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Abstract

Purpose: Medicinal plants and their derivatives have been used to treat wounds, and loading
the plants into nanoliposomes (NLPs) helps to increase their efficacy. This study investigated the
efficacy of NLPs loaded with Withania somnifera (WHSE) extract in mouse models for excisional
wound healing.

Methods: In the present study, we thoroughly evaluated WHSE'’s antibacterial, antioxidant, and
safety profiles. Additionally, we assessed wound contraction, pathological evaluations, and the
expression of basic fibroblast growth factor (bFGF) and CD31.

Results: The results showed that the extract and its NLPs had biocompatibility and exhibited
antibacterial and antioxidant properties. Furthermore, our in vivo wound healing assay
results showed that ointments containing 0.50% and 1.00% of the WHSE-NLPs accelerated
wound healing and increased collagen and epithelialization. Furthermore, the results of the
immunofluorescence and immunochemical tests indicated more expression of CD31 and bFGF
in the mice that have been treated with WHSE-NLPs compared to those who were treated with
WHSE and control groups. (P<0.05).

Conclusion: We demonstrated that the administration of 1.00% of the WHSE-NLPs could
compete with the commercial ointment (Nitrofurazone®). Therefore, balms prepared from
WHSE-NLPs expedited the wound healing process by increasing collagen, epithelialization, and

the expression of CD31 and bFGF.

Introduction
The skin, the body’s largest organ, serves as the primary
barrier against harmful pathogens. Physical or chemical
damage to the skin can disrupt this biological barrier,
leading to severe injuries like dehydration, protein loss,
and bacterial infections.! Wound healing involves a
complex process, including homeostasis, inflammation,
proliferation, and remodeling? However, the natural
wound healing process can be time-consuming due to
bacterial infection, and the administration of antibiotics
can lead to antibiotic resistance.’ Biological agents, such
as plant compounds, have been used for centuries to
treat wounds. These compounds have antibacterial,
proangiogenic, wound-stretching, and anti-inflammatory
properties, making them valuable tools in healing.**
WHSE, commonly known as Ashwagandha, is a
multipurpose medicinal plant belonging to the Solanaceae
family. It is abundantly found in subtropical regions
around the world. Folk healers have traditionally used this
plant to treat various ailments, including fever, cancer,
asthma, diabetes, stomach ulcers, hepatitis, eye ulcers,
arthritis, heart problems, and hemorrhoids. Ashwagandha

is known for its anti-cancer properties and for treating
back pain and toning muscles, which may be attributed
to the alkaloids known as anolides. Furthermore, WHSE
is rich in valuable secondary metabolites, including
steroids, alkaloids, flavonoids, phenols, saponins, and
glycosides. Various clinical trials have attributed different
properties to Ashwagandha, such as heart protection,
anticancer effects, antioxidant, antibacterial, antifungal,
anti-inflammatory, liver protection, anti-depressant,
blood sugar-lowering, antimicrobial, and wound-healing
properties.®® Moreover, different parts of the plant have
been evaluated for potential treatments for male infertility,
obsessive-compulsive disorder, anti-anxiety effects, bone
and muscle strengthening, blood lipid reduction, and
anti-diabetes properties.®

Active compounds found in WHSE include withaferin
A, viscosalactone B, 27-deoxy withaferin A, pubesenolide,
jaborosalactone D, 4b,27-dihydroxy-l-oxo-22R-witha-
2,5,24-triptolide, 2,3-dihydro withaferin A-3b-O-sulfate,
withanolide A, and 27-hydroxy withanolide B.° Studies
have reported on the wound-healing activity of WHSE.*!°
However, plant-derived agents have limitations, such as

*Corresponding Author: Azar Bagheri Ghomi, Email: Azar.bagheri@iauctb.ac.ir

© 2024 The Author (s). This is an Open Access article distributed under the terms of the Creative Commons Attribution (CC BY), which permits
unrestricted use, distribution, and reproduction in any medium, as long as the original authors and source are cited. No permission is required

from the authors or the publishers.


https://doi.org/10.34172/apb.42403
https://apb.tbzmed.ac.ir
https://orcid.org/0009-0006-0008-5114
https://orcid.org/0000-0002-6696-3024
https://orcid.org/0000-0001-9905-0662
https://orcid.org/0000-0001-8631-071X
mailto:Azar.bagheri@iauctb.ac.ir
https://crossmark.crossref.org/dialog/?doi=10.34172/apb.42403&domain=pdf&date_stamp=2024-12-30

Nanoliposomal withania extract: enhanced wound healing

volatile structures and insolubility in water." The situation
requires the creation of new agents that can surpass these
constraints.

Many natural products are unstable and have low oral
bioavailability, which limits their potential for medicinal
use.” A nanotechnology-based approach has been
proposed involving the incorporation of plant extracts
into nanostructured drug delivery systems. These systems
exhibit different physical, chemical, and biological
properties at the nanoscale compared to the microscale,
including enhanced optical properties and larger contact
surfaces.”

Liposomes are important lipid-based carriers that can
hold various materials with different polarities. They are
non-toxic, biodegradable, and don’t trigger the immune
system. Liposomes also offer advantages such as high
encapsulation efficiency, controlled and targeted release,
simple manufacturing, and high stability. Nanoliposomes
(NLPs) have a larger surface area than liposomes, resulting
in better solubility and stability, increased bioavailability,
and more precise delivery to target areas. Because of their
amphipathic structure, the antioxidant agents contained
in NLPs can prevent the onset of the oxidation process at
the interface between water and oil in food."

The traditional use of medicinal plants faces several
challenges. For instance, the oxidation of -effective
substances in the plant, its extract, and essential oil can
have inappropriate effects on target and non-target tissues.
However, there is hope in introducing drug-delivery
nanocarriers such as NLPs. These recent strategies can
significantly enhance the therapeutic effects of plants and
their extracts.’

Evidence suggests that crude plant extracts often exhibit
better anti-plasmodial activity in vitro or in vivo than
isolated compounds at equivalent doses. The study aimed
to investigate the antibacterial properties and wound-
healing activity of NLPs loaded with WHSE extract, which
has potential anti-inflammatory properties. The study
assessed the physicochemical and antioxidant properties,
wound healing activity, and expression of specific proteins
in an excisional wound model in mice.

Materials and Methods

Materials

The entire WHSE plant was harvested from the
mountains in Saravan County, located in the Sistan and
Baluchestan Province of Iran in September. We purchased
the following materials from Sigma-Aldrich: soybean
lecithin, cholesterol, ethanol (99.6%), xanthan gum,
4,6-diamidino-2-phenylindole (DAPI), 2,2-diphenyl-
1-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent,
sodium carbonate, gallic acid, rutin, aluminum chloride,
sodium hydroxide, resazurin reagent, and nutrient broth
medium. Additionally, all immunofluorescence and
immunohistochemistry reagents were purchased from
Santa Cruz Biotechnology, Inc. in Dallas, Texas.

Preparation of herbal extract

The WHSE plant was harvested, and the Research
Center of Medicinal and Ornamental Plants at Sistan and
Baluchistan University confirmed its quality. The plant’s
leaves were cut and washed with cold water to remove any
dust. The washed leaves were then dried in a dark place at
37 °C. After drying, the leaves were ground into a powder
using ball milling equipment. The prepared herbal powder
was placed in the upper chamber of a Soxhlet extractor,
and 400 mL of ethanol was added to the balloon. The
extraction process was carried out for 9 hours. We used
the rotary evaporator to vaporize the solvent, storing the
residue at -20 °C.

FTIR analysis

The Shimadzu Fourier transform infrared (FT-IR)
spectrophotometer (Japan) was used to conduct FT-IR
analysis on the powdered extract. The extract powder
was mixed with an equal weight of KBr and compressed
into tablets using a tablet preparation press. The sample
was then placed into the FT-IR spectrophotometer at a
temperature of 26 + 1 °C, and infrared rays were scanned
in the range of 400-4000 cm™ .'¢

Measurement of total flavonoid content

To determine the total flavonoid content, we used the
aluminum chloride colorimetric method."” To prepare the
mixture, we mixed 0.5 mL of the sample solution, 0.15 mL
of 5% (w/v) aluminum chloride, and 0.15 mL of 10% (w/v)
sodium hydroxide. Next, we added 3.2 mL of deionized
water and 1 mL of 4% (w/v) NaOH to the mixture. The
prepared mixture was incubated for 20 minutes, after
which the absorbance of the samples was measured at
510 nm using a visible spectrophotometer (Pharmacia
biotech-ULTRAS PEC2000-UK). The flavonoid content
was measured using a calibration curve constructed
with rutin as the standard flavonoid reagent. Finally, the
flavonoid content was reported in milligrams of rutin
equivalent per gram.

Measurement of total phenol content

To determine the phenolic content, we used the Folin-
Ciocalteureagent. Firstly, 2.5 mg of Folin-Ciocalteu reagent
(0.2 N) was added to 0.5 mL of a 10 mg/mL extract. After a
five-minute incubation, 2 mL of a 75 g/L sodium carbonate
solution was added to the mixture. The prepared mixture
was then incubated for 2 hours, and its absorbance was
measured at 750 nm using a UV-spectrophotometer. The
phenolic content was quantified using a calibration curve
constructed with gallic acid as the standard phenolic
reagent. Afterward, the sample’s absorbance at 517 nm
was measured using a spectrophotometer.'®

Preparation for measuring antioxidant efficiency
The DPPH assay technique was used to determine the
extract’s ability to scavenge free radicals. The procedure
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involved mixing equal volumes of different concentrations
of the extract samples (50, 100, 200, 300, 400, 500, and
1000 pg/mL) with a DPPH solution (2 mg/50 mL). The
mixture was then incubated in a dark place for 30 minutes.
The absorbance of the samples was measured using a
spectrophotometer at 517 nm."

The preparation of liposomes by thin-layer hydration
method

To prepare liposomes, we used the thin-layer hydration
method. Initially, 10 mg of extract was liquefied in 20 mL
of ethanol. Then, lecithin (90 mg), cholesterol (10 mg), and
Tween®80 (10 mg) were added to the extract solution and
thoroughly mixed. The round-bottom flask was used to
transfer the mixture of lipids and extracts, and the ethanol
was removed by vacuum evaporation at 45 °C using a
rotary evaporator. Once a thin layer formed at the bottom
of the flask, the coating was hydrated using 10 mL of 1X
PBS solution. Finally, for size reduction, the liposomes
were subjected to homogenization using a Silent Crusher
M homogenizer (Germany) for 20 minutes at 60 °C and
20,000 RPM.*

Drug loading and entrapment efficiency

We used an ultrafiltration technique to separate the un-
loaded extract and measured its concentration using
spectrophotometry to determine the loading efficacy and
capacity. Initially, standard samples of the extract with
logarithmic concentrations were prepared, and then the
UV uptake was measured at 412 nm for each sample.
These absorbance values were used to calculate the slope
of the line equation. Subsequently, the unloaded extract
was separated using an Amicon® Ultra-4 100 k - 30 kDa
molecular weight cut-off membrane (Millipore, Billerica,
MA). We calculated the loading capacity and effectiveness
using the following formula:

loaded drug weight —Free amount of drug <100

Loading capacity = carrier weight

: loading efficiency of liposomes Eq. (1)

Determination of the size and zeta potential of
nanoparticles

Dynamic light scattering (DLS) is a technique used
to measure the size and zeta potential of NLPs. It
utilizes the Brownian motion within a solution to
measure the hydrodynamic diameter of the NLPs,
providing information about their size in the solution.
Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) confirm the actual size of
nanoparticles. Zeta potential displays the stability of
NLPs based on their surface charge, playing a significant
role in understanding interactions with the Malvern
Instruments Ltd. DLS Zeta Sizer 2000 instrument was
utilized to determine NLPs’ particle size distribution and
peak size range.

Scanning electron microscope

SEM was employed to determine the actual size of the
prepared liposomes. To perform this analysis, a 1/100
diluted drop of the sample was placed onto an aluminum
sheet and allowed to dry at room temperature. The dried
samples were subsequently examined using an SEM
instrument (TEscan, VEGA II XMU, Czech Republic).

Liposome stability

In order to determine the stability of the liposomes
containing the extract, the sample was refrigerated to
prevent the destructive effects of temperature on the
liposomes’ phenolic compounds. The sample was kept at 4
°C for 30 days and analyzed every 15 days. The stability of
the liposomes was assessed through DLS tests conducted
on the sample.”!

Microbial analyses

Toassess theantibacterial effects of the extractand its NLPs,
we determined the minimum bactericidal concentration
(MBC) and minimum inhibitory concentration (MIC)
against two types of bacteria, Pseudomonas aeruginosa
(PTCC-1310) and Staphylococcus aureus (PTCC-
1764), using the methods described in previous studies
(Weinstein and Lewis, 2020). Serial dilutions of the crude
extract and NLPs were prepared in a Nutrient broth
medium. Subsequently, 100 puL of bacterial suspension
was added to each tube at 37 °C for 24 hours. The growth
inhibition of the bacteria was assessed by adding 30 pL
of resazurin reagent to each well. The MIC refers to the
lowest concentration of extract and its NLPs that can
prevent the growth of microorganisms. On the other
hand, MBC is the lowest extract concentration, and its
NLPs can kill 99.9% of the bacterial population.

Animal study

The surgical procedures and protocols utilized in this
study were conducted by the guidelines established by the
Ethical Committee of Islamic Azad University of Urmia
University (No. 12041). 108 male mice weighing 25+2 g
were acquired for the in vivo experiment. The mice were
individually housed in cages, maintained at 20-22 °C, and
subjected to a 12-hour light-dark cycle.

The mice were provided with standard rodent food
and water at all times. Anesthesia was administered using
appropriate anesthetic agents, ketamine (50 mg/kg), and
xylazine (10 mg/kg); then, the back of each mouse was
shaved. A 7 mm wound was then created in the back of
each mouse using a circular full-thickness method, as
described in previous studies.?>” The study lasted 12 days,
and treatments began 24 hours after the wounds were
created.

The mice were divided randomly into six different
groups: (1) control group (Ctl) without any treatment,
(2) Nitrofurazone (Ntfn) group as a positive control, (3)
ointments containing NLPs, (4) WSHE, (5) 0.5% WSHE-
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NLPs, and (6) 1.00% WSHE-NLPs. Each group consisted
of 18 mice.

Evaluation of wound healing

The effectiveness of the treatments was assessed by
measuring the reduction in wound size on days 3, 7, and
12 after the surgery. A camera was used to capture digital
images of the wounds, which were then analyzed using an
image analysis program by the methodology described in
a prior study.**

Histological analysis of wound healing

On days 3, 7, and 14, the animals were anesthetized using
appropriate anesthetic agents, and skin wound samples
were collected from the mice. Histological examinations
were performed using the Trichrome Masson staining
method, following established protocols described in
previous studies.” First, the collected samples were
washed and fixed in a 10% formalin solution after being
washed with saline and dehydrated. Then, the samples
were processed by embedding them in clear xylene and
wax and finally examined using light microscopy (BX50,
Olympus, Japan).

Based on previous studies, we conducted
immunofluorescence staining using the described
methods.?* Wound samples were collected, embedded in
paraffin, dewaxed, and rehydrated. Antigen retrieval was
performed by immersing the slides in citrate buffer (pH
7.4) for 20 minutes. The slides were first washed with
Triton X-100 (0.03%) in TBS. Then, they were blocked
with 10% normal serum or 1% BSA in TBS for 2 hours at
room temperature. The slides were treated with primary
antibody overnight at 4 °C. Then, the slides were washed
three times with PBS (5 minutes each time) and incubated
with a biotinylated secondary antibody for 1 hour at 37°C.
After that, they were detected with 3,3-diaminobenzidine
substrate. The ratio of target protein-positive nuclei to
DAPI-positive nuclei in 3 microscopic fields per group
was used for quantification using Image] software.
Immunofluorescence staining was carried out to examine
the expression of basic fibroblast growth factor (bFGF) and
CD31 on days 7 and 14. The staining was done to evaluate
the expression of bFGF and CD31 using the following
antibodies: bFGF antibody (sc-365106, Santa Cruz
Biotechnology, Inc), CD31 antibody (sc-365106, Santa
Cruz Biotechnology, Inc), Goat Anti-Mouse IgG antibody
(E-AB-1011, Elabscience Company), and Goat Anti-
Rabbit IgG antibody (E-AB-1014, Elabscience Company).

Data analysis

The study data were analyzed for normality using the
Kolmogorov-Smirnov test in SPSS software (version 23).
As the data represented averages, a one-way ANOVA was
performed. We used Duncan’s post hoc test to compare
group differences with a P value of less than 0.05 for
statistical significance.

Results and Discussion

FTIR analysis of WHSE

FTIR analysis was conducted on the ethanolic extract
of WHSE, which revealed distinct peaks in the FTIR
spectrum (Figure 1). A peak at 3378.73 cm™ indicated
the presence of strong alcohol OH stretch bonds in the
WHSE structure. Additionally, peaks at 2920.96 cm™ and
2853.59 cm™ were observed, representing a weak -C-H
stretch characteristic of alkanes and alkyls present in the
WHSE extract. Another peak at 1739.35 cm™! indicated
the presence of a potent C=O ester containing aldehyde.
Moreover, a peak at 633.42 cm™ suggested the presence of
a strong C-Cl alkyl halide moiety. Notably, intense peaks
at 1396.29 cm™ and 1054.59 cm™ indicated the presence of
a strong CF alkyl halide moiety. Previous studies by Gupta
et al in 2018 support these findings.'¢

Physicochemical characterization of WHSE loaded into
the liposome
In Figure 2a, the actual size of WHSE-NLPs is depicted.
Our findings demonstrate that the liposomes had an
average diameter of approximately 120 nm and exhibited a
spherical morphology. Furthermore, our SEM results were
corroborated by DLS analysis, as shown in Figure 2b. The
DLS measurements revealed that the mean hydrodynamic
diameter of WHSE-loaded liposomes was 133 nm,
accompanied by a narrow Polydispersity Index value of
0.3. Additionally, the zeta potential of the liposomes was
determined to be -37.4 mV. These results collectively
indicate the suitability of the NLPs for efficient drug
delivery to the skin. Furthermore, our drug loading studies
demonstrated a loading capacity of approximately 50%
and an encapsulation efficiency of around 75%, which are
considered satisfactory values for drug delivery systems.
This study’s calculated encapsulation efficiency was
higher than the reported data for nisin-loaded NLPs
(54%).” However, the study by Gibis et al showed that the
encapsulation efficiency values for coated and uncoated
NLPs containing grape seed extract were reported as
88% and 99%, respectively.®® Several factors influence the
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500 1000 1500 2000 2500 3000 3500 4000
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Figure 1. Represents the FT-IR scanning results of the WHSE extract
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Figure 2. Represents (a) The size of the NLPs, (b) The zeta potential of NLPs, and (c and d) an SEM image of the morphology of NLPs in two different magnifications

encapsulation efficiency of biologically active compounds
in NLPs. These factors include the characteristics of
the biologically active materials (such as lipophilicity
or hydrophobicity and solubility), the properties of
phospholipids (such as saturation and fatty acids), the
ratio of phospholipids to the encapsulated compounds, the
methods and conditions used in the production of NLPs,
the concentration and type of stabilizers (like cholesterol),
and environmental conditions such as temperature, pH,
and ionic strength.?

NLPs physicochemical characteristics and stability
depend on factors such as pH, ionic strength, and
temperature. The fluidity of the lipid membrane mainly
influences the stability of NLPs. Due to their slight
difference in density, NLPs neither settle nor float with
the continuous phase; instead, Brownian motion keeps
the liposomes in suspension. However, crowding and
mixing are the primary factors contributing to instability
and an increase in particle size. Consequently, one of the
processes causing the instability of lipid systems is the
accumulation of particles during storage. Adsorption
forces between the particles cause them to stick together
and form larger structures. If NLP particles undergo
sedimentation and floating processes during the liposomal
system maintenance, it indicates particles’ accumulation.
At ambient temperature, due to the high fluidity of the

membrane, liposomes agglomerate and form a clot,
leading to an increase in particle size and a comprehensive
and heterogeneous particle size distribution.

According to the DLS results, a reading of 133 on the first
day, 130 on the 15th day, and 137 on the 30th day shows
that the liposomes remain stable and have a good shelf life
when stored in the refrigerator. Changes in temperature
and light can affect the lipid crystal structure, soften
the membrane, and reduce the zeta potential, leading
to particle aggregation due to decreased repulsive force
between particles. Moreover, the materials composing the
liposome membranes can impact the physical stability of
the liposomes.

Antioxidant efficacy of extract using DPPH reagent

Phenolic and flavonoid compounds have been shown to
reducelipid peroxidation, whichleadstoincreased collagen
fibril viability and enhanced strength of collagen fibers.
As a result, cell damage is prevented and DNA synthesis
is accelerated.” Flavonoids, phenolics, and terpenoids
are well-known promoters of the wound-healing process
due to their antimicrobial and antioxidant properties.
These properties contribute to wound contraction and
accelerated epithelialization.*® Previous research has
shown that the presence of reactive oxygen species hinders
wound healing acceleration, while antioxidants neutralize
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free radicals and enhance the wound-healing process.”*! mL range against P. aeruginosa. These findings align with
Plant-derived antioxidants, such as polyphenolics, previous studies on the antibacterial activity of WHSE,***
flavonoids, and tannins, act as potent scavengers of free which have attributed this activity to the active compounds
radicals, thereby preventing oxidative damage during the present in WHSE. In a 2008 study, Gortzi et al developed
wound-healing process.* liposomes encapsulated with Myrtus communis extract.

Our antioxidant activity measurements are depicted in The liposomes, prepared using chloroform and methanol,
Figure 3, revealing a concentration-dependent activity. showed antioxidant and antimicrobial properties. The
Additionally, our measurements of total flavonoids and encapsulated extract demonstrated superior activity to the
phenols indicated concentrations of approximately 51.80 pure form of M. communis.*® Although it was expected
GAE mg/g and 130.77 rutin mg/g in the WHSE extract. that coating the extract with NLP would enhance the
Previous studies on the antioxidant activity of WHSE antibacterial activity, the study did not observe this result.

are consistent with these results.*** The antioxidant
properties of WHSE are due to the presence of phenolic Wound healing activity

and flavonoid compounds. In a study conducted by Ly The process of wound healing is a complex mechanism
et al,” the antioxidant activity of Morinda citrifolia leaf that involves the restoration of cellular structures and
extract was evaluated using the DPPH assay. Their results tissue layers in damaged organs or tissues with the aim
showed an IC50 concentration of 133.99 pg/mL DPPH. of achieving a normal physiological state. It starts with
Furthermore, their study reported a flavonoid content of the fibroblastic stage, during which the wounded area
2.649 mg RU g! of dry mass in the Noni leaf extract. begins to shrink.* The wound-healing process typically

consists of three stages: inflammation, proliferation,
Antibacterial activities of the extract and its NLPs and remodeling. These stages are characterized by
In Figure 4, the results indicate that WHSE, WHSE- hemostasis and inflammation, cell proliferation and
NLP, and NLP exhibited bacteriostatic activity in the migration, epithelialization, angiogenesis, and collagen
MIC test against both bacteria, starting from the lowest deposition, respectively. The size of the wound decreases
concentration of 0.156 pg/mL. The antibacterial activities during the remodeling stage.** Various types of cells,

of WHSE and WHSE-NLPs were observed against both including macrophages, keratinocytes, endothelial cells,
bacteria in the range of 0.156-1.25 ug/mL. However, NLP and fibroblasts, are activated in the wound-healing

only displayed antibacterial activity in the 0.625-0.156 ug/ mechanism. Successful wound closure requires cross-talk
3 b Phenolic/Flavonoids
DPPH anti-oxidant activity P g
70 5 s — |-128
e Edi 64—
< o 40 R
5 2% E) 32 -
=23
-§ i 40 Q 30 16 =5
=520 O 20 Bk E
8 L, 0
220 4
8 10
3 10 |-I-| -2
0 I;TEI T T T T T T 0 T - T ) 1
50 100 200 300 400 500 1000 Total phenolic Total flavonoids

Concentrations (pg/ml)

Figure 3. (a) Represents the antioxidant efficacy of extract using DPPH reagent, (b) the concentration of phenolic and flavonoids in each g of extract

Figure 4. Antibacterial activity (a) MIC and (b) MBC of extract and its NLPs
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between healthy keratinocyte cells and other cells involved
in wound healing.*" Plant metabolites with therapeutic
properties can stimulate fibroblast and keratinocyte
proliferation and growth, potentially accelerating the
wound-healing process.*

Figure 5 illustrates the wound-healing activity. The
results demonstrate that the treatment did not influence
wound healing activity on day 3 (P=0.615). However, on
days 7 (P=0.001) and 14 (P=0.001), wound contraction
was significantly higher in the Ntfn and 1% WSHE-NLPs
groups compared to other groups. Wound contraction
was also higher in the 0.5% WSHE-NLPs, WHSE, and
NLPs groups compared to the control groups on days
7 (P=0.001) and 14 (P=0.001). Previous studies have
reported similar findings regarding the wound-healing
activity of WHSE®"® The results indicate that the
administration of 1.00% WSHE-NLPs could be comparable
to the commercial ointment Ntfn in promoting wound
healing. Coating the extract with NLP increased wound
healing activity compared to using uncoated WHSE. This
improvement in wound healing activity can be attributed
to the extracts antibacterial action and antioxidant
properties. Previous studies have reported the role of
antioxidants and antibacterial compounds in accelerating
the wound-healing process.**** Furthermore, the extract

NLPs

(A) ctl Nitf

Day 3

Day 7

Day 12

\B2/ 1501

-

=

=
1

Wound contraction
(percentage)
E

Day 3 Day 7

and its NLP formulation increased the expression of
CD31 and collagen, which further facilitated the wound-
healing process. Higher concentrations of the extract
were found to improve wound healing compared to
lower concentrations, likely due to a higher concentration
of active compounds. In a study, the wound-healing
activity of Morinda citrifolia leaf extract was evaluated.
Their findings showed that the ethanolic extract of
Morinda citrifolia could increase wound healing speed by
92.45% compared to the control group. The results also
demonstrated that the extract had wound-healing effects
in mice after 11 days of treatment by reducing the wound
area and promoting histological regeneration.*

The study conducted by Juneja et al examined the
effects of Boerhavia diffusa extract on wound healing.
Both the methanolic and chloroform extracts were found
to increase human keratinocyte cell proliferation, both in
vivo and in vitro.*?

Pathological results

According to Figure 6, mice treated with 1% WSHE-
NLPs, 0.5% WSHE-NLPs, and WHSE had significantly
higher collagen density compared to other groups.
Additionally, collagen deposition was notably higher in
the Ntfn group throughout the study when compared to
1% WHSE-NLPs

WHSE 0.5% WHSE-NLPs
s 3 B

Ctl

Ntfn

NLPs

WHSE

0.5% WSHE-NLPs
1% WSHE-NLPs

100RC0N

Day 12

Figure 5. (A & B) Wound healing activity of the extract and its NLPs. Different superscripts (a-e) show significant differences on the same day. The data are

presented as mean +SD
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Figure 6. Representative photomicrographs on sampling days stained with the Masson’s trichrome staining. See the collagen bio-synthesis and well-recovered

epidermis and dermis of the wound in treated groups

the control group. On days 3 and 7, there was a significant
increase in epithelial thickness in the 1% WSHE-NLPs,
0.5% WSHE-NLPs, and WHSE groups compared to the
other groups. However, a decrease in epithelial thickness
was observed in the 1% WSHE-NLPs and 0.5% WSHE-
NLPs groups. These findings suggest that the treatments
promote collagen production and accumulation, which
aids in wound healing. The increase in collagen density
and epithelial thickness facilitates the wound-healing
process, with collagen contraction helping to reduce the
wound area. The decrease in epithelial thickness on day 12
indicates improved initial epithelization.

The expression of CD31 and bEGF antibodies
We observe the effect of the extract and its NLPs on CD31

and bFGF expression (Figures 7 and 8). Our results indicate
that the levels of CD31 and bFGF were significantly higher
(P<0.05) in Ntfn and 1% WSHE-NLPs compared to other
groups. Additionally, the expressions of bFGF and CD31
were higher in 0.5% WSHE-NLPs, WHSE, and NLPs than
in control groups. bFGF is a mitogen factor that plays an
important role in cell differentiation, proliferation, tissue
regeneration, and chemotaxis during wound healing.**
Therefore, bFGF expedites the wound healing process,
and the extract and its NLPs accelerate wound healing
by increasing the expression of bFGE CD31 plays a
role in angiogenesis, which is enhanced with increased
extract concentration.* The rise in angiogenesis provides
nutrients for the wound-healing process and accelerates
the healing process. Loading WHSE into NLPs accelerates
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Figure 7. The effects of extract and its NLPs on the expression of CD31 (positive red area) and cell nuclei (blue). The quantitative analysis is based on CD31

staining. Different superscripts (a-e) show significant differences on the same day

the wound healing process compared to the lack of
coating status.

Conclusion
The study used a mouse model to test the effects of
WHSE extract loaded into NLPs on wound healing and
antibacterial properties. In vitro, findings showed that
WHSE and its NLPs had antibacterial and antioxidant
properties. In vivo, results indicated that ointments
containing 1.00% of WHSE-NLPs significantly accelerated
wound healing and enhanced collagen deposition and
epithelialization more effectively than those containing
0.50%. Furthermore, the application of WHSE and its
NLPs promoted faster wound healing by increasing
the expression of CD31 and bFGE as well as improving
collagen deposition and epithelialization.

Loading WHSE into NLPs made the wound healing
process more efficient than the non-loaded form.

Moreover, the pronounced effectiveness of WHSE-NLPS
can be attributed to two main factors: (1) the protective
role of the liposomal bilayer surrounding WHSE, which
shields it from external conditions, thereby enhancing its
impact on targeted tissues; and (2) the nanoscale size of
NLPs, which allows for improved penetration through the
stratum corneum, enabling access to the epidermis

It's important to note that the study was conducted on
mice, so the results cannot be directly applied to humans.
Before using these findings in human treatments, clinical
studies are needed to validate their safety and effectiveness.
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