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ARTICLE INFO ABSTRACT

Keywords: Improving the degree of vascularization through the regulation of wound microenvironment is crucial for wound
Gene activated matrix repair. Gene activated matrix (GAM) technology provides a new approach for skin regeneration. It is a local gene
Hydrogel

delivery system that can not only maintain a moist environment, but also increase the concentration of local
active factors. For this purpose, we fabricated the mVEGF165/TGF-p; gene-loaded N-carboxymethyl chitosan/
sodium alginate hydrogel and studied its effect on promoting deep second degree burn wound repair. The
average diameter of the hydrogel pores was 100 pm and the porosity was calculated as 50.9%. SEM and CLSM
images showed that the hydrogel was suitable for cell adhesion and growth. The NS-GAM could maintain
continuous expression for at least 9 days in vitro, showing long-term gene release and expression effect. Deep
second-degree burn wound model was made on the backs of Wistar rats to evaluate the healing effect. The
wounds were healed by day 22 in NS-GAM group with the prolonged high expression of VEGF and TGF-p;
protein. A high degree of neovascularization and high expression level of CD34 were observed in NS-GAM group
in 21 days. The histological results showed that NS-GAM had good tissue safety and could effectively promote
epithelialization and collagen regeneration. These results indicated that the NS-GAM could be applied as a
promising local gene delivery system for the repair of deep second-degree burn wounds.

Wounds healing
N-carboxymethyl chitosan
Sodium alginate

1. Introduction

The skin is the outermost covering and one of the most important
organs of the human body, and it has a variety of physiological functions
[1]. In particular, it plays an important role in protecting the human
body from the external environment [2]. The injury of the skin may
cause the lack of physiological homeostasis of the whole body [3]. Ac-
cording to the World Health Organization, burn wounds have increased
dramatically in the past decade, killing about 180,000 people worldwide
each year, with the majority of these burn cases occurring in low- and
middle-income countries [4]. The main differences between burns and
cuts are the severe inflammatory infiltration caused by the inflammatory
response after a burn, the pain caused by the burn, the immediate loss of
blood flow to the site of the injury, and the changes in blood flow to the
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surrounding area. These negative effects can cause the healing difficulty
of the injured wounds or the formation of the scars [5-8].

According to the depth of the burn sites, burn wounds are classified
into three categories burn wounds: first-degree burn wounds (superfi-
cial), second-degree burn wounds (partial burn wounds) and third-
degree burn wounds (full thickness burn wounds) [9]. After acute or
chronic skin injury, the body initiates a four-stage process of hemostasis,
inflammation, proliferation, and remodeling at the site of injury, during
which the healed damaged tissue heals and rebuilds its barrier function
[10,11]. The successful wounds healing requires appropriate therapy to
regulate a complex set of interactions between different cell types,
cytokine mediators, and extracellular matrix throughout the different
stages of healing [12]. However, due to long-term treatment in some
cases of major injuries, such as second or third degree burns, the natural

* Corresponding author. College of Marine Life Science, Ocean University of China, Qingdao, 266003, PR China.

E-mail address: changjing@ouc.edu.com (J. Chang).
1 These two authors contributed equally to this work.

https://doi.org/10.1016/j.bioactmat.2021.12.012

Received 4 October 2021; Received in revised form 4 December 2021; Accepted 9 December 2021

Available online 20 December 2021

2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:changjing@ouc.edu.com
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2021.12.012
https://doi.org/10.1016/j.bioactmat.2021.12.012
https://doi.org/10.1016/j.bioactmat.2021.12.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2021.12.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Wang et al.

process of wounds healing is not satisfying, resulting in physical and
psychological trauma of patients and chronic disability, which seriously
affects the quality of life of patients or even becomes an important cause
of morbidity or death [13-15]. The gold standard for burn treatment is
the use of autografts. However, the limited skin donor sites and high risk
of infection limit the use of autografts, requiring the alternatives to
facilitate burn wounds coverage and healing [16].

Studies have shown that the wound dressings play a key role in the
management of local burn wounds by creating a favorable environment
for reepithelialization [17]. The ideal wound dressing should have a
number of characteristics, such as maintaining a moist wound healing
environment, being non-sensitive and non-toxic, facilitating gas ex-
change, absorption of wound exudates, preventing further trau-
ma/infection, and infrequent dressing changes that facilitate epithelial
cell migration across the wound beds [18,19]. Hydrogels are
three-dimensional cross-linked polymers that can absorb water and have
a flexible porous structure, which meet many requirements for ideal
wound dressings and are hereby the most common choice for wound
dressings. The hydrogels could provide a dynamic balance between
excess exudate, providing water to the wound while absorbing the
exudate, protecting the wound from infection, and preventing dehy-
dration and adhesion between the wounds and the dressings [20-22].
The high water content also promotes the transfer of water vapor and
oxygen, and promotes cell metabolism, which could accelerate the
healing while reducing damage to healing tissue after dressing removal.
In addition, the hydrogels are regarded to have pain relief and cooling
effects [23-25].

Because of the network structure of hydrogels, the hydrogels offer
the possibility of loading and controlling the release of genes/drugs,
forming in situ scaffolds loaded with active substances and helping to
further facilitate treatment [26]. The traditional tissue engineering
usually uses protein-like growth factors, but there are problems such as
easy degradation, unstable biological activity in vivo, systemic toxicity
caused by explosive release and high cost [27,28]. Therefore, Bonadio
Group initially suggested using the growth factor gene instead of the
corresponding protein to eliminate these problems mentioned above
[29]. Gene activated matrix (GAM) can be formed by adding gene car-
rier loaded plasmid to hydrogel scaffold [30]. The GAM can deliver
genes directly to the target, achieving high in situ vector concentrations,
prolongating in situ tissue contact, and avoiding many systemic prob-
lems of gene delivery, such as enzyme degradation and immune effects.
The GAM, which combines tissue engineering with gene therapy, has
attracted increasing attention due to its advantages in local delivery and
expression, as well as its efficiency in local therapy [31,32].

The materials of hydrogels were mainly divided into two categories:
synthetic materials and natural materials. Synthetic polymer materials
usually had good mechanical properties, but poor biocompatibility and
safety, and they were lack of cell-induced activity. Compared with
synthetic polymers, natural materials could provide more effectively
support for cell viability, migration, adhesion, and differentiation,
mimicking the mechanical and biochemical properties of the natural
environment, and reducing the side effects of polymer degradation [33,
34]. In this study, chitosan and alginate were used to construct the
hydrogel, which were two attractive materials with excellent biocom-
patibility, biodegradability, and bioactivity for wound beds healing.
Chitosan is a cationic polysaccharide composed of N-glucosamine and
N-acetyl-glucosamine units, with the sugar backbone linked by f-1, 4-
glucosidic bonds [35,36]. The wound-healing applications of chitosan
and its derivatives have been reported by several literatures [37].
However, the poor solubility in aqueous solution and organic solvents
limited its applications. In order to overcome the poor solubility of
chitosan, N-carboxymethylation was used to modify chitosan [38,39]. A
new water-soluble chitosan derivative of N-carboxymethyl chitosan
(NCMC) was received [40]. Sodium alga acid (SA) is obtained from the
cell walls of brown algae, which is a linear block polysaccharide
composed of a-L-mannuronic acid and $-p-guluronic acid units, linked by
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(1-4)-linkages [41]. However, the NCMC alone has poor mechanical
properties and easy to swell, while the SA used alone is very brittle and
has poor water resistance, showing seldom bacteriostatic effect. Using
either component of chitosan and sodium alginate alone was not ideal
for skin wound dressings. The combination of these two materials could
make up the deficiency of single component, providing satisfactory
performance and wide application. A stable hydrogel was achieved via
the response of NCMC and SA in an electric neutral condition.

Two other important factors in GAM are therapeutic plasmids and
gene vectors. Vascular endothelial growth factor (VEGF) is an essential
factor for the revascularization, which is important for the healing of
wound repair [42,43]. TGF-p; is another important growth factor for
wound repair [44]. The main function of TGF-p; is promoting prolifer-
ation and differentiation of the fibroblasts in wound beds, which is
helpful for the collagen neogenesis. Some positive results with injection
of VEGF and TGF-p; plasmids have been received in wound repair
clinical trials for leg ischemia, diabetes mellitus ulcer, and coronary
artery disease [45-47]. Two new VEGF and TGF-p; plasmids with
effective promoters to enhance the expression of VEGF and TGF-p; were
constructed by our lab. To mimic the main components of viral enve-
lopes which are composed of peptides and polysaccharides, an arginine
modified chitosan was synthesized and it is expected as a gene vector in
GAM for wound healing [48].

Herein, a novel type of GAM for deep second-degree burn wound
healing was constructed, which had three key elements, including N-
carboxymethyl chitosan/sodium alginate hybrid scaffold, efficient gene
vector used of arginine modified chitosan (Arg-CS), and high-expressed
therapeutic plasmids. The plasmids/Arg-CS complexes were loaded in
the N-carboxymethyl chitosan/sodium alginate composite scaffold for
GAM fabrication (see Scheme 1). In order to evaluate the in situ repair
effect of NS-GAM on wound healing, a deep second degree burn model
was used. The GAM was expected to produce a satisfying and long-term
expression of growth factors to promote the healing of deep second-
degree burn wound.

2. Materials and methods
2.1. Materials

The N-carboxymethyl chitosan derivative (NCMC, Mn = 150 kDa,
deacetylation degree of 90%) and the arginine modified chitosan (Arg-
CS, Mn = 20 kDa) were synthesized by our lab according to the methods
previously reported [40,48]. Dulbecco’s Modified Eagles Medium
(DMEM) and Fetal Bovine Serum (FBS) were purchased from Hyclone
(USA). LDH Cytotoxicity Assay Kit (Beyotime Institute of Biotechnology,
China), cell lysate and the luciferase reporter gene assay kit were pur-
chased from Promega (USA). ELISA Kits of TGF-f; and VEGF were
purchased from RND Semicon Co. Ltd. (Korea). BCA protein assay Kkits
were purchased from Pierce (USA). Masson’s Trichrome staining were
purchased from MD Chemicals Inc., (USA). All other chemicals were
reagent grade and used as received.

NIH3T3 cell line was purchased from Institute of Biochemistry and
Cell Biology, SIBS, CAS (China). Adult male Sprague-Dawley (SD) rats
weighing 200 + 20 g and were supplied by the Laboratory Animal
Center of Shanxi Medical University in China, with certificate of SCXK
(Jin) 20150001. All animals were kept under a 12 h light-dark cycles at
consistent temperature (25 + 3 °C) and relative humidity (60-70%).
Experiments were performed in accordance with the ethical guidelines
of the Shandong Province Experimental Animal Management Commit-
tee and were in complete compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

2.2. Preparation and characterization of NCMC/SA scaffolds

A stock solution of NCMC (3%, w/v) was prepared by dissolving
NCMC in deionized water and stirring to dissolve at room temperature.
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Scheme 1. Schematic illustration of NS-GAM as a gene delivery system for deep second-degree burn wound.

Subsequently, the same amount of SA (3%, w/v) was acquired by the
same method. The dissolved NCMC and SA solutions were blended with
different volume ratio (1:9, 3:7, 5:5, 7:3, 9:1), named NS1, NS2, NS3,
NS4, and NS5. The solutions were sonicated to remove the trapped air
bubbles. After thoroughly stirring, the air bubble-free solutions were
poured into shallow dishes (with a diameter of 3 cm). The solution was
then frozen at —20 °C for 24 h and was subsequently lyophilized in a
freeze drier. The freeze-dried samples were cross-linked with 1% CacCly
solution for 12 h. The cross-linked NCMC/SA scaffolds were thoroughly
rinsed with deionized water to remove residual CaCl; and kept at —20 °C
for 24 h and again lyophilized. The morphologies of NCMC/SA scaffolds
were observed by SEM (Hitachi S-3400N, Japan), the porosity and
water content were calculated. The chemical structure of NCMC/SA
hydrogel was characterized by Fourier Transform Infrared Spectra
(FTIS, Thermo Scientific Nicolet Nexus-470). Rheological tests on
NCMC/SA hydrogel were performed using a Thermo scientific Haake
MARS III (USA) in a cone-plate mode (cone angle, 2.0°; plate diameter
34.995 mm, truncation 0.105 mm) at 25 °C. After the linear viscoelastic
regime was determined by strain sweeping from 0.01 to 100% strain at
1 Hz, dynamic frequency sweeps were carried out from 0.01 to 10 Hz
oscillation at 1% strain. The thermal property was investigated using
thermogravimetric analysis (TGA). The TGA analysis was carried out on
a thermogravimetric analyzer (Mettler Toledo TGA/DSC3+, Swiss) with
a heating rate of 10 °C min~! from room temperature to 700 °C under
dry nitrogen atmosphere at a flow rate of 50 mL/min. The static contact
angles (Solon tech.SL200B, China) were measured between the drop of
fluid and the hydrogel surface to identify the hydrophilicity. The phos-
phate buffer saline (PBS, pH 7.4) was used to measure the contact angle
on the samples with a 5 pL drop.

2.3. Cytotoxicity of NCMC/SA scaffolds
The evaluation of the cytotoxicity of NCMC/SA scaffold was per-

formed by MTT assay. The leaching liquor of the NCMC/SA scaffold was
prepared according to the ISO 10993-5 standards. NIH3T3 cells were
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seeded on 96-well plates with an initial density of 4 x 10* cells/cm? and
cultured in Dulbecco’s minimal essential medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and anti-
biotics (100 U/ml penicillin G and 100 mg/mL streptomycin) at 37 °C
under an atmosphere of 5% COs in air and 100% relative humidity. After
incubated for 24 h, the cells were treated with the leaching liquor at
different concentrations of 100%, 50% and 25%. After incubated for
another 24 and 48 h, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT) test was carried out to quantify the viability of
the cells. Briefly, 20 pL of MTT solution dissolved in PBS (5 mg/mL) was
added to each well and further incubated for 4 h. The medium was then
replaced with 150 pL DMSO to dissolve the formazan crystals. After
gently agitated for 5 min, the absorbance at 570 nm was measured using
a Thermo Varioskan Flash microplate reader. The cells in culture plate
were used as control. The relative cell viability was measured as the
formula below:

Cell viability (%) = (OD sample)/(OD control) x 100%

2.4. The 3D cell culture on the NCMC/SA scaffold

NIH3TS3 cells were seeded on NCMC/SA scaffold in 24-well plates at
a density of 4 x 10* cells/em? and cultured in the same condition
described above. After incubated for 24 and 48 h, a lactate dehydroge-
nase (LDH) test was carried out to quantify the viability of the cells by a
LDH Assay Kit. Part of the scaffolds were washed gently by PBS, dehy-
drated and dried by COs critical-point drying method. Then the
morphology of the scaffold surface was observed by SEM (Hitachi
S$-3400 N, Japan). Another part of the scaffolds were also washed gently
by PBS and used for further observation of the NIH3T3 cells. The cells
cultured in the scaffold were stained with Hoechst 33258 according to
the manufacturer’s protocol and observed by a Confocal Laser Scanning
Microscopy (Leica TCS SP5, Germany).
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2.5. Preparation of NS-GAM and in vitro release study

The NCMC/SA Gene Active Matrices (NS-GAM) were prepared with
the addition of Arg-CS/pDNA complexes into NCMC/SA scaffolds.
Briefly, the Arg-CS/pDNA nanoparticles with the N/P ratio of 45 were
prepared according to the method reported before [48]. NCMC/SA
scaffold with the weight of 10 mg was immersed into 600 pL
Arg-CS/pDNA nanoparticles solution (containing 800 pg pDNA) at 4 °C
for 24 h. The immersed NCMC/SA scaffold was taken out of the solution
and rinsed gently with 500 pL PBS twice. For each time the scaffold was
rinsed for 5 min to remove the free nanoparticles. The maximum loading
content of the nanoparticles in NCMC/SA scaffold was calculated by
subtracting the retained nanoparticles in the solution and rinsed PBS.
The rinsed NS-GAM was put into different PBS (pH = 7.2, 5.0 and 1.45)
at 4 °C for the next 20 days and 5 pL of solution was taken out of the
release medium and replaced with the same volume of fresh PBS solu-
tion for each day. The pDNA content released was measured by a
Nanodrop (Nanodrop 2000, Thermo Scientific). The morphology of
NS-GAM was also observed by SEM (Hitachi S-3400 N, Japan). After 20
days, the final release Arg-CS/pDNA complexes in pH7.2 buffer was
collected, freeze-dried and dissolved with PBS into a 2 mg/mL solution.
5 pL SDS (10%w/v), 0.5 pL EDTA (0.5 M) and 4.5 pL heparin sodium
injection were added to each 10 pL solution, which were incubated at
37 °C for 2 h to completely dissociate the DNA from the Arg-CS/pDNA
complexes. The integrity of the plasmid in 6 parallel samples was
determined by agarose gel electrophoresis with 1% (w/v) agarose gel at
80 V for 70 min.

2.6. Invitro gene transfection of NS-GAM

To evaluate the in vitro transfection efficiency of the Arg-CS/pDNA
nanoparticles released from the NS-GAMs, the NIH3T3 cells were
analyzed for green fluorescence protein (pEGFP-C1), luciferase (pGL3-
Luc), VEGF (pcDNA3.1(+) - mVEGF165) and TGF-B; (pcDNA3.1(+) -
TGF-B1) expression. Briefly, the solutions with released Arg-CS/pDNA
nanoparticles for 1, 3, 5, 7 and 9 days were used. NIH3T3 cells were
seeded on 24-well plates with an initial density of 8 x 10* cells per well
and incubated for 24 h. The solutions contained Arg-CS/pDNA nano-
particles were added into each well and incubated at 37 °C for 4 h in
DMEM without FBS. The complexes were removed and the cells were
incubated in fresh DMEM at 37 °C for another 48 h. The cells were
analyzed for green fluorescence protein expression with a fluorescence
microscope (Leica, Germany). The fluorescence intensity of GFP was
also quantified by flow cytometry (FACS AriaTMII, BD, USA).

To assay the expression of luciferase, the medium was removed and
the cells were rinsed gently with cold PBS and lysed using luciferase lysis
buffer at the concentration of 200 pL/well. The cell suspension was
subjected to freezing (—80 °C, 30 min) and thawing, and then centri-
fuged at 12,000 rpm for 3 min. The luciferase activity was measured by
detecting the light emission from an aliquot of cell lysate incubated with
100 pL of luciferase substrate in a Thermo Varioskan Flash microplate
reader. The relative light units (RLU) were normalized to protein con-
centrations in the cell extracts, which were measured using a bicin-
choninic acid (BCA) protein assay kit. All the experiments were carried
out in triplicate to ascertain the reproducibility.

To essay the expression of VEGF and TGF-f;, the medium were
collected and centrifuged at 10,000 rpm for 10 min at 4 °C to remove
debris and insoluble materials. The supernatant was used for the test.
The contents of VEGF and TGF-$; were determined by ELISA Kits (R&D
Semicon Co. Ltd.) according to the manufacturer’s protocol. The mea-
surement of VEGF and TGF-p; were normalized to protein concentra-
tions in the cell extracts, which were measured using a bicinchoninic
acid (BCA) protein assay kit. All the experiments were carried out in
triplicate to ascertain the reproducibility.
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2.7. Histocompatibility and degradability of NS-GAM in vivo

The sterilized NS-GAMs (8 mm in diameter) were implanted into the
back subcutaneous tissue of Wistar rats to evaluate the histocompati-
bility and degradability in vivo. Three rats were sacrificed on 3d, 9d, 15d,
21d, and 27d after the implantation. The membranes were retrieved,
rinsed, dried and weighted to calculate the degradation rate. The sur-
rounding tissues were removed, fixed with 4% neutrally buffered
formaldehyde, embedded in paraffin, stained with hematoxylin-eosin
(HE) and analyzed for histology.

2.8. Preparation of deep second-degree burn animal model

The animal experiment was approved by the ethics committee of
Ocean University of China. In accordance to the guidelines, all animals
received humane care during all steps of the experiments. The wound-
healing efficacy of NS-GAM was evaluated using a rat model. 60 male
Wistar rats with approximately 220 g weight were anesthetized by
intraperitoneal injection of chloral hydrate at a dose of 350 mg/kg. The
skin of the animal was shaved and disinfected using 70% ethanol. A
cylindrical shaped tube with the diameter of 2.4 cm was placed on the
back of rat, then hot water (95 °C) was poured into the tube and held for
15s. The deep second-degree burn wound was prepared and each rat has
two wounds on the back.

2.9. The healing rate of NS-GAMs on deep second-degree burn wounds

The rates with deep second-degree burn wound were kept in separate
cages and fed with commercial rat food and water till they were sacri-
ficed. All wounded animals were randomly divided into two groups:
control group and NS-GAM group. For the next 9 days, sterilized NS-
GAM scaffolds were applied to the wound beds of NS-GAM group. The
group of sterilized saline coated on the wound beds was used as control.
The wounds were grossly examined and photographed for the mea-
surement of healing rates of the wounds. The rats of each group sacri-
ficed each time had 4 paralleled samples. Apart from the sacrificed rats,
all the remaining rats were evaluated at each time point and the healing
rate of the wounds was calculated using the equation below:

Healing Rate (HR, %)=(A¢-Ay)/Ag x 100%

Where Ag and A were the initial wound area and the wound area after
each interval time. The areas of the wounds were measured from the
photographs using Image J software.

2.10. Pathological examination of the wounds

The rats were sacrificed on day 3, 12 and 21. The full thickness skin
biopsies were harvested from the wound. The sections of healing
wounds were fixed with 10% buffered formaldehyde, embedded in
paraffin and sectioned. The sections were stained routinely with
hematoxylin-eosin (HE) for histological assessment and Masson’s Tri-
chrome for collagen assessment.

2.11. Quantification of VEGF and TGF-f; of the wounds

The rats were sacrificed on day of 1, 3, 5, 7, 9, 12 and 15. The full
thickness skin samples were obtained, weighted and homogenized in
tissue lysate (100 mg/mL) with a tissue homogenizer (IKA, Germany).
The homogenates were centrifuged at 10,000 rpm for 10 min at 4 °C
twice to remove debris and insoluble materials. The supernatant was
used for test. The contents of VEGF and TGF-§; were determined by
ELISA Kits according to the manufacturer’s protocol. The measurement
of VEGF and TGF-f; were normalized to protein concentrations in the
tissue extracts, which were measured using a bicinchoninic acid (BCA)
protein assay kit. All the experiments were carried out in triplicate to
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ascertain the reproducibility. The samples at 3, 7 and 12 days were also
fixed and observed by TGF-p; and VEGF immunohistochemical method.

2.12. Neovascularization at the burn wounds

The blood flow velocity of the wounds was examined each day by a
Laser Doppler Flowmetry (Sweden) and the average blood flow velocity
was calculated by the LDF software. The samples of the wounds at 3, 7,
12 and 21 days were fixed and observed by CD 34 immunohistochemical
method.

2.13. Statistical analysis

All data were expressed as means + SD of a representative of several
similar experiments. Statistical difference between several groups was
evaluated via a one-way analysis of variance (ANOVA), and a value of P
< 0.05 was considered significant (computed by SPSS version 13.0
Software).

3. Results and discussion

The photograph of NCMC/SA scaffolds was shown in Fig. 1 (A and
B), which was a scaffold with short cylindrical shape and white color.
The diameter of the scaffold was about 24 mm and the depth was about
6 mm. It could clearly be seen the surface of each sides of the scaffold
was very smooth and glossy. The scaffold had ideal toughness, which
was easy to be operated in its utilization. As shown in Fig. 1 (C and D),
the porosity results showed that NS1 and NS5 had high porosity, both
higher than 50%, while NS3 had a relatively low porosity of 43.17%.
The results of water content were consistent with the results of porosity,
and NS3 had the lowest water content. Due to the high water content
and water absorption of NS1 and NS5, it was found that the NS1 and NS5
hydrogels dissociated and broke after a certain period of swelling, which
were not suitable for subsequent application. Because the NCMC had
been demonstrated good performance in promoting wound healing in
our previous studies [40], in order to ensure as much proportion of
NCMC as possible in hydrogels, NS4 hydrogel was selected for subse-
quent experiments. The morphologies of NS4 scaffolds were shown in
Fig. 1 (E and F). It could be seen that some pores of the scaffolds were
uniform and heading through, the average diameter of the pores was
100 pm. The porosity of the scaffolds was calculated as 50.9%.

The pore size and porosity had important influence on the mechan-
ical properties and drug release ability of the hydrogels [49,50]. With
the increase of the pore size and porosity, more water molecules entered
into the network of the hydrogel, which could accelerate the swelling

The Water Content (%)
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rate of the hydrogel, increase the drug loading efficiency. However, the
drug release speed could be accelerated, which reduced the ability of the
hydrogel to control release. On the contrary, if the pore size and porosity
were small, the tight gel network could hinder the diffusion of the water
molecules, which leaded to the weak moisturizing ability. From the
aspect of the mechanical strength of the hydrogel, the decrease of pore
size could make the structure get close and increase the gel strength. In
this case, little deformation of the hydrogel happened under external
force. The pore size of hydrogel was also very important for angiogenesis
[51-53]. Too small pore size could limit the migration and proliferation
of the cells. When the pore size was less than 50 pm, cells and new blood
vessels were limited to the surface of the hydrogel and could not enter
into the internal of the hydrogel. When the pore size of the scaffold was
greater than 50 pm, it allowed the diffusion of nutrients and oxygen,
meanwhile allowing the expulsion of metabolites. Materials with pore
sizes greater than 100 pm showed ideal vascularization. However, too
large of the pore size was not suitable for the hydrogel. Studies had
shown that when the pore size was greater than 400 pm, the degree of
vascularization could not increase anymore, and the excessive pore size
could reduce the mechanical properties of the hydrogel. In addition, the
connectivity and uniform distribution of the pores were also key factors
affecting vascularization. The average diameter of the pores was 100 pm
and the porosity of the scaffolds was calculated as 50.9% in NCMC/SA
hydrogel, which matched the properties of hydrogels that could well
promote angiogenesis.

As shown in Fig. 2 (A), the infrared absorption band was the O-H and
N-H stretching vibration peaks of NCMC in the range of 3000 cm ™! to
3700 cm L. The red shift of the spectral band here indicated that N-H on
NCMC was acylated and the hydrogen bonding of molecules was
reduced. In the range of 2840 cm !-2962cm ™, it was the stretching
vibration peak of various CH, CH; and CHs, the absorption peak at 2926
cm ! was the antisymmetric stretching vibration peak of CH,, and the
wide peak at 1598 cm ™! was caused by the asymmetric stretching vi-
bration of primary amide of NCMC. The narrow peak at 1417 cm™! was
caused by the C=0 symmetric stretching of SA, the characteristic peak
at 1114 cm ™! was caused by C-N in NCMC, and the absorption peak at
1036 cm™! was caused by the C-O stretching vibration of SA. Polymer
materials were typical viscoelastic materials and showed dynamic
viscoelastic under the alternating stress. The storage modulus (G') and
loss modulus (G”) were two important viscoelastic parameters. Fig. 2 (B)
showed the rheological properties of NCMC/SA hydrogel. It could be
seen that the storage moduli of the hydrogel were slightly higher than
the loss moduli, which demonstrated the hydrogel was in a typical gel
state. The value of G’ and G” of the hydrogel varied from 10,000 to
40,000 Pa. Compared with the hydrogels prepared by natural polymers

Fig. 1. The hygrometric state (A) and dry state (B) of NCMC/SA scaffolds; (C) The porosity of NCMC/SA scaffolds; (D) The water content of NCMC/SA scaffolds; (E)
SEM of the surface of NCMC/SA Scaffold; (F) SEM of the cross-section of NCMC/SA Scaffold. (Bar = 200 pm).
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Fig. 2. The FTIR (A), rheological properties (B), TGA (C) and contact angles (D) results of NCMC/HA hydrogels. The (a), (b), and (c) images in figure (D) represented

the images were recorded in 1, 4, and 7 s.

reported previously, the NCMC/SA hydrogel had satisfactory mechani-
cal property. The TG test was considered as a sensitive method to esti-
mate the content of the organic or inorganic matters in samples. Fig. 2
(C) showed the TG curves of NCMC/HA hydrogel from room tempera-
ture to 700 °C. The curves exhibited 11.4% weight loss at 100 °C, as a
result of evaporating water content. An extremely high loss rate of
66.6% was observed at 240-320 °C, which corresponded to the thermal
and oxidative decomposition of NCMC and HA. The literature had re-
ported that the thermal decomposition of chitosan was between 217 and
300 °C, while that of sodium alginate was 200-248 °C [54-56]. As
shown in Fig. 2 (D), the images were taken in 1, 4 and 7 s after the water
dripped to the surface of the hydrogel, and the contact angels were
28.19°,11.41° and 5.4°, respectively. The results showed that the water
droplets could spread quickly on the surface of hydrogel and the
NCMC/SA hydrogel had obvious hydrophilic properties.

The MTT assay was a received method to investigate the cytotoxicity
of biomaterials and the results were shown in Fig. 3 (A). The cell

viability of each concentration of the leaching liquor of the NCMC/SA
scaffold was above 90% and there were also no cytotoxicity with the
time going on, which demonstrated the good cytocompatibility of
NCMC/SA scaffold. After cultured in NCMC/SA scaffold for 24 h and 48
h, the supernatant was taken and the lactate dehydrogenase (LDH) ac-
tivity was measured using a LDH kit, as shown in Fig. 3 (B). At 24 h and
48 h, the relative proliferation rates of the NIH3T3 cells in the scaffold
were 94.7% and 100.8%, respectively, indicating that the NCMC/SA
scaffold was very helpful to the adherent growth of cells, which might be
closely related to the NCMC component in the scaffold. Our previous
studies had shown that the NCMC could promote the growth of fibro-
blast evidently. The NCMC/SA scaffold with NIH3T3 cells was treated
with dehydration and carbon dioxide critical point drying, and the
surface of the scaffold was observed by SEM, as shown in Fig. 3 (C).
NIH3T3 cells grew in large numbers on the surface of the scaffold ma-
terial, forming relatively complete cell lamellae, and showing extracel-
lular matrix formed by the product secreted by the normal growth of

(A) 140 (B)

#2d 4d 100 +
E -
B X 80
5 e
3 £ %F
5 -
Z $ap
— —
© ]
o o 20

0

100% 50% 25%

Concentration of Extraction

Time (Day )

100um

Fig. 3. (A) Cytocompatibility of Extraction of NCMC/SA Scaffold by MTT method; (B) Cytocompatibility of NCMC/SA scaffold with cells by LDH method; (C) SEM
image of NCMC/SA scaffold with NIH3T3 cells at 48 h; (D) CLSM images of NCMC/SA scaffold with NIH3T3 cells at 48 h.
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cells. The confocal laser images of the NIH3T3 nuclei in the scaffold after
staining with Hoechst 33258 dye were shown in Fig. 3 (D). It could be
seen that the large numbers of cells could grow inside the scaffold ma-
terial, and they distributed evenly with good 3D cell growth effect.

The calculated maximum content of the Arg-CS/pDNA nanoparticles
loaded in NCMC/SA scaffold was 21.9 pg/mg. The loading of plasmids
by GAM could be realized in two ways [57-59]. The first approach was
to integrate soluble plasmids with the scaffold by use of hydrogel
swelling and water locking effect to load active factors. Another
approach was to modify the surface of biological materials by chemical
or physical methods to make the scaffold active and improve the
bioactivity. For NS-GAM in this study, the genetic materials mainly
entered into the hydrogel through the first way. When the Arg-CS/pDNA
nanoparticles entered into the pores of the hydrogel, they could be
further stably bound with the hydrogel through ionic effects, which
interacted between Arg-CS and sodium alginate.

The release profile of the NS-GAM was presented in Fig. 4 (I). The
release rate of the plasmids in pH 7.2 buffer was significantly faster than
that in pH 5.0 and pH 1.45 buffers, indicating that the hydrogel had a
sensitive release response in neutral environment, which was very
important for its future application in vivo. The release rate of the
nanoparticles in the early 10 days was much faster than that of the late
10 days. In the release of pH 7.2 buffer, the accumulated release rate was
about 85% at day 10 and the accumulated release rate of the late 10 days
was less than 5%. The total accumulated release rate for 20 days was
88.5%, which implied that most of the loaded nanoparticles could be
released from the scaffold and the NS-GAM had a continuous release
effect. As shown in Fig. 4 (I), the plasmids dissociated from the Arg-CS/
PDNAs could be seen to have clear bands on the electrophoretic dia-
gram, which proved that these plasmids released from the NS-GAM
could still maintain their integrity. The SEM photographs (Fig. 4 (I))
showed that the pore size of the NS-GAM was 100 pm and nanoparticles
could be observed on the wall of scaffold.

The in vitro gene transfection of NS-GAM was performed on NIH3T3
cells with pEGFP-C1 and pGL3-Luc as reporter genes and (pcDNA3.1
(+)-mVEGF165 and pcDNA3.1(+)-TGF-f; as functional genes. Fig. 5 (A-
E) displayed the typical fluorescence images of the transfected NIH3T3
cells. All the images showed green fluorescence and the transfection
result of NS-GAM at day 9 exhibited the most notable green fluores-
cence. These results implied that the transfection efficiency of NS-GAM
was closely related to the release time of Arg-CS/pDNA nanoparticles.

The pGL3-Luc gene transfection of the NS-GAM was evaluated with
luciferase assay. As shown in Fig. 5 (F), the pGL3-Luc transfection effi-
ciency at day 1 was only about 2 x 10® RLU/mg protein, while that at
day 9 was more than 5.7 x 10® RLU/mg protein. The transfection ac-
tivity at day 9 was 2.8-fold higher than that at day 1. These results were
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consistent with the pEGFP-C1 transfection results in Fig. 5 (A-E). The
high activity of luciferase at day 9 also implied that the long time of 9
days release didn’t destroy the activity of the protein.

The VEGF and TGF-B; gene transfection efficiencies were evaluated
by Elisa Kits. As shown in Fig. 5 (G), both VEGF and TGF-; had evident
expression in NIH3T3 cells in in vitro transfection. The transfection ef-
ficiencies of both VEGF and TGF-p; were gradually enhanced with the
release time and 3-4 fold higher at day 9 than those at day 1. The
transfection efficiency increased much faster in the early 7 days and it
became moderate in the later 2 days. These results implied that the
functional genes such as VEGF and TGF-p; could be expressed in the NS-
GAM system.

The surrounding tissues around implanted NS-GAM were taken out
atday 3,9, 15, 21 and 27 after implantation. As shown in Fig. 6 (I), mild
acute inflammatory responses were observed both in control group and
NS-GAM group at day 3. These phenomena were closely related to the
foreign body reaction and surgical operation. Over time, the inflam-
matory response gradually decreased, and no tissue inflammatory
response was observed at day 10 and day 20 after implantation. The
results showed that NS-GAM had good histocompatibility in vivo and
was suitable for subsequent wound repair studies. Fig. 6 (II) and (III)
showed the in vivo degradation of NS-GAM. It could be seen from the
trend line that the degradation rate of NS-GAM was fast in the first 3
days, and the degradation rate enters the plateau stage with little change
after 20 days. At 27 days, NS-GAM still had nearly 40% proportion
remaining. NCMC was the main degradation part of NS-GAM, which
could be effectively degraded due to the presence of lysozyme in vivo.
However, sodium alginate lacked the corresponding hydrolase, so the
NS-GAM couldn’t be completely degraded in the end.

The deep second-degree burn wounds treated by NS-GAM were
studied comprehensively. Initially, we examined whether the NS-GAM
promoted wound healing. And the results were showed in Fig. 7 (I).
At 3 days, all the rats with burn wounds were carefully treated and there
were no infection or contamination occurred. It was shown that wounds
treated with normal saline were hemorrhagic and scab was present on
the wound bed. After 12 days’ treatment, the subcutaneous aspects in
both groups changed normally and area of the wound became to a
smaller size. The majority of the wound bed of NS-GAM group was
nearly healed after 21 days. The majority of the subcutaneous aspects
appeared nearly healed for NS-GAM group wounds at 21 days of post
wounding.

As shown in Fig. 7 (I), by measuring the wound area at different
intervals of time, the healing rate was calculated. In the first weak, both
control group and NS-GAM group had low healing rate. At 10 days, there
was obvious reduction in wound defect area for test whereas less
reduction was observed in control group. In NS-GAM group, the first

Fig. 4. Invitro release of pDNA from NS-GAM. (I) Cumulative amount of pDNA released in vitro from NS-GAM and the agarose gel electrophoresis of the plasmids; (II)

SEM of the surface of NS-GAM.
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Fig. 6. In vivo histocompatibility and degradability of NS-GAM. (I) The histological photographs of HE staining (Bar = 100 pm); (II) Pictures of NS-GAM degradation
at different times. A: 0d, B: 3d, C: 9d, D: 15d, E: 21d, F: 27d; (III) The degradation rate of NS-GAM in vivo.

complete closure was observed on day 16 and all wounds were healed by days, healing was complete for wounds treated with NS-GAM leading to
day 22. The first complete wound closure in control group was observed about 100% fill in wound defect. This was only about 78.9% in control
on days 22 and all wounds were healed by day 30, respectively. At 22 group. The difference was statistically significant from day 14 between
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Fig. 7. Gross examination and healing rate. (I) Observation of the deep second degree burn wounds. A: Control group; B: NS-GAM group. (II) The calculated wound
size reduction. *Significant difference from control at the same time (p < 0.05).

control group and NS-GAM group (p < 0.05).

The rats were sacrificed on day 3, 12, and 21, the healing procedure
was observed via the pathological section stained by HE staining. The
inflammatory response was one of the most important factors for early-
stage wound healing and the inflammatory responses in the two groups
were compared. As show in Fig. 8 (I), severe inflammation reaction and
evident necroses occurred in the superficial layers of the wounds in
control group on day 3. Both the control group and the NS-GAM group
showed acute inflammatory response at 3d, and the number of the in-
flammatory cells in control group was more than 1000. It was also
shown that the dermis of the burn wound was damaged in different
degrees. The area sizes of the wounds were obviously reduced and
inflammation became mild on day 12. The granulation tissue was
accelerated in both groups and the NS-GAM group had the smaller
amount of granulation tissue. The occurrence of new epithelialization
was a typical characteristic in the superficial layers of the wounds
treated with NS-GAM scaffold. It was reported that the formation of

12d 21d

granulation tissue was essential for the permanent closure of wounds
because it filled the defect and prepared the way for epithelialization
[60]. However, the occurrence of hyperplasia phenomenon in the
epithelial lining was the typical characteristic in control group, which
might due to the inflammatory hyperplasia caused by sever inflamma-
tory reaction [61]. On day 21, the defect area disappeared and it was
covered with new and integral epithelium in the NS-GAM group, the
dermis showed favorable recovery in its depth and elasticity. Little
inflammation was present in the wounds of NS-GAM and control group,
and the numbers of the inflammatory cells were less than 100. The
dermis of control group showed poor recovery, in which the epitheli-
alization was uncompleted on the surface of the wounds.

Collagen was an important index in the evaluation of the wound
healing, which was the most abundant protein in the dermis and closely
related to the strength, structure and elasticity in wound healing [62].
The collagen remodeling and maturation was stained and highlighted by
Masson’s Trichrome staining. As shown in Fig. 8 (II), the collagen in

:

= Control
= NS-GAM

1000 F

800

400 ¢

200 f

NuﬁMrd Inflammatory Cells

3d 12d

Time (Day)

21d

100
920
80
70
60
50
40

= Control

= NS-GAM

30
20
10

Collne.n Contents (%)

3d 12d 21d

Time (Day)

Fig. 8. Histological examination of deep-second degree burn wound. (I) The histological photographs of HE staining; (II) The collagen content of control group and

NCMC group at different times. A: Control group; B: NS-GAM group.
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both groups of NS-GAM and control were destroyed and cross-linked
after burn wounding, which remained only less than 40%. At each
time point, the NS-GAM treated wounds had more mature collagen
development compared to the wounds in control group. New formed
collagen could be seen in the dermis on day 12 and the mature collagen
with the proportion of more than 90% was observed in the dermis in
NS-GAM group on day 21. The collagen fibers in NS-GAM group were
abundant and regular, while those in the control group were still

somewhat discrete and irregular. This result implied that the healing
effect of NS-GAM was much better than that of control.

The amounts of VEGF and TGF-f; were determined on the day 1, 3, 5,
7,9, 12, and 15 after the treatment of ELISA Kits. VEGF was the main
factor to create new blood vessels after injury and encouraged new
vessels to form circulation to bypass blocked vessels [63]. As shown in
Fig. 9 (), the amount of TGF-p; at the wound area in NS-GAM group was
higher than that of control, the significant differences appeared on day 3
and 5. TGF-B; was an important growth factor for wound repair [64], its
functions included promotion of fibroblasts proliferation, increasing
deposition of connective tissue, transformation of fibroblasts into myo-
fibroblasts and wound contraction. TGF-p; could facilitate the synthesis
of collagen I/III and elastin in fibroblasts, repress matrix metal-
loproteinases (MMPs) activity, enhance fibronectin expression, decrease
collagen fibers degradation and promote the exudation of ECM [65]. It
was reported that the increase of TGF-p; was favorable for wound
contraction and repair. The amounts of VEGF at the wound area in
NS-GAM treated samples were higher in each time points and showed
significant differences on day 5, 7 and 9 compared to the control group

(1

25
23 +Control -+ NS-GAM
21
=
E 19
g 17
§ 15
§ 13
5 1
v
9
7
5
0 3 6 9 12
Time (Day)

()

15

(n

Bioactive Materials 15 (2022) 330-342

(Fig. 9 (1)), which was attributed to the release of VEGF-gene from the
NS-GAM. The results implied that the revascularization of NS-GAM
group was much better than that of control group. As can be seen
from the immunohistochemical results in Fig. 9 (III), the staining areas
of VEGF and TGF-p; in NS-GAM group were significantly more than
those in the control group, with higher expression levels. These results
were consistent with the quantification analysis. According to the
literature reported [66-68], the dose of TGF-p; and VEGF was up to
107 1-10* pg/mL in cell experiment and 2-5 ng/cm2 in local injection in
vivo. By detecting the expression levels of proteins, it could be seen that
the expression levels were within the safe dose even the plasmids were
used according to the maximum loading amount. In the experiment of
the scalded rats, there was no scar or hyperplasia observed in the
NS-GAM group, indicating that the concentration of the plasmid was
within the safe dose.

As the blood vessels of the skin were in the dermis, the blood flow
velocity of the wounds area was an important index to reflect the dermis
recovery in deep-second degree burn wounds. As shown in Fig. 10, the
normal blood flow velocity was about 120 mm?®/s. The blood flow ve-
locity decreased to about 60 mm?>/s after 1d of the burn wounds, it was
the half of the normal blood flow velocity. The blood flow velocity
increased quickly during 5-12 days after burn wounds and the blood
flow velocity of NS-GAM group increased much faster than that of
control group. The different recovery of blood flow velocity in the two
groups was due to the gene activity of VEGF released from NS-GAM
scaffold. The neoformative blood vessels could do favorable effort on
the healing of the burn wounds. CD34 was a transmembrane
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Fig. 9. Expression of VEGF and TGF-p; in vivo. (I) Quantification of VEGF of the wound area at different time, *: Significant difference from control at the same time
(p < 0.05); (II) The histological paragraph on TGF-f; and VEGF immunohistochemisty; (III) Quantification of TGF-B; of the wound area at different time.
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Fig. 10. Results of blood flow velocity of the burn wound. (I) Images of bloodflow velocity of the wound area at different time; (II) The histological paragraph on
CD34 immunohistochemisty; (III) Quantification of blood flow velocity of the wound area at different time. *: Significant difference from control at the same time (p

< 0.05).

glycoprotein expressed on the surface of normal endothelial cells and it
was often used as a marker of vascular endothelial cells in neo-
vascularization studies. The immunohistochemical results showed that
the expression level of CD34 was higher in NS-GAM group compared
with the control group, which was consistent with the results of blood
flow velocity, suggesting that there were more abundant neo-
vascularization in NS-GAM group.

4. Conclusion

In this study, a novel NS-GAM composed of N-carboxymethyl chi-
tosan/sodium alginate hybrid scaffold and therapeutic genes/vector
complex nanoparticles was prepared, the function of NS-GAM on the
healing and regeneration of deep second degree burn wound was eval-
uated. The results demonstrated that the NS-GAM exhibited excellent
gene delivery capability with successful GFP and luciferase expression in
vitro and high VEGF and TGF-f}; protein expression both in vitro and in
vivo. The healing of deep second degree burn wound was accelerated
evidently by the treatment of NS-GAM, the healing time was about 22
days after burn injury. The pathological examination results showed that
the NS-GAM treated wounds generated milder inflammation reaction
and better epithelialization. Moreover, the mature collagen was abun-
dant and ordered in NS-GAM group, the wounds treated with NS-GAM
exhibited faster recovery of blood flow velocity. The NS-GAM was ex-
pected to be used as a promising wound healing material to promote the
repair of deep second-degree burn wound and the idea of GAM gave an
important strategy for skin regeneration application in future.
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