 ± 1.54 mm. Meanwhile, CBDA exhibited more
obvious inhibition with the DIZ of 14.80 ± 1.35 mm at 1.0 mg/mL. As the concentration is
diluted, the inhibitions of both CBDVA and CBDA decreased gradually, and the MIC of
CBDVA and CBDA were at 1.0 mg/mL and 0.1 mg/mL. The results confirmed that CBDVA
and CBDA had bacteriostatic effects on E. coli. Compared with that of IHLE, their activities
were higher, and their bacteriostatic zones were more uniform and transparent.

Table 3. The DIZ of E. coli under different concentrations of CBDVA and CBDA (mm).

Samples Concentration DIZ

CBDVA 4 mg/mL 11.19 ± 0.84 a

CBDVA 3 mg/mL 9.17 ± 0.81 b

CBDVA 2 mg/mL 8.76 ± 1.35 b

CBDVA 1 mg/mL 8.51 ± 0.65 b

CBDVA 0.5 mg/mL - c

CBDA 1.0 mg/mL 14.80 ± 1.35 a

CBDA 0.5 mg/mL 13.32 ± 1.46 a

CBDA 0.1 mg/mL 8.61 ± 0.80 b

CBDA 0.05 mg/mL - c

Values followed by different letters (a–c) in the same column are significantly different according to Duncan’s test
(p < 0.05).
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3.3.2. Growth Curves

To further investigate the antibacterial activity of CBDVA and CBDA, the growth
curves of the E. coli in the presence of samples at different concentrations were monitored
at 600 nm for 24 h. As shown in Figure 6, the growth of E. coli in the control group was in
line with the typical S-type growth and reached stable 12 h of incubation [36]. When the
concentrations of CBDVA and CBDA were at 1/2 MIC, the growth of E. coli was relatively
slower than that of the control, and also reached the same stable level at 15 h. However,
the growth of E. coli was completely inhibited in the treatments of CBDVA and CBDA at
MIC and 2MIC within 24 h of culture, indicating the bactericidal effect of these two active
compounds. These results indicated that IHLE, CBDVA, and CBDA treatment could reduce
and inhibit the growth rate of E. coli in a dose-dependent manner, which is consistent with
the growth inhibition effect of other bacteriostatic substances on pathogenic bacteria [37,38].
Based on these results, CBDVA and CBDA could be regarded as natural antibacterial agents.
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3.4. Effect of CBDVA and CBDA on Cell Wall Integrity

The activity of AKP could not be detected in bacterial culture when the cell wall
was unbroken [39]. However, AKP would leak into the extracellular environment when
the cell wall is damaged, and AKP activity assay would reflect the damage to the cell
wall [28]. When the E. coli was treated with CBDVA and CBDA at MIC for 12 h, the AKP
activity increased with incubation time and finally reached six times that of control at
12 h (Figure 7). In comparison, the level of AKP activity remained in the control group.
Therefore, it indicated that CBDVA and CBDA could damage the cell wall of E. coli.
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3.5. Effect of CBDVA and CBDA on the Cell Membrane
3.5.1. Cell Membrane Permeability

The effect of CBDVA and CBDA on the cell membrane of E. coli was shown in
Table 4. After the treatment of cannabinoids, the conductivity respectively increased
from 0.567 mS/cm to 1.562 mS/cm and 1.414 mS/cm. This phenomenon shows the cell
membrane was destroyed and small molecules such as sodium and potassium ions leaked
out of the cells [40].

Table 4. The analysis of cell membrane permeability of E. coli treated by CBDVA and CBDA at MIC.

Samples Control CBDVA Treatment CBDA Treatment

Conductivity (mS/cm) 0.567 ± 0.004 1.562 ± 0.004 *** 1.414 ± 0.01 ***
Proteins leakage (mg/mL) 200.31 ± 0.090 270.12 ± 3.241 *** 268.31 ± 2.366 ***
β-GAL activity (OD405) 0.862 ± 0.034 0.133 ± 0.086 ** 0.165 ± 0.086 **

** p < 0.01, *** p < 0.001 in comparison to control group.

3.5.2. Cell Membrane Integrity

The intracellular contents, such as proteins, small ions, and nucleic acid, would leak
out when the cell membrane had a problem. The nucleic acid leakage was studied by
monitoring the absorbance at 260 nm [41]. As shown in Figure 8, the absorbance slowly
increased through the incubation. This trend might be due to the rupture of the cell
membrane and then nucleic acid release into the medium in the presence of CBDVA and
CBDA. Loss of intracellular nucleic acids would affect the replication, transcription, and
translation of bacterial DNA resulting in cell death. The release of proteins was also an
indicator of membrane damage [42]. The protein concentrations of the supernatant were
shown in Table 4. After 12 h incubation, the leakage of protein was, respectively, 270 and
268 ug/mL, compared to 200 µg/mL in the control group. β-GAL could catalyze lactose
into galactose and glucose, which then affects cell metabolism [43]. The activity of β-GAL
could be determined by monitoring the absorption at 405 nm. The absorption value of the
treatment groups was reduced by 84.6% and 80.9%, compared to the control group. It could
be found that the presence of CBDVA and CBDA would destroy the membrane structure
and inhibit intracellular enzyme activity [44]. The above results demonstrated that CBDVA
and CBDA could destroy the membrane structure of E. coli, leading to the inhibition of
enzyme activity and leakage of contents.
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3.6. Morphological Transformation

The surface morphology of E. coli in the treatment of CBDVA and CBDA at MIC was
visualized by SEM. The SEM images of the three groups were shown in Figure 9. The cells
in the control group (6a and 6b) were rod-shaped, regular, and intact. Whereas the surface
of cells showed evident morphological changes after treatment of CBDVA and CBDA.
Many breakages and collapses of the cell could be observed, and the surface became coarse
and multi-holed [45]. The observed results demonstrated CBDVA and CBDA exhibiting
their bactericidal activities by affecting cell envelope integrity, consisting of the cell wall
and membrane affections [46].
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4. Conclusions

In this work, antibacterial activity of IHLE against E. coli and S. aureus has been
presented. Bioactivity-guided isolation revealed CBDVA and CBDA as active bacteriostatic
compounds. Investigations of AKP activity, conductivity, proteins leakage, nucleic acid
leakage, and β-GAL activity, CBDVA and CBDA exhibited the ability to destroy the cell
wall and cell membrane of E. coli, leading to the inhibition of enzyme activity and leakage
of contents. The morphological evaluation also showed these active components could
damage the bacteria cell envelope. The discovery of bacteriostatic activity of CBDVA and
CBDA against E. coli and S. aureus makes these compounds good candidates for use in the
food, pharmaceutical and cosmetic industry as natural preservatives.
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