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A B S T R A C T

Regeneration of Intervertebral disc (IVD) is a scientific challenge because of the complex structure and com-
position of tissue, as well as the difficulty in achieving bionic function. Here, an anatomically correct IVD
scaffold composed of biomaterials, cells, and growth factors were fabricated via three-dimensional (3D) bio-
printing technology. Connective tissue growth factor (CTGF) and transforming growth factor-β3 (TGF-β3) were
loaded onto polydopamine nanoparticles, which were mixed with bone marrow mesenchymal stem cells
(BMSCs) for regenerating and simulating the structure and function of the nucleus pulposus and annular fi-
brosus. In vitro experiments confirmed that CTGF and TGF-β3 could be released from the IVD scaffold in a
spatially controlled manner, and induced the corresponding BMSCs to differentiate into nucleus pulposus like
cells and annulus fibrosus like cells. Next, the fabricated IVD scaffold was implanted into the dorsum sub-
cutaneous of nude mice. The reconstructed IVD exhibited a zone-specific matrix that displayed the corre-
sponding histological and immunological phenotypes: primarily type II collagen and glycosaminoglycan in the
core zone, and type I collagen in the surrounding zone. The testing results demonstrated that it exhibited good
biomechanical function of the reconstructed IVD. The results presented herein reveal the clinical application
potential of the dual growth factors-releasing IVD scaffold fabricated via 3D bioprinting. However, the eva-
luation in large mammal animal models needs to be further studied.

1. Introduction

Low back pain (LBP) is an age-related chronic disease and its so-
cioeconomic cost is increasing with population aging [1,2]. In clinical
practice, both invasive surgical procedures (spine fusion or ar-
throplasty) and regarding arthroplasty (total disc replacement) were
used to treat LBP. However, both of these treatment approaches have
their limitations: high cost, low success rate, long recovery time, and

development of late complications several years after the procedures
[3–5]. Recently, growing number of researchers focus on the use of
biocomposite materials to fabricate intervertebral disc (IVD) scaffold
for disc repair.

IVDs are fibrocartilaginous tissues important for spinal function, as
they provide stability between vertebrae while permitting motion [6].
IVD is a complex structure primarily composed of three types of tissues:
the nucleus pulposus (NP) and the annulus fibrosus (AF) and cartilage
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endplates. As the two most important parts, the structure and compo-
sition of NP and AF are different, and they performed different func-
tions. The NP is primarily composited of glycosaminoglycan (GAG) and
type II collagen (Col II) fibers. It forms the hydrogel-like hyaline car-
tilage tissue that exerts an elastic function to distribute hydraulic
pressure. As the core of IVD, the NP is surrounded by the AF. The AF is
composed of type I collagen (Col I) fibers and forms the cricoid fi-
brocartilage. It helps withstand compressive forces and hold the NP in
place during compression [7,8]. Therefore, for IVD reconstruction, the
research endpoint is to achieve successful reconstruction and functional
recovery of both AF and NP tissues through the biomimetic structure
and composition of IVD.

In fact, although several groups have attempted to reconstruct IVDs
with different materials and methods, few can reproduce the hier-
archical structure and function of native IVDs [9,10]. In the Yang et al.
report, an IVD scaffold was fabricated by reverse reconstruction method
to obtain structural bionics [11]. However, the IVD scaffold was pre-
pared with nonbiodegradable materials (bacterial cellulose) and lacked
the necessary biological activities. Many studies have confirmed that
cells and growth factors (GFs) were essential for providing the biolo-
gical activity of IVD scaffolds [12]. GFs such as basic fibroblast growth
factor (bFGF) [13], bone morphogenic protein-2 (BMP-2) [14], and
transforming growth factor-β (TGF-β) superfamily [15–17], have been
investigated, while both NP cells [18] and induced pluripotent stem
cells (iPSC) are widely used to repair IVDs [6]. Mesenchymal stem cells
(MSCs) show a higher potential for IVD application because of the wide
range of sources, low immunogenicity, and strong differentiation ca-
pacity.

MSCs have been proven to possess the ability to differentiate into
chondrocytes [19]. Notably, MSCs may differentiate into pulposus like
cells and annulus fibrosus like cells via induction with connective tissue
growth factor (CTGF) and TGF-β3, respectively [20]. In the study of Lee
et al., CTGF and TGF-β3 were loaded and released from the different
sites of a meniscus scaffold for knee meniscus reconstruction via in-
ducing fibrochondrocytic differentiation of endogenous cells [20].
Therefore, we hypothesized that through mixing of CTGF and TGF-β3
with MSCs and loading onto the AF and NP regions of an IVD scaffold
could lead to the differentiation of the corresponding MSCs into fi-
brocartilage and hyaline cartilage like tissues, respectively. In addition,
the release system of GFs is important when fabricating an IVD scaffold.
Polydopamine nanospheres (PDA NPs) are ideal carriers for GFs be-
cause of two reasons: many active functional groups exist on the surface
of PDA NPs that can be used to graft the GFs, and the excellent adhesion
properties of PDA NPs can promote the delivery of GFs [21]. However,
the fabrication of IVD scaffolds with such complex structures and
components, which include cells, GFs, and biomaterials, are difficult to
achieve using conventional methods.

Three-dimensional (3D) bioprinting is a novel technology that has
shown great potential and enormous advantages in IVD repair. As a
personalized, flexible, and precise technology, 3D bioprinting can
achieve precise bionics according to the structure and size of native
tissues and organs [22]. In addition, 3D bioprinting allows not only the
printing of a combination of biomaterials but also the accurate place-
ment of cells and GFs [23,24]. However, 3D bioprinting technology is a
relatively new approach for the preparation of tissue engineering
scaffold, and most current studies simply combine the biomaterials with
cells/GFs [25]. Since the required equipment and printing parameters
of biomaterials, cells, and GFs are different, the printing of IVD scaf-
folds comprising all these components can be major challenge with
regard to both the construction and design of the 3D bioprinting system.

Here, we report a novel approach and design to prepare an anato-
mically correct IVD scaffold with biomaterials, cells, and GFs using 3D
bioprinting technology. The core of the IVD scaffold was printed by
mixing bone marrow mesenchymal stem cells (BMSCs) and TGF-β3
with hydrogel to simulate the structure and function of the NP, while
the surrounding tissue AF was printed by mixing BMSCs and CTGF with

hydrogel. In addition, the biomaterial polycaprolactone (PCL) was used
to print the framework of the whole IVD scaffold to provide the ne-
cessary mechanical support. The dual GFs were loaded onto PDA NPs,
which were shown to exhibit stable and effective release behavior. The
IVD scaffold released the two types of GFs in a spatially and temporally
controlled manner, leading to the reconstruction of different tissue
phenotypes. In vitro and in vivo experiments were performed to evaluate
the clinical potential of the 3D-bioprinted IVD scaffold. Data presented
herein provide constructive clues for the application of 3D bioprinting
in IVD tissue reconstruction.

2. Materials and methods

2.1. Materials

Dopamine (DA) and tris-(hydroxymethyl)-aminomethane (Tris)
were purchased from Sigma-Aldrich (USA). Concentrated hydrochloric
acid (HCl) was obtained from Sinopharm Chemical Reagent Co., Ltd
(China). Polymer PCL (molecular weight = 45 kDa) was purchased
from Sigma-Aldrich (USA). Gelatin (Gel), hyaluronic acid (HA), sodium
alginate (SA), and calcium chloride anhydrous (CaCl2) were purchased
from Aladdin Co., Ltd. (China). CTGF (recombinant, rat) was purchased
from R&D systems (USA) and TGF-β3 (recombinant, rat) was purchased
from ProSpec (USA). Cell culture reagents, such as Dulbecco's Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), and trypsin were
purchased from Life Technologies (USA). The Rat (SD) Mesenchymal
Stem Cell Chondrogenic Differentiation Basal Medium was purchased
from Cyagen Biosciences Inc. (China). BMSCs were extracted from the
bone marrow of Sprague Dawley (SD) rats. SD rats and nude mice were
obtained from the Animal Laboratory Center of Shanghai Jiao Tong
University (China).

2.2. Preparation of PDA NPs and loading of GFs on PDA NPs

PDA NPs were prepared through chemical oxidative polymerization
according to a previous report [21]. In brief, Tris-HCl buffer solution
with a determined degree of acidity (pH = 9) was first prepared. The
Tris-HCl buffer was then mixed with isopropanol at a volume ratio of
4:1, and then the mixed solution was filtered through a polytetra-
fluoroethylene (PTFE) membrane filter (0.45 μm, China) to remove
impurities. Next, DA monomers at a final concentration of 10 mg/mL
was added. The mixture was subjected to 9 h of constant stirring to
allow for oxidative polymerization, after which PDA NPs were ob-
tained. The PDA NPs were then centrifuged for 20 min at 10 000 rpm in
a high-speed refrigerated benchtop centrifuge (Neofuge-18Rr, China),
and the supernatant was discarded. Afterwards, the PDA NPs were
washed three times with deionized water. Subsequently, CTGF and
TGF-β3 were loaded onto the surface of the PDA NPs through covalent
binding. Briefly, a total of 10 mg PDA NPs were resuspended in 1 mL of
deionized water. Separately, a 200 mg/mL EDC/NHS (5:3, w/w) solu-
tion was prepared. Then, CTGF (10 μg/mL) or TGF-β3 (2.5 μg/mL)
were mixed with the PDA NPs suspension and EDC/NHS solution ac-
cording to the volume ratio of CTGF (or TGF-β3): EDC/NHS: PDA NPs:
deionized water = 3:1:4:2. The CTGF@PDA NPs and TGF-β3@PDA
NPs were obtained after shaking at 4 °C for 6 h. Subsequently, the
GF–loaded PDA NPs were centrifuged (10 000 rpm, 20 min) and wa-
shed with deionized water three times and resuspended in phosphate-
buffered saline (PBS) solution for subsequent experiments.

2.3. Characterization of PDA NPs and GF-loading efficiency

The centrifuged PDA NPs, CTGF@PDA NPs, and TGF-β3@PDA NPs
were resuspended in ethanol and sonicated for 5 min. After the ethanol
had evaporated, the samples were examined using a scanning electron
microscope (SEM). The particle size of the samples was measured using
a laser particle size analyzer (Mastersizer, UK), and the particle size
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distribution images were obtained. The characteristics of the raw DA,
prepared PDA NPs, CTGF@PDA NPs, and TGF-β3@PDA NPs were
evaluated using Fourier transform infrared spectroscopy (FTIR) and
Raman spectroscopy (RS). Infrared measurements were performed in an
FTIR spectrometer (Thermo Fisher 6700, USA) at a wavenumber range
from 4000 to 400 cm−1. Raman measurements were performed in a
laser Raman spectrometer (Renishaw, UK) at a wavenumber range from
3200 to 400 cm−1. The loading efficiency of CTGF and TGF-β3 was
measured using the difference method. Briefly, the concentration of the
residual GFs retained in the supernatant was quantified using the cor-
responding ELISA Kit (R&D Systems, USA), and the loading efficiency of
CTGF and TGF-β3 was calculated by the differences between the values
obtained from the ELISA and the respective initial concentrations of the
GFs.

2.4. Preparation of 3D bioprinting inks

Through preliminary testing, a 3D bioprinting ink that allowed GF-
release and cell-loading was prepared by mixing the CTGF@PDA NPs
(or TGF-β3@PDA NPs), BMSCs, and hydrogel. The BMSCs were ex-
tracted from 20 SD rats (4–6-week-old, purchased from Animal
Laboratory Center of Shanghai Jiao Tong University, China) according
to a previously reported protocol. The BMSCs were cultured in DMEM/
F-12 medium supplemented with 15% FBS and 1% penicillin-strepto-
mycin formulation at 37 °C with 5% CO2 in a humidified atmosphere.
After culturing and proliferation, the BMSCs at passage 2 (P2) were
used to prepare the 3D bioprinting ink. The hydrogel was prepared by
dissolving Gel, SA, and HA in DMEM at 50 °C and stirred for 2 h. The
procedure resulted in the following final concentrations: Gel (200 mg/
mL), SA (100 mg/mL), HA (100 mg/mL), and Glycerol (100 mg/mL).
The prepared solution was sterilized by passing through a 0.45-μm
syringe filter, and the temperature of the solution was reduced to 37 °C.
BMSCs and CTGF@PDA NPs (or TGF-β3@PDA NPs) were mixed with
the hydrogel at 37 °C to obtain the respective 3D bioprinting ink (the
CTGF/BMSCs ink and the TGF-β3/BMSCs ink). The cell density of
BMSCs was 1 × 107 cells/mL, and the final concentration of CTGF@
PDA NPs (or TGF-β3@PDA NPs) was 10 mg/mL. The CTGF@PDA NPs
(or TGF-β3@PDA NPs) were sterilized under ultraviolet (UV) light for
2 h before mixing. All of the experimental procedures were performed
under sterile conditions.

2.5. Designing of 3D model and bioprinting of IVD scaffold

Before bioprinting, a 3D model of the IVD scaffold was designed
using the AutoCAD software. The model was divided into five parts,
which corresponded to the upper cartilage endplate (UCE), lower car-
tilage endplate (LCE), nucleus pulposus (NP), annulus fibrosus (AF),
and AF-support. The IVD scaffold was fabricated using a 3D bioprinting
machine (Regenove Bio-Printer-WS, Hangzhou). The printing process
was as follows: the 3D model was imported to the system, and printing
paths were set for each of the five parts of the model. The different parts
of the model was printed using different materials and different paths
(the parts of model corresponding to UCE, LCE, and AF-support were
printed using PCL polymer [molecular weight = 45000, Sigma], while
the parts of model corresponding to AF and NP were printed using the
3D bioprinting inks [CTGF/BMSCs ink and TGF-β3/BMSCs ink, re-
spectively]). PCL was loaded into a metal syringe and heated to 85 °C
for melting. The CTGF/BMSCs ink and TGF-β3/BMSCs ink were loaded
into two plastic syringes, respectively. During the printing process, the
3D bioprinting ink was injected through a 330-μm Teflon nozzle at
50 KPa of air pressure (the air was sterilized, and the printing tem-
perature was 20 °C). The PCL was injected through a 330 μm metal
nozzle at 450 KPa of air pressure (the air was sterilized, and the printing
temperature was 80 °C). The layer highlight was 300 μm, and the
printing speed was 10 mm/s. All of the experimental procedures were
performed under sterile conditions, and the 3D bioprinting machine

was sterilized under UV light for 30 min before printing. The diameter
of the IVD scaffold was 14 mm and the height was 4 mm. The printed
3D IVD scaffold was crosslinked in a calcium chloride solution (w/v,
5%) at room temperature for 10 min. Then, the scaffold was washed
with PBS solution three times, and the PBS solution was subsequently
replaced with culture medium.

2.6. Morphology and mechanical property characterization of the
bioprinted IVD scaffold

The cross-section and surface morphology of the printed IVD scaf-
fold (without BMSCs) were characterized using a stereomicroscopic
(LEICA) and SEM. Before SEM, the samples were fixed in 4% paraf-
ormaldehyde for 2 h, followed by dehydration in a gradient of ethanol
solution (50%, 70%, 90%, 95%, and 100%). For mechanical property
characterization, the printed IVD scaffold was subjected to vertical and
lateral compression in a cyclic compression experiment. The deforma-
tion history and strain-stress cyclic curve were obtained, and the
maximum stress and Young's modulus were calculated.

2.7. Dual GF distribution and release behavior characterization

To characterize the distribution of CTGF and TGF-β3 on the bio-
printed IVD scaffold, the GFs were labeled with fluorescein iso-
thiocyanate (FITC) and Rhodamine dyes, respectively (FITC-labeled
CTGF and Rhodamine-labeled TGF-β3). In brief, CTGF/TGF-β3 phase
solution was reacted with FITC/Rhodamine solution dissolved in DMSO
for 12h, and then dialyzes to remove the un-conjugated fluorescent
dyes to obtain the FITC-labeled CTGF and Rhodamine-labeled TGF-β3.
The 3D-bioprinted IVD scaffold was observed under an inverted fluor-
escence microscope. The characterization of the release behavior of
CTGF (or TGF-β3) from CTGF@PDA NPs (or TGF-β3@PDA NPs) was
performed as follows: briefly, 10 mg of CTGF@PDA NPs (or TGF-β3@
PDA NPs) was soaked in 10 mL of PBS solution and then incubated at
37 °C. At each time point (days 1, 3, 5, 7, 14, 21, 28, and 35), 2 mL of
supernatant was removed from the vial and replaced with an equal
volume of fresh PBS solution. The amount of sustained-released GFs in
the collected medium was measured using the corresponding ELISA Kit,
and the drug release curve was eventually plotted. Each sample was
assayed in triplicate.

2.8. Cell viability

The printed IVD scaffold was cultured at 37 °C and 5% CO2, with
medium changed daily. Cell viability was quantitatively and qualita-
tively characterized using the Cell Counting Kit (CCK; Sigma-Aldrich
Co., Ltd, USA) and Live/Dead Cell Double Staining Kit (Sigma-Aldrich
Co., Ltd, USA), respectively. In brief, after 1, 3, 5, and 7 days of culture,
the old medium was removed, the fresh medium (DMEM/F-12 medium
without FBS and penicillin-streptomycin formulation) and CCK reagent
was added and incubated for 30 min at 37 °C, followed by measurement
of absorbance at 450 nm. After seven days in culture, BMSCs were
stained with Calcein-AM/Propidium Iodide (Cal-AM/PI) dye and ob-
served under a fluorescence microscope.

2.9. Cell differentiation

To assess the differentiation of BMSCs loaded onto the 3D-bio-
printed IVD scaffold, the gene expression levels of Col I, Col II, and
aggrecan were separately examined using real-time quantitative poly-
merase chain reaction (RT-qPCR). In brief, the 3D-bioprinted IVD
scaffold was cultured in media containing the chondrogenic induction
supplements (ascorbic acids [50 μg/ml], 1% 1× ITS+1 solution, so-
dium pyruvate [100 μg/ml], L-ascorbic acid 2-phosphate [50 μg/ml], L-
proline [40 μg/ml], and 0.1 μM dexamethasone). After four weeks of
treatment, the cell samples were harvested from the AF region (AF
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group) and the NP region (NP group), respectively. A negative control
group of BMSCs cultured without any supplements (control group) and
two positive control groups of BMSCs cultured with chondrogenic in-
duction supplements and CTGF or TGF-β3 (CTGF group and TGF-β3
group, respectively) were included. Total RNA of each group was iso-
lated and converted to cDNA using reverse transcriptase (Applied
Systems, Foster City, CA, USA). RT-PCR was performed in the Applied
Biosystems 7300 using Taqman primers and probes specific for gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) and other relevant
genes. The relative gene expression was calculated using the 2−ΔΔCt

method with GAPDH as the reference gene.

2.10. Subcutaneous surgery in nude mice

Three types of IVD scaffolds were printed by 3D bioprinting tech-
nology as described above for the animal experiments, including a pure
IVD scaffold (without cells and without GFs), a cells/IVD scaffold
(empty PDA NPs without GFs but with BMSCs), and a dual-GFs/cells/
IVD scaffold (with CTGF and TGF-β3, with BMSCs). Following approval
of the Institutional Animal Care and Use Committee at Shanghai Jiao
Tong University School of Medicine, athymic nude mice were an-
esthetized, and the scaffolds were implanted into the dorsum sub-
cutaneous of the mice (n = 10). No complications or adverse reactions
were observed after surgery. At 12 weeks postimplantation, the animals
were sacrificed under anesthesia, and the specimens were harvested
and fixed in 4% paraformaldehyde.

2.11. Histological and immunological characterization of AF reconstruction

The harvested and fixed specimens were embedded in paraffin and
cross-sectioned in the upper, middle and lower layers. The slices were
stained with hematoxylin-eosin (HE), alcian blue (AB), picrosirius red
(PR), and Masson, respectively. Then, the results of the staining were
observed by fluorescence microscopy (IX71, Olympus, Japan). The
percentage of positive area stained with AB and PR was measured using
the Image-Pro Plus software. For immunohistochemistry, the sections
were incubated with the respective primary antibody (rabbit anti-Col I
antibody [1:200; Sigma, USA] and rabbit anti-Col II antibody [1:100;
Abcam, UK]) overnight at 4 °C. All the procedures that followed were
performed according to the standard protocol. Briefly, the samples were
incubated with horseradish peroxidase (HRP)-labeled secondary anti-
body (DAKO, K5007) for 50 min, then the sections were further pro-
cessed with the diaminobenzene (DAB) regent kit (DAKO, K5007) for
visualization. Finally, the immunostained samples were viewed with
inverted fluorescence microscopy (IX71, Olympus, Japan), and the
positive areas were quantified for the analysis of tissue reconstruction.

2.12. Statistical analysis

All quantitative data were expressed as a mean ± standard de-
viation. The statistical analysis was carried out using one-way ANOVA,
followed by Bonferroni's test for the evaluation of specific differences
using the Origin 9.1 software (Originlab Corp., Northampton, MA,
USA). A value of (*) P < 0.05 was considered significant and a value of
(**) P < 0.01 was considered highly significant.

3. Results

3.1. Preparation of PDA NPs and loading of GFs on PDA NPs

PDA NPs were obtained by oxidative polymerization of DA mono-
mers (Fig. 1a). The reaction conditions and parameters of the oxidative
polymerization were determined through preliminary experiments: DA
monomer concentration was 10 mg/mL, pH value of reaction solution
was 9, and the reaction time was 9 h. After the reaction, the mor-
phology and diameter distribution of the PDA NPs were characterized

using SEM and laser particle size analyzer (Fig. 1b and c). The results
showed that the PDA NPs had smooth and uniform nanogranular
morphology, and the diameter was 324.2 ± 13.9 nm. And the loading
efficiency of CTGF and TGF-β3 on PDA NPs was 70.04 ± 0.94% and
72.34 ± 1.06%.

3.2. Characterization of PDA NPs GFs-loaded PDA NPs

After the loading of CTGF/TGF-β3, all of the samples (including DA,
PDA NPs, CTGF@PDA NPs, and TGF-β3@PDA NPs) were characterized
by FTIR and RS. The FTIR results are shown in Fig. 1d. A wide ab-
sorption peak at 3500–3000 cm−1 was observed for DA, which corre-
sponded to the OH, NH, and NH2 stretching vibrations of the DA mo-
lecule. The sharp peaks at 2811 cm−1 and 1610 cm−1 corresponded to
the CH2 and C]C stretching vibrations of DA, respectively. Following
oxidative polymerization and subsequent grafting of GFs, absorption
peaks at 3430, 2929, and 1629 cm-1 were observed for PDA NPs,
CTGF@PDA NPs, and TGF-β3@PDA NPs, which corresponded to the
same groups as in the DA molecule. The occurrence of peak shifts and
association might be due to the oxidative polymerization reaction. The
FTIR curves of DA showed many sharp peaks at 1500–1000 cm−1,
which corresponded to the skeleton vibrations of aromatic rings in DA,
and these absorption peaks were associated with each other due to the
polymerization reaction. Finally, only an absorption peak at 1083 cm−1

was observed in DA, confirming the successful synthesis of the PDA
NPs. In addition, the FTIR curves of CTGF@PDA NPs and TGF-β3@PDA
NPs showed a more significant absorption peak at 1263 cm−1 com-
pared with PDA NPs without GFs. This peak was attributed to the
stretching vibration of the amide bond, the presence of which proved
that CTGF/TGF-β3 was successfully grafted onto the PDA NPs via the
formation of amide bonds through EDC/NHS grafting. The RS results
were similar and in line with the above conclusions (Fig. 1e). Firstly,
the absorption peak of DA at 1617 cm−1 was resulted from the C]C
bond stretching vibration, and many sharp peaks at 1500–1000 cm−1

corresponded to aromatic ring skeleton vibration. Secondly, after oxi-
dative polymerization, only two prominent peaks were observed in PDA
NPs, at 1572 and 1415 cm−1, which corresponded to the C]C bond
and aromatic ring skeleton vibration, respectively. In addition, in
CTGF@PDA NPs and TGF-β3@PDA NPs, three small peaks were ob-
served at 500–550 cm−1, which corresponded to disulfide bonds (S–S)
in proteins or polypeptides [26,27]. According to literature reports,
various disulfide bonds exist in CTGF/TGF-β3 for maintaining the
biological activity of these GFs.

3.3. Preparation of IVD scaffold by 3D bioprinting

The prepared CTGF@PDA NPs and TGF-β3@PDA NPs were mixed
with hydrogel and cells to obtain the 3D-bioprinting ink. The cells used
in this study were BMSCs obtained from SD rats. The prepared CTGF@
PDA NPs and TGF-β3@PDA NPs were mixed with hydrogel and BMSCs
to obtain the 3D bioprinting ink for CTGF/BMSCs and TGF-β3/BMSCs,
respectively. Before 3D bioprinting, the 3D model of the IVD scaffold
was designed using a 3D modeling software. The models consisted of
five parts, which corresponded to the UCE, LCE, NP, AF, and AF-support
(Fig. 2a). The parts of the model corresponding to the UCE, LCE, and
AF-support were printed using PCL polymer. The printing path of IVD
scaffold is shown in Fig. 2b. A 3D bioprinter (Fig. 2c) was used to print
the IVD scaffold layer by layer, and the printing process is shown in
Fig. 2d. Firstly, molten PCL was used to print the LCE layer (the dia-
meter and height were 14 mm and 0.5 mm, respectively). Secondly, the
PCL, CTGF/BMSCs ink, and TGF-β3/BMSCs ink were used to print the
AF-support, AF, and NP, respectively (the diameter and height were
14 mm and 3 mm, respectively). Finally, the UCE layer was printed
similarly as the LCE layer with PCL (the diameter and height were
14 mm and 0.5 mm, respectively). In the end, the 3D-bioprinted dual
GF–releasing IVD scaffold was successfully printed for subsequent
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experiments.

3.4. Morphology and mechanical properties of dual GFs-releasing IVD
scaffold

The morphology and mechanical properties of the dual
GF–releasing IVD scaffold were characterized. The gross morphology
and micromorphology of the IVD scaffold are shown in Fig. 3a–d. The
results showed that the printed IVD scaffold had a similar morphology
as the designed model (Fig. 3a and b). The bioink-containing PDA NPs
and BMSCs successfully filled in the gaps in the PCL framework
(Fig. 3c), and the PDA NPs and BMSCs were encapsulated by the porous
hydrogel (Fig. 3d). Fig. 3e and g showed the stress-strain curves of the
printed IVD scaffold when subjected to cyclic vertical and cyclic lateral
compressions. The results of the cyclic compression experiment showed
that the IVD scaffold exhibited a good compression recovery capability
after printing, and this capability was maintained even after 100
compressions (Fig. 3e, g). The Young's modulus of the scaffold was
calculated, and the results are shown in Fig. 3f and h. The Young's
modulus decreased from 2.0 to 2.5 MPa (at first cycle) to 1.2–1.6 MPa

(at 100th cycle) with vertical compressions. However, it was main-
tained at 1.2–1.6 MPa with lateral compressions.

3.5. Dual GFs releasing behaviors from IVD scaffold

The distribution and release behavior of CTGF/TGF-β3 of the 3D-
bioprinted IVD scaffold are shown in Fig. 3i and j. Fluorescent images of
the IVD scaffold showed that CTGF and TGF-β3 were distributed evenly
in the AF and NP, respectively. Both CTGF and TGF-β3 were con-
tinuously released from the IVD scaffold throughout the experimental
period. On day one, 4.19 ± 0.11% of CTGF and 2.14 ± 0.10% of
TGF-β3 were released, and on day 35, a similar percentage of the two
GFs were released (58.51 ± 0.38% of CTGF and 58.57 ± 0.11% of
TGF-β3).

3.6. Cells viability and differentiation behavior on IVD scaffold

The viability and proliferation behavior of cells on the 3D-bio-
printed IVD scaffold were characterized in vitro using the CCK-8 assay
and Live/Dead staining, respectively. The results of CCK-8 assay

Fig. 1. Polydopamine nanoparticles (PDA NPs) synthesis and characterization. a) Chemical formula for oxidative polymerization of PDA NPs. b) Scanning electron
microscope (SEM) images of the PDA NPs. c) The diameter distribution of the PDA NPs (the upper right corner shows the solution state before and after oxidative
polymerization of PDA NPs). d) Fourier transform infrared spectroscopy (FTIR) results for dopamine (DA), PDA NPs, CTGF@PDA NPs, and TGF-β3@PDA NPs. e)
Raman spectroscopy (RS) results of DA, PDA NPs, CTGF@PDA NPs, and TGF-β3@PDA NPs. Scale bar: (b) = 1 μm.
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showed that 97% of cells were viable on the printed scaffold on day 0.
After seven days in culture, the cell viability increased to 99% (Fig. 4a).
Live/Dead staining of the 3D-bioprinted IVD scaffold on day 7 also
concluded similar results, which showed that most of the cells were
living (green) and almost no dead cells (red) were observed (Fig. 4b and
c).

After 28 days in culture, in vitro-induced differentiation was per-
formed, and the chondrogenic behavior of the scaffold (ability to form
fibrocartilage and hyaline cartilage like cells) was examined using qRT-
PCR [28,29]. The AF and NP were separated and tested using qRT-PCR,
respectively. Fig. 4d–f showed that there were significant differences in
the chondrogenic behavior between the control group (BMSCs cultured
without any supplements) and other groups (CTGF group: BMSCs dif-
ferentiated into chondrocytes with the addition of CTGF; TGF-β3 group:
BMSCs differentiated into chondrocytes with the addition of TGF-β3;
AF group: AF region of the 3D-bioprinted IVD scaffold after induced
differentiation; NP group: NP region of the 3D-bioprinted IVD scaffold
after induced differentiation). No notable difference in Col I expression
was observed between the control group and the NP group, but the AF
and CTGF groups expressed significant higher levels of Col I than the
other groups (Fig. 4d). On the contrary, higher levels of Col II and
aggrecan expression were observed in the NP and TGF-β3 groups than
in the control group (Fig. 4e and f).

3.7. Histological evaluation of IVD reconstruction in vivo

Next, we sought to demonstrate the ability of the dual GF–releasing
IVD scaffold to promote IVD reconstruction in vivo. Three types of
fabricated IVD scaffolds (the pure IVD, cells/IVD, and dual-GFs/cells/
IVD scaffolds) were implanted, respectively, into the dorsum sub-
cutaneous of nude mice (Fig. 5a). After 3 months, the three types of
reconstructed IVD scaffolds were removed for further testing (Fig. 5b).
The specimens were sectioned in the upper, middle, and lower layers,
and were then stained with HE, Masson, AB, and PR, respectively, for
histological evaluation. The results of HE staining revealed that there
were lots of reconstructed chondrocytes and cartilage tissue in all three
types of implanted IVD scaffolds, and no visible inflammation was ob-
served (Fig. 5c; Figs. S1, S2, ESI). In particular, the HE staining of the
middle layer of the cells/IVD and dual-GFs/cells/IVD scaffolds showed
better cartilage tissue reconstruction and chondrocyte enrichment than
the pure IVD scaffold. In addition, the reconstructed cartilage tissue in
the AF and NP regions of the dual-GFs/cells/IVD scaffold was

significantly different from the other groups. Specifically, the tissue in
the AF was fibrocartilaginous like, but that in the NP was hyaline car-
tilage like tissue. However, there were no such presentations in the pure
IVD and cells/IVD scaffolds. Masson staining (Fig. 5c) showed that the
IVD scaffolds had extensive extracellular matrix (ECM; mainly collagen)
formation and depositions, and the AF region showed dense fiber
morphology. In the upper and lower layers, both HE and Masson
staining documented good cartilage tissue formation and abundant
ECM secretion in all three types of scaffolds (Figs. S1, S2, ESI).

AB and PR dyes can specifically stain the GAG (to blue) and Col I (to
red), respectively (Fig. 6a; Figs. S3a, S4a, ESI). The percentages of AB-
positive and PR-positive staining were calculated (Fig. 6b and c; Fig.
S3b, c and Fig. S4b, c, ESI). Fig. 6b and c showed that more GAG for-
mation occurred in both the NP and AF regions of the dual-GFs/cells/
IVD scaffold than in the same regions of the pure IVD and cells/IVD
scaffolds. However, in the NP region, the percentage of PR-positive
staining was significantly less in the dual-GFs/cells/IVD scaffold than in
the pure IVD and cells/IVD scaffolds. In contrast, in the AF region, the
percentage of PR-positive staining was significantly higher in the dual-
GFs/cells/IVD and cells/IVD scaffolds than in the pure IVD scaffold.
These results indicated that there was less Col I but more Col II for-
mation of dual-GFs/cells/IVD in NP. On the contrary, the Col I forma-
tion on the dual-GFs/cells/IVD in the AF was more prominent than that
in the pure IVD scaffold and similar to the cells/IVD scaffold.

Next, to confirm the differences in Col formation in each group,
immunohistochemical staining of Col I and Col II was performed (Fig. 7;
Figs. S5 and S6, ESI). The results showed that in the NP, there were
more Col II but less Col I formation in the dual-GFs/cells/IVD scaffold
in comparison to the other scaffolds. In the AF, there were more Col I
formation in the dual-GFs/cells/IVD scaffold than in the other scaffolds,
and more Col II formation in the dual-GFs/cells/IVD and cells/IVD
scaffolds than in the pure IVD scaffold.

3.8. Biomechanics characterization of reconstructed IVD

To evaluate the reconstruction of the IVD scaffold in vivo, the me-
chanical function of compression resistance of the three reconstructed
IVD scaffolds was characterized in a cyclic compression experiment
(Fig. 8), and the Young's modulus of the three scaffolds was calculated
(Fig. 8b, d). The vertical compressive Young's modulus of the cells/IVD
scaffold (3.05–3.10 MPa) was similar to that of the pure IVD scaffold
(3.05–3.20 MPa), while that of the dual-GFs/cells/IVD scaffold

Fig. 2. Fabrication of dual growth factor (GF)–releasing intervertebral disc (IVD) scaffold by 3D bioprinting. a) 3D model of the IVD scaffold. b) 3D printing path of
the IVD scaffold. c) 3D bioprinter. d) The print process of 3D-bioprinted IVD scaffold.
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(5.30–5.35 MPa) was higher than the other scaffolds. Similarly, the
lateral compressive Young's modulus of the dual-GFs/cells/IVD scaffold
(3.10–3.30 MPa) was higher than that of the pure IVD (1.80–2.80 MPa)
and cells/IVD (1.80–2.00 MPa) scaffolds.

4. Discussion

In this study, the PDA NPs were successfully synthesized. The
characterization of SEM, FTIR and RS indicated that PDA NPs was
prepared and have been proven to form uniform nanoparticles via the
simple oxidative polymerization of DA monomers [30]. And then
CTGF/TGF-β3 was successfully grafted on the PDA NPs. The nanoscale
PDA NPs were used as a GF carrier in the present study for two reasons.
At first, their nanometer size ensures that the nozzles will not be
blocked during the process of 3D bioprinting. Second, PDA NPs are
known for their excellent biocompatibility and adhesion properties
[31]. The adhesion properties of PDA NPs not only enable GFs but also
cells to adhere properly. In other words, the GF–loaded PDA NPs are

conducive to adhesion by cells and tissues, thus allowing the delivery of
GFs into the organisms and reducing the chance of sudden release.

During the 3D printing process, as a major component of the 3D-
bioprinting ink, the hydrogel was prepared by dissolving Gel, HA, and
SA in fresh medium to enhance good rheological properties, print-
ability, and biocompatibility. PCL was selected as a mechanical support
for the IVD scaffold after melt printing, which is widely used in the field
of 3D printing because of its good printability, biodegradability, and
biocompatibility [32–34]. In the present study, The parts of the model
corresponding to the AF and NP were printed using the 3D bioprinting
ink (CTGF/BMSCs ink and TGF-β3/BMSCs ink, respectively), which
were used to provide the biofunction of chondrogenesis (formation of
fibrochondroctyes like and hyaline chondrocytes like) in the IVD scaf-
fold. and the mechanical support for the IVD scaffold was mainly pro-
vided by PCL [35]. After 3D printing, The compression experiment
showed no significant change in the printed IVD scaffold, indicating its
high compressive strength. The drug releasing results indicated that
CTGF and TGF-β3 could be released in a slow and sustained manner,

Fig. 3. Characterization of the 3D-bioprinted IVD scaffold. a) Stereomicroscopic image of the mid-section. b) Stereomicroscopic image of the surface. c) SEM image of
the AF region. d) SEM image of the NP region. e) Vertical compressive stress-strain curve with different cycles. f) The vertical compressive Young's modulus in 100
cycles. g) Lateral compressive stress-strain curve with different cycles. h) The lateral compressive Young's modulus in 100 cycles. i) Fluorescence images of CTGF
(green) and TGF-β3 (red) in the 3D-bioprintied IVD scaffold. j) Release behavior of the two types of GFs from the IVD scaffold. Scale bars: (a) = 5 mm, (b) = 5 mm,
(c) = 300 μm, (d) = 20 μm, (i) = 3 mm.
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and the releasing behaviors for the two types of GFs presented a similar
release kinetics. It also suggested that the use of PDA NPs facilitated a
highly efficient and simple approach for GF loading [36].

The cell viability results confirmed that BMSCs showed good via-
bility on the IVD scaffold, while the Live/Dead staining results docu-
mented that BMSCs could survive well in the bioink. This could be due

to two reasons [37]: first, the good biocompatibility of hydrogel pro-
moted cell growth and adhesion; and second, the porous structure of
hydrogel was conducive to the metabolism and exchange of nutrients
[38,39]. Overall, our findings showed that premixing BMSCs with hy-
drogel prior to printing of the IVD scaffold not only provided a good
means for loading GFs, but also for loading cells. Meanwhile, the in vitro

Fig. 4. In vitro characterization of the 3D-bioprinted IVD scaffold. a) Cell viability assay of the 3D-bioprinted scaffold after culturing. b) Low-magnification fluor-
escent image obtained from Live/Dead staining of the 3D-bioprinted scaffold after seven days in culture. c) High-magnification fluorescent image. d) Expression of
the Col I gene after induced differentiation in different groups. e) Expression of the Col II gene. f) Expression of the aggrecan gene. Scale bars: (b) = 3 mm,
(c) = 100 μm.

Fig. 5. In vivo testing and histological staining of the middle layers of the three types of IVD scaffolds. a) Gross morphology of the IVD scaffolds after subcutaneous
implantation in nude mice. b) Digital photos of the three IVD scaffolds six months after implantation (from top to bottom are the pure IVD, cells/IVD and dual-GFs/
cells/IVD scaffolds). c) Hematoxylin–eosin (HE) staining and Masson staining of middle layers of the three IVD scaffolds at low and high magnifications. Scale bars:
(a) = 10 mm, (b) = 10 mm, (c, low) = 5 mm, (c, high) = 100 μm.
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cell differentiation results demonstrated that CTGF was continuously
released from the AF, and its bioactivity promoted the differentiation of
the BMSCs into fibrocartilage like cells, and the released TGF-β3 from
the NP region could promote the differentiation of the BMSCs into
hyaline cartilage like cells.

After in vivo implantation, the HE and Masson results indicated that
BMSCs promoted the IVD reconstruction in the cells/IVD and dual-GFs/
cells/IVD scaffolds. The exhibition of zone specific matrix in dual-GFs/
cells/IVD scaffold might be attributable to the loading of CTGF in the

AF and the TGF-β3 in the NP [40,41]. Usually, normal IVD tissue is
composed of two major anatomical regions: the AF and the NP, which
are structurally and compositionally different [42]. The main compo-
nent of the AF region is fibrocartilage, of which the ECM is composed of
a large amount of Col I and a small amount of Col II and GAG. Unlike
the AF region, the NP region is primarily composed of hyaline cartilage.
The NP ECM comprises more Col II and GAG but less Col I than that the
AF ECM [43]. The histological staining with AB stains the acidic mu-
copolysaccharides in the cytoplasm to blue, and is used to stain the GAG

Fig. 6. Histological staining of the middle layers of the three IVD scaffolds with special stains. a) AB staining and PR staining of the middle layers of the three IVD
scaffolds at low and high magnifications. b) Statistical results of AB-positive staining of the nucleus pulposus (NP) and annulus fibrous (AF) in the middle layers of the
three IVD scaffolds. c) Statistical results of PR-positive staining in the NP and AF in the middle layers of the three IVD scaffolds. Scale bars: (a, low) = 5 mm, (a,
high) = 100 μm.

Fig. 7. Immunohistochemistry of the middle layers of the three IVD scaffolds. a) Results of immunohistochemical staining of the middle layers of the three IVD
scaffolds at low and high magnifications. b) Statistical results of Col I-positive staining of the NP and AF in the middle layers of the three IVD scaffolds. c) Statistical
results of Col II-positive staining of the NP and AF in the middle layers of the three IVD scaffolds. Scale bars: (a, low) = 5 mm, (a, high) = 100 μm.
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in cartilage tissue [44]. PR is a strong acid anionic dye that specifically
stains collagen in the ECM, and different collagen fibers are stained to
different colors due to the phenomenon of double refraction [45]. Since
the GAG will become blue after staining with AB, and the Col I and Col
II will become red and yellow, respectively, after staining with PR, the
reconstruction and formation of hyaline cartilage like tissue and fi-
brocartilage like tissue can be well-distinguished by these two special
histological stains. In addition, the immunohistochemistry of Col I and
Col II was used to evaluate the zone specific matrix of constructed IVD.
Collectively, these results indicated that the addition of BMSCs via 3D
bioprinting could promote Col I formation in the IVD scaffolds; the
addition of TGF-β3 could promote the formation of GAG and Col II in
the NP; and the addition of CTGF could promote the formation of GAG
and Col I in the AF. The corresponding statistical analyses of the AB and
PR staining on the three types of scaffolds in the upper and lower layers
showed similar results (Figs. S3 and S4, ESI). Both the upper and lower
layers of the cells/IVD scaffold exhibited more Col I formation than the
pure IVD scaffold, and the dual-GFs/cells/IVD scaffold exhibited more
GAG and less Col I formation than the pure IVD and cells/IVD scaffolds.
Interestingly, although the upper and lower layers of the IVD scaffolds
were not printed with BMSCs and GFs during the 3D bioprinting pro-
cess, differences still existed in the reconstructed tissues between the
dual-GFs/cells/IVD and pure IVD scaffolds. This might be due to the cell
migration and GF-release from the middle layer of the dual-GFs/cells/
IVD scaffold to the upper and lower layers. These observations sug-
gested that the released TGF-β3 could promote Col II formation in the

NP, while the released CTGF could promote Col I formation in the AF.
These results not only confirmed the histological staining results ob-
tained earlier in this study, but were also consistent with the observa-
tions in previous reports [20]. In fact, protrusion of IVD is resulted from
AF rupture under the action of external forces, which causes protrusion
(or prolapse) of the NP. Therefore, optimal IVD reconstruction should
include both AF reconstruction and NP reconstruction. However, AF
and NP have different structures, components, and functions. In the
present study, our findings confirmed that the dual-GFs/cells/IVD
scaffold could promote IVD reconstruction into two types of tissues with
different components and structures.

In the end, the mechanical results indicated that by loading BMSCs
and dual GFs, the Young's modulus of the dual-GFs/cells/IVD scaffold
increased and was close to that of native IVD tissue, while the com-
pression modulus of native IVD tissue was 6.7 ± 2.7 MPa [46]. This
could facilitate the performance of biological functions, such as ab-
sorbing mechanic shock and withstanding pressure, by the re-
constructed IVD.

As a kind of tissue with complex structure and function, the appli-
cation of intervertebral disc scaffolds is not only in vitro cell level and
subcutaneous characterization of nude mice. The evaluation in large
mammal animal models is necessary. This is a limitation of this study.
However, due to the complexity and time-consuming of spinal surgery
in large animals (such as sheep and dogs), we are trying to further
animal research, hoping to better evaluate the application potential of
the IVD scaffold. In addition, the gene expression markers of NP and AF

Fig. 8. Compression mechanics characterization of the three reconstructed IVD scaffolds three months after transplantation. a) Vertical compressive stress-stain
curves with different cycles. b) The vertical compressive Young's modulus in 100 cycles. c) Lateral compressive stress-stain curves with different cycles. d) The lateral
compressive Young's modulus in 100 cycles.
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cells and the Poisson's ratio of reconstructed IVD are also important to
evaluate our research conclusion. This is another limitation of our
study.

5. Conclusion

In the present study, the dual GF–releasing IVD scaffold was fabri-
cated by 3D bioprinting technology. First, PDA NPs were fabricated as
uniform nanospheres with diameter of 324.2 ± 13.9 nm, and FTIR and
RS characterization confirmed that dual GFs (CTGF and TGF-β3) were
successfully loaded onto the surface of the PDA NPs. Then, both CTGF@
PDA NPs and TGF-β3@PDA NPs were mixed with BMSCs to print the
AF and NP regions of the IVD scaffold, while the biomaterial PCL was
used to print the framework of the IVD scaffold. The fluorescence
images and results on release behaviors confirmed that both CTGF and
TGF-β3 were uniformly distributed and continuously released from the
different parts of the IVD scaffold. Mechanical experiments demon-
strated that the printed IVD scaffold could maintain strong compression
strength after 100 compressions. In vitro testing confirmed that the
printed BSMCs maintained high levels of viability and were able to
differentiate into pulposus like cells and annulus fibrosus like cells upon
induction with the two types of released GFs, respectively. Finally, in
vivo experiments confirmed that the reconstructed IVD scaffold ex-
hibited a zone-specific matrix phenotype, as demonstrated by histolo-
gical and immunological characterization. In summary, the 3D-bio-
printed, dual GF–releasing IVD scaffold showed great potential for
clinical application. However, the evaluation in large mammal animal
models needs to be further studied.
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