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Background: Staphylococcus aureus is an important human pathogen, especially causing
skin and soft tissue infections (SSTIs). Over the decades, the infections caused by antibiotic-
resistant strains have often become life-threatening. Consequently, exploration and develop-
ment of competent approaches to combat these serious circumstances are urgently required.
Methods: The antibacterial activity of melittin (Mel) on S. aureus, methicillin-resistant
S. aureus (MRSA) and clinical isolates of vancomycin-intermediate S. aureus (VISA) was
investigated by minimum inhibitory concentration (MIC) and time-killing assays. The
localization of Mel on the bacterial cell was visualized by confocal laser scanning micro-
scopy and its effect on the membrane was indicated based on propidium iodide uptake. The
non-ionic surfactant vesicle (NISV) or niosome nanocarrier was established for Mel loading
(Mel-loaded NISV) by the thin-film hydration method. Physicochemical and in vitro biolo-
gical properties of Mel-loaded NISVs were characterized. The cellular uptake of Mel-loaded
NISVs was evaluated by holotomography analysis. In addition, an ex vivo study was
conducted on a porcine ear skin model to assess the permeation ability of Mel-loaded
NISVs and their potential to inhibit bacterial skin infection.

Results: The effective inhibitory activity of Mel on skin pathogens was demonstrated.
Among the tested strains, VISA was most susceptible to Mel. Regarding to its function,
Mel targeted the bacterial cell envelope and disrupted cell membrane integrity. Mel-loaded
NISVs were successfully fabricated with a nano-size of 120200 nm and entrapment
efficiency of greater than 90%. Moreover, Mel-loaded NISVs were taken up and accumulated
in the intracellular space. Meanwhile, Mel was released and distributed throughout the
cytosol and nucleus. Mel-loaded NISVs efficiently inhibited the growth of bacteria, particu-
larly MRSA and VISA. Importantly, they not only penetrated epidermal and dermal skin
layers, but also reduced the bacterial growth in infected skin.

Conclusion: Mel-loaded NISVs have a great potential to exhibit antibacterial activity.
Therapeutic application of Mel-loaded NISVs could be further developed as an alternative
platform for the treatment of skin infection via dermal and transdermal delivery.
Keywords: melittin, niosome, drug resistance, skin infection, Staphylococcus aureus,

dermal and transdermal delivery

Introduction

Skin and soft tissue infections (SSTIs) are very common clinical manifestations that
involve microbial invasion of the skin and underlying soft tissue. The symptoms of
infections can range from superficial to severe. The infections can extend to
subcutaneous tissue and require complex treatment.' > Staphylococcus aureus is
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one of main pathogens that is responsible for most cuta-
neous infections, and the treatment of staphylococcal
infections has become more difficult owing to the wide-
spread development of multidrug-resistant isolates. In par-
ticular, infections caused by methicillin-resistant
Staphylococcus aureus (MRSA) have remained a serious
public health concern.'”> MRSA has become resistant to
vancomycin, a mainstay of therapy for serious MRSA
infections.®” The emergence of the more virulent strains
with reduced clinical response to vancomycin has been
documented and defined as vancomycin-intermediate or
vancomycin-resistant Staphylococcus aureus (VISA or
VRSA, respectively).®” Hence, additional choices for the
treatment of multi-drug-resistant bacteria, including the
application of alternative bioactive agents, are required.
Melittin (Mel), a principal component of honeybee
(Apis mellifera) venom, is a cationic a-helical peptide
with
characteristics.'®!" Previously, Mel has been extensively

consisting of 26 amino acids amphipathic
investigated for its pharmaceutical and biological proper-
ties. A potent ability of Mel against various cancer cell
types and broad-spectrum microorganisms has been suc-

cessfully demonstrated in many studies.”””'” For its

antimicrobial peptide (AMP) properties, Mel destroys the
bacterial cell through the formation of ion channels or
transmembrane pores.'® It penetrates the cell through the
interaction with the negative charge of bacterial cell envel-
opes. The main targets of most AMPs are lipids in the
bacterial cell wall. The peptides bind to anionic phospho-
lipids and phosphate groups of teichoic and lipoteichoic
acids composing the peptidoglycan layer of Gram-positive
bacteria.'” The transmembrane pore produced by Mel can
be explained with the toroidal model. Molecules of Mel
perpendicularly insert into the lipid bilayer and cause the
lipid monolayer to bend continuously from the top to the
bottom; consequently, a toroidal shape is formed.'®** The
peptides anchor in the cytoplasmic membrane and alter the
membrane structure of the microorganism, which facili-
tates the incorporation of peptides into the phospholipid
dual layer of the cytoplasmic membrane.'®*' Apart from
the membrane destruction, the peptides may exert their
antibacterial activity by interactions with intracellular tar-
gets, which can be DNA, RNA and proteins. Thus, the
intracellular processes are disrupted (Figure 1).'2° An
investigation into Mel’s activity on drug-resistant strains
was conducted by Choi et al. The study demonstrated that
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Figure | The proposed mechanism of Mel on bacterial cells. The possible mechan-
isms of most antimicrobial peptides (AMPs) target cell membranes through the
negatively charged bacterial cell envelopes. Mel-induced pore formation is based on
a toroidal model. Apart from the membrane destruction, the peptides may exert
antibacterial activity by interactions with intracellular targets, which can be DNA,
RNA and proteins, thus disrupting intracellular processes.

Mel had an effective anti-MRSA activity in vitro and
a protective effect in MRSA-infected mice in models of
bacteremia and skin infection.'” Hitherto, the activity of
Mel on VISA has not been reported. In this study, we
aimed to examine the inhibitory activity of Mel toward
VISA. In addition, even though the usefulness of Mel has
been introduced, its therapeutic applications have been
limited owing to its toxicity and hemolytic effects.> To
overcome these obstacles, encapsulation techniques and
drug delivery systems are required.

Nanoparticle-based drug delivery systems can be used
to encapsulate drugs or therapeutic substances and serve as
a carrier that protects the drug or substance from interact-
ing with unfavorable environments and reduces their
toxicity.”* ¢ Previously, several delivery systems have
by different
including lipid-based systems such as

introduced to
27,28

been encapsulate Mel

nanocarriers

29-31

liposomes and niosomes.>® Because of the drawback

of liposome-related unstable structures resulting in drug

leakage,*%!

niosome-based drug delivery systems have
become a promising strategy. Non-ionic surfactant vesicles
(NISVs) or niosomes have similar functions and physico-
chemical properties to liposomes but differ in the compo-
sition of their structures.*>** Niosomes are fabricated from
non-ionic surfactants whereas liposomes are based on
phospholipids, resulting in the improved properties and
stability of niosomes. Moreover, niosomes also have var-
ious advantageous properties, including being biodegrad-
able, biocompatible and non-immunogenic, and have
a enhanced vesicular system for dermal and transdermal
delivery.”>~3¢ Several studies have successfully demon-
strated the formulation of niosomes containing different
proteins and peptides.*>7>? Dabbagh Moghaddam et al
fabricated a Mel-loaded niosome formulation for breast
cancer treatment both in vitro and in vivo. Their
results showed the superior inhibitory effect of Mel-
loaded niosomes on breast cancer cells (4T1 and SKBR3
cells) compared to free Mel.*?

In this study, we aimed to assess the antibacterial
activity and cellular mechanisms of Mel against MRSA
and VISA. Thus, niosomal vesicles loaded with Mel (Mel-
loaded NISVs) were formulated for the purpose of dermal
and transdermal delivery. The physicochemical character-
istics and antibacterial activity of Mel-loaded NISVs were
evaluated. Finally, investigations into the properties of
Mel-loaded NISVs, in terms of permeation ability and
abatement of bacterial skin infection, were conducted in

an ex vivo porcine skin model.

Materials and Methods
Ethics

This study received ethical approval from the Institutional
Ethics Committee, Chiang Mai University (approval no.:
AMSEC 62EM-008).

Materials

Synthetic  high-purity Mel (GIGAVLKVLTTGLPA
LISWIKRKRQQG) from A. mellifera venom was
synthesized by Synpeptide (Shanghai, China) and fluor-
escein isothiocyanate (FITC)-labeled Mel was manufac-
tured by GenScript (Piscataway, NJ, USA). All peptides
were prepared at 20 mg/mL stock concentration and
stored at —20°C until used. Sorbitan monostearate
(Span 60), polysorbate (Tween 80) and cholesterol

were purchased from Sigma-Aldrich (St Louis, MO,
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USA). All other chemicals used were of analytical
grade.

Cell Culture

Normal embryonic mouse fibroblasts (NIH 3T3) (kindly
obtained from Asst Prof. Dr Fahsai
of Medical Technology,
Associated Medical Sciences, Chiang Mai University,

Kantawong,
Department Faculty of
Chiang Mai, Thailand) and the human malignant mela-
noma (A375) cell line (ATCC, MD, USA) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
New York, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS), penicillin (100 units/mL) and strep-
tomycin (100 pg/mL), and maintained in a humidified
atmosphere of 5% CO, at 37°C.

Bacterial Strains

Bacterial strains used in this study were S. aureus ATCC
25923, MRSA ATCC 43300 and 155 clinical isolates of
MRSA (obtained from the
Laboratory, Maharaj Nakorn Chiang Mai Hospital),

Clinical Microbiology
which were identified by standard laboratory methods.
The obtained MRSA clinical isolates were further con-
firmed for methicillin resistance using oxacillin discs (30
ug). In brief, the broth culture of bacterial strains with
turbidity was adjusted to the 0.5 McFarland standard and
lawn culture was performed on Mueller—Hinton agar
(MHA) plates. Then, an oxacillin disk was placed on the
lawn culture and incubated at 37°C in ambient air for 18
hours. The strains showing a zone of inhibition diameter of
<22 mm were considered MRSA.

For screening of VRSA or VISA, 155 clinical isolates
of MRSA were tested for vancomycin susceptibility using
a vancomycin agar screen method according to Clinical
Laboratory Standards Institute (CLSI) guidelines (M07-A9
and M100S-S22). In brief, a direct colony was resus-
pended in brain—heart infusion (BHI) broth equivalent to
the 0.5 McFarland standard, and a 10 puL. of suspension
was dropped onto the BHI agar containing 6 pg/mL of
vancomycin and incubated at 37°C in ambient air for 24
hours. After the incubation time, the plates were carefully
examined for evidence of colonies. The resistant isolates
were further subjected to a vancomycin minimum inhibi-
tory concentration (MIC) test. The interpretive criteria for
vancomycin and S. aureus were <2 ng/mL for susceptible,
4-8 pg/mL for intermediate and >16 pg/mL for resistant.

Determination of Minimum Inhibitory
Concentration (MIC) and Minimum

Bactericidal Concentration (MBC) of Mel
The inhibitory effect of Mel on bacterial growth was
determined by the broth microdilution method. Mel was
dissolved in BHI broth at various concentrations and
added to each well of a microplate (100 pL/well). Then,
the bacterial suspension, previously adjusted to the 0.5
McFarland standard, containing approximately 1-2x10%
colony-forming units (CFU)/mL, was appropriately diluted
to obtain a final concentration of 10> CFU/mL. The micro-
titer plate containing Mel was loaded with 100 pL of
bacterial suspension to yield the final test concentration
of bacteria, approximately 10* CFU/well, and incubated at
37°C for 24 hours. After incubation, the MIC was
observed and defined as the lowest concentration that
could inhibit bacterial growth.

For MBC analysis, viable cells from all wells with no
visible bacterial growth were determined on the BHI agar
plates. After 24 hours’ incubation, the MBC endpoint was
defined as the lowest concentration at which the bacterial
population was killed by 99.9%.

Time-Kill Assay

To assess the rate of bacterial killing by Mel, time-kill
assays were performed. The bacterial suspension was
adjusted to the 0.5 McFarland standard and diluted to obtain
a final concentration of 10° CFU/mL (10* CFU/well), and
treated with Mel at concentrations corresponding to 0.5x
MIC and 1x MIC. Bacterial growth was quantified after 0,
1, 2, 4 and 6 hours’ incubation by determination of viable
cells on an agar plate.

Studies on the Cellular Mechanism of Mel

on Bacterial Cells

Localization of Mel

The localization of Mel was investigated using a confocal
laser scanning microscope (CLSM). Bacteria were grown
to mid-logarithmic phase and collected by centrifugation
at 12,000xg for 5 minutes. Approximately 10’ CFU were
resuspended in FITC-labeled Mel at a concentration cor-
responding to 1x MIC. Following incubation for 30 min-
utes at 37°C, bacterial cells were washed with PBS. The
nuclei were then counterstained with 4',6-diamidino-
2-phenylindole (DAPI) (Invitrogen, Thermo Fisher
Scientific, MA, USA) and mounted in ProLong Gold anti-
fade reagent (Invitrogen, Thermo Fisher Scientific, MA
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Table 1 Compositions of Different NISV Formulations

Formulations SP 60:TW 80:CHOL (pmol) SP 60 (mg) TW 80 (mg) CHOL (mg) Mel (ng/mL)
Fl 20:20:20 8.6 26.2 7.6 2125
F2 20:20:10 8.6 26.2 38 193
F3 10:20:10 4.3 26.2 38 1715
F4 20:10:10 8.6 13.1 3.8 127.5

Notes: The concentrations of Mel corresponded to a ratio of Mel:lipid phase (0.5:10).

Abbreviations: SP 60, Span 60; TW 80, Tween 80; CHOL, cholesterol.

USA). Images were acquired using a CLSM (LSM 800
with Airyscan; Zeiss, Oberkochen, Germany).

Study of Membrane Integrity

The effects of Mel on the membrane integrity of bacterial
cells were investigated by propidium iodide (PI) staining
the
Approximately 10" CFU were treated with Mel at concen-
trations corresponding to 0.5x MIC and 1x MIC. The
bacterial cells were treated with 2.5% (v/v) Triton X-100
(TX-100) as a positive control. After 30 minutes’ incuba-

and fluorescence intensity was monitored.*’

tion time, the bacterial cell suspension was washed with
PBS and stained with PI, followed by visualization under
a fluorescence Zeiss,
Oberkochen, Germany). Then, 200 pL of stained bacterial

suspension was added to a flat-bottomed, 96-well, black

microscope  (Axioscope 5;

microtiter plate and the fluorescence intensity was mea-
sured at 617 nm using a fluorescence microplate reader
(Synergy™ H4 hybrid microplate reader; BioTek

Instruments, Winooski, VT, USA).

Formulation of Mel-Loaded NISVs by Thin-Film
Hydration Method

NISV formulations were prepared according to the thin-
film hydration (TFH) method*'** using different ratios of
non-ionic surfactants (Span 60 and Tween 80) and choles-
terol, as indicated in Table 1. In brief, the surfactants and
cholesterol were dissolved in 10 mL chloroform in

Physiochemical Characterization of

Mel-Loaded NISVs

Particle Size, Polydispersity Index (PDI) and Surface
Charge Analysis

The average particle size, PDI and zeta () potential (ZP)
of the surface charge of NISV formulations were deter-
mined using a Malvern Zetasizer Nano ZSP system
(Malvern Instruments, Worcestershire, UK). The measure-
ments were carried out for empty NISV and Mel-loaded
NISV formulations in aqueous medium at a 1/10 dilution.
Each sample was measured based on at least three mea-
surements in three individual runs.

Entrapment Efficiency (EE)

Free Mel was separated from Mel-loaded NISVs by ultra-
centrifugation with a 10 kDa molecular weight cut-off at
8000xg and 4°C for 6 hours. The niosomal pellets were
resuspended in 2.5 mL of PBS. The filtrates were collected
for determination of the free Mel using a UV-Vis spectro-
photometer at 210 nm. The amount of loaded Mel was
obtained by subtracting the amount of free drug from the
total drug incorporated in 10 mL niosomal dispersion. The

Melittin-loaded niosome
(Mel-loaded NISV)

C@& At ?;;;’

a round-bottomed flask. The organic solvent was evapo-

rated using a rotary evaporator under vacuum at 60°C and az ‘/( ‘NV\/} »u SP 60
100 rpm to produce a thin lipid film. The thin film was SS &Cé:; w~@ TW 80
then hydrated with 10 mL PBS (pH 7.4) for empty NISV %\N\’ ~~a CHOL
or PBS containing Mel for Mel-loaded NISV at 50°C .)/r_j-’: F,-ﬁ &\_&\:\1 \/\,\w TN

under mechanical stirring. The resulting NISV dispersion O)./,;r; f( ; ; §!‘1'\ &\% mel
was sonicated for size reduction using an ultrasonic probe ?; ,((;i)’; LLR&{\&)

homogenizer (Hielscher UP50H; Hielscher, NJ, USA) at ;w

80% amplitude for 30 minutes in an ice bath. A schematic

representation of a Mel-loaded NISV is shown in Figure 2.  Figure 2 Schematic representation of a Mel-loaded NISV.
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following equation was used to determine the EE of Mel in

NISVs.

%EE _ Mel used in prepara.tionfMel ifzsupernatant % 100
Mel used in preparation

Scanning Electron Microscopy (SEM)

The morphology of empty and loaded NISV formulations
was examined using a field emission scanning electron
microscope (JEOL JSM-6335F; JEOL, Tokyo, Japan).
A drop of the formulations was air dried on copper tape
and coated with 30 nm of gold for 30 seconds under argon
at a pressure of 0.2 atm. After preparation, the shape and
size of particles were studied using SEM at an accelerating
voltage of 15 kV.

Fourier Transform Infrared (FT-IR) Spectrometry

To ensure that Mel loaded in the NISV had been success-
fully prepared, the functional groups of chemical sub-
stances in NISV formulations were studied by infrared
spectroscopy. Mel, NISV and Mel-loaded NISV samples
were lyophilized prior to the analysis. Potassium bromide
(KBr) was dried at 110°C for 24 hours and kept in
a desiccator before use. Each sample was mixed with
dried KBr to construct pellets at a pressure of 2
kgf cm 2. FT-IR spectra were recorded in the range of
4000-400 cm ™' at a resolution of 2 cm ' using the trans-
mittance mode of the FT-IR spectrometer (Bruker Tensor
27 FTIR; Bruker, Germany).

In Vitro Drug Release

A drug release assay was performed according to Sadeghi
et al,*® with some modifications, to assess the amount of
Mel released from NISVs in PBS adjusted to pH 5.5 and
7.4 using a dialysis membrane with a molecular weight
cut-off of 3.5 kDa (D-Tube™ Dialyzer Midi; Merck,
Darmstadt, Germany). A sample of Mel-loaded NISVs
(800 pL) was dialyzed against 50 mL of PBS at 37°C.
At specific time intervals (0, 1, 2, 4, 6, 12, 18, 24, 36 and
48 hours), 3 mL of PBS was collected and replaced with
the same volume of fresh buffer. The buffer samples were
analyzed using a UV-Vis spectrophotometer at 210 nm to
determine the concentration of released Mel. Each experi-
ment was repeated in triplicate in three individual
experiments.

Cellular Uptake

The uptake of FITC-labeled Mel-loaded NISVs was
visualized by 3D holotomographic microscopy accord-
ing to Jantakee et al,*> with some modifications. A375
cells (5x10 cells) were seeded in a 50 mm Tomo dish

and incubated at 37°C in a humidified atmosphere of
5% CO, until they reached 70% confluence. For the
purpose of visualizing of NISVs, a 500 pL NISV
sample was stained with 40 pL of lipophilic fluorescent
marker Nile Red (NR) solution (0.25 mg/mL) in PBS
for 20 minutes in the dark, at room temperature.
Following washing with PBS, the pellet was resus-
pended and the NISV suspension was subjected to the
cells. Then, the monolayer of cells was treated with
NR-labeled NISVs loaded with FITC-labeled Mel for 4
hours and live cell imaging was observed using 3D
holotomographic HT-1H;

microscopy (Tomocube

Tomocube, Dacjeon, South Korea).

In Vitro Studies

Cytotoxicity Assay

To examine the toxicity of NISVs, cytotoxicity analysis
was conducted on NIH-3T3 and A375 cells by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In brief, the cells (3x10* per
well) were seeded in a 96-well tissue culture plate,
cultured for 24 hours, and treated with various dilutions
of empty NISVs. After 24 hours’ incubation time, 20 pL
of MTT solution (5 mg/mL) was added to the treated
cells and incubated at 37°C for 4 hours. The supernatant
was removed and 200 pL of dimethyl sulfoxide
(DMSO) was added to dissolve the dark-blue crystals
of MTT—formazan produced by living cells. The absor-
bance was then quantified with a microplate reader
using a test wavelength of 540 nm and a reference
wavelength of 630 nm, and cell viability was examined.
All experiments were performed in triplicate and
repeated in three independent experiments.

Antibacterial Activity

Antibacterial activity of Mel-loaded NISVs was deter-
mined against S. aureus ATCC 25923, MRSA ATCC
43300 and VISA No. 4, 36 and 87 for 24 hours using
CFU determination. The stock solution of either empty
NISVs or Mel-loaded NISVs was diluted to the proper
concentrations. One-hundred microliter NISV samples
were loaded into a 96-well microtiter plate, and then
100 pL of bacterial suspension (10° CFU/mL) was
added to each well and incubated at 37°C for 24 hours.
For CFU counts, the treated bacteria were further diluted
and plated on MHA plates, which were incubated for 24
hours at 37°C.
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Ex Vivo Studies

Preparation and Differentiation of Porcine Ear Skin
Model

We received permission for the use of porcine ear skin
samples, with an animal carcass consent form from the
authorized slaughterhouse, Chiang Mai-Lamphun Co-
operative Slaughterhouse Ltd (License number: P3-4(1)-
15/48LP and P 05 46010/2549), to collect and use the pig
head carcass sample for research purposes. The animal
carcass sample was collected by the authorized veterinar-
ian, Ms Ratchadaporn Boripun (Veterinary License
Number 01-11675/2559), according to the Cruelty
Prevention and Welfare of Animal Act, B.E. 2557
(2014), and the regulations and procedures of the
slaughterhouse.

Porcine ear skin samples were used immediately or
frozen at —20°C until use within 2 weeks. Skin sections
free of injuries or redness were prepared by rinsing with
sterile deionized water. The surface was disinfected with
a solution of 70% (v/v) ethanol and allowed to dry in
a laminar flow cabinet. The skin was sectioned into
1 cm? segments before its use in further experiments.

To differentiate and evaluate the thickness of the epi-
dermis and dermis layers of the porcine ear skin, periodic
acid—Schiff (PAS) staining was performed. In brief, the
skin samples were fixed with 10% (v/v) formalin for 24
hours at room temperature, followed by a paraffin-
embedding process. The paraffin-embedded tissue blocks
were sectioned at 10 pum on a microtome. Afterwards, the
paraffin-embedded tissue sections were deparaffinized in
two changes of xylene (10 minutes each), rehydrated in
two changes of 100%, 95% and 70% (v/v) ethanol (5
minutes each), and washed briefly in water. Then, the
sample was incubated with Schiff reagent for 15 minutes,
followed by washing in running tap water and counter-
staining with Mayer’s hematoxylin for 2 minutes. After
washing in running tap water, the sample was dehydrated
through two changes of 95% and 100% (v/v) ethanol (5
minutes each), and a coverslip was placed with a mounting
medium.

Permeation Study

For the purpose of visualizing the skin-penetration beha-
vior of Mel-loaded NISVs, the NISVs loaded with FITC-
labeled Mel were prestained with NR, as described in the
subsection ”Cellular Uptake”, above. The NR-labeled
NISVs loaded with FITC-labeled Mel were then applied
on the porcine skin for 2 and 4 hours at 37°C.

Afterwards, the tissue sample was embedded in optimal
cutting temperature (OCT) compound prior to frozen
sectioning on a microtome—cryostat. The sample was
orthogonally sectioned (in the z-axis) to the surface (10
pm thickness) and mounted with ProLong Gold antifade
reagent containing DAPI (1.5 pg/mL). The skin sections
were observed by CLSM (FluoView FV1000; Olympus
Optical, Tokyo, Japan) and the penetration of NISVs into
the porcine skin was traced and visualized by the pre-
sence of FITC and NR.

Preparation of Infected Skin Models
In this study, the skin infection model was divided into two
groups: undamaged and burn wound skin models. For the
burn wound model, the wound was created and modified
according to Alves et al.** In brief, the angular tip of
a teasing needle, with 5 mm length and 1 mm diameter, was
flamed for 30 seconds and placed in contact with the skin for
60 seconds to create a grid of burn wounds with width x
length % depth dimensions of 1 mm x 1 X mm x 5 mm.
Prior to inoculation of bacteria on skin sections, FITC-
labeled S. aureus was prepared as previously described,*
with some modifications. In brief, a bacterial suspension
was previously adjusted to 1x10'® CFU/mL and washed
with PBS. The pellet was resuspended in 0.1 M carbonate
buffer containing 0.1 mg/mL FITC isomer (Sigma-
Aldrich, MO, USA) and incubated for 1 hour in the dark
at room temperature, followed by washing with PBS.
Then, the pellet was resuspended in PBS for further
experiments.

Treatment of Bacterial Skin Infection
The undamaged or burn wound skin samples were inocu-
lated with 10 uL of FITC-labeled S. aureus (10® CFU) and
incubated at 37°C in a humidified atmosphere of 5% CO,
for 20 hours. Then, NR-labeled Mel-loaded NISVs (50 puL
of stock solution) were introduced to the infected skin
samples for 4 hours, while the control samples were trea-
ted with PBS only. After the incubation time, the skin
samples were immediately frozen and embedded in OCT
compound prior to frozen sectioning on a microtome—
cryostat. The sample was orthogonally sectioned to the
surface (10 pum thickness) and mounted with ProLong
Gold antifade reagent containing DAPI (1.5 pg/mL). The
skin sections were observed under a CLSM (FluoView
FV1000; Olympus Optical, Tokyo, Japan).

For the quantitative analysis, the infected skin samples
were treated with Mel-loaded NISVs. After the incubation

International Journal of Nanomedicine 2021:16

7645

Dove:


https://www.dovepress.com
https://www.dovepress.com

Sangboonruang et al

Dove

period, the skin samples were weighed and immersed in
broth medium at a ratio of 1:10 (w/v). Subsequently, the
samples were mixed by a Stomacher automatic homoge-
nizer (AES-Chemunex, Cranbury, NJ, USA) for 20 min-
utes. The resulting supernatant was subjected to serial
dilution and plated on agar plates for CFU counting.

Statistical Analysis

All results are represented as mean + standard error of the
mean (SEM). Comparisons between groups were made
using one-way analysis of variance. Notably, p<0.05 was
considered statistically significant. All calculations were
performed using SPSS Statistics 23.0 software (IBM
Corp., Armonk, NY, USA).

Results

Antibiotic Susceptibility Testing

All 155 clinical isolates were verified for methicillin
resistance and further examined for vancomycin suscept-
ibility. Among 155 MRSA isolates, 16 isolates were
positive for vancomycin screening and subjected to van-
comycin MIC determination. The MICs of 10 isolates
after treatment with vancomycin were <4 pg/mL, indi-
cating that they were vancomycin susceptible, while six
isolates (3.87%) were identified as VISA with MICs of
4-8 pg/mL, according to recent CLSI breakpoints for
vancomycin. None of the isolates was found to be
VRSA by MIC determination.

Determination of MIC and MBC of Mel
on Skin Pathogenic Bacteria

The antimicrobial effects of Mel on skin pathogenic bacteria,
including clinical isolates of antibiotic-resistant bacteria,
were investigated and described as MIC and MBC. MIC
indicated the inhibitory potential of Mel, while MBC showed
the killing effect on tested microorganisms. The bacterial
strains, including S. aureus ATCC 25923, MRSA ATCC
43300 and VISA clinical isolates, were treated with Mel at
various concentrations. The MIC and MBC values of Mel
against the tested pathogenic bacteria are shown in Table 2.

All tested microorganisms were susceptible to Mel,
with MIC and MBC in the range of 6.25-25 pg/mL and
6.25-50 pg/mL, respectively. This result indicated that
Mel exhibited a bactericidal effect against these patho-

genic bacteria.

Table 2 Minimum Inhibitory Concentration (MIC) and Minimum

Bactericidal Concentration (MBC) of Mel Against Skin
Pathogenic Bacteria
Bacterial Strains Mel (ng/mL)
MIC MBC
S. aureus ATCC 25923 6.25 6.25
MRSA ATCC 43300 6.25 12.5
VISA-4 12.5 50
VISA-36 12.5 12.5
VISA-53 25 25
VISA-76 12.5 25
VISA-87 6.25 12.5
VISA-94 12.5 12.5

Time-Kill Kinetics of Mel

The time course of bacterial viability was determined after
the tested bacteria were treated with Mel at the concentra-
tions corresponding to 0.5x and 1x MIC. The time-kill
kinetics profile of Mel against S. aureus ATCC 25923,
MRSA ATCC 43300 and VISA clinical isolates (VISA-
4, -36 and -87) showed a reduction in the number of viable
cells at the concentration of 1x MIC by 2 log;q or 99%
reduction within 1 hour, and complete killing was
observed after 6 hours. In the treatment with the concen-
tration corresponding to 0.5x MIC, the bacterial growth
rate slightly increased in S. aureus and MRSA, whereas
the number of VISA strains remained constant during the
treatment period (Figure 3). This indicated a greater sus-
ceptibility of VISA to Mel.

Target and Biological Properties of Mel

The study of the localization of Mel in the bacterial cells
was performed on VISA-87, and Mel was traced through
the fluorescence of FITC. VISA-87 was treated with
FITC-labeled Mel (green) corresponding to 0.5x MIC,
and the localization of Mel was visualized using CLSM.
The results showed that, upon Mel treatment, VISA-87
appeared as a hollow round shape with fluorescence
clearly defining the bacterial surface, and the nucleus
was stained with DAPI (blue), suggesting that Mel was
accumulated on the membrane (Figure 4). To further
understand the biological activity of Mel on the membrane
integrity, a PI uptake assay was performed (Figure 5). The
results showed that the relative fluorescence intensity
(RFI) was increased in the treated microorganisms com-
pared to untreated strains. The RFI of membrane integrity
was induced on tested microorganisms upon the addition
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Figure 3 Time-kill kinetics of Mel against S. aureus ATCC 25923, MRSA ATCC 43300, and VISA-4, -36 and -87. The microorganisms were treated with Mel at 0.5% or |%
MIC. The viability of bacteria was measured at the indicated time points. Data are represented as the mean + SEM of three independent experiments performed in triplicate.
*5<0.05, significant between 0.5x MIC and control, *p<0.05, significant between |x MIC and control.

of Mel in a dose-dependent manner and significantly
(»<0.05) increased on VISA-87. Noticeably, VISA-87
was more susceptible to Mel than S. aureus ATCC
25923, MRSA 43300. This result indicated that Mel dis-
rupted bacterial membrane integrity, leading to bacterial
cell death, and exhibited a specific activity against VISA.

Physicochemical Characterization of
Mel-Loaded NISVs
Particle Size, Polydispersity Index (PDI), Zeta

Potential (ZP), Entrapment Efficiency (EE) and
Morphology

Empty NISVs and Mel-loaded NISVs were prepared by
the TFH method with differing ratios of non-ionic surfac-
tants and cholesterol. Dynamic light scattering (DLS)
revealed that all formulations showed a monomodal dis-
tribution. The mean particle size of all empty NISV for-
mulations was approximately 100—-180 nm, while, loading
with Mel led to an increase in size ranging from 120 to
200 nm for formulations 1-3 (F1-F3) and from 200 to 450
nm for formulation 4 (F4), with a PDI of 0.31-0.49

(Supplementary data 1; Figure S1), and the ZP of surface
charge was negative (—7 to —11 mV). All formulations
showed a great ability to incorporate high amounts of
Mel, with drug EE reaching more than 90% (Table 3).
Based on the physicochemical properties of Mel-loaded
NISV, F1 was shown to achieve the highest EE and PDI
values. F3 had the next highest values of EE and PDI, while
F4 showed the largest particle size and ZP and a high value

of PDI, leading to easy aggregation. Formulation F2 had
a particle size of less than 200 nm, with the lowest PDI and
arelatively high EE. Thus, this formulation, F2, was suitable
for further investigation into its biological properties.

Moreover, SEM images of empty NISVs and Mel-
loaded NISVs showed a relatively uniform nanoparticle
size with smooth and spherical structures (Figure 6A).
This result is concordant with DLS analysis, which
demonstrated slightly larger Mel-loaded NISVs and homo-
geneously sized vesicle populations.

Fourier Transform Infrared (FT-IR) Spectroscopy
To ensure that Mel was successfully loaded in the NISV,
the key functional groups of target compounds were
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Mel-FITC

DAPI

Z-stack

Figure 4 Localization of FITC-labeled Mel on VISA-87. Approximately 10" CFU of VISA-87 were incubated with FITC-labeled Mel at Ix MIC (green) for 30 minutes. The

bacteria were washed and stained with DAPI (blue). Images were taken using a CLSM.

investigated by infrared spectroscopy. The FT-IR spectra
of Mel, empty NISVs and Mel-loaded NISVs are shown in
Figure 6B. Mel showed characteristic absorption peaks at
1657 and 1539 cm ™', corresponding to the stretching of
the C=0O and N-H bonds
respectively.*® Mel-loaded NISVs showed absorption sig-

of the amide group,

nals at wavelengths of 1651 and 1555 cm™', which were
slightly shifted from the characteristic signals of Mel. This
presumably was due to the interaction between the amide
groups of Mel and the NISVs.

Furthermore, Mel-loaded NISVs also showed major
peaks at 1738 and 1113 ecm ' within the C=O stretching
and C—-O vibration ester functional group,®’ which were
slightly shifted from the characteristic peaks of empty
NISVs at 1724 and 1107 cm '. Mel-loaded NISVs also

showed stretching bands at 2922 and 2853 cm™ ' within the
C—H stretching region.*” From this, it can be inferred that
Mel was successfully encapsulated by the niosomal vesicle

system.

In Vitro Release of Mel from NISVs

The in vitro release profile of Mel from NISVs was deter-
mined during a 48-hour experiment in two different buffer
solutions, at pH 5.5 and pH 7.4 (Figure 6C). The
results showed a maximum release of Mel from the
NISVs after 2 and 4 hours at pH 7.4 and pH 5.5, respec-
tively, and a Mel-sustained release from NISVs occurred
up to 48 hours. This result suggested the capability of the
niosomal carrier for encapsulation of Mel, with a release
of the Mel from NISVs in a sustained manner.
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Figure 5 Membrane-targeting property of Mel. The effect of Mel on bacterial membrane integrity was investigated by Pl staining. The tested bacteria (S. aureus ATCC 25923,
MRSA 43300 and VISA-87) were treated with Mel corresponding to 0.5% MIC or Ix MIC for 30 minutes. (A) Bacterial cells were then stained with Pl and (B) the
fluorescence intensity was measured at 617 nm. Data are represented as the mean + SEM of three independent experiments performed in triplicate. *p<0.05 as determined
by one-way analysis of variance. Scale bar represents [0 pm.

Cellular Uptake of Mel-Loaded NISVs

To visualize the cellular uptake of Mel-loaded NISVs,
FITC-labeled Mel-loaded NISVs were formulated, fol-
lowed by labeling with NR. After incubation with A375
cells for 4 hours, the cellular uptake and live cell imaging

Table 3 Particle Size, Polydispersity Index (PDI),  Potential (ZP) and Entrapment Efficiency (EE) of NISV Formulations

were analyzed by 3D holotomography (Figure 7 and

Supplementary video 1). Cellular uptake was observed in

A375 cells and accumulated within the cytoplasm, while
tracking of Mel by FITC (green) showed the distribution
throughout the cell. This suggested that Mel-loaded NISV's

Formulations Empty NISVs Mel-loaded NISVs EE (%)
Size (nm) PDI ZP (mV) Size (nm) PDI ZP (mV)
Fl 125.3£4.22 0.39+0.04 —7.7+0.66 146.6£22.16 0.45+0.04 —7.910.48 98.4+1.50
F2 138.8+4.90 0.3440.03 —-8.8+1.20 170.7+21.64 0.3610.03 —7.1£1.56 93.6+5.77
F3 113.3£10.95 0.4240.08 —7.840.29 152.9+25.46 0.4210.04 —8.0+0.80 96.8+1.81
F4 164.5+9.29 0.44+0.05 -9.1%1.44 345.2+113.64 0.4040.03 —11.5+2.49 94.3+1.74
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Figure 6 Characteristics of Mel-loaded NISVs from F2. (A) Morphology of empty NISV and Mel-loaded NISV images based on field emission SEM. The scale bar represents
100 nm. (B) FT-IR spectra of Mel, empty NISVs and Mel-loaded NISVs. (C) In vitro release profile of Mel from NISVs at 37°C, at pH 5.5 and pH 7.4 for 48 hours. Data are
represented as the mean + SEM of three independent trials.
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Figure 7 Live cell imaging using holotomography of A375 cells treated with Mel-loaded NISVs from F2. (A) XY image and (B) 3D rendered holotomographs of FITC-labeled
Mel (green) loaded into niosomes. The formulation was labeled with lipophilic NR (red) for 4 hours. The cellular nuclei were counterstained by DAPI (blue).
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Figure 8 In vitro cytotoxicity study and antibacterial activity of Mel-loaded NISVs. (A) Investigation of cytotoxicity of empty NISVs on NIH-3T3 and A375 cells. The cells
were treated with various dilutions of empty NISVs and cell viability was evaluated by the MTT assay. (B—D) Mel-loaded NISVs inhibited the growth of S. aureus ATCC
25923, MRSA ATCC 43300 and VISA-87. Bacterial cells were treated with empty NISVs or Mel-loaded NISVs at the indicated dilutions for 24 hours. These dilutions were
diluted from the stock that approximately equaled 690.10+38.58 ug/mL. Bacterial growth was determined by CFU counting. Results represent the mean + SEM from three
independent experiments performed in triplicate. *5<0.05, significant compared to control; #p<0.05, significant compared to empty NISVs.
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were taken up into the cytoplasm and release of Mel was
dispersed within the cell, not only in the cytoplasm but
also penetrating the nucleus (blue).

Cytotoxicity of NISVs

Since this niosomal formulation was intended to be applied
onto the skin as a topical dosage form, a cytotoxicity assay was
carried out on cell lines related to skin tissue. In this study,
NIH-3T3 and A375 cell lines were used to determine the
toxicity of the NISV formulation by the MTT assay.
Cytotoxicity of the NISVs was not observed in a dilution
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range from 100x to 10x. However, at a high concentration
(2x dilution), viability was significantly (p<0.05) reduced. This
result suggested that empty NISVs had no cytotoxicity on
NIH-3T3 and A375 cells in the dilution range from 100x to
10x (Figure 8A).

Antibacterial Activity of Mel-Loaded
NISVs

To determine the efficacy of bacterial growth inhibition
by Mel-loaded NISVs, bacterial strains including
S. aureus ATCC 25923, MRSA ATCC 43300 and

4 hours

2 hours

Figure 9 Histological images of porcine ear skin. (A) Differentiation of the epidermis and dermis compartment was carried out by PAS staining. The basement membrane
region in the porcine ear skin is illustrated, and the epidermis and dermis layers of the skin section are indicated. The scale bar represents 20 um. (B) Ex vivo penetration
study at 2 and 4 hours post-application of Mel-loaded NISVs in a porcine skin model. The FITC-labeled Mel (green) was formulated and NISV formulation was labeled with
NR (red). The overlay fluorescence images demonstrated the penetration of Mel-loaded NISVs into the skin (yellow). The cellular nuclei were counterstained by DAPI
(blue). The scale bar represents 100 um. (C) Orthogonal imaging analysis was performed to confirm the localization of Mel-loaded NISVs in the skin tissue (yellow). The
depth of Mel-loaded NISV permeation reached up to 820 um after 4 hours’ incubation.
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VISA-87 were incubated with Mel-loaded NISVs for 24
hours and the inhibition of bacterial growth was eval-
vated by CFU counting. The results showed that Mel-
loaded NISVs significantly (p<0.05) inhibited bacterial
growth in a dose-dependent manner (Figure 8B-D).
Mel-loaded NISVs were found to be effective against
VISA-87, whereas oxacillin did not inhibit the bacterial
growth. Although treatment with empty NISV demon-
strated a toxicity at high concentrations (50%, 10x and
2x dilutions), dilutions in the range 100x to 10x
showed non-cytotoxicity to the cell lines related to
skin tissue. Thus, this result indicates that Mel-loaded
NISVs have a potent antibacterial activity on skin
could be
a treatment for skin infections.

pathogenic bacteria and applied as

Ex Vivo Studies

Differentiation of Epidermis and Dermis Layers of
Porcine Ear Skin

Porcine ear skin paraffin sections were histologically
investigated and stained with PAS, which specifically
binds to carbohydrates and carbohydrate-rich macromole-
cules, glycoproteins and basement membranes. On aver-
age, the epidermis of the porcine ear skin was 20 um thick
(Figure 9A). The obtained data provided useful informa-
tion for further experiments.

Skin Permeation of Mel-Loaded NISVs

CLSM studies were conducted to evaluate the extent of
penetration and the transdermal potential of the permeated
system, as indicated by an increase in the depth of penetra-
tion. The fluorescence images of the epidermis and dermis
layers of porcine skin after treatment with Mel-loaded NISVs
are shown in Figure 9B. The images show the penetration
ability of Mel-loaded NISVs through the epidermis layer
after 2 hours of treatment, extending to the deeper layers
after the incubation time had increased to 4 hours. The Mel-
loaded NISVs showed a great penetration ability up to 820
um of depth, as demonstrated by the fluorescence intensity in
the dermis layer. The orthogonal image analysis by z-stack
scanning also confirmed the permeation of Mel via the nio-
somal nanocarrier (Figure 9C).

These results confirm that the niosomal nanocarrier
system provided the ability to improve drug distribution
in the stratum corneum (SC) and suggest that the Mel-
loaded NISVs had an effective ability to permeate the

epidermis and dermis.

Reduction of Bacterial Skin Infection by Mel-Loaded
NISVs

To examine the effect of Mel-loaded NISVs on inhibi-
tion of bacterial skin infections, porcine ear models
were used. In this study, inhibition of skin infections
was studied on undamaged and burn wound skin. The
skin samples were infected with FITC-labeled S. aureus
ATCC 25923, followed by treatment with NR-labeled,
Mel-loaded NISVs. Twenty hours after infection, the
bacteria had colonized the models, predominantly at
the surface of the undamaged skin or the wound bed,
and disseminated into deeper skin layers of the wound
burn skin. A progressive infection was demonstrated in
the wounded skin, as evidenced by the fluorescence
intensity of FITC-tagged S. aureus deeper in the
model, whereas the fluorescence intensity appeared
mainly at the surface and declined in the deeper layers
of the undamaged skin (Figure 10A). This confirmed the
fact that bacterial skin pathogens mainly infect the skin
and soft tissue through breaches in the skin and via hair
follicle routes.

Administration of Mel-loaded NISVs on the infected
skin sections for 4 hours showed a diminishing spread of
infection. As illustrated in Figure 10B, the CLSM images
showed a reduced amount of FITC-labeled S. aureus in the
deeper layers of both undamaged and wound skin models.
In particular, in areas that showed NR-labeled Mel-loaded
NISVs, FITC-labeled S. aureus was not present. These
results clearly show that S. aureus infection was limited
after the application of Mel-loaded NISVs.

Quantitative Assessment of Bacterial Growth

Approximately 10® bacterial cells were inoculated onto the
skin samples for 20 hours, followed by 4 hours’ treatment
with Mel-loaded NISVs. The average CFU count rose to
approximately 2.64x10'" and 3x10° CFU/mL/g tissue in
undamaged and burn wound skin tissues, respectively,
without the treatment of Mel-loaded NISVs. The level of
in Mel-loaded NISV treated
decreased to approximately 1.75x10'® CFU/mL/g tissue

bacterial growth skin
for undamaged samples and 2.09x10° CFU/mL/g tissue
for burn wound skin. The growth inhibition of the treated
sections was 33.70% and 30.33% for undamaged and
wound skin samples, respectively (Figure 10C). Although
the bacterial growth rate was not remarkably reduced,
these results strongly implicated the influence of Mel-
loaded NISVs on the inhibition of skin infection.
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Figure 10 Inhibitory effect of Mel-loaded NISVs on S. aureus-infected skin models. (A) Undamaged and wound skin models were infected with FITC-labeled S. aureus
(green) for 20 hours, followed by 4 hours’ treatment with Mel-loaded NISVs (red). The results were observed by CLSM. The scale bar represents 50 um. Spreading of
S. aureus infection (green arrowheads) in (B) undamaged and wound skin sections. Reduction of bacterial growth was found in Mel-loaded NISV treatment (red arrowheads).
(C) Bacterial quantification of undamaged and wound skin infection. The scale bar represents 50 pm. The number of bacteria in the treated skin sample was determined by
CFU count compared to the untreated skin (n=3).
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Discussion

The rapid emergence of bacterial resistance among
S. aureus isolates, not only MRSA but also resistance to
vancomycin (both VISA and VRSA), is causing serious
problems and public health concerns.** To provide an
alternative strategy to combat infections caused by these
pathogens, the exploration of effective antimicrobial sub-
stances is a definite requirement. Previous studies have
demonstrated the antimicrobial activities of Mel against

15,16 aureus and

many microorganisms, including S.
MRSA.'”*® However, its activity on VISA has not been
investigated. In the current study, VISA were identified
from MRSA clinical isolates and subsequently treated
with Mel. The results showed that Mel had potent anti-
microbial activity against all tested bacterial pathogens,
especially the strains that were less susceptible to
antibiotics.

The bacterial killing kinetics of Mel was assessed and
showed a rapid elimination of tested bacteria, including
S. aureus ATCC 25923, MRSA ATCC 43300 and VISA
clinical isolates, with 99% reduction at 1xMIC within
1 hour and having completely killed the bacteria after 6
hours’ incubation. This rapid elimination by Mel repre-
sented a unique advantage of this peptide over conven-
tional antibiotic drugs. This may lead to better treatment
outcomes, especially in resistant strains. Understanding the
mechanism of the antimicrobial activity of Mel on the
bacteria is essential for furthering its development as
a potential therapeutic option. Observation of Mel locali-
zation after treatment of the bacterial cells by CLSM, with
z-stack scanning, demonstrated the accumulation of Mel at
4). This
supports previous findings indicating the membrane-

the bacterial membrane level (Figure
targeting property of Mel.** Several studies have described
that antimicrobial peptides (AMPs) such as magainin and
lacticin Q, including Mel, are commonly known for their
non-receptor-mediated membrane lytic bactericidal activ-
ity, through transmembrane insertion from a surface-
binding state when above a threshold peptide concentra-
tion. Thus, bilayer-spanning pores are created in the cell

membranes, **°

resulting in the loss of membrane integ-
rity. This occurrence was confirmed by PI staining, as the
membrane-impermeant dye passes through and interca-
lates with bacterial DNA. Noticeably, the RFI of PI was
increased significantly (p<0.05) in Mel-treated VISA
(Figure 5B). This finding might be explained by Gram-

positive bacterial cell walls having a large amount of

anionic polysaccharides (up to 60%) attached to the cyto-

51,52

plasmic membrane or the peptidoglycan layer, result-

ing in a negatively charged cell surface.’® Since
a thickened cell wall and increased peptidoglycan multi-
layer has been highlighted as a characteristic phenotype

commonly found in clinical VISA,*>*>*

this probably
resulted in a more negative charge. Moreover, it is
known that the mechanism of action of AMPs relies on
the electrostatic interaction of their cationic nature with the
negatively charged lipoteichoic acid (LTA) or teichoic acid
(TA) of Gram-positive bacteria.'>'*>> Hence, the greater
susceptibility of VISA to Mel was possibly induced by the
anionic-rich membrane. As a lower rate of peptidoglycan
cross-linking is also a common phenotypic change
observed in VISA,*%*7 this may affect the rearrangement
and compactness of the cell-wall structure. Consequently,
PI easily entered the cell wall and cytoplasmic membrane
after structural destabilization by Mel. The results clearly
demonstrated the fast permeabilization characteristics of
Mel and indicated the anti-VISA activity of Mel. These
effects could be described by many possible lethal
First,
a membrane-bound Mel is probably altered, leading to

mechanisms of bacteria. the orientation of
the Mel-induced transmembrane channels based on the
toroidal pore model.'® This results in the loss of membrane
integrity, leading to the leakage of intracellular molecules
into the extracellular environment. Second, it was able to
induce enzyme secretion, aggregation of membrane pro-
teins and even lipid extraction from the membrane.'*"'*>°
Besides destruction of membrane, interaction with essen-
tial targets may induce cell stress and disrupt the intracel-
lular mechanism of bacteria, including apoptosis-like
processes activated by DNA damage.”®

Although Mel exhibits potent biological properties, the
application of Mel is limited by its toxicity and undesir-
able effects.”” Besides the unique characteristics of Mel,
application of Mel in a topical dosage form remains
a problem because of the barrier nature of the skin. The
diffusional barrier nature of the skin restricts the entry of
most drugs, resulting in a low penetration rate of hydro-
philic substances.******° Several physical and chemical
advanced techniques have been introduced to enhance
percutaneous drug penetration.”®**** Among these, lipid-
based formulations, such as liposomes and niosomes, have
been extensively investigated and proved to be suitable to
improve skin penetration.”® Unfortunately, the use of
a liposome formulation is not suitable for Mel delivery
because the phospholipid composition of the vesicle can
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be disrupted by Mel, leading to drug leakage.***' Hence,
the niosomal vesicle approach, which is based mainly on
the use of surfactant solutions, is the most promising
solution. Niosomes, which are analogs of liposomes, are
a self-assembly of non-ionic surfactants and lipids such as
cholesterol, making them capable of entrapping both
hydrophilic and lipophilic substances.***° Because the
materials used to prepare niosomes are non-ionic surfac-
tants, their vesicular structure shows better stability.®°! In
addition, non-ionic surfactants have no charged groups in
their hydrophilic heads,**-* and this characteristic may be
favorable for the encapsulation of cationic peptides.
Previously, a niosome system has been employed to entrap
proteins and peptides.***"° Also, it was demonstrated
that co-encapsulation of recombinant lysostaphin and LL-
37, a cationic antimicrobial peptide, was successfully
entrapped by a niosomal system, and this formulation
also had an anti-staphylococcal effect.’® Furthermore,
Dabbagh Moghaddam et al demonstrated successful load-
ing of Mel based on a niosome formulation, and its ther-
apeutic effect for breast cancer through an apoptosis
induction mechanism.*

It has been reported that a combination of Span and
Tween can lead to the production of niosomes with
*%62 and the addition of choles-

terol could increase the rigidity and enable the formation

highly stable membranes,

of less leaky niosomes.®*®* In the current research, nio-
somal formulations were prepared using different ratios
of surfactants (Tween 80 and Span 60) and cholesterol,
followed by loading of Mel. In this formulation, Tween
80 has a large hydrophilic head group with high hydro-
philic-lipophilic balance (HLB) (HLB=15), which cannot
form vesicles without cholesterol.®> In contrast, a non-
ionic surfactant with a single alkyl tail, such as Span 60,
can form vesicular structures since it has a relatively
large hydrophobic moiety (HLB=4.7) and low water solu-
bility. The presence of proper amounts of cholesterol
provided a suitable molecular geometry and hydrophobi-
city for bilayer vesicle formation and rendered the integ-
rity of the vesicles.*®%>%® Thus, a mixture of Tween 80,
Span 60 and cholesterol in this formulation could provide
an equilibrium of chemical compositions for vesicle
structure. Similarly, the work performed by Dabbagh
Moghaddam et al demonstrated the success of Mel
loaded within NISVs incorporating Tween 60 and Span
60 as a surfactant portion.’* Although there are differ-
ences in using Tween 80 (HLB=15) in our formulation
instead Tween 60 (HLB=14.9), the HLB values of these

surfactants are approximate. This may not distinctly
affect their physicochemical characteristics. The results
obtained with both formulations were similar in particle
size, but different in the PDI and % EE. The difference in
PDI, a parameter indicating the dispersion and homoge-
neity of the population of particles,®” may possibly be
caused by several factors. For instance, the differences in
the conditions used for the hydration (time and speed of
evaporator) and sonication (time, power and amplitude)
processes may affect the homogeneity of the particle
population. Likewise, ZP values other than —30 mV to
+30 mV are generally considered, since a small ZP value
indicates the tendency of the particles aggregate.®®
Regarding the difference in % EE, the concentration of
Mel used in our formulation was smaller than in the other
study. We used approximately 100-200 pg/mL of Mel
loaded with the lipid phase, corresponding to a ratio of
0.5:10, while the other work used 1 mg/mL. This may
haveresulted in the higher encapsulation capacity of our
formulation.

The impact of particle size on the application of nano-
carrier systems was explained earlier.®” It should be noted
that transdermal delivery systems need a diameter of less
than 300 nm to permeate into the deeper skin layers.®’ In
the present study, all of the formulations obtained from the
mixture of surfactants and cholesterol were able to form
vesicles of different sizes. The mean particle size of all
formulations of empty NISVs was 100—180 nm, while that
of Mel-loaded NISVs was 120-200 nm for formulations
F1-F3 and 200-450 nm for F4. The particle size of each
formulation was found to be different owing to variation in
the composition of the formulation, and the larger size of
Mel-loaded NISVs was caused by the inclusion of the Mel.
In particular, in the F4 formulation, the amount of both
Tween 80 and cholesterol was reduced, which may have
resulted in the lower rigidity of the vesicle membrane
when incorporated with Mel, resulting in the larger size
of particles, which tended to aggregate easily. Considering
the PDI, all formulations in this study showed a PDI in the
range of 0.3-0.4. DLS analysis also showed a monomodal
distribution, indicating a relatively homogeneously sized
vesicle population.

The presence of charge on the surface of the vesicles
produced a repulsive force between the vesicles. This
made the vesicles stable, devoid of agglomeration and
able to settle more quickly, and provided an evenly dis-
tributed suspension.®® In this study, the ZP of empty
NISVs was negative, ranging from —7.7 to —9.0 mV.
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When Mel was added to the system, the ZP was —7.1 to
—11.5 mV, which was not markedly altered. This may be
due to the lower ratio of Mel:lipid phase, which did not
affect the net charge of the niosomes. From this result, it
can be inferred that Mel may be located in the aqueous
core of the formulation or adsorbed on the membrane and/
or the surface of the particles. However, because the
charge values are not high enough to strongly induce
repulsion, poor stability of the particles and aggregation
when stored for a period of time may occur. To improve
the stability, some modifications, such as the addition of
charge-inducing agents, may be needed.

The EE of Mel in the niosomes was more than 90% for
all formulations, as summarized in Table 3. The efficiency
of drug entrapment depends on several factors, including
the ratio of surfactant, the structure of the surfactant and
the method of preparation. In addition, the EE could be
dependent on the length of the surfactant, with long chains
producing high entrapment.’**** Moreover, it is possible
that positively charged antimicrobial peptides lead to
greater entrapment in anionic nanovesicles,”® leading to
the high percentage of EE. Thus, it may be concluded that
the high EE of Mel observed in this study resulted from
the interaction of positively charged Mel (Supplementary
data 2; Figure S2) with anionic niosomes. Similar results

have been reported in other studies. For instance, the
encapsulation of lysostaphin and LL-37 into negatively
charged anionic niosomes (Span 60, Tween 60 and cho-
lesterol) showed a high EE, up to 90%.*® This can also be
explained by the fact that amphiphilic molecules bearing
both highly hydrophilic groups and highly hydrophobic
groups can form rigid membranes,® and the addition of
cholesterol could improve the stability of the niosomes by
stabilization of the bilayers, prevention of drug leakage
and restraining the permeation of molecules inside the
aqueous cores.*® Therefore, the mixture of Tween 80 and
Span 60 with cholesterol produced suitable hydrophobic
and high hydrophilic properties, providing a system that
was excellent for the entrapment of Mel.

From these results, formulation F2 was selected as the
optimal niosomal formulation and its bioactivity was
investigated in further experiments. The supporting infor-
mation in terms of the physical morphology and chemical
structure of Mel-loaded NISVs was obtained using SEM
and FT-IR spectroscopy, respectively (Figure 6A and B).
The SEM images of empty NISVs and Mel-loaded
NISVs confirmed the nanometer size of niosomes and
the average size of Mel-loaded NISVs, which was

slightly larger than the empty NISVs. This was concor-
dant with previous results analyzed by DLS. It was clear
from the FT-IR spectra that the functional groups corre-
sponding to Mel and empty NISVs were observed in
Mel-loaded NISVs, even though the absorption signals
of Mel-loaded NISVs slightly shifted from the character-
istic signals of Mel. This is presumably due to the inter-
action between the amide group of Mel and the NISVs.
This result indicated that Mel was successfully loaded
into the NISVs.

The rate of drug release from drug delivery systems is
critical and should be studied to achieve an optimal system
with desirable release characteristics. In this study, release
of Mel from NISVs appeared in a sustained manner. The
initial burst release from niosomes occurred in the first 2
and 4 hours at pH 7.4 and 5.5, respectively, which may be
due to the peptides available on the surface and inside the
niosomal structure. Subsequently, the intense hydrophobic
interactions between the lipid nanostructure and peptide,
part of which remains inside the lipid core, leads to
a reduction in release, which reaches a plateau. Similar
release patterns were found in a previous study, which
showed less cumulative drug release at a lower pH
value.°® The release of molecules across a bilayer mem-
brane depends on the composition and fluidity of the
bilayer membrane.**’! In addition, electrostatic interaction
between drug and surfactants is an important factor’> that
may cause a lower and slower release rate of Mel com-
pared to neutral pH.

The ability of the vesicular carrier to aid Mel interna-
lization in the cells was assessed in A375 cells. The
images obtained for each marker displayed their location
inside the cell, as illustrated in Figure 5SA and B. When
cells were incubated with Mel-loaded NISVs for 4 hours,
Mel-loaded NISVs were already internalized and accumu-
lated in the cytoplasm. Meanwhile, Mel was released from
NISVs and distributed throughout the whole cytoplasm
and nucleus. This event was also found in previous
work.”® In agreement with other studies, our findings
demonstrate that fusion of Mel-loaded NISVs with the
cell membrane may be the mechanism responsible for
the initial and rapid internalization that enabled cytoplasm
saturation. Furthermore, many studies have also suggested
that several entry mechanisms exist to explain vesicle
uptake in a variety of cell types.”> ">

Since Mel-loaded NISVs are aimed at being applied as
topical dosage forms, cytotoxicity assays were carried out
on NIH-3T3 and A375 cell lines. Cytotoxicity of empty
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NISVs was not observed on the tested cell lines in the
dilution range from 100x to 10, while at a higher dosage
cell viability significantly (p<0.05) decreased (Figure 8A).
This result reveals the low toxicity of NISV formulations
in an in vitro model. The antibacterial activity of Mel-
loaded NISVs was examined against S. aureus ATCC
25923, MRSA ATCC 43300 and VISA-87. The suscept-
ibility study showed that Mel-loaded NISVs could effec-
tively inhibit the growth of these bacterial strains
(Figure 8B-D). It is noteworthy that the antimicrobial
ability of Mel-loaded NISVs was more effective on
VISA strains at a lower dose. This inhibitory effect on
bacterial cells may be due to the interaction of the outer
membrane of the bacteria with subsequent fusion of nio-
somes, which facilitates intracellular drug delivery
through the membrane bilayer matrix (hydrophobic) path-
way or the self-promoted route, usually used by cationic
substances.*®’® Moreover, two main mechanisms of the
enhanced antimicrobial activities of liposomal drug deliv-
ery, which are applicable to the niosome system, have
been suggested, namely, the reduction of electrostatic
repulsion of liposomal antibiotics from bacterial mem-

branes and protection of the drug from bacterial

enzymes.”®"’

From these findings, it could be inferred that NISV
provided a proper system for the entrapment of Mel,
with a more stable structure than conventional liposomes,
resulting in the prevention of leakage of Mel. Importantly,
the adverse effects of Mel involving lytic activity on
human erythrocytes and peripheral blood lymphocytes
could be minimized. This statement can be supported by
a previous study, which mentioned the absence of toxicity
and hemolytic effects in Mel-loaded NISVs compared to
free Mel.>> Thus, NISV has a potential ability to improve
the limitations of Mel application. Meanwhile, using Mel-
loaded NISV enhanced the effective activity to reduce the
growth of pathogens, especially drug-resistant strains, with
a small dosage which reduced the adverse effects caused
by Mel.

In this work, we intended to prepare Mel-loaded
NISVs for transdermal delivery. Surfactants could act as
percutaneous permeation enhancers through adsorption at
interfaces, interaction with biological membranes and
alteration of the barrier function of the SC, as a result of
reversible lipid modification.’®”® It has been reported that
the intercellular lipid barrier in the SC can be dramatically
changed to be more permeable when treated with
niosomes.*®> Therefore, the interaction between the skin

and niosomes may be conducive to the improvement of
transdermal drug delivery.

A study in an ex vivo skin model was conducted on
porcine ear skin, which has similar histological character-
istics to human skin, presenting similar SC thickness and
hair follicle density.**”® As shown in Figure 7, the Mel-
loaded NISVs were mainly detected in the epidermis after
2 hours’ incubation, and increased penetration into deeper
skin layers was seen when incubation time was longer, up
to 4 hours. This result may be explained by the effect of
the vesicle size and chemical structure of the surfactants,
which reversibly altered the permeability of the SC,
induced by phospholipids.>® Besides, cholesterol is pre-
sent in the cell membrane and relatively enriched in the
skin, which may enhance absorption through the skin
surface and fusion with the SC, and promote drug release
from the niosomes.*® Thereby, the diffusion of Mel-
loaded NISVs into the hydrophilic dermal layer was
promoted.

The inhibitory effect of Mel-loaded NISVs on
a S. aureus skin infection was investigated in unda-
maged and wound burn models. Colonization by bac-
teria was seen predominantly on the surface and
epidermis layer of the skin after infection, while the
dissemination of the pathogen into deeper layers was
This can be
explained by the fact that bacterial skin infections

evidenced in the wound skin model.
usually occur through a breach of skin and via hair
follicle routes. Thus, invasive infection in this study
was observed in the burn wound model, which was
ruptured and lost its barrier ability. When the infected
skin was treated with Mel-loaded NISVs, the number of
bacterial cells on the skin surface decreased. Meanwhile,
in the deeper layer, the presence of bacteria was not
found in the same area as the Mel-loaded NISV distri-
bution. This phenomenon was demonstrated in both
undamaged and damaged skin models, as shown in
Figure 10. In addition, the rate of bacterial growth was
inhibited, by approximately 30%, upon treatment with
Mel-loaded NISVs in both undamaged and wound skin
models. This was an indication of the influence of Mel-
loaded NISVs on the inhibition of skin infections with
a single treatment. This was a proof-of-concept study,
which has provided useful pilot data for the improve-
ment of drug regimens or treatment procedures in
further investigations. To avoid deactivation of the
entrapped drug, development of the formulation with
regard to drug and

stability skin proteases is
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required,®’ and its pharmacokinetics also need to be
explored.

Conclusion

In this study, the inhibitory effect of Mel against VISA
was investigated for the first time. Surprisingly, com-
pared with S. aureus and MRSA, VISA was more sus-
ceptible to Mel. Moreover, we also successfully
formulated Mel-loaded NISVs with favorable physico-
chemical properties and demonstrated the sustained
release of Mel. In addition, the assessment of biological
properties indicated the low cytotoxicity and biocompat-
ibility of the formulation. Mel-loaded NISVs were able
to permeate the bilayer cell membrane and were distrib-
uted throughout the intracellular space. Taken together,
these results show that Mel-loaded NISVs exhibited an
effective activity against antibiotic-susceptible and anti-
biotic-resistant S. aureus. This formulation also provided
an excellent permeation ability and was able to restrict
dissemination of bacterial infection in ex vivo porcine
skin models. This current observation implies that Mel-
loaded NISVs have the potential to be further developed
for skin treatment and may be a candidate for topical
application.
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