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Abstract

Nitric oxide (NO) plays an important role in wound healing,
due to its ability to contract wound surfaces, dilate blood ves-
sels, participate in inflammation as well as promote collagen
synthesis, angiogenesis and fibroblast proliferation. Herein,
keratin was first nitrosated to afford S-nitrosated keratin
(KSNO). As a NO donor, KSNO was then co-electrospun with
polyurethane (PU). These as-spun PU/KSNO biocomposite
mats could release NO sustainably for 72h, matching the re-
newal time of the wound dressing. Moreover, these mats
exhibited excellent cytocompatibility with good cell adhesion
and cell migration. Further, the biocomposite mats exhibited
antibacterial properties without inducing severe inflammatory
responses. The wound repair in vivo demonstrated that these
mats accelerated wound healing by promoting tissue forma-
tion, collagen deposition, cell migration, re-epithelialization
and angiogenesis. Overall, PU/KSNO mats may be promising
candidates for wound dressing.
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Introduction

As the largest single organ, skin is mostly exposed to damage
more than any other part of the body. These damages vary from
small cuts, which can be healed naturally in a couple of days,
to severe third-degree burns, which can threaten life if medical
intervention is not timely [1, 2]. Wound healing is crucial to the
recovery of body integrity after injury, with the need to restore
function and anatomical structure to a baseline level [3]. Wound
healing is a dynamic and complex process that involves coagula-
tion, inflammation, granulation, proliferation, matrix synthesis
and deposition, fibrogenesis, angiogenesis, wound contraction
and re-epithelialization [4, 5]. In most cases, it is a prodigious
challenge in the clinic because the wound healing process imme-
diately starts with the injury and might last for several months.
Hence, rapid wound healing in an ideal local environment is piv-
otal [6].

Nitric oxide (NO) plays many critical physiological roles in the
regulation and protection of numerous tissue and organ func-
tions [7]. As a gasotransmitter, NO is responsible for promoting

wound healing by re-epithelialization, improving angiogenesis
through the expression of multiple growth factors and cytokines
[8, 9]. Intriguingly, NO has excellent antibacterial capability as
well. NO-donor loaded polymeric materials have generated sig-
nificant interest in wound dressings, which are capable of releas-
ing NO at controlled rates [10-18]. Won et al. [19] conjugated N-
diazeniumdiolates with a tri-block copolymer, accelerating pala-
tal wound healing. de Oliveira et al. [20] prepared poly(acrylic
acid)/F127/S-nitrosoglutathione hydrogel, which was a potential
platform for accelerating wound healing and treating chronic
wounds. Seabra et al. [21] incorporated S-nitroso-mercaptosuc-
cinic acid and silver nanoparticles into alginate hydrogel for
topical antibacterial applications. However, a handful of NO
donors are available on biomedical applications because most of
synthetic donors are toxic and unstable.

Nanofibrous mats with high specific area and 3D structure are
promising candidates for wound dressings [22, 23]. Bazmandeh
et al. [24] electrospun chitosan-gelatin and chitosan-hyaluronic
acid to resemble the fibrous/gel structure of natural skin extra-
cellular matrix (ECM) wound healing properties. Yoo et al. [25]
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fabricated adipocyte-derived stem cells/gelatins-poly(caprolactone)
nanofibrils cell sheets, exhibiting more effective wound-healing ef-
ficiency. Schoenfisch et al. [26] incorperated low-molecular-weight
NO donor with polymer to prolong NO release. Zhou et al. [27]
prepared carboxyethyl chitosan/poly(vinyl alcohol) mats used as
potential wound dressing for skin regeneration.

As a cytoskeletal scaffolding protein, keratin is essential for
wound healing and tissue recovery. Till now, keratin-based
wound dressings have been well developed [28-32]. In this study,
S-nitrosated keratin (KSNO) was used as NO supply. The bio-
macromolecular NO donor of KSNO should has higher stability
and lower cytotoxicity as compared to low-molecular synthetic
NO donors. Then, KSNO was co-electrospun with polyurethane
(PU) to afford PU/KSNO mats. The as-spun mats could release NO
sustainably, thereby accelerating wound healing. The physico-
chemical and biological properties, such as hydrophilicity, cyto-
compatibility and antibacterial activity were characterized.
Furthermore, the wound repair of PCL/KSNO mats in vivo was
evaluated on Sprague-Dawley (SD) rats (Scheme 1).

Experimental
Materials

Pellets of thermoplastic PU (Mw=70000) were provided by
Xianbang Technology Co., Ltd (Nanjing, China). 1,1,1,3,3,3-
Hexafluoro-2-isopropanol (HFIP) and tert-butyl nitrite were pro-
vided by the Aladdin Company (Shanghai, China). Griess reagent
was provided by Beyotime Institute of Biotechnology (Haimen,
China). All other chemicals were used as received.

Synthesis of KSNO

The KSNO was developed by our lab [33]. In brief, the reduced
keratins were extracted from human hair by the reduction
method, followed by converting to S-nitrosothiols by the reaction
with tert-butyl nitrite. Then, KSNO was purified under vacuum
and stored in the dark for future use.
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Fabrication of PU/KSNO mats by electrospinning
PU and KSNO were dissolved in HFIP to obtain polymer solutions
at concentrations of 4 wt% with stirring at room temperature for
electrospinning. To keep the good mechanical property, the mass
ratio of PU to KSNO was 9 and 1. The mixed solution was electro-
spun via a 20ml syringe with an 18 G metal needle at a flow rate
of 2.0ml/h. The parameters for the collector were maintained at
a voltage of 20kV and a collection distance of ~15cm from the
tip of the needle. The canary yellow fiber membranes were dried
in a vacuum overnight at 37°C to remove the residue solvent be-
fore proceeding with other experiments.

NO release in vitro

To determine the NO release, the equal weight PU/KSNO mats
(@15 mm) were immersed in phosphate-buffered saline (PBS) so-
lution (2ml, pH=7.4) in the absence and presence of ascorbic
acid (Asc, 250 pg/ml), respectively. At predetermined time inter-
vals, the solution was collected and replaced with the corre-
sponding solution. Afterward, 50pul of collected supernatant of
each sample was transferred into a 96-well plate, reacted with
100pl Griess reagent, and incubated for another 15min in the
dark. The absorbance at 540nm was measured using a micro-
plate reader (BioTek ELx800, USA). Ultimately, the cumulative re-
lease of NO can be calculated according to the standard curve.

Cytotoxicity of PU and PU/KSNO mats

To evaluate the cytotoxicity of PU/KSNO mats and KSNO, an
MTT assay was carried out with L-929 cells. Before biological
assays, all mats were sterilized with ethanol 75% (V/V) for 30 min
and then was fixed by the sterilized glass ring into the plates, fol-
lowed by washing thrice with PBS. The cells were seeded on the
surface of the pre-treated mats with a density of 5 x 10* cells/well
and cultured in a humidified incubator with 95% air and 5% CO,
at 37°C. Then, the PU/KSNO mats were added with 15ul Asc
(250 pg/ml) every 12h. After culturing for 72h, the supernatant
was discarded and the samples were washed with PBS thrice to
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Scheme 1. Schematic preparation of PU/KSNO mats with NO release capacity for accelerating wound healing



Regenerative Biomaterials, 2022, Vol. 9, rbac006 | 3

remove non-attached cells. Dulbecco’s Modified Eagles Media
(1ml ) (DMEM, Hyclone) with 100l of MTT solution was added
and incubated at 37°C for another 4h. Then, the upper solvent
was removed and the bluish-violet formazan crystals were
dissolved in 500ul of dimethyl sulfoxide (DMSO) for 30min in
dark and 100 pl of the solution in each well was transferred to a
new 96-well plate, and the absorbance at 490nm was measured
with a microplate reader. To evaluate the KSNO toxicity, various
concentrated KSNO solutions were prepared. The equal DMSO
(1%, V/V) was added to improve the KSNO solubility. The effect of
KSNO concentration on the cytotoxicity was tested with MTT as-
say for 3 days.

Cell migration assay

Cell migration assay is a simple and economical method to
mimic cell migration in vivo to some extent. Cell migration assay
was conducted with L-929 cells, representing the expansion of
cell population on the surface. Before the test, the mat was cut
into a square (2.5 x 2.5 cm?), immersed with ethanol 75% (V/V),
and exposed to the ultraviolet irradiation for 1h on both sides for
sterilization, followed by placed into a 6-well plate and fixed with
sterilize stainless steel bar and then infiltrated with PBS. Then,
PBS was removed and the stainless steel mold of a specific size
was pressed onto the samples to form gaps. L-929 cells cultured
in the petri dish were stained with Cell Tracker™ Green CMFDA
dye (1.5 x 107> M) and incubated in a humidified atmosphere of
5% CO, at 37°C for 1h. Subsequently, cells were digested and
seeded at the 6-well plate at a density of 1.5x 10° cells/ml in
DMEM and 10% fetal bovine serum (FBS) and cultured at 37°C.
After 4h, the mold was removed and 15 pl of Asc (250 pg/ml) was
added into PU and PU/KSNO groups and cultured for another
24h. Correspondingly, the PU and PU/KSNO mats in the absence
of Asc were set as controls. The photos of cells were taken using
the inverted fluorescence microscope and the distance of cell mi-
grated was measured using Image J software.

Antibacterial activity

The antibacterial activity of PU/KSNO mats against Escherichia coli
was tested using the inhibition zone method. PU and PU/KSNO
mats with 1.5 cm diameter were carefully removed from the alu-
minum foil and sterilized using 75% ethanol. The sterilized
mats were gently placed onto the surface of Luria-Bertani agar
plates triangularly with 10* CFUs/ml. A cotton ball saturated
with Asc (250pg/ml in PBS) was placed on the specimens.
Incubated at 37°C for 24 h, the antibacterial activity of the sample
was evaluated by measuring the zone of inhibition according
to photos.

MTT method was also conducted to assess the antimicrobial
activity. The round mats with a diameter of 1.5 cm were sterilized
under UV light for 1h (30min for each side) and covered with
1ml E.coli suspension (107 CFUs/ml) in a 24-well plate. For the PU/
KSNO mats, the antimicrobial effect of NO from KSNO was con-
ducted with and without Asc (250 ug/ml in PBS). After culturing
for 24h, 100 ul of MTT solution was added and incubated at 37°C
for another 4 h. Then, the old medium was discarded, followed by
the addition of 500 ul DMSO to dissolve the blue crystal. The opti-
cal density value at 490nm was measured by a microplate
reader.

Pro-inflammatory response test
RAW 264.7 cells (3 x 10° cells/cm? in DMEM supplemented with

10% FBS and 4mM L-glutamine) were seeded in triplicate onto
mats. The tumor necrosis factor-alpha (TNF-o) secreted for 24h

incubation was quantified with TNF-a ELISA kit. Cells stimulated
with lipopolysaccharide (10ng/ml, LPS) were used as a positive
control. For the NO generation, the concentration of Asc was
375 ug/ml.

Animal models

All animal experiments were approved and instructed by the
Animal Investigation Ethics Committee of Nanjing Tech
University. All the SD rats (6 weeks, 160~200g, female) were fed
with sterile water and standard chow. After anesthetizing with
3% pentobarbital sodium (0.2ml/100g) and shaving dorsal hair
with an electrical hair cutter, the full-thickness skin defects (1 cm
diameter) were created on the upper back of each rat. The PU/
KSNO mats were applied to the wounds, and cotton gauze and
PU mats were used as controls. The wound dressing was replaced
every 2 days. Asc concentration in human blood is about 15 pg/ml,
which is much lower than that in our experiments (250 pg/ml).
Therefore, all mats were immersed with Asc solution (1%) for
5min before operation. The adsorbed Asc would act as a catalyst
to generate NO for mats during wound treatment.

All rats were sacrificed after 14 days, and their fresh wound
tissues were harvested and immersed in 4% formaldehyde tissue
fixing fluid for 24 h. Then, the fixed wound tissue was embedded
in paraffin for histological examination, including hematoxylin
and eosin (H&E) and Masson’s trichrome staining. Wound
coverage percentage was measured by the software Image J and
calculated by the formula:

Woundcoverage (%) = At/Ag x 100%,

where A; and Ap are the wound area at the time of the rats been
sacrificed and the initial wound area, respectively.

Statistical analysis

The results are expressed as the means * standard deviations.
Statistical analysis was performed using Origin 8.5 (OriginLab,
Northampton, MA). Significant differences were determined
using one-way ANOVA. The data were considered statistically
significant at P < 0.05.

Results and discussion

Electrospinning and characterization

Electrospinning is a favorable low-cost fabrication technique,
particularly in skin tissue engineering and wound healing appli-
cations. The as-spun mats with mimicked ECM structure are
capable to absorb large wound exudates, enable gas permeation,
prevent wound dehydration and promote cell growth [34, 35].
Figure 1 presents the SEM micrographs and diameter distribution
of electrospun PU and PU/KSNO mats. For each sample, three
SEM images were analyzed, and at least 40 fibers were manually
measured on each image and analyzed using Image ] software.
Smooth and uniform fibrous structures were well retained, ex-
cept for a decrease in the mean diameter (544.8 = 74.5nm) when
compared with that of the pristine PU (723.4 = 155.9nm). It may
be ascribed to the incorporation of high-polar KSNO, leading to a
smaller diameter.

Supplementary Fig. S1 shows ATR-FTIR spectra of nanofibrous
mats. There were no apparent differences between them because
KSNO was nearly embedded into the fibers completely. XPS
analysis was conducted to characterize the chemical structure.
The elemental compositions were calculated and shown in
Supplementary Table S1. In Fig. 2A, bare PU shows a peak at
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Figure 1. SEM images and fibrous diameter profile of PU (A) and PU/KSNO (B)
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Figure 2. (A) High-resolution Ny¢ XPS spectra; (B) high-resolution S, XPS spectra of PU (lower) and PU/KSNO mats (upper)

399 eV, corresponding to its urethane structure. Ny, peaks for PU/ by KSNO. Compared to bare PU, the S, peak for PU/KSNO mats
KSNO mats were observed at 397 and 400eV. Besides, N% at appeared at 166.4eV (S-NO) and 168.7 eV (-S-S-) (Fig. 2B). There
397 eV was increased from 3.3% to 3.6%, which was contributed was a sudden appearance of sulfur about 1.4%. The increased N%
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and S% for PU/KSNO compared to PU revealed the successful
introduction of KSNO.

Traditional wound dressings mainly include natural or syn-
thetic bandages, gauzes and cotton wool. Their main functions
are to maintain the moist wound environment and absorb the
excess exudates [36]. As depicted in Supplementary Fig. S2,
the water contact angle reduced from 109.9 +2.8° to 39.1 +7.6°.
It indicated that the hydrophilicity was improved largely after the
introduction of KSNO, which could meet the demand in a moist
environment for wound healing. In addition, the excellent hydro-
philicity and 3D structure as well as the porosity of fibrous mats
would have good wound exudate absorption capacity. The SEM
images showed that PU and PU/KSNO mats did not degrade seri-
ously with trypsin for 5days (Supplementary Fig. S3).
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Figure 3. The cumulative release of NO from PU/KSNO mats in asc
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NO release in vitro

KSNO was prepared by the S-nitrosation method, that was, con-
verting the —SH to —=SNO group. This method was simple and the
product was easy to be purified. It was reported the NO-releasing
wound dressings could effectively accelerate wound healing and
inhibit the formation of scars [37]. Figure 3 presents the accumu-
lated release of NO from PU/KSNO mats in PBS buffer and Asc so-
lution, respectively. These mats could continuously release NO in
both Asc and PBS solutions up to 3 days, while performed the
accelerated release under Asc condition. As a nucleophile, Asc
reacts with S-nitrosothiols and releases NO through electrophilic
nitrosation, accompanied by the formation of a free thiol and
dehydroascorbic acid [38, 39]. The NO release time matches the
renewal time of the wound dressing very well because the wound
needs to redress every 2~3days in general. The releasing NO
helps clear bacterial infection in the initial stage of the wound to
begin the satisfactory wound healing process [40, 41].

Cell viability

Cytocompatibility is a prerequisite for KSNO and PU/KSNO mats
used as a wound dressing. Thus, MTT assay was carried out to test
the cell viability (Fig. 4). To increase the solubility of KSNO, KSNO
was dissolved with DMSO and diluted to each well. The toxicity
of KSNO showed a concentration-dependent feature (Fig. 4A).
The cell viability was reduced with the increasing concentration.
There was nearly no toxicity as its concentration was higher than
250 ng/ml, indicating their good cytocompatibility. Cytocompatibility
of PU/KSNO mats in Asc solution (250 pg/ml) and PBS buffer was
also conducted. The cell viability on the PU mats was ~80%, which
could be considered non-cytotoxic (Fig. 4B). Furthermore, the cell
viability on the PU/KSNO mats with and without Asc was signifi-
cantly higher than that on the PU mats, indicating the released
NO had no cytotoxicity in vitro and even promoted cell growth

B 200

150 4

" 1|

PU/KSNO PU/KSNO-Asc

Cell viability (%)

o
o
1

Figure 4. (A) Cell viability of KSNO as the functions of concentrations after incubation with L-929 cells for 3 days(n =5); (B) cell viability of L-929 cells
after incubation for 3 days using tissue culture polystyrene as a control (n=5, ™ represents P < 0.01; *** represents P < 0.001)
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Figure 5. Fluorescence images of L-929 seeded on the PU, PU/KSNO, and PU/KSNO-Asc mats for 6 h culture (x10)
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and proliferation [42, 43]. It may be explained that NO released
from donors accelerated the fibroblast proliferation and leaded to
collagen deposition thus resulting in faster wound healing [44].
Interestingly, the cell viability of the PU/KSNO-Asc group was
significantly superior to that of the PU/KSNO group. Previously,
KSNO was proven to have lower cytotoxicity than that of
GSNO [45].

Cell adhesion

Keratin contains cell-binding motifs, such as leucine-aspartic
acid-valine, glutamic acid- aspartic acid-serine and arginine-gly-
cine-aspartic acid, which imitate the environment of the ECM to
accelerate the adhesion and proliferation of fibroblasts [46, 47].
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Figure 6. Cell migration images of L-929 cells at 4 and 28h
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Observed by fluorescence microscopy, some cells with round ap-
pearance adhered to PU mats (Fig. 5). For PU/KSNO mats, more
cells were attached as compared to PU mats due to the biocom-
patible KSNO. Regarding PU/KSNO-Asc mats, a large number of
cells with a spreading phenotype were adhered. These results
were in line with the results of cell viability. Supplementary Fig.
S4 shows SEM images of HUVECs on the PU and PU/KSNO mats
for 6 h adhesion. The results were consistent with the above con-
clusions.

Cell migration assay

The cell migration assay was used to in vitro evaluate the wound
healing potential of the PU/KSNO dressings. As depicted in Figs 6
and 7A, the images of the distance of L-929 cell migration were
taken at 4 and 28h. There is no significant difference between
PU, PU-Asc and PU/KSNO groups. However, the fibroblasts
exposed to the PU/KSNO-Asc group exhibited much faster cell
migration. It was because KSNO could release NO largely with
the catalysis of Asc under moist and physiological temperature
conditions, resulting in faster cell migration. The in vitro data
of fibroblast proliferation and migration provide evidence for
supporting wound healing [13].

Antibacterial activity

Bacterial adhesion to the artificial surfaces is considered as the
pre-determining step during biofouling and biofilm formation
[48, 49]. The antibacterial activities of various mats were evalu-
ated by the agar plate diffusion method against gram-negative
E.coli (Supplementary Fig. S5). From the MTT results, PU and PU/
KSNO mats did not show an obvious antibacterial effect. On
the contrary, PU/KSNO-Asc mats displayed significant inhibition
of bacterial growth due to the catalytic release of NO (Fig. 7B).
It indicated the excellent antibactericial ability of PU/KSNO was
improved by the accelerated release of NO in the presence of Asc.
The possible antibacterial mechanisms of NO include deamina-
tion of bacterial DNA, oxidation of proteins and inhibition of
metabolic enzymes in bacteria [50, 51]. Asc ranged from 0.04 to
0.4mg/ml has a bactericidal ability [52]. Herein, the used Asc was
only 3.75 ng/ml, which was too low to exert bactericidal activity.

Pro-inflammatory response

The secreted TNF-a by RAW 264.7 cells cultured on mats was
measured to evaluate the inflammatory response. As shown in
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Figure 7. (A) Cell migration distance of L-929 cells on mats for 24h (n=3, **, P <0.001); (B) MTT results of E.coli cultured on mats for 24 h (n=5, ™,

P <0.001)
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Fig. 8A, the level of TNF-a secretion was markedly lower than
that stimulated with LPS. The TNF-a level for PU/KSNO-Asc
group was slightly higher than that of the negative group. The
results are in line with a report that NO would increase the
production of TNF-o in mouse-cultured macrophages [53]. It is
worth emphasizing that the slight inflammatory response plays a
significant role in removing debris and protecting against patho-
gens at the implantation site [54].

Acceleration of wound healing

All mats were immersed with Asc solution (1%) for 5min before
wound treatment because Asc can catalyze NO release from
mats. To test wound healing efficiency, the full-thickness skin
defects on SD rats’ models were conducted. The wound was pho-
tographed on Days O, 2, 4, 7 and 14. As shown in Supplementary
Fig. S6, the mats had a great difference in wound repair from
in vivo experimental models. It seemed that PU mats had a better
promotion effect due to their porous structures. In comparison,
the wound contraction could be significantly improved after the
treatment with PU/KSNO mats. Fig. 8B is a quantitative evalua-
tion of wound healing in different groups on Days 2, 4, 7 and 14.
The wound coverage of PU/KSNO mats was lower than 15% on
Day 14, while that for PU and gauze groups was higher than 20%.
These results exhibited that the wound healing efficiency of PU/
KSNO mats was better than the controls.

The histological stain was used to evaluate the wound healing
progress as well as investigate the skin tissue regeneration and
collagen deposition. From the H&E staining and Masson staining
in different groups, the thickness of the regenerative tissues was
quite different among the three groups (Fig. 9). The thickness of
the regenerative tissue for PU/KSNO group was the highest com-
pared with the other groups and almost consistent with that of
native tissues. Through the histological staining, it was found
that the regenerative tissues contained mature blood vessels,
thickened epidermis and a high density of microvessels in PU/
KSNO groups. It was because the released NO from PU/KSNO
mats improved angiogenesis and promoted wound healing prog-
ress. Angiogenesis is critical for wound healing because blood
vessels can carry oxygen and nutrients to the wound [55]. As a
signaling molecule, NO is responsible for promoting wound heal-
ing by re-epithelialization, improving angiogenesis through the
expression of multiple growth factors and cytokines [56, 57].
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Figure 9. Histology of regenerative tissues. (A) H&E staining and Masson
staining in gauze groups, PU mats groups and PU/KSNO mats groups.
Black frameworks: regenerative tissues, green arrows: native tissues, red
arrow: blood vessel, scale bar is 1 mm; (B) the thickness of regenerative
tissues in different groups (n=3). ns, not significant; *, P <0.05; **,
P<0.01.

In the process of wound healing, the formation of blood vessels
is very important because wound healing needs enough
nutrients, which are transported through the blood to the wound.
Too little new blood vessel formation will delay wound healing.
Meanwhile, a much larger number of collagen fibers were ob-
served in the PU/KSNO mats treated groups, and the phenome-
non revealed that PU/KSNO mats also had a positive effect on
promoting collagen deposition. Besides, the granulation tissues
were much thicker in the PU/KSNO mats group than in the other
two groups. It proved the released NO by PU/KSNO mats greatly
promoted granulation tissue formation and collagen deposition,
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resulting in accelerated wound recovery [19, 38, 58]. Overall,
these results demonstrated that PU/KSNO mats possessed a great
therapeutic effect by promoting granulation tissue regeneration
and collagen deposition.

Conclusions

In summary, the NO donor of KSNO was used as NO supply and
then incorporated with PU to produce PU/KNSO mats for wound
dressing. These mats could release NO sustainably for 72h,
matching the renewal time of the wound dressing. The biocom-
posite mats promoted cell viability and exhibited antibacterial
properties due to the sustained release of NO. More importantly,
these mats could accelerate wound healing on a rat wound repair
model by promoting tissue formation, collagen deposition, cell
migration, re-epithelialization and angiogenesis. Overall, all
results validated that PU/KSNO mats had the potential to be
wound dressings for skin repairing.
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Supplementary data are available at REGBIO online.
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