
lable at ScienceDirect

Journal of Science: Advanced Materials and Devices xxx (xxxx) xxx
Contents lists avai
Journal of Science: Advanced Materials and Devices

journal homepage: www.elsevier .com/locate/ jsamd
Review Article
Advances in numerical approaches for microfluidic cell analysis
platforms

Zohreh Sheidaei a, Pooria Akbarzadeh a, *, Navid Kashaninejad b, **

a Faculty of Mechanical and Mechatronics Engineering, Shahrood University of Technology, Iran
b Queensland Micro- and Nanotechnology Centre, Nathan Campus, Griffith University, 170 Kessels Road, Brisbane, QLD, 4111, Australia
a r t i c l e i n f o

Article history:
Received 22 June 2020
Received in revised form
22 July 2020
Accepted 28 July 2020
Available online xxx

Keywords:
Numerical analysis
Microfluidic platforms
Cell biology research
Cell analysis
Abbreviations: BOC, body-on-a-chip; CFD, comput
cyclic olefin copolymer; FEM, finite element method; H
Boltzmann methods; OOC, organ-on-a-chip; PDMS, p
poly(methylmethacrylate); PMP, polymethyl pentene.
* Corresponding author.
** Corresponding author.

E-mail addresses: p.akbarzadeh@shahrood
(P. Akbarzadeh), n.kashaninejad@griffith.edu.au (N. K

Peer review under responsibility of Vietnam Nati

https://doi.org/10.1016/j.jsamd.2020.07.008
2468-2179/© 2020 The Authors. Publishing services b
(http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Z. Sheidaei et al.
Advanced Materials and Devices, https://do
a b s t r a c t

Microfluidics has demonstrated enormous potential through its role in recent advances in biological
sciences. However, designing a new and customized microfluidic platform, gaining a better under-
standing of its function and the underlying physics still pose significant technical challenges. On the one
hand, experimental approaches have been commonly used for the development of microfluidic devices
since they are accurate and evidence-based methods. However, these approaches are expensive and
laborious. Numerical approaches, on the other hand, are now recognized as a reliable complementary
method to reducing cost, time, and effort and being relatively accurate. This paper systematically reviews
the capability of numerical approaches in developing efficient microfluidic technologies for cell analysis.
Moreover, this paper provides an initial insight for researchers who are interested in establishing nu-
merical approaches for microfluidic cell analysis platforms.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Microfluidics handles and analyzes fluids at the submillimeter
scales. The technology allows for the implementation of diverse
components ranging from power supply [1] to optical detection [2]
on the same device. Microfluidic technology enables the imple-
mentation of advanced platforms such as micro-total-analysis
systems [3], lab-on-a-chip [4], lab-on-a-disc [5], organ-on-a-chip
(OOC) [6], or body-on-a-chip (BOC) [7] for research in life sci-
ences. Some of the significant advantages of microfluidic devices,
particularly for biological research, are direct screening, better
control of the fluid flow, low consumption of reagents, mimicking
the in vivo cellular microenvironment and low sample requirement
[8]. In addition to the life sciences, technical sciences also play a
crucial role in the development and progress of microfluidic
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technology. Based on the statistics reported by Sackmann et al. [9],
the number of microfluidic papers published in engineering jour-
nals in 2012 is ten times more than those published in biology and
medicine journals.

Moreover, the data showed that microfluidics found more ap-
plications in cell biology compared to other fields such as medicine,
microbiology and oncology. We analyzed available literature based
on their subject areas over the past decade to appraise the role of
engineering sciences in microfluidic applications for cell research.
The obtained data indicate that the total number of published ar-
ticles in cellular microfluidics has an increasing trend over the past
ten years. Furthermore, the results illustrate the significant impact
of technical sciences in cell-related microfluidic research (Fig. 1).

Design and fabrication of microfluidic devices, establishing
experimental setups as well as conducting characterization are the
typical engineering activities. From the engineering point of view,
numerical studies are powerful tools to rapidly analyze the prob-
lems at a lower cost as compared to the above experimental ac-
tivities. Moreover, the ability of numerical approaches to study
multiphysics problems makes them suitable for understanding
biological processes that involve physical phenomena such as fluid
flow, solid mechanics, mass and heat transfer. In addition, numer-
ical simulation can assist researchers in studying complex device
functions. Another advantage of numerical studies is their capa-
bility in determining critical operating parameters such as velocity,
National University, Hanoi. This is an open access article under the CC BY license
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pressure, concentration, shear rate, and temperature, which are
hard or impossible to be measured experimentally. Hence, bi-
ologists can rely on the simulation results to initiate the first step of
the research project.

Although a massive number of review papers exists in the field
of microfluidics [10e12], only a few of them are devoted to nu-
merical studies (based on the search results from SCOPUS database;
search terms “microfluidic” AND “numerical” in titles, abstracts and
keywords; Document type: review articles only) [13e15]. Among
them, only Arabghahestani et al. focused on the subject of cell
biology [13]. The authors presented a comprehensive review of
various numerical methodologies that analyze the cell-related flow
problems, with the primary focus on strengths of three important
simulation methods, i.e., computational fluid dynamics (CFD), lat-
tice Boltzmann methods (LBM), and dissipative particle dynamics
method.

The present paper aims to fill the noticeable gap in introducing
important parameters and processes that could be determined and
simulated by time- and cost-saving numerical approaches in
cellular microfluidic researches. Some of these parameters are hard
or impossible to be evaluated by experimental methods. For
instance, it is hardly possible to experimentally obtain the critical
values of applied shear stress on the cell layer. Moreover, simula-
tion of biological processes provides initial overviews of the design
and the function of microfluidic platforms bywhich therewill be no
need for experimental trial and errors. This paper reviews the most
recent works by focusing on the role of numerical simulation in
developing cell-related microfluidic devices and in gaining a better
understanding of their function. Concurrently, the paper serves as a
guideline by providing the fundamentals to novice researchers,
who are interested in designing microfluidic devices for cell
handling and analysis. Numerical techniques, such as finite element
method (FEM), finite difference method, finite volume method,
immersed boundary method, and LBM, have been employed for
modelling microfluidic systems. The present review is organized
according to the related physical phenomena: “design consider-
ations”, “biofluid flow, thermal, and mass transfer characteristics”,
“cell handling”, and “cell dynamics”. The section on chip design
discusses recent numerical studies on geometry and material
optimization. The sections on biofluid flow, thermal, and mass
transfer characteristics review papers that reported numerical
Fig. 1. (A) The number of published articles in cell-related microfluidics over the past dec
“microfluidic” AND “cell” in the title, abstract and keywords; Document type: articles only). A
the year 2020 (data not shown) it is estimated that the number of yearly published arti
microfluidic studies.
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investigation of biofluidic parameters such as concentration, ve-
locity, shear rate, and temperature. The section on cell handling
processes presents numerical works on cell sorting, cell separation,
cell trapping, and mixing. The last section provides examples of
simulation of cell deformation within a microfluidic device.

2. Design considerations

Generally, structural parameters of a microfluidic device such as
geometry, dimensions, and material are selected based on the
actual biological applications [16]. In this section, we aim to
investigatewhether it is necessary to analyze devices with different
geometries and materials to evaluate design performance.
Certainly, fabricating and examining the device with various
structural parameters are not only time-consuming but also
expensive. Numerical tools systematically examine these parame-
ters to optimize the device performance at a lower cost. This section
discusses recent papers on numerical structural analysis of a device.

2.1. Optimization of device geometry

The optimization of device geometries is an essential step in the
design process, which helps biologists to obtain the solution for a
given problem. Biophysical conditions such as flow regime, con-
centration, and biofluid processes are optimized by subjecting the
chip design to the changes. Due to the complexity of the chip
fabrication process, such an experimental optimization procedure
will be laborious and costly to perform. Nevertheless, numerical
approaches allow for efficiently optimizing the device design even
with complicated geometries and small sizes [17]. Zahorodny-
Burke and co-workers [18] simulated the stationary convection-
diffusion mass transfer phenomena in a 2D cell culture device to
explore the effect of chip thickness and channel height on oxygen
transport. The oxygen concentration in the cell layer located at the
bottom of the culture channel decreases with increasing heights of
the channel and the chip (Fig. 2A).

Huang and Nguyen [19] used a 2D computational model to
optimize key dimensional parameters of a cyclic cell stretching
device. Mechanical strain is induced to cells cultured on a thin
membrane. The authors evaluated the effect of geometrical pa-
rameters on membrane displacement. Numerical data suggested to
ade (2010e2019). This analysis was performed using SCOPUS database (search terms
ccording to the number of available documents published within the first six months of
cles will be rising. (B) The percentage share of different subject areas in cell-related
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Fig. 2. (A) (i) A microfluidic cell culture device made of oxygen-permeable polymer. The effect of polymer thickness (ii) and channel height (iii) on the oxygen concentration in the
cell layer (Reprinted with permission from [18].). (B) (i) The cross-section of the microfluidic device and the investigated geometrical parameters. (ii) The effect of wall height on the
horizontal displacement of the membrane (Reprinted with permission from [19].). (C) (i) A microfluidic chip with a middle gel and two lateral media channels. The gel channel is
separated from the media channels by micropillars. (ii) The effect of pillar space on the process of gel filling within the microfluidic device (numerical simulation) (Reprinted with
permission from [20]). (D) Fluid flow through the micropillars with different shapes and arrangements. Cases (i) are for the aligned arrangement and cases, (ii) refer to the staggered
arrangement (Reproduced from [21].).

Table. 1
Oxygen diffusivity of frequently used polymers in
microfluidic devices.

Material DO2

�
m2=s

�
PDMS 3.4 � 10e9

PMMA 6.04 � 10e12

COC 4.6 � 10e12
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maximize the wall height (hw) and minimize the wall thickness (tw)
as well as membrane thickness (tM) (Fig. 2B) to increase the hori-
zontal membrane displacement. Jun-Shan et al. numerically
simulated a 2D gel injection process in a microfluidic chip with
different pillar spaces [20]. In the devices with the pillar spacing
higher than 100 mm, the problem of gel breaking through the pillars
and spilling into the adjacent channel was predicted (Fig. 2C). In
another numerical study, Chen and co-workers [21] investigated a
2D fluid flow in a microfluidic device with various micropillar de-
signs. Pillars with circular, elliptical and square cross-section were
arranged in both aligned and staggered styles. The team found that
in the staggered arrangement, the fluid not only flows through the
center of the array but also around the pillars. Thus, the staggered
arrangement is better than the aligned pillars for distributing the
fluid throughout the device (Fig. 2D).

2.2. Optimization of device material

The material of a device is another key parameter affecting its
function, and therefore should be described with appropriate
properties. In the early days, microfluidic devices were based on
non-polymeric materials such as silicon or glass [22]. However,
polymeric microfluidic devices have been increasingly used in both
Please cite this article as: Z. Sheidaei et al., Advances in numerical app
Advanced Materials and Devices, https://doi.org/10.1016/j.jsamd.2020.07
academia and industry [23]. Among the suitable polymeric mate-
rials, polydimethylsiloxane (PDMS) has received significant atten-
tion for the fabrication of cell-related microfluidic devices [24]. The
unique properties that make PDMS the suitable choice for cell
biology are optical transparency, gas permeability, fast prototyping,
low cost, and biocompatibility [25]. Despite these advantages, the
drawbacks of PDMS, such as absorption of small hydrophobic
species and gas permeability motivate the search for alternative
materials [26]. Cyclic olefin copolymer (COC) and poly(-
methylmethacrylate) (PMMA) are alternative materials often used
in biological applications because their oxygen solubility is similar
to that of PDMS [27,28]. However, the diffusion coefficients of ox-
ygen in these materials are three orders of magnitude lower than
that of PDMS [18], Table 1.
roaches for microfluidic cell analysis platforms, Journal of Science:
.008
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The viability, growth, and proliferation of biological cells are
profoundly affected by the gas permeability of the material [29].
Zahorodny-Burke et al. [18] explored the effect of COC and PMMA
on the oxygen level within a microfluidic cell culture device using a
2D convection-diffusion mass transfer model. Because of the low
oxygen diffusivity in these materials, an optimized media flow rate
is necessary to provide a sufficient amount of oxygen to the cells
(Fig. 3A). In addition to COC and PDMS, Ochs et al. numerically and
experimentally investigated the influence of polymethylpentene
(PMP) on oxygen concentration in cell culture [30]. The model was
formulated as a 3D time-dependent diffusion problem. The results
indicated that PMP provides sufficient oxygen permeability that
can deliver the required oxygen level for all cell types, even those
with high oxygen consumption rates such as hepatocytes (HEP),
Fig. 3B. Thus, PMP could serve as a good candidate for the fabri-
cation of microfluidic devices for handling and analysis of cells.
Besides tuning the gas permeability of a polymeric material by its
composition, surface treatment and storage condition are other
considerations for device material [31,32]. Lamberti et al. con-
ducted experimental and numerical investigations to study the
permeability rate of a PDMSmembrane by varying the mixing ratio
between the oligomer and the curing agent [33]. The results
showed that increasing the mixing ratio (e.g., 20:1) improves the
air permeability up to 300% as compared to the standard ratio of
10:1. The dimension of the polymer membrane is the other
parameter that has a significant impact on its diffusivity (see
subsection 2.1) [34].
3. Bio-fluid flow, thermal, and mass transfer characteristics

The other important aspect that should be considered in
designing microfluidic devices for cell analysis is the optimization
of process parameters [35]. Optimizing these parameters leads to
enhanced viability and proper function of cells. Experimental
evaluation of these critical parameters is expected to be chal-
lenging. In this section, we investigate whether numerical ap-
proaches are capable of reducing the burden of these challenges.
Accordingly, the following subsections review published works
Fig. 3. (A) Oxygen concentration in the cell layer of the COC and PMMA microfluidic devic
layout of the microfluidic chip. (ii) Numerical and experimental results for the oxygen concen
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that numerically investigate the key parameters of fluid flow,
including velocity, shear stress, temperature, and concentration of
vital nutrients, such as oxygen and glucose.
3.1. Nutrients concentration

Cells need vital nutrients such as oxygen and glucose for cellular
function. Therefore, the availability of thesematerials is particularly
crucial for in-vitro cell culture. The concentration of nutrients in
microfluidic devices is determined by the device design (material
and geometry), cellular parameters (type, number, and size of cells)
and culture medium flow [36,37]. For instance, oxygen and glucose
levels are controlled by balancing uptake by cells, convective
transport by media flow, and diffusion through the device material.
The convectionediffusion equation is based on this balance and can
be solved to estimate the concentration distribution of nutrients
[38]:

vC
vt

þ V
!
:V
!
C¼ V

!
:
�
Df V

!
C
�
� R (1)

where c is the concentration of species (e.g., oxygen and glucose), Df

is the diffusion coefficient and V
!

is the velocity vector; R is the
reaction rate which determines how the quantity of species is
produced or consumed in a region as the result of a chemical re-
action. In most biological studies, cell consumption rates were
modeled by MichaeliseMenten kinetics [39]:

R¼ VmaxC
C þ Km

(2)

where Vmax and Km are the maximum reaction rate and Michaelis
constant, respectively. So, due to the importance of the concen-
tration of the nutrients, many microfluidic studies considered ox-
ygen and glucose concentration as key optimization parameters
[30,40e43]. For instance, Ochs et al. numerically obtained the ox-
ygen concentration in a microfluidic device for cell types (endo-
thelial cells and HEP) and three device materials (PDMS, PMP, and
COC) [30]. The results indicated that the oxygen level in the chip is
es with different average flow rates (Reprinted with permission from [18].). (B) (i) The
tration in the PMP device with HEP cell culture (Reprinted with permission from [30].).

roaches for microfluidic cell analysis platforms, Journal of Science:
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related to both device material and oxygen consumption of the
cells. For example, in a device made of COC that is impermeable for
oxygen, the oxygen level decreases rapidly, if cells with high oxygen
consumption (i.e., HEP) are cultured (Fig. 4A). Moreover, the au-
thors provided a model for the oxygen consumption rate of HEP
cells as follows:

R¼0:0256C � 10�4 (3)

In the other study, Barisam et al. numerically investigated oxy-
gen and glucose concentrations inside toroidal and spheroidal
multicellular aggregates trapped in a microwell and a U-shaped
barrier [42]. The results showed that in contrast to toroid the
spheroid aggregate has the minimum glucose concentration
(Fig. 4B). The team also investigated the influence of trap type, i.e.,
microwell structure and U-shaped barrier, on the average oxygen
and glucose concentrations within the toroid and spheroid aggre-
gates. The authors concluded that both oxygen and glucose levels
have the highest value when the multicellular aggregates are
trapped in the U-shaped barrier.

Hu and Li simulated the oxygen concentration within a 3D
microchannel containing two multicellular tumor spheroids with
an outer diameter of 300 mm [41]. The medium was perfused into
themicrochannel with two different average velocities, i.e., 50 mm/s
and 100 mm/s. The results revealed that the perfusion velocity of
50 mm/s leads to a minimum oxygen concentration on the
Fig. 4. (A) Numerical and experimental results of oxygen concentration in the COC device (i
and vertical toroidal, and spheroidal aggregates trapped in the microwell. (ii) Glucose con
r ¼ 80 mm, R/r ¼ 2, and h/r ¼ 7.5 (Reproduced from [42].). (C) The schematic of the cell cul
results for CO2 concentration [mol/dm3] in the liquid phase at time 500 min when the feedin
feeding CO2 (Reprinted with permission from [46].).
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downstream spheroid surface of about 0.008 mM, which is not
sufficient for the spheroid growth. The oxygen concentration can be
increased by increasing the media perfusion velocity.

In addition to the oxygen and glucose concentration, the right
CO2 level can ensure cell health by controlling the cell medium pH.
In fact, the medium pH is inversely related to the CO2 level [44].
Thus, the CO2 concentration is another important parameter that
should be taken into account, especially for long-term cell culture
[45]. Predicting the CO2 level allows researchers to optimize a
microfluidic device for an optimal pH level. M€aki et al. numerically
studied CO2 transport in a cylindrical microfluidic device [46]. The
authors studied a time-dependent, two-dimensional axisymmetric
model to investigate the CO2 level at the bottom of the water
chamber for different CO2 feeding concentrations. According to
their results, CO2 concentration at the bottom of the chamber
reaches the desired level of 5% by increasing the level of CO2 in the
supplied gas to over 10% (Fig. 4C).

3.2. Flow velocity of medium

Asmentioned above, the flow of culturemedium plays a key role
in keeping vital nutrients at the desired level for the cell culture.
Therefore, long-term cell culture needs a perfusion system to
continuously deliver a single-phase or multiphase liquid through
the microchannels [22,47]. Thus, the behavior of the medium flow
is a significant consideration in designing cell culture devices [48].
) for HEP and (ii) EC cultures (Reprinted with permission from [30].). (B) (i) Horizontal
centration within the toroidal and spheroidal aggregates at the middle xez plane for
tivation microfluidic device: (i) 3D view and (ii) 2D cross-section view. (iii) Numerical
g CO2 is 5%. (d) Average CO2 concentration in the bottom of the chamber with different

roaches for microfluidic cell analysis platforms, Journal of Science:
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The flow field can be determined by solving the classical
NaviereStokes and continuity equations:

V
!
:V
!¼0 (4)

r

�
dV
!
dt

þ V
!
:V
!

V
!�

¼ � V
!
pþmV2 V

!þ f
!

(5)

where r is the fluid density, V
!

is the velocity field, r is the pressure,

m is the fluid viscosity, and f
!

is the body force. In most microfluidic
devices, inertia forces are negligible because of the small size of the
channels [49]. Moreover, the Reynolds number (Re), which is the
ratio between the inertial and viscous forces and describes the flow
regime, is small in most microfluidic applications. Thus, the flow in
microfluidic devices is laminar in most cases [50]. In a cell culture
device, the shear stress, convective mass transport, distribution of
particles/cells, heat transfer and cell deformation are related to the
fluid velocity [51,52]. Therefore, the flow field is significant for
optimizing the conditions for cell culture [53e57].

Sang et al. proposed a microfluidic device, where the fluid ve-
locity in the cell culture chamber is approximately zero [54]. As the
fluid velocity is low, the cells do not experience the induced shear
stress from the fluid. In their proposed design, although the fluid
velocity in the microchannel is high, the flow field in the cell
chamber is uniform with low velocity (Fig. 5A). Kocal et al. studied
the behavior of fluid for a cancer microenvironment [55]. The
steady-state NaviereStokes equation for incompressible Newto-
nian fluids was solved to examine the flow regime and the uni-
formity of its velocity along the penetration path. The results
indicated that the uniformity of the fluid velocity allows adherent
cancer cells to tolerate a uniform wall shear stress up to 25 mPa
(Fig. 5B).

Zhang et al. carried out a 3D simulation of cell distribution in a
microscale cell-culture device using a multiphase model, where
cells were considered as spherical particles [57]. The device con-
tains cylindrical micropillars, which prevent the collapse of the top
Fig. 5. (A) Fluid velocity in the proposed microdevice (i) and the commonly used microflu
Schematic layout of the presented microdevice. (ii) Fluid velocity in the middle plane of t
(Reproduced from [55].).
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and bottom walls and provide surfaces for cells to attach. In addi-
tion to the gravity and injected cell number, the influence of the
inlet velocity on the distribution of the cells was investigated. The
authors observed that the inlet velocity is required to be at least
40 mm/s to transport the cells toward the device outlet. Moreover,
the influence of the inlet condition on the cell velocity in the
microchannel and around the micropillars was investigated. The
results showed that the injected cells could have a higher con-
centration when the inlet flow velocity is higher. The cell velocity
distributions follow the fluid flow velocity distributions due to the
interaction of these two phases.
3.3. Induced shear stress

One of the most important mechanical parameters that are
associated with fluid flow in microfluidic devices is the shear stress
acting on the cell surface. The fluid-induced shear stress may
significantly impact the function and behavior of cells leading to
their deformation and death [58]. The maximum amount of shear
that can be tolerated by the cells depends on the cell type [59].
Despite the importance of shear stress, it is hard to measure this
variable experimentally. A number of researchers utilized numer-
ical studies to evaluate the shear stress in the cellular microenvi-
ronments as well as the hydrodynamic effects on the cells
[42,43,60e63]. Moghadas et al. numerically analyzed the shear
stress of air and medium flow in a microchannel [60].

The shear stress acting on cells should be controlled to bewithin
a safe range of (0~20 dyn/cm2) to reduce the harmful effects to the
cells. The authors studied the influence of fluid inlet angle (i.e., 0�,
45� and 90�) on the shear stress value. The results indicated that the
local shear stress depends on the inlet angle. The authors observed
maximum local shear stress with 90� connection angle, which can
damage the seeded cells (Fig. 6A).

In another numerical study, shear stress on a trapped multi-
cellular spheroid surface was examined with respect to the
spheroid diameter and flow rate of the culture medium [43]. Their
results showed that increasing the volumetric medium flow rate
idic chips (ii, iii, and iv) at a flow rate of 125 nL/min (Reproduced from [54].). (B) (i)
he device. (iii) Velocity distribution on the XeY plane located 5 mm from the bottom

roaches for microfluidic cell analysis platforms, Journal of Science:
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Fig. 6. (A) Shear stress distribution on the cells in the micro-device with different inlet angles (Reprinted with permission from [60].). (B) (i) Microfluidic chip with a U-shaped
microbioreactor. (ii) Maximum shear stress on the spheroid with respect to its diameter and medium flow rate (Reproduced from [43].).
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increases the shear stress acting on the spheroid surface. Moreover,
at the same medium flow rate, a larger spheroid experiences a
higher shear stress (Fig. 6B). It should be noted that the shear stress
on the device walls can be significant in biological problems. Cioffi
et al. numerically studied the influence of wall shear stress on cell
docking inmicrowells [64]. For this purpose, thewall shear stress at
two different depths was determined in the microwell. According
to their results, the number of captured cells decreases by
increasing the wall shear stress.

3.4. Temperature of culture medium

Temperature is an important parameter for biological studies.
Temperature not only changes the environment but also affects the
behavior and function of cells [65]. For example, an excessive in-
crease in temperature of the cellular environment affects its
adhesion and may lead to cell death [66]. Therefore, monitoring
and controlling temperature distribution are vital for cell culture.
The advantage of microfluidic cell culture over the macro-scale
counterparts is its ability to precisely control the environment
temperature with a high resolution [67]. Nevertheless, measuring
the temperature in the liquid environment is a technical challenge.
For this purpose, temperature measurements with a high thermal
resolution, high precision, and fast response have been developed
[68]. In addition to temperature measurement, a number of studies
have been performed numerically to track and evaluate the tem-
perature distribution in the microfluidic devices [69e72]. For
analyzing thermal problems in biology, numerical model not only
serves as a quick, accurate and low-cost method but also enables
researchers to simultaneously optimize other parameters such as
device dimensions. Das et al. reported a microfluidic device for
studying the function of cells under a temperature gradient [71].
Please cite this article as: Z. Sheidaei et al., Advances in numerical app
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Hot and cold water streams were implemented to generate the
thermal gradient. Besides the experimental activities, the authors
also carried out a 3D steady-state numerical simulation to estimate
the temperature distribution inside the microfluidic device. For a
60� C hot water bath, increasing the ambient temperature from
23� C to 28� C led to a decrease in temperature gradient from 6� C to
2� C between two given points (Fig. 7A). Peng et al. introduced a
microfluidic device with precise and rapid temperature control for
single-cell analysis [72]. The device aims to provide a temperature
range between 2� C and 37� C in the target area using cooling and
heating components. The team utilized a 3D multiphysics (fluid
flow and heat transfer) numerical model to estimate the local
temperature distribution and to validate the design parameters.
The simulation results indicated that the proposed integrated
microdevice has the capability to reduce the target temperature
down to 1� C (Fig. 7B).

4. Cell handling processes

In this section, we explore the role of numerical approaches in
the estimation of the performance of microfluidic devices. Nu-
merical simulation offers detailed insights into cell handling pro-
cesses in a microfluidic device. This section reviews numerical
works on cell handling processes such as sorting, separation,
trapping, and mixing of cells [73].

4.1. Cell separation and sorting

A key cell handling task in microfluidics is focusing cells and
analyzing them individually [74]. The original sample may contain
other components that are not of interest. Thus, the targeted cells
are to be sorted based on their physical or biochemical properties.
roaches for microfluidic cell analysis platforms, Journal of Science:
.008



Fig. 7. (A) (i) Schematic of the microfluidic platform. Temperature distribution at ambient 23� C and hot bath 60� C on the end glass obtained by (ii) infrared thermographic image
and (iii) simulation results (Reprinted with permission from [71].). (B) (i) Schematic of the integrated microfluidic device with its components and boundary conditions (gold, blue
and red domains refer to heater wire, water cooling channel and fluid channel, respectively). (ii) The target area in the middle of the device. (iii) Numerically obtained temperature
distribution in the target area (Reprinted with permission from [72].).
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Cell sorting enriches or purifies cell samples to the requirement of
the subsequent analysis. Multiple microfluidics-based sorting de-
vices have been recently developed [39,75e77]. Dalili et al. [78] and
Gossett et al. [79] reviewed cell separation and sorting using
microfluidics. A number of papers provide perspectives on how
numerical simulations can be effective for improving cell-sorting
devices as serve as valuable guides for experiments [80e84]. Ma
et al. simulated the size-dependent cell sorting process based on a
controllable asymmetric pinched flow [83]. Their numerical model
could execute separation and sorting processes of a cell mixture of
up to four different diameters. The results indicated that cells could
be effectively sorted into branches by regulating the inlet and outlet
flows (Fig. 8A).

Shamloo and Boodaghi [84] used an FEM approach to simulate
the separation of platelets, red blood cells, and white blood cells in
a microfluidic channel using standing surface acoustic waves. The
microchannel is integrated between two interdigitated trans-
ducers. The bottom substrate of the device is a piezoelectric ma-
terial. Changing the acoustic radiation force by varying the applied
voltage leads to the different trajectory of blood cells in the
microchannel. Figure 8B shows the example with a driving voltage
of 3 V, where white blood cells (red) were sorted out through the
middle outlet, and with a voltage of 5 V, the platelets (dark blue)
were sorted out through two side channels.
4.2. Cell trapping

Capturing of target cells at fixed positions inside microchannels
is another on-chip task for cell manipulation that has attracted
increasing attention [85]. Chip design affects not only the sample
and reagent consumption, but also the cell function through the
distribution and concentration of nutrients andwastes [86]. For this
purpose, different designs of microfluidic devices have been pro-
posed to better control cell docking and immobilization in a
microenvironment [87e89]. In general, cell trapping is divided into
Please cite this article as: Z. Sheidaei et al., Advances in numerical app
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two categories: non-contact and contact [90]. Nilsson et al. pro-
vided a review of cell trapping technologies in microfluidics [91].
CFD is a powerful tool for easily identifying trajectories of cells
inside a trapping device to gain a comprehensive insight into the
capturing process [92e96]. Khabiry and Jalili [96] analyzed flow
streamlines in a microchannel to predict the effect of microposts
and their diameter on capturing cells in the sidewall microgrooves.
The authors observed that cell penetration is facilitated by putting
the posts in the middle of the microchannel (Fig. 9A). Fluid flow
through capturing devices may lead to cell removal. Patra et al.
formulated a 3D finite element simulation to estimate how cells are
captured inside the cubic cavities with various inlet flow rates [97].
The numerical analysis indicated that increasing the flow rate to
100 ml/min causes cells to be flushed out from the chambers.
However, if the flow ratewaswithin the range of 1 ml/min and 10 ml/
min, the cells remain trapped in the chambers (Fig. 9B). In another
design containing arrays of U-shaped sieves, cell trapping efficiency
was evaluated over time using finite-volume and Lagrangian
methods [98]. Numerical results reveal the potential of the device
for rapid trapping of cells. In other words, the sieves were almost
fully occupied after just 30 s, only a few cells were added between
30 and 90 s (Fig. 9C).
4.3. Cell mixing

Mixing is an essential process for enhancing the uniformity and
consistency of microfluidic systems for cell handling and analysis.
As mentioned above, the flow regime in microchannels is laminar
because of the small Reynolds number. The laminar flow causes
mixing to rely on diffusive transport and therefore, it will be a time-
consuming process [74]. Thus, in addition to efficient mixing,
reducing the process duration is a challenging task in micro-scale
environments. Depending on their mode of operation, micro-
mixers are generally classified into active and passive approaches
[99].
roaches for microfluidic cell analysis platforms, Journal of Science:
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Fig. 8. (A) (i) Schematic view of the micro-sorting device. (ii) Numerical separation of 8 mm and 20 mm cells for specific inlet/outlet fluid flows (Reproduced from [83].). (B)
Numerical results for cell trajectories. The red colour is for the white blood cells, dark-blue colour is for platelets, and the light-blue colour is for red blood cells. (i) Voltage of 3 V. (ii)
Voltage of 5 V (Reprinted with permission from [84].).

Fig. 9. (A) (i) Microfluidic channel with sidewall grooves and middle posts. (ii) Fluid streamline patterns within the microchannel containing no post and containing two different
sizes of the posts (Reproduced from [96].). (B) (i) Microfluidic platform for uniform-sized cell spheroids formation and cultivation. (ii) Simulated cellular trajectories inside the
micro-device with the different inlet flow rates (Reprinted with permission from [97].). (C) Time-dependent simulation of cell trapping process within a microchamber with U-
shaped sieves (Reprinted with permission from [98].).
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Fig. 10. (A) Simulation results of concentration within T-type mixers (i) without a barrier (ii) with a leaky barrier (iii) without a leaky barrier (Reproduced from [106].). (B) Nu-
merical concentration distribution at various positions along the microchannel for a serpentine micromixer (i) with a rectangular cross-section and (ii) with a non-rectangular
cross-section (Re ¼ 20) (Reproduced from [107].).
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The review papers by Lee et al. [100,101] as well as Suh and Kang
[102] provide further reading onmicrofluidic mixing. To date, many
numerical studies have been conducted to investigate the perfor-
mance and design of the micromixers [103e107]. For example, a
numerical simulation indicated that the efficiency of passive mix-
ing increases significantly by proper placement of rectangular
barriers within a ‘T’ shaped mixer [106]. On the other hand, using
no-leaky barriers in the micromixer leads to full mixing at the exit
section (Fig. 10A). Another computational analysis showed that the
mixing performance within a serpentine micromixer could be
increased by changing the channel cross-section from rectangular
to non-rectangular shapes at low and intermediate Reynolds
number [107] (Fig. 10B).
5. Cell mechanics

The dynamics of cell deformation is another dominant factor
that is of great interest due to their biological and engineering
applications. This deformability is related to the structure and
mechanical properties of the cell [108]. Recently, practical tech-
niques have been developed to measure cell deformability, such as
magnetic twisting cytometry [109], micropipette aspiration [110]
and microfluidics [52]. Among these techniques, microfluidics-
based measurement has received much attention from the
research community [111]. As there is a variety of cells with
different mechanical properties, a high-throughput experimental
approach is needed to accurately measure their deformability.
Fig. 11. Cell longitudinal axis deformation length (mm) by channel position for a ho-
mogeneous cell (blue colour) and a cell with a nucleus and a membrane (red colour)
(Reprinted with permission from [116].
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Hence, besides the experimental methods, researchers employed
numerical techniques to evaluate cell deformation [112e116]. It is
interesting that numerical prediction showed good agreements
with experimental data. Therefore, numerical studies can serve as a
convenient tool for evaluating cell deformation. Serrano-Alcalde
et al. employed a 3D coupled fluid-solid analysis to investigate
the impact of different parts of a cell (membrane, nucleus and
cytoplasm) on its deformation, when it is moving inside a micro-
channel under a creeping flow [116]. The authors evaluated the
longitudinal deformation of the cells along the channel. Cells with
nucleus and membrane showed less deformation along the longi-
tudinal axis. The team concluded that increasing the velocity at the
throat of the channel increases the longitudinal deformation of the
cell (Fig. 11).

Another comprehensive work investigated numerically the
translocation of cells with five different deformability properties
through a narrow pore [112]. The effect of compression modulus on
cell motion and curvature of cell membranes was investigated us-
ing the combined LBM and a coarse-grained cell membrane model.
The numerical analysis indicated howwell a cell could pass through
a micropore over time. Increasing the compression modulus de-
creases the chance of the cells passing through the pore.
6. Concluding remarks and future outlook

Due to its unique advantages, microfluidics has received
considerable attention in cell biology research. Although experi-
mental approaches are expensive and laborious, concurrently, they
are the most accurate and commonly used methods in order to
explore the unknowns in cellular microfluidics. However, beside
the accuracy, researchers are always trying to find new methods to
reduce the costs and save the time in their studies. As such, nu-
merical approaches could be utilized as a complementary method
to overcome some experimental challenges. Being capable of
determining various parameters, numerical simulations offer a
better understanding of cell-related processes in a microenviron-
ment. Furthermore, numerical techniques are reasonably reliable,
as good agreements between the results of such methods and
theoretical and even experimental methods have been reported in
the literature. According to the capabilities of numerical analysis,
we envision that numerical approaches would become an integral
part of the life sciences research. The current review shows how
numerical studies could be useful in developing microfluidic de-
vices for cell culture and cell analysis. Numerical simulations have a
roaches for microfluidic cell analysis platforms, Journal of Science:
.008



Z. Sheidaei et al. / Journal of Science: Advanced Materials and Devices xxx (xxxx) xxx 11
high potential in optimizing device parameters, determining
important biological parameters, and studying cell mechanics.

Furthermore, numerical computations could also be considered
for studying activities, mechanics and physiological response of
organs. Microdevices known as organ-on-a-chip (OOC) and body-
on-a-chip (BOC) have been engineered to recapitulate and mimic
the real functions of human living organs. What is certain is that
conducting experimental analysis on such complex systems would
take longer andmore complicated than cell analysis on a chip. With
this paper, we hope to persuade the OOC and BOC communities to
use numerical approaches as valuable tools for their research. In
addition, the following aspects can highlight the importance and
role of numerical approaches in cell biology research, especially in
the design of microfluidic devices: (i) Numerical acceleration
techniques to improve the convergence rate and consequently
reduce the simulation time consuming; (ii) FluideSolid-Interaction
models between biofluid and microsystems (such as micro-valves
and micro-pumps) and deformability of chip materials to give
more accurate results; (iii) More accurate porosity models for chip
materials to better estimate the nutrients diffusion (such as oxygen,
carbon dioxide, and glucose).

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

Z.S. and P.A. would like to thank the support they received from
the Shahrood University of Technology.

References

[1] S.A.M. Shaegh, N.-T. Nguyen, S.H. Chan, W. Zhou, Air-breathing membrane-
less laminar flow-based fuel cell with flow-through anode, Int. J. Hydrogen
Energy 37 (4) (2012) 3466e3476.

[2] C. Song, N.-T. Nguyen, S.-H. Tan, A.K. Asundi, Modelling and optimization of
micro optofluidic lenses, Lab Chip 9 (9) (2009) 1178e1184.

[3] T.D. Luong, N.-T. Nguyen, Surface acoustic wave driven microfluidics-a re-
view, Micro Nanosyst. 2 (3) (2010) 217e225.

[4] N.-T. Nguyen, S.A.M. Shaegh, N. Kashaninejad, D.-T. Phan, Design, fabrication
and characterization of drug delivery systems based on lab-on-a-chip tech-
nology, Adv. Drug Deliv. Rev. 65 (11e12) (2013) 1403e1419.

[5] J.J. Kim, E. Sinkala, A.E. Herr, High-selectivity cytology via lab-on-a-disc
western blotting of individual cells, Lab Chip 17 (5) (2017) 855e863.

[6] N.S. Bhise, J. Ribas, V. Manoharan, Y.S. Zhang, A. Polini, S. Massa,
M.R. Dokmeci, A. Khademhosseini, Organ-on-a-chip platforms for studying
drug delivery systems, J. Control. Release 190 (2014) 82e93.

[7] A.R. Perestrelo, A.C.P. �Aguas, A. Rainer, G. Forte, Microfluidic organ/body-on-
a-chip devices at the convergence of biology and microengineering, Sensors
15 (12) (2015) 31142e31170.

[8] Y. Zhang, P. Ozdemir, Microfluidic DNA amplificationda review, Anal. Chim.
Acta 638 (2) (2009) 115e125.

[9] E.K. Sackmann, A.L. Fulton, D.J. Beebe, The present and future role of
microfluidics in biomedical research, Nature 507 (7491) (2014) 181e189.

[10] J. Choi, H. Song, J.H. Sung, D. Kim, K. Kim, Microfluidic assay-based optical
measurement techniques for cell analysis: a review of recent progress, Bio-
sens. Bioelectron. 77 (2016) 227e236.

[11] P. Ertl, D. Sticker, V. Charwat, C. Kasper, G. Lepperdinger, Lab-on-a-chip
technologies for stem cell analysis, Trends Biotechnol. 32 (5) (2014)
245e253.

[12] T. Sun, H. Morgan, Single-cell microfluidic impedance cytometry: a review,
Microfluid. Nanofluidics 8 (4) (2010) 423e443.

[13] M. Arabghahestani, S. Poozesh, N.K. Akafuah, Advances in computational
fluid mechanics in cellular flow manipulation: a review, Appl. Sci. 9 (19)
(2019), 4041.

[14] D.A. Boy, F. Gibou, S. Pennathur, Simulation tools for lab on a chip research:
advantages, challenges, and thoughts for the future, Lab Chip 8 (9) (2008)
1424e1431.

[15] D. Erickson, Towards numerical prototyping of labs-on-chip: modeling for
integrated microfluidic devices, Microfluid. Nanofluidics 1 (4) (2005) 301e318.
Please cite this article as: Z. Sheidaei et al., Advances in numerical app
Advanced Materials and Devices, https://doi.org/10.1016/j.jsamd.2020.07
[16] E.W.K. Young, D.J. Beebe, Fundamentals of microfluidic cell culture in
controlled microenvironments, Chem. Soc. Rev. 39 (3) (2010) 1036e1048.

[17] K.M. Warren, J.N. Mpagazehe, P.R. LeDuc, C.F. Higgs III, Geometric effects in
microfluidics on heterogeneous cell stress using an EulerianeLagrangian
approach, Lab Chip 16 (3) (2016) 593e598.

[18] M. Zahorodny-Burke, B. Nearingburg, A.L. Elias, Finite element analysis of oxy-
gen transport in microfluidic cell culture devices with varying channel archi-
tectures, perfusion rates, and materials, Chem. Eng. Sci. 66 (23) (2011)
6244e6253.

[19] Y. Huang, N.-T. Nguyen, A polymeric cell stretching device for real-time im-
aging with optical microscopy, Biomed. Microdevices 15 (6) (2013)
1043e1054.

[20] L.I.U. Jun-Shan, Y.-Y. Zhang, W. Zhong, D. Jia-Yi, Y.E. Xuan, X.U.E. Ri-Ye,
G.E. Dan, X.U. Zheng, Design and validation of a microfluidic chip with
micropillar arrays for three-dimensional cell culture, Chinese J. Anal. Chem.
45 (8) (2017) 1109e1114.

[21] W.X. Chen, J.G. Li, X.H. Wan, X.Y. Zou, S.Y. Qi, Y.Q. Zhang, Q.M. Weng, J.Y. Li,
W.M. Xiong, C. Xie, W.L. Cheng, Design of a microfluidic chip consisting of
micropillars and its use for the enrichment of nasopharyngeal cancer cells,
Oncol. Lett. 17 (2) (2019) 1581e1588.

[22] K. Ren, J. Zhou, H. Wu, Materials for microfluidic chip fabrication, Acc. Chem.
Res. 46 (11) (2013) 2396e2406.

[23] P.N. Nge, C.I. Rogers, A.T. Woolley, Advances in microfluidic materials,
functions, integration, and applications, Chem. Rev. 113 (4) (2013)
2550e2583.

[24] K. Ren, Y. Chen, H. Wu, Newmaterials for microfluidics in biology, Curr. Opin.
Biotechnol. 25 (2014) 78e85.

[25] J.B. Christen, A.G. Andreou, Design, fabrication, and testing of a hybrid CMOS/
PDMS microsystem for cell culture and incubation, IEEE Trans. Biomed.
Circuits Syst. 1 (1) (2007) 3e18.

[26] E. Gencturk, S. Mutlu, K.O. Ulgen, Advances in microfluidic devices made
from thermoplastics used in cell biology and analyses, Biomicrofluidics 11
(5) (2017) 51502.

[27] J.S. Shim, A.W. Browne, C.H. Ahn, An on-chip whole blood/plasma separator
with bead-packed microchannel on COC polymer, Biomed. Microdevices 12
(5) (2010) 949e957.

[28] J.M. Li, C. Liu, X.D. Dai, H.H. Chen, Y. Liang, H.L. Sun, H. Tian, X.P. Ding, PMMA
microfluidic devices with three-dimensional features for blood cell filtration,
J. Micromech. Microeng. 18 (9) (2008), 095021.

[29] S. Torino, B. Corrado, M. Iodice, G. Coppola, PDMS-Based microfluidic devices
for cell culture, Inventions 3 (3) (2018), 65.

[30] C.J. Ochs, J. Kasuya, A. Pavesi, R.D. Kamm, Oxygen levels in thermoplastic
microfluidic devices during cell culture, Lab Chip 14 (3) (2014) 459e462.

[31] D.A. Markov, E.M. Lillie, S.P. Garbett, L.J. McCawley, Variation in diffusion of
gases through PDMS due to plasma surface treatment and storage condi-
tions, Biomed. Microdevices 16 (1) (2014) 91e96.

[32] M.P. Wolf, G.B. Salieb-Beugelaar, P. Hunziker, PDMS with designer functio-
nalitiesdproperties, modifications strategies, and applications, Prog. Polym.
Sci. 83 (2018) 97e134.

[33] A. Lamberti, S.L. Marasso, M. Cocuzza, PDMS membranes with tunable gas
permeability for microfluidic applications, Rsc. Adv. 4 (106) (2014)
61415e61419.

[34] G. Firpo, E. Angeli, L. Repetto, U. Valbusa, Permeability thickness dependence
of polydimethylsiloxane (PDMS) membranes, J. Memb. Sci. 481 (2015) 1e8.

[35] M. Naciri, D. Kuystermans, M. Al-Rubeai, Monitoring pH and dissolved ox-
ygen in mammalian cell culture using optical sensors, Cytotechnology 57 (3)
(2008) 245e250.

[36] H. Zirath, M. Rothbauer, S. Spitz, B. Bachmann, C. Jordan, B. Müller,
J. Ehgartner, E. Priglinger, S. Mühleder, H. Redl, W. Holnthoner, M. Harasek,
T. Mayr, P. Ertl, Every breath you take: non-invasive real-time oxygen bio-
sensing in two-and three-dimensional microfluidic cell models, Front.
Physiol. 9 (2018), 815.

[37] M.D. Brennan, M.L. Rexius-Hall, L.J. Elgass, D.T. Eddington, Oxygen control
with microfluidics, Lab Chip 14 (22) (2015) 4305e4318, https://doi.org/
10.1039/C4LC00853G.

[38] R.B. Bird, Transport phenomena, Appl. Mech. Rev. 55 (1) (2002) R1eR4.
[39] H. Yun, K. Kim, W.G. Lee, Cell manipulation in microfluidics, Biofabrication 5

(2) (2013), 022001.
[40] M.C. Kim, R.H.W. Lam, T. Thorsen, H.H. Asada, Mathematical analysis of ox-

ygen transfer through polydimethylsiloxane membrane between double
layers of cell culture channel and gas chamber in microfluidic oxygenator,
Microfluid. Nanofluidics 15 (3) (2013) 285e296.

[41] G. Hu, D. Li, Three-dimensional modeling of transport of nutrients for
multicellular tumor spheroid culture in a microchannel, Biomed. Micro-
devices 9 (2007) 315e323.

[42] M. Barisam, M.S. Saidi, N. Kashaninejad, R. Vadivelu, N.-T. Nguyen, Numerical
simulation of the behavior of toroidal and spheroidal multicellular aggre-
gates in microfluidic devices with microwell and U-shaped barrier, Micro-
machines 8 (12) (2017), 358.

[43] M. Barisam, M.S. 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 (3) (2018), 94.

[44] A. Takano, M. Tanaka, N. Futai, On-chip CO2 incubation for pocket-sized
microfluidic cell culture, microfluid, Nanofluidics 12 (6) (2012) 907e915.
roaches for microfluidic cell analysis platforms, Journal of Science:
.008

http://refhub.elsevier.com/S2468-2179(20)30061-7/sref1
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref1
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref1
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref1
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref2
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref2
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref2
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref3
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref3
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref3
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref4
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref4
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref4
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref4
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref4
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref5
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref5
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref5
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref6
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref6
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref6
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref6
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref7
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref7
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref7
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref7
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref7
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref8
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref8
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref8
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref8
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref9
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref9
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref9
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref10
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref10
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref10
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref10
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref11
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref11
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref11
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref11
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref12
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref12
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref12
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref13
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref13
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref13
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref14
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref14
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref14
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref14
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref15
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref15
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref15
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref16
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref16
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref16
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref17
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref17
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref17
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref17
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref17
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref18
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref18
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref18
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref18
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref18
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref19
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref19
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref19
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref19
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref20
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref20
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref20
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref20
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref20
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref21
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref21
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref21
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref21
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref21
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref22
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref22
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref22
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref23
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref23
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref23
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref23
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref24
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref24
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref24
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref25
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref25
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref25
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref25
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref26
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref26
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref26
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref27
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref27
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref27
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref27
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref28
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref28
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref28
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref29
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref29
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref30
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref30
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref30
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref31
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref31
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref31
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref31
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref32
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref32
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref32
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref32
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref32
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref33
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref33
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref33
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref33
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref34
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref34
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref34
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref35
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref35
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref35
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref35
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref36
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref36
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref36
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref36
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref36
https://doi.org/10.1039/C4LC00853G
https://doi.org/10.1039/C4LC00853G
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref38
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref38
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref39
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref39
http://refhub.elsevier.com/S2468-2179(20)30061-7/optIW02LmqT34
http://refhub.elsevier.com/S2468-2179(20)30061-7/optIW02LmqT34
http://refhub.elsevier.com/S2468-2179(20)30061-7/optIW02LmqT34
http://refhub.elsevier.com/S2468-2179(20)30061-7/optIW02LmqT34
http://refhub.elsevier.com/S2468-2179(20)30061-7/optIW02LmqT34
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref41
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref41
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref41
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref41
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref42
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref42
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref42
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref42
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref43
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref43
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref43
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref44
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref44
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref44
http://refhub.elsevier.com/S2468-2179(20)30061-7/sref44


Z. Sheidaei et al. / Journal of Science: Advanced Materials and Devices xxx (xxxx) xxx12
[45] S.P. Forry, L.E. Locascio, On-chip CO2 control for microfluidic cell culture, Lab
Chip 11 (23) (2011) 4041e4046.

[46] A.-J. M€aki, M. Peltokangas, J. Kreutzer, S. Auvinen, P. Kallio, Modeling carbon
dioxide transport in PDMS-based microfluidic cell culture devices, Chem.
Eng. Sci. 137 (2015) 515e524.

[47] N. Kashaninejad, W.K. Chan, N.-T. Nguyen, Fluid mechanics of flow through
rectangular hydrophobic microchannels, Proc. ASME 9th Int. Conf. Nano-
channels, Microchannels, and Minichannels; Edmonton, Alberta, Canada.
June 19e22 1, ASME, 2011, pp. 647e655.

[48] N.-T. Nguyen, S.T. Wereley, S.A.M. Shaegh, Fundamentals and Applications of
Microfluidics, Artech House, 2019.

[49] Y. Gou, Y. Jia, P. Wang, C. Sun, Progress of inertial microfluidics in principle
and application, Sensors 18 (6) (2018) 1762.

[50] G. Velve-Casquillas, M. Le Berre, M. Piel, P.T. Tran, Microfluidic tools for cell
biological research, Nano Today 5 (1) (2010) 28e47.

[51] S. Varma, J. Voldman, A cell-based sensor of fluid shear stress for micro-
fluidics, Lab Chip 15 (6) (2015) 1563e1573.

[52] F.J. Armistead, J.G. De Pablo, H. Gadêlha, S.A. Peyman, S.D. Evans, Cells under
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