Bioactive Materials 6 (2021) 3461-3472

KeAi
Contents lists available at ScienceDirect

Bioactive
Materials

Bioactive Materials

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/bioactive-materials

Check for

Incorporating redox-sensitive nanogels into bioabsorbable nanofibrous e
membrane to acquire ROS-balance capacity for skin regeneration
Shihao Zhang*', Yamin Li "', Xiaofeng Qiu®", Angi Jiao?, Wei Luo? Xiajie Lin®?,

Xiaohui Zhang“, Zeren Zhang, Jiachan Hong “, Peihao Cai”, Yuhong Zhang*, Yan Wu“ ,
&7 Yulin Li®®

2 The Key Laboratory for Ultrafine Materials of Ministry of Education, State Key Laboratory of Bioreactor Engineering, Engineering Research Center for Biomedical
Materials of Ministry of Education, School of Materials Science and Engineering, East China University of Science and Technology, Shanghai, 200237, China

Y Institute of Translational Medicine, Shanghai University, Shanghai, 200444, China

¢ Heilongjiang Key Laboratory of Anti-fibrosis Biotherapy, Mudanjiang Medical University, Mudanjiang, 157011, China

9 Shanghai Jiaotong University Affiliated Sixth People’s Hospital, Shanghai, 200233, China

€ Hubei Collaborative Innovation Center for Advanced Organic Chemical Materials, Ministry of Education Key Laboratory for the Synthesis and Application of Organic
Functional Molecules, College of Chemistry and Chemical Engineering, Hubei University, Wuhan, 430062, China

ARTICLE INFO ABSTRACT

Keywords:

Polylactide
Nanofibrous membrane
Redox sensitivity
ROS-Balance capacity
Skin regeneration

Facing the high incidence of skin diseases, it is urgent to develop functional materials with high bioactivity for
wound healing, where reactive oxygen species (ROS) play an important role in the wound healing process mainly
via adjustment of immune response and neovasculation. In this study, we developed a kind of bioabsorbable
materials with ROS-mediation capacity for skin disease therapy. Firstly, redox-sensitive poly(N-iso-
propylacrylamide-acrylic acid) (PNA) nanogels were synthesized by radical emulsion polymerization method
using a disulfide molecule as crosslinker. The resulting nanogels were then incorporated into the nanofibrous
membrane of poly(,-lactic acid) (PLLA) via airbrushing approach to offer bioabsorbable membrane with redox-
sensitive ROS-balance capacity. In vitro biological evaluation indicated that the PNA-contained bioabsorbable
membrane improved cell adhesion and proliferation compared to the native PLLA membrane. In vivo study using
mouse wound skin model demonstrated that PNA-doped nanofibrous membranes could promote the wound
healing process, where the disulfide bonds in them were able to adjust the ROS level in the wound skin for
mediation of redox potential to achieve higher wound healing efficacy.

skin injuries from trauma or illness may dis-functionalize its primary
defense capacity, resulting in serious infections or disabilities to

1. Introduction

As the largest organ of organism, skin plays an essential role in
adjustment of the normal biological activities of human body (e.g.,
infection prevention, nutrient and waste exchange, hydration and tem-
perature regulation) [1-3]. Also, the maintenance of skin integrity is a

endanger the quality of human life [4-6]. For instance, the failure in
repair of chronic skin wounds such as diabetic foot ulcers may lead to
amputation or other life-threatening consequences [7]. Up to now,
serious skin diseases remain a highly prevalent clinical problem with no

necessity for insuring the homeostasis of human body. However, major satisfactory solution [8]. Therefore, it is meaning to develop
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biomaterials with high bioactivity for regeneration of skin diseases [5].

Wound healing is a complicated process generally consisting of four
successive and overlapped steps: (1) hemostasis phase; (2) inflammatory
phase; (3) proliferative phase; and (4) maturation and remodeling phase
[9,10]. Among them, inflammatory phase is a kind of significant pro-
cedure, where immune cells secrete pro-inflammatory cytokines to
induce inflammatory cells to produce a large amount of reactive oxygen
species (ROS), which are the important metabolites of oxygen, including
peroxides, superoxide, the hydroxyl radical and singlet oxygen [11]. It is
known that ROS are essential to protect the body against developing an
infection by killing the invading pathogens [12-14]. ROS also own other
positive biological functions, like collagen synthesis, angiogenesis and
epithelialization [13,15,16]. ROS are involved in tissue repair by
modulating cell proliferation, angiogenesis and fibrosis [17], and pro-
mote the migration and proliferation of epidermal cells [18]. ROS play
an important role in signal transduction in cellular stress responses via
activating mitogen-activated protein kinases that alleviate damage and
maintain or re-establish homeostasis [17,19].

Therefore, proper ROS level may create appropriate microenviron-
ment to activate cell survival path ways to increase cell adaptability
under injured or diseased skin conditions. However, the existence of
excessive ROS during a long period can induce signals towards cell
apoptosis, resulting in failure in wound healing [17]. Generally, cells
react to various stresses primarily through a number of specific and well
conserved adaptive intracellular signaling pathways that alleviate
damage and re-establish homeostasis [19]. Meanwhile, ROS over-
expression is unbeneficial to angiogenesis, probably because high
oxidative potential may inactivate certain enzymes with high oxidative
sensitivity involved in signaling pathways (e.g., phosphotyrosine phos-
phatase, sulfhydryl residues) [20]. Actually, excessive ROS strain
signaling networks may create an imbalanced redox homeostasis,
resulting in impaired wound healing. For instance, diabetes, aging, im-
munodeficiency, and malnutrition are typical samples for delayed
wound healing caused by overexpressed ROS [21]. Under these patho-
logical conditions, redox imbalance occurs, which can cause an elevated
oxidative injury to increase the difficulty in skin repair [22]. Therefore,
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it is meaning to properly adjust the imbalanced redox homeostasis for
creation of an appropriate microenvironment for skin regeneration.
Naturally, redox homeostasis can be mediated by highly specialized
enzymes like catalase, thioredoxins, superoxide dismutase and gluta-
thione peroxidase as well as by naturally occurring antioxidants [23].
Disulfide-containing molecules (e.g., oxidized glutathione) can be
reduced to glutathione by cytosolic glutathione reductase for adjust-
ment of intracellular redox homeostasis [24]. Furthermore, recent
report indicated that disulfide bonds are cleavable under both reducing
environment and oxidizing environment [25].

These enlighten us to design a kind of wound healing materials
which can act as disulfide bond reservoir for mediation of redox po-
tential in order to promote wound healing process. Herein, we firstly
developed a type of redox-sensitive nanogels by crosslinking N-iso-
propylacrylamide and acrylic acid with N,N'-bis(acryloyl)cystamine as
biodegradable crosslinker in the presence of sodium dodecyl sulfate as
surfactant. The redox nanogels were then in situ doped into biodegrad-
able nanofibrous membrane of poly(,-lactic acid) (PLLA, a kind of
biodegradable polymer approved by the Food and Drug Administration
(FDA) [26]) via an airbrushing technology (a simple and effective
nanofiber-spinning technique as compared to electro spinning method)
[27-31]. The results indicated that nanogel introduction not only
improved the mechanical strength of the native PLLA membranes, but
also accelerated wound healing process (see Scheme 1).

2. Materials and methods
2.1. Materials

t-lactide was purchased from Jinan Daigang Biomaterial Co., Ltd
(Jinan, China). 2',7’-Dichlorofluorescin diacetate (DCFH-DA), hydrogen
peroxide (H202), stannous octoate, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT), and 4,6-diamidino-2-phenyl-
indole (DAPI) were obtained from Sigma-Aldrich (MO, USA). N-iso-
propylacrylamide (NIPAM) was bought from Shanghai Xianding
Biological Technology Co., Ltd (Shanghai, China). Acrylic acid (AA) was
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bought from Shanghai Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). N,N'-bis (acryl) cysteamine (BAC) was purchased
from Shanghai Titan Technology Co., Ltd (Shanghai, China). Potassium
persulfate (KPS) and glutathione (GSH) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The mouse fibro-
blast cell line (L929) was obtained from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). C57BL/6 mice (10-12 weeks)
were purchased from Shanghai Jeste Experimental Animal Co., Ltd
(Shanghai, China). All other reagents were of analytical grade and used
without further purification.

2.2. Preparation of redox-sensitive nanofibrous membranes

2.2.1. Synthesis of PLLA and PNA nanogels

PLLA was synthesized via ring-opening polymerization of 1-lactide at
140 °C for 6 h with Sn(Oct), as catalyst. The coarse product was purified
using a dissolving and precipitation method with ethanol and methylene
chloride, followed by vacuum-dry to offer pure PLLA product. PNA
nanogels were synthesized using a free radical polymerization emulsion
technique. The ratio of NIPAM to AA was fixed at 14.4:1.0 and dissolved
in the ultra-pure water at 70 °C under magnetic stirring for 1 h. Then
initiator potassium persulfate (KPS) was added and reacted for 7 h under
argon atmosphere, followed by dialysis purification for 3 d and lyoph-
ilization to obtain PNA nanogels.

2.2.2. Fabrication of redox-sensitive PNA nanofibrous membranes via
airbrushing

PLLA and PLLA/PNA were dissolved in a mixed solvent of methylene
chloride and ethanol under magnetic stirring for 4 h. The mixture was
airbrushed on a commercial airbrush (HD-130, Syou Tools, China) with
a 0.5 mm-diameter nozzle at an air pressure of 0.2 MPa (the distance
from receiver to nozzle was 20 cm for all experiments). All samples were
vacuum-dried to afford nanofibrous membranes containing different
amount of PNA nanogels, which were abbreviated as PLLA, 5% PNA,
10% PNA and 20% PNA, respectively.

2.3. Characterization of PNA-doped nanofibrous membranes

2.3.1. Nuclear magnetic resonance (NMR) spectroscopy and gel
penetration chromatography (GPC) analysis

PLLA polymer was characterized on a nuclear magnetic resonance
(NMR) Spectroscope (Bruker AVANCE III 600, Bruker Corporation,
Switzerland) using deuterium chloroform (CD3Cl) as solvent and tetra-
methylsilane (TMS) as an internal standard. Gel penetration chroma-
tography (PL-GPC50, Agilent Technologies, USA) was used to analyze
the molecular weight of PLLA polymer using tetrahydrofuran as mobile
phase at 1 mL/min flow rate and 35 °C with monodisperse polystyrene
as a standard sample.

2.3.2. Morphology of PNA nanogels and fibrous membranes

The morphology of PNA nanogels was characterized by a trans-
mission electron microscope (TEM, Hitachi JEM-1400, Japan) with an
accelerating voltage of 200 kV. Before measurement, nanogels were
dispersed in ultrapure water (0.1 mg/mL). Field emission scanning
electron microscope (FESEM, Hitachi S-3400, Japan) was used to
observe the morphologies of the PNA nanogels and the nanofibrous
membranes at an accelerating voltage of 15 kV. Before SEM character-
ization, nanofiber mats were sprayed with gold for 120 s. The fiber di-
ameters and size distributions in the nanofibrous membrane were
calculated from SEM images using an image analysis software (Image J).

2.3.3. Morphological characterization

In order to study the morphology of nanogels and nanofibrous
membrane, the PNA nanogels were observed on a scanning electron
microscope (SEM) coupled with an energy dispersive spectrometer
(EDS) (Quanta200FEG, FEI Co., Hillsboro, OR). PNA nanogels were
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dispersed in ultrapure water, and the solution was dropped on glass
slide, airdried, followed by gold spraying before SEM analysis at an
acceleration voltage of 20 kV. For membrane observation, the dried
PLLA nanofibrous membrane were cut and pasted on an electron mi-
croscopy platform with conductive adhesive before SEM observation.

2.3.4. Fourier transform infrared (FTIR) characterization

Fourier transform infrared (FTIR, Nicolet 5700, Thermo, USA)
spectra of PNA nanogels as well as the nanofibrous membranes of PLLA,
5% PNA, 10% PNA and 20% PNA were measured in the wavelength
range from 500 to 4000 cm ™.

2.3.5. Thermal analysis

Thermal properties of the samples were scanned on a differential
scanning calorimeter (DSC2910, TA Instruments, USA) at a heating or
cooling rate of 10 'C/min. The curves were scanned from room tem-
perature to 220 °C, followed by keeping the temperature at 220 °C for 5
min, and then cooled down to 10 °C. After maintaining the samples at
10 °C for 5 min, the examination of final curves was finished by
increasing again the temperature to 220 °C.

2.3.6. X-ray diffraction (XRD) analysis

The crystalline structure of nanofibrous membranes were measured
on a X-ray polycrystalline diffractometer (Bruker D8 Advance, Ger-
many) with scanning angel in the range of 5-50° at a scanning speed of
3°/min. Samples were cut into circle shape of the same size.

2.3.7. Mechanical property

Mechanical properties of the samples were investigated on an elec-
tromechanical universal testing machine (CMT-2503, MTS Systems,
USA) at a tensile speed of 10 mm/min. Before tensile measurements,
nanofibrous membranes were cut into rectangles with 50.0 mm length
x 10.0 mm width x 0.1 mm thickness.

2.3.8. Water contact angle measurement

The hydrophilicity of nanofiber mats was evaluated through a con-
tact angle meter (JC2000D2, Zhongchen Instruments, China). Time of
water droplets on samples was maintained for 15 s. Images of water
droplets and values of contact angle were recorded.

2.3.9. Biodegradability study

Nanofibrous membranes (6 mg) were incubated in phosphate buffer
saline (PBS, pH = 7.4) at 37 °C, and samples were collected at a specific
time points. After then, the samples were washed with deionized water,
lyophilized and weighed. Biodegradation Ratio was calculated by
weight loss according to the following equation:

Biodegradation Ratio (%) = (Wy - W))/Wy x 100 100

where W is the weight of the original samples used for incubation, W, is
the sample weight at the incubation time t.

2.3.10. Cell viability

Cell viability of the PNA nanogels and the nanofibrous membranes
was evaluated via MTT assay. Briefly, L929 cells were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) containing 10% (v/v) fetal
bovine serum (FBS, Gibco) and 1% (v/v) antibiotic-antimycotic 100*
solution (AA, Gibco, with penicillin, streptomycin, and amphotericin B).
The medium was supplemented with 1% (v/v) r-glutamine 100* solu-
tion (Gibco) and 1% (v/v) of insulin-transferrin-selenium 100* solution
(ITS, Gibco). Cells were grown at 37 °C, under a humidified atmosphere
with 5% CO,. Afterwards, the cells were harvested at 70-80% conflu-
ence, using trypsin-EDTA solution to detach the cells from the plastic
substrate.

For cytotoxicity study, L929 cells were first plated in 48-well plates
at a seeding density of 5 x 10° cells per well. After 2 day incubation, the
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solutions of the PNA nanogels in PBS (pH = 7.4) were added to the cell
culture medium and then incubated for 48 h at 37 °C. The mass con-
centrations of the nanogels were 0, 5, 10, 15, 20 and 25 pg/mL. For
cytotoxicity evaluation, all samples were sterilized under %°Co radiation
at a dose of 10 kGy. The sterilized samples were then incubated with
1929 cells at a density of 5 x 10* cells per well (2 mL DMEM) containing
nanofiber mats (about 0.1 mm thickness) in 12-well plate at 37 °C for 24
h and 72 h. After cell culture, 400 pL MTT solution (5 mg/mL) was added
and continued to culture for 4 h. After that, cell medium was removed
and replaced with 500 pL dimethyl sulfoxide to dissolve the formazan
crystals at 37 °C for 15 min under a shaking incubator. The UV absor-
bance of the samples was measured at 492 nm on a microplate reader
(SPECTRAmax 384, Molecular Devices, USA). Blank plates in the
absence of samples were set as control groups. The results were
expressed as relative cell proliferation (%): ODsample/ ODcontrot X 100% (n
=3).

2.3.11. Cell morphology

To observe the morphology of cells after treatments with samples, 5
x 10* cells per well were cultured at 37 °C for 24 h. After incubation, cell
media was removed and washed with PBS buffer (pH = 7.4) for three
times, followed by fixation with 2.5% glutaraldehyde for 7 min at 25 °C.
Samples were incubated with FITC-phalloidin (20 pg/mL) for cell
cytoskeleton staining (45 min) at 37 °C, and washed with PBS five times.
Fixed cells were finally treated with DAPI (2 pg/mL) for cell nuclei
staining (10 min) at room temperature, and washed with PBS. Fluores-
cent images of L929 cells were observed on a confocal laser scanning
microscope (CLSM, Nikon A1R, Japan).

2.3.12. The evaluation of ROS and GSH levels in vitro

The ROS and GSH levels of L929 fibroblasts were detected under
H05-induced oxidative stress state. Briefly, cells were cultured in 96-
well black microporous plates (5 x 10 cells/well) for 24 h. The cul-
ture medium was removed and replaced with PBS containing 10 pM
2/,7'-dichlorofluorescin diacetate (DCFH-DA), and then the cells were
stored in an incubator (5% CO», 37 °C) for 45 min. After then, PNA (10
pg/mL) was added to the cells for 6 h and 60 pM H,05 was added
subsequently. Finally, the ROS level was measured by the fluorescence
microplate reader (SpectraMax M3, Molecular Devices, USA) at 500 nm
excitation wavelength and 525 nm emission wavelength, and the GSH
level was detected spectrophotometer (TU-1901, Pgeneral, China) at the
420 nm wavelength during different periods.

2.3.13. Skin defect models in healthy mice and diabetic mice

The wound skin defect model in healthy mice was established as
follows. The procedures of animal experiment were approved by Man-
agement Committee of Laboratory Animal (Shanghai, China). Briefly,
forty-five C57BL/6 mice were randomly divided into 5 groups (9 mice
per group): (i) control; (ii) PLLA; (iii)5% PNA; (iv)10% PNA; (v) 20%
PNA. To evaluate the ability of PLLA and PNA doped nanofibrous
membranes for wound healing, two skin defects with a diameter of 5 mm
were created on the back of each mouse. All membranes implanted
possess a diameter of 5 mm. The untreated mice was used as control. To
observe the wound-healing process, wounds were photographed at day
0, 7, 14 and 19 days.

The serious skin defects model in diabetic mice was established as
follows. All animal protocols were approved by the Animal Care and Use
Committee of Mudanjiang Medical University (Mudanjiang, China).
C57BL/6 mice were injected with streptozotocin (STZ) (100 mg/kg, i.p.)
for 2 d after overnight fast to induce the type 1 diabetes model. Blood
glucose levels were measured and repeated 2 weeks later. The mice with
a blood glucose level of above 16.7 mM were deemed to be diabetic. Ten
diabetic mice were randomly divided into 2 groups (5 mice per group):
(i) PLLA; (ii) 20% PNA. Two skin defects with a diameter of 5 mm were
created on the back of each mouse. All membranes implanted possess a
diameter of 5 mm. After 7 d, the healing process of the diabetic wound
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was evaluated by the histological evaluation with hematoxylin-eosin
(H&E) staining and Masson’s trichrome staining.

2.3.14. Hematoxylin-eosin (H&E) and Masson'’s trichrome staining

Wound skin tissues were taken from the sacrificed mice and under-
went hematoxylin-eosin (HE) and Masson staining analysis. Briefly, the
wound skins of killed mice were taken out, followed by fixation with 4%
paraformaldehyde solution. The removal tissues were dehydrated with
ethanol solution at different concentrations and the mixture of ethanol
and xylene. Tissues were embedded into paraffin and 4.5 pm thick
sections were made using a tissue sectioner (Leica RM2265, Germany).
After HE and Masson staining, the morphologies of skin tissues were
observed on an inverted microscope (Leica DMi8, Germany).

2.3.15. The evaluation of ROS levels in vivo

ROS-sensitive DCFH-DA was used to detect the ROS produced in
vivo. Briefly, 6 diabetic mice were randomly divided into two groups (3
mice per group): (i) untreated; (ii) 20% PNA. Firstly, a solution of 1 mg/
mL ™! DCFH-DA was smeared on the back skin of diabetic mice, and 20%
PNA nanofibrous membrane was then applied to the wound. Fluores-
cence images were then taken at set interval time points (50, 90 and 130
min after DCFH-DA was smeared), using the Night Owl In Vivo Imaging
System (LB983 NC100, Berthold, Germany). A 520 nm filter was used to
measure the fluorescence signal emitted by the fluorescein produced
from the oxidation of DCFH-DA.

2.4. Statistical analysis

Data in this study were analyzed using SPSS 13.0 software (SPSS,
Inc., IL, USA). Student’s unpaired t-test and One-way Analysis of Vari-
ance with Dunnett’s or Newman Keul’s post-tests were used. Differences
with P values of less than 0.05 indicated significance. *P < 0.05; **P <
0.01; ***P < 0.001; n.s. represents not significant (P > 0.05).

3. Results and discussion
3.1. Structure and molecular weight analysis of PLLA

The chemical structure of PLLA polymer was analyzed by NMR
(Fig. 1a). PLLA offered a chemical shift at § = 1.56 ppm corresponding to
methyl group on the polymer chain, and a chemical shift at § = 5.16 ppm
related to the methylene group on the polymer framework, indicating a
successful synthesis of PLLA polymer [32]. Gel penetration chroma-
tography (GPC) is a common method for molecular weight measurement
of polymers. By GPC analysis, PLLA had a weight molecular weight of
524 kDa with a relative low polydispersity index (PDI) of 1.46.

3.2. Preparation and characterization of redox-sensitive PNA nanogels
and PNA -doped nanofibrous membranes

PNA nanogels were synthesized via radical polymerization nano-
precipitation approach [33]. N-isopropylacrylamide (NIPAM) and
acrylic acid (AA) were selected as free radical polymerization monomers
and N,N'-bis(acryloyl)cystamine (BAC) as a crosslinker. The morphology
of PNA nanogels was observed by transmission electron microscopy
(TEM). As shown in Fig. 1b, PNA nanogels had a nanosize of ~100 nm
with a relatively narrow size distribution. After 1 h treatment with 5 mM
GSH, the PNA nanogels became blurred, suggesting their cleavability
under reducible microenvironments probably due to the adsorption of
thiol groups which broke down the disulfide crosslinks in the nanogels.
Airbrushing technique, as a simple and efficient nanofiber spinning
technique, was selected for preparation of biodegradable nanofibrous
membranes. The morphology and structure of airbrushed membranes
were characterized by scanning electron microscopy (SEM). As shown in
Fig. 2, all the membranes assumed a nanofibrous structure with fiber
diameters of 100-500 nm, suggesting nanogel-dopant did not exert an
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Fig. 1. Structural characterization of PLLA and PNA nanogels. (a) NMR of PLLA; TEM micrographs of PNA nanogels before (b) and after (c) treatment with 5 mM

GSH for 1 h.
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Fig. 2. SEM micrographs of the nanofibrous membranes: (a) PLLA, (b) 5% PNA, (c) 10% PNA, (d) 20% PNA. Scale bars: 5 pm.

obvious effect on nanofibrous structure.

Since PNA nanogels contains disulfide crosslinks and nitrogen ele-
ments which are absent in the PLLA, these components can be used for
investigation of the distribution of PNA nanogels in the PLLA membrane.
We therefore investigated the distribution of PNA nanogel in the PLLA
membrane via the energy dispersive spectroscopy (EDS) technique
mostly used for composition analysis of materials. The results indicated
that both S and N elements were detected and relatively homogeneously
distributed in the membrane, suggesting a uniform nanogel-hybridized
membrane formation (Fig. S1).

Fourier transform infrared spectroscopy (FTIR) was used to check the
microstructure of PNA nanogels as well as the nanofibrous membranes.
As shown in Fig. 3¢, PLLA membrane gave two absorption peaks at 1757
em ! and 1092 em ™ corresponding to the stretching vibrations of C=0
and C-O, respectively [34]. The absorption peak of C=0O (amide I)
stretching vibration was observed at 1645 cm™! in the PNA-doped
membranes (5% PNA, 10% PNA, 20% PNA), and the absorption peaks
of 1539 cm ™! and 3301 cm ™! came from N-H stretching vibration bond
[35]. Meanwhile, all the hybrid membranes presented the absorption
peaks at 1525 cm ™ (N-H) and 1648 cm ™! (C=0) [35], again indicating
that PNA nanogels have been successfully incorporated in the PLLA
nanofibrous membranes through the airbrushing approach.

The mechanical properties of biomaterials play a critical role in
regulating cell behaviors, such as cell migration, spreading and adhesion
[36]. It is reported that “tissue cells feel and respond to the stiffness of
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their substrates” in an active way [36]. For skin regeneration, it is
desirable to develop a kind of regenerative membrane that are similar in
stiffness to skin itself. As shown in Fig. 3a and b, all the nanofibrous
membranes had a Young’s modulus of 2 MPa-11 MPa, which is in the
same range of skin’s stiffness (5 MPa-30 MPa) [37]. The similarity in
stiffness could make skin cells prefer to grow on the membrane surface
for wound healing [38]. Furthermore, the variation of the PNA nanogel
amount allows for adjustment of the mechanical properties in a
controllable way (tensile strength from 150 kPa to 350 kPa; Modulus
from 2 MPa to 11 MPa in this study) for a specific biomedical application
beyond wound healing.

The surface characteristics of materials, including surface hydro-
philicity and charges, have a significant impact on cell behaviors [39,
40]. In this case, the hydrophobicity of PLLA polymer greatly limits its
biomedical application [32]. The hydrophilicity of PLLA and PNA-doped
nanofibrous membranes was evaluated using a water contact angle test
at room temperature. As was shown in Fig. 3d, the increase of PNA
proportion from 0 to 20% led to the decrease of the water contact angles
of the nanofibrous membrane from (121.1 £ 3.1)° to (71.2 4+ 4.8)°. It has
been reported that biomaterial in moderate hydrophilicity with contact
angle of 40°-60° is beneficial to cell proliferation in an optimal way
[39]. Therefore, a suitable level of hydrophilicity could be well adjusted
by varying the proportion of PNA nanogels, offering proper microenvi-
ronments for skin-related cell attachment and proliferation for wound
healing. It is well known that PLLA is a kind of biodegradable polymer
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PNA-doped nanofibrous membranes. Data are represented as mean + SD (n = 3).

approved by the Food and Drug Administration (FDA) [19]. The in vitro
degradation rate of the membrane has been performed. As shown in
Fig. S2, the incorporation of PNA nanogels accelerated the degradation
speed of the membrane, probably because of the higher hydrophilicity of
the PNA modified membranes which enhanced their water adsorption
ability and erosion capacity [32] (Fig. 3d).

3.3. Invitro cell study

Materials should present high biocompatibility for biomedical
application [41]. Cell viability of L929 cells cultured with the samples
was evaluated via MTT assay. As shown in Fig. 4a, all cells treated with
PNA nanogels (with concentration up to 25 mg/mL) presented ~ 125%
cell viability, suggesting their good biocompatibility for promotion of
cell growth. The cytocompatibility of PLLA and PNA-doped nanofibrous
membranes was further assessed using the MTT assay. It can be seen
from Fig. 4b, after 1 d incubation, L929 cells treated with all membranes
exhibited high cell viability (above 100%), which could be attributed to
the good biocompatibility of PLLA and PNA nanogels [33,42]. With
incubation time extension to 3 d, all the membranes greatly promoted

a

-
o
o

Cell viability (%)
>
bred

(2
o

0 5 10 15 20
PNA concentration (pg/ml)

25

cell growth compared to cell dish as control, possibly because their
nanofibrous structure offers high porosity and large specific surface area
for cell adhesion [43]. At day 3, the PNA-doped nanofibrous membranes
showed higher cell proliferation than pure PLLA nanofibrous membrane.
The increase of PNA portion in the membrane resulted in a gradual in-
crease in cell viability at day 3, probably because the improved hydro-
philicity of the PNA-doped membranes with ROS balance capacity can
benefit cell adhesion and proliferation in a more favorable manner [39].

Cell morphology is an important factor closely associated with cell
functions (e.g., cell proliferation, differentiation and apoptosis). The
lack of cell-material interactions may result in poor cell attachment and
spreading to cause cell apoptosis [44,45]. In order to study the
morphology of cells cultured on materials, L929 cells were treated with
the nanofibrous membranes for 1 d, and the fluorescent images of 1L929
cells on the membranes were visualized by laser scanning confocal mi-
croscopy. As shown in Fig. 5, compared to native PLLA nanofibrous
membrane, cells cultured on the PNA-doped ones presented better cell
attachment and fusiform spreading shape. This again indicates that the
adjustment of PNA content into PLLA membrane is useful for regulation
of cell adhesion, spreading and proliferation, probably due to the high

b
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Fig. 4. The biocompatibility of PNA nanogels and membranes: (a) Cell viability of L929 cells treated with PNA nanogels for 2 d. (b) Cell proliferation of L929 cells
cultured with PLLA and PNA-doped nanofibrous membranes for 1 d and 3 d. Data are represented as mean + SD (n = 3).
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Fig. 5. Fluorescent images of L929 cells on PLLA and PNA-doped nanofibrous membranes after 1 d incubation. Scale bars:25 pm.

biocompatibility of redox-sensitive PNA nanogels as well as their created in each mouse and were filled with five kinds of nanofibrous
improvement in the membrane’s hydrophilicity (Figs. 3d and 4a). constructs (blank without materials as control, PLLA and 5% PNA, 10%
PNA, and 20% PNA). Fig. 6a showed that digital pictures of skin wounds
of the mice treated at different treating period. The photographic eval-
uation indicated that mice covered with PNA-modified membranes
showed an accelerated healing process, especially at day 14 and day 19.
The improved wound healing may come from the high biocompatibility

3.4. In vivo wound healing assessment

To evaluate the capacity of PLLA and PNA-doped nanofibrous
membranes for wound healing, two skin defects of 5 mm diameter were
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PLLA, 5% PNA, 10% PNA or 20% PNA,; (b) the simulated unhealed skin areas of the mice, and (c) the unhealed ratios of the mice after treatment. Data are represented

as mean + SD (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001.

of disulfide-containing PNA nanogels in the membranes, which can
absorb —SH groups to increase ROS concentration in the early time. The
reduced —-SH could be again transformed into disulfide bonds by
absorbing the excessive ROS to restore to the normal ROS state.
Therefore, the ROS-balance capacity can accelerate the inflammatory
response at early stage [45], while reducing the inflammatory response
at late stage [46] to create favorable conditions for wound healing. Also,
the PNA-induced increase in membrane’s hydrophilicity can improve
skin regeneration by promoting cell migration, attachment and prolif-
eration of skin related cells (e.g., fibroblasts) (Figs. 3d and 5).

Fig. 7a and Fig. 7b indicate the hematoxylin-eosin (H&E) staining of
the experimental groups (PLLA membrane and 20% PNA membrane)
and control group. At 7 d, abundant inflammatory cells were infiltrated
into the upper layers of dermis in the wound site in the control group,
possibly because severe inflammation occurred at the wound site due to
the lack of external protection [9,10]. Compared with the control group,
mice treated with PLLA membrane displayed a significant decrease in
inflammatory cells at the wound site. 20% PNA group further decreased
the number of inflammatory cells probably because the redox-sensitive
PNA nanogels balanced the excessive ROS state to normal level to
effectively reduce high intense inflammatory response at the late wound
healing stage. Meanwhile, epidermis and mature granulation tissue were
formed for 20% PNA group compared to PLLA group. After 7
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d treatment, 20% PNA nanofibrous membrane was combined closely
with skin tissue. As comparison, clear separation still existed between
the PLLA membrane and skin tissue. This is because the PLLA’s hydro-
phobicity prevented cell attachment, migration and growth, while 20%
PNA group with more hydrophilicity and ROS-balance capacity could
increase skin-related cell migration and proliferation due to its better
affinity with skin tissues.

After 14 d, new epidermis was formed in the wound surface covered
with PLLA and PNA-doped membrane, while no epidermis was formed
in the control group (Fig. 7b). Compared to the PLLA group, wound skin
treated with 20% PNA membrane almost completed re-epithelialization
to form an increased thickness in the newly regenerated epidermis. Also,
mice treated with 20% PNA membrane produced abundant collagen
fibers with more ordered arrangement, compared to the irregularly
disordered collagen fibers for the PLLA group. At the period of 19 d,
compared to the control group and PLLA group, dermal and epidermal
structures were more complete in the PNA group, allowing for formation
of new skin appendages (e.g., sweat gland) and blood vessel.

The above results demonstrate that PLLA and PNA-doped nano-
fibrous membranes possessed the wound healing ability in skin wound.
Therefore, we next examined the wound healing ability of them using a
full-thickness diabetic wound model. Fig. S3 shows that H&E and
Masson’s trichrome staining of wound samples were evaluated the
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Fig. 7. The histological evaluation of skin wound after treatment with samples (Control, PLLA and 20% PNA). Hematoxylin-eosin (H&E) staining sections of skin

wound for (a) 7 d, (b) 14 d and (c) 19 d.

histological status at 7 d. The degree of re-epithelization in 20% PNA-
doped PLLA treated skin wounds was also significantly greater than
that in PLLA group. Moreover, thick abundant granulation tissue can be
clearly seen in the 20% PNA group, while wounds in the PLLA group
showed a very small amount of newly formed tissue. The 20% PNA
group showed good healing status, which is better than the PLLA group.
This again indicated that 20% PNA membrane can promote wound
healing process, probably because the ROS-mediated capacity of the
PNA-doped membrane can promote the migration and growth of skin
related cells (endothelial cells, fibroblasts, keratinocyte) for acceleration
of blood vessel reformation and skin regeneration [47].

To check the ROS-mediated capacity on skin regeneration, the in
vivo ROS-regulation effect of PNA nanogels on oxidative stress state was
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evaluated on a diabetic mice model. The in vivo ROS levels of the wound
skin in the absence (Control) and presence of the 20% PNA membrane
were investigated by using the ROS detection kit and living animal
imaging system (Fig. 8a). The results indicated that ROS fluorescent
intensity in the wound skin continuously increased from 261 + 6 a.u. to
422 4 10 a.u. at 50 min and 130 min, while the 20% PNA-treatment
resulted in a higher ROS fluorescent intensity of 358 + 6 a.u. at 50
min, followed by a rapid rebalance to a lower level of 233 + 25 a.u.
(Fig. 8b).

To further investigate the regulatory mechanism of PNA nanogels,
we examined the intracellular levels of both ROS and glutathione (GSH).
The intracellular ROS level was estimated using DCFH-DA as a fluores-
cent probe. Similar to the in vivo result, the cellular ROS level in
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Fig. 8. Optical in vivo imaging showing intensity and durability of ROS fluorescence signals: (a) ROS production was monitored by DCFH-DA. (b) The integrated
relative ROS fluorescent intensity was quantified at different time points. Data are represented as mean + SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.

fibroblasts also gradually increased under oxidative stress mimicking
condition (induced by H205), while at the same condition the PNA
nanogels-treated sample displayed a higher ROS level at the beginning,
and maintained a relatively lower level at later periods (Fig. 9a).
Meanwhile, the GSH levels regulated by different samples were detected
by the GSH detection kit. As shown in Fig. 9b, under oxidative stress
mimicking condition (induced by H205), the PNA nanogels could adjust
the GSH level to a normal level to reduce the long-term oxidative stress
damage [19]. These results, together with the PNA nanogel morphology
change in the presence of 5 mM GSH (Fig. 1b and c), again indicated the
good redox-adaptability of the PNA nanogels. The ROS adaptability may
enable to provide appropriate microenvironmental feature to adjust the
ROS level in the wound skin for mediation of redox potential to achieve
higher wound healing efficacy (increased expression of immune
cells-secreted pro-inflammatory cytokines at the initial stage, followed
by re-adjustment to a low ROS level to alleviate damage and re-establish
homeostasis) [19]. Taken together, the above results indicate the PNA
nanofibrous membrane owns a ROS-balance capacity which is beneficial
to accelerate the wound healing efficacy.

4. Conclusions

In the work, redox-sensitive poly(N-isopropylacrylamide-acrylic

a 3 Control @ H.0, [ PNA+HO,

acid) (PNA) nanogels were synthesized via free radical nano-
precipitation polymerization technique, which were in situ doped into
polylactide matrix to obtain bioabsorbable membrane with redox-
sensitivity via airbrushing approach. The PNA introduction can
improve the hydrophilicity of the nanofibrous membrane, which
together with its redox-sensitive ROS-balance capacity promoted cell
adhesion and proliferation in a better way compared to the hydrophobic
polylactide membrane. The PNA-doped nanofibrous membranes with
multi-functions greatly accelerate skin regeneration during the wound
healing process.
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