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Abstract
Droplet-based microfluidic systems have been employed to manipulate discrete fluid volumes with
immiscible phases. Creating the fluid droplets at microscale has led to a paradigm shift in mixing,
sorting, encapsulation, sensing, and designing high throughput devices for biomedical
applications. Droplet microfluidics has opened many opportunities in microparticle synthesis,
molecular detection, diagnostics, drug delivery, and cell biology. In the present review, we first
introduce standard methods for droplet generation (i.e. passive and active methods) and discuss
the latest examples of emulsification and particle synthesis approaches enabled by microfluidic
platforms. Then, the applications of droplet-based microfluidics in different biomedical
applications are detailed. Finally, a general overview of the latest trends along with the perspectives
and future potentials in the field are provided.

1. Introduction

Droplet-based microfluidics aims at the genera-
tion and manipulation of discrete volumes of flu-
ids in the immiscible phases, such as the genera-
tion of oil-in-water (O/W) or water-in-oil (W/O)
droplets. This technology offers several advant-
ages, including high control over small volumes
of fluids and droplet characteristics, the possib-
ility of performing high throughput experiments
with an enhanced mixing mechanism, and a high
surface-area-to-volume ratio, and enhanced reaction
rate [1]. Various applications, including drug deliv-
ery, emulsification, nano/micro-particles synthesis,

and cell encapsulation, are offered using droplet
microfluidics [2]. In many lab-on-chip applica-
tions, there is a need to make uniform droplets as
microreactors in biochemical or chemical reactions
to enable predictable and controlled outcomes [3].
Furthermore, generatingwell-controlled sequences of
droplets with different volumes is desired for some
applications, a typical example is the multi-volume
droplet digital polymerase-chain-reaction (PCR) for
quantitative and accurate detection of genetic inform-
ation [4, 5]. Additionally, this technology enables
the possibility of performing large-scale pheno-
typic or genotypic screens at the single-cell level.
Furthermore, droplet-basedmicrofluidics has diverse
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applications in drug discovery, antibody screening,
and multiplexed genomic applications such as single-
cell studies, targeted genetic workflows, single-cell
RNA sequencing (RNA-seq), and chromatin immun-
oprecipitation (ChIP)-sequencing (ChIP-seq) [6, 7].

Droplet-basedmicrofluidic systems have emerged
as a promising technology for droplet generation for
different applications. This contrasts withmechanical
mixing, which relies on Rayleigh instabilities to gen-
erate droplets because of shearing of two immiscible
phases [8, 9]. Studies conducted on droplet micro-
fluidics exhibit the creation of a convective flow pro-
file inside the droplets, which speeds up the mix-
ing process. Hence, understanding the physics of
fluid flow inside the droplets is critical for design-
ing an efficient microfluidic device. The dynamics of
droplet generation in microfluidics are governed by
the Stokes equation; however, a nonlinear behavior is
observed in droplet microfluidics due to the deform-
able interfaces between droplet and the carrier fluid.
Injection of two immiscible fluids into a microfluidic
channel leads to the formation of continuous and
dispersed phases and generation of stable droplets
in the dispersed phase. The controlled generation of
droplets is required for expanding their applications
in various biomedical areas, including drug and gene
delivery and lab-on-a-chip systems [10–12]. Flow rate
and viscosity ratios of two immiscible phases and the
interfacial tension are themost influential parameters
on the generation of droplets. Droplets are generated
when the viscous drag force applied by the continu-
ous phase on the dispersed phase overcomes the inter-
facial surface tension force of the fluid pair. Droplet
generation can also occur when the dispersed fluid
can fill and plug the continuous channel. This pro-
cess causes a pressure change, which then creates the
plug to shear off and generate a droplet [13].

In this review, first different approaches for
droplet generation, including passive and active
methods are presented. Then, the application of
droplet-based microfluidics in emulsification and
particle synthesis is discussed. Later, different applic-
ations of this technology in biomedical engineering
including biomolecular analysis (DNA and genomics,
RNA and transcription, protein analysis, and direc-
ted evolution of enzymes), cell biology (intracellular
and extracellular interactions, and artificial cell gen-
eration), and diagnosis (microbial infections, onco-
logy assays, genetic mutations, drug delivery systems
(DDS), drug screening platforms), and tissue engin-
eering are reviewed. Finally, the opportunities for fur-
ther developments and potential applications enabled
by droplet-based microfluidic devices are presented.

Previous review papers published in this field are
mostly focused on a specific area of droplet-based
microfluidics. The presented review paper is more
comprehensive compared to the previous published
papers in this area and it covers the droplet generation
methods and most of its applications in biomedical

engineering. Another specific feature of this review
is its special attention to the engineering aspects
of the droplet-based microfluidic systems. It also
reveals the importance of the engineered droplet-
based microfluidic systems in advancing biomed-
ical applications. Additionally, because the field of
droplet-based microfluidics is progressing rapidly, a
new review paper in this field that covers the recent
advances in this field is crucial.

2. Droplet generationmethods

The process of droplet formation occurs due to inter-
facial instability between the immiscible phases. In
this process, the interface of the continuous and dis-
persed phases is deformed, leading to pinching off
the dispersed phase and droplet generation [14, 15].
Compared to the conventional droplet generation
methods, droplet-based microfluidics is more cap-
able of high-throughput generation of monodisperse
droplets. Droplet monodispersity is determined by
calculating the coefficient of variation (CV), which
is calculated by dividing the standard deviation of
the size distribution of a set of droplets by its arith-
metic average. The CV values are typically less than
5%, even for the complex droplet architectures gen-
erated in microfluidic devices [16, 17]. These low CV
values reveal the ability of the microfluidic methods
for producing monodisperse droplets. From a phys-
ical point of view, droplet formation is controlled by
inertial, viscous, interfacial, and gravitational forces,
as well as other applied external force fields [18]. The
significance of these forces can be revealed by introdu-
cing the relevant dimensionless parameters. Themost
common dimensionless parameters in droplet micro-
fluidics are Reynolds number (Re), Capillary num-
ber (Ca), Weber number (We), Bond number (Bo),
as well as flow rate ratio (φ) and viscosity ratio (λ),
which are defined and listed in table 1. These para-
meters are calculated by determining the interfacial
tension (σ), fluid velocity (V), fluid density (ρ), and
dynamic viscosity (µ). In addition, the characteristic
length, l, is usually considered as the channel width.
The subscripts c and d also denote the continuous and
dispersed phase, respectively. Assuming that inertial
and gravitational forces to be of less significance,
droplet formation modes can be characterized by the
capillary number, as well as the flow rate and viscosity
ratios. The capillary number is commonly calculated
based on the viscous force induced by the continu-
ous phase (Cac = µcVc/σ). At low capillary numbers,
Cac <O(0.01), the viscous force is not dominant dur-
ing droplet formation, and the plug-like droplets are
detached from the dispersed phase in the squeezing
regime [19]. In this mode, the dispersed phase pro-
trusion completely blocks the path of the continuous
phase fluid, which leads to an increase in upstream
pressure and drop detachment by squeezing pressure.
The size of droplets generated in the squeezing regime
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Table 1. Dimensionless parameters in droplet-based microfluidics.

Parameter Formula Physical description

Reynolds number Re=
ρVl
µ

Inertial force
Viscous force

Capillary number Ca=
µV
σ

Viscous force
Interfacial force

Weber number We=
ρV2l
σ

Inertial force
Interfacial force

Bond number Bo=
∆ρgl2

σ

Gravitational force
Interfacial force

Flow rate ratio φ=
Qd

Qc

Dispersed phase flow rate
Continuous phase flow rate

Viscosity ratio λ=
µd

µc

Dispersed phase viscosity
Continuous phase viscosity

is independent of the capillary number and depends
solely on the flow rate ratio [19, 20]. As the capillary
number increases, the role of viscous force becomes
more apparent, and transition from the squeezing
regime to the dripping regime occurs. In the dripping
regime, highly monodisperse droplets are formed
with a length smaller than the channel width. The
CV values of less than 3% are achievable in the drip-
ping regime [21, 22]. Moreover, droplet size, as well
as droplet generation frequency, strongly depends on
the capillary number [20, 21, 23]. Owing to high
monodispersity and ease ofmanipulation, dripping is
themost preferablemode of droplet formation in bio-
medical applications [24]. Jetting is another droplet
formation regime that occurs due to Rayleigh plateau
instability along a stretched dispersed thread. Com-
pared to the dripping regime, jetting takes place at rel-
atively higher capillary numbers and flow rate ratios
[25]. In thismode, in addition to the viscous force, the
dispersed phase inertia can also be involved in over-
coming the surface tension [26]. In other words, the
jetting mode can be characterized by Cac and Wed,
where Wed is defined based on dispersed phase iner-
tial force (Wed = ρdV2dl/σ). The size of droplets gen-
erated in the jetting regime depends on capillary and
Weber numbers, flow rate ratio, and capillary per-
turbations [26, 27]. Droplet monodispersity in the
jetting regime is remarkably less than those of drip-
ping and squeezing regimes [25]. Hence, except for
specific applications [28], the jetting mode is not pre-
ferred for the encapsulation of bioactive compounds.
More details about the microfluidic droplet genera-
tion regimes can be found in a review paper by Zhu
et al [25].

To establish the desired state of droplet formation,
in terms of droplet size and generation rate, there are
two main approaches in microfluidics: passive and
active methods. The passive methods operate based
on the channel geometry and the physical properties

of the immiscible phases. On the other hand, active
methods take advantage of the external force fields to
control droplet breakup dynamics. Figure 1 schemat-
ically represents different passive and active methods,
which are reviewed in this paper. Moreover, a sum-
mary of the pros and cons of these methods is given
in table 2.

2.1. Passive methods for droplet generation
The passive mechanisms rely on channel geometry,
flow rate, and intrinsic properties of the immis-
cible phases without adding any external force fields
to the fluid flows [25, 29, 30]. These mechanisms
are commonly classified based on channel geometry.
As depicted in figures 1(a)–(c), cross-flow, flow-
focusing, and co-flow configurations are the most
usual passive droplet generation designs applied in
biomedical applications [16, 18, 25]. Moreover, these
standard geometries may be modified to induce
higher shearing force and achieve the desired modes
of droplet formation [31, 32]. Droplet manipulation
in passive methods is normally carried out by vary-
ing the flow rates or driving pressures of the dispersed
and continuous phases injected into the microfluidic
device [33, 34]. Using surfactants can be another
alternative to adjust the droplet size and droplet
generation frequency. Surfactants are amphiphilic
molecules that are frequently added to the continu-
ous or dispersed phases to prevent droplet coales-
cence. However, these molecules can alter the inter-
facial tension, which, in turn, leads to a change in
the capillary number. Different concentrations of
Tween 20 surfactant were used by Peng et al [35]
to generate W/O droplets in a flow-focusing device.
It was observed that interfacial tension significantly
decreases by adding a specific amount of surfactant
to the dispersed phase, which results in a reduction in
droplet size and enhancement of droplet generation
frequency. Adjusting the rheological properties of

3



Biofabrication 14 (2022) 022001 L Amirifar et al

Figure 1. Schematic of different passive and active microfluidic droplet generation methods. (a)–(c) Different channel geometries
in passive approach; (a) cross-flow, (b) flow-focusing, and (c) co-flow geometries. (d)–(g) Implementing different active methods
in microfluidic droplet generators; (d) electrical control of droplet generation with direct current in a cross-flow configuration
[48], (e) employing magnetic field by a magnetic tweezers instrument to control ferrofluid droplet generation in a flow-focusing
device [56], (f) applying mechanical vibration on the microtubing of the dispersed phase fluid to stimulate droplet generation in
a co-flow geometry [64], and (g) thermal control of droplet generation in a flow-focusing device [46].

the immiscible phases is another passive strategy to
achieve desired droplets in terms of size, shape, and
generation frequency. Biological samples are com-
monly highly viscous such as polymeric solutions,
cell suspensions, and samples containing proteins
and enzymes. Using these samples as the dispersed
phase may lead to pinching resistance due to high
viscosity ratios. In this situation, the normal pro-
cess of droplet generation is disrupted by emerging
satellite droplets [36], laminar flow [37], or unstable
modes of droplet formation [24]. Therefore, the con-
centration of the polymeric precursors and biolo-
gical components should be optimized such that they
have minimum adverse effects on the process of
droplet generation. Nanofluids can also be employed
in droplet-basedmicrofluidic to regulate the viscosity
ratio. Nanofluids provide different rheological prop-
erties base on nanoparticle concentration [38]. They
can protect droplets against coalescence [39], enhance
shear stress during droplet formation [20], and have
an intermediate role to change the fluid flow pat-
terns under the presence ofmagnetic fields or thermal
sources [40]. Nevertheless, the channel geometry still
plays the most important role in the passive droplet
generators and is discussed in more detail in this
review.

2.1.1. Cross-flow design
In a cross-flow design, the continuous and dis-
persed phases meet in a junction with an arbit-
rary angle. From a geometrical point of view, the
cross-flow designs are classified into T-junction and
Y-junction geometries. In the former group, the two

inlet channels are perpendicular (figure 1(a)), while
in the latter group, they are connected in other angles
between 0◦ to 180◦ [14, 25]. Figure 2(a) displays dif-
ferent modes of droplet formation in a T-junction
microfluidic device [37]. Although plug-like droplets
are usually formed in cross-flowmicrofluidic devices,
spherical droplets can also be generated at relatively
higher capillary numbers and lower flow rate ratios.
Meanwhile, high monodispersity can be achieved
using cross-flow geometries [25]; however, droplets
may be damaged by the shear stress or adhere to the
channel walls sine breakup occurs at the vicinity of the
wall. Compared with the other configurations, cross-
flow designs need a small space on microfluidic plat-
forms and can be easily combined by the othermicro-
fluidic units [41].

2.1.2. Flow-focusing design
The flow-focusing devices are usually employed to
generate spherical monodisperse droplets rather than
plug-like ones [18]. The continuous phase is flowed
into two side channels and surrounds the flow of dis-
persed phase in a constriction channel (figure 1(b)).
In such a situation, the dispersed phase is squeezed on
both sides by the two streams of the continuous phase,
and spherical droplets are generated in the dripping
or jetting regimes [16]. The width and length of
the constriction channel can remarkably affect the
breakup process by adjusting the shear stress imposed
on the dispersed phase. Compared with cross-flow
configurations, flow-focusing devices are used to gen-
erate smaller droplets at higher generation rates [25].
Furthermore, droplets are less threatened by the wall

4
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Table 2. Comparison of different droplet generation methods.

Generation method Advantages Disadvantages Implementation

Passive methods: In general:
3 ease of
implementation

In general:
8 long response
time,

8 high breakup
resistance

In general:
using different
geometrical
design, adjusting
flow rate ratio,
interfacial tension,
and rheological
properties

Cross-flow Ease of integration
with other units

Low sphericity in
products

Flow-focusing High-throughput
generation of small
droplets

Requiring large
space

Co-flow Ease of fabrication Susceptible to
constitute jet

Active methods: In general:
3 small response
time

3 low breakup
resistance

In general:
8 complexity
8 susceptible
to produce
satellite and
secondary
droplets

—

Electrical General advantages Electrode fouling
and damaging
bioactive
components

DC and AC
voltages

Magnetic Contactless
actuation

Damaging
bioactive
components

Permanent
magnets and
electromagnets

Mechanical Variety in
the execution
mechanisms

General
disadvantages

Hydraulic and
pneumatic valves,
piezoelectric
actuators, and
mechanical
vibrators

Thermal Usable for gene
amplification

Small response
time is only
attainable using
focused laser beam

Heat exchangers,
resistive heaters,
and laser beams

shear stress since breakup occurs in themiddle region
of the channel. Typically, flow-focusing devices are
employed to encapsulate sensitive biological com-
ponents such as cells [42]; but they need relatively
large space on microfluidic platforms due to three
inlet branches and cannot be easily integrated by the
other units in a confined space.

2.1.3. Co-flow design
In the co-flow design, the continuous and dispersed
phases are flown in parallel while the dispersed phase
is enclosed by the continuous phase (figure 1(c)).
The breakup dynamics is controlled by shear force
at the end of the dispersed phase channel, lead-
ing to droplet generation by either dripping or jet-
ting modes [16, 27]. Although droplets generated
in the dripping regime are highly monodisperse,
those generated in the jetting regime are polydisperse.
The characteristics of droplets generated by co-flow
microfluidic devices are similar to those generated
by the flow-focusing channels [42]. However, droplet

size can be controlled by the width of the dispersed
phase channel. In addition, droplet size is usually lar-
ger than this size in the dripping mode [25]. Fabric-
ating co-flow droplet generators can be simply done
by inserting a microcapillary tube (dispersed phase
channel) into another capillary glass (continuous
phase channel). Besides, conventional microfabrica-
tion methods such as the standard soft-lithography
method can be employed to construct 2D planar co-
flow configurations. The co-flow designs can also
be modified to the step emulsification configuration
where an expansion step is located downstream of the
microchannel to trigger droplet formation [42].

2.2. Active methods for droplet generation
Active methods are commonly combined with the
passive configurations to facilitate the droplet gen-
eration process by exerting different external force
fields [25]. The passive methods usually suffer from
the long response time origins from large fluidic
resistance of the tubing and compressibility of the
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Figure 2. Images of passive and active droplet formation in different microfluidic devices. (a) Different modes of passive droplet
generation for a highly viscous dispersed phase (IL-2) using a cross-flow geometry (reprinted from [37], Copyright (2016), with
permission from Elsevier). (b)–(e) Active droplet generation methods; (b) electrical control of the aqueous droplet generation at
different DC voltages in a T-junction microchannel (reprinted from [48], with the permission of AIP Publishing), (c) ferrofluid
droplet formation under various magnetic flux densities in a flow-focusing microfluidic device (reprinted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature, Microfluidics and Nanofluidics [56] Magnetically controllable
generation of ferrofluid droplets, Q Yan, S Xuan, X Ruan, J Wu, X Gong, (c) 2015), (d) mechanical control of aqueous droplet
formation at different vibration frequencies in a co-flow microfluidic device (reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Microfluidics and Nanofluidics [64] Droplet generation in co-flow
microfluidic channels with vibration, P Zhu, X Tang, L Wang, (c) 2016), (e) images of water droplets generated at different
temperatures of the upstream part of the flow-focusing device (reprinted with permission from [46]. Copyright (2009) American
Chemical Society).

channel materials [43]. Moreover, biological flu-
ids may exhibit pinching-resistance behavior due to
their complex rheological properties during passive
droplet generation processes [24]. In these situations,
the fluid dynamics can be controlled by applying
external force fields [40, 44]. In droplet microfluidics,
an external energy source is locally focused on the
droplet generation region, leads to rapidly obtain the
desired modes of droplet formation. In addition, act-
ive methods may be involved in droplet sorting [45]
or assist in conducting some biological processes such
as DNA amplification [46]. Herein, a brief descrip-
tion of the most common active methods for droplet
formation, including electrical, magnetic, mechan-
ical, and thermal control methods, are presented
(figures 1(d)–(g)).

2.2.1. Electrical method
In this method, electrical direct current (DC) or
alternative current (AC) is applied to manipulate the
droplet formation process within the microfluidic
channels [25]. The electrodes can be in direct or indir-
ect contact with the fluids in the microfluidic device;
however, electrode fouling and sample contamina-
tion can be avoided with indirect electrode contacts
[43, 47]. In the DC control approach, droplet size and
generation frequency depend on applied DC voltage
and the electrical conductivity of the aqueous phase.

As DC voltage increases, droplet size is decreased
due to the accumulation of the free charges in the
water-oil interface [43, 48]. Figure 1(d) schematically
shows an example ofDC control of droplet generation
in a T-junction microchannel, where the electrodes
are connected to the aqueous phase channel and a
U-shape side-channel close to the junction. As shown
in figure 2(b), the droplet size decreases by enhan-
cing DC voltage up to a voltage around 200 V, where
a saturation state is established, i.e. the droplet size
does not decrease further by applying higher voltages
[48]. In AC control methods, the applied voltage fluc-
tuates with a frequency either more or less than that
of droplet generation. In such a situation, droplet size
depends on the rootmean square (RMS) amplitude of
theACvoltage and the voltage frequency [43]. TheAC
voltage is also preferred for applying the electrowet-
ting on dielectric (EWOD) approach for droplet gen-
eration [49]. The function of the EWOD mechanism
is to decrease the contact angle during droplet forma-
tion. By employing the electrical controlmethods, the
response time is significantly reduced during droplet
formation without using moving instruments; how-
ever, the microfluidic device becomes more complex
due to the electrical connections, fouling may occur
due to the contact of electrodes with the aqueous
phases, and bioactive components may be damaged
due to the effect of strong electric fields.

6
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2.2.2. Magnetic method
The external magnetic field generated by the per-
manent magnets or electromagnets can be used as an
active contactless mechanism to manipulate droplet
formation [50, 51]. To apply the magnetic force, one
of the dispersed or continuous phases should have
magnetization capability. Ferrofluids, fluids with sus-
pended magnetic particles, are commonly used to
exert magnetic force to the fluid flows [52]. The sta-
bilized ferrofluids can be prepared with both water-
and oil-based fluids [53, 54]; hence, there is no limit-
ation to exert magnetic field to either continuous or
dispersed phases. Magnetic particles can substantially
change the viscosity of the ferrofluids [55]. Therefore,
droplet generation can be affected by the rheological
properties of the ferrofluids even in the absence of
a magnetic field [56]. Using ferrofluids in biomed-
ical applications may be harmful to bioactive com-
ponents such as cells. Therefore, the direct contact of
such components with ferrofluids should be avoided
in microfluidic systems. To this end, it is recommen-
ded that ferrofluid is used as the continuous phase
while the delicate components are encapsulated in
the non-magnetic dispersed phase [57]. Also, embed-
ding washing mechanisms in microfluidic systems
can help minimize the contact of ferrofluids with
those components that are not compatible with them
[58, 59]. The droplet formation process under the
magnetic field depends on several parameters, includ-
ing ferrofluid magnetization, magnetic flux density,
magnetic field gradient, and the direction of themag-
netic field toward the fluid stream [43, 50, 60]. Tan
et al [50] demonstrated that by locating a permanent
magnet downstream of a T-junction device, the size
of ferrofluid droplets increases with enhancing mag-
netic flux density; however, as the magnet is placed
upstream, droplet generation is delayed, and the lar-
ger droplets are detached from the aqueous ferro-
fluid. Figure 1(e) displays the schematic of droplet
manipulationwith amagnetic tweezers instrument in
a flow-focusing device. The ferrofluid droplets gener-
ated under various high-level areas of a square wave
signal are shown in figure 2(c). It is observed that
by increasing magnetic flux density, magnetic drag
force enhances such that the breakup process is more
accelerated. However, droplet monodispersity may
be reduced at high magnetic flux density by emer-
ging secondary droplets [56]. The magnetic method
of droplet manipulation can provide quick response
times. Besides, droplet sorting can be well done using
this method [45, 57, 61].

2.2.3. Mechanical method
Mechanical methods of droplet manipulation are
based on inducing a disruption in the liquid inter-
face using mechanical actuators. Various mechan-
ical elements, such as hydraulic and pneumatic valves
and choppers [62], piezoelectric actuators [63], and
mechanical vibrators [64] can be integrated with the

passive droplet generation devices. Using mechan-
ical approaches, the amplitude and frequency of the
perturbing factor and the natural droplet generation
frequency, i.e. droplet generation frequency in the
absence of perturbing factors, are the main paramet-
ers to determine droplet size and droplet generation
frequency [43, 64]. Figure 1(f) shows the schematic of
using an off-chip mechanical vibrator to induce fluc-
tuations in the flow of dispersed phase during droplet
formation in a co-flow microfluidic device. Also,
figure 2(d) displays the effect of vibration frequency
on the generation of aqueous droplets in such a device
[64]. It is observed that monodisperse droplets are
generated with a natural frequency of 25 Hz without
using mechanical vibration. At vibration frequencies
lower than 25 Hz (10 Hz), droplet formation may be
disrupted by the mechanical force, resulting in poly-
disperse droplets. However, at vibration frequencies
above the natural frequency and lower than a crit-
ical frequency around 86 Hz (50 and 85 Hz), the
generation frequency is synchronized with the vibra-
tion frequency, and monodisperse droplet formation
is accelerated. Beyond the value of the critical fre-
quency (200 Hz), varying vibration frequency has no
considerable effect on the droplet formation process,
but droplets are generated at a higher frequency com-
pared with the natural frequency. Vibration amp-
litude can also affect droplet generation such that the
large amplitudes may lead to a reduction of mon-
odispersity and formation of satellite droplets [64].
Mechanical control methods significantly reduce the
response time, especially using piezoelectric actuat-
ors [43]. On the other hand, integrating microfluidic
devices with mechanical components leads to more
complexity in microfluidic platforms.

2.2.4. Thermal method
A change in fluid temperature can result in changes
in interfacial tension and fluid viscosity. For most
fluids, the interfacial tension decreases by enhan-
cing temperature, while the surfactant stabilized flu-
ids behave oppositely [42]. The viscosity of liquids
is also decreased as temperature rises. Therefore, the
capillary number and viscosity ratio are affected by
varying temperatures, and consequently, droplet size
and generation rate are modified. Different mechan-
isms, such as heat exchangers, resistive heaters, and
laser beams, can be used to locally heat the liquid
interface during droplet formation [43]. Figure 1(g)
demonstrates the schematic of integration of a flow-
focusing device on a heat exchanger to propound the
effect of thermocapillary and temperature-dependent
viscosity in droplet generation. Figure 2(e) shows that
the size of water droplets generated in mineral oil
increases by almost two orders of magnitude as the
upstream part of the flow-focusing device is heated
from 5.7 ◦C to 60.6 ◦C [46]. The thermal control of
the droplet generation process is remarkably based on
the temperature dependency of the fluid properties
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and the physical properties of additives such as sur-
factants and nanoparticles [65]. Moreover, thermal
methods can incorporate in controlling droplet velo-
city and performing thermal cycles for on-chip gene
amplification [46].

3. Emulsification and particle synthesis

Droplet microfluidics offers a facile and promising
route for emulsification and particle fabrication pro-
cesses. In this way, a precise amount of substance
can be encapsulated within the particles in a control-
lable and desirable fashion. Compared to the con-
ventional emulsification and encapsulation methods,
droplet-based microfluidic devices consume fewer
costly materials and can accurately control the size,
structure, and combination of droplets with a high
degree of monodispersity. Droplet templates con-
structed by the microfluidic devices can undergo an
off- or on-chip solidification process to synthesize
microparticles with different shapes. Moreover, inor-
ganic nanoparticles can be synthesized using micro-
fluidic droplet platforms. These precious features
can be employed in a broad range of biomedical
applications, especially for fabricating pharmaceut-
ical products and conducting biological assays.

3.1. Emulsification
Emulsions are the mixture of two or more immis-
cible liquid phases in a way that an external (con-
tinuous) phase surrounds all the internal (dispersed)
phases as minute droplets. The microfluidic emul-
sification devices are usually employed in dripping
or jetting regimes [22, 66, 67]. Single emulsions can
be formed by overcoming viscous shear forces over
the surface tension between two liquid phases. W/O
emulsions can be formed inside the hydrophobic
channels, while the formation of O/W emulsions
requires the hydrophilic channels [68]. Surfactants
are conventionally used to prevent the coalescence of
droplets. Moreover, emulsions can be stabilized by
adding a specific amount of nanoparticles [39, 69].
These kinds of emulsions are known as Pickering
emulsions. In the Pickering emulsions, nanoparticles
act as a mechanical barrier at the liquid-liquid inter-
face to prevent the coalescence of droplets [70, 71].

Double emulsions are nested droplets in droplets
suspended in a continuous phase. These emulsions
can be architected in the form of water-in-oil-in-
water (W/O/W) [72] or oil-in-water-in-oil (O/W/O)
[73] within a microfluidic device. Figure 3(a) dis-
plays the creation of monodisperse double emulsion
droplets inside a microfluidic device [74]. The core–
shell structure of double emulsions makes it pos-
sible to compartmentalize both polar and nonpolar
substances and generate microcapsules by consolid-
ating the shell layers. This hierarchy can be con-
tinued to construct triple, quadruple, or multiple
emulsions. For example, figure 3(b) schematically

depicts the formation of monodisperse quadruple
emulsion droplets by a four-stage microfluidic device
[17], while the generated droplets are displayed in
figure 3(c). By compartmentalizing distinct smaller
droplets inside a larger one, multi-component double
emulsions can be constructed. Figure 3(d) shows how
multi-component double emulsions are architected
by a single-step emulsification device [67]. The num-
ber and size of inner droplets can be precisely regu-
lated by adjusting the generation frequencies of inner
and outer droplets as well as utilizing different droplet
formation modes. In the dripping mode, the number
of inner droplets is equal to the ratio of the genera-
tion frequencies of the inner droplets to that of the
outer droplets (figure 3(e)). By employing the jetting
regime for one of the inner phases, the larger inner
droplets are generated compared to those fabricated
by the dripping regime (figure 3(f)).Multicomponent
multiple emulsions can also be developed by adding
more emulsification processes. Figure 3(g) shows an
example of a multicomponent triple emulsion, which
is precisely engineered through a microfluidic capil-
lary device [28].

Emulsions established by droplet-based micro-
fluidics can be employed in several biological applic-
ations. In addition to the controlled compartment-
alizing of desired substances, two other reasons lead
to such a wide range of applications. First, func-
tional shells can be precisely created via microfluidic
capillary devices. Second, the trapped substances can
be released through different programmed mechan-
isms. As an example, the quadruple emulsion droplets
depicted in figure 3(c) provide a template to gener-
ate capsule-in-capsule structures. By loading chitosan
in the aqueous phases and adding terephthalalde-
hyde (TA) in the oil phases, chitosan is crosslinked
in the aqueous phases, and the capsule-in-capsule
structures are formed. The optimum combination
of each phase is designated by adjusting the viscos-
ity and density of the phases. In this way, the stable
capsule-in-capsule structure with an average size of
419 µm and CV < 4% is attained for both the inner
and outer capsules. TA-crosslinked chitosan can be
degraded in a low pH environment. Therefore, by
adding a buffer solution with pH 2.5, the sequen-
tial release of outer and inner oil cores is carried
out. In addition to acidic-triggered release profiles,
thermal release methods can also be exerted on the
shells. Wax is a preferable material that can be used
to thermally release ingredients. In figure 3(e), wax is
used as the middle phase. In this situation, the inner
droplets are prevented from cross-contamination and
coalescence without using any surfactant. Further-
more, the coalescence of inner droplets was carried
out by increasing the temperature to the wax melt-
ing point. The combination of temperature- and
acid-triggered release methods is also feasible. In
figure 3(h), poly(N-isopropylacrylamide) (PNIPAM)
and TA-crosslinked chitosan are used respectively in
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Figure 3. Formation of monodisperse (a) double and (b) quadruple double emulsions. (c) (i) Quadruple emulsion droplets
generated by the microfluidic device in (b). (ii), (iii) Synthesizing capsule-in-capsule structures by crosslinking chitosan in the
aqueous phases. (d) Schematic of generating multi-component double emulsion droplets via a microfluidic capillary device.
(e) Different structures of multi-component emulsions created by tuning the generation frequencies of the inner phases in the
dripping regimes. (f) A multi-component double emulsion droplet with two different sizes of inner droplets. The large blue and
small red droplets are respectively generated in jetting and dripping regimes. (g) A multicomponent triple emulsion droplet.
(h) (i)–(iii) The sequence of thermal-triggered release and (iv)–(vi) acid-triggered release of capsule-in-capsule structures. Scale
bares are 400 µm in (iii), and 100 µm in (vi). (a) Reprinted from [74], Copyright (2015), with permission from Elsevier.
(b), (c), (h) [17] John Wiley & Sons. (d)–(f) Reproduced from [67] with permission of The Royal Society of Chemistry.
(g) Reproduced from [28] with permission of The Royal Society of Chemistry.

outer and inner shells. As the temperature increased
beyond the volume phase transition temperature of
PNIPAM, the PNIPAM shell shrinks and raptures
due to high inner pressure. Then, the inner shell is
decomposed in an acidic environment. Therefore, the
sequential and independent release of substances can
be achieved by consecutive temperature-triggered (in
the outer shell) and acid-triggered (in the inner shell)
release methods.

3.2. Particle synthesis
Emulsion templates can be served to fabricate
functional micro- and nanoparticles with vari-
ous biological applications. From an architectural
point-of-view, these particles can be categorized
in different shapes. Figure 4 summarizes the most
practical particle shapes applicable in biomedi-
cine. The simple particles are spherically built up
in micro and nanoscales through droplet micro-
fluidics. Core–shell and Janus particles are made up
of two distinct regions that exhibit different prop-
erties in terms of polarity, solubility, degradability,
etc. The core–shell particles are commonly used to
synthesize microcapsules and vesicles, while both
core–shell and Janus particles are appealing structures
for drug and gene delivery systems [11, 75]. Using the
core–shell particles, the components in distinct layers

can symmetrically release in a programmed manner.
However, the Janus particles result in an asymmet-
ric release of the components. All the mentioned
particles can be formed with non-spherical configur-
ations, as depicted in figure 4.

Compared with conventional batch methods,
microfluidics offers several advantages for generat-
ingmonodisperse engineered particles [76, 77]. Using
this technique, the reagent consumption and all phys-
ical and chemical phenomena are precisely controlled
inside individual microreactors. Thereby, functional
particles with the desired size and shape can be easily
constructed. From the compositional point-of-view,
the particles can be grouped into polymeric and non-
polymeric (inorganic) particles. The former group
has been commonly used in pharmaceutical applica-
tions [78, 79], while the latter group has a wide range
of applications in bio-sensing [80], bio-imaging [81],
and cell labeling [82]. Besides, the particles with a
combination of polymeric and non-polymeric com-
ponents can be formed using droplet microfluidic
devices [83, 84].

Polymeric particles are commonly made up of
poly(lactic acid) (PLA), polycaprolactone (PCL),
poly(lactic-co-glycolic acid) (PLGA), and poly(vinyl
alcohol) (PVA), as well as polysaccharides, including
chitosan, alginate, and pectin, which are appealing
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Figure 4.Most applicable particles in biomedicine. (a) Simple micro- and nanoparticles, (b) core–shell particle, (c) Janus particle,
and (d) non-spherical particles, including ellipsoid, rod-like, and snowman-like particles.

materials for preparing functional microparticles
owing to their biodegradability, biocompatibility,
and high solubility [11]. Droplet microfluidics can
also be used for consolidating the polymeric struc-
tures. Consolidation commonly occurs through poly-
merization, crosslinking, or evaporation processes.
These processes can be controlled in microreactors
provided by droplet microfluidics. Hence, in addi-
tion to the size and shape, particle solidity can be
accurately adjusted. This issue is more significant
for particles with complex structures. On the other
hand, inorganic particles such as gold (Au), silver, and
magnetite nanoparticles can be efficiently synthesized
by droplet microfluidic devices. Gold nanoparticles
(AuNPs) are broadly used inmany biomedical applic-
ations from cancer therapy [85] to diagnostic devices
such as rapid lateral flow strips [86]. Conventionally,
AuNPs are produced by the reduction of gold salt pre-
cursor in the presence of a stabilizing reagent. The
batch methods usually suffer from inhomogeneous
mixing, which leads to polydisperse particle size dis-
tribution and large batch-to-batch variations. Lazarus
et al [87] revealed the capabilities of droplet micro-
fluidics to synthesize monodisperse and controlled-
sized AuNPs. They injected gold precursor as well as
reducing and stabilizing reagents in parallel inside a
flow-focusing device and allowed the interdiffusion
of three laminar streams. They observed when the oil
focusing flow rate increases, the middle flow turns
into droplets, and more monodisperse and smaller
AuNPs are formed, compared with the case of low
oil flow rates that drops are not formed. Particle
synthesis inside droplets enhances the mixing and

consequently accelerates the chemical reactions. Since
the reagents are protected inside the droplet microre-
actors, the device fouling issues is less significant
in the droplet microfluidic devices compared with
the other devices. Furthermore, silanization and pH
adjustment techniques can be employed to minimize
the adsorption of nanoparticles by the channel walls
[87, 88]. Bandulasena et al [88] employed a droplet-
based microfluidic device to synthesize different-
sized AuNPs. As shown in figure 5(a), 1 mM tet-
rachloroauric acid (HAuCl4) stream comprising 1%
(w/v) polyvinylpyrrolidone (PVP), as the gold pre-
cursor, and 20 mM L-ascorbic acid solution, as redu-
cing reagent, are injected through the co-flow capil-
lary tubes. The counter flow of oil Miglyol 840 turns
the central flow intomonodisperse droplets that facil-
itates the mixing of gold precursor and the reducing
reagent. The effect of different flow rate ratios and
geometrical parameters on the size and polydispersity
of synthesized NPs were investigated. Characteriz-
ation of particles was performed through dynamic
light scattering, transmission electron microscopy
(TEM), and ultraviolet–visible (UV–Vis) spectro-
scopy. To study the effect of continuous phase flow
rate on characteristics of NPs, gold precursor and
reductant flow rates were set to 2 ml h−1 and
12 ml h−1, respectively, and the oil flow rate was var-
ied from 30 to 60 ml h−1. As depicted in figure 5(a),
the size of droplets and NPs are decreased by increas-
ing the carrier oil flow rate. Nevertheless, the poly-
dispersity index of NPs enhances by increasing the
continuous phase flow rate. It was inferred that gen-
erating smaller droplets enhances reagent mixing,
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Figure 5. (a) Microfluidic synthesis of gold nanoparticles. (i) Schematic of the droplet-based microfluidic device.
(ii) Different-sized droplets generated at 30 ml h−1 (1), 40 ml h−1 (2), 50 ml h−1 (3), and 60 ml h−1 (4) flow rates of the
continuous phase. (iii) Representative TEM images of synthesized AuNPs with the sizes of 276 nm (1), 365 nm (2), 257 nm (3),
and 240 nm (4) corresponding to the mentioned flow rates. (b) Fabrication of core–shell and Janus particles. (i) Flow-focusing
microfluidic device. (ii) Schematic illustration of PLGA/PCL particle synthesis in the form of Janus and core–shell particles using
different solvents in the dispersed phase. DMC: dimethyl carbonate; DCM: dichloromethane. (iii) Comparing in vitro
degradation of Janus (1–3) and core–shell (4–6) PLGA/PCL particles within 21 d. The smooth and rough parts display PLGA and
PCL parts, respectively. (c) Fabrication of HPMCAS microparticles containing HTNs. (i) Microfluidic device, (ii) a representative
SEM image of surface morphology of HNTs, (iii) a representative TEM image of the nanotubular structure of HNTs,
(iv) monodisperse HNT-loaded HPMCAS particles, and (v) a representative SEM of the cross-section of an HNT at HPMCAS
particle. (a) Reprinted from [88], Copyright (2019), with permission from Elsevier. (b) Reproduced from [90] with permission of
The Royal Society of Chemistry. (c) Reprinted from [91], Copyright (2017), with permission from Elsevier.

so that particle nucleation dominates over particle
growth. Thus, smaller andmore polydisperse NPs are
synthesized within the smaller droplets.

Core–shell and Janus particles are synthesized
through a roughly similar procedure using droplet-
based microfluidic devices. Double emulsion tem-
plates are commonly employed to synthesize core–
shell particles. On the other hand, Janus droplets are
formed using single emulsions so that two immis-
cible fluids are injected in parallel inside an indi-
vidual channel and then sheared by a continuous

fluid flow [89]. Nevertheless, both core–shell and
Janus particles can be synthesized using single emul-
sion templates through the phase separation mech-
anism. Li et al [90] implemented a controlled phase
separation mechanism on O/W single emulsions
and fabricated both core–shell and Janus PLGA/PCL
particles, as shown in figure 5(b). PLGA and PCL
are respectively hydrophilic and hydrophobic poly-
mers. Thus, such particles can be a favorable tem-
plate for loading both hydrophilic and hydrophobic
substances in a single particle. To synthesize Janus
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particles, an aqueous solution having 2 wt% PVA
is employed as the continuous phase, and the dis-
persed phase is prepared by dissolving PCL and
PLGA (7:3 or 1:1 w/w) in dimethyl carbonate with a
total concentration of 40 mg ml−1. The flow rates
of dispersed and continuous phases are designated
as 0.16 and 0.4 ml h−1, respectively. Finally, the
Janus particles are collected in a bath containing a
2 wt% aqueous solution of PVA at room temper-
ature, and solidification occurred by solvent evap-
oration. The core–shell particles with PCL core and
PLGA shell are fabricated following a similar pro-
tocol. The exceptions are that dichloromethane is
used as the solvent (instead of dimethyl carbon-
ate), and the dispersed and continuous phase flow
rates are adjusted as 0.45 and 0.25 ml h−1, respect-
ively. For the identical weight ratio of PLGA/PCL,
the average sizes of Janus and core–shell particles
are 28.42 and 47.00 µm, respectively. Besides, the
CV values of 4.25% for the Janus and 2.74% for
the core–shell particles represent excellent degrees
of monodispersity. To figure out the particle char-
acteristics, attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) and acetone
treatment were performed. The sequential degrad-
ation of PLGA/PCL Janus and core–shell particles
inside phosphate-buffered saline (PBS) is also shown
in figure 5(b). As demonstrated in figure 5(b), after
14 d of incubation inside the PBS bath, the PLGA
part (smooth part) of the Janus particle is more
degraded compared with the PCL part. Besides, the
PLGA shell in core–shell particle is degraded, such
that ATR-FTIR detected both PLGA and PCL on the
surface of the particles. After 21 d, the Janus particle
mostly loses its PLGA part, and the core–shell particle
turns into a PCL microsphere. This different degrad-
ation behavior can be advantageous for programmed
DDS.

Recently, the fabrication of microparticles loaded
with nanoparticles has been enabled via droplet-
based microfluidic devices. This class of particles
is appealing for developing oral DDS. Some nano-
particles, such as halloysite nanotubes (HNTs) [91]
and porous silicon (Psi) [92], have high drug load-
ing capacity. By encapsulating the drug-loaded nano-
particles into the polymeric microparticles, it is pos-
sible to subsequently release different physiochemical
drugs in a single formulation. Li et al [91] presented
a flow-focusing O/Wmicrofluidic platform to encap-
sulate HNTs in hydroxypropyl methylcellulose acet-
ate succinate (HPMCAS) polymer (figure 5(c)). The
inner dispersed phase is the 20 mg ml−1 solution of
HPMCAS in ethyl acetate (EA) containing HNTs at a
concentration of 4 mg ml−1, and the outer continu-
ous phase is 2% w/v Poloxamer 407 aqueous solu-
tion. Figure 5(c) depicts HNTs embedded in monod-
isperse HPMCAS microparticles with an average size
of 70 µm. Drugs with different physiological prop-
erties can be loaded respectively in HPMCAS and

HNTs, and the programmed release can be performed
by pH stimulation.

Particles with non-spherical architectures are also
fabricated by droplet-based microfluidic devices. The
special shape of particles is usually the result of the
external stresses exerted on emulsions during the
droplet generation process or the difference in inter-
facial tensions or chemical properties of the adja-
cent phases. Ellipsoid [93], rod-like [93, 94], and
snowman [95] shaped particles are some prevalent
non-spherical particles that are fabricated by droplet-
based microfluidic devices.

4. Applications of droplets in biomedicine

4.1. Biomolecular analysis
Biomolecules are chemical compounds produced by
living organisms. They are vital for many endogenous
and exogenous processes in cells. Therefore, under-
standing their structure and function has been the
subject of numerous studies over the years [96, 97]. In
the following sections, deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), enzymes, and proteins are
described as four important biomolecules, and the
droplet-basedmicrofluidic platforms used for analyz-
ing these biomolecules are presented.

4.1.1. DNA and genomics
Droplet-based microfluidic systems has attracted
increasing attention in studying single-cell genomics,
which plays a significant role in the understanding
of individual cell function in both normal develop-
ment and disease [98]. DNA is one of the two main
classes of nucleic acids that carry the genetic instruc-
tions for building a life form.Hence, the characteriza-
tion of DNA is of interest in many fields, such as clin-
ical diagnostics and pharmaceutical research. PCR
was first performed in a droplet-based microfluidic
platform by Beer et al [99]. Since then, droplet-based
microfluidic devices have been employed for DNA
extraction [100] and sequencing [101]. Zubaite et al
used a droplet-based microfluidic system for isola-
tion, amplification, and condensation of single-DNA
molecules in 3 pL volume droplets and converted
into ∼1300 nm-sized DNA-magnesium-inorganic
pyrophosphate particles [102]. The droplets were
generated by a simple T-junction device, and the
condensed DNA particles were purified using cent-
rifugation with a recovery rate of ∼60%–90%. An
in vitro transcription-translation reaction was then
performed with re-encapsulated purified particles as
the template and expression of the β-galactosidase
enzyme was successfully obtained. Large quantity of
functional gene copies (∼105 copies per particle)
can be provided and a variety of enzymes or pro-
teins can be synthesized using droplet microfluidics,
making it adaptable to many in vitro assays. In
droplet PCR platforms, adding a piezoelectric dia-
phragm micropump to the T-junction channel, for
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Figure 6. Droplet magnetofluidic chips for quantitative MSP was developed by Stark et al. (a) Human cell suspension was loaded
to the 1st chamber from the left along with droplets containing magnetic particles and bisulfite conversion reagent. Bisulfite
conversion and cell lysis were achieved through droplet merging. In the 2nd chamber, the resulting droplets were merged with
secondary droplets containing reagents for binding DNA to magnetic particles. In the next well, DNA-containing beads were
washed by a buffer and transferred to the 5th chamber for desulphonation. After two more washing steps, the beads entered the
7th chamber for MSP. (b) Three operations were distinguished within the platform: droplet merging in which the entire droplet
was moved and merged due to DNA bounding onto magnetic particles, droplet separation in which DNA was transported across
different droplets, and particle dispersion in which the particles plug was released upon removal of the magnetic field. (c) Three
identical and parallel lanes of the fabricated microfluidic device. Droplets were mixed with food dye for better visualization. (d) A
thermal control unit with two heating blocks was placed below the chip lysis and bisulfite conversion in the 1st chamber and PCR
thermal cycling in the last chamber. A fluorometer with laser and detector on top of the chip provided real-time signal detection
during PCR. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Biomedical
microdevices [104] A sample-to-answer droplet magnetofluidic assay platform for quantitative methylation-specific PCR,
A Stark, D J Shin, T-HWang, (c) 2018.

the evacuation of air from the outlet reservoir, can
enhance the production ofW/O emulsion droplets to
the rate of∼1000 droplets per second [103]. Although
this approach leads to low material cost due to the
small sample dead volume, the throughput of the
microfluidic chip would need improvement. A fully
integrated droplet magnetofluidic assay platform was
introduced by Stark et al [104] for DNA extrac-
tion, quantitative PCR of biological samples, and
bisulfite conversion. Instead of following a 13 steps
methylation-on-beads (MOB) protocol for benchtop
methylation-specific PCR (MSP) assay, a seven-step
streamlined MOB protocol was developed which
reduced the total handling time from 4.5 to 7 h.
Details of the magnetofluidic system are depicted

in figure 6. Considering the importance of single-
stranded DNA (ssDNA) as a molecular recognition
element, a droplet-based microfluidic chip can be
implemented in conjugation with microsphere-PCR
to amplify ssDNA and reduce contaminations of
double-stranded DNA [105]. Using this platform,
the droplets can be formed with the aid of a flow-
focusing geometry using an orifice-diffuser struc-
ture with a rate of 30 microspheres per second, then
moved to a serpentine mixing channel followed by
a polymerization channel for microsphere solidifica-
tion, and finally subjected to PCR. Pathogens such as
Escherichia coli (E. coli) O157 and Listeria monocyto-
genes [106] can also be detected by taking advantage
of droplet PCR platforms. To characterize the genetic
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variety within cancer cell populations, Pellegrino et al
designed a microfluidic device for high-throughput
single-cell DNA sequencing of acute myeloid leuk-
emia tumors [107]. Their workflow was comprised
of two steps: first, the cell suspension and lysis buf-
fer, including protease were injected into the device,
formed droplets, and incubated to encourage proteo-
lysis. Then, the droplets containing genomes of indi-
vidual cells were combined with droplets containing
molecular barcode-carrying hydrogel beads and PCR
reagents. The abovemethod could produce sequence-
ready libraries in less than 2 d cost-effectively due to
the use of picoliter volume droplets and was able to
detect cells harboring pathogenic mutations as few as
3 out of about 4000 genotyped cells.

4.1.2. RNA and transcription
RNA is the other main class of nucleic acids that car-
ries out the genetic instructions encoded in DNA and
converts them into proteins. A particular segment of
DNA is copied into a messenger RNA (mRNA) via
transcription and then decoded to produce a spe-
cific amino acid chain via translation. Therefore, per-
forming the process in a reverse manner provides a
significant genetic database. Besides, RNA released
from a cellular material can be extracted and reverse
transcribed into complementary DNA (cDNA), fol-
lowed by a PCR process to amplify regions of interest.
This procedure is called reverse transcription PCR
(RT-PCR) and has the advantage of reverting single-
stranded unstable RNA to cDNA, which is easy to
work with [108]. As it is mentioned in previous
sections, the first droplet-based RT-PCR was intro-
duced by Beer et al [109]. Thereafter, significant pro-
gress has been made in the field of pathogens detec-
tion whose genomes are composed of RNA such
as influenza viruses [110, 111], retroviruses (e.g.
human immunodeficiency virus (HIV)) [112, 113],
and flaviviruses (e.g. hepatitis C virus (HCV)) [114].
Single-copy RT-PCR in a droplet-based microfluidic
device was first presented by Zhang et al [115], where
a single RNAmolecule or cell was encapsulatedwithin
agarose droplets. Their chip had four inlets: one for an
aqueous solution of cell lysis and RT-PCR chemicals
in 2% agarose solution, one for aqueous solution of
cells or RNA in 2% agarose solution, and the remain-
ing two for oil injection. In the case of 0.1/1.8 ml h−1

(agarose/oil) flow rate, the sizes of the produced
droplets were 48 ± 5 µm. Using agarose in droplet
formation was beneficial for long-term downstream
processing; agarose droplets were cooled to form
agarose beads after performing RT-PCR to avoid dif-
fusion of RT-PCR products in neighboring droplets.
However, the agarose is incompatible with using Taq-
Man probes. In droplet-based microfluidic devices,
conducting single-cell RT-PCR assays are challenging;
cells must be lysed to release RNA, while lysis reagents
and lysate can prevent identification of the target
sequences in RT-PCR reaction. As a result, cell lysis

and RT-PCR reagent addition are often carried out
in separate microfluidic devices with labor-intensive
process of collecting droplets from one device and
injecting them to another. To address the aforemen-
tioned issues, Eastburn et al [116] proposed a droplet-
basedmicrofluidic device that integrated cell lysis and
reagent addition in a single chip and could perform
∼5000 single-cell TaqMan RT-PCR reactions in a
single experiment. 40 µm-droplets were produced by
regulating the flow rates of cell suspension, lysis buf-
fer, and focusing oil. This ultrahigh-throughput plat-
form could always identify a unique cell type among
a heterogeneous cell sample due to the droplet com-
partmentalization, which offered the possibility of
simultaneous use of TaqMan probes and cell-viability
dyes. In another study, to make the integrated single-
cell droplet RT-PCR chip in a more efficient manner,
Kim et al [117] used alkaline lysis, in which isolated
single cells were exposed to a buffer with high pH
that could be rapidly neutralized by RT-PCR buffer.
The above chemical strategy enhanced the through-
put from 168 droplets per second in two-step work-
flows to 411 droplets per second in the integrated one,
decreased the consumption of RT-PCR reagent at a
10% cell loading ratio for 100 000 cells from 660 µl
to 270 µl and reduced the preparation time of 47 078
single-cell RT-PCR droplets from 120 min to 19 min.
The detailed schematic of this microfluidic platform
can be seen in figure 7.

In addition to RT-PCR, reverse transcription
loop-mediated isothermal amplification (RT-LAMP)
has been applied, in which the target sequence is
amplified at a constant temperature in contrast to
temperature cycling in RT-PCR [118]. In one study,
Azizi et al [119] combined droplet-based micro-
fluidics and LAMP to design a sensitive biosensor
for Salmonella typhimurium detection. To examine
the detection limit of the Salmonella typhimurium in
the latter device, droplets with diameters of 20 µm
and 40 µm were generated via a T-junction device,
and eight LAMP reaction cocktails were prepared
using the extracted RNA, including a negative con-
trol and seven positive samples with different dilution
factors. By implementing a mathematical model, it
was shown that in a pure culture condition, the detec-
tion limits were at an approximate dilution factor
of 105× and 107× for 20 µm and 40 µm droplets,
respectively. The detection limit was two orders of
magnitude lower in the contaminated milk sample.
However, it was noted that in the case of larger
droplets, a longer incubation time, or a more precise
method was required to distinguish positive and neg-
ative droplets. Another way of cDNA amplification in
reverse transcription is RNA sequencing (RNA-seq).

While RT-PCR can only identify known tran-
scripts, RNA-seq can detect both known and
sequences with a low amount of RNA and high pro-
ductivity. However, this broader range of information
often needs bioinformatics for analysis, increasing
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Figure 7. Schematic representation of the integrated droplet-based microfluidic device presented by Kim et al for performing
single-cell RT-PCR using chemical lysis. Single cells were encapsulated with the alkaline buffer in a modified T-junction (a) and
moved towards a serpentine microchannel for homogenous mixing of the droplet contents (b). Then the excess oil was removed
to pack the droplets together (c) as they entered the delay line for incubation (d). By the end of the delay line, cell lysis was
completed, and lysis droplets were merged with RT-PCR droplets generated by a parallel T-junction (e). The pairing occurred via
electrocoalescence, and the lysis buffer was instantly neutralized by RT-PCR buffer. The resulting droplets were collected and
amplified by RT-PCR procedure (f) and TaqMan-positive droplets were achieved (g). Reprinted with permission from [117].
Copyright (2018) American Chemical Society.

the cost of the process [120]. RNA-seq has also been
conjugated with droplet-based microfluidics due to
their efficient droplet generation for low input RNA
samples. Mouse embryonic stem cells before and
after removal of leukemia inhibitory factor and their
differentiating cells were profiled in a droplet-based
RNA-seq microfluidic device called inDrop [121]. In
this study, to ensure that the primers required for
encoding every barcode were present in each droplet,
a library of barcoded hydrogel microspheres (BHMs)
was produced and then co-encapsulated with cells.
In a similar approach named Drop-seq, individual
mouse retinal cells and barcoded primer beads were
encapsulated within nanoliter-sized droplets along
with lysis buffer [122]. Droplets were formed by a
droplet-basedmicrofluidic chip capable of producing
more than 100 000 droplets per minute. Single-cell

transcriptomes attached to microparticles were then
subjected to RNA-seq. The Drop-seq method was
able to identify 39 distinct populations from 44 808
cell profiles. Perturb-seq is the name of another plat-
form that combined droplet-based single-cell RNA-
seq with barcoding clustered regularly interspaced
short palindromic repeats-mediated perturbations
in companion with an analytical pipeline to decom-
pose massive generated datasets [123]. High amp-
lification of RNA was achieved via applying a new
method called easier-seq (emulsion-based ampli-
fication of sequence-independent uniformly tran-
scribed RNA sequencing), followed by droplet gen-
eration in a microfluidic device [124]. Sequencing
could be performed on RNAs with or without poly-
adenylate tails using random N6 hexamers as the
reverse transcription primers. The cDNA product
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was then encapsulated within 1.5 × 105 65 pL
droplets in microfluidic channels and exposed to
isothermal amplification. Coupling multiplexed
droplet single-cell RNA sequencing (dscRNA-seq)
with a computational algorithm, demuxlet assisted in
the investigation of gene expression in eight pools
of peripheral blood mononuclear cells (PBMCs)
from lupus patients [125]. With the aid of demuxlet,
droplets containing a single cell and two cells, sing-
lets, and doublets respectively, were distinguished.
Thus, the cost of per-cell and per-sample library pre-
paration was reduced. The strategy of multiplexed
profiling and demultiplexing of transcriptomes by
demuxlet was proven to be robust and unbiased.

4.1.3. Protein analysis
Proteins are bridges between genetic information
and cellular biological functions. Copying genetic
sequences of DNA into RNA is followed by trans-
lation, in which chains of amino acids are gener-
ated. Amino acids are building blocks of proteins; 20
different chains of amino acids must be combined
in a specific sequence to produce a unique type of
protein. Characterization of proteins and their func-
tion at the single-cell level were exploited by droplet-
based microfluidic platform due to their improved
reliability and scalability in comparison to conven-
tional techniques [126]. Protein crystallization has
been in the spotlight of research as understanding
protein structures can shed light on their regulat-
ory patterns. When Protein Data Bank was foun-
ded in 1971, it contained only seven protein struc-
tures [127] which increased to more than 151 000
structures in 2020 due to the growing attention. Pro-
tein crystallization includes two steps: nucleation in
which a stable nucleus is formed by aggregation of
protein molecules in a solution and growth where
more molecules attach to the nucleus, and the crystal
becomes bigger [128]. Protein crystallization requires
a complimentary analysis such as x-ray diffraction
to obtain protein structure. Hence, to achieve high-
resolution data, the process must be controlled to
prevent the aggregation of protein crystals [129].
To address this problem, droplet-based microfluidic
devices have come to aid to produce engineered
droplets for encapsulating a specific number of pro-
teins [130, 131]. Screening of protein crystallization
in nanoliter volume droplets was first implemented
by Zheng et al [132], where thousands of protein crys-
tallization conditions were achieved by controlling
the flow rates of the solution. Small-angle x-ray scat-
tering (SAXS) is another screening technique that has
been coupled with droplet-basedmicrofluidic devices
for protein crystallization [133]. In the study, proteins
were encapsulated in aqueous droplets with buffer
and crystallization agents. The resulting droplets were
then passed through the x-ray beam to record SAXS
data. The structural stability of proteins in droplets
was tested in rasburicase, which demonstrated no

radiation damage. Likewise, the effect of protein sat-
uration on weak interaction variations was investig-
ated on lysozyme. Both experiments showed good
agreement with previously reported data, making the
latter platform a powerful tool in the field of protein
crystallization. Lysozyme was also used as a model
protein for a parametric study of the crystalliza-
tion mechanism within droplets conducted by Fer-
reira et al [134]. They performed a hydrodynamic
study on the formation of droplets and the effect
of their volume on the phase behavior of lysozyme
with numerical and experimental approaches. Using
the designed microfluidic device, they could gener-
ate the droplets with volumes of 0.9–18 µl at the fre-
quency of up to 250 droplets per assay. Lysozyme
crystals formed in these droplets are demonstrated
in figure 8. Protein and protein-ligand crystalliza-
tionwere explored in a versatilemicrofluidic platform
with droplet factory, droplet characterization, and
droplet incubation and observation compartments
[135, 136]. In the droplet factory, droplets as small
as 2–10 nl were generated. The size, frequency, and
composition of the droplets were determined by spec-
trophotometry in the droplet characterization unit,
and a thermostat and anXYZ-motorized camerawere
placed within the incubation and observation part.
Instead of microfabrication techniques, they applied
commercial microfluidic tubing and junctions to cre-
ate the desired geometry and chose lysozyme and
human quinone reductase 2 (QR2) for protein and
protein-ligand experiments, respectively. These three
independent units along with the easily constructed
geometry of droplet generator provided precise con-
trol over the crystallization process. As an alternative
to conventional polydimethylsiloxane (PDMS)-based
microfluidic devices, Selzer et al [137] developed a
polycarbonate-based microfluidic chip designed for
generation of droplets used in crystallization. Using
polycarbonate not only made the fabrication process
simpler and more flexible to chip geometry, but also
provided a platform for droplet generation requiring
hydrophobic or hydrophilic surface properties.

In addition to protein crystallization, droplet-
based microfluidic platforms have been employed to
detect cell membrane proteins [138, 139], investigate
protein–protein interactions [140–142], and perform
single-cell proteomic analysis [143, 144].

4.1.4. Directed evolution of enzymes
Enzymes are biological catalysts that accelerate chem-
ical reactions within cells. Malfunction or deficiency
of a single enzyme can lead to disease [145]. Most
enzymes are proteins except ribozymes, which are
catalytic RNA molecules. In the present review,
enzymes are surveyed in a separate section due
to their significant roles in many biological pro-
cesses. The directed evolution of enzymes is a topic
of interest that has been coupled with droplet-
based microfluidic devices [146]. The principle of
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Figure 8. Formation of lysozyme crystals at sodium chloride 3% (w/v) and pH 4.7 within droplets generated by the microfluidic
device introduced by Ferreira et al. Below the metastability limit, clear droplets were obtained with no nucleation and growth of
crystals because the critical supersaturation state was not achieved. Above the metastability limit, lysozyme crystals were formed,
and their number and size depended on initial lysozyme temperature and concentration. The numbers indicated in each picture
are lysozyme concentrations in mg ml−1. Reprinted from [134], Copyright (2018), with permission from Elsevier.

directed evolution is to choose an enzyme with sim-
ilar properties to the desired ones and introduce
random mutations into its encoding gene. The lib-
rary of mutations is then cloned into bacteria to
produce randomly mutated enzymes. The resulting
enzymes were tested, and the best ones were selec-
ted and subjected to further rounds of evolution.
After a few generations, new variants of enzymes
are achieved [147]. In this method, it is import-
ant to recover the DNA sequences of the selected
enzymes. A droplet-based study enables the sim-
ultaneous screening of enzymatic activity and its
genetic source. Fluorescence-activated droplet sort-
ing (FADS) is the most commonly used screening
technique in the droplet-based directed evolution of
enzymes such as arylsulfatase [148], CotA laccase
[149], novel lipolytic enzyme EstT1 [150], and retro-
aldolase RA95 [151] all via E. coli cells. Since just
one type of substrate was used in the aforemen-
tioned platforms, the capability of FADS was limited
to screen only simple enzymatic properties. Ma et al
[152] employed a dual-channel microfluidic droplet
screening device (DMDS) to improve the monitoring
efficiency to more than 108 droplets with up to ∼107
enzyme variants per day. The basis of their screening
approachwas FADS, but enzymatic activities could be
simultaneously evaluated on two substrates. Hence,
more complex enzymatic properties such as enan-
tiospecificity, regiospecificity, and chemospecificity
were screened via this device. The details of this
droplet-based microfluidic platform are depicted in
figure 9. Screening methods are not limited to FADS.

Gielen et al [153] developed an efficient micro-
fluidic absorbance-activated droplet sorter (AADS)
for directed enzyme evolution with sorting rates of
around 300 droplets per second. This AADS mod-
ule was based on two optical fibers placed face to face
across the droplet microchannel that could sense the
concentration of dye within each passing droplet and
record the decrease in transmittance. Another chal-
lenge in directed enzyme evolution is that by using
E. coli as host, lysis must be carried out within the
droplets to reach enzymatic activity. Using yeast cells
simplifies the process by deleting the lysis step [154].
In this regard, Beneyton et al [155] took advantage
of the yeast Yarrowia Lipolytica in their droplet-based
chip. Five fungal genes encoding hydrolytic enzymes
were successfully secreted and overexpressed in an
active form.

4.2. Cell biology
Encapsulation and compartmentalization of cells in
droplets simplify manipulation and screening in cell-
based assays. Each droplet plays the role of microen-
vironment for the cells; hence intracellular and extra-
cellular responses to a controlled stimulus can easily
be detected [156]. Asmicrofluidic devices have shown
their capability in generating droplets with tunable
properties, they have been used to expand current
knowledge in the field of cell biology [157]. Cell
biology research in droplet-based microfluidic chips
covers single-cell analysis [158, 159] and organ-in-
a-droplet [160]. Artificial cell generation is another
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Figure 9. DMDS platform was designed by Ma et al for improved screening of directed evolution of enzymes in droplet-based
microfluidics. (a) Schematic illustration of DMDS operation which included flow-focusing droplet generation and a dual-channel
FADS. Monodisperse droplets with diameters of 24–42 µm were formed to encapsulate mutant enzyme-expressing single cells
along with two fluorogenic substrates and lysis buffer. After off-chip incubation and reinjection of the droplets, two spatially
separated lasers producing two temporally separated emissions were used to identify the mutant-enriched droplets. Optical
images of droplet generation (b) off-chip incubation, (c) reinjection, (d) and sorting within the platform, (e) FADS. Scale bars are
100 µm. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature
Communications [152] Efficient molecular evolution to generate enantioselective enzymes using a dual-channel microfluidic
droplet screening platform, F Ma, M T Chung, Y Yao, R Nidetz, L M Lee, A P Liu, Y Feng, K Kurabayashi, G-Y Yang, (c) 2018.

attractive approach in cell biology research that mim-
ics only specific characteristics of a living cell [161].

4.2.1. Intracellular and extracellular interactions
In living cells, intracellular processes are as essential as
the communication of cells with each other and their
extracellular matrix (ECM). Regulation of cellular
function is highly dependent on the signals received
from inside and outside of the cell membrane. Thus,
isolating an individual cell or a group of cells within
a droplet enables the characterization of the under-
lying mechanism of cellular responses. Encapsula-
tion ofmitochondria within aqueous droplets was the
first application of droplets in cell-based assays [162].
Droplet size is a deterministic factor in cell division
and viability. In an instructive example, three differ-
ent sizes of droplets were generated via a microfluidic
droplet generator system to evaluate the effect of the
aforementioned parameter on the Chinese Hamster
Ovary (CHO) cell culture [163]. Cells were encapsu-
lated in three different volumes including 33 180, and
320 pL droplets and cultivated for three days. It was
demonstrated that by the end of the 1st day, cell divi-
sion stopped in 33 pL droplets followed by decreas-
ing cell viability. This is due to the high density of
cells in a small volume as one cell in 33 pL volume
corresponded to 3 × 107 cells ml−1. Although high
viability above 90% and continuous cell division were
observed in both 180 pL and 320 pL droplets after
72 h, droplets with volume of 180 pL were considered
as the most efficient for screening since they con-
tained more concentrated cell products.

In a droplet, cell growth as an important indic-
ator of cell response to the desired manipulation is
different from bulk culture; the adherence of cells to
droplet boundaries is less than cell attachment to a
culture plate, the amount of nutrients provided for

cells encapsulated within a droplet is smaller, and the
permeability of gases to the droplets is different [164].
Correspondingly, careful adjustments must be made
in microfluidic devices to generate droplets specified
for a certain type of cell and test condition. Oxygen
supply to the cells has been improved using a dynamic
droplet incubation method, in which flow-induced
convection was created to enhance average inter-
droplet distances among accumulated droplets and
increase oxygen transfer into them [165]. Cell-laden
hydrogel microcapsules are also capable of mimick-
ing in vivo microenvironment for 3D cell culture
in droplet-based microfluidic devices [166]. Siltanen
et al [167] proposed a droplet microfluidic chip to
encapsulate hepatocytes in droplets with liquid core
and polyethylene glycol (PEG) shell. Cell–cell con-
tacts were facilitated by liquid core, while the hydro-
gel shell acted as a damper so that fluidic shear stress
within the system could not damage the cells. Using
the above approach, the hepatic function was main-
tained for over 10 days. Headen et al [168] intro-
duced a droplet microfluidic device with six parallel
flow-focusing nozzles to enhance microgel fabrica-
tion throughput. In this platform, mesenchymal stem
cells (MSCs) encapsulation was achieved in very high
cell densities of 2× 107 cell ml−1 within small micro-
gels with diameters less than 100 µm, and secretion
of vascular endothelial growth factor (VEGF) was
monitored in microgels. Detection of cytokines such
as IL-2,TNF-α, and IFN-γ secreted by encapsulated
Jurkat T cells in agarose microgels is another applica-
tion of droplet-based microfluidic systems [169].

The co-culture of different cell types in a single
droplet plays a crucial role in allowing one to
study cell–cell interactions. The hydrogel-based
droplet microfluidic chips can be employed for the
co-culturing of cells within a droplet [166]. Two
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Figure 10. Cell co-cultures in droplets. (a) Replication of stromal-parenchymal interactions in droplets. (i) A microfluidic device
to generate core–shell droplets so that hepatocytes and fibroblasts are embedded in the core and shell, respectively. The alginate
shell is crosslinked on-chip through additional oil flow containing acetic acid. (ii) Different assemblies of cells in the core and
shell of droplets. (iii) High cell viability was recorded after 10 and 14 d through calcein and Ethidium Homodimer-1 (EthD-1)
staining. Reproduced from [160] with permission of The Royal Society of Chemistry. (b) Pairing different cells within the Janus
microgels. (i) A microfluidic device to construct the alginate Janus microgels. The fluorocarbon oil and perfluoro-n-octane (PFO)
solution are introduced as the continuous and washing solution into the device. The inset shows the confocal image of Janus
particles. (ii) NIH3T3 cells were labeled with red and green cell trackers encapsulated into the distinct compartments of the Janus
particles. Microgels are labeled with fluorescein (green) and rhodamine (red) to distinguish each compartment. (iii) Microgels
containing MSCs and/or HUVECs after 8 d of coculture in a PDMS microwell. Positive ALP activity is observed inside the
microgels with the presence of HUVECs. Scale bars are 100 µm. [173] John Wiley & Sons.

blood progenitor cell lines MBA2 and M07e were
co-encapsulated in agarose microgels using a micro-
fluidic chip for droplet generation, and as a result of
1:1 co-culture, IL-3 secreted by MBA2 cells enhanced
the viability of M07e cells to 65.9% ± 8.4% in com-
parison to 20% in the case of individually encapsu-
lated M07e cells [170]. When heterogeneous umbil-
ical cord blood cells were cultured with MBA2 cells
within agarose microgels using the same chip, sub-
populations of hematopoietic cell types were recog-
nized based on their level of viability in response
to the secreted IL-3. Co-encapsulation of invasive
MDA-MB-231 and non-malignant MCF-10A human
breast epithelial cell lines in alginate/Matrigel micro-
gels led to a core–shell structure where MCF-10A
cells aggregated in the center, surrounded by MDA-
MB-231 cells [171]. A different level of E-cadherin
expression by the two cell types was claimed to be
the reason for the segregation within particles. The
co-culture of hepatocytes and stromal cells within
alginate/matrigel capsules resulted in the aggrega-
tion of hepatocytes and improved their survival as
indicated by increased levels of albumin secretion
[171]. Endothelial progenitor cells have also been
used as a supporting cell type for hepatocytes in

alginate/collagen microgel co-cultures [172]. Parac-
rine co-culture of hepatocytes encapsulated in PEG
microgels atop a feeder layer of 3T3 fibroblasts also
resulted in their prolonged survival [167].

To construct a more realistic model of stromal-
parenchymal interactions, Chen et al [160] estab-
lished the core–shell structures which could replic-
ate the crosstalk between hepatocytes (HepG2) and
fibroblasts (NIH-3T3). As depicted in figure 10(a),
hepatocytes were confined in the central aqueous
phase, and fibroblasts were embedded in the algin-
ate shells. The on-chip crosslinking of shells was car-
ried out via an additional oil channel containing
0.15% acetic acid. Hepatocytes formed the aggreg-
ates after several days, and the hydrogel shell was
permeable enough to pass nutrients and metabol-
ites. The proposed droplet-based microfluidic device
was able to separately encapsulate different cells in
the core and shell with high viability. Therefore,
stromal-parenchymal interactions can be well rep-
licated in such structures. Albumin secretion and
urea synthesis were monitored over time. It was
observed that the concentration of albumin and
urea in the core–shell structure (fibroblasts in the
shell and hepatocytes in core) increased compared
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Figure 11. Optical images of BMSC culture within PVA-based microgels generated by a microfluidic platform introduced by Hou
et al. In 7 d, degradation occurred in (a) MG5 microgels, followed by the migration of encapsulated cells towards the culture
plate. By day 28, only a few intact MG5 microgels were present. The degradation process was slower for (b) MG10 and (c) MG15
microgels; proliferation and migration were decelerated accordingly. Scale bars are 150 µm. Reprinted from [176], Copyright
(2018), with permission from Elsevier.

to the monotypic culture of hepatocytes. In another
approach, Zhang et al [173] generated monodisperse
multicompartment microgels with up to four dis-
tinct compartments. As shown in figure 10(b), the
Janus microgels constructed with this technique were
employed to pair single cells in a highly biocompat-
ible manner. NIH3T3 cells, with different fluorescent
labels, were dispersed within the RGD-alginate solu-
tion and then employed as dispersed phases to form
Janus microgels. Moreover, to evaluate the feasibil-
ity of constructing stem cell nichemicroenvironment,
human umbilical vein endothelial cells (HUVECs)
and, MSCs were encapsulated inside the Janus micro-
gels and then seeded inside PDMS microwells. After
8 days, the positive activity of alkaline phosphatase
(ALP) was observed, which indicates the osteogenic
commitment of MSCs.

Hydrogel encapsulation of stem cells in droplet-
based microfluidic devices has been widely used to
promote directed differentiation. Endodermal differ-
entiation of mouse embryonic stem cells was success-
fully achieved by microfluidic encapsulation within
microgels composed of PEG and heparin [174].
For osteogenesis, droplets containing bone marrow-
derived MSCs (BMSCs), bone morphogenic protein-
2 (BMP-2) osteogenic growth factor, and photo-
crosslinkable gelatin-methacryloyl (GelMA) were
formed via a microfluidic platform and then trans-
formed into microgels [175]. Microspheres obtained
by this strategy yielded high cell viability and prolifer-
ation, cell migration from the interior of the micro-
sphere to its surface, and differentiation of BMSCs
into osteoblasts. Hence, they could be implemented
as injectable cell vehicles for bone regeneration pur-
poses. As another example of droplet microfluidics
application in osteogenic differentiation of BMSCs,
Hou et al [176] fabricated degradable PVA-based

microgels encapsulated with BMSCs and BMP-2.
Three PVA concentrations (MG5,MG10, andMG15)
were used to form cell-laden microgels for studying
cellular behavior and microsphere degradation in
four weeks. The highest proliferation and degrada-
tion were observed when the lowest concentration of
PVA (MG5) was used, where after only 1 week, cells
began to migrate out of the microgels. MG10 and
MG15 microgels demonstrated slower degradation
rates. Hence, their cell proliferation and migration
were more restricted compared to the MG5 samples.
Optical images of microgels and cells during 4 weeks
of incubation are shown in figure 11.

4.2.2. Artificial cell generation
To simplify the complexity of living cells and provide
a bottom-up reconstruction approach, artificial cells
were introduced [161]. Artificial cells are engineered
cell-like structures that allow the isolated study of spe-
cific aspects of cell biology in a tunable microenvir-
onment such as droplets. Droplet-based microfluidic
systems can be employed for generating artificial cells
[177]. Culture conditions like delivery of oxygen and
nutrients are not a concern in artificial cells since they
are not living systems. Diverse cellular processes such
as gene expression, cytoskeleton biophysics, mem-
brane operations, and cell division have been invest-
igated using artificial cells [161].

The cell membrane, a selectively permeable bar-
rier that controls the transport of biological sub-
stances in and out of a cell, can be constructed
using droplet-based microfluidic devices to mimic
the morphology and function of the natural cell
membrane. Several techniques are developed for fab-
ricating the lipid bilayer of the cell membrane [178].
In an example of how emulsion works in artificial
membrane generation, Elani et al [179] designed a
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Figure 12. (a) Schematic and optical image of a multisome with two compartments generated in the work of Elani et al. DIB was
formed at the point of contact of the inner droplets, and a monolayer was distinguished at the interface of the outer droplet and
external aqueous phase. (b) Representative illustration of the droplet-based microfluidic platform for generation of multisomes,
comprised of two opposing T-junctions to form inner aqueous droplets and a flow-focusing channel to encapsulate them in an oil
droplet. (c) Encapsulation of 1–4 aqueous droplets was achieved by changing the frequency of inner droplet formation.
Reproduced from [179] with permission of The Royal Society of Chemistry.

droplet-based microfluidic chip to produce up to
four compartment multisomes with aqueous and oil
phases. In this platform, first water-in-oil droplets
were produced by a primary T-junction structure,
and then several the aqueous droplets were encap-
sulated within larger oil droplets in a flow-focusing
microchannel (figure 12). Droplet interface bilay-
ers (DIB) were recognized at the interfaces of inner
droplets and between the inner droplets and the
external aqueous phase, while interfacial monolay-
ers were formed between the outer droplet and the
outside aqueous phase. Multisomes with two inner
droplets were then proven to be practical microreact-
ors for biological reactions, where one of the inner
droplets was considered as a chemical reservoir to
a membrane-permeable substance and the other as
a chamber to carry out the reaction. It has been
shown that by adding an extra step to this double-
emulsion method and creating a hydrogel shell as the
outer layer of the droplets, the stability and mech-
anical properties of such multisomes were improved
[180]. The hydrogel shell sustains structural rigidity
and allows the permeation of biological compounds
from the surrounding to the droplets. Czekalska et al
[181] developed a passive method using a droplet-
based microfluidic device to create a parallel array
of up to 12 DIBs in less than 5 min. Each artificial
bilayer was generated at the interface of two aqueous
nanoliter droplets. By precisely controlling the con-
tents of each droplet, the permeability coefficient of
fluorescein was determined, and by detecting calcium
ions passing through the nanopores of the artificial
membrane, the activity of α-hemolysin membrane

protein was measured. The transport activity of DIBs
could be further controlled and specified by incor-
porating secondary transporters such as lactose per-
mease in their structure [182]. Moreover, the elec-
trical properties of the membrane could be explored
by conjugating sensitive electrodes to an automated
microfluidic system in which chains of four connec-
ted droplets were generated to obtain three lipid bilay-
ers at their interfaces [183]. By adding α-hemolysin
to the droplets, nanopores capable of ion trans-
port were created within the DIBs, so that the elec-
trodes could record the corresponding picoampere
currents.

To mimic the cytoskeleton in artificial cells,
dynamic morphological changes of the membrane
due to continuous remodeling of the actomyosin net-
work are explored by encapsulating actin and myosin
II within water-in-oil droplets. Besides, an equation
of DIB motion based on the non-periodic oscillat-
ory deformations of the interface, derived from the
randomly exerted normal stress made by actomy-
osin filaments, is presented [184]. Contractile ring
assembly in cell division is also explored using the
cell-sized W/O droplets generated via a microfluidic
platform [185]. Actin filaments spontaneously form a
single ring-shaped bundle at the equator due to elastic
energy minimization, although the analogous pro-
cess in vivo occurs in the presence of spatial regulat-
ory signals. This finding indicates that because of the
point symmetry of the cell boundary, the assembly
of the cytokinetic ring in spherical-shaped mitotic
cells is more stable than the non-spherical-shaped
ones.
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4.3. Diagnosis
4.3.1. Microbial infections
Exploring microbial physiology, detecting microbial
infections, and testing microbial susceptibility have
been enabled by droplet-based microfluidic systems
[186]. Plasmodium parasite, which causes malaria
infection, can be detected from blood and saliva
samples using a rolling-circle-enhanced-enzyme-
activity-detection-on-a-chip system that includes a
microfluidic droplet generator [187]. In this plat-
form, double amplification is enabled by generating
a multitude of DNA circles by each target enzyme to
enhance the signal by a rolling-circle-amplification
technique. Double amplification combined with
rapid reaction kinetics and efficient mixing, enabled
by droplet-based microfluidic systems, leads to a
highly sensitive and quantitative platform. Besides,
to identify E. coli in spiked blood, a platform called
‘Integrated Comprehensive Droplet Digital Detec-
tion’ (IC3D) was developed by integrating real-
time sensors, microfluidic droplet generators, and
3D particle counting systems [188]. IC3D enabled
amplification-free quantification and detection of
E. coli in concentrations of 1–10 000 bacteria ml−1

within ∼1.5–4 h, which was less than ∼15 h of PCR
test.

In addition to detection, treatment of microbial
infections has been advanced with the aid of droplet-
basedmicrofluidic devices. In bacterial studies, differ-
ent concentrations of antibiotics such as ampicillin,
chloramphenicol, and tetracycline were encapsulated
with E. coli via a microfluidic droplet generator to
screen bacteria–antibiotic interactions and determine
the minimum inhibitory concentration (MIC) values
of the drugs [189]. In another droplet-based micro-
fluidic chip, morphological changes and proliferation
of E. coli spiked to urine samples at the concentration
of 5 × 104 CFU ml−1 were monitored in response
to antibiotics ceftazidime and levofloxacin [190]. In
this antimicrobial susceptibility testing (AST) system,
three concentration values were chosen for each anti-
biotic: below, above, and at the exact amount of MIC
reported by the Clinical Laboratory and Standards
Institute. Then, cell division and filament formation
as signs of antibiotic-induced stress on bacterial cells
encapsulated in the droplets were compared. Besides,
simultaneous screening of four antibiotics/pathogens
in a parallel droplet-based microfluidic device was
reported, in which doubling times of S. aureus 29 213,
E. faecalis 29 212, E. coli 25 922, and K. pneumoniae
700 603 bacteria and the correspondingMIC values of
oxacillin and tetracycline were evaluated [191]. This
system accelerated the AST process to 30 min com-
pared to traditional AST assays, which take 16–24 h.
The impact of the initial concentration of bacteria
on the efficiency of antibiotic treatment has also
been investigated by taking advantage of microfluidic
technology to generate droplets encapsulated with

different numbers of cells along with antibiotics [192]
(figure 13).

Droplet-based microfluidic devices have opened
new possibilities in viral diagnostics as well [193].
Murine noroviruses (MNVs) and murine macro-
phage RAW cells encapsulated in picoliter droplets
were detected using droplet-based microfluidics and
plaque-based assay through an RT-PCR process
[194]. In this system, the droplet generation rate was
2000 droplets s−1, and it was followed by genome rep-
lication and amplification. The neutralizing rate of
viruses in droplets was also measured in the presence
of antibody MAb A6.2 and showed good agreement
with the traditional plaque reduction neutralization
assay. The neutralization effect of the aforementioned
antibody on MNVs was also explored in another
droplet-basedmicrofluidic device, focusing on amino
acid mutations as escaping the strategy of viruses
against neutralization [195]. In the latter study, the
evolution of a single virus encapsulated with a single
cell was compared to bulk assays, showing that due to
lack of competition fromother virions, the number of
infecting viruses was equal to the number of viral gen-
omes in droplets. Fusion kinetics of influenza A virus
was also investigated in a droplet-based microfluidic
chip with high temporal resolution [196].

4.3.2. Oncology assays
The utilization of droplet-based microfluidics in can-
cer research improves our understanding of the com-
plex nature of tumors at the single-cell level [197].
In a study by Yu et al, the enzymatic activities of
matrix metalloproteinases (MMPs), which indicate
degradation of ECM leading to metastasis of cancer
cells, was detected by a droplet-based microfluidic
approach through generating single-cell droplets at a
high throughput of 2.4 × 103 droplets min−1 [198].
MMP9 activity was quantified in the encapsulated
lymphoma cells (U937), invasive breast ductal car-
cinoma cells (MCF-7) cells, and mouse embryonic
fibroblast cells (NIH3T3) as the negative control, to
differentiate cancer and normal cells as well as differ-
ent cancer cell lines by monitoring their enzymatic
fingerprints. To study cancer cell heterogeneity, the
patient-derived glioblastoma samples were intro-
duced to a droplet-based microfluidic system, where
encapsulation of the cells within droplets was fol-
lowed by screening and computational analysis of
single-cell protease profiles [199]. A library of cell
types including HUVECs, astrocytes (NHAs), fibro-
blasts (NHDFs), white blood cells (WBCs), and cell
lines associated with brain tumors were generated
based on their distinct MMP/ADAM activity profiles
within 2 h with the throughput of ∼100 cells s−1.
Droplet-based microfluidics is proven to be effective
in the single-cell level study of cancer metabolism.
As an example, evaluating glucose consumption and
lactate release, as indicators of the metabolic process,
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Figure 13. The workflow of the microfluidic droplet generator developed by Postek et al for detecting the effect of antibiotic
cefotaxime on E. coli. Thousands of sub-nanoliter daughter droplets were encapsulated in a larger mother droplet, called a tanker
(a). Each tanker had a specific number of bacterial cells and antibiotic concentrations. Tankers were then incubated in
polyethylene (PE) tubing for the growth of bacteria and fluorescence activation (b) and finally guided towards the detection chip
(c). Scale bars are 400 µm. Reproduced from [192] with permission of The Royal Society of Chemistry.

for MDA-MB-231 human breast cancer cells encap-
sulated within microfluidic droplets revealed a lack
of correlation between these two parameters and
confirmed the existence of heterogeneous metabolic
pathways even in the homogeneous cell lines [200].
Measuring lactate concentration combined with pH
screening was another approach pursued in a micro-
fluidic droplet generator for compartmentalization
of A549 lung cancer lines and WBCs samples [201].
Higher levels of the secreted lactate and lower val-
ues of pH represent the droplets containing cancer
cells. Hence, this platform is a suitable diagnostic
tool for the detection of circulating tumor cells.
It has been reported that cancer cells express sig-
nificantly higher amounts of sialic acid than nor-
mal cells [202]. To detect the cancer biomarkers, a
metal nanoparticle-based probe was conjugated to
a droplet-based microfluidic platform, and surface-
enhanced Raman spectroscopy, plasmonic imaging
of MCF-7, SGC, HepG2, and BNL.CL2 cell lines

were obtained. Although the single-cell encapsula-
tion rate at the cell density of 3 × 106 cells ml−1 was
almost 21%, this system enabled distinguishing dif-
ferent cancer cell lines at a single living cell level.

Besides the wide oncology assays at the single-cell
level, droplet-based chips can establish an in vitro
tumor microenvironment (TME). Tumor cells
trapped inside a droplet can constitute multicellular
tumor spheroid (MCTS), which enhances cell–cell
interactions and molecular pathways. Hence, the real
tumor behavior is well recapitulated. On the other
hand, droplet microfluidic platforms can offer some
advantages over other cell aggregation techniques.
Using microfluidics platforms, high-throughput pro-
duction of uniform-sized spheroids can be achieved.
Besides, the cells trapped inside the droplets are well
protected from environmental stresses. Furthermore,
the tumor cells co-encapsulated with stromal cells
in a droplet precisely mimic TME. The later feature
is very valuable for a better understanding of tumor
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Figure 14. TME formation via droplet-based microfluidic devices. (a) Microtumor model of gastric cancer cells. (i) Schematic of
a microfluidic device (top) and multicellular spheroids (MSCs) of gastric cancer cells with different cell concentrations (bottom).
Scale bars are 300 µm. (ii) Confocal images of 2D monolayer cultures and 3D microtumors of AGS and Hs746T cells at different
times. F-actin and nucleus were stained with TRITC-phalloidin (red) and DAPI (blue), respectively. Scale bars are 100 µm.
(b) Fabrication of co-culture tumor spheroids. (i) Microfluidic device employed for fabricating core–shell microparticles. MCF-7
and HMF cells were capsulated in aqueous cores and alginate shells, respectively. The scale bar is 200 µm. (ii) Spheroids fabricated
by microfluidic device and (iii) conventional overlay method. MCF-7s and HMFs were stained with DiI-7 (red) and Calcein-AM
(green), respectively. Scale bars are 100 µm and 200 µm in (ii) and (iii), respectively. (c) A bottom-up approach for constructing
macroscale vascularized tumor. (i) Schematic illustration of a droplet-based microfluidic device for the fabrication of core–shell
tumor spheroids. (ii) Microfluidic perfusion device for culturing the building blocks of TME, including TMEs, HUVECs, and
hADSCs in collagen hydrogel. A schematic view of a 3D vascularized tumor is depicted as well (all dimensions in (c)-(ii) are in
mm). (a) Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Scientific Reports
[203] Droplet-based microtumor model to assess cellECM interactions and drug resistance of gastric cancer cells, M Jang, I Koh,
S J Lee, J-H Cheong, P Kim, (c) 2017. (b) Reprinted with permission from [204]. Copyright (2018) American Chemical Society.
(c) Reprinted with permission from [206]. Copyright (2017) American Chemical Society.

progression,metastasis, and drug resistance. Jang et al
[203] encapsulated two different types of gastric can-
cer cells (i.e. AGS and Hs746T cells) inside collagen
beads using a cross-junction microfluidic device. Cell
morphology, gene expression, and drug resistance
were investigated for these 3D culturemodels, and the

results were compared with 2D monolayer models.
As depicted in figure 14(a), AGS cells formed well-
organized MCTSs, while the Hs746T cells aggreg-
ated with a spindle-shape morphology. The gene
expressions associated with epithelial-mesenchymal
transitionwere studied through immunofluorescence
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staining, RT-qPCR, and western blotting. The res-
ults indicated that more mesenchymal markers are
expressed in 3D cultured cells compared with the
2D monolayer cultures. This confirmed the pivotal
role of the collagen ECM in regulating the physical
and biochemical properties of TME. Drug resistance
was evaluated by employing different concentrations
(0–100 µM) of 5-fluorouracil (5-FU) for both cell
lines in 2D and 3D culture models. It was observed
that the 3D microtumor models, compared to 2D
monolayer cultures, exhibit more resistance to high
concentrations of 5-FU. Moreover, comparing drug
treatment of AGS and Hs746T cell lines in 3D culture
models revealed that Hs746T cells are more resistant
to high concentrations of 5-FU due to lower expres-
sion of β-catenin. To investigate the tumor-stroma
interaction more efficiently, Sun et al [204] generated
uniform core–shell microparticles so that MCF-7
cells and human mammary fibroblast (HMF) cells
were capsulated in aqueous cores and alginate shells,
respectively. The cell ratio of 1:1 with a density of
107 cells ml−1 was selected for tumor and stromal
cells. Tumor models with core–shell structures were
produced with a rate of 200 spheroids min−1 via a
cross-junction microfluidic device. Besides, the con-
ventional overlay method was used to generate co-
culture tumor spheroids. As depicted in figure 14(b),
the microfluidic-based spheroid is more uniform and
regular than the one fabricated through the conven-
tional overlay method. Drug efficacy tests were car-
ried out for different culture models consist of the 2D
monolayer, 3D tumor spheroids, and 3D co-culture
spheroids by using curcumin and paclitaxel drugs at
a concentration of 12.8 µM. The microfluidic-based
spheroids had higher drug resistance than monolayer
cell culture systems but exhibited similar resistance as
those made by the conventional overlay method.

The vascular networks within the TME play a
crucial role in tumor progression and metastasis.
Vascular networks supply nutrients and oxygen to
the primary tumor and also facilitate the migra-
tion of tumor cells to the secondary site which
is known as metastasis. Moreover, multiple sig-
naling pathways among the cells within the TME
can lead to angiogenic sprouts. An in vitro model
of tumor angiogenesis was established in an auto-
mated sequential injection droplet array system by
3D encapsulation of tumor cells in Matrigel droplets
and 2D culture of HUVECs in another batch of
droplets [205]. These two batches of droplets were
then paired and fused to co-culture tumor cells
and HUVECs in the fused droplet units. After co-
culturing, angiogenic sprouts were observed for dif-
ferent tumor cell lines, and it was indicated that
the cells with higher metastatic potentials secreted a
higher level of human VEGF. An anti-angiogenesis
agent, Fingolimod, was added into the TME, and it
was revealed that Fingolimod would decrease lumen
structures of HUVECs in the context of different

tumor cell lines. Agarwal et al [206] developed
a macroscale vascularized tumor model through a
bottom-up method. In their approach, tumor spher-
oids were fabricated by encapsulating MCF-7 cells
within core–shell structures through a microfluidic
device. Afterward, the tumor spheroids, together with
human adipose-derived stem cells, and HUVECs
in 1.5 mg ml−1 type-I collagen were introduced
into a microfluidic perfusion device. This bottom-
up approach is illustrated in figure 14(c). hADSCs
were used in this model to stimulate angiogenesis by
secreting pro-angiogenic growth factors. VEGF con-
centration and cell morphology were detected during
several days, and the vessel structures were detected
on day 4 after culturing the sample. Drug resist-
ance assays showed that this macro model is 4 and
139.5 times more resistant to doxorubicin hydro-
chloride drug than tumor spheroids and 2D cul-
ture models, respectively. Droplet-based microfluidic
platforms are efficient for constructing TME and per-
forming drug screening assays. These platforms are
separately reviewed in section 4.3.5.

4.3.3. Genetic mutations
As discussed before, PCR and RT-PCR have been
widely performed in droplet-based microfluidic
devices, which is also extremely practical in the detec-
tion of genetic mutations. In this section, we focus on
droplet PCR and RT-PCR studies concerning genetic
mutation associated with cancer. Extracellular ves-
icles released from a glioma tumor into cerebrospinal
fluid of a patient subjected to BEAMing (beads,
emulsion, amplification, magnetics) RT-PCR con-
tains mutant IDH1 transcript [207]. Several muta-
tions in KRAS oncogene, which controls cell prolif-
eration, were detected via microfluidic droplet PCR
[208, 209]. In this regard, by implementing a droplet
PCR platform, 31 patient-derived primary colorectal
tumor samples and corresponding lymph nodemeta-
stases were tested and high concordance was seen
between the presence of KRAS mutations in them
[210]. In non-small-cell lung cancer, T790M muta-
tion in the epidermal growth factor receptor was
identified in 79.9% of samples obtained from 373
patients by a droplet PCR approach, which indic-
ated higher sensitivity than other methods [211].
Tsao et al analyzed the plasma of melanoma patients
in a droplet PCR to detect BRAF and NRAS muta-
tions in circulating tumor DNA (ctDNA) with 0.01%
sensitivity [212]. Utilization of the patient’s plasma
and ctDNA offered a non-invasive and effective way
of monitoring cancer post-therapy. An IC3D PCR
platform capable of detecting KRAS G12D cancer
mutation at a high sensitivity of 0.00125%–0.005%
as well as analysis of ctDNA from blood samples
was recently developed [213]. IC3D technology
can complement the existing methods of detection,
treatment, and monitoring for early-stage cancer
patients.
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Figure 15. Sustained and synergistic drug delivery via core–shell microparticle. (a) Confocal microscopy images of
fluorescent-labeled Dox (red) and CPT (blue) compartmentalized in cores and shells of the microparticles with different numbers
of the cores. The scale bar represents 100 µm. (b) SEM images of particle degradation during the release time of 72, 168, and
360 h. The scale bar represents 50 µm. (c) Sustained release of Dox and CPT from core–shell particles. Reprinted by permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Science China Materials [214] Composite core–shell
microparticles from microfluidics for synergistic drug delivery, Y Li, D Yan, F Fu, Y Liu, B Zhang, J Wang, L Shang, Z Gu, Y Zhao,
(c) 2017.

4.3.4. DDS
Drug encapsulation through droplet-based micro-
fluidics hasmany advantages compared to other tech-
niques. The precise controlling of the drug combina-
tions, doses, and release rates are themain advantages
of the DDSs designed by droplet-based microfluidics
over the conventional methods. Indeed, the tem-
plates introduced in section 3 can be used for load-
ing the precise amount of the active components
in monodisperse microparticles. It should be noted
that the risk of burst drug release can be reduced
by generating drug carriers with monodisperse sizes
[214, 215]. Furthermore, the release rate can be con-
trolled by adjusting the surface to volume ratio of
drug carriers, i.e. particle size. Hence, droplet-based
methods in microfluidics can be employed to per-
form successful drug delivery programs by generat-
ing monodisperse drug carriers with high encapsu-
lation efficiency and desired sizes. Besides, different
drug release programs can be conducted by design-
ing DDSs throughmicrofluidic techniques. Sustained
drug release programs are usually developed by load-
ing drugs in the dispersed phase of the single emul-
sions and converting the droplets to microparticles
through different solidification processes [216]. In
this manner, the polymeric matrix of the particles
degrades slowly in the target site, and drugs sus-
tainably release. On the other hand, the core–shell
structures are convenient for conducting the syn-
ergistic release of drugs by loading different drugs
inside the core and shell structures of the drug car-
riers. In particular, the core–shell particles are suit-
able templates to coencapsulate various drugs for the
synergistic release of hydrophilic and hydrophobic
drugs via a single carrier. The core–shell particles are
also attractive for implementing the stimuli-triggered
drug release programs so that the core contents are
released by changes in the shell structure in response

to exogenous stimuli such as pH, temperature, and
enzymes.Hence, adjusting the physicochemical prop-
erties of the shell layer should be well accomplished
to achieve a controlled stimuli-triggered release pro-
gram. Such adjustment can be well administered via
microfluidic devices to construct the shell layer with
desired physicochemical properties and thickness. Li
et al [214] utilized a capillary microfluidic device
to generate core–shell microparticles and coencapsu-
late hydrophilic and hydrophobic drugs in the core
and shell portions, respectively. To this end, W/O/W
double emulsion templates were produced so that the
core was composed of 15% w/v aqueous solution of
photo-crosslinkable GelMAwith 500 µg ml−1 doxor-
ubicin (Dox) hydrochloride as a hydrophilic drug and
the shell layer consisted of oil with 10% w/v PLGA
and 500 µg ml−1 camptothecin (CPT) as a hydro-
phobic drug dissolved in dichloromethane (DCM).
The cores were polymerized by exposing UV-light on
droplets at downstream of the microfluidic device,
and the shells were solidified through the evaporation
of DCM under the reduced pressure at room tem-
perature. Solidification of the cores was carried out
to avoid the burst release of the core contents once
the shells degrade. Therefore, this approach is suit-
able for the sustained and synergistic release of drugs
with different polarities. Furthermore, the microca-
pillary device permits assigning multiple cores to
the drug template to enable encapsulating different
drugs with identical polarity in the separate cores.
Figure 15(a) shows the confocal microscopy images
of synergistic loading of Dox hydrochloride within
the different number of cores and CPT in the shell
of the microparticles. It was observed that drugs are
loaded uniformly in GelMA cores and PLGA shells
with desired encapsulation efficiencies. To evaluate
the sustained release of drugs, microparticles were
incubated in 1 ml PBS. Then, 200 µl of supernatants

26



Biofabrication 14 (2022) 022001 L Amirifar et al

were removed from the centrifuged sample at prede-
termined time intervals and assayed using a micro-
plate reader. Figure 15(b) shows SEM images of the
core–shell microparticles during degradation. The
release percentage of CPT and Dox from the core–
shell microparticles with 22 µm shell thickness is
depicted in figure 15(c). As shown in this figure, the
burst drug releases of both core and shell cargoes
were prevented. The effect of synergistic drug deliv-
ery was also evaluated using in vitro tumor models.
It was revealed that the synergistic delivery of two
anti-cancer drugs is carried out successfully, and the
viability of the tumor cells is reduced significantly
by employing a synergistic drug delivery program.
Trapping drug-loaded nanoparticles in drug-loaded
microgels is another strategy that can be applied via
capillary microfluidic devices to implement syner-
gistic drug delivery programs. An effective DDS for
synergistic and pH-triggered release of drugs was pre-
viously introduced in section 3 (figure 5(c)) which
takes advantage of drug-loaded nanoparticles [91].

In recent years, liposomes or phospholipid ves-
icles have attracted immense attention to perform
drug delivery programs [215]. Liposomes are lipid
bilayer membranes that surround an aqueous con-
tent. Hydrophilic-hydrophobic contrast in the lipo-
some structures, along with their biocompatible and
biodegradable properties, introduced them as prom-
ising templates for compartmentalizing hydrophilic
and hydrophobic drugs. These structures can be
easily established with a high degree of monod-
ispersity and drug encapsulation efficiency through
droplet-based microfluidic devices. Kong et al [217]
reported constructing Dox-loaded phospholipid ves-
icles with 94% drug encapsulation efficiency through
a capillary microfluidic device. The phospholipid
bilayer was formed by removing organic solvents
from the shell layer by dewetting. The biocompat-
ibility of this method was validated by AlamarBlue
assay, and the results showed that Dox-loaded phos-
pholipid vesicles exhibit a relatively more sustained
release profile compared with Dox aqueous solu-
tions. To increase drug retention time in liposomes,
drug-loaded liposomes can be embedded in poly-
meric matrices, and consequently, a more sustained
release profile would be obtained. Recently, Yang et al
[218] designed a DDS based on immobilizing drug-
loaded liposomes in GelMA microgels to present an
efficient treatment for osteoarthritis via intraartic-
ular injection. In this work, kartogenin (KGN) was
considered as the therapeutic agent, which can pro-
mote chondrogenic differentiation of BMSCs. KNG-
loaded Liposomes (Lipo@KNG) were fabricated with
an average size of 250 nm via a thin-film disperse
method. Afterward, the liposome-in-GelMA mix-
ture was used as the dispersed phase in a capil-
lary microfluidic device (figure 16(a)) to generate
liposome-loaded GelMA (GelMA@Lipo) microgels
with an average diameter of 100 µm. In this manner,

Lipo@KNG particles were effectively anchored to
the GelMA matrix by physical hindrance and non-
covalent interactions, which resulted in an extended
drug retention time. Figure 16(b) shows the con-
focal microscopy image of a GelMA@Lipo microgel
in which liposomes are labeled with DiI fluorescent
dye. The spots with strong red fluorescent determ-
ine the location of liposomes inside the microgel.
Besides, based on the SEM image of the GelMA@Lipo
microgels (figure 16(c)), the monodisperse lipo-
somes are well trapped in the surface cavities of
the GelMA microgels. To evaluate the drug release
rate, both in vitro and in vivo assays were conduc-
ted. To establish in vitro model, drug carriers were
incubated in PBS containing 0.1 U ml−1 collagenase
for 35 d. Figure 16(d) compares the in vitro release
profile of KGN from GelMA@Lipo microgels with
that of the Lipo@KNG particles. As shown in this
figure, GelMA@Lipo microgels displayed a sustained
release behavior over 5 weeks, while the Lipo@KNG
particles were almost completely depleted at the
end of the 1st week. Similar behavior was observed
for in vivo model, where fluorescent-labeled lipo-
somes and GelMA@Lipo microgels were introduced
into mouse joint cavities. To realize the therapeutic
effects of the employed delivery systems, in vitro
chondrogenic differentiation of BMSCs under dif-
ferent treatments was investigated by using Alcian
blue and Safranin O staining. Besides, the expres-
sion level of chondrogenic genes was also determ-
ined by qRT-PCR. It was revealed that drug-loaded
GelMA@Lipo microgels, compared to drug-loaded
liposomes, remarkably promote chondrogenic differ-
entiation of BMSCs. Finally, in vivo study confirmed
the beneficial effects of the proposed drug carrier on
regenerating cartilage and inhibiting the progression
of osteoarthritis.

Although droplet-based microfluidics has facil-
itated sustained and synergistic drug delivery pro-
grams, on-demand delivery of biologic drugs, such as
proteins and peptides, is still challenging. Small bio-
molecules can easily escape from the relatively large
pores of the microgels. This issue can significantly
reduce encapsulation efficiency and drug retention
time within hydrogel drug carriers. As an example,
alginate is an interesting hydrogel for drug encapsula-
tion due to its proper biocompatibility, biodegradab-
ility, and facile gelation process. However, low protein
retention efficiency (10%–24%) is reported for algin-
ate microparticles due to the large pores in micro-
particles (5–200 nm) [219, 220]. On the other hand,
electrostatic interaction of the peptides and hydro-
gel matrix can affect the encapsulation efficiency
[221]. Therefore, new strategies have been adopted to
increase the efficiency of biomolecule encapsulation
aswell as release controllability and retention time. Yu
et al [219] considered different complementarymeth-
ods to efficiently encapsulate Ovalbumin (OVA), a
42 kDa protein in core–shell alginate microparticles,
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Figure 16. A proposed DDS for extending drug retention time during osteoarthritis treatments. (a) Schematic illustration of the
microfluidic device to generate Lipo@KGN-loaded microgel and intraarticular injection of drug-loaded microgels to the animal
model. (b) Confocal microscopy image and (c) SEM image of a GelMA@Lipo microgel. Liposomes can be recognized as red
fluorescent spots in (b) and particles trapped in microgel cavities in (c). (d) The in vitro results of KGN release percentage from
liposomes and GelMA@Lipo microgel within 25 d. Reprinted from [218], Copyright (2020), with permission from Elsevier.

via a flow-focusing microfluidic device. First, the
authors used FITC-dextran as a model molecule with
a molecular weight similar to OVA (40 kDa) to eval-
uate the retention capacity of the microparticles, and
it was observed that the fluorescent intensity of the
microparticles quickly weakened due to the burst
release of dextran. Hence, the authors decided to coat
the surface of the microparticles with other polymers
through electrostatic interactions. Due to the inher-
ently negative charge of the alginate microparticles,
poly(ethyleneimine) (PEI), a positively charged poly-
mer, was used as the coating layer. Thus, the encap-
sulated OAV microparticles were collected in a cross-
linking bath comprising 0.3 wt% PEI. In this way,
the encapsulation efficiency of 88% was achieved,
and burst release was avoided due to diffusion barri-
ers on the surface of the microparticles. Figure 17(a)
shows the sustained release profile of OAV from
PEI-coated alginate microparticles over 120 h (5 d).
Chitosan can be utilized as another coating poly-
mer to prevent the burst protein release from algin-
atemicroparticles. The encapsulation efficiency of the
chitosan-coated alginate microparticles was reported
to be 80%. These microparticles can also be used
to apply for the stimuli-triggered drug release plat-
forms, especially for oral delivery of the intestinal
drugs [220]. Figure 17(b) shows the pH-triggered
release profile of OVA from chitosan-coated algin-
ate microparticles. In low pH values (gastric condi-
tion), the OVA release is low due to surface protec-
tion of chitosan and the shrunken pores of alginate
at low pH conditions. In contrast, by increasing pH

to 7 (intestine condition), protein release accelerates
because alginate pores enlarge in neutral conditions,
and chitosan shield cannot resist protein release after
experiencing prolonged presence in the acidic envir-
onment. The establishment of barriers in the interface
of the alginate shell and water core can be another
alternative to increase OVA retention time in algin-
atemicroparticles. Accordingly, a buffer solution con-
taining OVA and inulin particles with an average size
of 2 µm was introduced into the core channel of the
microfluidic chip. Then, the generated microparticles
were collected in a crosslinking bath containing PEI.
In this manner, inulin particles act as a further bar-
rier to increase OVA encapsulation efficiency (91%)
and retention time in the aqueous core. As shown in
figure 17(c), utilizing inulin particles in the water core
of PEI-coated alginate microparticles leads to a more
prolonged drug delivery time compared to micro-
particles without inulin particles.

4.3.5. Drug screening platforms
The advancements in droplet-based microfluidic sys-
tems have led to a great evolution in drug screen-
ing assays. Previously, 2D monolayer and xenograft
models were the acceptable models to conduct the
drug assays. However, 2D models cannot offer a
realistic model of cell-cell interactions, and they are
very sensitive to the cell culture substrates [222].
On the other hand, providing xenograft models
imposes high costs and are usually laborious. There-
fore, these models are not capable of mimicking
human stroma-parenchyma interactions. Although
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Figure 17. Different strategies to prolong protein release from core–shell alginate microparticles generated by a flow-focusing
microfluidic device. (a) OVA release profile for the PEI-coated microparticles; (b) OVA release profile for the chitosan-coated
microparticles; (c) comparing OVA release profiles from PEI-coated microparticles containing inulin particles and microparticles
without these particles. The insets respectively show the fluorescence images of PEI-coated, chitosan-coated, and
PEI-coated+ inulin microparticles in (a)–(c). Reprinted from [219], Copyright (2019), with permission from Elsevier.

Figure 18. Conducting drug screening assays on the population of tumor spheroids. (a) Cell culture chip with microsieves for
locating tumor spheroids. (b) The proliferation of tumor cells during several days; up: without drug injection; bottom:
doxorubicin is injected on the 4th day with a concentration of 1200 nM for 2 d. The results of the live/dead assay are presented on
the 6th day. (c) Effects of drug concentration and culture method on cell viability; ‘microchannel’: spheroids cultured in the
microfluidic chip; ‘bead’: spheroids cultured in the standard flask; ‘monolayer, culture flask’: 2D monolayer culture in the
standard flask. Reproduced from [224] with permission of The Royal Society of Chemistry.

several microfluidic models have been presented to
compensate for the weakness of the conventional
methods of drug screening, among them, droplet-
based models are the most efficient and attractive
ones for conducting drug screening assays. MCSs
can be well established through culturing the inten-
ded cell lines in droplets generated by microfluidic
devices. These in vitro models enhance cell–cell
and cell–ECM interactions in a 3D cell culture
microenvironment. Furthermore, MCSs with differ-
ent combinations can be generated and arranged in
a precise and high-throughput manner via droplet-
based microfluidics. Therefore, droplet-based plat-
forms are appealing for recapitulating in vivo like con-
ditions and conducting concurrent drug screening
assays.

Thus far, droplet-based microfluidic devices have
been widely employed for conducting drug screen-
ing assays [61, 203, 204, 223]. In this section, those
studies which have taken the advantages of droplet-
based microfluidics to provide drug screening plat-
forms are reviewed. Yu et al [224] employed a simple

microfluidic device to generate alginate droplets with
entrapped breast cancer cells with an average dia-
meter of 251 µm. LCC6 cells transfected by Her2
gene were suspended in DMEMmediumwith 2 wt.%
alginate at a concentration of 10× 106 cells ml−1.
The cell-laden droplets were collected in a Ca2+ bath
and gelled. Afterward, the generated spheroids were
loaded into a perfusion cell culture chip with indi-
vidual microsieves (figure 18(a)), which settled the
spheroids in distinct sites. The microchip allowed the
perfusion of culture media and drugs for performing
cytotoxicity assays on the population of the settled
spheroids. Cell proliferation and viability inside the
spheroids were tracked by confocal images. To con-
duct the cytotoxicity assays, Dox with different con-
centrations (400, 800, 1200, and 1600 nM)were injec-
ted into the cell culturemicrofluidic chip at a constant
flow rate of 0.25 µl min−1. Figure 18(b) shows the
cell proliferation and drug effects on cell viability in
tumor spheroids. Besides, cell viability rates of differ-
ent culture techniques were compared. As shown in
figure 18(c), cell viability for all cell culture methods
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Figure 19. Droplet formation, gelation, and conducting cytotoxicity assays in an integrated droplet-based device. (a) Droplets
during formation (i), entering the docking sites (ii), and gelled droplets in the docking sites along with the result of live/dead assay
(iii). (b), (c) The results of cell viability for MCF-7R cells (b) and MCF-7S cells (c). (d) Comparing the drug resistance of the
composite spheroids with that of tumor spheroids. (e) Effects of different treatments on drug resistance of the composite
spheroids. Reproduced from [222] with permission of The Royal Society of Chemistry.

decreases as drug concentration increases. However,
the drug resistance of monolayer cultures is signific-
antly less than that of the spheroids at a high concen-
tration of Dox (1200, 1600 nM).

Sabhachandani et al [222] provided a micro-
fluidic device to produce cell-laden droplets and
immediately settle 1000 droplets in a docking array
such that droplet formation, gelation, and cytotox-
icity assays were carried out in an integrated micro-
fluidic device (figure 19(a)). In this work, three dif-
ferent cell suspensions in alginate solutions, including
MCF-7S (the line sensitive to Dox treatment), MCF-
7R (the line resistant to Dox treatment), and cocul-
ture of MCF-7S with human bone marrow fibro-
blasts (HS-5)were employed to generateMCTS. Since
fibroblasts are one of the main stromal compon-
ents of the TME, the composite MCF-7/HS-5 spher-
oids were employed to study the effects of tumor-
stroma interactions on drug resistance. A summary
of the results of cytotoxicity assays is represented in
figures 19(b)–(e). As shown in figure 19(b), at rel-
atively high concentrations of Dox, the drug resist-
ance ofMCF-7R spheroids was higher than that of 2D
monolayer counterparts. However, when the MCF-
7S cells were employed in tumor spheroids, drug res-
istance was higher than 2D monolayer cultures for
all drug concentrations (figure 19(c)). According to
figure 19(d), the coculture of MCF-7S cells and HS-
5 cells in tumor spheroids extremely enhances the
drug resistance. This observation confirms the effect
of cancer cell-fibroblast interactions in the TME on
the survival of the cancer cells. This robust droplet-
based platform has also been implemented to eval-
uate the effects of different treatments on the viab-
ility of the cancer cells. As depicted in figure 19(e),
using a combination of identical doses of Dox and
paclitaxel (PCT) can be a more effective treatment

for composite spheroids compared to the use of Dox
alone.

Recently, Sabhachandani et al [225] represented
another droplet-based microfluidic device to invest-
igate the effects of immunomodulatory drugs on cell
proliferation in TME in the presence of the immuno-
genic components. To this end, a microfluidic device
similar to that of figure 19(a) was employed to
settle 250 lymphoma spheroids containing tumor
cells (SUDHL-10), fibroblasts (HS-5), and PBMC in
the hydrogel combination of alginate and puramat-
rix. The cell ratio was considered as 3:1 for immune
cells: non-immune cells similar to the cell contri-
bution in the lymphoma TME, and the spheroids
with an average diameter of 350 µm were located in
the docking sites for the cytotoxicity assays. Spher-
oids were treated by lenalidomide, and the perfused
media through the spheroids was collected every day
to analyze the secretory factors. The results revealed
that lenalidomide treatment, in the presence of activ-
ated PBMCs, enhances the overall death of the can-
cer cells and proliferation of activated PBMCs. This
treatment also led to the downregulation of somepro-
inflammatory cytokines in lymphoma TME.

4.4. Tissue engineering
The field of tissue engineering is advancing through
understanding of biology and function of engineered
tissue constructs. Compared to traditional fabrica-
tion methods, microfluidics has got a great atten-
tion in this field due to its low-cost, reproducible,
and accurate characteristics [226]. Among differ-
ent applications of microfluidics systems, droplet-
based microfluidics has provided specific benefits
in the field of tissue engineering, such as tem-
poral resolution, cell encapsulation in well-confined
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microenvironments, which provide efficient cell–
cell and cell–ECM interactions, and screening inde-
pendent reactions in a high-throughput manner
[227]. Additionally, droplet-based microfluidic sys-
tems are one of powerful tools to produce shape-
controlled hydrogels (i.e. microparticles, microfibers,
and hydrogel building blocks) as well as cell-laden
hydrogels for making artificial tissues and organs
[228, 229]. In this section, we discuss some applica-
tions of droplet-based microfluidics in tissue engin-
eering particularly for wound healing, tissue regener-
ation, and few other applications.

Yu et al developed a microfluidic technique to
generate hollow bacterial cellulose (BC)microspheres
with desirablemorphology and structure as the build-
ing blocks to construct an injectable porous scaf-
fold for wound healing applications. Tuning porosity
in the self-assembled scaffold was done by precisely
generating the hollow BCmicrospheres. Accordingly,
the core–shell microparticles with alginate cores and
agarose shells were produced via a droplet-based
microfluidic device, such that a specific number of a
non-pathogenic bacterium,G. xylinus, were encapsu-
lated in the agarose shells as the BC producer. After-
ward, G. xylinus secretes BC, which becomes elong-
ated in the confined space of the shell and constructs
a hollow cellulose morphology. Finally, a sodium cit-
rate solution and a high-temperature bath were util-
ized to get rid of the alginate core and agarose shell
templates, respectively. Using different-sized alginate
particles, monodisperse hollow microspheres were
produced with diameters of 20, 40, and 50 µm, which
were then assembled as functional elements to cre-
ate injectable scaffolds. The highly porous scaffold
generated in this way demonstrated a proper in vitro
cell culture with an improved depth distribution and
high cell proliferation rate comparedwith the bulkBC
scaffold and that constructed by the solid BC micro-
spheres. This injectable scaffold also enabled tissue
regeneration in vivo, leading to a fast wound-healing
process in a rat skin model [230].

Another core–shell structure was presented by
Chen et al as niacin metal-organic frameworks
encapsulatedmicrocapsules made with alginate shells
and copper-/zinc-niacin framework cores through
a double-emulsion capillary microfluidic electros-
pray system [231]. Calcium, copper, and zinc ions
were released from the microcapsules in a con-
trolled manner, providing antibacterial, antioxid-
ant, and angiogenesis properties for wound healing.
Moreover, niacin improved blood circulation and the
uptake of metal ions. In vivo experiments were per-
formed on amouse with E. coli infected full-thickness
skin defect on its back. It was found that the core–
shell structure balanced ion concentration in the
wound bed. In the early stages of the wound heal-
ing process, calcium ions released from the alginate
shells helped skin barrier regeneration by improving
angiogenesis. After degradation of the alginate shells,

angiogenesis and collagen deposition were induced
by the released copper ions, while the regeneration
of the ECM was triggered by the release of zinc
ions. Hence, the chronic wound healing process was
enhanced significantly. Considering that the wound
microenvironment has a lower pH value, Shi et al
designed alginate/CaCO3 composite microparticles
with diameters of about 430 µm for sustained and
fast release of rifamycin and basic fibroblast growth
factor (bFGF) within pH value of 6.4 [232]. Droplets
were first generated by a microfluidic device and then
solidified and rehydrated to form hydrogel micro-
particles loaded with antibiotic or growth factor.
Mouse fibroblasts (NIH-3T3) in vitro and Sprague–
Dawley rats in vivo were subjected to the result-
ant microparticles. In both cases, a 1:1 mixture of
rifamycin-loaded microparticles with rifamycin con-
centration of 10 mg ml−1 and bFGF-loaded micro-
particles with bFGF concentration of 10 µg ml−1

(namedCD-F-R) demonstrated the best performance
to inhibit S. aureus growth and facilitate wound heal-
ing (figure 20(a)). The authors suggested that the
biocompatibility and biodegradability of these com-
posite microparticles can be enhanced by modifying
sodium alginate in order to establish perfect wound
dressing materials. One of the main challenges of
tissue engineering in wound healing applications is
to develop functional dressings capable of covering
the whole healing process. Chitosan microparticles
loaded with bFGF generated by a microfluidic elec-
trospray system were introduced to address this issue
[233]. The product was claimed to be effective in all
four stages of wound healing, including hemostasis,
inflammation, proliferation, and remodeling.

Besides wound healing, bone tissue engineer-
ing and regeneration is another area for droplet
microfluidics applications. Combined with effect-
ive therapeutic biomaterials such as calcium phos-
phate (CaP)-base ceramics, Chacón et al produced
highly homogeneous CaP microparticles with con-
trolled size and chemical composition [234]. Monod-
isperse droplets with 75–135 µm in diameters were
achieved in this device by keeping the flow rate of
the oil phase constant at 8 µl min−1 and tuning the
flow rate of the water phase. Varying Ca/P ratios
resulted in different CaP phases in microparticles.
Human mesenchymal stromal cells were then cul-
tured on glass slides covered with the obtainedmicro-
particles for up to 14 d. Attachment, metabolic activ-
ity, and the expression of osteogenic differentiation
markers were observed among cells in contact with
60 µm diameter CaP microparticles. However, the
proliferation of cells was limited. The emphasis of the
aforementioned study was on the production of CaP
microparticles with the aid of droplet-based micro-
fluidics. Although, deeper investigation is required
for screening biological response and cell–material
interaction to develop bone graft substitutes. In
an attempt to achieve a more biocompatible bone
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Figure 20. (a)-(i) Digital images of the wound healing process for the same Sprague–Dawley rat over time. The decrease of wound
area was faster when CD-F-R microparticles were applied onto the wound surface. After 21 d, the wound was almost completely
healed in CD-F-R-treated group, while it was nearly 90% healed in control group. (a)-(ii) Wound-bed closure and (a)-(iii) wound
contraction during 21 d. (b)-(i) Schematic illustration of the in vivo experiment procedure for bone regeneration with MSC-laden
Ca-alginate microgels. The microgels were prepared in vitro and then injected into a rat with tibial bone marrow ablation.
(b)-(ii) Micro-CT images in 2D and 3D after 2 and 4 weeks of implantation. The regenerated bone tissue is colored with green.
C in M groups represent treatment with MSC-laden microgels and C with M groups refer to treatment with empty alginate
microgels plus naked MSCs. C in M groups showed the highest new bone formation after both 2 and 4 weeks. Although, decrease
in the amount of new bone over time is noticeable in all groups. Scale bars are 2.5 mm. (a) Reprinted with permission from [232].
Copyright (2019) American Chemical Society. (b) Reprinted from [236], Copyright (2020), with permission from Elsevier.

graft, Sun et al used silk fibroin (SF) and nano-
hydroxyapatite (nHAp) to fabricate a scaffold embed-
ded with SF microspheres and loaded with bone
morphogenic protein-2 (BMP-2) as an osteocon-
ductive growth factor and GlyPhe-Hyp-Gly-Glu-Arg
(GFOGER) as a peptide sequence, all to support
adhesion, proliferation, and osteogenic differenti-
ation of BMSCs [235]. SF microspheres with aver-
age diameters of 4.20 ± 1.76 µm were generated
using a coaxial microfluidic device. Alkaline phos-
phatase activity and calcium content measurements
confirmed the enhancement of osteogenic differen-
tiation of BMSCs on the scaffolds loaded with both
GFOGER and BMP-2 (G + B). Cell proliferation
was higher on GFOGER scaffolds than G + B ones,
though. The potential of accelerated bone forma-
tion by implementing GFOGER to composite scaf-
folds was also noticed in their in vivo experiments
as the defected area was regenerated by a new bone
12 weeks after the implantation. Moreover, in vitro
and in vivo results indicated that G + B scaffolds
showed the same level of bone regeneration with
roughly one-third dose of BMP-2 as the ones con-
taining only BMP-2. Yet, the effect of size and size
distribution of SF microspheres on bone forma-
tion were not investigated in this research. A prom-
ising approach for bone tissue regeneration is the
direct injection of BMSCs encapsulatedwithinmicro-
scale hydrogels [176, 236]. With the aid of a micro-
fluidic chip, Hou et al generated monodisperse pH-
degradable PVA microdroplets loaded with BMSCs

and BMP-2. Themicrodroplets were then crosslinked
to form microgels, providing microenvironments
with tunable mechanical properties and degrada-
tion rates in which release profiles of the growth
factor were controlled [176]. Prolonged survival, pro-
liferation, migration, and osteogenic differentiation
of BMSCs were reported in these microgels, mak-
ing them promising cell vehicles for bone regener-
ation applications. In another study, single MSCs
were continuously loaded within Ca-alginate micro-
gels via integrating microfluidic encapsulation, gela-
tion, and de-emulsification [236]. By implementing
this approach at a cell density of 4 × 106 cells ml−1,
about 21.6% of the generated microgels contained
single cells, and the rest were empty or had mul-
tiple cells. Accelerated osteogenesis and rapid min-
eralization of hydrogel matrix were established 7 d
after induction in vitro and enhanced bone forma-
tion was observed in vivo (figure 20(b)). These single
cell-laden microgels are good candidates as injectable
fillers for bone regeneration.

In other application of droplet-based micro-
fluidics in tissue engineering, Weaver et al pro-
posed a microfluidic-based encapsulation platform,
which produced synthetic poly(ethylene glycol)-
based microgels with small sizes. The gels enhanced
islet insulin reaction compared to alginate capsules
and provided vascularized tissue regions. The authors
showed that a single pancreatic donor syngeneic islet
mass showed enhanced long-term function compared
to conventional alginate capsules and incorporated
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Figure 21. Summary of µgel generation and scaffold creation. (a) Mixture of crosslinkers and bioactive hydrogel precursors are
introduced into the microfluidic device at a nonreactive pH. (b) Organic base is mixed with the oil phase in flow to raise pH and
encourage crosslinking. Crosslinked µgels are isolated from the oil phase and washed. (c) µgels are seeded with cells in solution
and covalently connected together using enzymatic reaction between Q and K peptides to create cell-laden microporous scaffolds.
[241] John Wiley & Sons.

into the native vasculature system [237]. Cai et al pre-
pared an engineered porous scaffold with drug load-
ing ability via a capillary microfluidic device to heal
intrauterine adhesions (IUAs). In this respect, mon-
odisperse droplets were generated from an aqueous
solution of GelMA and sodium alginate and then
solidified using UV illumination and a bath of cal-
cium chloride solution. To construct porous scaf-
folds with a desired shape, the products were trans-
ferred to a container, which induced the shape of
the uterine cavity to the collected building blocks.
Microfluidics enabled a precise control over the
pore size of the scaffold by tuning flow rates during
droplet formation. Furthermore, the porous struc-
ture of the scaffold can be used for sustained drug
release. To confirm the anti-adhesion and restora-
tion of drug-loaded scaffolds, the performance of
the built scaffold was evaluated using rat models of
IUAs, and it was revealed that scaffolds were capable
to increase neovascularization, repair the endomet-
rium, and cellularize the damaged tissue [238]. Vascu-
lar development of thin endometrium was improved
by microfluidic-generated methacrylated hyaluronic
acid (HAMA) microspheres loaded with VEGF to
induce angiogenesis [239]. Microfluidic electros-
pray technique was implemented to achieve micro-
spheres with uniform size of an average diameter
of about 400 µm and porous structure, which were
biocompatible for endometrial regeneration. In vitro
and in vivo tests revealed that the combination of
HA and VEGF promoted new blood vessel forma-
tion. Although the angiogenic microspheres showed
potential for thin endometrium repair, periodic
treatment is required due to their limited drug-release
ability.

A remarkable investigationwas performed byZhu
et al with a focus on neural tissue repair utilizing
microfluidic hydrogelmicrocapsules [240].Microgels
were fabricated in a microfluidic electrospray system
containing two-phase fluid inlets, droplet generation
part, and microcapsule fabrication unit to encapsu-
late human induced pluripotent stem cells-derived
neural cells within alginate-based hydrogels. Brain
organoids along with vascular networks were success-
fully formed by suspending endothelial cells, fibro-
blasts, and neural cell-loaded microgels in the fibrin
matrix and their co-culture. The resulting vascular-
ized brain tissue was then injected to a rat model with
traumatic brain injury and showed favorable neural
regeneration.

Hydrogel scaffolds are extensively employed in
regeneration of tissue structures. Still, there is a
trade-off between the properties of material, includ-
ing interconnected pore size and stiffness. To resolve
this trade-off, Rutte et al introduced microporous
annealed particle scaffolds by conserving a flowable
precursor. However, production throughput, flex-
ibility, and reproducibility of microparticle com-
ponents were restricted, hampering their extensive
implementation. A high-throughput production of
monodisperse microgels was attained by employ-
ing a parallelized and scalable step emulsification
platform. The hydrogel crosslinking was introduced
downstream of droplet production via pH adjust-
ment using proton acceptors dissolved in the oil
phase. Their proposed method provides generation
of microgels for over 12 h in a continuous manner,
while guaranteeing uniform properties. Moreover,
they investigated the effects of local stiffness of the
matrix on cell growth orthogonal to the scaffold
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porosity. Additionally, the creation of injectable
cell-laden heterogeneous microporous scaffolds was
revealed. Their proposed method is mostly suitable
for the creation of modular and multimaterial scaf-
folds, which can be used for construction of more
intricate scaffolds to improve regeneration of irreg-
ular wounds as well as in 3D bioprinting applications
[241] (figure 21).

5. Conclusion and future directions

The research in droplet-based microfluidics systems
has been growing remarkably during the recent years.
In this review, the most typical methods for droplet
generation were described. Then, different applica-
tions of droplet-based microfluidics in biomedical
applications including particle synthesis, biomolecu-
lar analysis, cell biology, diagnostics, drug delivery,
and drug screening were reviewed. Droplet micro-
fluidic technology enables microdroplet generation
with precise control over the size, size distribution,
chemical content, and morphology of droplets.

Despite remarkable progress in droplet-based
microfluidics, several limitations and challenges
still exist for further progress in the field. One
major obstacle to further commercialization of the
microfluidic droplet generator chips is their low
throughout. Although the parallelizing methods have
improved the throughput by a factor of 10 or more, it
is still insufficient to fulfill the requirement for many
purposes. Furthermore, the parallelization of encap-
sulated structures is challenging because complex
surface treatment and geometry of microchannels
are required [18]. Although droplet-based micro-
fluidics devices have shown promise in the develop-
ment of the particulate DDS synthesis, more progress
needs to be made before they can be transformed
into industry-scale manufacturing. Two require-
ments should be fulfilled for further widespread
adoption of droplet-based microfluidics in various
applications including improving their versatility and
scalability. Droplet-based microfluidics applications
for drug carrier synthesis in industrial scale need
a high-throughput generation system. Efforts have
been already made to fabricate microfluidic devices
that support the production of droplets/particles at
high rates by implementation of parallel generators
in a single chip [242, 243]. As miniaturization is a
main characteristic of microfluidics devices, hun-
dreds of these chips can be fabricated to work sim-
ultaneously to produce DDS. The drug production
procedure also requires to be versatile so that DDS
with various properties can be produced and sorted
with a high efficiency. Current microfluidics-based
particle synthesis for drug carriers is largely passive,
where the properties of the particle are regulated by
changing the flow rates of two immiscible phases.
One of the restrictions is that any variation at input
has a long reaction time [244]. To address this issue,

an automated active droplet generation device was
presented in which valves were used to externally reg-
ulate the infusion of two phases to tune the droplet
volume [244]. This can improve the versatility of
the microfluidics-based platforms for drug carrier
synthesis as carrier properties can be appropriately
regulated. After the synthesis of drug carriers, steps
need to be considered to sort them based on their
properties in terms of their size or shell thickness. For
this purpose, functions such as particle separation
or sorting can be incorporated into the microfluidic
device appropriately due to the flexibility of micro-
fluidic devices for multistep processing [245].

Droplet microfluidic technology faces some chal-
lenges that limit its widespread application in tissue
engineering and regenerative medicine. As discussed
earlier, droplets and microgels loaded with cells are
more effective for tissue repair. Another issue in this
field is relatively lower cellular viability in the process
of droplet generation in microfluidic devices, shear
stress of droplet separation damages the cells to a
small degree [246]. Precise control of cell number in
droplets, as well as cell escapement, is significantly
challenging [236, 247]. This problem is highlighted
in heterogeneous tissues where co-culture of multiple
cell types is required. Another challenge arising from
multiple cell cultures is providing specific microen-
vironment and cell media for each cell type. Design-
ing core–shell structures for the generated droplets
solves this problem to some extent [248]. In the case
of microfluidic encapsulation of cells within hydro-
gels, gelation of the generated droplet is essential. To
attain efficient automation, extra microfluidic com-
partments must be integrated into the droplet gener-
ator to introduce the curing agent and maintain its
reaction with the gel material. On-chip gelation com-
partments lead to a higher complexity of fabrication
and operation [249].

Despite the significant advances in the droplet-
based microfluidic platforms, a few commercial
products of these devices have established them-
selves as central tools in the biological and chem-
ical sciences [250]. Some of the commercial products
of this technology, which are related to biomed-
ical applications include Drop-seq, 10× Genom-
ics, and nucleic acid quantification using Droplet
Digital™ PCR systems from BioRad [251]. Fujifilm
Dimatrix printer (DMP2800) and cluster techno-
logy (DeskViewer™) are two commercial piezoelec-
tric drop-on-demand products, which are established
for Bacterial cells to investigate cell-to-cell inter-
actions and liver tissue chips containing HUVECs
and hepatocytes (HepG2), respectively [252]. Addi-
tionally, RegenHU Ltd BioFactoryR is a commercial
solenoid micro-valve in 3D bioprinter technology is
proposed for lung tissue containing Matrigel™, A549
cells and A.hy926 cells [253].

It is expected that future improvements and
standardization of these devices will further enable
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microfluidic adaptation. Additionally, further efforts
in commercialization will drive extensive adapta-
tion of microfluidic platforms from the research
community into commercial biomedical applica-
tions [250, 254]. To enable out-of-lab application
of droplet-based microfluidics, the employment of
additive manufacturing methods will become more
central in fabricating advanced microfluidic devices
[255]. Moreover, the use of pumpless fluid manip-
ulation methods [256] enables using droplet-based
analysis devices in remote and resource-limited man-
ner [257]. Step emulsification can be beneficial in
the future application in diagnostic applications
including digital droplet PCR or isothermal as well
as large-scale screening/selection applications [252].
Moreover, Raman spectroscopy is a favorable method
for analysis of single-cell. Hence, the integration of
droplet microfluidics with Raman spectroscopy can
provide a special possibility for downstream single-
cell analysis, including culturing cells as well as
DNA/RNA extraction. Additionally, analytical detec-
tion methods including mass spectrometry, Raman
spectroscopy, and electrochemical detection, can be
combined to broaden their use in droplet micro-
fluidics [252].
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