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in static conditions (Figure 2).  In contrast, the cells in static cultures 
retained a random orientation and appeared more branched in shape.  
This result was reproducible at flow rates of 0.01ml/min, whereas at 
lower flow rates the cells remained randomly oriented and at higher 
flow rates they rounded up. 
 

 
Figure 2. Cell orientation (arrow shows radial direction) 

  
 Our unique model also allowed us to directly examine the 
dependence of cell orientation on velocity due to the radial variations 
of the model (Figure 3).  Consistent with our observations at higher 
flow rates, we observed that cells subjected to interstitial flow became 
more randomly oriented with increasing radial distance (and thus 
decreasing velocity). 
 

 
Figure 3.  Velocity, pressure, inverted confocal image, 

angle scatter plot and variance of average cell alignment 
profiles in a radial section of fibroblast-populated gel 

subjected to interstitial flow 

 The hydraulic conductivity measurements were consistently 
found within the narrow range of 0.5 to 2.5 x 10-4 cm2/s/cm H2O.  For 
the acellular gel, K initially increased and leveled off at 3.5 x 10-4 
cm2/s/cm H2O under interstitial flow. 
 
DISCUSSION 
 The results establish interstitial flow as having distinct effects on 
cells and strongly suggest that interstitial flow can affect cell 
organization in a matrix, although the mechanisms of this interesting 
phenomenon have yet to be elucidated. It is likely that this realignment 
may help to improve the mechanical strength of the gel, as seen in 
matrix remodeling in other tissues in response to mechanical stress.  
The circumferential alignment of the fibroblasts was dependent on the 
bulk velocity v. The fibroblasts became less aligned and more 
randomly oriented as v decreased (Figure 3).  Lastly, it should be 
noted that this perpendicular cell alignment under interstitial flow is 
different from other kinds of mechanical loading of fibroblast-
populated collagen gel where parallel alignment of the cells to the 
direction of the applied load is typically observed [1].   
  The narrow range of the hydraulic conductivity data suggested 
that cells could affect the hydraulic conductivity of the gel but they did 
not elicit drastic changes.  The average K of 1 x 10-4 cm2/s/cm H2O 
agreed with the data obtained previously for type I collagen [2] but 
this value was at least 2 orders of magnitude higher than that found in 
mammalian tissues, whose range varied from 10-6 to 10-10 cm2/s/cm 
H2O [3].  The difference is expected since the collagen concentration 
of the tissue culture system here is very small (about 3.5 mg/ml), and 
reconstituted collagen gels do not have any specialized architecture 
and are not incorporated with other ECM molecules such as 
proteoglycans (which contribute to K significantly).   
 
CONCLUSION 
 We have developed a unique model to directly examine the 
effects of interstitial flow on cell organization in soft tissue cultures.  
Using the in vitro model, we observed that fibroblasts aligned 
perpendicularly to the direction of flow.  The results established the 
distinct effects of interstitial flow on cell orientation and strongly 
suggest that interstitial flow can affect cell and matrix organization, 
although the mechanisms of this interesting phenomenon remains to be 
elucidated.   
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