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Summary

The “gold standard” for treatment of intervertebral disc
herniations and degenerated discs is still spinal fusion, cor-
responding to the saying “no disc — no pain”. Mechanical
prostheses, which are currently implanted, do only have
medium outcome success and have relatively high re-op-
eration rates. Here, we discuss some of the biological in-
tervertebral disc replacement approaches, which can be
subdivided into at least two classes in accordance to the
two different tissue types, the nucleus pulposus (NP) and
the annulus fibrosus (AF). On the side of NP replacement
hydrogels have been extensively tested in vitro and in vivo.
However, these gels are usually a trade-oft between cell
biocompatibility and load-bearing capacity, hydrogels
which fulfill both are still lacking. On the side of AF repair
much less is known and the question of the anchoring of
implants is still to be addressed. New hope for cell ther-
apy comes from developmental biology investigations on
the existence of intervertebral disc progenitor cells, which
would be an ideal cell source for cell therapy. Also noto-
chordal cells (remnants of the embryonic notochord) have
been recently pushed back into focus since these cells have
regenerative potential and can activate disc cells. Growth
factor treatment and molecular therapies could be less
problematic. The biological solutions for NP and AF re-
placement are still more fiction than fact. However, tissue
engineering just scratched the tip of the iceberg, more sat-
isfying solutions are yet to be added to the biomedical
pipeline.
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Overview of intervertebral repair

The structure and function of a “healthy” disc

The healthy spine is the “backbone” of our society. Healthy
discs function as essential load-absorbers between all ver-
tebrae, allowing for bending, flexion and torsion of the
spine. As the global population ages, the incidence of in-
tervertebral disc (IVD) degeneration and low back pain
(LBP) increases. The occurrence of LBP has been associ-
ated in many cases with degenerative disc disease. Given
that disc degeneration is a cell-mediated response to pro-
gressive structural failure, new treatments are required that
normalise disc cell homeostasis and restore full disc func-
tion [1]. Here, we review recent studies that aim to regen-
erate the IVD with biomaterials, molecules and/or cells.
The intervertebral discs are embedded between the verteb-
ral bodies connecting them together. A healthy disc acts
as a shock-absorbing organ and provides flexibility for the
spine. The disc keeps a distance between two adjacent ver-
tebral bodies in a certain tolerance range which altogether
makes up about one third of the spinal length. The IVD is
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Figure 1

A. Overview of the IVD. Schematic view of nucleus pulposus and
annulus fibrosus. B. Transverse view onto fresh-cut caudal bovine
intervertebral disc (animal aged ~1 year). The two tissue types can
be clearly distinguished visually.
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composed macroscopically of two different tissues, the an-
nulus fibrosus (AF) and the nucleus pulposus (NP) (fig. 1).
The AF anchors to the cartilaginous endplates connecting
to the vertebral bodies and keeps the NP in the centre po-
sition. Having a closer look there are in fact four differ-
ent tissue types, from the outside to the inside: 1) the out-
er AF, a ring of highly oriented densely packed collagen
fibril lamellae, 2) the fibro-cartilaginous inner AF, 3) the
transition zone, a thin zone between the inner AF and 4)
the central NP. The vertebral endplates, initially comprising
hyaline cartilage of which the cells resemble chondrocytes
found in other hyaline cartilage [2]. The IVD is avascular,
thus there are steep gradients in concentration of nutrients
and metabolites from the blood supply at the disc’s mar-
gins to the centre of the disc [3]. Even in normal healthy
animal discs, low oxygen and high lactic acid concentra-
tion (therefore, resulting in an acidic pH level) compared
to levels in the blood plasma have been recorded [3]. Thus,
the “niche” for disc-like cells of the NP is marked by low
oxygen concentration, high lactic acid concentration and
relatively high hydrostatic pressure [4].

The etiology and clinical problem

Four out of five people suffer from severe LBP once in
their lifetime [5]. It is a high socio-economic burden in
modern western countries, since it not only affects the
elderly population but also the working population from
25-60 years, who are mainly suffering from disc herni-
ations [6]. Traditionally, the IVD are excised and the ver-
tebral bodies are fused, which is considered a “gold stand-
ard”, although adjacent disc degeneration might result due
to the altered segmental motion [7]. Even artificial total
disc replacement strategies are available to restore the seg-
mental motion of the spine, the surgery is very traumatic
and the non-biological prosthesis wears with time. Biolo-
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Figure 2

3D reconstruction of Magnetic Resonance Image (MRI) of a bovine
tail intervertebral disc animal model. The upper two discs were
treated with a certain dose of papain for 7 days to initiate disc
degeneration. The papain enzyme was blocked with ebselen after
7 days. The NP region of the uppermost disc was then filled with a
thermo-reversible p-NIPAM hydrogel (~200 pL) and imaged after
~24h on a 3 Tesla scanner (Siemens).

gical solution using tissue engineering approaches for disc
regeneration and repair is the recent focus to restore the
disc function by the introduction of functional cells and
supporting biomaterials. Regenerative medicine is becom-
ing extremely important in this field to augment or replace
the degenerated disc to retain a healthy disc function.

Nucleus pulposus repair

One of the characteristic of disc degeneration is the loss of
matrix in the NP, hence, one strategy for disc degeneration
is to restore the function of the nucleus pulposus by intro-
ducing shock absorption hydrogels, matrix producing cells
and molecules which stimulate the endogenous cells to re-
plenish the lost matrix. Treatment strategies may vary de-
pending on the severity of the degeneration.

Repair of the nucleus pulposus using hydrogels

An ideal hydrogel for NP repair should fulfill the following
criteria: 1) allow for implantation by minimally invasive
surgery (MIS), 2) solidify after implantation to avoid leak-
ing of cells or gel, 3) possess appropriate mechanical
strength and some resistance to degradation, 4) be able to
store large amount of water and provide swelling pressure
at various loadings, 5) support cell growth and matrix pro-
duction when cells are embedded, 6) should not provoke
adverse biological response during degradation. To facil-
itate scaffold injection by MIS, the hydrogel should have
low viscosity during injection and should be able to so-
lidify after introduction into the body to avoid leakage.
Thermo-reversible hydrogel (T-RHG) which possesses a
solid to gel (sol/gel) transition range at body temperature
and room temperature is a promising candidate. In vitro
results showed that these hydrogels, including a chitosan-
based hydrogel [8] and a hyaluronan-based hydrogel (HA-
pNIPAM) [9], have good biocompatibility for disc cells.
We are currently investigating how T-RHG can be de-
livered in a clinically relevant scenario using our in vitro
organ culture model. In order to inject the hydrogel, we de-
veloped a papain disc-degeneration model (PDDM), which
creates a cavity in the IVD, which then can be filled with
such a T-RHG hydrogel (fig. 2). Alternatively, photo-cross-
linking of natural polymer, e.g. alginate [10], cellulose [11]
with functional groups, e.g. methacrylates or N-
vinylpyrrolidone, by exposure to UV light induced a sol/
gel transition of the hydrogel can be used. This photo-
crosslinked hydrogel provided some manipulation time for
injection before it solidified and showed good cytocom-
pactability and increased matrix deposition overtime [10].
Although polymer crosslinking formed by chemical reac-
tions generates considerably amount of heat, a recent study
has shown good cytocompatibility and injectability of the
polymer in combination with human disc cells for NP re-
pair [12].

Mechanical properties of the hydrogel is one of the crucial
criteria to be considered for NP tissue engineering. The
mechanical properties and the swelling properties of the
polymer (14 kPa) can be controlled by varying the mac-
romer and monomer concentration for photo-crosslinking
[11] or chemical crosslinking processes. Hyaluronan based
polymer enriched with elastin-like polypepetide or fibrin
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may improve the stiffness of the hydrogel. To provide the
swelling properties of the hydrogel, polymers enriched
with collagen, hyaluronic acid (HA) and chondroitin
sulfate are potential candidates as a injectable system for
NP repair [13, 14]. Hyaluronic acid is the most abundant
water absorption molecule in the NP, which is able to de-
hydrate and rehydrate under a range of mechancial loading
parameters. Hyaluronan-derived polymers were tested in
pigs [15]: Two hyaluronan-derived polymeric substitute
materials (HYAFF 120, an ester and HYADD 3, an amide)
in combination with homologous mesenchymal stem cells
were injected into the NP of the nucleotomized pig lumbar
disc. The injection of polymer and stem cells resulted in a
less degenerated disc as compared to the nucleotomizesd
control. However, hyaluronic acid and collagen are de-
graded relatively fast in vivo, stability and mechanical
properties of the hydrogel may need to be improved by
crosslinking with protein cross-linker e.g. carbodiimides

[16].

Cell therapy for the nucleus pulposus

Stem cell therapy

Owing to the difficulty in obtaining young and healthy nuc-
leus pulposus cells for NP repair, pluripotent and multipotent
stem cells have been some of the most favourable candidates
for NP repair. Adult stem cells derived from different parts
of the body, including the bone marrow [17], adipo-tissue
[18] and synovium [19] have been studied and showed en-
couraging results. A recent clinical study transplanting auto-
logous bone marrow derived mesenchymal stem cells
(MSC) has shown promising initial results in terms of im-
provement of pain and disability [20]. Since the IVD envir-
onment is relatively “harsh” there is the problem of low sur-
vival of injected MSC in-vivo [21, 22]. It might be possible
to improve the survival of the injected MSC by pre-condi-
tioning or using different hydrogel cell carriers [23]. For ex-
ample, a hyaluronan-based photo-crosslinked polymer with
MSC showed positive in vivo results in pigs [15].

Although the phenotypic character of nucleus pulposus
cells (NPC) is still not well defined, numerous works have
been done to characterise NPC as compared to annulus
fibrosus cells (AFC) and chondrocytes. Some growth
factors e.g. insulin-like growth factor (IGF-1), basis fibro-
blast growth factor (FGF-2), platelet derived growth factor
(PDGF) [24] and growth and differentiation factor -5 (GDF
5) [25], could direct differentiation of MSC towards disco-
gensis. Growth factors of the TGF family and BMP fam-
ily could induce chondrogenic differentiation of MSC [26].
However, these growth factors could also drive MSC to-
wards osteogenesis [27] and hinder discogenic differenti-
ation of stem cells [24].

MSC pre-conditioning by co-culturing of MSC with NPC
[28, 29], culturing with notochordal cells conditioned me-
dia [30], hypoxia [25, 31], culturing in a 3D environment
and mechanical stimulation [32, 33], all have shown to
promote chondrogenesis/ discogenesis of MSC. Albeit the
promising pilot clinical result, there is also concern about
the safety of using MSC due to their multipotency. Cell
leakage is one of the problems of injecting cell suspension

IVD authochtonous

Stem Cells from
B peripheral Zone C Progenitor Cells?

Notochordal Cells

Figure 3

A. Three niches for stem cell-like progenitor cells (SCLC) in the
intervertebral disc (IVD): A. Notochordal cells with regenerative
capacity remain persistent in the IVD at different ratios and at
different stages in the lifetime (according to [47, 50, 51]). B. The
perichondrium region (PR) close to the outer annulus fibrosus acts
as a densely packed center where cells migrate out of the PR with
2 zones of interest: perichondrium region of interest 1 (P roi 1) with
densely packed cells (red) and perichondrium region of interest 2
(P roi 2) with cells (yellow) that are more dispersed and
morphologically mature [41]. C. Intervertebral-disc like progenitor
cells could be present in the intervertebral disc itself [38, 39].

Table 1: Overview of classical biomaterials and examples used for intervertebral disc engineering.

Class

Examples

Synthetic degradable polymers

Polylactides/glycolides
Polycaprolactone
Polyhydroxyalkanoates
Poly(propylene fumarates)
Polyurethanes

Natural biopolymers

Proteins
Collagen

Elastin
Fibrin/fibrinogen
Silk
Polysaccharides
Alginates
Chitosan
Hyaluronic acid

Bioactive ceramics

Calcium phosphates
Bioactive glasses

Composites

Synthetic polymers/ bioactive ceramics
Biopolymers/bioactive ceramics

Tissue derived ECM

Small intestine submucosa
Skin extracellular matrix
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[34], a study has reported one of the possible downside of
mishandling of MSC, where the leaking of MSC in the disc
surrounding has led to osteophyte formation [35]. Hence,
cells should be embedded in a carrier for injection on the
one hand to protect MSC from leaking and on the other
hand to provide a framework for supporting growth and
differentiation of MSC.

Other stem cell sources, such as embryonic stem cells
(ESC) pre-differentiated towards a chondrogenic type [36],
neonatal human fibroblast combined with growth factor
[31] and umbilical cord blood stem cells or Wharton’s jelly
cells [37] are potential sources of cells due to their multi-
potency and a longer life span as compared to adult stem
cells. The avascular structure of the IVD may provide an
immune privilege for using allogenic tissue and stem cells
[37]. One important unresolved issue is how many cells
should be injected and which cell density is the most suit-
able. One study points to the direction that a minimum of 1
M cells is needed in a canine model [21].

Notochordal cells and possible existence of
authochtonous “Stem Cell-like” cells in the IVD
Recently, it has been hypothesised that the IVD might itself
contain a population of progenitor cells or so-called
“intervertebral-disc stem cells” [38, 39] (fig. 3). Such cells
would be, of course, uttermost ideal cell phenotype since
they have been perfectly adapted to this niche. On the other
hand, clinical studies of autologous disc cell re-implanta-
tions have shown encouraging result in pain relief in pa-
tients at two years follow up [40]. Furthermore, by immuno
staining and BrdU labeling for cell proliferation, a recent

Figure 4

Stages of notochord transformation into the NP in the mouse
embryo according to [44] (© Smith LJ, Nerurkar NL, Choi KS, et al.
Degeneration and regeneration of the intervertebral disc: lessons
from development. Dis Model Mech. 2011;4:31—-41. Reprinted with
kind permission). Embryos were stained with Alcian Blue (which
marks glycosaminoglycans) and Picrosirius Red (which marks
collagen). At embryonic day (E)12.5, the notochord (arrow) runs
uninterrupted along the length of the vertebral column. Sclerotome
cells have condensed perichordially, and metameric patterning of
future disc and vertebral body condensations is apparent. At E13.5,
the notochord has begun to contract within the vertebral body
regions and expand within the disc regions (arrow). At E14.5, the
notochord has virtually disappeared from the vertebral bodies,
persisting solely in the locations of the future NPs (arrow). In the
neonate, lateral expansion of the NP has occurred (arrow) and
primary ossification centres are present in the vertebral bodies. At
postnatal age 1 month, vertebral bodies are fully ossified and the
NP (arrow) contains a glycosaminoglycan-rich extracellular matrix
surrounded by the collagenous AF. Scale bars: E12.5, E13.5 and
E14.5: 200 mm (top) and 100 mm (bottom); neonate: 400 mm (top)
and 200 mm (bottom); 1 month: 500 mm (top) and 400 mm
(bottom). Reprinted with permission from the publisher (Dis Model.
Mech. 4, 31-41), available under a Creative Commons Attribution
Non-Commercial Share-Alike License (http://creativecommons.org/
licenses/by-nc-sa/3.0/).

study by Henriksson et al. [41] found evidence for cell mi-
gration of possible progenitor cell from the adjacent peri-
cellular region of the IVD.

Notochordal cells (NC) are remnant cells originating from
the notochord present in all chordates in early embryogen-
esis and these cells are located in the center of the IVD
[42]. With aging, these presumably progenitor-like cells
disappear in some species and in other species they per-
sist up to adulthood [43]. In humans they disappear early
in childhood [2]. Strikingly, these cells co-exist with nuc-
leus pulposus cells (NPCs) at different ratios among dif-
ferent vertebrate species [43]. Rodents (rats and mice) and
lagomorphs (e.g., rabbits) maintain a high number of NC
throughout their lifetime whereas in other animals such as
bovine, goat and sheep these cells disappear early in life
[2] (fig. 4). Figure 4 illustrates the development of the ver-
tebral bodies and the IVDs of a mouse embryo with histo-
logical stainings according to Smith et al. [44]. The alcian
blue staining emphasises the high amount of proteoglycans
present in early stages, which is later a typical feature for
the IVD.

Recent investigations on the phenotype of the articular
chondrocytes, versus intervertebral disc cells (NPC) and
the notochordal cells revealed relatively large differences
between chondrocytes and NPC but very little difference
between NPC and notochordal cells. Notochordal cells,
however, have been shown to possess cell stimulating
activity by releasing soluble factors in the “conditioned
medium” [30, 45]. It seemed obvious under the microscope
that these cells differ in size and in respect to their nu-
tritional demands. However, there has been a dispute on
the true identity of intervertebral-disc-like cells unleashed
when looking at the recent transcriptomics data: There are
only about two dozen genes significantly up-or down-reg-
ulated [46—49]. This led to the hypothesis that the noto-
chordal and the nucleus pulposus cells originate from a
single progenitor cell population and are not as different
as originally suggested [50-52]. In our lab, we have novel
in vitro co-culture data between notochordal and nucleus
pulposus cells, which points toward progenitor-status of
notochordal cells [53]. Due to the possible involvement of
notochordal cells with cancer in humans [54] these cells
might never be accepted as implantable cells, but the cy-
tokines, which are released from these cells will be a major
target for pharmaceuticals [55].

Molecular therapy

Modulation of the matrix production and the degradation of
the IVD can be achieved by direct injection of molecules
into the nucleus or by transferring an exogenous gene of
certain target molecules to the target cells. There are vari-
ous molecules that are potentially beneficial to the degen-
eration of intervertebral disc cells. These molecules in-
clude growth factors, inflammatory cytokine antagonists,
proteinase inhibitors or intercellular regulators (table 2).
Numerous in-vivo and in-vitro studies have obtained pos-
itive results of increased matrix production or decreased
matrix degradation by using various growth factors, such
as bone morphogenetic protein (BMP-2, -7, -14), platelet
derived growth factor (PDGF), platelet-rich plasma (PRP),
and transforming growth factor beta (TGF-f). Zhang et al.
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[56] compared over expression of 12 BMPs and SOX-9
on genetically modified bovine NPC and suggested that
BMP-2 and 7, and BMP-4 and 14 were the most effective
in stimulating proteoglycan and collagen accumulation re-
spectively. However, contradictory results have been repor-
ted for basic fibroblast growth factor (bFGF). Recently it
has been reported that bFGF is the antagonist of BMP-7,
which promoted fibroblast-like cell proliferation, increased
degrading enzyme production and inhibited proteoglycans
production by disc cells [57]. Meanwhile, the Federal Drug
Administration (FDA) has recently approved a first phase
clinical trial of injecting osteogenic protein-1 (OP-1 =
BMP-7) and growth and differentiation factor-5 (GDF-5 =
BMP-14) [58].

One problem of growth factor treatment is the high cost
of production. In contrast, peptides such as Link N
(DHLSDNYTLDHDRAIH) are relatively cheap to pro-
duce [59]. Link N is a glycoprotein that stabilises the pro-
teoglycan aggregates and hyaluronate. A recent study has
shown partial recovery of a rabbit disc degeneration model
by introducing Link N [59]. Dexamethasone is a synthetic
glucocorticoid widely used in the medical practice as an
anti-inflammatory drug and has been demonstrated to stim-
ulate chondrogenesis of chondrocytes, increase GAG pro-
duction and decrease MMP-3 production of NPC. LIM
Mineralization Protein (LMP-1) is an intracellular regulat-
ory molecule that induces the secretion of multiple bone
morphogenic proteins (BMP) such as BMP-2 & 7 and
has been shown to induce GAG production. Although res-
ults showed increased matrix production by cells, some
growth factors might eventually caused osteogenesis of
cells. For example, BMP-2 is used with a collagen sponge
for filling of the spinal fusion cage to enhance bone form-
ation [60]. Similar problems have also been identified for
TGF-B, LMP-1 and BMP-7. On the other hand, even if
these molecules can be introduced by MIS, they often have
a short half-life and therefore controlled release of these
molecules to maintain the efficiency of the molecules is ne-
cessary. Albeit gene therapy could possibly maintain a con-
stant release of the molecules, the expression of the target
molecules in the long term is unknown, and the efficacy of
transduction and the safety of using virus are other issues.

Impaired disc nutrition

All the above mentioned biological therapies concerned
with the degenerative functions of the native disc cells
rely on a proper nutrition supply to the disc. Disc de-
generation as a result of impaired nutrition due to cal-
cification of the cartilaginous endplates [61], or athero-
sclerosis of the abdominal aorta and lumbar arteries [62],
biological therapy relying on matrix producing cells are
implausible. Shortage of nutrient supply will eventually
eradicate the endogenous cells and the introduced cells.
Glucose deprivation and acidic pH of the disc can hinder
matrix production and increase matrix breakdown of the
disc [63]. To improve nutrition to the disc, a receptor ant-
agonist 5-hydroxytryptamine (5-HT) has shown to increase
blood flow to the nerve roots of patients with lumbar disc
herniation [64]. Nimodipine, which acts as a calcium chan-
nel antagonist, enhances vascularisation of the cartilage en-
dplates in the disc and can potentially improve the nutrition
of the disc [65].

Disc nucleus replacement using an inert load bearing ma-
terial to restore the natural length of the annulus fibrosus
and decompress the painful disc is an alternative treatment
therapy. Replacing only the NP instead of the whole disc
offers a less invasive option. An injectable non-degradable
nucleus replacement material of high compressive resist-
ance can serve to restore disc height and to relieve pain
via minimal invasive surgery [66]. A clinical study showed
significant pain relief and conserved mobility after im-
planting a NP replacement, e.g. prosthetic disc nucleus
(PDN) composed of polyacrylonitrile and polyacrylamide
[67]. On the other hand, injecting a resorbable polyglycolic
acid scaffold with serum into a rabbit disc degeneration
model has shown to recruit cells deposition in the scaffold
and regenerate the disc nucleus [68]. Nucleus replacement
materials made of silicone, poly (merthy-methacrylate)
(PMMA) - hydroxyethylmethacrylate (pHEMA), poly-
urethane, poly (vinyl alcohol) (PVA) based polymer, N-
vinyl-2-pyrrolidinone copolymerised with
2-(40-iodobenzoyl)-oxo-ethyl methacrylate and photo-
crosslinked gellan gum — glycidlmethacrylate have been
under research. However, the use of polymers for injectable
nucleus replacement involves toxic monomers and radical
and therefore may be toxic to the surrounding cells.

Table 2: Overview of potential molecular/growth factor for IVD treatment.

Protein

Intercellular regulator

SOX-9LIM mineralization protein (LMP-1)
Dexamethasone

Tissue inhibitor of matrix metalloproteinase (TIMP)
Synthetic peptide (Link-N)

Inflammatory cytokines anatogonist

Interleukin-1 receptor antagonist (IL-1 ra)
Tumor necrosis factor antagonist (TNF-a)

Growth factor

Growth and differentiation factor-5 (GDF-5) or (BMP-14)
Insulin-like growth factor (IGF-1)

Transforming growth factor B (TGF-B)

Epidermal growth factor (EGF)

Osteogenic protein-1 (OP-1)/ BMP-7

Bone morphogenetic protein (BMP-2)

Platelet-rich plasma (PRP)

Platelet derived growth factor (PDGF)

Basic fibroblast growth factor (bFGF)
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Annulus fibrosus repair

Surgical approaches

Surgical approaches for AF repair aim to stop the NP from
leaking out of the AF. At present, there are commercially
available implants for closing an injured AF: the Inclose®
and the Xclose®, which can be seen as modified sutures
with anchors [69]. Barricaid® is another commercially
available implant used in adjunction to discectomies that
fully bridges the defect in the AF. This product reinforces
the complete posterior annulus and could therefore prevent
contralateral herniation. However, these approaches cannot
maintain the biological AF structure in the long-term or
stop AF degeneration. AF closure is also important for nuc-
leus pulposus replacement strategies to prevent the NP re-
placement from leaking out from the disc. More AF closure
methods using biodegradable polymers are under investig-
ation, Hegewald and his colleagues [70] tested a biodegrad-
able polyglycolic acid — hyaluronic acid (PGA-HA) bio-
material in bovine lumbar spinal units with AF opening.
The insertion of this PGA-HA implant effectively preven-
ted disc herniation in their mechanical study. Bron et al.
[71] lately tested several annulus closure devices (ACDs)
in order to contain a collagen nucleus replacement implant.
However, most implants were destroyed or displaced after
6 weeks of in-vivo experiment.

Tissue engineering approaches

Tissue engineering methods aim to close the injured AF to
prevent disc herniation as well as to stop AF from degen-
eration in the long term. Hydrogels have been discussed as
good candidates for intervertebral disc replacement for the
NP. However, it is known that if AF cells are cultured in
hydrogels such as alginate or matrigel that these cells be-
come like NP cells over time of culture [72]. Moreover,
hydrogels seem too soft and their elasticity is not ideal to
withstand stress and shear in the AF. Nevertheless, Shao et
al. [73] constructed a scaffold using wet-spun lyophilised
alginate/chitosan forming a scaffold with aligned fibres.
They found the AF cells grew in clusters and spread along
the alginate/chitosan fibres and these cell expressed colla-
gen 2 and aggrecan. On the other hand, various synthetic
and natural polymers have been tested for AF tissue engin-
eering use. Poly-DL-lactide (PDLLA)/Bioglass composite
foams were recently investigated to check AF cell attach-
ment and phenotype [74-76]. Their findings provide pre-
liminary evidence for the use of PDLLA/Bioglass compos-
ite scaffolds as cell-carrier materials for future treatments
of intervertebral discs with damaged AF region. Biode-
gradable malic acid-based polyester (poly [1,8] octanedi-
al malate) (POM) was tested as a scaffold for AF replace-
ment in rats with good biocompatibility [77]. Later, the
same group constructed a biphasic scaffold to structurally
and elastically simulate the inner and outer AF [78]. In this
study the outer phase of the scaffold was a ring-shaped
matrix composed of demineralised bone matrix gelatin
(BMG) extracted from cortical bone, which mimics the
type I collagen structure and ligamentous properties of out-
er AF. The inner phase of the scaffold was a polycapro-
lactone triol malate (PPCLM) matrix oriented in concentric
sheets and seeded with chondrocytes to recapitulate the in-

ner layer of the AF, which is rich in type II collagen and
proteoglycan.

Silk has been proposed as a major biomaterial to be used
as a suture or a tissue construct to close AF lesions and
disc herniations [79—81]. The chemical structure of silk is a
polypeptide consisting of the amino acids Gly-Ser-Gly-Ala
(Glycine-Sericine-Glycine-Alanine). In order to get a high
medical grade silk of high biocompatibility and low aller-
genic reaction the cocoons of the silk worm Bombyx mori
are usually boiled for 30 min in low molar Na,CO; solu-
tion and then rinsed with water to extract the Sericin, which
has been identified to be a major allergen [82]. Sericin-free
silk has been successfully applied in orthopedics for dec-
ades. For instance, Chang and his colleagues [79, 83] in-
vestigated silk scaffold of different porosity for cell spread-
ing and proliferation of annulus fibrosus cells. They also
modified their scaffold by incorporating RGD peptides for
better cell attachment. However, they did not find any sig-
nificant difference in gene expression or in cell spreading
using this modification. Recently, Park et al. [84] construc-
ted a lamellar ring structure using silk, and the seeding of
porcine AF cells seem to support the native shape of these
tissue engineered AF.

Electrospinning for engineering the annulus fibrosus
The annulus fibrosus structure is highly specialised to sus-
tain its mechanical requirement to withstand stress and
strain of different loading direction. It is composed of al-
ternating layers of lamella mainly consisting of collagen
fibrils, which are aligned in parallel and tilted at 30° of
the spinal axis. The direction of the collagen alternates in
successive lamellae. Tissue engineering of the highly ori-
ented AF structure is a challenge. The oriented structure
of the AF was engineered successfully by electrospinning
poly-Z-caprolactone (PCL) [85]. It was shown that engin-
eered materials with the highly oriented organisation be-
haved more like native AF tissue and cells seeded in these
scaffold orient themselves to the direction of the fibres and
deposit matrix as in native tissue [85]. The cultured bovine
AF cells elongated and aligned along the predominant fiber
direction over time. It was also suggested that a PCL scaf-
fold with round-end nanofibers outperforms the random
or aligned PCL scaffold [86]. Although not specially for
IVD engineering, silk fibroin alone or combined with hy-
droxybutyl chitosan have been fabricated by an electro-
spinning method to create a biomimic extracellular mat-
rix structure [87, 88]. The mechanical properties, especially
the tensile strength, of the electrospinning scaffold could
be enhanced for a specific tissue for example by using a re-
combinant silk-elastin-like protein [89]. It is also possible
to incorporate growth factors in a electrospinning scaffold,
recently, Vadala et al. [90] produced a bioactive materi-
al made of poly-L-lactide scaffold releasing transforming
growth factor-bl (PLLA/TGF) for AF tissue engineering.
The continue release of TGF-b from the PLLA scaffold has
significantly increased the GAG and collagen synthesis by
the seeded AF cells compared to the AF cell in the non-
TGFD releasing scaffold.
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Whole IVD tissue engineering (the
artificial organ)

For a severe disc degeneration, a total disc replacement
maybe necessary. A whole IVD tissue engineering con-
struct was produced according to the different properties of
the NP and AF. Park et al. constructed a biphasic whole
IVD using silk protein for the AF and fibrin/hyaluronic
acid gel for the NP using porcine AF cells and chondro-
cytes respectively [91]. Lazebnik et al. [92] fabricated a bi-
phasic IVD by electrospinning using PCL as the AF and
agarose as the NP, both parts were seeded with porcine
chondrocytes. Bowles et al. [93] constructed a biphasic
whole IVD using collagen 1 for AF and alginate for the
NP. Recent studies on total disc tissue engineering have at-
tained positive results in small animal models, while the
challenge on how to scale this up for preclinical study re-
mains unknown. One of the major challenges, which is left
for future tissue engineering of the IVD is not to dediffer-
entiate the cells in culture after in vitro culture. To construct
an artificial IVD with the two major parts, AF and NP, nu-
merous cells are needed. The AF has a cell density of about
9 x 10° cells/cm® in mature healthy subjects, this is about
two times higher than in the NP [69, 94-96]. However,
primary cells start to dedifferentiate when they are cultured
in vitro over long passaging (p >6) [97]. Strategies are
needed to control the state of the cells to ensure these cells
are not dedifferentiated over long expansion time and suit-
able for IVD tissue engineering.

Future perspectives

Current approaches for a complete replacement of the in-
tervertebral disc with a complete AF and NP seem difficult
but maybe not unachievable. Current in vitro approaches of
tissue engineered organs using stiffer materials such as ten-
don and AF could be successfully mimicked with biphasic
biomaterials with high elastic modulus [78, 98]. The emer-
ging 3D bioprinting technologies make it possible to print
complex fixable shapes and highly organized tissue struc-
ture [99—101]. We might only be footsteps away to print a
complete annulus fibrosus and nucleus pulposus tissue en-
gineering construct along with mixed cells such as pre-con-
ditioned mesenchymal stem cells.

Conclusions

There is a “gold standard” in spinal surgery: “no disc —
no pain”, which is achieved with spinal fusion. Mechanical
IVD prostheses give back some of the motional freedom
but can be troublesome and difficult to remove in second
surgery. Although there are many approaches currently be-
ing investigated in IVD repair, biomechanically stable
solutions have not been identified, which are at the same
time also highly biocompatible and inductive for progen-
itor cells. Big assets are believed to come from stem cell
therapy investigations. A wide array of polymers and
hydrogel-like biomaterials are currently under investiga-
tion on the side of NP repair. What we can definitively say
is that the IVD will keep puzzling engineers and biologists
for decades to come while an increasing demand and pres-

sure for biological solutions is produced by the demograph-
ic shift towards an increasing elderly society.
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Figure 1

A. Overview of the IVD. Schematic view of nucleus pulposus and annulus fibrosus. B. Transverse view onto fresh-cut caudal bovine
intervertebral disc (animal aged ~1 year). The two tissue types can be clearly distinguished visually.
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Figure 2

3D reconstruction of Magnetic Resonance Image (MRI) of a bovine tail intervertebral disc animal model. The upper two discs were treated with
a certain dose of papain for 7 days to initiate disc degeneration. The papain enzyme was blocked with ebselen after 5 days. The NP region of
the uppermost disc was then filled with a thermo-reversible p-NIPAM hydrogel (~200 pL) and imaged after ~24h on a 3 Tesla scanner
(Siemens).
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Figure 3

A. Three niches for stem cell-like progenitor cells (SCLC) in the intervertebral disc (IVD): A. Notochordal cells with regenerative capacity remain
persistent in the IVD at different ratios and at different stages in the lifetime (according to [47, 50, 51]) B. The perichondrium region (PR) close to
the outer annulus fibrosus acts as a densely packed center where cells migrate out of the PR with 2 zones of interest: perichondrium region of
interest 1 (P roi 1) with densely packed cells (red) and perichondrium region of interest 2 (P roi 2) with cells (yellow) that are more dispersed and
morphologically mature [41]. C. Intervertebral-disc like progenitor cells could be present in the intervertebral disc itself [38, 39].

Figure 4

Stages of notochord transformation into the NP in the mouse embryo according to [44] (© Smith LJ, Nerurkar NL, Choi KS, et al. Degeneration
and regeneration of the intervertebral disc: lessons from development. Dis Model Mech. 2011;4:31-41. Reprinted with kind permission).
Embryos were stained with Alcian Blue (which marks glycosaminoglycans) and Picrosirius Red (which marks collagen). At embryonic day
(E)12.5, the notochord (arrow) runs uninterrupted along the length of the vertebral column. Sclerotome cells have condensed perichordially, and
metameric patterning of future disc and vertebral body condensations is apparent. At E13.5, the notochord has begun to contract within the
vertebral body regions and expand within the disc regions (arrow). At E14.5, the notochord has virtually disappeared from the vertebral bodies,
persisting solely in the locations of the future NPs (arrow). In the neonate, lateral expansion of the NP has occurred (arrow) and primary
ossification centres are present in the vertebral bodies. At postnatal age 1 month, vertebral bodies are fully ossified and the NP (arrow) contains
a glycosaminoglycan-rich extracellular matrix surrounded by the collagenous AF. Scale bars: E12.5, E13.5 and E14.5: 200 mm (top) and 100
mm (bottom); neonate: 400 mm (top) and 200 mm (bottom); 1 month: 500 mm (top) and 400 mm (bottom). Reprinted with permission from the
publisher (Dis Model. Mech. 4, 31-41), available under a Creative Commons Attribution Non-Commercial Share-Alike License
(http://creativecommons.org/licenses/by-nc-sa/3.0/).
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