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Background: The frequent occurrence of failed back surgery syndrome (FBSS) seriously affects the quality of life of postoperative
lumbar patients. Epidural adhesion is the major factor in FBSS.
Purpose: A safe and effective antiadhesion material is urgently needed.
Methods: A superhydrophilic PLGA-g-PVP/PC nanofiber membrane (NFm) was prepared by electrospinning. FTIR was performed
to identify its successful synthesis. Scanning electron microscopy, thermogravimetric analysis, differential scanning calorimetry, and
water contact angle measurement were performed. CCK-8 assays were performed in primary rabbit fibroblasts (PRFs) and RAW264.7
cells to explore the cytotoxicity of PLGA-g-PVP/PC NFm. Calcein-AM/PI staining was used to measure the adhesion status in PRFs.
ELISA was performed to measure the concentrations of TNF-α and IL-10 in RAW264.7 cells. In addition, the anti-epidural adhesion
efficacy of the PLGA-g-PVP/PC NFm was determined in a rabbit model of lumbar laminectomy.
Results: The PLGA-g-PVP/PC NFm exhibited ultrastrong hydrophilicity and an appropriate degradation rate. Based on the results of
the CCK-8 assays, PLGA-g-PVP/PC NFm had no cytotoxicity to PRFs and RAW264.7 cells. Calcein-AM/PI staining showed that
PLGA-g-PVP/PC NFm could inhibit PRF adhesion. ELISAs showed that PLGA-g-PVP/PC NFm could attenuate lipopolysaccharide-
induced macrophage activation. In vivo experiments further confirmed the favorable anti-epidural adhesion effect of PLGA-g-PVP/PC
NFm and the lack of a strong inflammatory response.
Conclusion: In this study, PLGA-g-PVP/PC NFm was developed successfully to provide a safe and effective physical barrier for
preventing epidural adhesion. PLGA-g-PVP/PC NFm provides a promising strategy for preventing postoperative adhesion and has
potential for clinical translation.
Keywords: superhydrophilic membrane, irradiation graft, postoperative adhesion, failed back surgery syndrome, electrospinning

Introduction
As the population ages and sedentary lifestyles increase dramatically, the prevalence of degenerative lumbar spine
disease is increasing. Surgical decompression can relieve the compression of nerve roots or the spinal cord by
degenerative tissues and palliate the clinical symptoms.1 However, the frequent occurrence of failed back surgery
syndrome (FBSS, 4% ~ 48%) seriously affects the quality of life of postoperative patients.2 Epidural adhesion is
considered the most common cause of FBSS and involves various degrees of inflammatory infiltration, scar tissue
formation, and tissue adhesions in the epidural space.3 Although improved surgical methods and drug therapy regimens
can exert a degree of control over FBSS, they have limited clinical effects.4 Recently, with advances in nanomaterials,
antifibrotic nanofiber membranes (NFm) have been used to cover the spinal dura mater as a barrier, offering a reliable
therapeutic option for halting epidural adhesion and reducing the risks of developing FBSS events.
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Electrospinning is the most efficacious process for nanofiber production. The spinning solution forms a jet termed
a “Taylor cone” under the effect of a strong electric field. The solvent is evaporated during spinning solution ejection, and
the solute falls on a collector to form the NFm.5 Due to close contact with the dura mater and peripheral nerve roots,
distinctive properties are required for an antifibrotic NFm: 1. effective inhibition of the adhesion of fibroblasts and
prevention of epidural adhesion; 2. good biocompatibility to maintain microenvironment stability around the nerve roots
and spinal cord; and 3. appropriate degradability to reduce the risk of infection.

Poly (lactic-co-glycolic acid) (PLGA) is a common high-molecular-weight polymer with good biocompatibility and
degradability and has been approved by the US Food and Drug Administration (FDA).6,7 PLGA can be degraded under
physiological conditions independent of immune activity, and its degradation rate can be tuned over a broad range by adjusting
the molar ratio of lactic acids and glycolic acids.8 However, PLGA NFm shows low hydrophilicity, and its degradation
products can decrease the pH of the surrounding environment, trigger inflammation and accelerate adhesion formation.9–11

Accordingly, PLGA NFm requires modification. Polymerization with other polymers is a common modification method. Li
et al reported a chitosan-covalent PLGA (CS-graft-PLGA) nanofiber and found that the addition of CS could improve the
hydrophilicity, mechanical properties, degradation rate and protein adsorption of PLGA nanofibers.12 To mimic natural
extracellular matrices (ECMs) in vitro, Foraida et al conjugated elastin with PLGA and fabricated elastin-covalent PLGA
nanofibers. They found that conjugation with elastin improved the hydrophilicity and stretchability compared with PLGA
nanofibers.13 Kazemi et al conjugated polyethylene glycol (PEG) with PLGA and cultured neurogenic tumor cells in PEG-
covalent PLGA (PEG/PLGA) nanofibers. The in vitro results suggested that PEG/PLGA nanofibers had excellent hydro-
philicity, anti-inflammatory properties and safety, and the addition of PEG could decrease the thickness of PLGA nanofibers.14

Polyvinylpyrrolidone (PVP), which has also been approved by the FDA, is a high-molecular-weight polymer
formed by the self-polymerization of N-vinylpyrrolidone (NVP).15 Wang et al used 60Co-γ to graft NVP onto PLGA
to form NVP-covalent PLGA, which is a safe method of great interest.16 Subsequently, Wang et al prepared PLGA-
g-PVP/I electrospun fibrous membranes using the same method, and the results were outstanding in preventing
postoperative abdominal adhesion.17 However, PVP/I is an irritant for mucous membranes, although this effect is not
strong. Unfortunately, because an anti-epidural adhesion NFm is immediately adjacent to the nerve roots and spinal
cord, even mild inflammation can provoke overt clinical manifestations, and a functional and safer biomaterial is
needed. Phosphatidylcholine (PC) is a surfactant that usually acts as a lubricant to smooth the membrane surface and
prevent secondary damage. Its antiadhesion effect has been well documented in abdominal surgery and is not affected
by intraoperative bleeding or bacterial infections.18 Because of these features, PC is a superior candidate for
antiadhesion.

Therefore, gamma rays were used to graft PVP to PLGA (PLGA-g-PVP), and PLGA-g-PVP/PC NFm was made by
electrospinning after physically mixing the PLGA-g-PVP solution with the PC solution. First, the morphology, composi-
tion, thermal stability, hydrophilicity, and degradation rate of the PLGA-g-PVP/PC NFm were identified. Second, we
explored the cytotoxicity, biocompatibility, and anti-cell adhesion ability of PLGA-g-PVP/PC NFm in vitro. The results
showed that PLGA-g-PVP/PC NFm barely affected the activity of fibroblasts and macrophages, did not activate
inflammation, and reduced the number of adhered cells in the coculture system of fibroblasts and NFm. In addition,
PLGA-g-PVP/PC NFm showed excellent anti-epidural adhesion effects. This Research provides a new strategy for
optimizing the design of highly safe anti-scar adhesion materials (Scheme 1).

Materials and Methods
Materials
PLGA (75:25) was purchased from Shandong University (Jinan, China). NVP, PC, DMF, chloroform, and lipopolysac-
charide were purchased from Aladdin Industrial Corporation (Shanghai, China). New Zealand rabbits were provided by
the West China Animal Laboratory Center of Sichuan University (Sichuan, China). Raw264.7 cells were provided by
Cybertron Medical Technology Co. (Beijing, China). Collagenase II, DAPI, CCK-8, and the Mouse TNF-α/IL-10 ELISA
Kit were purchased from Beijing Soledad Bao Technology Co. (Beijing, China). The anti-vimentin Ab, anti-TNF-α Ab,
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anti-IL-6 Ab, and FITC-conjugated secondary antibody were purchased from Biolegend. Calcein-AM/PI was purchased
from Biyuntian Biotechnology (Shanghai, China).

Fabrication of PLGA-g-PVP/PC NFm
First, PLGA-g-PVP powders were prepared. PLGA (100 g) was dissolved in methanol (150 mL) to produce solution A,
and NVP (50 mL) was fully mixed with solution A to produce solution B. Solution B was transferred to a round-bottom
flask, bubbled with nitrogen to adequately remove oxygen, and sealed in a bottle mouth. The sealed round-bottom flask
was irradiated with 60Co-γ (2.5 kGy/h, 2 h) at room temperature to copolymerize NVP with PLGA, and PLGA-g-PVP
powders were obtained. To improve the purity of the PLGA-g-PVP particles, the precipitates were ultrasonically cleaned,
soaked in ethanol for 24 h at room temperature, and dried in vacuum at 37 °C.

Second, PLGA-g-PVP/PC NFm was prepared. PLGA-g-PVP (1.5 g) was dissolved in 10 mL of spinning solution
(chloroform: DMF, 1:1, v/v) to prepare PLGA-g-PVP solution. Then, 100 mg or 500 mg of PC was dissolved in 10 mL of
spinning solution to prepare solution PC1 or PC2, respectively. Solutions PLGA-g-PVP and PC were simultaneously
ejected from the needle (25G) and formed two interwoven “Taylor cones”, which formed the NFm (Scheme 1). The
fabrication parameters of each group are described in Table 1.

Characterization of the PLGA-g-PVP/PC NFm
The ATR-FTIR spectra of PLGA NFm, PLGA-g-PVP NFm, and PLGA-g-PVP/PC NFm were obtained on a Nicolet iS
10 (Thermo Fisher Scientific, USA). Scanning electron microscopy (SEM) images were taken from FEI Inspect-F
(Philips, the Netherlands). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried
out on a TGA Q50 (TA Instruments, USA) and DSC Q2000 (TA Instruments, USA), respectively. The water contact
angle (WCA) was determined with DataPhysics (DataPhysics, Germany). A small piece of NFm was taken, and the dry
weight was recorded (W0). Then, the NFm was soaked in PBS until saturated, and the wet weight was recorded (W1).
The water absorption was evaluated by the following formula: Water absorption (%) = [(W1 – W0)/W1] × 100%. The
NFm was soaked in PBS at 37 °C and shaken at 600 rpm. The dry weight (W2) was recorded at 7, 14, 21, and 28 days,
and the degradation rate of NFm was evaluated by the following formula: residual weight ratio (%) = (W2/W0) × 100%.

Scheme 1 Schematic illustration of the preparation of PLGA-g-PVP/PC NFm and the antiadhesion and anti-inflammatory assays in vivo and in vitro.
Abbreviations: PLGA, poly (lactic-co-glycolic acid); PVP, polyvinylpyrrolidone; PC, phosphatidylcholine.
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Extraction and Identification of Primary Rabbit Fibroblasts (PRFs)
PRFs were established by the method of differential adhesion.19 Briefly, the paraspinal muscles of rabbits were
dissociated and washed with PBS to remove the blood. The tissue was cut into pieces and digested with 0.1% collagenase
II at 37 °C for 2 hours, then passed through a 150-mesh screen. The filtrate was collected and centrifuged at 1000 rpm for
10 min. The supernatant was discarded, and the cells were resuspended at 1 × 105/mL in complete medium, seeded in
10 cm dishes, and cultured in an incubator.

PRFs were identified by immunofluorescence (IF) staining of vimentin, and IF staining was performed as previously
described.20 Briefly, the cells were permeabilized with 0.2% Triton for 10 min after fixation with 4% paraformaldehyde at
4 °C for 30 min. Primary antibodies against vimentin (1:100) and FITC fluorescence secondary antibody (1:500) were
used to visualize the expression of vimentin, and DAPI was used to label the cell nuclei. Images were taken on a DM
IRB microscope (Leica, Italy).

Cytotoxicity
A total of 5×105 PRFs or RAW264.7 cells were seeded into 6-well plates to 70–80% confluence. Each NFm was cropped
into a circular piece (diameter = 30 mm and thickness = 2 mm), sterilized for 2 min under UV light, and cocultured with
cells. CCK-8 was used to test cell viability at 24 hours according to the manufacturer’s instructions.

Fibroblast Adhesion
UV-sterilized NFm (diameter = 20 mm and thickness = 2 mm) was placed at the bottom of 12-well plates, and 1×105

PRFs were seeded into each well. The medium was discarded on days 1, 3, and 5, and the NFm was washed with PBS
and submerged in calcein-AM/PI solution at 37°C for 15 min. The adhesion number and state of fibroblasts were detected
by an inverted fluorescence microscope.

Inflammatory Reaction in vitro
RAW264.7 cells (1×105) were seeded into 24-well plates to 70–80% confluence and cultured with UV-sterilized NFm
(diameter = 30 mm and thickness = 1 mm) and lipopolysaccharide (1 μg/mL) for 24 h. The supernatant was collected for
TNF-α and IL-10 measurements by ELISA.

Establishment of the Surgical Model
Lumbar laminectomy of rabbits was used to emulate decompressive surgery. Three-month-old New Zealand rabbits (n =
45) were randomly divided into 3 groups, NFm was inserted after laminectomy. After fasting for 24 h, rabbits were
anesthetized with Sumianxin II (0.1 mL/kg, intramuscular) and phenobarbital sodium (1.1 mL/kg, intravenous injection).

Table 1 Electrospinning Parameters

Group Thickness (mm) Voltage (kV) Tip-to-Collector Distance (mm) Feed Rate (mL/h) Time (h)

PLGA-g-PVP PC PLGA-g-PVP PC

PLGA 1 12 / 120 / 1.2 / 48

2 96
PLGA-g-PVP 1 14 / 160 / 1.2 / 48

2 96

PLGA-g-PVP-PC1 1 14 16 200 200 1.2 1.0 48
2 96

PLGA-g-PVP-PC2 1 14 18 200 200 1.2 1.0 48

2 96

Abbreviations: FBSS, failed back surgery syndrome; NFm, nanofiber membrane; PLGA, poly (lactic-co-glycolic acid); FDA, Food and Drug Administration; ECMs,
extracellular matrices; PEG, polyethylene glycol; PVP, poly-vinylpyrrolidone; NVP, N-vinylpyrrolidone; PC, phosphatidylcholine; SS, spinning solution; SEM, scanning electron
microscope; TGA, thermogravimetric analysis; DSC, differential scanning calorimetry; WCA, water contact angle; PRFs, primary rabbit fibroblasts; IF, immunofluorescence;
ROS, reactive oxygen species; H&E, hematoxylin-eosin.
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The skin surrounding L5 was prepared and disinfected with povidone-iodine. Skin, fat, fascia, and muscle were separated
layer by layer to expose the vertebral plate. The L5-related supraspinous ligament, spinous process, and ligamentum
flavum were successively cut, and the vertebral plate was isolated to expose the spinal dura mater. The NFm was placed
to completely cover the spinal dura mater after adequate hemostasis. The incision was sutured layer by layer, and
penicillin (2×105 units/kg, intramuscular) was administered to prevent infection (Scheme 2).

Adhesion Evaluation
After anesthesia, rabbits were sacrificed by air embolization on days 7, 14, 21, and 28. The epidural adhesion and scar
tissue along the incision site were exposed. The adhesion strength was evaluated by the Rydell & Balazs method: 0, no
obvious adhesion; 1, slight adhesion; 2, extensive and tight adhesion; and 3, severe adhesion, and release of the adhesion
disrupted the integrity of the spinal dura mater.

Histological and Immunohistochemistry Analyses
Rabbits were killed on day 28, and scar tissues were separated and fixed. The tissues were embedded in paraffin and
sectioned, and the sections were used for H&E staining, picric acid-Sirius red staining, and immunohistochemistry (TNF-
α and IL-6). Images were obtained with an Eclipse TE300 inverted microscope (Nikon, Japan).

Statistical Analysis
All data are shown as the mean ± standard deviation. One-way analysis of variance (ANOVA), Fisher’s least significant
difference, Bonferroni correction for multiple comparisons, and Student’s t-test were performed using GraphPad Prism
v8.1.1 software. The threshold for indicating a statistically significant difference was set to p < 0.05.

Results
FTIR Analysis of PLGA-g-PVP/PC NFm
To judge the successful preparation of PLGA-g-PVP/PC NFm, ATR-FTIR was performed. Each spectrum at 1090 cm−1

and 1185 cm−1 had two sharp peaks, which originated from the stretching vibrations of the C-O and C-O-C peaks,
respectively. In the range of 1730 cm−1 to 1780 cm−1, a relatively strong and sharp peak originated from the stretching
vibrations of C=O bonds. In addition, there was a small peak in the range of 2920 cm−1 to 2950 cm−1, which was
characteristic of the stretching vibrations of C–H. These were the characteristic peaks of PLGA.21,22 Compared to the

Scheme 2 Modeling process. (A) Preoperative preparation of the incision site; (B) exposed lamina; (C) removed spinous process; (D) removed lamina; (E) spinal dura
mater covered by NFm.
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spectrum of PLGA, the spectra of PLGA-g-PVP and PLGA-g-PVP/PC revealed a small peak at 1661 cm−1, which
originated from the stretching vibrations of C=O bonds and indicated the successful grafting of PVP.23 Compared to the
spectrum of PLGA-g-PVP, the spectrum of PLGA-g-PVP/PC presented more characteristic peaks, which might be
caused by the chemical bonding diversity in PC. The peaks of PLGA-g-PVP/PC included a small band at 3380 cm−1,
which was related to the asymmetric stretching vibrations of NH2 bonds. Additionally, the bands at 2924 cm−1 and
2835 cm−1 were attributed to the CH2 bonds of PC. Moreover, bands located at 1235 cm−1 and 969 cm−1 were observed
and assigned to the stretching vibrations of P=O bending and -COOH twisting (Figure 1D). These results indicated the
successful synthesis of PLGA-g-PVP/PC.24

TEM Analysis of PLGA-g-PVP/PC NFm
After confirming the successful preparation of PLGA-g-PVP/PC, the physicochemical characteristics of each NFm were
identified. In this study, four NFms (PLGA, PLGA-g-PVP, PLGA-g-PVP/PC1, and PLGA-g-PVP/PC2) were prepared.
The PLGA NFm and PLGA-g-PVP NFm were white, while the PLGA-g-PVP/PC1 NFm and PLGA-g-PVP/PC2 NFm
were pale yellow. Compared with the other NFms, the PLGA NFm was the most brittle, while PLGA-g-PVP/PC2 NFm
was the softest and had the smoothest surface (Figure 2A). These results indirectly confirmed the successful loading of
PVP and PC, and these modifications made the NFm more appropriate for covering the spinal dura mater. The SEM
images of all NFms revealed a smooth fiber surface, but PLGA-g-PVP/PC NFm exhibited bead formation (Figure 2B).
The fiber diameters were 468.68 ± 139.02 nm, 462.05±135.96 nm, 649.61±137.37 nm, and 669.64±146.70 nm for PLGA,
PLGA-g-PVP, PLGA-g-PVP/PC1 and PLGA-g-PVP/PC2 NFms, respectively, using ImageJ software for analysis
(Figure 2C).

TGA-DSC Analysis of PLGA-g-PVP/PC NFm
The thermal stability of NFms is very important for understanding their application capabilities. All block copolymers
obtained were analyzed by TGA to determine their thermal stability. Between 25 °C and 180 °C, PLGA-g-PVP NFm,
PLGA-g-PVP/PC1 NFm and PLGA-g-PVP/PC2 NFm experienced a small loss of mass (Figure 3A–D), possibly due to
the evaporation of adsorbed water.25 PVP and PC are excellent water-absorbing materials, and they significantly
increased the wettability of PLGA NFm in our subsequent experiments. The major mass loss of each NFm group
occurred between 200 °C and 500 °C. In this range, the masses of PLGA NFm, PLGA-g-PVP NFm, PLGA-g-PVP/PC1
NFm, and PLGA-g-PVP/PC2 NFm decreased by 97.3%, 94.17%, 84.96% and 83.94%, respectively, which could be
attributed to the decomposition of carboxyl groups (-COOH) and ester groups (-COOR). Above 500 °C, the mass of each

Figure 1 The chemical structural formulas of NVP (A), PLGA (B), and PC (C). (D) FTIR spectra of PLGA NFm, PLGA-g-PVP NFm, and PLGA-g-PVP/PC2 NFm.
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group tended to level off. As shown by DSC, Tmax was improved from 304 °C for PLGA NFm to 359 °C, 368 °C, and
383 °C for PLGA-g-PVP NFm, PLGA-g-PVP/PC1 NFm, and PLGA-g-PVP/PC2 NFm, respectively (Figure 3A–D).
These results indicated that the addition of PVP and PC increased the thermal stability of PLGA NFm.

The Hydrophilicity and Water Uptake Capacity of PLGA-g-PVP/PC NFm
WCA assays were performed on each group to determine the hydrophilicity of the membrane surface. Ten seconds after
a 2 μL drop of deionized water was placed on the membrane surface, the WCAwas photographed and calculated. WCA
assays were performed on each group to determine the hydrophilicity of the membrane surface (Figure 4A). The WCAs
were 113.06 ± 5.41°, 44.76 ± 11.80°, 11.05 ± 3.03°, and 7.38 ± 1.13° on the PLGA, PLGA-g-PVP, PLGA-g-PVP/PC1
and PLGA-g-PVP/PC2 NFm surfaces, respectively (Figure 4B). This result implies the ultrastrong hydrophilicity of
PLGA-g-PVP/PC. Moreover, PLGA-g-PVP/PC showed good water absorption performance (Figure 4C).

The Degradation Behavior of PLGA-g-PVP/PC NFm
To reduce the risk of infection by implants, appropriate degradation was also needed.26 During wound repair at the
surgical site, the tissue undergoes the inflammatory phase and the new tissue formation phase within 4 weeks.
Preventing collagen cross-linking during this time can effectively improve scar adhesion.27 Therefore, we explored
the degradation of NFm in each group in vitro for 4 weeks. The results exhibited varying degrees of mass loss with
exposure time. After the 4th week, the residual weight ratios were 81.13 ± 0.52%, 59.57 ± 17.47%, 35.75 ± 9.35, and

Figure 2 Photographic images (A) and SEM images (B) of prepared PLGA NFm, PLGA-g-PVP NFm, PLGA-g-PVP/PC1 NFm and PLGA-g-PVP/PC2 NFm (Bar = 10 μm). (C)
The diameter distribution of each NFm group.
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25.81 ± 4.14% for PLGA NFm, PLGA-g-PVP NFm, PLGA-g-PVP/PC1 NFm and PLGA-g-PVP/PC2 NFm, respec-
tively (Figure 4D). The formation of collagen fibers is an important mechanism of postoperative adhesions.28

Fibroblasts migrate into damaged tissues and secrete collagen 48–72 h after injury, reaching a peak at one week.
Collagen is the major component of collagen fibers, which bridge damaged and undamaged tissues.29 PLGA-g-PVP/PC
NFm could present a physical barrier to prevent the formation of this bridge during this time. The results also showed
that PLGA-g-PVP/PC NFm had good degradation, and the degradation rates correlated well with the PC content. In
contrast to nondegradable material,30 PLGA-g-PVP/PC NFm appear to reduce the risk of foreign body response and
implant infection.

Cytotoxicity Evaluation in vitro
Fibroblasts and macrophages are important in wound healing, and their injury can accentuate the inflammatory response
and prolong damage repair.31 To evaluate the viability impacts of PLGA-g-PVP/PC NFm on PRFs and RAW264.7 cells
in vitro, a CCK-8 assay was performed. First, IF staining results showed that vimentin was abundantly expressed in
primary cells, which ensured that the PRF extraction was successful (Figure 5A). The results of the CCK-8 assay showed
that PLGA-g-PVP/PC NFm had no obvious effects on PRF (Figure 5B) and RAW264.7 cells (Figure 5C) viability. These
results indicated that PLGA-g-PVP/PC NFm could prevent cytotoxicity-induced inflammatory responses and enable the
NFm to better serve as a safe physical barrier.

Figure 3 Thermogravimetric analysis results showing different thermal stabilities of PLGA (A), PLGA-g-PVP (B), PLGA-g-PVP/PC1 (C), and PLGA-g-PVP/PC2 (D) NFm.
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The Antiadhesion Effect in vitro
Decreasing the number of adherent fibroblasts on the nanofiber surface is favorable for suppressing adhesion formation. To
test the adhesion capacity of fibroblasts, each NFm group was cocultured with PRFs, and the living cells were visualized with
calcein-AM/PI on days 1, 3, and 5. The results showed fewer PRFs on the PLGA-g-PVP/PC2 NFm than on other NFms, and
the number decreased with increasing PC content (Figure 6A). This indicated that PC could efficiently suppress fibroblast
adhesion, which was consistent with the findings of a previous study.18 This may be because PC significantly decreases the
protein adsorption of nanofibers. Zahran et al found that the protein adsorption of PVP electrospun fibers was significantly
decreased with increased PC content (0–2%, w/v), and PVP nanofibers hardly adsorbed protein when the content of PC
reached 2% (w/v).32 Superhydrophilicity might also contribute to the prevention of fibrillar adhesion. Traditional antiadhe-
sion membranes are mainly hydrophobic materials, while superhydrophilic materials have been found in recent years to
inhibit cell adhesion.33 In addition, nanoscale topography appears to play a more important role in cell adhesion than the
hydrophilic/hydrophobic properties. Zangi et al found that smooth nanoscale topography could significantly suppress cell
adhesion,34 and such cell-repellent behavior is widely used in biosensors and blood-contacting devices. Combined with the
results of the CCK-8 assay, PLGA-g-PVP/PC2 NFm clearly had a favorable safety profile and biocompatibility, and the
antiadhesion property was primarily dependent on material properties rather than cytotoxicity.

Figure 4 (A) A water droplet was photographed after dropping onto each NFm surface group for 10s. (B) Water contact angle. (C) Water absorption capacity. (D) The
degradation of each NFm group at different time points (1, 2, 3, and 4 weeks) under simulated physiological conditions (PBS at 37 °C). ①, PLGA NFm; ②, PLGA-g-PVP
NFm; ③, PLGA-g-PVP/PC1 NFm; ④PLGA-g-PVP/PC2 NFm.

Figure 5 (A) The expression of vimentin in PRFs under a fluorescence microscope. Viability of PRFs (B) and RAW264.7 cells (C) incubated with each NFm group after 24
h. ①, PLGA NFm; ②, PLGA-g-PVP NFm; ③, PLGA-g-PVP/PC1 NFm; and ④, PLGA-g-PVP/PC2 NFm.
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Effect on the Inflammatory Response in vitro
The inflammatory response determines the fate of healing. M1 macrophages can stimulate the proliferation of
fibroblasts by secreting proinflammatory cytokines (IL-1β, IL-6 and TNF-α), and M2 macrophages can antagonize
these cytokines by secreting anti-inflammatory cytokines (IL-10).35 Therefore, we assessed the effects of PLGA-
g-PVP/PC NFm on the lipopolysaccharide-induced production of TNF-α and IL-10 in RAW264.7 cells. The results
showed that PLGA-g-PVP/PC2 NFm significantly increased IL-10 (Figure 6B) and repressed TNF-α (Figure 6C). This
indicated that PLGA-g-PVP/PC2 NFm might exert antiproliferative effects on fibroblasts by modulating the inflam-
matory response.

The Anti-Epidural Adhesion Effect in vivo
Rabbits were used to establish a laminectomy model, and epidural adhesion was evaluated by gross observation and
histological analyses. The control group gradually formed epidural adhesions due to the lack of protective barriers,
and the adhesion tissue was difficult to separate. In contrast to the control, Interceed effectively reduced the formation
of adhesion tissue and was almost entirely degraded at 4 weeks. However, there were still a few adhesions that were
difficult to separate. Excitingly, PLGA-g-PVP-PC2 NFm effectively separated the spinal dura mater and surrounding
tissue and was better degraded than Interceed. There were a few adhesions, but they were observed only in the NFm
margin and were easily separated (Figure 7A–D). After 4 weeks, the adhesion tissues were harvested for hematox-
ylin-eosin (H&E) staining, Sirius red staining, and immunohistochemistry. H&E staining showed more inflammatory
cell infiltrates in the control group than in the Interceed and PLGA-g-PVP-PC2 NFm groups, which was consistent
with the in vitro findings (Figure 7E). Cross-linked collagen fibers are the major component of scars,36 and Sirius red
staining was used to detect the collagen density of adhesion tissues. Sirius red staining results showed that the
collagen density of adhesion tissues in the PLGA-g-PVP-PC2 NFm group was lower than that in the Interceed and
control groups (Figure 7F). To detect the inflammatory response in the scar tissue of PLGA-g-PVP-PC2 NFm, the
expression of TNF-α and IL-6 was visualized by immunohistochemistry. The results indicated that the TNF-α and IL-
6 levels in the PLGA-g-PVP-PC2 NFm group were lower than those in the Interceed and control groups (Figure 7G
and H). The above results confirmed that PLGA-g-PVP-PC2 NFm could effectively prevent the formation of epidural

Figure 6 (A) The PRFs number of adhesions on each group NFm was detected by Calcein-AM/PI staining. Effects of NFm on the levels of IL-10 (B) and TNF-α (C) in
activated RAW264.7 cells. *p < 0.05, **p < 0.01 vs the control. ①, PLGA NFm; ②, PLGA-g-PVP NFm; ③, PLGA-g-PVP/PC1 NFm; ④, PLGA-g-PVP/PC2 NFm. Scale bar =
200 μm.
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adhesion and reduce scar adhesion. In addition, there was no obvious inflammatory response during this process,
which indicated that PLGA-g-PVP-PC2 NFm was a safe and mild antiadhesion material.

Conclusion
In this study, NVPs were grafted with PLGA by 60Co to prepare PLGA-g-PVP and cross-linked to PLGA-g-PVP nanofibers
and PC nanofibers by electrospinning to prepare the superhydrophilic PLGA-g-PVP/PC NFm. PLGA-g-PVP/PC NFm had
extremely strong hydrophilicity and could exert anti-epidural adhesion effects without obvious inflammatory responses
in vitro and in vivo. Therefore, it is a very attractive potential antiadhesion material for postoperative rehabilitation.

Figure 7 (A) Visual evaluation of adhesion status in different groups. (B–D) Adhesion scores in different groups. (E) H&E staining. (F) Sirius red staining. (G)
Immunohistochemical staining analyses of TNF-α (G) and IL-6 (H). *p < 0.05, **p < 0.01 vs the control. Scale bar = 400 μm. (S) scar tissue.
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