
 

Regulation of Human Mesenchymal Stem Cell Chondrogenesis by Scaffold Geometry and Mechanical Properties  

Shobana Shanmugasundaram, Treena Livingston Arinzeh  

Department of Biomedical Engineering, New Jersey Institute
 
of Technology, Newark, NJ, USA. 

 

Introduction: 

In cartilage tissue engineering, a clearer understanding of 

the effect of the scaffold in supporting cartilage formation is 

of critical importance.  Chondrocytes are sensitive to subtle 

differences in material chemistry and architecture. It has 

also been shown that the morphology and lineage 

commitment of Human Mesenchymal Stem Cells (MSCs) 

vary according to the properties of the substrate. Polymer 

scaffolds fabricated by electrospinning have shown great 

potential in cell-based tissue engineering as the fiber size 

plays a crucial role in cell behavior. Our studies on 

electrospun scaffolds have shown that changes in fiber 

diameter can affect MSC function
1
.  We evaluated the effect 

of fiber size on MSC chondrogenesis using poly (L-lactide) 

(PLLA) electrospun scaffolds with average fiber diameters 

in the nano to micron range.  MSC differentiation along the 

chondrogenic lineage was examined with an emphasis on 

temporal gene expression with respect to changes in 

scaffold fiber diameter and corresponding mechanical 

properties. 

Materials and Methods: 
Electrospinning PLLA: To fabricate PLLA scaffolds of four 

distinct fiber diameters (denoted PLLA-1, -2, -3 and -4, 

having average fiber diameters of 400 nm, 2 µm, 6 µm and 

9 µm respectively), voltage and collector-needle distance 

were kept constant, while needle gauge, flow rate and 

solution concentration were varied. 

Analysis of Fiber Diameter, Porosity, Tensile property:  

The average fiber diameter and morphology of the 

electrospun mats were analyzed with a Scanning Electron 

Microscope (SEM). Porosity was determined by density 

method and mean pore diameter was characterized by 

mercury intrusion porosimetry (MIP). To assess the 

mechanical properties of the mats, the mats were cut at 0
0
, 

450 and 900 angles and immersed in phosphate buffered 

saline (PBS) at 37°C, 5% CO2 for a day prior to testing with 

Instron Tensile tester. 

In Vitro Chondrogenesis: PLLA scaffolds were cut in to 

discs, and sterilized in 100% Ethanol, followed by a series 

of PBS wash. Chondrogenic potential of MSCs on 

electrospun scaffolds of PLLA1-4 was compared to pellet 

culture. MSCs that were isolated from whole bone marrow 

and sub-cultured were seeded at a density of 10
5
cells/cm2 

on scaffolds. 0.25x106 cells were used for each cell pellet.  

Cells were cultured in Dulbecco’s Modified Eagle Medium 

supplemented with 10% FBS [DMEM-C]; chondrogenic 

induction medium with TGF-β3 [CCM+]; CCM without 

TGF-β3 [CCM-].  

Cell Proliferation, Biochemical Analysis: Cell proliferation 

and Sulphated glycosaminoglycan (sGAG) were assessed 

with dsDNA Picogreen Assay (Invitrogen) and Blyscan 

Assay (Biocolor) according to the vendor’s protocol at days 

14, 28; n=3.  

Real-Time RT-PCR: RNA was isolated and gene expression 

was performed using the RNeasy Micro Kit and SYBR 

Green RT-PCR Kit (Qiagen) according to the vendor’s 

protocol. Relative gene expression for undifferentiated 

MSC marker (Sox2), early and late chondrogenic markers 

(aggrecan, collagen types I &II, chondroadherin, and 

transcription factor, Sox9) and cell-matrix interaction 

marker, focal adhesion kinase (FAK) were analyzed at days 

1, 14, 28 with RPLPO as the house-keeping gene. 

Confocal microscopy: The samples were fixed and stained 

for Collagen Type II and FAK, nucleus (DAPI), and actin 

filaments (phallacidin).  

Statistical Analysis: Data was analyzed by ANOVA; post 

hoc comparisons were made with Tukey’s test- p<0.05. 

Results and Discussion:  

The morphology and average fiber diameter of PLLA 1-4 

are given in Figure 1a. The porosity of PLLA-1 and -2, and 

PLLA-3 and -4 were 73% and 83%, respectively. The 

average pore diameter of PLLA-3 and -4 was 10 fold higher 

[~56µm] than PLLA-1 and -2 [~5 µm]. The elastic modulus 

of PLLA-3 remained the same independent of the angle 

whereas for PLLA-1,-2, and -4, it varied [Figure 1b]. 

PLLA-1 and -2 had statistically higher moduli than PLLA-3 

and -4 at 0
0
 and 45

0
.  All scaffolds supported cell growth.  

There was no significant difference in sGAG content 

between groups.  However, statistically significant 

differences were detected between the groups for gene 

expression.  In CCM+ media, cells on PLLA-3 had the 

highest level of gene expression for aggrecan, collagen type 

II and chondroadherin on day 14, and lowest FAK levels on 

day 28 as compared to the other scaffolds.  In addition, cells 

on PLLA-3 expressed the highest level of aggrecan and 

collagen types I & II on day 28 and sox9 on day 14 in 

comparison to other scaffolds and pellet culture.  Sox2 

mRNA expression decreased over time for all scaffolds.  

However, in pellet culture, Sox2 remained significantly 

high by day 28.  

Confocal images of cells on PLLA-3 [Figure1c] showed 

that cells formed aggregates and had less actin filaments in 

comparison to the other scaffolds. 

  
Figure1: (a) Average fiber diameter (b) Modulus of PLLA1-4, *p<0.05 

(PLLA3); **p<0.05 (PLLA4) (c) FAK, Collagen II on PLLA3, day28 
Conclusion:  

The results of this study demonstrate that PLLA-3, having 

an average fiber diameter of 6 µm and an elastic modulus 

similar to the equilibrium relaxation modulus of articular 

cartilage
2 

at all angles, enhances MSC chondrogenesis.  

Since FAK expression as an indicator of cell spreading and 

adhesion was lowest on PLLA-3, cell-matrix interaction 

may play a role.   
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