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Targeting neutrophil extracellular traps with a 
biomimetic patch to inhibit epidural fibrosis
Changdong Cuia, Kun Xia, Jincheng Tanga, Jie Menga, Feng Caia, Yong Gua Liang Chena,*

Abstract 
Background: Epidural fibrosis, a major contributor to failed back surgery syndrome, involves post-operative 
scar adhesion and nerve compression leading to persistent pain and compromised outcomes. While neutrophil 
extracellular traps (NETs) are implicated in pathological scar formation, effective and sustained strategies to modulate 
their activity are lacking. This study aimed to leverage the anti-NETs potential of curcumin, overcoming its inherent 
limitations of poor bioavailability, for the active prevention of epidural fibrosis.

Methods: Curcumin (Cur) was encapsulated within core–shell poly (L-lactic acid) micro-sol electrospun fibers (MS@Cur) 
to enable localized, sustained delivery. The release profile and physicochemical properties of the fabricated membranes 
were characterized. In vitro studies evaluated their cytocompatibility and their ability to inhibit NETs formation by neutrophils. 
Efficacy was further evaluated in a rat laminectomy model, where the impact of MS@Cur implantation on NETs markers 
(myeloperoxidase and citrullinated histone H3), collagen deposition, and myofibroblast activation was analyzed histologically.

Results: The MS@Cur membranes demonstrated successful curcumin encapsulation, mitigating burst release and 
achieving sustained release for over 28 days. They showed favorable cytocompatibility and effectively inhibited NETs 
formation in vitro. In vivo, implantation of MS@Cur led to a notable downregulation of NETs markers. Histological 
analyses confirmed a significant reduction in excessive collagen deposition and aberrant myofibroblast activation at 
the laminectomy site.

Conclusion: The developed biomimetic dural patch enables sustained and efficient local delivery of curcumin, effectively 
modulating NETs formation after laminectomy. This strategy represents a novel and effective therapeutic approach for the 
active prevention of epidural scar formation following dural injury, with significant translational potential.

Abbreviations: α-SMA = α-smooth muscle actin, Cur = curcumin, FBSS = failed back surgery syndrome, H3cit = 
citrullinated histone H3, H&E = hematoxylin–eosin, MPO = myeloperoxidase, MRI = magnetic resonance imaging, 
NETs = neutrophil extracellular traps, PBS = phosphate buffered saline, PLLA = poly (L-lactic acid), ROS = reactive 
oxygen species, SEM = scanning electron microscopy

Keywords : curcumin, laminectomy, electrospinning, epidural fibrosis, neutrophil extracellular traps

1. Introduction

Failed back surgery syndrome (FBSS) remains one of the 
most challenging postoperative complications that com-
promise long-term outcomes after spinal surgery, with an 

incidence ranging from 10% to 40% and limited effec-
tive therapeutic options.[1–3] Among the multifactorial 
causes of FBSS, pathological epidural fibrosis—charac-
terized by scar adhesion and compression of the spinal 
nerve roots—is widely recognized as the predominant 
pathological basis for persistent low back and radicular 
pain.[4–6] In addition, extensive scar formation and distor-
tion of local anatomical structures significantly increase 
the difficulty and risk of revision surgery, posing a major 
challenge for clinical management.[7–9] Given the steadily 
increasing global incidence of lumbar degenerative dis-
orders, effective prevention of epidural fibrosis and FBSS 
has become an urgent clinical need.

Following spinal decompression surgery, the host 
immune system is rapidly activated, recruiting large 
numbers of inflammatory cells such as neutrophils and 
macrophages to the surgical site.[7,10,11] As key effectors 
of innate immunity, neutrophils respond to proinflamma-
tory cytokines (e.g., TNF-α and IL-8) and immune com-
plexes by activating nicotinamide adenine dinucleotide 
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phosphate oxidase and enhancing mitochondrial respi-
ration, leading to excessive production of reactive oxy-
gen species (ROS).[12–14] The elevated ROS levels promote 
nuclear translocation of myeloperoxidase (MPO) and 
neutrophil elastase, resulting in chromatin decondensa-
tion and increased permeability of the nuclear and plasma 
membranes.[15,16] Consequently, nuclear DNA and intra-
cellular components are released into the extracellular 
space, forming neutrophil extracellular traps (NETs)—a 
web-like structure composed of DNA, histones, and pro-
teases.[13,17,18] Although NETs play a protective role in 
capturing and killing pathogens, their excessive forma-
tion at the laminectomy site can perpetuate inflammation, 
aberrantly activate fibroblasts into myofibroblasts, and 
stimulate excessive secretion of extracellular matrix com-
ponents such as collagen. This cascade ultimately leads to 
pathological scar formation, impairing dural repair and 
functional recovery.[2,13,19] Therefore, targeted modulation 
of NETs formation represents a promising therapeutic 
strategy to prevent epidural fibrosis after spinal surgery.

Curcumin, a natural polyphenolic compound extracted 
from the rhizomes of Curcuma longa, possesses a unique 
bis-α, β-unsaturated diketone structure.[20,21] Owing to 
its potent anti-inflammatory and antioxidant properties, 
curcumin can effectively suppress inflammation, scav-
enge excessive ROS, and protect cellular integrity and 
function.[22–24] It has shown broad therapeutic potential 
in neurological and cardiovascular disorders.[25–27] More 
recently, curcumin has been reported to effectively inhibit 
NETs formation,[28–30] suggesting its promise as a candi-
date for mitigating excessive NETs activity in epidural 

fibrosis. However, the critical window for epidural scar 
formation extends to approximately 2 weeks postsurgery, 
whereas curcumin’s clinical efficacy is hindered by its low 
bioavailability and short half-life, limiting its sustained 
therapeutic performance. Enhancing the release stability 
and bioavailability of curcumin is therefore crucial for 
clinical translation.[31–33] Our previous work developed a 
microsol electrospinning technique capable of fabricating 
porous, high-surface area core–shell nanofibrous mem-
branes.[4] This technique provides significant advantages 
in preserving drug activity, enabling controlled release, 
and improving delivery efficiency and bioavailability. The 
core–shell architecture allows the encapsulated drug to be 
released in a sustained and localized manner while main-
taining structural integrity and minimizing initial burst 
release.

Based on the potent anti-NETs potential of curcumin 
and the controlled-release advantages of microsol electro-
spinning, this study aimed to construct a biomimetic dural 
substitute in which curcumin is encapsulated within the 
core layer, while the shell provides mechanical stability 
and protects it from burst release in the post-laminectomy 
microenvironment. The objective was to modulate NETs 
formation and suppress pathological epidural fibrosis. 
Through systematic physicochemical characterization, in 
vitro assays, and in vivo validation in a rat dural injury 
model, we demonstrated that this biomimetic patch effec-
tively delivers curcumin in a sustained manner, maintains 
a proregenerative microenvironment, and inhibits epi-
dural fibrosis. This study not only provides new mecha-
nistic insights into the prevention of epidural fibrosis but 

Figure 1.  Construction and function of the bionic patch. (A) Schematic diagram illustrating the fabrication of the bionic patch via micro-sol-
assisted electrospinning for curcumin loading. (B) Mechanism by which the bionic patch inhibits epidural fibrosis by controlling curcumin 
release and suppressing NETs formation. NETs = neutrophil extracellular traps.
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also offers a theoretical and material basis for the devel-
opment of next-generation dural biomaterials with trans-
lational potential (Fig. 1).

2. Methods and materials

2.1. Preparation of biomimetic dural patch

For the preparation of a traditional poly (L-lactic acid) 
(PLLA) electrospun dural patch, 0.5 g of PLLA (Ruixi, 
China) was dissolved in 4 g of dichloromethane under 
constant stirring at room temperature to form a homo-
geneous solution, followed by the addition of 2 g of N,N-
dimethylformamide (Aladdin, China). Curcumin was 
first dissolved in ethanol to obtain a concentration of  
2.5 mg·mL−1. The curcumin/ethanol solution was then 
added into the PLLA solution to achieve a final curcumin 
concentration of 50 μg·mL−1 in the electrospinning pre-
cursor. The resulting transparent and uniform solution 
was used for dural patch fabrication. The electrospinning 
was conducted using a 10-mL syringe at a feeding rate of 
70 μL·min−1, an applied voltage of 15 kV to 18 kV, and a  
needle-to-collector distance of 15 cm. The nanofibrous 
mats were collected on an 8-cm diameter cylindrical col-
lector covered with aluminum foil.

For the preparation of the curcumin-loaded micro-
sol electrospun patch, 0.1 g of hyaluronic acid (HA) 
was dissolved in 9.9 g of deionized water to prepare a 
1-wt% HA solution as the microsol core. Then, 10 μL 
of a 30-mg·mL−1 curcumin/ethanol solution was added 
to 50 μL of HA solution. Subsequently, 0.01 g of Span-
80 (Sigma, USA) and 4 g of dichloromethane were intro-
duced, followed by ultrasonic emulsification in an ice bath 
for 20 min to obtain a uniform milky emulsion contain-
ing curcumin microsols. Then, 0.5 g of PLLA and 2 g of 
N,N-dimethylformamide were added and stirred at room 
temperature to prepare the microsol electrospinning pre-
cursor solution, with a final curcumin concentration of  
50 μg·mL−1. The electrospinning parameters were con-
sistent with those of the traditional PLLA group. The 
resulting curcumin-loaded microsol electrospun dural 
substitute was denoted as MS@Cur.

2.2. Characterization of biomimetic dural patch

The microstructures of PLLA and MS@Cur electro-
spun membranes were observed using scanning electron 
microscopy (SEM; Hitachi, Japan) and transmission 
electron microscope (TEM; Hitachi, Japan). Prior to 
SEM observation, samples were sputter-coated with 
gold for 60 s and imaged at an accelerating voltage 
of 10 kV. Fiber diameter and morphology distribu-
tions were quantified from SEM images using ImageJ 
software.

For the measurement of Young modulus, both PLLA 
and MS@Cur electrospun mats were prepared as fiber 
strips (10.0 mm × 3.0 mm × 0.2 mm) and subjected to 
uniaxial tensile testing using a universal testing machine 
(Hengyi, China) at a crosshead speed of 2.5 mm·min−1. 

The stress–strain curves were recorded, and the Young 
modulus values were calculated from the linear region of 
the curves.

For degradation assays, the membranes were immersed 
in 30 mL of phosphate buffered saline (PBS) at room 
temperature, with PBS refreshed daily. At predetermined 
time points, samples were freeze-dried and weighed. The 
degradation rate was calculated as the ratio of residual 
weight (Wt) to the initial weight (W0), and degradation 
profiles were plotted accordingly.

For curcumin release analysis, 10 mg of each electro-
spun membrane (PLLA or MS@Cur, containing approx-
imately 6 ng of curcumin) was immersed in 10 mL of 
PBS and incubated at 37 °C under shaking (120 rpm). 
Supernatants were collected at predetermined time inter-
vals over 28 days, replaced with fresh PBS, and analyzed 
spectrophotometrically at 425 nm. A standard curve 
of curcumin in PBS was used to determine the released 
curcumin concentration at each time point, from which 
cumulative release profiles were generated.

2.3. Cytocompatibility of biomimetic dural patch

The cytocompatibility of PLLA and MS@Cur dural 
substitutes was evaluated by live/dead staining and Cell 
Counting Kit-8 (CCK-8) assay. Bone marrow mesenchy-
mal stem cells were seeded onto each membrane placed 
in 24-well plates with the density of 1 × 104 cells/well 
and cultured for 3 days. Cells were stained with Live/
Dead Cell Imaging Kit (Thermo Fisher Scientific, USA) at 
room temperature for 30 min in the dark. After rinsing, 
fluorescence images were obtained using a fluorescence 
microscope (Zeiss, Germany), and live cell counts were 
quantified using ImageJ. Cells cultured without scaffolds 
served as controls.

For the CCK-8 assay, bone marrow mesenchymal stem 
cells were seeded as above and cocultured for 3 and 5 
days. At each time point, the culture medium was replaced 
with CCK-8 working solution (10% CCK-8 reagent in 
medium) and incubated for 4 h at 37 °C. Subsequently, 
100 μL of supernatant was transferred to 96-well plates, 
and absorbance was measured at 450 nm using a micro-
plate reader (BioTek, USA).

2.4. Detection of NETs formation

Neutrophils were isolated from 6- to 8-week-old C57 
mice using a mouse bone marrow 647 neutrophil isola-
tion kit (Solarbio). After erythrocyte lysis and counting, 
5 × 105 cells/well of neutrophils were seeded in 24-well 
plates containing PLLA or MS@Cur, with blank wells 
as controls, and cultured in RPMI-1640 medium sup-
plemented with 100 nM PMA (Sigma). After coculture 
for 3 h, SYTOX Green staining (Beyotime, China) was 
performed according to the manufacturer’s instructions. 
Following PBS washing, 200 μL of working dye solution 
was added, and cells were incubated at 37 °C for 20 min. 
Samples were then washed twice with serum-free medium 
and imaged under an inverted fluorescence microscope.



48

Original Research� Spine Research 

For SEM imaging, after 3 h of coculture, cells were 
fixed with 4% paraformaldehyde, dehydrated through 
a graded ethanol series, and dried using a critical point 
dryer. Samples were sputter-coated with gold for 75 s and 
imaged at 10 kV using SEM (Hitachi, Japan).

2.5. Detection of NETs markers

For immunofluorescence staining, neutrophils were 
extracted and cocultured with PLLA or MS@Cur mem-
branes as described earlier. After 3 h of co-culture, cells 
were washed with PBS and fixed with 4% paraformalde-
hyde for 30 min at room temperature. After permeabili-
zation with Triton X-100 and blocking with 5% bovine 
serum albumin at 4 °C overnight, primary antibodies 
against MPO (A2900, Abclonal) and citrullinated histone 
H3 (H3cit) (RM1001, Abcam) were added (1:200 dilu-
tion) and incubated overnight at 4 °C. After washing, fluo-
rescent secondary antibodies were applied for 3 h at room 
temperature in the dark, followed by 4',6-diamidino- 
2-phenylindole nuclear staining for 3 min. Samples were 
mounted with antifade medium and imaged using a laser 
confocal microscope. Fluorescence intensity was quanti-
fied using ImageJ software.

For Western blotting, after 3 h of coculture, neutro-
phils were collected by trypsinization and washed with 
PBS. Cells were lysed in radio immunoprecipitation assay 
buffer containing protease and phosphatase inhibitors, 
followed by centrifugation (10,000–14,000 g, 5 min). 
The supernatant was mixed with loading buffer (1:4 
ratio) and boiled for 10 min at 100 °C. Protein concen-
trations were quantified using a bicinchoninic acid assay. 
Equal amounts of protein were separated by SDS-PAGE 
(8%–15%) and transferred onto polyvinylidene fluo-
ride membranes at 400 mA. After blocking with rapid 
blocking buffer (Beyotime, P0220) for 20 min, mem-
branes were incubated overnight at 4 °C with primary 
antibodies against MPO (A2900, Abclonal) and H3cit 
(RM1001, Abcam). After tris buffered saline with tween 
20 washing, membranes were incubated with horserad-
ish peroxidase-conjugated secondary antibody for 2 h at 
room temperature. Protein bands were visualized using a 
chemiluminescence imaging system, and band intensities 
were quantified using ImageJ.

2.6. Rat laminectomy model and patch implantation

Male Sprague-Dawley (SD) rats (weighed about 300 g) 
were anesthetized by intraperitoneal injection of 
60 mg·kg−1 pentobarbital sodium. After hair removal, a 
midline incision was made over the L4–L5 vertebrae, and 
paraspinal muscles were bluntly dissected to expose the 
laminae. The L4–L5 laminae were removed to expose the 
dura mater. PLLA or MS@Cur membranes were adhered 
over the laminectomy site, with a blank (no material) 
group as control. After implantation, muscles and skin 
were sutured in layers. Penicillin of 400,000 U was 
administered intramuscularly postoperatively to prevent 
infection.

2.7. In vivo detection of NETs

At postoperative days 3 and 7, rats were euthanized by 
intraperitoneal injection of excess pentobarbital sodium. 
The entire lumbar spine, including vertebrae, nerves, 
dura mater, and epidural tissues, was harvested. The 
lamina-deficient segment was marked with a suture for 
orientation. Samples were fixed in formalin, decalci-
fied in ethylenediaminetetraacetic acid, dehydrated, and  
paraffin-embedded. Sections (20 μm) were prepared using 
a microtome (Leica, Germany). After antigen retrieval 
with 0.3% hydrogen peroxide and blocking with 5% 
bovine serum albumin, sections were incubated with 
MPO (A2900, Abclonal) and H3cit (RM1001, Abcam) 
primary antibodies overnight at 4 °C, followed by sec-
ondary antibody incubation for 1 h at room temperature. 
Sections were observed under a fluorescence microscope 
to evaluate early postoperative NETs formation at the 
laminectomy site.

2.8. Magnetic resonance imaging evaluation

Eight weeks after surgery, SD rats were anesthetized with  
60 mg·kg-1 pentobarbital sodium, and MRI scans of the 
lumbar spine were performed using a 1.5 T GE Signa 
MRI device (GE, USA). Sagittal and axial T2-weighted 
images were acquired, and epidural fibrosis was further 
graded with six samples included in each group (n = 6) 
according to the MRI image-based scoring system which 
was provided as follow (Table 1).

2.9. Histological analysis

Eight weeks after surgery, rats were euthanized and 
samples were processed for fixation, decalcification, 
dehydration, and paraffin embedding. Sections were 
stained with hematoxylin–eosin and Masson trichrome 
to evaluate late-stage epidural fibrosis and adhesion 
formation. Based on Masson trichrome-stained images, 
the epidural fibrosis area was quantified using ImageJ 
software.

2.10. Detection of epidural fibrosis markers in vivo

Eight weeks after surgery, spine samples were harvested, 
fixed, decalcified, and paraffin-embedded. After antigen 
retrieval with 0.3% hydrogen peroxide and blocking with 
5% BSA, sections were incubated with primary antibod-
ies against α-SMA (A2235, Abclonal) and Col-I (A21059, 

Table 1 
MRI-based scoring criteria.[4]

Grade Scoring criteria
0 No fibrosis scar formation
1 Scar tissue occupying > 0% to ≤ 25% area of quadrants
2 Scar tissue occupying > 25% to ≤ 50% area of quadrants
3 Scar tissue occupying > 50% to ≤ 75% area of quadrants
4 Scar tissue occupying > 75% to ≤ 100% area of quadrants

MRI = magnetic resonance imaging.
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Abclonal) overnight at 4 °C, followed by incubation 
with secondary antibodies for 1 h at room temperature. 
Sections were imaged under an inverted microscope. The 
activated fibroblasts were counted on three samples from 
each group (n = 3). The H-Score of Col-I staining was 
calculated using Case viewer 2.4 software (3DHISTECH, 
Hungary) via method reported previously. 

3. Results and discussion

3.1. Physicochemical characterization of the 
biomimetic dural patch

In this study, conventional electrospinning (PLLA) and 
microsol electrospinning (MS@Cur) techniques were 
employed to fabricate 2 types of fibrous membranes.[34] 
Their morphology, structure, mechanical properties, 

degradation behavior, and drug release characteristics 
were systematically compared to evaluate their potential 
in suppressing NETs formation and epidural fibrosis after 
laminectomy. SEM images revealed that both PLLA and 
MS@Cur fibers exhibited smooth surfaces, uniform struc-
tures, and homogeneous pore size distribution (Fig. 2A). 
TEM observations further demonstrated a distinct core–
shell architecture in the MS@Cur fibers, with a dense shell 
layer indicating successful construction of a microsol 
electrospun structure capable of sustained drug release. 
As shown in Figure 2B, the diameter distribution analy-
sis revealed that both PLLA and MS@Cur fibers exhib-
ited comparable size uniformity, with MS@Cur showing 
slightly thicker fibers but no statistically significant differ-
ence (P > 0.05), suggesting that the core–shell formation 
did not notably affect the overall diameter distribution.

Figure 2.  Characterization of the physicochemical properties of the bionic patch. (A) Representative SEM and TEM images of PLLA and 
MS@Cur. (B) Size distribution histograms of PLLA and MS@Cur. (C) Stress–strain curves. (D) Analysis of Young modulus. (E) In vitro degra-
dation profiles. (F) Cumulative release kinetics of curcumin from PLLA and MS@Cur. n = 3, error bars, mean ± SD; all analyses were done 
using 1-way ANOVA with Tukey post hoc test, *p < 0.05. ANOVA = analysis of variance, MS@Cur = curcumin-loaded microsol electrospun 
dural substitute, PLLA = poly (L-lactic acid), SD = standard deviation, SEM = scanning electron microscopy, TEM = transmission electron 
microscopy.
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Mechanical testing showed that the MS@Cur membrane 
exhibited lower maximal stress before failure and a signifi-
cantly reduced Young’s modulus compared with conven-
tional PLLA fibers (Fig. 2C and D), indicating decreased 
stiffness and increased compliance. This change may be 
related to the core-shell structure formed by micro-sol elec-
trospinning and the incorporation of curcumin-containing  
micro-sol components, which could alter the internal 
fiber architecture. In spite of the declination in mechan-
ical strength, MS@Cur maintained adequate mechanical 
integrity for implantation. Notably, this more compliant 
mechanical profile may facilitate better conformity to the 
laminectomy site and reduce local mechanical irritation, 
thereby providing a favorable structural basis for subse-
quent anti-NETs regulation and anti-fibrotic repair.[35] 
As shown in Figure 2E, MS@Cur exhibited a slightly 
faster degradation rate than PLLA. This behavior may 
be attributed to its core-shell structure, which could 
facilitated water infiltration into the fibers. Despite this,  
MS@Cur maintained good structural stability throughout 
the degradation period, supporting its function as a tempo-
rary physical barrier and a sustained local drug delivery plat-
form during anti-fibrotic repair. The release profile showed 
that the PLLAmembrane exhibited an initial burst release 
of curcumin,whereas MS@Cur provided a stable and sus-
tained releaseover 28 days with reduced initial burst, main-
taining asteady drug concentration at later stages (Fig. 2F). 

Collectively, these results indicate that the micro-
sol electrospinning strategy successfully produced  
MS@Cur fibers with well-controlled morphology, ade-
quate mechanical integrity, and a prolonged curcumin 
release profile. This sustained delivery can maintain ther-
apeutic drug concentrations at the injury site, suppress 
the formation of NETs, block fibrosis-associated signal-
ing cascades, and ultimately prevent epidural scar forma-
tion after laminectomy.

3.2. Cytocompatibility evaluation

Excellent cytocompatibility is a prerequisite for any tis-
sue engineering scaffold to exert its biological therapeu-
tic functions.[36,37] To assess the cytocompatibility of the 
fabricated membranes, live/dead cell staining and cell 
proliferation (CCK-8) assays were performed to evaluate 
the effects of PLLA and MS@Cur on cell viability and 
growth. Live/dead staining (Fig. 3A) clearly illustrated 
cell survival on different substrates. In the control group, 
cells exhibited high density, well-spread morphology, and 
negligible red fluorescence, indicating minimal cell death. 
Cells cultured on PLLA and MS@Cur membranes also 
adhered and spread well, although slightly less exten-
sively than those in the control group. Sparse red-stained 
dead cells were occasionally observed; however, quantita-
tive analysis showed no statistically significant differences 
among the 3 groups (Fig. 3B, p > 0.05), confirming the 
noncytotoxic nature of both fiber types.

The CCK-8 proliferation assay (Fig. 3C) revealed com-
parable optical density values among all groups on day 1. 

With extended culture to days 3 and 5, both PLLA and 
MS@Cur groups exhibited proliferation trends similar to 
the control group, further confirming that the electrospun 
membranes did not impede cell growth. These findings 
indicate that MS@Cur provides a favorable microenvi-
ronment supporting long-term cell proliferation.

Combined with the physicochemical results, the core–
shell configuration of MS@Cur effectively encapsulates 
curcumin within the fiber core, preventing its direct, 
high-concentration contact with cells. This design miti-
gates the potential cytostatic effects of curcumin at ele-
vated concentrations, enabling a safe and sustained 
release. Consequently, MS@Cur exhibited good cytocom-
patibility, suggesting that its implantation at the laminec-
tomy site didn’t provoke obvious foreign-body reactions 
or exacerbate local inflammation, thereby creating favor-
able conditions for the further modulation of NETs for-
mation within the local microenvironment.

3.3. In vitro evaluation of NETs inhibition by 
biomimetic patches

The formation of NETs represents a critical link between 
acute inflammation and chronic fibrosis.[38–40] To investi-
gate whether the micro-sol electrospun biomimetic patch 
(MS@Cur) could inhibit NETs formation via curcumin 
sustained release, thereby interrupting the pathologi-
cal activation of fibroblasts, we first employed SYTOX 
Green staining to visualize NETs because SYTOX Green’s 
specific binding affinity for nucleic acids and the nucleic 
acid-rich structural characteristics of NETs. As shown 
in Figure 4A, B, the control and PLLA groups exhibited 
typical NETs morphology, presenting as bright green 
filamentous structures, whereas the MS@Cur group dis-
played a marked reduction in green fluorescence. SEM 
further revealed that neutrophils in the control and PLLA 
groups lost their cellular morphology and released exten-
sive fibrous NETs networks. In contrast, most neutrophils 
in the MS@Cur group maintained intact cellular mor-
phology with negligible NETs formation (Fig. 4A).

Molecular-level confirmation was provided by MPO/
H3cit immunofluorescence colocalization, demon-
strating that key NETs markers, MPO and H3cit,[41,42] 
were strongly expressed and colocalized to form mesh-
like structures in the control and PLLA groups. In the  
MS@Cur group, both signals were significantly attenu-
ated, as reflected in semiquantitative fluorescence analysis 
(p < 0.05) (Fig. 4C–E). Western blotting and quantifica-
tion further confirmed a significant downregulation of 
MPO and H3cit in the MS@Cur group compared with 
the control and PLLA groups (Fig. 4F–H).

In the context of laminectomy, activated fibroblasts 
are major contributors to extracellular matrix deposition 
and scar formation.[43–45] NETs and their components, 
such as MPO and extracellular DNA, have been shown 
to strongly stimulate fibroblast activation, proliferation, 
and collagen production, perpetuating a vicious “inflam-
mation–fibrosis” cycle.[2,13] These results indicate that  
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Figure 3.  Evaluation of the bionic patch’s biocompatibility. (A) Representative live/dead staining images showing cell viability after culture with 
PLLA and MS@Cur. (B) Quantification of cell viability based on live/dead staining. (C) Cell proliferation assessed by CCK-8 assay at 1, 3, and 
5 days. n = 3, error bars, mean ± SD; all analyses were done using 1-way ANOVA with Tukey post hoc test, *p < 0.05. ANOVA = analysis of 
variance, MS@Cur = curcumin-loaded microsol electrospun dural substitute, ns = not significant, PLLA = poly (L-lactic acid), SD = standard 
deviation.



52

Original Research� Spine Research 

Figure 4.  Evaluation of the bionic patch on NETosis inhibition. (A) Representative images of NETs visualized by SYTOX Green staining 
and SEM. (B) Quantitative analysis of NETs based on SYTOX Green staining. (C) Immunofluorescence staining for NETs-specific markers, 
myeloperoxidase (MPO, green) and citrullinated histone H3 (H3cit, red). (D, E) Semiquantitative analysis of (D) MPO and (E) H3cit fluorescence 
intensity. (F) Protein expression levels of MPO and H3cit detected by Western blot. (G, H) Semiquantitative analysis of (G) H3cit and (H) MPO 
protein expression from Western blot. n = 3, error bars, mean ± SD; all analyses were done using 1-way ANOVA with Tukey post hoc test, 
*p < 0.05, **p < 0.01. ANOVA = analysis of variance, MS@Cur = curcumin-loaded microsol electrospun dural substitute, NETs = neutrophil 
extracellular traps, PLLA = poly (L-lactic acid), SD = standard deviation.
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Figure 5.  In vivo investigation of the bionic patch regulating NETs formation. (A) Schematics of the rat laminectomy model. (B) Representative 
immunofluorescence images of NETs-specific markers MPO (green) and H3cit (red) at postoperative days 3 and 7. (C, D) Semiquantitative 
analysis of fluorescence intensity for (C) H3cit and (D) MPO at day 3. (E, F) Semiquantitative analysis of fluorescence intensity for (E) H3cit and 
(F) MPO at day 7. n = 3, error bars, mean ± SD; all analyses were done using 1-way ANOVA with Tukey post hoc test, *p < 0.05, **p < 0.01. 
ANOVA = analysis of variance, H3cit = citrullinated histone H3, MPO = myeloperoxidase, MS@Cur = curcumin-loaded microsol electrospun 
dural substitute, NETs = neutrophil extracellular traps, PLLA = poly (L-lactic acid), SD = standard deviation.
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Figure 6.  In vivo evaluation of the bionic patch for inhibiting epidural fibrosis. (A) Representative T2-weighted magnetic resonance imaging 
(MRI) scans at 8 weeks postoperation. (B) Semiquantitative scoring of epidural fibrosis based on MRI. (C, D) Histological analysis by (C) H&E 
and (D) Masson trichrome staining. (E) Semiquantitative analysis of fibrotic area. (F) Immunohistochemical (IHC) staining for fibrosis-specific 
markers α-SMA. (G,) Semi-quantitative analysis of IHC staining for α-SMA . (H) IHC staining for fibrosis-specific markers Collagen I (Col-I). (I) 
Semi-quantitative analysis of IHC staining for Col-I. n = 3, error bars, mean ± SD; all analyses were done using 1-way ANOVA with Tukey post 
hoc test, *p < 0.05, **p < 0.01. ANOVA = analysis of variance, H&E = hematoxylin–eosin, MS@Cur = curcumin-loaded microsol electrospun 
dural substitute, PLLA = poly (L-lactic acid), SD = standard deviation.
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MS@Cur, by suppressing NETs formation, can effectively 
disrupt the pathological crosstalk between neutrophils 
and fibroblasts, mitigating early excessive inflammation 
and establishing a microenvironment conducive to func-
tional repair rather than pathological scar overgrowth.

3.4. In vivo regulation of NETs and prevention of 
epidural fibrosis by biomimetic patches

To validate the long-term efficacy of MS@Cur in complex 
in vivo environments, we established a rat laminectomy 
model (Fig. 5A) and dynamically assessed NETs modula-
tion at postoperative days 3 and 7. As shown in Figure 5B, 
temporal imaging revealed marked differences in NETs 
formation among the three groups during the early stage 
after laminectomy. At day 3 post-surgery, co-localization 
of strong MPO and H3cit positive signals were observed 
in the epidural region of both the Control and PLLA 
groups, indicating that laminectomy alone triggered a 
pronounced NETs response and that the conventional 
PLLA membrane failed to effectively prevent this pro-
cess. In contrast, the MS@Cur group exhibited markedly 
weaker MPO and H3cit fluorescence signals, as well as 
substantially reduced co-localization, suggesting effective 
suppression of NETs formation. At day 7 post-surgery, 
NETs expression had decreased in all groups compared 
with day 3; however, the overall fluorescence intensity 
and co-localization area in the MS@Cur group remained 
notably lower than those in the Control and PLLA groups. 
These findings indicate that MS@Cur can continuously 
inhibit NETs formation in the epidural region during 
the early postoperative period after laminectomy. Semi-
quantitative fluorescence analysis further confirmed that 
MS@Cur effectively suppressed the formation of NETs in 
the epidural region after laminectomy (Fig. 5C–F).

Additionally, MS@Cur functions as a degradable phys-
ical barrier during the initial implantation phase, effec-
tively preventing fibroblast infiltration. The sustained 
release of curcumin actively shapes a NETs-suppressive 
microenvironment. The synergistic combination of “phys-
ical isolation” and “biological modulation” underlies the 
long-term antiscar efficacy of MS@Cur.

To further assess the effect of NETs inhibition on late-
stage epidural fibrosis, epidural scar formation was evalu-
ated at 8 weeks postoperatively using multiple approaches. 
All operated rats underwent lumbar spine MRI. As 
shown in Figure 6A, sagittal and axial T2-weighted 
images revealed distinct differences in epidural tissue sig-
nals among the groups. In the Control and PLLA groups, 
the epidural space adjacent to the dural sac was largely 
occupied by extensive and heterogeneous hypointense 
areas, indicating severe fibrotic scar formation. In the 
Control group, compression of the dural sac by epi-
dural tissue was also observed. In contrast, the MS@Cur  
group exhibited a relatively homogeneous epidural sig-
nal, comparable to that of the surrounding muscle tis-
sue. The degree of fibrosis was further quantified and 
graded according to the MRI-based scoring system (Fig. 
6B). Consistent with the imaging findings, the MS@Cur  

group showed significantly lower MRI grades than the 
Control and PLLA groups.

Histological analyses supported these findings. 
Hematoxylin–eosin staining (Fig. 6C) showed dense fibro-
blasts, abundant collagen deposition, and pronounced 
vascular dilation with inflammatory cell infiltration in 
the control group; PLLA provided structural support but 
inflammatory responses remained. The MS@Cur group 
exhibited sparse cell distribution and intact tissue archi-
tecture with markedly reduced scar tissue, demonstrating 
that the curcumin release system effectively restrained 
excessive repair and inflammatory cascades (Fig. 6E). 
Masson trichrome staining (Fig. 6D) further confirmed 
reduced collagen deposition in the MS@Cur group rela-
tive to extensive blue-stained collagen in the control and 
PLLA groups.

Immunohistochemistry revealed widespread 
α-SMA-positive myofibroblasts and a large amount of 
Col-I with strong positive staining in the control and 
PLLA groups, whereas the MS@Cur group showed sig-
nificantly reduced expression (Fig 6F–I), indicating that 
local curcumin release reduces myofibroblast recruitment 
and differentiation and attenuates tissue tension and col-
lagen cross-linking.

Collectively, these data indicate that curcumin sus-
tained release effectively inhibits the formation of 
NETs, mitigating excessive collagen production and 
preventing epidural scar formation. Notably, transform-
ing growth factor-β (TGF-β1) is a key factor prompting 
tissue fibrosis. Our research team has previously val-
idated the participation of Smad3 signal pathway in 
TGF-β1-induced fibrosis.[4] However, it remains unclear 
whether the antifibrotic action of MS@Cur—mediated 
by NETs inhibition—relies on the TGF-β/Smad signal-
ing pathway, which will be the focus of our follow-up 
experiments. By inhibiting NETs formation, MS@Cur 
was verified to effectively inhibit epidural fibrosis at 
laminectomy site.

4. Conclusions

In this study, we successfully developed a microsol elec-
trospun bionic dural patch (MS@Cur) with a core–shell 
structure that enables sustained release of curcumin for 
the prevention of epidural fibrosis after laminectomy. 
Compared with conventional PLLA fibers, MS@Cur 
exhibited stable long-term drug release, thereby helping 
to maintain continuous local pharmacological activity. 
The patch also showed good cytocompatibility. In vitro 
experiments demonstrated that MS@Cur effectively 
inhibited the formation of NETs. In vivo studies further 
confirmed that MS@Cur significantly reduced NETs for-
mation at early stage after laminectomy and decreased 
α-SMA expression and collagen deposition at later stage. 
Taken together, these findings suggest that the MS@Cur 
patch integrates the dual functions of physical isolation 
and biological regulation, and may represent a promis-
ing strategy for preventing epidural fibrosis by inhibiting 
NET formation.
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