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Outline of the work 
The need to study cells and tissues in environments more similar to physiological 
ones turns out to be nowadays one of the greatest tools for the development of new 
biomolecules, and to understand better most of the physiological phenomena at cell 
and tissue level. Soluble species spatial gradients are known for their morphogenic 
action during cell development, and they take place in a 3D environment. Moreover 
the 3D gradient of mechanical properties of each tissue influences cell migration, 
differentiation and activities. In this wok we describe the design and realization of a 
bioreactor able to generate three-dimensional concentration gradients, and the 
realization of a gel matrix with a 3D gradient of mechanical properties. The topology 
of this device has been initially designed and modelled using Computational Fluid 
Dynamics, and subsequently realized through rapid prototyping techniques. An 
hydrogel matrix was then polymerized in the main chamber in order to “froze” the 
gradient. The matrix had an inner gradient of mechanical properties , because a 3D 
gradient of crosslinker was established in the main chamber before  the start of 
polymerization.  
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The design of 3D gradient maker generator 
is started with a CFD analysis. Its 
performances were evaluated by solving 
the following set of equations: 
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Figure 1: Description of the main parts 
of the 3D concentration gradient 

bioreactor . 

Figure 2: CFD simulation of 
concentration distribution and 

streamlines in the gradient maker.  

The structure consisted of a cubic chamber at the centre of the device (2.4 cm side), 
in which there are the inputs of 4 mixing network perpendicularly placed. The output of 
the system is placed on the bottom of x-y plane. The mixing structure had 8 inputs 
and 16 outlets, which are inputs of bioreactor chamber. The bioreactor chamber had 
only one output. The height of the mixing channels was set to 300 microns. 
Tetrahedral mesh was used with average size of 0.05 mm in the inlets and 0.5 mm in 
the mixing chamber. The mixing network design was taken from a previous work [1-2].  

Realization of an Hydrogel with a 3D Gradient of 
Mechanical Properties 

Polyacrylamide (PAAM) was chosen as a template 
hydrogel, due to the easiness in tuning its 
mechanical properties by just changing the 
acrylamide (AAM) to bisacrylamide (BIS) ratio 
(monomer to crosslinker ratio). An 8% w/v solution 
of AAM with respectively 0.04% w/v or 0.6% w/v of 
BIS flowed from the inlets, so that a BIS 
concentration gradient was set in the main 
chamber. Also the initiator (Amonium Persulfate, 
AP) was perfused from the inlets. When the steady 
state was reached an injection of TEMED (catalyst) 
from a hole in the main chamber (Figure 7) quickly 
polymerized the hydrogel into the main chamber 
(Figure 8). 

The 3D controlled distribution of BIS into the 
gradient chamber lead into the development of a 
gradient of mechanical properties into the 
polymerized hydrogel. Reaction time (first 
gelification in minutes) is significantly higher than 
BIS diffusion time (several hours), so we can 
reasonably be sure that the distribution of BIS 
remains the same as the applied gradient, even 
during the polymerization. 

Figure 6: Gradient formation into the 
bioreactor, front view. 

Figure 7: Example of catalyst infusion into 
the main chamber using a yellow dye. 

Figure 8: PAAM “Cube” with a 3D 
gradient of mechanical properties 

resulting from the polymerization of the 
AAM/BIS filled chamber. 

Realization 

To ensure a perfect sealing a purposely 
developed locking system (Figure 3) has been 
designed and realized. It was composed of a 
plastic frame made of ABS and two Plexiglas 
layers, in order to maintain a free visual path 
onto what happened inside the chamber and the 
microchannels.  

The mould and the frame of the bioreactor have been 
made in Acrylonitrile Butadiene Styrene (ABS) using a 
rapid prototyping system (Dimensione Elite Stratasys®, 
U.S.A.). The main core has been made casting PDMS 
(Sylgard 184) in the previous mould.  

To ensure a tight sealing of all parts 8 plastic O-
rings have been placed between the cylindrical 
inserts present on the external surfaces of the 
frame. The deformability of PDMS granted a tight 
sealing after compression. Figure 4 shows the 
assembled reactor with the concentration gradient 
formation inside. Figure 5 also shows different 
concentration patterns that could be obtained in the 
GM. A set of peristaltic pumps were used for system 
perfusion. 

Figure 3: Project of the bioreactor 
locking system.  

Figure 4: Dye gradient formation into the 
main chamber of the bioreactor, top view. 

Figure 5: Example of 
different concentration 
gradient shapes into 
the bioreactor using 
dyes. 

CFD and design 

Mechanical testing 

The main “cube” was cut in 3 x 3 x 4 small 
samples, in order to have a good estimation of the 
distribution of the mechanical properties in the 3D 
environment. The “cube” was cut using the tools 
depicted in figure 9, in order to assure an uniform 
and repeatable slicing.  Briefly it was put in the 
bigger mould, then cut into four slices with an 
histological sharp blade. Each one of the four 
slices were then placed in the second mould and 
then sliced in 9 equal pieces. The choice of critical 
size was due  to the detection limit of our load cell. 
Each sample was subjected to a compression test 
using a Zwick-Roell Z005. The Young modulus of 
the tested sample was evaluated as the slope of 
first linear part of the Stress-Strain diagram. The 
effect of strain velocity was found to be negligible, 
as  it is possible to see in Figure 10. Also the 
dependence of Young Modulus to BIS 
concentration is almost linear. 

Figure 9: Tools used for “cube” slicing. 
On the right is shown the “coordinate” 
system used for samples classification 

during slicing. 

Figure 10: Young modulus of PAAM versus BIS content. As it is possible to see the 
behaviour is almost linear., and is not dependent on load rate, so the viscous effect is 

negligible. 
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Results 
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The results of the mechanical testing are shown in figure 11. As it is possible to see 
there is a gradient of mechanical properties developed  in 3D. There is a decrease in 
Young Modulus from z=1 to z=4, and from y=1 to y=3, following the 3D concentration 
pattern of the flow. 

Conclusion 

Figure 11: Young 
modulus 

measured in 
gradient samples 

versus 
coordinates. It is 
possible to see a 
stiffness gradient 

in z and y 
directions. 

It was presented a new generation bioreactor able to generate hydrogel 
matrixes with a 3D gradient of stiffness. This bioreactor could also be used 
for perfusion of 3D cell scaffolds with a repeatable and stable gradient of 
chemical species, i.e. growth factor to induce cell differentiation directly into 
the scaffold.  


