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A B S T R A C T

Due to the limited self-repair ability of the annulus fibrosus (AF), current tissue engineering strategies tend to use
structurally biomimetic scaffolds for AF defect repair. However, the poor integration between implanted scaf-
folds and tissue severely affects their therapeutic effects. To solve this issue, we prepared a multifunctional
scaffold containing loaded lysyl oxidase (LOX) plasmid DNA exosomes and manganese dioxide nanoparticles
(MnO2 NPs). LOX facilitates extracellular matrix (ECM) cross-linking, while MnO2 NPs inhibit excessive reactive
oxygen species (ROS)-induced ECM degradation at the injury site, enhancing the crosslinking effect of LOX. Our
results revealed that this multifunctional scaffold significantly facilitated the integration between the scaffold
and AF tissue. Cells were able to migrate into the scaffold, indicating that the scaffold was not encapsulated as a
foreign body by fibrous tissue. The functional scaffold was closely integrated with the tissue, effectively
enhancing the mechanical properties, and preventing vascular invasion, which emphasized the importance of
scaffold-tissue integration in AF repair.

1. Introduction

The intervertebral disc (IVD) is a cushion located between the
vertebrae in the spinal column. The IVD provides shock absorption and
allows for flexibility and spinal movement [1–3]. Normal IVDs are
composed of a gel-like central nucleus pulposus (NP), surrounded by a
tough outer annulus fibrosus (AF) [4,5]. The AF provides support and
stability to the disc, helping to distribute stress and load across the disc
to maintain the IVD shape and prevent the NP from leaking [2,6,7].
Defects in AF can induce IVD herniation, and finally lead to low back
pain (LBP). Epidemiological studies indicates that LBP is the leading

cause of the loss of worldwide productivity in 195 countries [8,9]. The
socioeconomic burden of LBP is estimated to be exceed $100 billion in
the United States [10]. Therefore, repairing a damaged AF is critical for
alleviating IVD degeneration [11,12].

Discectomy is the most common strategy for IVD herniation. How-
ever, the postoperative results of discectomy are not satisfactory, and
25% of patients require reoperation, which seriously affects the patient’s
quality of life [13,14]. In this context, tissue engineering technologies
using biomimetic scaffolds to recapture AF structure and function are a
promising alternative strategies for AF repair. Gluais et al. prepared an
aligned polycaprolactone (PCL) microfiber scaffold using
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electrospinning, and evaluated its effect in sheep lumbar discs. The re-
sults showed the scaffold aligned with the collagen fiber organization
within each lamella [15]. Shamsah et al. mixed PCL and poly(L-lactic)
acid (PLLA) in different ratios to prepare a structured biomimetic AF
scaffold. The results showed that the 50:50 ratio of PCL and PLLA had
characteristics similar to those of human AF and maintained AF cells
adhesion and proliferation [16]. Despite their promising results in
repairing AF, biomimetic scaffolds still face challenges in clinical
application partly because of the poor integration with native AF. If the
implanted scaffolds cannot achieve stable integration with the sur-
rounding tissue, they may fail to repair the defective tissues. Cracks
between the scaffold and tissue may also promote blood vessel and nerve
infiltration, which cause chronic discogenic pain and secrete
pro-inflammatory cytokines such as interleukins and tumor necrosis
factor alpha (TNF-α) [17,18]. Collagen cross-linking at the
scaffold-tissue interface can facilitate a tight connection between the
implanted scaffold and the AF, enhancing the interface’s mechanical
properties [19]. Hence, promoting the cross-linking of collagen is a
possible solution to enhance scaffold-tissue integration.

Lysyl Oxidase (LOX) is a copper-dependent amine oxidase that cat-
alyzes the cross-linking of collagen and elastin in the ECM that is
secreted by various cell types. LOX plays a crucial role in maintaining
the stability and strength of the ECM [20–23]. Our previous study
indicated that LOX relieved the process of intervertebral disc degener-
ation (IDD) [24]. However, exogenous proteins may be inactive in vivo
because of the complex microenvironment, making LOX gene trans-
fection into AF cells (AFCs) a more favorable alternative. Increasing
evidence indicates that exosomes produced by mesenchymal stem cells
(MSCs)have shown significant potential for gene delivery applications
[25,26]. Exosomes are tiny lipid-bilayer enclosed vesicles, ranging in
diameter from 30 to 150 nm, that are internalized and secreted by cells.
They transport various active substances and serve as natural intercel-
lular communication mediators. Zha et al. developed an engineered
exosome loaded with VEGF pDNA for inducing vascularized osteo-
genesis [27]. Therefore, using MSC-derived exosomes loaded with LOX
pDNA can enhance the exploitation of LOX in promoting ECM
cross-linking.

Moreover, tissue damage is frequently accompanied by excessive
reactive oxidative stress (ROS) [28,29]. ROS can lead to inflammation,
further upregulating matrix metalloproteinases expression. This, in turn,
triggers the ECM degradation, ultimately reducing the cross-linking
effectiveness of LOX on the ECM [29]. Additionally, ROS has been
shown to induce IVD degeneration variously, including angiogenesis,
inflammation, apoptosis, aging etc. [29–31]. Therefore, increasing
number of researchers are combining antioxidants and scaffolds for
tissue repair. The main types of ROS are hydrogen peroxide (H2O2),
superoxide anions (O2-), and hydroxyl radicals (HO•) [32,33]. Antiox-
idant compounds, such as manganese dioxide (MnO2), are commonly
used to remove excess ROS [34,35]. Kumar et al. fabricated MnO2
nanoparticles (MnO2 NPs) with a diameter of less than 20 nm and
injected them into an osteoarthritis (OA) knee joint. The results
demonstrated that the MnO2 NPs significantly scavenge ROS in OA,
inhibited the inflammatory response, and protected the articular carti-
lage [36]. Therefore, using MnO2 NPs to scavenge excess ROS in
defected areas can significantly enhance LOX effectiveness in promoting
scaffold-tissue integration.

This study aimed to improve scaffold-tissue integration by promoting
collagen cross-linking and ROS scavenging for effective AF repair. To
promote collagen cross-linking, we first fabricated aligned PCL nano-
fiber scaffolds that mimic the AF structure through electrostatic spin-
ning. To increase PCL biocompatibility and provide modification sites,
we utilized layer-by-layer assembly to deposit silk fibroin (SF) onPCL
nnofiber surface (SF/PCL) [37]. After that, these scaffolds were deco-
rated with dibenzocyclooctyne (DBCO). Second, MSC-derived exosomes
were decorated with azide and loaded with LOX pDNA. The LOX
pDNA-loaded exosomes were grafted to the SF/PCL scaffold surface via a

click chemistry reaction. To scavenge ROS, we fabricated MnO2 NPs,
and the MnO2 NPs were absorbed onto the SF/PCL scaffold surface via
physical adsorption (Scheme 1). Our in vitro study showed that this
multifunctional scaffold had excellent biocompatibility, efficiently
delivered LOX pDNA to AFCs, and elicited high LOX expressio. The
scaffold was also highly effective in removing ROS from AFCs. The
repair effect of multifunctional scaffolds on AF was evaluated using a rat
tail box model. This multifunctional scaffold also prevented blood ves-
sels ingrowth. The results indicated that this multifunctional scaffold
could efficiently remove ROS and inhibit inflammation. LOX played a
key role in enhancing scaffold-AF tissue integration and maintaining the
mechanical properties of the scaffold-AF tissue boundar.

2. Materials and methods

2.1. Extraction and culture of AF cells

Eight-week-old male rats underwent pentobarbital execution. The
dorsal hairs of the rats were sterilized with 75% ethanol. The lumbar and
caudal vertebrae were then surgically removed under aseptic conditions,
and the attached soft tissues were removed. The intact AF tissue was
extracted and placed in a medium containing 5% penicillin/strepto-
mycin. After enzyme digestion and filtering, the tissue was centrifuged,
resuspended in a complete medium (DMEM/F12mediumwith 10% FBS,
1% penicillin-streptomycin), and incubated at 37 ◦C with 5% CO2 in an
incubator. The culture medium was changed every two days, and cells
were passaged when they reached approximately 80% growth on the
culture dish.

2.2. Preparation of PCL nanofiber scaffolds

To prepare a 10% (W/V) PCL solution, 0.5 g of PCL was dissolved in
5 mL of hexafluoroisopropanol. The solution was drawn into a 10 mL
syringe and electrospun using a micro syringe pump at a rate of 1 mL/h
and a voltage of 15 kV. The syringe needle was positioned 15 cm from
the collector and the drum collector speed was set to 2500 r/min.

2.3. Silk extraction

To prepare the SF extract, 6–8 g of cocoons were cut, boiled with
0.02 M sodium carbonate solution at 98 ◦C for 1 h, and then soaked and
cleaned with deionized water five times. The dried SF was weighed (2 g)
and dissolved in 10 mL of a 9.3 M lithium bromide solution for 4 h at
60 ◦C. The dissolved SF solution was dialyzed with deionized water for
three days and filtered to obtain the final SF solution.

2.4. Preparation of fluorescein isothiocyanate (FITC)-labeled SF

The concentration of the SF solution was adjusted to 2% and dialyzed
in MES buffer (0.1 M with 0.9% NaCl) at pH 5.6 for 24 h. 1-(3-Dime-
thylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (80 mg)
and N-Hydroxysuccinimide (NHS) (220 mg) were added to the SF so-
lution and stirred for 15 min. The reaction was then stopped by adding
20 μL of β-mercaptoethanol. Ethylenediamine (2 μL) was added for 2 h at
room temperature, and the reaction system was dialyzed in 4-Morpholi-
neethanesulfonic acid (MES) buffer for 24 h to remove unreacted re-
agents. The solution was then treated with 8.23 mg of FITC under light-
proof conditions and stirred slowly for 2 h. After dialysis in deionized
water for 24 h under light-proof conditions, the resulting solution was
stored at 4 ◦C.

2.5. Preparation of SF/PCL

The concentration of the SF solution was adjusted to 1 mg/mL, the
PCL scaffold was cut into 2 cm × 2 cm pieces, and washed twice with
deionized water for 5 min each time. A volume of 2 mL of 0.5 mg/mL
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branched polyetherimide (bPEI) (25 kDa) solution was added and
shaken for 15 min, washed with 3 mL of deionized water twice for 5 min
each time; 2 mL of 1 mg/mL SF solution was added and shaken for 10
min at 4 ◦C, then washed three times with deionized water. After that, 2
mL of 90% methanol was added for 15 min to increase β sheets foldin,
and the scaffold was dried under 5–15 kPa nitrogen for 5 min to increase
the hydrophobicity between the layers. The SF assembly steps were
repeated to attain the desired number of layers.

2.6. Characterizations of the scaffolds

Fourier transform infrared spectroscopy (FTIR) (PerkinElmer Fron-
tier, PerkinElmer, Waltham, MA, USA) was employed to determine the
absorption spectra of PCL, SF, SF/PCL-2L, SF/PCL-4L, and SF/PCL-8L.

The prepared scaffolds underwent several analyses. The morphology
was examined using SEM (FEI, USA). The hydrophilicities of the scaf-
folds were evaluated by measuring the dynamic water contact angle
using a contact angle analyzer (JGW360B, China). Elemental analysis
was evaluated using EDS.

To assess the mechanical properties of the scaffolds, scaffolds of a
15.0 × 3.0 × 0.1 mm size were prepared prior to a tensile test. The
mechanical properties were analyzed uising load-deformation tests with
a speed of 2.5 mm/min using an Instron (Shanghai Hengyi Precision
Instruments Co., China).

2.7. Preparation of LOX pDNA-loaded exosomes (LOX-Exo)

The transfection of rat mesenchymal stem cells (rBMSCs) with GFP-
labeled LOX pDNA was performed using a transfection kit. The cells
were washed with PBS after 12 h of transfection and kept in a serum-free
medium for another 24 h. The supernatant was then collected and
centrifuged in three steps at 2000 g, 10000 g, and 100000 g to separate
the LOX pDNA-loaded exosomes. The supernatant was discarded, and
the residual precipitate was resuspended in 1 mL of PBS. Nanoparticle
tracking analysis (NTA, Malvern Panalytical, UK) was used to measure
the size distribution of LOX-Exo. Agarose gel electrophoresis was used to
verify that LOX pDNA was successfully loaded into the exosomes.

2.8. Preparation and characterization of MnO2 NPs

MnO2 NPs were prepared using a 30-min redox reaction involving
potassium permanganate (Acros Organics in Geel, Belgium) and poly
(allylamine hydrochloride) (Alfa Aesar in Ward Hill, MA, USA), both of
which were used at a 1:1 concentration ratio and mixed with water [34,
38,39].

The UV–visible absorption spectrum of 100 μg/mL potassium per-
manganate (KMnO4) and MnO2 NPs in water was measured using a
spectrophotometer (Biotek Synergy HT, Winooski, Vermont, USA)
within a range of 300–900 nm. The zeta potential of MnO2 NPs was
assessed using dynamic light scattering (DLS; Malvern Panalytical, UK).
The particles were suspended in water at room temperature. Trans-
mission electron microscopy (TEM) (Tecnai™ FEI Spirit TEM 120 kV,
ThermoFisher Scientific, Waltham, MA, USA) was utilized to image the
MnO2 NP, and ImageJ was employed to analyze the images. Addition-
ally, the scavenging capacity of MnO2 NPs in concentrations ranging
from 0 to 10 μg/mLwas evaluated for 100 μMH2O2 after 1h in PBS using
H2O2 colorimetric detection kits (TMB ELISA substrate, Nanjing
Jiancheng).

Initially, AFCs were seeded onto plates for 12 h. Following this, these
cells were treated with 100 μm H2O2 and 10 μg/mL MnO2 NPs and
allowed to incubate for a further 12h. Subsequently, DCFH-DA was used
to evaluate the intracellular ROS level of AFCs. To evaluate the anti-ROS
effect of F-Exo@SF/PCL, AFCs were also seeded onto different scaffolds,
after which they were treated with 100 μm H2O2 following a 12h in-
cubation period. The fluorescence images were captured using an
inverted fluorescence microscope (EVOS, USA).

2.9. Preparation of multifunctional LOX-Exo@SF/PCL scaffold (F-
Exo@SF/PCL)

The LOX-Exos were successfully attached to the oriented SF/PCL
nanofiber scaffolds using a SPAAC click chemistry reaction system. To
achieve this, the NHS Ester-labeled dibenzocyclooctyne (DBCO) was
initially reacted with the SF amino terminus via an acylation reaction.
The DBCO was dissolved in dimethyl sulfoxide (DMSO) at a concen-
tration of 10 μM, and the SF/PCL scaffold was then soaked in the DBCO
solution overnight at 4 ◦C. Afterward, the LOX pDNA was transfected

Scheme 1. We designed and prepared a multifunctional scaffold, including an engineered exosome loaded with LOX pDNA and 2MnO2 NPs. The exosomes serve as
efficient carriers for delivering LOX pDNA into AFCs, facilitating ECM cross-linking and promoting seamless integration between the scaffold and the surrounding
tissue. Additionally, MnO2 NPs efficiently eliminate ROS and inhibit inflammation. This multifunctional scaffold thus holds significant promise for AF repair.
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into rBMSCs using a transfection kit, and with varying concentrations (0
μM, 5 μM, 10 μM, and 20 μM) of Ac4ManNAz added to the culture
medium. The cells were washed three times with PBS after 24 h and then
incubated in a serum-free culture medium for another 24 h. The azide-
modified LOX-Exos were harvested using ultracentrifugation and co-
incubated with a DBCO-pretreated SF/PCL scaffold, undergoing a click
reaction at 37 ◦C for 1 h. After PBS washing, the scaffold was incubated
with 10 μg/mL of MnO2 NPs solution for 1 h to create a multifunctional
LOX-Exo@SF/PCL scaffold (F-Exo@SF/PCL).

2.10. Cell viability analysis

AFCs were grown on nanofibrous scaffolds for 1, 2, and 3 days. Then,
a 10% CCK-8 solution was added and incubated for 3 h (Dojin Labora-
tories, Kumamoto, Japan). The cellular viability was evaluated by
measuring the absorbance at 490 nm using a microplate reader (BioTek
Instruments, USA).

2.11. Gene expression analysis

Total RNA from AFCs was extracted using TRIzol reagent (Invi-
trogen, Carlsbad, CA, USA) and analyzed through real-time quantitative
polymerase chain reaction (RT-qPCR). The extracted RNA concentration
was assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). Afterward the RNA was converted into
first-strand cDNA for use in the quantitative polymerase chain reaction.
The primer sequences for the relevant genes were acquired from Sangon
Biotech (Shanghai, China) and are listed in Table S1. Normalization of
the relative mRNA expression for each gene was conducted using Gapdh,
and computed using the 2–ΔΔCt method.

2.12. Western blot analysis

Proteins were extracted from AFCs on the scaffolds and analyzed
using a BCA kit (Beyotime, Beijing, China) to determine their concen-
trations. Diluted primary antibodies were incubated with the proteins
overnight at 4 ◦C, and then treated with the corresponding secondary
antibodies at room temperature for 1 h. Protein detection was carried
out through autoradiography (Bio-Rad, Hercules, CA, USA), and the
grayscale value was quantified using Image J. The information on pri-
mary antibodies used in this study is listed in Table S2.

2.13. Immunofluorescence

The AFCs were fixed using 4% paraformaldehyde, followed by per-
meabilization with 0.3% Triton X-100 in PBS for 15 min. To prevent
nonspecific binding, the cells were then immersed in 2% BSA for 2 h at
room temperature. The primary antibodies were incubated with the cells
at 4 ◦C overnight, and labeled with Alexa Fluor 488 secondary anti-
bodies (1:1000, Abcam Cambridge, UK). TRITC-phalloidin diluent
(1:300, Yeasen, Shanghai, China) was employed for cytoskeleton
staining for 30 min, while 4′, 6-diamidino-2-phenylindole (DAPI)
(Beyotime, Beijing, China) was used to stain the nuclei. Images were
captured using a fluorescence microscope (Carl Zeiss Microscopy,
Thornwood, NY). The information on primary antibodies used for
immunofluorescence is listed in Table S3.

2.14. Animal study

All procedures were conducted according to the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committee of Soochow University
(SUDA20220913A01). A total of 48 Sprague Dawley (SD) rats aged
10–12 weeks with a weight of approximately 350 g were used for this
experiment. The rats were anesthetized through intraperitoneal injec-
tion of pentobarbital and, upon becoming anesthetized, were positioned

in a prone posture. Standard disinfection and towel placement were
carried out at the surgical site. A 3 cm longitudinal incision was made
along the midline of the posterior portion of the tail. The skin, subcu-
taneous tissue, and fascia were sequentially cut, and the ligaments in the
tail were isolated, allowing for lateral pulling to expose the disc
completely.

Four groups were formed for this study: (1) a sham group, (2) a box
annulotomy without the implantation of materials (defect group), (3) a
box annulotomy with the implantation of the Exo@SF/PCL scaffold
(Exo@SF/PCL), (4) a box annulotomy with the implantation of the
functional Exo@SF/PCL scaffold (F-Exo@SF/PCL). The Co7-8 and Co8-9
IVD segments were chosen to construct the AF box defect model [40].
Briefly, a 2.0 mm × 1.0 mm and 1.0 mm deep box defect was carefully
cut in the AF. Then, the custom scaffolds were covered on the defected
sites. After 8 weeks, the rats were sacrificed under general anesthesia via
intraperitoneal injection of pentobarbital. Caudal spines were collected
and instantly fixed with 10% paraformaldehyde for 1 day at room
temperature.

2.15. Imaging of H2O2 at AF defect sites

Lipo@HRP&ABTS nanoprobes were used to detect the H2O2 level in
vivo. The nanoprobes were locally injected into the AF defect in 50 μL
volumes, and the H2O2 level was observed and measured using a Vevo
LAZR Imaging System (FUJIFILM VisualSonics Inc.) after 15 min.

2.16. Imaging analysis

The sagittal position of the caudal spines of the rats were imaged
using X-rays while they were in a supine position. The disc height index
(DHI) was calculated for comparison between groups using the
following formula: DHI = (2 x sum of anterior, middle, and posterior
edge height of intervertebral space)/(sum of anterior, middle, and
posterior height of adjacent vertebral bodies). The magnetic resonance
imaging (MRI) was performed after the surgery to evaluate T2 signal
changes in the NP using a 1.5T MRI scanner (Magnetom Essenza,
Siemens Medical Solutions, Erlangen, Germany).

2.17. Histological analysis

The collected samples were fixed in a 10% formaldehyde solution
and then decalcified in a 14% ethylenediaminetetraacetic acid (EDTA)
solution. After that, the discs were embedded in an optimal cutting
temperature compound, then flash-frozen in liquid nitrogen, and
sectioned into 9 μm sections. Tissue histology was examined using he-
matoxylin and eosin (H&E) staining. Additionally, the expression and
distribution of proteoglycan and collagen were determined through
safranin O/fast green (SO/FG) and Sirius red staining.

To detect immunofluorescence, all slices were blocked with a solu-
tion containing 10% donkey serum, 0.3% Triton X-100, and 1% BSA for
2 h. These specimens were then incubated with primary antibodies
against collagen I or CD31 overnight at 4 ◦C. After washing with PBS,
appropriate secondary antibodies and DAPI were added to visualize the
cell nuclei and immunoreactivity products. The slices were then exam-
ined using a fluorescence microscope (Carl Zeiss Microscopy, Thorn-
wood, NY).

2.18. Mechanical analysis

The fresh harvest IVD was sectioned horizontally with 30 μm
thickness using a frozen tissue section (CM3050 S, Leica, Nussloch,
Germany). The elastic modulus of the scaffold-tissue integration inter-
face was conducted with an atomic force microscope (AFM) scanner
((JPK Instruments, Nano Wizard II, Germany). The elastic modulus was
measured in the force-volume mode. The probe of spring constant was
0.06 N/m (Olympus Corporation, Olympus, Tokyo, Japan) [41].
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2.19. Statistical analysis

Quantitative data are reported as mean ± standard deviation (SD)
based on at least three independent repetitions within each group. Sta-
tistical analysis was conducted using one-way ANOVA methods, fol-
lowed by Tukey’s HSD post hoc test using GraphPad Prism 8 software. A
statistically significant difference is defined as p < 0.05.

3. Results

3.1. Preparation and characterization of azide-modified LOX pDNA-
loaded exosomes

The schematic diagram of azide-modified exosomes is shown in
Fig. 1A. BMSCs were co-cultured with Ac4ManNAz. The azide group can
be transported to the cell membrane surface via glycoengineering.
Meanwhile, LOX pDNA was transferred into BMSCs using a commercial
transfection kit to obtain azide-modified LOX pDNA-laden exosomes.
The expression of exosome-specific markers CD63 and TSG101 was
detected in the collected substances using Western blotting (Fig. 1B).
The result of agarose gel electrophoresis demonstrated that LOX pDNA
was successfully transferred into the exosomes after electroporation
(Fig. 1C). NTA analysis further confirmed that neither N3 modification
nor LOX pDNA loading changed the exosomes’ size (Fig. 1D). These
results indicate that we successfully obtained azide-modified LOX
pDNA-loaded exosomes.

3.2. Preparation and characterization of SF/PCL scaffolds

The aligned PCL scaffold was prepared using electrostatic spinning,
and then the SF was deposited on the PCL nanofiber surface using layer-
by-layer self-assembly. SEM analysis revealed that the surface of pure
PCL nanofiber surface was smooth, and the fiber surface was gradually
roughened with an increase in the number of SF deposited layers
(Fig. 2A). The SF assembly was mainly accomplished through the β-sheet

formation, which was confirmed using FTIR analysis, showing a trans-
ferred characteristic peak of the β-sheet structure from 1650 cm− 1 to
1627 cm− 1 in SF/PCL compared with pure SF (Fig. 2B). In addition, the
fluorescence signal of SF labeled with FITC displayed more strongly as
the number of SF-deposited layers increased, confirming the successful
preparation of SF/PCL scaffolds (Fig. 2C and D). These results demon-
strated that SF/PCL scaffolds were successfully prepared. Moreover, SF
deposition did not significantly affect the mechanical properties of these
scaffolds (Fig. S1). The contact angle assay results demonstrated a sig-
nificant increase in scaffold hydrophilicity with an increasing number of
SF-deposited layers (Fig. S2).

3.3. Preparation and characterization of multifunctional Exo@SF/PCL
scaffold (F- Exo@SF/PCL)

The click chemistry schematic diagram is shown in Fig. 2E. The
SPAAC system was used to graft the LOX pDNA-loaded exosomes onto
SF/PCL scaffolds. 1) NHS-DBCOwas grafted onto SF/PCL scaffolds using
the amide reaction. 2) The azide-exosomes were then pre-labeled using
DiI and incubated with DBCO-modified SF/PCL scaffolds for 1 h at 37 ◦C.
Different concentrations of Ac4ManNAz were used to determine the
reaction’s grafting efficiency, and the results showed that 10 μM
Ac4ManNAz exhibited the optimal grafting efficiency (Fig. 2F, G and
Fig. S3). After exosome grafting, SEM analysis of the SF/PCL and
Exo@SF/PCL nanofibers morphologies showed an irregular substance
deposition on the nanofiber surface (Fig. 2H). Meanwhile, MnO2 NPs
were prepared according to the previous study, in which KMnO4 was
reduced in the presence of the cationic polyelectrolyte poly-(allylami-
nehydrochloride) (PAH) (Fig. S4A). The generated MnO2 NPs showed a
positive potential (Fig. S4B), and their average size was around 10 nm
(Fig. S4C). Consistent with the previous study, the MnO2 NPs exhibited
good dispersion in deionized aqueous solution, but agglomerated and
precipitated in salt ion solution (e.g., PBS) (Fig. S4D) [38]. The MnO2
NPs were bound to the scaffold surface using physical adsorption, with
EDX analysis revealing a uniform MnO2 NPs distribution on the scaffold

Fig. 1. Preparation and characterization of azide-modified LOX pDNA-loaded exosomes. (A) Schematic illustrations of fabricating azide-modified LOX pDNA-
loaded exosomes. (B) Western blot analysis of typical markers of exosome. (C) Agarose gel electrophoresis confirmed the successful loading of LOX pDNA into
exosomes. (D) NTA analysis of the size distribution of exosomes from the DMSO group, Ac4ManNAZ treated group, and LOX-pDNA loaded group.
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(Fig. 2I).

3.4. Biocompatibility and biofunctionality assessment of F-Exo@SF/PCL
scaffolds

AFCs were cultured on the scaffold, and cell viability results showed

that this multifunctional scaffold had no cytotoxic effect on AFCs
(Fig. S5). Moreover, AFCs were demonstrated to grow on this multi-
functional scaffold along the direction of fiber alignment via staining the
cytoskeleton (Fig. S5). The fluorescence results indicated that the DiI-
labeled exosomes were taken up by the AFCs, which was a prerequi-
site for LOX pDNA transfer into AFCs (Fig. S6). A GFP sequence was

Fig. 2. Preparation and characterization of F-Exo@SF/PCL scaffolds. (A) SEM analysis of the nanofiber morphology of PCL and SF/PCL with different SF layers,
scale bar = 20 μm. (B) FTIR analysis of the characteristic absorption peak of β-sheet. (C) FITC labeled SF was confirmed using fluorescence imaging, scale bar = 20
μm. (D) Quantification of fluorescence intensity of PCL and SF/PCL with different SF layers. Data are presented as the mean ± SD, n = 5, *p < 0.05, **p < 0.01. (E)
Schematic illustrations of the azide-modified exosomes clicking SF/PCL nanofibers. (F) The effectiveness of the click reaction was evaluated using DiI-labeled
exosomes, scale bar = 200 μm. (G) Quantification of fluorescence intensity analysis of DiI-labeled exosomes clicking onto SF/PCL nanofibers. Data are presented
as the mean ± SD, n = 3, *p < 0.05, **p < 0.01. (H) SEM analysis of the nanofiber morphology of SF/PCL and Exo@SF/PCL, scale bar = 20 μm. (I) EDX elements
mapping of C, O, and Mn in the scaffold, scale bar = 1 μm.
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inserted into the LOX pDNA; thereby, the gene transfection efficiency of
this multifunctional scaffold was assessed by counting GFP-positive
cells. The results indicated that LOX pDNA was successfully trans-
ferred into the AFCs through cell endocytosis (Fig. 3A). Different ratios
of exosomes were incubated with AFCs, and the result showed that the
transfection efficiency was optimal when the ratio of exosomes to the
culture medium was 1:1, which resulted in approximately 35% LOX
positive AFCs (Fig. S7). In addition, ECM-relative gene and protein
expression indicated that LOX had no significant regulatory effect on
AFCs ECM production (Fig. 3B and C).

Inflammation-related and antioxidant genes were examined to assess
the scavenging effect of the scaffold on ROS. The effect of MnO2 NPs on
H2O2 catabolism was evaluated, and the results showed that H2O2 was
significantly removed with an increasing MnO2 concentration (Fig. 4A).
The detection of intracellular ROS using DCFH-DA further demonstrated
the good ROS scavenging effect of MnO2 NPs (Fig. 4B and C).When AFCs
grew on the scaffold, this multifunctional scaffold significantly inhibited
LPS-induced inflammation in the cells with the down-regulation of IL-1β
and TNF-α (Fig. 4D). Furthermore, this multifunctional scaffold signifi-
cantly down-regulated the expression of antioxidant gene profiles GPX,
MnSOD, ECSOD, and CAT, indicating that the MnO2 NPs effectively
scavenged ROS and reduced the AFCs stress response against ROS
(Fig. 4D and E).

3.5. F-Exo@SF/PCL scaffold effectively reduces ROS levels at the injury
site of AF

The effect of multifunctional scaffolds on AF repair was evaluated
using the rat caudal AF box annulotomy model (Fig. 5A). ROS levels at
the injury site were measured using a Lipo@HRP & ABTS probe, which
could specifically trace H2O2. The result showed that the defect AF
exhibited a high ROS level. While the Exo@SF/PCL scaffold did not
reduce ROS levels, the F-Exo@SF/PCL scaffold effectively cleared H2O2
from the injury site, leading to a decrease in ROS levels (Fig. 5B).
Additionally, the TNF-α assay conducted on the AF confirmed that the F-
Exo@SF/PCL scaffold effectively reduced inflammation by removing
ROS (Fig. 5C).

3.6. F-Exo@SF/PCL scaffold prevents IVD herniation

After 8 weeks of implantation, MRI was used to evaluate the effec-
tiveness of scaffolds in repairing the AF. The results showed that the
defect AF could lead to herniation of the NP and cause disc degenera-
tion. However, both the Exo@SF/PCL and F-Exo@SF/PCL scaffolds
were effective in preventing NP herniation (Fig. 6A and B). X-ray and
statistical analysis of the DHI also confirmed that the scaffolds could
prevent IVD herniation (Fig. 6C and D). H&E staining revealed that the
border between the AF and the NP was indistinguishable, and the disc

Fig. 3. Biocompatibility and biofunctionality assessment of F-Exo@SF/PCL scaffolds. (A) Detection of LOX pDNA expression in AFCs using GFP fluorescence.
Scale bar = 50 μm. (B) Relative gene expression of Col1a1, Col2a1, and ACAN. Data are presented as the mean ± SD, n = 6. (C) Immunofluorescence staining analysis
of aggrecan, collagen II, and collagen I expression. Scale bar = 50 μm.
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structure was lost in the defect group. While the Exo@SF/PCL scaffold
prevented NP leakage, there was poor scaffold-native AF tissue inte-
gration, and numerous cracks appeared. In contrast, the F-Exo@SF/PCL
scaffold maintained the physiological structure of the AF, and the inte-
gration interface between the scaffold and native AF tissue was tightly
connected (Fig. 6E). SO/FG staining showed that the AF collagen
structure was well arranged in the sham group. In contrast, it was
difficult to distinguish the AF structure in the defect group. The
implanted Exo@SF/PCL scaffold did not integrate well with the sur-
rounding tissues, and the scaffold was disconnected from the adjacent
tissue. However, the F-Exo@SF/PCL scaffold significantly promoted the
integration of the scaffold with the surrounding tissue and formed a tight
connection due to the effect of LOX (Fig. 6E).

3.7. F-Exo@SF/PCL scaffold promotes scaffold-tissue integration and
effectively prevents external vascular invasion

To assess the integration of the scaffold with the AF tissue, various
analyses were conducted. Fluorescence results compared the collagen I
expression in both Exo@SF/PCL and F-Exo@SF/PCL scaffolds (Fig. 7A).
It was worth noting that the presence of cells within the F-Exo@SF/PCL
scaffold indicated that cells were capable of migrating from the sur-
rounding tissue into the scaffold. This result demonstrated the integra-
tion of the scaffold with the surrounding tissue went well, rather than
being recognized as a foreign body and encapsulated in a fibrous
capsule. Furthermore, CD31 staining indicated that its expression could
only be detected outside the AF in healthy discs, whereas CD31

Fig. 4. F-Exo@SF/PCL scaffold effectively reduces ROS levels in vitro. (A, B) Effect of MnO2 NPs on H2O2 scavenging. Scale bar = 200 μm. Data are presented as
the mean ± SD, n = 3, **p < 0.01. (C) Evaluation of the ROS eliminating effect of F-Exo@SF/PCL scaffold of AFCs using DCFH-DA. Scale bar = 50 μm. (D) Relative
gene expression of IL-1β, TNF-α and GPX. Data are presented as the mean ± SD, n = 6, **p < 0.01. (E) Relative gene expression of CAT, MnSOD, and ECSOD. Data are
presented as the mean ± SD, n = 6, *p < 0.05, **p < 0.01.
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expression was detected from outside to inside in the defect group,
invading along the direction of the tissue fissure. Although Exo@SF/PCL
performed with a certain effectiveness in preventing vascular invasion,
due to the poor integration between the scaffold and the AF tissue,
vessels still invaded inside along the gap between the scaffold and the
tissue. In contrast, F-Exo@SF/PCL was well integrated with the AF tis-
sue, and only a small amount of CD31 was expressed inside (Fig. 7A).

Sirius red staining revealed that the defect AF exhibited a disorga-
nized structure. While the Exo@SF/PCL scaffold integrated poorly with
the native AF tissue, resulting in several obvious clefts. In contrast, the F-
Exo@SF/PCL scaffold integrated well with the native AF tissue, forming

a tight connection between the scaffold and the surrounding tissue
(Fig. 7B). SEM was used to evaluate the integration of the scaffold with
the adjacent AF tissue. The ECM structure of the defect group was loose,
and many collagen fibers were broken. While the Exo@SF/PCL scaffold
was able to achieve partial integration with the surrounding tissue, there
were still many clefts between the scaffold and the tissue (indicated by
yellow arrows). Conversely, F-Exo@SF/PCL demonstrated superior
integration with the AF tissue, and few voids appeared between the
scaffold and the tissue (Fig. 7B).

AFM was used to examine the mechanical strength of the scaffold-
tissue integration interface. The results showed that the elastic

Fig. 5. F-Exo@SF/PCL scaffold effectively reduces ROS levels at the injury site of AF. (A) The procedure of implanting different types of scaffolds into the AF
defect site. (B) The scavenging effect of F-Exo@SF/PCL scaffold on H2O2 at the AF injury site was evaluated using an H2O2 tracking probe, scale bar = 2 mm. (C) The
anti-inflammatory effect of F-Exo@SF/PCL scaffold was assessed using TNF-α. Scale bar = 50 μm. (D) Quantification of fluorescence intensity of TNF-α in different
groups. Data are presented as the mean ± SD, n = 3, *p < 0.05, **p < 0.01.
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modulus of the defect AF was significantly decreased compared with the
sham group. However, the elastic modulus of the scaffold-tissue inter-
face did not improve after Exo@SF/PCL scaffold implantation, primarily
because of the poor connection between the scaffold and the AF tissue.
Conversely, the F-Exo@SF/PCL scaffold performed significantly better
in the mechanical strength at the integration interface (Fig. 7D).

Overall, these findings suggested that the F-Exo@SF/PCL scaffold
promoted scaffold-tissue integration, enhanced the mechanical strength
of the scaffold-tissue integration interface, and effectively prevented
external vascular invasion.

4. Discussion

Ensuring good integration is crucial for successful grafting, as it
stabilizes the implant and enables it to function competently in vivo [42,
43]. To achieve this, the implant and natural tissue must form sufficient
connections to provide the necessary mechanical strength, otherwise the
implantation will likely fail [44–46]. During cartilage repair, for
example, large cracks between the implant and the natural tissue usually
occur, which can lead to implant dislodgement and even induce immune
rejection [47]. Healthy IVDs rely on the AF to maintain the position of

Fig. 6. F-Exo@SF/PCL scaffold prevents IVD herniation. (A) MRI analysis of T2 signals in different groups at 8 weeks. (B) Quantification of IVD optical density
value in different groups. Data are presented as the mean ± SD, n = 3 for sham, n = 3 for defect, n = 8 for Exo@SF/PCL, and n = 13 for F-Exo@SF/PCL. **p < 0.01.
(C) X-ray analysis of IVDs in different groups. (D) Quantification of DHI score in different groups. Data are presented as the mean ± SD, n = 6 for sham, n = 6 for
defect, and n = 12 for Exo@SF/PCL, n = 12 for F-Exo@SF/PCL. *p < 0.05, **p < 0.01. (E) H&E and SO/FG staining for evaluating the effect of F-Exo@SF/PCL
scaffold on preventing IVD herniation (M: material, NT: native tissue). Scale bar = 100 μm (zoom out), scale bar = 200 μm (zoom in).
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the NP and the stability of the entire disc [3]. Thus, the formation of a
stable integration between the scaffold and the AF tissue is essential for
the AF to perform its biological function. Previous studies have used
collagen hydrogel to prevent an outflow of NP tissue from AF injury sites
[48]. However, the injury site still has fissures that impair the structural
stability of the AF, partly because of the fast hydrogel degradation. This
suggests using polymer compounds that degrade more slowly would be
an appropriate strategy. Gluais et al. implanted an aligned PCL nano-
fiber scaffold into a sheep lumbar disc to evaluate the effect of the
scaffold on AF repair in vivo. It was demonstrated that the polymer
scaffold could mimic the AF structure. The PCL scaffold avoided outflow
NP by integrating with the surrounding AF tissue [15]. A good inte-
gration of the scaffold with the tissue is achieved by cross-linking of ECM
at the integration interface [49]. LOX has been demonstrated to catalyze
the cross-linking of collagen and elastin, which can increase the me-
chanical strength of ECM. Athanasiou et al. used LOX to promote the
integration of engineered cartilage with native cartilage and enhance
the mechanical strength of the integration interface [50]. Therefore, we
hypothesized that LOX could play a similar role in AF repair. The AFM
results showed that LOX promoted the integration at the scaffold-tissue
interface, significantly enhancing its mechanical strength, which
contributed to the structural stability of the entire AF. The histological
results indicated that the F-Exo@SF/PCL scaffold effectively sealed the
defect AF area and prevented NP leakage. After AF damage, blood ves-
sels from the periphery of the IVD can grow into the disc through
structural AF clefts, exacerbating further disc degeneration [17,18].
After staining with the endothelial cell marker CD31, our result indi-
cated that the F-Exo@SF/PCL scaffold achieved close integration be-
tween the scaffold and tissue, which significantly prevented the
peripheral blood vessel invasion.

However, the short duration of LOX activity restricts its long-term
application in vivo, making genetic engineering an alternative strategy
for delivering the LOX gene into cells. Conventional delivery vectors,
such as viral and non-viral vectors, have drawbacks, including viral
vectors’ immunogenicity and pathogenic risk, and non-viral vectors’
insufficient transfection efficiency and cytotoxicity [51–53]. The
emergence of exosomes provides a new possibility for gene delivery.
Exosomes, which are secreted by cells, are 30–150 nm vesicles that
transmit proteins, genetic information, and other biological substances
between cells [54,55]. Recently, exosomes have been widely employed
in tissue engineering strategies. Lee et al. designed autologous exosomes
containing a cocktail of reprogramming factors that converted fibro-
blasts into neural progenitor cells [56]. Exosomes are natural products;
thus, the modification process must avoid disrupting their structure and
biological function. Herein, a click chemistry strategy was used as it is a
bioorthogonal chemistry that is commonly used to label exosomes. Song
et al. co-cultured A549 cells with Ac4ManNAz to obtain surface
azide-modified exosomes (Az-EVs) [57]. Furthermore, Xing et al.
modified the surface of collagen fibers with DBCO and clicked Az-EVs
onto the surface of collagen fibers using an alkyne-azide coupling re-
action [58]. In this study, we co-cultured Ac4ManNAz with BMSCs,
isolated the azide-modified exosomes, and mixed them with
DBCO-modified SF/PCL scaffolds. Using DiI to label exosomes, it was
observed that exosomes could be uniformly clicked onto the scaffold
surface. AFCs were cultured on the scaffold, and the results indicated
that the cells could take up exosomes, resulting in nearly 40% of exog-
enous LOX-positive cells. These results suggest that this system can
modify exosomes stably, and exosomes can serve as delivery vectors to
achieve efficient target gene transfection.

In addition, injury sites are often accompanied by enhanced ROS

level, which can result in metabolic disorders and cellular apoptosis,
ultimately hindering tissue repair. The use of MnO2 to decompose H2O2
is a typical approach for removing ROS. Therefore, we prepared MnO2
NPs that were bonded to a scaffold through physical adsorption. To trace
the H2O2 in vivo, we used the Lipo@HRP&ABTS nanoprobe to visualize
the H2O2 level at the AF injury site [59]. Using PA imaging, we observed
that MnO2 NPs led to a significant reduction in H2O2 levels at the injury
sites. An interesting finding was that the MnO2 NPs down-regulated the
gene expression of CAT, MnSOD and ECSOD, which contradicts previous
studies [60]. This unexpected result may be due to the ability of MnO2
NPs remove ROS efficiency and sensitively, allowing the levels of
MnSOD and ECSOD to return to equilibrium with ROS. On the other
hand, CAT requires a longer response time to excessive ROS levels [61];
however, its expression level was only evaluated after 24 h in this study.

In addition to AF repair, most scaffolds that are utilized in different
tissue regeneration strategies may have the possibility of poor integra-
tion with the host tissue. A lack of integration at the scaffold-tissue
interface can lead to secondary injury, chronic pain, and even implant
removal, which severely impairs tissue regeneration [62–64]. The
scaffold designed in this study is not only used in AF repair but can also
be used in other tissue repair strategies. First, electrospinning-made
polymer scaffolds can be maintained for a long time in vivo, which
can overcome the poor scaffold-tissue integration due to the fast
degradation of the scaffold. Second, the utilization of LOX is unique in
this scaffold for promoting scaffold-tissue integration. Compared with
artificial chemical bonds, the catalytic process of collagen cross-linking
by LOX is natural in the body, which avoids the toxicity caused by the
chemicals. One possible application is using it as a bionic periosteum. A
crucial factor of bionic periosteum that induces bone regeneration is that
the functional scaffold should be well integrated with the bone [65].
Except for promoting the integration of scaffold-bone interfaces, our
multifunctional scaffold can load growth factors such as vascular
endothelial growth factor (VEGF) or bone morphogenetic protein-2
(BMP-2). This modified multifunctional scaffold may perform a thera-
peutic effect in bone regeneration.

5. Conclusion

Good integration between the implanted scaffold and adjacent tissue
is a crucial prerequisite for promoting AF repair. Promoting collagen
cross-linking at the scaffold-tissue interface is an effective strategy. To
achieve this, we developed a multifunctional scaffold containing loaded
LOX pDNA exosomes andMnO2 NPs. LOX facilitates extracellular matrix
crosslinking, while MnO2 NPs inhibit excessive ROS-induced extracel-
lular matrix degradation at the injury site, enhancing the crosslinking
effect of LOX. The multifunctional scaffold promoted collagen cross-
linking at the scaffold-tissue interface, restored mechanical strength,
and prevented external vascular infiltration. Different from the
approach of promoting matrix generation, this study emphasizes the
important role of matrix cross-linking in AF repair, providing novel in-
sights applicable to diverse tissue repairs, including AF. Moreover, this
multifunctional scaffold presents a versatile gene delivery platform with
broad potential for other tissue repairs.
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Fig. 7. F-Exo@SF/PCL scaffold promotes scaffold-tissue integration and effectively prevents external vascular invasion. (A) Immunofluorescent staining
collagen I and CD31 in different groups at 8 weeks. Scale bar = 50 μm (left), scale bar = 200 μm (right). (B) Sirius red staining (bright and polarized light) in different
groups at 8 weeks (M: material, T: tissue). Scale bar = 200 μm (bright); scale bar = 100 μm (polarized light). (C) SEM analysis of the morphology of ECM in different
groups. (D) Quantification of mechanical properties in different groups. Data are presented as the mean ± SD, n = 13, **p < 0.01.
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