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A numerical study of pulsatile microflows for embryo culturing in microfluidics
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Abstract

An embryo is subject to dynamic mechanical stimuli exerted by
a fallopian tube before implantation, which may include shear
stress, compression and friction. The mechanical
microenvironment plays vital role in the early development of
an embryo. In addition, the oviduct fluid is flowing in a pulsatile
manner with a certain frequency, rather than constant. The
purpose of this study is to simulate the mechanical stimulation
of the oviduct fluid on an embryo, in order to model the
mechanical microenvironment of an embryo in vitro. In this
simulation, a rigid bead with the diameter of 300 microns was
used to represent the embryo placed in three different sites on
the floor of a microchamber with the diameter of 1 mm. A
pulsatile flow with the average velocity of V=2.4>sin(2xt/7.4)
+ 2.5 (um/s) was set up at the inlet port. The numerical study
shows that the shear stress is also change with time and it’s the
same trend with velocity. In addition, the maximum shear stress
appears at the junction of the culture dish and the outlet channel
and it is 2.7>102 dyn/cm?, which is close to the shear stress
experienced by mouse embryos in the fallopian tubes.

1. Introduction

Since the first in-vitro development of mouse zygote in oviduct
tissue in 1941 [16], significant research and development effort
has been made in this field to optimise the in-vitro culture
conditions of embryos. The ex-vivo culture of embryos is
usually performed in stationary media such as tubes or droplets
[5,22,23]. However, embryos in vivo experience dynamic
mechanical stimulation [9] and biochemical conditions [11]
when it traverses the fallopian tube. The fallopian tube exerts a
solid mechanical force on the embryo [1,2], these in vivo
mechanical stimuli play an important role in the embryo
development since they can alter the biochemical
microenvironment around the embryo and facilitate the
exchange of gases and biomolecules. The importance of
microenvironment, embryo handling and culturing was
reported as early as the 1970s [26]. Recently, adding a micro-
well at the bottom of the dish [14,24] has been proven to
improve embryonic development, possibly by affecting the
culture microenvironment such as providing the appropriate
nutrient supplementation and dilution of certain toxic metabolic
products. In addition, an oocyte/embryo may undergo twenty
times of manual manipulation during in vitro culture [25]. The
manipulation directly results in a rapid variation of mechanical
stress, temperature, gas concentration and pH. Therefore,
gametes and embryos may be exposed to an environment where
pH, osmotic pressure and mechanical stress are constantly
changing, which may have negative effect on the development
of the embryo.

According to the US Centres for Disease Control and
Prevention, the birth rate of in-vitro fertilization (IVF) in the
United States in 2015 was only about 40% [7], and it was even
lower for patients over 38 years old. Currently, all in vitro
culture methods employed in IVF clinics are not a substitute for
the fallopian tubes in promoting embryo development. No
system can produce embryos of the same quality as developed
in vivo, probably due to the inability of mimicing the in vivo
environment. There are many differences between culture
conditions of embryos in vitro and in vivo, including develop
mental speed, metabolic capacity, lipid concentration, gene
expression, frost resistance, and embryo mortality after
metastasis [3,12,15,19,20,22,27]. Therefore, it is important to
generate in vitro culture environment which truly mimics the in
Vivo ones to improve the success rate of IVF.

In recent years, significant progress has been made in
developing technologies enabling the mimic of the in-vivo
microenvironment of an embryo. Most of them are
microfluidics based technologies, e.g., (a) shear stress by tubal
fluid flow; (b) compression by peristaltic tubal wall movement;
(c) buoyancy; and (d) kinetic friction forces between the
embryo and cilia. For example, the transport and retention of
individual embryo have been performed using microfluidic
chips [10]. A uterine chip was employed to simulate the human
uterus environment [8, 29]. In addition, in order to better
simulate the in vivo environment and improve embryonic
development, researchers have tried many other microfluidic
technologies, such as mechanical vibration, rotation and flow
rate control [13,18,21], to provide a dynamic culture
environment for embryos. The purpose of this study is to
calculate the shear stress applied on the embryo model at
different position of the microchamber with a pulsatile flow,
and to provide theoretical basis for future embryo culturing
technique developments.

2. Materials and methods
2.1 Model geometry

The model consists of a rectangular inlet channel, a cylindrical
culture chamber and an outlet channel (figure 1a). The sizes of
the inlet and outlet channels are 500 pm x 500 pm and 500 pm
x 100um (h x w), respectively, and the height of the cylindrical
culture chamber is 500 um and the diameter is 1000 pm. A
spherical bead with a diameter of 300 pm was used to model an
embryo. The coordinate system is shown in figure la
schematically, and the origin is at the center of cylindrical
culture chamber.
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Figure 1. (a) Geometry of the microfluidic model, (b) positions
of the bead in the culture chamber.

2.2 Governing equations

In this simulation, we assume a flow of an incompressible
Newtonian fluid. In this case, the conservation equation of mass
and momentum are shown as follows:
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where p is the fluid density, Vv is the fluid velocity, 4 is the
dynamic viscosity and P is the pressure.

2.3 Boundary conditions

The 3D model was created in Creo (PTC Inc.) first and then
imported into COMSOL Multiphysics (COMSOL Inc.) for
meshing and simulating. The fluid flow in the model domain
was assumed to be laminar and the flow field was solved in time
dependent condition. The inlet velocity was time dependent as
a sinusoidal function, as shown in figure 2, which is close to the
periodic physiological conditions of human body. At the outlet,
a constant atmosphere pressure was assumed. A no-slip
boundary condition was applied at all wall boundaries (i.e. the
fluid has zero velocity relative to the wall).
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Figure 2. The inlet velocity as a function of time.
2.4 Meshing

Tetrahedral meshes, triangular meshes and boundary layer
meshes were employed for automatic meshing. Grid

independence validation was performed, where 0.14 million,
0.42 million, 1.02 million and 2.64 million elements were used
for the numerical studies. It is found that when the number of
elements was over 0.42 million, the flow velocity/shear rate of
the same region did not vary significantly. Therefore, the
models with 0.42 million elements were employed for all
studies in order to save the computation time.

2.5 Shear stress study

The shear stress of the bead at different positions in the chip is
calculated in order to found out which position is more close to
the shear stress experienced by mouse embryos in the oviduct.
Three positions (figure 1b) which are 160um, 250pum and
500um away from the joint between the culture chamber and
the outlet channel were selected for this study.

3. Results and discussion
3.1 Flow fields

The streamlines of the flow are shown in figure 3 for three
different bead positions. In order to more clearly describe the
difference of flow fields between the three cases, we took a line
directly above each bead (figure 4a) and plotted the velocity
distribution (figure 4c). From this figure, we can see that the
fluid velocity gradually increases from position A to position C,
and the maximum velocities above the bead at positions A, B
and C are 4.9 um/s, 9.2 um/s and 19.9 pum/s, respectively. Due
to the sudden decrease of the cross section at the joint between
the culture chamber and the outlet channel, the maximum
values at positions B and C appear on the regions behind
(downstream side) the bead rather than above the bead as that
for bead at position A, and the maximum values are 43 pm/s
and 62 umy/s for positions B and C, respectively.

Figure 3. Streamline distribution on the cross section of bead at
the three different positions at the peak velocity moment. The
colour bar indicates the magnitude of flow velocity.
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Figure 4. Velocity along the centerline of the bead surface for
the three different bean positions. Z is measured from the
bottom of the channel (or bead).

3.2 Shear rate on the surface of the bead at different
positions

The distribution of shear rate on the bead surface at different
locations is shown in figure 5 (In the figure, the left side of the
bead is towards inlet). The maximum shear rate on the surface
of the bead at these three positions is 0.15 s1,0.71 s and 2.68
s'L, respectively (figure 5). Figure 6a shows the contour of shear
rate on the bead surface projected from the outlet port to the
inlet port direction. In order to more clearly show the shear rate
on the surface of the beads, the shear rates along two lines on
the bead surface are shown in figure 6b (1-3). One line is along
the centre of the bead and the other is 50 pm from bead centre.
Figure 6b reveals that the shear rate varies significantly over on
the bead surface and the maximum shear rate of position A
appears at the top of the bead, while the maximum shear rate of
positions B and C appears at the downstream sides of the beads,
which is consistent with the velocity distribution. Figure 6b-4
shows the comparison of shear rate along the centreline (A2,
B2, C2) of the bead when placed at three different locations.
The position of the bead has a great influence on the shear rate.
The value increases from position A to position C, and the value
of position C is 20 times greater than position A.

The shear stress z is directly dependent on the shear rate 5, i.e.,

T=uy- 3
The shear rate is defined as: [6]
7=(Vu+(vu)") @)

It is found that the shear stress of the bead at position C is
closest to the shear stress of embryo in fallopian tube (Table 1).
Then we draw the relationship between the shear stress and the
time at position C (figure 7), and we found that the variation of
shear rate with time is similar to velocity.
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Figure 5. Side view of shear rate distribution at peak velocity
on the surface of the bead at location A, B and C, respectively.

A2 Al B2 Bl 2 Cl
a I (1
e (T po—— - BB
b s —A2A2 7 \ l —~ B2-B2 & 2
2012 y 5 206 P
Z0.08 704
g £
7 0.04 @02
0.00 0.0

0 50 100 150 200 250 300 350
Center angle (°)

0 50 100 150 200 250 300 350
Center angle (°)
3.0 3.0

- -+ C1-Cl - - - A2-A2

~25 c2-C2 3 ~25 B2-B2 { 4
Q [N z --- C2-C2 !
720 [\ 720
1 L ' S
Z15 gy A £15
z [
é‘k 10 oo\ NG| Sre
7 [ 7]

0.5 \[ \} 05

.00 50 I01; 150 200 250 ’300 350 0'00 50 100 150;(;(; 72-50‘;300 350

Center angle (°) Center angle (°)
Figure 6. Backview of the shear rate distribution on bead
surface. (a) contour plot (b) distributions along the centreline
(A2, B2, C2) and a line offset by 50 um from centreline (A1,
B1, C1).
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Figure 7. Variation of shear rate with time at position C.



Velocity of | Shear stress

medium (um/s) | (dyn/cm?)
Position A 0-43 0-1.5%103
Position B 0-43 0-7.1x103
Position C 0-62 0-2.7x107
In  extirpated | 0-100 0-3%107?
mouse oviduct

Table 1 Comparison between fluid velocity, shear stress in the
chip and in the oviduct.

4. Conclusions

In this paper, we have studied the shear stress on beads placed
at three different sites in a microchamber with a pulsatile flow.
It is found that the shear stress on the bead varied greatly as the
change of the positions in the centre line of a microchamber
along the flow. The shear rate also varies with time due to the
velocity variation of the pulsative flow. The maximum shear
stress experienced by the bead in this study is about 0-2.6810
2dyn/cm?, which is close to the shear stress in the fallopian tube.
Therefore, through this simulation we provide a model for
embryo culture which can mimic the oviduct environment, the
fluid velocity in the model and the shear stress of the beads is
similar to the oviduct situation. So the implantation rate of
embryo cultured with this chip model may be improved, and we
will conduct experimental verification in future research.
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