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ARTICLE INFO ABSTRACT

Article history: Burn injury is a serious public health problem and scientists are continuously aiming to
Received 18 June 2023 develop promising biomimetic dressings for effective burn wound management. In this
Revised 15 September 2023 study, a greater efficacy in burn wound healing and the associated mechanisms of a-
Accepted 7 October 2023 lactalbumin (ALA) based electrospun nanofibrous scaffolds (ENs) as compared to other
Available online 21 October 2023 regenerative protein scaffolds were established. Bovine serum albumin (BSA), collagen type

I (COL), lysozyme (LZM) and ALA were separately blended with poly(e-caprolactone) (PCL) to
fabricate four different composite ENs (LZM/PCL, BSA/PCL, COL/PCL and ALA/PCL ENs). The
hydrophilic composite scaffolds exhibited an enhanced wettability and variable mechanical
a-lactalbumin properties. The ALA/PCL ENs demonstrated higher levels of fibroblast proliferation and
Serotonin adhesion than the other composite ENs. As compared to PCL ENs and other composite
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Electrospinning scaffolds, the ALA/PCL ENs also promoted a better maturity of the regenerative skin tissues
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and showed a comparable wound healing effect to Collagen sponge® on third-degree burn
model. The enhanced wound healing activity of ALA/PCL ENs compared to other ENs could
be attributed to their ability to promote serotonin production at wound sites. Collectively,
this investigation demonstrated that ALA is a unique protein with a greater potential
for burn wound healing as compared to other regenerative proteins when loaded in the
nanofibrous scaffolds.
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1. Introduction

Severe burn commonly causes physically debilitating injuries,
which could affect almost every organ in patients, leading
to severe morbidity and mortality. Approximately 11 million
people worldwide are severely burned each year and require
extensive medical attention [1]. The burn injuries could be
categorized according to their severity and depth of the
skin injury. The superficial burns reach only up to the
epidermal surfaces of the skin, causing redness. The partial-
thickness burns result in the damage to the epidermis
and part of the dermis layers of skin. Third-degree burn
wounds are recognized as severe injuries, destroying almost
all the skin layers, which are extremely challenging to
manage [2]. Limited by sufficient skin autografts, severely
burned patients often require appropriate wound dressings,
which could contribute to adequate adhesion, migration,
attachment and proliferation of fibroblast cells and promote
angiogenesis, causing effective wound healing management
[3]. A wide range of wound dressings including films,
hydrogels, foams etc. are available in the market [4,5].
As compared to others, nanofibrous dressings are special
scaffolds extensively employed for the management of
severe burn wounds (i.e., third-degree burns) owing to their
unique properties such as high-surface area, nano-porosity,
excellent air permeability and good barrier property for the
protection of the wounds from infections and dehydration
[6]. These nanofiber dressings could be accomplished through
different techniques, such as self-assembly, electrospinning
and thermal induced protocols [7]. Among these methods,
the electrospinning technique is widely chosen due to
its scalability, simplicity, cost-effectiveness and versatility.
Electrospun nanofibrous scaffolds (ENs) resembled to the
extracellular matrix (ECM) structure could provide a support
for keratinocyte and fibroblast adhesion and help them to
migrate to the wound sites, healing the damaged tissues [8].
Several biocompatible and biodegradable synthetic
polymers, such as polycaprolactone (PCL), polylactic acid
(PLA) and poly(D, L-lactide-co-glycolide) (PLGA), etc. have been
employed to fabricate ENs [9]. Among these, PCL has recently
been overexploited in fabricating nanofiber dressings due
to its excellent spinnability and outstanding mechanical
property. However, PCL ENs exhibited hydrophobic surface
characteristics, limiting cells adherence and spreading.
To overcome these hitches, the hydrophilic protein or
other bio-polymer blended PCL based composite ENs are
often fabricated [8]. In our continuous search of novel
multifunctional biological materials with promising wound
healing potentials, «-lactalbumin (ALA) based nanofiber
dressings as therapeutically active scaffolds promoting deep
second-degree burn wound healing effects were recently
developed and reported [2]. However, its specific mechanisms
of action on deep burn wound healing activity still remain
unclear. ALA is a 14.2 kDa whey protein existing in milk.
It is a tryptophan-rich protein and acts as a precursor
of neurotransmitter serotonin [10]. Several recent studies
provided evidence that the serotonin could promote skin
wound healing in burn patients by enhancing proliferation
and migration of fibroblasts and promoting angiogenesis

[11-13]. Enhanced serotonin production and
neovascularization assisted burn wound healing activity
of ALA as compared to other regenerative proteins such as
lysozyme (LZM), bovin serum albumin (BSA), and collagen
type I (COL) are urgently required to be verified.

LZM shares 40% amino acid sequence with ALA and has
a closer spatial structure and gene organization to ALA [14].
This could eliminate bacteria and reduce inflammation when
used in tissue regeneration. On the other hand, BSA is derived
from cow blood and used as a nutrient in cell culture due
to its biocompatibility, biodegradability, and non-toxicity. The
biohybrid nanofiber dressings containing BSA could enhance
physicochemical properties as well as bioactivity of the PCL
based nanofibers to stimulate the wound healing process
[15]. Furthermore, COL, a primary constituent of the skin
ECM, has long been applied in skin tissue regeneration [16].
It is considered a gold standard graft material and widely
employed in various marketed and clinically available skin
dressings such as Alloderm®, Integra®, Matriderm® [17].

Although the biofunction of ALA in wound healing has
been proved, it is necessary to explore whether the bioactivity
of ALA in promoting burn wound healing is due to its unique
properties or the common properties of protein materials.
Therefore, in this research, four proteins (BSA, COL, LZM and
ALA) were blended separately with PCL to fabricate different
composite ENs and their distinguishing features compared
to pure PCL ENs were examined through a series of in vitro
characterizations. Their wound healing performances were
further evaluated on fibroblasts and third-degree burn wound
rat model. Moreover, the serotonin levels at wound sites and
the ability of different ENs to promote tissue maturation on
the animal model were investigated and compared to reveal
the mechanisms of ALA based ENs behind their accelerated
third-degree burn wound healing potentials.

2. Materials and methods
2.1. Materials

ALA (> 92.5%) was friendly provided by Davisco Food
International, USA. LZM (20,000 U/mg), BSA (> 98%) and COL
(> 90%) were purchased from MeilunBio (Dalian, China). PCL
(Mn = 80,000, Sigma Aldrich, MO, USA), hexafluoroisopropanol
(HFIP, Rhawn, Shanghai, China). FITC-phalloidin, DAPI and
glutaraldehyde were purchased from Solarbio (Beijing, China).
a-MEM culture medium, DAPI and RIPA lysis buffer were
purchased from Meilunbio. Anti-CD31 and anti-«-SMA were
obtained from Proteintech (IL, USA). Fetal bovine serum (FBS)
was obtained from Gibco (NY, USA). Cy3-conjugated anti-rat
IgG and FITC-conjugated anti-rat IgG were purchased from
Servicebio (Wuhan, China). Collagen sponge® was obtained
from BIOT Biology (Wuxi, China).

2.2 Fabrication of protein/PCL and pure PCL based ENs

Various composite ENs were accomplished based on our
previous protocol [2]. Briefly, different proteins (BSA, COL,
LZM and ALA) and PCL (1:3, w/w) were dissolved in HFIP and
stirred overnight at room temperature to obtain transparent
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Scheme 1 - Diagrammatic sketch of various composite ENs
preparation procedures.

spinning solutions. The resulting solutions were filled into
5.0 ml syringes and fixed on an electrospinning machine
(Ucalery, Beijing, China), operating at a high electrical voltage
of 15 kV with a feeding rate of 0.4 ml/h. The distance from the
needle tip to the roller collector (100 r/min) was set to 15 cm.
The electrospinning process was performed under controlled
environmental conditions (25 + 5 °C and 40% + 10% RH).
Following collecting the composite ENs, these were vacuum
dried for 72 h to remove the residual solvent (Scheme 1). The
pure PCL ENs were fabricated following a similar method but
without blending proteins.

2.3. Morphology and fiber diameter

The morphology of the ENs was assessed by exploiting a field
emission scanning electron microscopy (FESEM, ZEISS GEMINI
300, Germany). The ENs were sputter-coated with an Au-Pd
layer and were then observed under a FESEM, functioning at
a voltage of 12 kV. The average fiber diameter of ENs was
determinized by analyzing the FESEM images of more than
100 different fibers by Image J software (National Institutes of
Health, MD, USA).

2.4. Physicochemical characterizations

The diffraction patterns of ENs were recorded on powder X-ray
diffraction (XRD, Rigaku ULTIMA IV, Japan) with Ni filtered Cu-
K radiation, operating at voltage of 45 kV and input current
of 40 mA. The samples were scanned within 20 range of 3°
- 50° at the scanning rate of 1°/min. The thermograms of
several scaffolds were recorded on a differential scanning
calorimetry (DSC, TA DSC250, USA). Various samples (~5 mg)
were hermetically sealed in an aluminum pan and scanned
between 0 °C and 280 °C at a heating rate of 10 °C/min. The
intermolecular interactions between protein and PCL in ENs
were investigated by Fourier transform infrared spectroscopy
(FTIR, Bruker, Germany) within wave number range of 4000-
500 cm L.

2.5. Proteins secondary structure analyses

The changes of the secondary structures of different proteins
(ALA, BSA, COL and LZM) during the electrospinning process
were analyzed by Far UV circular dichroism (CD, Bio-Logic,
France). The ENs (100 mg) were immersed in 5 ml PBS (pH
7.4) at 37 °C for 6 h to extract proteins. The protein content
(ALA, BSA, COL and LZM) of various ENs was then determined
by BCA protein assay kit (Beyotime, Shanghai, China). The CD
spectra of different samples were obtained within 250-190 nm

at a scanning speed of 50 nm/min [18]. The experimental
CD data were further assessed using the BeStSel Web server
to estimate secondary structural components of proteins,
including «-helix, 8-sheet, and other contents [19].

2.6.  Wettability analysis

The water contact angle (WCA) of the ENs was recorded using
a contact angle goniometer (SINDIN, China). A drop of pure
water (10 pl) was placed on the surfaces of the ENs, and the
change of WCA over time was recorded.

2.7. Water absorption rate

The water absorption rate (WAR) of ENs was evaluated by a
reported gravimetric method [20]. The ENs were cut into small
pieces (1 cm x 1 cm), weighted (Wg,y) and immersed in 8.0 ml
PBS (pH 7.4) at 37 °C for 1 h. The samples were then carefully
taken out of the medium and weighted (Wyet) after wiping
off excess solution. The WAR was subsequently calculated
according to Eq. 1:

Wet — W,
WAR (%) = —o— 299 . 100% (1)
dry
2.8.  Water vapor transmission rate

The ASTM E96 method was adopted to determine the water
vapor transmission rate (WVTR) of ENs [21]. The circular ENs
(3.0 cm diameter) were fixed on the mouth of a glass bottle
containing 4.5 ml pure water. The bottles were weighed and
placed in a controlled chamber (CIMO, China) at 37 °C (relative
humidity, 50%). Following 24-h incubation, the weights of
these bottles were further recorded. The WVTR was then
calculated using Eq. 2:

Am
At x A

WVTR (g/m2 /d) = 2)

Where Am represents the lost weight (g), At denotes the
time, and A refers to the area of ENs exposed to the moisture
transfer (m?).

2.9.  Mechanical properties

The thickness of the rectangular shaped ENs (10 mm x 20 mm)
was measured using an electronic micrometer (Nscing Es,
Nanjing, China). Their tensile properties (elongation, tensile
strength and Young’s modulus) were tested using a Texture
Analyzer (Brookfield CT-3/4500, USA). These were attached
with a load cell of 4,500 g, functioning at a strain rate of 0.2
mm/s at room temperature [2].

2.10. Proliferation of fibroblasts

The fibroblast (NIH-3T3) proliferation effects of various ENs
were evaluated using Cell Counting Kit-8 (CCK-8, APEXBIO, TX,
USA) assay protocol [16]. Prior to the experiment, pure PCL
ENs and different composite ENs were continuously soaked
in 10 ml culture media for 7 d to extract their proteins.
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Furthermore, the pure LZM, BSA, COL and ALA were dissolved
in «-MEM medium to prepare their solutions containing
similar protein concentration (3.0 mg/ml) to that obtained
after extraction of composite ENs. The fibroblasts were seeded
in 96-well plates at a density of 2 x 103 cells/well and
incubated in a CO, incubator for 24 h at 37 °C. The old
media was discarded, replaced with different liquid extracts
obtained from ENs and pure protein solutions and incubated
for 24 h and 72 h. Subsequently, the cells were co-incubated
with CCK-8 reagent (10 pl/well) for another 1.5 h and their
optical density (OD) was recorded on a microplate reader (BMG
LABTECH, Germany) at 450 nm. The cell viability was then
calculated based on Eq. 3:

ODrtest

Cell viability (%) = x 100% (3)

0 control

2.11.  Adhesion of fibroblasts on ENs

Fibroblasts (2.25 x 10* cells/well) were seeded onto ENs
(diameter 20 mm) and fixed in a 12-well plate. After 48 h,
the ENs containing adhered cells were collected and washed
with PBS (pH 7.4) three times. The morphology of the adhered
cells on ENs was then examined by laser scanning confocal
microscope (LSCM) and FESEM [16]. For LSCM analyses, the
ENs were incubated in 4% paraformaldehyde for 2 h and
stained with FITC-phalloidin (100 nM) for 30 min. After
washing with PBS, the ENs were further treated with nucleic
stain, DAPI (10 pg/ml) for 10 min at room temperature.
Subsequently, the images of the stained cells were captured
on a confocal microscopy (Nikon Eclipse Ci H600L, Japan). On
the other hand, for FESEM analysis, the ENs with attached
cells were fixed with 2.5% glutaraldehyde for 2 h, washed three
times with PBS and dried at ambient temperature for FESEM
imaging.

2.12.  Third-degree burn wound healing

Sprague-Dawley (SD) male rats (200 + 10 g) were provided by
the Experimental Animal Center of Shenyang Pharmaceutical
University and used based on the Ethics Committee
of Shenyang Pharmaceutical University. A third-degree
burn wound rat model was developed following previous
report with few modifications [22]. Precisely, 84 rats were
anesthetized with chloral hydrate, and the metal punch
(379.94 mm?) of desktop super temperature control scalder
(YLS-5Q, China) heated to 80 °C was tightly pressed on the
shaved skin of the back of the rats at 10 kPa for 18 s to cause
third-degree burn wounds. After 1 h, the full thickness dead
skin was surgically removed using a scissor. Subsequently,
a silicone ring was fixed around the wounds with special
bio-glue (Gold elephant, China) to prevent wound contraction
at the early stage. Various ENs were then placed onto the
wounds using elastic bandages. The next day, the elastic
bandages were removed and the ENs could tightly adhere
onto the wounds without any physical support. The animals
were then randomly divided into 7 groups (n = 12) and treated
with blank control (without scaffolds), PCL ENs, LZM/PCL ENs,
BSA/PCL ENs, COL/PCL ENs, ALA/PCL ENs and CS® (Collagen

sponge®, positive control). Following treatment, the rats
were housed alone at 25 °C. Gentamicin sulfate was added
in the drinking water (0.15 g/l), and the cage cleanliness was
strictly controlled during the study to prevent their bacterial
infections. The rats were also weighed daily to monitor
their wound infections [23]. The wound areas of control
and different scaffolds treated groups were measured by
capturing photographs at variable time points (7, 14 and 21
d) and the percentage of wound closure was calculated using
Image ] software. The simulation plots of wounds of treated
animals were also obtained by exploiting Image ] software
[24]. Animals (n > 3) were sacrificed at 7, 14 and 21 d and their
wound tissues were removed for further analyses.

2.13. Hematoxylin and eosin (H&E) staining

The skin samples collected after 7, 14 and 21 d treatment
were fixed in 10% formalin solution, embedded in paraffin,
and cut into 5 pm thick sections perpendicular to the wound
surfaces. The representative sections of the skin were then
stained with H&E for histological evaluation following the
published protocol [25]. The length of the new epithelium of
H&E stained tissues was measured to evaluate the effects of
various ENs on epithelialization. The re-epithelialization rate
(E%) was calculated according to Eq. 4:

E (%) = ]% x 100% )

Where, Ly is the primitive wound length and L; refers to the
length of new epithelium at the designated time point.

2.14. Serotonin content in the regenerate skin

Serotonin levels in the wound tissues of various ENs treated
groups were estimated using ELISA kit (mlbio, Shanghai,
China) according to the manufacturer’s protocol [26]. Briefly,
total protein in the wound tissues was isolated using RIPA
lysis buffer containing protease inhibitor in an ice bath [22].
Then, samples (50 pl) and standard solutions (50 pl) were
placed in the wells and the HRP-labeled antibody (100 pl) was
subsequently introduced. The wells were then incubated for
60 min at 37 °C. Following washing, TMB substrate (50 pl) was
added to the wells and incubated for 15 min at 37 °C. After
adding the stop solution, the absorbance of the well contents
was measured at 450 nm using a microplate reader.

2.15. Masson’s trichrome staining

Following the previously described protocol, the tissue
sections were stained with Masson’s trichrome to assess the
total collagen fibers at the wound sites. Images were captured
with an optical microscope (Nikon Eclipse Ni-E, Japan) [22].

2.16. Sirius red staining

Sirius red staining was performed based on the reported
procedure to distinguish types of collagen (collagen I and
Il) deposition in the samples [24]. Briefly, the tissue slices
were stained with Biebrich scarlet dye for 10 min. These were
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routinely dehydrated, transparentized using xylene, sealed
using neutral gum, and observed under polarized microscope
(Leica DM2700P, Germany). The quantitative ratio of collagen
I/III was then analyzed by Image Pro-Plus 6.0 software (Media
Cybernetics, MD, USA).

2.17. Immunofluorescence staining

Immunofluorescence staining was conducted to estimate
angiogenesis at the healing wounds based on the previous
protocol [24]. Paraffinic skin sections were incubated
overnight with anti-CD31 (1:500) and anti-«-SMA (1:300).
The sections were then treated with Cy3-conjugated anti-
rat IgG (1: 300) and FITC-conjugated anti-rat IgG (1: 300) for
50 min. Subsequently, these were stained with DAPI for 10 min
and observed under a fluorescence microscope (Nikon Eclipse
Ci H600L, Japan). The areas of blood vessels and mature blood
vessels were calculated by Image J software.

2.18. Statistical analyses

All experimental data were presented as mean =+ standard
deviation (SD), and all experiments were repeated at least
in triplicates. The data were analyzed by one-way ANOVA
and Bonferroni’s multiple comparison tests on the IBM SPSS
statistics 17.0 software (International Business Machines
Corp., NY, USA). A value of P < 0.05 was considered as
statistically significant.

3. Results and discussion
3.1. Fabrication and morphology of ENs

In the current investigation, pure PCL ENs and various
regenerative protein blended PCL based composite ENs
(LZM/PCL, BSA/PCL, COL/PCL and ALA/PCL) as burn wound
dressings were fabricated via electrospinning protocol. This
technique utilized electrostatic force for affording nanofiber
mats from homogeneous polymeric solutions [27]. At a
constant liquid flow rate of 0.4 ml/h and electric field of 15 kV,
a total solid content of 4.5% with protein/PCL mass ratio of 1:3
was observed most suitable for the electrospinning process as
these were able to accomplish transparent and clear spinning
solutions in HFIP (Fig. 1A). The plugging phenomenon was
not observed during the electrospinning process for these
solutions, which eventually produced nanofibrous mats with
a smooth, uniform and flat appearance (Fig. 1A). There was
no obvious difference in the appearance of each composite
ENs, which was white and soft film. The representative FESEM
images of all ENs depicted bead-free homogeneous nanofibers
with smooth surfaces (Fig. 1B). The average diameter of
nanofibers of pure PCL ENs was 307 + 148 nm, while
various composite ENs illustrated a drastically reduced fiber
diameter. The diameter of the LZM/PCL ENs was larger,
while other composite ENs were approximately 150 nm,
with no significant difference. A smaller nanofiber diameter
for the composite ENs might be due to the presence of
various proteins (i.e., zwitterionic molecules), which could
enhance the stretching of ejected nanofibers due to their

greater charge density. A variable diameter of nanofibers of
different composite ENs could be attributed to their dissimilar
levels of stretching during the electrospinning process

[6]-
3.2.  Physicochemical properties of ENs

XRD patterns of pristine PCL ENs and various composite
ENs were compared to examine their crystalline/amorphous
states (Fig. 2A). The sharp diffraction peaks were absent in
the XRD patterns of various pristine proteins, indicating their
amorphous nature (Fig. S1) [28]. The XRD pattern of pure
PCL scaffold showed a sharp and well-resolved XRD signal
at 21.3° and a relatively low intensity peak at 23.7° [28]. This
demonstrated that the crystalline characteristics of pure PCL
was retained in its ENs (Fig. S1 and Fig. 2A) [29]. Various
composite scaffolds also exhibited characteristic XRD signals
of PCL with significantly attenuated intensity. This conferred
the amorphization of PCL molecules in the composite ENs due
to the incorporation of various proteins.

The DSC curves of various proteins did not exhibit obvious
melting endotherms, implying their amorphous nature (Fig.
S2). The DSC thermograms of native proteins displayed
broad endothermic events at around 100 °C ascribed to the
water evaporation [30]. Pure PCL ENs illustrated an intense
endothermic peak corresponding to the melting point of
PCL appeared at 58 °C (Fig. 2B). A very shallow melting
peak of PCL was evident in the composite ENs, which was
a strong indication of the partial conversion of crystalline
PCL molecules to their amorphous state in the presence of
hydrophilic proteins [28]. The images obtained by polarizing
light microscope also indicated that the PCL nanofibers had
a certain level crystalline region [31]. When different proteins
(LZM, BSA, COL, ALA) were added to the composite ENs, the
crystallinity of PCL was significantly reduced (Fig. S3). These
results were consistent with the XRD outcomes.

The FTIR spectrum of the pristine PCL showed a strong
signal of carbonyl stretching vibration at 1725 cm~! (Fig. 2C).
In addition, a prominent band near 1040 cm~! was ascribed
to C-O—C stretching of PCL [32]. In the FT-IR spectra of
native proteins, strong peaks within 3200-3400 cm™?
evidenced, which were attributed to their —OH stretching and
the —NH stretching vibrations. Moreover, the bands about 1650
cm~! and 1520 cm™! represented their amide I and amide
II vibration modes, respectively [32]. The FT-IR spectrums of
various composite ENs illustrated characteristic peaks of PCL
and proteins without any substantial shifting. These results
implied that the proteins (LZM, BSA, COL, ALA) and PCL were
successfully doped into the composite ENs and excluded the
possibilities of the physical and chemical incompatibilities
between proteins and PCL.

Raman spectroscopy was also used to characterize their
intermolecular interactions. As shown in Fig. S4, the PCL
ENs typical bands displayed at 1725 cm™ (C=O stretching),
1464 cm™ (CH, scissoring and wagging) and 1110 cm™ (C-
O-C asymmetric stretching) [33]. Otherwise, the peaks near
1660 cm™! (Amide I), 1244 cm™ (Amide III) and 1006 cm™
(Phenylalanine peaks) could be attributed to various proteins
(LZM, BSA, COL, ALA) [34]. No new peaks in different composite
ENs, indicating that each protein was compatible with PCL.

were
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(C) Overlay of FTIR spectra of composite ENs and their
components (C1: PCL, LZM and LZM/PCL ENs; C2: PCL, BSA
and BSA/PCL ENs; C3: PCL, COL and COL/PCL ENs, C4: PCL,
ALA and ALA/PCL ENs).

3.3.  Secondary structural configurations of proteins in
ENs

The results of the secondary structural configuration analyses
of four different types of proteins isolated from ENs were
assessed in PBS. The CD spectra of various proteins were
further analyzed via the BeStSel Web server to estimate the
contributions of specific secondary structural components
in those samples [19]. As illustrated in Fig. 3A, the COL,
LZM, BSA and ALA could retain their secondary structural
configurations in the ENs, and the constitutive proportions
of a-helical and g-strand were not obviously changed as
compared to their solution native forms [18,35,36]. Therefore,
the electrospinning process had no apparent effects on the
secondary structure of these proteins.

3.4.  Surface wettability of ENs

WCA of various composite ENs over time was measured and
compared with that of pure PCL ENs to assess the wettability
of different hydrophilic proteins on the hybrid scaffolds
(Fig. 3B). The composite ENs containing different hydrophilic
proteins exhibited an improved wettability relative to that of
PCL ENs. The WCA of the PCL ENs was not obviously changed
within 120 s (from 106 + 1° to 103 + 1°). In contrast, composite
scaffolds viz., LZM/PCL, BSA/PCL, COL/PCL and ALA/PCL ENs
demonstrated remarkably diminished WCA of 0°, 11 + 2°,
50 + 1° and 0°, respectively after 40 s. The hydrophilic
proteins might have evenly amalgamated with hydrophobic
PCL in the composite ENs, resulting in an enhancement of
wettability of the hybrid nanofiber scaffolds [37]. An improved
wettability of the composite ENs as compared to pristine PCL
scaffolds might be beneficial for the adhesion, proliferation
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Fig. 3 - (A) Far-UV CD spectra of proteins in PBS and various
ENs (A1l: LZM and LZM/PCL ENs; A2: BSA and BSA/PCL ENs;
A3: COL and COL/PCL ENs; A4: ALA and ALA/PCL ENs) and
corresponding secondary structural configuration data
obtained from BeStSel. (B) WCA of different ENs at variable
time points. (C) The mechanical properties of ENs including
their (C1) strain-stress curves (a: ALA/PCL, b: BSA/PCL, c:
LZM/PCL, d: COL/PCL, e: PCL), (G2) ultimate strain, (C3)
ultimate tensile strength and (C4) Young’s modulus. (D)
Water absorption rate (WAR) and (E) water vapor
transmission rate (WVTR) of different ENs. (*P < 0.05, **P <
0.01, ***P < 0.001, compared with PCL).

and migration of fibroblasts during the wound healing process
[38].

3.5. Mechanical properties of ENs

The mechanical strength of dressingis an essential parameter
for the practical application which must be sufficient to
prevent rupture during the dressing manufacturing process,
as well as deformation, wear, and even damage caused
by frequent joint movement and bending during use [39].
The composite ENs displayed extremely different mechanical

properties as compared to pure PCL based ENs (Fig. 3C).
Pristine PCL scaffolds were soft and flexible in nature with
elongation, strength, Young’s modulus of 172.76% =+ 5.28%,
10.87 + 0.49 MPa, and 0.16 + 0.0052 GPa, respectively. On
the other hand, composite ENs containing different proteins
displayed a significantly decreased elongation and tensile
strength (P < 0.001) with similar Young’s modulus values
relative to PCL ENs. The variable mechanical properties of
composite ENs could be accredited to the different levels of
interactions between PCL and proteins in the hybrid scaffolds
[2,40]. Interestingly, the mechanical strength of pure PCL ENs
and composite ENs would be appropriate enough to prevent
tearing and other damages during handling and storage and
could be applied to deep burn wound surfaces [41].

3.6. Water absorption and water vapor transmission

Generally, an ideal artificial skin scaffold could not only
prevent the accumulation of excess wound exudates, but
also control the rate of water evaporation to avoid excessive
dehydration of the wounds [42]. Therefore, WAR and WVTR
of all these ENs were assessed. As shown in Fig. 3D, the WAR
values of hydrophilic protein blended composite ENs were
significantly increased as compared to that of pristine PCL
ENs (P < 0.05). Pure PCL based ENs had the lowest WAR of
53.71% + 3.28%, while LZM/PCL ENs displayed the highest
WAR of 403.4% + 19.63%. Particularly, ALA/PCL ENs showed
an adequate WAR value (357.4% + 19.23%), which might be
appropriate for controlling the moisture balance at the wound
surfaces [42].

The optimal WVTR value of wound dressings should
be within 2,000 - 2,500 g/m?/d. A high WVTR value could
result in wound dehydration, whereas a low WVTR value
could cause exudate accumulation and increase the risk
of bacterial infections [21]. Fig. 3E showed a clear trend
of improving WVTR value for protein blended composite
ENs (1,637 + 22.24 - 2,142 + 50.60 g/m?/d) relative to the
pure PCL ENs (1,641 £ 50.65 g/m?/d). Possibly, the highly
porous and network structures of the hydrophilic protein
blended composite ENs could improve their WVTR values
[43]. Furthermore, even after long exposure (ie., 14 d) in
the aqueous environment the microscopic structures of all
these ENs were well maintained with a slight interfacial
adhesion among the fibers (Fig. S5). This signified that the
ENs could sustain their structural integrity in the moist
environment of the wounds for an extended period of
time.

3.7.  Fibroblast proliferation and adhesion on ENs

The results of the cell viability assay of liquid extracts of
the ENs on murine NIH-3T3 cells exhibited their excellent
tolerability on mammalian fibroblasts (Fig. 4A). All the ENs
(LzZM/PCL, BSA/PCL, COL/PCL and ALA/PCL) depicted negligible
effects on cell growth as compared to the control group
following 24 h of incubation. Interestingly, the BSA/PCL ENs
and ALA/PCL ENs revealed significantly enhanced fibroblast
proliferation after 72-h incubation (P < 0.05). The fibroblast
proliferation effects of pure protein solutions containing the
same protein contents (3.0 mg/ml) to that of ENs were
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Fig. 4 - (A) NIH-3T3 cell viability after treatment with liquid
extracts of PCL ENs, and composite ENs (protein content,
3.0 mg/ml) following 24 h and 72 h of incubation (*P < 0.05,
**P < 0.01, ***P < 0.001, compared with PCL). (B) The
NIH-3T3 cell viability of pure protein solutions (protein
content, 3.0 mg/ml) following 24 and 72 h of treatments (*P
< 0.05, **P < 0.01, ***P < 0.001, compared with Control). (C)
LSCM images of fibroblast adhesion and their morphology
following 48 h of treatment with different ENs. (D) FESEM
images of fibroblast adhesion and their morphology after
48 h of treatment with various ENs captured at different
magnifications.

further evaluated and illustrated in Fig. 4B. As compared
to control group, different native proteins conferred a
dramatically improved fibroblast proliferation after longer
time of incubation and among different proteins, ALA showed
the highest cell proliferation potential with average viability
of 151% + 5% after 72 h of incubation. These could be due to
the fact that the enzymatic ALA degradation products could
promote the proliferation of fibroblasts. The cell proliferation
potentials of ALA hydrolysate and collagenase I and IV
degraded ALA products on fibroblasts provided supportive
evidences to our hypothesis (Fig. S6).

The fibroblast adhesion properties on the fabricated
scaffolds were investigated by LSCM studies (Fig. 4C). The
cells showed a well-spread morphology onto the composite

ENs as compared to the control PCL ENs. Significantly higher
hydrophilic surfaces of the composite scaffolds could favor
the cells adhesion relative to the pure PCL ENs [32]. Among
various composite scaffolds, the ALA/PCL ENs displayed the
greatest distribution density of the fibroblast cells proliferated
along the fibers. These outcomes were consistent with the
FESEM results (Fig. 4D), portraying an improved adhesion
and spreading morphology of the fibroblast cells onto the
composite ENs. The fibroblasts were clustered and produced
pseudopodia onto the composite scaffolds, displaying better
cell adhesion [16]. In addition, the bio-mimicking nature and
nano-topography of the composite ENs represent a natural
environment for improving cell adhesion [44]. The cells
acquired a better morphological spindle shape in case of
ALA/PCL ENs as compared to other composite ENs and pure
PCL ENs [45].

3.8. In vivo deep burn wound healing

Based on our earlier study, the third-degree burn wound
rat model was successfully established [2]. In this context,
a burning time of 18 s was found appropriate according
to the H&E staining images of the wounds. Some parts
of the dermis layer were still retained for shorter burning
time (12 s). On the other hand, when the burning time was
increased over 20 s, the muscle layers of animals were partially
destroyed (Fig. S7). The animals bearing third-degree burn
wounds were randomized into several groups and treated
with fabricated ENs. Their in vivo wound healing effects were
studied exploiting various experimental protocols (Fig. 5A).
The animals without receiving any treatment were considered
as blank control group. In contrast, the rats treated with
CS®, a collagen sponge dressing which is one of the few
commercially available protein-based wound dressings, was
chosen as positive control group. All the scaffolds were cut
into circles with diameter of 22.0 mm and applied onto the
burn wounds. Before applying various scaffolds, the silicone
rings with inner diameter of the splint of 31.0 mm were fixed
around the burn wounds to prevent rodent skin contraction
(Fig. SB).

Fig. 5C and 5D displayed the timely changes in the
macroscopic appearances of the wounds during their healing
process. After 21-d treatment, the color of the wound skin
of ALA/PCL ENs treated group was significantly improved as
compared to that of other scaffold treated groups. The wound
closure rates of various groups of animals were recorded as a
function of time (Fig. 5C). The wound closure rates of different
scaffold treated groups became smaller than the control group
after 14 d, while their wound size remained almost similar
to that of control group after 7 d. Various scaffolds treated
animals displayed obviously improved wound closure rate
compared to the control group (P < 0.05) after 21 d treatment.
Interestingly, the animals bearing ALA/PCL ENs exhibited the
fastest wound closure rate with the smallest wound area
relative to the other ENs and positive CS® groups. ALA/PCL
ENs could be used as a favorable dressing for burn wound
healing due to the stable nanofibrous structure provided by
PCL polymer and the excellent bioactivity of ALA. There was
no significant difference in the body weights among all the
animal groups during this experiment (Fig. 5F), indicating
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healing process.

the healthy conditions of the rats during the wound healing
process [46].

3.9.  H&E staining

To assess the wound healing efficacy of different dressings,
the H&E staining images of the sectioned tissues at variable

time points were analyzed further and their results were
compared in Fig. 6A. After 7- d treatment, the granulation
tissues of all the groups were in intense local inflammatory
state owing to the infiltration of neutrophils and macrophages
(Open square mark) [47]. The inflammation was still noticed
even after 14d of treatment, but the epidermis layers of
various groups started crawling (black solid line). However,
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the ALA/PCL ENs treated group displayed an attenuated level
of inflammation, which could be attributed to the special
apoptosis promoting effects of ALA on the senescent cells [48].
Prominently, the wounds treated with the ALA/PCL ENs were
almost closed after 21 d of treatment and eventually their
abilities to promote neotissue regeneration and maturation
were better than the other groups. Following treatment
with various ENs, the epithelial cell growth rates of their
corresponding groups were quantified (Fig. 6B). Notably, the
ALA/PCL ENs treated group showed a similar epidermal
crawling rate (88.0% =+ 10.8%) to that of the CS® treated
group (86.5% + 9.1%) after 21-d treatment, while it was
significantly higher as compared to other composite ENs
(LZM/PCL ENs: 71.4% =+ 7.3%, BSA/PCL ENs: 68.5% =+ 6.6%,
COL/PCL ENs: 67.6% + 6.3%) (P < 0.05). Plausibly, ALA could
suppress nociception and inflammation in vivo, accelerating
wound healing rate [49].

3.10. Mechanisms of ENs in burn wound healing
3.10.1. Serotonin production at wound sites

The mechanisms of improved burn wound healing capacity
of ALA/PCL ENs were further explored as compared to
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Fig. 7 - (A) Changes of serotonin contents in the
regenerative skin tissues of different groups after 7, 14 and
21 d of treatments (*P < 0.05, **P < 0.01, ***P < 0.001,
compared with PCL). (B) Representative images of tissues
after Masson trichrome staining, exhibiting collagen
deposition after 14 and 21 d of treatments (black arrows
showed immature collagen and yellow arrows indicated
mature collagen). (C) Representative images of collagen
fibers stained with PSR after 14 and 21 d of treatments. (D)
Quantitative analysis of the collagen I/III ratios of various
groups treated with ENs and CS® (*P < 0.05, **P < 0.01,
***P < 0.001, compared with PCL).

other regenerative proteins. It has been reported that
ALA is rich in tryptophan, which is the precursor of
neurotransmitter serotonin synthesis [10]. A higher level of
serotonin causes the proliferation of fibroblasts, deposition
of collagen and neovascularization, resulting in an improved
burn wound healing effect [12,13]. To validate the wound
healing mechanisms of ALA/PCL ENs, the serotonin contents
in the wound tissues following treatment with various
scaffolds were initially estimated (Fig. 7A). There were no
significant differences in serotonin levels among all the
treatment groups at the early stages of wound healing process.
After 14-d treatment, the serotonin content at the wound
sites of ALA/PCL ENs treated group was significantly higher
than that in other groups (P < 0.05). It implied that ALA
could potentially promote serotonin production, which could
play a crucial role in the wound healing process [11,50].
Even after 21 d, the serotonin levels in the ALA/PCL ENs
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treated group remained remarkably greater than that in other
composite ENs and positive control groups. As ALA/PCL ENs
could facilitate the synthesis of serotonin at the wound sites,
these could accelerate the burn wound healing rate with
improved maturity of the wound tissues [11,26].

3.10.2. Collagen deposition

In order to evaluate the efficacy of different ENs on wound
healing, the deposition of total collagen and its types (collagen
I and III) at the wound sites were further investigated using
Masson trichrome staining and Picrosirius Red (PSR) staining,
respectively. The collagen fibers appeared in blue, while the
muscle fibers were spotted in red in the images of Masson’s
trichrome staining (Fig. 7B). The ALA/PCL ENs and CS® treated
groups portrayed an enhanced collagen deposition than that
of control and other composite scaffolds treated groups after
14-d treatment. The collagen in ALA/PCL ENs treated group
became more mature than those in others with increasing
healing time (Fig. 7B). The scar thicker collagens (black arrows)
were arranged parallel to the skin surfaces, while the dense
mature collagens (yellow arrows) were often deposited in a
basket weave pattern [51].

In the birefringence images of wound tissues, type I
collagen emerged in yellow or red, whereas the thicker type III
collagen appeared in green (Fig. 7C) and the ratios of collagen I
and III were further quantified for each treated group (Fig. 7D)
[24]. The collagen I/III ratios in each group were augmented
after 14-d treatment, which might be due to the increased
production of type I collagen [51]. As the wounds matured

after 21 d, the collagen I/III ratio of ALA/PCL ENs treated
group was significantly lower than that of other groups (P
< 0.05) and closer to that observed in normal tissues. Thus,
it clearly evidenced that the ALA/PCL ENs could remarkably
improve the maturity of the skin regenerative tissues

[2).

3.10.3. Promotion of angiogenesis

The extent of wound tissue angiogenesis of each group was
investigated by dual immunofluorescence staining of CD31
and «-SMA after 21-d treatment (Fig. 8A). Angiogenesis is an
important process during wound healing, which could assist
in replacing damaged capillaries and consequently, restore
the supply of adequate oxygen and nutrients to the wound
tissues. CD31 is a vital marker of the endothelial cells in
the blood vessels, while «-SMA is expressed in the smooth
muscle layers of the blood vessels. The immunofluorescence
staining illustrated that the density and number of blood
vessels (red arrows) in the ALA/PCL ENs treated group and
positive control group were significantly higher than those
in the pure PCL ENs and other composite ENs treated groups
(P < 0.05) (Fig. 8B). Moreover, the ALA/PCL ENs treated group
showed a better vascular maturity than the other scaffold
treated groups (P < 0.01) (Fig. 8C). The maturation of the
vascular network with larger vessels would be crucial for the
wound tissue micro-environments in their remolding stages
[52]. An enhanced neovascularization potential of ALA/PCL
ENs could be accredited to their ability of serotonin production
at the wound sites [13].

4, Conclusions

In this study, different proteins (COL, BSA, LZM and ALA) were
blended with PCL to afford composite ENs via electrospinning
process. The therapeutic effects of various ENs at the cellular
level and on third-degree burn wound rat model were
systematically investigated. ALA/PCL ENs depicted favorable
physico-chemical characteristics and improved therapeutic
benefits in burn wound management as compared to other
composite ENs (COL/PCL, BSA/PCL, LZM/PCL) and pure PCL
ENs. ALA/PCL ENs could assist collagen maturation, improve
collagen V/III ratios and vascular maturity by increasing
the serotonin production in the wound tissues. The stable
nanofibrous structure contributed by PCL and the excellent
bioactivity of ALA rendered that ALA /PCL ENs could be
used as an encouraging dressing for burn wound healing.
In summary, ALA was a special protein and has a better
therapeutic prospect than other regenerative proteins (LZM,
BSA and COL) when applied in the third degree burn wound
healing management. In the future, it will be necessary to
investigate how ALA molecules work at the burn wound site,
whether as ALA molecules or as its hydrolyzed or enzymatic
fragments.
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