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17. Microfluidic Micro/Nano Droplets

Gopakumar Kamalakshakurup, Derek Vallejo, Abraham Lee

Microfluidic droplet technology has evolved rapidly
since the first microfluidic droplet generator was
reported over a decade ago. It has subsequently
branched out and emerged as a practical solution
to enhance the capabilities of many other fields,
including, but not limited to: high-throughput
screening, biosensing, drug delivery and synthetic
biology. In this chapter, we will report on recent
advancements in droplet microfluidic technologies
that have emerged since Teh et al.’s comprehen-
sive 2007 review. We begin with a brief history
of droplet microfluidics and introduce methods
of droplet production, manipulation, and sens-
ing methodologies. The remainder of the chapter
is dedicated to design considerations for vari-
ous droplet production configurations, concluding
with a discussion on applications, trends and the
general direction that the field is headed.
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17.1 Introduction to Micro/Nano Droplet Microfluidic Technologies

High-throughput screening (HTS) is a scientific method
to conduct millions of chemical and biological reac-
tions. A typical example of HTS is the discovery of
drugs in the pharmaceutical industry, where millions
of drug compounds are tested against the target sam-
ples to analyze the activity. Since early 1960s, screening
has been performed using microplate technology and
it is still a convenient platform used by many HTS
industries. If we take an example of drug screening
in pharmaceutical industry, the process flow occurs in
three steps as shown in Fig. 17.1:

1. Biological target samples are pipetted into the well
plates

2. Drug compounds are added to the wells
3. The fluorescent activity is captured using a detector

that scans the wells.

The limitations of this technology includes:

1. Reagent and sample consumption. Each well con-
sumes milliliter volumes of reagents, which in-
creases the cost of screening. To reduce the reagent

consumption, attempts have made to incorporate a
higher number of miniaturized wells (Moore’s law
of miniaturization). In general, 96 well plates are
considered standard, but companies like DuPont
have come up with 9600 well plates. This leads to
another limitation of liquid handling.

2. Using 96 well plates, one can use pipettes to man-
ually load the samples, but 9600 well plates require
robotic pipetting, which again increases the cost of
screening.

3. Evaporation and contamination. Reagents/samples
can evaporate from the wells and can also cause
contamination issues.

4. Low throughput. To perform millions of reac-
tions, the microplate platform takes several days.
These limitations forced the scientific community
to come up with an alternate solution to microplate
technology.

Advancements in microfabrication technology rev-
olutionized the process of sensing and detection of
chemical and biological samples [17.1]. The samples
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Fig. 17.1 Drug screening process in microplate format: 1. Biological sample is pipetted into the wells 2. The reagent or
drug compound is dispensed into the wells. 3. The aftereffect of the reaction is detected using a robotic scanner

are manipulated and analyzed in miniaturized microflu-
idic chips often referred to as lab on chip devices.
Depending on the liquid manipulation methodology,
we can classify microfluidics into two groups: single-
phase (or continuous) microfluidics and multiphase (or
droplet) microfluidics. Single-phase microfluidics deals
with manipulation of miscible liquids inside a microflu-
idic chip. Using single-phase technology, numerous
chemical or biological reactions can be performed by
integrating thousands of micromechanical valves and
control components [17.2] (Fig. 17.2). These systems
are referred to as microfluidic large scale integra-
tion [17.3]. However, single-phase microfluidics has
limitations:

1. Samples directly interact with the channel walls and
cause cross-contamination of fluid constituents

2. Scaling-up of the screening process require addi-
tional chambers and valves, leading to an increase
in overall chip size

3. Reagent consumption, though microliters (�L) in
volume, could become significant in large-scale
screening.

Attempts to overcome the limitations of single-
phase microfluidics led to the evolution of the second
category of microfluidics referred to as multiphase
microfluidics. The most popular form of multiphase
microfluidics is droplet microfluidics. Droplet microflu-
idics deals with the manipulation of nanoliter (nl)
to femtoliter (fl) droplets inside microfluidic chan-
nels [17.4]. Each droplet can act as an isolated reaction
container for biochemical assays while offering several
advantages over conventional single-phase methods:

1. Droplets can have volumes as little as femtoliters,
leading to a reduction in reagent consumption and
therefore the cost of biological screening.

2. The thin layer of carrier phase around the droplet
prevents evaporation or contamination; droplets
can be generated and detected with ultrafast assay
throughputs (rates up to 10KHz).

3. In droplet format, we can perform millions of chem-
ical or biological reactions in minutes. One of the
most important advantages is that droplet microflu-
idic technology can perform operations that can em-
ulate laboratory benchtop processes, such as fluid
dispensing, mixing, aliquot and sorting/separation.

4. Fluid dispensing is analogous to droplet genera-
tion; mixing, aliquot and separation is equivalent to
droplet merging, droplet splitting and droplet sort-
ing, respectively.

These unit operations make the droplet technology
feasible for HTS of chemical or biological assays. Here
we describe and discuss the droplet unit operations in
detail.

17.1.1 Droplet Generation

One critical aspect of droplet microfluidics is the abil-
ity to generate stable, uniformly sized droplets. Precise
control over the parameters, including channel geome-
try, the flowrate of two phases (shear force), the viscos-
ity of the phases and the interfacial tension between the
phases, are critical to achieve reliable droplet produc-
tion. The two basic (and most commonly adopted) de-
vice configurations to generate droplets are T-junction
and flow-focusing geometries.

T-Junction Configuration
In this configuration, the dispersed phase and the
continuous stream intersect perpendicular to each
other [17.5]. The continuous phase exerts unidirec-
tional shear on the dispersed phase (Fig. 17.3). As the
dispersed phase gradually fills the main channel, it im-
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Fig. 17.2 Schematic of a microfluidic large-scale integration device. It consists of 25� 40 chambers and each chamber
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Fig. 17.3 (a) Schematic of first T-junction geometry reported in 2001. T-junction microfluidic droplet generator.
(b) Reprinted with permission from [17.5], copyright 2001 by the American Physical Society

pedes the continuous phase flow, resulting in a pressure
buildup in the main channel and leading to the droplet
pinch-off. To perform more sophisticated assays, alter-

nate droplet generators are implemented with multiple
T-junctions enabling simultaneous introduction of mul-
tiple reagents and sample solutions (Fig. 17.4) [17.6].
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Flow-Focusing Configuration
In this configuration, both the dispersed and continu-
ous phases are forced to pass through a narrow orifice
in the microfluidic device in a sheath flow fashion
(dispersed phase sandwiched by two continuous phase
streams) (Fig. 17.5 and 17.6) [17.7]. The flow-focusing
droplet generation can be explained by a simplified
model. When the dispersed phase enters the junction,
it blocks the flow of continuous phase resulting in a
pressure buildup in the continuous phase inlets. The
subsequent shear, as a result of the pressure buildup,
pinches off the dispersed phase to form droplets. This

process of droplet breakup is valid only for geometry-
controlled regime, and not applicable for all droplet
generation regimes. The physical principles of droplet
generation and techniques are described in Sect. 17.3.
Recently, it was reported that 10�50fl droplets can be
generated at frequencies ranging from 200 to 1:3MHz,
enabling droplet technology as an ultrahigh-throughput
screening platform [17.8]. Parallel droplet generation
is an alternative method to increase the throughput by
interconnecting networks of individual droplet genera-
tors. This can achieve ultrahigh throughput albeit the
complexity of the system increases with multiplexing.
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Fig. 17.5 Microfluidic flow-focusing droplet generator de-
vice. Reprinted from [17.7] with the permission of AIP
Publishing

An example of parallelization is a three-dimensional
monolithic elastomer device with an array of 20� 50
flow-focusing generators capable of generating droplets
at 8:7MHz, the highest droplet generation rate reported
to date (Fig. 17.7) [17.9]. In most cases, the microfluidic
devices are manufactured using polydimethyl siloxane
(PDMS), which is an inexpensive, flexible and transpar-
ent elastomeric polymer [17.10].

17.1.2 Droplet Merging

Automated droplet fusion is also a critical unit oper-
ation, where the independently generated droplets of
reagents and samples are subjected to controlled merg-
ing and the activity of the merged droplets is monitored
using droplet detection technologies.

Passive Merging
Passive techniques utilize microfluidic channel designs
to ensure controlled merging. There are several ways to
perform passive droplet fusion. However, the two emi-
nent techniques are based on channel expansion [17.11]

Fig. 17.6a,b
Droplet gen-
eration in
flow-focusing
geometry.
Reprinted
from [17.7]
with the per-
mission of AIP
Publishing

and pillar designs [17.12]. When a droplet encounters
a channel expansion, the decrease in velocity slows
down the droplet ensuring merging with the preceding
droplet (Fig. 17.8). In the pillar-induced technique, the
continuous phase near the droplet drains through the
gap between the pillars. This slows down the droplet
and eventually enables merging with the successive
droplets until the hydrostatic pressure exceeds the cap-
illary pressure, pushing the merged droplet out of the
chamber (Fig. 17.9). The process of droplet merg-
ing depends on the pillar geometry, interfacial tension,
flowrate ratio and viscosity of the continuous and dis-
persed streams.

Active Merging
Active methods employ on-chip structures and con-
trol electronics to achieve droplet merging. It includes
electrical, thermal and optical methods. Electrical-
based methods include dielectrophoresis (DEP) [17.13]
and electrowetting-on-dielectric (EWOD) [17.14] force
fields where the actuation of electrodes induces the
merging. Droplets are stacked up one by one over a se-
ries of electrodes and the controlled actuation of a pair
of adjacent electrodes coalesce the packed droplets
(Fig. 17.10). It is also possible to actuate the adjacent
electrodes to move the droplets to the desired location
and fuse them. Digital microfluidics is a field that con-
trols droplet transport by the EWOD principle. Droplet
merging can also be initiated by temperature. Tem-
perature changes correlate to changes in the viscosity
and drainage rate of the continuous phase resulting in
droplet fusion [17.15]. Optical droplet merging tech-
niques rely on the principle of optical tweezers but it
is less attractive because of the lower throughput and
lower actuation force [17.16].

Droplet Splitting
Droplet splitting is a process of breaking the parent
droplet into two daughter droplets. It is an important
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Fig. 17.7 Schematic of a 3D monolithic elastomer device (MED). (a) Design consists of 20 rows by 50 columns of flow
focusing generators. (b) Ladder geometry and fluidic resistance modeling to ensure uniform distribution of solution in
each flow focusing geometry. (c) Cross-sectional view of the device. (d) Fluid from the delivery channel enter the flow
focusing geometry through the intermediate through-hole. Using this device, the droplet production rate can go up to
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Fig. 17.8 Channel expansion design for droplet merging
(after [17.11])

operation unit that increases throughput by paralleliza-
tion. Droplet splitting is achieved using both passive
and active methods. Passive techniques split the parent
drop into two daughter droplets by shear force induced
at the channel bifurcation point [17.11, 17, 18]. Given
a constant flowrate, the size of the daughter droplet is
determined by the hydraulic resistance of the channels
(Fig. 17.11). Bifurcating channels with the same hy-
draulic resistances results in same shear forces on either
half of the droplets, leading to symmetric splitting of
the parent droplet (Fig. 17.12). Unequal channel resis-
tances result in uneven droplet splitting such that the
daughter droplet in the low-resistance channel is rela-
tively larger than the one in the high resistance channel.
Active splitting primarily uses electrical methods to
perform droplet splitting. The EWOD technique can
be used for active fission in digital microfluidics. The
two electrodes on either end of the droplet are actuated
while the center electrode is grounded. The electrodes
on front and rear end of the droplet pulls the droplet in

opposite directions in reference to the ground electrode,
resulting in droplet splitting [17.19].

Assay Readout/Droplet Detection Technique
Sensing and detecting droplets is a critical opera-
tion unit in HTS of chemical or biological assays.
It identifies the positive droplets from the popula-
tion prior to droplet sorting for postprocessing. Light-
induced fluorescent (LIF) detection via chemical la-
beling of biomolecules is a widely adopted detection
technique [17.20]. In LIF, the excitation light source
with a suitable wavelength is focused into the microflu-
idic chip. The excitation light can be either scattered or
absorbed by particles, cells or biomolecules. If any of
the molecules are stained by fluorophores, the resulting
emission wavelength is captured by a detector, which
can be a high-speed camera, confocal microscope, com-
plementary metal-oxide-semiconductor (CMOS) sen-
sors, or photomultiplier tubes (PMT). Recently, a com-
bination of microlens array, reflective channel surface
and high-speed camera was used for high-speed de-
tection of droplets. This setup can screen droplets at
a rate of 2 kHz per microlens [17.21]. Another de-
tection technique relies on a CMOS sensor that can
detect 40 pl droplets at 254 kHz [17.22] in the mi-
crofluidic chip. An integrated comprehensive droplet
digital detection (IC3D) technique was reported in
2014, which can detect one positive droplet from 40
million droplets with 77% confidence [17.23]. Using
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Fig. 17.10a–c Electro-coalescence of the droplets in a mi-
crochannel. When a low voltage pulse is applied, pairs
of droplets coalesce at the gap between the electrodes.
Coalescence of droplets within a (a) bamboo structure,
(b) zigzag structure and (c) targeting of single lamellae in a
foamlike zigzag structure. Reprinted from [17.14] with the
permission of AIP Publishing J

this technique, the droplets collected in a glass cuvette
are subjected to vertical and rotational translation and
are detected by confocal microscopy (Fig. 17.13). In
addition to LIF detection, there are other techniques
such as electrochemical detection [17.24], mass spec-
troscopy [17.25], high-pressure liquid chromatography
(HPLC) [17.26], surface enhanced Raman spectroscopy
or the combinations of the above-mentioned meth-
ods [17.27].

Droplet Sorting
Droplet sorting enables the separation of individual
droplets from a population as a function of its size or
chemical payload. Droplet sorting can be grouped into
two categories: passive and active.

Passive Sorting. As the name suggests, passive sort-
ing techniques do not require any active components
such as on-chip electrodes or additional instrumenta-
tion. Passive techniques are used to sort the droplets
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Fig. 17.12a–c Symmetric T-junction droplet splitter design
for HTS (after [17.18])

based on their size. In 2007, Tan et al. demonstrated
a hydrodynamic droplet sorting technique that utilized
the channel geometry to alter the flow velocity that re-
sulted in sorting [17.28]. Different sized droplets were
successfully sorted into the respective outlets deter-
mined by the shear force ratio, which depends on the
area of projection and shear rate imposed across the

droplet (Fig. 17.14). In 2008, Chabert et al. presented
a hydrodynamic technique for cell encapsulation and
subsequent sorting of the droplets at the channel bifur-
cation [17.29]. The cell-encapsulated droplets are larger
than the empty droplets and thus gets sorted into the
left outlet by the combined effect of lateral shear in-
duced drift generated by the asymmetric oil flowrates
and the steric interactions between the droplets at the
bifurcation. In 2011, Joensson et al. demonstrated a de-
terministic lateral displacement (DLD) pillar array that
could successfully sort 11�m droplets from the 30�m
droplets at a frequency of 12 000 droplets=s [17.30].
In 2013, Hatch et al. reported a passive hydrodynamic
droplet sorting technique by tuning the viscosity ratio
( ), which is defined as the ratio of the viscosity of the
dispersed phase to the continuous phase [17.31]. If 
is between 0:5�10, the droplet migrates toward the re-
gion of high shear gradient (channel wall). For all other
values of  , the droplet migrates toward the low shear
region (channel center).

Active Sorting. Active sorting techniques can sort
droplets by their size and chemical contents, but re-
quire labeling and on-chip electrodes. In fluorescence-
activated droplet sorting (FADS) [17.32] the fluorescent
actuation of the on-chip electrodes redirects the droplets
at the channel bifurcation via DEP forces [17.33].
This is an efficient technique capable of performing
selective sorting of droplets based on their chemical
contents (Fig. 17.15). Some of the other active tech-
niques include piezoelectric actuated surface acoustic
waves (SAW) [17.34], electrically actuated membrane
valves [17.35], which hydrodynamically sort droplets,
or laser-induced thermocapillary valves, which can
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Fig. 17.13a,b Integrated Comprehensive Droplet Digital Detection (IC 3D) technique (a) Blood samples, DNAzyme
sensors and bacteria lysis buffer is encapsulated in millions of droplets. DNAzyme sensor generates instantaneous signal
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Fig. 17.14a–c Size based droplet sorting in a bifurcating microchannel (a) schematic of the device (b) large droplets are
sorted into the channel V and (c) small droplets are sorted into channel Z. Sorting is based on the shear force ratio which
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block the advancement of droplets [17.36]. For a com-
prehensive understanding on various droplet unit op-

erations, the reader is directed to an excellent review
article [17.37].
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17.2 Overview of Current Trends in Droplet Microfluidic Technologies

The field of microfluidics originally emerged as an
alternative to traditional, expensive, and bulky labora-
tory techniques. Costly reagents could be used in even
smaller quantities, meaning that reaction time were
shortened, translating to comparatively high resolution
and sensitive detection.Microfluidic unit operations can
emulate most basic laboratory operations, such as fluid
dispensing, sample aliquot, sample mixing, and assay
readout, at a fraction of the cost and time required with
traditional methods. This enabled droplet microfluidic
technology to rapidly emerge as a powerful platform to
perform numerous applications in chemistry and biol-
ogy. Academic interest in microfluidic technology first
grew tremendously in the 1990s when the U.S. Depart-
ment of Defense saw an opportunity for microfluidic
systems to serve as portable detection units for biologi-
cal and chemical threats, and in turn, developed a series
of programs to stimulate microfluidic research in aca-
demic institutions.

The first microfluidic droplet generator was re-
ported in 2001 by Thorsen et al. [17.5]. Since then,
the technological developments in chemistry, biology
and medicine have garnered substantial interest in ap-
plications enabled by droplet microfluidics. Further
advancements in the microfabrication technologies us-
ing various substrate materials (e.g., glass, polymer) has
led to the realization of many microfluidic droplet gen-
erator designs for control of droplet size, generation
rate, and chemical composition [17.38]. The droplet
based biomolecular assay was the first commercial suc-
cess story of droplet technology. Bio-Rad Laboratories
and Rain Dance Technologies successfully commer-
cialized the droplet digital polymerase chain reaction
(ddPCR) system in 2012 [17.39]. However, the droplet
generation, thermocycling, and droplet readout are per-
formed in three different instruments and the assay
kit is still very expensive (> $ 75 000). Several star-

tups including Intuitive Biosciences (Madison, WI)
are working on ways to overcome the limitations and
reduce costs. A droplet-based, fully integrated next-
generation sequencing platform by GnuBIO Technolo-
gies is currently in the development stage [17.40].
The manufacturer claims that this instrument can per-
form scalable and accurate DNA sequencing that in-
cludes the additional steps of target enrichment and
DNA amplification. If successful, this will be the
first example of a commercial droplet-sequencing plat-
form.

Another highly pursued and top-priority application
in the field of droplet microfluidics is single-cell anal-
ysis [17.41]. Since the droplet microfluidic technology
can easily generate cell-sized aqueous compartments,
large populations of cells can be compartmentalized
into independent monodisperse droplets. This enables
the researchers to query the heterogeneity in cell popu-
lations at the single-cell level by performing sequencing
or gene expression profiling in droplets, or to screen
prospective drug variants against the target sample for
cancer therapeutics [17.42, 43]. Droplet microfluidics
has also emerged as a powerful tool for applications in
directed evolution and synthetic biology. To engineer
proteins and enzymes with novel activity, millions of
genetic variants can be tested in individual microenvi-
ronments, evaluated, and isolated with high-throughput
optical sorting methods [17.44].

Even with the tremendous progress of droplet mi-
crofluidics in recent years, there are still many tech-
nical challenges that researchers are working on to
advance the field. One of the primary challenges per-
tains to high-throughput, sensitive detection and sorting
of droplets. At present, there exists many efficient de-
tection technologies, such as fluorescence detection,
surface enhanced Raman spectroscopy, electrochemical
detection, mass spectroscopy, HPLC and capillary elec-
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trophoresis, but how well can these techniques work for
high- throughput sensing and detection? Can we ex-
tract complete information from the picoliter volume
reactors? As the miniaturization effort is still ongo-
ing, droplet microfluidics will require further future
dimensional scale-down in terms of the device size,
droplet size and reagent volume, which would seriously
challenge existing detection systems that have been de-
signed for cell-sized structures.

Another area that requires improvement is the
material used in the fabrication of microfluidic de-
vices. In most research applications, polydimethyl-
siloxane (PDMS) is used to make the microfluidic
chips. PDMS is transparent, flexible, biocompatible
and permeable to gases; features that are suitable for
culturing biomolecules and cells, but PDMS is also
auto-fluorescent. If the signal-to-noise ratio is too low,
fluorescent measurements can be compromised. PDMS
also has low thermal conductivity, absorbs certain dyes,
and swells in certain organic solvents (e.g., silicone oil).
PDMS microfluidic devices are also typically polymer-
ized in photolithographically patterned molds, which
make them difficult to bulk manufacture and commer-
cialize. An alternative to PDMS are injection-molded

thermoplastic materials such as cyclic olefin copoly-
mer (COC) chips. The comparatively low contact angle
(82ı) of COC, however, makes it difficult to gener-
ate water-in-oil droplets. The research is ongoing to
improve the contact angle by appropriate surface treat-
ments.

Another challenge for the future of droplet mi-
crofluidics is in the synthesis of ideal surfactants to
perform assays within microfluidic channels. Although
there are many commercially available organic sol-
vents, proper incubation of the droplet emulsions re-
quires standardized surfactants that limit the choice of
organic solvents. A major problem encountered while
incubating droplets is imperfect partitioning, leading to
inter-droplet cross talk, which limits the stability of the
emulsions, causing droplet shrinkage or coalescence.
Since this is a relatively new and rapidly developing
field, more work is ongoing to resolve these issues
and challenges. As the field advances, one could fore-
see the development of integrated droplet microfluidic
platforms that are portable, low-cost and autonomous.
These platforms would be able to perform many com-
plex biological processes in shorter times, yet with high
efficiency and precision.

17.3 Fundamental Designs and Techniques for Microfluidic Generation
of Droplets

Emulsions are liquid droplets suspended in another
immiscible liquid. There are numerous ways to gener-
ate emulsions, such as atomization, chaotic mixing of
two immiscible liquids, sprays and membrane emulsifi-
cation. The consequence of this stochastic generation
of emulsions leads to significant droplet size varia-
tion. Over the years, microfluidic technology emerged
as a powerful tool to generate uniform droplet emul-
sions of femtoliter to nanoliter volumes at an ultrahigh
throughput. As described earlier in the chapter, mi-
crofluidic droplet generators can be categorized into
active and passive methods. Active droplet generators
require additional instrumentation including on-chip
devices and control electronics whereas passive meth-
ods rely on the interacting flow fields and interfacial
instabilities to generate droplets. Passive droplet gen-
eration can be grouped into three categories:

1. Coflowing geometry
2. Cross-flowing or T-junction geometry
3. Flow-focusing geometry.

The schematic of all three geometries are shown in
Fig. 17.16. In all three cases, the dispersed phase and
the continuous phase are introduced separately into the

microchannels by a pressure-driven flow that is driven
either at constant volumetric flowrates (using syringe
pumps) or constant pressures (by pressure regulator and
solenoid valves). The two phases meet at a channel
junction and eventually the dispersed phase pinches off
by free surface instability. The droplet pinch-off pro-
cess is a result of the competition between the local
fluid stress (viscous force), which causes the interface
to deform while the capillary pressure (interfacial ten-
sion force) resists the deformation. The ratio of viscous
stress to the capillary stress is defined by a dimension-
less number called the capillary number (Ca)

Ca D �c
V

�
;

where �c is the viscosity of the continuous phase, V
is the velocity of the continuous phase and � is the
interfacial tension between continuous phase and dis-
persed phase. Another two dimensionless parameters
that directly influence droplet breakup are the volumet-
ric flowrate ratio (')

' D Qd

Qc
;
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Fig. 17.16a–c Schematic of three major passive droplet
generation geometries (a) coflowing geometry (b) cross-
flowing or T-junction geometry (c) flow-focusing geome-
try. (After [17.38])

where Qd is the volumetric flowrate of the dispersed
phase and Qc is the volumetric flowrate of the contin-
uous phase, and the viscosity ratio ( )

 D �d

�c
;

where �d and �c are the viscosity of the dispersed and
continuous phases, respectively.

17.3.1 Passive Droplet Generation
Techniques

Coflowing Geometry
This is the simplest geometry to generate uniform
droplets. The geometry consists of a set of concen-
tric channels, where the dispersed phase is introduced
through the inner concentric channel while the con-
tinuous phase flows through the exterior [17.45]. The
configuration is illustrated in Fig. 17.1a. Two droplet
generation regimes are observed in this configuration,
dripping and jetting. The transition from dripping to jet-
ting is observed if the continuous phase increases above
a critical velocity [17.46]. The critical velocity is a func-
tion of dispersed phase velocity, interfacial tension
and viscosity ratio ./. The critical velocity decreases

with increasing dispersed phase velocity and decreas-
ing interfacial tension. Droplet size is a function of
the volumetric flowrate .'/ and interfacial tension .�/.
An increase in ' results in an increase in droplet size.
Higher continuous flowrates exert more shear stress
on the dispersed phase interface that result in smaller
droplets. Similarly, an increase in � makes the interface
weaker and hence the dispersed phase can easily break
off into smaller droplets. It is shown that the viscosity
ratio ./ has no significant effect on the droplet size
over a wide range of continuous phase flowrates. In this
regime, the predicted droplet size is given by the nondi-
mensional equation [17.45]

d31 �
�
1C 1

3Ca

�
d21 � '

˛
d1 C '

˛
D 0 ;

where d1 is the ratio of droplet diameter .d/ to the di-
ameter of the inner capillary tube and ˛ D Ad=Ac is the
ratio of the two cross-sectional areas of the inner and
outer capillary tube. If the dispersed phase flowrate is
slow enough, the above equation simplifies to

d1 � 1C 1

3Ca
:

The droplet breakup and the size depends on the viscous
stress and the capillary pressures. Using this geome-
try, highly monodisperse droplets with diameters in the
range of few hundred micrometers are produced with
polydispersity values ranging from 1 to 2%.

Notably, the wettability of the channel wall is cru-
cial in determining which phase is dispersed. If the
channel wall is hydrophobic (e.g., PDMS), the oil phase
will wet the wall and form the continuous phase. In that
case, the aqueous phase will form the droplets. Con-
versely, if the channel wall is hydrophilic (e.g., silicon),
then the aqueous phase will form the continuous phase
while the oil phase will form the droplets.

Cross-Flow or T-Junction Geometry
This is one of the simplest and common microfluidic
geometries to generate monodisperse droplets [17.4,
47]. Depending on how the droplet phase fills the junc-
tion, the T-Junction geometry can be grouped into two
categories, unconfined geometry and confined geome-
try.

Unconfined Geometry. In the unconfined geometry,
the width of the continuous phase channel is at least
five times larger than that of dispersed phase channel
[17.48]. As the name suggests, the emerging droplets
do not interact with the continuous phase channel walls
and remain unconfined upon exiting the dispersed phase
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inlet. The droplets generated from this geometry do not
significantly disrupt the main channel flow, hence the
droplet size is determined by the local shear stress at the
junction. At a fixed dispersed phase flowrate, the size
of the droplets decreases with increasing continuous
phase flowrate. There are a few studies that show the
droplet pinch-off occurring when the drag force exerted
by the continuous phase flow overcomes the interfacial
tension resisting the droplet deformation and the dis-
persed phase flowrate has little influence on the droplet
breakup and the size [17.48, 49]. The droplet size in this
geometry is given by

d41 � 2d31 C �

2
d21 C ˛

2C�Ca
D 0 ;

where d1 D d=Dc is the dimensionless number, which
is the ratio of droplet diameter .d/ to the hydraulic di-
ameter .Dc/ of the continuous phase channel

Dc D 2wch

wc C h
;

where wc and h are the width of the continuous phase
channel and height of the channel respectively

˛ D
�
wd

Dc

�2

;

where wd is the width of the dispersed phase channel,

C� D
�
3C 2

�

�
�
1C 1

�

�

is the correction factor for viscosity ratio  and � is
the ratio of droplet velocity to the average continuous
flow velocity. The value ranges from 0< � < 2 and it
depends on capillary number.

Confined Geometry. In the confined geometry, the
width of the dispersed phase channel is comparable to
that of the continuous phase [17.50]. The droplet phase
completely obstructs the continuous phase channel (ex-
cept for a thin Bretherton’s film between the droplet
and the wall), leading to an increase in the upstream
pressure driving the breakup of the interface. Under
these conditions, plugs are often generated instead of
droplets. Plugs can be thought of an elongated droplet
or the droplets with length in the flow direction greater
than its width. The neck of the plug squeezes at a rate
proportional to the average velocity of the continuous
phase fluid and the plug fills at a rate proportional to the

dispersed phase flowrate [17.51, 52]. The final length of
the plug is given by the expression

L1 D L

wc
D 1C ˛' ;

where ˛ is the constant that depends on the width of
the thinning neck. The equation shows that at low cap-
illary number, the length of the plug depends only on
the volumetric flowrate ratio. Above a critical capillary
number, the viscosity ratio plays an important role in
the droplet breakup, in contrast to the unconfined ge-
ometry. In the confined geometry, the droplet formation
occurs within a specific range of flow conditions. If
' approaches unity, the dispersed-phase flowrate and
the continuous-phase flowrate become equal, and it is
observed that two phases flow parallel to each other
without breakup.

Flow-Focusing Geometry. In this configuration the
dispersed phase and the continuous phase are forced
to pass through a small and narrow region in the
microfluidic device [17.7]. The shear applied by the
continuous phase over the dispersed phase results in
droplet pinch-off. Three regimes are observed in this
configuration:

1. Squeezing regime or geometrically controlled
regime

2. Dripping regime
3. Jetting regime.

The transition between these regimes depends on
the capillary numberand the flowrate ratio. In general,
microfluidic droplet generation occurs at a capillary
number within the range of 10�3�101. The squeez-
ing regime occurs at low capillary numbers (� 10�3).
When the droplet phase enters the junction, it blocks
the flow of the continuous phase and results in pressure
buildup in the continuous phase inlets. The subsequent
bidirectional shear results in the pressure buildup that
pinches off the dispersed phase to form droplets. No-
tably, the pinch-off occurs right at the orifice. The
droplet diameter in this regime is observed to be com-
parable to the orifice size and is larger than the other
two regimes. As the capillary number increases, tran-
sition from squeezing regime to dripping regime is
observed. In the dripping regime, the droplet breakup
occurs within one characteristic diameter of the ori-
fice [17.53, 54]. The interface after the breakup remains
at a static location within the orifice. The droplets
generated in this regime are smaller than the orifice
diameter and are highly monodisperse (polydispersity
< 2%). At a fixed orifice size, the droplet diameter
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decreases with increasing Ca and decreasing '. The
relationship between the droplet generation frequency
(f ), droplet spacing (s) and droplet velocity (U) is given
by [17.55]

U D fs :

Zhou et al. [17.56] describe the droplet pinch-off mech-
anism in the dripping regime as a combination of a cap-
illary instability, including Rayleigh capillary instabil-
ity and end-pinching mechanism, shared with viscous
drag exerted by the continuous phase on the droplet
phase. The transition from the dripping to jetting regime
occurs at a higher capillary number. In the jetting
regime, as the name suggests, the dispersed phase pro-
trudes like a long jet and it extends at least three orifice
diameters outside the orifice exit. The droplets gener-
ated in this regime are polydisperse with a diameter
larger than the dripping regime. The transition from the
dripping to jetting regime occurs at a critical capillary
number given by [17.54]

Cacr D tpinch
tgrowth

D �cQd

�R2
jet

� 1 ;

when Ca< Cacr. The dripping regime is observed be-
cause of the interface instability, which will not allow
the growth of a long jet, whereas for Ca> Cacr, the jet-
ting regime is observed because the viscous stress will
suppress the interface instability and allow the growth
of a long jet. Droplet generation in coflowing, cross-
flowing and flow-focusing geometries are illustrated in
Fig. 17.17.

Passive droplet generators are widely used because
of its ease of use and simplicity. Active droplets, though
more complex, allow for better control over the droplet

a)

b)

c)

Co-flowing streams

Cross-flowing streams

Flow Focusing

Fig. 17.17a–c Droplet generation in all three geometries.
(a) Coflowing geometry. (b) Cross-junction/T-junction ge-
ometry. (c) Flow-focusing geometry from [17.38], copy-
right IOP Publishing. Reproduced with permission all
rights reserved

generation and production (ink jet printing technol-
ogy). Active droplet generation employs piezoelectric
transducers [17.57], membrane valves [17.58], electric
fields [17.59] to initiate the droplet breakup.

17.4 Microfluidic Micro-/Nanodroplet Applications

Droplet microfluidics offers an excellent platform to
conduct a diverse set of applications from chemical
synthesis, particle manipulation, bioassays and drug
discovery to point-of-care diagnostic chips [17.37, 60–
62]. This section discusses the current and potential
applications of droplet microfluidics.

17.4.1 Chemical Reactions in Droplets

Droplets act as isolated micro-/nanocontainers to per-
form chemical reactions. The exquisite control and
manipulation of these droplet reactors enables one
to conduct innumerable chemical reactions within the

droplets [17.4]. Droplet technology offers several
advantages while performing the chemical reactions:

1. Reduced consumption of reagents
2. Less exposure to hazardous chemicals
3. Large surface-to-volume ratio enables better diffu-

sion and mass flowrates
4. Recirculation within the droplets ensures proper

mixing of the reactants
5. Scale up of the process by parallelization.

The hydrolysis reaction between p-nitro phenyl ac-
etate and sodium hydroxide was performed in droplets.
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Sodium hydroxide forms the droplet phase and the con-
tinuous phase contains p-nitro phenyl acetate. The re-
action occurred as result of the mass transfer of p-nitro
phenyl acetate into the droplet phase containing sodium
hydroxide. Similar work has been reported to demon-
strate the increased yield in droplet-based microre-
actor platforms [17.65]. The neutralization reaction
can also be performed in droplets [17.66]. The acetic
acid present in the continuous phase diffuse into the
KOH/NaOH droplets and the color variation of the pH

6 Minutes 30 Minutes

6 Minutes 30 Minutes

200 μm

Buffer

Water

Out

Out

Na2SCdCl2

Buffer

Na2SCdCl2

Oil

a)

b)

Fig. 17.18a,b Comparison of the nanoparticle (CdS) synthesis in (a) single-phase flow and (b) droplet phase. Unlike the
droplet system, the single-phase system results in nanoparticle accumulation inside the channel and eventually leads to
clogging. Reproduced from [17.63] with the permission of the Royal Society of Chemistry

Fig. 17.19 A cell-like
bioreactor produced by
encapsulating the E. coli
cell’s free expression
system in a phospholipid
vesicle (after [17.64]),
copyright 2004 National
Academy of Sciences,
USA

indicator is used to monitor the reaction and calculate
the diffusion rates. It has been found that the diffusion
rate is faster in small droplets than plugs. Other chem-
ical reactions include precipitation reactions [17.67],
anticoagulants [17.68], organic phase reactions [17.69]
and the generation of cadmium selenide (CdSe) nano-
particles inside the droplets [17.63]. Separate droplets
with different reagents were merged in a controlled en-
vironment to induce reactions inside the fused droplet
to produce monodispersed nanoparticles (Fig. 17.18).
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17.4.2 Biomolecule Synthesis

Droplet microfluidics is an ideal platform to carry out
controlled synthesis of a wide range of biomolecules
including high- throughput directed evolution of pro-
teins and polymerization chain reaction (PCR). The
ability of droplet microfluidics to generate uniform
and homogeneous droplets in a controlled environ-
ment is the fundamental requirement for the synthesis
of artificial cells [17.71]. The formation of an artifi-
cial cell helps one study life’s fundamental reactions.
A cell-like bioreactor was produced by encapsulating
the E. coli cell’s free expression system in a phospho-

a) b)
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Microfluidic chip
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Fig. 17.20a–d Protein
expression studies by
encapsulating a single
cell inside the droplet and
detecting the expression
of fluorescent proteins
within the cell. Droplet-
containing cells are
distinguished by a vertical
spike arising from the
expressed fluorescent
protein. Reproduced
from [17.70] with the
permission of the Royal
Society of Chemistry

lipid vesicle [17.64]. The phospholipid bilayer acts as
a semipermeable membrane that helps in the exchange
of nutrients in and out of the cell (Fig. 17.19). Huebner
et al. demonstrated protein expression by encapsulating
single cells inside droplets and detecting the expres-
sion of fluorescent proteins within the cell [17.70].
This in-vitro protein expression in droplet vesicles
offers potential applications in the high-throughput di-
rected evolution of proteins (Fig. 17.20). In genomics,
droplet microfluidics offer a compelling platform to
perform PCR in droplets. Compared to the conven-
tional approach, droplet-based PCR technology offers
advantages in making the process quantitative and
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sensitive [17.72]. Droplet-based PCR also increases
the amplification efficiency by minimizing the reagent
dispersion and surface adsorption. Generally, droplet-
based PCR is performed in two different ways. The first
is a continuous flow-based approach. A droplet-based
micro-oscillation flow PCR chip was designed and im-
plemented by Wang et al. [17.73]. Injected droplets
containing a PCR mixture, pass through the three dis-
tinct temperature zones (denaturation, extension and
annealing) in the microfluidic channel to attain the
required temperature transition. They successfully am-
plified human papillomavirus (HPV)-DNA samples and
the PCR products were analyzed by gel electrophore-
sis. The group has also shown that the whole process
takes less than 15min, compared to 2 h for the con-
ventional process. In the second method, microfluidic
chips are used only for the generation and detection pro-
cess [17.74]. This is the method that most commercial
products utilize (Fig. 17.21). The process flow occurs in
three steps:

1. Uniformly sized droplets with template DNA were
created by a microfluidic drop generation device.

2. These droplets are transformed manually into 96-
well plates and are placed in a thermocycling device
that is programmed to control the temperature re-
quired for the DNA amplification.

3. Thermocycled droplets with amplicons are auto-
matically transferred to the detection device, which
has a microfluidic chip built into it.

The LIF detection system helps to quantitatively es-
timate the DNAexpression based on the fluorescence
associated with each droplet.

17.4.3 Drug Discovery

In conjunction with high-speed and sensitive-detection
technologies, such as LIF detection, mass spectroscopy,
capillary electrophoresis, x-ray crystallography and
HPLC, droplet microfluidics has the capability to per-
form HTS of target molecules against potential drugs.
For example, to study the activity of a certain drug
against the disease causing cells or proteins, both the
labeled cells/proteins and drugs are encapsulated sep-
arately in the form of droplets using suitable droplet-
generation configurations. These two specific droplet
groups are subjected to droplet merging/fusion using
appropriate passive or active fusion techniques. The
product resulting from the reactions inside the fused
droplet is picked up by fluorescence-detection tech-
niques. Since the droplet generation frequency can
reach 10KHz, one can screen up to 10 000 droplets
in one second, a speed that could revolutionize the
high-throughput industry. As a result, the whole screen-
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Fig. 17.21 BioRad’s droplet PCR workflow

ing process has been transformed from conventional
well plates to droplet technology. Another tool to
perform high-throughput protein analysis is matrix-
assisted desorption or ionization (MALDI). MALDI
spectroscopy has been integrated with droplet technol-
ogy to achieve high-throughput analysis of proteins and
chemicals [17.75].Wheeler et al. illustrated an EWOD-



Part
C
|17.4

554 Part C MEMS/NEMS

based technique to purify the sample and analyze them
using matrix-assisted laser desorption ionization-time
of flight mass spectrometer (MALDI-TOF) mass spec-
troscopy [17.76]. In this platform, the whole process
is automated but the common channels still allow for
potential surface cross-contamination. Protein charac-
terization can also be done by x-ray diffraction of
protein crystals. Proteins (glucose isomerase, thaumatin
and ferritin) are subjected to crystallization inside the
droplets and were characterized using x-ray crystal-
lography [17.77]. Another technique to characterize
a drug compound is to perform kinetic studies to ex-
plore the activity of enzymes and chemicals. Song and
Ismagilov have conducted kinetic measurements of ri-
bonuclease A (RNase A) with millisecond temporal
resolution [17.78]. The enzymatic activity was deter-
mined by the fluorescence resulting from the cleavage
of a fluorogenic substrate by RNase A (Fig. 17.22). The
intensity of the fluorescence is used to figure out the
duration of the reaction process. In general, droplet mi-
crofluidics offers a standardized platform to perform
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Fig. 17.22a–d Drug discovery in droplets. Demonstration of kinetic studies to explore the activity of enzymes and chem-
icals (after [17.78])

HTS of biomolecules. As such, the droplet microflu-
idics does not alter the format of the drug screening
but it adds functionality and performance to the exist-
ing platform.

Directed evolution is another important application
of droplet-based technology. Copies of genes or cells
are distributed into each droplet compartment and are
assayed for a specific phenotype. The positive droplets
(the droplets containing the mutant genes) were sorted
out and broken to recover the genotype for character-
ization [17.79]. Reverse-transcription PCR (RT-PCR)
has emerged as a powerful technique to characterize the
transcriptome of single cells in droplets [17.80]. This
study will provide insights into the heterogeneity of the
cells, their response to drugs or pathogens and the cause
of various diseases. The single-cell transcriptomes are
captured using the hydrogel microbeads, which are en-
capsulated in the droplets along with the cell. Entire
transcriptomes of the cells were barcoded for identifi-
cation purposes and this technique has reported a 13%
mRNA capture efficiency (Fig. 17.23) [17.81].
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Fig. 17.23a–d The single-cell transcriptomes are captured using the hydrogel microbeads, which are encapsulated in
the droplets along with the cell. Entire transcriptomes of the cells were barcoded for identification purposes and this
technique has reported a 13% mRNA capture efficiency. Reprinted from [17.81] with permission from Elsevier
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17.5 Conclusion
In this chapter, we introduced droplet microfluidic
technology and its ability to manipulate fluids on the
micro/nanoscale. The chapter also covered droplet gen-
eration techniques, current trends in droplet microflu-
idics and generic applications. The field of droplet
microfluidics has matured over the last decade, as
droplet microfluidic technologies are now being applied

to a wide variety of commercial applications. There re-
main technical challenges to enable large networks of
microfluidic operations in integrated devices that re-
searchers are working on. However, the future of this
promising technology is bright and it is predicted that
droplet microfluidics will become an indispensable tool
for a wide range of fluidic diagnostic platforms.
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