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2.4.3 MSC Culture on the Artificial ECMs 

In the previous section the MSCs were characterised. In this section, their 

adhesion, growth, and differentiation across the artificial ECMs are compared. 

The effect of varying culture conditions is also studied. 

After 24 h culture on the artificial matrices the actin cytoskeletons of MSCs were 

imaged (Figure 2.12). Across all surface combinations, including control glass 

and glass with FN, actin cytoskeletons formed, and cells spread to adopt a 

polygonal morphology. 

 
Figure 2.12 MSCs cultured for 24 h in BM on the artificial ECMs, stained for actin and nuclei. 
A range of morphologies can be seen. The MSCs were spread and had clear actin 
cytoskeletons. Scale bar 100 µm. Red, F-Actin; blue, nuclei. n = 2. 
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β-Tubulin is a cytoskeletal protein with diverse roles including organelle 

localisation, cell division, and metabolism (Cassimeris et al. 2012; Dutcher 2001; 

Oakley 2000). After 3 d culture, cells remained spread and networks of β-tubulin 

were evident across all surface combinations (Figure 2.13).  

 
Figure 2.13 MSCs cultured for 3 d on the artificial ECMs, imaged for actin, nuclei, and β-
tubulin. Microtubule and actin cytoskeletons were formed at 3 d culture on all artificial 
ECMs. Scale bar 100 µm. Red, F-actin; blue, nuclei; green, β-tubulin. n = 2. 

Adhesions of MSCs to the surfaces were compared using vinculin staining. 

Vinculin is a focal adhesion protein that is central to recruiting various cell 

signalling components (Carisey & Ballestrem 2011; Geiger et al. 2001). As 

demarcated by vinculin, focal adhesions were found in cells on all surfaces 

(Figure 2.14). 
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Figure 2.14 Vinculin distribution in MSCs cultured for 3 d on artificial ECMs. Focal adhesion 
formation occurs in MSCs adhered to all the artificial ECMs. White arrows indicate example 
focal adhesions, regions of bright vinculin staining at the terminals of actin fibres. Scale bar 
100 µm. Red, F-actin; blue, nuclei; green, vinculin. n = 2. 

At these early time points — 24 h and 3 d, early relative to the duration of 

culture for differentiation (21 d) — there is little cell-to-cell contact. After 21 d, 

cells had proliferated resulting in cell-to-cell contact with some regions of 

indistinguishable cell boundaries, as visualised by immunofluorescence 

microscopy of their actin cytoskeletons (Figure 2.15). There was a range of cell 

densities, and punctate OCN staining was observed on all matrices. Although a 

dense region of OCN expression was observed in MSCs cultured on PMA with FN, 

its pattern was not similar to the nodule-like formations observed in OM (Figure 

2.10). Note also that this only occurred on a small region on one of two samples. 
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Figure 2.15 OCN expression in MSCs cultured for 21 d in BM on the artificial ECMs. MSCs 
have low amounts or negative OCN expression after 21 d culture on the artificial ECMs. Note 
there were no obvious nodule-like features similar to that associated with late-stage 
osteogenesis. PMA inset: region of relatively greater OCN expression and cell density. PEA 
inset: region with higher cell density. Red, F-actin; blue, nuclei. Scale bar 100 µm. n = 2. 

Given that MSCs on the artificial ECMs did not produce significant bone matrix 

(Figure 2.15), and yet they have the capacity to do so (Figure 2.10), their ability 

to undergo osteogenesis on the surfaces in OM was tested. MSCs were cultured 

for 21 d in OM on the artificial ECMs and their OCN expression visualised with 
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immunofluorescence microscopy. MSCs on control glass and glass with FN 

displayed nodule-like features that stained with OCN, but this did not occur on 

the artificial ECMs (Figure 2.16). Note again that punctate OCN expression was 

observed on the artificial ECMs. 

 
Figure 2.16 OCN staining of MSCs cultured on the artificial matrices in OM. MSCs on glass 
and glass with FN displayed nodule-like features that stained positively for OCN, indicating 
osteogenesis had occurred. Low or no expression of OCN occurred on the polymer-based 
artificial ECMs. Scale bar 100 µm. Red, F-actin; blue, nuclei; green, osteocalcin. n = 2. 

To further evaluate differentiation, the expression of osteogenic — OCN and 

OPN, another osteogenic marker — and stemness — VCAM1 (Stewart et al. 1999; 

Gronthos et al. 2003) and NESTIN (Pinho et al. 2013; Méndez-Ferrer et al. 2010; 

Isern et al. 2013; Ding et al. 2012) — proteins were quantified by ICW after 21 d 

in culture on the artificial matrices. This was repeated for 3 different donors 

(Figure 2.17). Note that this experiment was missing the G with FN substrate 

because it was started before it was considered as a useful control. Both OPN 

and NESTIN had different expression in at least some of the comparisons (Figure 

2.18). NESTIN expression was estimated to be higher on glass in comparison to 
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the other surfaces. PMA with FN had a lower expression of OPN than PEA with FN 

and glass. No differences were estimated with respect to OCN and VCAM1 

expression. These results provided some evidence that MSCs were differentiating 

to an osteoblastic lineage on PEA with FN, and perhaps to other lineages on the 

other matrices as judged by the decrease in NESTIN compared to the control 

glass matrix. However, while the role of NESTIN and VCAM1 in MSC stemness is 

unclear (Chan et al. 2015), both OCN and OPN are expected to increase during 

osteogenesis (Kulterer et al. 2007; Lian & Stein 1992) and yet only OPN is shown 

to  be differentially expressed.  

 

Figure 2.17 ICW analysis of osteogenic (OCN, OPN) and stemness (VCAM1, NESTIN) marker 
expression normalised to total cell volume by MSCs after 21 d culture on artificial ECMs. 
Note relatively large intra- and inter- donor variation. n = 3 biological replicates (donors) 
distinguished by colour; n = 3 or 4 repeats per donor. AU, arbitrary units. 
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