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A B S T R A C T

The repair of annulus fibrosus (AF) defect after discectomy in the intervertebral disc (IVD) has presented a
challenge over the past decade. Hostile microenvironments in the IVD, including, compression and hypoxia, are
critical issues that require special attention. Till date, little information is available on potential strategies to cope
with the hypoxia dilemma in AF defect sites. In this study, perfluorotributylamine (PFTBA) core-shell fibers were
fabricated by coaxial electrospinning to construct oxygen-releasing scaffold for promoting endogenous repair in
the AF after discectomy. We demonstrated that PFTBA fibers (10% chitosan, chitosan: PCL, 1:6) could release
oxygen for up to 144 h. The oxygen released from PFTBA fibers was found to protect annulus fibrosus stem cells
(AFSCs) from hypoxia-induced apoptosis. In addition, the PFTBA fibers were able to promote proliferation,
migration and extracellular matrix (ECM) production in AFSCs under hypoxia, highlighting their therapeutic
potential in AF defect repair. Subsequent in vivo studies demonstrated that oxygen-supplying fibers were capable
of ameliorating disc degeneration after discectomy, which was evidenced by improved disc height and
morphological integrity in rats with the oxygen-releasing scaffolds. Further transcriptome analysis indicated that
differential expression genes (DEGs) were enriched in “oxygen transport” and “angiogenesis”, which likely
contributed to their beneficial effect on endogenous AF regeneration. In summary, the oxygen-releasing scaffold
provides novel insights into the oxygen regulation by bioactive materials and raises the therapeutic possibility of
oxygen supply strategies for defect repair in AF, as well as other aerobic tissues.
1. Introduction

Low back pain is a global public health concern, and anywhere be-
tween 75 and 80% of people suffer from back pain at any point in their
lives [1]. Intervertebral disc (IVD) degeneration is the largest contributor
of back and neck pain [2,3]. During early degeneration, the IVD un-
dergoes extracellular matrix (ECM) loss in the nucleus pulposus (NP)
tissue, causing alterations in osmotic pressure and the structure of the
collagen fibers in the annulus fibrosus (AF), thus, leading to the occur-
rence of IVD herniation, which, in turn, remodels the composition,
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structure and mechanical properties of the disc, thereby accelerating IVD
degeneration [4]. Currently, discectomy (removal of the herniated NP
tissue) can effectively relieve IVD herniation symptoms, but it usually
leaves a large defect in the AF tissue [5]. Current researches suggest that
untreated AF defect typically induces further degeneration within 6
weeks, including loss of NP tissue hydration, persistent lesions within the
fibrous structure in AF tissue, NP re-herniation, and reduced IVD function
[6–8].

There is a clear clinical need for AF defect repair after discectomy,
however, clinical treatment has been relatively stagnant over the past
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decade [9,10]. AF defect repair is a complex process that undergoes acute
inflammation, endogenous annulus fibrosus stem cells (AFSCs) prolifer-
ation, and fiber remodeling [11]. In contrast to the poorly vascularized
zones in the central NP tissue, vascularization plays a more crucial role in
AF. During fetal development, blood vessels are significantly located
deep within the AF to provide sufficient nutrient supply to the growth
and development of the IVD [12,13]. However, during postnatal growth,
the blood vessels recede and localize around the AF tissues, which limits
the supply of nutrients (such as oxygen) to the IVD [14]. In addition,
endogenous cells increase their metabolic oxygen consumption as they
degenerate, consequently aggravating the local hypoxia prior to revas-
cularization in the regenerated AF [15]. Therefore, in contrast to the
avascular NP tissue, the hypoxia role should be given more attention
during AF regeneration. In the past few decades, biomaterials and tissue
engineering strategies have revealed the potential to repair AF defects,
however, studies suggested that the function of AF bioengineered im-
plants may be, at least in part, limited by the local hypoxic environment
[16–20]. Till date, little information is available on the strategies for
oxygen delivery in AF defect sites.

Perfluorotributylamine (PFTBA) is a perfluorocarbon with high oxy-
gen solubility [21]. In addition, PFTBA is also an oxygen carrier with
biological inertness and good histocompatibility [22]. Recently, studies
confirmed the potential of PFTBA as a source of oxygen delivery in the
repair of osteochondral and peripheral nerves, which aids in overcoming
the hypoxic environment at the injury site, thereby accelerating tissue
repair [23–25]. In a previous study, we have demonstrated that
PFTBA-enriched alginate scaffolds promote NP cell survival, proliferation
and ECM expression, which ultimately alleviates IVD degeneration [26].
Therefore, the PFTBA-based system holds the potential of delivering
oxygen during AF defect repair. In view of the completely different
structural properties from gel-like NP tissue, the materials for repairing
AF defects requires good mechanical strength, to withstand the internal
pressure and radial stress of the IVD tissue [27]. Electrospinning has
unparalleled advantages during AF repair and regeneration due to its
high aspect ratio and good mechanical properties such as stress-strain
and elastic modulus [28–30]. Moreover, elevated porosity and large
pore size in fiber-based scaffold enables cells to migrate, infiltrate, and
grow into the scaffolds, which provides favorable conditions for cell
adhesion and growth [28]. In addition, additives can be loaded via
numerous nanofibrous structures to improve tissue regeneration prop-
erties, making electrospinning attractive for oxygen delivery during AF
repair [31].

In this study, we employed the coaxial electrospinning technique to
fabricate core-shell fibers. Firstly, PCL was selected as the shell structure
for coaxial electrospinning fibers, as it is soluble in organic solvents and
has been widely studied in the IVD repair, owing to its suitable me-
chanical properties [28,32]. Secondly, chitosan was employed as the core
structure as PFTBA is dissolvable in chitosan aqueous solution, and can
aid in oxygen delivery. We characterized the oxygen release kinetics of
PFTBA coaxial electrospinning fibers, and then investigated the effects of
PFTBA core-shell fibers on cell viability, proliferation, migration and
ECM production of AFSCs in vitro. Furthermore, the efficacy of PFTBA
fibers on IVD repair was assessed in vivo using combinations of radio-
graphic, histological and molecular studies (Scheme 1).

2. Materials and method

2.1. PFTBA coaxial electrospinning fibers fabrication

2.1.1. Core and shell solutions preparation
The PFTBA core solution preparation was carried out in accordance

with previous investigations [33]. Briefly, 190 mg of egg yolk lecithin
(Sigma, USA) was dissolved in 1 mL of Tyrode's solution (Sigma, USA),
and mixed via ultrasonic shaker twice at 4 �C for 15 s. Subsequently, 1 mL
of PFTBA stock solution was introduced, followed by sonic concussion 10
times under the same parameters. In control groups (without PFTBA),
2

PBS (Gibco, USA) was introduced instead. Finally, carboxyl-chitosan
(Sigma, USA) was introduced to the above emulsion to form a gelati-
nized core solution. Varying concentrations of carboxyl chitosan (5%
w/v, 7.5% w/v, 10% w/v, 12.5% w/v, 15% w/v; 20% w/v, Sigma, USA)
were used to form the optimal structure. In addition, to prepare the shell
solution, 20% w/v polycaprolactone (PCL, Sigma, USA) particles were
dissolved in methanol-chloroform solution, in a 1:4 v/v ratio. To observe
the electrospinning process, Rhodamine B (1 mg/mL, Sigma, USA) was
mixed with the shell material, fluorescein isothiocyanate (FITC; 2
mg/mL, YEASEN, China) with the core material, and the core-shell
structure was fluorescently labeled during the electrospinning process.

2.1.2. Electrospinning of core-shell structures
A coaxial spinneret (inner diameter 0.3 mm, outer diameter 1.2 mm)

was employed, and the core and shell materials were extracted with a 10
mL syringe, and connected to the inner and outer tubes of the spinneret
(Scheme 1A). The shell injection speed was 0.6 mL/h, and the core in-
jection speed was 0.06–0.15 mL/h, and the speed was controlled by sy-
ringe pumps (LSP02-1B, Longer, China). A high-voltage power supply
(Donwen, China) was applied at the spinneret. To fabricate fiber mem-
branes, a metal plate was used to receive fibers. Electrospinning process
was pictured using a digital camera (X100f, Fujifilm, Japan). Fluores-
cence microscope (DM6000, Leica, Wetzlar, Germany) was used to
observe the core-shell structure. Scanning electron microscopy (SEM,
JSM-4800; HITACHI, Japan) was employed to observe the spinning
material structure. Moreover, the nitrogen adsorption-desorption anal-
ysis instrument (ASAP 2460, Micrometrics, USA) was used to analyze the
Brunauer-Emmett-Teller (BET) specific surface area.

2.2. Oxygen release behavior detection

To evaluate the oxygen releasing capacity of the PFTBA core-shell
structure, fiber membranes with or without PFTBA were sliced into a
15.6 mm diameter circular membrane, and inserted into a 24-well plate
(Thermo, USA) with 1 mL of serum-free DMEM/F12 medium (Gibco,
USA) per well. The plate was then placed in a normal oxygen incubator or
hypoxic incubator (0.5% O2/5% CO2). At each time point, a blood gas
analyzer (Bayer, Germany) was employed for medium oxygen level
detection.

2.3. In vitro analysis

2.3.1. Isolation, identification, and culture of AFSCs
AFSCs were isolated from the tail IVD of 8-week-old Sprague Dawley

(SD) rats, as previously described, followed the animal care guidelines
approved by the Animal Research Committee of the Fourth Military
Medical University [32,34,35]. Briefly, after euthanasia, rat tails were
harvested and soaked in ice alcohol for 10 min and then were transferred
to a sterile environment. Next, they were cut through the skin and tendon
tissue to expose the disc. Upon removal of the NP tissue, the AF tissue was
minced into 1 � 1 � 1 mm pieces, and digested with trypsin (0.03%,
Sigma, USA) and type I collagenase (1 mg/mL; Sigma, USA) for 1h. The
resulting suspension was then centrifuged at 1000 rpm for 5 min, and
resuspended in DMEM/F12 (1:1) medium (containing 10% FBS, 1%
Penicillin/Streptomycin), prior to incubation at 37 �C with 5% CO2.
Following 24 h of incubation, suspended cells were removed by replacing
old medium with fresh DMEM/F12 (1:1) medium. The adherent cells
were cultured for another 3–5 days, and passed when the cell density
reached 90%. The collected primary cells were cultured at a density of 1
� 103 cells/ml, under which stem cells can form colony-forming units,
whereas mature AF cells do not. After 10 days, trypsin was used locally to
extract colony cells, which were subsequently cultured for the first pas-
sage AFSCs. Cells belonging to the 4–6 passage were used for experi-
mentation to make sure the purity of AFSCs. Cells were treated with
antibodies (CD29, CD90, CD105, CD34, CD45; Invitrogen, USA) prior to
flow cytometry (FCM) identification. Moreover, using osteogenic



Scheme 1. (A) A schematic illustration of the electrospinning process of core-shell fibers. (B) Effects of PFTBA oxygen-supplying fibers on the survival and function of
AFSCs. (C) Application of the PFTBA core-shell scaffold in repair of AF defect after discectomy.
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(GUXMX-90021, Cyagen, China), adipogenic (GUXMX-90031, Cyagen,
China) and chondrogenic differentiation induction media
(GUXMX-90041, Cyagen, China), we examined the osteogenic, adipo-
genic and chondrogenic differentiation abilities of AFSCs via alizarin red,
oil red O and alcian blue staining. Relative gene expressions were
quantitatively analyzed via qPCR. The primers are listed in Table 1.
Lastly, to assess in vivo differentiation of AFSCs, 5 � 105 cells were
3

transplanted into the subcapsular region of immune-deficient mice, and
the kidneys were frozen-sectioned after 8 weeks for staining with
Safranin O-Fast Green (SOFG) stain.

2.3.2. Viability and proliferation examinations
After sterilization by 60Co irradiation, PFTBA electrospinning mem-

branes were tiled on the bottom of a 24-well plate (Thermo, USA). Then,



Table 1
Primers used for qPCR.

Primer Sequence (forward 50-30) Sequence (reverse 50-30)

COL2A1 GTGGACATAGGGCCTGTCTG CCGGACTGTGAGGTTAGGAT
SOX9 CCAGACCCTGAGGAGACCTT CTCCTGGAATCTCAGCAATCGT
PPARG TTCGCTGATGCACTGCCTAT GTCAGCTCTTGTGAACGGGA
ADIPOQ TGTCTGTACGAGTGCCAGTG CCCGGTATCCCATTGTGACC
RUNX2 AGCAGACCGTCAAAGGTGTT CTCTCGTCCCTTTCCGAGTG
SP7 AGGTCCTGGCAACACTCCTA CAGACGGGTAAGTAGGCAGC
COL1A1 GGGACACAGAGGTTTCAGTGG CACCGACAGCACCATCGTT
COL3A1 CCTGGACCAGCAGGAGCTAAT TGGTGACCCATCTTTGCCG
HOXB9 AGGGAGGCTGTCCTGTCTAAT CAGAGGGGTTGGTTTGATCC
NOD2 CTAGAGGAGCTCTGACTCCAAG CACTGACCCCCATCAGAACC
CDH13 GCCGGTCCTAAACTTGACCT ACAGCCACTAAGGTGCCATC
ADAMTS3 GAACGCCCAGGAAACTTGGGTA AAGAACATGAGGAGAAGCCTCG
PLXNA4 GGCGCTCACCATCCTACATT AGGTGTGTTCCCACTGACAA
GAPDH GGCACAGTCAAGGCTFAGAATG GGTGGTGAAGACGCCAGTA
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AFSCs were seeded on the membranes at a density of 1 � 105 cells/mL.
As control, cells were seeded on electrospinning membranes without
PFTBA. The aforementioned cells were then placed in a normoxic or
hypoxic incubator, and cell viability was detected via FCM at 48 h, 96 h
and 144 h. Cell proliferation was assessed by CCK-8 assay, and cell counts
via Phalloidin and DAPI staining. The cell spread on membrane was
observed via SEM.

2.3.3. Transcriptome analysis
Following RNA isolation using Gene Denovo Biotechnology Co.

(Guangzhou, China), NGS sequencing and data analyses were performed.
Subsequently, differential transcript expression analysis was performed
using the R package DEseq2. Differentially expressed RNAs with |
log2(FC)| values > 1 and q-values <0.05 were considered significant
differential expression genes (DEGs). Pathway and GO enrichment ana-
lyses were performed using the KEGG (http://www.genome.ad.jp/kegg)
and GO databases. FDR correction was done on the calculated p values,
with FDR �0.05 as the threshold. Lastly, gene set enrichment analysis
was performed using the GSEA and MSigDB software, and enrichment
scores with p values and default parameters were computed.

2.3.4. Immunofluorescence
Cells were fixed in 4% paraformaldehyde, prior to infiltration with

0.2% Triton X-100 for 20 min. Next, cells were blocked in 10% normal
goat serum for 1 h at room temperature (RT), with subsequent incubation
with antibodies (anti-collagen I (1:200) and anti-collagen III (1:200)) for
12 h at 4 �C, then with secondary antibody (FITC or Cy-3, 1:200) for 1 h
at RT, prior to nuclear staining with DAPI. Cells were observed under a
fluorescence microscope, and quantitatively analyzed with the ImageJ
software (NIH, USA).

2.3.5. Real-time PCR assay
Total RNA was extracted from AFSCs following the Total RNA Kit

(QIAGEN, Germany) directions, then reversed to cDNA using SYBRGreen
PCR Master Mix (TAKARA, China). Finally, qRT-PCR was conducted and
analyzed via a BioRad CFX96 PCR System (BioRad, Australia). The
primers are listed in Table 1.

2.3.6. Transwell experiments
To examine the effects of PFTBA on cell migration, electrospinning

membranes with or without PFTBA were placed in 6-well transwell
chambers (pore size: 8 μm, NUCN, Denmark). In addition, 1 � 105 cells
were seeded on the upper chamber of the transwell filter. Subsequently,
2 mL of mediumwas introduced to the transwell chamber, and cells were
placed in normoxic and hypoxic incubators, respectively. After 24 h of
incubation, cells remaining on the top of the filter were removed, and
those that migrated to the lower surface were fixed with 4% para-
formaldehyde, prior to crystal violet staining, finally analyzed under a
microscope (BX53F, Olympus).
4

2.4. In vivo experiments

2.4.1. Animals and surgical procedure
All animal experiments followed the animal care guidelines approved

by the Animal Research Committee of the Fourth Military Medical Uni-
versity (License no. IACUC-20220130). Male SD rats (3-month-old, N ¼
32) were arbitrarily divided into 4 groups: Control, Defect, Fiber, and
PFTBA groups. The control group had no AF defect. The defect group
experienced AF defect, which was left untreated. The other two groups
received fiber implants after AF defect, and the PFTBA group received
fibers containing PFTBA. Under general anesthesia, a 1 cm longitudinal
incision was made along the tail in sterile environment to expose the
caudal IVD (Co5–Co6). Next, a 2� 0.5 mm defect, approximately 0.5 mm
deep, was generated in the AF tissue under a microscope. Subsequently,
for the treatment groups, fibers with or without PFTBAwere implanted at
the defect site and glued on with medical adhesive (Baiyun medical ad-
hesive, Guangzhou, China). X-rays and magnetic resonance imaging
(MRI) were performed at 2, 4 and 8 weeks post operation. After 8 weeks,
the rats were euthanized. Co5–Co6 discs were resected for subsequent
analysis. Preparation of transcriptome analysis was according to the
aforementioned methods.

2.4.2. X-ray
The X-ray imaging of rat tail vertebrae was performed at 2, 4 and 8

weeks post operation, using an X-ray system (Faxitron Biooptics LLC,
Wheeling, IL, USA). The IVD Height Index (DHI) was measured using the
method described previously [36]. Alterations in DHI are expressed in %
DHI.

2.4.3. MRI
MRI imaging was performed at 2, 4 and 8 weeks post operation, using

an MRI system (Siemens 3T Magnetom Trio Tim Scanner, Munich, Ger-
many). Two blinded doctors computed the degeneration score, based on
the Pfirrmann grading system, ranging from 1 to 5 points, as previously
described [37].

2.4.4. Micro-CT
AMicro-CT system (eXplore Locus SP; GE, Fairfield, USA) was used to

scan the sample with a voltage of 80 kV, current of 80 mA, and exposure
time of 3000 ms, using specific parameters (resolution 14 mm, voxels 27
mm and threshold 1150). 3D images were reconstructed using the
Microview v1.1.1 software (GE Medical Systems, USA). The bone vol-
ume/tissue volume (BV/TV) of the upper and lower end plates of each
IVD were then calculated.

2.4.5. Histological assessment
For staining, IVD tissues were fixed in 4% paraformaldehyde, prior to

decalcification with 10% EDTA (PH 7.4) for 2 months before sectioning.
Then, samples were transferred to 75% ethanol, embedded in paraffin,
and cut into 7 μm thick sagittal sections. The sections were then stained
with Safranin O-Fast Green (SOFG), Sirius red, hematoxylin and eosin
(H&E). Staining samples were imaged with a bright field microscope, and
the Sirius red staining was analyzed for collagen imaging under polarized
light. The histological scores were assessed by two independent, unin-
formed investigators. Anti-CD34 (Abcam, USA), Anti-FSP1 (CST, USA)
and Anti COL1 (Abcam, USA) antibodies were used for immunofluores-
cence staining, prior to observation under a fluorescence microscope, and
finally quantitatively analyzed with the ImageJ software. For SEM
scanning, IVD tissues were cut in a mid-axial direction, and fixed in 2.5%
glutaraldehyde for 24 h. Then, tissues were sputter coated with gold after
dried under partial vacuum, and observed under SEM (voltage: 5–10 kV).

2.5. Statistical analysis

The experimental data are provided as mean � SD, and compared
using one-way ANOVA followed by the Bonferroni test via SPSS.20

http://www.genome.ad.jp/kegg
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software. p < 0.05 was considered statistically significant.

3. Results

3.1. Fabrication and optimization of PFTBA core-shell fibers

The fibers with PFTBA core-shell structure were prepared using co-
axial electrospinning (voltage: 15.5 kV). Firstly, we prepared core-shell
structures containing PFTBA, according to the parameters in Fig. 1A.
During the parameter screening process, we demonstrated that the
Fig. 1. Preparation and optimization of the coaxial electrospinning fibers. (A) Pa
structure. (C) Observation of the core-shell structure under fluorescence microsco
electron microscopy. (F) Distribution of fiber diameters. *p < 0.05 vs. Hypoxia þ PB

5

coaxial fiber formation process was stable when the chitosan concen-
tration was increased to 7.5%, and the chitosan: PCL was decreased to
1:10 (Fig. 1B). When the chitosan concentration was increased to 20%,
the core solution intermittently cut off the shell solution supply, thus,
resulting in the instability of the core-shell structure. By adjusting PCL to
chitosan ratio and the concentration of chitosan, we finally identified 5
sets of parameters that formed the core-shell structure. As illustrated in
Fig. 1C, we introduced fluorescent dyes Rhodamine B to the shell and
FITC to the core solution, and the structure was identified via fluores-
cence microscopy, showing red in the shell and green in the core. Those
rameter screening of the core-shell structure. (B) Formation of the core-shell
py. (D) Oxygen release behavior. (E) Microstructure of fibers under scanning
S group, #p < 0.05 vs. Hypoxia þ7.5% chitosan-PFTBA group.
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results verified the successful construction of the core-shell structure.
To further screen the optimal parameters for PFTBA to release oxygen

in the core-shell structure, we evaluated the oxygen release characteris-
tics of the PFTBA core-shell structure fibers. In the core-shell structure
without PFTBA, the oxygen level of the surrounding medium did not
exceed 50 mmHg at 12 h of hypoxic treatment. When PFTBA was present
in the core-shell structure, the oxygen level of the surrounding medium
was significantly increased. A burst release of oxygen was observed in
12.5% and 15% chitosan-PFTBA groups for 36 h (Fig. 1D). Moreover, in
the 10% chitosan-PFTBA group (chitosan: PCL, 1:6), we found signifi-
cantly higher oxygen level in the medium under hypoxia for 36–144 h
than the other chitosan-PFTBA fibers. Following hypoxic treatment for
144 h, the oxygen in fibers were exhausted and the oxygen content in
each group was sustained at low levels. Then SEM was further employed
to characterize the fiber microstructure (10% chitosan, chitosan: PCL,
1:6, Fig. 1E). It was revealed that the core-shell fibers were randomly
distributed within the fiber membrane, and the core-shell structure was
visible at the cross section of the fiber (Fig. 1E). Moreover, the fiber di-
ameters ranged from 6.75 to 10.5 μm, with a mean diameter of 8.75 μm
(Fig. 1F). Additionally, the nitrogen adsorption-desorption analysis was
conducted to examine the specific surface area. The isotherms of nitrogen
adsorption-desorption of PFTBA fibers are presented in Fig. S1, and the
specific surface area calculated from the nitrogen adsorption was
18.0533 m2/g. Therefore, we employed the aforementioned parameters
(10% chitosan, chitosan: PCL, 1:6) to prepare and construct the PFTBA
core-shell fiber materials for AF defect repair in the remainder of the
present study.

3.2. Isolation and identification of AFSCs

During primary culture, several cell types were present in culture
dish, but mostly elongated AF cells (Fig. S2A). In separate culture, AFSCs
colonies were numerously presented after 10 days of culture (Fig. S2B),
and AFSCs presented polygonal, spindle-shaped or cobblestone-shaped
(Fig. S2C). The cell colonies were then harvested by local application
of trypsin under microscopy to obtain AFSCs. The AFSCs in the present
study highly expressed typical mesenchymal stromal (MSC)cell markers
CD29, CD90, and CD105, but not hematopoietic markers CD34 and CD45
(Fig. 2A), which was in line with previous reports [38,39]. Next, the
multi-directional differentiation potential was identified after induction
of adipogenic, osteogenic, and chondrogenic differentiation (Fig. 2B–D).
The differentiation efficiency was further quantified using quantitative
real-time PCR (qPCR) analysis. The marker genes for adipogenesis
(ADIPOQ and PPARG), osteogenesis (RUNX2 and SP7), and chondro-
genesis (SOX9 and COL2A1) in the induced groups were higher than in
the control group (Fig. 2E). To further test the in vivo differentiation
potential of AFSCs without induction or away from the IVD microenvi-
ronment, we performed renal capsule transplantation of AFSCs in
immunodeficient mice (Fig. 2F). Eight weeks post transplantation, SOFG
staining revealed that the AFSC differentiated into fibroblast-like cells
similar to renal capsule membrane phenotype without in vivo induction,
but not into chondrocyte-like cells (red color in SOFG stain, Fig. 2F).
These results confirmed the identity of the isolated AFSCs.

3.3. The PFTBA core-shell fibers protect AFSCs against hypoxia in vitro

To evaluate the AFSCs activity on PFTBA core-shell fiber membrane,
we used FCM to analyze cell apoptosis of in each group under hypoxic
conditions (Fig. 3A–D). At 48 h, 96 h and 144 h, no significant difference
was observed in the apoptosis rate and cell number between the nor-
moxia and normoxia þ PFTBA groups (P > 0.05, Fig. 3F). After hypoxic
treatment of 48 h, the apoptosis rate in the hypoxia group was signifi-
cantly increased to 23.27 � 2.53%, which is in contrast to 5.76 � 0.26%
in the normoxia group, indicating the detrimental effect of hypoxia on
AFSCs. While in the hypoxia þ PFTBA group, the apoptosis rate was
significantly decreased, with an apoptosis rate of 8.2 � 1.4% (Fig. 3F),
6

indicating that the oxygen released from the PFTBA fibers was capable of
protecting AFSCs from hypoxia-induced apoptosis. In the meantime,
surviving cells were counted at 48 h, 96 h, and 144 h via phalloidin and
DAPI staining, respectively (Fig. 3E). Under normoxia, the number of
cells was not significantly altered by PFTBA fibers (Fig. 3G). However,
under hypoxia, the number of cells was significantly increased by PFTBA
fibers, further confirming the protective effect of oxygen from PFTBA
fibers on AFSCs under hypoxic condition (Fig. 3G).

CCK-8 was then used to evaluate cell proliferation. It was revealed
that the cell proliferation in hypoxia þ PFTBA group was significantly
higher than that in the hypoxia group after 48 h, 96 h, and 144 h of
hypoxic treatment (Fig. 3H), indicating that PFTBA fibers promoted
AFSCs proliferation under hypoxia. SEM was then used to evaluate the
morphology of AFSCs on the core-shell fiber membrane containing
PFTBA (Fig. 3I). After 144 h of hypoxia, the AFSCs in the hypoxic group
were apoptotic and shrunken, showing a state of disintegration. In
contrast, cells in the hypoxia þ PFTBA group exhibited a steady-state
morphology, similar to the normoxia group. Those results indicated
that the core-shell oxygen supply fibers were capable of promoting the
proliferation of AFSCs under hypoxia.

3.4. Differentially expressed mRNAs in AFSCs with/without PFTBA under
hypoxia

Transcriptome was performed to further elucidate the molecular
events underlying the protective effect of the PFTBA-released oxygen on
AFSCs under hypoxic conditions. As shown in the volcano plot, 58 up-
regulated and 175 down-regulated DEGs were detected between the
hypoxia and hypoxiaþ PFTBA groups (Fig. 4A). To better understand the
potential functions of DEGs between these two treatment groups, GO
enrichment was performed (Fig. 4B and C). Among the down-regulated
DEGs, we observed participation in “positive regulation of cell prolifer-
ation” (e.g., Wnt5a, Hmox1, Agtr2), “response to hypoxia” (e.g., Aqp3,
Nr4a2, Hmox1), and “stem cell proliferation” (e.g., Cxcl1, Scrg1, Wnt5a)
in the PFTBA-treated AFSCs, which was consistent with the findings in
the previous section. In contrast, the “positive regulation of response to
stimulus” (e.g., Rspo3, Cdh13, Adamsts3), “regulation of cellular
component organization” (e.g., Nanos1, Nod2, Plxna4), and “cell
migration” (e.g., Nanos1, Hoxb9, Lrrc15) related genes were up-
regulated in the PFTBA-treated AFSCs, which were also verified by
qPCR results (Fig. 4D and Fig. S3). Moreover, DEGs in the PFTBA-treated
AFSCs were also enriched in functional annotations related to cell
adhesion and growth, as well as the TGF-beta and PI3K-Akt signaling
pathways in the KEGG pathway analysis (Fig. 4E). In addition, gene set
enrichment analysis (GSEA) results further confirmed the enhanced
proliferation-promoting and cell cycle function enrichment (Fig. 4F) in
the PFTBA-treated cells.

Synthesis of cellular components and cell migration function, which
were enriched in the DEGs in the present study, play a vital role in the
regeneration and repair of various tissue injuries and stem cell therapies
[40,41]. Therefore, we subsequently analyzed the cellular components
and migratory function of the AFSCs under hypoxia culture with or
without PFTBA fibers. We demonstrated that the collagen I and III gene
expressions were significantly up-regulated in the PFTBA group
(Fig. 5A–E). Moreover, the PFTBA core shell fibers significantly enhanced
the migratory ability of AFSCs under hypoxia (Fig. 5F and G). These
findings suggested that oxygen from PFTBA fibers was capable of pro-
moting expression of cellular components and enhancing migration of
AFSCs under hypoxia condition, thus highlighting the therapeutic po-
tential of the oxygen-releasing materials in promoting AF repair by
enhancing the AFSC function.

3.5. Radiographic improvements of IVD degeneration using PFTBA fibers
in vivo

In order to evaluate the repair effect of PFTBA fibers in vivo, a rat tail



Fig. 2. Functional identification of AFSCs in vitro and in vivo. (A) The work flow for characterization of AFSCs in vitro (top). FCM analysis showed that the primary
AFSCs expressed highly abundant stem cell markers CD29, CD90, and CD105, but not hematopoietic markers CD34 and CD45. (B–D) Representative Alcian Blue, Oil
Red O, and Alizarin Red staining after chondrogenic, adipogenic, and osteogenic differentiation of AFSCs. (E) qPCR analysis of chondrogenic, adipogenic, and
osteogenic marker genes in AFSCs before and after in vitro trilineage differentiation (n ¼ 3). (F) The work flow for characterization of AFSCs in vivo (top). Eight weeks
post renal capsule transplantation of AFSCs in immunodeficient mice, SOFG staining revealed that AFSCs displayed fibrotic differentiation ability. *p < 0.05 vs.
Control group.
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disc AF defect model was constructed and repaired by PFTBA fibers. All
animals were subjected to X-ray and MRI scans at 2, 4 and 8 weeks post
operation/treatment, as well as micro-CT scans at 8 weeks post treatment
(Fig. 6A and B). As shown in Fig. 6Ca-d, loss of IVD height was observed
in Defect and Fiber groups under X-ray scan, while the disc height index
7

in the PFTBA group was significantly higher than the remaining groups
(Fig. 6D). Based on the MRI scanning, the maintenance of the native NP
hydration and morphology was observed in the PFTBA fiber group. In
contrast, an intradiscal nuclear signal loss was present in the Defect and
the Fiber groups after 8 weeks (Fig. 6Ce-h). In addition, the degeneration



Fig. 3. Effect of PFTBA fibers on regulating AFSCs viability and proliferation under hypoxia in vitro. (A–D) FCM detection of cell apoptosis, (E) Phalloidin and DAPI
staining of AFSCs on fibers. (F) Apoptosis assay, (G) cell number count and (H) CCK-8 values in each group were obtained by averaging the results of 3 samples per
group. (I) SEM showing cell microscopic morphology. All data are presented as mean � SD. *p < 0.05 vs. Normoxia group. #p < 0.05 vs. Hypoxia group. NS: no
significant difference vs. Normoxia group.
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Fig. 4. Transcriptome profiles in AFSCs with/without PFTBA under hypoxia. (A) DEG volcano map comparing the Hypoxia vs. Hypoxia þ PFTBA groups. Red dots
represent 58 markedly elevated DEGs; blue dots represent 175 markedly reduced DEGs; and gray dots represent no change. (B) Dots plots representing significantly GO
enriched terms of down-DEGs in two groups. (C) Dots plots representing significantly GO enriched terms of up-DEGs in two groups. (D) Heatmap showing the relative
expression levels of DEGs associated with indicated terms in two groups. (E) KEGG enrichment showing top 20 pathways. (F) gene set enrichment analysis results in
the PFTBA-treated AFSCs.
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Fig. 5. Effect of PFTBA fibers on expression of cellular components and migration ability of AFSCs in vitro. (A) Representative immunofluorescence images of collagen
I and collagen III in AFSCs. (B–E) The qRT-PCR analysis of col1a1 and col3a1 transcripts (n ¼ 3), semi-quantitative analysis of collagen I and collagen III fluorescence
intensity in AFSCs (n ¼ 3). (F and G) The representative images of migrating AFSCs and number count of migrating AFSCs in each group. *p < 0.05 vs. Normoxia
group. #p < 0.05 vs. Hypoxia group. NS: no significant difference vs. Normoxia group.
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Pfirrmann score was significantly improved in the PFTBA group
compared to the Defect and Fiber groups at each time point (Fig. 6E),
confirming the long-term therapeutic effect of the PFTBA fiber on IVD
degeneration. By micro-CT, the maintenance of intervertebral space
height and reduction of perivertebral osteophyte formation in IVD were
observed in the PFTBA fiber group (Fig. 6Ci-p). Moreover, the PFTBA
fiber group exhibited significantly decreased endplate bone volume (BV/
TV), compared to the Defect and Fiber groups, indicating less degener-
ation of endplate in the IVD of PFTBA fibers group (Fig. 6F). Additionally,
no obvious difference in bone mineral density (BMD) was observed be-
tween groups (Fig. 6G). Collectively, the radiographic findings indicated
that the PFTBA fibers with PFTBA was capable of reducing post-injury
IVD degeneration in rats in vivo.

3.6. Histological improvement of AF defect by PFTBA fibers in vivo

The morphological alterations at the site of AF defect were evaluated
using SOFG and Sirius red staining (Fig. 7A). In this study, the IVD
exhibited obvious defect space and loss of NP tissue in the Defect group,
which might result in the disruption of collagen orientation and the cleft
extending into the inner AF. In the Fiber group, although relatively or-
dered AF structure and collagen orientation were observed, absence of
NP tissue was still evident. In the PFTBA fiber group, the AF structure
exhibited enhanced orderly arrangement, and obvious collagen repair in
the outer AF layer was present under polarized light and more NP cells
were retained (Fig. 7Ae-h). These histological results demonstrated the
beneficial effect of PFTBA fibers on the repair of the AF defect.
Furthermore, the quantitative analysis showed a markedly higher num-
ber of NP cell and larger NP area in the PFTBA group versus the Defect
and Fiber groups (Fig. 7B and C). In addition, the histological score and
the area of type I and type III collagen was highest in the Defect group,
followed by the Fiber group, and least in the PFTBA and control groups
(Fig. 7D and E), indicating better repair efficiency of PFTBA fibers in
histological assessment.

We also assessed the biocompatibility, chronic inflammation and
immune responses to the implanted material at the defect site using SEM
and H&E staining (Fig. 7F and G). No immune infiltration was observed
in the NPs, AFs, or endplates adjacent to the implanted material in the
PFTBA fiber groups Taken together, these findings confirmed the bene-
ficial effect of oxygen released from PFTBA fibers on the repair of AF
defect.

3.7. In vivo gene expression profile by PFTBA fibers

To further reveal the underlying molecular events induced by PFTBA
fiber treatment in vivo, we compared the transcriptome between the Fiber
and PFTBA fiber groups. As illustrated in the volcano plot, there were 71
DEGs between the Fiber and PFTBA fiber groups (Fig. 8A). To better
understand the potential functions of DEGs between these two treatment
groups, GO enrichment was performed (Fig. 8B). We observed that DEGs
were involved in “oxygen binding” and “oxygen transport”, further
confirming the participation of oxygen in the AF defect repair. Interest-
ingly, “angiogenesis” was also enriched in the DEGs. Next, in order to
investigate the potential involvement of angiogenesis we characterized
the CD34-positive cell at the defect site via immunofluorescence staining.
Compared to the Fiber group, more blood vessel formation was observed
in the PFTBA fiber group, and the CD34-positive staining area was
significantly higher in the PFTBA fiber group (Fig. 8C and D), indicating
that the PFTBA fiber contributes to the formation of blood vessels at the
defect site. Next, we took a closer look at the cell types involved at the
defect site. FSP1(fibroblast specific protein 1) and COL1 were used to
label the fibroblast and AF cells at the site of AF defect, respectively
(Fig. 8E and G). It was found that the FSP1 positive cells were present in
the Defect, Fiber and PFTBA fiber groups, showing the involvement of
fibroblast cells in AF defect repair. In addition, the number of the FSP1
positive cells were the highest in the Defect group, followed by the Fiber
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group, indicating that there was more fibrous scar formation at the AF
defect sites in these two groups. However, fewer FSP-1 positive cells were
present in the PFTBA fiber group, suggesting that less fibrous scar was
formed in the PFTBA fiber group. To further observe AF regeneration at
the injured site, immunofluorescence staining of COL1, a major matrix
component in the outer AF, was employed to denote endogenous
regeneration as described in previous studies [39,42]. COL1 was highly
expressed in the sham group, but was significantly reduced in the defect
and fiber groups (Fig. 8F and H). This phenomenon was significantly
restored in the PFTBA group, suggesting that there was more regenera-
tion was present in the PFTBA fiber group than the defect and fiber
groups. Collectively, these findings support that the PFTBA fibers are
capable of promoting AF repair and regeneration.

4. Discussion

Clinically, discectomy can effectively relieve IVD herniation symp-
toms, however, it typically leaves a large defect in the AF tissue [43].
Thus far, due to lack of nutrition supply at the surgery site (such as lack of
oxygen supply), the AF defect site repair has always been challenging
[16,17]. In this study, we established a PFTBA based oxygen supply fibers
via coaxial electrospinning. The PFTBA-encapsulated fibers released ox-
ygen for about 144 h, which enhanced the survival rate and migration
capacity of AFSCs under hypoxic conditions in vitro. Furthermore, our in
vivo studies revealed that the PFTBA-based oxygen system was capable of
promoting AF regeneration. These findings suggested that the
PFTBA-based oxygen carriers markedly enhanced cell viability by
increasing oxygen release, thus, raising a possibility of using
PFTBA-based oxygen-releasing systems to protect AFSCs, thus promoting
AF tissue regeneration after discectomy.

Oxygen is a metabolite necessary for the survival and function of
aerobic organisms [44,45]. In the early stage of tissue injury, hypoxia is
unfavorable for tissue regeneration, especially in a poorly vascularized
microenvironment, which generally induces oxidative stress, apoptosis
and necrosis, thereby accelerating cell death [46]. In recent years, the
issue of local hypoxia in skin healing, bone regeneration and nerve repair
has gained increasing attention, and studies have clarified the beneficial
effects of local oxygen supply on tissue regeneration and repair [47–50].
However, the effect of local oxygen supply on tissue regeneration during
the AF repair is still unclear.

At present, a variety of oxygen-releasing materials have been devel-
oped to counteract local hypoxia by directly supplying oxygen to the
implanted structure [51–53]. Meanwhile, a variety of materials can be
used as oxygen releasing sources, among which, the commonly used
materials are calcium peroxide, magnesium peroxide, and PFTBA
[53–55]. Compared to peroxides, PFTBA has less biocompatibility
concern, and can directly provide oxygen to cells without chemical re-
action [33]. Nevertheless, a common problem in oxygen delivery systems
is the sudden release of oxygen [56]. The rapid generation of oxygen
results in the release of hydroxyl radicals, which can lead to the forma-
tion of peroxide conditions and cell damage [57]. One strategy to prevent
this phenomenon is to encapsulate the oxygen sources into polymeric
materials by means of emulsion, microfluidic fabrication, solvent casting,
or electrospinning [53,58]. In this study, we employed coaxial electro-
spinning technology to form a core-shell scaffold that served as a carrier
of oxygen. Using electrospinning, a coaxial structure was formed by
inserting a smaller capillary into a larger capillary in a concentric fit [59,
60]. Compared to the solid fiber structure, core-shell fiber has advantages
in tuning release kinetics and initial burst release [59]. More importantly,
when the additives are loaded on the core structure, the shell layer can
not only act as an outer protective layer but also tune the release of ad-
ditives from fibers [60]. By adjusting the parameters (the ratio of chi-
tosan to PCL and the concentration of chitosan), the structure of the
coaxial electrospinning material showed great variations, and stable core
shell fibers were established by 5 sets of parameters via coaxial electro-
spinning in our study. Further analysis revealed that one set of



Fig. 6. Radiographic improvements of IVD degeneration by PFTBA fibers in vivo. (A) A schematic illustration of the experimental procedures in rats. (B) Repre-
sentative images of surgical procedures. (C) Representative imaging results. The scheme (top) and imaging characteristics of each group after 8 weeks treatment,
including X-ray (a–d), MRI (e–h) and Micro-CT (i–p). (D–G) Quantitative analysis of disc height index (%DHI), Pfirrmann grading score, endplate bone volumes (BV/
TV) and bone mineral density (BMD) in each group (n ¼ 5). $p < 0.05 vs. Control group. *p < 0.05 vs. Defect group. #p < 0.05 vs. Fiber group.
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Fig. 7. Effect of PFTBA fibers on histological recovery during AF repair at 8 weeks after treatment. (A) The schematic diagram of the tissue section site (left) and
representative images of IVD tissue SOFG staining (a–d), and Sirius Red staining (e–h). (B–E) Quantitative analysis of disc NP cell number, disc NP area, histological
score and percentage of type I and type III collagen area in each group (n ¼ 5). (F) Representative images of IVD tissue H&E staining. (G) Representative mid-axial
morphology in AF defect site under SEM. $p < 0.05 vs. Control group. *p < 0.05 vs. Defect group. #p < 0.05 vs. Fiber group.
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Fig. 8. The underlying molecular events induced by PFTBA fiber treatment in vivo. (A) DEG heatmap between the Fiber and PFTBA fiber groups. (B) GO terms. (C–H)
Representative images of immunofluorescence and semi-quantitative analysis of CD34, FSP1 and COL1 fluorescence intensity in IVD tissues, imaged by fluorescence
microscopy (n ¼ 5). $p < 0.05 vs. Control group. *p < 0.05 vs. Defect group. #p < 0.05 vs. Fiber group.
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parameters (10% chitosan, chitosan: PCL, 1:6) prolonged the time course
of oxygen release, up to 144 h, and the oxygen level was maintained at an
appropriate level in the surrounding medium. The slow release of oxygen
might be attributable to its uniform ultrastructure and high specific
surface area composition of spinning.

Successful AF repair and regeneration requires restoration of the
biomechanical and structural properties, and the biological behavior of
resident cells within AF [61,62]. AFSCs are essential candidate cells in
the process of AF regeneration and repair [13,63]. AFSCs can migrate
from their niche to the defect site to maintain AF cell populations [39]. In
this study, we demonstrated that the AFSCs possess colony formation
ability, express typical MSCmarkers, and possess the ability of tri-lineage
differentiation potential, which were different from AF cells. Previous
studies revealed that the endogenous stem cells can be recruited using
chemoattractants (CXCR4, CCL5, and SDF-1) to enhance the therapeutic
potential of biomaterials in repairing AF defects [64–66]. However, the
niche cells and recruited stem cells often encounter an unfavorable local
microenvironment (such as, compression and hypoxia), which leads to
excessive cellular death [9,13,16]. From the in vitro oxygen releasing
kinetics, we can see that the oxygen concentration in the hypoxia þ
PFTBA groups was higher than hypoxia alone group, however, it did not
reach the oxygen level in the normoxia group. Moreover, the mRNA
levels of representative genes including Hoxb9, Nod2, Cdh13, Adamts3
and Plxna4 in the hypoxiaþ PFTBA were comparable between normoxia
and hypoxia groups, indicating an intermediate state of cells in hypoxia
þ PFTBA group. These in vitro results indicated that oxygen release from
PFTBA core-shell fibers can partially alleviate hypoxia-induced dilemma.
In future studies, the transcriptional difference between the hypoxia þ
PFTBA and normixia groups are of value in further explaining the
treatment effect of PFTBA, and worthy of investigations.

In the in vivo repair studies, the morphological alterations in the
PFTBA group also presented an enhanced repair in the defect sites. It is
generally recognized that normal IVD is composed of ECM-rich NP tissue
and structurally intact AF. The NP tissue is squeezed and quickly pres-
sured when the IVD experiences stress, thus, causing it to stretch outward
into the AF. By preventing NP protrusion and resisting stretching and
twisting, AF contributes to the load-bearing process, which results in the
mixture of compressive, tensile, and shear forces [67]. Once AF fails, the
soft central NP tissue is extruded from the lesion, which compromises the
integrity of the IVD complex, thus resulting in impaired mechanical
function, inflammation, and aggravated tissue degeneration [68]. In this
study, we observed that the number and area of NP cells in the PFTBA
fiber group were more preserved, which might be attributed to the
augmented AF tissue regeneration at the defect site, which, in turn,
inhibited the protrusion of NP tissue and additional degeneration of the
IVD. Taken together, these findings suggested that the PFTBA-based
oxygen delivery system is capable of promoting AF regeneration by
enhancing oxygen delivery, thereby slowing down IVD degeneration.

We next examined the molecular events elicited by PFTBA fiber
during in vivo AF repair and regeneration. It was revealed that DEGs were
enriched in oxygen-related functions, such as “oxygen binding” and
“oxygen transport”. In addition, we also observed differences in “angio-
genesis” at the transcriptome level, suggesting that local oxygen release
alleviated the severity of hypoxia within implants, tune hypoxia to a less
serious level, which might be more favorable for vascularization. Previ-
ous studies emphasized the importance of oxygen supply in implants
during the tight coupling of angiogenesis and tissue regeneration, such as
bone and neural tissue [69–71]. In this study, the blood vessel formation
in the PFTBA fiber group was significantly increased, compared to the
Fiber group, which confirmed that the PFTBA fiber holds the potential of
tuning the oxygen tension for the formation of blood vessels, paving a
new avenue for achieving the long-term maintenance of nutrient supply
at the defect site.

Although the results are exciting, the current study had several lim-
itations. Due to the difficulties of measuring the exact tissue oxygen level,
it is still a challenge to identify the oxygen release kinetics of the PFTBA
15
implants in vivo and future studies that monitor the oxygen level within a
specific tissue in vivo would add significant value for oxygen related
studies. In addition, concerning the practical anatomical location, low
cost and high reproducibility of the rat tail disc model, rats were
employed with the assistance of microscopy andmicroscopic instruments
in this study. However, the advantages of manipulation in large animals’
disc are undeniably superior to those in small animals. Future in-
vestigations are warranted in larger animal models, and the results need
to be contextualized in order to understand how treatments may be used
in humans.

5. Conclusion

A PFTBA core-shell oxygen supply scaffold was fabricated using co-
axial electrospinning. The oxygen released from the PFTBA fibers pro-
tected AFSCs from the hypoxia-induced cell death, and promoted cell
migration and ECM production. In addition, the oxygen supply fibers
successfully prevented degeneration after discectomy in a rat model,
thus, highlighting the potential of the oxygen supply system during AF
repair.
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