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Abstract
Keeping the oxygen concentration at the desired physiological limits is a challenging task in cellular microfluidic devices. A
good knowledge of affecting parameters would be helpful to control the oxygen delivery to cells. This study aims to provide
a fundamental understanding of oxygenation process within a hydrogel-based microfluidic device considering simultaneous
mass transfer, medium flow, and cellular consumption. For this purpose, the role of geometrical and hydrodynamic properties
was numerically investigated. The results are in good agreement with both numerical and experimental data in the literature.
The obtained results reveal that increasing the microchannel height delays the oxygen depletion in the absence of media flow.
We also observed that increasing the medium flow rate increases the oxygen concentration in the device; however, it leads
to high maximum shear stress. A novel pulsatile medium flow injection pattern is introduced to reduce detrimental effect of
the applied shear stress on the cells.
Keywords Oxygen concentration · Thermoplastic · Microfluidic · Numerical simulation

1 Introduction
In recent years, microfluidic technology has been meeting
the need for a more realistic in vitro cell culture as a prerequisite for biological studies, drug testing, and tissue engineering (Fung et al. 2009; Kashaninejad et al. 2018; Nguyen
et al. 2017). The development of various human-relevant
cell culture platforms can address critical biological questions and decrease the need for animal research. Moreover,
the deployment of microfluidic technology has led to a low
consumption of resources, resulting in low research costs
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(Zhang and Ozdemir 2009). Despite all these advantages,
preparing a microfluidic device for cell culture has its own
challenges (Munaz et al. 2016). To keep cells healthy and
actively growing, several critical factors should be simultaneously taken into account (Sheidaei et al. 2020). The availability of oxygen and other nutrients is one of these factors.
Due to the small size of microchannels, oxygen supply to
cell culture is limited, and oxygen can be quickly consumed.
As such, it is highly desired to improve oxygen delivery in
microfluidic cell culture platforms.
The implementation of numerical techniques in analyzing
complex biological systems has recently increased significantly (Sheidaei et al. 2020). Utilizing numerical simulation as the first step of a research process provides a better
understanding of the problem and guides the subsequent
associated experimental analyses. Despite the importance
of oxygen level in cellular microfluidic devices, the total
number of related published articles over the past decade
(2010–2020) is only approximately 600, which is not as
expected (based on the analysis in the SCOPUS database;
Search terms “microfluidic” AND “cell” AND “oxygen”
in the title, abstract and keywords; Document type: articles
only). The cost and difficulties of experimental analyses can
be one of the reasons for this shortage. Although numerical
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analysis as a complementary method can help researchers
with a deep understanding of oxygen concentration distribution within the device and effectively optimize the involved
parameters to prevent the hypoxic condition, the number of
relevant numerical studies is not adequate.
Mass transfer in microfluidic devices occurs as a result of
diffusion and convection (Kim et al. 2013). Thus, depending on the type and density of cells, dimensional and material optimizations of the device and perfusing a sufficient
medium flow can significantly affect the available oxygenation concentrations (Anada et al. 2012). To counteract oxygen depletion, it is common to use oxygen-permeable polymers for making microfluidic devices. Polydimethylsiloxane
(PDMS) is a well-known material that is widely used in cellular studies due to its unique properties (Toepke and Beebe
2006). However, disadvantages of PDMS such as adsorption
of small hydrophobic species led to the employment of other
polymers with lower oxygen permeability, e.g., cyclic olefin
copolymer (COC), poly(methacrylic acid), and poly(methyl
pentene) (PMP) (Abaci et al. 2012; Mukhopadhyay 2007; Pu
et al. 2007). Generally, it would be better to examine the role
of material type on the oxygen level in a microfluidic device
based on the definition of biological problems. Considering
two different cell types, Ochs et al. (2014) used an adaptably designed microfluidic device to investigate the impact
of three materials (PDMS, PMP, and COC) on the oxygen
level in the absence of media flow rate. The team found that
oxygen concentration decreases over time as oxygen diffusion is sufficiently slow through COC devices, especially for
cells with a high oxygen consumption rate. Accordingly, the
authors suggested applying a controlled media flow rate to
counteract the oxygen reduction.
Injection of a sufficient media flow through a microfluidic
device using a micropump is a possible solution for supplying the required oxygen to the cultured cells. Kheibary et al.
(2020) utilized a 2D rectangular model to analytically study
the effect of media flow rate on the oxygen supply level in
microfluidic devices with oxygen-permeable and oxygenimpermeable membranes. The results indicated that applying
a media flow with sufficiently high velocity reduces the effect
of permeable membrane on channel oxygenation. Therefore,
it would be possible to use an oxygen-impermeable membrane by applying a sufficient flow of media. However, the
fluid-induced shear stress exerted on the cell layer can negatively affect cells’ function and behavior (Yu et al. 2014). As
such, the media flow rate should keep the device’s oxygen
level at the desired value and not exceed the limit to result in
intolerable shear stress. Since it is hardly possible to measure the fluid-induced shear stress experimentally, analytical
and numerical approaches are increasingly used for this purpose (Ip et al. 2016; Moghadas et al. 2018; Sheidaei and
Akbarzadeh 2020). Moreover, numerical investigation of the
role of media flow rates on the oxygen concentration within
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a microfluidic chip can be beneficial (Barisam et al. 2018;
Du et al. 2017; Hu and Li 2007). Barisam et al. (2018) used
a finite element method to determine the effect of various
media flow rates on oxygen concentration distributions and
fluid-induced shear stress around a trapped spheroid in a
U-shaped microbarrier. The authors found that although
increasing the media flow rate increases both the oxygen
concentration and the applied maximum shear stress, the
enhancement of oxygen level would be less effective for
higher flow rates.
The dimensional properties of microfluidic devices are
another parameter that can efficiently affect oxygen concentration distribution. Fabrication of microdevices with
various sizes to find the optimized dimensions would be
laborious and overwhelmingly expensive. The utilization
of numerical methods for such an oxygen analysis could be
beneficial; however, this approach has received less attention (Yu et al. 2017; Zahorodny-Burke et al. 2011). In a
2D model, the oxygen level as a function of the thickness
of the PDMS membrane and the height of the media channel has been investigated in the literature (Zahorodny-Burke
et al. 2011). The results showed that oxygen concentration at
the bottom of the media channel decreases with increasing
membrane thickness and channel height.
This study aims to employ 3D numerical simulations to
comprehensively understand oxygen regulation in a complex
cellular microfluidic device considering simultaneous mass
transfer, medium flow, and cellular consumption. Despite
the low oxygen diffusivity, COC is one of the frequently
proposed materials in cell-based studies, mainly due to its
potential for mass production (Pu et al. 2007). Therefore,
the present study is devoted to deal with a popular commercial COC microfluidic device used by Ochs et al. (2014).
Accordingly, the effect of media channel height and media
flow rate is investigated on the oxygen concentration of
the device during culture of two different cells. It should
be emphasized that flow-induced shear rate and shearing
time are two major parameters affecting the cell function.
Therefore, they should be precisely considered in cell culture
process. In the current study, in addition to the investigation
of applied maximum shear stress (MSS) on the cell layer, a
novel pulsatile flow injection model is represented innovatively to reduce the destructive impact of shear stress on the
cells. In other words, the media flow will be injected through
the device just when the oxygen depletion occurs, and thus
the cells would experience a short-term shearing. Such a
media injection pattern can provide the required oxygen to
the cells without adversely affecting them.
The paper is structured as follows. Section 2 describes
the geometrical model, assumptions, governing equations,
boundary conditions, and simulation properties. This section
also explains all possible states to model cell consumption
to avoid confusion of fixed and variable consumption rates
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to help readers decide for their problem’s correct model.
Section 3 compares the obtained results with the data represented in three relevant published studies to validate the
numerical simulation. Section 4 examines the results under
various conditions to optimize the device design in dimension and effectively deliver the flow rate.

2 Material and methods
A commercial finite element software (COMSOL Multiphysics 5.5) was used to analyze the dissolved oxygen level
in a 3D model during the culture of hepatocytes (HEP) and
endothelial cells (EC). The varying oxygen concentration
throughout the device is generally modeled using the module of transport of diluted species. This study is conducted
in two steps: (i) considering no media flow to evaluate the
effect of channel height on oxygen concentration and (ii)
considering media flow to investigate the influence of flow
rate and its injection pattern on oxygen concentration. As
a critical parameter, medium-induced shear stress on the
cells is also examined. Accordingly, a stop-and-flow media
injection is proposed to reduce the destructive impact on the
cells’ function.

15

Table 1  Geometry parameters of the microfluidic device
Parameters

Values

Height of the media channel (h)
Height of the cell sink layer (hc )
Width of the media channels (wm)
Width of the gel channel (wg)
Length of the media channels (lm)

150 [μm]
10 [μm]
500 [μm]
1.3 [mm]
15 [mm]

channels and not in the gel channel. Our numerical model
considers the cultured cells as a uniform thin layer on the
bottom of the media channels (i.e., 2D culture). Figure 1b
shows the schematic cross-section of the media channel. The
chip is assumed to be made of COC polymer. As COC is
oxygen-impermeable, the polymer layer around and on top
of the gel and media channels are ignored to reduce the computational time. The polymer microfluidic device is placed
on an oxygen sensor foil, which is also oxygen-impermeable.
Chip geometry design and its dimensions are the same as the
model represented in Ochs et al. (2014) study. Table 1 lists
the key geometry parameters of the model.

2.2 Governing equations and boundary conditions

Figure 1a illustrates the geometry of the model considered in
this study. The microfluidic chip consists of one central gel
channel and two lateral media channels. The media channels
on both sides of the gel channel, separated by micropillars
and filled with media, supply the nutrients required for the
growth and proliferation of the cultured cells. The hydrogel
serves as a scaffold to for cells in a 3D tissue. According to
the culture conditions reported by Ochs et al. (2014), the
HEP and EC cells were individually seeded in the media

To assess the transient oxygen concentration throughout the
microfluidic device, simulation is generally carried out by
coupling the continuity (Eq. (1)), the Navier–Stokes (Eq.
(2)), and the mass transfer (Eq. (3)) equations (Bird 2002).
However, governing equations for different domains (i.e.,
gel, medium, cell, and pillars) are not the same, and one
or more terms of (Eq. (3)) are eliminated according to the
domain’s conditions. For example, the reaction term is considered just for the cell layer and the convection term is negligible in the absence of medium flow. Moreover, it should
be noted that the hydrogel intrinsically is a porous material

Fig. 1  (a) Microfluidic chip design used in this study without considering the polymer layer surrounding the channels. The system consists of one central gel channel (blue) and two lateral media channels
(red). (b) Cross-section of the media channel with the height of h.

Cells are considered as a thin layer with the height of hc at the channel’s bottom. Here the polymer layer and oxygen sensor foil respectively on top of and under the media channel are shown to provide a
general insight into the microchip structure

2.1 Geometry and cellular modeling
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Table 2  The governing equations for each domain of the model
Domain

Governing equations

Medium
Cell layer
Gel
Pillars

Convection—diffusion equation
Convection—reaction—diffusion equation
Diffusion equation
Diffusion equation

allowing passage of interstitial flow (Galie and Stegemann
2011). Nevertheless, since the velocity of the interstitial flow
is very slow and results in a relatively small Peclet number
(Pe ≪ 1), convection mass transfer in the hydrogels could
be neglected. In the current study, the gel channel is located
between two media channels with the same condition and
pressure gradient. This configuration causes zero pressure
gradient leading to very small interstitial fluid velocity compared to medium velocity in the lateral channels. Table 2
shows all possible governing equations for each domain.
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��⃗ y, z, t) is the velocity field,
where 𝜌 is the fluid density, V(x,
p(x, y, z, t) is the pressure, 𝜇 is the fluid viscosity, t is time,
C(x, y, z, t) is concentration, D is the diffusion coefficient of
oxygen, and R(x, y, z, t) is the volumetric reaction term. It
is noteworthy that the medium’s hydrodynamic properties
are similar to those of water at 37 ◦ C (Naciri et al. 2008).
Table 3 summarizes the values of simulation parameters.
R represents the oxygen consumption rate of cells and can
be expressed either as a constant number or as a variable
Table 3  Details of the
parameters used for the
numerical simulations. The
values are based on the
experimental results of Ref.
(Ochs et al. 2014)

R(x, y, z, t) =

C(x, y, z, t)
𝜌 V
C(x, y, z, t) + Km cell max

R(x, y, z, t) = 0.0256C(x, y, z, t) − 10−4

(6)

R = Vmax 𝜌cell

In other words, when the value of Km in comparison
with
is negligible, it is assumed that
( the concentration
)
C∕ C + Km = 1.
In addition to 2D cell culture in the media channels,
the device provides cell seeding within the gel channel to
develop a realistic 3D cellular culture for cancer research,
vascular biology, immuno-oncology, and neurobiology (Li
et al. 2017; Shin et al. 2012; Xiao et al. 2019). A 3D cell
culture in the gel allows tissue of various geometries (e.g.,
round, stellate, grape-like, and branching) to grow and interact with their surroundings similar to in-vivo conditions.
Although our current study only considers a 2D cell culture (modeled as a cuboid configuration) on the bottom of
the media channel, the developed 3D numerical model considers concentration gradient in all three spatial dimensions

𝜌

1000kg∕m3

Density of medium

𝜇

0.718 × 10−3 Pa.s

Dp
C0.m
C0.c
C0.g
C0.p
Vmax.EC
#EC

(5)

Furthermore, in some cases, to a reduced-form of Eq. (4)
is employed as a constant uptake rate simplify the study
(Allen and Bhatia 2003; Tilles et al. 2001; Zahorodny-Burke
et al. 2011):

Descriptions

Dg

(4)

where Vmax is the maximum reaction rate, 𝜌cell is volumetric
cell density, and Km is Michaelis constant. Moreover, based
on experimental observations, other variable functions can
be postulated to model the different oxygen consumption
rate of cells (Chandel et al. 1997; Subramanian et al. 2007).
For HEP cells, a linear concentration-based equation was
suggested (Ochs et al. 2014):

Values

Dc

13

function of concentration. Michaelis–Menten equation
(Eq. (4)) is one of the best-known approaches to model a
nonlinear variable reaction rate (Buchwald 2009).

Parameters

Dm

(2022) 24:15

Viscosity of medium

−9

2

Diffusion coefficient of O2 through the medium

−9

2

Diffusion coefficient of O2 through the cell layer

−9

2

Diffusion coefficient of O2 through the gel

3.35 × 10 m ∕s
3.35 × 10 m ∕s
3.35 × 10 m ∕s
2

0m ∕s
17%
17%
17%
0%
2 × 10−17 mol∕s
11796

Diffusion coefficient of O2 through pillars
Initial oxygen concentration of the medium
Initial oxygen concentration of the cell layer
Initial oxygen concentration of the gel
Initial oxygen concentration of the pillars
Maximum reaction rate of the EC cells
Number of ECs
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can be applied to model cell culture in the gel channel. In
this case, the reaction term R(x, y, z, t) obtained from experiments is added to the governing equation of the gel domain.
Note that the variable reaction rate is utilized identically for
2D and 3D cultures. However, based on the cell type and its
configuration, the affecting parameters (e.g., cell density,
maximum reaction rate, and Michaelis constant) are characterized to model the consumption rate of the desired cell in
the microfluidic device. Furthermore, based on the location
of the cultured cell and its surrounding environment and cocultured cells, the local concentration C(x, y, z, t) varies with
its location and time ( x , y, z , t ).
In this study, a variable model (Eq. (5)) and a fixed model
(Eq. (6)) were considered for HEP and EC cells’ oxygen
consumption rate, respectively. One solution is to model
only a portion of the device imposing the symmetry condition to reduce the calculation time. Since the geometry
and boundary conditions are symmetric, only a quarter of
the device was considered in the case without the media
flow. Accordingly, in the case of media flow, a half model
was implemented due to geometric symmetry. As COC and
sensor foil are oxygen-impermeable, the no-flux boundary
condition was used on all outer surfaces of the channels. A
fixed oxygen concentration of 17% was set to all boundaries
exposed to the experimental environment. A defined flow
rate at the inlet of the medium stream and a zero-pressure
condition at the outlet were used to solve Eq. (2). The initial
oxygen concentration of all domains is presented in Table 3.
All domains were discretized using the tetrahedral mesh.
The total number of elements for the quarter and half models are considered ∼ 2.2 × 105 and ∼ 3.9 × 105, respectively.
Relative tolerance is set to 0.001.

15

3 Validation of the study
To validate the numerical diffusion–reaction solution, the transient oxygen concentration in the COC microfluidic device
of both HEP and EC culture was compared with numerical
and experimental data represented by Ochs et al. (2014),
Fig. 2. Accordingly, boundary conditions, initial values, and
geometric and material parameters were defined as the same.
A constant concentration was assumed for the outer surfaces
subjected to the external environment. A no-flux boundary
condition was considered on the lower surface to represent
oxygen-impermeable sensor foil. More details on the defined
parameters could be found in Ref. (Ochs et al. 2014). In this
simulation, the diffusion coefficient in COC was defined as
zero. The results showed an excellent agreement between the
present study and the solution of Ochs et al. (2014).
Moreover, to validate the convection–diffusion-reaction
solution, the steady-state oxygen concentration in a 2D rectangular microchannel with the medium flow was examined, and the obtained results were compared to the data
presented by Zahorodny-Burke et al. (2011). Components
of this model were similar to those of the media channel
considered in the present study (i.e., COC layer, media
channel, and cell sink) (see Fig. 1b). The diffusion coefficient of the COC layer was considered to be close to zero.
A constant model was defined for the cell oxygen consumption rate. For more details on the boundary conditions,
initial values, cell consumption rate, and geometric and
material properties, readers can refer to Ref. (ZahorodnyBurke et al. 2011). The distribution of dimensionless oxygen concentration ( C ) as the function of normalized distance along the channel length ( X ) for two different media

Fig. 2  Comparison of the present study and numerical/experimental results of Ochs et al. (2014) for the transient oxygen concentration in the
COC microfluidic device during (a) HEP and (b) EC cultures in the absence of medium flow
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average velocities (V ( is illustrated in Fig. 3. Here C is the
normalized oxygen concentration with respect to the saturation concentration of oxygen in the cell culture medium
(Csat.media = 0.2mol∕m3) and X is the normalized distance
with respect to the channel length ( L = 15mm) (ZahorodnyBurke et al. 2011). The comparison indicates an excellent
agreement between the present study and the numerical
solution of Ref. (Zahorodny-Burke et al. 2011).
Since the main objective of this paper is studying the
role of pulsed flow on the oxygen concentration in a cellular microfluidic device, a validation was presented for
this kind of flow in a simple microchannel using an analytical study by Qi et al. (2008). For this purpose, the
incompressible and Newtonian fluid flow in the channel
under sinusoidal pressure gradient was investigated. The
cross-section of the channel was considered square with
two different dimensions of a = 0.4mm and 1mm . Fluid
density and viscosity were respectively defined equal to
1000Kg∕m3 and 1mPa.s. The obtained numerical results for
the transient normalized mean velocity ( V ) have a good
agreement with the results of Qi et al. (2008) (see Fig. 4).
To normalize the mean velocity, the results were divided
by the steady state mean velocity. Accordingly, time was
normalized using period of flow oscillation (T = 0.05s).

4 Results and discussion
A numerical model is used to predict and understand how
the various conditions affect the oxygen concentration in the
microfluidic device, towards effective optimization of geometries and applied flow rates. Thus, oxygen concentration in

Biomedical Microdevices

Fig. 4  Comparison of the present study and numerical solution of
Qi et al. (2008) for the transient response of fluid mean velocity to a
sinusoidal pressure gradient

both HEP and EC culture for different channel heights and
injection flow rates was examined. Moreover, the shear stress
as a destructive effect of medium fluid flow on the cultured
cells was investigated, and a pulsatile flow rate was introduced
to reduce the shear stress. All results are presented in dimensionless form as follows:

t∗ =

tVmax.cell
c0.c vcell

C∗ =

C
C0,m

Q∗ =

Q

∗
𝜏ave
=

13

(7)

(8)

Qmin,ref

(9)

𝜏max
𝜏cell,ref

(10)

𝜏ave
𝜏cell,ref

(11)

∗
𝜏max
=

Fig. 3  Comparison of the present study and numerical solution of
Zahorodny-Burke et al. (2011) for the dimensionless oxygen concentration in a 2D rectangular microfluidic channel with two different
average velocities

(2022) 24:15

where t∗ is normalized time, C∗ is normalized concentration,
∗
∗ is
is normalized MSS, and 𝜏ave
Q∗ is normalized flow rate, 𝜏max
normalized average shear stress. Also vcell and 𝜏max are the cell
volume and MSS, respectively. Qmin,ref and 𝜏cell,ref are presented
minimum flow rate and exerted shear stress on the cell layers as
introduced by Ochs et al. (2014), respectively. For HEP and EC,
Qmin,ref is equal to 2.73 × 10−11 [m3 ∕s] and 3.3 × 10−12 [m3 ∕s],
and 𝜏cell,ref is 1.57Pa and 0.19Pa, respectively.
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Fig. 5  Effect of different media channel heights on normalized transient oxygen concentration in the COC microfluidic device during (a) HEP
and (b) EC culture with varying and constant oxygen consumption rates, respectively

4.1 Effect of media channel height on the oxygen
concentration
To determine the effect of media channel height on oxygen
level, the normalized oxygen concentration in the microfluidic device with HEP and EC culture was plotted against the
non-dimensional time for three different channel heights,
Fig. 5. We assumed that the oxygen transfer in the device
occurs just by diffusion. Therefore, as the COC is oxygenimpermeable, the media play a crucial role in supplying the
required oxygen of cells. According to the consumption

rate of cells, oxygen concentration decreases over time and
thereafter reaches a constant value. Results for HEP indicate that increasing the channel height rises the required
time for oxygen depletion. For instance, in a channel with a
height of 300μm , oxygen level down to 11% occurs approximately 10min later than the channel with a height of 150μm .
Moreover, this delay is more sensible in low oxygen concentrations. However, for the case with EC culture, rising
the channel height had no significant effect on oxygen concentration, and a slight increase was observed in the early
times. So, it is predicted that increasing the media channel

Fig. 6  Effect of different medium flow rates on normalized transient oxygen concentration in the COC microfluidic device with a channel height
of 150𝜇m during (a) HEP and (b) EC culture, respectively with variable and constant oxygen consumption rates
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Fig. 7  Effect of media flow rate and media channel height on the applied MSS on the (a) HEP and (b) EC cells’ layer in the COC microfluidic
device, respectively, with variable and constant oxygen consumption rates. The diagrams are drawn on the logarithmic scale

height could be an effective way to improve the oxygenation process, especially during the culture of cells with high
oxygen consumption rates.

4.2 Effect of medium flow rate on the oxygen level
To prevent the hypoxic condition, a continuous medium
flow was applied to the COC microdevice. Hence, the mass
transfer would take place both by diffusion and convection.
To find the sufficient medium flow rate, the oxygenation
profiles of HEP and EC with various medium flow rates
(Q[m3 ∕s]) are investigated (see Fig. 6). Results expectedly
indicate that the volumetric flow rate can affect the oxygen
concentration within the device. According to the numerical solution, a minimum flow rate of 2.1 × 10−9 [m3 ∕s] and
2.5 × 10−10 [m3 ∕s] should be injected into the media channel
Fig. 8  The cyclic pulsatile pattern for the medium flow injection through the COC microfluidic device. Ts is stagnation
time, Ti is total injection time,
Ti,c is continuity time, and Ti,r
and Ti,s are rising and settling
times, respectively

13

in order to compensate the oxygen depletion during the
culture of HEP and EC, respectively. In this case, the flow
rate in the HEP and EC layers is respectively equivalent
to 2.73 × 10−11 [m3 ∕s] and 3.3 × 10−12 [m3 ∕s], which is in
good agreement with the mathematical calculation of Ochs
et al. (2014). For media flow rates greater than these values, the oxygen concentration in the device for both EC
and HEP cell culture remains constant at the maximum
value. Moreover, the effect of different medium flow rates
on the oxygen concentration in a channel with the height of
h = 300μm was analyzed (data not shown). It is observed
that increasing the channel height has no significant effect
on the oxygen concentration for a given medium flow rate,
and oxygen transfer to the cells occurs primarily by convection rather than diffusion. However, in the case of a very
low flow rate, a slight increase in the oxygen concentration
was observed.
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Fig. 9  Normalized oxygen concentration and MSS in the COC microfluidic device for different medium fluid injection schemes (C∗: Black line
and 𝜏 ∗ max : Blue line) during HEP culture. The channel height is considered equal to 300𝜇m

4.3 Effect of medium flow rate and media channel
height on the applied shear stress
During continuous perfusion, medium flow through the channel exerts shear stresses on the cell layer, which interfere with

the behavior and function of cells. However, regarding the cell
type, various impacts can be observed depending on the value
of applied shear stress (Olivier and Truskey 1993). Therefore, researchers should find an optimized medium flow rate
that not only provides adequate oxygenation but also protects
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Fig. 10  Heat map of transient
oxygen concentration in the
COC microfluidic device over
the HEP culture in a duration
of 30 min with Ts = 20min,
Ti,c = 10min, and Ti,r = 1min

cells from the destructive effects of shear stress. Geometry
properties are one of the critical factors influencing the shear
stress in the microchannels. Thus, this section investigates the
impact of medium flow rates on the applied MSS in channels
with three different heights, Fig. 7. Although all the obtained
values of MSS for both HEP and EC cells are in an acceptable range (Ochs et al. 2014), reducing the shear stress will
restrict its destructive effects. The previous section demonstrated that increasing the channel height does not affect the
oxygen concentration during both EC and HEP culture. However, we observed that increasing the channel height could
partly reduce the effective MSS on the cells for a given flow
rate. Although increasing the media flow rate guarantees cultured cells’ oxygenation, it will cause higher MSS, which is
harmful to the cells. Therefore, increasing the channel height
can reduce the destructive effect of high medium flow rate.

Along with finding a sufficient medium flow supplying the
required oxygen, its damaging effect in terms of shear stress

on cells has always been a concern. Although dimensional
and geometrical properties of microfluidic devices could significantly affect and reduce medium-induced shear stress,
some technical and biological restrictions may exist. The
present study introduces a pulsatile medium flow injection
pattern to minimize the destructive effect of applied fluid
shear stress on the cell layer, Fig. 8. Indeed, the stop-andflow approach injects the medium into the device only when
the oxygen concentration decreases to critical values according to the desired hypoxic conditions. Therefore, the duration of the applied shear stress on the cells would decrease
based on the injection stagnation time , Ts . A suitable
medium injection pattern could be considered according to
“normoxic” limits and the role of shear stress on the particular cell type. To find the effect of the pulsatile medium
flow on the oxygen level and the applied shear stress, nondimensional oxygen concentration and MSS for various
injection patterns were investigated, Fig. 9. Figure 10 shows
a heat map of transient oxygen concentration in the medium
and gel channels of the COC microfluidic device over the
HEP culture to provide more insights into oxygen fluctuation in the chip. We observed that increasing the injection

Fig. 11  Normalized average shear stress applied on the cell layer in
the COC microfluidic device for medium fluid injection with different
stagnation times and continuity times (Ti,r = Ti,s = 1min)

Fig. 12  Effect of short rising time (Ts = 30min and Ti,r = 3sec) on
the oxygen level in the COC microfluidic device during HEP culture
with three different values of injection continuity time, Ti,c. Results
are presented over 60min of the medium fluid injection

4.4 Effect of pulsatile medium flow injection
on the oxygen concentration and shear stress
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Fig. 13  Comparison of
normalized oxygen concentration and MSS in the COC
microfluidic device during
HEP culture for two cases with
different injection rising times.
For one case, it is assumed
that Ti,r = Ti,s = 5min and
Ti,c = 1min (C∗: Black solid line
∗
and 𝜏max
: Blue solid line). For
the other case, Ti,r = Ti,s = 1min
and Ti,c = 10min are considered
∗
(C∗: Black dash line and 𝜏max
:
Blue dashed line)

stagnation time decreases the minimum oxygen concentration level in the media channel, and the number of times that
the cells experience high MSS reduces. Note that depletion
in oxygen level during the stagnation time can affect key
parameters such as cell growth, differentiation, and signaling. The oxygen concentration should be maintained within
physiologically relevant limits to maintain culture viability,
experimental validity, and reproducibility. Therefore, it is
possible to select a pattern with a long stagnation time to
culture cells that can stay alive at a low oxygen level. On
the other hand, it is imperative that shear stress, as another
affecting factor on the viability of the cells, be consistently
kept in lower intensity. In addition to the MSS, the average
of applied shear stress per cycle on the cell layer is evaluated as follows:
)
(
1
1
𝜏 dA dt
𝜏ave =
(12)
t ∫
A∫
where 𝜏 and A are the shear stress and the area of the cell layer,
respectively. As shown in Fig. 11, the average of the applied
shear stress per cycle declines with increasing the stagnation
time and reducing the continuity time. The comparison of
the injection models shows that the short total injection time
of 3min is sufficient to increase the oxygen concentration up
to ∼ 17%, even for the case of maximum stagnation time.
However, we should take into account that by increasing the
Ti,c, cells experience oxygen concentration at the maximum
value for a long time. The proposed pulsatile medium flow
injection can be used for mechanotransduction, i.e., deciphering the role of shear stress (as a mechanical stimulus) on
cell behavior. Mainly, this platform is well-suited for cancer

studies where the effect of shear stress is more critical than
oxygen concentration. Oxygen concentration is less critical
for cancer cells as they need much lower oxygen than normal
cells and can survive under hypoxic conditions (McKeown
2014). In fact, the hypoxic condition significantly increases
the epithelial-mesenchymal transition of cancer cells, causing
these cells to metastasize to the other organs through lymph
nodes or blood vessels (Tam et al. 2020). These circulating
tumor cells are subject to the pulsatile blood flow shear stress
that ultimately affect their metastatic behavior and their ultimate fate (Huang et al. 2018). Therefore, the proposed pulsatile medium flow injection can provide a systematic approach
to study the effect of pulsatile shear stress on the metastatic
behavior of cancer cells. Therefore, a short injection time
would be a good choice when the shear stress is more critical
than the oxygen concentration.
In all cases, Ti,r is considered equal to 1min with the aim
that the medium flow rate would be increased slowly in the
microchannel, and cells do not experience the shear stress
suddenly. However, a very short Ti,r (for instance, 3s) could
be able to increase the oxygen concentration near to 17%,
Fig. 12. To ensure the increase of oxygen concentration in
the channel up to 17% and prevent further oxygen loss in the
subsequent cycles, selecting a sufficient Ti,c, especially in the
medium injection with a long stagnation time, is necessary.
In the other case, injection rising time is increased instead of
the injection continuity time to keep cells at a high oxygen
level for a long time. We assumed that Ti,r = Ti,s = 5min and
Ti,c = 1min, which Ti is equal to 11min. The obtained results
for oxygen concentration and MSS are compared with the
results for the case with Ti,r = Ti,s = 1min , and Ti,c = 10min
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(i.e., Ti = 12min ), Fig. 13. The oxygen concentration in
the device for these two cases is very close. However, the
average of the applied MSS on the cells in the case with a
long rising time is lower. Although the medium fluid flow
is injected very slowly into the channel by increasing the
injection rising time, the amount of flow rate is sufficient to
overcome the oxygen depletion in the device. According to
Fig. 6, an extreme case of a very low flow rate can reduce
the oxygen concentration.

5 Conclusion
Due to the importance of oxygen availability within microfluidic cell culture devices for cell survival and proliferation, it is imperative to control the oxygen concentration in
a cell culture chamber. In this work, we numerically measured the effects of various control parameters on the transient oxygen concentration in a popular commercial microfluidic device containing a thin cell layer. Consequently,
the effects of changing the media flow rate and microchannel dimension were systematically characterized. Gaining
an accurate knowledge of mass transport by convection
and diffusion allows for effectively design a microfluidic
device to provide specific oxygen concentration distributions. We found that increasing the media channel height
could prevent oxygen depletion in diffusion mass transfer. Moreover, we discovered that minimum medium flow
rates of 1.2 × 10−9 [m3 ∕s] and 2.5 × 10−10 [m3 ∕s] serve as a
secure solution to supply the required oxygen for HEP and
EC cells in the COC microdevice, respectively. Furthermore, we investigated the destructive effects of medium
fluid flows in terms of applied shear stress on the cells.
Although all obtained values for maximum shear stress
were in the acceptable range, we tried to decrease its
applied duration on the cells by introducing a pulsatile
medium flow injection pattern. According to the defined
and acceptable hypoxic conditions for different cell types,
a specific medium injection pattern could be considered
by varying stagnation and injection times of the fluid flow.
Such a pulsatile flow only injects the medium to the device
when the oxygen concentration decreases to critical values. This study helps to analyze the effect of different pulsatile fluid injection patterns on the oxygen level and their
destructive effects on the cells, with no need for expensive
and laborious laboratory experiments.
Acknowledgements Z.S. and P.A. would like to acknowledge the Shahrood University of Technology, which supported this study.
Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

13

Biomedical Microdevices

(2022) 24:15

Declarations
Conflicts of interest The authors declare no conflict of interest.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References
H.E. Abaci, R. Devendra, Q. Smith, S. Gerecht, G. Drazer, Design
and development of microbioreactors for long-term cell culture
in controlled oxygen microenvironments. Biomed. Microdevices
14, 145–152 (2012)
J.W. Allen, S.N. Bhatia, Formation of steady-state oxygen gradients
in vitro: Application to liver zonation. Biotechnol. Bioeng. 82,
253–262 (2003)
T. Anada, J. Fukuda, Y. Sai, O. Suzuki, An oxygen-permeable spheroid
culture system for the prevention of central hypoxia and necrosis
of spheroids. Biomaterials 33, 8430–8441 (2012)
M. Barisam, M. Saidi, N. Kashaninejad, N.-T. Nguyen, Prediction of
necrotic core and hypoxic zone of multicellular spheroids in a microbioreactor with a u-shaped barrier. Micromachines 9, 94 (2018)
R.B. Bird, Transport phenomena. Appl. Mech. Rev. 55, R1–R4 (2002)
P. Buchwald, FEM-based oxygen consumption and cell viability models for avascular pancreatic islets. Theor. Biol. Med. Model. 6,
5 (2009)
N.S. Chandel, G.R.S. Budinger, S.H. Choe, P.T. Schumacker, Cellular
respiration during hypoxia role of cytochrome oxidase as the oxygen sensor in hepatocytes. J. Biol. Chem. 272, 18808–18816 (1997)
Y. Du, N. Li, H. Yang, C. Luo, Y. Gong, C. Tong, Y. Gao, S. Lü, M.
Long, Mimicking liver sinusoidal structures and functions using
a 3D-configured microfluidic chip. Lab Chip 17, 782–794 (2017)
W.T. Fung, A. Beyzavi, P. Abgrall, N.T. Nguyen, H.Y. Li, Microfluidic
platform for controlling the differentiation of embryoid bodies.
Lab Chip 9, 2591–2595 (2009)
P.A. Galie, J.P. Stegemann, Simultaneous application of interstitial flow
and cyclic mechanical strain to a three-dimensional cell-seeded
hydrogel. Tissue Eng. Part C Methods 17, 527–536 (2011)
G. Hu, D. Li, Three-dimensional modeling of transport of nutrients for
multicellular tumor spheroid culture in a microchannel. Biomed.
Microdevices 9, 315–323 (2007)
Q. Huang, X. Hu, W. He, Y. Zhao, S. Hao, Q. Wu, S. Li, S. Zhang, M.
Shi, Fluid shear stress and tumor metastasis. Am. J. Cancer Res.
8, 763–777 (2018)
C.K.M. Ip, S. Li, M.Y.H. Tang, S.K.H. Sy, Y. Ren, H.C. Shum, A.S.T.
Wong, Stemness and chemoresistance in epithelial ovarian carcinoma cells under shear stress. Sci. Rep. 6, 26788 (2016)
N. Jomezadeh Kheibary, J. Abolfazli Esfahani, S.A Mousavi
Shaegh, Analysis of oxygen transport in microfluidic bioreactors
for cell culture and organ‐on‐chip applications. Eng. Reports 2,
e12062 (2020)

Biomedical Microdevices

(2022) 24:15

N. Kashaninejad, M.J.A. Shiddiky, N. Nguyen, Advances in microfluidicsbased assisted reproductive technology: From sperm sorter to reproductive system-on-a-chip. Adv. Biosyst. 2, 1700197 (2018)
M.C. Kim, R.H.W. Lam, T. Thorsen, H.H. Asada, Mathematical analysis of oxygen transfer through polydimethylsiloxane membrane
between double layers of cell culture channel and gas chamber in
microfluidic oxygenator. Microfluid. Nanofluidics 15, 285–296
(2013)
Y. Li, Q.M. Pi, P.C. Wang, L.J. Liu, Z.G. Han, Y. Shao, Y. Zhai, Z.Y.
Zuo, Z.Y. Gong, X. Yang, Y. Wu, Functional human 3D microvascular networks on a chip to study the procoagulant effects of
ambient fine particulate matter. RSC Adv. 7, 56108–56116 (2017)
S.R. McKeown, Defining normoxia, physoxia and hypoxia in
tumours—implications for treatment response. Br. J. Radiol. 87,
20130676 (2014)
H. Moghadas, M.S. Saidi, N. Kashaninejad, N.-T. Nguyen, Challenge
in particle delivery to cells in a microfluidic device. Drug Deliv.
Transl. Res. 8, 830–842 (2018)
R. Mukhopadhyay, When PDMS isn’t the best. What are its weaknesses, and which other polymers can researchers add to their
toolboxes? Anal. Chem. 79, 3248–3253 (2007)
A. Munaz, R.K. Vadivelu, J.S. John, M. Barton, H. Kamble, N.T.
Nguyen, Three-dimensional printing of biological matters. J. Sci:
Adv. Mater. Devices 1, 1–17 (2016)
M. Naciri, D. Kuystermans, M. Al-Rubeai, Monitoring pH and dissolved oxygen in mammalian cell culture using optical sensors.
Cytotechnology 57, 245–250 (2008)
N.T. Nguyen, M. Hejazian, C.H. Ooi, N. Kashaninejad, Recent
advances and future perspectives on microfluidic liquid handling.
Micromachines 8, 186 (2017)
C.J. Ochs, J. Kasuya, A. Pavesi, R.D. Kamm, Oxygen levels in thermoplastic microfluidic devices during cell culture. Lab Chip 14,
459–462 (2014)
L.A. Olivier, G.A. Truskey, A numerical analysis of forces exerted by
laminar flow on spreading cells in a parallel plate flow chamber
assay. Biotechnol. Bioeng. 42, 963–973 (1993)
Q. Pu, O. Oyesanya, B. Thompson, S. Liu, J.C. Alvarez, On-chip
micropatterning of plastic (cylic olefin copolymer, COC) microfluidic channels for the fabrication of biomolecule microarrays
using photografting methods. Langmuir 23, 1577–1583 (2007)
X.G. Qi, D.M. Scott, D.I. Wilson, Modelling laminar pulsed flow in
rectangular microchannels. Chem. Eng. Sci. 63, 2682–2689 (2008)
Z. Sheidaei, P. Akbarzadeh, Analytical solution of the low Reynolds
third-grade non-Newtonian fluids flow inside rough circular pipes.
Acta. Mech. Sin. 36, 1018–1030 (2020)

Page 13 of 13

15

Z. Sheidaei, P. Akbarzadeh, N. Kashaninejad, Advances in numerical
approaches for microfluidic cell analysis platforms. J. Sci. Adv.
Mater. Dev. 5, 295–307 (2020)
Y. Shin, S. Han, J.S. Jeon, K. Yamamoto, I.K. Zervantonakis, R. Sudo,
R.D. Kamm, S. Chung, Microfluidic assay for simultaneous culture of multiple cell types on surfaces or within hydrogels. Nat.
Protoc. 7, 1247–1259 (2012)
R.M. Subramanian, N. Chandel, G.R.S. Budinger, P.T. Schumacker,
Hypoxic conformance of metabolism in primary rat hepatocytes:
a model of hepatic hibernation. Hepatology 45, 455–464 (2007)
S.Y. Tam, V.W.C. Wu, H.K.W. Law, Hypoxia-Induced EpithelialMesenchymal Transition in Cancers: HIF-1α and Beyond. Front.
Oncol. 10, 486 (2020)
A.W. Tilles, H. Baskaran, P. Roy, M.L. Yarmush, M. Toner, Effects
of Oxygenation and Flow on the Viability and Function of Rat
Hepatocytes Cocultured in a Microchannel Flat-Plate Bioreactor.
Biotechnol. Bioeng. 73, 379–389 (2001)
M.W. Toepke, D.J. Beebe, PDMS absorption of small molecules and
consequences in microfluidic applications. Lab Chip 6, 1484–
1486 (2006)
Y. Xiao, D. Kim, B. Dura, K. Zhang, R. Yan, H. Li, E. Han, J. Ip, P.
Zou, J. Liu, A.T. Chen, Ex vivo dynamics of human glioblastoma
cells in a microvasculature-on-a-chip system correlates with tumor
heterogeneity and subtypes. Adv. Sci. 6, 1801531 (2019)
F. Yu, R. Deng, W.H. Tong, L. Huan, N.C. Way, A. IslamBadhan, C.
Iliescu, H. Yu, A perfusion incubator liver chip for 3D cell culture
with application on chronic hepatotoxicity testing. Sci. Rep. 7,
14528 (2017)
W. Yu, H. Qu, G. Hu, Q. Zhang, K. Song, H. Guan, T. Liu, J. Qin, A
Microfluidic-Based Multi-Shear Device for Investigating the
Effects of Low Fluid-Induced Stresses on Osteoblasts. PLoS One
9(2), e89966 (2014)
M. Zahorodny-Burke, B. Nearingburg, A.L. Elias, Finite element
analysis of oxygen transport in microfluidic cell culture devices
with varying channel architectures, perfusion rates, and materials.
Chem. Eng. Sci. 66, 6244–6253 (2011)
Y. Zhang, P. Ozdemir, Microfluidic DNA amplification—a review.
Anal. Chim. Acta 638, 115–125 (2009)
Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

13

