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Abstract

Background: The defect of intervertebral disc (IVD) after discectomy may impair tissue healing and predispose patients to subsequent
IVD degeneration, which is thought to be an important cause of recurrence. Cell-based approaches for the treatment of IVD degeneration
have shown promise in preclinical studies. However, most of these therapies have not been approved for clinical use due to the risks of
abnormal differentiation and microorganism contamination of the culture-expanded cells. Selective cell retention (SCR) technology is
non-cultivation technique, which can avoid those preambles in cell expansion. In this study, we used a commercially available BONE
GROWTH PROMOTER device (BGP, FUWOSI, Chongqing, China) to concentrate mesenchymal stromal cells (MSCs) from bone
marrow aspirate (BMA) through SCR technology. Methods: A small incision was made on the L2/3, L3/4 and L4/5 discs of goats and
part of nucleus pulposus (NP) was removed to construct IVD defect model. The L2/3 disc was subjected to discectomy only (DO group),
the L3/4 disc was implanted with enriched BMA-matrix (CE group), and the L4/5 disc was implanted cultured autologous bone marrow
MSCs matrix (CC group). And the intact L1/2 disc served as a non-injured control (NC group). The animals were followed up for 24
weeks after operation. Spine imaging was analysis performed at 4 and 24 weeks. Histology, immunohistochemistry, gene expression and
biomechanical analysis were performed to investigate the IVD morphology, content and mechanical properties at 24 weeks. Results:
The CE and CC groups showed a significantly smaller reduction in the disc height and T2-weighted signal intensity, and a better spinal
segmental stability than DO group. Histological analysis demonstrated that CE and CC groups maintained a relatively well-preserved
structure compared to the DO group. Furthermore, real-time PCR and immunohistochemistry demonstrated that aggrecan and type II
collagen were up-regulated in CE and CC groups compared to DO group. Conclusions: The strategy ofMSCs enrichment combined with
gelatin sponge by SCR technology provides a rapid, simple, and effective method for cell concentration and cell-carrier combination.
This reparative strategy can be used in clinical treatment of IVD defect after discectomy. Clinical Trial Registration: NCT03002207.
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1. Introduction

Intervertebral disc (IVD) degeneration (IVDD) is a
common disease that can lead to low back pain, nerve com-
pression and disability. Lumbar disc herniation (LDH) with
radiculopathy is one of the most common IVDD-linked
clinical diseases, which causes huge socioeconomic bur-
den in the world. The treatment of severe LDH often re-
quires surgical approach [1]. Discectomy remains the clas-
sic surgical procedure for treating LDH, which consists of
removal of the herniated part of nucleus pulposus (NP) to
relieve radicular pain. However, despite alleviating pain
and improving function, 20%–25% of patients experience
long-term unsatisfactory outcomes [2,3]. The main reason
is that the IVDdefect after discectomy failed to spontaneous
repair, which can result in progressive IVDD, a loss of disc
height and even LDH recurrence. Decreased disc height

can lead to reduced range of motion.

Several attempts have been made to seal IVD defects
by sutures or rigid buttress devices. Bailey et al. [4] used
an FDA-approved X-close device to suture open annulus
fibrosus (AF) defect after discectomy. In addition to su-
tures there are currently commercial annular closure de-
vices such as Barricaid implant and Inclose Mesh [5,6],
which can block off the IVD defect by forming a mechani-
cal barrier. However, these repair techniques focus on clos-
ing the wound of defect without functional restoration of
the IVD and some scholars found the additional AF repair
had no significant superiority [4,7]. Repair methods ideally
need to provide both functional restoration and induce IVD
regeneration. This makes biologically active tissue scaffold
methods attractive options [8]. Therefore, a biological re-
pairing method for IVD defect is needed.
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Advances in cell-based therapy and tissue engineer-
ing have led to significant progress in the field of regener-
ative medicine for IVD regeneration. Various cell type and
source, including IVD-derived cells and multipotent cells,
have been proven to delay the progressive degenerative pro-
cess [9–11]. Mesenchymal stromal cells (MSCs) are a con-
venient cell source with translational advantages [12]. Sev-
eral reports have described the application of MSCs, in-
cluding bonemarrow-derivedMSCs (BM-MSCs), adipose-
derived MSCs (ASCs) and umbilical cord-derived MSCs
(UC-MSCs), to repair and regenerate the damaged IVD in
preclinical and clinical studies [13–15]. In recent years,
many completed and ongoing clinical trials testing the effi-
cacy of cell-based therapies for regeneration IVD [16–21].
In clinical trials, Yoshikawa et al. [22] reported that using
cultured autologous BMSCs combined with gelatin sponge
repairing the degenerated IVD could significantly reduce
the pain symptoms and increase the IVD water content.
However, most of the preclinical and clinical studies used
culture-expanded cells for transplantation, with the risk of
differentiate abnormality and complex steps which is time
consuming and difficult for clinical application. Bone mar-
row aspirate (BMA) is considered an important source of
MSCs in both clinical and experimental studies [23]. Un-
fortunately, the MSCs represent a very small fraction of
about 0.001–0.01% of nucleated cell count of the BMA
[24–26], leading to a limited therapeutic effect. Selective
cell retention (SCR) technology could concentrate target
cells (including stem and progenitor cells) and effective
components from BMA into a carrier material to facilitate
the rapid attachment of nucleated cells, which holds great
potential for cell preparation.

In terms of IVDD model, previous studies have es-
tablished in small and large animal models, including rats,
rabbits, sheep [27,28], goat [29], mini-pigs [30] and canine
[31,32], which was induced mechanically, enzymatically or
surgically by puncture or incision of the AF with or without
nucleotomy, or by injection of biochemical agents for extra-
cellular matrix degraded. Recently, larger sized AF defect
or IVD defect model after annulotomy with or without nu-
cleotomy was established and used to study the repair of
IVD. To the authors knowledge discectomy-associated de-
fects are more common clinically and need to be repaired.
Therefore, it is necessary to construct a suitable animal
model where discectomy has been performed to mimic the
conditions in human IVDs after discectomy.

The gelatin sponge was widely used in spine surgery,
with the advantage of high histocompatibility, high plas-
ticity and absorbability. The gelatin sponge could be used
safely as cell carrier for disc regeneration therapy and AF
defect repair [22,33]. In this study, we performed a pre-
clinical study that gelatin sponge combine with autologous
cultured BMSCs or enriched BMA were transplanted into
NP defect, followed by suturing and sealing AF to repair
IVD defect after discectomy in a goat model. We hypothe-

sized that this treatment could repair the IVD defect and re-
tard disc degeneration. Our secondary aim was to compare
the repair efficacy between BMA concentrate and cultured
BMSCs.

2. Materials and Methods
2.1 Study Design

A total of 15 goats (female, 24 months, 48.3 ± 3.6
kg), were used in this study. All goats were healthy and
received X-ray and Magnetic Resonance Imaging (MRI)
scans to assure the absence of IVDD-related diseases be-
fore the study. All goats were fasted for 24 h before surgery.
Five goats were randomly selected, and the BMA was as-
pirated from the iliac crest for enrichment to determine the
effect of the BONE GROWTH PROMOTER (BGP, FU-
WOSI, Chongqing, China), as a SCR technology using neg-
ative pressure to facilitate the permeation of the biomateri-
als by bone marrow under conditions of aspiration [25,34–
36]. The remaining 10 goats were used for IVD defect re-
pair. BMA aspirated from randomly one side of iliac crest
was cultured to obtain autologous BMSCs, and then the
autologous BMSCs combined with gelatin sponge matrix
were implanted into the IVD defect; the autologous BMA
aspirated from the other side of the iliac crest was enriched
by BGP and implanted into IVD after discectomy. The
goats were euthanized 24 weeks after operation to compare
the repair effect of the two methods (Fig. 1).

2.2 Bone Marrow Aspirate and Enrichment
Five goats were anesthetized by intramuscular injec-

tion of atropine (0.01 mL/kg) and intravenous injection of
3% pentobarbital sodium (1 mL/kg). The BMA was aspi-
rated from iliac crest of the goat using a 16 G bone marrow
puncture needle, which was rinsed with 1000 U/mL heparin
to prevent coagulation (Fig. 2A). Two puncture holes were
made at one side iliac crest, and 10 mL BMA was aspirated
from each hole [37]. For preparation of the enriched BMA-
matrix grafts, two pieces of gelatin sponge (60 mm × 20
mm × 5 mm, XiangEn Medical Technology Development
Co. Ltd, Nanchang, China) were chopped into small cubes
(5 mm × 5 mm × 2.5 mm), and were loaded into the BGP
(Fig. 2A). Then, a total of 20 mL BMA aspirated from one
side iliac crest was injected into the BGP for enrichment
(Supplementary Fig. 2A–D). Slowly press the handle of
the BGP to the end to send the BMA into the conical cup
filled with gelatin sponge, release the handle to automati-
cally rise, and form a negative pressure at the bottom of the
conical cup to draw the BMA back into the tube, and repeat
the above operation for 5 times. Five cycles were processed
until MSCs and effective constituent in BMAwere fully fil-
tered and seeded into the gelatin sponge cubes.

The enriched BMA-matrix was taken out and fixed in
4% paraformaldehyde for 12 h. After gradient ethanol de-
hydration and critical point drying, the sample and gelatin
sponge was cut into 1 mm slices and pasted on the carrier
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Fig. 1. Schematic illustration of the study design of in vivo repair IVD defect after discectomy at goat model.

Fig. 2. Surgical approach. (A) The BMA was aspirated from the ilium crest of goat. (B) Exposure of the IVD. (C) Construction of
IVD defect model after discectomy (arrow). (D) Graft implantation. (E) Sutured annulus fibrosus. (F) All animals recovered from the
procedure without complication and retained full lumbar spine function.

table with conductive tape, respectively. The surfaces were
sprayed with gold and observed by scanning electron mi-
croscope (SEM, Quanta 200, Fei, Hillsboro, OR, USA).

To assess the enrichment effect, the volume of BMA
was measured before and after enrichment process, and the
samples were taken for flow cytometry (FACS Aria III, BD
Corporation, Franklin Lakes, NJ, USA) to detect the num-
ber of nucleated cells and the number of the target cells with
negative expression of CD34 and CD45 and positive ex-
pression of CD90. The number and concentration of cells

in the BMA before and after BMA enrichment using BGP
were assessed by flow cytometry. The steps are as follows:
(1) Take three samples of BMAbefore and after enrichment,
isotype and corresponding isotype control, and put 300 µL
of each sample into a tuber. (2) Add CD34, CD45, CD90
and CD34-FITC, CD45-PEcyTM7, CD90-PE (BD Corpora-
tion, Franklin Lakes, NJ, USA) to the corresponding tuber
according to the antibody instructions and flow cytometry
requirements. Incubate in a 37 ◦C incubator protected from
light for 20 min. (3) Add 1.5 mL erythrocyte lysate to each

3

https://www.imrpress.com


tube for 10 min in the dark. Centrifuge at 400 g for 10 min
and discard the red supernatant. If there are still many red
blood cells, repeat the above operation. (4)Wash twice with
PBS (phosphate buffered saline) and resuspendwith 500µL
PBS for flow cytometry detection. Then the concentration
and adhesion multiple of the retention cells in the gelatin
sponge matrix were calculated according to the calculation
formula as follows: retention cells concentration = reten-
tion cells number/volume of retention fluid; cells adhesion
multiple = the retention cells concentration/original BMA
cells concentration [25].

Furthermore, 100 µL original BMA and a small
amount of enriched matrix were cultured in a culture dish
respectively with 10mL of the DMEM/F12 culture medium
(containing L-Glutamine and 10% FBS) for 11 days. In
our study, there is all a penicillin-streptomycin solution in
the culture medium, the concentration of penicillin is 100
U/mL, and the concentration of streptomycin is 0.1 mg/mL,
and the culture conditions are all in an incubator with 20%
oxygen and 5% carbon dioxide. Then, the cells adhered
to the culture plate surface were identified by crystal violet
stanning to assess the enrichment effect, followed by ob-
servation under microscope (Leica, DM3000, Wetzlar, Ger-
many) [37].

2.3 Construction of Cultured BMSCs-Matrix Grafts

For isolation of BMSCs, 20 mL of BMA was col-
lected from the iliac crest and mixed with 2 mL heparin
(1000 U/mL). Bone marrow mononuclear cells were iso-
lated by density-gradient centrifugation using lymphoprep
[38]. The mononuclear cells were cultured for 4 days in
a 100 cm2 culture flask with DMEM/F12 culture medium
containing 20% FBS. Adherent cells were considered to be
BMSCs. When BMSCs were cultured to reach 80–90%
confluence, they were passaged and seeded in DMEM/F12
with 10% FBS. BMSCs were identified by flow cytometry
to analyze the stem cell surface markers of CD90, CD34,
and CD45 and analyzed the multilineage capability of adi-
pogenic, chondrogenic, and osteogenic differentiation.

To facilitate analysis of the tracking of transplanted
BMSCs in IVD, the BMSCs were infected with lentivirus-
GFP (catalog number: GV492, Shanghai Genechem Co.,
Ltd, China), a lentivirus vector expressing the green flu-
orescent protein (GFP) gene. BMSCs were cultured and
washed with PBS, and infected with lentivirus-GFP at op-
timal multiple of infection (MOI = 1:10). After 3 days,
GFP expression was observed using a fluorescence mi-
croscope (Leica, DMI4000, Wetzlar, Germany). 100 µL
GFP-labeled autologous BMSCs of 1 × 106 passage 3 was
seeded into gelatin sponge cubes to obtain culturedBMSCs-
matrix grafts, which is prepared for intraoperative implan-
tation of disc defects of three goats.

2.4 Surgical Procedure
The goats were general anesthetized by intramuscular

injection of atropine (0.01 mL/kg) and xylazine hydrochlo-
ride (0.02 mL/kg). All animals receive perioperative in-
travenous antibiotic (ceftiofur sodium, 25 mg/kg). Once
anaesthetized, the goat is placed on the operating table in
the lateral position, and the operation area was shaved and
disinfected routinely with iodophor. A longitudinal 10 cm
incision parallel and 1 cm anterior to the transverse pro-
cesses is made according to the desired discs level using a
left lateral retroperitoneal approach [39]. The subcutaneous
layers were dissected using monopolar cautery. With the
thoracolumbar fascia divided, the retroperitoneal space can
be entered. The psoas and quadratus lumborummuscles are
retracted posterolaterally, by the assistant, using a retractor,
and blunt separation of the muscles attached to the disc, fur-
ther exposing the target discs (Fig. 2B). A small incision
was made at the left-anterior surfaces of the L2/3, L3/4 and
L4/5 discs with a sharp knife, and approximately 50 mg NP
tissues was removed from a single disc with small NP for-
ceps to construct IVD defect model (Fig. 2C). The L2/3 disc
was subjected to discectomy only (DO group), the L3/4 disc
was implanted with enriched BMA-matrix (CE group), and
the disc L4/5 was implanted cultured BMSCs-matrix (CC
group) (Fig. 2D). And the intact L1/2 disc served as a non-
injured control (NC group). The AF incision was closed
using an absorbable suture (Fig. 2E). Then hemostasis is
achieved, and muscle, fascia and skin were separately su-
tured layer by layer. Strict sterile precautions are main-
tained at all times. The goat was awakened by benzoxazole
hydrochloride injection (0.01 mL/kg IM). After operation,
all goats received intramuscular injection of flunixin meg-
lumine (0.2 mL/kg) for analgesia for three days. Dressing
change regularly until healing of the incision site was com-
plete. The animals were observed at least once daily for
general health and appearance by the veterinary staff and
carefully monitored for signs of pain, discomfort, gait or
posture. The animals were followed up for 24 weeks after
the operation.

2.5 Imaging Analysis (X-Ray Imaging and MRI)
Lumbar X-ray imaging of goats was performed under

general anesthesia at pre-operation and 4, 24 weeks after
operation. The change in IVD height was evaluated by the
disc height index (DHI) [40,41]. Disc height and the adja-
cent vertebral body heights were measured on the midline
and 25% of the disc’s width from the midline on either side.
The DHI was expressed as the mean of the 3 measurements
from midline to the boundary of the central 50% of disc
width divided by the mean of the 2 adjacent vertebral body
heights. Changes inDHIwere expressed as%DHI andwere
standardized to the preoperative DHI as follows: %DHI =
((postoperative DHI/preoperative DHI) × 100).

MR scans were obtained in T2-weighted images in all
groups at pre-operation and 4, 24 weeks after operation in
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the sagittal and axial planes using a 1.5 T scanner (GE,
Boston, MA, USA). T2-weighted sections in the sagittal
plane were obtained under the following settings: fast spin
echo sequence with time to repetition of 2500 seconds and
time to echo of 85 seconds; 384 (h) × 224 (v) matrix; field
of view of 260; and four excitations. The section thickness
was 3 mm with a 0.3 mm gap. The grayscale of the NP and
the cerebrospinal fluid on T2-weighted sagittal MRI was
determined by Image J version 1.51j8 (National Institutes of
Health, MD, USA). The disc relative gray index (RGI) was
calculated by dividing the gray value of the NP by the gray
value of the cerebrospinal fluid [31]. The Pfirrmann clas-
sification scheme was applied to grade IVD degeneration
[42]. All image assessments were performed by three in-
dependent observers who were blinded to the samples, and
the mean of the three evaluations was recorded.

2.6 Biomechanical Analysis

Goats were sacrificed by intravenous injection of
overdosed pentobarbital at 24 weeks after surgery, and the
ten lumbar spines were harvested. Biomechanical testing
was performed on the spinal motion segment with liga-
mentous attachments and muscles removed. The denture
base resin embedding sample was vertically installed on the
biomechanical machine (MTS 858 Bionix II, Maumee, IN,
USA) for biomechanical testing. Every vertebra of L1-5
was marked by markers in the same position (the specific
position of every vertebra), and the motion of the mark-
ers was recorded by 3D Dynamic Capture System Cam-
era (NDI Corporation, Canada) from different direction
(Fig. 3A). The fresh spinal specimens were kept wet during
the process of testing. Preconditioning was repeated three
times (30 seconds/time) with 1 N preloading. The multi-
directional bending moments (flexion and extension (±3 N
m, x axis), left and right bending (±3 N m, z axis), and left
and right torsion (±3 N m, y axis) were applied to the head
end of the sample, while the tail end of the sample remained
fixed. The multidirectional range of motion (ROM) of indi-
vidual motion segments of every IVD was measured three
times respectively according to the motions of markers.

2.7 Macroscopic Observation and Histological Analysis of
IVD

After the biomechanical testing, the L1/2, L2/3, L3/4,
and L4/5 discs of nine goats selected randomly were cut
transversally at the center of the NP for macroscopic eval-
uation. A previously published histological grading system
was applied to assess disc degeneration [43,44]. Two his-
tologists who were blinded to the samples performed evalu-
ation of these sections, with their intra-observer error being
minimum. One half of every disc was used for histological
studies and identify the tracking transplanted cells in the
NP tissues, and the other half was stored in liquid nitrogen
(–196 ℃) for realtime PCR analysis of gene expression.

The remaining discs of one goat were isolated con-

sisting of the total IVD and 0.5 cm of adjacent vertebral
body and fixed in 4% paraformaldehyde for 5 days. Then
the samples were decalcified in 15% EDTA for 6 months
and subsequently embedded in paraffin. To visualize in-
tact disc, the coronal sections of entire disc were cut us-
ing microtome (Leitzl516, Leica, Wetzlar, Germany) and
stained with hematoxylin and eosin (H&E). To visualize
histologic changes in NP tissue, NP tissues were fixed in
4% paraformaldehyde for 24 h and processed for paraffin
embedding and sectioning into transversal sections (6 µm).
The transversal sections were stained with H&E, Safranin
O and Sirius Red for evaluation.

Immunohistochemistry was performed for Collagen
II (II-II6B3, DSHB, Iowa City, IA, USA) and Aggrecan
(ABT1373, Millipore, Burlington, AL, USA) analysis. Re-
hydrated sections were serially incubated at room temper-
ature in proteinase K (Sigma, Hesse, Germany) for 5 min,
3% hydrogen peroxide for 10 min, blocking reagent for 5
min (BD5001, Bioworld Technology, Nanjing, China), and
incubated with Collagen II (4 µL/mL) and Aggrecan (1:250
dilution) primary antibodies. After incubation at 4 ºC
overnight, sections were incubated with antibody amplifier
(BD5001, Bioworld Technology, Nanjing, China) for 10
min and horseradish peroxidase polymer for 10 min. Pos-
itive signal was visualized by diamino-benzidine (DAB).
Finally, the sections were counterstained with hematoxylin,
dehydrated and sealed. Then, the stained sections were ob-
served under stereo-microscope (Leica, DM3000, Wetzlar,
Germany).

2.8 Tracking of Transplated BMSCs in IVDs

To identify the existence of implanted cells in the
NP tissues, the NP tissues were embedded in optimal cut-
ting temperature (OCT) compound (Fisher Scientific, Pitts-
burgh, PA, USA) and sectioned at 6 µm. The GFP-positive
cells were observed under fluorescence microscope (Leica,
DMI4000, Wetzlar, Germany).

2.9 Gene Expression Analysis

Total RNA was extracted from the NP using the
TRIspin [45]. After the cDNAhad been obtained by reverse
transcription using AMV reverse transcriptase (Takara,
Beijing, China), relative gene expressions of Collagen I,
Collagen II, Aggrecan and SOX-9 were determined by
Real-time PCR (RT-PCR). GAPDH were applied as nor-
malization control. The obtained cDNA was amplified
by qPCR using SYBR Premix Ex TaqTM (Takara, Beijing,
China). A cycle threshold (Ct) value was obtained for each
sample, and triplicate sample values were averaged. The
2−∆∆Ct value was then used to calculate relative expres-
sion of each target gene [46]. The primers being used were
listed in Table 1.
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Fig. 3. Biomechanical analysis. (A) Spine specimens were tested in biomechanical tester. (B) The ROM of flexion-extension and
left-right bending in the CE and CC groups were larger than that of the DO group at 24 weeks after operation. However, there was
no significant difference in ROM between the CE and CC groups. ROM of left-right rotation was not statistically different in the four
groups. All the data represent mean ± SD, n = 10. ‘#’ refers to NC group compared to DO group. ‘*’ refers to CE and CC groups
compared to DO group respectively; #, *, = p < 0.05; ns, = p > 0.05.

Table 1. Primer sequences for RT-PCR.
Gene Forward Reverse

GAPDH 5′-GGCGTGAACCACGAGAAGTA-3′ 5′-GGCGTGGACAGTGGTCATAA-3′
COL1A2 5′-CAAGGGAGATGCTGGTCCTG-3′ 5′-TTCACCCTTAGCACCCACAG-3′
COL2A1 5′-CAACCCTGGAACTGACGGAA-3′ 5′-ATACCAGGCTCACCCGTTTG-3′
ACAN 5′-GCAAGCTCCAGAAGCAAGTG-3′ 5′-TCCACCAATGTCGTATCCACC-3′
SOX-9 5′-CACAAGAAGGACCACCCGGA-3′ 5′-CACAAGAAGGACCACCCGGA-3′

2.10 Statistical Analysis

The statistical analyses were performed using SPSS
version 24.0 software (IBM, Armonk, NY, USA). Data was
assessed for normality using the ShapiroWilks test. The ra-
diograph measurements, biomechanical analyses, and RT-
PCR analyses data were all fitted with normal distribu-
tion, and statistical analysis was performed using analysis
of variance (ANOVA) and the Fisher’s least significant dif-
ference post-hoc test. The MRI Pfirrmann grading and his-
tological grading data did not conform to a normal distri-
bution, and Kruskal Wallis H test was used for statistical
analysis. Statistical significance was set at p < 0.05.

3. Results
3.1 Enrichment Effect and Identification of BMSCs

BMA was aspirated from 10 iliac crests of 5 goats for
enrichment. After the BMA was enriched by the BGP, the
adhesion multiple of nucleated cells and target cells was
6.40± 0.93 and 4.20± 0.65 respectively, which were mea-
sured respectively by flow cytometry (Fig. 4J).

BMSCs differentiation assay demonstrated the autol-
ogous BMSCs possess the capability of osteogenic, chon-
drogenic and adipogenic differentiation. (Supplementary
Fig. 1A–C) Meanwhile, flow cytometry analysis showed
the CD90 was positively expressed, and CD34 and CD45
were negatively expressed on the surface of the target cells,
which was consistent with the BMSCs surface markers, in-
dicating that BMSCs was successfully isolated and identi-
fied (Supplementary Fig. 1D).

3.2 Characteristics of Cells and Sponges

SEM images showed that the gelatin sponge was
macroporous (Fig. 4B), and there were multiple round cells
adhered to the porous wall of the enriched BMA matrix
(Fig. 4C). After the BMA and the enriched BMA matrix
were cultured for 11 days, crystal violet staining showed
that there were a large number of colonies forming unit-
fibroblast (CFU-F) at the bottom of the culture dish, and
fusiform or polygonal cells were adherent to the wall.
No bacterial growth was observed in all sample cultures
(Fig. 4D,G). The results of flow cytometry detection and
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Fig. 4. Bone marrow enrichment. (A) Gelatin sponge cubes (5 mm× 5 mm× 2.5 mm) in the BGP. (B) SEM images shows the porous
structure and their interconnection of gelatin sponge. (C) Multiple round cells adhered to the inner wall of the enriched matrix. The red
circles indicate the nucleated cells. (D) After the BMA culturing for 11 days, the fibroblastic colony formation could be observed. (G)
After the enriched BMA-matrix culturing for 11 days, a lot of cells were visible in and around the gelatin sponge. (E,H) Many colony-
forming units stained by crystal violet in the culture dish of the BMA and the enriched matrix respectively. (F,I) Microscopic observation
showed that a number of fusiform or polygonal cells stained by crystal violet were adherent to the bottom of culture dish from the BMA
and the enriched matrix. respectively (×100). (J) The number of nucleated cells and target cells in the sample were detected by flow
cytometry to calculate the adhesion multiple of the BGP. Calculation formula: adhesion multiple α = cells concentration of retentate/cells
concentration of BMA. After the BMA enriched by the BGP, the adhesion times of the retained nucleated cells and the target cells were
6.40 ± 0.93 and 4.20 ± 0.65 respectively.

crystal violet staining showed that the MSCs in BMA could
be effectively retained in gelatin sponge cubes by the BGP,
and the cells viability were good.

3.3 General Remark of the Surgical Procedure

The mean weight of the NP removed from the DO, CE
and CC group was 50.18± 3.95, 51.12± 5.38 and 51.26±
4.34 mg (p> 0.05), which indicated that the quantity of NP
removed from each disc was consistent (Supplementary
Fig. 2E). The average intraoperative blood loss was about
60 mL. The incisions of all goats were free of infection and
healed smoothly. All goats successfully survived to the de-
fined 24-weeks endpoint and showed no signs of neurolog-
ical deficits or pain as determined by veterinary care staff.

3.4 Changes in the IVD Height and MRI Assessment

Radiographic analysis at 4 weeks after operation
showed that the disc spaces in DO, CE and CC groups nar-
rowed significantly, and the DO group continued to de-
crease at 24 weeks, while rate of decrease in the CE and CC
groups slowed down after 4 weeks. With a mean DHI for
NC group at beginning of the study expressed as 100%, the

mean DHI of the DO, CE and CC group was 89.3 ± 3.3%,
89.7 ± 2.7% and 90.2 ± 2.5% at 4 weeks after surgery re-
spectively (p > 0.05). The mean DHI of the CE and CC
group was 82.0 ± 3.8% and 83.3 ± 3.2% at 24 weeks after
surgery (p = 0.503), and all were higher than 68.3 ± 3.4%
of the DO group (p = 0.004, 0.00) (Fig. 5A,B).

According to the MRI T2-weighted results, the mean
signal intensity of NC group had barely changed through-
out the study (Fig. 5C,D). Signal intensity in the DO group
decreased significantly shortly and continued to develop af-
ter the operation, while those of transplantation groups were
significantly delayed. The change ofMRI T2-weighted sig-
nal intensity was evaluated by RGI. For the DO, CE and CC
groups the mean RGI were 0.56 ± 0.05, 0.58 ± 0.03 and
0.58± 0.04 at 4 weeks after surgery respectively (p> 0.05).
At 4weeks, discs in CE andCC groups showed stronger sig-
nal intensities than that in DO group. At 24weeks, themean
RGI of CE and CC groups were 0.41 ± 0.03 and 0.47 ±
0.04 respectively (p = 0.044), and these two groups showed
higher RGI compared to DO group (0.26± 0.03, p = 0.006,
0.003).
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Fig. 5. Radiographic and MRI assessment. (A,C) Representative radiographic and MRI images at 0 week before, 4, and 24 weeks
after operation in goats. (B,D) The change of disc height index (DHI) and relative grey index (RGI) at 4 and 24 weeks after operation.
All the data represent mean± SD, n = 10. ‘&’ refers to NC group compared to DO group. ‘#’, ‘*’ refers to CE and CC groups compared
to DO group respectively; ‘^’ refers to CE group compared to CC group. #, *, ^, = p> 0.05; &, ##, **, = p< 0.01; ^^, = p< 0.05. (E,F)
Pfirrmann grading of IVD degeneration in T2-weighted images. (E) Discs showed no degeneration in all groups before the operation.
(F) There was significantly lower grading of MRI in the CE and CC groups compared with DO group at 24 weeks after operation (p <
0.05).

The Pfirrmann classification analysis showed that no
obvious disc degeneration in all groups before the opera-
tion (Fig. 5E). There was no significant difference between
the Pfirrmann classification of CE group and CC group (p =
1.00), which was significantly lower than that of DO group
(p = 0.021, 0.01), but all of them were significantly higher

compared with the NC group at 24 weeks after operation (p
< 0.05) (Fig. 5F). Together, the analysis of imaging results
shows that enriched BMAmatrix and cultured BMSCs ma-
trix transplantation can effectively maintain the IVD height
and delay degeneration of the discs.
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3.5 Biomechanical Analysis
We further compared the biomechanical effect from

the three operated discs (DO, CE, and CC groups) and in-
tact disc (NC group) at 24 weeks after operation. As shown
in Fig. 3, the mean ROM of flexion-extension and left-right
bending in theDO, CE andCC groupswere 13.3± 1.2, 16.2
± 1.8, 16.8 ± 1.5 degree and 7.6 ± 0.9, 11.8 ± 1.7, 12.5
± 1.3 degree respectively, which of them significantly de-
creased compared with those of the NC group (18.2 ± 1.8,
14.4 ± 1.4 degree) (p = 0.013, 0.035, 0.042 and p = 0.00,
0.040, 0.037). The ROM of flexion-extension and left-right
bending in the CE or CC group showed significantly less re-
duction compared with the DO group (p = 0.038, 0.041 and
p = 0.015, 0.010). No significant differences were seen be-
tween CE and CC groups. The ROM of left-right rotation
was 4.0 ± 0.7, 3.7 ± 0.5, 3.7 ± 0.6 and 3.8 ± 0.6 degree
in the NC, DO, CE and CC groups respectively, however,
there was not statistically different among them (p> 0.05).
The result showed that the enriched BMA matrix and cul-
tured BMSCs matrix transplanted into the discs maintained
the stability of the degenerative IVD.

3.6 Macroscopic Findings
Gross observation of the lumbar spine showed that the

fibrous connective tissue at the incision of AF in the CE and
CC groups was rich, tough, andwell repaired. However, the
DO group had less connective tissue at the incision of the
AF, and it was depressed and poorly repaired. The condi-
tion of NP and AF could be observed from the macroscopic
view of freshly dissected IVD samples (Fig. 6A). In the DO
group, in DO group, the NP and part of the AF tissue were
black and yellowwith severe degeneration. The CE and CC
groups showed mild changes in NP tissue compared to the
intact NC group. There are no NP protrusions in the discs of
the CE and CC groups. Nine goats were assessed, showing
that the histological grades of the discs in the CE and CC
groups were mainly 2–3 grades, and that in DO group were
mainly 4–5 grades. There was no significant difference in
the grade of the discs between the CE and CC groups (p
= 1.00), but both were lower than those of the DO group
(p = 0.043, 0.024). Discs in NC group maintained grade 0
throughout the study (Fig. 6C).

3.7 Tracking of Transplanted BMSCs in IVD and
Histological Analysis

In this study, GFP-labeled BMSCs combined with
gelatin sponge matrix were transplanted into the IVD in
the CC group. The discs of three goats were used to de-
tect the tracking of transplanted BMSCs by fluorescence
microscopy. As shown in Supplementary Fig. 3D, the flu-
orescence microscopy confirmed the tracking of the GFP-
labeled BMSCs in the discs of the CC group.

No GFP-positive cells were observed in the discs of
the DO or CE group (Supplementary Fig. 3C). The results
showed that the GFP-labeled BMSCs was successfully im-

planted into the IVD and grew in the CC group.
H&E, Safranin O and Sirius red staining revealed that

compared with the DO group, the structure of NP tissue in
CE and the CC group was more complete, the cell prolifera-
tion was more active, and the extracellular matrix was more
abundant (Fig. 7A). HE staining of the mid-coronal sec-
tions showed that disc height was well maintained in NC,
CE and CC groups, whereas disc narrowing was obvious in
DO group (Fig. 7B). The immunohistochemical staining of
NP tissue in transversal sections indicated that the staining
intensity of NP in the CE and CC groups was strong posi-
tive in aggrecan and type II collagen, while the staining in-
tensity in the DO group was weak or intermediate positive
(Fig. 7C).

3.8 Result of Gene Expression Analysis
For quantitative analysis the NP matrix, RT-PCR was

used to measure the levels of aggrecan, type II collagen,
type I collagen, and SOX-9 in the NC, DO, CE, and CC
groups. As shown in Fig. 7D, the levels of aggrecan, type
II collagen, and SOX-9 mRNAs were decreased in the DO,
CE, and CC groups as compared with the NC group, while
the type I collagen expression was significantly increased
in the DO, CE, and CC groups (p < 0.05). Importantly,
we found that the levels of aggrecan, type II collagen, and
SOX-9 mRNAs were significantly higher in the CE and CC
groups than those in the DO group, and the type I colla-
gen expression was significantly lower in the CE and CC
groups than that in the DO group (p < 0.05). Together, the
results show that compared with the DO group, transplanta-
tion groups (CE group and CC group) increased the expres-
sion of aggrecan, type II collagen, and SOX-9, especially
in CC group.

4. Discussion
IVD are avascular structures and their lack of oxygen

and nutrient supply presents a substantial challenge for self-
directed tissue repair [47]. IVD defects produced by dis-
cectomymay result in progressive degeneration, recurrence
of disc herniation, and chronic pain. In the present study,
we developed a biological approach to repair IVD defects
following lumbar discectomy in goat models by implanting
gelatin sponges seeded with autologous bone-marrow de-
rived cells into the defect site before suturing and sealing.
This preclinical proof-of-concept study demonstrated the
feasibility and effectiveness of biomaterial and cell-based
therapies for the repair of IVD defects.

Hydrogelmaterials are widely used in tissue repair due
to the characteristics of high hydrophilicity, biocompatibil-
ity, and adjustable three-dimensional network mimicking
extracellular matrix. The injectable hydrogel is of partic-
ular interest from a clinical point of view, as they can be
injected as a liquid together with stem cells directly into
the disc site in a minimally invasive way followed by gela-
tion [44,48–51]. However, the hydrogel materials are gen-
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Fig. 6. Histological grading for assessment of IVD repair. (A) Representative macroscopic view of discs in four groups at 24 weeks.
(B) The histological grading system for disc degeneration that focuses on morphological change in the inner annulus fibrosus structure
was used in this study. (C) Histological grades were used to evaluate discs in the four groups at 24 weeks. There was no significant
difference in histological grade between CE and CC groups (p = 1.0), but they were significantly lower than DO groups (p < 0.05).

erally not porous matrix structures, which were not suitable
for cell enrichment in this study. The gelatin sponge is a
three-dimensional porous structure, which is conducive to
the smooth passage of BMA and the retention of target cells
on the gelatin sponge. But, they are very soft when exposed
to water and cannot provide mechanical support by them-
selves. However, through this experiment, the transplanta-
tion of enriched BMA-matrix or cultured BMSCs-matrix to
repair the disc defect after discectomy can delay the degen-
eration of IVD and maintain a good height and mobility of
IVD. The hydrogel has fluid properties, and the stem cell
impregnated hydrogels is easily injected into the degener-
ated NP through a fine needle, with little effect on the AF,
which could restore disc height, thus providing immediate
pain relief, whilst delivery of MSCs provides gradual re-
generation. The hydrogel appears to be more suitable for
the repair of early to midstages of disc degeneration, with
intact AF [49]. The main role of the gelatin sponge in this

experiment is to retain the target cells during the enrichment
process, and act as a carrier to reduce the leakage of the
cells. However, the mechanical strength of gelatin sponge
is insufficient. In the future, gelatin sponge with higher me-
chanical strength is developed for intervertebral disc repair,
which can provide better space for the growth and differen-
tiation of transplanted cells, and the effect may be better.

Cell-based therapy is a promising reparative strategy
for IVD regeneration. Given the insufficient stem cell
or IVD cell number and sources, cells culture-expanded
method was widely adopted for cell transplantation. How-
ever, cell culture in vitro is controversy in clinical applica-
tion, which may increase the cost of the patients and the risk
of differentiate abnormality and microorganism contamina-
tion [52,53]. SCR is a non-cultivation technique, which can
help avoid some ethical and physico-chemical influences
of in vitro cell expansion. Muschler et al. [25,34] first re-
ported a SCR method that used a composite matrix prepa-
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Fig. 7. Histological and real-time PCR analysis. (A) H&E, Safranin O and Sirius red staining of NP in the transversal plane. (B)
the intact IVD of mid-coronal sections were stained with HE staining. (C) The immunohistochemical staining for aggrecan and type
II collagen. (D) Real-time PCR analysis. The results showed that aggrecan, type II collagen, and SOX-9 mRNA expression markedly
increased in discs from the CE and CC group compared with the DO groups. Bar plots are shown as means ± SD, n = 9. ‘#’ refers to
NC group compared to DO group. ‘*’ refers to the comparison among CE, CC and DO groups; #, *, = p < 0.05.

ration loaded with bone-marrow derived cells for lumbar
fusion surgery, which indicated that cell-enriched matrix
grafts were capable of delivering a mean of 2.3-fold more
cells and approximately 5.6-fold more progenitor cells than
matrix mixed directly with bone marrow. In the present
study, we showed that the adhesion number of multiple nu-
cleated cells and the target cells to gelatin sponges was ap-
proximately 6.4-fold and 4.2-fold, respectively, when com-
pared to BMA (Fig. 4J). Additionally, MSCs can be con-
centrated and rapidly combined with scaffolds using SCR
techniques. SEM images showed the enriched cells could
adhere to the porous walls of gelatin sponges. Plastic-
adherence is an important feature of MSCs [54]. After en-
riched BMA-matrices were cultured for 11 days, a large
number of CFU-F grew adherently, which indirectly re-
flects the number of progenitor cells [37,55,56]. More-
over, MSC surface markers were detected by flow cytom-
etry [55], which showed that BGP was more conducive to
enrichment ability. These results indicated that BGP effec-
tively retained MSCs within the gelatin sponges and main-
tained their stemness activity. Furthermore, the enrichment
process totaled 5 min and this simplistic and timesaving
procedure was appropriate for critical operation times. Our
results indicated that SCR technology was a valid approach
for concentrating cell numbers whilst cell activity could be
preserved by using cell-carrier combinations.

Cell enrichment technology combined with implant
materials to concentrate bone marrow has been used in
spinal fusion [25,34] and bone defect [35] treatments. In
an open label pilot study, 26 patients with chronic back
pain due to degenerative disc disease (median age 40 years;
range 18–61) received autologous bone marrow concen-
trated intra-disc injections and all subjects presented a sub-
stantial reduction in pain [57]. However, few previous re-
searches have attempted to use enriched BMA to repair sur-
gical IVD defects. Our results, imaging analysis, and his-
tological assessment showed that both enriched MSCs and
cultured BMSCs combined with gelatin sponge cubes have
the potential to repair IVD defects, maintain IVD height
for 24 weeks, and may delayed IVD degeneration. Al-
though SCR techniques do not provide the same number
of MSCs as cell culture expansion techniques, they still
produced efficacious therapeutic effects. We speculate that
cytokines/chemokines within the bone marrow play a con-
tributing role to this outcome. Compared with in vitro cul-
ture of BMSCs, MSCs enrichment by BGP is facile, faster,
and more convenient for clinical point-of-use. Our study
showed the feasibility and safety of enriched MSCs com-
bined with gelatin sponge cubes for repairing IVD defects
in large animal models, demonstrating the strong potential
of this method for clinical use in patients with IVD defects.
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MSCs have the capacity for multidirectional differ-
entiation. A two-way communication has been observed
wherein MSCs interact with nucleus pulposus cells (NPCs)
[58,59]. The paracrine environmental signalling from
NPCs instructs MSCs to differentiate toward NPC-like cell
lineages [60–62]. Concurrently, MSC signalling can influ-
ence the activity of NPCs [11,63]. However, when MSCs
leak from the IVD defect or injection site due to high intra-
disc pressure, considerable ossification can occur [64,65].
This suggests the significance of developing appropriate
cell carriers and effective approaches to prevent cell leak-
age and the associated osteophyte formation before MSCs-
based therapies can be applied in clinical settings. In this
study, we sought to circumvent cell leakage issues by trans-
planting gelatin sponges seeded with autologous MSCs,
and this was followed by AF suture to close the breach.
Our results showed that there was no obvious indications
of osteophyte or heterotopic ossification formation. Po-
tential reasons for preventing osteophyte formation may
be: (i) enhanced cell retention in situ by using clinically
used gelatin sponges as cell-carriers, providing enhanced
cell adhesion; (ii) physical closure of AF defects by sutur-
ing to prevent leakage of the transplanted cell-carrier; (iii)
closure of disc defects reduced immuno-inflammatory re-
sponses otherwise invoked by the exposed disc; (iv) a re-
duced foreign body reaction and inflammatory cell inter-
ferences through use of autologous MSCs transplantation.
Therefore, our strategy developed for IVD repair demon-
strated safe and effective applicability of cell-carrier thera-
pies for intra-disc delivery. Furthermore, some preclinical
and clinical studies demonstrated that MSCs injection ther-
apy is an effective treatment to retard disc degeneration and
relieve pain. Despite tremendous research efforts, MSCs
therapy to repair the IVD still has controversy and consid-
erable challenges. The hostility of the microenvironment
in IVDD niches may limits the viability and functionality
of the transplanted MSCs. And the safety and efficacy of
cell-based therapy is still controversial [66,67].

In order to evaluate the effectiveness of the developed
strategies for IVD tissue repair and regeneration, it is im-
portant to use appropriate animal models. Recent advance-
ments in biological repair strategies have shown success-
ful preclinical outcomes in vitro and in vivo [27–31,68,69].
Long et al. [28] established a biopsy-type AF defect in an
ovine cervical model to evaluate the in vivo response of a
composite AF repair strategy. Shu et al. [70] group uti-
lized an ovine IVDD model and intradiscal heterologous
MSCs to determine therapeutic efficacy at early, late acute
and chronic stages of IVDD.MSCs were intradiscal admin-
istered into the NP from the contralateral AF away from
the annular lesion site. Results showed that the adminis-
tered MSCs can interact with resident disc cells to initiate
and coordinate the repair processes and prevented the ex-
tension of the AF defect and promoted the healing of outer
AF defect. However, there are a limited number of studies

that have established animal models that mimic the clin-
ical post-surgery conditions in humans with LDH. Until
now, only two studies have reported the use of injectable
defect-filing hydrogels [71] and modified hyaluronic acid
[72] to repair post-discectomy IVD defects in sheepmodels.
In this context, we successfully established a discectomy-
associated defect model in goats, which simulated the clin-
ical circumstances. Indeed, in artiodactyls, the anatomi-
cal structure, size, biomechanical properties, and biochem-
ical components of goat IVDs are relatively close to human
IVDs, which make the animal better model to recapitulate
human IVD pathophysiology [29,73]. Although goats are
quadrupeds and do not share the upright characteristics of
the human spine, the musculature of quadruped provides
high muscle tension such that the pressure within lumbar
IVDs is similar to the human intradiscal pressure [72,74].
This experimental was testing in a quadraped animal and
human IVD loading is different. The animal model of up-
right walking needs further research.

Mechanical integrity is important for IVD function.
IVD defects can cause loading disorders, resulting in pro-
gressive degeneration [75]. Therefore, repairing the IVD
defect may restore mechanical compliance. In addition,
IVDs load bearing is complex and dynamic. Dynamic
biomechanical testing should be conducted to evaluate IVD
repair. This study tested biomechanical functions of whole
lumbar kinematics after repairing IVD defect in vivo, in-
cluding the range of motion in flexion, extension, bending
and rotation tests. Mechanical testing results demonstrated
that the ROMof flexion-extension and left–right bending in
defect repairing group were better than that in discectomy
alone group. However, there were no statistical differences
calculated in ROM of rotation due to the long distance from
the rotation center to the edge of AF defect, and this is a lim-
itation of utilizing quadruped animal models such as goats,
which rarely exert spinal rotation motions. Thorpe et al.
[49] reported that a thermally triggered hydrogel was in-
jected into bovine NP tissue explants in a statically cultured
model. Mechanical analysis showed that MSC and hydro-
gel injected NP tissue explants displayed similar mechan-
ical properties to control group with no significant differ-
ence following 6 weeks in culture. Our study indirectly as-
sessed the effect of treatment measures on IVD biomechan-
ical function by detecting the ROM in the motion segments
of spine, which is not as accurate as direct mechanical test-
ing of the disc, which is a limitation of the study.

The anatomy and mechanical property of the 4 level
IVDsmay have some differences. It would have been better
to systematically rotate the groups among the different level
IVDs. The lumbar IVDs in each spine should be random-
ized to receive different treatment strategies to reduce the
impact of differences in anatomical and mechanical prop-
erties at different levels. An additional limitation of our
study was that the cells were harvested from normal healthy
goats, and the goats themselves were in a healthy and active

12

https://www.imrpress.com


state. In clinical settings, patients have a variety of compro-
mising health conditions that can induce IVD degenerative
states. An example setting wherein our approach is likely
to be unsuitable is in elderly patients with severe degenera-
tion of AF, resulting in heightened difficulty of suture and
defect closure. Furthermore, MSCs fate after implantation
was not a focus of our investigation. Lineage tracing and
phenotypic evaluation are required in future investigations.
This experimental only proved that the concentration of the
target cells on the gelatin sponge increased after the BMA
passed through the BGP. We currently have no direct evi-
dence that cells adhere more readily to gelatin sponge scaf-
folds. This is a limitation of our study and requires further
investigation.

5. Conclusions
This preclinical proof-of-concept study shows the fea-

sibility and effectiveness of transplanting gelatin sponge
seeded with autologous enriched MSCs into the disc defect
after discectomy, and then suturing and sealing AF defect.
To the authors knowledge, this in vivo study is the first to
demonstrate the feasibility and effectiveness of IVD defect
repair in goat lumbar model using enriched MSCs seeded
gelatin sponge combined with AF suture. The present re-
sults indicate this novel reparative strategy could delay the
progress of IVD degeneration and restore the extracellular
matrix of IVD, imperative for maintaining disc height and
biomechanical properties. Compared with culturing BM-
SCs, the enrichment of MSCs with SCR technology at the
point of operation, is a simpler, safer, and more time- and
cost-economical approach. In light of the promising evi-
dence from this investigation, the authors have commenced
a human clinical trial using the same reparative strategy
in patients with LDH by endoscopic discectomy (Clinical-
Trials.gov NCT03002207). Overall, the combinatory ap-
proach of SCR technology with autologous MSC adhesion
to gelatin sponges facilitated enhanced repair of IVD de-
fects, restored biomechanical function, and minimized risk
of cell-leakage and ossification. The results from this study
showing a potential avenue toward clinical translation for
IVD defect repair and prevention of disc degeneration in
post-discectomy settings.
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