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Potential use of bioactive nanofibrous dural
substitutes with controlled release of IGF-1 for
neuroprotection after traumatic brain injury+
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For patients suffering from traumatic brain injury (TBI), the closure of dural defects after decompressive
craniectomy is the prerequisite to restoring normal physiological functions. It is also an urgent challenge
to provide a neuroprotection effect against the primary and secondary nerve damage during long-term
recovery. To solve these issues, we herein develop a class of bioactive, nanofibrous dural substitutes that
can long-term release insulin-like growth factor 1 (IGF-1) for improving the survival and neurite outgrowth
of neural cells after TBI. Such dural substitutes were polycaprolactone (PCL) nanofibers encapsulated with
hyaluronic acid methacryloyl (HAMA)/IGF-1 by blend or coaxial electrospinning techniques, achieving bio-
active PCL/HAMA/IGF nanofibrous dural substitutes with different release profiles of IGF-1. The nanofi-
brous dural substitutes exhibited good mechanical properties and hydrophobicity, which prevent cere-
brospinal fluid leakage, maintain normal intracranial pressure, and avoid external impact on the brain. We
also found that the viability and neurite outgrowth of SH-SY5Y cells and primary neurons were signifi-
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cantly enhanced after neurite transection or oxygen and glucose deprivation treatment. Taken together,
such PCL/HAMA/IGF nanofibrous dural substitutes hold promising potential to provide neuroprotection
effects after primary and secondary nerve damage in TBI, which would bring significant benefits to the
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1. Introduction

Traumatic brain injury (TBI) is a temporary or permanent
impairment of brain function caused by vigorous acceleration
or external forces to the head."” There are more than
50 million new TBI cases every year, and the mortality rate
exceeds 30% in severe TBI patients.” Decompressive craniect-
omy is a typical surgical procedure for severe TBI treatment by
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tElectronic supplementary information (ESI) available: The degradational
mechanical properties (Table S1) and the contact angle and diameter distri-
bution chart (Fig. S1) and degradational SEM images (Fig. S2) of the artificial
dural scaffolds; cell viability before and 24 h after axonal transection (Fig. S3);
the fluorescence diagram (Fig. S4) and statistic results (Fig. S5) of neurite out-
growth staining before and 24 h after axon transection, and the neurite out-
growth staining of the TCP group (Fig. S6); immunofluorescence staining of
primary neurons (Fig. S7). See DOI: https://doi.org/10.1039/d2nr06081g
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field of neurosurgery involving the use of artificial dura mater.

removing the skull and dura. However, dural defects usually
lead to intracranial infections, cerebrospinal fluid (CSF)
leakage, epilepsy, etc.’ To solve these complications caused by
dural defects, dural substitutes are pivotal to repair and close
the dura mater. Currently, there are 5 main types of biomater-
ials used for dural repairment: homogeneous materials, decel-
lularized materials, natural materials, synthetic materials, and
composite materials. Homogeneous materials are non-toxic
and non-immunogenic, but their use is considerably limited
due to insufficient tissue sources, additional incisions, viral
infections, and ethical reasons.”” Decellularized materials
(e.g., small intestinal submucosa®) and natural materials (e.g.,
collagen,”® silk fibroin®) have excellent biocompatibility but
with poor mechanical properties and complicated purification
processes. Synthetic materials such as polycaprolactone
(PCL)" have good mechanical and degradation properties, but
their poor cell affinity and adhesion hamper cell growth and
proliferation.™*

In order to overcome these limitations, composite materials
constructed by electrospinning technology have been devel-
oped."? As the components of composite materials, PCL, hya-
luronic acid (HA), and hyaluronic acid methacryloyl (HAMA)
have been widely studied in biomedical and tissue engineering
applications. PCL is a versatile synthetic polymer with
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high biocompatibility, biodegradability, and mechanical
properties."*™® Simultaneously, PCL produces little acidic pro-
ducts during the degradation and may not generate local
inflammatory responses.'® It has been used as electrospun
scaffolds in various biomedical fields and tissue engineering,
such as peripheral nerve engineering,"’ cartilage tissue engin-
eering,'® bone tissue engineering,""® periodontal tissue
engineering,'® and skin tissue engineering.'*?° However, PCL
nanofibrous scaffolds are hydrophobic, so pure PCL nano-
fibers exhibit poor cell adhesion and proliferation properties.>*
As a natural hydrogel, HA is a significant component of the
extracellular matrix in the central nervous system, with good
biocompatibility, biodegradability and low immunogenic
properties.>*”>” HA was chemically modified with methacrylate
groups to form a HAMA hydrogel, thereby improving its poor
cell adhesiveness and mechanical properties.”*™" Di Chuan
et al. developed a stereo complexed composite nanofiber mem-
brane based on poly(lactic acid) by electrospinning, and this
dura mater substitute showed the same ultimate tensile
strength and elongation at break as human dura mater.** Rui
Shi et al. prepared an electrospun PCL-gelatin hybrid mem-
brane with high tensile strength, biocompatibility, and adjus-
table biodegradation behaviour.'® However, the above nanofi-
brous scaffolds or membranes have a little neuroprotective
effect on damaged brain tissue.

Insulin-like growth factor 1 (IGF-1) is considered a bioactive
and neuroprotective factor that can inhibit neuronal apoptosis
and promote neuronal survival and neurite regeneration.**”’
Therefore, based on the above analysis, PCL, HAMA, and IGF-1
were used to construct dural substitutes capable of promoting
neuronal survival and neurite regeneration and regulate the
rapid and long-term release of IGF-1 by two different electro-
spinning methods (blend and coaxial) to reduce primary and
secondary damage caused by postoperative brain injury, thus
improving the prognosis of TBL.***° The results showed that
the bioactive dural substitutes have excellent biocompatibility,
biodegradability, and mechanical properties. In addition,
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after co-culturing with damaged SH-SY5Y cells and primary
neurons, the dural substitutes exhibit excellent neuroprotective
properties. Therefore, they can provide a promising option for
the repair of dura mater after TBI.

2. Experimental section
2.1 Materials

PCL was purchased from Sigma-Aldrich. HAMA and lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were pur-
chased from EFL (Engineering For Life). IGF-1 antibody was
purchased from Beijing Biosynthesis Biotechnology Co., Ltd
(China). Hexafluoroisopropanol (HFIP) was purchased from
Shanghai Macklin Tech. Co., Ltd (China). Lactate dehydrogen-
ase (LDH) activity assay kit was purchased from Nanjing
Jiancheng Bioengineering Tech. Co., Ltd (China).

2.2 Preparation of bioactive nanofibrous dural substitutes
(BNDSs)

BNDSs were prepared by electrospinning. PCL was added to
HFIP with a final mass ratio of 12% (w/v) and stirred
thoroughly using a magnetic stirrer until PCL was completely
dissolved. HAMA-150k and HAMA-400k were added to LAP at a
final mass ratio of 2% and 1% (w/v), respectively, and then
heated to 45 °C until HAMA was completely dissolved. As for
the blend groups, a mixture of PCL solution and HAMA solu-
tion was stirred thoroughly to finally obtain a mixture of PCL/
HAMA-150k-B and PCL/HAMA-400k-B. For PCL/HAMA-150k-B/
IGF and PCL/HAMA-400k-B/IGF, an additional 50 pg of IGF-1
was added to the mixture. As for the coaxial groups, the PCL
solution was the shell solution, the HAMA-150k solution was
the core solution (PCL/HAMA-150k-C). For PCL/HAMA-150k-C/
IGF, an additional 50 pg of IGF-1 was added to the core solu-
tion. When electrospinning was performed, the flow rate of
the blend groups was set to 1.0 mL h™'. As for the coaxial
groups, the shell and core flow rates were 1.5 mL h™ and
0.2 mL h™, respectively. The voltage was set to 15 kV
(ET-3556H) at a distance of 15 cm, and the electrospinning
time was 3 h. The bioactive artificial dural scaffolds were irra-
diated under UV light for 20 s and dried in a fume hood to
remove the residual solvent.

2.3 Characterization

The fiber morphologies of different BNDSs were observed
using a scanning electron microscope (VEGA 3 SBH, TESCAN).
One hundred fibers on SEM photographs were randomly
selected, and the average diameter of the fibers was measured
using Image] software. PCL/HAMA-150k-C/IGF was prepared
according to the above procedure, with FITC-BSA (green fluo-
rescence) in the core layer and rhodamine-b (RB, red fluo-
rescence) in the shell layer. To observe the core-shell structure,
we used an upright fluorescent microscope (Nikon A1MP,
Japan). The tensile mechanical properties of BNDSs were
investigated using a microcomputer control electronic univer-
sal testing machine (WDW-5G, Jinan Hengsi Shengda Co., Ltd
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China). Briefly, the BNDSs were first to cut into rectangles with
a size of 0.5 x 2.5 cm, and the thickness of each sample was
measured using a screw micrometer. The BNDSs were tested at
a 50 mm min~" tensile speed until fracture occurs. At least
three specimens were tested for each BNDS. Finally, the water
contact angles of BNDSs were measured using a contact angle
analyzer (WCA, SA100) at room temperature to detect the
hydrophilicity and hydrophobicity of the dural substitutes.

2.4 Invitro release study

A 45-day release study was conducted to observe the release
rate of the payloads from BNDSs. The prepared BNDSs loading
1 mg mL™" RB instead of IGF-1 (50 mg, n = 3) were immersed
in PBS. The centrifuge tubes were placed in a thermostatic
shaker at 37 °C and 120 rpm. The PBS was removed on days 1,
3, 5, 7, 10, 15, 20, 30, and 45, and the OD at 560 nm was
measured. Before conducting the release study, we first calcu-
lated the RB loading rate by the ratio of the amount of RB in
the BNDSs to the initial amount of RB in the solution.*® First,
BNDSs were completely dissolved in 10 mL of dichloro-
methane (DCM), then 10 mL of ddH,O was added, and a
layered solution was obtained after 30 min of vigorous stirring.
The OD value at 560 nm of the aqueous phase was measured,
and the encapsulation efficiency (EE) and loading capacity
(LC) of the RB-loaded BNDSs were calculated using the follow-

ing equations.*’

Detected amount of drug (mg) in the scaffolds

EE =
(%) Theoretical amount of drug (mg) in the scaffolds
X 100%
LC (%) = Detected amount of drug (mg) in the scaffolds

Theoretical scaffolds weight (mg)
X 100%

2.5 Invitro biodegradation study

A degradation study of BNDSs was performed by examining
the weight changes, pH, tensile properties, and microstruc-
tures of the BNDSs after immersion in PBS (pH = 7.35). The
prepared scaffolds (50 mg, three samples of each group) were
immersed in PBS and later placed in a constant temperature
shaker at 37 °C and 120 rpm. The BNDSs were removed and
dried on days 10, 20, 30, 60, 90, 120, 150, 180, 270 and 360.
The pH of PBS, the weight, tensile strength and the SEM
microstructure of BNDSs were measured.

2.6 Cell cultivation

SH-SY5Y cells were cultured in high glucose Dulbecco’s modi-
fied Eagle’s medium (DMEM, Solarbio, China) supplemented
with 10% certified fetal bovine serum (FBS, BI, Israel) and sub-
cultured once every two days using trypsin-EDTA solution
(MAO232, Meilunbio). Primary neurons were extracted from
the cerebral cortex of Sprague Dawley (SD) rats at embryonic
day 18 (E18) according to a modified standard protocol.*?
Briefly, the fresh cortex was digested with 0.05% trypsin and

This journal is © The Royal Society of Chemistry 2022
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then inactivated with DMEM containing 10% FBS. Neurons
were inoculated at 10° cells per well in 24-well culture plates
covered with 14 mm PDL-coated coverslips (BS-14-RC,
Biosharp). Before the treatment, neurons were continuously
incubated in Neurobasal medium (21103-049, Gibco) sup-
plemented with 2% B27 (17504044, Gibco) and 0.5 mmol L™
glutamine (35050061, Gibco). All animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Qingdao University and approved by the
Animal Ethics Committee of Affiliated Hospital of Qingdao
University.

Neurons were identified by the immunofluorescence stain-
ing method. First, the neurons were fixed with 4% paraformal-
dehyde solution (PFA, Biosharp), followed by blocking with 3%
bovine serum albumin (BSA, 9048-46-8, Solarbio) and 0.1%
Triton X-100 (9002-93-1, Solarbio) containing PBS for 1 h at
room temperature. Subsequently, antibodies to general neuro-
nal markers (Anti-MAP,, ab5392, 1:2000, Abcam) and neuro-
nal nuclei protein (Anti-NeuN, ab177487, 1:1000, Abcam)
were incubated overnight at 4 °C. The coverslips were washed
with PBS containing 0.1% Tween 20 (9005-64-5, Solarbio) and
incubated with the secondary antibody mixture (goat anti-
rabbit immunoglobulin G (IgG) (H + L) FITC, ab6717, 1: 500,
Abcam and goat anti-chicken immunoglobulin Y (IgY) (H + L),
ab150171, 1:500, Abcam) at 37 °C for 1 h. Fluorescence
microscopy (Nikon A1MP, Japan) was used for photography.
All experiments were approved by and conducted by the
Animal Ethics Committee of the Affiliated Hospital and
Qingdao Medical College of Qingdao University.

Fig. 1 Characterization. SEM images of (a) PCL/HAMA-150k-B/IGF, (b)
PCL/HAMA-400k-B/IGF, and (c) PCL/HAMA-150k-C/IGF BNDSs. (d)
Fluorescence micrograph showing the core—shell structure of one indi-
vidual PCL/HAMA-150k-C/IGF nanofiber. FITC-BSA was loaded in the
core layer (green), and RB was loaded in the shell layer (red).

Nanoscale, 2022, 14,18217-18230 | 18219
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Fig. 2 Mechanical properties. (a) Tensile stress—strain curves. (b) Ultimate strength. (c) Elongation at break. (d) Young's modulus. *P < 0.05 and ***P

< 0.001 indicate the significant differences between the groups.

2.7 Neurite transection experiments

SH-SY5Y cells were cultured at a density of 500 per well in
24-well plates for 1 day, and then cellular neurons were trans-
ected 10 times in each well under a microscope (CKX53,
OLYMPUS, Japan) with a sterilized fine needle.** Tissue culture
polystyrene (TCP) was used as a control group. In the experi-
mental groups, a co-culture system was established to examine
the neuroprotective effects of BNDSs on the cells. The BNDSs
were placed in Transwell chambers (LABSELECT, 6.5 mm dia-
meter for a 24 well plate, 8 pm polyester membrane) and 24-well
plates. Before cell seeding, BNDSs were sterilized with 75%
ethanol for 12 h and then irradiated with UV light for 30 min.
Cell viability was measured using cell counting kit-8 (CCK-8,
NCM). After 1 a03/12/22 at 10:57:52 "rscuser5"nd 3 days of incu-
bation, 10% CCK-8 solution (40 pL in 400 pL DMEM) was added
to each well and incubated for 1.5 hours at 37 °C. The optical
density values at 450 nm were then measured using a micro-
plate reader (Spectramax ABS, Molecular Devices). Finally, cell
viability was determined according to the following equation.
Absorbance at 450 nm

Cellviability (%) = TCP absorbance at 450 nm X 100%

According to the manufacturer’s instructions, the neurite
outgrowth was stained with Molecular Probes® Neurite

18220 | Nanoscale, 2022, 14,18217-18230

Outgrowth Staining Kit (ThermoFisher Scientific, A15001). The
results were observed using an inverted fluorescence micro-
scope (IX53, OLYMPUS, Japan). One hundred cells from each
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Fig. 3 Release behaviors. Cumulative release curves of payloads from

the PCL/HAMA-150k-B, PCL/HAMA-400k-B, and PCL/HAMA-150k-C
nanofibrous scaffolds, respectively.
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group were randomly selected for statistical analysis. Image J
was used to measure each cell’s neurite length and number.
The neurite length was the average length of all neurites in
each cell. The neurite number was the average number in each
cell. As for the primary neurons, the neurite transection and
co-culturing were performed as described above. After incu-
bation for 1, 3, and 5 days, cell viability assays were performed
as described previously. Additionally, after incubation for 3
days, immunofluorescence staining was performed as pre-
viously described. We used anti-synaptophysin (SYP, ab32127,
1:1000, Abcam) and anti-MAP, (ab5392, 1:2000, Abcam) as
the primary antibodies. The neurite length and neurite
number were statistically analyzed as previously described.

View Article Online
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2.8 Oxygen and glucose deprivation (OGD) experiments

SH-SY5Y cells were seeded in 24-well plates at a density of
5000 cells per well for 12 hours. The cells were refreshed with
a deoxygenated glucose-free extracellular solution (in mM: 116
NaCl, 5.4 KCl, 0.8 MgSO,, 1.0 NaH,PO,, 1.8 CaCl,, and 26
NaHCO;)** and then immediately placed in a sealed crisper
box with an anaerobic bag (C-1, MGC) and incubated at 37 °C
with 5% CO,. After 3 hours, the medium was replaced with
high glucose DMEM containing 10% FBS. The plates were
returned to 37 °C and 5% CO, conditions for reperfusion.
Meanwhile, a co-cultured system was established as described
previously. Cell viability assays and neurite outgrowth staining
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Fig. 4 Degradation behavior. (a) pH curves. (b) Weight loss curves. SEM images showing the fiber morphologies post-degradation at (c—e) 30 days
and (f-h) 180 days: (c and f) PCL/HAMA-150k-B; (d and g) PCL/HAMA-400k-B; and (e and h) PCL/HAMA-150k-C.
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were performed as described above. The OGD treatment and
co-culturing were performed for the primary neurons as
described before. After incubation for 1, 3, and 5 days, cell via-
bility assays were performed as described previously. In
addition, immunofluorescence staining and statistical analysis
of neurons were performed at 3 days post-culture. The LDH
activity assay was performed according to the instructions of
the lactate dehydrogenase assay kit. The absorbance value was
measured at a wavelength of 450 nm using a microplate
reader. LDH activity in the sample was determined according
to the following equation.

LDH activity in the sample (UL ™)
_ Testsample OD value — Control OD value

Standard OD value — Blank OD value
x Sample standard concentration (0.2 pmol mL ™) x 1000

2.9 Statistical analysis

All experimental data were statistically analyzed and drawn
using Origin 2021 and Image J software and presented as the
means + SD. Date differences were analyzed using one-way
analysis of variance (ANOVA) and Tukey’s analysis. P < 0.05 was
considered statistically significant.

3. Results and discussion

By adjusting the electrospinning parameters, such as collec-
tion distance, applied voltage, solution concentration, and
flow rate, we could successfully prepare BNDSs with different
molecular weights (HAMA-150k and HAMA-400k) via blend
and coaxial electrospinning techniques. The obtained scaffold
was a white uniform film with a thickness of approximately
100-200 pm, which was the same as the thickness of the
natural dura mater. In addition, the microstructures of
different scaffolds were further observed using SEM. Fig. 1a—c
show the surface morphology of the BNDSs. All electrospun
nanofibers were randomly arranged in the interwoven fiber
networks, forming smooth surfaces containing micrometer-
sized pores, which were reported to play an essential role in
tissue ingrowth. The fiber diameters of all BNDSs were mainly
in the range of 500-700 nm. In addition, the surfaces of all
scaffolds were tightly packed with no obvious clusters or aggre-
gates. Fig. 1d shows the coaxial nanofibers obtained with PCL
and RB (red) in the shell and HAMA-150k and FITC-BSA
(green) in the core. The fluorescence merge images showed
that the core-shell structure had been successfully prepared.
Therefore, the core-shell structure of BNDSs was successfully
designed using the above method.

As a dural substitute, BNDS requires excellent mechanical
properties to maintain intracranial pressure, prevent cere-
brospinal fluid leakage, and protect the brain from external
mechanical shocks and stresses.*>*® Zwirner et al. investigated
that the tensile strength was 7 MPa + 4 MPa and the maximum
strain was 11% = 3%."” McGarvey et al. provided that the mean
tensile strength of human cranial dura mater was 9.41 =
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1.54 MPa and the Young’s modulus was 61.50 + 9.60 MPa.*?
More recently, Kizmazoglu et al. have found the mean tensile
strength of 6.37 + 1.94 MPa and the mean Young’s modulus of
54.16 + 4.82 MPa.”® To explore the mechanical properties of
BNDSs, we investigated the effects of different molecular
weights (HAMA-150k and HAMA-400k) and electrospinning
techniques (blend and coaxial) on the mechanical properties
of BNDSs. The tensile strengths (Fig. 2a and b) of
PCL/HAMA-150k-B/IGF, PCL/HAMA-400k-B/IGF, and PCL/
HAMA-150k-C/IGF were 99.53 + 6.70 MPa, 107.50 + 10.09 MPa,
and 105.41 + 19.91 MPa, respectively, which indicated that the
strength of the scaffolds was good and could resist relatively
high stresses. In addition, the elongations (Fig. 2c) at the
break of the three groups were 56.96 + 4.62%, 67.24 + 2.65%,
and 63.91 + 10.13%, respectively. Both elongations at the
break of the scaffolds remained at nearly 60% without signifi-
cant difference, showing high toughness. They were easy to
bend, patch, and cut under practical operating conditions. The
Young’s modulus (Fig. 2d) of the three groups was 38.60 + 0.13
MPa, 34.54 + 0.80 MPa, and 23.40 + 0.46 MPa, respectively. The
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Fig. 5 Cell viability after neurite transection. Cell viability was quantitat-
ively measured using cell counting kit-8 (CCK-8). The cell viability of
each group after (a) 1 day and (b) 3 days. There were significant differ-
ences between TCP and other groups. ***P < 0.001; &P < 0.05, AP <
0.01, and AP < 0.001 when compared with the +IGF group. Notes: TCP
served as the control group.
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mechanical strength of the scaffolds prepared using the blend
electrospinning method was significantly higher than that
of the scaffolds prepared using the coaxial electrospinning
method, which provided more powerful support for the brain.
Besides, a reduction of the HAMA molecular weight could also
strengthen the scaffolds.

The contact angles of the three BNDS groups are shown in
Fig. Sla.f Generally, a contact angle >90° indicates that the

+IGF

PCL/HAMA-400k-B PCL/HAMA-150k-B

PCL/HAMA-150k-C
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material is hydrophobic, while a larger contact angle means a
more hydrophobic material.*> In this study, the water contact
angles of PCL/HAMA-150k-B/IGF, PCL/HAMA-400k-B/IGF, and
PCL/HAMA-150k-C/IGF were 103.44 + 10.23°, 112.40 + 4.91°,
and 119.17 + 6.83°, respectively, thus indicating that BNDSs
have good hydrophobicity and can resist water infiltration,
which was beneficial for preventing cerebrospinal fluid
leakage. Besides, the fiber diameter distribution of the BNDSs

-IGF

Fig. 6 Neurite outgrowth staining after neurite transection. Fluorescence staining micrographs showing the SH-SY5Y cells after neurite transection
and are treated with different BNDSs for 3 days. The cell viability was indicated in green, and the cell membrane was stained in red. The neurite tran-
section was indicated by the white arrows. Enlarged images are shown in the upper right corner. (a) PCL/HAMA-150k-B/IGF; (b) PCL/HAMA-150k-B;
(c) PCL/HAMA-400k-B/IGF; (d) PCL/HAMA-400k-B; (e) PCL/HAMA-150k-C/IGF; and (f) PCL/HAMA-150k-C.

Table 1 Neurite length and number of SH-SY5Y cells after neurite transection treatment

PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA-

150k-B/IGF 400k-B/IGF 150k-C/IGF 150k-B 400k-B 150k-C TCP
Average neurite length (um) 66.3 £27.6 63.8 £ 54.5 59.5 £26.9 42.9 £22.1 45.5+19.3 43.8 £22.2 34.0 £ 14.6
Neurite number 2.5+£0.8 2.5%0.8 2.4+0.7 1.4+0.7 1.8+0.8 1.9+0.6 1.7+ 0.6

Related to Fig. 6.
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is shown in Fig. S1b-d.t Among them, the average fiber dia-
meters of PCL/HAMA-150k-B/IGF, PCL/HAMA-400k-B/IGF, and
PCL/HAMA-150k-C/IGF were 0.37 + 0.09 pm, 0.43 + 0.07 pm,
and 0.66 + 0.13 pm, respectively. The average diameter of the
coaxial nanofibers was slightly increased compared to the
average diameter of the blend nanofibers.

We plotted the cumulative release percentage curves to
study the in vitro release behavior of the BNDSs (Fig. 3). The
curves showed a biphasic pattern with an initial burst release
(rapid-release) on the first day, followed by a sustained release
(slow-release) over 45 days. On day 1, the cumulative release
percentages of PCL/HAMA-150k-B/IGF, PCL/HAMA-400k-B/IGF,
and PCL/HAMA-150k-C/IGF were 62%, 52%, and 42%,
respectively. After 7 days, more than 65% of RB was released
from the scaffolds. The release was faster in the blend group
than in the coaxial group. There was still a sustained and
increasingly slow release from days 7 to 45, with approxi-
mately 100% release from all the three groups on day 45. The
rapid release of IGF-1 on day 1 reduces irreversible brain
damage from primary damage. The sustained slow-release of
IGF-1 for up to 45 days can reduce secondary damage
through the neuroprotection of IGF-1. Therefore, the bio-
active artificial dural substitute can improve the prognosis of
TBI by reducing primary and secondary damage caused by
brain injury in the postoperative period through rapid-release
and a long-term release of IGF-1.

We investigated the in vitro degradation profiles of the
BNDSs by simulating a neutral in vivo environment. As shown
in Fig. 4a, the pH value of PBS in the three groups did not
change over 360 days, implying that the BNDSs do not affect
the pH of the environment. Additionally, 360-day weight loss
curves of BNDSs are shown in Fig. 4b. All the scaffolds showed
a slight weight loss after 360 days, including PCL/HAMA-150k-
C/AGF by 1 mg, and PCL/HAMA-150k-B/IGF and PCL/
HAMA-400k-B/IGF by 4 mg. To further understand the degra-
dation process of the artificial dural scaffolds, we measured
the degradational mechanical properties, including tensile
strength, elongation at break, and Young’s modulus of all the
scaffolds at 180 days and 360 days (Table S1t). The results
showed that the mechanical performance of these scaffolds
was degraded but was sufficient for the targeted application of
a previous study.””"*° On top of that, we observed the surface
morphology of BNDSs after 30 days (Fig. 4c-e) and 180 days
(Fig. 4f-h) of degradation using SEM (more SEM images at
other times are shown in Fig. S2). All scaffolds maintained
stable microstructures, and the surface morphology remained
unchanged for 180 days. The results showed that the degrada-
tional mechanical properties of the BNDSs decreased.
However, SEM images showed that the BNDSs maintain stable
microstructures, which could provide sufficient long-term
support during the degradation process. The BNDSs provided
support for more than one year, promoting the restoration of
normal dural anatomy, remodeling the cranial cavity confine-
ment, preventing CSF leaks, and protecting the brain tissue. It
was significantly beneficial for the growth of the dura mater
and extraordinarily critical for dural repair. However, longer
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degradation cycles are needed to further study the degradation
process and explore their degradation kinetics.

Neurite transection was used to simulate primary injury,
and SH-SY5Y cells were used to establish a neurite transection
model. Cell proliferation was detected before and 24 hours
after neurite transection. The result is shown in Fig. S3,1 there
was no significant difference between the control group and
the neurite transection group, indicating that neurite transec-
tion only severed the neurite and had no effect on cell viability.
In addition, as shown in Fig. S4,f the neurites of the cells
before and 24 hours after neurite transection were stained.
Fig. S5t shows that the neurite length was significantly
reduced, but there was no significant difference in the neurite
number at 24 hours post-neurite transection. The above results
suggested that neurite transection could reduce the length of
neurites but has little effect on the neurite number and cell
viability.

To assess the effect of BNDSs on cell viability after neurite
transection, we measured the cell viability of each group after
neurite transection (Fig. 5). On the first day, the cell viability of
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Fig. 7 Oxygen and glucose deprivation (OGD) experiment. (a) Cell via-
bility of SH-SY5Y cells after OGD treatment. (b) Lactate dehydrogenase
(LDH) content of SH-SY5Y cells after OGD treatment. *P < 0.05, **P <
0.01, and ***P < 0.001 compared with the TCP group. &P < 0.05, AP <
0.01, and AP < 0.001 compared with the +IGF group. Notes: TCP served
as the control group.
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+IGF groups (PCL/HAMA-150k-B/IGF, PCL/HAMA-400k-B/IGF,
and PCL/HAMA-150k-C/IGF) and -IGF groups (PCL/
HAMA-150k-B, PCL/HAMA-400k-B, and PCL/HAMA-150k-C)
were significantly higher than that of the control group. The
cell activity in the +IGF groups was higher than in the -IGF
groups due to the contribution of IGF-1 to neuroprotection.
Furthermore, the cell viability of the PCL/HAMA-150k-B/IGF

PCL/HAMA-400k-B PCL/HAMA-150k-B

PCL/HAMA-150k-C

View Article Online
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group was higher than those of the PCL/HAMA-400k-B/IGF
and PCL/HAMA-150k-C/IGF group, indicating a faster release
of IGF-1 in the blend group and a better effect of low mole-
cular weight HAMA. The results on day 3 and day 1 showed the
same trend, but the figure showed that the number of cells
increased with the culture time. In addition, the cell viability
on day 3 was significantly higher than on day 1. It was proved

Fig. 8 Neurite outgrowth staining after OGD treatment. The fluorescence staining micrographs showing the SH-SY5Y cells after OGD and treated
with different BNDSs for 3 days. The cell viability was indicated in green, and the cell membrane was stained in red. Enlarged images are shown in
the upper right corner. (a) PCL/HAMA-150k-B/IGF; (b) PCL/HAMA-150k-B; (c) PCL/HAMA-400k-B/IGF; (d) PCL/HAMA-400k-B; (e) PCL/HAMA-150k-

C/IGF; and (f) PCL/HAMA-150k-C.

Table 2 Neurite length and number of SH-SY5Y cells after OGD treatment

PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA- PCL/HAMA-

150k-B/IGF 400k-B/IGF 150k-C/IGF 150k-B 400k-B 150k-C TCP
Average neurite length (um) 64.1 £ 32.0 60.8 + 31.2 59.2 £32.1 57.1+£21.9 61.6 £ 29.1 58.0+17.9 41.1+17.9
Neurite number 2.5+£0.8 2.8+1.1 2.5+£0.9 1.7+ 0.6 1.4+0.6 1.4+0.5 1.7+ 0.8

Related to Fig. 8.
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that the BNDSs had excellent biocompatibility and promoted
the proliferation of cells after neurite transection.

Fig. 6 and Fig. S6at show the cell fluorescence staining
diagram of cells after transection and treatment with different
BNDSs for 3 days, and the results of statistical analysis are
shown in Table 1. The results showed that the average neurite
lengths of the +IGF groups and —IGF groups were higher than
that of the control group. Since IGF-1 promotes neurite elonga-
tion, the neurite length in the +IGF group was longer than in
the —IGF group. Furthermore, the neurite length in the PCL/
HAMA-150k-B/IGF group was longer than those in the PCL/
HAMA-400k-B/IGF and PCL/HAMA-150k-C/IGF groups. The
average number of neurites in the +IGF groups was more sig-
nificant than in the control group. In contrast, the number of
neurites in the —IGF groups and control group did not change
significantly, suggesting that IGF-1 could increase the number
of neurites. Therefore, the BNDSs had good biocompatibility
and could promote cell proliferation and neurite growth after
neurite transection, and the +IGF groups were better than the
—IGF groups, especially the PCL/HAMA-150K-B/IGF group.

In addition to the primary injury, TBI can also cause sec-
ondary injury within minutes to days after the brain injury.*
The secondary injury often results in neuronal damage, which
leads to impairment of physical function, such as cognitive,
motor, and language function.>>"*> TBI produces an inflam-
matory response in the cells under ischemic and hypoxic con-
ditions. Therefore, we used SH-SY5Y cells to establish an OGD
cell model by simulating the secondary injury through the
OGD experiment. To evaluate the effect of BNDSs on cell viabi-
lity after OGD treatment, we measured the cell viability of each
group after OGD treatment. The results showed that the cell
viability of the +IGF groups was significantly higher than that
of the control group on days 1, 3, and 6, indicating that the
BNDSs prepared with bioactive factor IGF-1 could promote the
proliferation of OGD-treated cells, especially in the PCL/
HAMA-150K-B/IGF group (Fig. 7a). In addition, it is recognized
that LDH is an important enzyme in the body’s energy metab-
olism, which exists widely in various tissues and organs. There
was a positive correlation between the level of LDH in CSF and
the degree of injury. Therefore, the LDH content in the
medium on day 6 after OGD was also measured.”>* The
results revealed that the LDH content in the culture medium
of the +IGF groups was significantly lower than that of the
control group, indicating that the BNDSs had a positive regu-
latory effect on the microenvironment after the secondary
injury (Fig. 7b).

Fig. 8 and Fig. S6bf show the fluorescence staining
diagram of the cells after OGD and treated with different
BNDSs for 3 days. The statistical analysis results in Table 2
show that the average neurite lengths of the +IGF groups and
—IGF groups were higher than that of the control group. The
average neurite length in the +IGF groups was higher than in
the —IGF groups. This was because IGF-1 could promote the
elongation of neurites. The average neurite length in the PCL/
HAMA-150k-B/IGF group was higher than those in the PCL/
HAMA-400k-B/IGF and PCL/HAMA-150k-C/IGF groups. The
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average number of neurites in the +IGF groups was more sig-
nificant than in the control group, while the difference
between the —IGF and control groups was insignificant. It was
suggested that IGF-1 coated with the BNDS could increase the
number of neurites.

In addition to SH-SY5Y cells, we cultured primary rat cor-
tical neurons (Fig. S7t) to better mimic the cellular environ-
ment in the brain. We selected the PCL/HAMA-150K-B/IGF
group and the PCL/HAMA-150K-B group as the experimental
groups and validated the neuroprotective effect of the BNDSs
with primary cortical neurons through neurite transection
and OGD experiment. The cell viability of the primary
neurons co-cultured with the BNDSs after neurite transection
and OGD treatment is shown in Fig. 9. The results showed
that the cell viability of the PCL/HAMA-150K-B/IGF group
and PCL/HAMA-150K-B group was higher than the control
group. In particular, on day 6, the cell viability of the control
group decreased significantly, while that of the PCL/
HAMA-150K-B group decreased slightly. However, the PCL/
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Fig. 9 Cell viability of the primary neurons co-cultured with the BNDSs
after neurite transection and OGD treatments, respectively. (a) Cell viabi-
lity of primary neurons after neurite transection. *** indicates the signifi-
cant difference at P < 0.001 compared with the other groups. (b) Cell
viability of primary neurons after OGD treatment. *** indicates the sig-
nificant difference at P < 0.001 between the different groups. Notes:
TCP served as the control group.
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HAMA-150K-B/IGF group showed a little decrease after
neurite transection and OGD treatment. Generally, it is well
known that MAP-2 and synaptophysin are specific markers
for neurons and synapses. To demonstrate the neurons
formed functional neurite outgrowth, we co-labeled neurons
with the presynaptic marker synaptophysin and the neuronal
marker MAP-2.>>’ Fig. 10 and 11 show the neurite out-
growth staining diagrams and functional investigation. The
neurons were treated with different BNDSs for 3 days after
neurite transection and OGD, respectively. The statistical
analysis results are shown in Tables 3 and 4. The results
demonstrate that the average neurite length of the experi-

PCL/HAMA-150k-B/IGF

View Article Online
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mental groups has an obvious growth compared with the
control group, especially the PCL/HAMA-150K-B/IGF group.
However, there was little change in the average neurite
number. This was consistent with the SH-SY5Y cells above,
indicating that the BNDSs could promote cell proliferation
and neurite growth and improve the microenvironment after
the primary and secondary injuries. In conclusion, the pre-
pared BNDSs could promote cell proliferation and neurite
growth after neurite transection and OGD treatment, and the
+IGF groups carrying bioactive factor IGF-1 were superior to
the —-IGF groups, especially the PCL/HAMA-150K-B/IGF

group.

PCL/HAMA-150k-B

Fig. 10 Neurite outgrowth staining and functional investigation after neurite transection and treated with different BNDSs. Immunofluorescence
images of the primary neurons after neurite transection and treated with different BNDSs for 3 days: DAPI (blue), SYP (green), MAP-2 (red), and

merged illustration.
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PCL/HAMA-150k-B

Fig. 11 Neurite outgrowth staining and functional investigation after OGD and treated with different BNDSs. The immunofluorescence images of
the primary neurons after OGD and treated with different BNDSs for 3 days: DAPI (blue), SYP (green), MAP-2 (red), and merged illustration.

Table 3 Neurite length and number of primary neurons after neurite
transection treatment

Table 4 Neurite length and number of primary neurons after OGD
treatment

PCL/HAMA-
150k-B/IGF

PCL/HAMA-
150k-B TCP

PCL/HAMA-
150k-B/IGF

PCL/HAMA-
150k-B TCP

Average neurite length 114.34 £ 61.90 54.59 +41.50 27.30 +15.30

(pm)

Neurite number 4.23 +1.69 3.77 £1.35 3.56 + 1.25

Related to Fig. 10.

4. Conclusion

In this study, a series of bioactive nanofibrous dural substi-
tutes were designed and manufactured using coaxial or blend

18228 | Nanoscale, 2022, 14,18217-18230

Average neurite length 102.15 + 66.06 46.55 + 46.51 17.77 +£9.92

(km)

Neurite number 5.24 +1.82 5.07 +1.81 3.82 +1.52

Related to Fig. 11.

electrospinning techniques to investigate their potential use in
neuroprotection after decompressive craniectomy of TBI. The
biocompatibility, surface morphology, mechanical properties,
and hydrophobicity were characterized, and the results showed
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that such nanofibrous scaffolds were suitable for dural substi-
tutes. In vitro release and degradation behaviors showed that
the bioactive artificial dura mater could provide sufficient
long-term structural support during the degradation process
and maintain a long-time sustained release of IGF-1. Further
investigations demonstrated that they could also promote
neural cell survival, improve the microenvironment of neurite
growth, and play an important role in the neuroprotective
effect after the primary and secondary injuries, particularly
the PCL/HAMA-150k-B/IGF group. In summary, such bioactive
nanofibrous dural substitutes exhibited great potential in prac-
tical application for neuroprotection in the case of dural
repair, providing promising alternatives to neurosurgery invol-
ving artificial dura mater.
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