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Introduction 
Flow-through biroeactors are utilized as an approach 
to ensure complete nutrient distribution and apply 
defined hydrodynamic stresses during tissue 
regeneration.  However, the fundamental concepts in 
designing bioreactors for regenerating large tissues 
(for example skin, bladder, and cartilage) are not well 
defined.  Many tissues have a high aspect ratio (large 
surface area relative to the thickness of the matrix) 
and contain multiple cell types.  Effect of flow-
through configuration within these systems has not 
been studied.  Further, tissue regeneration is a 
dynamic process where the porous characteristics 
change due to proliferation of cells, de novo
deposition of matrix components, and degradation of 
the porous architecture.  These changes affect the 
transport characteristics and there is an imminent 
need to understand the influence of these factors.  
The objective of this study was to evaluate the 
nutrient distribution with consumption for three 
different cell types (namely Hepatocytes, Smooth 
muscle cells and Chondrocytes) in high aspect ratio 
flow-through bioreactors containing porous structures 
while the porous structures change along with cell 
numbers.  Since the circular reactor reported showed 
high shear stresses at the medium entry and exit 
locations [1], six new designs with different inlet and 
outlet shapes were analyzed.     

Materials and Methods 
Simulating fluid flow in the porous structure:  The six 
reactor geometries (referred as Design 2-7) were 
created in addition to the design (referred as Design 
1) reported by Lawrence et al [1] using a CAD 
package (ANSYS Workbench 11).  Simulations were 
performed under steady state conditions, with outlet 
set at atmospheric pressure and the walls to be 
smooth with no slip condition.  Based on the pressure 
drop and shear stress distribution analysis, Design 6 
with semicircular extensions was selected for further 
analysis in presence of porous structure along with 
Design 1 using the COMSOL Multiphysics.  The 
fluid flow was defined by a) the Incompressible 
Navier –Stokes equation on the non-porous regions 
and b) the Brinkman equation on the porous regions 
using the pore characteristics of chitosan scaffold 
formed at -80�C.  The flow rate was set at 5 mL/min 
based on experiments which showed that the further 
increase in flow rate would compress the chitosan 
porous structure. 
Simulating reaction in the porous region of the 
reactor: Consumption profiles of oxygen and 
glucose were obtained by solving the continuity 
equation using Michaelis Menten rate law in the 
chemical reaction engineering module in COMSOL 

Multiphysics.  The rate constants (km and vm values) 
for three cell types were extracted from the literature.  
Simulations were performed by varying the flow rate 
as well as the cell number. 
Experimental validation:  The reactors was fabricated 
in house and attached to a flow system consisting of 
two fluid reservoirs, a variable speed Masterflex L/S 
peristaltic pump, an in-line physiological pressure 
transducer at the inlet.  The Chitosan porous structure 
of dimensions appropriate for the reactor was 
prepared following the protocol reported previously 
[1].  Pressure drop was measured by performing 
experiments at conditions similar to simulation.

Results and Discussion 
The shear stress levels were uniform in the region 
where porous structure was present in the new 
configuration.  However, they were significantly 
lower than previous design.  Oxygen and glucose 
consumption results showed increased consumption 
of oxygen than glucose for all cell types.  Simulations 
performed with flow rates ranging from 0.001 
mL/min (very close to static culture) to 5 mL/min 
indicated that chondrocytes needed very low flow 
rate (0.01 mL/min) and hepatocytes needed very high 
flow (1 mL/min).  Smooth muscle cells ranged from 
0.1 mL/min to 0.5 mL/min.  Design6 showed better 
distribution of the nutrients and shear stress 
compared to Design1.  Increase in cell number did 
change the low flow rate requirements.   

Figure: Oxygen consumption at 0.1 mL/min (A) 
Chondrocytes (B) Smooth Muscle Cells (C) Hepatocytes   

Conclusions 
1) the location of the inlet and outlet determine the 
shear stress distribution throughout the porous 
structure. 2) There are different minimum flow rate 
requirements for different cell types.  3) Hepatocytes 
are demand high flow rate relative to chondrocytes 
and smooth muscle cells.  
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