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Accelerating the wound healing of diabetes-impaired cutaneous tissue is still a challenge due to the
aberrant cellular behavior, poor angiogenesis, and pathological micro-environment. Activation with
growth factors and modulation of the redox micro-environment of the diabetic wound are considered
to be effective strategies. Herein, we have described a highly sulfated heparin-like polysaccharide 2-N,
6-0O-sulfated chitosan (26SCS)-doped poly(lactic-co-glycolic acid) scaffold (S-PLGA), which can achieve
controlled and sustained release of heparin-binding epidermal growth factor (HB-EGF) owing to its
affinity for heparin-binding growth factors. Interestingly, the antioxidant effect of 26SCS was confirmed
and it was shown to have a strong scavenging activity towards superoxide radicals, a moderate
scavenging activity towards hydroxyl radicals and a lower scavenging activity towards hydrogen
peroxide. It also exhibited stronger protective effects in a human keratinocyte cell line (Ha-cat) against
H,0O,-induced oxidative damage. The Ha-cat cells cultured in the presence of the S-PLGA scaffold were
significantly protected against oxidative stress during proliferation. In a full thickness excisional wound
model of a diabetic rat, the wound treated with the HB-EGF-loaded S-PLGA scaffold was basically
healed after 28 days. Conversely, the wounds in the other diabetic groups were not closed. The
migration effect of the keratinocytes was enhanced by the 26SCS-induced sustainable release of HB-

EGF and the scavenging of ROS which led to rapid re-epithelialization. Furthermore, histopathological
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Accepted 20th April 2018 evaluation demonstrated the positive effects on wound contraction, epithelial regeneration, and collagen

deposition when treated with the HB-EGF loaded S-PLGA scaffold. These findings highlight that 26SCS
DOI: 10.1039/c8ra02153h may serve as a promising coagent for both controlled release of growth factors and alleviation of

rsc.li/rsc-advances excessive ROS production, thus leading to increased regeneration of the diabetic wounds.

and deregulation of the neovascularization phase.>* There may
also be nitric oxide abnormalcy, collagen accumulation,

1. Introduction

It is estimated that 285 million people worldwide are affected by
diabetes, and 15% of these patients suffer from chronic ulcers.
This figure is expected to rise to 439 million by 2030." Despite
the danger posed by poor healing, very few specific therapies
exist, leaving patients at risk of hospitalization, amputation,
and further decline in overall health. The underlying mecha-
nism for the formation of diabetic chronic wounds is still
unclear. Diabetic chronic wounds are multi-factorial in origin.
They are characterised by impaired granulocytic, chemotaxis
and macrophage functions, as well as prolonged inflammation
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abnormal function of fibroblasts and keratinocytes, as well as
accumulation of ECM ingredients and their remodeling by
matrix metalloproteinases (MMPs).**

The treatment of diabetic wounds is mainly limited to
standard wound care practices, including surgical debride-
ment, antibiotic therapy, moisture dressing, and pressure off
loading, as well as close control of blood glucose levels.” Various
approaches, such as the use of growth factors, stem cells, gene
therapy, proteins and natural products have been used to
promote diabetic chronic wound healing. To accelerate the
wound healing process, plenty of dressings are used to protect
long-range healing from contamination/infection, to afford an
ideal moist environment to stimulate wound healing, to offer
controlled and sustained release of the bioactive substances,
and to prevent their fast degeneration during the repair
process.® Unfortunately, until now, there has been no effective
treatment or application method that can adequately ensure
chronic wound healing.
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At the wound site, reactive oxygen species (ROS), such as
H,0, are generated as by-products along with pro-
inflammatory mediators, which play an important role in
managing normal wound healing by accelerating hemostasis,
inflammation, wound closure, and formation of the extracel-
lular matrix (ECM).® During diabetic wound healing, normal
redox signaling is disrupted resulting in raised ROS levels in
a variety of tissues, due to the overproduction of ROS by
macrophages and neutrophils, and a damaged antioxidant
defense ability caused by hyperglycemia.’® Excessive ROS
production leads to oxidative stress, which can cause impaired
dermal fibroblast and keratinocyte function."*> Some studies
have also reported that ROS can stimulate the degradation of
hypoxia-inducible factor 1 (HIF-1), which reduces the expres-
sion of HIF-1a-dependent genes such as vascular endothelium-
derived growth factor, hemoxygenase-1 (HO-1), and endothelial
and inducible nitric oxide synthase.*'* The increased produc-
tion of vascular superoxide (O*>7) in diabetic patients may
inactivate nitric oxide (NO), which is detrimental to wound
repair.”® Furthermore, ROS can enhance the expression of
MMPs. An increased ECM degradation rate, resulting from the
high level of MMPs, can impair cell attachment, migration and
cell signaling.*®

Notably, modulation of the redox environment of the dia-
betic wound has proven to be an effective strategy. A number of
mechanisms for targeted ROS-generation have been well
defined. For example, the topical application of siRNA targeting
in xanthine dehydrogenase (XDH) in db/db diabetic mice
decreased the activity of xanthine oxidase (XO), and signifi-
cantly improved the healing rate.” Increasing the antioxidant
ability has proven to be a valid strategy. The in vivo transfer of
siRNA targeted against Keapl, to restore Nrf2 antioxidant
function, was shown to accelerate diabetic tissue regeneration.*®
Non-specific therapy for decreasing ROS has also been probed
recently. Antioxidants such as vitamin C, bilirubin ointment
and SkO1 help to maintain a balance by reducing ROS levels at
the wound site and promoting wound healing.**"**

Chitosan (CS) or chitooligosaccharide (COS), a natural
polysaccharide, can combine with superoxide free radicals,
acting as a natural antioxidant, due to the abundance of free
hydroxyl and amino groups.* It was reported that CS, acting as
a protective agent against H,0,/FeSO,-induced cell death in the
NT2 neural cell line, could show potential for the prevention
and treatment of some central nervous system (CNS) diseases.>
It was also reported that low molecular weight COS exhibits
anti-antioxidant effects in p-cells by scavenging radicals in vitro
and can improve insulin secretion due to high glucose levels.**
Of particular interest are some chitosan derivatives, such as
sulfated chitosan (SCS), which could enhance antioxidant
activity. Ronge Xing et al. reported the disparate antioxidant
ability of various sulfated chitosans. When comparing chitosan
and sulfated chitosan with the same molecular weight, the
scavenging activity of sulfated chitosan towards superoxide and
hydroxyl radicals was better than that of chitosan.*® Moreover,
many sulfated polysaccharides have recently been shown to
have ambiguous results in preventing oxidative stress. For
example, the sulfated derivatives of Artemisia sphaerocephala
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polysaccharide were found to have a stronger antioxidant
activity when compared to the native polysaccharide in vitro.>
The sulfated polysaccharides also exhibited better protective
effects in RAW264.7 against H,0,-induced oxidative damage,
when compared to the native polysaccharide.”” Most of these
studies focused on the antioxidative effects of the poly-
sacchrides. However, until now, the precise antioxidative
mechanism of sulfated polysaccharides has remained unclear,
especially at the cellular level.”® The antioxidant activity of
26SCS in diabetic chronic wounds has also not been reported so
far.

HB-EGF is a potent stimulator of keratinocyte proliferation
and migration during wound healing. Many studies have
demonstrated that the application of EGF would accelerate
wound healing by shortening the healing time.> However, it
must be applied in a sustained and localized way to be efficient
due to its short half-life. In a previous work by our group, we
showed that a 26SCS-modified carrier could achieve controlled
release of HB-EGF with a steady release rate when compared
with neat PLGA nanofibers and it also has a synergistic effect on
the migration of keratinocytes, which leads to rapid re-epithe-
lialization.**** However, the application of antioxidative 26SCS
in regenerative medicine has not been reported, especially for
the treatment of diabetic chronic wounds.

In view of this, we focused on developing a scaffold that
would promote the collective migration of keratinocytes and the
enhanced formation of granulation tissue. We hypothesize that
26SCS could promote keratinocyte survival and migration and
accelerate diabetic wound healing. The effect of 26SCS, serving
as a synergetic coagent, on both the controlled release of HB-
EGF and the survival of normal human keratinocytes upon
oxidative stress was investigated. Moreover, the survival upon
oxidative stress of the keratinocytes was assessed in the case of
the 26SCS-doped PLGA scaffold. Finally, a wound repair exam-
ination was implemented to verify the in vivo promotion
potency of the 26SCS-doped scaffold using a full-thickness
excisional wound model in STZ-diabetic rats.

2. Experimental
2.1 Fabrication of the 26SCS-doped PLGA scaffold

2.1.1 Electrospinning of PLGA scaffold. The electro-
spinning solutions were prepared by dissolving 1.5 g PLGA in
a mixed solution, which contained 7.5 mL tetrahydrofuran and
2.5 mL N,N-dimethylformamide, and stirring at room temper-
ature until the PLGA completely dissolved. A certain amount of
mixed solution was withdrawn with a 10 mL syringe and
embedded into a micro syringe pump a number of times. The
solution feed rate was set at 2.5 mL h™'. The collector was
placed 10 cm away from the syringe needle tip and the output
voltage was set to 18 kV. The fibers were dried overnight under
vacuum and were then used for further studies.

2.1.2  Aminolysis of PLGA scaffold. The PLGA scaffolds were
cut to 1 cm x 1 cm dimensions, and were then reacted with
0.43 mol L' 1,6-hexanediamine/isopropanol at 25 °C for
15 min. The aminolyzed PLGA scaffolds were then thoroughly

n
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washed in pure water three times and dried in a vacuum oven
set at room temperature.

2.1.3 26SCS grafting. A 4 mg mL ™" 26SCS solution was
obtained by dissolving 26SCS in sodium citrate buffer solution
(pH 4.5). To activate the carboxylic acid groups of 26SCS,
0.15 mol L' NHS and 0.30 mol L " EDC were added into the
buffer solution, and the solution was kept at room temperature
for 4 h. Subsequently, the aminolyzed PLGA scaffolds were
immersed in the 26SCS buffer solution for 24 h to obtain the
265CS-doped PLGA scaffolds (S-PLGA). After the reaction, the
scaffolds were washed with buffer and pure water three times to
remove the weakly adsorbed 26SCS and then dried at room
temperature.

2.2 Characterizations of scaffolds

2.2.1 Morphology observation. The morphology of the
electrospun scaffold after 26SCS grafting was characterized
using scanning electron microscopy (SEM; S-3400, Hitachi,
Tokyo, Japan). The scaffolds were scanned at an accelerating
voltage of 10 kV after sputter coating with gold.

2.2.2 Mechanical properties. The scaffolds were cut into
similar dimensions (5 cm x 1 cm) for mechanical testing.** The
stress—strain curves of the samples were measured using
a tensile tester (HY-0350 Shanghai Hengyi Testing Instruments
Co., Ltd) operating at a rate of 1 mm min~". All of the
mechanical tests were reported as an average of three
measurements.

2.2.3 Contact angle measurements. The hydrophilicity of
the PLGA scaffolds and the 26SCS-immobilized PLGA scaffolds
was determined using sessile drop water contact angle
measurements. The microinjector was spun to ensure each
sessile drop was 1 pL. The data were recorded using a digital
camera (Nikon, Tokyo, Japan) after 20 s of equilibration.

2.2.4 X-ray photoelectron spectroscopy analysis. The
surface chemical composition of the aminolyzed PLGA scaffold
(N-PLGA) and the 26SCS-immobilized PLGA scaffold (S-PLGA)
was investigated using XPS (ESCALAB 250Xi, Thermo Scien-
tific, Waltham, MA, USA). The data were analyzed using XPS
Peak Software. The relevant integral peak intensities were
calculated to determine the atomic concentration of each
element. The C1s neutral carbon peak at 285 eV was used as the
reference to compensate for surface charging.

2.2.5 Surface charge characterization. The effect of 26SCS
modification was investigated by characterizing the distribution
of the negative charge on the PLGA scaffolds. Rhodamine 6G
(R6G) with positively-charged fluorophores can adsorb on the
modified surface through the action of positive and negative
charges, and the distribution of the negative charges was
measured using a fluorescence microscope. Briefly, the 26SCS-
immobilized PLGA scaffold was soaked in phosphate buffer
(pH = 8.0) for 0.5 h. Subsequently, the scaffolds were added to
the R6G solution (1.0 mg mL ") and left to stand for 0.5 h, and
then washed with phosphate buffer 3 times. Fluorescence
microscopy photographs were taken after drying.

2.2.6 Toluidine blue staining and assay. The amount of
26SCS grafted onto the PLGA scaffold was determined using
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a toluidine blue assay. Briefly, 0.005% (w/v) toluidine blue
solution was firstly prepared by dissolving toluidine blue in
0.01 mol L' hydrochloric acid containing 0.2% (w/v) NaCl.
26SCS solutions (700 pL) with known concentrations (0-50 pg
mL ") were reacted with the toluidine blue solution (300 pL) for
3 hat 37 °C. N-Hexane (600 pL) was used to extract the toluidine
blue-26SCS complex into the organic phase by shaking for
1 min. The absorbance of the aqueous solution (containing the
unreacted toluidine blue) at 630 nm was measured using an
enzyme-linked immunosorbent, and this was used to construct
a calibration curve. To determine the amount of immobilized
SCS, the 26SCS-immobilized PLGA scaffold (S-PLGA, 1 x 1 cm?)
was immersed in PBS (600 pL), and reacted with the toluidine
blue solution (300 uL) for 3 h at 37 °C. Subsequently, n-hexane
was added to ensure the same treatment. After removing the
PLGA-SCS-dye complex from solution, the absorbance of the
aqueous phase was measured at 630 nm.

2.2.7 HB-EGF release profile. The release behaviour of the
scaffolds was measured using a Human HB-EGF ELSIA Kkit.
Briefly, the scaffolds were placed in a 48-well plate. 10 pL of PBS
solution containing 1 pg HB-EGF was blotted onto each sample
and left for 4 h to be absorbed. Then the HB-EGF loaded scaf-
folds were lyophilized and placed into 1 mL PBS in a vertical
mouth bottle (5 mL) at 37 °C under continuous agitation. At
specified time points, 1 mL release buffer was collected and
stored in a freezer, and an equal volume of fresh PBS was added
to the bottle. All of the collected samples were thawed and the
release behavior was determined using a Human HB-EGF ELI-
SIA kit. All of the samples were tested in triplicate.

2.3 In vitro antioxidant activity

2.3.1 Superoxide radical scavenging assay. The superoxide
scavenging ability of 26SCS was assessed using the NBT
reduction method.** The reaction mixture containing 100 pL
sample solution (0.05-0.5 mg mL™"), 300 pL PMS (60 uM), 300
uL NADH (468 pM) and 300 pL NBT (150 uM), dissolved in
phosphate buffer (0.1 M, pH = 7.4), was incubated at room
temperature for 5 min and the absorbance was measured at
560 nm against a blank. For the control, the sample was
replaced by PBS. VC and TP were used as standards. The
capability of scavenging was determined using the following
equation: scavenging ability (%) =[1
X 100.

2.3.2 Hydroxyl radical scavenging assay. The reaction
mixture containing 100 pL sample solution (1-10 mg mL™"), 500
uL deoxyribose (3.75 mM), 100 puL H,0, (1 mM), 100 uL FeCly
(100 mM), 100 puL EDTA (100 mM) and 100 pL ascorbic acid (20
mM), dissolved in phosphate buffer (20 mM, pH 7.4), was
incubated for 60 min at 37 °C.?® To terminate the reaction, 1 mL
TBA (1%, w/v) and 1 mL TCA (2%, w/v) were added and then the
tubes were heated at 80 °C for 15 min. When the contents were
cooled, 2.0 mL of 1-butanol was added, and the 1-butanol phase
was clarified for the absorbance measurement at 530 nm
against a 1-butanol blank.*” The percentage scavenging effect
was calculated from the decrease in absorbance against the
control (without sample). VC was used as the standard.

- (Asample - Ablank)/Acontrol]
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2.3.3 Assay of H,0, scavenging. The ability of the samples
to remove H,0, was determined spectrophotometrically.*® The
samples were dissolved in 0.1 M pH 7.4 phosphate buffered
saline (PBS). The reaction mixture, containing 100 pL sample
solution (0.05-0.5 mg mL ') and 0.6 mL of H,0, solution (40
mM), was incubated for 10 min. The absorbance of H,0, at
230 nm was measured using a spectrophotometer. For each
concentration, a separate blank sample was used for back-
ground subtraction. The H,0, scavenging activity was calcu-
lated as follows: scavenging rate (%) = [1 — (Asample — Ablank)/
Acontrol] X 100, where Aconerol 1S the absorbance of the control
group in the hydroxyl radical generation system, Agample is the
absorbance of the test group and Apank is the absorbance of the
samples only.

2.4 Invitro cell culture studies

2.4.1 Cell culture. A human keratinocyte cell line (Ha-cat,
purchased from American Type Culture Collection) was inocu-
lated in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), and 100 mg mL "
streptomycin (cell culture reagents were obtained from Sigma-
Aldrich, Saint Louis, MO, USA).

2.4.2 H,0, treatment of Ha-cat cells with soluble SCS. The
Ha-cat cells were seeded in a 96-well plate (1 x 10" cells per well)
for the cell integrity assay, and they were serum starved over-
night. The Ha-cat cells were then pre-treated with soluble SCS
(50-100 pM) for 2 h. The cells were then exposed to DMEM
supplemented with 500 tM H,O0, in the presence or absence of
SCS, and then the cells were placed into Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 mg mL~" streptomycin. The cells were
investigated using the MTT test after incubation for 24 h. The
absorption values were measured at 570 nm.

2.4.3 H,0, treatment of Ha-cat cells on the scaffold. The
Ha-cat cells were plated (1 x 10* cells per well) in a 96-well plate
and cultured in the presence of the scaffold for 6 h. The cells
were exposed to H,0, at a concentration of 100 pM for 2 h. Then
the cells were placed into Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
100 mg mL ™" streptomycin. The CCK-8 assay was used to eval-
uate the proliferative potential of the cells after incubation for
24 h. The absorption values were measured at 570 nm.

2.5 In vivo assessment using diabetic rat models

2.5.1 The streptozotocin-induced diabetic rat models. The
animal experiments were approved by the Research Ethics
Committee at the Shanghai Sixth People’s Hospital affiliated to
Shanghai Jiao Tong University. All of the animal experiments
were conducted in accordance with the guidelines of the
Research Ethics Committee of the Sixth People’s Hospital,
Shanghai Jiao Tong University, and the guide for the Care and
Use of Laboratory Animals. Adult male SD rats (Silaike Inc.
Shanghai, China, n = 63), with an average body weight of 200-
250 g, were rendered diabetic by using a single intraperitoneal
injection of 70 mg kg™ streptozotocin dissolved in 0.1 M citrate
buffer (pH = 4.5). The blood glucose levels were measured using
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Table 1 Six experimental groups
Group Rat Scaffold HB-EGF
Non-DM blank group Normal — —
DM blank group Diabetic — —
DM P+0 group Diabetic PLGA —
DM S+0 group Diabetic S-PLGA —
DM P+4 group Diabetic PLGA 4 g
DM S+4 group Diabetic S-PLGA 4 pg

an electronic device (Glucometer, Accu-Check, Germany) at days
2, 3 and 7. The animals that showed a blood glucose concen-
tration >16.7 mM were considered to be diabetic.*® Two weeks
later, the rats were randomly divided into six groups (Table 1),
n = 10 rat/20 wounds per group. The dorsal surface of the
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Fig.1 (A) SEM micrographs of the PLGA and S-PLGA scaffolds. (B) The
fiber diameter of the PLGA and S-PLGA scaffold. (C) The tensile
strength of the PLGA and S-PLGA scaffold. (D) The hydrophilicity of the
PLGA and S-PLGA scaffold.
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animal was shaved with an electric clipper and cleaned with
75% alcohol solution. Two circular excisional, full-thickness
cutaneous wounds, with diameters of 18 mm were created on
the back of each rat. The scaffold, with a diameter of 18 mm,
was implanted and the pledget was sutured around the wound
site using 3-0 synthetic absorbable sutures (PGA suture). The
pledget was removed after 7 days.

2.5.2 Serial wound analysis. The wound area was calculated
after treatment for 7, 14 and 28 days. The skin wounds of the six
groups were photographed, and the area of the unhealed wound
was determined based on the image using Image pro plus
software. The percentage of the wound closure was calculated
according to: % wound closure = (Apnax — Ad)/Amax X 100%

where A, = area of the original wound and A4 = area of the
actual wound.

2.5.3 DHE staining analysis. Dihydroethidium (DHE)
staining was used to evaluate the intracellular ROS. Briefly,
regenerated wound tissue samples, after 7 days post-surgery,
were fixed in 4% paraformaldehyde and sections were made
with thicknesses of 10 um using cryotome. The sections were
stained with dihydroethidium (DHE) (10 puM) solution for
30 min. DHE or hydroethidium is a compound which pene-
trates into the cells and interacts with O>~ and thereby forms
a by-product known as oxyethidium. Upon interaction with
nucleic acids, this product emits a red color that can be quali-
tatively detected using a confocal microscope.

2.5.4 Immunofluorescent analysis. On day 7, the frozen
sections were dual stained with rabbit polyclonal antiki-67
(1:100, Abcam) and mouse monoclonal anti-integrin b4
(1:100, Abcam), followed by goat anti-rabbit IgG Alexa Fluor
594 (1: 200, Abcam) and goat anti-mouse IgG FITC secondary
antibodies (1 : 200, Abcam), and counterstained with DAPI.

2.5.5 Histological analysis. At days 7, 14 and 28 after the
operation, the wound tissue sample sections were treated with HE
and Masson’s trichrome staining to observe the wound repair
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process. The dyed sections were photographed using an inverted
microscope. The histological analysis for all of the samples was
performed on more than 4 wounds per group at each time point.
The images presented are representative of all of the replicates.
2.5.6 Statistical analysis. All of the quantitative data are
expressed as the mean £ SD and were analyzed with Origin 9.0
(OriginLab Corp, USA). Statistical differences were detected using
one-way analysis of variance (ANOVA). Statistical significance was
accepted at greater than the 95% confidence level (p < 0.05).

3. Results

3.1 Characterization of the scaffold

The PLGA scaffold showed a well-defined fiber structure with an
average fiber diameter of 686 nm (Fig. 1). After two steps of
ammonification and sulfonation, the S-PLGA scaffold showed
edge dissolution, and the S-PLGA scaffold showed conglutina-
tion and ruptured. The average fiber diameter of the S-PLGA
scaffold was 678 nm. The tensile strength of the PLGA scaf-
fold and the S-PLGA scaffold was 5.6 and 3.1 MPa, respectively.
Typical skin tensile strength ranges from 2 to 16 MPa.* Before
and after modification, the tensile strength of the scaffolds was
like normal skin. The water contact angle on the S-PLGA scaf-
fold (46.50°) was smaller than that on the PLGA scaffold
(128.99°). The hydrophilicity of the scaffold after modification
was enhanced.

XPS analysis revealed the successful immobilization of
26SCS (Fig. 2A). In the spectra, the N1s peak was fitted and
deconvoluted to help to identify the contribution of the N
element in different chemical environments. The peaks at 401.8
and 399.6 eV are assigned to -NHSO;, protonated amines (C-
NH;'/C-N") and amides (N-C-O), respectively. The N-PLGA
scaffold showed a peak at 399.6 eV, which is caused by the
aminolysis of the PLGA molecular chain, which could produce
the amide (N-C-0).** After 26SCS grafting, the scaffold showed
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(A) XPS analysis. The N1s high resolution spectra of the PLGA and S-PLGA scaffold. (B) Characterization of the negative charge on the

surface of the PLGA and S-PLGA dressing, scale bar = 500 nm. (C) Appearance of the PLGA and S-PLGA scaffold. (D) The 26SCS-grafting amount
on the S-PLGA scaffold, *p < 0.05. (E) The release kinetics of HB-EGF from the PLGA and S-PLGA scaffolds.
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a new peak at 401.8, which was caused by the presence of
-NHSO;™ in 26SCS.** The nitrogen content of the peak at
399.6 eV increased from 0.63% to 1.04%, which is caused by the
interaction of -SO;~ with -NH;". Further characterization of the
negative charge on the surface helped to characterize the
surface modification of 26SCS directly. When compared with
PLGA, the surface modified with 26SCS shows an obvious
distribution of fluorescent charge (Fig. 2B). The presence of
26SCS molecules after covalent immobilization was quantita-
tively determined using the toluidine blue assay. The PLGA
scaffold exhibited a very pale purple color due to the trace
physical adsorption of toluidine blue, whereas the 26SCS-
grafted PLGA scaffold showed a strong purple color (Fig. 2C).
The results of the surface charge and toluidine blue staining
analysis show that 26SCS was distributed evenly on the surface
of the scaffold. The amount of 26SCS grafted onto the PLGA
scaffold was measured as 3.66 pg cm™> (Fig. 2D).

3.2 Release kinetics of HB-EGF

The release of HB-EGF was almost linear and was sustained
throughout the 10 day experiment. At day 10, a cumulative
release of 73.8% was observed for the S-PLGA scaffold,
compared with 89.3% for the PLGA scaffold, indicating that the
sustained release effect of HB-EGF is enhanced after modifica-
tion (Fig. 2E).

3.3 Invitro antioxidant activity

The scavenging of the superoxide radical (19.7-69.6%) at all of
the concentrations (0.05-0.5 mg mL ') of 26SCS exhibited
values between those of Vc and TP and this was concentration

A80 B 85.
gso gso «
£ 275
S 3
2 > 70
3 K
20 65
?
Control S0 100
concentration of SCS ( pg/mL) PLGA S-PLGA
Fig.4 (A) H,O, treatment regimen for the Ha-cat cells in the presence

or absence of 26SCS. (B) H,O, treatment regimen for the Ha-cat cells
in the presence of the PLGA scaffold and S-PLGA scaffold, *p < 0.05.
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dependent (Fig. 3A). The scavenging effect of 26SCS towards the
hydroxyl radical at different concentrations (1-10 mg mL ") was
between 13.7 and 72.9%. More significant inhibition was
observed at high concentrations (7-10 mg mL™") of 26SCS when
compared to Ve (Fig. 3B). However, the hydroxyl radical scav-
enging activity of Vc was stronger than that of 26SCS at low
concentrations (1-5 mg mL ™). In the range of 0.05-1 mg mL ™,
the scavenging rate of 26SCS towards H,O, ranged from 17.7%
to 22.9%. For Vc, the rate was 99.7% at 1 mg mL™ ", which is
higher than that of 26SCS. There were no significant changes in
the range of 0.05-1 mg mL~ " (Fig. 3C).

3.4 Assessment of cell viability in vitro

The protective effect of 26SCS on the viability of H,0,-induced
Ha-cat cells was identified using the MTT assay. As shown in
Fig. 4A, the viability of the Ha-cat cells in the control group
decreased significantly after cultivation with 500 pM H,O,.
However, the relative viability of the Ha-cat cells pre-protected
with 26SCS for 2 h was significantly increased. We then inves-
tigated the effect of the S-PLGA scaffold on Ha-cat cell survival
following treatment with 100 uM H,0,. The cck8 assay showed
an increased percentage of viable Ha-cat cells in the presence of
the S-PLGA scaffold (Fig. 4B).

3.5 Wound closure measurement

The effect of HB-EGF loading on wound closure was determined
by measuring the area around a wound over 28 days. As displayed
in Fig. 5B, at day 7, the HB-EGF-loaded S-PLGA scaffold (DM S+4)
group had the vast advantage of quick wound healing when
compared with the other DM groups and this was maintained
throughout the trial. A dramatic decrease in the wound area was
observed in the case of the DM S+4 group with 71% healing
occurring in 7 days. During the same time interval, the wound
closure of the other DM groups was no more than 70%. At day 14,
the wounds in the DM S+4 group had healed by about 90%. This
still holds the advantage for speeding up wound healing when
compared with the other DM groups and it is like the non-DM
blank group. Furthermore, epithelialization appeared to have
been nearly completed by day 28. However, the wounds were not
completely closed in the other DM groups. In addition, the DM
S+0 group showed significantly improved wound closure when
compared with the DM blank group and the DM P+0 group.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) The full-thickness cutaneous wound model; wounds with a diameter of 18 mm were created on the back of each rat. (B) Time-
dependent changes in the wound closure determined using image analysis software, *p < 0.05. (C) Representative images of the wounds were

tracked at day 7, day 14, and day 28.

3.6 Oxidative stress at the wound site

In order to further confirm the protective role of the S-PLGA
scaffold from the oxidative stress generated at the wound site,
the levels of the ROS were determined at day 7 (Fig. 6). The levels
of the ROS were significantly higher in the DM blank group and

This journal is © The Royal Society of Chemistry 2018

the PLGA scaffold treated (DM P+0) group when compared to
the S-PLGA scaffold treated (DM S+0) group. Additionally,
decreased ROS levels were found in the HB-EGF treated (DM
P+4, DM S+4) group wounds when compared to the non-HB-
EGF treated (DM blank, DM P+0, DM $+0) group wounds.

RSC Adv., 2018, 8, 19085-19097 | 19091
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Fig. 6 Representative images of DHE staining of the sections to
evaluate the ROS levels at the wound sites of various groups at day 7
post-surgery, scale bar = 200 um.

DM S+4

3.7 Cell viability in vivo

The effect of HB-EGF on the proliferation of keratinocytes was
assessed after 7 days post-wounding using Ki-67 (a marker of
cell proliferation) immunofluorescence (Fig. 7). Meanwhile, the
migration of keratinocytes was determined using stained P4

non-DM blank

DM blank DM P+

/B, int/

Fig. 7
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Fig. 8 Histological analysis of the wound regions for observing re-
epithelialization, 7 days after injury. (A) Staining with MTS. The black
arrows indicate the wound surface that did not cover the new
epithelia. Scale bars = 1 mm. (B) Staining with HE. Scale bars = 500 um.

integrin, which acts to activate Racl for coordinated cell
motility during wound healing. The DM blank group and the
DM P+0 group exhibited a double-negative throughout the
wound region. The DM S+0 group induced a small amount of

DMS+4

Immunofluorescent staining of day 7 wound sections for B4 integrin (green) and Ki-67 (red) with DAPI (blue) nuclear staining (yellow

arrow: keratinocyte cells migrating, white arrow: keratinocyte cells proliferating).
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migration of nonproliferating (Ki-67-negative) cells and several
related proliferating cells. The DM P+4 group exhibited much
more proliferation and cell migration (B4 integrin-positive)
when compared with those in the other groups. Notably, the
wounds in the DM S+4 group (HB-EGF + S-PLGA) showed a lot of
migration of the proliferating cells (double-positive) when
compared with those in the other groups, which suggested that
26SCS-modified PLGA scaffolds induced the migration of ker-
atinocytes and related cell proliferation.

3.8 Histopathological evaluation

Histological analysis of the wound tissues, using H&E staining
and Masson’s trichrome staining, 7 days after the injury, are
presented in Fig. 8. As can be seen, the new epithelia did not
cover the entire wound surface in all of the groups. We observed
that the DM S+4 group had significantly decreased the uncov-
ered area of the wound surface when compared with the other
DM groups. By day 14, re-epithelialization was completed in all
groups apart from the DM blank group (Fig. 9). In the DM P+0
group and the DM P+4 group, the re-epithelialization was
irregular, and there was a gap between the subcutaneous tissue
and the dermis, which shows that the subcutaneous tissue was
not completely healed. The other three groups showed complete
and mature epidermis thickness, similar to non-DM blank
group. Moreover, to further assess the effect of the HB-EGF-
loaded S-PLGA scaffold on wound healing, the contraction
gap, epidermal thickness and collagen deposition were
analyzed using Masson’s trichrome staining (MTS), 28 days
after the injury (Fig. 10). As shown in Fig. 10B, the contraction
gap of the DM S+4 group (6.02 £+ 0.22 mm) was significantly
smaller than that in the DM P+4 group (10.84 + 0.86 mm).

non-DM blank

DM blank

View Article Online

RSC Advances

There was no significant difference between the DM S+4 group
and the non-DM blank group (5.68 £ 0.22 mm). Interestingly,
the contraction gap of the DM S+0 group (12.65 &+ 1.29 mm) was
also significantly smaller than that of both the DM blank group
(17.25 £ 0.61 mm) and the DM P+0 group (16.39 £ 0.49 mm).
The wounds of the DM S+4 group demonstrated an increased
thickness in the newly regenerated epidermis when compared
with the other DM groups (see Fig. 10C). The epidermal layer
thickness in the DM S+4 group was 98.18 + 21.84 pm, while the
data for the DM P+4 group and the non-DM blank group were
75.34 £ 13.94 pm and 70.91 £+ 12.46 pm, respectively. It is
noteworthy that the DM S+0 group (89.55 £+ 15.71 um) had an
increased thickness in the newly regenerated epidermis when
compared with the DM P+4 group. There was no significant
difference between the DM blank group (45.53 £ 12.09 pm) and
the DM P+0 group (48.45 + 10.12 pm). The blank group, DM P+0
group, DM S+0 group, DM P+4 group and DM S+4 group had
thicknesses of 22.7 + 2.78%, 27.8 + 8.05%, 45.9 + 7.89%, 49.9
+ 7.07% and 58.3 £ 2.71%, 28 days post-surgery, respectively,
and there was a significant difference between the DM S+0
group and the DM blank group and DM P+0 group. Further-
more, the effect of collagen deposition was analyzed (Fig. 10D).
It was found that the collagen deposition percentage for the DM
blank group, DM P+0 group, DM S+0 group, DM P+4 group and
DM S+4 group were 22.7 & 2.78%, 27.8 £ 8.05%, 45.9 & 7.89%,
49.9 + 7.07% and 58.3 £ 2.71%, 28 days post-surgery, respec-
tively, indicating that collagen deposition in the DM S+4 group
was significantly higher than that in the other groups. There is
a significant difference between the DM S+0 group and the DM
blank group and DM P+0 group.

Fig.9 Histological analysis of the wound regions for observing re-epithelialization, 14 days after injury. Staining with Masson'’s trichrome staining

(MTS) and staining with hematoxylin and eosin (HE).

This journal is © The Royal Society of Chemistry 2018
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4. Discussion

Exogenous GFs applied in the body, especially in a wound
environment with high proteolytic activity, have very short half-
lives.*> Consequently, numerous delivery systems that show
protective and sustained release of the EGF family of proteins
have been tested in animal models of diabetic wounds.* In this
study, we designed a 26SCS-modified scaffold (S-PLGA) after two
steps of ammonification and sulfonation. As a result, PLGA and
S-PLGA scaffold surfaces showed water contact angles of
128.99° and 46.50°, respectively. One of the main focuses of
PLGA being used for scaffolds is its hydrophobicity, because it
does not allow biological fluids or cells to make contact with
PLGA, which further obstructs cell infiltration.** 2-N,6-O-
sulfated chitosan (26SCS), a hydrophilic polysaccharide, would
drastically improve the hydrophilicity of the PLGA scaffold.
Heparin and heparan sulfate, which have a high affinity to bind
many growth factors, could protect them from proteolytic
degradation and increase their bioactivity, which extends their
half-lives.**** Moreover, heparin could increase the ability of
some growth factors to bind to their cell receptor.*** 26SCS has
a high affinity for heparin-binding growth factors and this can
help to achieve controlled release. In our previous work, we
demonstrated that heparin-like 26SCS had significant effects on
BMP-2, VEGF and HB-EGF, even with a low dose of 26SCS.*°3? In
this study, the S-PLGA scaffold was effectively bound to HB-EGF
and decreased the rate of release of HB-EGF, especially the burst
release, which was reduced from 44.3% to 31.7% (compared to
the PLGA scaffold used as a control). Here, we demonstrate
similar results to previous reports. Cao et al. developed a 26SCS-
modified PCL scaffold for bone morphogenetic protein-2 (BMP-
2) delivery and the rate of release observed within 24 h was 30-
45%.* Moreover, at day 10, a controlled and sustained release
of HB-EGF of 73.8% was observed from the S-PLGA scaffold
compared with 89.3% for the PLGA scaffold. Peng et al

19094 | RSC Adv., 2018, 8, 19085-19097

fabricated a 26SCS-embedded PLGA nanofibrous matrix (S-
PLGA) as a delivery vehicle for HB-EGF. After 10 days, approxi-
mately 56% of the HB-EGF was released from the S-PLGA scaf-
fold and the PLGA scaffold released a total of 83%.3? In contrast,
our S-PLGA scaffold released more HB-EGF after 10 days, indi-
cating the higher utilization efficiency of HB-EGF on the S-PLGA
scaffold (Fig. 2E).

There has been growing recognition that many poly-
saccharides have scavenging activities for free radicals and can
protect cells against oxidative damage induced by hydrogen
peroxide. Moreover, it has been reported that the effect of super
oxide dismutase (SOD), one of the representative antioxidant
enzymes for scavenging radicals and reducing oxidative
damage, could be improved by polysaccharides. 26SCS, a deriv-
ative of chitosan (CS), exhibits a great anti-antioxidant effect.
Ronge Xing et al. studied the antioxidant capacity of different
sulfated chitosan systems (236S, 6S, 3S, 36S). Low molecular
weight chitosan sulfate showed effective scavenging activity
towards superoxide radicals and hydroxyl radicals.>® However,
up to now, few studies have focused on the antioxidant effect of
chitosan for tissue regeneration. In this study, we assessed the
antioxidant activity of 26SCS. It has a strong scavenging activity
towards superoxide radicals, a moderate scavenging activity
towards hydroxyl radicals and a low scavenging activity towards
hydrogen peroxide (Fig. 3). We also demonstrated that the
soluble 26SCS exhibited stronger protective effects in Ha-cat
cells against H,0,-induced oxidative damage (Fig. 4A). From
the results of the control group, it could be confirmed that 500
uM H,0, and 2 h incubation was sufficient to inhibit the
proliferation of Ha-cat cells, and this could be caused by the
ROS from H,0,. Liu et al. reported that the viability of Ha-cat
cells decreased in a concentration-dependent and time-
dependent manner after exposure to H,0,. There was signifi-
cant difference (P < 0.05) apart from at 50 pM.* In this study, the
results from the 26SCS groups showed significant protection for

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 A schematic diagram of the effect of the HB-EGF-loaded S-PLGA scaffold on wound healing. (1) The sustained and controlled release of
HB-EGF from the S-PLGA scaffolds. (2) The scavenging activity of 26SCS towards ROS. (3) The synergistic effect of 26SCS and HB-EGF,
promoting migration of the Ha-cat cells. (4) The HB-EGF-loaded S-PLGA scaffold enhanced the healing of full thickness excisional wounds in
diabetic rats by affecting wound contraction, epithelial regeneration, and collagen deposition.

the viability of H,0,-induced Ha-cat cells, and this may benefit
from the treatment with 26SCS, as well as their anti-oxidation.
The cells cultured in the presence of the S-PLGA scaffold also
showed significant protection against oxidative stress during
proliferation (Fig. 4B).

To further confirm the effect of the HB-EGF-loaded S-PLGA
scaffold on the behavior of wound healing in vivo, full thick-
ness excisional wounds in diabetic rats were selected for this
study. Sashwati et al. showed that certain concentrations (100-
250 uM) of H,0, are present at the normal wound site. Higher
doses of H,0, adversely influenced healing.> Diabetic wounds
are characterized by high levels of ROS, particularly O*~ and
H,0, which could lead to oxidative stress.*> In these circum-
stances, keratinocyte migration, homing and proliferation are
impaired.® It is worth noting that the ROS levels of the DM S+0
group had reduced to a degree (Fig. 5), and the DM S+0 group
played a favorable role in proliferation (Fig. 6). These results
suggest that 26SCS presumably protected the keratinocytes
around the wound from ROS damage, and stimulated the ker-
atinocytes to express the appropriate integrin receptors. As for
the DM S+4 group, dihydroethidium (DHE) staining suggested
that the ROS levels were effectively decreased when compared to
the DM P+4 group at day 7. Moreover, the keratinocytes that
stained double positive for 4 integrin and Ki-67 protein were
observed well beyond the wound margin in the DM S+4 group.
As shown in Fig. 5, the diabetic wound healed faster, especially
in the initial phase when 26SCS and HB-EGF were combined for
treatment. Substantial dysregulation in the availability and
activity of growth factors may cause keratinocyte functional
impairment.>* The method of applying EGF to the wound site
could stimulate keratinocyte proliferation with the mRNA
expression levels of epiregulin, keratin, and loricrin signifi-
cantly increasing.”**® Locally prolonged bioavailability is
a requirement for a significant EGF-mediated impact on wound
closure.”” Experimental studies also suggest that EGF is able to
enhance cell survival by controlling oxidative stress.>**° What’s
more, the healing effect of EGF on diabetic wounds seems to be
related to a noticeable improvement in the redox balance.*

The data for the histopathological evaluation showed that
the HB EGF-loaded S-PLGA scaffold enhanced healing of the full

This journal is © The Royal Society of Chemistry 2018

thickness excisional wounds in diabetic rats by affecting wound
contraction, epithelial regeneration, and collagen deposition
(Fig. 11). The quantity and quality of collagen deposition is
critical to wound contraction and revascularization. HB-EGF
stimulates fibroblast proliferation and plays a critical role in
the process of collagen remodeling.®* Notably, there are also
positive effects on wound contraction, epithelial regeneration,
and collagen deposition when only the S-PLGA scaffold is used.
Excessive ROS production leads to oxidative stress, which can
cause impaired dermal fibroblast function." Treatment with
vitamin C, an antioxidant, can reduce ROS, increase collagen
deposition, as well as reduce apoptosis.’® Similar effects were
observed with oral administration of an antioxidant; treatment
with the mitochondria-targeted antioxidant SkQ1 reduced the
ROS levels at the wound site and improved granulation tissue
deposition.*

5. Conclusions

In this study, we designed a 26SCS-modified scaffold (S-PLGA)
after two steps of ammonification and sulfonation, which hel-
ped to improve the hydrophilicity. When the S-PLGA scaffold
was developed for HB-EGF loading, controlled release of HB-
EGF was achieved. Furthermore, we assessed the antioxidant
activity of 26SCS. It has a strong scavenging activity towards
superoxide radicals, a moderate scavenging activity towards
hydroxyl radicals and a low scavenging activity towards
hydrogen peroxide. We also demonstrated that the soluble
26SCS exhibited stronger protective effects in Ha-cat cells
against H,0,-induced oxidative damage. The S-PLGA scaffold
played a role in protecting keratinocyte cells from oxidative
damage, which led to acceleration of re-epithelialization. The
wounds were almost completely healed 28 days after the
application of the HB-EGF-loaded S-PLGA scaffold. Besides, the
HB EGF-loaded S-PLGA scaffold enhanced healing of the full
thickness excisional wounds in diabetic rats by affecting wound
contraction, epithelial regeneration, and collagen deposition.
Notably, there were also positive effects on wound contraction,
epithelial regeneration, and collagen deposition when only the
S-PLGA scaffold was used. By this token, these results indicate

RSC Adv., 2018, 8, 19085-19097 | 19095
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that the HB-EGF-loaded S-PLGA scaffold can promote the
comprehensive and fast curing of cutaneous wounds.
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