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Due to increasingly aging populations millions of elderly people worldwide are suffering from severe lower back pain,
caused by degenerative intervertebral disc. Commonly used treatment modalities, such as pain killer drugs, replacement of
degenerated disc with ceramic disc, could achieve only limited success. One interesting approach is generation of Tissue
engineered Intervertebral disc for replacing degenerated disc starting from cells from same patient. Hence, the goal of this
study was to engineer human AF-like tissues based on chondrocytes seeded-silk fibrous scaffolds that could mimic the
unique structural hierarchy of the native tissue. Annulus Fibrosus (AF) component of the disc has series of loosely connected
concentric layered structure and each layer is reinforced by a highly oriented pattern of collagen fibers, which lie parallel
to each other at an angle of approximately 30° to the spine axis and are oriented in opposite directions in successive layers.
A Rapid prototyped scaffolds had been designed, where Silk fibres were aligned in lamellar form in tailor-made fashion to
simulate the AF anatomy. Human chondrocytes were cultured in these scaffolds for up to 4 weeks, in presence of
chondrogenic media. Novel design of the rapid prototyped yarn winding machine could successfully replicate the precise
fibre alignment present in the native annulus fibrosus tissue. Cells over fibrous scaffolds maintained spread morphology,
whereas encapsulated chondrocytes in inner layers assumed rounded morphology, following the cell orientation governed
by fibre alignment. The analysis of mechanical properties showed that the compressive modulus of the cell cultured tissue
constructs was increased in presence of cells as compared to scaffold alone, increased with time in culture. The unique
fibre orientation of silk Fibrous multi-layered lamellar scaffold can induce control over alignment of cells. Hence this

novel silk fibrous scaffold with the layered architecture seems to be an interesting tool for simulating the precise anatomical

architecture and the challenging biomechanical functionality of human Annulus Fibrosus tissue to some extent.
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1. Introduction

Hierarchical architectures of human tissues are made
by regular, three-dimensional arrangement of cells
and fibrous extracellular matrices (ECM), such as
for collagenous tissues. Orientation, viscoelasticity
and biochemical composition of fibrous networks of
ECM play crucial role in governing development,

migration, proliferation, survival and function of the
cells, and finally tissue mechanotransduction.
Evolution and remodelling of such fibrous ECM
networks is strongly dependent upon the interaction
between the cells and the surrounding ECM. In tissues
like tendon, ligament, muscles, cells tend to align
themselves in the direction of existing collagen fibres
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and to produce new collagen that is also aligned in
the same direction. Structure-function relationship of
hierarchical tissue organization is attracting much
attention of Materials scientists and Tissue engineers
to develop smart materials as morphological guide
for tissue regeneration [1]. Detailed understanding
of biological interactions between human cells and
the synthetic ECM fibre analogues in controlling cell
differentiation and behaviour in morphogenesis and
tissue repair would be of outstanding importance.

Millions of elder people around the world are
facing an unprecedented incidence of lower back
pain. Although the etiology of lower back pain is still
poorly understood; it has been attributed to the
degeneration Intervertebral disc (IVD). Placed
between each vertebra of Spine, IVD is the tissue
that allows bending, flexion and torsion of the spine.
Such intriguing biomechanical properties result from
the fascinating hierarchical architectures of IVD. IVD
consists of three different chondrocytic tissues,
namely, the Nucleus Pulposus (an inner cartilaginous
part with high water content), the Annulus Fibrosus
(AF) and the cartilage end plate. The AF has a
concentric lamellar architecture around the Nucleus
Pulposus (NP), and is mainly responsible for
providing flexibility to the spine to bend and twist,
restriction of extrinsic stresses, conversion of
compressive force to lateral force. The specialized
collagen fibre orientation of AF tissue layers is the
key parameter that governs these mechanical
behaviours. In one layer, collagen type 1 fibres are
oriented at an angle of 30° to the vertical axis and in
successive layers in the opposite directions. The
specialized collagen fibre orientation is the key
parameter that governs the mechanical behaviour of
AF tissue layers including stiffness, strength,
anisotropy, and nonlinearity. The fibre alignment
governs the cells to attach, grow and deposit
extracellular matrix along the fibre direction thus
contributing to the overall mechanical behaviour of
the tissue [3-5].

Normal ageing process leads to gradual
dehydration of NP, largely due to loss of proteoglycan
and apotosis of notochordal cells, which in turn gives
rise to increased disc stiffness, leading to increased

pressure on the surrounding AF layers. Finally crack
forms, herniation occurs through AF. The prolapsed
tissues (commonly called “slipped disc”) apply
pressure onto adjacent nerve tissue. As a result,
excruciating chronic pain, numbness and in some
cases paralysis of some muscles may occur. Current
treatment modalities encompass both non-surgical
(symptomatic pain relieving drugs, physiotherapy,
exercise, electrical nerve stimulation) and surgical
(fusion of upper and lower vertebral bodies, total disc
replacement and NP replacement by ceramic disc)
interventions. However, these treatments invariably
fail to restore the normal biological and mechanical
properties of the human spine, and degeneration
progresses to neighbouring discs.

Recently, several attempts have been made to
bioengineer AF tissue. A variety of chemical
composition and scaffold architectures have been
tried, including atelocollagen honeycomb [6],
collagen—GAG [7], collagen—hyaluronan [8], and
alginate [9], poly(d,l-lactide) Bioglass composite 2D
film [10]. None of these studies addressed the
importance of simulating anatomical orientation of
collagen fibres in AF tissue. Thus the objective of
this study is to develop a novel biomimetic scaffold
with precise fibre alignment, to simulate anatomical
lamellar, hierarchial AF structure, using Silk Fibres.
Precise fibre alignment would control the cell
alignment, accumulation of ECM along the fibre
direction and thus would generate desirable tissue
architecture. De-differentiated human nasal
chondrocytes have been cultured for upto 4 weeks
over the separated concentric layered architectures,
in presence of chondrogenic media to form the
engineered cartilaginous IVD tissue. The cell
morphology and distribution within the fibrous
scaffold layers have been evaluated using Scanning
Electron Microscopy and histological studies.
Mechanical studies of the native AF tissue as well as
cell seeded scaffolds were also investigated.

2. Materials and Methods
2.1. Preparation of Silk Fibroin Scaffold

The Indian variety of silk Antherea mylitta cocoons,
were cut into small pieces and degummed by boiling
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in 0.02 M Na,CO, for 30 minutes to remove the outer
sericin layer of silk. The supernatant containing
sericin was discarded and the extracted silk fibroin
was properly rinsed in distilled water. The silk was
then dried for at least 12 hours and dissolved in 9.3
M LiBr at 60°C for 4 hours to obtain a 20% w/v
solution of dried silk. The silk-LiBr solution was
dialysed in water using dialysis cassette to get pure
silk fibroin solution. Then beta-crystallization was
induced by adding methanol so as to obtain a core
hydrogel. Biopsy knife was used to create cylindrical
scaffold measuring 2 cm in height and 1 cm in
diameter.

Antherea mylitta fibres were separately
degummed using the same procedure and wrapped
onto the silk fibroin hydrogel using the rapid
prototyped machine.

2.2. Description of the Winding Machine

A rapid prototyped silk winding machine is designed
to simulate the different fibre alignment in successive
layers of AF. The machine is driven by two
assemblies, namely Rotating assembly and the Sliding
assembly. The two assemblies are placed diagonally
to each other and contain variable DC motors having
speed of 0-40 rpm.

The rotating assembly maintains the angle of
silk fibre winding and consists of a stainless steel

rod (used as the rotating mandrel) attached to it. The
silk hydrogel is mounted on this rotating mandrel.
The silk fibre bobbin is mounted on a spindle placed
on one end of the machine. The silk fibre from this
bobbin passes through the key hole in the sliding
block and winds the hydrogel mounted on the rotating
mandrel.

The Sliding assembly is used to manipulate the
direction of winding. The Sliding assembly consists
of a sliding block linked to a pair of micro switches
which are used to control the direction of rotation of
the motor, which in turn controls the direction of
winding in forward and reverse direction.

The entire unit is controlled by a control panel
which ensures the proper winding sequence and the
safety of the motor during operation (Fig. 1). The
degummed fibers were wrapped onto the silk fibroin
hydrogels with precise fibre orientation using this
rapid prototyping machine.

2.3. Cell Culture

Human nasal cartilage was harvested from donors
with informed consent, following approval by the
ethical committee of University Hospital of Basel,
Switzerland. Chondrocytes were isolated upon 22-
hour incubation at 37°C in 0.15% type Il collagenase
and resuspended in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum, 100U/

Fig.1: (a) Design of the rapid prototyped winding machine, (b) SEM image of fibre orientation
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ml penicillin and 100ug/ml streptomycin.
Chondrocytes were plated in tissue culture dishes at
a density of 10* cells/cm? and expanded in complete
medium supplemented with 5 ng/ml Fibroblast
growth factor-2 and 1ng/ml Transforming Growth
Factor B1. When cells were subconfluent, they were
detached by sequential treatment with 0.3% type 11
collagenase and 0.05% trypsin/0.53mM EDTA, and
replated at 5x103 cells/cm?.

Scaffolds were sterilized before use with 70%
ethanol overnight incubation and pre-wet in complete
medium. Second passage chondrocytes were seeded
statically at a density of 7x10° cells/cm?. Constructs
were statically cultured for upto 4 weeks in complete
medium supplemented with 10pg/ml insulin, 0.1mM
ascorbic acid 2-phosphate and 10ng/ml Transforming
Growth Factor 3. Medium was changed twice a
week. Constructs (cells with biomaterial) were
harvested for analysis.

2.4 MTT Staining

Constructs harvested after 1 day were rinsed in PBS
and stained with MTT for up to 3 hours at 37°C.
Photographs were taken to record the violet staining
indicative of the presence of metabolically active
cells.

2.5 Histological and Biochemical Analysis

Constructs were rinsed with PBS, fixed in 4%
formalin, embedded in paraffin, cross-sectioned (7
pum) and stained with hematoxylin and eosin.

2.6 Scanning Electron Microscopy

Samples were rinsed with PBS, fixed in 4% formalin.
Tissue constructs were gently rinsed with distilled
water and then gradually dehydrated by exposure to
various alcohol gradients. Finally the surface
morphology of the cell seeded scaffolds was
visualized using the SEM of model Zeiss EVO 50.

2.7 Mechanical Characterization of Scaffolds

Compression tests were carried on a computer-
controlled Universal testing machine (UTM) model
HS5KS (Tinius Olsen, England) with QMAT 5.37
professional software. Goat IVD was collected from

nearby slaughter house and AF layer had been
separated out from the IVDs with the help of surgical
knife to obtain sections having thickness 2 mm and
width 5 mm. The samples (n=4) were clamped on to
the jaws of the UTM and compressive load range of
up to 900N, test speed of 1 mm/min were applied in
perpendicular direction to the lamellae of tissue
cultured constructs and AF tissues.

3. Results and Discussions

Several attempts are being made to regenerate AF
tissues of degenerated IVD, either by using salt-
leached porous scaffolds, porous hydrogels,
electrospun nanofibrous matrixes, which invariably
fail to simulate anatomical cell and ECM fibre
orientations. This study demonstrates the generation
of novel silk based lamellar scaffold designed to
simulate the precise anatomical fibre alignment of
the outer concentric layered laminated AF tissue. The
highly specialized orientation of collagen fibres
governs the proper biomechanical properties of the
AF tissue.

In our study silk was chosen as the
morphological guidance substrate because it is the
strongest natural fibre with extraordinary strength &
toughness, which exceeds other commonly used
degradable polymeric biomaterials. Silk exhibits
strength in the range of 0.6 GPa and 15-18%
extensibility [11-12]. Silk is known for its remarkable
thermal stability to to its B-sheet enriched structures.
Silk fibroin protein has been extensively used for
tissue enginnering for its biocompatibility [12]. The
cocoons and silk fibres were extracted from the
species Antherea mylitta since this variety contains
the RGD sequence (arginine—glycine—aspartic acid).
The RGD domain is mainly found in the ECM such
as fibronectin and collagen of the AF tissue and is
mainly responsible for cell attachment, facilitated by
the binding of RGD to transmembrane protein
receptors called Integrins present on the cell surface.

The specialised fibre alignment (oriented at an
angle of 30° in one layer and opposite in successive
layer) in a layered fashion was achieved using a
custom-made rapid prototyping winding machine
[Fig. 1a]. The precise orientation of silk fibres over
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the hydrogel was visualized using SEM [Fig. 1b].
SEM image shows the different layers of highly
oriented pattern of silk fibres over the silk fibroin
hydrogel. The presence of interfibre pores has been
observed which would facilitate the infiltration of
cells into the inner layer of the scaffold.

The 3D scaffolds were cultured with expanded
human nasal chondrocytes. Nasal chondrocytes are
chosen as they proliferate approximately four times
faster than human articular chondrocytes in
monolayer culture, and had a markedly higher
chondrogenic capacity, as assessed by the
significantly higher expression of collagen type Il and
glycosaminoglycans in-vitro-engineered constructs.
It has been studied that cartilage tissue generated from
human nasal cells survived and grew during 6 weeks
of implantation in-vivo [13]. After 1 day of culture,
some constructs were harvested and MTT staining
showed the presence of metabolically active cells
(Fig. 2a, b). SEM analysis revealed the cell
attachment along the fibre direction and the uniform
distributed over the fibrous scaffold with spread
morphology starting from day 1. In presence of
chondrogenic media the cells assumed aggregated
morphology after 2 weeks and after 4 weeks the
fibrous scaffold was uniformly dispersed with the
cells (Fig. 3).

Histological analysis also revealed that the cells

followed fibre orientation, fibre alignment and the
ridges or grooves formed within the macro-diameter
fibrous, simulating the anatomical collagen fibre
orientation present in human AF tissue (Fig. 4).

The compressive strengths of the native AF
tissue as well as cell seeded constructs were studied
and it was found that the compressive strength
gradually improved with increasing culture time. The
compressive modulus for silk scaffold, 1 day cultured
silk scaffold, 4 weeks cultured scaffold and native
AF tissue was found to be 0.639 Mpa, 1.275 Mpa,
17.345 Mpa and 18.41 Mparespectively (Fig. 5). The
compressive modulus was found to maximum in 4
weeks cultured silk scaffold probably due to
accumulation of more cartilaginous ECM proteins
and was found to be almost closer to the strength of
the native tissue.

From these observations, it can be said that a
novel biomimetic scaffold has been developed where
desired fibre orientation has been achieved and the
scaffold has supported growth and differentiation of
chondrocytes from flat to rounded cells indicating
cartilaginous differentiation.

Taken together, custom-made fibre orientation
and porosity of Fibrous-hydrogel composite lamellar
scaffold can control cell alignment, as well as support
chondrogenic commitment. Hence this novel fibrous-
hydrogel composite scaffold with the layered

Fig. 2: (a) Fibre-hydrogel composite 3D scaffold without cells (b), intense MTT staining of the construct after 1 day of culture showing cell
viability
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Fig. 3: SEM images of cell seeded scaffolds: (a) SEM image on
day 1, (b) SEM image on 2 weeks, ¢) SEM image on 4
weeks showing cell orientation along fibre alignment. Cells
produced ECM fibres following orientation of silk fibre

to attach, grow and deposit extracellular matrix along
the fibre direction thus contributing to the overall
mechanical behaviour of the tissue. The cell
morphology, as revealed by SEM and histological
analysis showed spread morphology in outer layers
and rounded or aggregated morphology in inner
layers, simulating the morphological features of
annulus fibrosus. Thus through this novel approach
custom-made cell oriented tissue engineered
constructs can be generated to replace the degenerated
Intervertebral disc, relieving millions of elderly
people worldwide who are suffering from the nagging
problem of chronic low back pain.
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Fig. 4: (a) H&E staining of native human AF tissue, (b) H & E staining of cell seeded scaffold

architecture may simulate precise architecture and
typical microenvironment of intervertebral disc.

4. Conclusion

Although IVD regeneration is still in its early stage,
tissue engineering has emerged as a promising therapy
for treatment of Intervertebral disc degeneration. In
the present study, a novel silk fibroin fibre based
biomimetic scaffold has been fabricated simulating
the typical architecture and microenvironment of
Intervertebral disc. The cell attachment was found to
be satisfactory. The fibre alignment governs the cells

Fig. 5: Compressive strength of AF tissue and cell seede scaffolds
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