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Abstract

Organ-on-a-chip technology can mimic the physiology of human organs and organ
systems, help researchers better understand pharmaceutical drug effects on organisms before
human clinical trials, and improve preclinical safety and efficacy of the drug testing. The key
goal of this research is to use Computational Fluid Dynamics (CFD) techniques to evaluate the
flooding properties of a microfluidic organ-on-a-chip device to enhance its functionality. The
fundamental issue in the microfluidic chip design is the removal of entrained air bubbles that
may remain after the fluid fills the chip, harming the cell observation process. This work aims
to develop an enhanced microchip design utilizing CFD analysis to reduce entrained air while
allowing proper residence time of the injected fluid and tolerable shear stress on the biological
sample in the microfluidic chip. This thesis involved the creation of a CFD model on the
ANSYS-CFX platform by discretizing the domain with the finite volume approach and solving
the Navier—Stokes equations for air and water in the initial stage and water only in late-stage,

in an Eulerian specification of the flow field.
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Chapter 1 - Introduction

Computational fluid dynamics (CFD) study fluid flow behavior in various domains and
flow conditions [10]. CFD has many advantages over purely empirical analysis, including rapid
simulation of coupled and complex designs at low cost and high robustness [7-10]. In particular,
CFD has become very popular in the design optimization and analysis of microfluidic devices
[1-6].

Several commercial and non-commercial open-source CFD codes have been developed
over the years. Some of the most notorious CFD tools available for the global scientific and
industrial community are CFD-ACE+, ANSYS-CFX/Fluent, FLOW-3D, OpenFoam, to
mention a few. These software platforms can deal with complex fluid flows, including multi-

component and multiphase fluid flows in their many different patterns [11-14].

The present investigation focuses on analyzing the flooding characteristics and
enhancing the functionality of microfluidic devices for human tissue models for drug testing
and disease modeling using ANSYS-CFX v19.2. The Navier-Stokes equations for the water
and air interaction in the micro-chamber are discretized and solved in the Eulerian framework
using the finite volume approach. The compressive high-resolution differencing scheme on the
volume fractions convection is adopted to solve the free-surface and keep it sharp. The volume
fraction computation adds up to 1 in every control volume [15-16]. The CFD tool solves the
governing equations using a pressure—velocity couple technique, which demands more memory
space than a traditional segregated method but allows for faster parallel processing

convergence.

Organ-on-a-chip (OOC) is a micro-physiological device that can reduce the number of
animal testing and the cost of drug testing (see Figure 1). OOC can replicate the functions of
organs or organ systems so that the drugs can be tested before human clinical trials [17]. To
create a robust OOC device, it is essential to provide successful growth of the cells and provide
their stable functionality under continuous perfusion. Air bubbles worsen the cell observation
process in flooded microfluidic chips during continuous perfusion [18]. As a result, this
research aims to use CFD techniques to investigate the filling process of a microfluidic chamber
to understand the variables that might reduce or remove air bubble capturing. The main goal of
designing and enhancing the microfluidic device is the elimination of air bubbles left after the
fluid filling process is complete and improve its effectiveness. Thus, using parametric analysis

of the chamber area coupled with the CFD analysis, we plan to determine an improved chamber



shape that drastically reduces entrained air while allowing proper residence time of the injected
fluid and minimizing the shear stress on the biological sample. The results of the analysis will

be incorporated into the microfluidic device.

Liver-on-a-chip
(LOC) platforms

Drug
metabolism studies

=== Sinusoidal e Kupffer
Hepatocytes endothelial cells  cells

Multi-organ platforms

Loc Other organ chips

Figure 1. Organ-on-a-chip (Liver-on-a-chip) and Multi-organ platforms [19]

Chapter 2 - Methodology

2.1 Governing Equations and Physical Models

Water-air mass conservation and steady Reynolds-Averaged Navier-Stokes equations
weighted by the volume fraction were prescribed as governing equations to be solved subject
to the boundary conditions. It was assumed that each phase is an interpenetrating continuum,
and every phase was supposed to exist in each position of the space, confined by friction,
inertial, and gravity forces. The wall's capillarity was neglected because of the experimentally-
verified contact angle of around 90° between the inner surface of the biosensor and the running
fluids. A final equation was implemented to assure that the total volume of fractions in each
control volume equals 1 as the summation of all phases [20].

Governing equations are determined by the following set of equations [15-16]:

Mass Conservation:

V.(rapaua)

0, 1)

Momentum Conservation:
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2y +V+((pu ©U - vy + (V) )) - (B-vp) )
Thus, here,
U,=U,=U 3)
P.=Py=P 4
p=3rp, 5)
u=Yy"rpu, (6)

and, for the volume fractions,

Sr =1 ™

a=1

The upward buoyant force was prescribed in the z-axis because of the density
differences between the phases, where U is the velocity field, p is the pressure field, p is the
fluid density, p is the fluid viscosity, and B is the body force (gravity only in this case) [15-16].
Constant properties of water and air at standard room temperature were considered in the
analysis; consequently, consistent viscosity and density values were used [20].

Discretization of the computational domain into hexahedral(hex) and tetrahedral(tet)
elements was performed. The finite volume method with an upwind differencing scheme in
space and second-order backward Euler time-stepping was used to discretize the governing
equations. The calculations were performed in the ANSYS-CFX v19.2 platform.

The chamber was initially filled with air, and then a series of numerical simulations
were run with water running at 15 pl/min, 10 pl/min, and 5 ul/min flow rates. The outlet
boundary condition was defined as 0 Pa and a zero velocity gradient. After a preliminary
stability assessment, the t-step was set to 0.01 s, leading to a convergent and accurate solution
within an acceptable computing time. The computer with the processor Intel(R) Core(TM) i5-
1035G1 CPU and 8 Gb RAM memory was used in this study to simulate the fluid flow in the
microchip. A simulation with the transient flow and uniform 0.01 t-steps was conducted to
advance until the outlet tank was half-filled. The average simulation time was between 24-36

hours.
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2.2 Computational Domain and Boundary Conditions

The CAD model of the organ-on-a-chip subject to this study was created using
Solidworks. The assembly consisted of top and bottom parts and two fixators, as shown in
Figure 2. After the geometry was exported to ANSYS DesignModeler, the outer faces were
deleted to get the fluid-filled CAD domain. Because any simulation has memory and CPU time
constraints, the geometry was divided by cutting through the plane of symmetry, and one side
tube was removed, as illustrated in Figure 3A. The study region consisted of one micro-chamber
and two micro-channels (see Figure 3B). The micro-chamber, in which air and water were
expected to mix throughout the filling process, was located between two micro-channels. The
micro-chamber and micro-channels, shown in Figure 3B, have the following dimensions:
micro-channel width of Imm, length of 13 mm, and height of 1mm; micro-chamber diameter

of 10 mm and micro-chamber height of 1 mm.

Figure 2. 3D CAD of ""Organ-on-a-chip®* [20]
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Figure 3. Computational domain (A) 3D view of the half computational domain
(B) Default domain

Chapter 3 — Mesh Verification

Meshing or grid generation was performed before the simulation by discretizing the
computational domain into nodes and elements. The mesh generation was done using the
ANSYS Workbench Software with ANSYS Meshing. The computational domain was
discretized into elements, and their nodes were located in the control volume centers (the
vertices of the elements for ANSYS-CFX). The meshing was generated using tetrahedral,
hexahedral, and prismatic elements. The mesh verification process was handled by performing
a preliminary evaluation of mesh dependency with 83000 (Coarse), 166367 (Medium), and
332734 (Fine) elements. After a critical filling time is reached, the mesh sensitivity analysis
compares the air volume fraction in the micro-channel and micro-chamber sections. The
"critical time" (tc) is the estimated time required to fill the chip. The outlet tank located on the
vertical connector section was not included in the calculation because of the need to estimate

air entrapment through the micro-channels and micro-chamber only.

The bulk mass flow rate of 0.83x107 kg's*, which equates to 5 ul/min, was used as the
inlet boundary condition for the mesh sensitivity analysis. The pressure and velocity gradient

were set to zero at the outlet boundary region. Figure 4 shows the flooding process, which
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shows how the free surface evolves sequentially until the critical time (tc=330 s) is reached at
the specified flow rate.

(c) \ (d) l

Figure 4. Free-surface during chamber flooding at an inlet liquid flow rate of 5 ul/min
(a) 20s < tc; (b) 355 <7c; (c) 65 s <tc; (d) 330s>c [19]

After the chamber was flooded at a fixed time, the air volume fraction at the section was
calculated and utilized to compare adjacent trial meshes. Table 1 shows the mesh verification
findings and the variation between adjacent meshes. Then, a medium-sized mesh was chosen

for the remained analysis.

Table 3.1. Mesh sensitivity analysis [19]

Mesh-elements Air Eraction Deviation,
(Feature) %
1 41000(XX- 0.156
Coarse)
2 83000 (Coarse) 0.187 16.6
166367
3 (Medium) 0.188 0.55
4 332734 (Fine) 0.188 0.16

Chapter 4 - Results and discussion

According to the initial numerical findings, under regular conditions for the original

design, the microchip control region has 18.8% air entrapment.
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It was observed that the flow was uniform and steady during the flooding. However,
some waviness on the free surface, which might contribute to the air bubbles formation, was

detected on the micro-chamber region.

The substantial air volume fraction, which equals 0.188 after the theoretical, critical
time is reached, indicated that the filling process had failed to remove the air. For a flow rate of
10 pl/min, an overall air volume fraction of 0.245 showed a similar air behavior pattern at a
critical time period. It proves that there is a directly proportional relationship between the inlet

flow rate and air entrapped in the microchamber.

The model's height was decreased to 0.5 mm to minimize the entrapment of bubbles.
After rerunning the CFD simulation, the resulting air volume fraction was 0.153, illustrating
the excellent effect of lowering the chamber height. The level of unsteadiness of the free surface
was discovered to be the most critical aspect in the air entrapment process, as the higher the

chamber's height, the bigger the amplitude of the surface waves during the flooding process.

A new chamber configuration was considered in the study to facilitate the air release
throughout the procedure. The numerical model was slightly inclined to the inlet direction to
promote the migration of buoyant air bubbles towards the exit. After the critical period was
reached, the simulation results showed a considerable drop in air-volume entrainment. The
results showed 0.0032 and 0.0007 air volume fractions for 10° and 5° inclination, respectively.
Similar results were obtained during the experiments with the inclined model, showing a
positive effect of inclination during the validation process. The slight inclination of the model
makes air trapping far more difficult to occur during the fluid filling process.

7,

Figure 5. Free-surface during chamber flooding at an inlet liquid flow rate of 5
uL/min at critical time A) Reduced height to 0.5 mm B) Inclined surface for 10°
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The CFD modeling results improved the HCP cell loading and washing procedures
using a syringe, minimizing the air entrapment in the micro-chamber. The physical inclination
of the device during filling processes for minor angles with a positive slope eliminated the
entrainment of bubbles, verifying the CFD simulation results. The new inclined configuration

was tested experimentally, positively affecting the cell loading and collagen coating processes.

A continuous fluid flow at a low rate did not demonstrate any bubbles entrapment in the
micro-chamber during perfusion and wash-out procedures, allowing perfusion to be operated,

after filling it, in a horizontal plane without any inclination.

Chapter 5 — Enhancement of the design

5.1. Role of oxygen in organ-on-a-chip devices

One of the essential factors in the hepatocytes microenvironment is oxygen, as it
provides cellular metabolism, growth, and differentiation [21]; [22]; [23]. Coleman and Presnell
(2003) claim that hepatocytes present a significant challenge in cell culture and probably
"limiting cells™ in vivo system due to their oxygen sensitivity [24]. In this study, the microchip

was designed to culture human hepatocyte cell line Huh7 [19].

Microfluidic devices mainly use two types of oxygen transfer: perfusion and membrane

aerated system [25].

In perfusion, oxygen is transferred using medium flow. However, the flow rate and
oxygen solubility are limitations. In membrane aeration, the oxygen is delivered through the

porous material, whereas imitations are material thickness and oxygen solubility [26], [27].

Tanaka et al. (2003) reported that oxygen and nutrients to the cell are supplied through
perfusion [28]. According to Mehta and Korin, cells are exposed to different axial oxygen
gradients within the chamber during the perfusion, and it has many consequences on the
microenvironment [29],[30]. It is possible to overcome low oxygen values and decrease oxygen
gradients near the walls by increasing the flow rate; however, it needs to be balanced with
modest shear stress [25]. It was also observed that too high flow rates lead to waste of media

and flushing out of cells from the chamber.

In the experimental work parallel to the present simulations, the microfluidic system
was designed to combine perfusion and membrane aeration, as the upper layer of the model

consists of porous polydimethylsiloxane (PDMS) material. The analysis in this investigation
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assumes negligible oxygen delivery through the permeable PDMS layer, as the horizontal flow
rate is much higher than vertical oxygen delivery through the pores. However, for simplification
purposes, the CFD simulation in the present study will consider perfusion only, ignoring the

membrane aeration through the upper PDMS layer.

According to Du et al. (2017), a fluid flow simulation is a key element to study the
physiological microenvironment of the hepatic cells [31]. Rennert et al. (2015) conducted flow
experiments to measure the impact of different medium flow rates on oxygen consumption of
hepatic cells (from 1 pl/min to 10 pul/min) [32]. They identified that at 1 pl/min oxygen
consumption is faster than oxygen supply and concluded that a minimum oxygen saturation

happens at 3 ul/min.

The flow rate of 3 pl/min was used in the laboratory works parallel to this thesis, and it
was visually estimated that the number of alive cells after 24 hours of perfusion was high
(>90%). However, during the experiments, it was realized that cells were trapped near the walls
of the chamber, and a significant number of dead cells were located near the peripheral walls.
According to Lundhold et al. (2003), the edge zone is the main problem in microchips, and it
may affect the results obtained from the microcell culture system [33]. The main objective of
this section is to propose an optimal improved chamber shape design to enhance the
effectiveness of the chamber, which will decrease the number of alive cells near the wall edges

by balancing flow velocity and shear stress.

It was observed that the flow velocity is almost uniform over the center of the chamber,
whereas the velocity varied widely between the center and edges. The flow velocity at the walls

is 0 m/s (non-slip condition), and it starts to increase towards the symmetry line.

According to Mazzei et al. (2010), it is important to design microfluidic devices by
maximizing mass transport between the cells [34]. Mazzei et al. (2010) designed a microchip
which is called a MultiCompartmental modular bioreactor [34]. It consisted of cell-cultured
(hepatocytes) microchamber and two microchannels. The chamber diameter was 12 mm, and
different flow rates with different heights of the chamber were tested to identify the viability of
the cells to the oxygen at different conditions. The authors reported that O2 concentration was
always higher than the minimum threshold, even if the oxygen level fell rapidly at the walls'
edge. Pedersen et al. (2016). presented velocity profiles for bioreactor developed by Mazzei et
al. (2010), and they have reported that velocity ranges from 3*107-6 m/s to 15*107-6 m/s [35].

3D simulations provided by the authors showed favorable results of shear stress level,
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compound distribution, and above the critical level of oxygen concentration for hepatocytes. In
this work, three pum/s will be used as the velocity threshold to supply sufficient oxygen for the

hepatocyte cells.
5.2 Results of geometry enhancement: Velocity distribution

The axial velocity distribution over the centerline was analyzed and presented in Figure
6. Figure 7 shows the distance from the center versus the velocity chart. According to Figure 7,
the velocity started from 0 at the walls and increased as expected towards the center. To estimate
the level of enhancement, the area of effectiveness was used. An index of effectiveness is
calculated by estimating the area of the chamber with velocity under minimum threshold values,
subtracted from the overall area. The region under threshold velocity is estimated to be between
0 mm and 0.2 mm from the peripheral edge and the index of effectiveness, which is the area
with sufficient velocity that guarantees the viability of cells, was estimated to be 92.15%. It was
decided to design an oval-shaped chamber by reducing the X-axis radius and keeping the Y-
axis radius of the original design. It was proved that decreasing the X-axis radius helps increase
the velocity near the edge region, thus supplying sufficient oxygen to the cells near the walls.
Figure 8 shows the distance from the center versus velocity distribution over the reduced radius,
R=3 mm. It can be observed from Figure 9 that cells located between the wall and 0.05 mm
from the wall would experience low velocity under the minimum required 3 mm/s. The
effectiveness index for this particular shape was estimated to be 99.1%. Thus, it can be
concluded that reducing the X-axis radius of the chamber from 5 mm to 3 mm, while keeping

Z-axis radius the same, will increase the effectiveness of the chamber by 6.95%.



18

Velocity
Line 1

. 2.03e-05
- 1.52e-05 Hikes /

1.02e-05
\\ ’
- 5.08e-06 \
I ‘ B
1.43e-12
[m s?-1] \
Y
Q 0.005 0.01 (m) Z/I\‘x
0.0025 0.0075
Figure 6. Streamwise Velocity distribution along @Linel
Distance vs Velocity
2.5E-05
2.0E-05
¥ 1.5E-05
E
z
8
g 1.0E-05
5.0E-06
0.0E+00

-0.005 -0.004 -0.003 -0.002 -0.001 0
Position from the center, [m]

Figure 7. Velocity profile along @Linel for circular design model
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5.3. Role of Shear Stress in organ-on-a-chip devices
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In microfluidic devices, mechanical forces have a major impact on cell behavior and
functions. Fluid shear force is an example of the most common forces encountered by the
microenvironment. The shear stress exists on any point of the fluid flow, but the shear stress

on the walls is critical for this analysis as the cells are trapping near the walls.

Tanaka et al. (2006) reported that the hepatocytes changed their morphology and
functions in response to the amount of shear stress they were exposed to [28]. Hepatocyte
metabolic activity decreased under higher shear stress, especially when the cultivation time was
longer than three days. Indeed, hepatocytes could be directly altered by blood flow under the
perfusion. Thus, shear stress or other mechanical stresses are just as critical as nutrition and
oxygen supply [12]. As a result, it is crucial to determine how the wall shear stress affects the
hepatocytes' functions. The research studies suggest that exposing hepatocytes to relatively
high pressure an be hazardous. Increasing the medium flow rate gives the cells more nutrients
and oxygen, which also harms them. According to Goldstein et al. (2021), shear stress exposed
to the cells strongly impacts cells' intrinsic physiology and hepatocyte's function, and their
function is damaged at >5 dyn/cm2 (0.5 Pa) [36].

Du et al. (2017) mentioned that the fluid shear stress on the sinusoidal endothelium of
the liver is estimated to be 0.1-0.05 Pa [31]. According to Delon et al. (2019), the
physiologically relevant range for shear stress exposed by hepatocytes inside a single
microfluidic device should be from 0 to 0.003 Pa [37]. Thus, threshold shear stress values of 0
(minimum) and 3 mPa (maximum) will be further used in this study to guarantee cell viability

during the perfusion.

CFD simulation was performed to analyze shear stress on the bottom wall of the
chamber.

5.4. Results of geometry enhancement: Wall Shear Stress

Wall shear stress has been used as a reference value of shear stress because it represents

the maximum value of shear stress inside the microchamber [38].

Figure 10 shows the shear stress contour of the chamber with radius R=5 mm. The
maximum shear stress value (1.422E-3 Pa) happened at the inlet, and chamber wall regions
experienced the lowest shear stress. Even though shear stress at the center is approximately two
times higher than in the edge region, the shear stress in overall chamber regions was under the
maximum threshold value. It can be seen from Figures 10 and 11 that the highest wall shear
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stress inside the chamber is experienced by the region of the inlet and outlet. Figure 12 shows
the new design of the chamber, a more oval-shaped chamber with a radius decreased to 3 mm
(R=3mm). Figure 13 shows the wall shear stress distribution inside the chamber. The minimum
shear stress happens at the edges, and the maximum shear stress is located at the center. Overall
wall shear distribution inside the chamber for 3 mm radius and oval-shaped design was under

the threshold values of shear stress.
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Figure 10. Wall shear distribution for the circular design model. Local range.
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Figure 12. Wall shear distribution for the elliptical design model. Local range.
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Chapter 6. Limitations and future work

It was observed that most of the air particles were trapped near the wall of the micro-
chamber, and its circular design complicates air exit to the micro-channel. The enhancement of
the design section focused on investigating the influence of the micro-chamber shape change
on air bubbles formation. The comparative study of the circular and more elliptic micro-
chamber shapes performance was assessed using two output variables called residence time and
shear stress at the bottom. Both of the parameters were selected to avoid cell extinction so that
each cell will be nutriated enough time in the media and to assure that the flow will not wash
away cells. However, there were limited time and setup restrictions for the enhancement
process. There were some limitations to changing the shape and height of the chamber in the
process of enhancement because the chip was intended to be placed on a microscope stand
during its application. The porosity of the PDMS material was not included in the simulations,
as it needed more time to conduct complex simulations combining both membrane aerated and

perfusion systems.

Future work will mainly focus on conducting simulations with a membrane aerated

system. For this purpose, bulk porosity of the PDMS and gas permeability of the air will be
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included in the ANSYS CFX. Furthermore, different possible shapes of the chamber and their

properties will be investigated for further use.

Chapter 7 — Conclusion

In this work, the formation of bubbles in the device and the process of the flow

distribution were investigated using computational fluid dynamics simulations.

The presented results show that performing CFD simulation can help figure out air
entrapment issues in microfluidic OOC devices by analyzing air volume fraction and parametric
enhancement. It was shown that air entrapment in the micro-chamber constituted 18.8%
initially, and a small decrease followed it to 15.3% after the height of the micro-chamber was
halved. The same pattern was observed in the real validation assessment, showing smaller

bubbles during the experiments run parallel to this investigation.

After that, the configuration with a slight inclination towards the inlet was suggested to
ease the air entrapment. The numerical results showed a dramatic decrease in the air volume

fraction entrapped and steady free surface.

In conclusion, the CFD study verifies that the micro-chamber height and model's angle
of inclination can significantly affect the volume of air entrapment and the free-surface

behavior.

The enhancement of the design was mainly focused on increasing the effectiveness by
augmenting the area subject to flow speeds above a threshold within the micro-chamber. It was
assumed that making a micro-chamber with an elliptic shape would help the air release process.
The horizontal radius was decreased from 5mm of initial value to 3mm. According to the results

the effectiveness was increased by approximately 7%.
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