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A novel BrSPR-20-P1 antimicrobial peptide (P1-AMP; NH2-VVVNVLVKVLPPPVV-COOH) isolated from

Brevibacillus sp. SPR-20 was encapsulated in a liposome containing varying proportions of L-a-

phosphatidylcholine (PC) and cholesterol (CH). P1-AMP liposomes were incorporated into a chitosan

hydrogel to achieve a peptide concentration of 0.02%. P1-AMP has been tested for its antibacterial and

in vitro wound healing activities. The physicochemical characteristics of liposomes and hydrogel were

investigated, including in vitro drug release, permeability, cell toxicity, antimicrobial activities, and stability

studies. P1-AMP showed higher antimicrobial and wound-healing activities than the negative control. A

toxicity test of P1-AMP in keratinocyte cell lines revealed cell viability of 100% at a concentration range

of 1.96–1000 mg mL−1. The empty liposomes exhibited an average particle size ranging from 324.5 ± 8.6

to 1823.7 ± 288.2 nm. The size range of P1-AMP liposomes was 378.6 ± 14.0 to 2363.0 ± 255.6 nm. The

zeta potential of the blank liposome ranged from −40.43 ± 2.51 to −60.17 ± 0.93 mV and it decreased

to −57.33 ± 0.72 to −70.33 ± 0.15 mV of the liposome loaded with peptide. SEM images showed

liposomes were ovoid spheres with smooth surfaces. The chosen formulation, composed of PC to CH in

an 18 : 1 ratio (formulation F3), had the highest entrapment effectiveness with small particle size and

possessed an acceptable zeta potential. The developed P1-AMP liposome-loaded hydrogels exhibited

a yellowish-clear appearance with a viscosity of 758.0 ± 149.8 cPs. The P1-AMP was rapidly released

from the P1-AMP-loaded liposome hydrogel formulation. The P1-AMP-loaded liposome showed high

permeability compared to P1-AMP alone or P1-AMP in hydrogel without the incorporation of liposomes.

The minimum inhibitory concentration (MIC) against Staphylococcus aureus and methicillin-resistant S.

aureus (MRSA) of P1-AMP-loaded liposome hydrogel was 2 mg mL−1, equivalent to P1-AMP. It completely

killed S. aureus at 10× and 5× MIC after 6 and 12 h of incubation, respectively. The formulation did not

induce cytotoxicity to the tested keratinocyte cell and remained stable for at least 6 months under the

studied conditions.
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Introduction

The rise of antibiotic-resistant microorganisms presents
a substantial worldwide concern. The recently discovered anti-
microbial peptides (AMPs) are fascinating in their potential for
ghting antibiotic resistance. Soil bacteria are the primary
source of antibiotics. AMPs are a group of molecules produced
by Streptomyces sp., Bacillus sp., and Brevibacillus sp. These
compounds are effective in combating diseases that have
developed resistance to antibiotics.1,2 AMPs are amphiphilic
molecules with a positive charge, typically consisting of 12–50
amino acids, and possess linear motifs such as a-helix or b-
sheet, as well as cyclic or linear congurations.3 AMPs are
essential components of the host's innate immune system,
providing protection against a diverse array of pathogens
including bacteria, fungi, viruses, and parasites. AMPs exhibit
© 2024 The Author(s). Published by the Royal Society of Chemistry
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a wide range of biological roles, such as immunomodulation,
angiogenesis, wound healing, and anticancer activity, in addi-
tion to their antibacterial capabilities.4 AMPs are employed by
humans as the initial defense against infections and as active
agents of the innate immune system.5 However, AMPs are rarely
used in clinical applications due to their short half-life in bio-
logical environments like blood.5

The novel AMP BrSPR-20-P1 (P1-AMP) has been identied
and examined, as demonstrated in Fig. 1.6,7 Songnaka et al.
(2022) reported that P1-AMP is composed of 15 amino acids and
has the specic structure NH2-VVVNVLVKVLPPPVV-COOH. The
physicochemical properties of P1-AMP are summarized in
Table 1. The P1-AMP, isolated from Brevibacillus sp. SPR-20,
demonstrated signicant activity against methicillin-resistant
Staphylococcus aureus (MRSA) strains and Staphylococcus
aureus, comparable to that of vancomycin.7 The physicochem-
ical properties and toxicity of P1-AMP have been studied and
reported extensively.7

In the case of skin infection, the antimicrobial activity of AMP
not only eliminates skin pathogens but also strongly stimulates
the host's defense mechanism. Commensal microbes residing on
the skin create AMPs that have a direct antimicrobial effect.When
harmful microbes are present, the skin's pathogen recognition
system is activated, leading to the release of AMPs from kerati-
nocytes.3 The homeostasis of the skin barrier is actively main-
tained by these AMP characteristics.3 Hence, investigating the
development of P1-AMP as a topical antimicrobial formulation for
the treatment of skin infections and acceleration of wound heal-
ing is a topic of interest.

In general, peptides possess relatively large molecules and
are naturally unstable, which makes them susceptible to
decomposition due to heat, oxidation, and hydrolysis, especially
in aqueous solutions.8 Although the P1-AMP exhibited thermal
stability at high temperatures (autoclave), this stability was only
maintained for a period of 15 minutes. In addition, P1-AMP
demonstrated stability when exposed to proteolytic enzymes,
surfactants, and a broad variety of pH values, though only for
Fig. 1 The primary structure of BrSPR-20-P1 antimicrobial peptide or
P1-AMP isolated from Brevibacillus sp.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a limited duration not exceeding 1 hour.7 Hence, the applica-
tion of P1-AMP as an antibacterial agent can be problematic due
to its instability when stored for a prolonged period in a phar-
maceutical dosage form. Furthermore, AMPs encounter major
problems including their ability to permeate to the skin when
applied as a topical delivery system.

Liposomes are lipid bilayer structures that can encapsulate
both water-soluble and water-insoluble substances. Liposomes
are effective for drug delivery, as they can protect encapsulated
peptides from degradation, thus enhancing their stability, effi-
cacy, and effective delivery of active chemicals with high entrap-
ment.9 Furthermore, liposomes possess biocompatibility and the
capability to fuse with microbial membranes, rendering them
highly efficient for delivering antimicrobial drugs.10 Additionally,
liposomes could serve as a non-toxic penetration enhancer.11

Liposomes are also utilized in the formulation of wound dress-
ings because of their ability to interact with the structure of the
skin and solubilize compounds that have low solubility.12,13 In
addition, the antimicrobial potential of liposomes can be
increased by coating their surface and/or adding bioactive
compounds. For increasing the stability and improving the shelf
life of liposomal products, other compounds such as carbohy-
drates or protein derivatives could be used within their struc-
ture.12 Some studies fabricated liposomes infused with chitosan
to obtain chitosome and encapsulated antibacterial agents. The
formulations were safe and exhibited antibacterial activity against
positive and/or negative-Gram bacteria.14,15

Several researchers have demonstrated the utilization of
hydrogel combined with an antibacterial agent for controlled-
release applications.16,17 The incorporation of liposomes into
polymeric hydrogel combines the benets of both drug delivery
approaches, resulting in amore advancedmethod for delivering
drugs topically. This approach offers unique advantages,
including improved tissue localization, reduced initial release
of drugs, and controlled sequential release of drugs.10

The present study is the rst to exhibit the development of
a pharmaceutical dosage form for P1-AMP that enhances the
stability and effectiveness of drug delivery to the targeted area
while providing ease of application to patients' skin. This work
aimed to produce P1-AMP encapsulated liposome-loaded
hydrogel that can be easily applied to the skin and has the
potential to alleviate infected wounds. The physicochemical
characteristics and antibacterial activities were evaluated. In
addition, the stability of the selected formulation was assessed
to investigate the potential of the P1-AMP formulation to be
used in clinical practice.

Experimental
Materials

L-a-Phosphatidylcholine (PC), cholesterol (CH), stearylamine,
chitosan, and albumin from bovine serumwere purchased from
Sigma-Aldrich (Darmstadt, Germany). P1-AMP was kindly
provided by the laboratory of Dr Apichart Atipairin. Mannitol,
glycerol was supplied by P.C. Drug (Bangkok, Thailand). Chi-
tosan (medium molecular weight: 190 000–310 000 Da) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).
RSC Adv., 2024, 14, 27394–27411 | 27395
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Table 1 Physicochemical properties of P1-AMP7

Physicochemical properties

Mass (Da) 1570.02
Amino acid sequence (N / C) VVVNVLVKVLPPPVV
Secondary structure (in H2O) a-Helix 4.1%

b-Strand 44.0%
Turn 19.5%
Random 32.4%

Secondary structure (in 50 mM sodium dodecyl
sulfate)

a-Helix 25.5%
b-Strand 29.3%
Turn 10.6%
Random 34.6%

Net charge at pH 7.4 +1
Hydrophobicity (H) 0.915
Isoelectric point (pI) 8.62
MIC against S. aureus TISTR 517 2 mg mL−1

MIC against MRSA isolate 2468 2 mg mL−1
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Chloroform and acetic acid were purchased from RCI Labscan
(Bangkok, Thailand). Potassium bromide (for IR spectroscopy)
was obtained from Loba Chemical Pvt. Ltd. (Mumbai, India).
Coomassie Blue G250 was purchased from Bio basic (Markham,
Canada). Other chemicals, such as salts used for buffer prepa-
ration, were purchased from P.C. Drug (Bangkok, Thailand).
Mueller Hinton (MH) and Luria-Bertani (LB) were obtained
from Titan Biotech Ltd. (Rajasthan, India). Vancomycin was
purchased from Sigma-Aldrich (Co., St. Louis, MO, USA).
Precipitation and extraction of P1-AMP

The method for the precipitation and extraction of P1-AMP-
isolated was performed according to previous reports.6,7 Brevi-
bacillus sp. SPR-20 was streaked onto MH agar plates and then
incubated in an incubator (Memmert, Incubator, Schwabach,
Germany) at 30 °C for 24 h. The inoculated single colony was
then diluted with sterile 0.9% NaCl until the optical density
(OD) value was 0.1. Subsequently, the resultant was added to an
Erlenmeyer ask containing LB broth and then incubated in the
shaking incubator (Labtech, Shaking Incubator, Samut Prakan,
Thailand) at 30 °C for 24 h. The obtained incubated samples
were centrifuged (Sigma Centrifuge 4–16 KS, Osterode, Ger-
many) at 12 000g for 30 min, and the supernatant from the
centrifuged samples was precipitated with 75% w/v of ammo-
nium sulfate, which was then centrifuged again at 18 000 rpm
for 30 min to obtain the precipitate for dialysis. The obtained
peptide products were puried by cation-exchange chromatog-
raphy, and reverse-phase chromatography was used in the nal
step of peptide purication. The fraction of P1 obtained was P1-
AMP, which was described in a previous study.7 The schematic
preparation of P1-AMP is illustrated in Fig. 2.
Preliminary testing of antimicrobial activity by the agar well
diffusion method

Single colonies of MRSA isolate 2468 were put into a sterile
0.9% NaCl solution. The turbidity was adjusted to an absor-
bance at 625 nm of 0.1, corresponding to a bacterial density of
1.5 × 108 CFU mL−1. A sterile cotton swab was dipped in
27396 | RSC Adv., 2024, 14, 27394–27411
a turbidity-adjusted MRSA bacterial suspension and spread on
the surface of MH agar culture media. A 1000 mL sterile
micropipette tip was used to puncture the agar, and then 100
mL of the P1-AMP solution (118 mg mL−1) was dropped into the
well. The MH media was le at room temperature for 3 h until
the sample had completely absorbed in the agar, aer which it
was incubated at 37 °C for 24 h in the incubator (Memmert
Incubator, Schwabach, Germany). Antimicrobial activity was
assessed by measuring the diameters of the growth inhibition
zones following incubation. All preparations were achieved by
using an aseptic technique. All samples were tested in tripli-
cate, and the data were expressed as the mean ± standard
deviation.

Protein determination by Bradford protein assay

The Bradford reagent was prepared by dissolving 25 mg of
Coomassie Blue G250 in 12.5 mL of 95% ethanol and then
adjusting the volume to 50 mL with an 85% (w/v) phosphoric
acid solution. Aer that, the solution was diluted with distilled
water to a volume of 250 mL. The Bradford reagent solution was
ltered through a 0.45 mm nylon membrane lter and stored at
4 °C until it was used. A standard curve of bovine serum
albumin (BSA) was generated by diluting a stock solution of
BSA, which had a concentration of 2000 mg mL−1, to concen-
trations ranging from 1 to 100 mg mL−1 using distilled water.
One hundred mL of the P1-AMP was added to 1 mL of Bradford
reagent, followed by the addition of 100 mL of 1 M NaOH. The
samples were then shaken for 5 minutes, and the absorbance at
595 nm was measured using a UV spectrophotometer (Jasco
Corporation, Tokyo, Japan).18 The obtained values were then
used to determine the protein equivalent results.

Preparation of P1-AMP-loaded liposome

The P1-AMP-loaded liposome comprised lecithin, or L-a-phos-
phatidylcholine (PC), and cholesterol (CH) in different propor-
tions, as indicated in Table 2. The liposomes were prepared
using the lipid thin lm hydration technique, as described in
the previous literature.19 Briey, PC and CH were dissolved in
chloroform (10 mL) and transferred to a 100 mL round bottom
ask. The chloroform was evaporated using a rotary evaporator
(Heidolph HED; Rotary evaporator, Schawabach, Germany) at
a speed of 120 rpm with a bath temperature of 40 °C for
a duration of 20 min to generate a thin lipid lm. The residual
chloroform was removed by subjecting the round bottom ask
to vacuum pressure for 24 h by using a vacuum oven (WTC
Binder GmbH, Tuttlingen, Germany). P1-AMP (100 mg) was
dissolved in a 10 mL phosphate buffer saline pH 7.4. The
resulting solution was then added to the round bottom ask
and gently swirled to hydrate the lipid thin lm for 30 min until
it was completely released from the round bottom ask wall.
The formed liposome vesicle was reduced in size using an
ultrasonic bath (Elma E300H, Elma Schmidbauer GmbH, Sin-
gen, Germany) at an amplitude of 20 W for 2 hours. Subse-
quently, a dialysis tube with a molecular weight cutoff of 12
000 Da was used to remove unentrapped P1-AMP from the
liposome dispersion system. The resulting P1-AMP liposome
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram demonstrating the preparation of BrSPR-20-P1 antimicrobial peptide or P1-AMP-isolated and extraction from
a Brevibacillus sp.
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was washed 3 times with puried water to ensure that unen-
trapped P1-AMP was removed. The blank liposomes were
prepared following the same method, without adding P1-AMP.
The liposome dispersion was subjected to freeze-drying using
Table 2 Composition of P1-AMP-loaded liposome formulations

Ingredients

Formulation

F1

P1-AMP 100
Cholesterol 50
L-a-Phosphatidylcholine (CH : PC weight ratio) 100 (1 : 2)
Chloroforma 10 mL
Mannitol 500
Phosphate buffer saline pH 7.4 (10 mL)b 10 mL
Theoretical solid content 750

a Chloroform undergoes evaporation while being prepared. It does not tak
aer dialysis is negligible, and it is not included in the calculation of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
a 5% w/v of mannitol as a cryoprotectant. This process resulted
in the formation of lyophilized liposome powder, which was
then stored in an airtight container at 4 °C for further
experiments.
codes/amount of ingredients (mg per batch)

F2 F3 F4

100 100 100
50 50 300
200 (1 : 4) 900 (1 : 18) 300 (6 : 6)
10 mL 10 mL 10 mL
500 500 500
10 mL 10 mL 10 mL
850 1550 1200

e weight into consideration. b The amount of buffering agent remaining
total solid content weight.

RSC Adv., 2024, 14, 27394–27411 | 27397
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Preparation of P1-AMP-loaded liposome hydrogel

The P1-AMP-loaded liposome hydrogel was prepared by
dispersing chitosan (0.5 g) in a mixture of acetic acid (0.2 mL),
and glycerol (1.6 mL). The entrapment efficacy of formulation
F3 was 39.39%; 40% was used for easy calculation. Therefore,
the P1-AMP content in formulation F3 was 40 mg. Then, 745 mg
of P1-AMP-loaded liposome freeze-dried powder, equivalent to
P1-AMP 20 mg, was added to hydrogel, and the nal weight was
adjusted with puried water to 100 g. Therefore, the nal
concentration of P1-AMP in the hydrogel was 0.02% w/w. The
obtained hydrogel was allowed to swell at room temperature for
48 h.
Physicochemical characterization of P1-AMP- loaded
liposome

Particle size and zeta potential. Before analysis, the lyophi-
lized powder of P1-AMP-loaded liposome was reconstituted
with distilled water in a ratio of 1 : 100. The ZetaSizer dynamic
light-scattering analyzer (Malvern Panalytical Ltd., Malvern, UK)
was used to measure the particle size, polydispersity index
(PDI), and zeta potential.

Surface morphology of liposome vesicles by scanning elec-
tron microscopy (SEM). The size and morphology of P1-AMP-
loaded liposomes were characterized by SEM (Carl Zeiss,
Oberkohen, Germany). Prior to analysis, the lyophilized P1-
AMP-loaded liposomes were placed on double-sided carbon
adhesive tape uniformly coated with gold sputtering. Subse-
quently, the morphology of liposomes was examined at various
magnication powers.

Entrapment efficiency. To determine the percentage of
entrapment efficiency (%EE), the unentrapped P1-AMP was
separated from the formulation using centrifugation. Briey,
the P1-AMP-loaded liposome dispersion was centrifuged at
a speed of 18 000 rpm for 40 minutes (Sigma Centrifuge 4–16
KS, Osterode, Germany). Unentrapped P1-AMP was found in the
supernatant, which was subsequently prepared and analyzed
for P1-AMP content using Bradford protein assay according to
the method described in the section on Protein determination
by the Bradford protein assay. The total loading content of P1-
AMP, which was used in the calculation, was 100 mg. The %
EE was calculated following eqn (1):
%EE ¼ ðamount of total loading P1-AMPÞ � ðamount of unentrapped P1-AMPÞ
amount of total loading P1-AMP

� 100 (1)
Physicochemical characterization of P1-AMP- loaded
liposome hydrogel

Appearance of hydrogel. The appearance of the P1-AMP-
loaded liposome hydrogel was examined by organoleptic
observation, including color and transparency.

pH. The pH of P1-AMP-loaded liposome hydrogel was
determined using a digital pH meter (Model 704, Metrohm,
Herisau, Switzerland). Approximately 5 g of the hydrogel sample
27398 | RSC Adv., 2024, 14, 27394–27411
was placed into a beaker. The pH values were measured aer
immersing the pH meter's probe into the hydrogel. The pH
measurement was performed in triplicate, and the mean and
standard deviation were reported.

Rheogram and viscosity. The viscosity of the P1-AMP-loaded
liposome hydrogel was assessed using a Modular Advanced
Rheometer System (HAAKE MARS 60; ThermoFisher Scientic,
Bremen, Germany). The equipment was outtted with a parallel
plate design that had a diameter of 60 mm and a gap of 0.5 mm.
Additionally, it had a Peltier temperature control system. The
samples were placed onto the lower plate, and the upper plate
was subsequently adjusted to t the established gap. Flow
studies were conducted within a range of shear rates from 1 to
10 000 s−1 while maintaining a constant temperature of 25 °C.
Fourier transform infrared spectroscopy (FT-IR)

Small amounts of all samples (∼1 mg of each sample) including
P1-AMP, P1-AMP-loaded liposome hydrogel, and blank lipo-
some hydrogel were mixed into KBr pellets and compressed to
obtain a 2 mm transparent disc with a hydraulic press before
measurement of the IR spectra between 4000 and 400 cm−1, as
determined by FT-IR spectroscopy (PerkinElmer, Inc., Waltham,
MA, USA) at ambient temperature. All samples were freeze-dried
before experimenting.
Antimicrobial activity of P1-AMP-loaded liposome hydrogel

The minimum inhibitory concentration (MIC) of the puried
P1-AMP, P1-AMP-loaded liposome hydrogel, blank liposome
hydrogel, and blank hydrogel were determined by a broth
microdilution assay following standard guidelines.20 The P1-
AMP-loaded liposome hydrogel was weighed and diluted with
sterile water for injection to achieve a P1-AMP concentration
ranging from 0.5 to 1024 mg mL−1. The puried P1-AMP was
diluted by a cation-adjusted Mueller Hinton broth (CAMHB) to
a concentration ranging from 0.5 to 1024 mg mL−1. The
prepared samples were introduced into each well at a volume of
100 mL. Vancomycin (50 mg mL−1) and blank liposome hydrogel
were used as positive and negative controls, respectively.
CAMHB without tested bacteria was used as a blank.

S. aureus TISTR 517 and MRSA isolate 2468 were cultured in
MH agar at 37 °C for 18 h. Single colonies of tested bacteria were
dispersed in a CAMHB, and the turbidity was adjusted until the
absorbance at 625 nm was 0.1 to obtain 1 × 108 CFU mL−1. The
bacterial suspension was further diluted to a concentration of 5
× 106 CFU mL−1 with CAMHB. The diluted cell suspension (10
mL) was transferred to each well of a 96-well plate. The 96-well
plates were incubated at 37 °C for 24 h, and the experiment was
performed in triplicate for each strain. The MIC was evaluated
by detecting the lowest concentration of the substances where
no bacteria growth was observed. Aerward, 100 mL of each
© 2024 The Author(s). Published by the Royal Society of Chemistry
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dilution was spread evenly over MH agar and subsequently
incubated at 37 °C for 24 h. The minimum bactericidal
concentration (MBC) is regarded as the lowest concentration of
the substances at which no colonies are observed.21 All samples
were tested in triplicate.

Time kill assay

The S. aureus culture in CAMHB was standardized to an optical
density of 0.1 at 625 nm. The cell suspension was diluted 1000
times before use. P1-AMP-loaded liposome hydrogel was
prepared at concentrations of 1×, 5×, and 10× MIC in
a medium and further diluted 20-fold by transferring 50 mL
aliquots to 1000 mL. The nal mixture was incubated for 0, 1, 2,
3, 6, 12, 18, and 24 h at 37 °C. The mixture incubated at each
time point (10 mL) was 10-fold serially diluted with CAMHB.
Additionally, MHA was plated with 10 mL of the serially diluted
sample and incubated for 24 h at 37 °C. The number of bacterial
colonies was quantied and expressed as CFU mL−1. Each test
was performed in triplicate to ensure reliability.

In vitro release of P1-AMP from P1-AMP-loaded liposome and
P1-AMP-loaded liposome hydrogel

To study the in vitro release of P1-AMP from P1-AMP-loaded lipo-
somes and P1-AMP-loaded liposome hydrogel, a modied Franz
diffusion cell (MicroettePlus; Hanson Research, Chatsworth, CA,
USA) was used according to a previous report.22,23 The diffusion cell
employed in this study was a glass tube with open ends,measuring
1.77 cm2 in surface area. P1-AMP-loaded liposome hydrogel (1 g),
P1-AMP-loaded liposomes (selected formulation F3), or P1-AMP
alone were applied in the donor compartment. The medium
(distilled water) in the receptor chamber was stirred continuously
using a small magnetic bar. The 1 mL sample was collected from
the receptor chamber at 0, 0.5, 1, 2, 4, 8, and 12 h. At each sampling
point, an equal amount of distilled water was replenished to
maintain the volume of the receptor phase. The samples were
quantied for P1-AMP using a Bradford protein assay, as described
in Protein determination section. The P1-AMP alone was used to
determine drug release or dissolved as a control. Experiments were
carried out in triplicate and performed at ambient temperatures
(25–30 °C).

In vitro permeability study

The transdermal permeation of P1-AMP-loaded liposome
hydrogel was studied and compared with the transdermal
permeation of P1-AMP-loaded liposomes and P1-AMP alone.
The in vitro permeation was performed as described before
using an automated Franz diffusion cell apparatus (Micro-
ettePlus; Hanson Research, Chatsworth, CA, USA).24 Strat-M®

membranes (Millipore, Billerica, MA, USA) are synthetic, non-
animal-based models that can substitute for human skin
during transdermal diffusion testing and be mounted between
the donor and receptor chambers of the Franz diffusion cells,
with an effective diffusion area of 1.77 cm2. The receptor uid
consisted of a freshly prepared, 12 mL phosphate buffer solu-
tion (pH 7.4) maintained at 32 °C ± 0.5 °C. All samples equiv-
alent to 200 mg of P1-AMP were applied to the donor
© 2024 The Author(s). Published by the Royal Society of Chemistry
compartment through direct contact with the Strat-M®

membranes. The diffusion cells were maintained in a shaking
water bath (model 3047, Köttermann, Hänigsen, Germany) at
100 rpm, aer which a 1 mL sample was collected at 0, 0.25, 0.5,
1, 2, 4, 6, 8, 10 and 12 h. At each sampling point, an equal
amount of phosphate buffer pH 7.4 was replenished to main-
tain the volume of the receptor phase. The samples were
quantied for P1-AMP using a Bradford protein assay, as
described in the section concerning Bradford protein assay. All
experiments were performed in triplicate. Transdermal ux (J)
(mg cm−2 h−1) was calculated from the slope of the linear
portion of drug permeated per cm2 versus time. Permeability
coefficient Pc (cm h−1) was calculated following eqn (2).

Pc ¼ J

Cd

(2)

where Cd is the initial drug concentration in the donor
compartment.
Cytotoxicity assays

Human immortalized non-tumorigenic keratinocyte cell line
(HaCaT) was used to examine the cytotoxicity of P1-AMP and P1-
AMP-loaded liposome hydrogel. HaCaT (100 mL) was seeded in
each well of a 96-well plate to obtain a density of 5000 cells per
well in a complete media. Following 24 h of incubation, the
culture media was replaced with 100 mL of puried P1-AMP
(concentration 1.95–1000 mg mL−1) and P1-AMP liposomes
loaded hydrogel, which had an equivalent P1-AMP concentra-
tion ranging from 1.56 to 200 mg mL−1. Before use, the hydrogel
was diluted with sterile water for injection. PBS was employed
as a negative control. Following a 24 h treatment of the cells, the
sample was discarded and replaced with a fresh media con-
taining 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium or
MTS solution. The cells were incubated for 2 hours, and UV-vis
absorbance was measured at a wavelength of 490 nm.
In vitro wound healing by the scratch assay method

To evaluate the wound-healing activity of P1-AMP, the scratch
wound healing test was employed to assess the migration process
of broblast cells aer stimulation with P1-AMP. The method
employed in this research followed the approach outlined by
Balekar et al. (2012).25 In this study, L929 broblast cells were
seeded at a density of 5 × 104 cells per well of a 6-well plate. The
cells were then incubated until a conuentmonolayer was formed.
A sterile pipette tip was used to generate a linear scratch on the
monolayer. Cellular debris was removed and substituted with
2 mL of Dulbecco's Modied Eagle Medium (DMEM) containing
a sample of P1-AMP 400 mg. The untreated group was used as
a negative control. The images were observed under a microscope
at a magnication of 10× and were captured at four time points:
initial, 24, 48, and 72 h. The scratch closure distance of the images
was evaluated quantitatively using computational soware
(ImageJ1.42q/Java1.6.0 10), and the percentage of cell migration
rate was estimated. The mean of four independent replicates was
calculated.
RSC Adv., 2024, 14, 27394–27411 | 27399
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Stability study

The P1-AMP-loaded liposome hydrogel (10 g) was placed in
screw-cap amber glass vials to protect it from moisture and
light. The samples were stored following the Association of
Southeast Asian Nations Guidelines for testing the stability of
pharmacological products in climatic zone IVb.26 Samples were
kept under accelerated settings of 40 °C and 75% relative
humidity (RH), as well as long-term stability conditions of 30 °C
and 75% RH. The formulations were assessed for their visual
appearance, peptide concentration, pH level, and viscosity at
intervals of 1, 3, and 6 months. P1-AMP dry powder (∼200 mg)
was loaded into a small polyethylene tube, and the stability
condition was also performed according to this protocol to
determine the appearance, assay, and antimicrobial activity as
a control. Antibacterial activities were also reassessed at the
conclusion of the 6 months research period.
Results and discussion
Antimicrobial activity of P1-AMP

A novel BrSPR-20-P1 antimicrobial peptide (P1-AMP) produced
from Brevibacillus sp. SPR-20, the soil bacteria, was discovered
by Songnaka et al. (2022). In their study, it was found that P1-
AMP displayed potent antimicrobial activity against S. aureus,
and MRSA.7 The antimicrobial activity remained higher than
90% aer being exposed to various conditions, such as high
temperature (60–121 °C), proteolytic enzymes (proteinase K,
trypsin, and a-chymotrypsin), surfactants (sodium dodecyl
sulfate and Triton X-100), and a wide pH range of 2–14.7

However, the current study was conducted during a short period
(15 min to 1 h). Notably, the stability of the peptide may be
compromised if stored for an extended period or subjected to
accelerated conditions. In our preliminary study, P1-AMP
provided high antimicrobial activity against MRSA isolate
2468 with an inhibition zone of 18.62 ± 0.21 mm (Fig. 3) at
a concentration of 118 mg mL−1. Meanwhile, standard vanco-
mycin provides a comparable result at a concentration of 50 mg
mL−1. Therefore, P1-AMP exhibits the potential to function as
a highly efficient antimicrobial peptide for the treatment of skin
infections when considering its antimicrobial properties. In
this study, the P1-AMP was assessed for its antimicrobial
activity against S. aureus TISTR 517 and MRSA isolate 2468. The
ndings indicated that the MIC against TISTR 517 or MRSA
isolate 2468 was 2 mg mL−1, whereas the MBC for both strains
was 4 mg mL−1 (see the results in Table 5). The obtained MIC
and MBC agreed with the previous study of Songnaka et al.
(2022).7 As a result, this study developed a hydrogel formulation
incorporating P1-AMP loaded liposomes with a nal concen-
tration of P1-AMP higher than 100 folds of MIC (200 mg g−1 of
P1-AMP in hydrogel) for effective skin application in clinical
studies.27,28
Fig. 3 Preliminary study of the antimicrobial activity of P1-AMP and
standard vancomycin demonstrated a clear zone against MRSA isolate
2468 by the agar well diffusion method. The concentration of the
standard vancomycin solution (A) was 50 mg mL−1, whereas the
concentration of the P1-AMP solutions (B–D) was 118 mg mL−1.
Physicochemical properties of P1-AMP-loaded liposomes

Liposomes typically consist of PC as the primary lipid bilayer
membrane component. Nevertheless, the ability of phospho-
lipid hydrocarbon chains to rotate freely leads to the formation
27400 | RSC Adv., 2024, 14, 27394–27411
of liposomes with leaky characteristics. The presence of CH
restricts the rotationmovement of the hydrocarbon chain. CH is
inserted into the liposomal bilayer membrane, with its hydroxyl
group towards the aqueous surface and its aliphatic chain
aligned parallel to the acyl chain of phospholipid. This aids in
the stabilization of the lipid bilayer membrane and reduces the
leakage of hydrophilic substances that are enclosed within the
membrane.29,30 Therefore, this study aims to investigate the
ideal ratio of PC and CH that can achieve maximum P1-AMP
encapsulation while limiting leakage. Moreover, the small
liposomes exhibit high efficacy in penetrating the cell
membrane, whereas the zeta potential signicantly inuences
the shelf stability of particle dispersions. The physicochemical
properties of blank liposomes and P1-AMP-loaded liposomes
are shown in Table 3. DLS is a technique employed to determine
the mean hydrodynamic size and the degree of variation in the
size distribution of submicron particles that are dispersed in
a liquid. The PDI indicates the quality of the size distribution.
Index values smaller than 0.05 are highly monodispersed, but
PDI values larger than 0.7 indicate a broad particle size distri-
bution.31 The mean particle size of blank liposomes ranged
from 324.5 to 1823.7 nm with a PDI ranging from 0.56 to 1.00,
indicating liposome formulations were polydispersed. Consid-
ering formulations F1–F3, which contained equal CH but varied
the amount of PC, it was shown that increasing the CH ratio to
PC produced an increase in the liposome vesicles with a larger
PDI. This is caused by the orientation of CH between PC
molecules in the lipid bilayer membrane, resulting in the lipo-
some being larger and more rigid.32,33 However, both the
concentration of CH and PC content in formulation F4 were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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increased as a result to achieve a nal CH to PC ratio of 6 : 6.
This resulted in the formation of a large and heterogeneous
liposome vesicle with a PDI of 1.00, indicating an inappropriate
liposome composition.

P1-AMP demonstrated hydrophilicity as a result of the amine
and carboxylic group of amino acids. Therefore, P1-AMP should
be trapped within the core of the hydrophilic liposome vesicle,
generating a bigger particle size than an empty liposome.34,35

The encapsulation effectiveness of liposomes is determined by
the formulation's capacity to retain drug molecules, either in
the aqueous core or in the bilayer membrane of the vesicles.35 In
the context of this investigation, an increase in lipid quantity
and a decrease in CH ratio to PC resulted in a proportional
improvement in the encapsulation efficacy of water-soluble
substances like P1-AMP, as revealed in Table 3. Formulation
F3, characterized by its high PC content of 900 mg, demon-
strated the highest percentage of entrapment efficiency.
Although formulation F4 had a larger PC concentration of
300 mg compared to formulations F1 and F2, it also had
a higher ratio of CH to PC, which was 6 : 6. In addition, lipo-
some vesicles obtained from formulation F4 appeared to be
large and heterogeneous in size. This could be due to the
presence of multilamellar vesicles (MLVs), which result in
a smaller aqueous compartment between each membrane layer.
As a consequence, the entrapment efficiency is lower. This is in
accordance with the ndings of Ullman, K. (2021), which
observed that phospholipid concentration had a positive
inuence, whereas the addition of CH had an adverse impact on
the efficiency of liposomal encapsulation.36 This is because an
increased lipid concentration produces a greater quantity of
vesicles, thereby providing a larger internal volume for the
encapsulation of the substance. Liposomes and membranes are
generally stabilized by the addition of cholesterol. However, the
bending modulus increases as CH levels increase. Conse-
quently, membranes need more time to close aer detachment
from the interface, resulting in a greater loss of encapsulated
substance. Therefore, nding the optimal CH : PC ratio is
crucial for efficient encapsulation.

The zeta potential is commonly employed to assess the
stability of colloidal dispersions. Colloidal dispersion systems
with larger negative or positive zeta potential values are
Table 3 Physical properties of blank liposome and P1-AMP-loaded lipo

Formulation F1 F2

CH : PC (weight ratio) 1 : 2 1 :

Blank liposomes
Particle size (nm) 783.0 � 9.0 33
Polydispersity index 0.82 � 0.16 0.7
Zeta potential (mV) −44.33 � 1.58 −4

P1-AMP-loaded liposomes
Particle size (nm) 1115.0 � 110.7 43
Polydispersity index 0.88 � 0.10 0.6
Zeta potential (mV) −58.97 � 0.57 −5
Entrapment efficiency (%) 27.22 � 2.45 34

© 2024 The Author(s). Published by the Royal Society of Chemistry
electrically stable, while those with low zeta potential values
tend to result in coagulation or occulation.37 A zeta potential
value of a minimum ± 30 mV is considered to indicate stable
liposomes.38–40 In this study, the zeta potential of the blank
liposome is in the range of −40.43 to −60.17 mV. However, the
zeta potential changes from−57.33 to−70.33 mV when P1-AMP
is added. The reduction in zeta potential of P1-AMP liposomes,
as compared to blank liposomes, may be attributed to the
dialysis process employed to remove the unentrapped P1-AMP.
This dialysis process decreases the number of the bound ions or
salts in the medium, thus affecting the charge of the lipo-
some.41,42 Nevertheless, the zeta potentials of all liposome
formulations in this study were in the suitable range, which
effectively prevented the formation of aggregation particles and
ensured the stability of liposomal particles.38–40

To summarize, formulation F3, which contains PC : CH at
a weight ratio of 18 : 1, provided the highest entrapment effi-
ciency, small particle size, and suitable zeta potential values.
These results were found to agree with the ndings of previous
reports on a high PC ratio with high entrapment efficacy.35

Therefore, formulation F3 was chosen as a carrier for P1-AMP
and incorporated into hydrogel formulation.

Based on the entrapment efficiency results, aer the chosen
liposome formulation (F3) was dialyzed to remove unentrapped
P1-AMP, approximately 40% of P1-AMP remained entrapped in
the liposome. The dialyzed liposome dispersion was then sub-
jected to freeze-drying using mannitol as a cryoprotectant. As
summarized in Table 2, the theoretical solid content of the
liposome freeze-dry powder is 1490 mg, which consists of
encapsulated P1-AMP (40 mg), cholesterol (50 mg), L-a-phos-
phatidylcholine (900 mg), and mannitol (500 mg). Nevertheless,
the substances used in the preparation of the buffer are present
in negligible amounts and can be cut off. As a result, 745 mg of
freeze-dried liposome powder was equivalent to 20 mg of P1-
AMP encapsulated in liposome vesicle.

SEM is used to study the topography and surface of materials
such as liposome particles. Particle size and size distribution
were also determined.43 The morphology of liposomes (F3) was
observed under SEM, as depicted in Fig. 4. Fig. 4A illustrates the
spherical shape of the P1-AMP liposome vesicle before freeze-
drying. The liposomes exhibited ovoid spheres with smooth
somes (mean ± SD, n = 3)

F3 F4

4 1 : 18 6 : 6

0.3 � 6.0 324.5 � 8.6 1823.7 � 288.2
3 � 0.07 0.56 � 0.10 1.00 � 0.00
0.43 � 2.51 −46.90 � 0.36 −60.17 � 0.93

5.6 � 13.2 378.6 � 14.0 2362.0 � 255.6
6 � 0.10 0.66 � 0.10 0.71 � 0.25
7.33 � 0.72 −58.53 � 0.32 −70.33 � 0.15
.98 � 1.03 39.39 � 4.56 16.74 � 5.20

RSC Adv., 2024, 14, 27394–27411 | 27401
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Fig. 4 Scanning electron microscope (SEM) images of selected liposomes (formulation F3). P1-AMP-loaded liposome dispersion before freeze-
drying (A); freeze-dried powder of P1-AMP-loaded liposome (B).
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surfaces. In contrast, the freeze-dried powder of P1-AMP-loaded
liposomes (Fig. 4B) retained their spherical shape while having
a smaller particle size compared to the size of liposome vesicles
before freeze-drying. This reduction in size is attributed to the
dehydration of liposomes.
Formulation development of P1-AMP-loaded liposome
hydrogel

The topical hydrogel formulations were developed with a nal
concentration of P1-AMP, which was over 100 times greater than
27402 | RSC Adv., 2024, 14, 27394–27411
the MIC against S. aureus TISTR 517 and MRSA isolate 2468 to
ensure the effectiveness of the formulation when applied for
clinical study.27,28 Therefore, the hydrogel formulation was
developed by incorporating 745 mg liposome freeze-dried
powder that contained 20 mg of P1-AMP. This resulted in
a nal concentration of 200 mg g−1 or 0.02% w/w of P1-AMP in
a hydrogel.

The proposed structure of the developed P1-AMP liposome-
loaded hydrogel is illustrated in Fig. 5. The P1-AMP peptides
are water-soluble and thus should be encapsulated in the
internal aqueous core of the liposome vesicle. When loading P1-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the structure of P1-AMP liposomes prepared as a hydrogel.
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AMP liposomes in the hydrogel, they were suspended thor-
oughly in the network structure of chitosan hydrogel.

Fig. 6A depicts the appearance of blank chitosan hydrogel.
The formulation was found to be a yellowish, translucent, and
very viscous gel with a pH of 5.58 ± 0.22. However, the resulting
formulations were yellowish and viscous with a loss of trans-
lucent properties of chitosan hydrogel when P1-AMP-loaded
liposome (F3) was incorporated (Fig. 6B). The pH of the P1-
AMP-loaded liposome hydrogel was 6.21 ± 0.2, which was
Fig. 6 Physical appearance of hydrogels showing (A) blank chitosan hyd

© 2024 The Author(s). Published by the Royal Society of Chemistry
signicantly higher than blank chitosan hydrogel. The pH of
normal undamaged skin falls within the acidic range of 4.5–5.0,
which is considered optimal for maintaining skin health.44,45

This acidity helps to regulate moisture levels, support the skin's
protective barrier, prevent scaling, and promote the growth of
benecial microorganisms.44,45 Optimal progress of normal
acute wound healing has been observed to occur in a slightly
acidic environment, which promotes broblast proliferation,
epithelialization, angiogenesis, and microbial control when the
rogel, and (B) P1-AMP-loaded liposome hydrogel.

RSC Adv., 2024, 14, 27394–27411 | 27403
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Fig. 7 Rheogram of blank chitosan hydrogel (blue curve) and P1-AMP-loaded liposome hydrogel (orange curve).
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skin is breached. On the other hand, wounds that do not heal
properly and instead worsen into long-lasting ailments are
typically identied by having an alkaline pH level greater than
7.0.44 However, the pH of P1-AMP-loaded liposome hydrogel
had a weakly acidic pH and close to neutral pH. Therefore, it
does not cause skin irritation and is suitable for acidic wound
skin, which is common in the early stages of infected wounds.46

Viscosity determination is an important physical property
used to determine the resistance of ow materials. It is dened
as shear stress divided by shear rate. If the product has a suit-
able viscosity value, it will be easy to apply and spread on the
skin. The viscosity of P1-AMP liposome-loaded hydrogel was
758.0 ± 149.8 cP compared to blank chitosan hydrogel, which
was 683.1 ± 66.5 cP determined at a shear rate of 10 s−1

(Fig. 7A). The rheogram showed pseudoplastic behavior with
a shear thinning system (Fig. 7B).

The FT-IR results of P1-AMP, blamk liposome hydrogel and
P1-AMP-loaded liposome hydrogel formulation F3 are shown in
Fig. 8. The main structure of P1-AMP consisted of –NH2 and –

COOH, which was an amino acid structure. The broad-spectrum
Fig. 8 FT-IR spectrum of P1-AMP (blue line), blank liposome hydrogel
(formulation F3) (orange line).

27404 | RSC Adv., 2024, 14, 27394–27411
peak shown at 3355.45 cm−1 indicated-NH2 stretching with
a sharp peak at 1555.18 cm−1 indicated –NH2 bending. The –

COOH also overlapped at –NH2 stretching (3355.45 cm−1). The
ester group (–CO–NH2) showed a spectrum peak at
1649.31 cm−1 that was found in the amino acid Asn. In addi-
tion, the methyl group (–CH3) found in Val and Leu showed
bending spectrum peaks at 1408.53 cm−1 and 1343.29 cm−1.47

The blank liposome hydrogel (freeze-dried) showed IR peaks
at 3392.30 cm−1 and 1463.96 cm−1 (–NH2). The peak at the
wavenumber 2929.69 was –OH with hydrogen bonded. The P1-
AMP-loaded liposome hydrogel (freeze-dried) consisted of CH,
PC, mannitol, and chitosan. The FT-IR spectrum showed a peak
at 3283.77 cm−1 that corresponded with –OH (H-bonded). The
spectrum peaks at 3390.73 and 1562.39 cm−1 corresponded
with –NH2 stretching and –NH2 bending, respectively. The
carboxylic group showed a peak at 2918.44 cm−1. The functional
group –C–O–C– was found to peak at 1300–1000 cm−1. The
methyl group was also found at 1411.36 cm−3.47 The wave
number of characteristic peaks in the P1-AMP FT-IR spectrum
without peptide (green line), and P1-AMP-loaded liposome hydrogel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Cell viability of human keratinocyte epithelial cells. The cells were treated with P1-AMP at a concentration of 1.95–1000 mg mL−1 (A), and
with P1-AMP-loaded liposome hydrogel at a concentration equivalent to P1-AMP of 1.56–200 mgmL−1 (B). The symbol * indicates the significant
difference in % cell viability when compared to the blank (p-value < 0.05).
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shied, indicating the interaction when formulated as P1-AMP-
loaded liposome hydrogel.
In vitro cytotoxicity of P1-AMP-loaded liposome hydrogel

Cell viability following exposure to P1-AMP and P1-AMP-loaded
liposome hydrogel is shown in Fig. 9(A) and (B). When the
HaCaT cell was treated with P1-AMP at a concentration ranging
from 1.95 to 1000 mg mL−1, it revealed cell viability of 100%.
This indicated that P1-AMP did not induce adverse effects
within the measured concentration range. The P1-AMP-loaded
liposome hydrogel, with a concentration equivalent to P1-AMP
ranging from 1.56 to 200 mg mL−1, demonstrated a cell
viability of 100%. This suggested that P1-AMP did not cause any
toxicity to the keratinocyte epithelial cells within 24 h of expo-
sure. The results indicated that the use of this hydrogel for
treating infected skin or wounds does not appear to raise
concerns about its biocompatibility. Nevertheless, in vivo
studies should be performed before clinical application.
Wound healing activities of P1-AMP

The ability of P1-AMP to promote cell migration and accelerate
wound healing was examined in comparison to the negative
untreated control. The P1-AMP was employed at a concentration
© 2024 The Author(s). Published by the Royal Society of Chemistry
of 200 mg mL−1, which is the equivalent concentration in the
hydrogel formulation. This concentration did not cause toxicity
to the L929 broblast cells that was previously examined (data
not shown). The wound was observed under an inverted light
microscope aer being treated with P1-AMP for 24, 48, and 72
hours, and the percentage of migration at each time point was
estimated relative to the initial observation. The results of this
observation are shown in Fig. 10(A) and (B). P1-AMP exhibited
a signicantly greater percentage of cell migration aer 24 and
48 hours of exposure (p-value < 0.05). The results showed that
applying P1-AMP resulted in the accelerated healing of wounds
compared to the untreated control.
In vitro release proles and permeability of P1-AMP

The release behavior of P1-AMP from P1-AMP-loaded liposome
hydrogel at 37 °C is presented in Fig. 11A. The results showed
that the P1-AMP content released from both liposome and
liposome-loaded hydrogel reached 80% within 12 h. P1-AMP
was rapidly dissolved >90% in 1 h, indicating that the solu-
bility of P1-APM had no effect on drug release. P1-AMP rapidly
released from liposomes because of the high gradient concen-
tration of peptide and the hydration of liposomes, whereas the
slow release of the P1-AMP was observed aer 4 h. The release
RSC Adv., 2024, 14, 27394–27411 | 27405
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Fig. 10 Measurement of cell migration in the in vitro scratch assay. A fibroblast cell lines (L929) layer subjected to scratch and treated with P1-
AMP 200 mgmL−1 at initial, 24 h, 48 h, and 72 h after incubation observed under an inverted light microscope (A). The percentage of cell migration
(B). Asterisk (*) indicates the significant differences (p-value < 0.05) compared to treated and non-treated control samples at the same intervals.
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prole of P1-AMP from liposome and liposome-loaded hydrogel
was in a similar trend, in which P1-AMP was released faster
from liposomes than liposome-loaded hydrogel by about 5–
10%. This is caused by the matrix of polymer composited in
hydrogel formulation creating viscosity, and thus retarding P1-
AMP release. A chitosan hydrogel system could control the
release of hydrophilic and peptide substances within hours or
Fig. 11 Percentage of P1-AMP releases from liposome and P1-AMP-
loaded liposome hydrogel compared to P1 AMP alone (A). P1-AMP
permeability from liposome and P1-AMP-loaded liposome hydrogel
compared to P1-AMP alone (B). Results are expressed as percentage
mean ± SD.

27406 | RSC Adv., 2024, 14, 27394–27411
in several days depending on various parameters such as
formulation, preparation method (chemical or physical, in situ
gelation), pH, and temperature.48

Fig. 11B displays the permeability of P1-AMP-loaded liposomes
and P1-AMP-loaded liposome hydrogel compared to P1-AMP
alone. This study found that the permeability was linear during
therst 6 h, but the permeability value was relatively constant aer
the 6 h period. The maximum drug permeability is approximately
80%. However, P1-AMP alone cannot penetrate the membrane at
all times, probably due to the polarity of the peptide, whichmakes
it unable to pass through.49 The Flux (J) value of the P1-AMP-
loaded liposome was 12.9 ± 4.1 mg cm−2 h−1, which is about
22% more than the value of the P1-AMP-loaded liposome hydro-
gel, which was 10.6 ± 1.2 mg cm−2 h−1 (Table 4). The hydrophilic
and polymer properties of chitosan hydrogel led to a slower release
of P1-AMP in the liposome system.50 During the rst 2 h, P1-AMP
was dissolved almost completely, but in the liposome or liposome
hydrogel system, it was only 60–70% (Fig. 11A). This is in line with
the results of the membrane permeability, which was 25–40%
during the rst 2 h. As a result, the dissolution or release of P1-
AMP does not act as a permeability barrier. The permeation
enhancer used in the formulation is another effective option. It
can be used to increase the permeability through the Strat-M®

membrane of hydrophilic nature and the highmolecular weight of
this innovative peptide.51 However, it may not necessarily increase
penetration into the skin if considering the use of a P1-AMP-
loaded liposome hydrogel in a topical dosage form. The ability
of the drug to penetrate the upper layer of the skin and act as an
antimicrobial agent in the infected skin area may be sufficient for
its application.
Antimicrobial activity of P1-AMP-loaded liposome hydrogel

In this investigation, the antibacterial activity of P1-AMP, P1-AMP-
loaded liposome hydrogel, blank liposome hydrogel, and blank
hydrogel against S. aureus TISTR 517 and MRSA isolate 2468 was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 P1-AMP in vitro permeability through Strat-M membrane
after 6 h (mean ± SD, n = 3)

Formulation
Flux
(J) (mg cm−2 h−1)

Permeability
coefficient (Pc) (cm h−1)

P1-AMP 0 � 0.00 0 � 0.0
P1-AMP-loaded liposome 12.9 � 4.1 3.2 × 10−3

P1-AMP-loaded
liposome hydrogel

10.6 � 1.2 2.6 × 10−3

Fig. 12 Time-kill kinetics curve of P1-AMP-loaded liposome hydrogel
against S. aureus TISTR 517 at concentrations of 1×, 5×, and 10× MIC
values. An asterisk (*) indicates a significant difference (p-value < 0.05)
compared to treated and non-treated samples at the same intervals.
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investigated. The purpose was to evaluate the synergistic effect of
the formulation. As presented in Table 5, blank liposome hydro-
gel and blank hydrogel did not exert antimicrobial activity against
either tested strain, whereas P1-AMP and P1-AMP-loaded lipo-
some hydrogel gave the same MIC and MBC against S. aureus
TISTR 517 and MRSA isolate 2468 of 2 and 4 mg mL−1, respec-
tively. The obtained MIC and MBC of P1-AMP agreed with
a previous study.7 Currently, several reported AMPs have been
revealed to be excellent drug candidates for clinical exploitation
due to their numerous advantages, including biocompatibility,
biodegradability, and ease of synthesis andmodication.52 In this
study, P1-AMP exhibited equivalent antibacterial effectiveness to
Vancomycin, although it was formulated as a gel.

The time-kill kinetics of P1-AMP-loaded liposome hydrogel
against S. aureus TISTR 517 are illustrated in Fig. 12. Signicant
reductions in bacterial growth were observed at all tested
concentrations (1×, 5×, and 10×MIC) with as little as 1 hour of
incubation. The most pronounced decrease in cell numbers
occurred between 4 and 6 hours across all concentrations,
corresponding with the burst release of P1-AMP from the lipo-
some hydrogel within the rst 4 hours. Eradication effects were
observed at 6, 12, and 24 hours for 10×, 5×, and 1× MIC,
respectively, indicating a concentration-dependent response.
The previous research established that the killing effect of P1-
AMP is directly proportional to both its concentration and the
duration of exposure.7
Stability of P1-AMP-loaded liposome hydrogel

The stability of P1-AMP, both in its free form and when encap-
sulated within a liposome hydrogel, was evaluated following
storage under controlled conditions at 30 °C and 75% RH, and
under accelerated conditions at 40 °C and 75% RH for periods of
3 and 6months. The results are presented in Table 6. As a control,
the P1-AMP stored in a polyethylene tube at 30 °C and 75%RH for
3 months demonstrated a decrease in peptide content to 67%.
Table 5 MIC and MBC of P1-AMP liposome-loaded hydrogel formulatio

Formulation

P1-AMP liposome-loaded hydrogel (equivalent amount of P1-AMP)
Blank liposome-loaded hydrogel
Blank hydrogel (chitosan)
P1-AMP
Vancomycin

a No inhibition at a concentration of 0.5–1024 mg mL−1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
When subjected to the accelerated storage conditions of 40 °C
and 75% RH, the peptide content further declined to 40%. These
results indicate that both temperature and humidity signicantly
affect the stability of P1-AMP. In contrast, the P1-AMP-loaded
liposome hydrogel exhibited remarkable physical stability,
showing no signicant changes in key characteristics such as
appearance, pH, and viscosity. Throughout all testing conditions
and durations, the assay revealed that the P1-AMP content in the
liposomal formulation remained between 90.0% and 100.0% of
the theoretical content, corresponding to 0.02% w/w of P1-AMP.
However, the stability assessment indicated a more pronounced
reduction in P1-AMP levels at 40 °C compared to 30 °C, potentially
due to thermal effects on the peptide. Regarding antimicrobial
activity, the MIC of the P1-AMP-loaded liposome hydrogel
remained stable at 2 mg g−1, despite a decrease in peptide content
from 98% to 91% of the initial concentration. This nding aligns
with the observed reduction in bactericidal activity, which can be
attributed to hydrolysis of P1-AMP during storage at both 30 °C/
75% RH and 40 °C/75% RH. The enhanced stability of P1-AMP
within liposomes can be attributed to several mechanisms.53

Notably, liposomes protect the encapsulated P1-AMP from
adverse environmental factors such as oxygen, light, and mois-
ture, which are known to contribute to the degradation of sensi-
tive molecules like peptides and proteins. Additionally, certain
liposomal formulations may promote the stability of drug mole-
cules by forming stable complexes, thereby preventing destabili-
zation or inactivation.54 These attributes make liposomes
a promising strategy in drug delivery, particularly for biologics
and other pharmaceuticals that are inherently unstable.
n and control

MIC/MBC S. aureus
TISTR 517 (mg mL−1)

MIC/MBC MRSA isolate
2468 (mg mL−1)

2/4 2/4
—a —a

—a —a

2/4 2/4
2/2 2/2

RSC Adv., 2024, 14, 27394–27411 | 27407
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Table 6 Stability of P1-AMP and P1-AMP-loaded liposome hydrogel after storage at 30 °C and 75% RH and in accelerated conditions at 40 °C
and 75% RH for 3, 6 months. Data are represented in mean ± standard deviation (n = 3)

Test

Storage conditions

Initial

30 °C � 2 °C/75 � 5% RH 40 °C � 2 °C/75 � 5% RH

3 months 6 months 3 months 6 months

P1-AMP
Appearance Off-white to pale yellow

powder
Off-white to pale yellow
powder

NAc Off-white to pale yellow
powder

NAc

Assay 99.92 � 0.22 67.34 � 0.45 NAc 40.45 � 4.28 NAc

MIC against S. aureus (mg
mL−1)

2 16 NAc 128 NAc

P1-AMP-loaded liposome hydrogel
Appearance Yellow hydrogel Yellow hydrogel Yellow

hydrogel
Yellow hydrogel Yellow

hydrogel
P1-AMP content (%LA)a,b 98.20 � 0.20 95.50 � 0.12 92.32 � 1.21 92.35 � 0.73 91.34 � 1.15
pH 6.21 � 0.20 6.10 � 0.00 6.12 � 0.10 6.22 � 0.10 6.08 � 0.00
Viscosity (cP) 758.0 � 149.8 784.5 � 102.2 759.1 � 79.1 722.2 � 131.0 712.4 � 89.5
MIC against S. aureus (mg
mL−1)

2 NAc 2 NAc 2

a %LA = % labeled claim. b Theoretical content of P1-AMP in the hydrogel is 0.02% w/w. c NA = not applicable.
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Conclusion

P1-AMP is a novel peptide isolated from Brevibacillus sp. SPR-20. It
exhibits strong antimicrobial activity and wound-healing activity.
This study developed and investigated the efficacy of P1-AMP-
loaded liposome hydrogel as a topical anti- S. aureus and anti-
MRSA formulation. The selected P1-AMP-loaded liposome
(formulation F3), composed of PC : CH in a ratio of 18 : 1,
demonstrated the highest encapsulation efficiency with a suitable
particle size and zeta potential. P1-AMP-loaded liposome has
a spherical shape with negative charges and signicantly
enhances the permeability of P1-AMP through the skin compared
to P1-AMP without encapsulation in the liposome. Aer devel-
oping the P1-AMP-loaded liposome formulation (F3) as topical
hydrogel, the P1-AMP was rapidly released from the liposome
hydrogel within an initial 8 h. The formulation exhibited good
antimicrobial activity, comparable to that of standard vancomy-
cin, and did not induce cytotoxicity to tested keratinocyte cells.
The liposome signicantly increased the stability of P1-AMPwhen
stored at 30 °C and 40 °C with high humidity for at least 6months
under the studied conditions. However, further study of the
developed P1-AMP-loaded liposome hydrogel is required to
determine its efficacy in animal models or clinical testing in
infected skin before commercial application.
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