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Abstract
Microfluidic chip technology is an emerging tool in the field of biomedical application. Microfluidic chip includes a set of 
groves or microchannels that are engraved on different materials (glass, silicon, or polymers such as polydimethylsiloxane 
or PDMS, polymethylmethacrylate or PMMA). The microchannels forming the microfluidic chip are interconnected with 
each other for desired results. This organization of microchannels trapped into the microfluidic chip is associated with the 
outside by inputs and outputs penetrating through the chip, as an interface between the macro- and miniature world. With 
the help of a pump and a chip, microfluidic chip helps to determine the behavioral change of the microfluids. Inside the 
chip, there are microfluidic channels that permit the processing of the fluid, for example, blending and physicochemical 
responses. Microfluidic chip has numerous points of interest including lesser time and reagent utilization and alongside this, 
it can execute numerous activities simultaneously. The miniatured size of the chip fastens the reaction as the surface area 
increases. It is utilized in different biomedical applications such as food safety sensing, peptide analysis, tissue engineering, 
medical diagnosis, DNA purification, PCR activity, pregnancy, and glucose estimation. In the present study, the design of 
various microfluidic chips has been discussed along with their biomedical applications.
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1  Introduction

Microfluidic technology is a rapidly emerging field of sci-
ence characterized by a range of micro-domain effects. 
The technology has found its place in various application-
based streams ranging from micro-arrays to cellular bio-
physics. These systems essentially have a size range of 
10–100 µm. It is also known as ‘lab-on-a-chip’ technology 
(Tabeling 2005). Microfluidic technology is accustomed to 
configuring miniaturized devices, which precisely controls 
physicochemical reactions of the fluid contained. These 
chips have a compact size, which in turn, increase the sur-
face area, resulting in high mass transfer and high analyti-
cal throughput (Cui and Wang 2019; Tabeling 2005). The 
technology further reduces the requirement of samples and 
reagents, to achieve multiplexing (Cui and Wang 2019) and 

high-throughput screening. The grooves or microchannels 
that are characteristically engraved on silicon or polymer 
layers are specifically designed to enable efficient mixing. 
The common fabrication materials that are employed to 
prepare chips are polydimethylsiloxane (PDMS), silicon, 
glass, quartz, polycarbonate, and polymethylmethacrylate 
(PMMA) (Focaroli et al. 2014). The basic design of the 
microchips with their components, various types and 
applications are illustrated in Fig. 1. The chip contains a 
reagent inlet, sample inlet, valves, grooves or microchan-
nels, the drainage system, and the sensor part. From the 
inlets, the reagent and sample are injected for evaluation. 
The flow of fluids inside the microchannels is regulated 
by the valves. The fluid flows through different micro-
fluidic flows, namely open microfluidics (Berthier et al. 
2016), continuous-flow (Dendukuri et al. 2006; Jahn et al. 
2008), droplet-based (Seemann et al. 2011), digital-based 

Fig. 1   A Diagrammatic representation of the microfluidic chip; B type of microfluidic chips and C application of microfluidic chips
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(Choi et al. 2012), paper-based (Lin et al. 2016), particle 
detection microfluidics (Xuan et al. 2010) and microflu-
idic-assisted magnetophoresis (Yan et al. 2016). From the 
drainage system, the waste material is emptied out and the 
sensor assists with assessing the outcomes.

2 � Types of microfluidic chips based 
on device configuration

There are different types of microfluidic chips are designed, 
namely droplet microfluidic chip (Mashaghi et al. 2016; See-
mann et al. 2011), organ-on-chip (OOC) (Wu et al. 2020), 
microfluidic hydrogel chip (Cuchiara et al. 2010; Nie et al. 
2018), microfluidic chip integrated with 3D culture technol-
ogy (Carvalho et al. 2015; Van Duinen et al. 2015; Xu et al. 
2013), microfluidic chip merged with detection instruments 
(Gao et al. 2013; Killeen et al. 2003; Vollmer et al. 2006), 
microfluidic chip for single-cell analysis (Wheeler et al. 
2003; Yin and Marshall 2012; Yue and Xue-Feng 2006) and 
microfluidic model organism (Rohde et al. 2007). These are 
schematically illustrated in Fig. 1B.

2.1 � Droplet‑based microfluidics (DBM) chips

A droplet-based microfluidics (DBM) system is primarily 
accustomed to exploit the distinct volume of fluids that are 
immiscible in nature (Seemann et al. 2011; Teh et al. 2008). 
It is among the most successful domains of microfluidic 

technology that deals with the manipulation of uniformly 
arranged microdroplets, especially at higher rates. The dis-
tinctive quality of this technique is its high production rate 
(Teh et al. 2008). It typically enables the formation of thou-
sand droplets each second. In comparison with conventional 
techniques, it helps in producing larger number of assays 
and also gives a higher analysis (Zhao et al. 2017). With this 
technique, the sizes of microdroplets are adjustable accord-
ing to their requirements. Trapping of individual cells within 
the droplets enables high throughput (Mashaghi et al. 2016; 
Teh et al. 2008).

DBM may further remove the probability of cross-con-
tamination. The miniaturized droplets are actually micro-
reactors that could trap anything that we intend to observe 
in, namely cosmetics (Opalski et al. 2019; Tan and Lee 
2005), diagnostic tests and assays (Kaler and Prakash 2014; 
Kang et al. 2014; Srinivasan et al. 2003), low-fat food with 
air-filled fat particles (Chung et al. 2013; Nguyen et al. 
2019), and controlled delivery of drugs with biodegradable 
microparticles (Liu et al. 2017a; b; Xu et al. 2009). Fig-
ure 2A shows a basic design of a droplet-based microfluidics 
system.

2.1.1 � Formation of droplets

Droplet formation constitutes the significant part in DBM to 
achieve any desired analysis. For this, two phases are neces-
sary, one being the continuous phase and the other being the 
dispersed phase. There are two different types of methods 

Fig. 2   Schematic representation of a droplet-based microfluidics system. A Basic design and passive methods of droplet formation, B cross-
flowing, C flow focusing, D co-flowing
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for the formation of droplets. These include active flow 
method and passive flow method (Teh et al. 2008). Passive 
flow method is widely used for the droplet formation as it 
does not depend upon an external energy and could produce 
results with a simplified device (Mashaghi et al. 2016; See-
mann et al. 2011; Teh et al. 2008). The active method may 
include electric, magnetic and centrifugal factors, whereas 
a passive method would include cross-flowing (T-junction) 
(Garstecki et al. 2006), flow focusing (Fu et al. 2012; Xu 
et al. 2009) and co-flowing droplet formation (Zhu et al. 
2016) as illustrated in Fig. 2B–D. Droplet formation oper-
ates under a low Reynolds number to ensure laminar flow 
of the liquid. Surfactants are often used to stabilize such 
microdroplets by decreasing the interfacial tension among 
the two distinct phases (Baret 2012).

2.2 � Microfluidic chip integrated with 3D culture 
technique

Most of the conventional cell array techniques are of a 2D 
cell culture system that failed to replicate the in vivo micro-
environment of any cell or tissue. To accurately study the 
proper growth of cells, their migration, and pattern, a 3D 
cell culture technique is mostly preferred (Matsusaki et al. 
2014; Van Duinen et al. 2015). To provide accurate informa-
tion on the in vivo study parameters, microfluidic chips are 
integrated with the 3D cell culture technique. This may pro-
vide a 3D tissue model for drug-screening purposes (Matsu-
saki et al. 2014). Currently, microfluidic devices are used in 
in vitro studies to test anticancer drugs as these devices ena-
ble the formation of tumor spheroids. They may also control 
the uniformity of the size of the tumor spheroids (Jeong et al. 
2016). Xu et al., introduced a design of microfluidic chip 
integrated with 3D co-culture for drug sensitivity testing of 
anticancer drugs. They had cultured lung cancer tissues in 
a 3D culture which accurately replicated the tumor micro-
environment system. Anticancer medicaments were later 
introduced according to gradient concentration generator 

(CGG). The system is also enabled to screen the sensitivi-
ties of various anticancer medicaments that were tested (Xu 
et al. 2013). The microfluidic 3D co-culture chip is designed 
and fabricated with polydimethylsiloxane (PDMS) polymer. 
Microchannels are engraved by a photolithography process. 
The chip is connected to the injection pump to manipu-
late the progression of the liquid inside the chip. The chip 
consists of a reservoir, a concentration-gradient generator, 
and three chambers of cell culture. The CGG comprises an 
upstream drug input arrangement from where the drug is 
inserted and a downstream medium input from where the 
medium is injected, which is further attached to the cell 
culture chamber. Both the inputs are mixed at the mixing 
microchannel (light blue, as shown in Fig. 3) to maintain an 
equal flow rate. With the assistance of this design, dissimilar 
cells and drugs could be cultured and tested for any disease 
condition (Bruzewicz et al. 2008; Xu et al. 2013).

2.3 � Microfluidic hydrogel chip

For the planning of microfluidic chips, PDMS polymer is 
usually utilized, in light of the fact that it is biocompatible, 
transparent, profoundly precise, and creates a high through-
put. Apart from these qualities, one challenge with the 
PDMS is that they seldom facilitate cell adhesion or attach-
ment (McDonald et al. 2000). It is known that in cell-bio-
material studies, cell attachment is the initial step. It plays a 
crucial role in the cellular processes such as cell proliferation 
and cell differentiation (Leclerc et al. 2003). To overcome 
this challenge, microfluidic channels could be coated with 
a cell-compatible hydrogel layer inside a PDMS-layered 
device (Rosser et al. 2015). Hydrogels are usually composed 
of a 3D network made up of natural or synthetic polymers 
that mimic the microenvironment of the extracellular matrix. 
Natural polymers include agarose, alginate, collagen, dex-
tran, fibrin, and laminin, whereas synthetic polymers include 
polyethylene glycol (PEG) and PEG diacrylate (PEG-DA). 
Among these, PEG and its by-products are frequently used 

Fig. 3   A schematic design of a 
microfluidic 3D co-culture chip 
for cell culture and medication 
testing (Xu et al. 2013)
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for microfluidic hydrogel devices. Hydrogels are mainly 
used for the encapsulation of cells/drugs and also for cel-
lular barrier establishment (Beebe et al. 2000).

These 3D hydrogel-based microfluidic chips have been 
found very helpful in angiogenesis and cell migration. For 
instance, Shin et al., developed microfluidic systems that was 
fabricated in polydimethylsiloxane (PDMS) using standard 
soft lithographic methods. It was comprised of hydrogel-
incorporating chambers between surface-accessible micro-
channels to study angiogenesis using cell culture assay. 
The platform was composed of four gel regions and three 
channels, each of which is individually accessible. The cells 
were cultured in the center channel, and the other two side 
channels acted as control channel and condition channel, 
respectively. The interior of the channels was coated with 
extracellular matrix (ECM) proteins to promote cell adhe-
sion. Further, the coating with poly-d-lysine (PDL) hydro-
bromide was done to promote 3D capillary morphogenesis 
into the hydrogel. This platform has allowed application 
of biochemical and biophysical stimuli to multiple cell 
types interacting over distances of less than one millimeter, 
thereby replicating many aspects of the in vivo microen-
vironment. Further, it provided the possibilities for time-
dependent manipulation of flow and concentration gradients 
as well as generation of high-resolution real-time images 
for observing spatial–temporal single-cell behavior, cell–cell 
communication, cell–matrix interactions and cell population 
dynamics. This platform has provided a scope for perform-
ing heterotypic cell type assays that can be used to study 
cell survival, proliferation, migration, morphogenesis and 
differentiation under controlled conditions (Shin et al. 2012).

In another study, Annabi et  al., developed hydrogel-
coated microfluidic channels for cardiomyocytes culture 
where they had synthesized photo-crosslinkable gelatin plus 
tropoelastin-based hydrogel mixture for the purpose of coat-
ing (Annabi et al. 2013). Tropoelastin is a soluble precur-
sor to elastin which helps to retrieve the original shape of 
any tissue (Vrhovski and Weiss 1998). The primary cardio-
myocytes cultured on tropoelastin hydrogel layers showed 
better cell attachment and high voluntary beating rates in 
contrast with photo-crosslinkable gelatin. This shows that 
tropoelastin hydrogels may be suitable for the fabrication of 
OoC, as it provides better elasticity and better exposure for 
the production of elastic tissues like blood vessels (Annabi 
et al. 2013; Bakooshli et al. 2013). The microfluidic hydro-
gel device included an inlet, an outlet and an inside layer of 
the microchannels where the hydrogels were coated. The 
microchannels were engraved on the PDMS layer. There are 
different types of hydrogels, namely linear, T-shaped and 
branched. The green-shaded area has transport properties in 
a penetrable hydrogel (Koo and Velev 2017).

Nie et al. developed Vessel-on-a-chip with hydrogel-
based microfluidics that was equipped with internal 

microchannels to offer more in vivo-relevant models for 
construction of tissues and organs in vitro. The chips were 
designed by combining the casting and bonding processes 
with twice cross-linking strategy to obtain a bonding inter-
face that had the same strength with the hydrogel bulk, 
which was applied to arbitrary combinations of hydrogels. 
The developed chips show that combination of gelatin 
and gelatin methacrylate (GelMA) were biocompatible 
and promoted cell functionalization. The chip offered a 
promising model for studying vascularization, vascular 
inflammation, tissue engineering, and drug development 
(Nie et al. 2018).

It has been observed that hydrogel-based microfluid-
ics chips are more biologically relevant than the PDMS 
chips. However, the inherited swelling of hydrogels leads 
to the decrease in mechanical performance and deforma-
tion of the structure of chips, which causes difficulty in 
application processing. To address these issues, Shen 
et al., non-swelling hydrogel-based microchips by fabri-
cating by covalently cross-linking of the biocompatible 
copolymer of di-acrylated Pluronic F127 (F127-DA). The 
non-swelling property of this chip helped in maintaining 
the as-prepared mechanical strength and channel morphol-
ogy when equilibrated in aqueous solution at 37 °C. In 
addition, these chips showed slow degradation rate (within 
21 days of incubation) upon conducting the stability stud-
ies. Furthermore, using this technology, a vessel-on-a-chip 
is established that was designed via seeding human umbili-
cal vein endothelial cells (HUVECs) on the microchannel 
surfaces inside the microfluidic that showed resistance to 
fluid shear stress and expressed higher endothelial func-
tions than the corresponding static culture (Shen et al. 
2019). The diagrammatic representation of swellable 
and non-swellable hydrogel-based microfluidic chips are 
shown in Fig. 4.

2.4 � Microfluidic chip merged with detection 
instruments

Microfluidic chips could be integrated with location-based 
instruments to improve effectiveness, speed of the test, and 
throughput as well as to minimize the expenses and test 
utilization of the examination (Cui and Wang 2019; Gao 
et al. 2013). In recent years, there has been an increased 
interest in the miniaturization of instruments in analytical 
chemistry. Microfluidic devices are being tested by cou-
pling with different analytical instrumentation techniques, 
namely mass spectrometry (Wang et al. 2015), polymerase 
chain reaction-based instrumentation (Ottesen et al. 2006), 
gas chromatography–mass spectrometry (Pang et al. 2015) 
and liquid chromatography (Grinias and Kennedy 2016).
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2.4.1 � Microfluidics combined with electrospray ionization 
and mass spectroscopy technique

Recently, there has been an increased utilization of micro-
fluidic chips coupled with electrospray ionizers and mass 
spectrometers (ESI–MS) for high sensitivity and throughput. 
These systems are equipped to measure samples to picogram 
range. Apart from the advantages, one significant challenge 
in the coupling of microfluidics to electrospray ionizer is to 
improve steady and successful interfaces (Lee et al. 2009a; 
b). Coupling a microfluidic device to an electrospray ion-
izer is carried out through several methods that have been 
employed currently. The primary strategy was to utilize 
monolithic technique, where electrospray would be executed 
in a straightforward manner from the microfluidic channels 
that are opened at the edge of a chip. Disregarding that such 
kind of technique is straightforward, the major hurdle associ-
ated with it includes difficulty to control electrospray ionizer 
along the chip edge (Lee et al. 2009a; b; Wang et al. 2015). 
To overcome this challenge, intertwined silica capillaries 
are embedded toward the ends of the channels to fill in as 
the electrospray tip. However, such a methodology being 
troublesome, a third approach was explored where integrated 

emitters were being used in the designing process monolithi-
cally (Gao et al. 2013; Lee et al. 2009a, b).

As per the requirements, single or multiple electrospray 
emitters are fabricated with different materials, namely 
PDMS, glass, silicon, quartz, PMMA and polycarbonate 
(Feng et al. 2015). Different fabrication technologies used 
include: (a) cleanroom intensive approaches that include 
X-ray photolithography, HF etching, UV exposure/SU-8; (b) 
non-cleanroom approaches, namely hot embossing, plasma 
etching, injection molding and embossing (Feng et al. 2015; 
Sung et al. 2005). In electrospray ionization mass spectrom-
etry, the sample solution is sprayed through a high-voltage 
potential capillary by nebulization gas. The sprayed droplets 
are ionized due to the high-voltage potential in the capillary. 
Heat desolvation gas evaporates the solvent and its resultant 
molecular ions are formed (Xue et al. 1997). Electrospray 
ionization process is primarily employed in the ionization of 
proteins, peptides, lipids and oligosaccharides (Koster and 
Verpoorte 2007). The design of the microchip comprises 
nine microchannels and each of them has two inlet wells. 
One well is for the sample inlet which can be associated with 
the syringe siphon. The subsequent well contains a support 
that can be associated with a high-voltage source. The leave 

Fig. 4   Diagrammatic representation of A swellable and B non-swellable hydrogel microfluidic chip
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ports of the chip are lined up with the orifice of the mass 
spectrometer utilizing a 3D translational stage as shown in 
Fig. 5 (Gao et al. 2013; Koster and Verpoorte 2007; Lee 
et al. 2009a, b; Xue et al. 1997).

2.4.2 � Microfluidics coupled with matrix‑assisted laser 
desorption ionization (MALDI)

MALDI is one of the common ionization techniques in mass 
spectrometry, which could be coupled with microfluidic 
technology for better sensitivity, speed, throughput and cost 
reduction (DeVoe and Lee 2006). This is because microflu-
idics has the ability to manipulate small sample quantities 
with minimal sample consumption, minimal cross-contam-
ination, and high accuracy. MALDI is essentially employed 
for bigger particles such as proteins, peptides, and different 
biomolecules (DeVoe and Lee 2006; Wheeler et al. 2005). In 
this technique, a pulsed laser beam is guided to collide with 
the sample–matrix mixture. This would result in the con-
version of the sample into ions due to translational energy 
(Kussmann and Roepstorff 2000). Coupling of the MALDI 
technique with microfluidics may be performed in two ways: 
on-line or off-line formats (Lee et al. 2009a; b). In the on-
line design, the analyte is conveyed into the mass spectrome-
ter basically by three methodologies, for example, vaporized 
particles, vessels, or by mechanical methods. However, a 
major challenge in on-line coupling is that MALDI requires 
vacuum, whereas the microfluidic operations are done at 
atmospheric pressure (Chatterjee et al. 2010). Therefore, 

the off-line coupling is widely used because samples can be 
directly deposited on the target for subsequent analysis. Sam-
ple deposition is accomplished with a robotic target spotter. 
Both, the matrix as well as sample are mixed on-line before 
being spotted on a matrix-coated target (Chatterjee et al. 
2010; Gao et al. 2013). A plan of the microfluidic chip inte-
grated with the MALDI procedure comprises a T-junction 
droplet microfluidic type where the drops are framed after 
the connection between the oil and fluid stage. At that point, 
the droplets are coordinated from a microfluidic T-junction 
onto the MALDI plate mounted on a motorized x–y stage 
by a capillary. For capturing the aqueous droplets, MALDI 
plate is precoated with teflon and hydrophilic spot regions. 
The solvents are then permitted to dissipate. 2,5-Dihydroxy-
benzoic acid (DHB), which is a MALDI matrix, is applied 
to the dried droplets as shown in Fig. 6 (Feng et al. 2019; 
Kussmann and Roepstorff 2000; Küster et al. 2013; Wang 
et al. 2015). This technique is mainly used for bioanalysis 
reactions such as enzymatic reaction, proteins and peptide 
analysis.

2.4.3 � Microfluidics combined with PCR technique

PCR technique is widely utilized in molecular biology for 
the amplification of DNA strands (Zhang et al. 2006). The 
amplification process consists of three steps such as, dena-
turation, annealing, and extension. In the denaturation cycle, 
the double-stranded DNA loosens up into two single strands 
at 95 °C. The temperature is then lowered to 55 °C, so that 

Fig. 5   Schematic outline of a 
microfluidic chip electrospray 
ionizer interface showing 
electrospray ionization–mass 
spectrometer (Xue et al. 1997). 
Copyright 1997, American 
Chemical Society
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the primers could be attached to the DNA strands for anneal-
ing. After this step, a polymerase enzyme is attached to the 
complex. At that particular point, the temperature is elevated 
to 72 °C for the extension cycle (Ottesen et al. 2006; Zhang 
et al. 2006). In the PCR procedure, there are several warming 
and cooling steps which relatively consume time. However, 
the absolute analysis time can be reduced by microfabricat-
ing the device. Furthermore, the decrease in size prompts a 
higher surface region where mass and heat transport could 
be expanded (Ahrberg et al. 2016). In a microfluidic device, 
flow of the sample is regulated and controlled by syringe 
pumps. However, employing these pumps would make the 
operation complex. Therefore, to avoid the use of external 
pumps, self-propelled continuous-flow PCR is combined 
with a capillary-driven microfluidic chip for the amplifica-
tion of DNA strands. In this, after pouring the PCR solution, 
it is simply transferred autonomously via capillary forces 
and amplification of DNA strands takes place as shown in 
Fig. 7 (Park et al. 2011; Tachibana et al. 2015).

2.4.4 � Microfluidics integrated with liquid chromatography 
(LC)

Liquid chromatography is a separation technique which is 
utilized to isolate particles or ions that break down in a dis-
solvable solvent. It is preferred for the separation of complex 
mixtures of proteins, peptides and drug metabolites (Sny-
der et al. 2011). In the usual analysis of macromolecules 
such as proteins or peptides, there may be some challenges 
such as complexity, wide range of concentration, differ-
ently expressed proteins during cell development, low-level 

Fig. 6   A schematic outline of the droplet microfluidic strategy used 
to frame and convey watery droplets to MALDI plate (Küster et  al. 
2013). Copyright 2013, American Chemical Society

Fig. 7   Design of a PCR system 
combined with microfluidic 
chip (Tachibana et al. 2015). 
Copyright 2015, Elsevier
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expression for certain components, sample preparation at 
microlevel and availability (Akshatha and Gurupadayya 
2018; Snyder et al. 2011). To overcome these difficulties, 
multiplexed diagnostic stages are being built up which allow 
high throughput and precise outcomes. Miniaturization of 
a device enables small sample manipulations (0.1–1 nL) 
which results in short analysis time and simultaneously 
reduces the cost (Grinias and Kennedy 2016). Completion 
of various stages, namely sample infusion, division, labe-
ling, and detection should be possible in fewer minutes. It 
can also perform exact and precise sample dealing opera-
tions. Due to these advantages, microfluidic technology is 
combined with LC for the biomolecule analysis (Akshatha 
and Gurupadayya 2018; Huft et al. 2013). Microfluidic LC 
devices are fabricated by photolithography and wet-chemical 
etching. The device typically consists of pumping channels, 
eluent inlet, outlet reservoirs, separation channels, double 
T-junction containing sample plug, sample reservoir, sample 
inlet and outlet, sample waste reservoir, electrospray capil-
lary emitter, and waste reservoir as shown in Fig. 8 (Lazar 
et al. 2006).

2.4.5 � Microfluidics coupled with gas chromatography–
mass spectrometry (GC–MS)

GC–MS is a separation technique that assists in the inves-
tigation of modest and unstable compounds such as hydro-
carbons, essential oils, and basic molecules such as steroids, 
hormones, and unsaturated fats. It can likewise be utilized 
for the investigation of fluid, solid, and gas samples (Adams 
2007). It could also recognize complex combinations, 
to evaluate analytes, and trace level chemicals in organic 
contamination. In GC–MS, the sample is usually rendered 
volatile because of which it effectively disintegrates, and 
different segments are isolated with the support of a capil-
lary segment packed with the stationary stage (Stein 1999). 
A carrier gas such as helium, argon, or nitrogen propels the 
components of the sample, and after getting separated, they 

elute from the column at different retention times. After elu-
tion, the segments get ionized by mass spectrometer utiliz-
ing an ionization procedure, and the particles get isolated 
through the mass analyzer depending on the respective 
mass-to-charge (m/z) proportions (Adams 2007; Willard 
et al. 1988). A GC–MS microfluidic chip is designed for the 
determination of ambient gaseous molecules. The device 
comprises a micro-reactor, gas, fluid splitting and combin-
ing channels, mixing junctions and microchannels as shown 
in Fig. 9. The micro-reactor is used for three purposes: as 
a mixer and reactor, as a heater, and as a pre-concentrator. 
The microchannels are engraved by hydrofluoric acid etch-
ing (HF etching) which is a form of wet etching and thermal 
bonding process on the glass microfluidic chip (Pang and 
Lewis 2012; Pang et al. 2013).

3 � Biomedical applications of microfluidic 
technology

Microfluidic technology has various applications in disci-
plines of drug discovery (Dittrich and Manz 2006), proteom-
ics (Mouradian 2002), drug screening (Damiati et al. 2018), 
medical diagnostics, biosensors (Lee et al. 2010; Rivet et al. 
2011) and tissue engineering (Andersson and Van Den Berg 
2004). Moreover, in the field of pharmaceutical analysis, 
microfluidic chip technology plays a significant role in drug 
development (Weigl et al. 2003), analysis, detection of pes-
ticide residue and in food safety sensing, where the chip is 
integrated with various other equipment’s, namely colorim-
eter, fluorimeter and spectrophotometer (Gao et al. 2020). 
It further assists in the monitoring of hormone secretion 
(Roper et al. 2003), peptide analysis integrated with HPLC 
(Yin et al. 2005), analysis of tumor cell metabolism (Chen 
et al. 2012), and several other applications.

At a drug discovery level, it mainly emphasizes on iden-
tification, characterization, purification and structure elu-
cidation of chemical moieties (Pihl et al. 2005). It is well 

Fig. 8   Schematic portrayal of 
LC microfluidic chip framework 
which incorporates 1. siphon-
ing channel; 2A and 2B. eluent 
inlet reservoir; 3. eluent source 
repository; 4. double T-junction 
containing sample plug; 5. 
division channel; 6. sample 
reservoir; 7. sample squander 
channel; 8. sample inlet chan-
nel; 9. sample outlet channel; 
10. electrospray capillary 
emitter and 11. LC squander 
reservoir (Lazar et al. 2006). 
Copyright 2006, American 
Chemical Society
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reported that, during the process of analysis, there are 
several significant challenges that may hamper the results, 
namely low throughput, the need for a larger quantity of 
sample or reagent, reduced accuracy and tediousness in 
the process. In such cases, microfluidics chip technology 
is employed to minimize these challenges. Multiple micro-
channels permit high throughput which further demonstrates 
cost-effectiveness and rapid increase in the rate of how drugs 
are screened (Kang et al. 2008; Warkiani et al. 2014; .

We attempt here to establish the recent advances in the 
designing of different types of microfluidic chips along with 
their roles and applications in the field of biomedical sci-
ences. Microfluidic chip technology is primarily applied for 
therapeutic and diagnostic purposes. It is basically classified 
on the basis of device configuration/setup and device appli-
cation. In biomedical field, various types of microfluidic 
chips are currently being used for different purposes such as 
lung-on-chip, kidney-on-chip, skin-on-chip, brain-on-chip, 
and gut-on-chip. ‘Organ-on-chip’ technology helps to simu-
late the physiology of organs, namely lung, kidney, heart, 
gut, and brain to name a few. Moreover, it further extends 
its scope in targeted drug delivery systems using ‘droplet 
microfluidics’. In the analysis of a single cell, droplet micro-
fluidics is extensively used because of its ability to isolate 
the cells. Microfluidic technology is also integrated with 
detection instruments and equipment’s for better sensitivity, 
speed, and throughput.

3.1 � Droplet‑based microfluidics chips

Maher et al., reported use of microfluidic chip in treatment 
of colorectal cancer where multifunctional microspheri-
cal magnetic and pH-responsive transporters were utilized. 
These were designed by droplet-based microfluidics. For 
colorectal cancer therapy, pH stimuli-responsive drug 
delivery platform played an important role here. The micro-
fluidic chip was engineered with pH-sensitive magnetic 

microspherical carriers constituting a synergistic treatment 
for colorectal cancer. Anticancer drugs such as 5-fluoroura-
cil and curcumin were selected because their combination 
had shown a synergistic effect on colorectal cancer treat-
ment. In this study, the chemotherapeutics were stacked 
on permeable silicon nanoparticles and magnetic bacterial 
iron oxide nanowires. After the stacking, the medications 
were exemplified into polymeric microspheres utilizing a 
droplet-based microfluidic. For the controlled drug delivery, 
the microspheres were prepared with hypromellose acetic 
acid derived from a succinate polymer. This particular poly-
mer has a unique property whereby it was insoluble in the 
acidic pH of the stomach and got solubilized at the pH of 
colon and rectum thereby releasing the drugs. The polymeric 
microspheres showed a thin size distribution. The synergistic 
activity of chemotherapeutics-stacked microspheres couple 
microchips were found very effective in treating cancer 
(Maher et al. 2017).

3.2 � Organ‑on‑chip (OoC)

OoC is a micro-engineered 3D in vitro tissue model where 
micro-compartments are connected by several microfluidic 
channels. It helps in replicating the physiological environ-
ment of any organ (Cui and Wang 2019; Wu et al. 2020). 
Moreover, it may also be used for biochemical analysis. In 
the drug discovery process, it is important to predict the 
effects of any drug before it could be subjected to clinical 
trials. This step is usually time consuming and expensive. In 
contrast, OoC mimics the whole physiological part of any 
organ in a simplified way using the microfabrication tech-
nique (Zhang et al. 2018a; b). It reduces cost and increases 
throughput by reducing the gap between preclinical testing 
and human trials. Franzen et al. dealt with this and esti-
mated that a decrease of 10–26% in R&D costs per new 
drug, and thus, it shows a positive cost impact (Franzen et al. 
2019). This type of chip has several advantages, namely the 

Fig. 9   Basic design of a micro-
reactor with mixing junction, 
gas and fluid splitting and 
combining channels along with 
microchannels 
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compartments inside the microfluidic device enhance the 
control of microenvironment, precise control of the physical 
conditions and effective manipulation of the communication 
between the distinct tissues. It can also produce nutrients and 
oxygen for providing supply to the organs along with the 
elimination of catabolic metabolites (Kimura et al. 2018). 
The application of OoC may be limited to purely surface 
effects, namely the drug product being adsorbed on to the 
inner lining, and second, the laminar flow that may exhibit 
relatively a lesser degree of mixing (Probst et al. 2018). OoC 
may be of different types, namely brain-on-chip, heart-on-
chip, liver-on-chip, kidney-on-chip, and lung-on-chip. 
The different types of OoC are illustrated schematically in 
Fig. 10.

3.2.1 � Brain‑on‑chip (BoC)

It is well known that factors directly related to neurons 
and cell–cell interactions play an important role in case 
of brain tissue functioning. The study of the brain and its 
tissues are largely complex, which renders 2D models such 
as Petri dish or culture flasks ineffective, as these systems 
fail to simulate the actual physiological environment of 
the brain (Bang et al. 2019). To overcome this limitation, 

researchers currently are working on the possible develop-
ment of brain-on-a-chip platform where the physiological 
factors of the brain could be studied under an advanced 
miniaturized-engineered platform that can be prepared by 
multistep lithography technique (Fig. 10A). It has further 
enabled the study of brain tissues by fabricating differ-
ent dimensions of microchannels (Jahromi et al. 2019). 
Another study which employed an in vitro cell culture 
technique was previously reported, where the axons and 
soma were physically separated, thereby allowing only the 
axons to transit through the microchannels. With the help 
of this technique, neuroscientists could study the features 
of the axon itself, or may determine the mechanistic action 
of drugs on the axonal part, and could analyze axonal 
regeneration after axotomy. It is note-worthy to mention 
that microchannels may cause shear stress on the tissues 
or cells resulting in cellular damage. Air bubbles trapped 
under the microchannels may disrupt the flow properties 
and may cause cellular damage (Harrison et al. 1907). A 
sandwich design is usually preferred in the designing of 
such 3D devices, where the endothelial cells are grown 
in the upper layer and the brain cells are grown in the 
lower layer, bifurcated by a porous membrane which acts 
as blood–brain barrier (BBB).

Fig. 10   Various types of organ-on-chip (OoC) systems
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3.2.2 � Lung‑on‑chip (LoC)

Lung-on-chip (Fig. 10B) is another 3D engineered com-
plex model of a living human lung on a microminiaturized 
device. It essentially constitutes a human lung and blood 
vessels. This system may assist largely in the physiological 
study of the lungs. Moreover, it also helps in studying the 
features of the nanoparticles absorbed in the alveoli sacs 
and further mimics the inflammatory response triggered by 
pathogens. Furthermore, it can be used to test the effects that 
are caused by environmental toxins, and aerosol products 
(Shrestha et al. 2020). LoC enables researchers to study the 
in vitro physiological actions of the organs or human body, 
and hence, it is being employed in the strategic implemen-
tation of therapeutic modalities in different pulmonary dis-
eases. In tissue designing, microfluidic innovation assumes 
an essential function in noticing the development of com-
plex tissues by providing oxygen, sustenance, and blood. 
It develops a microenvironment for the lung cells to study 
the physiological activities (Huh 2015). Wyss Institute has 
designed various pulmonary microchips that demonstrate 
the working of a typical LoC. These microchips further are 
capable of mimicking pulmonary edema (Ingber 2011). The 
design of the LoC device includes two layers: the upper layer 
which contains the pulmonary cells and the lower layer that 
consists of capillary cells. Furthermore, the two layers are 
bifurcated by a thin porous membrane.

3.2.3 � Heart‑on‑chip (HoC)

Heart-on-chip is an advanced type of OoC which mimics 
the overall physiology of the human heart after the admin-
istration of dosage forms or, a specific drug molecule 
(Grosberg et al. 2011). Some of the adverse reactions have 
been observed using this chip. Mathur et al., in 2015 had 
explained the inadequacy of animal trials to estimate the 
exact pharmacokinetics and pharmacodynamics of a test 
drug molecule with respect to the human body. For that, 
microfluidic chip technology plays a crucial role in the 
study of cardiovascular diseases, cardio-vascular-related 
drug development, cardiotoxicity analysis, and also to study 
cardiac tissue regeneration (Mathur et al. 2015). Sidorov 
et al., in 2016 had created a I-wired HoC. They detected 
contractions of the cardiac muscle, which were measured 
by an inverted optical microscope. Furthermore, engineered 
3D cardiac-tissue constructs (ECTCs) now have the ability 
to replicate the complex physiology of the cardiac tissues 
under normal and diseased conditions (Sidorov et al. 2017). 
Figure 10C shows the schematic representation of heart-on-
chip in which the upper layer consists of heart epithelial cells 
and lower layer consists of heart endothelial cells. Both the 
layers are separated by a porous membrane. It also consists 
of vacuum chamber which helps in pumping of the blood.

3.2.4 � Kidney‑on‑chip (KoC)

Limitations of traditional approaches or conventional meth-
ods, such as varying or inappropriate cellular functions and 
physiology rendered pathophysiological study of nephrons 
inaccurate and error prone. In contrast, integration with 
microfluidic technology has proven to produce better and 
precise results. KoC is essentially prepared by integrating 
the renal tubular cells with microfluidic chip technology 
(Kim and Takayama 2015). It is majorly used in assessment 
of kidney toxicity. Only 2% of the drug failures are screened 
during the preclinical stage and around 20% after the clinical 
stage. This justifies the use of KoC to study human nephrons 
on a single micro-sized chip (Wilmer et  al. 2016). Lee 
et al., had previously explained that the pharmacodynamic 
and pathophysiologic reactions of the nephrons were more 
pragmatic in microfluidic 3D technology as compared to 
the 2D models. KoC has been developed and demonstrated 
to show better in vivo consequences of drug nephrotoxicity 
and the system has been employed further in the determi-
nation of various drug-induced biological responses (Lee 
and Kim 2018). In addition, it also assists in the culture 
of proximal tubules which are used for the observation of 
biomarkers that predicts drug-induced kidney injury (DIKI) 
and drug interactions (Kim and Takayama 2015; Wilmer 
et al. 2016). A simple design of a kidney-on-chip model 
basically consists of two layers. An upper layer contains the 
proximal tubule epithelial cells and a lower layer contains 
the endothelial cells. A porous membrane situated in the 
middle separates both the layers as illustrated in Fig. 10D.

3.2.5 � Gut‑on‑chip (GoC)

A GoC system mimics the physiology of the human gut. It 
explains about the major functions of the gut, namely diges-
tion, absorption of nutrients, regulation of enteric nerves, 
excretion of waste materials from the body, and the patho-
physiology of the human gut accompanied by the micro-
bial symbionts. The GoC model is primarily used for the 
precise reproduction of the in vivo environment of the gut 
with desired microfluidics parameters (Ashammakhi et al. 
2020). Kim et al., studied the peristaltic movements of the 
intestines when a human GoC was inhabited by the gut 
microflora (Kim et al. 2012). The microminiaturized device 
was designed by aligning two microchannels: an upper and 
a lower, engraved on a PDMS layer which was partitioned 
by a porous pliable membrane coated with ECM. The setup 
was enveloped by human intestinal epithelial cells that imi-
tate the physiology of the human gut as shown in Fig. 10E. 
Such a system could mimic the peristaltic movement of a 
human gut under certain specific factors, namely flow rate 
of fluid, minimal shear stress over the microchannels, and 
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cyclic strain (Ashammakhi et al. 2020; Grandfils et al. 2020; 
Kim et al. 2012).

3.2.6 � Skin‑on‑chip (SoC)

SoC is a bioengineered model where the skin tissues are 
cultured within a microfluidic system, that is sufficiently 
capable to mimic the 3D microenvironment of the natural 
human skin (Wufuer et al. 2016). To fabricate the micromin-
iaturized SoC model, human skin tissues are integrated onto 
the microfluidic platform, so that it may mimic the in vivo 
conditions of the human skin (Zhang et al. 2018a; b). The 
conventional 2D model fails to recreate the multiplex 3D 
cell to cell, and cell to matrix interactions found in the body. 
However, this could be studied with the help of the 3D SoC 
model. To represent the epidermal and dermal layer, Lee 
et al. (2009a; b) used 3D-bioprinted keratinocytes and fibro-
blasts to create human skin tissues. The system typically has 
predominantly three layers: a lower layer, a middle layer, and 
an upper layer. The lower layer contains the microvascular 
channel. The porous membrane is situated in the middle/
intermediate layer which separates the upper and lower lay-
ers, whereas the upper layer comprises the culture chamber 
and the lateral pneumatic channels. The basic setup of a 
SoC is illustrated in Fig. 10F. A microvascular channel pro-
vides mechanical support for the formation of the endothe-
lial monolayer. Capillary walls formed by the endothelium 
layer regulate the transport, hemostasis, and inflammatory 
responses. Pneumatic channels are primarily designed for 
mechanical stimulation (Lee et al. 2014).

3.3 � Microfluidic chip for single‑cell analysis

Single-cell examination primarily involves the investiga-
tion of cell-to-cell associations in their microenvironment 
at a single-cell level. It incorporates the investigation of 
genomics and transcriptomics of a single cell (Yin and 

Marshall 2012; Yue and Xue-Feng 2006). In living tissues, 
each cell type has a definite lineage and function. Based 
on this assumption, in any case, smidgens of proof from 
various investigations of single cell unveil the fact that cells 
inside a cell populace are heterogeneous, and are comprised 
of individual cells that contrast incredibly (Hodzic 2016). 
Single-cell analysis is employed to study diseases, assists in 
drug development, and understand physiological functions 
of individuals. In the field of cell science, DNA sequenc-
ing, gene cloning and monoclonal antibody production, the 
employed PCR techniques have resulted in an increase in 
the number of samples, reagents, and assays. To beat these 
challenges, microfluidics has been presented which can 
play out an assortment of bioassays with negligible amount 
of samples and limited reagent utilization (Wheeler et al. 
2003). A microfluidic network isolates the single cell from 
the cell suspension. Valves and pumps precisely deliver the 
volume of the reagents in nanoliters to the cells. The design 
of a microfluidic chip for single-cell investigation is made 
on the PDMS layer by multilayer soft lithography method 
(Unger et al. 2000). In Fig. 11, the dark and light color shows 
the fluidic and control channels. Reactant inlets are denoted 
by ‘R’ shield buffer (SB) and focusing buffer (FB). Inlets 
are included to reduce the fluctuation and centering of the 
fluid. V1–V8 are the valves that operate by applying pressure 
to manage the inlets. Pumps are activated by the actuation 
of P1 to P6 in series. After the activation of the pump, the 
flow rate fluctuations are regulated by the crisscross region 
of reagent and shield buffer medium. By utilizing hydro-
static weight, the cells are pushed from the cell channel to 
squander and made to zero at midway by centering support 
(Hodzic 2016; Kang et al. 2014; Wheeler et al. 2003).

3.4 � Model organism

Model organisms are species that may be easily manipu-
lated and bred in a typical laboratory setting. They are easy 

Fig. 11   Schematic diagram of 
a single-cell analysis device 
(Wheeler et al. 2003). Copy-
right 2003, American Chemical 
Society
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to maintain and assist to understand various biological 
processes. Some of the widely used model organisms are 
Mus musculus, Drosophila melanogaster, Caenorhabditis 
elegans, Saccharomyces cerevisiae, and Danio rerio (Leo-
nelli and Ankeny 2013). C. elegans is a well-reputed model 
organism for the investigation of neuronal and olfactory 
responses (Chronis et al. 2007). They are mainly used in 
genetic research because they can breed on a large scale. In 
addition, they boast a very short generation time and their 
genes are similar to humans. Apart from these advantages, 
there are few challenges such as treatment of multicellular 
living beings, efficient control of the microenvironment, reg-
ulating the controls during phenotype testing, screening, and 
imaging of model creatures (Crane et al. 2010). Microfluid-
ics may play an important role in overcoming these chal-
lenges, especially in the study of model organisms. Micro-
fluidic tools have been employed in the study of the model 
organisms where they are immobilized by passive immobi-
lization using microchannels. By multilayer soft lithography, 
the microchannels could be engraved on the PDMS mem-
brane. Droplet-based microfluidic (DBM) technique could 
be adopted where the eggs/larvae of the model organisms 
are encapsulated into the droplets and further used for the 
study purpose (Hwang and Lu 2013). The DBM strategy 
comprises two locales: a T-junction droplet generator and a 
droplet trap exhibit. Arrangement of droplets occurs in the 

droplet generator by shearing a scattered fluid stage with a 
consistent oil stage. The droplets are then captured in the 
droplet trap array. Syringe pumps direct and control the pace 
of the streams in both the stages (Shi et al. 2011). Figure 12 
shows a design of a model organism microfluidic chip (Ge 
et al. 2018).

Choudhary et al. designed multi-channel microfluidic 
perfusion platform for culturing zebrafish embryos and 
capturing live images of various tissues and organs inside 
the embryo. They micro-fabricated fish and chips in silicon 
and glass that was containing three different parts. These 
include a microfluidic gradient generator, a row of eight 
fish tanks, and eight output channels. In the fish tank, the 
fish embryos were individually placed. The fluidic gradi-
ent generator platform supported the analysis of drugs and 
chemicals in a dose-dependent manner with high reproduc-
ibility and accuracy. It provided a unique perfusion system 
that ensured a uniform and constant flow of media to the fish 
tank with a possibility of efficient waste removal. Embryonic 
movements were restricted in the fish tank, except for live 
imaging of internal tissues and organs. To validate the repro-
ducibility of develop chip, valproic acid was taken as model 
drug and embryonic development of fishes were tested with/
without induction of valproic acid. The results showed that 
embryos treated with valproic acid showed abnormalities in 
their development (Choudhury et al. 2012).

Fig. 12   Design of a model 
organism microfluidic chip (Ge 
et al. 2018). Copyright 2018, 
Elsevier
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Similarly, Li et al. developed zebrafish on a chip for real-
time monitoring of drug-induced developmental toxicity. 
The microfluidic system has been developed for evaluation 
of phenotype-based toxic and teratogenic effects of drugs on 
embryonic development of zebrafish. It was developed using 
zebrafish (Danio rerio) embryos and larvae as the model 
organism. The chip consisted of two independent functional 
units, enabling the assessment of zebrafish embryos and 
larvae. Each unit was consisting of a fluidic concentration-
gradient generator and a row of seven culture chambers to 
accommodate zebrafish. The accuracy and reproducibility of 
results obtained using this platform was examined through 
evaluation of aminophylline induced toxicity and terato-
genicity on 210 embryos and 210 larvae (10 individuals per 
chamber) as model experiment. The quantitative evaluation 
of effect of aminophylline on zebrafish embryonic develop-
ment was done by recording a series of physiological indica-
tors such as heart rate, survival rate, body length, and hatch 
rate. The toxic effect of aminophylline on zebrafish larvae 
was measured by assessment of clonic convulsion rate in 
combination with mortality. The results indicated that ami-
nophylline could be able to induce deformity and cardiovas-
cular toxicity in zebrafish embryos as well as their larvae. 
Hence, this device can be used as tool for the examination of 
indexes beyond toxicity and teratogenicity at the sub-organ 
and cellular levels and could also provide a potentially cost-
effective and rapid pharmaceutical safety assessment tool 
(Li et al. 2014).

In another research, Chen et al., developed acoustofluidic 
rotational tweezing platform that enabled contactless, high-
speed, 3D multispectral imaging and digital reconstruction 
of zebrafish larvae for quantitative phenotypic analysis. This 
platform was reported to achieve contactless and rapid (~ 1 s/
rotation) rotation of zebrafish larvae, which further enabled 
multispectral imaging of the zebrafish body and internal 
organs. The authors also claimed that the developed acous-
tofluidic rotational tweezing system was very helpful for the 
researchers working in the area of developmental biology, 
small molecule screening in biochemistry, and preclinical 
drug development in pharmacology (Chen et al. 2021).

4 � Role of microfluidic chip in therapy 
and diagnosis

Microfluidic technology holds a vast range of applications 
in most fields, namely drug discovery, food technology, 
electrophoresis, PCR, chemical synthesis, proteomics, tis-
sue engineering, medical diagnosis, single-cell studies, 
and microarray systems (Cui and Wang 2019; Li and Zhou 
2013). Microfluidic devices are miniaturized devices that 
can control a modest quantity of test sample (like biomol-
ecules, cells, or particles). These microminiaturized devices 

have the potential for biomedical analysis and diagnosis as 
they only consume a small volume of samples and reagents 
which simultaneously reduces the cost of the experiment (Li 
and Zhou 2013). Furthermore, they also have the capacity to 
produce high throughput and accurate results (Cheong et al. 
2010; Cui and Wang 2019; Upadhyaya and Selvaganapathy 
2010). In the field of biomedical sciences, these chips are 
mainly used for diagnostic purposes such as in the diagnosis 
of pathogens, cancer screening, monitoring cardiovascular 
events, detection of deadly blood infections, genetic analysis, 
and several other low-cost bioassays (Li and Zhou 2013; 
Webster et al. 2011). There are various case studies based 
on therapy and diagnosis where microfluidic technology is 
employed.

4.1 � Microfluidic technology used in therapy

In last 30 years, microfluidic chip has emerged out as great 
tool in the field of cancer therapy for its diagnosis and treat-
ment. Various types of cell and tissue cultures, including 
2D cell culture, 3D cell culture and tissue organoid culture 
could be performed on microfluidic chips. Patient-derived 
cancer cells and tissues can be cultured on microfluidic 
chips in a visible, controllable, and high-throughput man-
ner, which greatly advances the process of personalized 
medicine. Moreover, the functionality of microfluidic chip is 
greatly expanding due to the customizable nature (Guo et al. 
2021). In addition, it has been found economical as it ena-
bles the processing of trace amount of samples such as cells 
from patient biopsies, provides a high level of automation, 
and allows the setup of complex models for cancer studies 
(Mathur et al. 2020). There are various endeavors made in 
the development of microfluidic chips for their theranos-
tic use. For instance, the microchips have been designed 
to investigate cancer cascade, which include tumor growth 
and expansion (Fig. 13), angiogenesis (Fig. 14), progression 
from early to late stage lesions involving epithelial–mesen-
chymal transition (EMT), tumor cell invasion (Fig. 15) and 
metastasis (Fig. 16) (Sontheimer-Phelps et al. 2019).

The tumor growth on-chip models have been designed for 
identification of neighboring normal parenchymal cells and 
ECM in the local tissue microenvironment that can influ-
ence the growth of various types of cancer. As an example, 
the co-culture of T47D human breast carcinoma cells with 
immortalized human mammary fibroblasts (HMFs) and dif-
ferent combinations of various ECM components in a micro-
fluidic device revealed that HMFs promote increased growth 
of breast cancer cell clusters, especially in fibronectin-rich 
ECM compared with monocultures (Montanez-Sauri et al. 
2013). Furthermore, it also facilitated the analysis of the 
morphology and growth of T47D cell clusters in response 
to broad-spectrum inhibitors of matrix metalloproteinases 
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when cultured alone or with HMFs under different ECM 
conditions.

These microfluidic devices have the ability to model 
interactions between breast cancer cells and relevant stromal 
microenvironments of both primary and metastatic breast 
cancer sites. Based on this property, recently a microflu-
idic model has been designed that utilizes a heterotypic 
co-culture approach including up to three different cell 
types (breast cancer cells, stromal cells and monocytes) in 
combination with gene expression analysis to understand 
the mechanism of interaction of different cell types through 
paracrine signaling via production of transforming growth 
factor-β (TGFβ) by breast cancer cells and expression of cor-
responding receptors by stromal cells (Regier et al. 2016).

The microfluidic chips are also reported to investigate 
with high resolution of the complex interactions between 
multiple cancer-associated cell types and ECM molecules 
that are found in the local tissue microenvironment. For 
example, Hassell et al. developed a human lung cancer 
chip that recapitulated tumor growth, invasion patterns 

and responses to therapy observed in patients. The chip 
was based on principle that the rapid growth of human 
non-small cell lung cancer (NSCLC) cells were entirely 
dependent on local microenvironmental factors produced 
by normal lung alveolar epithelial cells and lung endothe-
lial cells that were interfaced across a porous ECM-coated 
membrane and cultured under an air–liquid interface 
within a lung alveolus chip (Fig. 15). In this lung can-
cer chip, conditioned medium from the healthy alveolar 
epithelium was reported as efficient medium to promote 
cancer cell proliferation even though secreted factors from 
the endothelial cells partially suppressed tumor growth. 
Interestingly, when cyclic strain was exerted on the alveo-
lar–capillary interface of the lung alveolus chip by apply-
ing cyclic suction to hollow side chambers of the flexible 
device to mimic physiological breathing motions, cancer 
growth was inhibited by 50%. This was found to be medi-
ated by mechanical strain-induced changes in epithelial 
growth factor receptor (EGFR) phosphorylation, which 

Fig. 13   Orthotopic breast cancer in situ chip. A Early-stage primary 
tumor formation within a normal epithelium with no breach of the 
basement membrane. B Top (left) and cross-sectional (right) views of 
microfluidic organ-on-chip (organ chip) device to model the micro-
architecture of ductal carcinoma in situ (DCIS) of the breast in vitro. 
C Schematic representation of fluorescently labeled DCIS spheroids 

showing proliferation of breast cancer cells from day 0 to day 3 under 
control and paclitaxel chemotherapy-treated conditions are shown. 
The study showed that paclitaxel prevents growth of DCIS spheroids 
without producing toxic effects on the normal mammary epithelium 
(Sontheimer-Phelps et al. 2019). Copyright @ copyright 2019, nature 
reviews cancer
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also resulted in increased resistance to the third-generation 
tyrosine kinase inhibitor rociletinib (Hassell et al. 2017).

Lanz et al., reported a malignant growth treatment of 
a breast tissue directed on a 3D high-throughput perfused 
microfluidic stage. Among the different disease conditions, 
breast malignancy is the most widely recognized intrusive 
malignancy in women. There are a couple of models that 
are usually utilized in the treatment. However, restorative 
reactions were neglected. In this particular trial, they have 
presented a microfluidic organoplate stage as the choice 
of treatment where the extracellular matrix was embedded 
with tumor culture under perfusion. They utilized triple-
negative breast malignancy cell lines. In addition, they had 
also assessed the cultivating densities, ECM composition, 

and biomechanical (perfusion/static) conditions. After that, 
the cells were exposed to anticancer medicaments (pacli-
taxel, olaparib, and cisplatin) and they found that 3D high-
throughput culture showed a better response than the 2D 
culture technique (Lanz et al. 2017).

Microfluidic chips have also been reported to study 
neovascularization (angiogenesis) among cancer cells. 
For instance, Nguyen et al., developed a multiple parallel 
endothelium-lined microvessels within microfluidic chan-
nels by depositing sacrificial materials using a form of 3D 
printing during gel formation. The endothelial cells were 
plated on the internal walls of these channels and perfused 
with culture medium to form the microvessels. When tumor 
angiogenic factors were perfused through one set of these 

Fig. 14   Neovascularization chips. A The figure shows about angio-
genesis and vasculogenesis. B A schematic representation of a micro-
fluidic device that enables analysis of sprouting capillary and new 
microvessel formation during angiogenesis in  vitro is shown (left) 
(Nguyen et  al. 2013). C A schematic of a microfluidic device for 
generating and studying self-organized microvascular networks dur-

ing vasculogenesis in vitro is shown (left) (Wang et al. 2016). D Cell 
migration study along the laminin-coated microfluidic channel and 
spontaneously form a capillary network inside the ECM gel within 
the diamond-shaped chamber (Sontheimer-Phelps et al. 2019). Copy-
right @ copyright 2019, nature reviews cancer
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engineered microvessels, capillary sprouts were observed 
to extend from neighboring vessels, eventually linking to 
establish new functional capillary tubes. This model was 
also used to investigate the mechanisms of action of angio-
genesis inhibitors, including the vascular endothelial growth 
factor (VEGF) receptor 2 (VEGFR2) inhibitor semaxanib 
and the sphingosine-1-phosphate receptor (S1PR) inhibi-
tor fingolimod as well as angiogenesis stimulators, such 
as VEGF, monocyte chemotactic protein 1 (MCP1; also 
known as CCL2), hepatocyte growth factor (HGF) and basic 
fibroblast growth factor (bFGF) (Nguyen et al. 2013). Such 
microfluidic platforms have also been used to study brain 

tumor cell–endothelial cell interactions for investigating 
glioblastoma (Hsu et al. 2013).

Microfluidic cancer organ chip models have also been 
used to study steps during cancer progression that are 
accompanied by an EMT. These were developed by co-
culturing multiple human pancreatic cancer cell lines (Lee 
et al. 2018) and human HT-29 colon cancer cells (Jeong 
et al. 2016) with their corresponding cancer-specific fibro-
blasts. A microfluidic device was designed with multiple 
parallel channels and the tumor spheroids were loaded in 
the central channel. The medium was flowed through the 
surrounding channels and fibroblasts were cultured in the 

Fig. 15   Orthotopic invasive versus dormant lung cancer organs-on-
chips. A Proliferation of cancer cells and invasion of the epithelium, 
underlying basement membrane and endothelium or remain dormant, 
often depending on the tissue location of the cell of origin (Yousem 
and Beasley 2007). B Lung alveolus chip (left) and the lung small 
airway chip (right) used to create two human orthotopic cancer mod-
els (Hassell et al. 2017). C Mechanical breathing motions in the lung 

alveolus chip inhibit both cancer cell growth and invasion through the 
pores of the ECM-coated membrane and into the vascular channel 
below (Hassell et al. 2017). D A 28-day study revealed that the cancer 
cell mass did not substantially expand in size when viewed at 1, 14 
and 28 days after addition to the lung small airway chip (Sontheimer-
Phelps et al. 2019). Copyright @ copyright 2019, nature reviews can-
cer
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outer channels. This setup allowed close proximity co-
culture without direct cell contact to investigate the role of 
soluble factors. Induction of EMT occurred only when the 
fibroblasts were cultured in close proximity to the cancer 
cells (Jeong et al. 2016; Lee et al. 2018). The induction of 
this mesenchymal phenotype diminished the response of the 
cancer cells to chemotherapy upon treatment using pacli-
taxel (Jeong et al. 2016).

The use of microfluidic culture technologies has also 
been used to study tumor cell migration and invasiveness. 
For example, a microfluidic chip equipped with pneumatic 

micro-valves was used to analyze the paracrine loop between 
human CL1-0 lung adenocarcinoma cells and MRC-5 lung 
fibroblasts. Similarly, the primary human macrophages 
were co-cultured with human MDA-MB-231 breast or PC3 
prostate tumor cells or MDA-MB-435S melanoma cells in 
a microfluidic device to understand cancer cell migration 
speed and persistence (Li et al. 2017).

Tumor cell invasion was studied on-chip by measuring 
invadopodia formation and ECM degradation by human 
lung cancer A549 cells growing within an ECM gel-filled 
microfluidic channel (Wang et al. 2013). In addition, the 
microfluidic device has been used to evaluate the metastasis 
of breast cancer cells using metastatic human MDA-MB-231 
breast cancer cells and mouse RAW 264.1 macrophages. 
These cells were placed within neighboring ECM gels which 
were composed of collagen type I and Matrigel, respectively, 
within a microfluidic device. The invasion of macrophages 
was reported into the gels in the presence of breast cancer 
cells. Whereas, no invasion of macrophages was observed 
in the absence of breast cancer cells (Huang et al. 2009).

Recently, microfluidic paper-based analytical devices 
(µPADs) have got popularity as potential alternative tools for 
various analytical tasks due to certain advantages such as use 
of paper as the substrate material, which is economical, dis-
posable, easy to fabricate and possibility of external power-
free sample transport driven by capillary forces (Xia et al. 
2016). Owing to these advantages, Tenda et al., designed 
µPADs for the colorimetric analysis of sub-microliter 
sample volumes of human serum albumin (HSA). In this 
study, calibration curves for HAS were recorded from sub-
microliter samples (0.8 µL), with tolerance against ± 0.1 µL 
variations in the applied liquid volume (Tenda et al. 2016). 
The obtained results showed that the µPADs are specific and 
sensitive for trace volume (sub-micron) of sample.

4.2 � Microfluidic technology used for diagnostic 
purpose

Liu et al., worked on establishing a novel electrochemical 
identification stage by microscopically integrating with a 
microfluidic chip. They used this novel platform for tracing 
three therapeutic drugs: warfarin sodium (WFS), cyclophos-
phamide, and carbamazepine. Warfarin sodium is an oral 
anticoagulant drug, whereas cyclophosphamide and car-
bamazepine are used as an immunosuppressant and as an 
anticonvulsant, respectively. Two methods, namely electro-
chemical catalysis and gate effect were used for the measure-
ment of WFS. In light of the molecular imprinted technique, 
the novel electrochemical detection stage was installed with 
a counter and a reference electrode which employed a plati-
num wire. For the working anode, nanoporous Au–Ag alloy 
microwire joined with molecularly imprinted polymer was 
employed. The electrochemical catalysis method is a direct 

Fig. 16   Metastatic cancer cell dissemination models. A Dissemina-
tion of metastatic cancer cells by invading tissue boundaries, intra-
vasating into blood vessels, circulating through the vasculature and 
then extravasating at a distant site to form a new metastatic lesion. 
B Cross-section image of the three channels of the device, showing 
cancer cell dissemination towards the channel lined with endothelial 
cells. C Schematic representation of the device depicting the interface 
between the endothelial and extracellular matrix (ECM) gel chan-
nels. D Image of a microfluidic microvascular network platform that 
enables analysis of cancer cell (human MDA-MB-231 breast cancer 
cells) extravasation (Sontheimer-Phelps et al. 2019). Copyright 2019, 
nature reviews cancer
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detection method where the electrode is used. The sample 
mixture which had the WFS was siphoned into the micro-
fluidic chip and estimated by differential pulse voltammetry. 
On the other hand, the gate effect is an indirect method that 
works based on the peak current change towards the probe 
ions before and after adsorbing WFS. The outcome of the 
study was that they successfully developed the detection 
platform for all the three drugs (Liu et al. 2017a, b).

Fan et al., studied the microfluidic digital PCR strat-
egy which enabled a fast pre-birth conclusion of fetal ane-
uploidy. Aneuploidy is an unstable genomic condition where 
the chromosome numbers become abnormal. It might be 
caused because of the solid relationship with fetal prema-
ture delivery and stillbirth. For the evaluation of fetal karyo-
type, traditional cytogenesis is utilized where the fetal cells 
were collected from amniotic fluid or chorionic villi which 
are then cultured. Although it provides accurate results, it 
requires approximately 1–2 weeks. Moreover, with con-
ventional real-time PCR, one threshold cycle corresponds 
to a twofold change in copy number, which makes it more 
challenging to measure the smaller changes. This might be 
the reason for microfluidic digital PCR to be utilized for 
the quantification of the number of nucleic acids. They 
utilized 24 amniocentesis and 16 chorionic villus tests for 
microfluidic digital PCR. For each target chromosome, 360 
PCR responses were performed, and further, the quantity of 
single-molecule amplification was compared with a refer-
ence. The outcome indicated that digital PCR precisely dis-
tinguished all the instances of fetal trisomy (Fan et al. 2009).

Basiri et al., studied RNA virus detection using microflu-
idic devices. The technology was an ideal platform to test 
its applicability in the detection of coronavirus (CoV). The 
virus is reported to cause severe acute respiratory syndrome. 
As of now, quantitative reverse transcription (qRT-PCR) is 
favored for the detection of the corona virus. However, the 
disadvantages related to qRT-PCR are: it is expensive, time 
consuming, and insensitive. To control the pandemic sce-
nario, there needs to be an alternate way that can show rapid 
detection, ease of use, at the same time being affordable. 
Microfluidic chip-based innovation may be employed which 
would offer the stage to apply for numerous demonstrative 
tests such as RT-PCR, nested-PCR, nucleic acid hybridiza-
tion, enzyme-linked immunosorbent assay (ELISA), fluores-
cence-based measures, and many more. Microfluidics chips 
ensure faster reactions (approximately 25–60 min) resulting 
in accurate and precise outcomes. Moreover, it makes the 
analysis modest and simple to deal with higher affectability. 
Thus, microfluidic devices end up being a superior elective 
technique for the detection of RNA infections. Previously, 
these devices have been used for the detection of many RNA 
viruses such as subtype of influenza virus A(H1N1), Zika, 
hepatitis A virus (HAV), human immunodeficiency virus 
(HIV), and norovirus (Basiri et al. 2020).

Moarefian et al., demonstrated iontophoretic drug con-
veyance in a microfluidic device. Iontophoresis is a process 
that deals with drug conveyance by electrophoresis and elec-
troosmosis. It can likewise build the penetrability of the skin 
with the assistance of an electric flow. It uses low-power 
electrical voltage and a continuous consistent flow to coor-
dinate a charged medication to the tissue. As of date, the 
iontophoresis strategy is utilized as a novel methodology 
in the therapy of malignancy (in vivo). It is ideal to show 
the low-power electrical fields in all culture frameworks for 
the streamlining of iontophoretic drug conveyance to the 
malignancy cells. They planned an iontophoresis-on-chip 
stage to evaluate carboplatin drug conveyance and to com-
pare the anticancer viability under various voltages and 
flows. The authors had further utilized an in vitro heparin-
based hydrogel microfluidic device to display the develop-
ment of a charged medication across extracellular matrix 
and in breast malignancy cell lines. The concentration of 
the anticancer medication, for example, carboplatin in the 
tumor extracellular matrix was determined utilizing a small 
amount of sample. The study concluded that the medication 
conveyance and the tumor cell demise were expanded when 
50 mV DC electrical field and 3 mA electrical flow were 
added (Moarefian et al. 2020).

Maria et al., used cross-connected hyaluronic acid nano-
particles (cHANPs) by utilizing a microfluidic stage inte-
grated with magnetic resonance imaging (MRI). As of date, 
nanostructures are utilized to capture MRI-contrast agents, 
without the need to synthetically alter the clinically affirmed 
segments. In this study, the authors developed a microflu-
idic stage that was used to incorporate cHANPs in which 
a clinically pertinent gadolinium diethylenetriamine penta-
acidic corrosive (Gd-DTPA) was captured. The microfluidic 
cycle empowered the creation of monodisperse particles of 
around 35 nm. Fine-tuning of the process parameters were 
performed to achieve the impedance of Gd-DTPA, which 
influenced the utilization of hydrophilic–lipophilic balance 
of surfactants and pH conditions during polymer precipita-
tion. Microfluidic approaches have several favorable out-
comes where it can improve the relaxometric properties of 
Gd-DTPA stacked in cHANPs with any synthetic alteration. 
It was discovered that Gd-DTPA stacked cHANPs supported 
the unwinding rate and this system could be utilized for both, 
analytical and restorative applications (Russo et al. 2016).

Herr et al., employed microfluidic immunoassays for the 
quick determination of components in human saliva. They 
had also adopted the clinical point-of-care (POC) indica-
tive, which allowed fast quantitation of an oral infection 
biomarker in the human saliva. In POC diagnostic, usu-
ally a monolithic disposable cartridge is employed which 
is intended to function in a conservative analytical instru-
ment. Microfluidic innovation technology was employed 
which encouraged investigation of hands-free salivation 
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by consolidating test pretreatment (filtering, advancement, 
blending) with electrophoretic immunoassays. This method 
empowered the quick estimation of analyte concentration 
in an insignificant quantity of saliva. Utilizing this strategy, 
they estimated collagen-dividing enzyme matrix metallo-
proteinase-8 (MMP-8) in salivation from a healthy as well 
as a periodontally infected individual. Microfluidics incor-
porated with POC indicative is equipped for rapid finding 
of proteinaceous sickness biomarkers in biological liquids 
(Herr et al. 2007).

Liu et al., studied cancer diagnostics by single-exosome 
counting immunoassays. Exosomes are usually used as a 
biomarker in cancer diagnostics. The tumor cells shed the 
exosomes which indicate the presence of cancer. An immu-
nosorbent assay was designed and combined with drop-
let microfluidics which enabled the digital diagnostics of 
exosomes. The exosomes were immobilized on magnetic 
microbeads with the assistance of a sandwich ELISA. The 
constructed beads were then isolated and encapsulated into 
a droplet so that each bead should get encapsulated in a 
droplet. The droplet-based single-exosome counting ELISA 
model enabled the counting of specific cancer exosomes in 
cancer diagnostic purposes. In addition, a limit of detection 
down to 10 enzymes labeled exosomes complex per micro-
liter was achieved. This approach ensured an early diagnosis 
of cancer (Liu et al. 2018).

Ziober et al., studied a lab-on-chip system for the screen-
ing and diagnosis of oral cancer. Oral squamous cell car-
cinoma (OSCC) is a deadly cancer which is usually diag-
nosed only at an advanced stage. Around 40% of all oral 
cancer cases represents malignant growth in the head and 
neck region. Furthermore, they also contain squamous cell 
carcinoma of the oral cavity, for example, the tongue, mouth 
floor, buccal mucosa, gums and lips. There is no precise, 
moderate, and reproducible methodology that can rec-
ognize the OSCC at an earlier phase. A rapid oral cancer 
test is needed for mass screening. In addition, the analysis 
of OSCC requires present-day lab facilities, refined sorts 
of equipment, and skilled staff. Ziober et al., employed 
a lab-on-chip device for biomarker-based identification 
of oral malignancy using a ‘spit test’. Magnetic bead cell 
arrangement and multiplex identification of mRNAs uti-
lizing bio-scanner tags were utilized for this purpose. The 
spit test showed the presence of ordinary cells along with 
cancer cells, and lymphocytes. The lymphocytes were then 
encapsulated into magnetic beads with anti-CD-45. After 
incubation, the lymphocytes were captured by the magnet. 
Furthermore, incubation was carried out after the addi-
tion of antibody-coated magnetic beads and quantum dots 
(Q-dots). The cancer cell-based Q-dot complexes were iso-
lated from the solution, with the help of an external mag-
netic field. Expulsion of unbound Q-dots was accomplished 
by washing and malignant growth cell limited Q-dots were 

assessed. Magnetic beads with captured mRNAs were segre-
gated using an external magnetic field and beads with DNA 
bio-barcodes were added. During incubation, complexes of 
barcode-magnetic bead sandwiches were formed and cap-
tured by a magnetic field. Eventually, the barcode-DNAs 
were dehybridized and detected by fluorescence using a 
fiber-optic array (Ziober et al. 2008).

Xie et al., employed a novel methodology where they 
combined electrochemical microfluidic chips with different 
biomarkers for the early detection of malignant growth in 
the stomach. Presently, gastric cancers are the second most 
reported malignancy in the world. It is difficult to detect the 
cancer in the earlier phases. To improve the therapeutic out-
comes and viability, a multidisciplinary treatment approach 
is to be employed. It is critical to monitor the condition from 
an early phase, which may significantly improve the thera-
peutic outcomes. A disposable electrochemical microfluidic 
chip joined with numerous biomarkers was constructed by 
Xie and co-workers. Six types of biomarkers were employed 
in the detection of gastric malignant growth. These were car-
cinoembryonic Ag(CEA), carbohydrate Ag 19-9(CA 19-9), 
Helicobacter pylori CagA protein (H.P.), P53 oncoprotein 
(P53), and pepsinogen I and II (PG-I and II). Three specially 
designed gold electrodes were used to avoid cross-contam-
ination in each of the detection areas. The device consisted 
of 6 different kinds of biomarkers targeting 6 detection areas. 
Differential pulse voltammetry (DPV) was employed to 
compare the electron transfer ability between working elec-
trodes and bare electrodes after antibody immobilization. 
The biomarker solutions were injected into the microchannel 
and were then incubated at 37℃ for 30 min. This methodol-
ogy has proven to possess an extraordinary potential in early 
detection of gastric malignancy (Xie et al. 2015).

Fu et al., studied and analyzed a swine virus sample using 
an incorporated microfluidic stage. The microfluidic stage 
incorporated a microfluidic chip combined with a semi-auto-
mated immunoassay system. Currently, the ELISA technique 
is the most commonly employed technique for the detection 
of swine virus. Samples such as a serum or oral fluid are 
usually collected and tested through an ELISA. However, 
the main disadvantage with this technique is that it is tedi-
ous and time consuming. To confirm the presence of the 
virus, a rapid, inexpensive, and reproducible technique is 
needed. Microfluidic chips based platforms provide accurate 
and early detection of the viral particles. These are rapid and 
have a high analytical effectiveness. A single chip could be 
employed for the analysis of several samples. These chips 
were used to detect several types of viruses from porcine 
origin, respiratory syndrome virus, CSF virus, and porcine 
circovirus type 2. The procedure includes sample and rea-
gent injection, well washing, waste collection, and finally 
colorimetric detection. The findings revealed that the micro-
fluidic technique took just 12 min and 4 µL of sample for 
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the detection process. The accuracy rate was high with high 
effectiveness and high explicitness (Fu et al. 2020).

In recent years, numerical approaches have been designed 
for developing efficient microfluidic technologies for cell 
analysis (Sheidaei et al. 2020). The numerical based evalu-
ation are powerful tools to rapidly analyze the problems at a 
lower cost. In addition, these are able to study multiphysics 
problems that help in understanding biological processes 
that involve physical phenomena such as fluid flow, solid 
mechanics, mass and heat transfer. The numerical simulation 
can assist researchers in studying complex device functions. 
Moreover, numerical simulations are capable of determin-
ing critical operating parameters such as velocity, pressure, 
concentration, shear rate, and temperature that are cumber-
some to be measured experimentally. Looking at various 
advantages of microfluidic chips, Zahorodny-Burke et al., 
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 
(Zahorodny-Burke et al. 2011). A decrease in the oxygen 
concentration in the cell layer was located at the bottom of 
the culture channel was noted with increase in heights of 
the channel and the chip (Fig. 17A). Huang and Nguyen 
used a 2D computational model to optimize key dimensional 
parameters of a cyclic cell-stretching device (Huang and 
Nguyen 2013). The cells were cultured on a thin membrane 
and a mechanical strain was induced to these cells. The effect 
of geometrical parameters on membrane displacement was 
studied (Fig. 17B). Liu et al. (2017c) numerically simulated 
a 2D gel injection process in a microfluidic chip with dif-
ferent pillar spaces (Fig. 17C). In another numerical study, 
Chen et al. (2019) investigated a 2D fluid flow in a micro-
fluidic device with various micropillar designs. Pillars with 
circular, elliptical and square cross-section were arranged 
in both aligned and staggered styles. It was observed that in 
the staggered arrangement, the fluid flew through the center 
of the array as well as around the pillars. For distribution of 
fluids, the staggered arrangement was found better than the 
aligned pillars (Fig. 17D).

5 � Conclusion

The microfluidic chip technology employs advanced inno-
vative strategies and is an emerging science in the field of 
life sciences and biomedical sciences. It is predominantly 
utilized for the estimation of behavioral changes in miniature 
fluids (micro- or nano-level) through miniature channels that 
are engraved on the polymer layer. The technology enables 
effective control over the physicochemical responses of the 
liquid. Due to its miniature scaled down methodology, it 
brings about high mass exchange and high throughput. It 
is primarily employed in drug discovery, proteomics, drug 

screening, clinical analysis and food innovation. Vari-
ous types of microfluidic chips are currently employed for 
various purposes. Compared to the conventional methods, 
microfluidic chip technology offers much advantage and 
better outcomes in terms of time consumed and amount of 
samples and reagents required. In pharmaceutical investi-
gation, microfluidic innovation could be integrated with 
various other detection equipment, namely PCR, ESI–MS, 
MALDI-MS and GC–MS to name a few. Much of the cur-
rent applications of microfluidic innovation are reported in 
the detection and treatment of malignancies. Organ-on-chips 
are reportedly utilized for the investigation of the physi-
ological processes in specific body organs such as brain, 
lungs, heart, kidney, gut and skin. Significantly, microfluidic 
innovation is playing a major role in the current COVID-
19 pandemic situation, especially in the treatment strategies 
and analysis of coronavirus particles by integrating with a 
qRT-PCR strategy. Thus, microfluidic innovation technology 
has demonstrated that it is a superior cutting-edge technol-
ogy which could be adopted in the screening and treatment 
for various infective conditions. Despite enormous advan-
tages, microfluidic chips suffer from some limitations. For 
example, paper-based microfluidic devices are very complex 
to pattern the channels on the chip. The organ-on-a-chip 
systems have replaced animal testing and improved patient 
safety and considered as a great advancement in medical 
research because they facilitate testing of active ingredients 
on cell cultures in the chambers of a plastic chip. However, 
they are not a true-to-life replication of the human body 
and can only simulate a few functions and activities because 
the human body is a complex system where different kinds 
of organs and cells interact. Its complexity cannot be built 
into organ-on-a-chip systems. Moreover, their designs are 
complex. When coupling organs on chips, whether it is to 
measure the efficiency of a treatment or to study the interac-
tions between organs, the relative size of the models mat-
ters. In case of organ-on-chip, sometimes it becomes dif-
ficult to determine right scale (organ mass/organ volume/
fluid flow) for analysis. Determination of quantity of fluid 
inside the organ-on-chip is another limitation. It has been 
reported that human body contains 5 L blood, hence, in can 
be imagined that a microhuman would have 5 µL of blood. 
This total volume of 5 µL implies many challenges because 
excessive volume could dilute the treatment, or hormones 
secreted by the different organs, and skew the results of the 
tests. Hence, it is important to create microfluidic pumps 
and valves of the right size for such small volumes (Wikswo 
et al. 2013). Hence, there is a need for standardization of 
microfluidic chips to compare and interpret their findings. 
Since this is a process starts with the cells that are being 
used, some researchers use primary cell cultures and other 
cell lines, while others try to differentiate stem cells into 
specialized cells for specific organs. Other issues include the 
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Fig. 17   A (i) Microfluidic cell culture device made of oxygen-perme-
able polymer. The effect of polymer thickness (ii) and channel height 
(iii) on the oxygen concentration in the cell layer (Zahorodny-Burke 
et al. 2011) Copyright 2017, Elsevier. 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 mem-
brane arrangement (Huang and Nguyen 2013). C (i) A microfluidic 

chip with a middle gel and two lateral media channels. The gel chan-
nel is separated from the media channels by micropillars. (ii) The 
effect of pillar space on the process of gel filling within the microflu-
idic device (numerical simulation) (.Jun-Shan et al, 2017) copyright 
2017, Elsevier. 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 (Chen et al. 2019)



	 Microfluidics and Nanofluidics           (2021) 25:99 

1 3

   99   Page 24 of 28

formulation of cell culture media, the cell life cycle on the 
chips or the materials used in bioprinting for example. These 
are all variables that could impact results. Based on these 
facts, it can be concluded that microfluidic chips still have a 
long way to go before they can replicate the complexity of 
living organisms.
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