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ABSTRACT

Objective(s): Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli are the main pathogenic
bacteria involved in severe, polymicrobial, and multidrug-resistant infections. For these infections to be
overcome, lipid-based nanoparticles and nanoformulations such as liposomes have demonstrated marked
potential in fighting bacterial infections by delivering antibacterial drugs, fusing with bacterial membranes,
and promoting the direct delivery of antibacterial agents to bacteria. This study assesses the antibacterial
effects of various formulations of carvacrol (CV)-encapsulating nanoliposomes on S. aureus, P. aeruginosa,
and E. coli. The study further evaluates the cytotoxicity of the fabricated nanoliposomal system against
human foreskin fibroblast (HFF) cells.

Materials and Methods: Various formulations of the liposomal nanosystem were first prepared through the
thin film hydration method utilizing different concentrations of soy phosphatidylcholine (SPC), cholesterol
(Chol), and Tween 60. The formulations were then evaluated for drug entrapment efficiency and release
profiles, and the optimum formulation was determined for the experiments. The optimum formulation was
then structurally analyzed, and the cytotoxicity of free CV and encapsulated CV on both bacteria and HFF
cells was evaluated.

Results: Microbial tests revealed that CV-LPs outperform free CV regarding their antibacterial effects on the studied
bacterial strains, with the maximum inhibitory effect exerted on S. aureus, followed by E. coli and P. aeruginosa.
Conclusion: Furthermore, the MTT assay indicated that the cytotoxicity of CV against normal HFF cells was
remarkably declined when it was encapsulated in the liposomal nanosystem.
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cancers, skin diseases, wounds, and microbial
wound infections [1-4). These nanomaterials
offer unique advantages such as controlled and
sustained drug release, increased drug half-life,
and bioavailability, and can provide the specific
requirements of wound healing. They have
been shown to enhance wound healing, reduce
bacterial colonization, and exhibit antibacterial
properties, making them promising candidates for
integration in wound dressings [5, 6].

In recent years, phytochemicals like carvacrol
(CV; as an antimicrobial and wound-healing
compound) have been reported as potential
prospects for infection treatment [7]. CV is a
phenolic monoterpenoid extracted from some
plants such as oregano (Origanum vulgare), thyme
(Thymus vulgaris), pepper (Lepidium flavum),
and wild bergamot (Citrus aurantium bergamia).
In addition to its potent antibacterial activity,
research supports the role of CV in enhancing
wound healing by 1) modulating the effect of
inflammatory cytokines and oxidative stress, 2)
enhancing re-epithelialization and angiogenesis,
3) improving the aggregation of collagen, and 4)
modulating the growth of human fibroblast (HFF)
cells and keratinocytes [8]. Research has shown
that CV can destroy biofilms formed by Salmonella
Typhimurium and inhibit biofilm formation
of Escherichia coli. CV, in turn, demonstrates its
dynamic antibiofilm action by causing changes
in proteins involved in biofilm formation and
antioxidant activity. It has also been reported
to possess strong antimicrobial effects against
various pathogens, including E. coli, methicillin-
resistant S. aureus, and the yeast Candida albicans
[5, 9-16]. These properties make CV a promising
candidate as an alternative for fighting bacterial-
associated infections.

As important lipid-based NPs, liposomes
(LPs) are small vesicles exhibiting a high capacity
for encapsulating both hydrophobic and
hydrophilic antibiotics. LPs are naturally nontoxic
and biologically degradable, and due to their
amphiphilic and non-ionic structure, allow for
the delivery of both hydrophobic and hydrophilic
drugs. Research has shown the efficacy of LPs
in enhancing the delivery of CV to the affected
site. For example, Mir et al. studied the effect of
hydrogels containing CV-encapsulating LPs as well
as hydrogels containing free CV against methicillin-
resistant S. aureus (MRSA). They evaluated the
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delivery of CV via poly(e-caprolactone) (PCL)-
based liposomal NPs (i.e., PCL-LP-NPs) and found
that CV release is remarkably increased when it
is encapsulated in PCL-LP-NPs in the presence of
bacterial lipase, while PCL-LP-NPs increase the
anti-MRSA capacity of CV by two folds [17].

This study investigates the antibacterial effects
of a CV-encapsulating liposomal nanosystem
against three bacteria that can be involved in
wound infections. The study 1) determines the
rate of CV loading, entrapment, and release
from the developed liposomal nanosystem, 2)
evaluates CV'’s effects on S. aureus, E. coli, and P.
aeruginosa, 3) compares the antibacterial effects
of encapsulated and free CV, and 4) quantifies
the cellular toxicity of the CV-encapsulating
liposomal nanosystem. The purpose is to develop
a nanocarrier with enhanced encapsulation
rate and drug concentration, as well as a high
liposome-to-drug ratio. The study further aims at
reducing infections caused by S. aureus, E. coli,
and P. aeruginosa by enhancing the developed
nanoliposome’s efficacy and minimizing CV’s side
effects against normall human foreskin fibroblast
(HFF) cells. The motivation for this study is that
fabricating such functional nanocarriers is a step
forward in promoting the treatment of infectious
wonds caused by bacterial strains.

MATERIALS AND METHODS
Materials

CV and P4417 -50Tab Phosphate Buffered
Saline (PBS) tables were purchased from Sigma
Aldrich (USA). Soy phosphatidylcholine (SPC),
Tween-60, cholestrol (Chol), and methanol were
purchased from Merck (Germany). Chloroform
was purchased from Neutron Pharma-Chemical
Co. (IRAN), and isopropyl was provided by Kimya
Tejarat Roshan Co. (IRAN). HFF cells were provided
by Yazd Reproductive Sciences Institute (Yazd,
IRAN). All the statistical analyses were performed
in Zeta Sizer (Malvern, USA), Essential FTIR
(Python software foundation, USA), GraphPad
Prism (Graph Pad Software Inc., USA), and Origion
pro (Origin Lab Corporation, USA).

Methods

Preparation and fabrication of CV nanoliposomes
Various formulations of the liposomal

nanosystem were synthesized using thin-film

hydration (TFH) method (Table 1). Phospholipid
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Table 1. Various formulations of SPC, Chol, and Tween® 60 to fabricate the CV-encapsulating liposomal nanosystem

No. Formula Molar ratio (%) LPs/drug molar ratio Drug’s concentration
F1 SPC/Chol 70:30 15 0.5 mg/ml
F2 SPC/Chol 80:20 15 0.5 mg/ml
F3 SPC/Chol 60:40 15 0.5 mg/ml
F4 SPC/Chol 70:30 10 0.5 mg/ml
F5 SPC/Chol 80:20 10 0.5 mg/ml
F6 SPC/Chol 60:40 10 0.5 mg/ml
F7 SPC/Chol 70:30 15 1 mg/ml
F8 SPC/Chol/Tween60 42:18:40 20 4 mg/ml
F9 SPC/Chol/Tween60 50:25:25 20 4 mg/ml
F10 Tween60/Chol 70:30 20 5 mg/ml
F11 SPC/Chol/Tween60 60:25:15 15 2 mg/ml
F12 SPC/Chol/Tween60 60:25:15 10 1.5 mg/ml
F13 Tween60/Chol 70:30 10 4 mg/ml

(spc80), Chol, tween 60, and the desired amount
of CV were dissolved in chloroform (as an organic
solvent). To form a thin film layer, the organic
solvent was evaporated in a rotary evaporator
(ROTAVAP; Heidolph Instruments; Germany) under
a vacuum condition. Regarding the hydrophobic
nature of lipid compounds, LPs were formed due
to the force applied after adding the aqueous
phase during hydration (on the ROTAVAP for
45 min at 50 °C). Sonication was performed
for 30 min using a probe sonicator (Ultrasonic
Technology Development; UTD; IRAN), consisting
of a 10-sec pause between “10-sec pulses” to
achieve the optimum nano-sized small unilamellar
vesicles (SUVs). The sonicated solution was passed
through a 0.22 um filter to remove impurities
and separate the large-size samples from those
with the intended and optimum size. Then, free
(unloaded) CV present in the drug-containing
liposomal suspension was removed by pouring the
solution into the dialysis bag in a cold water bath
with a temperature of 4 °C. Separation was carried
out by stirring the solution for one hour in two
30-minute periods. After 30 min, the old buffer
was replaced with a fresh buffer.

Analysis of the synthesized liposomal nanosystem
CV entrapment into the liposomal nanocarrier
The  encapsulation  percentage of CV
nanoliposomes was obtained by preparing the
calibration chart of CV based on isopropyl by serial
dilution method and using the following formula [18].

Entrapment Ef ficiency (%EE) =

Encapsulated Drug Concentration(%)

CV release from the liposomal nanocarriers

CV release from nanoliposomes was measured
under physiological conditions using a phosphate
buffer at pH 7.4 and 37 °C. Briefly, 1 ml of the CV-
containing liposomal solution was poured into
the dialysis bag having 12 kDa pores and then
placed in an isolated environment (i.e., a sterile
falcon containing 10 cc of phosphate buffer) at
37 °C. Next, the buffer around the dialysis bag was
sampled at different times (0.5, 1, 2, 3,4, 5,6, 7, 8,
24, 48, and 72 hr) and replaced with 1 ml of fresh
buffer. The optical density (OD) absorbance at the
maximum wavelength was then investigated by the
spectrophotometer. Ultimately, the concentrations
of the released CV at different times were measured
and its graph was drawn using the calibration
equation of the drug in PBS buffer [19].

Optimal formulation, and determination of size,
dispersion index, and zeta potential (the DLS
method)

After selecting the optimum formulation, dynamic
light scattering (DLS) method was used to measure
the hydrodynamic diameter, surface charge, and
dispersion of LPs. DLS works by irradiating light rays to
the sample, evaluating the intensity of received peaks,
and measuring the velocity of movement of particles.
The size of NPs is a key factor in drug accumulation
in the target tissue, treatment efficiency, percolation
from the vessel, and the transport and stability of
nanocarriers. The zeta potential, dispersion index
(PDI), and size of liposomal formulations were
measured using the Zetasizer (model: Nano-Zeta Sizer

X 100
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ES; Malvern Instruments; USA) at room temperature
and an angle of 90°.

Field emission scanning electron microscopy (FE-
SEM), Fourier transform infrared (FTIR) spectrum,
and atomic force microscope (AFM)

The surface morphology of the nanocarriers (i.e.,
roughness, shape, smoothness, and aggregation) was
investigated using FE-SEM. The molecular interactions
of the compounds in the liposomal nanosystem and
CV were investigated by the FTIR method. For this,
the FTIR spectra of CV-free and CV-encapsulating
LPs were obtained and compared with the final CV-
encapsulating formulations. AFM was also used to
prepare 3-D images of the liposomal nanosystems and
investigate their surface topographies [20].

Antibacterial properties of the liposomal
nanosystem
The antibacterial activity of the CV-

encapsulating liposomal nanosystem and free CV
against prenominate bacteria was investigated.
The bacteria were standard strains purchased
from Yazd University of Medical Sciences (YUMS;
Yazd, IRAN) (Table 2).

Minimum inhibitory concentration (MIC) and
minimal bactericidal concentration (MBC)

For measuring the MIC value, a 0.5 McFarland
standard solution of bacteria was prepared using
PBS and cultured bacteria, with an OD of 0.11. The
tests were performed using 98-well plates, where
100 pl of the sterilized medium was first added to
each plate. Then, 100 pl of sterilized samples were
added through the serial dilution process. In the
next stage, 5 pl of 0.5 McFarland standard solution
was added to all the wells except the last well of all
the rows. Furthermore, three wells having bacteria
and medium were considered as a positive
control, and three wells having only medium were
regarded as a negative control. The experiment
was repeated three times for each solution. The
tests were performed on a separate plate for each
bacterium. The plates were then kept at 37 °C
for 24 hr. Eventually, the well with the MIC value

was obtained for each row through ELISA, and
the overall result was obtained by averaging the
results obtained from the three replications.

After determining the MIC value, the solutions
from two wells (i.e., the wells located before the
well that was previously considered as MIC) were
swabbed on the sterile MHA medium and the plates
were incubated for 18 hr in an incubator at 37 °C.
Then, a dilution of the sample in which the bacterial
growth was not visible was considered as MBC [21].

Cell culture and cellular cytotoxicity

The cells were cultured in appropriate
containers with DMEM growth medium (Gibcob,
Grand lIsland, NY, USA). The cultured cells were
then allowed to grow and adhere under controlled
conditions. Upon reaching confluency, cells were
detached, counted, and transferred into a 96-
well plate at desired densities. After incubation,
the cells were treated with a medium containing
different concentrations of the free and liposomal
forms of CV. Free and liposomal CV concentrations
were 953.7, 911.25, 760, 607.5, 303.75, 151.87,
and 75.93 pg/ml.

After the drug exposure period, MTT solution was
added to the cells, where metabolically active cells
converted MTT into formazan. Following incubation,
the formazan crystals were dissolved using a solvent,
and the dissolved formazan absorbance was
measured using an automated microplate reader
(Biotech; USA), and the percentage of cell survival
was calculated [20, 22-24].

Statistical analyses

All the MTT assay and MIC test results were
analyzed using the one-way analysis of variance
(ANOVA) test, and the graphs were drawn in
GraphPad Prism software. The results were
repeated at least three times, and the changes
were calculated by averaging and reported by
mean * standard deviation (SD). The comparison
tests used were two-way ANOVA, which was
performed using the Padprism graph software,
and P<0.05 was considered as the minimum level
of significance in each test.

Table 2. Bacteria used in the MIC test

Bacterium

Standard No. Gram reaction

Staphylococcus aureus
Pseudomonas aeruginosa

Escherichia coli

25923 +
27853 -
25992 -
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RESULTS
The effect of liposomal formulations on CV EE and
release

To determine the optimal formulation of
liposomal NPs, the range of CV loading on NPs,
drug concentrations, and the ability of NPs to
release CV were considered. The “EE” and “drug
release” values were obtained for the alternative
compositions of the components of NPs. For
this, the “SPC-to-Chol” molar ratio, the “lipid-to-
drug” ratio, and drug concentration and purity
were evaluated as factors influencing the time-
dependently loading of the drug on NPs. Likewise,
Chol concentration was evaluated as a key factor
influencing the release of CV from NPs (Table 4).
According to Table 4, formulation F12 [SPC/Chol/
Tween60-60:25:15; CV concentration: 1.5 mg/ml]
achieved the best EE value of 81%.

CV standard calibration in isopropanol and PBS

Concerning the linear correlation between the
absorption of CV and its various concentrations
based on the Beer-Lambert law (indicating that
both absorbance and concentration are directly
proportional to each other), the graph demonstrating
CV standard calibration in isopropanol and PBS was
drawn using the Taylor Standard Series Method at the
maximum wavelength of . The first-order differential
equation for the drug was determined for use in
calculating CV EE and release values. All the graphs
had an acceptable “coefficient of determination”
(®*) above 99%. The drug loading in CV-containing
liposomal NPs was reported as percentage (%) based
on the standard graph.

Carvacrol Release Profile of Liposomal Formulation

40

Release (%)
w
s

5]
S
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[] 20 40 60 80
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Fig. 1. The profile of CV release in vitro from the optimum
liposomal formulations

The in vitro release of CV from optimal liposomal
formulations

CV was released within 24 hr from liposomal
NPs using the dialysis method at 37 °C. The release
of CV from NPs was acceptable at 37 °C. As shown
in Fig. 1, the release of CV follows a biphasic
pattern. In the first phase, CV release is sharp from
time “0” to “6 to 8” hr. Then, it enters a slow and
linear phase over time, implying a semi-targeted
release pattern. In this study, the release of CV
from the liposomal nanosystem was reported from
time “0” to “24 hr”. As demonstrated, CV release
for all formulations is much higher in the initial
stages. The rate of release is then reduced until it
reached a stable release pattern. The formulation
“F12” was considered the best formulation for
drug release from liposomal NPs (Table 3).

Table 3. The optimum formulation of the CV-encapsulating liposomal nanosystem

Drug concentration Formulation Molar ratio LPs/drug molar ratio
1.5 mg/ml SPC:Chol: Tween60 60:25:15 10
Table 4. The CV EE of various formulations of Chol and SPC
Molar ratio

No. Formula %) LPs/drug molar ratio Drug concentration EE %
F1 SPC: Chol 70:30 15 0.5 mg/ml 60.54
F2 SPC: Chol 80:20 15 0.5 mg/ml 58.85
F3 SPC: Chol 60:40 15 0.5 mg/ml 61.29
F4 SPC: Chol 70:30 10 0.5 mg/ml 59.34
F5 SPC: Chol 80:20 10 0.5 mg/ml 57.63
F6 SPC: Chol 60:40 10 0.5 mg/ml 60.11
F7 SPC: Chol 70:30 15 1mg/ml 77.24
F8 SPC: Chol: tween60 42:18:40 20 4mg/ml No thin film formation
F9 SPC:Chol:tween60 50:25:25 20 4mg/ml Unacceptable hydration
F10 Tween60:chol 70:30 20 Smg/ml Unacceptable hydration
F11 SPC: Chol: Tween60 60:25:15 15 2mg/ml Unacceptable hydration
F12 SPC: Chol: Tween60 60:25:15 10 1.5mg/ml 81+2
F13 Tween60: Chol 70:30 10 4mg/ml 75.55

Nanomed J. 11(1): 93-106, Winter 2024
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Calculation Results

Peak No. | S.P.Area Ratio Mean S.D. Mode
1 1.00 73.5 nm 8.8 nm 70.4 nm
2 0.00 192.4 nm 24.1 nm 183.5 nm
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Fig. 2. The size and zeta potential of the optimum CV-encapsulating liposomal NPs

Characterization of CV-containing liposomal NPs

The size, zeta potential, and dispersion of NPs
for the optimum formulation (F12) were measured
by Zetasizer (HORIBA Scientific, Piscataway, New
Jersey, NJ, USA). Based on the results, the mean
size of liposomal NPs was 169 nm and their zeta
potential was -24 mV (Fig. 2).

The morphology of LPs

Scanning electron microscope (SEM) images
revealed the spherical shape of liposomal NPs
which are appropriately distributed and their
sizes are well agreeing with those obtained from

| TS mm

analyses with zetasizer.

FE-SEM (Fig. 3) and AFM (Fig. 4) images
of liposomal nanosystems show the spherical
morphology of LPs with clearly defined boundaries.
There is also no aggregation of LPs. Notably,
aggregation can adversely make LPs unstable
and lead them to show unfavorable behaviors. In
addition, the formed LPs are normal in terms of
their morphological properties (i.e., a spherical
shape, smoothness, and non-aggregation ). AFM
images clearly illustrate darker areas in the deeper
parts and brighter areas on the surface of the NPs.

Linibiaail

Fig. 3. FESEM images of optimal CV-encapsulating liposomal nanosystems
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Fig. 4. SEM images illustrating the morphology of CV-encapsulating liposomal NPs

FTIR results
The FTIR spectrum for free and nano

Table 5. The major FTIR absorptions

encapsulated CV Band Assignment
The FTIR spectrum for CV revealed characteristic 3382.73 O-H

peaks in the region “3382.73 ” (due to the 2960.85 C.H stretching band
stretching vibration of the phenolic group (0-H)), ' etehing
“2960.85 ” (due to C-H stretching in the branched 1589.83 C-C stretching band
alkanes), “1589.83 ” (due to the C-C stretching 1459-1421 OH bending
band), “1459-1421 " (due to the bending vibration
of OH), “1302.40 ” (due to the isopropyl group), a 1302.40 (CCHy),
strong band at “1252.31 ” due to C-O-C stretching, 1252.31 C-O-C stretching
and ult.lmately in .the region “812.35 ” (due to 812.35 C-H bending
aromatic C-H bending) (Fig. 5) (Table 5).
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Fig. 5. FTIR spectrum of CV
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A Blank liposome FTIR graph B Carvacrol nano liposome FTIR graph
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Fig. 6. FTIR spectrum for “blank LPs” (A), “CV-encapsulating LPs” (B), and merged state (C)

FTIR spectrum for the liposomal blank system,
CV-encapsulating LPs, and merged FTIR spectra

FTIR spectra for “blank LPs” and “CV-
encapsulating LPs” are shown in Fig. 6-A and 6-B,
respectively. As shown in Fig. 6-B, there are two
index peaks (2930 and 2855 ) for CV-encapsulating
LPs. The FTIR spectra for both “blank LPs” and
“CV-encapsulating LPs” show a trivial shift of
the peaks towards the lower wave number side,
presumably due to weak hydrogen C illustrates
the merged FTIR spectra for “CV”, “blank LPs”, and
“CV-encapsulating LPs”.

Microbial assessments

The efficacy of CV-encapsulating LPs in
inhibiting the growth of S. aureus compared to
free CV is shown in Fig. 7-A.

Asillustrated, the inhibitory effect of both “free
CV” and “CV-encapsulating LPs” is concentration-

100

dependently increased. At concentrations of 953.7,
911.25, 760, and 607.50 pg/mL, the inhibitory
effect of both “free CV” and “CV-encapsulating LPs”
is nearly equal. However, at concentrations below
303.76 ug/mL, “CV-encapsulating LPs” outperform
“free CV” in inhibiting the growth of S. aureus,
resulting in a significant difference between the
two groups. Likewise, as shown in Fig. 7-B, the
MIC value for “CV-encapsulating LPs” (151.87) is
much less than that for “free CV” (607.5), implying
that encapsulated CV exhibits a much stronger
antibacterial effect on S. aureus compared to its
free form.

The efficacy of CV-encapsulating LPs in
inhibiting the growth of E. coli compared to free
CVis shown in Fig. 8-A.

As depicted, the inhibitory effect of both “free
CV” and “CV-encapsulating LPs” is concentration-
dependently increased. At concentrations of

Nanomed J. 11(1): 93-106, Winter 2024
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953.7 and 911.25 pg/mL, the inhibitory effect
of both “free CV” and “CV-encapsulating LPs” is
nearly equal. However, at concentrations of 760
and 607.50 ug/mL, the efficacy of “free CV” in
inhibiting the growth of E. coli is higher than that
of “CV-encapsulating LPs”. Furthermore, as shown
in Fig. 8-B, the MIC value for “free CV” (607.5) is
much less than that for “CV-encapsulating LPs”
(911.25), suggesting that “free CV” outperforms
“encapsulated CV” in inhibiting the growth of E. coli.

The efficacy of CV-encapsulating LPs in
inhibiting the growth of P. aeruginosa compared
to free CV is shown in Fig. 9.

As demonstrated in Fig. 9-A, the inhibitory
effect of “free CV” is much higher than that of
“CV-encapsulating LPs”. Except for their highest
concentration (953.7 pg/mL), “CV-encapsulating
LPs” at other concentrations not only exhibit no
growth-inhibitory effects but also result in the
higher growth of P. aeruginosa. Furthermore,
as shown in Fig. 9-B, “CV-encapsulating LPs”

A - B

200 —

150 — P 140

Bacterial growth(%)

1.0

[] = § ]

0.8

30375 g
L g

Absorbance

0.2 S Mceors

exhibit growth-inhibitory effects at their highest
concentration (953.7 pug/mL). Thus, the MIC value
for “free CV” is 607.5 and that of “CV-encapsulating
LPs” is 953.7.

Cytotoxicity assay of CV-encapsulating LPs

Fig. 10 shows the effects of “free CV” and “CV-
encapsulating LPs” on the survival of HFF cells
after 24 hr, according to the MTT assay results.

The obtained data suggest that blank LPs
(compared to the control group) exhibit no
cytotoxicity against HFF cells, with insignificant
differences between the two groups. However,
“CV-encapsulating LPs”, compared to “free LPs”
at the same concentrations, not only possess no
cytotoxicity against HFF cells but also results in the
higher growth and survival of these cells. There is
a significant difference between this finding and
the data obtained from treatments with CV which
are associated with triggered apoptosis.

. P aeruginosa- Drug treatment

P. aeruginosa- Liposomal drug
treatment

Concentration (ug/mL)

Fig. 9. A) The efficacy of “free CV” and “CV-encapsulating LPs” in inhibiting the growth of P. aeruginosa based on the MIC test. B) MIC
value for P. aeruginosa
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Fig. 10. The effects of “free CV” and “CV-encapsulating LPs” on the survival of human foreskin fibroblast (HFF) cells
after 24 hr, according to the MTT assay results

DISCUSSION

Wound infections are a significant concern due
to their association with morbidity and mortality,
especially in developing countries. S. aureus, P.
aeruginosa, and E. coli are commonly isolated
pathogens in wound infections. S. aureus and P.
aeruginosa are the predominant species in wound
infections and have been reported to disrupt the
wound-healing process [25-28].

Recent advancements in the treatment of
wound infections have focused on developing
more efficient therapeutics for chronic and acute
wound infections. The distinctive biological, non-
sterile wound environment and the complex
wound-healing system have provoked the
exploration of unconventional and non-antibiotic
treatments, particularly the antimicrobial
potential of natural agents such as essential oils.
Additionally, innovative wound dressings have
been reported to provide a favorable environment
and deliver active ingredients to the wounded site,
thereby accelerating the healing process [29].

In this study, CV was encapsulated by LPs to
increase its stability due to its volatility, improve
its release in the affected site, reduce its toxicity
toward normal HFF cells, and multiply its
antibacterial effect on the bacteria. The purpose
was to develop a potent nanocarrier exhibiting
excellent drug EE, controlled drug release, and
trivial cytotoxicity of the encapsulated drug

Nanomed J. 11(1): 93-106, Winter 2024

against healthy tissues and cells. For this purpose,
a liposomal nanosystem was fabricated using
CV, SPC, Chol, and Tween-60. In the fabricated
nanosystem, SPC enhances the drug permeability
by improving the fluidity and results in a better
response to the administrated drug. Due to its
structural similarity with biological membrane
phospholipids, SPC is frequently employed in
various drug delivery formulations. SPC seems to
be a suitable molecule for designing liposomal
formulations against various diseases such as
cancer. For example, Di sotto et al. reported that
SPC enhances the bioavailability and absorption of
B-caryophyllene (CRY — a natural sesquiterpene)
by cancer cells. They found that, at lower SPC/CRY
(mol/mol) ratios, the fabricated SPC-CRY-LPs can
remarkably potentiatetheantiproliferative capacity
of CRY in “MDA-MB-468" and “HepG2” cells [30].
The ability of SPC to enhance drug permeability
has been reported elsewhere for wound infection.
For example, El-Gizway et al. reported the ability
of transpersonal gels incorporating deferoxamine
(DFO — an effective HIF-1a stabilizer) and SPC in
enhancing the permeability of DFO for cutaneous
wound healing in rats’ diabetic pressure ulcers,
implying the capacity of these formulations for the
treatment of human diabetic ulcers [31]. However,
an increase in the concentration of Chol in the
final formulation reduces drug release due to a
decline in the fluidity of the membrane of LPs [32].
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Thus, various ratios of Chol/SPC/Tween-60 were
investigated to achieve the optimal formulation
(i.e., “F12”, [Chol/SPC/Tween-60; ratio: 25:60:15;
CV EE: 81%; CV release: 43.48%)) for further
experiments. Notably, adding surfactants such as
Tween-60 increases the flexibility of vesicles and
the stability of LPs. Due to its hydrophilic head
group, Tween 60 declines the high interfacial
tension of the LPs, culminating in a more invariant
polydispersity index (PDI) and volume median
diameter (VMD) [33].

The volume of drug release from the delivery
system is a key aspect in fabricating an optimal
system exhibiting a desired drug release pattern.
Owing to its small molecular size, CV is readily
released from the dialysis tubing with 12 kDa
pores. The initial prompt release of CV is controlled
by the diffusion mechanism, i.e., the concentration
gradient of CV between LPs and the buffer around
the dialysis bag, while its gradual release in the
second phase is due to the controlled release
from the bilayer membrane of the LPs [34, 35]. In
this study, the size of all formulations (i.e., blank
LPs and CV-loaded LPs) was from 76 to 169 nm.
Research shows that the best size of NPs for use
in pharmaceutical systems is from 50 to 200 nm
[36], and nanosystems with a diameter of 50 to
80 nm exhibit a better capacity to escape from
mononuclear phagocytes [37]. The negative
charge of all formulations implies the formation
of anionic LPs that possess attributes such as
enhanced stability in solution and improved
endocytosis [38].

In this study, both “CV-encapsulating LPs” and
“free CV” exhibited a nearly equal antibacterial
effect on S. aureus at higher concentrations.
However, the effect of “CV-encapsulating LPs”
on S. aureus was significantly higher than that
of free CV in the lower concentrations. Similarly,
both “CV-encapsulating LPs” and “free CV”
exhibited an equal concentration-dependently
killing effect on E. coli at higher concentrations.
However, the free form of CV outperformed
“CV-encapsulating LPs” in killing E. coli at lower
concentrations. In a similar study, Liolios et
al. investigated the antimicrobial effect of CV-
encapsulating LPs against four Gram-negative
and Gram-positive bacteria. They found that the
antibacterial properties of CV are improved when
it is entrapped in the LPs [39]. By contrast, a 2020
study by Cacciatore et al. revealed that the free
form of CV has a better effect on food pathogens
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attached to steel than the encapsulated form of
CV [40]. However, CV-encapsulating polymeric
nanocapsules exhibit bactericidal effects on S.
aureus, E. coli, and Salmonella bacteria.

For P. aeruginosa, the antibacterial effect of free
CV was much higher than that of CV-encapsulating
LPs. Except for its highest concentration (i.e.,
953.7 ug/ml), CV-encapsulating LPs exhibited no
inhibitory effects in other concentrations where
the growth of P. aeruginosa was expanded. This
finding is in contrast with the results reported by
Gobin et al. who investigated the effect of gallic
acid, CV, and curcumin on the formation of biofilm
by two common bacteria involved in infectious
wounds (i.e., P. aeruginosa and S. aureus). They
found that CV can eliminate the biofilm produced
by both bacterial strains [41]. Such a discrepancy
between the results may be due to the difference
in the concentration of CV between the studies,
where the concentration of CV in the study by
Gobin et al. is nearly two times that in the present
study . The antibacterial effect of CV and thymol
against P. aeruginosa and S. aureus has been
investigated elsewhere by Lambert et al. [42].

The MTT assay results revealed that the
encapsulated form of CV enhances the growth
of HFF cells, thereby improving wound healingin
the present study, MTT assay results further
showed that blank LPs and CV-encapsulating LPs
possess no cytotoxicity against HFF cells, and
encapsulating CV in LPs removes the toxicity of
CV at the studied concentrations. However, at
similar concentrations, free CV was found to exert
some degree of cytotoxicity against HFF cells,
particularly at higher concentrations. This finding
agrees with the results reported by Yao et al. in
2021, where they found that free CV leads to the
death of HFF cells at higher concentrations [43].

CONCLUSION AND PROSPECTS

In this study, the optimum CV-encapsulation
liposomal nanosystems were fabricated and
characterized for use in the treatment of wound
infections. The study revealed that various
concentrations of CV-LPs inhibit the growth of S.
aureus and E. coli involved in most severe wound
infections. Furthermore, encapsulating CV in LPs
reduced its cytotoxicity against HFF cells even at
higher concentrations. Collectively, these results
imply the use of CV-LPs as a promising nanosystem
in alleviating and healing infections. However,
future studies are recommended to 1) investigate
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CV-LPs on a mouse model of wound infection, 2)
use CV-LPs in the form of hydrogel dressings, 3)
evaluate the effect of CV-encapsulating liposomal
nanosystems on bacteria involved in wound
infection, and 4) investigate the synergistic effect
of CV-LPs and antibiotics for the treatment of
antibiotic-resistant bacteria.
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