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Due to the abuse of antibiotics, drug resistance has become an urgent problem in public health and
clinical practice. Recently, antimicrobial peptides (AMPs) have been considered as excellent antibacterial
agents that are not inclined to induce the drug resistance of bacteria, but they are limited by their easy
hydrolysis by enzymes and high cytotoxicity. In this work, we designed a strategy using amphipathic
a-helical peptides coupled with antimicrobial peptides (AMPs) to fuse with liposomes to form functional
antimicrobial liposomes (FALs) as typical bio-colloids. FALs can overcome the drug resistance of
bacteria, improve antibacterial performance and biosafety, and prevent enzymolysis of the AMPs to
enhance their stability. In detail, the pancreatic-enzyme-treated AMPs exhibited no antibacterial activity
against E. coli and S. aureus due to the hydrolysis of peptide. In contrast, the FALs still maintained
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excellent antibacterial performance against both E. coli and S. aureus after being treated with pancreatic
enzyme, and could be further applied in the treatment of skin wounds infected with S. aureus on mice.
DOI: 10.1039/d3ma00261f Hematoxylin (HE) staining and proliferating cell nuclear antigen (PCNA) were adopted for histological

analysis, proving that the FALs constructed by such a strategy had broad application prospects in both
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Introduction

In recent years, a large number of common and rare diseases
are caused by bacteria, and antibiotics are widely used to kill
bacteria. However, with the abuse of antibiotics, the level of
bacterial drug resistance is gradually increasing," resulting in
highly drug-resistant bacteria, multi-drug-resistant strains, and
even the emergence of superbacteria. Although the use of
antibiotics has revolutionized the fight against bacterial infec-
tions, the rapid adaptation of bacterial species and the abuse of
antibiotics have led to more deaths. New antibacterial regimens
different from existing antibiotics need to be developed
urgently. Non-antibiotic drugs,> antibiotic combinations,’® the
development of adjuvant therapy’ and other methods have
commonly been used to kill bacteria. However, these also bring
a series of problems, such as clinical limitations and the

“ Institute for Advanced Materials, Jiangsu University, China.
E-mail: liul@ujs.edu.cn

b Department of General Practice, Yixing Hospital affiliated to Jiangsu University,
Yixing 214200, China

¢ School of Medicine, Jiangsu University, China

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma00261f

i These authors contributed equally.

© 2023 The Author(s). Published by the Royal Society of Chemistry

wound disinfection and the promotion of wound healing.

possibility of increasing bacterial mutation. Therefore, new
treatments need to be developed to combat bacterial resistance.

There are several methods to overcome bacterial resistance
to kill bacteria, including metal nanomaterials,” quaternary
ammonium salt polymers,® reactive oxygen species (ROS),”
AMPs,® etc. Among them, AMPs are good choice for fighting
bacteria with drug resistance. In addition to their significant
bactericidal effect, AMPs can also inhibit biofilm formation®
and induce the dissolution of existing biofilms.'® AMPs have a wide
range of antibacterial and immunomodulatory activities against
infectious bacteria (Gram-positive bacteria and Gram-negative
bacteria), viruses, and fungi. AMPs damage cell membranes
through electrostatic interactions,'" making it difficult for bacteria
to develop resistance compared with conventional antibiotics.?
Although the advantages of AMPs are significant,”>'* there
are still some problems that need to be solved, such as poor
biocompatibility,"”> degradation by enzymes,'® the high produc-
tion cost of long sequences,” potential toxicity to eukaryotic
cells'® and other problems. Therefore, a series of strategies are
needed to improve the stability, reduce the toxicity, and improve
the effectiveness of AMPs for further subsequent applications. For
instance, modification of AMPs can improve their metabolism
and structural stability.'® However, it is accompanied by a
decrease in the antimicrobial activity of AMPs. Drug carriers,
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i.e., metal oxides, silicon-based nanoparticles and carbon-based
nanomaterials, have been used for the delivery of AMPs,*’ leading
to low cytotoxicity and improved bioavailability of AMP, but the
biocompatibility and metabolic pathways of the carriers still need
to be further explored. Furthermore, the production of nano-
antibiotics by AMP self-assembling has also been proposed
recently, which requires complicated and precise design to both
ensure the antimicrobial activity of the AMP and the self-
assembling of coupled peptide moieties in the whole peptide.”!
Therefore, a simple and efficient strategy to protect AMPs against
hydrolysis and improve the biocompatibility while maintaining
activity for disinfection is highly anticipated, but still challenging.

Liposomes are essentially a kind of phospholipid vesicle that
spontaneously form closed lipid bilayer vesicles in water.>*
Liposomes were discovered by scientists in the 1960s, and their
potential as an effective drug delivery system was immediately
recognized.”® Since then, scientists have been conducting var-
ious studies on liposomes, including the control of their active
site, the duration of their circulation in the body, and the
release time and location of the delivered drugs.>” 1,2-Dioleoyl-
sn-glycero-3-phosphocholine (DOPC) has a variety of advan-
tages, including biocompatibility, self-assembly ability, drug
loading ability and a wide range of physicochemical and
biophysical properties.>®>” At present, clinical studies have
shown that lipid-based drug carriers have various advantages
such as immunogenicity, low toxicity and side effects, and easy
adsorption.”®

Herein, we designed a new strategy using a fusion peptide to
combine AMPs with liposomes to form FALs. It has many
advantages, such as remarkable bactericidal performance, low
cytotoxicity, good biocompatibility, and resistance to hydrolysis
by enzymes. Liposomes are essentially a kind of phospholipid
vesicle that spontaneously form closed lipid bilayer vesicles in
water.>**° Liposomes have a variety of advantages, including
biocompatibility, self-assembly ability, drug loading ability and a
wide range of physicochemical and biophysical properties.*"*
For the functional AMPs, we designed the peptide FWR33
(FAEKFKEAVKDYFAKFWDGSGRWWRWWRRWWRR) (Fig. 1a),
which was composed of a 12-amino-acid AMP sequence
(RWWRWWRRWWRR) (WR12)** with broad-spectrum antibac-
terial activity and an amphipathic o-helical peptide (FAEKFKEA-
VKDYFAKFWD) sequence that works as a fusion peptide that can
interact with the liposomes to form stable, spherical nanoparticles
through self-assembly.>>*> WR12 has a broad-spectrum anti-
bacterial activity and excellent antibacterial performance. It is
also a short-chain AMP that is much cheaper than other
AMPs and can therefore facilitate clinical applications. The
as-prepared FALs can improve antibacterial performance
and biosafety, as well as prevent enzymolysis of the AMPs to
enhance their stability. FALs could be further applied in the
treatment of the skin wounds of a mouse with S. aureus
infection. Hematoxylin (HE) staining and proliferating cell
nuclear antigen (PCNA) were adopted for histological analysis,
and the results verified that the FALs constructed by this
strategy had broad application prospects both in wound disin-
fection and the promotion of wound healing.
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Fig. 1 (a) Design and synthetic procedure of FALs. (b) Particle size of
liposomes and FALs. (c) Zeta potential analysis of liposomes and FALs. (d)
Cytotoxicity of FWR33. (e) Cytotoxicity of FALs after the ultrafiltration.

Materials and methods
Materials

The phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
FWR33 (FAEKFKEAVKDYFAKFWDGSGRWWRWWRRWWRR) and
WR12 (RWWRWWRRWWRR) were purchased from Qiangyao Bio-
technology Co., Ltd. Hexafluoroisopropanol (HFIP) was purchased
from Tokyo Huacheng Co., Ltd. Chloroform and phosphate buffer
were purchased from Sinopharm Group Chemical Reagent Co.,
Ltd. Phosphotungstic acid negative staining solution (5% phospho-
tungstic acid negative staining solution) was purchased from
Nanjing Senbeijia Biotechnology Co., Ltd. LB solid medium/LB
agar (dry powder) was purchased from Beinong Yuhe Technology
Development Co., Ltd. PC membranes 0.1 um (100 pk ') were
purchased from Avanti/Whatman.

Preparation of liposome solution

DOPC (100 mg) was fully dissolved in chloroform (10 mL) to
form a liposome solution (10 mg mL ™). 50 uL of the above
solution was transferred to a 1.5 mL centrifuge tube. The solvent
was removed by vacuum. The residue was dissolved in 1 mL PBS
(10 mM) to form the liposome solution (500 pug mL ™).

Preparation of antimicrobial peptide solution

10 mg of WR12 was fully dissolved in 10 mL hexafluoroisopro-
panol (HFIP) to form a peptide solution (1 mg mL ') after

© 2023 The Author(s). Published by the Royal Society of Chemistry
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shaking on an oscillator for 12 h. The peptide solution (256 uL)
was transferred to a 1.5 mL centrifuge tube. The solvent was
removed by vacuum. The residue was dissolved in PBS (1 mL,
10 mM) to form the peptide solution (256 pg mL™%).

Preparation of FWR33 solution

10 mg of FWR33 was fully dissolved in HFIP (10 mL) to form a
peptide solution (256 ug mL™") after shaking on an oscillator
for 12 h. The peptide solution (256 pL) was transferred to a
1.5 mL centrifuge tube. The solvent was removed by vacuum.
The residue was dissolved in PBS (1 mL, 10 mM) to form the
FWR33 solution (256 pg mL ™).

Synthesis of FALs

Liposome solution (0.25 mL, 500 pg mL™ '), FWR33 solution
(0.25 mL, 256 ug mL™ ') and PBS (0.5 mL, 10 mM) were added to
a 1.5 mL centrifuge tube, and the mixture was kept at —4 °C for
12 h. After extrusion, the FAL solution with good dispersion was
prepared.

Transmission electron microscopy (TEM)

The morphology of the FALs was characterized using a Tecnail2
transmission electron microscope (Philips, Netherlands) at an
accelerating voltage of 120 kV. The sample preparation method
was as follows: the sample was dropped onto a 230 mesh copper
screen, and left for 15 min. After that, the sample was loaded
onto the copper screen, and the liquid was removed using filter
paper. The samples were stained with 10 pL of 1% uranyl acetate
solution for 4 min and rinsed with 10 uL of deionized water. The
liquid was removed using filter paper, and the samples were
dried at room temperature.

Circular dichroism (CD) spectra

The secondary structure changes of the liposomes, FWR33 and
FALs were characterized via CD measurements, which were
performed using a PTC-348W1 CD analyser. All measurements
were conducted at room temperature, and the spectra were
collected within the region of 190-250 nm. The slit-width was
2 nm, and the scan speed was 50 nm min~'. 500 L of the FALs
was added to an ultrafiltration tube (molecular weight 10 000).
The sample was centrifuged at a high speed of 12 000 rpm, the
lower clear solution was removed and the same amount of PBS
was added to the residue. The operation was repeated three
times. After the third ultrafiltration, the supernatant and sub-
natant were collected for further testing. For all samples, the
signal of PBS was subtracted as the baseline. Each sample was
added to a 1 mm colorimetric cell with a volume of 200 pL.
All experiments were repeated three times. The FAL solution
was ultrafiltrated, and the supernatant and subnatant were
characterized by CD after the third ultrafiltration (Fig. 2b).
The results showed that all the unreacted FWR33 had been
removed and the FALs remained in the supernatant. The
appearance of an additional o-helix secondary structure
demonstrated that FWR33 was attached to the liposomes to
form FALs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) CD of the three different materials. (b) CD of the supernatant
and subnatant of the FALs after ultrafiltration (24 pg mL™% 64 ug mL™Y).
(c) CD of FWR32 at 6 concentrations. (d) Curve fitting of FWR32 peaks.

Calculation of loading efficiency of peptides on liposomes

The loading efficiency of FWR33 in liposomes was calculated
using the standard curve method. Six different concentrations
of FWR33 (4, 8, 16, 32, 64, 96 ug mL~ ') were evaluated using CD
(Fig. 2c). The value at 210 nm was recorded, and the standard
curve of CD vs. concentration of FWR33 (Fig. 2d) was plotted for
calculation of the loading efficiency.

Dynamic light scattering (DLS) experiment

The particle size changes of the liposomes and FALs were
measured using DLS, which was conducted using a Zetasizer-
NanoZS90. All samples were diluted with PBS to 1 mL and were
added to a cuvette for testing. Each sample was tested three
times at room temperature.

Zeta potential measurement

The distribution of the surface charge of the FALs and liposomes
in phosphate buffer solution was analysed using a ZetasizerNano-
7590. All samples were diluted with PBS to 1 mL and were added to
a cuvette for testing. Each sample was tested three times at room
temperature.

Evaluation of antibacterial properties in vitro

Staphylococcus aureus (S. aureus, A TCC25923) and Escherichia
coli (E. coli, A TCC25922) supplied by the Institute of Life
Sciences of Jiangsu University were used as the model bacteria.
The bacterial suspension (200 uL, 10° CFU mL ") was added to
the FALs (200 pL, 42.35 ug mL ') in a 1.5 mL centrifuge tube. The
tube was placed in a thermostatic oscillator (37 °C) for a certain
time period (0 h, 1 h, 2 h, 3 h, 4 h). After that, the bacterial
suspension was diluted approximately 10° times with PBS. 100 uL
of the diluted bacterial suspension was rolled out onto the LB
solid medium (Beinong Yuhe Technology Development Co.) and
placed in a bacterial incubator (37 °C) for 18 h. Plate counting was
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used to measure the number of bacteria. The method for the
determination of the antibacterial rate of WR12 is the same as the
above method.

Determinations of the antibacterial rate of trypsin-treated
WR12 and trypsin-treated FALs: WR12 (200 pL, 128 ug mL™ ') or
FALs (200 puL, 42.35 pg mL™ ') were mixed with trypsin (200 pL,
1 mg mL ") for 2 h. 200 pL of the above solution was added to a
bacterial suspension (200 pL, 10’ CFU mL ') in a 1.5 mL
centrifuge tube. The tube was placed in a thermostatic oscilla-
tor (37 °C) for a certain time period (0 h, 1 h, 2 h, 3 h, 4 h). The
bacterial suspension was diluted approximately 10° times with
PBS. 100 pL of diluted bacterial suspension was rolled out onto
the LB solid medium (Beinong Yuhe Technology Development
Co.) and placed in the bacterial incubator (37 °C) for 18 h. Plate
counting was used to measure the number of bacteria. The
statistical differences were calculated using GraphPad Prism 9.

Microscopy characterization of bacteria

The treated E. coli and S. aureus were collected by centrifugation
and washed with PBS. The bacterial suspension was then fixed
in 2.5% glutaraldehyde and refrigerated at 4 °C for 6 h. After
centrifugation, each sample was washed three times with PBS
(10 mM) and dehydrated with gradient ethanol solution
(50%, 70%, 80%, 90%, 95% and 100%) for 5 min. Finally, the
bacterial solution was added dropwise onto a monocrystalline
silicon chip and observed by SEM.

Fluorescence staining of live/dead bacteria

SYTO 9 was used for green fluorescence staining of live bacteria,
and propidium iodide (PI) was used for red fluorescence staining
of dead bacteria. After the corresponding treatments, the cen-
trifugally collected bacterial suspensions were stained with SYTO
9 and PI for 15 min at room temperature in the dark. The
bacteria were observed with a confocal laser microscope (Dmis,
Germany).

Cytotoxicity assay of FALs

100 uL of 1929 mouse fibroblasts (50 000 cells mL™") was added
to a 96-well plate and cultured for 24 h. Five concentrations
(1.46 pg mL™", 14 pg mL™", 15.5 pg mL™", 42.3 pg mL™", and
44.6 ng mL™ ") of FALs were exposed to UV light for 2 h and then
added to the 96-well plate (10 microliters per well), respectively.
After 24 h of incubation, 10 pL of CCK8 solution was added to
the 96-well plate (10 microliters per well). After 2 h of incuba-
tion, the optical density (OD) was measured at 450 nm using a
microplate reader (SYNERGY H4, USA).

In vivo wound healing assay

All animal experimental procedures were approved by the
Jiangsu University committee and were carried out according
to the guidelines of Jiangsu University Laboratory. All procedures
conform to Chinese laws and the National Institutes of Health
(NIH) Animal Ethics Committee. The ICR mice were provided by
the Animal Laboratory Center of Jiangsu University. Circular skin
lesions (7 mm in diameter) were made on the back skin of ICR
male mice (30-40 g). The mice were divided into four groups
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randomly after a S. aureus suspension (20 L, 10° CFU mL™ ") was
daubed onto the wound. After 24 h, the wounds of the mice were
treated with four different materials: PBS (control), liposomes,
WR12 and FALs. The wounds were observed and photographed
daily. After 1 day of treatment, the mice were examined, and
the wound tissues were collected. Plate counting was used to
measure the number of bacteria. After 14 days of treatment, the
back skin was harvested and the wounds were separated from
the surrounding skin and immobilized in a 4% neutral formalin
solution. The skin samples were embedded in paraffin, and
sections (3-5 um) were stained with hematoxylin and eosin (HE)
for histological and immunohistochemical analysis.

Results and discussion
Characterization of FALs and cell viability of FALs

To explore the successful synthesis of the FALs and the inter-
action effect between the designed peptides and liposomes,
DLS was used to monitor the changes in particle size and static
charge before and after the fusion between FWR33 and the
liposomes (Fig. 1). Fig. 1b shows that the average particle size of
the liposomes was 132.9 nm, and the PDI (dispersion coeffi-
cient) was 0.345. The average particle size of the FALs was
98.6 nm, and the PDI was 0.248. The TEM images of the
liposomes and FALs are shown in Fig. S1 (ESIt). Compared
with the average particle size of the liposomes, the particle size
of the FALs became smaller due to the membrane fusion
between the liposomes and FWR33. Meanwhile, the PDI was
reduced from 0.345 to 0.248, and the dispersion coefficient was
reduced to make the sample more stable.

In addition to particle size analysis, Fig. 1c shows the Zeta
potential analysis of the nanomaterials. In the FALSs, the liposomes
were negatively charged, the WR12 sequences were positively
charged, and the other sequences were neutral. The average
Zeta potential of the FALs was —10.92 mV, which was
more positive compared to that of the liposomes (—21.8 mV),
indicating that FWR33 was partially exposed on the outside of
the liposomes.

In order to prove the self-assembly of FWR33 and liposomes
in PBS (10 mM), the circular dichroism (CD) spectra of the
liposomes, FWR33, and FALs were obtained (Fig. 2a). It was
found that the secondary structure of the peptides in the
FALs is different from that of the FWR33 peptides, showing
significantly different peaks near 210 nm. Liposomes have no
typical signal in CD spectra. The loading efficiency of FWR33
in the liposomes was calculated using the standard curve
method (Fig. 2¢ and d), which was determined to be around
60% optimally for the four selected concentrations (Table S1,
ESIt). For example, after ultrafiltration, when the sample with
64 pg mL ' FWR33 was loaded, the actual concentration of
FWR33 was 42.35 pg mL ™' and the loading efficiency was
64.60%. The details of the loading efficiency calculation are
presented in the experimental section of the ESLt (CD
spectra and calculation of loading efficiency of peptides on
liposomes).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to prevent cell and tissue function decline, biocom-
patibility is also an important indicator to take into consideration.
Fig. 1d shows the cytotoxicity of the FALs at five concentrations.
When the concentration of FALs was low, there was almost no
cytotoxicity, and the cell survival rate reached more than 90% even
at high concentration (44.9 ug mL ). In contrast, the cell survival
rate of WR12 was less than 85% even at a concentration of
32 ug mL~". The results indicated that our FALs had better
biocompatibility compared to WR12.

Evaluation of antibacterial performance of FALs against Gram-
negative bacteria E. coli and Gram-positive bacteria S. aureus

To explore the antibacterial performance of the FALs, we
treated the Gram-negative bacteria E. coli and Gram-positive
bacteria S. aureus with WR12 and FALs to test the survival ratios
of the bacteria. The antibacterial performance of WR12 against
E. coli and S. aureus was very significant. After 2 h of interaction
between WR12 and the bacteria, 92.48% of E. coli and 99.99%
of S. aureus were killed. The numbers of E. coli and S. aureus
both decreased by 99.99% after 4 h of treatment. However,
pancreatic-enzyme-treated WR12 had no antibacterial perfor-
mance against E. coli (Fig. 3a) and S. aureus (Fig. 4a) due to the
hydrolysis of WR12 peptide. In contrast, the FALs still main-
tained a degree of antibacterial performance against E. coli
(Fig. 3b) after being treated with pancreatic enzyme, and the
bacterial viability decreased by about 86.13% after the treatment
with the FALs for 4 h. Similarly, the numbers of S. aureus
decreased by about 96.40% when the FALs were mixed with
S. aureus for 4 h. The FALs prevent the enzymatic hydrolysis of
AMPs, mainly due to the steric hindrance of the AMP brush on
the liposome against the enzyme. Therefore, the FALs exhibited
great antibacterial performance against E. coli and S. aureus even
after being treated with pancreatic enzymes, which improved the
stability of AMPs in utilization. Scanning electron microscopy
(SEM) was used to observe the microscopic morphology of E. coli

v fr200pm

control  1h  2h  3h

Fig. 3 (a and b) Assessment of E. coli growth by the spread plate method
at0h,1h 2h 3hand4h for four samples (WR12, pancreatic-enzyme-
treated WR12, FALs, pancreatic-enzyme-treated FALs). (*p < 0.05,
***%p < 0.001) (c) SEM image of the control group of E. coli. (d) Colony
image of the pancreatic-enzyme-treated FALs mixed with E. coli for 4 h.
(e) Fluorescence image of the control group of E. coli obtained using a
live/dead backlight bacterial viability kit. (f) Fluorescence image of the
pancreatic-enzyme-treated FALs mixed with E. coli for 4 h using a live/
dead backlight bacterial viability kit.
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Fig. 4 (a and b) Assessment of S. aureus growth by the spread plate
method at 0 h, 1 h, 2 h, 3 h and 4 h for four samples (WR12, pancreatic-
enzyme-treated WR12, FALs, pancreatic-enzyme-treated FALs). (**p <
0.01, ****p < 0.001) (c) SEM image of the control group of S. aureus.
(d) Colony image of the pancreatic-enzyme-treated FALs mixed with
S. aureus for 4 h. (e) Fluorescence image of the control group of S. aureus
obtained using a live/dead backlight bacterial viability kit. (f) Fluorescence
image of the pancreatic-enzyme-treated FALs mixed with S. aureus for 4 h
using a live/dead backlight bacterial viability kit.

(Fig. 3c and d) and S. aureus (Fig. 4c and d) before and after
treatment with the FALs. Normal E. coli were rod-shaped (Fig. 3c),
and S. aureus appeared to be spherical without the wrinkle
(Fig. 4c). After the treatment with the FALs, the morphology of
the E. coli and S. aureus changed significantly due to damage to
the cell membranes (Fig. 3d and 4d). It can be seen that the
surface of E. coli and S. aureus was wrinkled and damaged,
indicating the death of the bacteria. These results were further
confirmed using a live/dead backlight bacterial viability kit. A red
fluorescence image was obtained because the red dye PI fully
entered the inside of the bacteria due to the membrane rupture.
On the contrary, the images of live E. coli and S. aureus were both
found to be green (Fig. 3e and 4e).

Performance of FALs in the disinfection of an infected wound
and the promotion of wound healing

In order to verify the performance of FALs in the disinfection
and healing of infected wounds, we utilized a mouse skin
wound model with S. aureus infection to conduct the experi-
ment. The wounds were treated with PBS (control), liposomes,
WR12 or FALs and were monitored and analysed at 3, 7, and
14 days. Generally, the wound size for the FAL group at the
different time points was the smallest compared to those of the
control group, liposome group and WR12 group (Fig. 5a). For
example, on day 3, the wound size of the FAL group was
21.57%, which was smaller than that of the control group
(52.80%), the liposome group (43.48%) and the WR12 group
(31.40%) (Fig. 5b). Therefore, the wound healing of infected mice
treated with FALs was significantly higher than those of the
other treatment groups (Fig. 5c). Fig. 5a also shows the number
of bacteria on the wound surface after 3 days of treatment. The
number of bacteria in the FAL group was 1.15 x 10° CFU mL ™},
which was much lower than that of the control group (7.80 x
10° CFU mL™") and WR12 group (4.44 x 10° CFU mL™"). The
amount of bacteria decreased by 85.26% in the FAL-treated
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Fig. 5 (a) Photographs of infected wounds on the backs of the mice given
different treatments during the whole therapeutic process from day 0 to
day 14, and of the bacteria separated from the different wound tissues that
were cultured on agar plates for the different treatments. (b) Quantitative
measurement of the wound size during the whole therapeutic process.
(c) Number of bacteria surviving in the wound tissue of each sample on day 3.
(d and e) HE and immunohistochemical staining performed on the wound
tissues on day 7 and 14 of the treatment.

group; in comparison, it decreased by only 43.59% after treat-
ment with WR12. The results indicated that in this system,
WR12 had a certain antibacterial activity; however, it was easily
degraded without the protection of liposomes, resulting in weak
antimicrobial activity and slow wound healing compared to the
FAL group.

Finally, to further study the therapeutic effect of the FALs
on wounds, hematoxylin (HE) staining and proliferating cell
nuclear antigen (PCNA) were adopted for histological analysis
(Fig. 5d and e). The epithelization of the experimental group
had basically been completed. Compared with those of the
control group, the collagen fibers of the skin tissue in the FAL
group were stably arranged, and some hair follicles had grown,
which was no different from the normal tissue. The results of
HE staining were consistent with the evaluation of wound
healing in vivo. The results of immunohistochemistry staining
for PCNA expression of proliferating nuclear antigen protein
showed that, except for the FAL group, the expression level of
PCNA in the other groups was lower (Fig. 5e). The number of
PCNA-positive cells in the FAL group increased, and its cell
proliferation activity was enhanced compared with that of the
other groups, with particular promotion of the proliferation and
metabolism of keratinocytes in the basal cells. In conclusion, the
wound healing of mice treated with FALs exhibited a much

3308 | Mater. Adv, 2023, 4, 3303-3309
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better effect than the wound healing of the other treatment
groups, indicating that the FALs can be better candidates and
can be applied in the disinfection and wound healing.

Conclusions

We reported a simple strategy using a fusion peptide coupled
with AMPs to fuse with liposomes to form FALs. Compared
with the traditional AMP, it has more efficient bactericidal
properties and almost no cytotoxicity. Additionally, it is not
easily degraded by enzymes. A mouse wound model infected
with S. aureus was used to prove that FALs can kill the bacteria
on the infected wound and promote wound healing efficiently.
These findings indicated that FALs constructed by this strategy
have broad application prospects both in wound disinfection
and promoting chronic wound healing.
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