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Introduction 
The effects of substrate material on the spatio-
temporal behavior of cells is an important issue. 
For example, cell aggregation is one of the key 
events for tissue formation, but the mechanisms 
of aggregation have yet to be fully clarified. 
Bonnet et al. proposed a quantitative method to 
evaluate cell aggregation behavior in terms of 
the relationship between local cell density and 
the direction of cell migration [N. Bonnet, 
2004]. In this method, however, cell density 
was calculated by a space discretization 
procedure, therefore the results were heavily 
dependent on the degree of discretization 
accuracy. In this study, we proposed a new 
method that uses the scalar product of the cell 
velocity and cell density gradient to evaluate 
density dependent migration, and used it to 
analyze cell migration on fibroin and ProNectin 
substrates. 

 

Methods 
1.0 × 105 chondrocytes harvested from rabbit 
joints were seeded on a fibroin coated plates 
and ProNectin coated plates, and time-lapse 
phase contrast images were captured during a 
24-hour culture. Every cell captured in time-
lapse observation on each substrate was 
manually tracked, and point position data of 
each cell was measured.  
The relationships between the direction of cell 
migration and the gradient of cell density was 
evaluated using the following procedure;  
direction of cell migration vi(t) was computed 
for the
different images at a time of t and t+∆t. 
Then local density of cells is computed 
according to the two-dimensional Gaussian 
kernel density estimation, and the gradient of 
the cell density n(x,t) at position x in each 
frame t was computed. After that, the 
correlation of these two vectors was calculated 
for each cell i, as follows 

nv
nv ⋅=θcos        (1) 

Weighted average of cosθ values, index, was 
also calculated.  
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Chi-squared tests and Welch's t-test were 
performed with a significance level of 0.05. 
 

Results 
Figure. 1 shows the distribution of θ. Radial 
axes represent the ratio of actual frequency 
relative to an ideal frequency distributed evenly 
over 180 degrees. On ProNectin substrates, 53 
percent of cells moved to areas of lower cell 
density. On the other hand, there were no 
relationships between cell migration and cell 
density gradients on fibroin substrates.  
The index for ProNectin was smaller than that 
for fibroin and there was a significant 
difference between the two groups (Welch's t-
test p<0.01; data not shown). 

 
Figure 1: Distribution of the angles θ. Asterisks 
indicate significant differences (***; p<0.001:by 
Pearson’s chi-squared test) 
 

Discussion 
On fibroin substrates, cell aggregation has been 
observed. The results demonstrate that no 
attractive behavior was observed on fibroin. In 
contrast, cells on ProNectin tended to migrate 
into areas of lower cell density. 
Otaka et al. reported that the number of cells on 
fibroin that maintained an intercellular distance 
of 20µm for 2 and 3 hours was much more than 
that on ProNectin [A.Otaka, submitted]. Taking 
the above into consideration, the cell 
aggregation behavior observed on fibroin 
substrates could be caused more by 
intercellular adhesion rather than density 
dependent migration. 
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