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peptides and nucleic acids, for wound infections. To this end, the current study
bacterial effects and wound healing properties of vancomycin-loaded solid lipid nano-
inst methicillin-resistant Staphylococcus aureus (MRSA) surgical wound infections.
ds: vancomycin-SLN was synthesized by double emulsion solvent evaporation tech-
d then in vitro antibacterial activity was evaluated by well diffusion and broth microdilution
surgical wound was inflicted on 36 male rats; the infection was caused by MRSA, and free
and vancomycin-SLN were topically applied. Results: Particle size, PDI, zeta potential, drug
loading, and encapsulation efficiency of the optimum vancomycin-SLN were 350 + 24 nm, 0.402 + 0.014,
3 + 2.5mV, 139 + 1.4%, and 92.14 + 3.1%, respectively. In vitro antibacterial assays showed lower
Cs for free vancomycin and killed bacteria more efficiently than vancomycin-SLN. However, the syn-
thesized nanoparticles indicated long-term antibacterial activity against MRSA. Animals that were treated
with vancomycin-SLN showed the best wound healing procedure. Treatment of rats with vancomycin-SLN
increased re-epithelialization and decreased granulation tissue development, as seen by histological analysis.
Conclusion: Antibiotic-loaded SLN could not only manage wound infection but also enhance wound healing.
Therefore, this kind of treatment should be considered by scientists as an applicable treatment for wounds.
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Healing a wound is a dynamic and intricate process that requires the replacement of dead
’j Journals cells and tissues [1, 2]. Noteworthy, wound infections now account for 60% of burn patient
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mortality and 300,000 deaths globally each year, despite the
great breakthroughs in infection control and wound healing
[3, 4]. Necrotic tissues lower the presence of immune cells in
the wound area and make it easier for pathogens to pene-
trate the underlying tissues and disseminate. Additionally,
wounds affect the integrity of the skin, which in turn at-
tenuates cellular and humoral immunity [5, 6]. Due to the
aforementioned problem, different wounds, such as burn,
diabetic, and surgical wounds, are prone to infection and
may develop into an infected ulcer or even an invading
infection like sepsis [7, 8]. Staphylococcus aureus, especially
methicillin-resistant S. aureus (MRSA), is considered a
bacterial pathogen that is frequently detected in burn wound
infections [9, 10]. This bacterium gets into eschar and enters
subcutaneous, unburned tissues, which may lead to ab-
scesses of different sizes. These abscesses protect S. aureus
from the body’s immune system and antibiotics. They also
make it possible for this bacteria to get into the blood-
stream [11].

Vancomycin is one of the best choices for managing
infections caused by MRSA. However, the prevalence of
vancomycin-resistant strains is increasing, and there is an
essential need for alternative antibiotics [12]. In addition to
antibiotic resistance, the continuous presence and release
of antibacterial agents are essential for managing
wound infections. To this end, recently published studies
used different local antibacterial therapies, suc
natural compounds, bacteriophage therapy, and
particles, for managing burn wound infection, enhan
wound healing, and reducing the toxicity o
(13, 14].

In this regard, the use of nano-pla
commonly used antibiotic has been cd

fections. Not only can these
and regulate drug release,

of antibiotics’
survivability in

oved chemical stability
solid lipid nanoparticle

pation of several medications with a
uses [22]. Despite having some
Ns have advantageous properties. For
instance, SB ould shield drugs from enzymatic and
chemical bredkdown. Since organic solvents are not
required, the production of SLNs is simpler than that of
other categories of drugs [23]. Therefore, SLN regulates the
drug’s release and improves the chemical stability of
trapped antibiotics. To this end, in the present study, we
used the SLN for the slow and steady release of vancomycin
in the site of infection, enhancing the performance of this
antibiotic in the management of surgical wound infections
caused by MRSA.

2. MATERIAL AND METHODS

2.1. Research materials

Vancomycin and all chemicals and solvents were purchased
from Sigma-Aldrich (Munich, Germany). All of the cultural
media utilized in this investigation were purchased from the
German company Merck. Additionally, Male Wistar rats
were used for in vivo studies.

2.2. Synthesis and evaluation of

evaluated. Using Ben-
5°C above its
warmed polox

-dissolved and
as vancomycin,

ngredients. After 60 s of
mixture was homogenized with
o create the second emulsion,
o the first and homogenized the
onic equipment at 45 °C for 2 min (15
ting mixture was slowly introduced to a
W (5°C) containing the stretched quan-
m telluride for 5 min in order to stabilize the
ted nanoparticles. The identical conditions (drug-free
nanoparticles) were seen during the synthesis of
rug-free SLN. Finally, a high-speed centrifuge (25,000 rpm
for 15 min) was used to thoroughly wash the nanoparticles
three times with DW. We then lyophilized it at —80 degrees
Celsius using a vacuum pump (lyophilizer). The nano-
particles were first filtered via a 450 nm membrane to
remove impurities before being used in biological studies.

Noteworthy, the PDI, mean particle size, and zeta po-
tential of synthesized nanoparticles were evaluated. Addi-
tionally, a FTIR spectroscope (PerkinElmer, Spectrum 400,
United States of America) and the dialysis bag method
(cutoff of 12,000 to 14,000 Da) were used for spectroscopic
evaluation and drug release assay of samples, respectively.
The thermal behavior of the nanoparticle and its compo-
nents were assessed using Differential Scanning Calorimetry
(DSC) (Mettler Toledo, Hong Kong) device. To investigate
the nanoparticle’s shape, we employed an emission scanning
electron microscope (Fe SEM). Finally, according to the kit’s
instructions (Kiazist Kit/Iran), fibroblast cell lines were uti-
lized to test the cytotoxicity of the manufactured nano-drug.
The concentrations of nanoparticles and free vancomycin
employed in the experiment ranged from 25mg mL ™' to
400 mg mL ™,

2.3. Bacterial strains

MRSA ATCC 33591 was used in the present study. The
isolated bacterium was grown overnight in Brain Heart
Infusion (BHI) broth medium and then put in incubators
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with new BHI medium for 18-24 h until it reached the mid-
logarithmic phase. After centrifuging the culture at 1,000 g
for 15min, the supernatant was collected. The bacterial
pellet was then washed twice with phosphate-buffered saline
(PBS) and resuspended in cold PBS to get a concentration of
about 1*10° CFU mL™". The bacterial mixture was kept at
—20 °C until the next steps were taken.

2.4. Antibacterial effect (well diffusion and minimum
inhibitory concentration (MIC))

Clinical and Laboratory Standards Institute (CLSI) 2021
suggested using the well diffusion and microbroth dilution
methods to evaluate antibacterial effect of synthesized
nanoparticles. The bacterial suspension was diluted to make
10* CFU mL™" for the well diffusion test, which was then
used in the antibacterial studies. With a clean cotton swab, a
lawn of the bacteria culture made above was spread evenly
on the Muller-Hinton agar (MHA) plates. Several 6 mm
holes were punched into the bacteria-covered MHA plates
with a circular glass tube. In each well, 100 pL of nano-
particle sample solution was added, and the plates were kept
at 37°C for 18 h. We measured the width of the inhibition
zone, which shows how susceptible bacteria are to the
nanoparticles [24, 25]. Notably, we used a microbroth
dilution method to determine the MIC of free vancomycin
and synthesized nanoparticles according to the g
published study [13].

2.5. Wound infection

In this study, a surgical wound was m
rats that were 6-8 weeks old. Note

~! of ketamine were injected
anesthesia. To make a

asured to see how well it was healing.
five rats from each group were killed on
post-infections, and biopsy samples were
taken aseptically. The biopsies were then weighed, ho-
mogenized in 10 mL of PBS, and inoculated with MHA.
Additionally, colony counts were presented as logl0 CFU
per gram of tissue. Importantly, on day 14, punch biopsies
were taken from the wound site, fixed in 10% formalin,
paraffin-embedded, and stained with hematoxylin and
eosin (H&E). A pathologist (who didn’t know which an-
imals were treated and which ones weren’t) used re-
epithelialization and the thickness of granulation tissue to
compare the two groups of animals [26, 27].

2.6. Statistical analysis

When the data didn’t follow a standard pattern, the Mann-
Whitney test was used to look at the results. GraphPad
Prism (version 8.3.0) and SPSS (version 20.0) were used for
statistical analysis. When the P-value was less than 0.05, the
difference between the treatment and control groups was
statistically significant.

3. RESULTS

e nanoparticles’
16.6%, after a year.

the FTIR data indicated that the produc-
icles did not include a chemical reaction
he formation of a novel chemical com-
results demonstrated that the drugs were
ne and were bound inside the lipid matrix. Ac-
to the results of a drug release investigation, the
actured nanoparticles released 85% of the drugs
within 72 h.

3.1. Microbiology results

The results of the well diffusion and MIC tests for the
antibacterial activity of synthesized nanoparticles are pre-
sented in Table 1. Vancomycin alone proved more effective
than vancomycin-SLN at killing MRSA bacteria in the well
diffusion method. Additionally, the free vancomycin showed
a lower MIC in comparison to the vancomycin-SLN. On the
other hand, in both well diffusion and microbroth dilution,

Fig. 1. Emission scanning electron microscope images of
vancomycin-SLN nanoparticles
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Table 1. Results of well diffusion and MIC tests after treatment with free drugs and synthesized nanoparticles (vancomycin-SLN)

Antibacterial activity, Zone of inhibition (mm) in different incubation time (hours) and three

Bacterial strain Methods

concentrations (pg ml™)

MRSA Well diffusion Free vancomycin
(2.5-1.25-0.625 pg ml ")
24h
27 20 18

MIC Free vancomycin

0.625

Van-SLN (2.5-1.25-0.625 pg ml ™)

24h 48h 72h
16 14 13 20 18 16 25 21 17
Van-SLN
1.25

the bacteria in direct contact with the vancomycin demon-
strated a rise in the diameter of the growth inhibition zone
over the course of 72h of incubation, indicating persistent
release of the drug from the vancomycin-SLN.

3.2. Cytotoxicity assay using MTT

To test the effects of free vancomycin, vancomycin-SLN, and
free SLN on the cells, we incubated them at 37 °C with
varying doses of each. All studies were performed three
times, and as a negative control, the same cells were incu-
bated in culture medium (without any treatment). The MTT
assay, read at 570 nm, determined cell viability. The com-
parisons were based on the fact that the control samples all
survived (Fig. 2).

3.3. In vivo antibacterial activity of vancomycin-

On Days 4 and 7, we took wound biopsies and homogen

—- Free vancomycin

—-#- Vancomycin-SLN

—&— Standard media

Viability %

T T T T 1
0 200 400 600 800 1000

Concentration

Fig. 2. Cytotoxicity assay of vancomycin-SLN nanoparticles at
different concentrations on human fibroblasts cells cell lines

decrease bacterial numbers at the j
wound healing.

o faster

groups. It has been
as about 50% greater
ing faster healing than other

resistant (MDR) bacteria are becoming more common,
which makes it harder to use conventional antibiotics to
manage wound infections [28-30]. Also, systemic antibiotic
treatment may not be able to keep wounds from getting
infected because of things like necrosis, granulation tissue,
limited blood supply, and fibrosis, which stop antibiotics
from getting into the infected tissues [27, 31, 32]. Therefore,
using antibacterial agents on the surface of a wound area can
help prevent infection. To this end, in the present study, we
used SLN nanoparticles coated with vancomycin for inhi-
bition of MRSA surgical wound infection. The SLN gel was
more active for 11 days, while the free vancomycin was only
more active for one day. Additionally, vancomycin-SLN not
only inhibited wound infection in infected rats but also
improved wound healing processes.

The results of a recently published study also showed
that high-dose curcumin SLN increased angiogenesis and
remarkably enhanced burn wound closure [33]. In another
study, the authors also used the emulsion solvent evapora-
tion technique to produce fluoxetine-SLN and used these
nanoparticles for the treatment of rats with diabetic wounds.
The results indicated that fluoxetine-SLN enhanced cellular
proliferation, angiogenesis, and the level of collagen syn-
thesis [34]. A study that was published in 2022, El-Ezz et al.
applied a hydrogel loaded with Cu (II) Schiff base 8-hydroxy
quinolone complex SLN for management of excision wound
healing in rats. These nanoparticles significantly modified
wound healing, angiogenesis, and intact re-epithelization
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Fig. 3. MRSA wound burden on Days 4 and 7 in rats were infected with 1 X 10
wounds per group). Treatment of rats with vancomycin-SLN remarkably reduce

[35]. Collectively, SLN could be a potential carrier for the
delivery of different compounds for enhancement of wound
healing processes in different wound types, including sur-
gical, burn, and diabetic wounds.

It should be noted that, because of their superior
biocompatibility, durability, and skin adhesion, lipid nano-
particles have taken a commanding lead over other nano-
particles in the field of wound healing. Lipid nanoparticles’
adhesive properties allow them to stick to the stratum
corneum, where they produce a layer that blocks the
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evaporation of moisture. These have a major physiological
benefit because their lipid composition is so comparable to
that of the lipid bilayers between corneocytes and kerati-
nocytes in the stratum corneum. Therefore, compared to
other drug delivery systems, this allows the lipid nano-
particles and their encapsulated drugs to penetrate the
epidermis and come into closer contact with the wound site
[36-38]. Furthermore, due to the lipidic bilayers and
aqueous core of lipid nanoparticles, they are capable of
carrying a desired payload that includes both lipophilic and
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biodegradable composition, which is similar to that
human body, is a major contributor to their usefuln
drug delivery systems in wound treatment.
In addition, as mentioned, our results sho
comycin-SLN nanoparticles released vancox

1
@

ex vivo permeability but
antibacterial activity a
neomycin gel [39]. I
hydroxyethyl cellu
of treatment, nanoparticles
case, excellent ex vivo
o antibacterial efficacy
shown that antibacterial

exhibit sustaine
permeabilify

loaded lipid ed nanocarriers may increase their effec-
tiveness by enlfancing their contact with the negative charge
surfaces of bacterial cells, enabling antibiotic penetration
into the bacterium [41]. Moreover, these carriers are also
capable of penetrating bacterial cells by causing damage to
their membranes, hence decreasing the quantity of ATP that
is present in the cell, and ultimately leading to membrane
disruption [42, 43]. Therefore, vancomycin-SLN can
improve current clinical drug therapy, bring innovative
products, and enhance vancomycin’s application in wound
infections.

VRSA) is increasing. To this end, the performance
vancomycin-SLN nanoparticles should be evaluated against
VRSA wound infections. In addition, the anti-biofilm char-
acteristics of vancomycin-SLN should be evaluated against
bacterial biofilm in the wound site because infections caused
by bacterial biofilm communities are extraordinarily resistant
to eradication by the host immune system and antibacterial
agents.

5. CONCLUSIONS

Our results showed vancomycin-SLN as a promising mod-
ern wound therapy, especially for infected wounds. The
formulated SLNs have a nanometer range, a spherical
structure, high encapsulation efficiency, drug loading, and a
sustained release profile. The advantages mentioned intro-
duce SLN-based drug delivery platforms as a promising
candidate for inhibition of wound infection and enhance-
ment of wound healing procedures. Noteworthy, the cost of
putting antimicrobial agents into lipid nanocarriers will be
higher than the cost of using antibacterial agents directly.
However, the benefits of lipid nanoparticles may outweigh
the cost concerns and have commercialization potential if
clinical trials could be done to rule out any toxicity issues
before they are used to treat diabetic wounds. Unfortunately,
the data about SLN-based nanocarriers usage for wound
infection management is limited. Therefore, this kind of
treatment should be considered by scientists in future
studies as an applicable treatment for wound infection.
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