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Abstract: Aims: Both the SOX9 gene and bone marrow mesenchymal stem cells (BMSCs) have been applied for re-
generation of degenerated intervertebral discs (IVDs) in animal models. However, whether the combined application 
of the SOX9 gene and BMSCs improves the regeneration of IVDs has yet to be investigated. Materials and methods: 
In this study, recombinant adenovirus Ad-SOX9-GFP and Ad-GFP control were prepared and used to transfect BMSCs 
that were labeled with the red CM-DiI tracer. After establishing the IVD degeneration (IDD) rabbit model by aspirat-
ing the nucleus pulposus in L2-3, L3-4, and L4-5, a composite alginate hydrogel containing 2.5×107 recombinant 
BMSCs/ml was injected into these intervertebral spaces. During the 4th, 24th, and 48th weeks, the experimental 
animals were subjected to histological and morphological observation, spine X-ray imaging, MRI imaging, and IVD 
height index (DHI) calculation. Results: H&E staining showed that the BMSCs grew well and were evenly distributed 
in the IVD tissues. During the 48th week, immunohistochemical staining showed that there was more type II collagen 
expression in the IVD tissue of the experimental group than in the control group. Imaging showed that both the DHI 
values and the MRI T2 signals in the experimental group were significantly higher than those in the controls. Conclu-
sion: BMSCs expressing the SOX9 gene can significantly delay reduction of disc height and to some extent reverse 
degeneration of intervertebral discs in the rabbit IDD model, possibly through induction of BMSC differentiation into 
cartilage. These results suggest potential clinical applications of this novel strategy for treating IDD. 
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Introduction

In clinical practice, it is generally believed that 
intervertebral disc degeneration (IDD) initiates 
a series of mechanical disorders of the spine 
and back pain. Current methods of treating disc 
herniation can be broadly divided into non-sur-
gical and surgical therapies. Traditional spinal 
fusion surgery is considered the gold standard 
[1-3]. Evidence shows that after fusion, limita-
tion of mid-body flexibility, changes in spine 
dynamics, and accelerated degeneration of 
adjacent segments occur, and these effects 
may lead to lumbar instability and the occur-
rence and recurrence of spinal stenosis [4, 5]. 
This observation has drawn attention to non-
fusion technologies, including anterior-appro- 

ach artificial disc replacement and posterior-
approach non-fusion spine surgery [6]. Although 
non-fusion technologies do not share many of 
the drawbacks of spinal fusion surgery, none of 
these surgical treatments can alleviate all clini-
cal symptoms. The IDD process cannot be 
reversed, and it is not possible to fundamen-
tally reshape the anatomical structures and 
physiological functions of the intervertebral 
disc (IVD) [7]. Progress in studies of the patho-
logical process and molecular mechanisms of 
IDD have suggested that biological methods of 
IDD intervention may make it possible to cure 
this disease.

One important pathological change associated 
with IDD is the loss of cartilage in the joint [8, 
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9]. Promoting chondrocyte activity and the gen-
eration of cartilage in the degenerated joint is a 
key to treating IDD. The SOX9 gene belongs to 
the SOX gene family, and it is an important tran-
scription factor for the synthesis of type II col-
lagen and cartilage [10]. The SOX9 gene is 
involved in regulating specific activation of the 
gene for type II collagen (Col2al) in chondro-
cytes, and Col2al is crucial for cartilage-specific 
cell differentiation [11]. Thus, the SOX9 gene is 
also called the housekeeping gene of the chon-
drocyte phenotype, and its function in promot-
ing the regeneration of degenerated IVDs has 
attracted a great deal of interest [12]. 

BMSCs are pluripotent cells, and this property 
makes them ideal seed cells [13, 14]. In vitro 
and in vivo studies have confirmed that BMSCs 
can differentiate into chondrocytes, osteo-
blasts, adipocytes, liver stem cells, muscle 
cells, heart cells, and other types of cells [15, 
16]. For treatment of bone and cartilage 
defects, BMSC transplantation is a convenient 
and effective approach and has been investi-
gated in several animal models [17, 18]. 
However, whether the SOX9 gene and BMSCs 
have synergistic effects in treating IDD remains 
to be elucidated. 

To this end, in the present study, recombinant 
adenoviruses expressing SOX9 were prepared 
and used to transfect BMSCs. Then, a compos-
ite alginate hydrogel containing these recombi-
nant BMSCs was injected into degenerated 
IVDs in a rabbit IDD model. The contribution of 
the recombinant BMSCs to the production of 
the nucleus pulposus (NP) extracellular matrix 
and the therapeutic efficacy of this approach 
for IDD were examined to provide experimental 
data for further potential preclinical trials. 

Materials and methods

Reagents and instruments 

An alginate hydrogel (Curapharm Inc., U.S.), pre-
mium fetal bovine serum (Gibco, U.S.), cell dis-
sociation buffer (a mixture containing a final 
concentration of 0.25% trypsin and 0.02% 
EDTA), phosphate-buffered saline (PBS), Percell 
lymphocyte separation medium (Shanghai Plus 
Bio-Sci & Tech Co., Ltd., China), a pentobarbital 
sodium injection solution (Shanghai New Asia 
Pharmaceutical Co., Ltd., China), a 0.1% benzal-
konium bromide solution, medical compound 

iodine solution (Sichuan Mingxing Pharma- 
ceutical Co., Ltd., China), an IX71 inverted fluo-
rescence microscope (Olympus, Japan), and a 
C-5050ZOOM digital camera (Olympus, Japan) 
were used in this study.

The CM-Dil red tracer (Sigma, U.S.), cell disso-
ciation buffer (a mixture containing a final con-
centration of 0.25% trypsin and 0.02% EDTA), 
phosphate-buffered saline (PBS), Percell lym-
phocyte separation medium (Shanghai Plus 
Bio-Sci & Tech Co., Ltd., China), a pentobarbital 
sodium injection solution (Shanghai New Asia 
Pharmaceutical Co., Ltd., China), a 0.1% benzal-
konium bromide solution, medical compound 
iodine solution (Sichuan Mingxing Pharma- 
ceutical Co., Ltd., China), alginate hydrogels 
(Curapharm Inc., U.S.), premium fetal bovine 
serum (Gibco, U.S.), an IX71 inverted fluores-
cence microscope (Olympus, Japan), and a 
C-5050ZOOM digital camera (Olympus, Japan) 
were used in this study. 

Recombinant virus

The Ad-SOX9-GFP recombinant adenovirus and 
the control Ad-GFP were provided by Dr. Youan 
Shang at the Southwest Hospital of the Third 
Military Medical University in Chongqing, China. 
The virus was purified and concentrated to 
1×1010/L [21]. 

Separation of primary BMSCs, gene transfec-
tion, and staining using the red fluorescent 
dye CM-Dil 

Bilateral iliac crest bone marrow samples were 
collected from healthy 3-month-old New 
Zealand rabbits and subjected to density gradi-
ent centrifugation and adherence-based isola-
tion. After two weeks of culture, a monolayer of 
passaged cells had formed. Rabbit BMSCs 
were cultured in 24-well culture plates until the 
fusion rate reached 80%, and three wells were 
randomly selected for cell counting. Based on a 
multiplicity of infection (MOI) value of 50, 
Ad-SOX9-GFP and control Ad-GFP were added. 
With PBS, the final volume was set at 100 μl. 
After 1 hour of transfection, each well was sup-
plemented with 0.4 ml of 5% Dulbecco’s modi-
fied Eagle’s medium (DMEM), and the cells 
were cultured with 5% CO2 at 37°C for 48 hours. 
A total of 24 rabbits with IDD were randomly 
divided into three groups of 8 each. Then, 
1×106/L of the transgenic BMSC suspension 
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was mixed with 2% alginate hydrogel (Cur- 
apharm Inc., U.S.). Using a microsyringe, 20 μl 
of this mixture was injected into the IVD spaces 
at L2/3, L3/4, and L4/5 in the experimental 

group. In the control group, 20 μl of alginate 
hydrogel at the same concentration was inject-
ed into the IVD spaces. 

At 25°C, trypsin at a mass concentration of 2.5 
g/L was used to digest cells in the logarithmic 
growth phase. The cells were then washed 
twice with PBS and centrifuged for 5 minutes. 
After the supernatant was carefully aspirated, 
2 ml of serum-free DMEM was added, and the 
cells were then added to medium containing 4 
mg/L CellTracker™ CM-Dil (Invitrogen China 
Limited, Beijing, China), mixed evenly and then 
placed in a 37°C incubator for 10 minutes, fol-
lowed by centrifugation for 10 minutes. DMEM 
containing serum was used to wash the cells 
twice and to make a cell suspension. An appro-
priate amount of the cell suspension was exam-
ined under a fluorescence microscope to ass- 
ess staining, the fluorescence intensity of the 
labeled epidermal cells and cell viability.

Establishment of a rabbit IDD model using 
nuclear aspiration

Healthy New Zealand white rabbits were sub-
jected to intravenous 3% pentobarbital anes-
thesia. A longitudinal posterolateral incision 
was made in the abdomen, and via the extra-
peritoneal approach, the front lateral side of 
the vertebral body was reached (the transverse 
process was destroyed if necessary) to expose 
the L2/3, L3/4, and L4/5 IVD spaces. A 21G 
syringe needle was used to penetrate the IVD 
space at a depth of 5 mm. This process was 
performed a total of 5 times to damage the 
nucleus. A 5 ml syringe was used to aspirate 
the NP tissue. The wound was then sutured 
layer by layer, and measures were taken to pre-
vent infection. L2/3, L3/4, and L4/5 IDD ani-

Figure 1. Primary BMSC culture (400×). Primary BMSCs were isolated from rabbit bone marrow and transfected 
with Ad-SOX9-GFP, followed by CellTracker™ CM-Dil staining. Morphology (A) and green (B, GFP) and red (C, CM-Dil) 
fluorescence were observed under an optical microscope or fluorescence microscope.

Figure 2. Imaging of the rabbit model 3 weeks after 
NP aspiration. MRI (A) and X-ray (B) exams after 3 
weeks of NP aspiration. The white arrows indicate 
the L2/3, L3/4, and L4/5 IVD spaces. 
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mal models were established surgically [23, 
24]. After three weeks, MRI examination was 
performed to assess changes in intervertebral 
height and T2 signaling.

H&E staining

Samples were collected during week 48 after 
surgery, and the labeled streptavidin biotin 
(LSAB) method was used for staining. The sam-
ple was first embedded in paraffin and then 
subjected to serial sectioning at 4 µm before 
dewaxing and hydration. Endogenous peroxi-
dase was eliminated, antigens were retrieved, 
and the sections were blocked overnight at 
4°C. Streptavidin-peroxidase (SP) solution was 
added, and sections were allowed to incubate 
for 40 minutes at 37°C. After diaminobenzidine 
(DAB) incubation, re-staining with hematoxylin, 
and dehydration, the sections were cleared and 
mounted with a neutral gum. 

MRI and X-ray examination

The IDD models were established using the 
aspiration method. The 24 New Zealand rab-
bits were anesthetized using 3% sodium pento-
barbital for MRI and X-ray examination. MRI T2 
signaling and DHI were the main indicators 
examined. The T2 signals of the L2/3, L3/4, 
and L4/5 IVD spaces in the experimental and 
control groups were measured during weeks 24 

used for intergroup comparisons. P<0.05 was 
considered statistically significant.

Results

Transfection and labeling of BMSCs

After 12 hours of culturing primary BMSCs, 
most of the cells adhered to the bottom of the 
well, and most of the cells merged on days 9-10 
(Figure 1A). The passaged cells showed vigor-
ous growth, rapid proliferation, notable nuclei, 
and clear nucleoli. There were no significant 
changes in cell morphology before the 6th gen-
eration. BMSCs of the second generation were 
harvested and transfected with recombinant 
Ad-SOX9-GFP (target gene) and Ad-GFP (con-
trol) with a high transfection efficiency, as indi-
cated by the intense fluorescence of GFP under 
a fluorescence microscope (Figure 1B). After 
staining with CellTracker™ CM-Dil, red fluores-
cence was observed in the Ad-SOX9-GFP-
transfected BMSCs (Figure 1C). The two label-
ing techniques were combined to determine 
the survival time of the BMSCs and the time of 
the target gene effect.

Establishment of the IDD model

In degenerative IVDs, the nucleus was aspirat-
ed thoroughly (Figure 2A). The T2-weighted MRI 
signal of the degenerative discs decreased 

Figure 3. H&E staining of reconstructed IVDs. H&E staining was conducted 
for the nucleus of the normal rabbit IVD (A), the IDD model (B), and IDD rab-
bits transplanted with BMSCs modified by Ad-SOX9-GFP at 4 weeks (C) and 
24 weeks (D).

and 48 after surgery. The DHI 
ratio (DHI%) was determined 
as follows: the heights of the 
front and rear edges of the 
IVD and the heights of the 
front and rear edges of the 
upper vertebral body were 
measured and used to calcu-
late the DHI, and the DHI of 
the experimental group was 
then normalized to that of the 
control group (i.e., DHI (exper-
imental group) %=DHI (experi-
mental group)/DHI (control 
group)) [25, 26]. 

Statistical analysis 

SPSS 13.0 software was 
used for statistical analysis of 
T2 values and DHI values. 
The data are expressed as 
the mean ± standard devia-
tion (x ± s, n=8). T-tests were 
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substantially (Figure 2A). The disc height 
decreased, and vertebral hyperostosis was 
observed, possibly due to the reduced volume 
of the nuclear tissue, the decreased hydrostat-
ic pressure, the instability of the upper and 
lower vertebral bodies and the stress redistri-
bution in the nucleus caused by reduced water 
content (Figure 2A). An anteroposterior X-ray 
scan at levels L2-5 showed clear bird-peck-like 
protrusions formed by bone hyperplasia at the 
front edges of the corresponding upper and 
lower vertebral bodies (Figure 2B). 

Morphology of the IVDs reconstructed by Ad-
SOX9-GFP/BMSCs

Light microscopy showed that, with H&E stain-
ing in the control group, the central nucleus 
was round and raised toward the cartilage end-
plate. In the peripheral area, fibrous tissue was 
arranged in an annular shape and stained pink, 
and the boundary between the central nucleus 
and the fibrous ring was clear (Figure 3A). 
However, in the IDD group, nuclear tissues 
were incomplete, and the boundary between 
the nucleus and the peripheral fibrous ring was 
unclear. Some of the peripheral annular fibrous 
tissues entered the central nucleus, and there 
were fewer cells in the central zone (Figure 3B). 
In the IDD group, 4 weeks after BMSC trans-
plantation, the central nucleus was relatively 
complete, and the boundary between the 

nucleus and the surrounding fibrous ring was 
clear. The nucleus and cytoplasm were clearly 
stained and showed clear boundaries. In the 
central nucleus, the cells aggregated into 
lumps, and cell clones were formed by 3-5 cells 
(Figure 3C). At 24 weeks after treatment, 
NP-like tissues were roughly generated (Figure 
3D). 

Immunofluorescence of the IVDs reconstruct-
ed by Ad-SOX9-GFP/BMSCs

The IVD nucleus tissues of the IDD rabbit model 
after transplantation with Ad-SOX9-GFP/BM- 
SCs or the Ad-GFP control were examined by 
detecting double-labeled fluorescence under 
the fluorescence microscope 48 weeks after 
transplantation. As shown in Figure 4, stronger 
GFP green fluorescence and CM-Dil cell tracker 
red fluorescence were observed in Ad-SOX9-
GFP/BMSC-transplanted nuclei than in the 
Ad-GFP control group. Furthermore, the GFP 
and CM-Dil fluorescence almost completely 
merged, indicating the successful transplanta-
tion of the recombinant BMSCs in the IDD 
model. 

X-ray examination of the IVDs reconstructed by 
Ad-SOX9-GFP/BMSCs 

The methods of calculating DHI and comparing 
groups that were described by Lu et al. were 

Figure 4. Nucleus after the transplantation of Ad-SOX9-GFP/BMSCs. Forty-eight weeks after transplantation with Ad-
SOX9-GFP or the Ad-GFP control, the experimental IVDs were harvested and observed under a light microscope (LM) 
or fluorescence microscope for GFP (green) and CM-Dil (red) fluorescence in the transfected BMSCs in the IVDs. 
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used in this study [26]. X-ray examinations 
revealed that the DHI value of the Ad-SOX9-
GFP/BMSC-transplanted group was higher than 
those of the IDD model group and the Ad-GFP/
BMSC control group (Figure 5A-C). Bone hyper-
plasia was visible at the front edges of the 
upper and lower vertebral bodies, and the 
changes in disc height were more substantial in 
the IDD model than in the Ad-SOX9-GFP/BMSC 
or Ad-GFP/BMSC groups (Figure 5A-C). A com-
parison of the average IVD height between the 
three groups showed that the negative control 
group, i.e., the composite alginate hydrogel 

group, had the narrowest IVDs. However, ad- 
ministration of Ad-SOX9-GFP/BMSCs and even 
Ad-GFP/BMSCs significantly rescued this dam-
age, although the former treatment demon-
strated stronger effects than the latter treat-
ment (Figure 5D). 

MRI examination of the IVDs reconstructed by 
Ad-SOX9-GFP/BMSCs 

To further explore the effects of SOX9/BMSCs 
on the recovery of the damaged IVDs, an MRI 
examination was conducted. The results indi-

Figure 5. X-ray examination. X-ray exams were conducted 48 weeks after transplantation of the composite alginate 
hydrogel (A), the Ad-GFP/BMSCs (B) or the Ad-SOX9-GFP/BMSCs (C). The white arrows indicate the L2/3, L3/4, and 
L4/5 IVD spaces. The average IVD height in each group during weeks 4, 24, and 48 after the transplantations was 
measured (D). *, P<0.05 vs all other groups; #, P<0.05 vs the alginate hydrogel group.

Figure 6. MRI examination. MRI exams were conducted 48 weeks after transplantation of the composite alginate 
hydrogel (A), the Ad-GFP/BMSCs (B) or the Ad-SOX9-GFP/BMSCs (C). The white arrows indicate the L2/3, L3/4, and 
L4/5 IVD spaces. The average T2 value during weeks 4, 24, and 48 after transplantation in each group was mea-
sured (D). *, P<0.01 vs all other groups; #, P<0.01 vs the alginate hydrogel group.
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cated that 48 weeks after transplantation, the 
IVDs at L2-5 in the three groups exhibited lower 
signals than the T2-weighted signal of the nor-
mal IVD nucleus (Figure 6A-C). However, the T2 
signal of the NP tissue in the Ad-SOX9-GFP/
BMSC group was significantly higher than those 
in the alginate hydrogel control and Ad-GFP/
BMSC groups. Furthermore, the Ad-GFP/BM- 
SCs also showed a marked enhancement of the 
T2-weighted signal compared to the alginate 
hydrogel (Figure 6A-C). 

In the Ad-GFP/BMSC group, the T2-weighted 
signals of the NP tissues in L2-L3, L3-L4, and 
L4-L5 were very weak immediately after trans-
plantation, but over time, the signals recovered 
significantly. The T2-weighted signals in the 
Ad-SOX9-GFP/BMSC group, in which SOX9-
modified BMSCs were transplanted into IVDs, 
were significantly higher at all time points than 
those of the other groups (Figure 6D), suggest-
ing an active role of SOX9-modified BMSCs in 
delaying the progress of IDD. In addition, in 
comparison with the DHI values during weeks 
4, 24, and 48 after transplantation (Figure 5), 
the MRI examination was more sensitive (Figure 
6) and thus might be one of the best approach-
es for assessing the degeneration and restora-
tion of IVDs. 

Discussion 

CM-DiI can be embedded in cell membranes to 
mark the whole cell. In recent years, it has been 
increasingly used as a tracer in studies of cell 
transplantation. CM-DiI is simple to use, stains 
quickly, has a slow fluorescence decay, and 
labels very efficiently. In the present study, 
enhanced green fluorescent protein (EGFP) and 
CM-DiI were used to label BMSCs in order to 
explore effective labeling methods for tracing 
the outcome of seed cells in vivo. The two label-
ing techniques were combined to determine 
the survival time of BMSCs and the time of the 
target gene effect. 

Gene therapy for IDD involves introducing dif-
ferent target genes via gene transfection into 
IVD cells in order to increase the number of disc 
cells, maintain the IVD cell phenotype, and 
enhance the ability of disc cells to secrete 
extracellular matrix, thereby slowing or even 
reversing the pathological disc degeneration 
process. One study by Nishida et al. found that 
TGF-β can increase polysaccharide secretion in 

rabbit IVDs, and in vitro experiments have con-
firmed that human IVD tissues can respond to 
TGF-β, with significantly increased rates of 
prostaglandin and type II collagen production 
[27]. Paul et al. transfected SOX9 genes into 
human IVD cells using adenovirus [28] and 
found that SOX9 promoted the synthesis of 
type II collagen. Saka et al. performed BMSC 
transplantation 2 weeks after the establish-
ment of a rabbit NP degeneration model [29]. 
An atelocollagen scaffold was transplanted 
before transplantation of the donor cells. 
Preliminary results indicated that after the 
transplantation of MSCs, the degeneration of 
IVDs was delayed, and the IVD function was 
improved.

In the 1980s, Owen first proposed the concept 
of marrow stromal stem cells (MSCs) [30]. It 
has been demonstrated that MSCs can be 
stimulated in vitro to differentiate into bone, 
cartilage, fat, nerve, and muscle cells and other 
types of mesenchymal cells. MSCs have a wide 
range of sources, possess high biological activ-
ity, and thus have unparalleled advantages 
over IVD cells. After many generations of ampli-
fication, MSCs maintain their differentiation 
potential [31]. However, it is precisely because 
of the high differentiation potential of MSCs 
that they undergo so little division in vivo. 
Whether exogenous target genes can be suc-
cessfully transfected into MSCs and expressed 
is an important concern. 

Adenoviruses are a non-integrating virus. After 
injection into cells, adenoviruses do not insert 
their own genetic material into the cell chromo-
some. Under conditions that allow non-integrat-
ing additional genes to exist, their DNA is con-
tained in the cell nucleus. Adenoviruses are 
easily acquired, high-titer viruses and have a 
high infection rate for both dividing and non-
dividing cells, although expression of the trans-
ferred gene may decrease over time [21]. In the 
present study, the SOX9 gene served as the 
target gene, and adenovirus was used as the 
carrier to transfect the target gene into BMSCs, 
which were then mixed with an alginate hydro-
gel for injection into the rabbit IDD model. The 
purpose of this approach was to evaluate the 
efficacy of IDD treatment using genetically 
modified stem cells. Imaging showed that one 
month after the surgery, the T2-weighted MRI 
signals and DHI values in the experimental 
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group started to become higher than the values 
observed in the control group. These differenc-
es were significant 6 months and 12 months 
after surgery. Histological results showed that 
during week 48 after surgery, the intensity of 
green fluorescent protein in the IVDs of the con-
trol group was reduced, and there were fewer 
cells than before. This change might occur 
because some of the exogenous MSCs did not 
adapt to the internal environment of the IVD 
and exhibited reduced function (reduced pro-
tein expression) or because some of the cells 
had died, and the decrease in the number of 
cells led to a corresponding reduction in expres-
sion of the corresponding effector protein, type 
II collagen. However, during week 48 after sur-
gery, the intensity of green fluorescent protein 
in the IVDs of the experimental group, the den-
sity and intensity of the fluorescence of the 
BMSCs, and the expressed effector protein 
level still remained relatively high. This out-
come might have occurred because after a 
period of time, the MSCs had adapted to the 
internal environment of the IVD, and the target 
gene SOX9 played a substantial role. Speci- 
fically, this approach accelerated differentia-
tion of BMSCs modified by SOX9 into cartilage 
and caused type II collagen to be overex-
pressed. This change increased the water con-
tent in the NP and played a key role in reversing 
or delaying IDD. 

The significance of the present study is as fol-
lows. The selected seed cells, BMSCs, served 
two therapeutic purposes. They were not only 
the carriers of the target gene, which caused 
them to continuously secrete exogenous SOX9 
protein and promote disc tissue repair, but they 
also directly induced differentiation in vivo to 
promote the synthesis of the IVD cell matrix, 
further facilitating IVD tissue repair. CM-DiI-
labeled BMSCs combined with alginate hydro-
gel were transplanted into the degenerative 
IVD, and pathological sections showed that, 
after transplantation, the BMSCs survived in 
the degenerated IVD. The number of trans-
planted cells gradually decreased for a period 
of time and then held steady, and the cells 
started to differentiate into chondrocytes. 
These microscopic observations provide a sci-
entific basis for follow-up studies. In conclu-
sion, the advantages of MSC transplantation 
and gene therapy were combined, and a sim-
ple, highly efficient, and practical new method 

of treating IDD, the use of genetically modified 
stem cells and tissue-engineered NP, was eval-
uated. The preliminary results were as expect-
ed. In the near future, the use of gene therapy 
in combination with tissue engineering based 
on cells and scaffolds may prove even more 
promising [32, 33]. 
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