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Development and future of droplet microfluidics

Over the past two decades, droplet microfluidics has
inspired applications across multiple disciplines from
materials science to biology. In this review, we discuss the
physical mechanisms behind high-throughput generation
and manipulation of droplets, summarize their applications in
droplet-derived materials and droplet-based biotechnology,
and share our perspectives on their wider use in industrial
production and biomedical analyses.
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Development and future of droplet microfluidics

Lang Nan,? Huidan Zhang,” David A. Weitz ®°° and Ho Cheung Shum @ *a°

Over the past two decades, advances in droplet-based microfluidics have facilitated new approaches to

process and analyze samples with unprecedented levels of precision and throughput. A wide variety of

applications has been inspired across multiple disciplines ranging from materials science to biology.

Understanding the dynamics of droplets enables optimization of microfluidic operations and design of new
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techniques tailored to emerging demands. In this review, we discuss the underlying physics behind high-
throughput generation and manipulation of droplets. We also summarize the applications in droplet-
derived materials and droplet-based lab-on-a-chip biotechnology. In addition, we offer perspectives on

future directions to realize wider use of droplet microfluidics in industrial production and biomedical

rsc.li/loc analyses.

1. Introduction

Microfluidics is a technology of manipulating and controlling
fluids in integrated networks of micron-scale channels.® It
has gained extensive impact in a wide range of fields ranging
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from electrical engineering to biochemical analysis.>”
Droplet-based microfluidics is a branch of microfluidics
focusing on the creation and manipulation of discrete
volumes of liquids through adoption of immiscible fluid
flows.*® Compared with continuous-flow systems, droplet
microfluidic systems enable isolation and manipulation of
samples in separate compartments. The droplets generated
with uniform size and shape provide a stable
microenvironment for biochemical reactions.®” Processing of
a large number of droplets in parallel facilitates to achieve
ultrahigh throughput.® Confinement of individual targets
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within the droplets and independent processing of each of
them allow high-precision analyses.”"°

In the past two decades, there have been significant
advances in the design and fabrication of microfluidic
devices, which has led to production of ever more
sophisticated droplets, and enabled precise control and
analysis of their contents."" Droplet microfluidics is
extensively used to produce new materials: droplets serve as
advanced templates to synthesize functional materials that
enable high-efficiency encapsulation and controlled release
of active ingredients."”>"® Droplet microfluidics is also
extensively used for lab-on-a-chip applications in
biotechnology: droplets function as isolated reactors enabling
confinement of individual targets; on-demand manipulation
of the droplets allows high-precision and high-throughput
analyses of a large number of samples.'*'> However,
challenges still remain: democratizing droplet microfluidics
to economically produce large quantities of lower-value-
added materials has yet to be achieved; precisely labelling
the contents of each droplet and retaining the label through
multiple manipulation steps remain difficult in lab-on-a-chip
applications.

In this review, we discuss the fluidic interactions and
physical mechanisms of droplet formation. We describe the
synthesis of droplet-derived materials and discuss relevant
applications. We also describe the functional manipulation
techniques and the enabled lab-on-a-chip applications.
Finally, we discuss future directions of droplet microfluidics
for its wider use in industrial production and biomedical
analyses.

2. Physics of droplet generation

There are two types of microfluidic devices commonly used
to produce droplets: capillary devices and devices made from
polydimethylsiloxane (PDMS). Both types of devices have the
advantages that they can be easily fabricated and can
produce highly controllable and uniformly sized droplets
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(Box 1). In each case, the droplet size can be adjusted by
tuning the flow rates and channel geometries. In addition,
combining individual droplet formation steps enables
generating multiple emulsions.

Box 1. Device fabrication

The fabrication of microfluidic devices is important for the stability of
droplet generation and the precision of droplet manipulations. The
devices should be fabricated with high precision, efficient sealing, and
good transparency. Microfluidic chips fabricated from PDMS using soft
lithography are the most commonly used in droplet microfluidics."®
Predesigned patterns are first etched onto a photoresist layer coated on
a silicon substrate using photolithography. The PDMS is then cast and
cured to form the micropatterned channels. Finally, the channels are
sealed by bonding the device with a glass slide. Multiple PDMS chips
can be repeatedly fabricated from a single mold, and sophisticated
networks can be fabricated for precise droplet manipulations.'” In
addition, 3D printing can also be used to fabricate microfluidic chips
with custom-designed channels, although the precision of such devices
is significantly lower than those made with soft lithography.'® Capillary
devices are also commonly used in droplet microfluidics. A series of
cylindrical and square glass capillaries are coaxially aligned to generate
single and multiple emulsions.'® The capillary devices are compatible
with most organic solvents and are thus widely used in materials
synthesis.>’

For stable and continuous generation of droplets in microfluidic
devices, the wettability of the fluids on the channel walls needs to be
controlled. The channels should be preferentially wet by the
continuous fluid; thus, for forming water-in-oil droplets, the oil should
wet the channel walls, which are often rendered hydrophobic through
silanization or siliconization; for forming oil-in-water droplets, the
channel walls are often pre-treated by oxygen plasma or with a
hydrophilic coating.*!

2.1 Fluid dynamics of droplet formation

When one liquid flows through a nozzle immersed in a
second, flowing immiscible liquid, the first liquid forms
droplets.”®> Each growing drop experiences two competing
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forces: the viscous force of the second, flowing fluid that
pulls it downstream and the surface tension force that holds
it to the nozzle.>® At low flow rates, the time required for the
drop to be pulled away from the nozzle due to viscous forces
is longer than the time it takes to pinch off and form the
drop. Thus, the droplets are formed at or near the nozzle,
which is a result of an absolute instability and is called the
dripping regime.>* The pinch-off occurs at a fixed location in
space with an intrinsic frequency; hence the droplet breakup
is insensitive to external noise, leading to the formation of
monodisperse droplets. When the continuous-phase flow rate
increases, the dispersed phase is pulled away from the nozzle
before pinch-off. As a result, the dispersed phase forms a jet
which becomes thinner as it flows downstream. The jet
subsequently breaks up into droplets due to a convective
instability, the Rayleigh-Plateau instability.”> Droplet
formation is driven by the perturbations in the width of the
jet; these perturbations are unstable and grow in amplitude,
leading to the formation of droplets with a polydispersity
typically higher than that in the dripping regime. In this
narrowing jetting regime, the droplets are formed due to the
viscous forces imposed by the flow of the continuous phase,
which must overcome the surface tension forces. To compare
the relative importance of these two forces, the capillary
number, Ca, is introduced; it is the ratio of the viscous force
to the surface tension force. A different jetting regime is
observed when the flow rate of the dispersed phase increases,
opposing droplet pinch-off and widening the jet.>® Here, the
droplets are formed due to the inertial forces imposed by the
flow of the dispersed phase, which must overcome the
surface tension forces. To compare the relative importance of
these two forces, the Weber number, We, is introduced; it is
the ratio of the inertial force to the surface tension force. In
each regime, the transition between dripping and jetting
occurs when the appropriate dimensionless number is of
order one; more generally, the transition occurs when the
sum of capillary and Weber numbers is approximately equal
to one.”’

2.2 Droplet generation in capillary devices

Droplets with uniform size and shape can be generated in
capillary devices. The capillary devices are fabricated by
coaxial alignment of a series of glass capillaries. The three-
dimensional configuration improves droplet formation by
ensuring that the continuous phase completely surrounds
the dispersed phase as the droplet forms. Furthermore, as
glass is compatible with a wide range of solvents, these
devices can generate emulsions with almost any liquid
phases. Moreover, the wettability of these glass devices can
be easily controlled, thus facilitating the generation of
multiple emulsions. Commonly used geometries include co-
flow and flow-focusing configurations, as well as their
combinations (Table 1).

Co-flow devices are constructed by inserting a cylindrical
capillary with a tapered tip into a square capillary. Coaxial
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alignment is ensured by matching the outer diameter of the
cylindrical capillaries to the inner diameter of the square
capillary. The dispersed phase flows into the inner cylindrical
capillary, while the continuous phase flows through the
interstitial space between the inner and outer capillaries in
the same direction (Fig. 1a).>> When the inner fluid flows out
of the orifice, it is spontaneously broken into discrete
droplets. Flow-focusing devices are constructed in the same
way as the co-flow devices; however, the two phases are
introduced from two ends of the square capillary in opposite
directions (Fig. 1b).*° The inner fluid is hydrodynamically
focused and pinched off by the outer fluid when they flow
through the narrow orifice of the inner capillary.”® In both
co-flow and flow-focusing, the droplet size can be controlled
by the diameter of the orifice and the flow rates.>®

The co-flow and flow-focusing configurations can be
combined to generate double-emulsion droplets (Fig. 1c).*!
Two cylindrical capillaries are aligned end-to-end within a
square capillary. The innermost phase flows through the
inner cylindrical capillary, while the intermediate phase flows
through the interstitial space between the inner and outer
capillaries in the same direction. The outermost phase flows
through the interstitial space from the opposite end in the
opposite direction and hydrodynamically focuses the two co-
flowing liquid phases into double-emulsion droplets as they
pass through the orifice. Double emulsions with ultrathin
fluid shells can be further generated by using this device.*®
The innermost and intermediate phases are both introduced
from the inner capillary, while the outermost phase is
introduced through the interstitial space in the same
direction. The intermediate phase that has higher affinity for
the capillary flows along its wall and forms a thin layer,
surrounding the innermost phase. A compound jet consisting
of these two concentric phases is thus formed at the orifice
of the capillary. The jet is then broken up into double-
emulsion droplets in a single step.

An alternative design to generate double-emulsion
droplets is by combining two co-flow formation steps in
series.®” The innermost phase is first emulsified into the
intermediate phase to form single emulsions, followed by
emulsification into the outermost phase to form double
emulsions. Higher-order multiple emulsions can be further
produced by adding additional sequential emulsification
steps. The number and size of the droplets at each level can
be precisely controlled. Moreover, multiple emulsions with
different components can be generated by merging multiple
streams of inner droplets.*®

2.3 Droplet generation in PDMS devices

Microfluidic chips fabricated from PDMS using soft
lithography are commonly used in biochemical analyses. This
type of device can be custom-designed for upstream
adjustments of fluid streams and downstream manipulations
of droplets. Commonly used geometries include cross-flow,
flow-focusing, and step-emulsification (Table 2).

Lab Chip, 2024, 24, 1135-1153 | 137
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Table 1 Characterization of the droplet size in capillary devices
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In the cross-flow geometry, the droplets are typically formed
when the two phases meet at a T-shaped junction (Fig. 1d).**
The fluid introduced from the main channel forms the
continuous phase, while the other fluid introduced from the
branch channel forms the dispersed phase. At low flow rates of
the continuous phase, the dispersed phase occupies almost the
entire channel before formation of the droplets.”” As the
incipient drop grows and gradually obstructs the channel, the
gap through which the continuous phase could flow decreases
in size. This results in an increasing dynamic pressure imposed
on the growing drop. Once the pressure is sufficiently large to
overcome the interfacial tension, the interface is squeezed and
pinched off to form a droplet.** This is known as the squeezing
regime. Due to channel confinement, the resulting droplets are
uniform in size, which is proportional to the flow rate ratio of
dispersed phase to continuous phase and the width of main
channel.*

In the flow-focusing geometry, the droplets are formed when
both the dispersed phase and continuous phase are focused
through a constriction (Fig. 1e).** The resulting viscous shear
force focuses the dispersed stream into a narrow thread that
eventually breaks up into droplets.”” With increasing Ca, the
flow regime transits from squeezing to dripping and to jetting.
Occasionally, an array of satellite droplets is formed between

N38 | Lab Chip, 2024, 24, 135-1153

the primary droplets in a regime called “thread formation™.*®

In the squeezing and dripping regimes, the droplet size is
inversely proportional to one-third power of Ca.*> Compared
with cross-flow, the flow-focusing allows more stable formation
of droplets due to the symmetric shearing effect.*” In addition,
multiple emulsions can be generated by combining a series of
flow-focusing formation steps.*®

In step-emulsification geometry, the droplets are formed
as the channel thickness abruptly increases across a step
(Fig. 1f).*> The dispersed phase forms a tongue-shaped
thread in the shallow channel. When the thread flows
through the step, it expands into the reservoir, forming a
spherical bulb. The internal Laplace pressure decreases
due to the decreased curvature. The pressure difference
between the thread and bulb thus sucks the dispersed
fluid into the bulb, triggering droplet growth and
formation.*® As the curvatures of the thread and bulb are
determined by the channel geometries and the contact
angle between the dispersed phase and the channel wall,
the droplet size is not affected by variations in flow
rates.”® This makes the operations of multiple integrated
step-emulsification droplet makers very robust, which can
facilitate  high-volume production of monodisperse
droplets.”

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Configurations for droplet generation. a. Capillary co-flow: two immiscible liquids are introduced from inner and outer capillaries in the
same direction. The droplets are formed when the co-flowing fluids meet at the orifice.3? b. Capillary flow-focusing: the two liquids are both
introduced from the outer capillaries in opposite directions. The droplets are formed when the two fluids are focused through a narrow orifice.3°
c. Combination of capillary co-flow and flow-focusing: when the coaxially flowing innermost and intermediate phases are focused by the
outermost phase into the narrow orifice, double-emulsion droplets are formed in a single step.>! d. Cross-flow: the two liquids are introduced
from orthogonal channels that form a T-shaped junction. The droplets are formed when the two liquids meet at the Tjunction.33 e. Planar flow-
focusing: the continuous phase is introduced from channels on both sides of the dispersed phase. The droplets are formed when the two fluids
are focused through the constriction.®* f. Step-emulsification: the diameter of the flowing dispersed fluid increases as it enters the wider channel,

leading to droplet formation at the step.®

As PDMS is deformable, the channel of a microfluidic
device can be periodically compressed by applying external
forces. The resulting periodic changes in channel width
allows active control over the droplet formation. This method
can be used to break up liquid jets with low interfacial
tension and high viscosity, such as the aqueous two-phase
system (ATPS).>> When only hydrodynamic pressure is
applied, the ATPS droplets are generated in a jetting regime
with high polydispersity and at low frequencies.”> When
pneumatic valves are actuated to compress the channel,
additional perturbations can be provided to force the jetting
regime into the dripping regime, leading to stable and
efficient droplet generation.>

3. Droplet-derived materials

Microfluidic droplets can serve as monodisperse templates to
synthesize microparticles and microcapsules. Well-defined
structures can be fabricated for high-efficiency encapsulation

This journal is © The Royal Society of Chemistry 2024

and controlled release of actives. The droplets can also
function as controlled reactors to synthesize high-quality
nanomaterials. The materials synthesis can be scaled up by
parallelizing the droplet generation.

3.1 Materials templated from droplets

Monodisperse microparticles can be fabricated through
solidification of the entire droplets.”®”® Chemical
polymerization is a common method to solidify the droplets
and has been applied to a variety of materials, including
gelatin methacrylate (GelMA)>” and poly(ethylene glycol)
diacrylate (PEGDA).>® Upon ultraviolet (UV) irradiation,
heating, or redox reaction, covalent linkages can be formed
within the matrices to solidify the droplets.”® Polymerization
provides a fast response time, and the resultant particles are
mechanically durable. Physical gelation triggered by ionic
cross-linking or freezing is another commonly used method
to solidify the droplets. It is often applied to some natural

Lab Chip, 2024, 24, 1351153 | 1139
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Table 2 Characterization of the droplet size in PDMS devices
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materials that have high levels of biocompatibility, such as
alginate®® and agarose.®® However, the reactions between
precursors and cross-linking agents are normally conducted
in an ultrafast manner, which may instantaneously block the
channel and stop droplet generation. To prevent the
premature reaction and channel blocking, delicate control
over the reactions is required. For instance, in the synthesis
of alginate particles, the gelation is slowed by controlled
release of calcium ions (Ca®") from calcium carbonate
(CaCO;)  or  calcium-ethylenediaminetetraacetic ~ acid
(calcium-EDTA) nanoparticles (Fig. 2a).®*®* Solidification of
droplets through temperature-induced gelation and freezing
relies on phase transition of some hydrocarbon and lipid:
these molecules possess melting point at or above room
temperature, which can be simply solidified by changing the
temperature. This type of particle is more biocompatible and
thermo-responsive, but the pores formed are relatively large,

140 | Lab Chip, 2024, 24, N35-1153
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which may cause undesired leakage of some encapsulants.®
In addition, the droplets can also be solidified through
evaporation or diffusion of the solvent.”® Although this
approach can be applied to a variety of polymers and
compounds dissolvable in a volatile solvent, the response
time is significantly slower than that of the polymerization
and cross-linking methods, limiting its widespread use.
Microcapsules with well-defined core-shell structures can also
be templated from microfluidic droplets. They can be
produced from single emulsions through phase separation®
or interfacial assembly.®”” More improved method of
fabrication focuses on the use of double-emulsion templates
by solidifying the shell components.®®® The thickness of the
shell as well as the size and number of the cores can be
precisely controlled by tuning the flow rates.”®

The droplet-templated particles can encapsulate target
samples with high efficiencies. Conventional bulk-volume

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Droplet-derived materials. a. When the droplets flow with acidic oil, Ca®* ions are gradually released from CaCOs nanoparticles to cross-
link the sodium alginate.®® b. Microparticles with a core of methyl cellulose (MC) and a shell of GelMA are fabricated to encapsulate cells. After
transfer into culture medium for further incubation, spherical cell aggregates are formed with high cell viability.”* c. When a microcapsule is
exposed to a trigger pH, its solid shell composed of pH-responsive polymers gradually degrades to release encapsulants. The release kinetics can
be precisely controlled by the shell thickness, polymer concentration, and pH value.”? d. Precursors of Cu, In, and S are compartmentalized into
droplets and reacted to form CulnS, nanoparticles as the core. Then Zn precursors are injected into the droplets to form ZnS shells on the core
particles.”® e. A library of reagent A is compartmentalized into droplets and reinjected into the channel. Another library of reagent B, spaced by an
oil phase, is successively introduced into the channel and compartmentalized into droplets. The two sets of droplets are merged in pairs,
producing a library of different combinations. The synthesized products are driven into the collection channel by negative pressure, while the
spacing oil between reagent B flows into the waste channel.”® f. Droplets of N-isopropylacrylamide (NIPAAm) are generated and polymerized in 16
channels in parallel to achieve mass production of microparticles.”® Panel A is adapted with permission from ref. 62. Copyright (2007) WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. Panel B is adapted with permission from ref. 71. Copyright (2019) WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. Panel C is adapted with permission from ref. 72. Copyright (2013) American Chemical Society.

Collection

Droplet merging UV irradiation

emulsification that is often conducted by turbulent mixing
results in a significant sample loss during stirring or
agitation.”® By contrast, in microfluidic emulsification, the

loading efficiency and effective protection facilitate
encapsulation of pharmaceutical, food, and cosmetic
additives to enhance their functions.”” More delicate

dispersed phase is stably injected into the continuous phase
under laminar-flow conditions, thus achieving high-efficiency
encapsulation of samples with a low loss.”” By adjusting the
sample concentration and flow rates, the doses of ingredients
in each particle can be precisely controlled.”® The high

This journal is © The Royal Society of Chemistry 2024

materials, such as cells, can be encapsulated in the capsules
with well-defined core-shell structures.’* The solid shell
isolates the samples from outer environment, while the
liquid core supports cell growth and development (Fig. 2b).”"
Moreover, the flexible choice of shell materials allows

Lab Chip, 2024, 24, 135-1153 | 1141
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fabrication of more complex capsules for enhanced
encapsulation. For example, phospholipids or amphiphilic
diblock copolymers can be dissolved into a solvent that forms
the intermediate phase of water-oil-water double emulsions.
Upon evaporation of the solvent, vesicles of liposomes®" or
polymersomes®> can be fabricated. Their shells resemble
natural bilayer membranes and can facilitate the
encapsulation of bioactive samples, such as enzymes.*

The droplet-templated capsules can also be used to
control the release of encapsulated ingredients.®* The target
samples can be passively released through diffusion across
the pores in the shells, leading to release over an extended
period of time. In this case, the release profile is mainly
controlled by the capsule structure; the release rate decreases
with increasing shell thickness and decreasing pore size.®”
The passive diffusion is widely used in sustained release of
drugs, where the dose of therapeutic ingredients can be
optimized according to the needs of treatment.*® The
encapsulated samples can also be actively released through
degradation of the capsule matrix. By incorporating stimuli-
responsive polymers into the shells, their matrices can be
broken upon changes in temperature,’” osmotic pressure,®®
or pH (Fig. 2c).”> Moreover, release can be triggered on
demand by exposing the capsules to specific molecules. For
instance, protein-based capsules can be degraded when
digestive enzymes are introduced.®® The active release can
facilitate targeted delivery of drug components, where the
release profile can be manipulated by varying the capsule size
and polymer concentration.”

3.2 Materials synthesized from in-drop reactions

Monodisperse droplets provide a controlled environment for
the synthesis of new materials. Nanoparticles with narrow
size distributions and optimal formulations can be produced
by using the droplets as microreactors. In conventional
synthesis, nanoparticles are produced in bulk batch reactors.
The length scale of the reactors sets the mixing timescale. If
the mixing timescale is significantly longer than the reaction
timescale, the reaction occurs before the solution becomes
well-mixed, resulting in polydisperse particles with
nonuniform size and properties. In droplet-based synthesis,
the mixing timescale can be significantly reduced due to the
small length scale of droplets. Moreover, the viscous drag at
the channel wall induces internal recirculation within the
droplets, facilitating the mass transfer and further shortening
the mixing timescale.”’ As a result, the reactants within the
droplets are better mixed, yielding more uniform particle size
and properties. In addition, by adjusting the flow rates of
each stream, the doses of reagents encapsulated into the
droplets can be precisely controlled.”> The well-controlled
reactions enable synthesis of monodisperse particles loaded
with optimal amounts of DNA and proteins, and the surface
can be linked with multiple ligands with a predefined ratio.”*
These nanoparticles allow simultaneous delivery of genes
and transcription factors for synergistic therapeutic effects.
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The droplet reactors also permit controlled multi-step
reactions to synthesize more sophisticated nanostructures.
Controlled volume of new reagents are repeatedly added to
the droplets, enabling multiple rounds of reactions. The
reagents can be added by fusing two sets of droplets: the new
reagents are encapsulated into a separate set of droplets,
which are merged with the target droplets.”® Alternatively,
the new reagents can be directly injected into the droplets:
the reagent stream is introduced from a channel meeting
another channel in a T-shaped junction; when the droplets
pass through the junction, the droplet interface is
destabilized to allow injection of the reagents.”
Monodisperse core-shell nanoparticles with tailored
structures can be fabricated through the multi-step reactions.
The core of the nanoparticles is first formed in the droplet
reactors, followed by addition of new reactants to form the
shell (Fig. 2d).”> This type of nanoparticles could have
superior optical and sensing properties, which can function
as tracer particles in cell biology for specific molecular
binding and labelling.’®

Besides fabricating identical products, combinatorial
synthesis allows to fabricate different materials in each
droplet reactor.”” A library of reagents A, including Ay, A,, ...,
A,,, is compartmentalized into one set of droplets; a second
library of reagents B, including B;, B,, ..., B, is
compartmentalized into another set of droplets. By merging
the two sets of droplets in pairs, m x n different types of
materials can be synthesized (Fig. 2e).”* The library of
combinatorial products can be further screened to discover
new materials. The original reagents are encoded with
different concentrations of fluorescent dyes, so that the
composition of droplets can be identified by measuring the
fluorescence intensity.”®

3.3 Scale up

Scale up of the droplet generation enables increased
production of the microparticles and microcapsules, as well
as the nanomaterials. In a single device, the droplet
generation rate is normally below 10 mL h™", limiting further
industrial applications.”” One approach to increase the
generation rate is to operate multiple droplet makers in
separate devices in parallel. In this case, each device
functions independently; any fluctuation of flow rates in one
device will not affect the operation of other devices. Thus,
the droplets can be generated in a robust manner. However,
each device has its own inlets, which require separate pumps
for flow control. As the number of devices and inlets
increases, the number of pumps required also increases,
complicating the operation and limiting the achievable
production rate.

To eliminate the requirement of multiple pumps,
strategies to reduce the number of devices and inlets have
been developed. The most commonly used method focuses
on integrating multiple droplet makers into one device with
only one set of inlets."” The liquid is introduced from one
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inlet and then equally distributed to all the droplet makers.
To facilitate smooth operation, crossing of the two-phase
flows that perturbs the whole system must be prevented.
Thus, two-layer devices are often used: the dispersed phase
and the continuous phase flow in upper and lower layers
separately without crossing (Fig. 2f).”> As many as 1000
droplet makers can be integrated into a single device, which
results in an ultrahigh production rate of 1.5 L h™.*°" In such
integrated droplet makers, fluctuations in one droplet maker
need to be isolated to enhance the stability of the overall

droplet generation and uniformity of droplet generated.'*>"%

4. Droplet-based lab-on-a-chip
applications in biotechnology

Droplet microfluidics enables numerous lab-on-a-chip
applications in biotechnology that take advantages of the
small scale and precise control of the droplets. The droplets
serve as reactor vessels to separate and isolate target samples.
The confinement of samples decouples the in-drop reactions
from the flow that is controlled through the continuous
phase. Independent manipulation of each droplet enables
further processing and analysis of the encapsulated targets
with high levels of precision and throughput.

4.1 Droplet manipulation

4.1.1 Mixing. Mixing of reagents within the droplets is
important to initiate and control in-drop reactions. When a
droplet flows through a straight channel, symmetric
recirculating flows are generated within the droplet. The
reagent within each region of recirculating flow can be well
mixed, but the mixing across the different regions is
restricted.’® To accelerate the mixing, unsteady fluid flow is
introduced to perturb the uniform recirculation. By guiding
the droplets through a winding channel, chaotic advection
induces asymmetric recirculating flows within the droplets
that accelerate the mixing (Fig. 3a).'> Moreover, protrusions
along the channel walls can induce oscillatory flows to
further enhance the mixing.'* In addition to these passive
methods, thermal actuation can be actively applied to
accelerate the mixing. Laser'®” or microwave'®® heating are
normally used to induce time-varying Marangoni stresses at
the interface, thus creating chaotic flows within the droplets
for mixing acceleration. However, the heat generated may
perturb the activity of some biomolecules, thus making it less
preferable for processing of some biological samples. Besides
accelerating in-drop reactions, the enhanced mixing can also
facilitate mass transfer between the dispersed phase and
continuous phase.'” Some analytical compounds can be
controllably transferred in or out of droplets for efficient
liquid-liquid extraction and sample analysis.""°

4.1.2 Selection. Desired targets can be selected by
diverting specific droplets into designated branch channels.
This droplet selection is normally conducted by combining
droplet detection and sorting: when a droplet of interest is
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detected, it is sorted to the collection channel; when no
target is detected, the undesired droplets flow into the waste
channel with a lower hydrodynamic resistance (Fig. 3b)."*!
Dielectrophoresis (DEP) is the most commonly used method
to sort the droplets. When signals are applied to the
electrodes placed on one side of the channel, a nonuniform
electric field is generated. Then the passing droplet becomes
polarized and is driven into the collection channel.'*”"'® The
droplets can also be sorted by using surface acoustic wave
(SAW).""® When the SAW travels into the fluid, an acoustic
streaming is induced and propagates perpendicularly to the
fluid flow. Then the droplet is forced into the collection
channel.’?®'*! In addition, a membrane valve can also be
used to sort the droplets. The valve is pressurized to squeeze
the waste channel and increase its resistance. Consequently,
the flowing droplets are diverted into the collection
channel."? By using high-precision electronics to control the
droplet detection and actuation, these active sorting
approaches can be conducted automatically, and in some
instances at frequencies as high as 30 kHz."*® The number of
sorted droplets can be further controlled for quantitative
collection and analysis of the encapsulants.'®® By coupling a
droplet sorter with a motorized stage, individual droplets
containing desired encapsulants can be continuously isolated
and collected onto an array of microwells for off-chip
analysis."**

Apart from the active methods, droplet sorting can also be
triggered passively under the effect of hydrodynamic forces.
Droplets with different characteristics, such as size'* or
viscosity,"*® are driven along the channel with biased lateral
displacement and finally guided to different branches.
Compared with the active sorting, the passive sorting
requires the channel geometries to be matched with the
sorting parameters, thus limiting its flexibility and
widespread use. Moreover, passive sorting can be conducted
only when the desired droplets have sufficiently large
differences in properties from others. If the encapsulated
targets, such as the cells and DNA molecules, have little effect
on the overall droplet properties, passive sorting fails to
select the desired candidates.

4.1.3 Splitting and merging. The formed droplets can be
further split into pairs of daughter droplets to number up the
reaction vessels and conduct parallel assays.'>” The splitting
is typically conducted in a channel with bifurcating
junctions.”® When the droplet collides onto the junction
wall, asymmetric viscous stresses are induced to overcome
the interfacial tension and stretch it into two smaller
daughter droplets (Fig. 3c).""® The volume of the daughter
droplets is inversely proportional to the hydrodynamic
resistance of the subchannel.*

Droplet merging enables sequentially adding the reagents
after rounds of droplet processing to conduct multi-step
reactions. Two sets of synchronized droplets are merged by
first bringing them close together and then causing them to
coalesce."® To ensure that pairs of each type of droplets are
alternately arranged with constant distances, the flow rates
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Fig. 3 Schematic illustrating some droplet manipulation modules. a. Mixing: when the droplets flow through the winding channel, the motion of
two counter-rotating vortices is induced to accelerate the mixing. The inset shows the rapid mixing inside the droplets.’®® b. Selection: the
droplets of interest are detected and sorted into the collection channel by dielectrophoretic forces, while the undesired candidates flow into the
waste channel. The droplets before and after sorting are shown in the insets.!'! c. Splitting and merging: the mother droplets are split into pairs of
daughter droplets when they collide onto the channel wall at the T-junction. After extracting the oil downstream, the two synchronized droplets
contact each other and coalesce in the expansion chamber. The time sequence images show the process of droplet merging in the expansion
chamber.?2 d. Extraction: when a desired droplet is detected, an electric field is triggered. Consequently, the droplet is forced across the water—oil
interface to merge into a lateral aqueous stream. The time sequence images illustrate the process of droplet extraction activated by
fluorescence.!® e. Monitoring: an oil flow is introduced from left to right to immobilize the droplets in traps. After a period of monitoring, the
droplets are released by introducing another oil flow in the opposite direction. The inset shows a set of single droplets immobilized in an array of
traps.'* f. Manipulation through electrowetting: by regulating the spatial wettability through on-demand voltage switching, the reservoir drop can
be broken up into droplets and transported in target directions. The time sequence images show the process of droplet splitting and merging.**®
Panel A is adapted with permission from ref. 105. Copyright (2003) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel B is adapted with
permission from ref. 116. Copyright (2015) Royal Society of Chemistry. Panel C is adapted with permission from ref. 112. Copyright (2008) American
Physical Society. Panel D is adapted with permission from ref. 113. Copyright (2008) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel E is
adapted with permission from ref. 114. Copyright (2009) Royal Society of Chemistry. Panel E is adapted with permission from ref. 115. Copyright
(2003) IEEE-INST ELECTRICAL ELECTRONICS ENGINEERS INC.
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should be precisely controlled.”*" Then the pairs of droplets
are guided into expansion chambers, with their flow
velocities and the distance between them significantly
reduced.”® Under the effect of an electric field, the
surfactant-coated interfaces are destabilized to trigger droplet
fusion.'*® Alternatively, pico-liters of fluids can be injected
into the droplets at a T-shaped junction.** By adjusting the
droplet velocity and injection pressure, reagents can be
precisely injected into the passing droplets."*> Compared
with merging droplet pairs, the pico-injection method
requires no precise control over the positions of neighboring
droplets, but the volume of reagents that can be injected is
limited.

4.1.4 Extraction. Extraction of the droplet contents is
necessary for downstream analysis of the samples after
droplet processing. Conventionally, the extraction is operated
off chip by adding demulsifier to coalesce the droplets and
centrifuging the samples to separate the samples from the
carrier 0il."*® However, this method incurs inevitable sample
loss and may pose damage to some biological samples. By
comparison, it is more efficient to extract the droplet
contents on chip: when the droplets flow past a junction,
they are forced to coalesce with an aqueous stream in a
parallel channel under the effect of electric field"*” or
channel wetting."*® By using detection systems to identify the
droplets of interest, desired encapsulants can be selectively
extracted (Fig. 3d).""® Moreover, precise extraction of single-
droplet contents is sometimes needed for analysis of
individual targets off chip. This could be achieved by
transferring one single droplet into a tube, followed by
addition of aqueous medium to merge and extract the
contents."*’

4.1.5 Monitoring. Droplets that are immobilized in traps
can be stored over extended periods for real-time monitoring
of the in-drop dynamics. The most commonly used traps
include converging structures'*® and microwells."*' When
the droplets pass through these traps, the carrier medium
flows through bypass paths, leaving the droplets immobilized
under the balance of Laplace pressure and hydrostatic
pressure. By further actuating a reverse flow''* or increasing
the hydrostatic pressure,'**> the trapped droplets can be
released after a period of monitoring (Fig. 3e). The trapping
and release of each droplet can be precisely controlled by an
array of pneumatic valves: when the valve is off, the droplet
is allowed to enter the trap for immobilization; when the
valve is on, an increased hydrostatic pressure is applied to
release the droplet from the trap.'*® The switching of each
valve can be independently controlled, enabling selective
retrieval of individual droplets.'**

4.1.6 Manipulation through electrowetting. Apart from
manipulation inside microchannels, droplets can also be
formed and manipulated between two parallel plates by
electrowetting.””® The top plate is fabricated with a
continuous ground electrode, while the bottom plate
contains an array of control electrodes. When an electric
voltage is applied to the electrodes, the dispersed fluid
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wets on the surface of the plate and spreads out to form
a liquid finger. Then after switching off the voltage, the
fluid is retracted, with the neck of the finger narrowing
and breaking up into a droplet.'*® The formed droplet
can be transported across an array of programmed
electrodes on demand. Activating the electrodes on only
one side of the droplet creates imbalanced interfacial
tension on two opposite edges of the droplet, thus
inducing its asymmetric deformation. The consequent
pressure difference across the droplet actuates it to move.
Precise control of the motion enables customized
manipulations of the droplet (Fig. 3f)."*”> For instance, two
droplets can be merged by moving them towards each
other;'"” the merged contents can be further oscillated
and mixed by moving the droplet back and forth between
adjacent electrodes.*® Compared with manipulating
droplets in channels, the manipulations on plates can
impose independent control over individual droplets, but
the throughput is significantly lower.

4.2 Applications

4.2.1 Single-target analyses. By confining individual
biological targets, such as cells, bacteria, and viruses within
the droplets, each target can be independently processed in
isolated space for high-precision and high-throughput
analyses. Typically, target loading follows Poisson statistics:
the portion of droplets encapsulating x targets, P(x), can be
characterized by P(x) = e [A"/x!], where . is the average
number of targets in each droplet."*® To reduce the portion
of droplets encapsulating double or multiple targets, low
values of A below 0.1 are normally used. As a result, the
majority of the droplets are empty, and only a small portion
contains single targets.'*®

The genotypes of the encapsulated single targets can be
analyzed with high throughput using droplet microfluidics.
To identify the genomes from the same target in final
analysis, the droplet contents should be labelled with
barcodes. Nucleic acid barcodes comprising unique
sequences of oligonucleotides can link with target DNA'!
and RNA'? molecules, and their identity can be read out
through sequencing.'®® This type of barcodes is widely used
in droplet-based high-throughput sequencing of single
biological targets.'>>'>> A library of barcodes is separately
encapsulated into the droplets with single targets, thus
labelling the nucleic acids from the same targets with unique
primers. Then the processed samples are pooled and
sequenced to profile the gene expression at single-target level
(Fig. 4a)."® The enabled high-throughput single-cell
sequencing allows screening of the cell heterogeneity in
chromatin  states,”””  somatic = mutations,"*®  and
transcriptional states,'*® thus revealing the cellular functions
that are not detectable by standard bulk sequencing. Single
bacteria can also be sequenced using this technique, which
allows profiling of the distribution of antibiotic resistance in
microbial communities.">***°
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Fig. 4 Droplet-based lab-on-a-chip applications in biotechnology. a. Single-cell sequencing: a library of barcoding hydrogels is synthesized through
enzymatic extension reactions, followed by co-encapsulation with single cells, lysis buffer, and RT mix into the droplets. Through successive cell lysis
and RT reaction, the mRNA released from individual cells are barcoded with unique oligonucleotide primers. After further breaking the droplets and
amplifying the synthesized cDNA, the processed samples are sequenced to achieve a high-throughput transcriptomic analysis of single cells.**® b.
Single-cell secretion analysis: single hybridoma and leukemia cells are co-encapsulated with capture beads and fluorescently labelled detection
antibodies into the droplets. Upon a period of incubation, the antibodies secreted by the hybridoma cells are concentrated onto the beads together
with detection antibodies in a sandwich assay, making the beads to fluoresce. The antibody secretion of single cells can thus be analyzed through
detection of the droplet signals.® c. Droplet digital ELISA: the capture beads sequentially bind with capture antibodies, antigens, detection antibodies,
and enzymes, followed by co-encapsulation with substrates into the droplets. The enzymes can convert the substrates to their fluorescent products,
thus generating detectable signals for high-sensitivity detection 1®? d. Drug screening: a library of optically-coded drugs is encapsulated into the
droplets and combined with single cells through pairwise droplet fusion. After a period of incubation, the droplets are reinjected into an assay chip to
merge with dye-containing droplets for cell staining. Through further screening of the droplet signals, the cytotoxicity of each candidate can be
quantitatively characterized.!®® e. Directed evolution: a library of modified genes is transformed into yeast cells to enable surface display of horseradish
peroxidase (HRP). After co-encapsulation of the single cells and substrates into the droplets, the actively displayed HRP converts the substrates into
fluorescent products. The active mutants are then sorted and harvested in cycles for directed evolution.*®* f. Single-aptamer selection: a library of
DNA is encapsulated into the droplets and amplified through PCR. The processed droplets are then merged with another set of droplets containing
transcription reagents and fluorogenic targets. After a period of incubation to synthesize RNA aptamers binding to the targets, the droplets expressing
high fluorescence signals are sorted to select the high-affinity candidates.*®®

The phenotypes of the encapsulated single targets can also  the flow cytometry, droplet microfluidics shows its unique
be precisely characterized through detection of the droplet  advantages in analysis of metabolic products and the
signals. Compared with continuous-flow techniques, such as ~ molecules secreted by the single targets. The target molecules
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can be separated and confined in pico-littered compartments
without cross-contamination, and thus become detectable.'®®
The signals can come from the whole droplet, for instance,
in the characterization of enzymatic activities.'®” Fluorogenic
substrates are co-encapsulated with single targets and
uniformly distributed inside the droplets. The enzymes
secreted by the targets can convert the substrates into their
fluorescent products, making the whole droplet fluorescent.
The signals can also come from only a small part of the
droplet, for example, in the analysis of antibody secretion
(Fig. 4b)."®" Capture beads are encapsulated into the droplets
to bind the secreted antibodies, and detection antibodies are
added for fluorescent labelling. As a result of the sandwich
assay, the fluorophores are concentrated on the capture
beads, making the beads more fluorescent than other parts
of the droplet to generate detectable signals.

In addition to the analysis of single targets, droplets can
also be used to compartmentalize pairs of individuals, whose
interactions can be directly studied. Pairs of single cells can
be co-cultured within droplets, enabling identification and
studies of the cell-cell interactions in central nervous
system.'®®'®® The host-phage association and microbial
interactions can also be analyzed by encapsulation,
barcoding, and sequencing of the whole genomes of single
bacteria.’”® In addition, the co-infection of different viruses
on single cells and the reassortment of their genome
segments can be analyzed using droplet-based barcoding and
sequencing techniques.”*

4.2.2 Digital droplet detection. Ultralow concentrations of
targets can be detected by dividing the highly diluted
samples into a large number of droplets and accurately
screening the signal of each droplet. Although the
concentration in the whole sample is low, individual targets
can be confined and processed within single droplets,
creating a high analyte concentration in these droplets for
eligible detection. The number of targets can be further
quantified by counting the positive droplets. This digital
detection can be used for identification of pathogens and
early diagnosis of diseases. Droplet digital polymerase chain
reaction (ddPCR) is a commonly used method to detect the
nucleic acids of pathogens.’”>'”® Individual DNA molecules
are encapsulated and amplified within the droplets. Upon
addition of gene-specific probes, the droplets containing
target molecules can generate fluorescence signals after
amplification.’”* Then through screening of the droplet
signals, the copy number of the DNA molecules can thus
be quantified at single-molecule level.'”® With additional
reverse transcription (RT) to synthesize complementary DNA
(cDNA), single RNA molecules can also be amplified and
detected with high precision."”® Due to its high sensitivity
and specificityy, ddPCR has been effectively applied in
combating the pandemics of 2009 H1N1 influenza'’” and
corona virus disease 2019 (COVID-19)."”® In addition,
ddPCR can also be used to identify the contaminants in
water, soil, and food samples for environmental monitoring
and safety control.”®
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Droplet digital enzyme-linked immunosorbent assay
(ddELISA), which focuses on the identification of antigens,
can also be used to detect pathogens.'®® After sequentially
binding antigens, detection antibodies, and enzymes onto
capture beads, the conjugates are co-encapsulated with
substrates into the droplets. The substrates are converted
into fluorescent products and confined in pico-littered
volumes to generate high-intensity signals (Fig. 4c)."** Single
molecules of proteins can be detected by using this
technique with an ultralow detection limit of 20 am.'®
Compared with ddPCR, ddELISA does not require a long
thermal cycling time. However, non-specific binding of some
contaminants may interfere the target detection, lowering its
specificity.

4.2.3 High-throughput screening. With parallel assays
conducted in a massive number of droplets, a wide variety of
candidates can be encapsulated and screened with high
throughput. Compared with conventional screening
performed in microwell plates, droplet-based screening can
significantly reduce the required time, cost, and reagent
volume. The increased efficiency allows screening of
pharmaceutical candidates for drug discovery. After co-
encapsulation into the droplets, various drug candidates and
the same type of targets are co-incubated for a specific period
of time (Fig. 4d)."®® Through further screening of the droplet
signals, multiple properties of the drug candidates, such as
dose response,'®* enzyme inhibition,’® and antibiotic
synergy,'®* can be quantitatively characterized.

The high-throughput screening also allows accurate
selection of single cells with specific phenotypic
characteristics.'®>'8 For instance, the candidates that secrete
desired enzymes can be periodically sorted and enriched for
directed evolution (Fig. 4e)."®* In addition, single molecules
of nucleic acids amplified within the droplets can also be
accurately selected. The nucleic acid candidates are co-
encapsulated with specific targets; the candidates that can
bind to the targets and generate high fluorescence signals
are sorted. High-affinity-binding aptamers that can act as
sensitive probes for biosensing applications can be selected
by using this technique (Fig. 4f)."®>'®” Moreover, through
sorting and collection of individual droplets, the
encapsulated single targets can be recovered and analyzed
using conventional biological assays. For instance, the
enzyme catalysis and metabolomic data of single yeast cells
can be measured by mass spectrometry,'®*'®® and the full-
length genomes of single proviruses can be sequenced with
their paired integration sites."*°

The single-cell screening can be further combined with
genome sequencing to map the relationships between their
genotypes and phenotypes."” Through sorting and
sequencing of a specific set of IgG-secreting primary cells,
the immunoglobulin G (IgG) secretion and the sequences of
paired V-V, genes can be coupled.'®* Single glial cells can
also be sorted and collected by nucleic acid cytometry, thus
enabling interrogation of the signaling pathways that
regulate the pathogenic activities."*?
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5. Future directions

With the rapid development of droplet generation and
manipulation techniques, the focus of droplet microfluidics
is moving from laboratory investigations to technological
applications, including the industrial production of lower-
value-added materials and wider-ranging analyses of
biomedical samples.

5.1 Production of materials

Microfluidic droplets serve as advanced templates to
synthesize monodisperse particles and capsules with tailored
structures and properties. The enhanced encapsulation and
release demonstrate great potential for industrial fabrication
of high-quality products.'®® However, currently it is only
applied to the production of some high-value-added
products, such as cosmetics. The limited production rate and
high manufacturing cost pose significant challenges for
adopting microfluidic processes in producing lower-value-
added products. Although parallelization enables scale-up of
the production, the rate cannot yet meet the industrial
demand and the robustness is still too low. Moreover, the use
of syringes and pumps restricts the ease of operations and
increases the cost, making droplet microfluidics
uncompetitive with other manufacturing methods. To
address these limitations, more advanced scale-up strategies
must be developed to further increase the production rate,
and more cost-effective operation strategies are required to
lower the cost. With improvement of the production rate and
manufacturing cost, droplet microfluidic techniques can be
efficiently applied in the production of high-quality foods
and beverages. Product structures can be precisely tailored to
enhance the stability of active ingredients and control their
release profiles."”® In addition to the food and beverage,
agriculture may also be benefited from the microfluidic
production. For instance, droplet-templated capsules could
regulate the release of fertilizers and pesticides to enhance
the growth of crops.

5.2 Biomedical analyses

Droplet microfluidics allows a large set of single-target data
to be individually acquired and analyzed. However, in
conventional microfluidic systems, the droplets lose their
original order after rounds of processing and reinjection.
Without effective tracking of the droplet contents, tracing
and correlating the detected characteristics to their original
targets become impossible. Although DNA barcodes can be
added to index the droplets, this technique can only trace
genotypic  characteristics but fails for phenotypic
characterization. Thus, more versatile droplet indexing
methods must be developed to uniquely code each droplet,
and corresponding decoding techniques should be coupled
to identify the code. This promises a precise linking of the
genotypic and phenotypic characteristics of single cells, thus
revealing the mechanisms of cell heterogeneity and
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dysfunction. Moreover, conventional analytical assays
through  droplet screening only allow transient

characterization of the targets at the end point, while
dynamic information of the droplet assays remains difficult
to be probed. Although high-speed imaging method enables
acquisition of kinetic data when droplet flows through a
captured region, the analysis duration is limited to only
within 1 s."°° Long-term kinetic studies may rely on high-
throughput trapping and monitoring methods. Such
enhanced characterization will allow prolonged monitoring
on the encapsulated targets.

High-sensitivity detection can be achieved by dividing a
highly diluted sample into large numbers of micron-scale
droplets. However, in current droplet testing assays, the
detection is usually limited to fluorescence. Despite the fast
response time and high signal-to-noise ratio, fluorescence
requires high-specificity labelling, thus limiting the targets that
can be detected. To address this limitation, more label-free
detection methods, such as artificial intelligence (AI)-based
ultrafast imaging that enables extraction of subtle features of
images and autonomous identification of targets, should be
incorporated into the droplet assays.'®” The large dataset
generated by droplet microfluidics favors Al to train its models,
while the constructed models can feed back microfluidic
systems to achieve high degrees of accuracy and sensitivity."®
The enhanced detection will allow more pathogens to be
accurately identified, thus facilitating the application of droplet
microfluidics in a much broader range of medical tests.

With a large number of assays conducted in parallel,
droplet microfluidics enables screening and selection of a
wide variety of candidates. However, in current microfluidic
systems, the droplets are normally detected and sorted one
by one, limiting the throughput. Advanced scale-up strategies
should be developed to simultaneously screen multiple
droplets. Moreover, it is technically challenging for current
detection assays to characterize and probe chemical
components within droplets, thus preventing the screening
of large libraries of drug compounds. The integration of
more developed detection techniques, such as machine
learning that can recognize complex flow patterns, is needed
for sophisticated droplet characterization.'®® The increased
throughput and promoted detection will facilitate the
application of droplet microfluidics in pharmaceutical
industry to screen and select high-performance drugs.

Droplet microfluidics promises completion of the whole
process from sample preparation to sample analysis in a
single device. However, in current microfluidic systems, most
droplet assays are still conducted in separate devices and
platforms. To achieve integrated operations, the microfluidic
devices should be developed into standardized modules for
convenient connection. Multiple components, including
pumps and detectors, should be miniaturized and assembled
into one platform for integrated actuation and control. Such
enhanced integration will significantly increase the efficiency,
lower the sample loss, and simplify the operations. Moreover,
materials that can be more easily manufactured at a large

This journal is © The Royal Society of Chemistry 2024
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scale should be adopted.?® This will facilitate the
development of the integrated systems into commercial
instruments, thus allowing their use by some non-experts for
wider biomedical applications.

6. Conclusions

Droplet-based microfluidics has inspired new approaches for
high-throughput processing and analysis of samples. After
two decades of development of generation and manipulation
techniques, droplet microfluidics enables synthesis of
materials ~with  well-defined structures and novel
biotechnologies for lab-on-a-chip applications. However,
applying droplet microfluidics in industrial production of
lower-value-added materials and wider-ranging analysis of
biomedical samples remains challenging. This
introduces the basic principles behind droplet operations
and outlines the future directions. With advances in scale-up
and integration, droplet microfluidics will be more widely
used, facilitating industrial production, promoting clinical
diagnoses, and enhancing medical treatments. Overall,
droplet microfluidics is destined to remain an important
sub-field of microfluidics.
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