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ABSTRACT

Objective(s): This study aimed to develop and evaluate a mult'func. onai five-layer wound dressing
that meets essential requirements for effective wound hea. g, iicluding exudate absorption,
antimicrobial activity, moisture retention, gas exchange, anu ~or-uamaging adhesion. The specific
objective was to assess the antibacterial efficacy, biocom satibii ty, and wound-healing performance
of a dressing incorporating chitosan-LL37 nanoparticl=s (C= ' 137 NPs).

Materials and Methods: A five-layer wound c.essi g w. -~ fabricated, consisting of a silicone adhesive
layer, a polyurethane (PU) foam layer embeac ~d v.ith CS LL37 NPs, a polypropylene diffusion layer,
a cellulose-based retention layer, and a breatha. ', waterproof backing layer. The CS-LL37 NPs were
incorporated into the PU layer, and >eir antibac ~iial activity and cytotoxicity were evaluated in
vitro. The dressing’s wound-healing per rmance, with and without CS-LL37 NPs, was assessed in
vivo in a female Wistar rat model and comp. red with that of a commercial dressing (Mepilex Border).
Results: The developed five-layer d=assi = de mionstrated effective exudate management, antimicrobial
activity, and favorable healing codiuons. in vivo results showed wound closure rates and histological
outcomes comparable to thc =¢ oi the - ommercial dressing. The inclusion of CS-LL37 NPs enhanced
antibacterial performance witi. ~ut muucing significant cytotoxicity, indicating good biocompatibility.
Conclusion: The prepared 1ive-la, er wound dressing exhibited healing performance comparable to
a commercially availabl» proc'uct. The incorporation of CS-LL37 nanoparticles showed significant
potential to improv tr_atn..... outcomes, particularly for exudative wounds, and may be a promising

option for patier*s +ith chronic or fragile-skin conditions such as Epidermolysis Bullosa.
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Introduction

The importance of skin au..csion in wound dressings
cannot be overstated. Achieving the right balance is critical
to ensure that the dressing adheres effectively to the skin
without causing damage during removal. Silicone-based
dressings have gained significant popularity in the medical
industry for their ability to address this challenge. They offer
moderate adhesion, allowing secure attachment to the skin
while enabling gentle removal, thereby minimizing trauma
to the wound and surrounding tissues. Soft silicone has
adhesive properties that remain stable over time and adapt
well to uneven skin surfaces and joints. Additionally, it is
non-toxic, non-allergenic, and promotes tissue regeneration,
making it an ideal material for wound care. One commonly
used medical-grade silicone is polydimethylsiloxane
(PDMS), a versatile polymer with numerous applications

in the medical field. PDMS is utilized in medical
implants, wound dressings, catheters, dialysis membranes,
microvalves, and more. However, in certain medical
applications, it is necessary to modify PDMS to make it
hydrophilic. Due to its inherent hydrophobicity, various
methods have been developed to enhance its hydrophilicity
and adhesion. These methods include adjusting the
PDMS-to-hardener ratio, incorporating water into its
composition, and blending it with polymers such as gelatin
and polyethylene glycol (PEG) (1, 2). The layer following
the porous layer should be capable of absorbing wound
secretions by creating negative pressure. Materials such
as foam, sponge, film, woven fabric, or non-woven fabric
can be used for this layer. One commonly used material
is PU foam, which is highly effective due to its unique
properties. PU foam can swell up to 100% of its original
volume, with some formulations expanding up to 800%,
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while maintaining its structural integrity and strength. This
layer can also be infused with antibacterial agents to prevent
wound infections and promote a sterile healing environment
(3). In addition, the polyurethane layer, in combination
with the semi-permeable backing layer, helps maintain
optimal moisture levels in the wound area while facilitating
gas exchange. This dual functionality creates an ideal
environment for wound healing by preventing excessive
drying or maceration and ensuring proper oxygenation
of the tissue (4). Polyurethane, on its own, is limited in its
ability to absorb exudates due to its hydrophobic nature
and lacks inherent antibacterial properties. However, these
limitations can be effectively addressed by incorporating
antibacterial substances or modifying the material through
blending, bonding, or coating with hydrophilic polymers.
Promising solutions include the addition of antibacterial
peptides, antichromosensory molecules, essential oils,
bacteriolytic enzymes, micro- and nanomaterial structures,
and natural antimicrobial molecules and macromolecules.
These modifications enhance both the exudate absorption
capacity and the antibacterial efficacy of the polyurethane
layer (5). Chitosan is a versatile material often use!
as an additive to polyurethane. Its incorporation into
polyurethane can serve multiple roles, such as acting as :
chain extender, cross-linking agent, or modifier to enba.. e
mechanical properties, thermal stability, biodegrada.ility,
and antibacterial activity. The formation of hydroge.» boius
between polyurethane and chitosan facilitates the un.“orm
dispersion of chitosan within the polyurethane matrix. This
interaction improves mechanical propert'es such as tensile
strength, flexibility, and elastomeric bcna #or- making the
composite suitable for applicatiors i%e suture threads.
Additionally, the urethane group. in pulyurethane react
with the amino (NH,) groups 0. chissan, forming strong
intermolecular hydrogen bo. ds ti at further enhance the
material’s performan :e (6).

Antimicrobial pep ides (AMPs) are essential components
of the innate immune  *zin. They are typically cationic,
amphiphilic peptides of 50 amino acids or fewer, rich in
arginine and lysine residues. One such AMP is the LL37
peptide, commonly known as Cathelicidin. This peptide
is found in various cells, tissues, and bodily fluids at
varying concentrations. LL37 exhibits potent antibacterial
and immunomodulatory activities and plays a significant
role in promoting angiogenesis and re-epithelialization
during wound healing (7). Several challenges, including
poor stability in biological environments, susceptibility
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Polyurethane absorbent layer
Polypropylene spreading layer

Cotton maintai layer

Propylene backing layer

Figure 1. Schematic representation of prepared five layers wound dressing
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to proteolytic digestion in bodily fluids, weak interactions
with host macromolecules, and potential toxicity, limit
the clinical application of the LL37 peptide. Encapsulating
LL37 within nanoparticles offers a promising solution
to these issues. When LL37 is encapsulated in chitosan
nanoparticles, its bioavailability, stability, and sustained
release are significantly improved. This approach also
enables controlled pharmacokinetics, reduces toxicity, and
enhances interactions with target molecules. Furthermore,
chitosan nanoparticles possess inherent antibacterial
and antiviral properties that synergistically enhance the
antibacterial, antibiofiiin, and multidrug resistance (MDR)
activities of LL37 (8, Incapsulating the LL37 peptide in
chitosan nanoparticles (nd embedding these nanoparticles
within polyurethaiic T -am an create a synergistic effect. This
approach enhanc s pep :ide retention and stability, improves
the physicociic. ica: properties of the polyurethane layer,
and ultimat v accelerates wound healing.

The .. Fusiou 1ayer, the third layer of the wound dressing,
‘acilit ites e transfer of moisture from the PU foam layer
to 'te maintenance layer. It also ensures even distribution
of lig +id both horizontally and vertically, preventing fluid
accurnulation in one area (9). The fourth layer, known as the
raintenance layer, is a critical component of an ideal wound
dressing. It is designed to absorb and retain large volumes
of wound exudate. Commercially known as Mextra®©,
this layer is particularly effective for moderate-to-severe
exudating wounds. It also provides a physical barrier against
bacterial infiltration. The primary components of this layer
are cellulose (derived from cotton) and lignocellulose
(derived from wood).

In Mepilex wound dressings, the Mextra© layer is
shielded by a breathable, waterproof film. This film prevents
liquid leakage onto clothing or bedding and reduces the risk
of contamination. Typically made of polyurethane film, this
layer is known as Mepitel© in Mepilex dressings(10). In this
research, we aimed to assemble a five-layer wound dressing
with a structure similar to that of commercial dressings and
compare its performance with the commercially available
Mepilex wound dressing. Notably, we incorporated
antibacterial properties into our dressing by embedding CS-
LL37 nanoparticles (NPs), while utilizing locally sourced
materials to minimize costs. This innovative approach
not only meets the demand for effective wound care but
also highlights resourcefulness and creativity in product
development. Figure 1 shows the prepared 5-layer wound
dressing.

Five layers wound dressing
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Materials and Methods
Materials

Sylgard 184 (Cow company, USA), containing the
elastomer and curing agent, was prepared. Methylene
diphenyl diisocyanate (MDI), PEG6000, polyether polyol,
silicon surfactant, tin catalyst, deionized water, and
paraffin (all of them from Iran Polymer and Petrochemical
Institute) are used for PU synthesis. Chitosan with 95%
deacetylation and molecular weight (MW) of 100 to 300
kD (Acros organic company) and LL37 peptide with
LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTE
sequence from Biomatic (Canada) was obtained. Tri poly
phosphate (TPP), other solutions, and culture media were
obtained from Merck. Hydrophilic polypropylene (100%)
and hydrophobic propylene (100%) are prepared by Baftineh
and Baftsan company (Malayer, Iran). The cellulosic layer
was obtained from Zarin Roya Company (Saveh, Iran).

Methods

Here, the first (silicon) and second (PU) layers were
synthesized in the laboratory, while companies prepared
other layers.

Synthesis of the silicon layer

The Sylgard 184 silicone elastomer was mixed with
its curing agent at a 20:1 ratio. As reported by Mohania
et al. (2020), adding distilled water (DW) enhances the
adhesiveness and porosity of PDMS (1, 11) (supplementary
Figure 1). To achieve this, 1 ml of DW was added to 20 ml of
the PDMS solution (1). The solution was thoroughly mixed
for 10 min, then poured onto a silicon wafer (supplementary
Figure 2) and cured at 80 °C for 10 min in an incubator.
After curing, a highly adhesive and elastic film formed
and was left at room temperature for 24 hr to complete the
curing process (11). This resulted in a PDMS layer witl,
moderate adhesiveness and suitable mechanical strengc.i.
Finally, holes were created at regular intervals in the L ver
using a 1 mm punch biopsy tool to facilitate the transic.
of wound secretions. The silicone layer after priac nre “vas
covered with greaseproof paper to prevent co. tamination
(supplementary information Figure 3-4). ¥ r the . idustrial
production of porous PDMS film = (~signed the
metallic mold, which is represez.ied in the supplementary
information (supplementary/ Figure 5 *'j. The designed
mold contains the negative a1 1 positivz disks, which match
together.

Investigation of cell adhesiveness using the SEM

The prepared silicone layer, the Mepilex silicone layer
(Safetec), and a common adhesive tape were compared for
their potential to damage the stratum corneum (SC) upon
removal. For this evaluation, 1x3-centimeter samples of
each material were prepared. The samples were applied to
the human skin surface and removed after one minute. The
presence of epidermal cells on the surface of each sample
was used as an indicator of the extent of SC damage (12).

Investigation of adhesiveness using the tensile machine
Samples of the prepared silicone layer, Safetec layer,
and common adhesive tape were cut to 1x2 centimeters
and a thickness of 1 mm. Each sample was attached to a
1x3-centimeter section of rat skin, covering 1 centimeter
of the skin at both the top and bottom. The remaining 1
centimeter of each sample was clamped into a tensile testing
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Figure 2. Schematic image of tensile strength measurement device, where
two pieces of wound dressing are ca, ‘ured by the skin from above and
below and pulled upwards and downwar. »

machine (Santam Machin - Cor troller) and stretched from
the positive side. The elo. zauon at break was measured for
each sample and e} ~rtec as a relative adhesive strength
(13). Figurc ° i strates the schematic of the tensile test
setup.

Sy.. hesis ana iaracterization of CS-LL37 NPs
Naro, wrticle preparation

lQashk ' et al. (2022) synthesized chitosan-LL37
nuno, . ticles (CS-LL37 NPs), and their method was used in
this study. Chitosan (CS) was dissolved in 1% acetic acid to
a concentration of 30 mg/ml. A 32 mM solution of the LL37
peptide was added dropwise to the chitosan solution and
stirred for 24 hr at 4 °C. Subsequently, a 1 mg/ml solution
of tripolyphosphate (TPP) was added over 4 hr at a TPP:CS
ratio of 1:3. The nanoparticle solution was then centrifuged
for 40 min at 14,000 rpm and 4 °C. The resulting sediment
was washed multiple times and freeze-dried for 24 hr (8).

Nanoparticle size and zeta potential

The zeta potential distribution and size of the as-
fabricated formulations were measured using dynamic light
scattering (DLS) with an SZ-100z Dynamic Light Scattering
& Zeta Potential Analyzer (Horiba JobinYvon Co.).

FTIR spectroscopy

In addition, the synthesized chitosan nanoparticles
(CS-LL37 NPs) were characterized by Fourier Transform
Infrared (FTIR) spectroscopy. The spectra were recorded
over the wavenumber range of 500-4000 cm'.

Encapsulation efficiency (EE) and release profile

The encapsulation efficiency and drug release profile were
determined using UV-Visible spectroscopy at the absorption
wavelength of LL-37 (215 nm). After centrifuging the CS-
LL37NPs, the amount of free LL37 in the supernatant was
evaluated using a Shimadzu UV-1208 spectrophotometer.
Encapsulation efficiency (EE) was calculated using the
following formula:

Encapsulation efficiency (%)=x100
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The kinetics of LL37 release from CS-LL37 NPs were
evaluated over 1 week. Briefly, CS-LL37NPs were dispersed
in phosphate-buffered saline (PBS, 1 mg/ml, pH 7.4) and
stirred at 37 °C. At predetermined time points, the samples
were centrifuged at 14,000 rpm for 30 min. The supernatant
was then separated and replaced with fresh PBS (1 ml). The
percentage of LL37 released from the CS-LL37NPs was
analyzed using UV-Visible spectroscopy.

Synthesis of PU layer with and without NPs

A mixture was prepared by combining 40 g of polyether
polyol, 10 g of PEG6000 (to enhance hydrophilicity and
increase the polyurethane’s absorption capacity), 1 g of CS-
LL37 nanoparticles (NPs), 10 ml of distilled water (DW),
1 g of silicone surfactant, and 2 g of paraffin. The mixture
was heated and then cooled to 20 °C. Next, 0.25 g of a
tin catalyst was added, and the mixture was stirred for 1
minute. Subsequently, 24 g of methyl diisocyanate (MDI)
was incorporated into the mixture, and the mixture was
then transferred to a foam mold. The mold was placed in a
furnace at 85 °C for 24 hr to complete curing. After curing,
the foam was cut into 4 mm sheets (14). For comparison, a
control foam without nanoparticles was synthesized using
the same method.

Characterization of PU foam with and without CS-LL37
NPs

The properties of the PU foam, including water
absorption, water loss, density, and mechanical strength,
were investigated. Water absorption and loss were calculated
by weighing a specific amount (Wi) of the foam. The fcam
was immersed in distilled water until fully satura‘es, then
removed and held with tweezers for 10 sec to.zilov. 27 ess
water to drain. Any remaining surface wate_ w. = carefully
removed with absorbent paper, and the foa. 2 was weighed
again (Ww). The samples were then incuu. ‘ea «i 37 °C and
50% humidity for 48 hours, aftcr which the - were weighed
again (Wd). The weight dif'erence (Vvu) represents the
amount of water lost due to d. ydration (15).

The water absorption and v. g% loss were calculated
based on the following relations:

Absorption%=(Ww-Wi)/Wi *100 Formula 1

Weight Loss %= (Wi-Wd)/Wi *100 Formula 2

To determine the density, the thickness, length, and width
of the samples were measured with a Vernier caliper. The
samples were then weighed, and their mass was recorded in
grams (g). Density was calculated and expressed in g/cm?. To
evaluate the mechanical properties of PU foam, a 5x2x0.5
cm® sample was subjected to tensile testing. The force at
elongation at break was measured to assess mechanical
strength, elongation capacity, and Young’s modulus (15).
The tensile tests were conducted at a rate of 10 mm/min and
repeated three times for accuracy.

Attachment of 5 layers together

Layer assembly was performed under a laminar flow
hood. The silicone layer was covered with wax paper to
prevent contamination before subsequent layers were
added. To assemble the five layers, the first silicone layer
was attached to the fifth propylene layer, with the remaining
three layers enclosed between them. During this process,

MS

EB wound dressing

the silicone layer was partially cured before the subsequent
layers were attached. This allowed the three inner layers,
which have smaller dimensions (8 c¢m), to be securely
enclosed by the first and fifth layers, both of which measure
10 cm. Once assembled, sufficient time was allowed to
ensure the complete curing of the silicone layer.

Antibacterial assay

To evaluate the antibacterial effectiveness of the
prepared wound dressing, the first two layers—silicone and
polyurethane (SiPU)—which come into direct contact with
the wound (with and without CS-LL37 NPs), were compared
with Mepilex. The antibacterial activity of each sample was
assessed by measuring the zone of inhibition (ZOI) against
Staphylococcus aureus (ATC/2 25923)(16). Nutrient agar
medium was used for bacteri.” growth. Circular sections
of each wound dressing, measu.‘ng 0.5 cm in diameter,
were placed on the medivm a. {1 incubated at 37 °C for 24
hours. An Azithromycin (. ZM) antibiotic disk was used as
a positive control.

Cell toxicit;  ssu,

The ¢, ‘oto: icity »{ the prepared wound dressing was
evaluated ¢. ‘numan skin fibroblast cells (HNFF-P18) using
the MTT assa, The samples were divided into three groups:
the < mmercial Mepilex layer, and a two-layer dressing
(sil cone in direct contact with the skin, plus a PU layer,
Iosignated SiPU), prepared either with or without CS-
LL37 NPs. The skin fibroblast cells were cultured in DMEM
._aium supplemented with 10% fetal bovine serum (FBS)
ind incubated at 37 °C in a 5% CO, incubator. After 24 hr of
incubation in 24-well plates, the cell density reached 1x10*
cells per well in 500 pl of medium. After cell seeding, small
parts of each sample were placed in wells. The plates were
then incubated for 24, 48, and 72 hr. Following incubation,
the plates were washed, and 100 pl of MTT solution (0.5
mg/ml in PBS) was added to each well. The plates were
further incubated at 37 °C for 30 min to allow the formation
of purple formazan crystals resulting from MTT reduction.
The experiment was repeated three times, and absorbance
was measured at 570 nm using an ELISA reader (17).

Animal test

Sixteen female Wistar rats (approved by the Experimental
Animal Welfare and Ethics Committee at Bagqiyatallah
Medical University under Certificate No. IR.BMSU.
BLC.1402.027) were used for the study. The rats were 7 weeks
old and weighed between 220 and 240 Grams. They were
anesthetized via intraperitoneal injection of a ketamine-
xylazine mixture (9:1 ratio), and a 20 mm diameter wound
was created on the dorsal area using a punch biopsy tool(18).
The rats were divided into four groups:

1. A negative control group (untreated),

2. A group treated with the commercial Mepilex wound
dressing,

3. A group treated with the 5-layer wound dressing
containing CS-LL37 NPs, and

4. A group treated with the 5-layer wound dressing without
NPs.

Wound closure was monitored by measuring wound
diameter with Image] on days 4, 7, 10, and 14 post-
wounding. The remaining wound area was calculated using
Formula 1 and expressed as a percentage of wound closure.

Wound closure percentage=x100
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Figure 3. The SEM image of common tape (A), commercial Mepilex Border wound dressing (B), and our silicone wound dressing (C) after attachment and

separation from the skin

Histology of healed wounds

On the 15" day of wound healing, the rats were euthanized
using an overdose of ketamine-xylazine. The healed wound
area was excised for histological analysis and preserved
in formalin buffer. Tissue samples were sectioned using a
microtome and stained with hematoxylin and eosin (H&E).
The stained slides were examined under a digital light
microscope (Olympus, Japan) to evaluate tissue remodeling
indicators(18).

Statistical analysis

Here, the experiments were performed in triplicate and
expressed as the mean + standard deviation. The method of
analysis was ANOVA (one-way (Dunnett’s t-test) in SPSS
version 27.0. and GraphPad Prism version 9.

Results
Cell attachment investigation using the SEM

This is a significant finding, as it highlights the difference
in cell attachment between conventional wound tape anc
silicone-based dressings, such as Mepilex and the silicow.e
wound dressing developed in this study. Figure 3A illusti >tes
how common wound tape removes a large number, o1
epidermal cells from the skin surface. In continst the
silicone dressings (Figure 3B and 3C) demortr. e minimal
separation of epidermal cells, indicating the. - suitz.oility for
use on vulnerable or fragile skin. The absc >ce 1 epidermal
cells on the surfaces of both Mepiiex ar. 1 our silicone wound
dressing further confirms tha these proaucts are less likely

to cause damage or trauma during application or removal.
This underscores the advantage of moderate adhesion, as
provided by silicone dressings, in preserving skin integrity
and fostering an optimal wound-healing environment.
The more SEM Figures show details about what happens
to the skin cells after separation of every wound dressing
(supplementary Figurel2-17).

Determination of skin attachi. ent force using the tensile
machine

In this study, a test ras conducted to compare the
adhesion force of iwo . :~11d-dressing materials. Evaluating
adhesion rorc  us.2g a tensile machine is a critical step
in assessi.x the perrormance and effectiveness of wound
dressings. B, comparing the adhesion forces of various
samy s, it is possible to determine which material offers
bet'er 1 tention and security when applied to the skin.
Tl e 4 )lustrates the force curve at the point of separation,
providing insight into the materials’ adhesive properties.

siwccording to Figure 4, the adhesion force for standard
“ape is 17.6 N, which causes skin damage and separates
the epidermal layer upon removal. In contrast, Mepilex
Border, a standard wound dressing for EB patients, exhibits
an adhesion force of 3.45 N, making it suitable for skin
application without causing harm during removal. Our
5-layer wound dressing, with an adhesion force of 3.2 N,
exhibits a force similar to Mepilex, suggesting it is also safe
for sensitive skin, such as that of EB patients.

20

18 - 17.6

16

14
z 12
37 = Common tape
g 10 1
H — e pilex
L 8

s 5 |@yer wound dressing
E -
4 2.2 3.45
.
2 \ —\
0 . . r r !
li] 20 40 100 120 140

6
Extension (mm)

Figure 4. The force curve (N) versus extension (mm) for measuring sample adhesion
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Figure 5. The FTIR (A) and release kinetic of LL37 from the CS NPs (B)
FTR: Fourier transform infrared; NPs: Nanoparticles; CS: Chitosan

Characterization of CS-LL37 NPs

The FTIR spectroscopy confirmed the successful loading
of the LL37 peptide into the chitosan NPs (Figure 5A). The
FTIR spectrum of chitosan shows O-H/N-H stretching
vibrations at 3427 cm™, C-H stretching at 2875 cm™,
Amide I (C=0) at 1638 cm™, and C-O-C stretching at 1074
cm™".FTIR Spectrum of LL37 peptides shows characteristic
amide bands at 1657 cm™ (Amide I, C=0O stretching), 1534
cm™ (Amide II, N-H bending/C-N stretching), and 1294
cm™ (Amide III, C-N/N-H vibrations). A broad peak at
3412 cm™ corresponds to O-H/N-H stretching, while the
2817 cm™ peak represents C-H stretching in amino acid
side chains. The FTIR spectrum of CS-LL37 NPs shows key
interactions: the amine peak shifted from 1638 to 1572 cm™,

.
SEM HV: 7.00 kv
View field: 3.096 pm
SEM MAG: 70.00 kx

o
WD: 8.641 mm
Det: InBeam
Date(m/dA): 22/02/14

500 nm

Figure 6. The SEM image and CS NPs (A) and CS-LL37 NPs (B)
NPs: Nanoparticles; CS: Chitosan
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7 View field: 4.334 pm
IROST 4] SEM MAG: 50.00 kx
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c a8 &8 &5 & & S
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0 1 2 3 ) 5 6 7 ] 9
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confirming LL37 binding to chitosan’s amino groups. The
reduced intensity at 1074 cm ' indicates altered glycosidic
bonds, while the disappearar.-e of LL37’s 1657 cm™ peak
demonstrates physical chitosan ~eptide interactions. These
changes collectively verify siacesst. ! nanoparticle formation.

SEM images (Figure ¢) rev aled sizes of ~90 nm for
CS-LL37 NPs and ~60-m, “r CS NPs. The zeta potential
values were +16 for (:S-LL37 NPs and +18 for CS NPs. The
encapsulation efficier. ;= {EE) and drug loading capacity
were 87.9% a d 1..17%, respectively. The release kinetics
of LL37 ti m the Cs NPs demonstrated sustained release
over 6 days ( “igure 5B), indicating enhanced efficacy. The
DLS esults show larger values due to the hydrodynamic
diamete. as presented in Table 1.

MIRAW TESCAN
-

IROST n

WD: 9.93 mm
Det: SE 1 um
Date(midy): 22/03/14

Table 1. Actual size of NPs measured by SEM, the hydrodynamic size by DLS, zeta potential, and polydispersity index (PDI)

Nanoparticle SEM Size Hydrodynamic diameter by DLS Zeta potential PDI
CS NPs 60 203 +18 0.257
CS-LL37 NPs 90 319 +16 0.311

NPs: Nanoparticles; DLS: Dynamic light scattering
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Figure 7. The cut-off PU foam (A), the spreading layer from polypropylene (B), the maintaining layer from commercial pulping fluff (C), the hydrophobic
backing layer from propylene (D), the assembled five layers from front view (E), and the backing view (F)

PU: Polyurethane

PU foam production with and without CS-LL37 NPs

The bulk PU foam, prepared as described in sections 2-3,
was cut into 2-3-mm-thick sheets using an industrial fabric
cutter. These sheets can be further shaped as needed using
scissors. To ensure potential disinfection, the PU sheets can
be exposed to UV light. Figure 7A illustrates the prepared
foam after cutting.

Physical and mechanical characteristics of PU foam

In Table 2, the water absorption, weight loss, density, and
Young’s Modulus of PU foam are listed.

Maintaining an optimal moisture balance in wound care
is essential for promoting effective healing. The informatior.
provided underscores the importance of managing excessi 2
exudate while preventing the wound from drying Hut.
Wound dressing materials with high swelling ratios, such .
polyurethane foams, are particularly beneficial fo a: sork :ng
excess exudate and maintaining a moist. e, 7ironment.
In addition to fostering an environmer. conccive to
growth factors and cell regeneration, .22 ¢ »ssings help
prevent tissue damage from exccosive moist are or dryness.
By effectively controlling exridate levei.and maintaining
proper moisture balance, PU foam and similar materials
can significantly enhance the ho 'ing process, especially in
chronic wounds (19).

As shown in Table 2, the inclusion of CS-LL37 NPs in
PU foam has a minimal effect, which can be attributed to
the functional groups of chitosan. However, combining
PU foam with a maintenance cellulose layer significantly

increases water absorption, doub. ng the material’s capacity.
This highlights the maintenarn e layer’s exceptional ability
to absorb liquids, facilita.>d by its smaller pores, which
effectively retain liquid wi hin the layer.

Preparatisn | ‘the third, fourth, and fifth layers of wound
dressing

These thy = layers are sourced from the diaper and
santc. vy napkiv. industries. The spreading layer, which has
hydrop. ilic properties, is made of nonwoven polypropylene
(Fig ~re 71). The cellulose layer is composed of cotton linter
(Tigure 7C), and the hydrophobic backing layer is made of
', propylene (Figure 7D), as illustrated in Figure 7.

The 5-layer attachment

The five-layer assembly was achieved by attaching the
first and fifth layers. When the silicone layer is in a semi-
cured state, the other layers and the fifth layer are adhered
to it, and continuous curing ensures a stable attachment.
Figure 7E and 7F show the complete wound dressing from
the top and bottom views, respectively.

The antibacterial assay

In Figure 8, the antibacterial activity of each sample
was evaluated against S. aureus, a major skin pathogen. In
each plate, an Azithromycin disc was placed at the center,
creating an inhibition zone. The cut Mepilex disc (Figure
8A) and the sample prepared from a two-layer wound
dressing (silicone adhesive and PU foam) (Figure 8B)

Table 2. Physical and mechanical properties of PU foam with or without NPs, along with the spreading and maintaining layer

Properties Water absorption (%) Water loss (%) Density (g/cm®) Young modulus (MPa)
PU foam 95.6 0.05 41.1 0.036
CS-LL37 NPs containing PU foam 98.4 0.06 413 0.038
PU foam with a spreading and maintenance layer 185 0.01 13.8 0.032

NPs: Nanoparticles; PU: Polyurethane
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Figure 8. The microbial growth inhibition test

The antibiogram Azitromycine disk is present as a control sample in the center of every plate. The commercial Mepilex without microbial growth inhibition (A), the two-layer of
our wound dressing mean SiPU without NPs (B), and the two-layer of SiPU with CS-LL37 NPs (C) were shown.

NPs: Nanoparticles; PU: Polyurethane; CS: Chitosan
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Figure 9. Skin fibroblast cell growth curve with wound dressing samples
Values are means+SD (n=72) one-way ANOVA followed by Tukey's multiple
comparisons test. P< 0.05. Data compared with control.

did not exhibit any inhibition zone. However, the sampi.
prepared from the silicone layer with PU foam containing
CS-LL37 nanoparticles (NPs) showed a narrow i=hi itic)
zone (Figure 8C).

Cell culture assay

The biocompatibility of the woun. dressings was
evaluated using the MTT assay. Ceil vi bilisy in a 24-well
plate was measured at 24, 48, and 72 hy after incubation
at 37 °C. As shown in Fig re 9, none of the three wound
dressing samples exhibitea ‘oxicity toward fibroblast skin
cells. In some cases, an increa.. 2. cell count was observed.
This cell proliferation is primarily attributed to the scaffold-
like properties of the wound dressing.

The in vivo test

In this study, we compared a 5-layer wound dressing with
and without CS-LL37 NPs with Mepilex Border. The rate of
wound closure was calculated on the 4th, 7th, 10th, and
14th days using Image] software. Figure 10 clearly illustrates
the wound healing process. By the 14th day, all treatment
groups showed similar results, with over 80% wound
closure observed in rats treated with each wound dressing
type. Table 3 provides detailed data on the extent of wound
closure from days 4 to 14.

Histology of healed wounds

In Figure 11, the histology of healed wounds shows
remodeling, evidenced by hair follicles, sebaceous glands,
fatty glands, keratinized tissue, blood vessels, and white
adipose tissue. Notably, the samples treated with the
5-layer wound dressing containing CS-LL37 NPs exhibit

Day 4 Day 7
Five layer f-
wo
without
NP

Five layer
WD with
NP

Figure 10. The in vivo analysis of wound healing on female Wistar rats
The Al, A2, and A3 show wound creation, using 5-layer wound dressing and
stabilizing by surgical tape, respectively. The B1, B2, and B3 show this period in
Mepilex wound dressing usage.

faster remodeling, with larger hair follicles and accelerated
development of sebaceous and fatty glands. In contrast, the
untreated samples show fewer signs of remodeling than the
treated groups and exhibit a greater presence of collagen
tissue.

In the histology of wounds treated with the anti-
adhesive electrospun PDMS-PU wound dressing, signs
of effective wound healing were observed, including an
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Table 3. Percentage of wound closure on different days

Day 4 Day 7 Day 10 Day 14
Five-layer without NPs 11% 29% 71% 83%
Five-layer with CS-LL37 NPs 15% 60% 75% 84%
Mepilex Border 8% 58% 76% 85%
Control 12% 55% 64% 72%

Figure 11. Microscopic images at magnifications of 100X from the
histology of treated wounds of rats on the 15" day

The histology of wounds treated by out 5-layer wound dressing without the NPs (A),
the treated wound with 5-layer wound dressing containing the CS-LL37 NPs (B), the
treated wound with Mepilex Border (C), and untreated (D) wounds. The arrows sho'
sebaceous glands (orange), hair follicles (green), fatty glands (pink), blood capillarie,
(white), white adipose tissue (black) and keratination tissue (yellow).

NPs: Nanoparticles; CS: Chitosan

intact epidermis, absence of inflammation and ‘necrosis,
complete vascularization, and the formation ¢ con..__cive
tissue. The deposition of mature collagen in samp s treated
with PDMS-PU nanofibers indicates the . west level of
skin damage, highlighting the dressng’s flectiveness in
promoting healing(4).

Discussion

An ideal adhesive should securely keep the dressing in
place for the appropriate duration, minimizing the risk of
skin maceration around the wound. It must also allow safe
removal of the dressing without damaging the wound or
surrounding skin. Additionally, it should be non-irritating,
non-sensitizing, and leave no residue on the skin. The
adhesive should provide the right balance of tackiness
for both immediate and long-term adhesion, while still
allowing adjustments to the dressing without compromising
the dressings stability. The optimal duration for wearing the
dressing depends on factors such as exudate levels, signs of
infection, manufacturer recommendations, and the overall
condition of the wound. Typically, this duration should not
exceed 7 days and should be tailored to the patient’s specific
needs and the wound (20).

Clinical trials have been conducted across various
wound types to compare Mepitel with traditional wound
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care options, including paraffin gauze, absorbent pads, and
bandages. These trials are valuable for identifying which
dressing offers superior outcomes in healing rates, patient
comfort, and ease of application and removal. The adhesive
properties of wound dressings play a critical role in patient
comfort and the overall effectiveness of treatment. By
including a diverse range of wounds in these trials—such as
skin grafts, burns, chronic wounds like diabetic ulcers, and
congenital skin disorders like EB and mycosis fungoides—
researchers gain important insights into the versatility and
applicability of the evaluated products(21).

EB is a genetic condition characterized by extremely
fragile skin that blisters, erodes, and scars from minor
friction or trauma. Selecting appropriate dressings is crucial
for managing EB, as traditional options like paraffin gauze
can adhere to the skin and cause further damage during
removal due to the skin’s fragility. Mepitel has demonstrated
success in treating EB because it adheres gently to intact,
dry peri-wound skin without sticking to the moist wound
bed, enabling painless, trauma-free removal. It has been
effectively used to treat EB natients, reducing pain and
anxiety during dressing chages. Mepitel conforms well
to body contours, and its pors s structure allows exudate
to pass through into an ohsort »t secondary dressing.
Additionally, it is permeal'le to ‘opical antibacterial agents,
aiding in the manage=ren. of secondary infections. This
dressing can remair in jlace for 3-4 days, maintaining
a moist wound 'env.omment, promoting healing, and
minimizj’g o may>. with epithelialization often occurring
within a . onch(22). The prepared silicone layer, with its
mild adhesiv  properties, porous structure, and flexibility,
mim. s the churacteristics of Mepitel. The foam, diffusion,
and nointenance layers effectively absorb exudate,
elin. ‘nating the need for secondary dressings to manage
wound secretions. Furthermore, incorporating CS-LL37
2P enhances the wound dressing by enabling the use of
external topical antibacterial agents, thereby improving its
overall functionality.

The adhesion force of PDMS was measured using
an indentation method. This setup involves applying a
controlled load to a soft sample using a hard, spherical
Atomic Force Microscopy (AFM) probe while measuring
the interaction force and probe displacement. During the
approach phase, when the probe moves toward the sample,
the interaction force remains constant (zero). As the probe
indents the sample, circular deformation occurs in the
contact area, increasing with the applied load. The force-
indentation curves obtained during this process provide
valuable insights into the sample’s mechanical properties.
Additionally, this setup allows for the assessment of
adhesion. During retraction, the probe does not detach
from the surface until the pull-off force exceeds the
adhesion forces. This pull-off force serves as a measure of
the adhesion strength between materials (23).

The previously described method for measuring PDMS
adhesion force is prone to high error and requires extensive
calculations to determine the force accurately. In contrast,
our approach utilizes a qualitative-quantitative method,
using Safetec adhesiveness as a benchmark for wound
dressing evaluation. This method is more advantageous due
to its cost-effectiveness, accessibility, simplicity (eliminating
the need for a circular probe), and reduced computational
complexity.

Encapsulating peptides in nanoparticles (NPs) offers the
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significant advantage of extending their shelf life. Peptides
generally have a very short shelf life due to enzymatic
degradation, often lasting only a few hours. To address
this, encapsulating peptidic drugs within NPs is highly
recommended. For instance, loading the LL37 peptide
into chitosan NPs can increase its shelf life to several
days, enhancing its stability and usability. Prolonged
release of antibacterial materials can significantly reduce
the risk of bacterial invasion into the wound, thereby
decreasing the frequency of dressing changes. This not only
enhances patient comfort but also improves overall wound
management(24). Additionally, the antibacterial properties
of chitosan can enhance LL37 efficacy through a synergistic
effect. This highlights the fascinating potential of chitosan
nanoparticles in combination with the LL37 peptide. The
enhanced antibacterial activity and superior biofilm-
reducing capability of CS-LL37 nanoparticles against
methicillin-resistant S. aureus (MRSA), compared with
chitosan or LL37 alone, represent significant findings (8).
The combination of chitosan with polyurethane in drug-
carrying structures has demonstrated promising results.
The formation of hydrogen bonds between chitosan and
polyurethane molecules facilitates the uniform dispersion of
chitosan within the polyurethane matrix, thereby improving
mechanical properties, tensile strength, flexibility, and
elastomeric behavior. Additionally, the reaction between
the urethane group in polyurethane and the NH2 group
in chitosan forms strong intermolecular hydrogen bonds
without steric hindrance. This interaction enables versatile
applications of chitosan in polyurethane structures, suchas
serving as a chain extender or cross-linking agent. Moreove.,
modified forms of chitosan have been shown to enhance the
mechanical properties, thermal stability, biodegrada. ilitv
and antibacterial activity of polyurethane. These {indings
underscore the potential of chitosan-Uoly e’ aane
composites for a wide range of biomedi al oplications,
thanks to their superior properties (25).

The narrow inhibition zone obseivel in the PU foam
containing NPs indicates a slignt rel»ase ¢f LL37 from the
chitosan NPs. The medium” humidity uiives the release of
the LL37 peptide, which sub. *quently inhibits bacteria. This
highlights the superiority of L. >7-2¢Ps over antibiotics and
metallicNPsinseveralaspects. Theriseofantibioticresistance
due to excessive antibiotic use and the toxicity of metal
particles underscores the need for biological alternatives
such as the LL37 peptide. The LL37 peptide’s ability to
resist proteolytic digestion through membrane attachment
enables it to effectively kill bacteria. Additionally, membrane
attachment induces changes in bacterial morphology and
leads to complete lysis (26). The innate immune system
acts as the body’s first line of defense against pathogens.
Skin keratinocytes form a multilayered epidermis, creating
a protective barrier between the internal body and the
external environment. When the epidermis is compromised
due to injury, pathogens can easily invade. Bacterial contact,
inflammation, and injury trigger keratinocytes to produce
the human cathelicidin antimicrobial peptide 18 (hCAP18/
LL37). Granulocytes and mast cells also contribute to LL37
production. When LL37 is highly expressed in the wound
area, it promotes keratinocyte migration to the wound
site through a positive feedback mechanism. Additionally,
LL37 influences endothelial and inflammatory cells, such as
neutrophils, monocytes, and T cells, attracting them to the
wound site to aid in healing (27). Prolonged application of
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wound dressings requires extended disinfection capabilities.
Encapsulating the antibacterial peptide LL37 in chitosan
NPs enables sustained release over 6 days, a key advantage
of this approach. The antibacterial efficacy of LL37 is further
enhanced by chitosan, a natural antibacterial agent known
for its antibiofilm properties and synergistic effects with
other antimicrobial agents (8).

The adhesive properties of PDMS facilitate cell
attachment in culture media and promote cell division.
As a versatile material in tissue engineering, medical
engineering, and microfluidics, PDMS has demonstrated
excellent biocompatibility in cellular and tissue culture
environments. It is an effective material for both micro-
and macro-scale cell culture. The affordability, elasticity,
gas permeability, and transparency of PDMS make it an
ideal choice for cellular and ssue applications. Enhancing
the surface properties of PL'MS to improve adhesion can
further promote cell growth .2 culture media (28). The
enhancement of fibroblast'cc gro vth in the presence of CS-
LL37 nanoparticles inco. norat:d into PCL/PVA nanofibers
has been confirmed (2. r.owever, the nanofiber structure
only has a highe «fect bn cell growth (30), but the data
indicate th=* C.-LL3, NP has no toxic effect on cells and
that ths -edu tion .~ -cell number has not occurred (29). The
free LL37 | #ptide has been shown to reduce cell growth due
te its anti-fic otic properties, which decrease fibrotic tissue
forz »tion in the wound area. The gradual release of LL37
from c: *osan NPs over 72 hr has been associated with the
e s inhibitory effect on cell viability. This anti-fibrotic
mechanism is attributed to LL37’s ability to downregulate
ute gene expression of collagen I and III (31).

The PU foam acts as a scaffold for cell growth. Studies
have demonstrated that human fibroblast cells experience
a 10-fold increase in population between 4 and 30 days
of incubation. This highlights the significant role of the
foam in promoting cell proliferation and supporting
wound treatment (32). It was evident that the Mepilex
wound dressing had no significant effect on cell growth
and proliferation. Although the exact composition of this
dressing is not fully disclosed, research involving the culture
of primary keratinocytes in the presence of Mepilex showed
a reduction in cell numbers over time, indicating a slower
rate of cell division. Additionally, the cultured cells exhibited
increased apoptosis and morphological changes (33).

The use of PDMS in wound dressing production is
relatively limited. However, its excellent characteristics—
such as biocompatibility, breathability, flexibility, and
chemical stability—make it a highly suitable candidate for
wound-dressing applications (2). The two primary factors
contributing to delayed wound healing are infection and
wound-dressing adhesion. Early detection of pathogenic
infections and minimizing dressing-to-wound attachment
are critical. Toaddress these challenges, anti-adhesion wound
dressings made from co-spun PLGA and PDMS have been
developed. These dressings prevent secondary damage to the
wound during dressing changes and accelerate the healing
process. Furthermore, incorporating antibacterial peptides
helps prevent infections and enhance the overall quality of
healing (34). Furthermore, co-spun PDMS and PU synthesis
yields an anti-adhesive, biocompatible wound dressing that
demonstrates excellent wound-healing performance in vivo.
This makes it a highly suitable candidate for the production
of anti-adhesion, breathable wound dressings (4). The in
vivo wound-healing effects of three types of silicone wound
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dressings, compared with a control, are linked to their anti-
adhesion and breathability. These characteristics, combined
with the inclusion of antibacterial NPs, accelerate the healing
process and prevent infections. Additionally, the anti-fibrotic
effect of LL37 helps prevent scar formation.

In recent research, Chen et al. (2024) fabricated a
multilayered bandage with reversible adhesive properties.
The bandage features a covalently crosslinked poly
(acrylamide) (PAAm) hydrogel as the intermediate layer,
which provides moisture and supports cell growth in the
wound area. The dynamically covalently bonded poly(vinyl
alcohol)/boric acid (PVA/BA) layer enhances the dressing’s
flexibility and durability. The outer layer, composed of
covalently crosslinked PDMS, acts as a barrier against
external contaminants while allowing gas exchange. This
environmentally stable, biocompatible, and reversibly
adhesive multilayered bandage represents a significant
advancement in wound care. However, a potential issue
is the dissolution of the PVA/BA adhesive film under
continuous water exposure, which could limit its practical
application. Achieving wound closure in just 2 days in a
murine wound healing model is an impressive result. Given
these advantages, further exploration of this dressing’s
performance in clinical settings and comparisons with
existing products would be valuable. While exposure to
body moisture and environmental humidity is inevitable,
our 5-layer dressing maintains adhesion even in humid
conditions and during bathing. These features make it highly
suitable for long-term use and daily activities, enhancing its
practicality for patients (35).

The development of a silicone bioadhesive dressing by
Huang et al. (2024) featuring a shear stiffening adhesive
(SSA) represents a significant advancement in wound care
technology. The incorporation of poly(vinylpyrrolidone)-
iodine (PVP-I) as an antibacterial agent further enhances it
potential for effective wound management. The dressin,’s
controlled adhesion response—allowing easy removal
during deliberate, slow actions while maintainiig hi’
strength under rapid force—demonstrates its pr.<tica ity
for clinical use. However, the continuous rc. ase o1 free
iodine from the silicone bioadhesive dressi* 3 witi. SSA into
the surrounding environment raises ceo=cei s, as it may
contribute to inflammation and o*her 'dver. e effects. While
the increased presence of ha'r follicle. »nd subcutaneous
glands in histology indica es positive healing effects
attributed to the silicone dress. o, careful regulation of the
PVP-I dose and its release rate is essential. Failure to control
these factors could lead to increased tissue inflammation,
potentially hindering recovery. In contrast, the use of
natural antibacterial substances such as LL37 and chitosan
in wound dressings offers advantages, including reduced
environmental impact and a lower risk of inflammation,
compared to synthetic agents like PVP-1. These natural
substances typically require less stringent dose regulation,
as they are less likely to cause toxicity or adverse reactions
when released into the environment. The ability of a wound
dressing to maintain consistent adhesion and prevent
skin damage during removal is a critical factor in patient
care. The fact that our dressing offers this advantage over
alternatives, such as SSA dressings, is a significant benefit
and a strong selling point (36).

Conclusion
This research aimed to develop a 5-layer wound dressing
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capable of treating sensitive skin conditions, such as those in
EB patients, and managing exudate. Our goal was to create
a wound dressing that outperforms commercial, expensive
alternatives. A key feature of this dressing for sensitive EB
patient skin is its moderate adhesion, as confirmed by two
tests. The first test demonstrated the absence of epidermal
cell separation, as verified by SEM imaging, and the second
test measured the adhesion force using a tensile machine.
The adhesion force of Mepilex was 3.45 N, while our
5-layer wound dressing was 3.2 N, indicating comparable
performance. The successful physicochemical properties
and in vivo wound healing results, relative to Mepilex,
suggest that this new wound dressing offers enhanced
therapeutic capabilities at a reduced cost.
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