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PHARMACEUTICA ANALYTICA ACTA

PLGA Nanoparticles with Cannabidiol
for Efficient and Durable Antibacterial

Applications
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Zhang"** and Fengzhong Wang>*

TInstitute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences, Beijing, China
?Institute of Food Science and Technology, Chinese Academy of Agricultural Sciences, Beijing 100193, China

Abstract

The Cannabidiol (CBD) are extensively used owing to their potent antibacterial effects.
We developed CBD-loaded poly (lactic-co-glycolic acid) (PLGA) nanoparticles using an
emulsion process technology, resulting informing the PLGA@CBD nanoparticles. The
emulsion parameters were optimized using three-dimensional surface plots. When scaled
up under optimal conditions, the corresponding loading content efficiency were 16.51%.
Compared with natural cannabidiol, the physically modified PLGA nanoparticles became
smooth, round, and solid, improving their water solubility and bioavailability, realizing long-
time antibacterial. Therefore, the nanoparticles showed better efficacy against Gram-positive
bacteria. Our results confirm that the PLGA@CBD nanoparticles have been achieved as long-
acting antibacterial delivery system, which improved the treatment efficiency.

Introduction

Bacterial infections have become one of the major public safety events
worldwide, causing serious threats to human health [1,2]. In clinical
practice, theuse of antibiotics remains the most common form of treatment
for bacterial infections up to now [3]. However, the antibacterial effects are
not great satisfaction to people of expectations because of the possible side
effects, such as toxic reactions, drug resistance and so on [4,5]. Therefore,
Drug Delivery Systems (DDSs) come into being and develop with the
development of nanotechnology for delivering drugs into the site of the
bacterial infection, achieving the objectives of extenuating the potential
damage to the body and improving the therapeutic effectiveness [6-8].

Poly (lactic-co-glycolic acid) (PLGA) consists of Lactic Acid (LA) and
Glycolic Acid (GA) monomers polymerized in the desired ratio, with good
biodegradability and biocompatibility, it has also been approved by the US
Food and Drug Administration (FDA) for medical applications [9,10]. It is
used as a carrier for antimicrobial delivery, encapsulating the drug inside
the carrier, protecting these agents from enzymatic and molecular damage
and improving the therapeutic efficiency of the drug [11-13]. Moreover
it can solve the problems of drug stability, solubility and bioavailability
[12,14,15]. Thus PLGA as carrier, which can effectively solve the problems
faced in drug delivery, have great potential for biomedical applications

(16,17].
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Cannabidiol (CBD) is a purely natural component
of the cannabis plant with anti-sedative, anti-
psychotic and anti-anxiety effects and so on [18-
20]. New cannabis-based medicines have recently
undergone the rigorous testing required for
regulatory drug approval, Sativex (a 1:1 mixture of
A9-THC and CBD) in 2005 and Epidiolex in 2018
[21,22]. Moreover CBD is a powerful plant antibiotic
with excellent antibacterial activity against gram-
positive bacteria significantly [23]. Researchers
have already demonstrated that found MIC values of
CBD extracted from powdered plant material in the
0.5-2pug/mL range towards various drug-resistant
strains of S. aureus [24]. When CBD binds to bacteria,
it disrupts cell membrane integrity by causing
depolarization of the cytoplasmatic membrane [25].
However, one nearly universal truth is the case that
the instability and hydrophobic property of CBD
severely limit its potential contribution of applying in
clinical treatment [26,27]. Thus, it is an important and
urgent topic to search for CBD nanocarrier systems
to address the challenge. The abovementioned PLGA
could be a good choice and we incorporate CBD into
the PLGA nanoparticles, which known as one of the
most widely studied carriers and its high biological
compatibility has also been confirmed.

The aim of the present study was to fabricate
a practical delivery system to better cater to the
clinical application of CBD. The CBD’s inherent
characteristics, biocompatibility of chosen materials,
and complexity of preparation process were all taken
into consideration for the design. In this contribution,
we developed a simple but versatile procedure for
improving the solubility and bioactivity of CBD by
one-step encapsulating in PLGA compounds (defined
as PLGA@CBD) during PLGA nanoparticles synthesis
process.

Materials and Methods
Materials

Poly (lactic-co-glycolic acid) (PLGA) was bought
Shandong Medical Device Research Institute.
Cannabidiol (CBD) was purchased from Macklin.
(Shanghai, China). Poly (vinyl alcohol) (PVA, Mw
47,000 Da, 98.0—98.8 mol% hydrolysis) was bought
from Sigma-Aldrich (St. Louis, MO, USA). Other
chemicals were of analytical grade.

Synthesis of PLGA@CBD nanoparticles

PLGA@CBD nanoparticles were prepared by the
single emulsification and the nanoprecipitation
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techniques [28]. PLGA (200 mg) and CBD (40 mg)
dissolved in sml of dichloromethane were mixed
under ultrasonic processing for approximately 5 min
and cautiously added dropwise, to the above 50 ml of
20 g/L poly (vinyl alcohol) (PVA) solution stirring at
1000 rpm for 30 min under an ice bath continuously.
The mixture were then ultrasonic emulsified for 3 min
at 50% amplitude. Then the PLGA@CBD nanoparticles
(NPs) resulting were washed with deionized water
for three times. The nanoparticles were separated by
centrifugation and freeze-dried for subsequent use.

Nanoparticles  preparation was optimized
using Design Expert software (Version 13), The
concentration of PLGA (X,) and the concentration
of PVA (X,) were selected as independent variables
based on preliminary studies, with loading content
and nanoparticle shape (Y) as the response variable
collectively. To depict the interrelationship between
independent and response variables, the obtained
data and model were fitted using 3D surface plots [29].

Sample characterization

Nanoparticles structural and morphological
features were observed using images obtained on a
SU8100 Ultra-High Resolution Scanning Electron
Microscope (SEM, Hitachi) and Transmission
Electron Microscopy (TEM, Thermo) operated at
an accelerating voltage. Nanoparticles size and
distribution were acquired by Zetasizer Nano ZS90
(DLS). Each nanoparticle system was measured three
times. The powder X-Ray Diffraction (XRD) was
recorded on a Rigaku Smartlab SE diffractometer.
The Fourier Transform Infrared Spectroscopy (FT-
IR) was collected on a Thermo Scientific Nicolet iS20
spectro photometer using KBr pellets.

Drug Loading Capability (DLC)

Dissolve 2mg of the PLGA@CBD nanoparticles
(NPs) sample in acetonitrile and sonicate for 30 min
under ice bath to break the emulsion completely. The
CBD content was quantitatively determined by high
performance liquid chromatography (HPLC), and the
standard curve of the CBD solution was established in
the concentration range of 10-100 pg/mL. The DLC
was calculated using the following equations:

DLC (0/0) = %xmo%

t

Cheng M, et al. (2023) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1730 728



Lif€fature

Where: DLC is the drug loading capability, W, is the
weight of the drug loaded in the nanoparticles and W,
is the total weight of the nanoparticles.

Determination of anti-bacterial activity

Disk-diffusion method: The S. aureus suspensions
in logarithmic growth phase were diluted to the
concentration of 108 CFU/mL, and then 1 mL bacterial
suspension was mixed with 9 mL agar medium. After
solidification, 3 drug-sensitive sheets were placed
in each plate and subsequently 30 pL CBD solution,
nanoparticles, and blank nanoparticles were added
for the three strains of S. aureus, respectively. The
inhibition zone sizes of each formulation in agar plate
were determined after incubation at 37°C for 16-18 h.

Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC): The
antibacterial activity of the PLGA@CBD was studied
using the broth dilution technique as recommended
by CLSI. Briefly, serial dilutions nanoparticles and
native cannabidiol in sterile water were prepared in
96-well plate. Then S. aureus were added to each pore
to achieve a final inoculum of 1 x 106 CFU/mL. Then
the Optical Density (OD) at a wavelength of 600 nm
(0OD600) of the bacterial suspension was measured.
The MIC of cannabidiol was defined as the lowest
concentration inhibiting visible growth of bacteria
after 24 h incubation of the cultures at 37°C. MBC was
the lowest concentration without visible bacterial
growth on LB agar plates at 37°C for 16 h. Each
concentration was tested in triplicate.

Bacteriagrowth curves: Thebacteriagrowth curves
of cannabidiol solution and nanoparticles against S.
aureus were established by plotting time versus ODs
(OD 600 nm). Serial dilutions nanoparticles in sterile
water were prepared in 96-well plates. Then the S.
aureus from a mid-log phase culture were added to
LB broth to give a starting inoculum of 10° CFU/mL.
The 96-well plate was incubated at 37°C and derived
bacteria growth curves by observing ODs for 12
consecutive hours.

In vitro time-Kill curve study: The drugs were
prepared to obtain the concentrations corresponding
to 1 x MIC, 3x MIC, 5x MIC, in short, the drug
concentrations were 6, 18 and 30 pg/mL. The drugs
were placed in a release tube and then the tubes were
placed in awater bath shaker at 37°C and gently shaken
at 100 r/min; 100 uL of supernatant was removed at
the specified time, added to an equal volume of the S.
aureus from a mid-log phase culture of 10° CFU/mL.
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The antibacterial rate was calculated by observing
ODs for 12 hours using the following equation:

R (%) =

—Mx 100%
oD

(o]

Where: R represents the inhibition rate, OD, is the
OD of the experimental group, OD, is the OD of the
blank group.

Determination of adhesion of nanoparticles to
bacteria: The diluted nanoparticles were put into the
liquid medium containing the S. aureus of logarithmic
growth phase of 10° CFU/mL at the final cannabidiol
concentrations of 12 pg/mL, the liquid culture were
fixed by glutaraldehyde after incubation for 30, 60,
120min, respectively and then observed whether the
composite nanosystems were adsorbed on the surface
of bacteria by SEM.

Results and Discussion
Synthesis of PLGA@CBD nanoparticles

The concentration of PLGA and PVA strongly affect
the relevant characteristics of nanoparticles as shown
in figure 1B. To optimize the parameters, we evaluated
the influence of the concentration PLGA (X,) and PVA
(X,) on the loading content and nanoparticle shape
(Y) (Table S1). The Y response variables were best
fitted by the quadratic model. The equation depicting
the relation between the independent and response
variables derived using multiple regression analysis
is expressed as follows:

Y = 19.21 + 2.02X, + 14.85X, +
0.89X X, — 0.046X* - 9.33X,?

Summary statistics of the analysis of variance
(ANOVA) results (Table S2) indicate that Y was
significantly influenced by X,, X,. PLGA affects the
shape of nanoparticles. When PLGA concentration
is 10 g/L, the nanoparticles were not smooth and
complete. When PVA concentration is 5 g/L, the
nanoparticles were seriously aggregated, which
affects the load content of nanoparticles (Figure S1).

Sample characterization

The synthesis illustration for a simple synthetic
strategy of PLGA@CBD nanoplatform and its’
application in antibacterial treatment were
displayed in Scheme 1. As illustrated, PLGA@CBD
nanoparticles were synthesized successfully through
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Figure 1 (A) SEM images of PLGA (a, 1 pm), PLGA@CBD (b,1 um) and TEM images of PLGA (c, 200 nm), PLGA@CBD (d, 200 nm). (B) Response

surface plot showing the combined effects of X1 and X2 on Y.

a one-step self-assembly mechanism and CBD were
encapsulated inside the PLGA carrier. Beside the
antimicrobial activity were characterized in vitro.
The materials were synthesized and morphologically
observed by Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). As
can be seen in figure 1A, the SEM images of PLGA,
PLGA@CBD showed that the average diameters of
the synthesized uniformly dispersed nanoparticles
were in the range from 150 to 200 nm, respectively
(Scheme1).

The hydrated particle sizes of PLGA, PLGA@CBD
were determined by DLS. As shown in figure 24, the
particle size measurements were 281 + 2.08 nm and
282 + £4.30 nm, respectively. Each had a narrow size
distribution and good water dispersion. The size of
PLGA@CBD NPs did not differ much from the size
of PLGA materials, which can prove that the drug
were encapsulated successfully. The hydrodynamic
particle size of the nanoparticles measured by DLS
was slightly larger than that observed by SEM, which
may be caused by the presence of a hydration layer
when the nanoparticles were dispersed in an aqueous
solution.

The powder X-Ray Diffraction (XRD) measurement
was further performed to determine the crystal
structure of CBD, PLGA@CBD, and PLGA. As exhibited
in figure 2C, diffraction peak values of CBD are
similar to the previous studies [30]. Note the peaks
of PLGA@CBD and PLGA were very similar and both
are all amorphous, so no spikes were observed in the
X-ray diffraction pattern. Moreover, the peak related

with CBD was not found, which further indicated that
CBD acted as guest molecules, were embedded inside
PLGA.

In addition, the structure of nanoparticles was
further qualitatively determined by infrared by FT-
IR, as shown in figure 2D, the peaks at 3520 cmand
3410 cm™ could be ascribed to the -OH stretching
vibrations of CBD, the peak at 3073cm™,1580
cm™,1443 ¢cm™ were from C-H and skeleton of
benzene ring stretching, respectively. 1760 cm™ is
the characteristic absorption peak of unsaturated
ester bond in PLGA molecule and the peak at 3436
cm™ indicates the formation of hydrogen bond
between PLGA molecules [31]. while in nanoparticles,
due to the limitation of CBD stretching and bending
vibration, the characteristic absorption peak of CBD
disappears or merges, and the peak of -OH moves to
3440 cm™, indicating the existence of hydrogen bond
between PLGA and CBD. Moreover, the characteristic
peak of CBD at 3073 cm™ does not appear in PLGA@
CBD, indicating that the internal loading of PLGA
on CBD physically masks the characteristic peak. In
summary, CBD were successfully loaded in PLGA.

CBD loading efficiency of sample

In order to evaluate the loading and behavior of
PLGA@CBD, we first established a standard curve of
cannabidiol solution with good linear relationship.
It can be seen from figure 2B that the absorbance
of CBD shows an increasing trend with increasing
concentration. As shown in table Si, the highest
loading efficiency of PLGA@CBD was achieved when
the concentration of PLGA was 40 g/L, and PVA was

Cheng M, et al. (2023) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1730 730
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2%, the ratio was used for subsequent experiments.
In addition, we repeatedly measured the loading
efficiency of PLGA@CBD and obtained the result of
16.51 £ 0.66%.

Determination of anti-bacterial activity

The zones of microbial inhibitions: As showed
in the figure 3A, the zones of microbial inhibitions
of the two different cannabidiol formulations at the
same drug concentration were the order: solution >
nanoparticle. The zones were 15.03 + 0.45 mm and
14.55 + 0.05 mm, respectively (Table S3). This might
be due to that the drugs were encapsulated inside the
material and released slowly, while the cannabidiol
solution can diffuse directly, resulting in a smaller
bacteriostatic zone of the nanoparticles compared to
the solution.

Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC): The
viability of S. aureus treated with PLGA@CBD of
different concentrations were evaluated. The MICs
of CBD and PLGA@CBD against S. aureus were 3
and 6 pg/mL, respectively (Table S4). Besides, the
MBC of CBD and PLGA@CBD against S. aureus were
assessed through a plate count assay and found to
be the same as the corresponding MIC, 3 and 6 pg/
mlL, respectively, figure 3C. The same MBC and MIC

(o]
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resulted in a sterilization rate of 100% for CBD and
PLGA@CBD. The results showed that the prepared
PLGA@CBD have excellent antibacterial ability. The
MIC and MBC of the nanoparticles were higher than
natural cannabidiol, which were attributed to the
drug encapsulated in the carrier and the slow release
compared with cannabidiol solution.

Bacteria growth curves: Figure 3B showed the
bacterial growth curve obtained by observing OD
value (OD 600 nm) between PLGA@CBD and CBD at
different concentrations and the bacterial mixture at
an interval of 2 h. There was no significant difference
between PLGA@CBD and CBD at low concentration,
and when the concentration increased, the
bacteriostatic effect of PLGA@CBD was weaker than
that of free drug CBD, which was due to the slow drug
release of PLGA@CBD nanoparticles. However, when
the concentration increased to 6 pg/mL, the growth
curves of nanoparticles and free drug showed no
signal growth, as shown in the figure S2. We observed
from growth curves of bacterial solution incubated
with different concentrations of PLGA@CBD, the
growth curve was the same as free drug CBD at lower
concentrations. Bacteria started to grow slowly for the
first two hours. In third to eighth hours, the growth
curves of CBD entered the log phase, a period featured
by exponential multiple growth in terms of the number

Concentration (pg/mL)

PLGA@CBD

0.3725

0.75 1.5 3 6

-— CBD
— PLGA@CBD

3 pg/mL

0.25

Growth curve (OD 600)
e s
= ]

=
=
&
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0.00 +—

g
z
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Figure 3 (A) Inhibition zone of PLGA@CBD and PLGA. (B) Growth curves of bacterial solution incubated with different concentrations of
PLGA@CBD and CBD. (C) Photographs of bacterial colonies on agar plates.
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of S. aureus, subsequently the stationary phase was
initiated. As the concentration of CBD increases, it
delayed the entry of S. aureus into the log phase, CBD
concentrations up to 3 pg/ml effectively inhibited the
growth of S. aureus in the first four hours and enter
the log phase at fifth to twelfth hours. Meanwhile, the
ODs decreased significantly indicating that it stably
inhibited the growth of some bacteria. When the
concentration continued to increase to 6 pg/ml, the
nanoparticles continued to inhibit bacterial growth
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steadily, demonstrating that PLGA@CBD inhibits
bacterial growth in a concentration-dependent
manner. Growth curves of bacterial solution incubated
with different concentrations of CBD in figure S2.

In vitro time-kill curve study: We explored the
inhibition time after the interaction of different
concentrations of CBD and PLGA@CBD NPs with S.
aureus, as shown in the figure 4A, with the increase
of CBD concentration, its action time became longer,

100 - =

[

80

60

40

20

Antibacterial efficiency (%)

B 6 pemi) H 5 . L o
[0 18 pg/mL i '

|30 pg/mL

B 6 po/ml|
[0 18 pg/mL
{» 30 pg/mL

H

500 nm

500 nm

Ny

500 nm

500 nm

Figure 4 (A) The time-kill curve of CBD solutions (a) and PLGA@CBD nanoparticles (b). (B) SEM images that bacteria and nanoparticles were
co-cultured for 0 min (a, 500 nm), 30min (b, 500 nm), 60min (c, 500 nm) and 120min (d, 500 nm).
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and the action time of nanoparticles was significantly
better than that of CBD solution. After 36 hours, the
inhibition rate of the solution at the concentration
of 30 pg/ml of CBD decreased significantly and the
inhibition rate was only 5.28% at 48 hours, while
nanoparticles could still effectively inhibit bacterial
and the inhibition rate of PLGA@CBD nanoparticles
was 52.68% at 84 h. This was attributed to the long-
lasting and stable release of nanoparticles, which
enhanced the antibacterial time. In addition, the
short action time of free drug CBD is also related to
its instability. Studies have shown that CBD is highly
unstable, the solvent used has an important influence
on the stability of the CBD, CBD is not stable in
aqueous medium. And under simulated physiological
conditions (pH 7.4 and 37°C), 10% of CBD was
degraded within 24 hours [28]. Therefore, PLGA@
CBD nanoparticles have superior time killing ability
compared with free drugs.

Adhesion of nanoparticles to bacteria: To clarify
the long-lasting antibacterial mechanism, bacteria
and nanoparticles were co-cultured for 30, 60 and
120 min using SEM. SEM images showed that the
nanoparticles were in contact with or absorbed by the
bacteria figure 4B, which could affect the integrity
of the bacterial cell membrane or increase drug
entry into the bacteria. The uptake may be due to the
adhesion of the PLGA carrier. Bacterial cell walls and
cell membrane structures of untreated CBD-treated
bacteria were intact and the cytoplasm was evenly
distributed. The morphology of the CBD-treated
bacteria changed significantly with the cell integrity
being disrupted as the duration of action increased.
The bacteria collapsed, making it impossible to
maintain its original full form, and after two hours,
the contents flowed out. The results were consistent
with previous reports suggesting that its antibacterial
properties act on the bacterial cell membrane!>s). We
still need to continue to explore its possible sites of
action, including membrane proteins, membrane
lipids, membrane potential, etc.

Conclusion

In this study we have successfully explored a novel
self-assembled nanoparticle for the treatment of S.
aureus infections. The nanoparticles were formed by
hydrogen bonding between PLGA and CBD. Compared
to simple cannabidiol solutions, the nanoparticles can
be adsorbed on the surface of S. aureus and therefore
show superior sustained antibacterial benefits. This
result confirms that we have prepared nanoparticles

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issh:| 2766-2276

that reduce premature drug release and enhance
targeted release against S. aureus. Thus, the present
study could be a fruitful strategy to overcome the
therapeutic challenges of S. aureus as well as other
bacterial infections.
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