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Abstract

Fluid flow at the microscale level exhibits a unique phenomenon that can be explored to
fabricate microfluidic devices integrated with components that can perform various bio-
logical functions. In this manuscript, the importance of physics for microscale fluid
dynamics using microfluidic devices has been reviewed. Microfluidic devices provide
new opportunities with regard to spatial and temporal control over cell growth. Further-
more, the manuscript presents an overview of cellular stimuli observed by combining sur-
faces that mimic the complex biochemistries and different geometries of the extracellular
matrix, with microfluidic channels regulating the transport of fluids, soluble factors, etc.
We have also explained the concept of mechanotransduction, which defines the relation
between mechanical force and biological response. Furthermore, the manipulation of cellu-
lar microenvironments by the use of microfluidic systems has been highlighted as a useful
device for basic cell biology research activities. Finally, the article focuses on highly inte-
grated microfluidic platforms that exhibit immense potential for biomedical and pharma-
ceutical research as robust and portable point-of-care diagnostic devices for the assessment
of clinical samples.

Keywords Cell biology - Microfluidics - Cell stimulation - Cancer cell - Cell sorting

1 Introduction

An innovative approach in cell biology, the ability of microfluidic devices to deliver chem-
ical cues with spatial precision comparable to the sub-cellular dimensions, can resolve bio-
logical issues at the level of individual cells. In microfluidic technology, we can expose
the cells to gradient streams of chemicals, like hormones, cytokines, growth factors,
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and chemoattractants. Furthermore, we are able to assess each cell’s unique reaction to
mechanical stimulation. As the cell physiology, phenotype, and functionality are governed
by the physicochemical operating conditions of the neighboring cells, microfluidic devices
present a novel way to determine cellular fate during in vitro investigations. The motivation
for integrating several time-consuming steps into solitary monolithic micro-platforms was
considered the initial impetus for fabricating microfluidic systems for cell culture applica-
tions [1]. Again, the majority of the microfluidic systems for cell culture applications can
be simply defined as the miniaturized versions of conventional lab-scale processes. These
are based on the requirement of low sample volumes, and they are easy to fabricate and are
compatible with most biological assays [2]. In other words, microfluidic devices can be
designed to explore the previously unknown aspects of cell biology.

The creation of microfluidic cell culture systems was spurred by the difficulty of mac-
roscale culture techniques to recapitulate interactions between the cells, the analytes,
and the extracellular matrix (ECM). In the past few years, biophysical and biochemical
insights into cells and tissues have been obtained by the combination of cell culture with
microfluidic devices. In addition, cell-based sensors are being employed for biochemical,
biomedical, and environmental applications. Most of the microscale applications depend
upon short-term responses due to cell-cell interactions within the microdomain. Several
essential cellular processes occur over longer time scales [3]. To understand the cell—cell
interaction, cell differentiation, and proliferation of cells within the microfluidic devices,
microfluidic platforms can also be developed to mimic cellular homeostasis [4]. Accord-
ingly, long-term cell culture platforms have been developed to expose the cells to a gradi-
ent of analyte concentrations [5]. Typically, cells are restricted to specific regions of the
microchannel devices, which can also be created by micropatterning of cells. This concept
can promote cell adhesion or can be used to generate hydrodynamic cell trap arrays or
dielectrophoretic trap arrays [6]. Through this manuscript, we have presented a compre-
hensive overview of the application of microfluidic technology in the biomolecular and
biomedical fields. We have also included several significant examples of the use of micro-
fluidic technology in cell biology, along with a brief overview of the fundamental physics
underlying this technology.

2 Microscale flow physics for biological application

Fluid flow at the microscale level is a unique phenomenon that can be used to fabricate
small-scale microfluidic devices and components that can perform different biological
functions. The other review articles related to microfluidic systems have already focused
on the physics of the microscale phenomena and how it can be useful to fabricate certain
microdevices [1-4]. Hence, in this article, the importance of microscale flow physics has
been reviewed for a deeper understanding of the microscale biological applications.

Microfluidic technology handles and analyzes fluids within the miniaturized systems,
where the length scale of the devices lies in the microscale range. At this range, the differ-
ent forces formed due to downscaling and shrinkage of large conventional devices become
dominant over those experienced in everyday life [5]. Thus, new device designs involving
microscale flow physics have been employed to understand the different applied forces at
the microscale level. The physical effects that are dominant in microfluidic devices include
the laminar flow, fluidic diffusion resistance, surface area-to-volume ratio, and surface ten-
sion. An excellent review presenting an overview of the microscale flow physics at the
nanoliter scale has been published earlier [6].
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2.1 Dimensionless numbers

In classical fluid mechanics, flow physics is described in terms of important dimensionless
numbers that define the interplay between the different applied forces within the micro-
scale flow domain. In the case of fluid mechanics and species transport, the two most cel-
ebrated non-dimensional numbers that describe the microscale flow phenomenon include
the Reynolds number (Re), which considers the ratios between the inertial and viscous
forces, and the solute Peclet number that defines the ratio between convective and diffu-
sive forces, respectively. Values of these dimensionless numbers are significantly different
when the length scale of the devices is reduced from macro- to microscale.

In the case of the forced flows within the microfluidic device, the Re is the most impor-
tant dimensionless number that characterizes the flow regimes, i.e., the laminar and turbu-
lent, respectively. In the laminar flow, the velocity of the fluid particle elements in the fluid
stream is not defined in terms of random motion as a function of the time scale. In other
words, the turbulent flow is chaotic and unpredictable, which means that it is impossible to
predict the position of the fluid particle elements in the fluid streams as a function of time.
So, the most celebrated non-dimensional number in microscale flow physics, the Reynolds
number, is defined as stated in Eq. (1):

_ pvDy
H

Re

D

where p is the density of the working fluid system, v is the characteristic velocity of the
fluid streams, p is the dynamic viscosity of the fluid systems, and D, is the hydraulic diam-
eter, respectively. The hydraulic diameter depends on the cross-sectional area of the pro-
posed microfluidic geometry. Re < 2300, as calculated by using Eq. (1), indicates the lam-
inar flow behavior of the fluid streams. In the context of the turbulent flow behavior, the
operating Reynolds number, Re, is greater than 2300. The existing literature reports reveal
that Re for transition flows (laminar to turbulent) within the microfluidic channels may be
different as compared to the theoretical predictions.

The flow velocity within the microfluidic devices generally varies within 1 pm/s to
1 cm/s, wherein the hydraulic diameter, Dy, is 10 pm, and the Re is in the range of 107 to
10", In this operating Re, the non-linearity term is mostly neglected in the presence of the
inertia effects, and turbulence behavior is unlikely. Based on previous reports, the value of
the critical Re in the transition regime (from laminar to turbulent flow) is lower as com-
pared to the critical Re for the macroscale flow behavior [7]. Thus, to understand these
effects related to the critical Re, based on the transition flow regime behavior, investiga-
tions have been conducted to study the effects imparted by the surface features. In other
words, flow friction, which is defined in terms of fluidic resistance, has emerged as a
major factor in understanding microscale flow physics [8].

Owing to the low Re hydrodynamics in the microfluidic domain, mixing within the micro-
channel devices is hindered. Additionally, in the macroscale flow physics behavior, the origin
of mixing can be traced in terms of the chaotic eddies, which are formed under the influence
of turbulence. Thus, mixing due to diffusion phenomena can be realized within the micro-
channels. Hence, depending upon the targeted application, diffusive mixing can either be
advantageous for the reaction within the microchannels or ineffective for particle separation.
In order to understand the diffusive mixing process, it is imperative to explain another impor-
tant non-dimensional number, the Peclet number. By definition, the Peclet number is defined
in terms of the relative strength of convection over diffusion and is defined in Eq. (2):
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Pe=3 @

where w is the width of the proposed microchannel system and D is the diffusivity coef-
ficient of the solute particles. In the context of the biological systems, the diffusivity, D, is
in the range of 107! (m%/s), the width of the microchannel is 10 pm, velocity v is approxi-
mately 1 m/s, and it takes approximately 100-microchannel width to complete the diffu-
sive mixing process. In the case of a lower strength of the diffusion phenomenon, different
innovative strategies for mixing, under the influence of the secondary or transverse flows,
have already been invented [9]. In the microscale flow phenomenon, diffusion times can
be short, and microchannels are used to develop the concentration gradients with nonlinear
profiles [10, 11]. Mixing schemes between the two fluid streams at the microscopic level
must be improved to maximize the interfaces between the two fluid streams and to allow
the diffusion process to occur quickly [12, 13].

Considering the theoretical predictions performed by several authors, Ajdari et al. studied
structured chaotic micromixing devices to understand the concentration distribution between
two fluid streams. Indeed, there are multiple occasions where the mechanisms of active and
passive micromixing processes have been used to develop micromixers. Active micromixers
are based on the geometrical features of microchannel devices. Passive micromixing processes
that use passive micromixers include Taylor dispersion analysis, hydrodynamic focusing,
split and recombine flows, chaotic advection, and electrokinetic instability [14—18]. In other
words, active micromixing includes rotational micromixing, dielectrophoresis, AC electroki-
netic instability, fluid-induced electroosmosis, and electro-wetting on dielectric, respectively
[19-23]. Howeyver, researchers are trying to develop an optimum strategy for mixing within
the microchannel devices.

Other important non-dimensional numbers related to microscale flow physics include the
Knudsen number, Kn, defined in terms of the ratio between mean free path with the character-
istics length of the proposed system; the Weissenberg number, Wi, which is the ratio between
the relaxation time and shear rate of the polymeric molecules; the capillary number, Ca, which
is the ratio of the viscous force to surface tension force; and the Deborah number, De, which is
the ratio between the polymer relaxation time and characteristic flow time.

In this study, we consider several non-dimensional numbers (as mentioned in Table 1)
which have depicted the positive effect on performance of a system in terms of scale-up study.
This involves increased throughput and mass parallelization of on-chip processes [24]. In
order to address several issues, including designs for biocompatibility, efficiency, and cost-
effectiveness of microfluidic devices, increased awareness of the biological processes by engi-
neers, and methods for standardization and system integration of modular components, a col-
laborative effort involving physicians, scientists, and engineers is required.

2.2 Physicochemical properties of biofluids

The viscosity of the fluid is defined in terms of the resistance of the fluid motion and can
be measured by relating shear force and velocity gradients or the strain rate in a flowing
fluid, as explained by Newton’s law of viscosity stated in Eq. (3):

T=—uy 3)

where 7 is the force per unit area, y is the shear rate, and p is the dynamic viscosity of the
working fluid system, respectively.
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Table 1 Non-dimensional numbers commonly used in the analysis of microfluidic systems for cell biology
applications [24]

Non-dimensional numbers Notation Ratio

Reynolds number Re Inertia force/viscous force

Peclet number Pe Convection/diffusion

Weissenberg number Wi Shear rate X relaxation time

Deborah number De Relaxation time/flow time

Dean number Dn Transverse flow/longitudinal
flow

Capillary number Ca Viscous/interfacial

Weber number We Inertial/surface tension

Stokes number Ny Viscous force/gravitational force

The shear rate and shear stress ratio of biological fluids, which are categorized as
pseudoplastic non-Newtonian fluid systems, affect the fluid’s viscosity. The power law
obeying model is used to characterize these events [14], as defined in Eq. (4).

=K@ €

where K is the consistency index and 7 is the flow behavior index.

The above-mentioned parameters are used to characterize the rheological behavior
of power law obeying fluids. For the value of n equal to 1, the behavior of the fluid is
of Newtonian type; n > 11is for the dilatants, and n < 11is associated to the pseudoplas-
tic fluid behavior with an apparent viscosity (u,) that increases or decreases, respec-
tively, with an increase in the shear rate.

Fahraeus and Lindqvist were the pioneers in exhibiting the dependence of relative
apparent viscosity and hematocrit (~40% v/v) on the radius of the tube. Additionally,
Zharov et al. [16] studied the flow behavior of RBCs using micropillars, which indi-
cated the physicochemical properties, including the velocity and thickness of the sus-
pending medium separating the tube wall from the cell. This process depends on pres-
sure drop, the diameter of capillary, and volume fraction of RBCs as well as the RBC’s
shape deformation in flow.

Media solution bathing cells consist of ions, carbohydrates, gases, and proteins,
which increase fluid viscosities and conductivities. In experiments using microfluidic
systems to manipulate cells, an ideal suspension mixture is often avoided in favor of
Newtonian solutions with low viscosity, that is, water-based solutions, to ensure that
the resistance to the fluid flow and saturation of the technological limits are mini-
mized. As microfluidic networks and on-chip mixing and dilution of fluids become
more complicated and changes in hydrodynamic resistance due to viscosity changes,
manifest, microfluidic geometries, interfaces, and integrated components must be
taken into consideration from the very start of the design process [17].

2.3 Hydrodynamics in microchannels
Conventional methods for flow actuation mechanisms within microfluidic systems are pres-

sure driven or electrokinetically driven [18, 19]. For an incompressible fluid, where density
does not change as a function of time, the equivalent of Newton’s second law motion (i.e.,
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F = ma, m = mass of the object, a= acceleration of the objects) can be defined in terms of the
Navier—Stokes equation, as expressed in Eq. (5).

~VP+ uV?u+F, = p(;—l; + pu.Vu 5)

where u is the velocity field (m-s™), P is the acting fluid pressure (Pa), and F,, is the exter-
nal body forces acting on the bulk liquid per unit volume i.e., magnetic and electrical
potential, etc.

Microflows predominantly fall under the category of the laminar region (Re < 1, creeping
flow behavior is followed up). Thus, the Navier-Stokes equation can be converted into the
Stokes equation by ignoring the nonlinear convective factor in Eq. (5) and the external body
forces to predict the linear flow in a microchannel [20]. Here, Stokes equation is defined in
Eqg. (6), which becomes

P2 = VP + uv?u ©)
ot

Using the mass continuity equation to calculate the fluid flow of an incompressible fluid, i.e.,
V.u =0, we get a linear expression to determine the pressure drop at low operating Reynolds
number, with variation in pressure in the axial direction of the microchannel. So, Eq. (6) can be
rewritten as follows:

Viu =
uVou= @)

In Eq. (7), we consider the steady-state flow behavior which is away from the entrance of
the microchannel system and axial direction of the channel height, where the height of the
microchannel, £, is much less as compared to the width (w) and length (L) of the microchannel
system (i.e., h < w and L) [24].

Now, to solve Eq. (7), we apply no-slip boundary conditions (i.e., # = () and obtain the
resulting equation, as stated in Eq. (8), to understand the Poiseuille profile flow.

dP h? y?
= ——— 1——
T 2;4< h2> ®

For circular microchannel systems, the average velocity is obtained as u,,, = %, where Q is
the volumetric flow rate (m>s™") and A is the cross-sectional area of the channel (m?). Consid-
ering no-slip boundary condition at the wall of the tube, i.e., » = 0 and u = 0, for fully devel-
oped laminar parabolic flow, maximum velocity is obtained at the centerline of the micro-

channel system and the volumetric flow rate is defined as stated in Eq. (9).

1 TR* d
Q= FtmuR = "0 | = (P pg2) ©
Equation (9) explains the Hagen-Poiseuille flow, considering the fluid’s resistance to
evaluate the pressure drop in circular channels (as stated in Eq. (10)), assuming z=0, i.e.,
horizontal microchannel:

_ 8ulQ _
TRt T

AP ORy (10)
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Rectangular microchannel systems, with aspect ratios a = %, where the microchan-
nel width (w) is greater as compared to the height of the microchannel (k) or w > h, have
flows that are characteristic of Hale-Shaw flow, as defined in Eq. (10). The flow profile
remains parabolic along with the height of the microchannel system, but as the aspect
ratio increases, the average velocity across the width of the microchannel system becomes
increasingly plug-like, which is presented in Eq. (11).

AP = = ORy (11)

In case where w < h, Eq. (11) is changed to Eq. (12), providing a less than 0.3% error
for aspect ratio, a< 1 and Reynolds number is less than 1000 [21-23]:

12/,1LQ[ 0.63h aw\]™!
P= - —t h<—)]
Wh3 w an 2h (12)

If a = 1, the maximum flow for a given pressure differential will exist for a given cross-
sectional area and can be estimated as follows:

AP = 32ulQ
I

13)

From Egs. (10)—(13), we can observe that the pressure drops within the microchannel
are affected by the volumetric flow rate and the resistance of the fluid to the flow, the val-
ues determined by the geometry of the microchannel.

3 Cell biology: microfluidics

Cellular processes in cell adhesion, cell migration, cell growth, etc., are controlled and
influenced by their three-dimensional biomolecular organization, which is generally
difficult to be reproduced in the laboratory. Furthermore, the cells respond to local
concentrations of a variety of biomolecules, such as enzymes, nutrients, and small
ions that may be dissolved in the extracellular medium or present on the extracellular
matrix protein surfaces or the surface adjacent to the cells, i.e., membrane receptors
[25]. In the context of the traditional cell culture system, these factors are homogene-
ously distributed over the substrate on which the cells grow. To understand the behav-
ior of cells in culture, it is necessary to focus on the cell patterning method, such that
it promotes selective cell attachment like a thin adhesive template and provides the
physical barrier that can be used to remove the cells without inflicting any damage to
them [26]. In this section we will provide an explanation of the three aspects in terms
of mechanobiology concept in which we explain the relationship between the mechani-
cal response and the biological response of cells under the physiological shear stress
and the application of microfluidic device in the cell biology-related applications i.e.,
cell-based assays carried out in microfluidic devices, and microfabricated cell culture
systems, which covers various in vitro studies related to the influence of the microen-
vironment on cell integrity.
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8 J. Mukherjee et al.

3.1 Microfabricated cell culture systems

Culturing cells in vitro is one of the foundations of modern biology. Nevertheless, many
essential factors have to be taken into consideration, which makes it difficult to mimic nat-
ural tissues under in vitro conditions [27]. The microfluidic platforms are used to increase
the control over cell-cell interactions and the soluble cues in the natural cellular environ-
ment. In the context of cell biology application within the microfluidic device, microflu-
idic devices offer an additional advantage of being capable of creating mechanical strain,
under the influence of shear, in the physiological range.

3.2 Cells and extracellular matrix

Advanced surface chemistry makes it possible to reproduce and engineer cell microenvi-
ronments, at cellular resolution, by micropatterning techniques. A large variety of surface
patterning techniques are employed for microfluidic devices, including the standard lithog-
raphy or the liftoff technique, photoreactive chemistry, and soft lithography technique,
based on microcontact printing and fluidic printing [28]. The surface patterning technique
is used to develop micrometer-sized features. Also, this technique is used to control cell-
extracellular matrix interactions and for the creation of cell ensembles of specific geom-
etry. Lamination and photopolymerization methods have also been used to develop three-
dimensional (3D) scaffolds in the micrometer range, using biodegradable materials. These
3D scaffolds also mimic the extracellular matrix (ECM), a dynamic network present in all
tissues and organs that not only provides mechanical support but also guides cell behavior,
functions, and tissue features. Although the relevance of the ECM is widely understood,
integration of well-controlled ECMs into organ-on-chips (OoCs), developed using micro-
fluidic devices, still remains a challenge. Hence, methods for modulating and assessing the
ECM features within the OoCs are still under development. Development of these methods
will help us to understand the properties of ECM and ECM-like materials, as shown in
Fig. 1a, b. This may enable the accurate operation and control of microfluidic devices used
in OoC platforms and ultimately may facilitate realistic elucidation of the biochemical and
mechanical processes responsible for cell behavior.

It is possible to estimate mechanical forces on ECM by cells in various ways. A specific
and effective technique to measure the deflection of the arrays is with the help of microme-
ter-sized vertical elastomer posts. In the case of the smooth muscle cells, the applied forces
act on the substrate plane in the order of 100 nN and appear to the scale of the area covered
by the focal adhesions [30]. When compared to the conventional methods that depend on
substrate deformation, the elastomer post approach offers greater precision and adaptabil-
ity: without altering surface chemistry, post-geometries can change a surface’s mechanical
properties [30].

3.2.1 Microenvironment on cell integrity
In order to promote meaningful research about cell-based processes, cells must be able
to sustain their in vitro activity. To create systems that might promote the survival of the

cell for a longer duration, one needs a comprehensive knowledge of cell characteristics
and elements that might lead to cellular damage in microfluidic systems. In terms of
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(a)

(Bio)chemical

Wettability
Composition

Ligand density Structural
ECM Topography

properties Pore size

Mechanical Porosity
Stiffness
Deformability
Viscoelasticity
Cell-ECM Interface
(b)

Roughness

Physical ECM Ligand distribution
properties Topography
Stiffness
Pore size Il Cellular
X TR interactions
Dimensionality response

Cell morphology
Cell-cell adhesions
Cell-ECM adhesions

Fig. 1 a Relationship between ECM material characteristics and b interrelation between cells and ECM and
how they affect cellular responses (adapted from [29], with permission from Wiley)

their structures and functions, cells are classified into prokaryotic or eukaryotic cells
[31]. They are made up structurally of a fluid-filled interior space called the cytoplasm,
which houses microscopic organelles such as the cytoskeleton, mitochondria, and ribo-
somes. These organelles play a variety of roles in maintaining the internal and exter-
nal microenvironments during a variety of biological processes like cellular respira-
tion, DNA replication, biochemical signaling, and protein synthesis. A semi-permeable
membrane that encloses the cytoplasm is mainly made up of two phospholipids that are
next to one another, and each has a phosphate head (hydrophilic region) and two glycer-
ide tails (hydrophobic region). The major hydrophobic area of the two-layered structure,
known as the lipid bilayer, is formed by the diglyceride tails, which are repelled from
the cytoplasm and the extracellular matrix (ECM), while the phospholipid heads are in
touch with either the cytoplasm or the ECM. Ion channels, surface receptors, enzymes,
and hormones are some of the other biological components of a cell membrane that are
crucial in controlling cellular activity and structural integrity.

A cell wall, which serves as an extra structural boundary outside the cell membrane
and provides stiffness and resistance to mechanical stresses, is found in some cell types,
such as bacteria and fungi. For instance, the peptidoglycans (10-80 nm) that make up
the cell walls of bacteria are vital to their survival and are present in higher (90%) or
lower (10%) concentrations in Gram-positive and Gram-negative strains, respectively.
All bacterial and fungal cell walls generally contain proteins and polysaccharides,
which vary significantly between taxonomic groupings and act as signaling signals to
the cells, instructing them to modify their biophysical characteristics in response to
external stimuli.
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10 J. Mukherjee et al.

4 Mechanobiology behavior of cells within microfluidic devices

Microfluidic platforms are becoming increasingly important to understand the response of
cells in various tissues under the influence of mechanical forces, also known as mecha-
notransduction [32]. However, mechanobiological effects can also be linked to intercel-
lular tensions caused by active cell contraction, even when no external volume forces are
present. This is the case with fluid shear stress, which is a common example of an exter-
nally imposed mechanical force. In this section, we have described the mechanotransduc-
tion concept in process simulation, where mechanical inputs are coupled with biological
outputs. This can also alter the intrinsic mechanical properties of cells. The biological
outcomes can also change in the microcellular environment, depending upon the type of
mechanical inputs. This section presents an overview of the mechanical responses by dif-
ferent cell types and the microfluidic assays developed for probes associated with the bio-
logical responses. We have also explained some of the biological insights that were gained
from these microfluidic assays.

4.1 Microfluidic devices for vasculature system: shear flow

Endothelial cells line the interior of blood vessels, making up the vasculature system. The
external surface of blood cells includes erythrocytes, leukocytes, monocytes, and platelets
and surrounds stromal cells, which comprise smooth muscle cells and pericytes. The blood
arteries carry these cells around. The cells within the body are put through a variety of
mechanical forces, including solid stresses and hemodynamic forces. The hemodynamic
force, which interacts with the ECM and is characterized in terms of the shear stress pro-
duced by blood flow through the vessels, is the most important of these forces. Research-
ers recently developed a shearing-stretching apparatus to simulate a blood channel, which
allowed them to analyze cell behavior under the impact of Stokes flow (low Reynolds num-
ber hydrodynamics) and explain how mechanical stimuli affected bovine aortic endothelial
cells (BAECs). This gadget provided flexible mechano-environments by supplying shear
flow and substrate stretching, separately or simultaneously [33]. Further, numerous macro-
fluidic systems that accurately recreate important characteristics of the in vivo flow envi-
ronment have been developed, all of which are based on a parallel flow chamber [34] and a
cone plate viscometer [35]. Parallel plate flow chambers have experimentally demonstrated
that fluid shear stress affects extracellular proliferation, migration, permeability, morphol-
ogy, and gene expression of cells within the macroscale system [36]. The construction,
mechanical control, and chemical analysis of microfluidic devices were significantly more
effective and affordable when compared to the conventional in vitro microfluidic systems
[33]. For instance, the development of realistic models based on microfluidic devices and
advanced microfabrication technologies has improved our knowledge regarding biomol-
ecules and cells in the vascular system, under diverse mechanical conditions [34, 35, 37].
Although the macroscale systems elucidate the response of endothelial cells under the
influence of shear flow, these outcomes are unrealistic due to the large volumes of reagents
and high cell numbers required. Thus, these systems have low experimental efficiency
since only one shear stress level can be formed in each apparatus. These issues may be
overcome by employing microfluidic platforms. Microfluidic devices have been designed
so that multiple shear stress levels can be applied to the ECM used in the organ-on-chips
to increase the experimental efficiency [38, 39]. For example, Song et al. discussed
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multichannel shear flow—based microfluidic platform that allowed the simultaneous gen-
eration of different levels of pulsatile shear flows in each microfluidic channel. Pulsatile
shear flows typically depict the arterial blood flow, which can be generated by an array
of braille pins that help to drive the flow through the PDMS microchannels. The shear
flow experiment’s throughput was further boosted by a more advanced microfluidic device
that made it possible to create ten different non-pulsatile shear stress levels (0.07-13 Pa)
within a single chip. In other words, as the magnitude of shear stress is increased, the von
Willebrand secretion by the ECM also increases. The magnitude of different cells under
the influence of mechanical stimuli has been described in Table 2 [40].

In addition to these two systems, by narrowing the microchannel diameters, various
microfluidic platforms have been developed to generate shear stress gradients within one
microchannel [64, 65]. Within a single microchannel system, these platforms have been stud-
ied to better understand the effects of various shear stresses and their gradients on the ECM.

Along with shear flow, the ECM in the body system also encounters transendothe-
lial flow, in which forces act on the mass transport across the extracellular monolayer. It
is possible to trace the transendothelial flow close to a tumor or inflamed tissues [66].
Three-dimensional collagen hydrogels have been used in several microfluidic devices to
study how transendothelial flow affects sprouting angiogenesis. Transendothelial flow is

Table 2 The magnitude of different cells under the influence of mechanical stimuli

Stimulus Cell type Magnitude Reference
Shear stress Endothelial cells 0.07-13 Pa [41]
Platelets 0.05-5 Pa [42]
Erythrocytes 0.4-3.3 Pa [43]
Bone 0.007-0.24 Pa [44]
Lung 10 Pa [45]
Kidney 0.01 Pa [46]
Interstitial flow Endothelial cells Interstitial flow: 1.7-11 pm/s [47-49]
Cancer cells 0.1-4.7 pm/s [50]
Substrate strain Stem cells 5% stretch, 1 Hz [51-53]
Cardiomyocytes 10% uniaxial strain
Kidney epithelium ~7%
Substrate strain and Lung 5-15% substrate strain at 0.2 Hz [54]
lung shear stress 0.01 Pa shear stress
Gut 10% substrate strain at 0.15 Hz, 0.002 Pa shear stress [55]
Confinement Neurons 3 pm highx 10 pm wide [56]
Cancer cells Collagen type I [57, 58]
Endothelial cells 100-200 pm wide [59]
Compression Neurons 65 Pa (hippocampal)-540 Pa (DRG) maximum [60]
pressure before injury
Stiffness Neurons 57-797 (Pa)—gradients [61]
~0.5 Pa/um
Force measurement Skeletal 0.2-0.45 mN/mm post stiffness [62]
muscle cells, Force generated:
cardiomyocytes  ~6-11 puN (passive tension)
1-6 pN (additional tension upon activation)
Flow generation Cardiomyocytes 0.2-2 nL/min (theoretical 0.5 pL/min) [63]
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formed under the influence of hydrostatic pressure gradient across the collagen gel. For
recapitulating the pulsatile flow in the vasculature system, in order to recreate the sub-
strate strains that vascular cells in the body encounter, Zhou et al. reported a microfluidic
device. This platform was used to investigate how mesenchymal stem cells responded to
the changes in strain rate. The authors described cell alignment in their research work for
strains > 10% [53]. Multiple investigations have been conducted to understand the effect of
shear stress, cyclic strain, and soluble signals on the ECM. A novel microfluidic system
was designed to operate under the influence of both, shear and stretch forces, on a co-
cultured construct involving the ECM. Cells were grown in this system on an elastic mem-
brane inside a PDMS microchannel. Vacuum pressure caused a 5% stretch in the mem-
brane at a frequency of 1 Hz in flaking gas grooves, while the micropump applied shear
stress of 2.6 Pa. The authors reported that the extracellular adhesion to the stem cell layer
increased when both cell types were influenced by cyclic stretch and shear stress, respec-
tively. This effect would not have been observed in the absence of substrate strain in the
integrated microfluidic platform. Thus, this concept may stimulate the future development
of novel microfluidic systems based on the application of multiple mechanical responses in
co-culture systems. The effect of various mechanical stimuli within microfluidic devices
and the resulting biological responses of cells and tissues have been listed in Table 3 [40].

4.2 Case study: mechanobiology concept in organ-on-a-chip platform

The intervertebral disc (IVD) is a cartilaginous structure in the spinal cord, situated
between two adjacent vertebrae. The annulus fibrosus (AF) surrounds the core nucleus pul-
posus (NP), which anatomically constitutes the [IVDs. Hyaline cartilage endplates (CEPs)
connect IVDs to the adjacent vertebrae [71-73]. The IVD is flexible enough to allow spinal
motions and has the essential mechanical qualities to support the body’s weight. An imbal-
ance between anabolic and catabolic activities develops during IVD degeneration, which
results in ECM deterioration and functional alterations. When these changes are accom-
panied by ongoing pain and inflammation, it is called degenerative disc disease (DDD)
[74]. The IVDs are frequently subjected to a variety of mechanical loadings, such as com-
pression, tension, shear, torsion, and their mixtures. In the mechanobiological reactions of
the IVDs, the spinal loading and PG content are important factors [73]. This mechanical
loading affects the IVD’s physical environment by changing the ECM and cells’ water con-
tent and chemical makeup [73, 75]. Depending on the size, frequency, and duration of the
loading, mechanical stimuli cause cellular reactions in the IVDs, at a frequency between
0.2 and 1 Hz and magnitude between 0.2 and 0.6 MPa. The spinal stresses physiologically
compress the IVDs [73].

OoCs are being developed to understand the functional anatomy, mechanobiology,
and alterations that occur in IVDs, during progression of DDDs. To simulate human IVD
pathophysiology, regulated physical stimulation must be included in vitro. OoCs offer sev-
eral advantages over macroscale models, including the ability to precisely regulate fluid
flow conditions and process parameters. The channel’s small size ensures that the fluid
flow is laminar (the Reynolds number (Re) in microfluidic channels can be as low as
1), which enhances the ability to regulate the microscale phenomena and facilitates the
prediction of experimental conditions [71]. If the explants’ dimensions are suitable for a
microscale system, improved control over fluid flow and, consequently, over the concen-
tration of solutes and metabolites is also useful for sustaining ex vivo explants. In order to
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accommodate complete mouse lumbar IVDs (8-10 weeks old), a microfluidic disc-on-a-
chip with continuous media flow was created [76].

Numerous studies have demonstrated that physiological compression and stretching
encourage the production of IVD-like ECM. The effects of shear stress in [IVD, however, are
often little studied. Chou et al. (2016) offered preliminary evaluation of the direct impact of
shear stresses on human AF cells, in a microfluidic environment. In the beginning, a double-
sided tape was used to attach a polymethylmethacrylate (PMMA) pre-culture chamber to a
substrate that was coated with fibronectin. Following the adhesion of AF cells to the sub-
strate, it was removed from the growth chamber and integrated into the five-layer device.
Fluid flow was facilitated via an inlet and an outlet, and the culture substrate was joined to
the rest of the device by a vacuum inlet that applied negative pressure. In this study, after
overnight incubation at 37 °C, the authors used hAF cells on the Fn-coated bio-microfluidic
device, which had a similar morphology to cells cultured in a dish. Once the cells were
ready, the entire bio-microfluidic device was assembled by assembling the laser-cut dishes
with the microfluidic chips using vacuum force. It was observed that the hAF cells reacted
to the shear stress that was applied. The research aided in the creation of a new therapeutic
approach for IVD degeneration as well as the understanding and clarification of the effects
of shear stress on [IVD degeneration [77].

5 Cell stimulation and microfluidics

Microfluidic systems are also being employed to conduct fundamental investigations in cell
biology. By observing how cells react to controlled perturbations in the extracellular micro-
environment, we can get biological insights into the molecular mechanisms that regulate
cell phenotypic behavior. As a result, a vast array of microsystems have been developed to
specifically support the fundamental studies into biochemical processes, cell fate determi-
nation, and tissue morphogenesis. In this section, we will discuss several more applications
of cell-based assays that can be performed with microfluidic devices and understand a few
unit operations (i.e., cell lysis, cell separation, and analysis of cells) which are very useful
concepts to fabricate, integrate, and pack the microfluidic device. Readers are also referred
to more detailed reviews regarding cell stimulation and microfluidics [78-85].

5.1 Stimulation of adherent cells

Controlled perturbations in the cellular microenvironment, as a function of time and
space, for adherent cells within a microfluidic device can be achieved by controlling
the flow rate of the medium being circulated in the device. In the case of laminar flow,
diffusive mixing occurs within the microfluidic channels, which can be used to cre-
ate complex concentration gradients that are not possible to achieve within macroscale
devices [86]. These concentration gradients allow several conditions that are experi-
enced in vivo to be probed simultaneously. For example, in split and recombine micro-
mixers, a complex concentration gradient is formed due to the lamination and splitting
of the fluid streams, which promotes cellular chemotaxis [32]. Some biases have been
observed in the case of cell migrations under the influence of shear forces having high
volumetric flow rates. Linear gradients of concentration distribution have been observed
under static conditions (convection-free) microfluidic systems. These are also observed
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without perturbing the existing distribution of secreted molecules. For cell culture
applications, gradient generation permits several growth conditions which need to be
analyzed in a combined manner [32].

In a system with rapid flow and large molecules having smaller diffusion coef-
ficients, the diffusion process is slow under the influence of any appreciable mixing
between the fluid streams. Slow diffusive mixing offers the chance to change the lig-
uid phase environment at distances comparable to cell size, even though slow diffusion
can cause complications in processes where mixing is crucial. As for example, pulsa-
tile blood flow and pulsating pressure cause blood vessels to be regularly exposed to a
variety of hemodynamic forces, including flow-dependent shear stress (FSS). The cel-
lular structures like the cell membranes respond to this mechanical stimulus by bringing
about a change in their shapes. Taking this into account, it was observed that human
dental pump stem cells (hDPSCs) exposed to FSS (dynamic flow conditions) reorgan-
ized their morphology. The cells changed their fibroblast-like shape (in static condition,
where the media flow is not accounted for) to obtain a more elongated morphology (in
dynamic condition, where the media flow is considered), as depicted in Fig. 2 [87].
A similar approach was used to generate a temperature gradient instead of a complex
concentration gradient, where the effects of temperature perturbations over embryonic
development were studied [88]. In the context of stimulation associated with adherent
cells, controlled perturbations are important parameters that can be regulated by the
flow rate of the medium. So, perfusion-based microfluidic devices (fluid convection
is accounted for) are better as compared to static devices (i.e., commercially available
trans wells or cell culture inserts or in-house fabricated PDMS-based devices, etc.)
because we can precisely control the microenvironment surrounding the cells that allow
for more uniform cell behavior and the ability to study cells under more physiologically
relevant conditions.

(a) Static condition

. Dynamic
condition

.

Fig.2 Morphology characterization of hDPSCs after culturing them in static and dynamic conditions.
Squares show magnification of a small part of the image, while arrows demonstrate morphology character-
istics. Adapted from [87]
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5.2 Cell stimulation in suspension

In a suspension system, cells are transported under the influence of an adverse pressure
gradient of the flow rate of the cell culture medium within the microfluidic devices.
However, filters and traps can physically retain the cells within the devices. In the case
of the hydrodynamic traps, cells are retained in a fixed position by combining the effect
of concentration gradients and the flow of cells. A microfluidic system was used to
track ATP-dependent calcium uptake in HL-60 cells during cell stimulation in suspen-
sion [89]. Cells were captured using hydrodynamic traps on both sides of the microflu-
idic channel, facilitating well-defined cell-to-cell interaction. The cells spent a specific
amount of time in each microfluidic compartment if they were permitted to migrate
through the microfluidic channel along with the bulk liquid, such as nutrient media or
buffer solutions. By establishing a microcirculation within each section of the microflu-
idic compartment, flow segmentation was used to improve the mixing process [90].

5.3 Cell sorting within the microfluidic device

In the case of fluid transport, which involves selective trapping and diversion of sus-
pended cells, a cell sorting device was integrated into the microfluidic system and was
used as an essential tool for cell stimulation. It was crucial to be able to separate a con-
centrated and homogeneous cell suspension from a heterogeneous cell mixture in order
to get precise data on the underlying biochemistry of particular cell types in the com-
bination. Microfluidic technology was used to separate a few cells or even a single cell
from a large population of cells based on specific properties, like electrical properties
and fluorescent markers [28]. In the case of cell sorting devices, electrodes were placed
within the microsystems and produced a dielectric force to move, separate, and position
the individual cells. The induced dipoles in the cells produced dielectric force (DEP),
which was then exposed to a non-uniform electrical field. The DEP was dependent on
the inherent characteristics of cells, such as the capacitance and conductance of the
membrane. Both characteristics were affected by the type of cell and even by cell acti-
vation. For instance, under the influence of the DEP force, MDA231 cancer cells were
separated from dilute blood samples by selective capture at the microelectrodes, which
were placed over the outer surface of the microfluidic devices. Tagging cells using
marker particles with different dielectric properties was also performed under the influ-
ence of DEP force to separate rare cells, at the rate of 10,000 cells/s, with an enrich-
ment factor of 200 [90]. Based on the electrode design, DEP force was also employed
to capture selective cells for further analysis. The importance of cell populations before
biochemical analysis was explored under the influence of the DEP force and was used
to separate two different cells, i.e., U937 cells and peripheral blood mononuclear cells,
into two homogeneous populations. Transient adhesion between the cells and appropri-
ate surfaces retarded their movement through the microfluidic channels. This occurred
due to the chromatographic separation between two cell types based on the difference in
their retardation.

Many microfluidic cell sorting devices can be integrated with microelectrodes,
microvalves, and even micropumps. Most microfluidic systems rely on bulk optical ele-
ments like lenses and microscopes, for optical control and detection. Miniaturization
of the optical components is not easy to integrate within the microfluidic platforms.
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Recently, integrated polymer waveguides and lenses were described for use with micro-
chip-based flow cytometers [91].

5.4 Cell lysis using microfluidic devices

On a laboratory scale, cell lysis is often conducted either chemically, by utilizing deter-
gents, or mechanically, by rupturing membranes. Either of these approaches can be inte-
grated into microfluidic devices. Microdevices have successfully used both chemical
lysis with Triton X-100 and denaturation with SDS (sodium dodecyl sulfate). The fun-
damental benefit of using cell buffers to achieve chemical lysis in microdevices is that
they may be tailored for traditional biological experiments. An alternate technique is
mechanical cell lysis, which involves detergent-mediated cell lysis followed by down-
stream analysis. Microscale shear lysis technique is like the traditional microscopic
method, in which force was applied over HL-60 cells through nanoscale barbs [92]. Cell
lysis can also be mediated through application of electric field inside the microchan-
nels, as depicted in Fig. 3 [93-95]. In this case, as shown in Fig. 3, the device design
has two perpendicular cross channels with varying widths along the horizontal direction
(labeled as sections 1, 2, and 3). Sections 2 and 3, particularly, are used for electrical
cell lysis and electrophoretic separation of cell contents, respectively. Electrical lysis
can be rapid, with a low disruption time scale (33 ms), and is about eight times faster
as compared to chemical lysis phenomena. Microfabricated electroporation may addi-
tionally destabilize the cell membrane reversibly, during gene transfection processes, by
carefully regulating the electrical field’s strength [96].

( v\
@ cell sample — GND
@)
. lysate
 a
— 40 o
19O _2 =~ odm 2 3[ =
290 pm 40 pm N—
70 um
O ghost

100 um 100 ym 200 um

Fig.3 Schematic diagram of electrical lysis of cells with pressure-driven flows for cell cytometry (adapted
from [97] with permission from Elsevier)
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6 Case study: manipulation of cancer cells in microfluidic systems

Cell biology and microfluidics have been combined to manipulate and analyze rare cells,
such as stem cells, fetal cells, and cancer cells. Such a lowering of system dimensions, com-
bined with precision manipulation technologies, has enabled accurate and affordable inves-
tigations about cellular bioprocesses using low sample sizes and parallelization. It is intrigu-
ing to consider the possible contributions that these technologies could make to advance our
understanding of cancer biology, from label-free on-chip flow cytometry and micro-sorting
procedures to molecular processes of drug resistance and drug development. Microfluidics
is quickly emerging as a crucial tool for many researchers engaged in cancer research.

6.1 Deformability and migration studies

In response to changes in external stimuli, cancerous cells are better able to modify their
migratory processes as compared to non-cancerous cells [24]. This prompted researchers to
develop methods for immobilizing cancer cells by blocking signal transduction pathways
to study migratory mechanisms. Different cancer cell lines exhibit variations in migration
speed and mode, and extracellular matrix-filled PDMS microchannels with pre-determined
cell migration pathways for visual measurement have been used to identify these varia-
tions. Mesenchymal, amoeboid, and collective cell migration are the three types of cancer
cell migration modes that have been reported in the literature. These can be distinguished
by their morphology and movement traits in response to soluble chemokines, ECM, and
surface stimuli [98]. The high deformability of a cancer cell’s cytoskeleton is one of the
primary reasons for its capacity to migrate in small 3D spaces [99]. Investigations of the
deformation of benign and malignant breast cancer cells using microchannel constrictions
were performed in 2009 [100]. It was shown that metastatic cells had a faster entry time
into the channel, which might be used as a label-free biomarker to discriminate between
cancer-free and cancer-affected cells. Targeting and enriching MCF-7 cells spiked in
peripheral blood, using inertial focusing and deformability-induced migration, was dem-
onstrated using a passive high-throughput cell classification method that was only based
on size and deformation properties [101]. Cells immobilized using adhesion molecules
like cadherins on the coated surfaces of channel walls or micropillars within the channels
of microfluidic devices have also been used to study the effects of hydrodynamic load-
ing, chemotaxis, and electrotaxis on mechanical interactions between the substrate and the
migrating cell. To properly recreate the migration properties, these cells were also evalu-
ated with fluid hydrodynamic flow applied electric fields, as well as other chemoattract-
ants, in gradient or diffusion-based flows [102—-104].

6.2 Microfluidic separation and sorting

It was shown that the right channel lengths could only achieve the equilibrium of cancer
cells at up to 10% hematocrit volume, which was suggested to help with the develop-
ment of microfluidic separators [105]. This made it possible to create a separation method
without using cell surface indicators like epithelial cell adhesion molecules (EpCAM).
Based on their respective cell cycle phases, human liver cancer cells (HepG2) and fibro-
blasts (NIH/3T3) were separated, demonstrating HDF’s promise as a potent damage-free
separation method in cellular genetics [106]. Additionally, with 95.5% and 85.2% effi-
ciency, respectively, researchers used hydro-phoretic sorting to separate an asynchronous
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population of human leukemic monocyte lymphomas into the Gy/G; and G,/M cell cycle
stages [107]. Mammalian cell acoustophoretic cell synchronization (ACS) was demon-
strated in the year 2010 [108]. The size-dependent phases of an asynchronous sample of
MDA-MB-231 human breast cancer cells were separated, with bigger cells in G,/M and S
phases flowing more quickly to the central stream (output A) than the smaller cells in the
G, phase (outlet B). Approximately 84% of G, phase synchronization was attained using
this method.

Using a disposable microfluidic device and currents up to 1 Amp, iterative microsys-
tem optimization was used to separate CD133 +or MCF-7 carcinoma cells from human
blood, producing results with high purity and>96% separation efficiency. The process-
ing of clinical samples for the extraction, separation, and analysis of circulating tumor
cells (CTCs), hematopoietic stem cells (HSC), or endothelial progenitor cells (EPC) has
gained momentum using magnetophoretic microfluidic devices [109, 110]. While in situ
biofunctionalization with a glycoprotein and washing of beads occurred close to the pil-
lars, superparamagnetic (SPM) beads were effectively confined between magnetized pil-
lar arrays. When used in the ratio of 1:10 of cancer to red blood cells (RBCs), A549 cells
caught in the pillar arrays and then released at the outlet were enriched by a factor of 133
[111]. Saliba and colleagues [112] modified a reported method [111] in which magnetic
traps created by microcontact printing were magnetized and biofunctionalized with SPM
beads, self-assembled into microarray columns. Jurkat (CD19 neg) and Raji (CD 19 pos)
cells were successfully collected with an efficiency > 94%, using flow-activated cells and
interactions with the SPM beads, followed by an effective in situ on-cell culture right after
sorting. These techniques, which utilized biofunctionalized SPM beads as a fixed platform
to gather unlabeled cells, constituted a significant departure from the often used freely sus-
pended multi-targeted immunomagnetic activation method [113].

Recently, label-free cells in a flow-focused paramagnetic ionic solution were separated
using a tuneable magnetophoretic separation device [114]. Red blood cells (RBCs) and
human lymphoma monocytes (U937) were separated by repulsive forces. Despite their poor
throughput, the diamagnetic particles were driven away from the magnet at varying magne-
tophoretic mobility rates that depended upon the cell size and magnetic susceptibility.

6.3 Current challenges in sorting and detection

High-throughput microfluidic flow cytometry tools compete with the more intricate, pricey,
and larger fluorescence-activated cell sorting (FACS) flow cytometers by focusing, counting,
detecting, or sorting cells on a single chip. Since the introduction of p FACS in 1999 [115],
numerous activated cell sorting microdevices reliant on dielectrophoresis (DEP), Raman
spectroscopy (RACS), hydrodynamics, and magnetic susceptibilities (MACS), as well as
synthetic labels for altering the complicated permittivity of multitarget cells (MT-DACS),
have been explained. Some of these devices can separate cancerous and non-cancerous cells
with efficiencies of >85% or throughputs of up to 10,000 cells per second [93, 116-121].
With the exception of FACS and MACS, these novel microflow cytometers, which have
been evaluated using malignant cells, do not require pre-labeling but sort cells based solely
on their intrinsic characteristics like size, dielectric constant, deformability, and refractive
index. Importantly, if these novel microsystems are to be utilized as substitutes to sheath-
based, high-speed quantification and sorting by FACS, problems with regard to throughput,
improved sensitivity, and incorporation of actuating mechanisms should be overcome and
validated before their adoption in clinical settings may be endorsed.
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7 Conclusions and future prospects

Microfluidic systems have been developed to facilitate both applied and basic research
with cells and tissues. Integration and automation are important to develop microflu-
idic devices for cell biology-related applications. In terms of reproducibility, managing
smaller sample sizes, and high-throughput experimentation, these can offer improved pre-
cision. Integrated microfluidic systems should be created in the future to provide exact
biochemical and mechanistic data from cells and tissues, as opposed to only basic phe-
notypic alterations. Automation of such integrated devices may avoid processing of the
samples before introduction into the microfluidic device. For example, a fully integrated
liver toxicology chip might support a 3D micro-culture of hepatocytes consisting of dis-
tinct phenotypes and fluidic approaches. This would allow a continuous flow of culture
media and exposure of cells to biological or small chemicals. Online separators would
segregate specific cell populations within the cell lysis chambers. In addition to the online
cell separators, multiplexed online sandwich immunoassays can be integrated with optics
and level-free detection to detect cell separation. This system will require lesser material,
as compared to the laboratory-scale methods, and can offer significant advantages to pri-
mary cells and patient tissues.

Cell stimulation studies, under static and dynamic conditions, are important as vari-
ous biological processes, such as cell differentiation, proliferation, and migration, depend
upon different mechanical forces acting on the cells. Similarly, cell sorting and lysis enable
researchers to manipulate the cells on chips. Cells can be precisely manipulated within
microfluidic devices prepared using microfabrication technology, which may permit char-
acterization of individual cells, their lysis, and detection. Microfluidic devices also enable
handling of very small sample volumes, which simplifies single cell analysis. This capa-
bility is valuable in deciphering cellular heterogeneity and understanding individual cell
response within a heterogeneous population. With regard to the biomedical applications,
microfluidic cell stimulations have found applications in diverse biomedical areas, includ-
ing drug discovery, toxicology studies, cancer research, tissue engineering, and regenera-
tive medicine. While microfluidic cell stimulations offer numerous advantages, there are
also some drawbacks and challenges that need to be addressed for their continued develop-
ment and broader adoption. In case of cell computability, certain cell types may not readily
adapt to microfluidic environments and the behavior of cells within the devices might not
fully represent their natural in vivo responses. To fully exploit the benefits of microfluidic
cell stimulations, integration with other analytical and imaging technologies is essential.
However, development of compatible systems and data analysis can be complex.

Significant challenges have also been encountered in the case of routine cell culture
applications using microfluidic devices, and the future chips should be comparable to
the laboratory-scale technologies used to analyze complex cellular phenomena. Highly
integrated microfluidic devices will find significant applications in basic and applied
research, with the point-of-care portable devices also finding applications in clinical
settings. A concentrated effort combining multiple manipulation methods is required to
begin handling therapeutically relevant material. It could be claimed that Giddings laid
down this foundation, but technological developments have had a significant impact on
the design and optimization of microfluidic devices for diverse applications. If on-chip
sample-making devices have to be included in fully automated laboratory on-chip (LOC)
systems, for instance, handling blood samples (40% v/v hematocrit) makes it impossible
for electrokinetic technologies with sample channel geometries to handle high, medium
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conductivities. Through flow splitting and recombining with low ionic solutions, the inte-
gration of hydrodynamic filtration technologies may enhance downstream electrokinetic
processing activities.

The major understanding of the molecular mechanisms underlying the cellular abil-
ity to respond to stimuli is heavily dependent on conventional macro-assays, even though
microfluidic systems have been developed for examining the effects of mechanical forces
on the cells. Microfluidic platforms, on the other hand, are a feasible way to capture intri-
cate aspects of in vivo physiology, such as the co-culture of bacteria in the gut epithelium
[70], neutrophil diapedesis through the lung epithelium [53], and apical-basal polarity in
IMCDs [122]. Future developments in the microfluidic technology by integration of quan-
titative biochemical techniques will enable an in-depth study of cellular behavior and tissue
properties, like in vivo-like permeability in the gut epithelial cells, because such cellular
behaviors can be easily studied using microfluidic systems as these systems allow a precise
control over the applied stimulus.

Mechanobiology studies using microfluidic device have significantly advanced our
understanding of how mechanical forces influence cellular behavior and functioning. These
devices provide a precise platform to investigate the mechanical cues on cells, tissues, and
even organisms. Some of the major conclusions drawn from mechanobiology studies using
microfluidic devices include following:

1. Mechanotransduction pathways: microfluidic devices have helped to identify and eluci-
date key mechanotransduction pathways that convert mechanical signals into biochemi-
cal responses within cells. This knowledge has shed light on various cellular processes,
including cell adhesion, migration, differentiation, and gene expression.

2. Cell substrate interactions: microfluidic devices allow study of cellular interaction with
specific substrates, such as ECMs and other engineered materials. These studies have
provided insights into how cells sense and respond to the mechanical properties of their
microenvironment.

3. Tissue engineering applications: by applying the mechanical forces in a controlled man-
ner, microfluidic devices have facilitated tissue engineering studies. These include stud-
ies related to tissue growth, organization, and maturation, leading to the development
of function tissue constructs for regenerative medicine. Additionally, mechanobiology
studies using microfluidic devices have provided valuable insights into the mechanical
basis of certain diseases. Understanding how mechanical forces contribute to disease
progression can lead to new therapeutic approaches and interventions.

Despite the significant progress made in mechanobiology study using microfluidic
devices, there are several future drawbacks and challenges that need to be considered for
further advancements, such as the following:

1. Integration of multiple mechanical cues: in vivo cells experience a combination of
mechanical cues, such as shear stress, compression, and stretch. Incorporating multiple
mechanical stimuli into a single microfluidic device while maintaining cell viability and
experimental control is a complex task.

2. Multi-cellular systems: while microfluidic devices have been successful in studying single
cell responses, understanding the behavior of multi-cellular systems under mechanical forces
presents additional challenges, including cell-cell interactions and tissue level responses.
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In vitro models of mechanotransduction in living systems can also be improved by com-
bining several existing technologies. For instance, utilizing embryoid bodies implanted in a
3D hydrogel, techniques creating tissue compression can be paired with matrix stretch and
chemical gradients to imitate the processes taking place during development. Systems that
allow for simultaneous shear flow and interstitial flow, possibly with various cell types,
can also be developed for investigating the combined impact of surroundings on tumor
cells, in case of a vascularized tumor. Such compound systems retain their tight control
and real-time viewing capabilities, while offering some of the in vivo realism to the in vitro
models. However, this may become a reality only if they can be simultaneously replicated
in various laboratories investigating mechanobiology [40].
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