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Abstract. Organ-on-a-chip (OoC) platforms have revolutionized the drug development process
by offering an effective alternative to animal models. These advanced microfluidic platforms
mimic the organ functions at a microscale, and they can be produced at a large scale and at a
lower price. Despite the variety of OoC models developed up to now, the combination of
numerical simulations with experimental procedures has been of paramount importance in the
development of more realistic and effective OoC devices. In addition, a better understanding of
the physical phenomena happening in OoC can be obtained.

In the present work, fluid flow numerical simulations were carried out in an OoC aiming to
evaluate the influence of imposing different inlet velocities on the oxygen distribution along
the device. This is of great importance to understand if the oxygen that reaches the cells is
adequate for their culture. The results showed that for the geometry tested, with four organ
models in parallel, by increasing the inlet velocity, the dissolved oxygen where cells are
cultured also increases. This proves the importance of using numerical simulations for
improving the performance of the experimental tests and optimizing the flow conditions.

1 INTRODUCTION

Over the years, numerical simulations have been increasingly used in biomedical research,
namely in organ-on-a-chip - OoC technology [1,2]. OoC devices emerged to fill the gap
between animal testing and two-dimensional in vitro models which are inadequate to mimic the
physiology of the human organs [3,4]. Besides, OoCs have greatly contributed to the 3Rs
principle, Refine, Reduce, and Replace [5]. By combining microfluidic technology with cell
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culture, these devices have been applied to study alternative therapies for numerous diseases,
such as cancer [6].

Cancer remains a critical disease around the world and affects people of all ages, which
makes it particularly explored. Furthermore, given the adverse side effects of chemotherapy,
researchers have focused their research on the development of targeted therapies through
nanocarriers. Several studies can be found in the literature, however, the preclinical tests of
these nanoformulations commonly fail which delays their approval by the regulatory entities.
For this reason, the development of increasingly relevant in vitro models has been made in
which numerical simulations are an important part [7—10]. The device geometry and
experimental conditions can be improved, and insights about the fluid flow can be obtained
[2,11]. For instance, Kocal and co-workers [12] used computational tools to understand the
relationship between the fluid shear stress and the phenotypic changes of cancer cells along a
cancer-on-a-chip device. Other researchers have modeled porous membranes to simulate the
diffusion of elements important to cells such as oxygen and glucose [13,14]. Wong et al. [15]
created a computational model in which cells are cultured on a porous membrane support and
the device was adjusted to operate with physiological shear stresses, to facilitate the transport
of secreted biomolecules. Chen et al. [16] developed a similar model and evaluated the
influence of flow flux, wall shear stress, and transmembrane pressure difference on the chip
geometry and membrane permeability. Other authors studied the influence of velocity fields on
spheroids' growth [17]. The authors observed that when applying a lower velocity, the spheroid
growth can be reduced due to the oxygen concentration downstream of the spheroid surface
being not enough. In contrast, Bhise et al. [18] modeled organoids as a porous body and
evaluated the oxygen consumption as well as the influence of using different velocities.
Similarly, Yi et al [19] studied the consumption of oxygen on the organoids through numerical
simulations.

Despite the advances made, for the numerical outcomes being accurate, the results have to
be mesh independent, and the appropriate boundary conditions, fluid properties, and models
selected have to be set. In this regard, in the present work, the influence of imposing different
inlet velocities on the oxygen transport was numerically evaluated by using Ansys Fluent
software [20].

2 NUMERICAL MODELING

2.1 Geometry and Mesh

In Figure 1, the geometry and dimensions of the OoC developed are presented. As can be
observed, the device divides into four branches in parallel. Note that the height of the device
and the organoid are 5 mm and 2 mm, respectively.
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Figure 1. Geometry and dimensions of the OoC.

After the geometry definition, a mesh study was conducted to ensure that the results are
mesh-independent. To this end, three structured hexahedral meshes were developed and the
velocity was evaluated at one point at the center of the organoid since this is the region of
interest. Figure 2 shows the velocity variation by increasing the number of mesh elements
(Mesh 1 —156,372; Mesh 2 — 325,068 and Mesh 3 — 683,370). By observing the results, it
can be seen that between Mesh 2 and 3 the velocity is quite similar. Thus, Mesh 2 was
selected to conduct the numerical simulations.
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Figure 2. Velocity variation with mesh refinement.

The selected mesh is presented in Figure 3 a), and in Figure 3 b) the mesh in the organoids
region was zoomed to better observe the mesh refinement.
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b)
Figure 3. a) Selected mesh to run the numerical simulations and b) Mesh in the organoid region.

2.2 Governing Equations

In the present work, the flow of culture medium through the OoC was simulated by using
Ansys Fluent software. The fluid was assumed to be Newtonian and incompressible with a
density of 1007 kg/m3, and a constant viscosity of 0.958x107 kg/(m - s) [21], and the flow was

assumed to be laminar.
The flow of culture medium was governed by the Navier-Stokes equations for continuity

(Equation 1) and momentum (Equation 2) as follows.
V-u=0 (1
p(u-v)=-vp+pur2u ©)
Regarding the oxygen transport, this was made considering the presence of a scalar. For
steady-state simulations, Equation 3 will be solved [20]:
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where T, and Sy, are the diffusion coefficient and source term for each of the N scalar
equations.

2.3 Boundary Conditions

In order to evaluate the influence of the inlet velocity on the oxygen distribution, the velocity
at the inlet was varied (2.32 mm/s, 3.98 mm/s, 11.14 mm/s, and 20 mm/s). A pressure outlet
was defined at the outlet of the fluid, and the walls of the device were assumed to be rigid by
applying a no-slip condition. Moreover, the oxygen concentration that reaches the outlet was
imposed at the inlet, the oxygen consumption by cells was considered, and the oxygen diffusion
in the organoid and the culture medium was distinguished, being 5x107'° m? /s and 2.7x107°
m? /s, respectively [22,23]. Note that, all simulations were run in a steady state. A schematic
representation of the boundary conditions can be observed in Figure 4.
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Figure 4. Boundary conditions considered to conduct the numerical simulations.

Furthermore, the oxygen entrance was assumed to be in the upper wall of the OoC. In order to
set an oxygen concentration as close as possible to the experimental conditions, the dissolved
oxygen in the OoC was measured. For this purpose, an Extech DO210 Dissolved Oxygen
Meter was used. However, due to the equipment's technical specifications, for the
measurements being accurate, water was used instead of the culture medium. For this reason,
the experimental setup was prepared and water flowed inside the OoC for 24h without cells
while maintained in the cell culture incubator as outlined in Figure 5. Three measurements
were made, and the mean concentration was equal to 0.19 mol/m3.
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Figure 5. Scheme of the experimental setup used to measure the dissolved oxygen.

2.4 Numerical Solution

The governing equations were solved by using the commercial software Ansys® Fluent
which applies the finite volume method. The first step consists of the domain discretization into
control volumes and then the differential algebraic equations are discretized. The pressure
equation was discretized by using the second-order scheme, the momentum equation by the
second-order upwind scheme, and the first-order upwind scheme was used for the scalar. After
obtaining the discretized equations, they were solved by using the Coupled scheme with a
convergence criterion of 107° for all variables.

3 RESULTS AND DISCUSSION

Oxygen is an important factor in cell culture, and thus, in the present work, the oxygen
distribution was evaluated when different velocities are imposed at the inlet. Figure 6 shows
the contours of oxygen concentration for each velocity at the XY plane at z=0. Looking at the
results one can see that, before the organoids’ region, the oxygen concentration is higher, and
after them, the concentrations decreased due to their consumption by cells. Moreover, it can be
seen that by increasing the velocity, the oxygen consumption is less evident since the number
of cells considered in each organoid is the same and the oxygen concentration that reaches the
organoids increases with the velocity increment. Consequently, the oxygen concentration that
reaches the outlet is higher, and therefore a higher concentration enters the inlet. As previously
mentioned, in the present work the recirculation of oxygen was considered which explains the
high oxygen concentration from the inlet by increasing the velocity. Despite the previous
differences, the oxygen gradient behavior is similar for all cases, showing a higher consumption
in the final part of the organoid which is related to the fluid convection. Similar results were
obtained by Lee et al. [24].
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Figure 6. Oxygen concentration at the XY plane for a) v=2.32 mm/s, b) 3.98 mm/s, ¢) 11.14 mm/s and d) 20

mm/s.
To better observe the oxygen distribution along the device, three different heights (z=2 mm,

z =1 mm, and z = 0 mm) were evaluated along the X-axis as plotted in Figure 7.
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Figure 7. Oxygen concentration along the X-axis for each velocity at a) z=2 mm, b), z=1 mm, and
¢) z=0mm.
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By analyzing these results, one can see that by increasing the inlet velocity, the oxygen
concentration that reaches the organoids increase which supports the previous observations.
Moreover, since the consumption rate is almost constant, the lower oxygen concentration is
obtained with the lowest velocity.

In order to observe the flow behavior inside the device, the velocity streamlines in the OoC
were evaluated and the results are presented in Figure 8. Looking at the results one can see that
higher velocities are attained at the inlet and outlet. Regarding the flow behavior, one can see
that is similar in all cases, however, when the velocity is equal to 20 mm/s, recirculation zones
are created at the inlet region. Although these are only observed at the fluid entrance is not
intended to have these phenomena in this type of microfluidic device.
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Figure 8. Velocity streamlines along the OoC for a) v=2.32 mm/s, b) 3.98 mm/s, ¢) 11.14 mm/s and d) 20
mmy/s.

Since the previous results do not show the differences in the velocity magnitude in the
organoid region, this was evaluated at the top and middle heights along the X-axis as depicted
in Figure 9. As expected, the velocities at the organoid increase by increasing the inlet velocity
but the velocity profiles are quite similar. Furthermore, the highest velocities’ magnitudes are
observed at the top of the organoid.
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Figure 9. Velocity along the x-axis ata) z=2 mm, b) z=1 mm.

4 CONCLUSIONS

In the present work, numerical simulations were carried out in an organ-on-a-chip model
comprising four channels in parallel to evaluate the effect of the inlet velocity on the oxygen
distribution along the device. The results showed that the oxygen diffusion in the OoC was
enhanced by the velocity increase. However, for the highest tested velocity (20 mm/s), it was
observed the creation of vortices at the inlet region. These flow observations are important for
future considerations in experimental tests and as a result, the numerical simulations proved to
be a powerful tool to rapidly obtain a better understanding of the fluid flow and oxygen transport
through the tested OoC and consequently improve the performance of this device.
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