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ARTICLE INFO ABSTRACT

Keywords: Wound dressings based on nanofiber polymer scaffolds with good antimicrobial performance and skin recon-
Chitosan-alginate struction ability are promising options to thwart wound infection and accelerate wound healing. This paper
Electrospinning

reports on the synthesis via electrospinning of chitosan-alginate (CS-Alg) nanofiber dressings with various
amounts of gentamicin (Gn; 0-10 wt%) as a drug delivery system. Smooth and continuous nanofibers with no
obvious beads were created, with increases in the amount of Gn resulting in reduced fiber diameter. Antimi-
crobial tests showed the Gn-loaded nanofibers had good antibacterial performance as indicated by the inhibition
of bacterial growth. CS-Alg nanofibers loaded with higher Gn concentrations exhibited greater antibacterial
performance than those with lower Gn concentrations. In vitro cell culture studies demonstrated that CS-Alg
wound dressings with 1-3% Gn improved L929 cell attachment and proliferation more than wound dressings
with higher Gn concentrations. In vivo experiments revealed that Cs-Alg nanofibers loaded with 3% Gn signif-
icantly enhanced skin regeneration in a Balb/C mice model by stimulating the formation of a thicker dermis,
increasing collagen deposition, and increasing the formation of new blood vessels and hair follicles. Collectively,
Gn-loaded CS-Alg wound dressings can be considered a good candidate for drug delivery systems and skin

Wound dressings
Antibacterial activity
Biompatibility

regeneration applications.

1. Introduction

Wound dressings play an essential function in supporting the healing
of particular kinds of wounds [1]. An ideal dressing needs to have
certain capabilities, such as supporting a moist environment at the
wound interface, permitting gaseous exchange, serving as an obstacle to
microorganisms, and eliminating excess exudates [2,3]. Numerous kind
of polymers for wound dressing applications have been utilized,
including alginate, collagen, and CS in various shapes in the form of
films, foams, fibers, or hydrophilic gels [4-7]. Furthermore, among the
many varieties of natural polymers for manufacturing wound dressings,
CS is regarded as an extremely favorable material because of its
outstanding cytocompatibility, nontoxicity, and antibacterial perfor-
mance [8-11]. In this regard, Huang et al. [12] showed that
layer-by-layer nanofibrous mats containing CS could improve biocom-
patibility and significantly enhanced the skin regeneration. Similarly, Tu

et al. [13] conclude that natural polymer containing carboxymethyl
chitosan (CMC) materials might be employed as nanofibrous matrices
for accelerating wound healing rate, particularly for infected wounds. In
other study, Xin et al. [14] showed that using natural biopolymers as
coating materials on the surface of nanofibrous mats leads to better cell
attachment and proliferation. However, it is not easy to prepare nano-
fibers from neat CS owing to its cationic charge [3,15]. Several exami-
nations demonstrate that blending polymer [16,17] including CS with
other polymers enhances fiber formation and increases its functional
characteristics [18]. Alginate (Alg) is a biocompatible polysaccharide
that is typically employed in pharmaceutical, cosmetic, and biomedical
applications. However, solid dressings consisting of alginate can absorb
water and lengthen the wound healing period and may not be effective
hemostatic materials, specifically towards large hemorrhages [3,
19-21].

Even though polymers have outstanding cytocompatibility, their
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antibacterial characteristics are unsatisfactory with respect to prevent-
ing infections in wounds [22,23]. Therefore, an additional essential
requirement for wound dressing materials to shorten the wound healing
period is the targeted delivery of drugs to the wound site [24]. Polymers
have been applied as drug carriers to create sustained and controlled
antibiotic release systems for the prevention of infections [25,26]. In this
context, gentamicin (Gn) is employed as a powerful antibiotic for the
treatment of numerous bacterial infections because it is effective against
a broad variety (Gram-positive and Gram-negative) of bacteria [25,27,
28]. Kondaveeti et al. [25,29] demonstrate the addition of Gn into a
polyvinyl alcohol-based wound dressing enhances wound healing
compared to traditional products due to the possible impact of Gn and
subsequent reduced infection of the wound [30-32]. Infections, partic-
ularly those induced by drug-resistant pathogens, can cause serious
complications to the wound healing process [33-35]; for example,
around 33% of bone implants lead to infections that require a second
surgery [36]. Karuppuswamy et al. [37] examined the drug release
behavior of polycaprolactone (PCL) nanofibers loaded with tetracycline
(TC), demonstrating that PCL/TC mats are able to provide constant drug
release for 8 d. Rapacz-Kmita et al. [38] considered the antibacterial
performance of a montmorillonite-gentamicin system, showing that
incorporation of Gn into the montmorillonite matrix leads to destruction
of E. coli bacteria. Substantial attempts were conducted to the devel-
opment of nanofibrous mats for skin regeneration utilizing synthetic and
natural polymers [1-4]. However, to the best of our knowledge, the Gn
drug-loading capacity of CS-Alg in a polymeric nanofiber has not pre-
viously been assessed. In addition, there is no report regarding illus-
tration of the exact antibacterial mechanism of Gn-loaded CS-Alg
nanofibrous mats for the enhancement of skin reconstruction. Thus, in
this work, CS was blended with Alg to fabricate a new type of dressing
via the electrospinning method with high antibacterial performance.
Electrospinning is an effortless and flexible method suitable for the
preparation of continuous polymer fibers ranging in diameter from the
micron-to nano-scale [39-41]. Thus this technique has been extensively
used to prepare ultrafine, smooth, and continuous nanofibers [41-44].
Among the several types of wound dressings, nanofibers created by
means of electrospinning continue to be extensively employed for
wound administration and skin tissue engineering [44,45]. Since
nanofibers is able to simulate the structure and function of extracellular
matrix (ECM) protein fibers of skin tissue and have a porous structure
that permits nutrient and gas transport [44-47]. Here, the characteris-
tics of Gn-loaded CS-Alg electrospun mats, such as morphology and
antibacterial performance, were evaluated, along with the attachment
and proliferation of fibroblasts on the mats. Finally, the wound healing
efficiency of an optimized wound dressing was evaluated for partial
burn wounds in a Balb/c mouse model, specifically in terms of wound
closure rate, skin regeneration, inflammatory response, and deposition
of collagen.

2. Experimental procedure

CS with a low molecular weight and degree of deacetylation of
75-85% was obtained from Sigma-Aldrich (St. Louis, MO, USA), along
with sodium alginate (SA; brown algae) and gentamicin (Ph. Eur. grade).
All other reagents and solvents were of analytical grade. For preparation
of the electrospinning solutions, CS was dissolved in 90% acetic acid at
5% w/v for 48 h at ambient temperature to attain a uniform solution.
Alg was then dissolved separately in deionized water for 24 h at ambient
temperature and then mixed with CS solution with stirring for 24 h (CS:
Alg v/v ratio of 1:1). Various amounts of Gn (1, 3, 5, and 10 wt% relative
to the weight of CS-Alg) were then dissolved in the as-prepared CS-Alg to
create CS-Alg/Gn solutions that were labeled CS-Alg/1Gn, CS-Alg/3Gn,
CS-Alg/5Gn, and CS-Alg/10Gn, respectively. The electrospinning
(Fanavaran Nano-Meghyas) process was conducted at room tempera-
ture, a constant flow rate of 2.50 mL/h, and a voltage of 15 kV.
Aluminum foil was placed 20 cm from the needle tip to collect the
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electrospun fibers. Thereafter, the electrospun nanofibers were cross-
linked for 12 h using glutaraldehyde vapors. Fig. 1 is a schematic pre-
sentation of this method. For antibacterial assessment, Gram-positive
Staphylococcus aureus (ATCC 12600) and Gram-negative Escherichia coli
(ATCC 9637) were employed in diffusion testing, with DOXY used as a
control according to Ref. [48]. The antibacterial effect of the samples
incorporating different amounts of Gn was determined by evaluating the
inhibition area (IA) using ImageJ software. The water uptake capacity of
samples was evaluated after immersion in pseudo extracellular fluid
(PECF) as simulated wound fluid for 24 h at 37 °C [49]. The amount of
water uptake was determined using the following equation:
Wo

W, —
Water Uptake (%) == X
0

100,

where Wy is the weight of pre-weighted mats and W, is the weight of
wet samples after immersion in PECF for 24 h (excess water was wiped
off with filter paper).

To assess cell attachment to the fiber layers, an 1929 fibroblast cell
line at a concentration of 2 x 10* cells/mL was seeded on sterilized CS-
Alg/Gn nanofibers [49] and cultured for 3 d, after which the cell scaffold
constructs were stained with DAPI (4',6-diamidino-2-phenylindole) and
then subjected to fluorescence image analysis (blue fluorescence in live
cells). All specimens were sterilized using ultraviolet (UV) radiation for
at least 2 h before the experiment. In addition, the morphology of the
attached cells was examined utilizing scanning electron microscopy
(SEM). The cell toxicity of the samples was evaluated utilizing the MTT
technique, with cells seeded at a concentration of 10* cells/mL in a
24-well plate and allowed to grow for various time periods at 37 °C [48].
The entire experiment was performed in at least triplicate to ensure
reproducibility of the results. An average of three measurements was
considered for each sample. SEM (JEOL JSM-6380LA) was employed to
study the morphology of the nanofibers. The sirius red staining method
was used to investigate the expression of collagen by L-929 cells cultured
on nanofibers [50]. Sirius red solution (0.1%) was prepared in a satu-
rated solution of picric acid (Sigma-Aldrich, USA) for 1 h. The sulfonic
acid groups from the anionic part of the dye react with basic groups of
collagen to produce red stains.

To study the in vitro release of Gn from the CS-Alg fibers, the
nanofiber samples were immersed in phosphate buffered saline (PBS)
and incubated at 37 °C. Drug release from biodegradable polymers is
determined via diffusion testing because these types of polymers as
employed for drug delivery system are degraded via hydrolysis. As water
molecules break the chemical bonds along the polymer chain, the
physical integrity of the polymer degrades and permits the release of the
drug molecules. At various time points, 1-mL subsamples of the PBS
solution were taken to determine the amount of released Gn; this sub-
sample volume was replaced with fresh PBS solution. Released Gn was
observed using UV spectrophotometry at a wavelength of 345 nm ac-
cording to Ref. [48].

For the in vivo study, male Balb/c mice (20-25 g) at 6-8 weeks of age
were caged individually and provided access to sterile food and water
for 1 week before starting the experiments. All procedures were
approved by Tehran University Animal Ethics Committee. Partial burn
wounds were generated on the shaved back of anesthetized BALB/c
mice. Briefly, the mice were anesthetized using ketamine/xylazine by IP
injection. Next, a 0.5-cm diameter brass sample was heated to 85 °C for
5 min and placed for 10 s on the disinfected back skin of each mouse.
Mice were randomly divided to three groups (n = 5 mice per group), in
which each mouse received either a gauze, Cs-Alg, or Cs-Alg/3Gn
dressing as a treatment. Images of wounds taken on day O, 4, and 7
post-injury were used to measure the wound contraction rate. At day 7
post-injury, treated mice were euthanized and skin tissues were har-
vested for histopathological analysis. The collected tissues were fixed in
10% formalin, dehydrated, and embedded in paraffin wax. The paraffin
embedded blocks were subsequently sectioned on slides to a thickness of
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Fig. 1. A schematic representation of the preparation and characterization of CS/Alg-Gn electrospun nanofibers.

5 pm. Finally, hematoxylin and eosin (H&E) and Masson’s trichrome
(MT) staining were performed according to Ref. [49]. Results are re-
ported as mean =+ standard error (SE), analyzed using SigmaPlot soft-
ware with p values < 0.05 (*) indicating significant differences.

3. Results and discussion
3.1. Fiber characterization

Fig. 2a shows the nanofiber morphology and diameter distribution of
the Cs-Alg/xGn mats. The SEM images reveal the smooth and continuous
nanofibers with a highly porous structure in the absence of obvious
beads achieved via electrospinning. Increasing the Gn content from 1 to
10 wt% leads to an obvious reduction in CS-Alg nanofiber diameter from
398 + 14 nm (CS-Alg/1Gn) to 301 + 10 nm (CS-Alg/10Gn) (Fig. 2b).
This is likely due to a decline in the viscosity of the electrospinning
solution as the Gn concentration increased, resulting in fewer in-
teractions between drug and polymer molecules via hydrogen bonding

Gn

TR

CS/Alg-1
o

[37]. In addition, the addition of Gn could increase the number of charge
carriers in the polymer solution that often assist in electrospinning,
leading to thinner fibers [51]. A histogram analysis (Fig. 2b) shows the
wide range of fiber diameters achieved corresponds to that of collagen
fibrils (10-300 nm) in native tissue, suggesting these nanofibers could
aid in cell growth.

A stress strain curve was generated for the Gn-incorporated CS-Alg
nanofibers (Fig. 3a). When employed to aid in the performance of tissue
engineering scaffolds, the membranes must be in a position to endure
great loads and maintain deformation. With increasing Gn concentra-
tion, the tensile strength (Fig. 3b) of the nanofibers increases and sub-
sequently the tensile strain at break decreases (Fig. 3c). Incorporation of
1 and 5 wt% Gn into the CS-Alg nanofibers leads to an incremental in-
crease in tensile strength from 2.91 to 3.35 MPa and increasing tensile
strain at break from 33.1 to 38.2%, respectively. Fibers with a smaller
diameter are expected to have superior tensile properties and tensile
strain. However, incorporation of 10 wt% Gn results in a reduction of
both tensile strength and tensile strain to 2.65 MPa and 30.2 wt%,
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Fig. 2. (a) SEM images and (b) distribution of fiber diameter for CS/Alg-xGn nanofibers (x = 0, 1, 3, 5, and 10 wt%).
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Fig. 3. (a) Stress-strain curves, (b) tensile strength, (c) strain at break, (d) water uptake, and (e) gentamicin release profile of CS/Alg-Gn nanofibers with various Gn

concentrations (*p < 0.05, **p < 0.01).

respectively. This is attributed to the structure of the electrospun
nanofibers loaded with high concentrations of Gn, which have a rougher
structure and large variations in diameter that lead to a reduction in
tensile strength [52]. Overall, the CS-Alg nanofibers containing 1-5 wt%
Gn have greater tensile strength and higher deformation resistance than
those with 0 or 10% Gn.

Wound dressings need to have an appropriate water intake ability to
avoid maceration and necrosis of tissue, permit water and nutrient
transport, and eliminate wound exudates [53]. Fig. 3d presents changes
in the water uptake of the CS-Alg mats with the addition of different
concentrations of Gn after soaking in PECF for 24 h. The water ab-
sorption capacity of the nanofibers considerably increases with
increasing Gn concentration. The CS-Alg mats exhibit the lowest water
absorption potential (231.1 + 8%), but this value climbs (to 295 + 11%)
with increasing Gn content (to 10 wt%). These results might be attrib-
uted to the smaller fiber diameter of Gn-incorporated nanofibers,
because thinner fibers have a greater specific surface area that results in
considerably more water adsorption potential [54]. In addition,
decreasing the fiber diameter leads to elevated porosity, which may lead
to escalating the water absorption ability of electrospun fibers [55].

3.2. Drug release

Fig. 3e displays the release trend of electrospun fibers loaded with

various amounts of Gn. The cumulative release from CS-Alg with 19 wt%
Gn features a noticeable burst release of 69.93% within the first 12 h,
which is substantially greater than for mats loaded with smaller amounts
of Gn. This burst release could be caused by the localization of physically
adsorbed drug in the vicinity of the surface, as reported elsewhere [26].
Following this initial burst, a gradual and constant release of Gn is
evident until the 10th day, which is probably the longest drug release
period for CS-Alg. Despite the fact that the expeditious release of drug at
early time points might lessen the infection risk, a gradual release trend
is typically more effective [30].

3.3. Invitro cell study

Nanofiber wound dressings that possess a comparable diameter to
ECM can facilitate the processes of cell adhesion and proliferation that
are essential for skin regeneration [56]. Fig. 4al-a5 are SEM micro-
graphs of L929 cells cultured on the CS-Alg/Gn nanofibers for 3 d. The
cells on the CS-Alg/Gn mats loaded with low concentrations of Gn have
a common morphology along with evidence of filopodia that allow the
cells to join together; in contrast, cell attachment and proliferation are
reduced in the neat CS-Alg mat and dramatically reduced in the CS-Alg
mat loaded with a high concentration of Gn. Fluorescence images show
cell adhesion on the CS-Alg/Gn nanofibers after 3 d (Fig. 4b1-b5).
CS-Alg mats with 1-5 wt% Gn support greater cell adhesion and viability
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Fig. 4. (al-a5) SEM images, (b1-b5) DAPI staining, and (c1-c5) sirius red staining of CS/Alg-Gn nanofibers with various Gn concentrations.

than mats with 10 wt% Gn. As such, the incorporation of a minimal
concentration of Gn appears to have great potential for enhancing cell
viability. The state of wound healing can be determined by measuring
the synthesis of ECM, the expression of which by cultured cells is
commonly measured by collagen staining with picro-sirius red [57].
Fig. 4cl-c5 depicts the expression of collagen by fibroblasts on
CS-Alg/Gn nanofibers after culturing for 7 d. Collagen expression on
CS-Alg/Gn nanofibers with lower Gn concentrations is higher than for
other samples; in other words, less staining is evident for fibroblasts
cultured on Gn-loaded nanofibers with higher Gn content. Furthermore,
collagen staining is significantly reduced in CS-Alg/10Gn nanofibers
compared to all other nanofibers. As noted above, this may be due to the
ability of Gn to stimulate apoptosis in fibroblasts in a dose-dependent
manner.

A wound dressing created to make contact with the wound tissue
need to have minimal cytotoxicity. The cytotoxicity of CS-Alg/Gn mats
toward L929 cells after culturing for 3 and 7 d is displayed in Fig. 5.
Plain CS-Alg nanofibers exhibit no noticeable cytotoxicity to the L-929
cell line throughout the period examined, while dose-dependent cyto-
toxicity to L-929 cells is observed for Gn-loaded CS-Alg nanofibers. In
comparison, CS-Alg/10Gn mats have considerably diminished cell
viability. Notably, the cell viability of CS-Alg/Gn extracts diminishes
with increasing culture time (from 3 to 7 d), which might be attributed
to the further release of Gn. These effects are most likely mainly due to
the greater amounts of antibiotics released, inducing apoptosis in cells
by means of cell membrane destruction and causing stress in the cells by
disturbing cell metabolic action [30].
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Fig. 5. Cell viability of CS/Alg-Gn nanofibers with various Gn concentrations
(*p < 0.05).

3.4. Antibacterial study

Two tests were performed to evaluate the antibiotic effectiveness of
the fabricated CS-Alg/Gn nanofibers towards S. aureus and E. coli. In the
agar disk diffusion test (Fig. 6a and b), a less significant inhibition zone
is noted for the CS-Alg mats without Gn, indicating CS-Alg has minimal
anti-bacterial performance. In contrast, the Gn-loaded mats effectively
inhibited the growth of bacterial cells throughout the examined incu-
bation time. The scaffolds with a greater concentration of Gn have larger
inhibition zones, with the largest towards both E. coli and S. aureus for
the CS-Alg/10Gn scaffolds. Fig. 6c¢ illustrates the percent bacterial in-
hibition for all samples at various incubation time points. Similar to the
diffusion examination, the neat CS-Alg fibers failed to present any
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Fig. 7. (a) Images of CFUs of E. coli and S. aureus on CS/Alg-Gn nanofibers with various gentamicin concentrations and (b) schematic illustration of the antimicrobial
mechanism of the nanofibers containing gentamicin.
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antimicrobial performance towards bacteria. The CS-Alg/10Gn
demonstrated the highest bacterial inhibition of 92.21 and 95.13%
after 48 h incubation towards S. aureus and E. coli, respectively. In
addition, an examination of colony forming units (CFUs) shows that CS-
Alg scaffolds without Gn have no effect whereas CS-Alg scaffolds loaded
with Gn drastically reduce the number of bacterial colonies (Fig. 7a).
The number of CFUs decreases with increasing Gn concentration. All
results verify that CS-Alg-xGn nanofibrous mats have the potential to
prevent infection by both Gram-positive and Gram-negative bacteria.
The mechanism of anti-bacterial activity of Gn is illustrated in Fig. 7b,
wherein Gn kills bacteria by inhibiting protein formation, nucleic acid
reproduction, formation of vital metabolites, and DNA destruction [58].
The interaction between Gn and bacterial cell walls results in cell
membrane rupture and subsequent loss of cell functions.

3.5. In vivo study

Fig. 8a shows macroscopic photos of wounds from the different
treatment groups along with wound contraction percentage measured 4
and 7 d post-injury. CS-Alg/3Gn nanofibers were selected for these in
vivo experiments due to their superior performance in in vitro tests in
terms of cytocompatibility and anti-bacterial properties, with their
wound healing efficiency compared with plain CS-Alg and gauze groups.
At day 4 post-injury, CS-Alg and CS-Alg/3Gn mats led to 18.49 + 2.18
and 28.04 + 1.71% wound closure, respectively; these values are
significantly higher than the 13.81 + 1.52% observed in the gauze-
treated group (p*< 0.05) (Fig. 8a). Furthermore, wound size signifi-
cantly decreased by day 7 in the CS-Alg/3Gn and CS-Alg groups
compared to the group treated with gauze. Specifically, wounds with
nanofiber dressings containing Gn healed faster, with a wound
contraction rate of 55.77 + 2.3% after 7 d of treatment (Fig. 8b). All of
the fabricated nanofibrous dressings adhered well to the surface of the
burned area with no need for biological adhesives and could be easily
peeled off without causing any injury to the wound site. This is attrib-
uted to the hydrophilic properties of the Alg and CS [3,5,45] that
allowed the fabricated wound dressings to keep the wounds hydrated. A
histological analysis was conducted to assess the healing progress of
wounds from the three treatment groups on day 7 post-injury (Fig. 9a
and b). The H&E images show that both the CS-Alg- and gauze-treated
groups have obviously damaged dermal tissue with epidermal detach-
ment and a high level of inflammatory cells including infiltration of
macrophages within the tissue. Furthermore, no obvious epithelializa-
tion and epidermis regeneration is evident in the gauze-treated groups.

(a) CS/Alg Gauze CS/Alg-3Gn

* 4

Wound Contraction (%)
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However, the burn wounds treated with CS-Alg/3Gn nanofibers devel-
oped an epidermis layer with the formation of more skin appendages,
including blood vessels, hair follicles, and sebaceous glands, and had less
inflammatory cell infiltration than the other treatment groups. The
gauze- and CS-Alg-treated groups display no complete formation of hair
follicles or sebaceous glands.

To further evaluate the functionality of the nanofibers in wound
healing progress, we stained wounds on day 7 with MT to assess collagen
formation during skin regeneration, as wound healing is mainly
dependent on collagen formation [59]. Fig. 9b clearly shows more
collagen formation in the CS-Alg/3Gn-treated group compared to the
gauze and CS-Alg groups. Specifically, denser collagen fibers in the form
of well-arranged bundles are evident in the CS-Alg/3Gn group, while the
gauze treated CS-Alg group displayed loose fibers and the smallest
quantity of collagen fibers among all groups. Overall, the CS-Alg/3Gn
wound dressing appears to advance the wound healing process in a
short time. The CS-Alg/3Gn scaffold is hypothesized to disrupt the
function of the cell membrane and then restrict nucleic acid synthesis by
bacteria. In this regard, Gn within the CS-Alg interacts with the outer cell
membrane of the bacteria leading to disruption of the cell membrane.
Specifically, Gn is released from CS-Alg and attaches to the bacterial cell
membrane, penetrating from the outer to inner membrane and leading
to DNA damage [60]; this instantly introduces the drug into the bacteria,
increasing the drug release rate. Ultimately, reducing the number of
bacteria with the Gn released from the CS-Alg fibers would serve to keep
the wound sterile and reduce the inflammatory responses, both of which
help the wound to heal faster [61].

4. Conclusion

Gentamicin (Gn)-loaded chitosan-alginate (CS-Alg) scaffolds were
fabricated via electrospinning to facilitate skin regeneration. The
nanofibrous scaffolds had a porous and interconnected morphology
featuring bead-free and randomly aligned continuous nanofibers.
Increasing the Gn content from 1 to 5 wt% led to increased water uptake,
mechanical strength, and deformation resistance, whereas further Gn
addition reduced mechanical properties. The nanocomposite Gn-loaded
CS-Alg scaffolds possessed antibacterial activity towards both Gram-
negative and Gram-positive bacteria and were able to protect wounds
from infection. MTT assays showed that cell survival on neat CS-Alg and
CS-Alg/Gn mats with lower amounts of Gn was greater than on those
with higher Gn amounts, implying a dose-related cytotoxicity with
increasing Gn concentration. SEM images likewise indicated good cell

(b))  mmCS/Alg-3Gn

mm Gauze
80 -] mmm CS/Alg I&
%k %k
60 ™1
*

404 k%

*
20

day 4 day 7

Fig. 8. Wound closure study: (a) macroscopic pictures of wounds treated with gauze, CS/Alg, or CS/Alg-3Gn at 7 d post-injury and (b) wound contraction rate as a

function of time (p*<0.05, p**<0.01, ***p < 0.001).
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Fig. 9. Histopathological analysis: images of (a) H&E and (b) MT stained wounds treated with gauze, CS/Alg, or CS/Alg-3Gn dressings, and (c) schematic illustration
of the wound healing process in the presence of a CS/Alg-Gn nanofiber scaffold (H: hair follicle, IF: inflammatory cells, N: necrotic tissue, BV: blood vessels, E:

regenerated epidermis, EP: epithelialization, C: collagen, F: fatty cells).

attachment in the presence of low concentrations of the antibacterial
agent. Furthermore, animal studies indicated that burn wounds treated
with CS-Alg scaffolds with 3 wt% Gn healed more rapidly compared to
those treated with scaffolds with a higher or lower Gn concentration
owing to greater re-epithelialization, dense collagen formation, and
development of blood vessels, hair follicles, and sebaceous glands.
Overall, the results suggest the CS-Alg/3Gn wound dressing has great
potential in applications such as treating burn wounds.
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