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A B S T R A C T

Properly managing burn wounds and developing biomimetic dressings to accelerate wound closure and relieve
pain are critical healthcare demands. The study focused on designing innovative nanofiber composites for third-
degree burn wound recovery using electrospinning techniques. The process involved synthesizing proline (Pr)
and hydroxyl proline (HyP) functionalized chitosan (CS) as PHPC, fabricating electrospun nanofibrous based on
the PHPC and/or CS, polyvinyl alcohol (PVA), and using the bioactive compound baicalin (BAC) as a loading
drug. Mouse Dermal Fibroblast (MDF) cells were then loaded onto the wound-dressing nanoscaffolds to assess
their pharmacotherapeutic potential for wound healing in a rat model. The analysis of the scaffold characteristics
using FTIR, NMR, DSC, and SEM confirmed the amino acid and drug loading as well as highly nano-porous and
network structures (>190 nm). The hydrophilic PHPC-based nanofibrous composites demonstrated enhanced
wettability for wound secretions, elasticity, drug release, and cytocompatibility properties compared to CS-based
scaffolds. The PHPC/PVA/BAC/MDF also showed a better maturity of the regenerative skin tissues and had a
comparable healing effect to control on third-degree burn model, due to their ability to stimulate cell migration/
proliferation/re-epithelialization, collagen deposition, and angiogenesis, and alleviate the wound inflammatory
phase based on the antioxidant activity of BAC. In conclusion, this novel skin nanofibrous dressing of BAC-loaded
cellularized amino acids-based CS derivatives shows promising therapeutic efficacy in burn wound care.

1. Introduction

The skin acts as a protective barrier against injuries and microor-
ganisms, but it is susceptible to damage, which imposes a significant
social and economic burden [1]. Burn wounds can cause physically
debilitating injuries and affect almost every organ in patients, leading to
severe morbidity and mortality. Burn injuries can be categorized based
on their severity and depth of skin injury. Superficial burns reach only
up to the epidermal surfaces of the skin, causing redness.
Partial-thickness burns damage the epidermis and part of the dermis
layers of the skin. Third-degree burn wounds are severe injuries, that

destroy almost all the skin layers, which are extremely challenging to
manage [2]. Burned patients often need wound dressings that promote
the adhesion, migration, attachment, and proliferation of fibroblast
cells, as well as support angiogenesis to ensure effective wound healing
management, especially when skin autografts are limited [3]. Wound
healing is a dynamic and complex process that involves a series of
events, including inflammation, cell proliferation, and migration [4]
particularly fibroblasts, that play a crucial role in tissue repair by
secreting growth factors, cytokines, collagens, and extracellular matrix
(ECM) components [5–7]. However, current therapeutic approaches and
wound dressings have proven to be consistently inadequate, as they are
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prone to secondary damage, trapping fluid, allergic reactions, high cost,
and infection [8–10]. These limitations demonstrate that existing wound
treatments are not effectively addressing the diverse needs of wound
healing. A comprehensive understanding of the skin’s anatomical
structure and function during wound healing, along with a focus on
recent advancements in wound treatments utilizing nanotechnology and
new biomaterial platforms with antioxidant, anti-inflammatory, and
antibacterial properties, is crucial for effective wound management [11,
12].

In the field of Nanomedicine, electrospun nanofiber scaffolds have
received significant attention as potential wound dressings due to their
unique characteristics, including high oxygen permeability, strong ten-
sile strength, versatile morphological features, tunable porosity, and
tailored ability [13,14]. These nanofibers exhibit an extremely high
surface-to-volume ratio and high porosity, enabling the creation of
highly porous mesh networks with significant interconnectivity, making
them appealing for a wide range of advanced applications [15]. The
materials used in their production, such as natural polymers, synthetic
polymers, carbon-based materials, and semiconductor materials,
contribute to these distinctive features [16,17]. Electrospun wound
dressings also offer advantages such as hemostatic properties, absorb-
ability, semi-permeability for cell respiration, better conformation to the
wound surface, and potential for scar healing [18]. Furthermore, their
fine diameter and highly porous structure allow for efficient drug par-
ticle dispersion, facilitating high loading and effective drug release from
the matrix [19].

Natural polymers such as polysaccharides and proteins found in the
ECM have been utilized in the production of wound dressings [20].
Chitosan (CS) and its derivatives, known for being biodegradable,
non-toxic, and natural cationic polysaccharides polymers, have shown
promise in wound healing due to their film-forming, significant
absorbability, antimicrobial, and antioxidant properties [21]. Chitosan
is effective for preventing or treating wound and burn infections, not
only due to its natural antimicrobial properties but also because it can
deliver external antimicrobial agents to wounds and burns [22,23].
Furthermore, it aids in the removal of bacteria from the wound during
the inflammation stage. Ultimately, they accelerate skin proliferation by
promoting the growth of granulation tissue during the proliferation
stage [24]. CS-based nanocomposite films, being thin, flexible, and
transparent, are suitable for transferring water vapor, O2, and CO2 in the
wound microenvironment, as well as for use in a controlled drug de-
livery system (DDS) for wound healing [25].

Recently, the poly(vinyl alcohols) (PVA) electrospinning is attracting
considerable biomedical research interest because PVA as a water-
soluble synthetic polymer bearing CH2CH(OH) repeating units has
shown promise as a biodegradable and cost-effective material for
developing a new type of nanofibrous dressing matrix [26]. These bio-
inspired platforms can release drugs in a controlled manner, create a
moist wound environment, increase drug release and healing rates, and
enhance the physical properties of the functional dressing materials
[27].

In pharmacological applications, the use of nanocomposite scaffolds
has been found to improve the adhesion and development of fibroblast
cells in wounds. The combination of polymeric nanofibers with skin fi-
broblasts accelerates the wound-healing process, shortens the inflam-
matory phase, and expedites collagen deposition [28]. When tissue
damage occurs, fibroblasts play a role in regulating immune cell
recruitment, behavior, retention, and survival. Additionally, the inter-
action between fibroblasts and macrophages is crucial in determining
the proper progression of the healing process from the inflammatory
phase to the subsequent proliferation phase [28]. In the context of burn
wounds, the activation of Mesenchymal cells (MSCs) autophagy in the
burn environment regulates the proliferation and migration of burn
wound fibroblasts by influencing the production of TGF-β1 and PGE-2
[29]. This process stimulates myofibroblasts to express α-SMA, trans-
forming them into myofibroblasts, which then undergo apoptosis,

ultimately contributing to the healing process [30]. Ensuring stimula-
tion of fibroblast and collagen biosynthesis is essential for maintaining
tissue integrity during wound healing [28].

At present, collagen-based formulations have garnered significant
attention as promising materials for treating injuries. Type I and type VII
collagen play a crucial role in wound healing as fundamental compo-
nents of the ECM [31,32]. Collagen, a heterotrimeric protein, consists of
two α1 chains and one α2 chain, each with a specific repeating unit
[Gly-Xaa-Yaa], where Yaa is primarily L-4-hydroxyproline (HyP) and
Xaa is mainly L-proline (Pr). Regulating proline and hydroxyproline can
stimulate fibroblast and collagen biosynthesis [32,33]. Collagen pos-
sesses various physiological and biological properties, including
non-inflammation, high degradability, low antigenic properties, elas-
ticity, softness, flexibility, ability to be grafted to tissue, imperviousness
to the entry of bacteria and other pathogens, and non-toxicity, making it
widely used in burn repair, drug delivery systems, tissue regeneration,
and replacement [34,35]. The use of nanofibrous scaffolds created from
natural polymers like polysaccharides, proteins, and various types of
collagen has become increasingly desirable in wound healing [36].
However, animal or allogenic collagen proteins have insufficient me-
chanical properties for tissue engineering and can stimulate the immune
system, leading to tissue rejection [37]. This limits the biomedical
application of collagen-based scaffolds. To address this challenge, novel
degradable polymers, including CS, can be modified by substituting
groups of collagen-based amino acids like proline and hydroxyproline,
given their multifunctionality, chiral configuration, and easy accessi-
bility for a diverse range of biological and biomedical applications
[38–40].

Numerous natural biomaterials have been adopted to improve burn
wound healing. One such bioactive substance is Baicalin (BAC) (5,6-
dihydroxy-2-phenyl-4H-1-benzopyran-4-one-7-O-D-b-glucuronic acid),
a plant-derived flavonoid extracted from the Chinese herb Scutellaria
baicalensis Georgi (Scheme 1) [41]. Baicalin has shown diverse positive
effects on wound healing in various formulations such as nanofibrous
and hydrogel [42,43] exhibiting multitherapeutic functions such as
anti-oxidative [42] anti-bacterial [43] anti-cancer [44] anti-aging [45]
and anti-inflammatory [46] in the field of biomedicine. BAC has been
shown to possess immunomodulatory functions, primarily through the
inhibition of the NF-κB signaling pathway and NLRP3 inflammasome
activation, as well as the suppression of pro-inflammatory factor
expression including interleukin (IL)-1β, IL-6, IL-8, tumor necrosis factor
α (TNF-α), cyclooxygenase 2 (COX-2), inducible nitric oxide synthase
(iNOS), etc. (Scheme 2) [47]. The therapeutic applications and biolog-
ical activities of baicalin emphasize its potential for use in wound
dressing. However, its poor solubility/hydrophilicity, and bioavail-
ability in water (0.054 mg/ml, 2.2 ± 0.2%, respectively) [48] and low
lipophilicity, along with the lack of adequate clinical data and suitable
vehicles, currently restrict its use as a medicinal agent [46].

Considering the biofunction of baicalin in inflammatory disease, this
study reported a novel approach to syntheses of BAC-loaded Pr/HyP
functionalized chitosan derivative nanofiber composite, which serves as
a new platform for drug delivery. The electrospun nanofiber scaffolds
were created using proline and hydroxy proline derivatives of chitosan
(PHPC), polyvinyl alcohol, and baicalin. The effectiveness of these
nanofibrous scaffolds was evaluated after introducing fibroblast cells
from mice to it and assessing their ability to treat second-degree burn
wounds in a rat model.

2. Experimental section

2.1. Materials

All chemicals and materials used in the experiments were: Chitosan
(Medium Mw, 85%Deacetylation) (Solarbio, China), L-Proline methyl
ester, and L-4-hydroxyproline methyl ester (Sigma Aldrich, Germany),
Polyvinyl alcohol, PVA (Average Mw 130,000 g/mol 99+% hydrolyzed)
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(Sigma Aldrich, Germany), Baicalin (FW 446.4) (Sigma Aldrich, Ger-
many), Fetal bovine serum, FBS (Biosera, America), Mouse Dermal
Fibroblast, MDF (Royan stem cell bank, Iran), Dulbecco Modified Eagle
Medium, DMEM culture (Bio-Idea, Iran), Acridine orange (Sigma
Aldrich, Germany), Ethidium bromide (Merck, Germany), Phosphate-
buffered saline, PBS (Merck, Germany), Trypsin-EDTA (Bio-Idea, Iran),
PEN-STREP 100X (Bio-Idea, Iran), L-glutamine (Bio-Idea, Iran), and
Hydroxyproline Assay Kit (Kiazist, Iran).

2.2. Synthesis of Pr and HyP derivatives of CS (PHPC)

The synthesis of PHPC involves modifying the previous protocol to
functionalize chitosan with amino acids [58]. Initially, 1 g of chitosan
was dissolved in 2% aqueous acetic acid and agitated in a shaking
incubator at 30◦C, 200 rpm, for 24 hours. The resulting viscous, pale
yellow chitosan solution was then filtered at 45 μm to remove any un-
dissolved matter [59]. Afterward, the fabrication of PHPC was con-
ducted in a 250 ml round-bottom flask, where 0.67 g of L-proline methyl
ester and 0.67 g of L-4-hydroxyproline methyl ester were dissolved in 30
ml of dimethylformamide (DMF). This mixture was added to the chito-
san solution and refluxed under nitrogen gas at 100◦C for 3 days [58].
After completing the reaction, the obtained brick-colored mixture was
cooled at room temperature. The collected Pr/HyP-functionalized chi-
tosan (PHPC) product was washed with methanol several times to
remove impurities and then dried [60]. The PHPC product was
neutralized by treating it with 10 ml of 10% NaOH for 15-20 minutes.
The PHPC beads were washed with distilled water three times to remove
alkaline medium [61]. Finally, the product was placed in a desiccator for
three days, and the structure was analyzed using the NMR-FTIR
technique.

2.3. Fabrication of PHPC/PVA/BAC

The fabrication of CS/PHPC-loaded PVA nanofiber mats was carried
out using the electrospinning method, following a previously described
procedure [60]. To summarize, 10% (w/v) PVA was dissolved in
deionized water and stirred at 90◦C for 1 hour at a constant temperature
[62]. After cooling the PVA solution to 25◦C, 1.25% (w/v) PHPC and/or
CS was dissolved in a 1% (v/v) acetic acid solution (0.5 M) and slowly
added to the mixture, which was then stirred for 12 hours at room
temperature (25◦C). Subsequently, a BAC suspension with a concen-
tration of 100 μM was added to the mixture and stirred for 0.5 hours at
room temperature. The chosen BAC concentration was determined
based on pre-formulation studies [63] and our and other previous
cytotoxicity assessment [64–66] to ensure its suitability and safety for
the DDS. To improve the solubility of BAC, the BAC powder was dis-
solved in a solution of 25% EtOH and ddH2O. A two glass syringe was
filled with 10cc of the spinning polymer solution and connected to a
stainless steel needle with an inner diameter of 0.9 mm. This needle was
then linked to the emitting electrode of a Gamma High Voltage Research
device with a positive polarity. The rotation speed of the drum was set at
100 rpm, the distance between the needle and the drum was 15 cm, the
solution discharge speed was 2 ml/h, and the voltage was set between
14-18 kV at room temperature. After collecting the electrospun nano-
fiber mats (5 × 15 cm) on an aluminum foil-covered rotating collector,
they were left under vacuum at 40◦C overnight to eliminate any residual
solvent. Following this, the mats underwent a crosslinking treatment
with NH4+ vapor for 4 hours, and then they were irradiated with UV
light for 10 minutes.

Scheme 1. A scheme demonstrating how PHPC is formed, the creation of PHPC/PVA/BAC nanofiber scaffolds the loading of MDF cells onto these scaffolds, and our
in vivo experimental plan.
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2.4. Characterization of nanofiber scaffolds

2.4.1. SEM
The surface morphology of the nanofiber scaffold samples was

examined using a scanning electron microscope (LEO/ZEISS 1455VP
SEM, Germany). The nanofiber scaffolds were sectioned and coated with
a thin layer of gold. Subsequently, measurement software was utilized to
determine the diameter and thickness of selected fibers, and their
average values were calculated.

2.4.2. DSC
Thermograms of samples (5 mg) containing BAC powder and BAC

loaded into the CS and PHPC nanofibers were analyzed using a differ-
ential scanning calorimetry (DSC) machine. The analysis was performed
at a speed of 10◦C/min within a temperature range of -50 to 250◦C.

2.4.3. FT-IR
The structural changes in the nanofibers before and after the addition

of BAC were assessed using a Fourier transform infrared (FTIR) spec-
trometer (Bruker’s VERTEX 70v FT-IR, Germany). The FTIR spectra of
the nanofibers were recorded in the range of 4000-500 nm to identify
the functional groups.

2.4.4. Tensile strength
Samples with specific dimensions (60 × 20 mm) were cut from the

nanofibers for the assessment of their tensile strength. A Texture
analyzer device (STM-20; SANTAM, Iran) was utilized for this purpose.
The procedure involved setting the distance between the jaws to 30 to 40
mm, applying weights of 1 to 5 kg, moving the jaws at a speed of 5 mm/
s, and plotting the results on a graph.

2.4.5. Drug release
The study utilized a beaker equipped with a mesh wall and a stirrer.

Nanofibers of specific dimensions (60 × 30 mm) were placed into the
beaker wall, which was filled with 10 ml of phosphate buffer (PBS) with
a pH of 7.4. The beaker was continuously agitated at 150 rpm in an
incubator set at 37◦C. The percentage of drug (BAC) release was moni-
tored at 1, 3, 5, 8, 24, 48, and 72-hour intervals. Following this, the
supernatant was collected, centrifuged at 4000 rpm for 10 minutes, and
its absorbance was measured at 259.5 nm using a spectrophotometer
(PerkinElmer Inc., MA, USA). The cumulative BAC release data were
then analyzed and fitted to different release kinetic models, including
zero order, first order, and Higuchi’s model [67].

2.4.6. Water vapor permeability (WVP)
To measure water vapor permeability (WVP), the scaffolds were

positioned in flexible-capped permeation bottles and incubated at 33◦C
for 12 hours. WVP at steady-state was calculated using Eq. (1):

WVP =
W
AT (1)

where W represents water lost, A denotes the scaffolds area (1.22 cm2),
and T signifies the exposure time.

2.4.7. In vitro degradation of scaffold
To assess the degradation of nanofibrous scaffolds over time, indi-

vidual scaffolds (2.5 × 2.5 cm) were immersed in PBS solution. Six
specimens of each type of nanoscaffold were grouped, and their average
initial weight (W0) was determined after multiple weighings. These
scaffold groups were then placed in a cell culture-mimicking environ-
ment in an incubator (37◦C, 5% CO2). After 7 and 14 days, one group of
scaffolds was taken out, dried in a vacuum for 48 hours, and reweighed
(W1) to calculate the weight loss using the Eq. (2):

weightloss(%) =
W0−W1
W1 × 100 (2)

where W0 and W1 represent the weights before and after degradation
time t, respectively.

2.4.8. Wettability analysis
The scaffolds’ water contact angle (WCA) was measured using a

contact angle goniometer (Jikan CAG-10, Iran). A 10 µl drop of pure
water was deposited onto the nanofiber scaffold surfaces, and the
alteration in WCA over time was documented.

2.4.9. Swelling ratio
To measure the swelling ratio, a specific amount of nanofiber is

weighed and then immersed in 2 ml of phosphate buffer with a pH of
7.4. Every hour, the liquid surrounding the nanofiber is dried,
reweighed, and then returned to the buffer. This process is repeated for
up to 4 hours, and the swelling percentage is calculated using the
following Eq. (3):
% swelling = (M−Md)/Md × 100 (3)

Here, M and Md represent the weight before and after swelling,
respectively.

2.4.10. Drug content
In this experiment, the total drug content (BAC) and its uniformity

throughout the nanofibers are evaluated using an ultraviolet-visible
detector. Samples measuring 4 × 2 cm are cut from each film and
immersed in 10 cc of PBS solution (pH 7.4) to assess baicalin solubility in
aqueous buffers. The mixture is continuously shaken at 150 rpm in an
incubator at 37◦C for 24 hours to allow complete dissolution of BAC.
Subsequently, the solution is separated, centrifuged at 4000 rpm for 10
minutes, and the absorbance of the supernatant is measured at a
wavelength of 259.5 nm.

2.4.11. Mucoadhesive properties
The mucoadhesive force of nanofiber scaffolds on sheep buccal

mucosa was evaluated using a texture analyzer equipped with a 50-N
load cell. A 60 × 20 mm nanofiber sample was tested for its ability to
adhere to the sheep’s mucous membrane at 37◦C in a simulated saliva
solution. The tissue was secured onto the holder, and 500µL of artificial
saliva was applied to the center of the mucosa. Initially, a constant force
(3g) was applied for 1 minute, and then the mucoadhesive property was
determined by measuring the detaching pressure.

The force was calculated using the following Eq. (4):
F = (Ww× g)/A (4)

where Ww represents the weight required for separation, g is the grav-
itational acceleration, A is the nanofiber surface area, and F denotes the
adhesion force.

2.5. Cell culture

2.5.1. Sterilization of nanofibrous scaffolds
Nanofibrous scaffolds sterilization process involved cutting the

scaffolds into 2.5 × 2.5 cm sections, followed by simultaneous UV-C and
UV-B light exposure for 30 minutes on each side. Subsequently, a salt
hydroalcoholic solution (EtOH-PBS) was used for film sterilization. The
sterilized slices were then placed in each well of a 24-well plate and
treated with 70% ethanol/30%PBS, incubated overnight, washed with
sterile PBS, and allowed to dry in the incubator for one hour. Following
this, 20 microliters of FBS serum were introduced onto the scaffolds, and
they were placed in an incubator for 15 minutes to allow the surface of
the fibers to become sticky for cell settlement, followed by cell seeding.

2.5.2. Loading fibroblasts on the surface of nanofibrous mat
We sourced Mouse Dermal Fibroblast (MDF) cells from the RSBC

bank, and cultured them in DMEM high glucose medium supplemented
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with 10% FBS, 2 mM L-glutamine, 100 Uml−1 penicillin, 100 pg ml−1

streptomycin. The cells were then incubated at 37◦C in a humidified
atmosphere with 5% CO2 and 95% O2 until they reached the desired cell
density of 85%. Once the cells had been passed 4 to 5 times in the T25
cell flasks, the fibroblasts underwent trypsinization, centrifugation, and
were collected in DMEM. After re-suspension in culture medium and
counting using a hemocytometer, they were seeded onto the scaffolds at
a concentration of 105 cells/well. In this study, 20 microliters of the cell
suspension were placed on the center of the outer side of the cut cross-
section of the nanofibers in each well of the 24-well plate. After a15-
minute incubation, 1 ml of DMEM medium was slowly added to the
plate, and the cells were then left to incubate at 37◦C for 24 hours,
allowing them to diffuse into and adhere to the surface of the fibers.
Subsequently, the cells were observed under the microscope, and again
1 ml of DMEM medium was added to the plate the next day to facilitate
continued cell growth. Following 48 hours of cell seeding, the nano-
fibrous scaffolds containing MDF cells were deemed ready for transfer to
the wound surface of rats and dressing [68]. It’s worth noting that in this
section, some experimental limitations were encountered: i) limited cell
infiltration from the sides of each layer of the nanofiber film. To
circumvent this, 20 microliters of the cell suspension were loaded on the
inner side of the cut cross-section of the nanofiber scaffolds 24 hours
before the film was placed on the wound. ii) changes in the size of the
cell-hybrid scaffolds (2.5 × 2.5 cm) soaked in MDF cell culture medium,
resulting in a final size of 1.5 × 1.5 cm for placement on the wound.
Therefore, for the other nanofiber scaffold groups without cell-loading,
final sizes of 1.5 × 1.5 cm were used.

2.5.3. SEM imaging of cell
To image the MDF cells using scanning electron microscopy (SEM),

the cultured cells on nanofibrous scaffolds were first fixed with a 2.5%
glutaraldehyde solution in PBS for 2 hours, followed by three washes in
PBS. Subsequently, the nanofiber structures underwent a dehydration
process through serial dilution of 30, 50, 70, 80, 90, and 100% of ab-
solute ethanol in PBS at a temperature of 25◦C for 10 minutes in each
dilution. Following this, the samples were freeze-dried for 12 hours in a
freeze dryer (Alpha 1–2 LP plus). The dried scaffold samples were then
sputter-coated with gold and imaged with an LEO 1455VP SEM to
visualize cells on the fiber and porous structure.

2.5.4. MTT assay
The MTT Assay was used in this study to analyze MDF cell viability

after 24 hours of BAC exposure [69]. A 100 mM BAC concentrate was
prepared by dissolving 44.64 mg baicalin in 1 ml dimethyl sulfoxide
(DMSO), which was then diluted to create the required BAC working
solution. Cells in the logarithmic growth phase were seeded in 96-well
plates (5 × 103 cells per well), cultured overnight, and then treated
with different concentrations of baicalin (0, 25, 50, 75, 100, and 125
μM). After 24 hours, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) solution (10 μl/100 μl in fresh medium) was
added, and after further incubation of 4 hours at 37◦C, the medium was
aspirated and the wells washed with PBS. Then, the wells were dried for
2 hours, and in the next step, 200 μl of DMSO was added to each well. To
dissolve the dye, the microtitre plate was placed on a shaker, and the
optical density (OD) value was measured at 570 nm to calculate the %
viability based on Eq. (5).
% Viability = (Mean assay absorption test /

Mean negative control absorption) × 100 (5)

2.5.5. Cytocompatibility assay
The cytocompatibility of CS/HA/PVA and PHPC/HA/PVA nanofiber

scaffolds was assessed using the MTT test, comparing them to control
with fibroblasts seeded in a well plate without nanofibers. The nano-
fibers were placed in 96-well plates, and fibroblast cells were seeded and
then incubated at 37◦C and 5% Co2 for 24 and 48 hours. Five ml of MTT

solution was dissolved in one ml PBS and then added to wells and
incubated for 4 hours, followed by treatment with DMSO. The optical
density was read at 570 nm using an Elisa Reader.

2.5.6. DAPI staining
For the DAPI staining, one day after cell seeding, the morphological

changes of the MDF cells on nanofibrous scaffolds in a 24-well plate
were examined. The cell culture wells were washed with PBS, fixed with
4% paraformaldehyde, and stained with DAPI (1 μg ml−1) for 5 minutes.
The stained cells were washed three times with PBS and observed/
photographed under an inverted fluorescent microscope (Olympus).

2.5.7. Dual AO/EB staining
In this study, after two days of cell culture on the fiber surface in 24-

well plates, the fluorescent double staining method of acridine orange/
ethidium bromide (AO/EB) was used for the cell viability assay. To do
this, 0.1 mg of each dye of AO and EB were dissolved in one milliliter of
PBS saline buffer inside a microtube to obtain a concentration of 100 μg
ml−1, and the microtubes were covered with aluminum foil. The cell
culture wells were then stained with a dye mixture (10 μl of each dye)
and kept inside the incubator in the dark for 10 minutes. Subsequently,
the wells were washed with PBS and observed and photographed by an
inverted fluorescent microscope (Olympus). Live cells with complete
nuclei appeared green, while dead or damaged cells with light or cloudy
nuclei appeared red to orange in color [70].

2.6. In vivo test

In the in vivo assessment, the research procedures were authorized
by the Ahvaz Jundishapur University of Medical Sciences (IR.AJUMS.
ABHC.REC.1401.087) and followed the National Research Council’s
Guide for the Care and Use of Laboratory Animals [71] 35 adult male
Wistar rats, averaging 220±35g in weight, were employed for the study.
The rats underwent a one-week acclimatization period in a room set at
22±2◦C temperature, 55±10% humidity, with a 12-hour light-dark
cycle. Throughout the experiment, the rats received special com-
pressed food capsules and had unrestricted access to water. To establish
burn wounds, the rats were anesthetized with ketamine (50 mg/kg) and
xylazine (5 mg/kg) via intraperitoneal injection. A 450 mm2 circle was
marked on the backs of the rats, and the hair was shaved and disinfected
using 70% alcohol. A custom metal iron bar (ф= 20 mm), boiled in hot
water at 100◦C for over 10 minutes, was pressed onto the rats’ backs for
30 seconds to induce full-thickness third-degree burn wounds. After
disinfecting the wounds with 75% alcohol, each rat was housed in a
separate cage. The rats were split into 7 groups, each consisting of 5
individuals, and each group’s wounds were treated with different for-
mulations. The groups were as follows: 1st groups: control, 2nd groups:
CS/PVA nanofibers, 3rd groups: PHPC/PVA nanofibers, 4th groups:
CS/PVA/BAC nanofibers, 5th groups: PHPC/PVA/BAC nanofibers, 6th

groups: CS/PVA/BAC/MDF nanofibers, 7th groups: PHPC/PVA/-
BAC/MDF nanofibers. Untreated wounds were utilized as a control
group. All wound surfaces were covered with transparent stickers and
bandaged with pressure-sensitive tape to prevent external contact. At
the conclusion of the experiment, the animals were humanely eutha-
nized using the retroorbital ketamine-xylazine method, following the
AVMA Guidelines on Euthanasia [72].

Macroscopic Evaluation: The diameter of the wounds was measured
daily, and the closure, contraction, and re-epithelialization percentages
were determined by analyzing photographs taken during surgery (Day
0) and at 3, 7, and 14 days post-injury. Image J software and digital
images were used to analyze the wound healing process. The original
wound area was denoted as A, the re-epithelialized skin area as B
(thinner), and the remaining open wound as C. The total wound closure
(%TWC) was calculated as C/A × 100%, the contraction contribution to
wound closure (%WCC) was calculated as (A-B)/A × 100%, and the re-
epithelialization contribution to wound closure (%WCR) was calculated
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as (B-C)/B × 100% [73,74].
Microscopic Evaluation: On the 7th and 14th days post-wounding,

two rats from each group were euthanized using a high dose of keta-
mine, and tissue samples were collected for histological examination of
the wounds.

2.7. Histopathology

After fixation in a 10% formalin buffer solution, the excised skin
tissue was processed by rinsing, dehydration, and paraffin embedding.
Sections were stained with hematoxylin and eosin (H&E) and then
photographed at 100 × magnification.

2.8. Hydroxyproline content

To evaluate the progress of wound healing, the hydroxyproline
content in the rat skin wounds was measured on the 14th day using a
commercial assay kit (Kiazist Co., Product ID: KHPA96, Tehran, Iran)
following the manufacturer’s protocol. Hydroxyproline, a key compo-
nent of collagen, serves as a reliable marker for assessing collagen
deposition in granulation tissue [75].

2.9. Statistical analysis

The data were expressed as the mean and standard error of the mean.
Statistical analyses were performed using SPSS version 21.0 (SPSS Inc.,
Chicago, Illinois, USA), utilizing one-way ANOVA testing with a post hoc
test. A significance level of *p < 0.05 was considered statistically
significant.

3. Results and discussion

3.1. Characterization of PHPC

The process for chemically modifying chitosan with proline and
hydroxyproline to synthesize PHPC is illustrated in Scheme 1. The NH2
functional group in CS reacted with esterified collagen-based amino
acids, resulting in the formation of Pr/HyP-functionalized chitosan
(PHPC). The mechanism followed was by a nucleophilic attack through
the nitrogen of the primary amine group of the chitosan chains and
completed with the terminal carboxyl group present in amino acids,
which is the result of the formation of amide [58]. This reaction dis-
rupted the regularity and crystallization of the chitosan molecular chain,
leading to improved water solubility [76]. The FT-IR and 1H/13CNMR
results indicated the formation of a new structure (Fig. S1A-C). For
unmodified CS, bands at 1641 cm-1 correspond to the C=O group
derived from residual N-acetyl groups, 1324 cm-1 to –CH3 group from
residual N-acetyl group, and 1234-896 cm-1 indicate sugar ring vibrating
and glycoside bond. In the case of PHPC, the most significant change in
the bands compared to CS is in the range of 1750-896 cm-1, and the
formation of the carbonyl group at 1654 cm-1 has been observed
(Fig. S1A). The modification of chitosan using amino acids, forming
PHPC, has been found to enhance the mechanical strength, thermal
stability, and chemical stability of the resulting novel material [77,78].
Based on the following results, PHPC has been confirmed as a potential
chitosan derivative biomaterial for delivering low-solubility drugs
(BAC). The hydroxyl groups located at the 4′-position of the C ring in
flavonoid molecules carry high net negative excess charges, whereas the
B rings display small positive excess charges [79]. These sections of the
molecules are particularly prone to electrophilic attack, making them
attractive targets for PHPC. In view of the degradability of CS derivative,
PHPC can be digested by cells during the wound-healing process due to
the presence of amino acids that are part of the normal metabolic
components of living tissues, such as collagens, gelatin, and other pro-
teins. This characteristic is further confirmed by swelling results, making
PHPC capable of readily absorbing water and/or wound exudate and

being hydrolytically dissolved.

3.2. Characterization of nanofiber scaffolds

3.2.1. Morphology
The scanning electron microscope (SEM) analysis showed that all the

scaffolds exhibited nanofibers with sizes below 200 nm and had a
porous, non-woven, and smooth surface morphology, resulting in a high
surface area (Fig. 1). Specifically, the CS/PVA/BAC and PHPC/PVA/
BAC scaffolds had average nanofiber diameters of 188.9 nm and 174.2
nm, respectively. Notably, the PHPC-based scaffolds produced nano-
fibers with a smaller diameter than the CS-based scaffolds (Fig. 1). The
porous structure, interconnection size, and degree (interconnectivity) of
the scaffolds are critical factors in determining their suitability for
specific applications such as angiogenesis and wound healing [78,80].

3.2.2. Mechanical property
In this study, we used mechanical properties such as thickness and

tensile strength to assess the interactions between a drug and a polymer
in a nanofiber scaffold containing the hydrophobic small molecule BAC.
Tensile strength (MPa), modulus (MPa), and elongation at the break (%)
values for various scaffolds are provided in Table 1 and Fig. S2. The
thickness analysis results revealed similar thicknesses for chitosan and
PHPC nanofilms (P>0.05). The addition of baicalin to blank films
increased the thickness of the nanofibers, although this difference was
not significant (p>0.05). The blank PHPC scaffold (PHPC/PVA)
exhibited lower tensile strength and modulus but higher elongation at
the break values compared to the blank CS scaffolds (CS/HA/PVA).
Incorporating proline and hydroxyproline into the CS reduced physical
interchain interference and improved elongation at the break (%) values
of the scaffolds. However, it seems that PHPC film had better elasticity
than chitosan nanofibers, as the addition of collagen-based amino acids
reduced the resistance of PHPC nanofibers to tensile stress. Although the
mechanical properties of the mats were influenced by the inclusion of
BAC and tensile strength slightly decreased in both CS/PVA/BAC and
PHPC/PVA/BAC scaffolds (P<0.25), as per a previous report [81]. BAC
loading had no adverse effect on the crosslinks and interchain connec-
tions in the structure of chitosan derivatives and the overall mechanical
properties of the nanofibrous dressing.

3.2.3. WVP property
The effectiveness of wound dressings in retaining moisture and

promoting cell growth depends largely on how well nanofiber scaffolds
transmit water vapor [82,83]. Based on the information in Table 1, the
incorporation of BAC into CS/PVA and PHPC/PVA scaffolds resulted in a
reduction of their WVP. The findings suggest that PHPC/PVA/BAC
exhibited a significantly lower WVP than the CS/PVA/BAC scaffold
(P=0.030). It seems that a PHPC/PVA/BAC scaffold with lower WVP
may be more effective in preventing dryness and sustaining proper
moisture and oxygen levels necessary for optimal wound healing, as
compared to the CS/PVA/BAC scaffold.

3.2.4. WL analysis
The degradation rate of the scaffolds is illustrated by the percentage

of weight loss over the incubation time in the PBS solution at 37 ◦C
(Table 1). The results indicate that CS/PVA showed higher degradation
resistance than PHPC/PVA. These findings can be attributed to the
amidation reaction and the grafting of Pr-Hyp amino acids onto chitosan
chains, leading to improved contact angles and intermolecular in-
teractions, transforming the performance from hydrophobic to hydro-
philic, which gives the polymer a positive charge, making it easier to
disperse [61]. Additionally, the presence of C=N groups in PHPC films
enhanced the water solubility of chitosan. At the same time, adding BAC
reduced the degradation rate of dissolved scaffold components, poten-
tially due to its lower water permeation rate and lipophilic nature.
CS/PVA/BAC and PHPC/PVA/BAC scaffolds exhibited biodegradable

A. Sharifi et al. Applied Materials Today 41 (2024) 102519 

6 



properties suitable for effective wound dressing.

3.2.5. Wettability and swelling property
The ability of nanofibers to absorb wound exudates is crucial for the

wound healing process. The wettability and swelling outcomes of all
prepared films are detailed in Fig. S3, and Table 1. The WCA of the
nanofibrous membrane surfaces were measured to assess their hydro-
philicity. According to Fig. S3, the nanocomposite containing hydro-
philic amino acids demonstrated improved wettability compared to the
CS-based counterpart. Specifically, the contact angles for CS/PVA and
PHPC/PVA were 95.3◦±3.2◦ and 53.5◦±1.2◦, respectively. Upon the
introduction of BAC into both matrices, the surfaces of the nanofibrous
membranes shifted towards hydrophobicity, aligning with previous re-
ports [43]. The swelling findings revealed that PHPC-based scaffolds,
specifically PHPC/PVA and PHPC/PVA/BAC nanofibers, exhibited su-
perior swelling ratio and water absorption, which was twice as high as
their CS-based counterparts, CS/PVA and CS/PVA/BAC nanofibers,
creating a hydrated environment conducive to wound healing. Inter-
estingly, adding BAC to the nanofibers did not result in any significant

changes in the swelling ratio. Despite BAC being hydrophobic, the
nanofilms still displayed effective water absorption, which can be
attributed to the presence of CS and its derivative, PHPC, as the bio-
polymers constituting the films. The presence of amino acids such as Pr
and HyP, as water-soluble nitrogen-containing compounds in PHPC,
significantly influences the hygroscopic nature of other inorganic com-
pounds in nanofibrous mats [84] and by increase in protein-water
hydrogen bonds, the water-absorbing capabilities and elasticity were
enhanced [85]. These results suggest that the interactions between
PHPC components within the nanofibers greatly impact the water up-
take properties of particle mats, leading to controlled release of thera-
peutic BAC, and improved dressing adhesion.

3.2.6. Mucoadhesive property
Chitosan and its derivatives have a positive charge due to the amine

group, allowing them to bind with negatively charged components of
mucus and epithelial surfaces. This property could aid in developing a
more effective mucoadhesive DDS with a suitable therapeutic moiety for
treating oral disorders [86]. In Table 1, an additional test was conducted

Fig. 1. SEM images of CS/PVA, PHPC/PVA, CS/PVA/BAC, and PHPC/PVA/BAC nanofiber scaffold (A) and its fibrous structure (B), and average diameter com-
parison (C) (n=100).

Table 1
Characterization of negative control, PHPC and CS blank, and BAC loaded- scaffolds.

Scaffold Nanomat thickness (µm) Tensile strength
(MPa)

Elongation at
break (%)

WVP (mg/cm2/h) Weight loss (%) Swelling (%) Mucoadhesive
force (g)

Day 7 Day 14
CS/PVA 8.21±0.9 46.80±3.7 13.60±1.1 12.28±2.5 23.17

±1.3
37.11
±1.8

34.70±2.6 21.20±1.6

PHPC/PVA 8.82±1.1 22.91±1.2 22.50±2.9 11.80±1.6 29.14
±0.9

42.10
±1.5

72.36±8.1 28.71±2.1

CS/PVA/BAC 8.91±0.6 45.6±3.5 11.61±1.8 11.90±2.3 19.23
±2.1

25.13
±1.6

28.60±3.3 15.22±1.3

PHPC/PVA/
BAC

9.31±0.7 18.20±1.3 19.32±0.9 10.59±1.8 24.28
±1.8

33.12
±1.2

60.8±4.3 20.30±2.6
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to broaden the application and improve the efficacy of baicalin in
BAC-loaded CS/PHPC nanofiber mats for topical oral wound dressing
[87,88]. The results showed that the force required to separate the
PHPC/PVA nanofiber scaffold from the tongue was significantly higher
than that of the CS/PVA (P≤0.05). However, the addition of BAC
significantly decreased the mucoadhesive properties in both
PHPC/PVA/BAC (P=0.033) and CS/PVA/BAC scaffolds (P=0.035) due
to BAC’s poorly hydrophilic and lipophilic compound nature. Baicalin’s
basic structure includes a benzopyran ring and a phenolic moiety
forming an anomeric linkage with a glucuronic acid moiety, making the
molecule soluble in polar protic solvents. It has a Log P value of 1.1,
indicating poor lipophilicity. The molecule’s main property is the
presence of a di-hydroxylated (catechol) substitution on ring A, char-
acteristic of active redox polyphenolic compounds, making them
promising materials for oral administration [89]. Although the findings
suggest that the addition of BAC may impact the physical properties of
the CS/PHPC nanoscaffolds, it can still serve as an effective drug de-
livery system for maxillofacial surgery [90,91]. The promising wound
dressing PHPC/PVA/BAC exhibits biocompatible and biodegradable
properties that enhance the oral bioavailability of BAC and its effec-
tiveness on wounds. Pr/HyP is rapidly metabolized within the wound
skin [92] and PVA can degrade by PVA oxidases/hydrolases enzymes
through interactions with oral symbiotic microbiota [93] while chitosan
can be easily broken down inside the human body through enzymatic
hydrolytic degradation mechanisms, specifically those involving lyso-
zymes [94,95]. Nevertheless, the literature suggests that modifying
chitosan by incorporating sodium alginate (ALG), polyethylene glycol
(PEG), and thiol groups can significantly enhance its mucoadhesive
properties compared to unmodified chitosan [96,97].

3.2.7. FT-IR of nanofiber scaffolds
The interaction between the different components and BAC during

the electrospinning procedures was evaluated using FTIR spectra (Figs. 2
and S1A). In the CS/PVA and PHPC/PVA blank films, various peaks were
observed, including a broad peak at 3337–3454 cm-1 related to O–H and
amine N-H symmetrical vibration, as well as the intra- and inter-
molecular hydrogen bonds. The peaks at 2923–2873 cm-1 are related
to C-H asymmetric and symmetric stretch vibration from CH2 and CH
groups. The band at 1637–1644 cm-1 is linked to water molecules that
are associated with the C–OH from the glycosidic units of polysaccharide
chains, as well as the presence of residual N-acetyl groups (C=O
stretching of amide I), and N-H in plane deformation coupled with C–N
stretching of amide II from CS. The bands from 1425–1444 cm-1 are
related to CH2 deformation groups, while the band at 1384 cm-1 corre-
sponds to –CH3 symmetric deformation, and the bands at 1334–1338
cm-1 are associated with C-N bond stretching of amide III. The band at
1154 cm−1 is attributed to the glycosidic linkage, and the absorption
bands in the range 1083–883 cm−1 belong to the C–O–C glycosidic ring
(skeletal vibration involving the C–O stretch). The increase in the in-
tensity of the bands from 2923 cm-1 (CH2 groups), 1450–1437 cm-1 (CH2
bonds), and at 854–853 cm-1 (NH groups) in the spectrum of CS and
PHPC blank films confirms the covalent cross-linking. In the case of
BAC-loaded CS/PVA/BAC and PHPC/PVA/BAC scaffolds, the peaks at
3445 and 3337 cm-1 indicate the O–H stretching of the BAC molecule.
The appearance of C=O stretching vibration peaks of the carboxyl group
at 1735 cm-1 confirms the successful synthesis of the acidic intermedi-
ate. The free BAC spectrum demonstrated absorption peaks at 1660 cm-1

and 1496 cm-1, which are related to aromatic bending and stretching
[98].

Fig. 2. FT-IR spectra of CS/PVA, PHPC/PVA, CS/PVA/BAC, and PHPC/PVA/BAC skin scaffolds.
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3.2.8. DSC property
The Differential Scanning Calorimetry (DSC) thermograms were

used to analyze the thermal behaviors of various nano scaffolds
including CS/PVA, CS/PVA/BAC, PHPC/PVA, and PHPC/PVA/BAC, as
well as individual compounds CS and PVA (Figs. 3 and S4). When BAC
was in its crystalline form, a single depression was observed at its
melting point, while no melting peak was observed when the drug was
amorphous. The DSC thermograms of pure BAC exhibited an endo-
thermic peak near its melting point temperature range and an
exothermic peak related to flavonoid oxidation (Tm baicalin = 212.9
◦C), which has been reported in the literature [99,100]. Additionally, it
displayed a wide absorption peak at 120.3◦C, attributed to the dehy-
dration of baicalin [99]. The absence of phase transitions indicated that
BAC in CS/PVA/BAC and PHPC/PVA/BAC was molecularly dispersed
and might have been in an amorphous form, allowing for easier disso-
lution [100]. The disappearance of the melting point peaks of baicalin
suggested the success of the inclusion complexation, concealing the
crystal characteristics of the drug [99]. According to previous reports,
PVA typically melts within a certain temperature range, during which
the degradation of PVA begins [101]. Therefore, the melting of PVA was
not detected in this study. The dissolution rate of BAC is influenced by
the surface area and the degree of crystallinity of the compound. The
amorphous forms of flavonoids offer improved solubility and compati-
bility, but their instability presents challenges due to their inclination to
transform back into a crystalline phase [102]. Furthermore, the
cross-linked structure of flavonoids was observed to enhance their
thermal properties by limiting heat and oxygen access to BAC particles,
thereby retarding thermal decomposition and oxidation processes
[103].

3.2.9. Drug release
The drug concentration (BAC) in the electrospinning solution was

standardized at 100 µM based on the survival rate results of MDF cells
(Fig. S5). The drug content per cm2 of CS/PVA/BAC and PHPC/PVA/
BAC scaffolds was found to be 0.21 ± 0.03 mg and 0.23 ± 0.02 mg,
respectively. The drug amount in each scaffold ranged between 98 and
102% of the nominal amount, indicating uniformity in drug content.
BAC molecules were distributed throughout the polymer matrix of CS/
PVA/BAC and PHPC/PVA/BAC scaffolds as there was no membrane
acting as a diffusion barrier in this matrix-type system. This system
exhibited a high initial release rate, followed by a decreased release rate
associated with the diffusion distance of the drug molecule within the
solution medium [104]. After 5 hours, the high-release phase resulted in
the release of 18% and 24% of BAC through the CS/PVA/BAC and

PHPC/PVA/BAC scaffolds, respectively (Fig. 4). During the sustained
release phase of 96 hours, the release rate further increased, resulting in
the release of 67.3% and 76.8% of BAC from the CS/PVA/BAC and
PHPC/PVA/BAC scaffolds, respectively (P<0.05). This is attributed to
the hydrophilic property of PHPC and its rapid swelling after long-term
soaking. In diffusion-mediated controlled release system,
post-solubilization the diffusion kinetics of a drug molecule is the
limiting factor. The drug-containing core is enveloped by a polymeric
nanofibrous membrane, creating a reservoir system. As the drug con-
centration decreases between the two sides of the scaffolds, the release
rate at the end of the test also decreases [104]. Flavonoids like BAC face
challenges in reaching their intended targets in effective doses due to
their poor solubility and bioavailability in pharmacokinetic studies.
However, electrospun nanofiber-based films can serve as smart drug
carriers to improve BAC dispersion, solubility, drug wettability, stabil-
ity, and performance both in vitro and in vivo [43,81,105].

While baicalin displayed a slow release pattern through scaffolds
with different hydrophilic and lipophilic properties in this study, a
previous report demonstrated that an injectable BAC/Pluronic® F-127
hydrogel exhibited a rapid release, with over 70% of the baicalin being
released within the first 8 hours, followed by a gradual release over the
next 16 hours [42]. In another studies, the CS/dioleyl phosphatidyl
ethanolamine/baicalein nanohydrogel containing 8.6% drug released
approximately 65% of baicalein within 24 hours [106]. Additionally,
baicalin-loaded core-shell structure scaffolds, composed of size-stable
poly-caprolactone (PCL) and Poly (lactic-co-glycolic acid) (PLGA),
released 73.2% of the loaded baicalin after 28 days. The hydrophobic

Fig. 3. DSC patterns of BAC, CS/PVA, CS/PVA/BAC, PHPC/PVA, and PHPC/PVA/BAC skin scaffolds.

Fig. 4. Release profiles of BAC from CS/PVA/BAC, and PHPC/PVA/BAC skin
scaffolds in PBS at pH 7.4 for 96 h. The data are expressed as mean ± SD from
three independent experiments.
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properties and core-shell structure of the PCL/PLGA scaffolds acted as a
physical barrier against baicalin diffusion [81]. In contrast, CS/PVA and
PHPC/PVA scaffolds exhibited faster release due to their hydrophilic
nature, fast water infiltration, and low physical barrier against baicalin
diffusion. On another side, targeted drug delivery techniques have
improved the bioactivity of therapeutics and the controlled release of
drugs. In this context, the pH-responsive drug release capability of a
baicalein-encapsulated drug delivery system (DDS) with a zeolite
imidazole framework-8 (BA@ZIF-8) as a treatment carrier showed a
cumulative drug release of up to 65.8% at an acidic pH ~ 5 and 52.46%
at a pH ~ 6. This suggests that the decomposition or cleavage of the
nanocomposite wound closure material may depend on their
drug-loading capacity and the pH-responsive drug release mechanism
[107].

Since wound dressings are typically applied for several days, a slow
and sustained release pattern could be an ideal model for continuous
drug delivery. To investigate this, the release kinetics of baicalin was
analyzed using various mathematical models [108]. The suitability of
the delivery system was evaluated based on the regression coefficient
(R2) values close to 1. In this study, (R2) values were calculated for
various models including first-order ((R2 = 995, and 989), zero-order
(R2 = 916 and 926), and Higuchi’s model (R2 = 954 and 942) in
CS/PVA/BAC and PHPC/PVA/BAC scaffolds, respectively. The results
confirmed that baicalin adhered to the first-order kinetic model with
strong linearity for both scaffolds, consistent with a prior study on bai-
calin/F127 hydrogel [42]. The release mechanism of BAC may involve
polymer matrix swelling and drug diffusion, suggesting that baicalin
follows a first-order kinetic model where the release is controlled by
drug dosage and diffusion through the nanofiber matrix. Desorption
from the surface of the nanofibrous mat is proposed as the primary
mechanism for baicalin release and independent from the biodegrada-
tion of the nano scaffold, as reported in previous studies [42,105,109,
110]. To address the limitations of using a single material as a carrier, a
combination of two or more carrier materials with distinct hydrophobic,
hydrophilic, and coating properties is commonly used to enhance
pharmaceutical formulations and improve the solubility of active/-
natural compounds [111]. Baicalin molecules were probably bound to
the primary hydrophobic binding sites of Pr and HyP within the PHPC
from the nanofiber mats. Hydrophobic interactions and strong hydrogen
bonding may have occurred, involving the –OH groups of baicalin
interacting with the oxygen and nitrogen of PHPC. Additionally, the
benzene ring may have been involved in hydrophobic interactions with
amino acids of PHPC and formed non-covalent π-stacking interactions,
indicating the important role of baicalin in regulating the
cross-interaction process [112,113]

Although baicalin capsules were approved for adjuvant therapy of
hepatitis by the State Food and Drug Administration of China in 2005
[114] when applied topically, baicalin still presents limitations
including rapid hydrolysis to its aglycone baicalein by the β-glucuroni-
dase enzyme during the wound-healing phase [114,115] extensive
binding to human plasma proteins (86–92%) [116] a short elimination
half-life (6.36 ± 5.85 h) [91] poor permeability [46,89] and reduced
cell viability at high doses (≥200 μg/ml) [117]. These drawbacks have
hindered its practical application in drug production, highlighting the
importance of finding ways to enhance its bioavailability through sol-
ubilization. The current wound dressing effectively releases baicalin in a
controlled and sustained manner over a prolonged period, eliminating
the requirement for frequent dressing changes.

3.3. Biological properties of the skin scaffolds

3.3.1. Drug dosage
The results presented in Fig. S5 demonstrate that different levels of

BAC (ranging from 25-125 μM) have varied impacts on MDF cell pro-
liferation. At lower concentrations, BAC did not significantly affect MDF
cell viability, whereas higher concentrations led to decreased cell

viability. Even when administered at a concentration of 100 μM, cell
viability remained at approximately 85%. This suggests that BAC could
potentially support wound healing as it does not emit harmful sub-
stances in dressing materials. However, scientific evidence indicates that
BAC possesses toxicity potential in a cell-specific and dose-dependent
manner [117,118]

3.3.2. Morphology of cell-hybrid scaffolds
The SEM images shown in Fig. 5 reveal that both the CS/PVA/BAC

and PHPC/PVA/BAC skin scaffolds exhibit a porous and fibrous struc-
ture, creating a suitable surface for MDF cells to adhere and spread along
the surface of the nanofibrous mats. The MDF cells not only grew and
covered the edges of the biomaterials but also integrated into the scaf-
fold pieces.

Cells seeded on both sides of the nanofiber scaffolds facilitated the
bonding of adjacent membranes through the secretion of ECM. How-
ever, it is important to note that the tightly packed electrospun nano-
fiber mats may have limitations due to their 2D structures, which restrict
cell penetration and growth within the nanofiber matrix [119]. There-
fore, it is crucial to develop a novel approach for creating electrospun
scaffolds that possess a stable 3D structure, while also displaying
nanofibrous morphologies and deep interconnected pores. This will
provide an additional direction for cell-cell interactions, cell migration,
and cell morphogenesis, all of which are vital in regulating the cell cycle
and tissue functions [119].

3.3.3. Cytotoxicity and cell viability
Engineered materials with non-immunogenic, non-toxic, flexible,

and degradable properties are excellent for creating scaffolds that mimic
a natural microenvironment for cells. These cell-hybrid scaffolds can
support interactions between nano-biomaterials, stem cells, and the
ECM, providing a surface for cell adhesion and proliferation, as well as a
structure for tissue regeneration [120]. As shown in Fig. 6, the CS/PVA
and PHPC/PVA nanofiber scaffolds showed great cytocompatibility and
positively influenced the growth of skin fibroblast cells. This is likely due
to the presence of proline and hydroxyproline, which provide a bio-
mimetic microarchitecture for cell adhesion and growth. The MTT assay
results also revealed that the PHPC/PVA scaffolds were significantly
better at promoting cell proliferation compared to the CS/PVA scaffolds
(P˂0.05). The pH range of burned skin upon admission was found to be
6–9.5 [121]. Chitosan, with a pKa of 6.5, can solubilize in acidic pH due
to the protonation of free amino groups leading to a higher surface
charge and positive zeta potential. These pH-sensitive properties of
chitosan allow for better interaction with cells, enhanced cellular up-
take, and selective drug release in specific microenvironments in and
around cells [122]. Modifications in PHPC-based scaffolds resulted in
decreased surface cationic density, and lower ionic interaction with the
negatively charged cell membrane, making them less toxic and more
suitable for cell attachment compared to native CS [38,98].

Fig. 7 illustrates the presence of viable cells in nanofiber scaffolds
using various staining methods such as EB/AO and DAPI. Through
fluorescence staining, changes in the color of the nuclear chromatin
indicated DNA condensation, nuclei fragmentation, and chromatin
degradation, distinguishing between living, dying, and dead cells [123,
124]. This staining approach allowed for the differentiation of apoptotic
MDF fibroblast cells with damaged membranes (red and light blue cells)
from the intact cell membrane of alive cells (green and blue cells). The
staining methods and MTT test confirmed the cytocompatibility and
biodegradability of PHPC/PVA and PHPC/PVA/BAC nanofibrous scaf-
folds, making them a well-suited matrix for promoting cellular skin
fibroblast response, deposition, and proliferation in regenerative medi-
cine applications [81,98].
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3.4. In vivo study

3.4.1. Wound healing (macroscopic views)
During the wound-repairing process, particularly the inflammation

phase, the cytoprotective activity and antioxidant capacity of baicalin
play a significant role [41,42]. As shown in Fig. 8, the change in wound
area after 7 and 14 days of treatment with different nanofiber scaffolds is
illustrated, while Fig. 9 presents the percentage of total wound closure

and the relative contributions of contraction and re-epithelialization
after 3, 7, and 14 days post-injury. The results indicate that within the
control groups, 60% of the wounds had healed after 14 days, demon-
strating a self-healing effect. In the case of CS and PHPC blank and
BAC-loaded CS/PHPC nanofibers, no significant difference was observed
compared to the control group after 3 days. However, a significantly
accelerated wound healing (P=0.041) was evident after 7 days of
treatment with PHPC-based scaffolds. This enhanced wound healing
may be attributed to the regulatory role of proline and hydroxyproline
metabolism in collagen biosynthesis and cellular metabolism (particu-
larly the synthesis of arginine, polyamines, and glutamate through
pyrroline-5-carboxylate, which contributes to collagen rebuilding) [38,
125,126]. It was observed that almost complete wound closure was
achieved after 14 days of treatment for both CS and PHPC blank and
BAC-loaded CS/PHPC nanofiber scaffolds. However, PHPC-based scaf-
fold groups exhibited significantly lower unclosed wound areas than the
control group (P˂0.05). Moreover, the addition of mouse fibroblast cells
enhanced the wound healing effect of both CS/PVA/BAC/MDF and
PHPC/PVA/BAC/MDF scaffolds compared with controls (P˂0.05)
[127]. Notably, the findings suggest that BAC-loaded PHPC-based
nanofibers have superior wound repair properties compared to CS-based
scaffold counterparts [98] which may be attributed to the amplified
antioxidant activity of BAC through its interactions with MDF cells,
although the specific mechanism remains unclear. Plausibly, the accu-
mulation and activation of play a key role in the formation of

Fig. 5. Scanning electron micrographs showing the morphology of cell-hybrid scaffolds 24 h after fibroblast seeding over PHPC/PVA/BAC (A), and CS/PVA/BAC (B),
skin scaffolds. The MDF cells are indicated with blue arrows, shown at both low magnification (A, B) and high magnification (a, b).

Fig. 6. Cell-loaded in CS/PVA, PHPC/PVA, and well plate without nanofiber
(control) survival in MTT assay at 24 and 48 h. Data are presented as mean ±

SD (n=3); *P < 0.05.
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granulation tissue and wound contraction, which accelerates the healing
process [127]. Apart from releasing soluble mediators through ECM
remodeling, fibroblasts also secrete and activate bioactive factors such

as TGFβ that can impact tissue repair, and release lysyl oxidase, which
assists in ECM degradation via matrix metalloproteinases (MMPs),
thereby facilitating cell invasion into injured tissues and influencing

Fig. 7. The PHPC/PVA scaffolds in both 3D (a) and 2D (b) views, MDF cells characteristics 24 hours before loading on nanofiber mats (c), and fluorescence mi-
croscopy images of cell viability on the PHPC/PVA nanofibrous scaffolds (d). Dual EB/AO staining of loaded cells after 24 hours of seeding on scaffolds (e), showing
the live (AO, green) and dead (EB, red) cells. DAPI staining showing non-induction of apoptosis in MDF cells on the PHPC/PVA/BAC (f).

Fig. 8. Macroscopic view of wound changes on days 7 and 14 in the control group and treatment skin scaffold groups, including CS/PVA, PHPC/PVA, CS/PVA/BAC,
PHPC/PVA/BAC, CS/PVA/BAC/MDFs, and PHPC/PVA/BAC/MDFs.
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tissue rigidity and porosity [127,128]. In this way, the bioactive mole-
cules released by fibroblasts act in paracrine ways to influence the
functions other cells cell involved in immune regulation. Additionally,
fibroblasts secrete proinflammatory cytokines such as tumor necrosis
factor-α, interleukins, and C-C and C-X-C chemokines, which attract
neutrophils, monocytes, and macrophages to the affected wound sites
[127–130].

In terms of quantifying wound healing, the percentage of wound
closure attributed to contraction was generally less than ~66% and
~73% in the blank and BAC-loaded CS/PHPC nanofiber scaffolds,
respectively, whereas the percentage levels of WCR was greater than
WCC at each time point analyzed (Fig. 9) [131]. These findings indicate
that a significant part of closure in murine excisional wounds enhances
re-epithelialization for all groups, with the highest % WCR rate of 92 ±

1.3% and 87 ± 1.1% observed for PHPC/PVA/BAC/MDF and
CS/PVA/BAC/MDF on day 14, respectively (P<0.05) (Fig. 9). However,
although the contraction continued to increase from day 7 to 14 for all
groups, on day 14, the final observation time, the apparent contribution
of contraction to TWC increased relative to that of re-epithelialization,
particularly in MDF and BAC-loaded CS/PHPC nanofiber scaffolds,
which exhibited the highest % WCC rate of 43 ± 1.6% and 41 ± 1.2% on
day 14, respectively (P<0.05) (Fig. 9). The results suggest that while
murine excisional wounds do demonstrate contraction, the level of
contraction is limited until complete epithelial closure is achieved
[131]. Subsequently, the wound continues to contract upon closure,
giving the impression of predominant closure through contraction.
These results align with previously reported data indicating a contri-
bution of 50% ≤ by re-epithelialization during the phase of wound
closure using potential therapeutic electrospun nanofiber mats [132]. In
comparison with other BAC-loaded advanced materials, previous studies
have shown that baicalin-containing hydrogels and nanohydrogels have
demonstrated accelerated wound healing and inhibition of specific in-
flammatory markers. For example, baicalin/F127 hydrogel resulted in
almost complete wound closure after 15 days of treatment [42] while
baicalin-coordinated borate ions/bacterial cellulose (Bai-B/BC) com-
posite hydrogel significantly accelerated the healing process of chronic
wounds, promoting uniform and orderly collagen deposition after 17
days of treatment [133]. Additionally, a gellan-cholesterol nano-
hydrogel containing baicalin accelerated wound healing in 12-O-tetra-
decanoylphorbol 13-acetate (TPA)-injured skin mice after 3 days
[134]. Baicalein-functionalized collagen scaffolds (BFCSs) have also
shown promise in inducing tissue regeneration and directing neuronal
differentiation to enhance spinal cord injury repair [135]. Nevertheless,
the current research suggests that biodegradable fibroblasts loaded

PHPC-originated nanofibers could be a promising candidate for
cell-based therapy due to their potential to enhance the proliferation of
dermal and epidermal cells, and promote the formation of granulation
and epithelial tissues [136] regardless of the effective role of BAC in
wound healing.

3.4.2. Histocompatibility (microscopic views)
All dermal wounds heal through three primary mechanisms:

contraction, connective tissue matrix deposition, and epithelialization
[137]. The histopathological features of wounds in various groups are
depicted in Fig. 10A. Following 7 days of treatment, the control group
exhibited thick scabs with numerous inflammatory cells and cellular
infiltration, and by day 14, it showed the lowest keratinocyte prolifer-
ation compared to the treated groups. The maturation phase was
incomplete by day 14, and the fresh wound dried much quicker than the
treatment groups with scaffolds, as thick collagen fiber bundles were not
observed. In the CS/PVA and PHPC/PVA groups, the site of inflamma-
tory exudates was evident, along with the infiltration of inflammatory
cells, particularly neutrophils (Fig. 10A). Abundant fibroblast cells and
blood vessels comprised the organization of collagen fibers and the
granulation tissue on the floor and sides of the wound. In the case of the
blank PHPC/PVA nanofiber, the proliferation phase commenced on day
3 and persisted until day 14, with the maturation phase initiating on day
14, as collagen fibers were detected in the wound. The incorporation of
phenolic flavonoid antioxidant substances like BAC in PHPC/PVA/BAC
nanofibers expedited the inflammation and maturation phases, leading
to the presence of more keratinocytes, and inflammatory cells such as
macrophages, and neutrophils, as well as collagen fibers and ordered
connective tissue [41]. The proliferation of fibroblast cells within the
BAC-loaded PHPC scaffolds enhanced the accelerating effect of BAC on
wound healing, generating and relocating numerous keratinocyte cells
to the wound. The formation of collagen fiber was also evident 3 days
post-treatment and continued through day 14. Similar outcomes were
observed in the case of CS/PVA/BAC/MDF, however, PHPC/PVA/-
BAC/MDF proved to be a superior scaffold for keratinocyte proliferation
and collagen fiber appearance compared to its CS-based counterpart,
suggesting a more pronounced impact on wound healing [41].

Re-epithelialization (epithelial regeneration) is crucial for effectively
closing a wound. Within a day of the injury, basal cells from the lower
layer of the skin near the wound start multiplying and moving toward
the damaged area until the skin has returned to its normal thickness
[138]. In this line, on the 7th day, the treated BAC-based groups showed
significantly improved epithelialization and neovascularization
compared to the control group, as well as groups treated with blank

Fig. 9. The percentage of total wound closure (TWC) was determined by assessing the wound closure attributable to re-epithelialization (WCR) and wound closure
attributable to contraction (WCC) at different time points. To calculate this, the area of the remaining wound was divided into the original wound (A), newly re-
epithelialized skin (B), and wound contraction (C). The percentages of WCR and WCC were measured as ([B-C]/B × 100) and ([A-B]/A × 100), respectively. The
data are shown as mean ± SD (n=5); *P < 0.05, ns, not significant.
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CS/PHPC-based scaffolds. Histopathological analysis confirmed that the
BAC-loaded tissue-engineered nanofibrous scaffolds of CS/PHPC and
CS/PHPC-MDF demonstrated increased collagen deposition, and
epidermal and granulation tissue thickness, nearly completed epithelial
regeneration with normal keratinization and remodeling of connective
tissue, and enhanced angiogenesis, all contributing to the observed
improved wound healing effects (Fig. 10A) [41,128]. To support this,
baicalin has been shown to reduce the inflammatory response by
recruiting M2 macrophages (pro-healing) to the implantation site by
modulating the polarization of M1 macrophages towards the M2
phenotype and downregulating the expression of macrophage migration
inhibitors monocyte chemo-attractant protein (MCP)-1 and macrophage
inflammatory protein (MIP)-3a [49,50]. Baicalin also reduces the time
of healing and contraction of the wound while increasing the rate of
epithelialization possibly mediated by stimulating angiogenesis-related
gene expression through the vascular endothelial growth factor
(VEGF) and MMP pathways [41,49]. Aside from our results relying on
baicalin’s effectiveness in promoting keratinocyte migration and fibro-
blast proliferation, topical application of baicalin on reconstituted mu-
rine hair follicles has demonstrated an increase in the development of

terminal hair by activating Wnt/β-catenin signaling and dermal papillar
cells [41,51]. This indicates that baicalin impacts various processes at
the wound site, including keratinocyte and fibroblast interaction, syn-
thesis and breakdown of ECM proteins, fibroblast chemotaxis, and
regulation of the immune response [41,51,52,128]. The baicalin-loaded
PHPC/CS has been found to enhance immune regulation and prevent
inflammatory infiltration, accelerating the maturation phases of cells
involved in dermal wound healing. In a related in vivo study, it was
observed that baicalin downregulated the expression of inflammatory
cytokines IL-1β, IL-6, and TNF-α by regulating autophagy via Akt/mTOR
and the ROS-mediated p38 MAPK signaling pathway, thereby improving
paracellular permeability [47,53–56]. This flavonoid also led to reduce
the expression levels of apoptotic genes Bcl-2 and caspase-9 in a
dose-dependent fashion [55] suppress the IKB kinase complex
(IKK)/IKB/NF-κB signaling pathway [55] and block the
TLR-4/NF-κB-p65/IL-6 signaling pathway [57] highlighting its
anti-inflammatory role in PHPC/PVA/BAC/MDF nanofibrous scaffolds
toward the faster wound healing potential (Scheme 2). However, more
studies are needed to explore the clinical application of baicalin, as well
as its synergistic or antagonistic effects in combination with other drugs.

Fig. 10. (A) Microscopic view (H&E staining) was conducted to assess the wound healing effects of skin scaffolds at 7 and 14 days in various groups including the
control group, CS/PVA, PHPC/PVA, CS/PVA/BAC, PHPC/PVA/BAC, CS/PVA/BAC/MDFs, and PHPC/PVA/BAC/MDFs groups. £ indicates fibroblast, ɸ indicates
keratinocytes migration, ** indicates collagen, *indicates granulation tissues, € indicates epithelial tissues, # indicates the blood vessel,ȸ indicates inflammatory cell
infiltration, yellow arrow indicates the epithelialization, and blue arrow indicates the neovascularization. (B) Hydroxyproline content (µg/mg protein) for all studied
group after14 days. Error bars show the means ± SD (n = 5), *P < 0.05, **P < 0.01, ***P < 0.001.
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Additionally, further research on the long-term toxicity, pharmacoki-
netics, and pharmacodynamics of these phytomedicines is necessary to
maximize their efficacy in various skin diseases.

3.4.3. Collagen deposition
The process of wound healing involves the remodeling and synthesis

of collagen, which is a crucial and lengthy final step. Proline and its
derivative, hydroxyproline, are the backbone of collagen synthesis,
making up ~23% of the amino acid content in collagen, and play a key
role in reducing scar thickness and strengthening the skin around the
wound [139]. Excessive availability of hydroxyproline at the wound site
can up-regulate collagen expression, particularly type I collagen, as well
as HIF-1α expression [139,140]. Thus, the rendering assays of this amino
acid in granulation tissue was used as a collagen turnover index. The
data presented in Fig. 10B indicates a significant increase in hydroxy-
proline deposition in rat skin tissue treated with PHPC/PVA/BAC/MDF
and CS/PVA/BAC/MDF on day 14 post-incision (P<0.05). Notably, the
PHPC/PVA/BAC/MDF group exhibited higher hydroxyproline content
compared to all other groups (P<0.05), reaching an equivalent level to
the sham control. However, there was no observable difference in
collagen deposition between the blank scaffolds of CS/PVA and
PHPC/PVA at the end of the experiment. Of note, the BAC-loaded
PHPC-based blank scaffolds demonstrated a noticeable increase in hy-
droxyproline deposition compared to other CS-based blank/control
groups (P<0.05) (Fig. 10B). Additionally, the concomitant use of the
drug (BAC) with PHPC/PVA scaffolds led to the relatively high amount
of hydroxyproline, which was found to be crucial in stimulating

messages for collagen synthesis, inducing cell proliferation, and modu-
lating collagen metabolism and deposition at the wound site. In contrast
to baicalin stimulates collagen synthesis [41,42,81,98] some evidence
suggests that baicalein has shown potential in alleviating TGF
β1-induced type I collagen production in lung fibroblast cells by
downregulating connective tissue growth factor (CTGF) [128]. How-
ever, despite the identified regulation of collagen biosynthesis at the
level of insulin-like growth factor-I receptor (IGF-IR), β1-integrin re-
ceptor, and NF-κB signaling as a mechanism for drug-dependent regu-
lation, recent data has provided evidence that the process of
proline-dependent regulation of collagen metabolism can significantly
increase collagen biosynthesis in cultured cells, especially in a
glutamine-free medium [125]. Overall, this research provides valuable
insights into the relationship between baicalin-based dressing bio-
materials and collagen production, offering a promising strategy for
burn wound healing.

4. Conclusions

In the present study, a new approach using electrospinning was
developed to create innovative nanoscaffolds for third-degree burn
wound recovery in a rat model by using a combination of Pr and HyP
functionalized CS derivative (PHPC), PVA, natural flavonoid of baicalin
(as drug), and MDF cells. The PHPC/PVA/BAC/MDF nanoscaffolds
depicted a porous structure with favorable physico-chemical charac-
teristics, moisture absorption ability, and cytocompatibility properties.
The results indicated that these nano-composites provided improved

Scheme 2. Schematic diagram of baicalin-based inhibited inflammation-related signaling pathways, whereas inflammation results are produced by tissue damage
[41,47,49–57].
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therapeutic benefits for managing burn wounds compared to other CS-
based composite and blank PHPC/CS-based counterparts. Our findings
suggest that these rendered encouraging cellularized dressing of
collagenous amino acid-based nanofibrous scaffolds with BAC-loaded
bioactivities could assist wound angiogenesis, re-epithelialization,
contraction enhancement, and reduce wound healing time, leading to
complete treatment within just 14 days.
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