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SUMMARY 

Just as growth factors do, biomechanical cues such as 

intrinsic extracellular matrix (ECM) properties of tissues 

and mechanical loading conditions can modulate cell fate 

and function. The understanding and control of these 

factors is critically important in the health and function of 

load-bearing tissues, such as the intervertebral disc (IVD) 

and articular cartilage. In particular, the biomechanics of  

IVD, including compression resistance and cushioning 

between vertebrae are largely dependent upon the 

composition and structure of nucleus pulposus (NP) ECM, 

which consists mainly of water (70-90% wet weight) and 

proteoglycans and collagen. In a healthy IVD, the highly 

hydrated nucleus pulposus gives the tissue high hydrostatic 

pressure and resistance to compression. In the presence of 

inappropriate mechanical loads the water-binding capacity 

of NP is compromised leading to IVD degeneration.  

  Tissue engineering of NP is a promising approach to 

recover the functionality of the degenerative IVD. Here, 

we briefly discuss the influence of ECM properties and 

mechanical stimuli on the differentiation of mesenchymal 

stem cells (MSCs), highlighting the limitations that must 

be addressed for clinical translation of MSC-based therapy 

for NP regeneration. A tri-axial bioreactor designed in 

collaboration with Bose ElectroForce to simultaneously 

apply different loading conditions to growing constructs is 

also presented.  

 

INTRODUCTION 

Biomechanics of nucleus pulposus (NP) are central to the 

function of the intervertebral disc, as it functions as 

acushion between the vertebrae. NP carries compressive 

loads, while the annulus fibrosus sustains tensile stresses 

and provides mechanical strength to allow flexibility and 

motion of the spine [1, 2].  

 

NP cells reside in a highly hydrated extracellular matrix 

composed of a proteoglycan-water gel, collagen and 

glycoproteins. The cells are exposed to a complex array of 

functional stimuli including fluid flow induced by the 

displacements due to compressive loads, axial compressive 

loads and shear stresses due to torsion of the spine. 

Hydrostatic pressure (HP) is also generated as the NP and 

the annulus fibrosus act as a visco-elastic system to 

balance the quasi-static and dynamic forces from the spine 

via the cartilaginous end plates [2]. Cells respond to these 

mechanical factors, translating the signals into chemical 

and biochemical signals that trigger synthesis of ECM and 

changes in gene expression [3].  

 

It has been reported that disc degeneration begins from the 

NP region whereby inappropriate mechanical loads and 

poor nutrient supply lead to changes in the NP structure 

and composition altering disc functionality [4].  NP tissue  

 

engineering has so far been regarded as a promising 

approach to recover the functionality of the degenerative 

IVD. A number of cells sources and scaffolds have been 

evaluated for their suitability, but the replication of 

mechanical factors found in native tissue has been less 

emphasized. Successful tissue engineering of nucleus 

pulposus should be able to reproduce some or all of its 

complex mechanical behaviours. 

 

APPROACH 

There is increasing evidence that mechanical factors can 

significantly influence the functional development of 

tissues and play a major role in controlling stem cell fate 

and lineage determination. However, it is important that 

the mechanical environment of the native tissue is well 

characterized in order to provide baseline information to 

guide the development of tissue engineering strategies. 

Various models have been employed to study the 

mechanical properties of NP and IVD, including, cell 

cultures, rodent models, full organ structures as well as 

finite element modelling, each with their own limitations 

[5]. This variability in the methods used and shortcomings 

presented by each of the models makes it difficult to 

pinpoint concrete data. A review by Nerurkar et al [2] 

summarizes the results obtained within literature that can 

be used as mechanical design criteria for NP tissue 

engineering. 

 

BIOMECHANICAL CUES FOR MSC 

DIFFERENTIATION 

Mesenchymal stem cells (MSCs) are an attractive cell 

source for regenerating NP tissue due to their ability to 

differentiate into several tissues of mesenchyme origin [6]. 

However, this multilineage potential necessitates the need 

to regulate cell fate. Usually, growth factors have been 

used to promote stem cell differentiation. But recently, a 

number of studies have highlighted the significance of the 

intrinsic ECM properties, e.g. matrix stiffness, 

composition and topography in directing stem cell fate [7, 

8, 9, and 10]. For instance, MSCs have been shown to 

differentiate into bone-like cells when cultured on stiff 

scaffolds that mimic bone mechanical properties [9] and 

developing a chondrogenic phenotype on softer matrices 

[10]. For NP tissue engineering, a few studies have 

incorporated into hydrogel scaffolds, biological cues 

present in NP such as type II collagen and hyaluronic acid 

[1, 11, 12], but to our knowledge, the mechanical 

properties of the native NP tissue are yet to be achieved in 

hydrogel design. 

 

The application of mechanical loading conditions that 

mimic the in vivo environment of NP to MSC-based 

constructs in vitro is essential to inform the understanding 
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of the behaviour of loaded cells in vivo and improve the 

functional outcomes of the engineered tissues including 

the appropriate phenotypic characteristics of NP. 

Mechanical stimulation methods have been employed in 

MSC-based NP tissue engineering studies, enhancing the 

expression of cartilage ECM proteins aggrecan, type II 

collagen and SOX-9 [13]. However, the effects of these 

loading conditions on NP differentiation of MSCs and the 

development of functional properties remain unclear.   

 

The research into the differentiation of MSCs into NP cells 

is encumbered by the lack of specific markers which can 

distinguish nucleus pulposus cells from articular 

chondrocytes [14].  Another limitation in the studies is the 

use of isolated loading conditions, which do not accurately 

represent the true in vivo situation, where a number of 

forces are acting simultaneously. In order to more closely 

replicate the in vivo load environment, a specification was 

developed defining design requirements for a tri-axial 

loading bioreactor applying uni-axial compression, 

hydrostatic pressure and pulsatile perfusion flow 

simultaneously [3]. The bioreactor system (see Figure 1) 

was then designed and built by Bose ElectroForce [15]. A 

number of design modifications have subsequently been 

implemented to the machine to improve its performance. 

The revised machine specification is shown in Table 1. 

 

Four specimens chamber with transparent, flexible 

membrane around each sample 

Compression  

Axial stress 

Displacement 

Frequency 

0.3 MPa (5mm specimens) 

±3 mm 

0.01-1 Hz 

Mean flow*  

Low flow rate 

High flow rates 

5-490 µL/min 

0.4-40 mL/min 

Pulsatile flow  

Pressure 

Pulse volume 

Frequency 

Mean flow 

0.3 MPa (5mm specimens) 

0.6 mL/pulse 

0.01-1 Hz 

(1-10 mL/min) 

Hysdrstatic pressure  

Pressure 0.3 MPa  

Load cell per 

sample* 

 

Load 45 N 

Table 1: Revised specifications for the dynamic tri-axial 

loading bioreactor. see Sebastine [3] for the original 

specification. 

*Indicates where modifications have been made 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The Tri-axial Bioreactor 

 

CONCLUSION 

It is clear that biomechanical factors regulate 

differentiation of MSCs, although a combination of growth 

factors, ECM cues and mechanical stimulation will have to 

be optimised to promote complete differentiation. Such 

cues are necessarily delivered within a complex system 

emulating physiological conditions and requiring both 

biological and engineering approaches to its construction 

and implementation  
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