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Abstract

Various chondrogenic growth factors have been shown to promote proliferation, matrix
production and early chondrogenesis of intervertebral disc (IVD). The objective of this
study is to reconstruct 1VD via tissue engineering technique and to evaluate in-vitro chon-
drogenesis of chondrocytes cultured in basic growth medium with chondrogenic growth
factors (FDGFs) and without chondrogenic growth factors (FD). The annulus fibrosus
(AF) and nucleus pulposus (NP) were aseptically dissected from the lumbar discs of sheep
and the tissues enzymatically digested and cultured in-vitro. Passage 1 cells were used to
form in-vitro construct with autologous fibrin as the biomaterial. All constructs were stabi-
lized for 14 days in their respective growth media. Histological and sulphated-
glycosaminoglycan (sGAG) analysis were performed at the end of the experiment. The AF
cells showed greater growth kinetic profile and higher viability in FDGFs while the NP
cells showed no differences for both medium. The construct of AF and NP in FDGFs
showed a bigger size construct compared to FD. The qualities of both constructs were simi-
lar as evidence by Safranin O staining in both groups. In conclusion, FDGFs increase the
viability and quantity of cells for AF and not in NP. However, FDGFs supplementation

improved in-vitro constructs formation for both cells type.
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Introduction

The intervertebral discs (IVD) separate the vertebrae of
the spine and account for approximately one-third of the
height of the entire spinal column. The discs have unique
structure that enables the bending and twisting motion of
the spine [1]. The intervertebral disc (IVD) is the largest
avascular tissue in the human body [2]. There are three
distinct morphological regions of the IVD: the nucleus (a
soft gel-like tissue), the inner annulus (both fibrous and
cartilage like), and the outer annulus (ligmanetous) [3].
The AF consists of an extracellular matrix (ECM) com-
posed both type I and type II collagen oriented in a lamel-
lar structure. The outermost part of the AF is ligamentous,
and is rich in type I collagen, whereas the inner part is
fibrocartilage-like and is rich in type II collagen and pro-
teoglycan [1]. The NP has an ECM composed primarily
of type II collagen, large aggregating proteoglycan and a
low concentration of chondrocytes [4]. The intervertebral
disc (IVD) has a wide range of functions, including the
provision of reversible resistance to compressive, rota-
tional and tensile stresses applied to the vertebral column
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[5].Other than that, it also can act as a joint that allows
movement between bones [6] such as within the cervical,
thoracic and lumbar spine.

In human, the IVDs are separated from the vertebral bone
by the cartilage endplates, which in the juvenile are re-
sponsible for longitudinal vertebral growth. In the adult,
the IVDs are essentially avascular structures, which re-
ceive most of their nutrients from the vasculature of the
vertebral bone by diffusion through the endplates. The
size of the IVDs increases on progressing down the spine,
with the largest lumbar discs being approximately 1 cm
thick and 4 cm in diameter. The supply of nutrients to the
cells at the center of these large discs is readily compro-
mised, and is one factor leading to IVD degeneration [7].
The structure and function of the IVD may be altered by
processes including normal physiological aging, me-
chanical factors, i.e., trauma and repetitive stress, seg-
mental instability of the spine, inflammatory and bio-
chemical factors [8]. In degeneration, there is disruption
of the nucleus pulposus, including changes in the propor-
tion and types of proteoglycan and collagens, a reduction
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in the number of chondrocytes, and the formation of per-
meative ‘slit-like’ spaces within the nucleus pulposus.
Often, there is disruption of the collagen fiber arrays in
the annulus fibrosus, traumatic damage to the end plate,
and ingrowths of vessels and nerves into the nucleus
pulposus [6]. The IVD requires proper nutrition, mainly
by diffusion from the vertebral bodies and end plates, in
order to maintain the steady-state metabolism of the cells

[9].

Growth factors are polypeptides that bind to cell mem-
branes by means of specific receptors. They regulate ma-
trix production and repair of various types of cells.
Growth factors were originally discovered in body fluids,
including blood and synovial fluid, and tissue extracts that
had biological effects, such as stimulation of cell prolif-
eration, differentiation and migration [10]. In this study,
basic culture medium were supplemented with growth
factors such as transforming growth factor (TGF-f2), ba-
sic fibroblast growth factor (bFGF) and insulin —like
growth factor (IGF). TGF-B induced a significant en-
hancement of cell proliferation [10] and maintained the
phenotype of the cells. Basic fibroblast growth factor
(bFGF) has been recognised as an important factor in
modulating chondrocyte mitogenesis and synthesis of
cartilage matrix [11]. A culture medium (FD), which con-
sists of essential growth factors such as ITS, IGF-1 to-
gether with bFGF and TGF- 2 can promote proliferation
and provide sufficient number of chondrocytes for tissue
engineered cartilage formation [12].

In this study, fibrin was used as a scaffold for the con-
struct formation. Although fibrin is unstable and quickly
disintegrates, its use as a natural polymer scaffold for tis-
sue engineering is increasing [13]. Fibrin is easily polym-
erized and moulded from its basic constituents. Moreover,
fibrin is non-cytotoxic, biocompatible and biodegradable
[14]. Based on the study of Munirah et al. (2008), fibrin
have proven to be an ideal cell carrier to enhance in vitro
tissue formation by rabbit AF and NP cells [15].

The current treatment options for degenerative disk dis-
ease range from NSAIDS to invasive procedures includ-
ing discectomy and spinal fusion. Unfortunately these
treatments are not only remaining the origin of the prob-
lem which is the degeneration of IVD itself but also in-
creasing the load of intact discs and joints located adja-
cently to the degenerated disc [8]. Mizuno et al. (2004)
also reported that current surgical treatments which focus
on fusion of the involved IVDs levels can eliminates pain
but does not attempt to restore disc function [4]. There-
fore, the field of tissue engineering may represent a new
strategy for the treatment of intervertebral disc disease in
that it involves generation of living tissues to restore or-
gan function. Our approach in this study was to develop
methods for the construction of AF and NP cells in two
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different medium and to evaluate the morphology, cellu-
lar proliferation, matrix synthesis and cartilaginous tissue
formation of AF and NP cells cultured in the fibrin scaf-
fold to determine the potential of IVD reconstruction.

Materials and Methods

This study has been approved by the Universiti Kebang-
saan Malaysia Research and Ethical Committee with ap-
proval number of 02-01-02-SF0444. The study duration is
from 9 June 2008 to 30 June 2009, approximately 12
months.

Cell preparation

Six Sheep intervertebral discs were used in this study.
The muscles and tendons were removed and the column
was sectioned transversally in the middle of each disc.
The annulus fibrosus (AF) and nucleus pulposus (NP)
tissue was aseptically dissected from the Iumbar discs.
The AF was separated from the NP with a scalpel and
both were washed twice in phosphate-buffered saline
(PBS) solution (Gibco,Grand Island, NY) containing 100
pg/ml penicillin and 100 pg/ml streptomycin. Each tissue
was cut into small pieces and digested in 15 ml 0.6% w/v
Collagenase type II (Gibco/Invitrogen) at 37°C in incuba-
tor shaker for 6 hours. The resulting cell suspension was
centrifuged at 6000 rpm at 37°C for 5 min (Jouan centri-
fuge). Supernatant was decanted and the cells pellet was
washed with PBS to remove the remaining enzyme. After
final centrifugation, AF and NP cells were harvested and
seeded in 6-well plates (Falcon, Franklin Lakes, NJ) with
two different medium, F12:DMEM (1:1) + 10% FBS
medium (FD) and F12:DMEM (1:1) + 10% FBS with the
addition of growth factors (IGF-1, TGF-B2, BFGF)
(FDGF). All cultures were maintained in 5% CO, incuba-
tor (Galaxy R, CO; incubator, RS Biotech) at 37°C with
the medium changed alternate day. Once confluence, the
primary cultured cells; PO, was trypsinized using 0.05%
trypsin-EDTA (Gibco) and counted for total cell and vi-
ability.

Measurement of cell proliferation activity

Cell numbers and viability were determined using a
haemacytometer (Weber, UK) and trypan blue vital dye.
Growth rate (cell /day/cm?) and population doubling time
was measured for primary passage (P0) to passage 3 (P3)
for both AF and NP cells in their respective growth me-
dia.

Preparation of sheep fibrin as biomaterial

Whole blood was withdrawn from sheep into 9 ml plasma
collection tubes containing 3.2% Sodium Citrate (Bio-
One,Greiner, USA). The whole blood was centrifuged at
6000 rpm for 5 min to collect the plasma. The plasma was
sterile-filtered using 0.2 um syringe filter (Sartorious,
USA) to remove the cell debris that may cause spontane-
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ous clotting of the plasma. Plasma was kept at -20°C until
used.

Formation of in vitro constructs

AF and NP cells from the primary culture (PO) were har-
vested and sub-cultured, passage 1 (P1) in 75 cm” culture
flasks (Falcon) at a density of 5000 cells/cm® before they
were harvested and seeded into 3D fibrin scaffold. After
the cells reach confluence, they were harvested by
trypsinization, counted for total cell and viability. Four
million cells were resuspended with fibrin and were po-
lymerized within 10 minutes by the addition of calcium
chloride (CaCl,) solution. Both AF and NP constructs
were cultured for 14 days in vitro in their respective
growth media. The resulting in vitro constructs were then
harvested and evaluated.

Macroscopic observation and histological analysis
Approximately 4 x 10° cells per scaffold were cultured in
the fibrin. Seeded cells adhered onto the scaffold, prolif-
erated and produced matrices filling in the void spaces of
the scaffolds. Each construct was observed grossly at
room temperature without any fixation and the diameter
was measured. After fixation with 10% phosphate-
buffered formalin for 24 hours, specimens were processed
and stained with Haematoxylin and Eosin (H&E). Sa-
franin O staining used to identify the presence of the pro-
teoglycan-rich matrix for detection of cartilage.

Sulphated glycosaminoglycan (sSGAG) production assay

All sample were digested with papain digestion solution
[125 pg/ml papain (Sigma Aldrich), SmM L-cystein
(Sigma Aldrich), 100 mMNa,HPO, (Merck GaA, Ger-
many), SmM EDTA, pH 7.5] at 60°C for 16-24 hours.
The sGAG content was analyzed using the 1,9-
dimethylmethylene blue (DMMB) assay. Each sample
which contains 50 pl papain solutions was mixed with
200 pl DMMB solution and the absorbance was measured
at 525 nm wavelengths. Total amount of chondroitin sul-
fate or SGAG content in tissue-engineered AF and NP
was measured by extrapolated using a standard plot of
shark chondroitin sulfate (Sigma-Aldrich) in the range of
0-50 pg/ml. Total sSGAG production was normalized by
the dried weight of each sample and represented as rela-
tive sGAG content in pg/mL according to standard curve
for DMMB analysis. Data was expressed as mean =+ stan-
dard error of the mean (SEM).

Statistical analysis
Results were analyzed using student’s t-test and the dif-
ferences are considered significance when P <0.05.
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Results

Monolayer culture of AF and NP cells

The monolayer-cultured AF and NP cells in FDGF me-
dium reached confluence faster than the cells in FD me-
dium at the end of P1. The morphology for AF cells
showed the presence of fibroblast and chondrocytes while
NP cells showed rounded chondrocytes.

Measurement of cell proliferation activity

The viability of AF and NP cells was greater than 80% in
every passage during the monolayer cultured. Figure 1
shows the viability for monolayer culture of AF and NP
cells in FD and FDGF medium from PO to P2. The viabil-
ity for AF at P1 showed significantly higher in FDGF
medium 96.68+0.41% compared to FD medium
93.48+1.01% with p=0.024 (Fig. 1A). However, the vi-
ability for NP cells showed no significant differences be-
tween both medium (Fig. 1B).

The population doubling time (PDT) for AF in the FDGF
gradually increased from P1 to P3. The PDT for AF at P1
in FDGF medium showed significantly lower compared
to FD medium with PDT of 1.87+0.08 PDT/day in FDGF
and 2.5+0.09 PDT/day in FD with p=0.003 (Fig. 2A).
However, the PDT for AF at P3 showed significantly
higher in FDGF 2.95+0.06 PDT/day compared to FD
2.274£0.09 PDT/day with p=0.01. While for NP, the PDT
in FDGF at P1 was significantly lower compared to FD
with value 2.30+0.11 in FDGF and 2.91+0.07 in FD with
p=0.04 (Fig. 2B).

Macroscopic observation

As shown in Fig. 3, morphological appearances of AF and
NP seeded with fibrin were comparable after 2 weeks in
in-vitro culture. The construct for AF and NP showed
smooth and glistening morphology. Fig. 4 shows the di-
ameter for the AF and NP construct in both medium. The
diameter of the AF and NP constructs in FDGF medium
showed a bigger diameter of average 1 to 2 mm more than
3D construct for cells with FD media. The diameter for
AF construct in medium FDGF was significantly bigger
with diameter of 6.35+0.09 mm, compared to AF cultured
in FD medium with diameter of 4.18+0.06 mm (p=0.001).
For NP, the diameter of the construct also showed bigger
in FDGF (6.15+£0.09 mm) compared to FD medium
(4.62+0.14 mm) with p=0.001.

Histological observation

At 2 weeks of in vitro cultured, minimal cartilaginous
tissue formation was observed when both AF and NP
construct were stained using H&E staining. The newly
synthesized ECM was slightly stained with Safranin O
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Figure 1. Viability of Annulus Fibrosus (A) and Nucleus
Pulposus (B) in Respective Medium

The viability for AF and NP cells in respective medium from
PO to P2. The viability for AF in FDGF is significantly
higher than FD for P1 with viability of 96.68+0.41% com-
pared to FD medium 93.48+1.01% with p=0.024 (Fig. 1A).
However, the viability for NP cells showed no significant
difference between both medium (Fig. 1B). *significant dif-
ference between AF in FDGF medium compared to AF in
FD medium at P1 (p<0.05).
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Figure 2. Population Doubling Time of Annulus Fibrosus
(A) and Nucleus Pulposus (B) in Respective Medium

Population doubling time (PDT) for AF and NP cells in re-
spective medium. PDT for AF in FDGF medium increased
gradually from P1 to P3. The PDT for AF at P1 in FDGF
medium is significantly lower compared to FD medium with
PDT of 1.87 + 0.08 PDT/day in FDGF and 2.5+ 0.09
PDT/day in FD with p=0.003(Fig. 2A). However, the PDT
for AF at P3 showed significantly higher in FDGF medium,
2.95 + 0.06 PDT/day compared to FD medium, 2.27 = 0.09
PDT/day with p=0.01. As shown in Figure 2B, the PDT for
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NP showed significantly higher in FD medium at P1 com-
pared to FDGF medium with PDT of 2.91 + 0.07 PDT/day in
FD and 2.30 £ 0.11 in FDGF with p=0.04.

* Significant difference between AF in FD medium com-
pared to AF in FDGF medium at P1 (p<0.05).

** Significant difference between AF in FDGF medium
compared to AF in FD medium at P3 (p<0.05).

# Significant difference between NP in FD medium com-

pared to AF in FDGF medium at  P1 (p<0.05).
FD FDGF
Annulus
Fibrosus
Nucleus
Pulposus

Figure 3. Gross Morphology of Annulus Fibrosus and Nu-
cleus Pulposus Construct

Gross appearances for AF and NP construct after 2 weeks in
vitro cultured. The construct for both AF and NP showed
smooth and glistering morphology.
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Figure 4. Diameter of Annulus Fibrosus and Nucleus
Pulposus Construct

The diameter for AF and NP constructs after 2 weeks in vitro
cultured. The diameter for AF construct in medium FDGF
showed significantly bigger with diameter of 6.35+0.09 mm,
compared to AF cultured in FD medium with diameter of
4.18+0.06 mm with p=0.001. As for NP, the diameter of the
construct also showed bigger in FDGF (6.15+0.09 mm)
compared to FD medium (4.62+0.14 mm) where p=0.001.

* Diameter of AF in FDGF medium compared to FD me-
dium (p<0.05)

** Diameter of NP in FDGF medium compared to FD me-
dium (p<0.05)
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staining indicating the formation of cartilage with pro-
teoglycan-rich matrix. The formation of cartilaginous tis-
sue in both AF and NP was evident by presence of
rounded cell (chondrocytes) in lacunae. However, both
AF and NP constructs showed lower intensity towards the
H&E and Safranin O staining due to minimal cartilagi-
nous tissue formation (Fig. 5).

Sulphated glycosaminoglycan (SGAG) production assay
After 2 weeks in vitro cultured, the SGAG content in both
AF and NP showed no differences for both medium (Fig.
6)

Discussion

Our aimed was to reconstruct the IVD via tissue engineer-
ing technique and to evaluate in-vitro chondrogenesis of
chondrocytes cultured in basic growth medium with
chondrogenic growth factors (FDGFs) and without chon-
drogenic factors (FD). The AF cells have higher viability
in FDGF medium due to the nature of the cells. In AF, the
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Figure 5. Histological Analysis of Annulus fibrosus and
Nucleus pulposus contructs in respective medium
Histological evaluation of in vitro constructs at magnifica-
tion x100. Both AF and NP constructs after 2 weeks of in
vitro cultured showed histological features of normal carti-
lage when stained using H&E. The newly synthesized ECM
was stained with Safranin O staining indicating the presence
of the proteoglycan. Note the formation of chondrocytes in
lacunae (labeled C). However, both AF and NP constructs
do not taken up the stain very well due to minimal cartilagi-
nous tissue formation.
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sGAG content (ug/ml tissue)
=Y

AF NP
Type of Tissue

Figure 6. SGAG Contents of Annulus Fibrosus and Nu-
cleus Pulposus Constructs

Sulphated—glycosaminoglycan (SGAG) production assay.
After 2 weeks of in vitro cultured, AF and NP supplemented
with growth factor (FDGF) have no significant effect in the
SGAG content as compared to basic medium (FD).

cells consist of a mixture of fibro-cartilage which re-
sponse well with the growth factor as compare to NP
which consists of mainly cartilage. The growth factor that
influences this would be fibroblast growth factor (FGF),
since the FGF is a potent inducer of the fibroblast prolif-
eration [16]. A culture medium (FD), which consists of
essential growth factors such as ITS, IGF-1 together with
bFGF and TGF- 2 can promote proliferation and provide
sufficient number of chondrocytes for tissue engineered
cartilage formation [12]. These growth factors prove to
maintain the cells phenotype during cultivation.

Ideally, good quality cells play a major role in successful
tissue reconstruction. Previous studies using monolayer
cultured chondrocytes harvested from various sources,
such as human articular cartilage [17], nasal septum and
auricular cartilage [13] demonstrated that the most prolif-
erative state of cells was at passage 1 than any other pas-
sages. Frohlich et al. (2007) believed that harvesting cells
in later passages is not recommended due to cell senes-
cence plus the accompanying dedifferentiation [18].
Hence, we harvested P1 cells for in vitro 3D culture to
ensure its full potential.
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After 2 weeks of in vitro culture, the cells were recon-
structed into 3 dimension (3D) construct using sheep’s
own fibrin. Fibrin was applied as a carrier for cells,
growth factors and pharmacologic substances especially
in tissue engineering techniques. Therefore the construct
that have been formed was fully autologous which can
reduce the risk of immune rejection and this method can
be used for future clinical application in human by using
patient’s own fibrin. The diameter of the AF and NP con-
structs supplemented with growth factors showed a bigger
diameter compared to FD medium. This showed that
growth factors not only have a quantity effect on the 2D
cell cultures but also have a significant role in forming a
bigger 3D construct. Interestingly, the NP showed a big-
ger construct compare to AF although in 2D culture, the
proliferation rate of the cells is higher in AF. This showed
that the growth factor have an impact on the in vitro 3D
reconstruction especially in the matrix production as
shown in our GAG study.

After 2 weeks in vitro culture, the GAG contents showed
no differences between both medium. Both AF and NP
showed presence of lacunae in both medium which
showed that there is formation of cartilage tissue. In Sa-
franin O staining showed both cells were lightly stained
due to the possibility of immature cartilage formation.

In conclusion, growth factors supplement is necessary in
cells culture of AF and NP to produce better chondro-
genesis of in vitro construct which is important in future
clinical application. Our research generated important
preliminary results in regenerating the IVD. However,
this study only focuses on in-vitro evaluation. Further
studies using this tissue engineered IVD on in vivo model
has to be carried out.
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