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Single-cell manipulation and analysis is critical to the study of many fundamental biological processes
and uncovering cellular heterogeneity, and presents the potential for extremely valuable applications in
biomedical fields, including neuroscience, regenerative therapy, early diagnosis, and drug screening. The
use of microfluidic technologies in single-cell manipulation and analysis is one of the most promising
approaches and enables the creation of innovative conditions that are impractical or impossible to
achieve using conventional methods. Herein, an overview of the technological development of single-cell
droplet microfluidics is presented. The significant advantages of microfluidic droplet technology, the
dynamic parameters affecting droplet production, and the geometric structures of microfluidic devices
are emphasized. Furthermore, the progress to date in passive and active droplet generation methods
based on microfluidics and various microfluidic tools for the production of single-cell droplets and hydro-
gel microspheres are summarized. Their key features, achievements, and limitations associated with
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single-cell droplet and hydrogel formation are discussed. The recent popularized applications of single-
cell droplet microfluidics in biomedicine involving small-molecule detection, protein analysis, and drug
screening and genetic analysis of single cells are explored too. Finally, the challenges that must be over-
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1. Introduction

Cells with diverse structures and functions interact to form
complex organisms." Because of the diversity of their functions,
cells in living organisms have obvious heterogeneity in terms of,
e.g.,, cell size, morphology, growth rate, and biomolecule
expression.>® These differences often play a crucial role in the
growth, differentiation, and development of living organisms. The
size of an individual cell is very small (approximately 1-15 pm)
and single-cell secretion occurs at very low levels, meaning the
detection of single-cell-secreted molecules requires a high degree
of sensitivity.* Conventional methods for cell analysis often rely
on the use of cell populations. Although this can ensure a
sufficient content of detection substance, it can obscure data
signals produced by small numbers of abnormal cells, resulting
in the loss of important information.>® Single-cell analysis not
only overcomes the problem of loss of small-sample abnormal
cell data in cell population analysis, but can also reveal differ-
ences between cells more accurately. As such, it has become an
important emerging field in biological and biomedical research.
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come to enable future applications in single-cell droplet microfluidics are highlighted.

The analysis of cells at the single-cell level is an effective way for
detecting cell heterogeneity and differentiation, and also aids in
the understanding of cell behavior and metabolic activities to
enable a comprehensive analysis of the behavior of tissues,
organs, and even the entire organism.”

Single-cell analysis holds great promise for understanding
cell diversity and discovering abnormal cells formed during
disease development. Single-cell technologies have been
applied in many biomedical fields, including neuroscience,®
stem cell biology,® early diagnosis of diseases,'®'" and drug
screening.'>** High-throughput single-cell analysis is needed
to accurately describe and ultimately clarify the underlying
causes of the heterogeneity of cells in organisms. Classic
methods of single-cell analysis include flow cytometry,'®
atomic force microscopy,'® optical'” and magnetic tweezing,"®
and single-molecule fluorescence spectroscopy,'’ etc. However,
each of these methods has limitations: for example, although
conventional flow cytometry is automated and enables high-
throughput, high-efficiency cell sorting in single-cell analysis,
it requires the use of expensive instruments and complex cell
surface markers, and has long sample pretreatment times,
reduced cell viability, and a risk of sample contamination.>
Furthermore, other methods allow accurate manipulation of
single cells, but suffer more or less from high cost, complex
operation, and low detection flux problems.

This journal is © The Royal Society of Chemistry 2022
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Because of advantages such as low reagent consumption,
high detection sensitivity, and large-scale subsystem inte-
gration, microfluidics has become a widely used technology in
the life sciences and has proved to be a powerful tool for
efficient single-cell analysis. The fundamental capability of
microfluidic technology in terms of single-cell analysis is the
manipulation of single cells to enable, for instance, single-cell
capture. Microfluidic  single-cell capture technologies
implement a wide variety of capture strategies, including
microwells,>® micropatterns,”> microdroplets,”® and micro-
traps.>* Microwells for single-cell capture have the advantages
of simple operation and fabrication and allow for the for-
mation of highly uniform single-cell arrays. However, micro-
well approaches often require that the reagents be distributed
across the entire array, making it necessary to achieve instan-
taneous deployment of liquid flows and thus hindering the
dynamic monitoring of rapid cell responses. Although micro-
patterns for single-cell capture share some of the advantages
of microwells, they require complex pretreatment, which
increases the operation time and cost. Microtraps can be used
to quickly and conveniently produce high-throughput, high-
density single-cell arrays; however, cells are generally squeezed
by the liquid flow and chip structure during the capture
process, which can potentially damage them. Droplet micro-
fluidics is a promising novel technology for studying the gene-
ration, manipulation, and application of microdroplets with
sizes ranging from several to hundreds of microns. Unlike the
other methods described above, microdroplet technology can
encapsulate single cells in monodisperse droplets to enable
high-throughput analysis and precise control of the local extra-
cellular environment. Microfluidic droplet technology also has
high degree of repeatability, low consumption of samples and
reagents, fast reaction speeds, and easily attained precise con-
trollability. Single-cell droplet microfluidics has been widely
used in a number of biological experiments, including cell
culture,*>?® polymerase chain reaction (PCR),”’ protease
activity detection,”® and cell arrangement and sorting,***° and
has become an important platform for high-throughput
single-cell manipulation and analysis in biomedicine.

Previously, droplet microfluidics for single-cell manipu-
lation and analysis has been reviewed concerning certain
aspects of its progress, including single-cell encapsulation,®*
single-cell omics,*** and single-cell microgels for diagnostics
and therapeutics.”® Besides, several review papers on micro-
fluidic technology for single-cell analysis®” and droplet micro-
fluidics for biomedical applications*®?° have emerged too.
However, there are few reviews on single-cell droplet microflui-
dics for biomedical applications with emphasis on recent
advancements. Over the past six years in particular, there has
been considerable progress of single-cell droplet microfluidics
in single-cell encapsulation,*® operation,*" and analysis,*>**
which has extremely enhanced the potential for developing
innovative analytical microsystems for biomedical purposes in
the future.

Herein, we overview the recent studies and advances in
microfluidic single-cell droplet technology for use in biomedi-
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Scheme 1 Overview of the recent advances in single-cell droplet
microfluidics for biomedical utilization.

cine (Scheme 1). Our review begins with an introduction of the
important advantages of microfluidic droplet technology, the
dynamic parameters affecting droplet production, and the geo-
metric structure of microfluidic devices. We also discuss
current microfluidics-based passive and active droplet gene-
ration methods. We then systematically summarize techniques
for the preparation of single-cell droplets and hydrogel micro-
spheres using microfluidic droplet technology. Representative
cases are introduced in terms of the pivotal features, defects,
and technical challenges of each single-cell droplet/hydrogel
production method. Next, we discuss recent applications of
single-cell droplet microfluidics in the field of biomedicine,
including small-molecule detection, protein analysis, and drug
screening and genetic analysis of single cells. Finally, we con-
clude with a discussion of the development of microfluidic
single-cell droplet technologies for biomedical applications
and highlight the technical challenges to the widespread appli-
cation of single-cell droplet microfluidics as well as perspec-
tives relating to the future development of microfluidic single-
cell droplet systems.

2. Microfluidic droplet technology

Microfluidic droplet technology refers to technology used to
manipulate nanoliter-to-picoliter (nL-to-pL) liquids within
microfluidic chips. The basic process of droplet generation
involves the production of a continuous-phase liquid flow in a
microchannel through an external injection pump, followed by
the division of the dispersed-phase liquid into a series of
microdroplets by providing shear force in the process of flow.
In general, there are three types of formed droplets, which are
oil-in-water, water-in-oil, and water-in-water types. Droplet dia-

Analyst, 2022,147, 2294-2316 | 2295


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1an02321g

Open Access Article. Published on 09 april 2022. Downloaded on 11.11.2025 15:54:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

meter can be regulated at the micron level by modifying the
technical parameters (e.g., flow velocity, fluid viscosity, and
microchannel geometry), allowing the droplet volume to be
controllable according to the experimental requirements.**

2.1 Important advantages

Microfluidic droplet technology is an important branch of
microfluidic technology. Through a combination of microflui-
dic and droplet technologies, fluids can be operated under
mild conditions, while avoiding cross-contamination between
samples. This technology has become a reliable scientific
research platform, especially for chemical and biological ana-
lysis. Microfluidic droplet technology has a number of out-
standing advantages: (1) it reduces sample and reagent con-
sumption for analyzing a single cell. The volume of a produced
droplet containing a single cell is within the nL-to-pL range,
which is remarkably less than the operating volume using the
conventional single-cell macro-manipulation (typically microli-
ter). (2) The monodispersity of microdroplets reduces cross-
contamination (especially for cells, macromolecules, and most
water-soluble small molecules) between themselves. Increasing
the spacing between droplets can also extremely reduce the
exchange of materials between droplets.*” The independence
of each microdroplet provides a relatively stable culture and
reaction condition for single-cell analysis. (3) It promotes a
rapid detection. When an individual cell is encapsulated in a
nL-to-pL droplet for secretion determination, the molecules
released by the cell accumulate around it, causing the concen-
tration of cell secretion to increase rapidly to the detection
limit, thereby reducing the time required for analysis. (4) The
high throughput of microfluidic droplet technology makes it
suitable for carrying out single-cell analysis. For an instance,
by encapsulating the single-cell DNA templates and primers
together within a microdroplet, large numbers of reaction
units can be generated per unit time to enable high-through-
put single-cell DNA amplification.*®

2.2 Dimensionless numbers

The primary process applied in droplet generation is the appli-
cation of a force sufficient to disturb the interfacial tension
between the dispersed and continuous phases to make them
unstable, causing the dispersed phase to break through the
shackles of the interfacial tension and enter the continuous
phase to form dispersed droplets. In this process, shear force,
gravity, surface tension, and inertial and viscous forces act
together, with interfacial tension and viscous force constitut-
ing the dominant forces.”” Dimensionless parameters such as
the Reynolds number, Weber number, bond number, capillary
number, viscosity ratio, and flow rate ratio are used to charac-
terize the respective effects.

The Reynolds number reflects the features of fluid flow in
the microfluidic channel and represents the ratio of inertial to
viscous force.® Generally speaking, there are two states of
fluid flow: laminar (low Reynolds number <1) or turbulent
(high Reynolds number >1000).** In microscale channels, the
Reynolds number is typically less than one and, therefore, the
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inertial force is negligible relative to the viscous force and the
flow follows typical laminar. Turbulence is dominated by iner-
tial forces, which produce random eddies, vortices, and other
chaotic fluctuations. It is worth noting that the mixing of
fluids during chemical reactions in a microfluidic system is
primarily controlled by diffusion. Although the Reynolds
number can effectively characterize the dynamics of single-
phase flow in microfluidic channels, it is not often used to
describe the process of droplet generation. The bond number,
a dimensionless parameter used to investigate the action of
gravity in multiphase flow, characterizes the ratio of gravita-
tional force to interfacial tension. In microscale flows, the
bond number is generally on the order of 107, This means
that the interface force is dominant and the influence of
gravity can be ignored.’® The droplet size and formation rate
can be adjusted based on the bond number by modifying its
impact factors such as the density and interfacial tension of
the fluid. The Weber number is the ratio of inertial force to
interfacial tension. As the inertial force of the fluid in a micro-
fluidic channel is negligible (typically <1),>" the interface effect
is very important for the formation of droplets. In microscale
flow, viscous force and interfacial tension play important roles
in the process of droplet formation, making the relative effect
of viscous force on interfacial tension, as expressed by capillary
number, a key parameter.”® The capillary number is usually
between 10~ and 10. At small capillary number, the interfacial
tension is dominant, the interfacial surface area is minimum,
and spherical droplets are formed. At large capillary number,
by contrast, the viscous force plays a dominant role, causing
the droplet interfaces to gradually deform and the originally
spherically symmetrical droplets to transition into non-spheri-
cal droplets.”” The regulation of the capillary number and the
Weber number can influence the droplet formation state, such
as dripping and jetting states in co-flowing liquid streams.>®

2.3 Device geometry

The most important technical requirement of microfluidic
droplet technology is the stable formation of droplets.
Currently, a number of chips with diverse structures are used
to achieve robustness, controllability, and high-throughput
generation of different droplets: commonly, these can be
divided into T-junction, flow-focusing, and coaxial focusing
structures.

2.3.1 T-junction structure. In T-junction structures, which
were first proposed by Thorsen et al.,> the dispersed phase is
vertically connected to the insoluble continuous phase
(Fig. 1A). With the effect of both shear force and pressure, the
dispersed phase is sheared by the continuous phase at the
interface of the two phases to form droplets. The microdroplet
size is approximated by equating the Laplace pressure with the
shear force. Because of its simple mechanism, a single
T-junction structure can be regarded as a basic microfluidic
design for droplet generation. To date, several advanced struc-
tural forms have been derived, including V-junction,®
K-junction,” double T-junction,’**” and T-junction with geo-
metry-contracted downstream microchannel.®>® These struc-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Microfluidic device with diverse structures for droplet gene-
ration. (A) T-junction structure. (B) Flow-focusing structure. (C) Coaxial
focusing structure.

tures are of significance in the on-demand generation of dro-
plets in microfluidic devices.

2.3.2 Flow-focusing structure. In flow-focusing structures,
two counter-streaming flows of the continuous phase squeeze
the forefront fluid in the dispersed phase at the cross to form

Table 1 Summarization of microfluidic droplet generation techniques

View Article Online

Critical Review

droplets (Fig. 1B). The flow-focusing device was first proposed
by Anna and Dreyfus.®®®" In general, the fluid velocity of the
dispersed or continuous phase has a positive or negative
impact on the droplet size, respectively. The velocity ratios
between the continuous and dispersed phases negatively corre-
late to the droplet size. Compared with the T-junction struc-
tures, cross-shaped flow-focusing structures are able to realize
a more stable and size-uniform production of droplets and
allow a wider size range of the produced droplets.

2.3.3 Coaxial focusing structure. Droplet generation using
a coaxial focusing structure involves placing a capillary on the
axis of the continuous-phase fluid channel. The dispersed-
phase fluid flows in the middle capillary and the continuous-
phase fluid enters from the outer channel. The latter squeezes
the former at the capillary tip to form the droplets (Fig. 1C).
This droplet generation method was first developed by Cramer
et al.,** who proposed two different mechanisms for droplet
formation, namely, by dripping from the tip of the capillary or
jetting within the downstream channel. There is a turning
point between the two mechanisms. In dripping mode,
increasing the continuous phase velocity reduces the droplet
size; at low dispersed phase velocities, the surface tension
plays a significant role and the droplets are formed by the
dripping mechanism. When the velocity of the dispersed
phase becomes sufficiently large, the inertial force becomes
the primary driver and the droplets are formed by the jetting
mechanism.>® Coaxial focusing devices are fabricated using
micron-sized capillaries, which have relatively poor reproduci-
bility and are ineffective at controlling droplet size.

2.4 Droplet generation

Depending on whether an external force is needed, droplet
generation typically includes two types, that is, passive and active
generation of microdroplets, as shown in Table 1.°*%77° Passive
methods require no external force, and have simple structure of
the microfluidic chip. The formation of droplets is controlled
mainly by modifying the microchannel structure and two-phase
velocity ratio. Active methods produce droplets through external
force, and generally have complex device geometries. For more

Droplet generation External energy Mechanism Device geometry Type of droplet generation Ref.
Passive No Fluid power T-junction Random 58
No Fluid power Flow focusing Random 63
No Fluid power Co-flow Random 64
Active Electrical DC and AC electric fields Flow focusing Tunable 65
Co-planar electrodes T-junction On-demand 70
Magnetic Non-uniform magnetic field T-junction Tunable 66
Square wave magnetic field Flow focusing Tunable 71
Centrifugal Rotation-induced centrifugal force T-junction Tunable 72
Tabletop mini-centrifuge Co-flow On-demand 73
Optical Infrared laser Flow focusing On-demand 68
Thermal Temperature Flow focusing Tunable 74
Pulse heating T-junction On-demand 75
Acoustic Surface acoustic wave T-junction On-demand 69
Mechanical Mechanical vibration Co-flow Tunable 67
Pneumatic valve Flow focusing Tunable 76

This journal is © The Royal Society of Chemistry 2022
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information on the specific principles of droplet generation, the
reader is referred to previous reviews.”””? A description with
recent research reports is presented here.

2.4.1 Passive droplet generation. In passive methods, the
microfluidic two-phase flow is controlled by an injection pump
that provides a constant flow,*® or by a pressure-driven pump
without additional energy input.®' During droplet formation,
some of the energy introduced from the injection or pressure-
driven pump is converted into interfacial energy, which pro-
motes the instability of the liquid-liquid interface and enables
the droplets to separate from the dispersed phase.®* The physi-
cal parameters that affect droplet size, such as cross-sectional
shape, capillary number, and Reynolds number, influence the
droplet formation process and droplet size. To study the influ-
ence of these physical factors, Liu et al. designed a T-shaped
structure with a shrinkage microchannel to control the gene-
ration of monodisperse microdroplets (Fig. 2A).>® Their result
demonstrated that the single-size droplets could be produced
under a reduced flow resistance. In addition, they found that
the shrinkage width had a significant effect on the dispersion
law, with the droplet size tending to decrease as the shrinkage
width decreased. Relative to the classic T-junction channel, a
shrinking T-junction microchannel can produce smaller water
droplets with sizes in accordance with the size prediction
formula applied to the classic T-junction channel.

Most microdroplets are oil-water or water-oil droplets and
generally require the use of organic reagents and surfactants,
which limits their wider application in biological and cellular
research. Therefore, it would be more appropriate to prepare
water-in-water microdroplets without oil and surfactants.
Mazutis’s group proposed a droplet preparation approach
using an aqueous two-phase system comprising dextran and

View Article Online
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acrylate-modified polyethylene glycol (Fig. 2B).®> Their method
was used to encapsulate Gram-negative and -positive bacterial
cells and to test the efficiency of the genome amplification
reaction. This system has obvious advantages in terms of good
biocompatibility, flexibility, and high throughput, and has
potential uses in a variety of chemical and biological appli-
cations such as microcarrier preparation and tissue engineer-
ing. However, the strategy for encapsulating of most cells
under passive droplet generation depends on the use of cells
with a Poisson spatial distribution and, as a result, the
number of microdroplets containing individual cells will be
very small. Therefore, the post-separation to obtain droplets
containing single cells is necessary.

Recently, multi-compartment microcapsules have been
widely used in biomedical fields such as drug delivery, com-
bined cancer therapy, tissue regeneration, and restriction
enzyme reactions because they allow multiple components to
be encapsulated separately. Mou et al. reported a method on
the basis of a coaxial microfluidic device to prepare uniform
Trojan-horse-like stimuli-responsive microcapsules (Fig. 2C).%*
Specifically, uniform 01/W2/03/W4/O5 microcapsules are pre-
pared using the four-emulsion method. Each microcapsule
contains two stimulation-responsive hydrogel shells that can
release the contents of the capsule compartment via shell
decomposition or fracturing. The prepared microcapsules can
be used as candidate materials for controlled release and
microreactions. In addition, Qin’s group designed a flow-focus-
ing microfluidic device, which forms a stable water-water
interface through spontaneous phase separation of dextran
and polyethylene glycol from core and shell flows, and then
forms multi-compartment microcapsules under the action of
oil phase shear.®

A - B PEGDA rich phase
Dispersed channel Wd > R
Qa
W P L <
Q 4
Y e Generation
w .
i I Dextran rich phase
R
Continuous chanpel Main channel O : %O
T, ped R
Q_c) ® 00 ® O ounet  Collection b,

Fig. 2 Passive microfluidic droplet generation. (A) Monodisperse microdroplet production in a T-junction microfluidic device with a constriction
microchannel. Reproduced from ref. 58 with permission from Springer Nature, copyright 2018. (B) Water-in-water microdroplet production in a
flow-focusing microfluidic device. Reproduced from ref. 63 with permission from the Royal Society of Chemistry, copyright 2020. (C) Microdroplet
generation of Trojan-horse-like microcapsules with capsule-in-capsule structures for diverse programmed sequential release using a glass-capillary
microfluidic device based on coaxial focusing principle. Reproduced from ref. 64 under the terms of the Creative Commons Attribution License.

Copyright 2018, the Authors, published by John Wiley and Sons.
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2.4.2 Active droplet generation. In active methods, droplets
are generated with the help of additional energy input via active
control. This approach has a number of advantages relative to
passive droplet generation: (1) it can flexibly control droplet size
and production frequency and in some cases can generate dro-
plets on demand. In passive droplet generation, by contrast, it
is nearly impossible to control the droplet size and frequency
independently.”” (2) The time required to stabilize droplet gene-
ration under active control is much shorter than that under
passive control, with the time needed to produce stable droplets
reducible to a few milliseconds from the few seconds or even
minutes required under passive methods.”® (3) Active control
increases the robustness of droplet formation in aqueous two-
phase and high-viscosity fluids.

There has been some recent progress in developing active
droplet generation methods in which various forces, including
electrical, magnetic, mechanical, optical, and acoustic forces,
are used to manipulate the microfluid to produce droplets.
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Because of their rapid response speeds and good compatibility
with microchannel structures, electric fields are widely used in
the generation of droplets. Yin et al. demonstrated a method
for accurately forming oil-in-water droplets with controllable
sizes in microchannels without surface treatment through the
application of DC- and AC-based electric fields (Fig. 3A).°° They
found that the sizes of droplets formed under the control of a
square-wave electric field followed an inverse linear relationship
with the field frequency and could be changed by adjusting the
voltage and frequency of the field. The primary advantages of
electric field methods are their fast responses, ability to accu-
rately control droplet formation, and elimination of the need for
surface treatment required in conventional PDMS microchannels,
which greatly reduces the hydrodynamic characteristic require-
ments and solves the problem of wettability of materials in the
process of droplet formation. Furthermore, Samlali et al. devel-
oped a hybrid microfluidic platform based on a co-planar elec-
trode component to precisely control the droplet generation for
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Fig. 3 Active microfluidic droplet generation. (A) Microdroplet production using DC and AC electric fields in a flow-focusing microfluidic device.
Reproduced from ref. 65 with permission from American Chemical Society, copyright 2019. (B) Ferrofluid droplet formation using magnetic field in a
T-junction microfluidic device. Reproduced from ref. 66 with permission from Elsevier, copyright 2018. (C) Microdroplet production in a coaxial
focusing microfluidic device with mechanical vibration. Reproduced from ref. 67 with permission from Springer Nature, copyright 2016. (D) Droplet
generation using a focused laser in a flow-focusing microfluidic device. Reproduced from ref. 84 with permission from American Physical Society,
copyright 2015. (E) Microdroplet formation induced by focused surface acoustic waves in a T-junction microfluidic device. Reproduced from ref. 69

with permission from Elsevier, copyright 2019.

This journal is © The Royal Society of Chemistry 2022
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single-cell isolation.”® Unfortunately, this system can only achieve
the operation of a dozen droplets/single cells and its throughput
needs to improve.

The use of magnetic fields to generate droplets has the
advantages of non-heat generation, operational simplicity, and
avoidance of contact with samples. In addition, environmental
parameters such as temperature, ion concentration, and pH
have little effect on magnetic fields and magnetic forces,
which enables new approaches to microfluidic droplet techno-
logy. Zhang et al. proposed a method for generating droplets
using a magnetic field in a T-junction microfluidic device
(Fig. 3B)°® in which a permanent magnet was placed on one
side of the junction to form a non-uniform magnetic field.
They explored the influence of the two-phase flow rate and
magnetic flux density on droplet size, demonstrating that it
increases with the magnetic flux density and decreases as the
two-phase flow ratio and capillary number increase. The size
of ferrofluid droplets can be adjusted too by changing the
square wave magnetic field in a flow-focusing device.”' The
precise manipulation of ferromagnetic droplets using mag-
netic force presents new prospects for a wide range of appli-
cations in the fields of biology, medicine, and precision instru-
ment control.

Mechanical vibration for droplet production can be
achieved by disturbing a dispersed-phase microtubule using a
mechanical vibrator. Whereas most active droplet generation
methods require integration of additional components such as
electrodes into the chip, mechanical vibration relies on the
use of a chip-exterior vibrator to disturb the microtubule,
enabling simple and convenient operation. Zhu et al. quanti-
tatively described the generation of droplets in coaxial focus-
ing microfluidic channels affected by mechanical vibration by
measuring the internal fluid flow fluctuations caused by the
vibration (Fig. 3C).*” They found that the droplet frequency
was synchronized with the vibrational frequency and that the
size of the droplets could be modulated over a large range.
Because the dependence of droplet size on microchannel geo-
metry is very weak under mechanical droplet generation, this
approach provides an effective method for overcoming the
longstanding constriction of droplet size by microchannel geo-
metry. Recently, pneumatic manipulation was demonstrated
by Qin’s group to be a pretty good way for controllable gene-
ration of water-in-water droplets.”® The switch cycle of pneu-
matic valve acting on the dispersed phase and the flow rates of
the dispersed and continuous phases impacted precisely on
the size of microdroplets in their integrated microfluidic
system, presenting high stability, controllability, and flexibility.

Droplets can also be generated on demand on the basis of
optical manipulation using a focused laser. The light forces
spatially the deformation of the liquid interface by local
Marangoni stresses and causes the thread-to-droplet transition
as reported by Delville’s group (Fig. 3D).** Recently, Wang
et al. studied the control of droplet generation using a focused
infrared laser with a wavelength of 1550 nm.®® They assessed
the characteristics of laser-controlled droplets produced under
different flow rates, beam powers, and spot positions and com-
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pared the conditions required with and without laser control.
This work provides a comprehensive resource for understand-
ing infrared laser-controlled droplet generation and for pro-
moting its application in microfluidic droplet technology.

Surface acoustic waves are widely used in on-demand
droplet generation because they are high energy, can be con-
fined to propagate along the substrate surface, allow for
efficient fluid-solid coupling, and are clean and pollution-free.
Jin et al. reported a method of microdroplet formation based
on the driving of microfluid by a focused surface acoustic wave
and studied the associated mechanism and process of droplet
formation (Fig. 3E).®” They observed that size of the droplets
was mainly determined by the frequency of the focusing
surface acoustic waves, driving voltage, and velocity of the dis-
persed phase. Their method overcomes the limitations
imposed by microchannel structure and capillary number in
the general microfluidic droplet technology and has a high
degree of uniformity along with a reduced system response
time.

Additionally, there are still other active droplet generation
methods depending on centrifugal and thermal effects. The
centrifugal force induced by the rotation of microfluidic
device”* or the centrifugation of glass capillaries using a table-
top mini-centrifuge”® assists the droplet formation in the
T-junction or co-flowing channel, respectively. Moreover, the
liquid-vapor phase transformation induced by electro-heating
and ice pack-aided cooling can help to produce microdroplets
with relatively small size,”* and the microwave heating can
lead to the change of Laplace pressure at the interface between
two fluids and then enable droplet generation on demand.””

In developing microfluidic droplet approaches for cell
study, manufacturing convenience, droplet production rate,
and biocompatibility are all key parameters that must be evalu-
ated. In view of the limited number of studies on active
droplet production methods, however, it is unclear which
method is most suitable for cell encapsulation. None of the
active methods listed in Table 1 satisfy these conditions opti-
mally. For example, the biocompatibility of lasers and high-
voltage electric fields is poor, the formation of centrifugal
force-driven droplets is generally harmful to cells, and acous-
tics, magnetism, and other external driving methods involve
either relatively slow generation rates or complex chip inte-
gration. Passive methods have disadvantages in terms of low
single-cell encapsulation rates and the inability to generate
droplets on demand. However, these shortcomings only reflect
the current development situation and do not represent
inherent limitations, as the use of microfluidic droplet techno-
logy for single-cell encapsulation remains underdeveloped.
Thus, the application of microfluidic droplet technology in
single-cell research has broad research prospects.

3. Single-cell encapsulation

Single-cell analysis has become a popular and indispensable
strategy for the improved exploration of the unknown features
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and dynamics of cells, which vary broadly by type and state
(i.e., cell heterogeneity), and for a deeper understanding of the
behaviors of tissues, organs, and even entire organisms.
Microfluidic droplet technology can be used to generate micro-
droplets with high throughput, making it possible to conduct
large-scale parallel research on single cells. Although the
encapsulation rate of single cells is relatively low using a
classic microfluidic droplet method, especially based on
passive droplet generation, the total number and throughput
of single cells are much higher than that using other micro-
fluidic single-cell manipulation methods like microwells and
micropatterns.? Moreover, microdroplets can encapsulate indi-
vidual cells within nanoliter droplets, which can further
reduce the dilution/cross-contamination/adsorption of sub-
stances, improve the exchange efficiencies of oxygen, nutri-
ents, and metabolites, maintain cell activity and biological
functions, and facilitate cell investigation at the single-cell
level. Finally, microfluidic droplet technology enables a flexible
single-cell operation and allows the integration of different cell
research processes including cell encapsulation, culture, separ-
ation/sorting, and detection in a single device. In short, the
emergence of single-cell encapsulation based on microfluidic
droplet technology provides a new approach for single-cell
analysis.

3.1 Single-cell encapsulation in droplets

Single-cell encapsulation in droplets is mainly achieved using
fluid dynamics and surface tension manipulation. The droplet
size is determined by the viscosity of the continuous phase,
interfacial tension, microchannel size, and flow rate of the dis-
persed and continuous phases, with droplet diameters ranging
from tens to hundreds of microns. Single-cell microdroplets
have high flux and small size, characteristics that make them
suitable for high-throughput single-cell analysis. However, the
encapsulation of single cells is generally random, especially
when based on the passive droplet generation methods which
are commonly used for single-cell analysis. The control of
single-cell encapsulation needs to be strengthened. To improve
encapsulation efficiency for practical application, random
encapsulation is usually carried out, followed by further
screening according to the process requirements. In addition,
the channel structure is tailored to ensure optimal arrange-
ment and encapsulation of cells.

3.1.1 Random single-cell encapsulation. The production of
droplets using microfluidic droplet technology faces an
inherent complication in that the distribution of cells within
the solution is generally uneven and encapsulation is a
random process. Thus, the number of cells encapsulated per
droplet within an infinitely diluted cell suspension will follow
a Poisson distribution® in which the number of cells in the
droplet is determined by the size of the droplet and the
density of cells in suspension. Increasing the cell density or
droplet size increases the chances that a given droplet will
encapsulate multiple cells. For example, at a cell suspension
concentration of 7.5 x 10> cell per mL, the probabilities of con-
taining more than one cell are 0.03, 0.83, and 2.45% at
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volumes of 33, 180, 320 pL, respectively (Fig. 4A).5° The pre-
dicted Poisson distribution is in close agreement with the
actual distribution obtained following droplet formation.
Generally, most droplets will have one cell or no cells, and
only a few will contain multiple cells. Changes in the randomly
determined number of cells encapsulated within droplets will
have a significant impact on the ability to study individual
cells.

In a random encapsulation method, the number of cells
per droplet depends on the initial concentration of the cell
suspension and the droplet volume but will follow a highly
random distribution in which the proportion of single-cell dro-
plets is low. Thus, the degree to which the number of cells
encapsulated within an individual droplet can be controlled
must be further strengthened. To improve the efficiency of
single-cell encapsulation, some researchers have adopted a
method of random encapsulation followed by sorting. For
example, Navi et al. proposed a method for creating water-in-
water droplets using a flow-focused microfluidic device.®” In
their device, ferrofluid is integrated into an all-water droplet
microfluidic system to enable the diamagnetic separation of
single-cell encapsulated and empty droplets. The primary
advantage of their platform with respect to the existing plat-
forms is good biocompatibility, with no harm being rendered
to the cells, and a chip that is simple and easy to operate. By
using an antimagnetic force to manipulate the cell-encapsulat-
ing droplets, the droplets do not need to be magnetized and
the cells therefore do not come into direct contact with the
magnetic material, enabling an unlabeled cell operation with a
separation purity of 100%. This simple and biocompatible
microfluidic platform is quite applicable in single-cell analysis.
Further, Nan et al. introduced a microfluidic system to
produce and sort single-cell microencapsulations (Fig. 4B),%®
through which they were able to achieve high-throughput
preparation of microdroplets and microgels in microfluidic
devices. Importantly, an on-chip sorting electrode was used to
complete the selection of single-cell microencapsulations
while transferring them to the culture medium. At a cell
density of 3.05 x 10° cell per mL and a droplet diameter of
50 pm, they achieved a single-cell encapsulation rate of 16%.
After sorting, the single-cell encapsulation rate increased to
more than 80%. This method can be applied to integrate
droplet gelation, single-cell-laden microgel sorting, and trans-
ference to the medium to enable high-throughput analysis at
the single-cell level in comprehensively assessing cell hetero-
geneity. More recently, Shum’s group developed an on-
demand droplet collection system based on a combination of
microfluidic droplet and fluorescence-activated sorting techno-
logy, that could collect required droplets continuously and
quantitatively into microtubules without significant sample
loss or microfluidic interruption (Fig. 4C).>* Specifically, their
approach allows each branch channel to be alternately sorted,
distributed, and collected following droplet generation to
achieve the continuous collection of single-cell droplets. The
encapsulated single-cell droplets are then effectively captured
on a culture plate, and further cultured to study cell behavior
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microdroplet follows the Poisson distribution. Reproduced from ref. 86 with permission from John Wiley and Sons, copyright 2017. (B) A microfluidic
system combined with a sorting electrode for purifying single-cell encapsulation. Reproduced from ref. 88 with permission from John Wiley and
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vated sorting technology to collect required microdroplets continuously. Reproduced from ref. 25 with permission from John Wiley and Sons, copy-
right 2020. (D) A droplet microfluidic system with curved microchannel structure for generation of microdroplets to achieve significant improvement
in single-cell capture efficiency through inertial sequencing caused by Dean force. Reproduced from ref. 91 with permission from the Royal Society
of Chemistry, copyright 2012. (E) A microfluidic system combining spiral and serpentine channels to focus cells and microbeads for high-efficiency

single-cell pairing. Reproduced from ref. 92 with permission from American Chemical Society, copyright 2019.

and fully analyze the specificity of individual cells. Through
the use of fluorescence-activated droplets sorting and valve-
driven distribution, this method can screen single cells at a
frequency of more than 200 Hz with an individual cell encap-
sulation efficiency and recovery rate of 98.5% and 99%,
respectively. This approach is much more efficient than con-
ventional manual cell selection and laser-capture microdissec-
tion technology and has broad applicational prospects in
single-cell-level analysis tasks, such as cytokine detection in
immunology, mass spectrometry in proteomics, and whole-
genome sequencing of the transcriptome.

3.1.2 Controlled single-cell encapsulation. As noted pre-
viously, the results of the process in which cells in a suspen-
sion randomly encapsulate into droplets generally follow a
Poisson distribution, which commonly leads to a relatively low

2302 | Analyst, 2022,147, 2294-2316

single-cell encapsulation rate. In order to improve the single-
cell encapsulation efficiency, individual cells can be encapsu-
lated in droplets using inertial sequencing in curved micro-
channels through a process in which the inertial and Dean
forces are combined to space cells evenly.®* By matching the
periodicity of cell flow with the production of droplets, the
number of empty droplets and multicellular droplets can be
reduced and the single-cell encapsulation efficiency improved.
For example, Edd et al. reported the sequential encapsulation
of single cells by droplets in a microchannel with a high
aspect ratio.”® In their study, the cells were self-organized into
two uniformly spaced streams, with the single-cell diameter
accounting for more than half of the channel width. This
ensured the designed channel width could only accommodate
cells in a single row, and therefore that the cell entry frequency

This journal is © The Royal Society of Chemistry 2022
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was consistent with the frequency of droplet production. This
approach could effectively improve the encapsulating accuracy
by overcoming the inherent limitation of the Poisson distri-
bution to ensure that nearly every droplet contained one cell,
making it possible to achieve high encapsulation efficiency
(97.9%).

Kemna et al. were the first to use Dean flow to form single-
cell arrangements, followed by single-cell encapsulation
(Fig. 4D).°" Dean flow can induce the cells to gather within
balanced positionings to achieve desired spatial arrangements,
ensure that the cell flow cycle is consistent with the droplet
generation frequency, and improve the encapsulation
efficiency to 77%. Their method uses the microstructure to
control the regular arrangement of cells and then complete
the encapsulation of single cells, which effectively improves
the ratio of single-cell droplets. However, this requires not only
control of the formation of Dean flow but also the synchroniza-
tion of cell and droplet frequencies, which is difficult to
achieve.

He’s group combined spiral and serpentine channels to
efficiently focus cells and microbeads. They used their
approach to encapsulate both barcoded microbeads and
human mouse cells and then characterized the cell heterogen-
eity via sequencing (Fig. 4E).”> Using this method, they
achieved 300% and 40% increases in cell utilization rate rela-
tive to the conventional Drop-seq device and the device
applied only for focusing microbeads,” respectively. The
results supported an enhanced operation efficiency of their
microfluidic chip. This chip design has great potential for
achieving efficient single-cell expression profiles.

3.2 Single-cell encapsulation in hydrogels

In addition to simulating a three-dimensional (3D) microenvi-
ronment to support the activities and functions of cells, the
encapsulation of single cells in microscale hydrogels can act as
a good tool for conducting independent cell manipulation and
monitoring, which is critical for exploring single-cell activities
in an in vivo-like microenvironment. Unlike single-cell encap-
sulated droplets, microgels can form 3D network structures
with morphologies that can be controlled by adjusting the con-
centrations of gel monomers or polymers. This ensures the
supply of oxygen, nutrients, and growth factors and the timely
discharge of cell metabolic waste, which makes it possible to
culture cells in gel microspheres for periods of time. Through
the application of appropriate chemical or physical methods,
the uncured gel in a droplet can be activated to transform into
a gel microsphere. Chemical gelation can be accomplished via
light-induced cross-linking,*® redox-induced polymerization®*
or intermolecular chemical cross-linking reactions.®® Although
hydrogels prepared by chemical gelation have greater stabi-
lities, longer durabilities, and better mechanical properties,
the use of chemical cross-linking agents may lead to cyto-
toxicity and the low specificity of some chemical reactions may
lead to unexpected interactions with proteins and cells.”®®’
Physical gelation can be achieved via thermally mediated sol-
gel transition®® or physical cross-linking reaction between
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ions.”® In thermally produced gelation processes, the droplets
containing the polymer are in a liquid state when the tempera-
ture is higher than the gelation temperature, and reducing the
temperature to below the gelation temperature will cause the
linear molecules of the polymer to polymerize and form a gel
network structure, inducing the droplets to solidify into gel
microspheres. Another gelation method is physical cross-
linking based on electrostatic interactions. One common
physical cross-linking gelation method is the conversion of
sodium alginate to calcium alginate gel via the chelation of
calcium ions and carboxylic acid groups in the glucose unit of
sodium alginate.'®® Although the physical gelation process can
be carried out under mild conditions, the physical hydrogel
network will generally have a low mechanical strength and
poor stability within the tissue.”” Thus, the physical method is
more suitable for encapsulating cells and has better biocom-
patibility than the chemical cross-linking method. Two types
of materials—synthetic and natural polymers—are used to
produce hydrogel microspheres for encapsulating single cells.

3.2.1 Encapsulation using synthetic polymers. In micro-
fluidic droplet technology, synthetic polymers are used as
materials to produce cell-encapsulating gel microspheres that
can directly control the cell microenvironment via chemical
modification. Commonly used synthetic polymers include poly
(N-isopropylacrylamide)® and polyethylene glycol
diacrylate.®*'°1%% Synthetic polymers have adjustable pro-
perties in terms of molecular weight, structure, and cross-
linking density and can be used to produce gel microspheres
with different mechanical properties and are generally stronger
than natural hydrogels. The synthetic hydrogel capsules con-
taining a thin (a few microns), semi-permeable shell are com-
patible with multi-step molecular biology assays like genome
amplification.®® However, these synthetic microgels are not
biodegradable.®”

In general, a synthetic polymer polymerized by ultraviolet
light is applied to form gel microspheres for encapsulating
cells. A cell suspension containing a photoinitiator, cross-
linking agent, and monomer is used as the dispersed phase.
After the microdroplets have been produced in the microflui-
dic chip, the photoinitiator, under irradiation by ultraviolet
light, promotes the cross-linking reaction of the monomer
under the action of a cross-linking agent to produce gelated
microspheres. Kamperman et al. used polyethylene glycol dia-
crylate as a raw material to form microdroplets encapsulated
with pluripotent human mesenchymal stem cells or bovine
chondrocytes in a microfluidic flow-focusing device at an
encapsulating speed of 1 kHz (Fig. 5A).'%" The droplets were
photocrosslinked through an external ultraviolet light source
in the downstream channel to prepare the cell-loading micro-
gels and maintain high cell activity. Single-cell microgels
(>90% purity) sorted by flow cytometry were then mixed with
different biocompatible materials such as polyethylene glycol
diacrylate and alginate to create various modular bioinks,
which can be used for 3D printing to rebuild the cellular
microenvironment at the single-cell resolution. However, ultra-
violet irradiation has some toxic effects on cells. There are two
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potential ways for addressing this problem: (1) the exposure
time to ultraviolet irradiation can be reduced or the ultraviolet
wavelength can be adjusted; (2) new polymerization methods
can be developed to avoid cell damage.

3.2.2 Encapsulation using natural polymers. Unlike syn-
thetic polymers, natural polymers are derived from metabolites
produced by organisms themselves. Natural polymers have
been widely used in cell encapsulation in recent years because
of their good biocompatibilities and mild polymerization con-
ditions. The natural polymers used for single-cell encapsula-
tion include sodium alginate,'®>'** agarose,'® gelatin,®®'%°
collagen,'”” and hyaluronic acid,” of which sodium alginate,
agarose, and gelatin are the most commonly used.

Alginate is a water-soluble linear macromolecule polysac-
charide compound extracted from brown algae that is formed
from p-p-manuronic and o-t-guluronic acid units in different
proportions.'®® The carboxyl group in a guluronic acid unit
can react with divalent cations such as calcium, barium, and
magnesium, resulting in rapid gel formation.'”® Because

2304 | Analyst, 2022,147,2294-2316

sodium alginate is non-toxic and has a mild gelation mode
and good biocompatibility, it is often used to generate gel
microspheres for encapsulating cells and can be applied in
cell biology, tissue engineering, drug screening, and other bio-
logical fields. In general, there are two methods for controlling
the gelation process of sodium alginate: external gelation, in
which the cross-linking agent diffuses outside of the droplets;
and internal gelation, in which the cross-linking agent is
loaded into the aqueous phase and triggered by stimulation.
Using external gelation, Liao et al. encapsulated cells in bio-
compatible sodium alginate droplets and enveloped them in
oil droplets to form double emulsions based on a double flow-
focusing regime.'®® Oil-diffused Ca** enters into the sodium
alginate to form microgels. Although this gelation method is
helpful in maintaining high cell viability, complete gelation of
a microgel cannot be achieved within short time frames
because of the difficulty of calcium diffusion. To solve the
problem of incomplete gelation, researchers have proposed a
droplet-fusing method to better prepare single-cell microgels.

This journal is © The Royal Society of Chemistry 2022
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A new method for the preparation of single-cell microgels
based on microfluidic droplet technology was reported by Liu
et al."'® They used a cell suspension containing 2% sodium
alginate or 1% CaCl, solution as the dispersed phase and
soybean oil as the continuous phase to produce pairs of dis-
tinct droplets. The two droplets met and fused downstream
and Ca®" gelated the sodium alginate to form gel microspheres
with encapsulated cells. However, because the cross-linking
occurred before the calcium ions were uniformly distributed,
the homogeneity of the microgel was reduced. In addition,
fusion typically led to an increase in the volume of the final
cross-linked alginate microgel.

Mooney’s group developed an internal gelation method for
preparing single-cell microgels using a flow-focusing microflui-
dic device (Fig. 5B)."'" Specifically, cells are suspended in a
solution of calcium carbonate nanoparticles, which are adsorbed
onto the cell surfaces. After washing of the excess nanoparticles,
the cell suspension is mixed with a sodium alginate solution as
the dispersed phase to form water-in-oil droplets. Because of the
presence of acetic acid in the oil phase, H' diffusion releases
calcium, which mediates the gelation of sodium alginate to form
microspheres. Although this method can significantly improve
the efficiency of single-cell encapsulation without additional
downstream treatment, only the droplets containing cells will be
cross-linked and the structure of the resulting gel microspheres
will be uneven. To solve the problem of uneven gel microsphere
structure, Utech et al. proposed a method to prepare mono-
disperse alginate microgels with uniform structures using micro-
fluidic droplet technology (Fig. 5C).*** The use of a water-soluble
calcium complex as a cross-linking precursor allows for the
homogeneous distribution of calcium ions within the generated
alginate droplets. Specifically, following encapsulation of single
mesenchymal stem cells in droplets, acetic acid is added to the
continuous phase to dissociate the complexes and release
calcium ions, which in turn react with sodium alginate to form
alginate microgels with a uniform structure.

Agarose is a natural linear polysaccharide extracted from
the cell walls of red algae that is composed of p-b-galactose
and o-3,6-galactoside. It is a typical natural polymer that is
initiated by temperature in a solution at 37 °C and then cross-
linked into a gel at 20 °C.''? Agarose—in particular low-
melting-point agarose—is suitable for cell encapsulation
experiments due to its good biocompatibility and mild gela-
tion conditions.'*® For example, Liu et al. proposed isogenic
colony sequencing as a general method for the high-through-
put analysis of gene expression in cells (Fig. 5D)."** In their
process, single yeast cells are encapsulated with low-melting-
point agarose to form agarose droplets which are collected
into a 50 mL centrifuge tube placed on ice to form agarose
microgels. The agarose microgels are resuspended in a suit-
able medium for overnight culturing to form single-yeast-cell
colony microgels, which provide sufficient RNA for colony
deep sequencing and reduce the errors arising in individual
single-cell gene expression profiles.

Gelatin is a mixture of amino acids such as glycine, proline,
and hydroxyproline that forms through the degradation of col-
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lagen in connective tissues such as skin, bone, and muscle
tendon.'"* Gelatin also forms as a network structure through
temperature-induced polymerization. Li et al. used gelatin as a
hydrogel material to encapsulate microalgae cells (E. gracilis
and C. reinhardtii) for single-cell culture and screening.'®®
Based on the flow cytometry-assisted sorting, the cultured
monoclonal populations of microalgae with rapid biomass
productivity or high lipid productivity can be selected for mul-
tiple screening. In particular, thermally responsive gelatin can
maintain a liquid culture of cells in the range of 20-27 °C,
with gelation to form microgels occurring at 4 °C for sorting
and degelation occurring for effective cell recovery when the
temperature is raised to 35 °C. Although the overall process
does not harm the cells, the complex gelatinization mecha-
nism has certain disadvantages, including a long gelatiniza-
tion time in which it generally takes several hours to form a
moderately hard gel, that lead to low experimental efficiency.
To overcome this shortcoming, researchers have applied
chemical modification to gelatin. Nan et al. used methacrylic
gelatin, an optically cross-linked gelatin, that can be rapidly
gelatinized by ultraviolet irradiation. Their on-chip gel techno-
logy was seamlessly combined with microfluidic droplet
technology to achieve high-throughput preparation of gel
microspheres.®

To better simulate the physiological environment of cells
in vivo, researchers have used multi-composed materials (e.g.,
gelatin and collagen) to prepare single-cell microgels. The
mechanical properties of collagen are poor when it is used
alone as a scaffold, but the addition of gelatin improves the
mechanical properties of the gel by supporting cell adhesion
while retaining the regulatory properties of the collagen. The
material properties (stiffness, pore diameter, cross-linking
degree, and expansion ratio) of a microgel can be controlled by
changing the composition of the droplets and the cross-
linking time.""® Encapsulated cell viability is highly dependent
on cross-linking time, with longer cross-linking times leading
to reduced cell viability. Approximately 70% of the cells in a
microgel with a cross-linking time of 8 min were able to
survive for one week, indicating that the formation of gel
beads does not damage cells and can potentially be used in
future single-cell analysis. In addition, single cells in microgels
are mostly off-center. To preventing cell escape and realize the
special manipulation purpose (e.g., long-term cell culture),
Kamperman et al. presented a microfluidic droplet method for
centering single cells in microgels being composed of hyaluro-
nic acid and dextran by delaying enzymatic cross-linking.’®
This single-cell centering achieved a constant prevention (over
28 d) of cell escape from microgels, which greatly improved
the reliability of long-term culture of single cells.

4. Biomedical applications of single-
cell droplets and hydrogels

Single-cell heterogeneity has been highlighted in various bio-
medical fields including physiology, oncology, neurobiology,
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clinical diagnosis and therapy. The methodological develop-
ments of previous microfluidic strategies have achieved
dynamic  single-cell ~manipulation, monitoring, and
analysis."'®""® Because of its high fluxes, controllable size,
and use of independent components, microfluidic droplet
technology has attracted a significant amount of attention as a
tool for cell-based high-throughput analysis in biomedical
applications such as proteolytic activity detection,”®*?%'?! cyto-
kine secretion,”®'** and gene sequencing.'*® Here, we review
single-cell droplet applications—including small-molecule
detection, protein analysis, drug screening analysis, and
genetic analysis—that have been introduced in biomedical
fields over the last six years.

4.1 Small-molecule detection of single cells

The detection of small molecules in single-cell analysis is a
necessary strategy for obtaining a better understanding of
living organisms, exploring cell heterogeneity, and the early
diagnosis of diseases. Intercellular small molecular sub-
stances, such as lactate and reactive oxygen species, are widely
involved in the signaling pathways of cells and play an impor-
tant role in many physiological and pathological processes.
For example, one of the salient features of cancer is high
glucose metabolism and lactate production. Cancer cells
convert glucose into lactate through aerobic glycolysis, which
plays an important role in cellular signaling activation, pro-
liferation, and disease progression. Single-cell droplet micro-
fluidics has recently been applied to detect these small mole-
cules. Mongersun et al. proposed a droplet microfluidic
method in which passive force is used to place droplet-encap-
sulated cells into arrays. This method can quickly and quanti-
tatively determine the release of lactate from many single
cells."* Through the conversion of lactate into fluorescent pro-
ducts using a commercial lactate kit, the release rate of lactate
in a single cell is determined by the increase of droplet fluo-
rescence. Based on this approach, they developed a method to
determine the intercellular differences in lactate release in
K562 leukemia and U87 glioblastoma cells and under the con-
dition of chemically inhibited lactate efflux, which provided a
new tool for the study of highly heterogeneous cell popu-
lations. The fluorescence detection of lactate in single circulat-
ing tumor cells (CTC) from metastatic patients was demon-
strated too by Scoles’ group using a microfluidic droplet device
with T-junction channel in the same year.'*® They achieved the
detection of 10 tumor cells from 200 000 blood cells. This work
provides a proof-of-concept demonstration of single CTC
identification involving metabolism.

More recently, Xu’s group developed a surface-enhanced
Raman scattering (SERS)-microfluidic droplet platform to
enable the label-free simultaneous analysis of multiplexed
metabolites at the single-cell level via a versatile magnetic
SERS substrate composed of silver nanoparticle-decorated
Fe;04 magnetic microspheres (Fig. 6A)."*° They achieved label-
free, nondestructive, simultaneous determination of three
single-cell metabolites: pyruvate, adenosine triphosphate, and
lactate. Their metal-magnetic composite substrate is useful in
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achieving the efficient adsorption of single-cell metabolites
and the fast separation from complex matrices, and has high
SERS sensitivity making the SERS-microdroplet platform a
powerful tool for exploring single-cell heterogeneity at the
metabolic level. Single-cell droplets can also be sorted based
on small-molecule dynamics. Zielke et al. developed a droplet
microfluidic device to separate cancer cell subpopulations
based on glycolysis, an approach that does not require the use
of markers or active sorting components."®” Their technology
is used to control the secretion of protons in the process of gly-
colysis in breast cancer cells under specific surfactant environ-
ments to decrease the pH values of the droplets. As the droplet
pH value decreases, the interfacial tension of droplets
increases, enabling the separation of cells at different glyco-
Iytic levels. Because cancer cells are exposed to different
oxygen and nutrient environments, they differ in terms of
their glycolysis reactions. This method can be used to separate
cancer cells from normal cells based on selected metabolic
differences and to identify cells with similar physical
characteristics.

Intracellular reactive oxygen species, such as superoxide
anion'®® and hydrogen peroxide (H,0,),"*° participate in the
regulation of the immune system, cell growth and migration,
metabolic regulation, important biological substance syn-
thesis, and other physiological processes. Liu’s group devel-
oped a highly sensitive droplet microfluidic method for the
quantitative determination of H,O, secreted by different types
of single cells combined with Au nanoclusters (Fig. 6B)."*°
H,0, secreted by a single cell can induce significant
fluorescence changes in horseradish peroxidise-modified Au
nanoclusters. Their results showed that fast-growing cancer
cells can produce secretions with higher H,O, content than
normal cell lines, which provides a useful tool for studying the
intercellular differences in H,O, secretion at the single-cell
level.

Ascorbic acid (AA), also known as vitamin C, is a strong
antioxidant and a cofactor in enzymatic reactions, and can
prevent free radical-induced diseases, especially Parkinson’s
disease and cancers. AA can efficiently scavenge toxic free rad-
icals and other reactive oxygen species that are associated with
several forms of tissue damage and disease, making it useful
to develop facile, rapid and simple analytical methods for the
highly selective and reliable measurement of AA. Recently,
Alizadeh et al. reported a droplet microfluidic approach for the
intracellular imaging of AA in living cells (Fig. 6C)."*" By isolat-
ing small microdroplets, they were able to rapidly detect and
image AA in single cells. Their sensing system is based on a
non-oxidation reduction strategy in which a fluorescent
polymer nanocomposite is applied. Their technique provides a
robust method and an ideal platform for studying single cells
and a promising novel tool for molecular conducting biology
assays in clinical assessment.

4.2 Protein analysis of single cells

Protein is a biological macromolecule with a specific function
in living cells that is directly related to the specificity of cell be-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Applications of single-cell droplet microfluidics for small-molecule detection. (A) A SERS-microfluidic droplet system for single-cell encap-
sulation and simultaneous detection of three metabolites produced by single cells. Reproduced from ref. 126 with permission from American
Chemical Society, copyright 2019. (B) Detecting hydrogen peroxide in the single-cell droplets in combination with horseradish peroxidase-modified
gold nanoclusters. Reproduced from ref. 130 with permission from American Chemical Society, copyright 2018. (C) Rapid detection and imaging
ascorbic acid in single cells using a droplet microfluidic platform. Reproduced from ref. 131 with permission from Elsevier, copyright 2020.

havior and metabolism. The proteins expressed in different
cells have obvious heterogeneities, and there are many types of
protein within a single cell. Although there is a high abun-
dance of protein types, the number of proteins with important
functions is very low. Thus, the quantitative analysis of specific
proteins based on single cells is very important in revealing
the heterogeneity of cells in a population to improve the early
diagnosis of diseases (such as cancer) caused by a single cell
or a small group of cells. Flow cytometry, the classic single-cell
protein analysis method, can detect the content of specific
functional proteins by immunolabelling a variety of functional
proteins.””> However, dynamic detection and analysis of
specific proteins secreted by single cells based on the conven-
tional flow cytometry is still challenging due to the low abun-
dance of secreted proteins, lack of sufficient sensitivity and
requirement of cell fixing. Microfluidic droplet technology has

This journal is © The Royal Society of Chemistry 2022

broad applicational prospects in single-cell protein analysis
because of its small size, high detection sensitivity, and high
throughput. In the following, we discuss the quantitative ana-
lysis of proteins such as enzymes and cytokines secreted by
single cells to express the heterogeneity of cell populations.

In the tumor metastasis process, malignant tumor cells
break through a surrounding physiological barrier and
migrate. Tumor and immune cells have different migration
abilities in vivo. Secreted products such as matrix metallopro-
teinases (MMPs) represent promising drug targets and bio-
marker candidates and provide valuable information for evalu-
ating cancer metastasis and, based on an analysis of their
activity, allow for the screening of new drugs to regulate
inflammatory responses and tumorigenesis.'**™'** Yu et al
reported a microfluidic approach for the detection of MMP9 (a
gelatinase subgroup of MMPs) enzyme activity in individual
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tumor cell droplets using a flow-focusing capillary microfluidic
device (Fig. 7A)."*' MMP9 secreted by cells is able to cleave the
peptide modified by a pair of fluorophore/quenching mole-
cules (FITC and DABCYL). This can be used to measure the
activity of MMP9 enzyme in microdroplets in terms of fluo-
rescence intensity, enabling the quantitative analysis of the
proteolysis activity of MMP9 secreted by a single cancer cell
with a high degree of reproducibility to evaluate the invasive
function of cancer cells. The ultra-high sensitivity of this
method in the detection of cellular aggressiveness makes it
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applicable in high-throughput screening for cell diagnosis and
cancer research. Because of the fluidity of carrier oil, however,
existing droplet-based single cell matrix metalloproteinase
(MMP) analysis methods are rarely able to continuously track
the proteolysis content of droplets. To improve this, Mu’s
group described the use of a thermosetting oil in the real-time
monitoring of MMP analysis of droplets through a process in
which droplets are fixed by converting them into solids follow-
ing formation (Fig. 7B)."*> This method can enable the real-
time monitoring of single-cell proteolytic activity without com-
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Fig. 7 Applications of single-cell droplet microfluidics for protein analysis. (A) A glass-capillary microfluidic device for single-cell encapsulation and
detection of the enzymatic activities of MMP9 secreted by single cells in microdroplets. Reproduced from ref. 121 with permission from American
Chemical Society, copyright 2017. (B) Dynamic detection of single-cell MMP activity in a droplet array immobilized by thermosetting oil. Reproduced
from ref. 135 with permission from American Chemical Society, copyright 2021. (C) A droplet microfluidic platform for single-cell encapsulation and
detection of VEGF and IL-8 secreted by single cells. Reproduced from ref. 138 with permission from American Chemical Society, copyright 2019.
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promising the flexibility of the droplet microfluidics, allowing
for the calculation of a reaction rate according to a real-time
fluorescence curve. The obvious cellular heterogeneities in
MMP activity revealed by this process indicate its potential for
use in other types of cell-based high-resolution dynamic infor-
mation analysis.

Cytokines secreted by mammalian cells (e.g., immune cells,
endothelial cells, and cancer cells) play a key role in infection,
immune response, inflammation, and disease development."*®
In particular, the increased expression of cytokines is related
to tumor vascularization and growth, which in turn can gene-
rate new tumor blood vessels and amplify existing ones.'?’
Hsu et al. established a microfluidic droplet system for single-
cell multiplexed secretomic analysis with high sensitivity.”* A
generated droplet contained an individual cell and a hydrogel
microparticle synthesized by multiple antibody-modified poly
(N-isopropylacrylamide), allowing the simultaneous detection
of multiple secretions of the single cancer cell including inter-
leukin-6, interleukin-8 (IL-8), and monocyte chemoattractant
protein-1. The system can also accomplish the determination
of significant heterogeneity for cell secretions from 6000 cells
within 60 min. Furthermore, Xu’s group established a SERS-
droplet microfluidic platform for the rapid, ultra-sensitive, and
simultaneous detection of cytokines including vascular endo-
thelial growth factor (VEGF) and IL-8 secreted by individual
cancer cells (Fig. 7C)."*® Their results revealed that cell-to-cell
interactions can promote cancer cell angiogenesis by up-regu-
lating VEGF and IL-8. The high sensitivity of this method
arises from the amplification effect of metal plasma enhance-
ment and magnetic field-induced aggregation, which allow for
the formation of high-throughput water-in-oil droplets con-
taining single cells and four immune particles. Furthermore,
cell sorting can be performed according to different excretion
capacities to explore the intercellular heterogeneity of cytokine
release from single cells. This technique provides a new
approach to understanding the biological role of various cyto-
kines in tumor vascularization and aggressive tumor growth.
Recently, Wimmers et al. presented a microfluidic single-cell
droplet system for the immunofluorescence detection of type I
interferon (IFN) production in human plasmacytoid dendritic
cells (pDCs)."*° Type I IFN is a key cytokine of immunity
associated with infection and cancer. Their results supported
that type I IFN production is restricted to a small amount of
individually stimulated pDCs, and indicated stochastic differ-
ences in pDC-driven type I IFN production. In addition, Yuan
et al. used microfluidic devices to quickly encapsulate single
natural killer NK-92 MI cells and their K562 target cells into
microdroplets to improve the ability of the single cells to
secrete IFN-y."*® Droplet encapsulation can prevent secretions
from spreading to adjacent cells and significantly reduce the
false positive and negative rates obtained under non-microflui-
dic droplet approaches.

4.3 Drug screening analysis of single cells

Because of the heterogeneity among cells, different cells have
different responses to certain drugs. Although drug screening

This journal is © The Royal Society of Chemistry 2022
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using traditional miniaturized microtiter plates is well estab-
lished and simple to execute, drug screening for single cells
still faces some technical obstacles, including the uncontrolled
evaporation of the distributed liquid in an open environ-
ment.'** Conventional miniaturized microtiter plates can only
statically culture cells, which limits their applicability because
this approach cannot simulate the natural extracellular micro-
environment. By contrast, microfluidic devices can be used
perform 3D cell culturing through continuous infusion, giving
them the ability to simulate the microenvironment associated
with cell physiology in vivo along with the advantages of low
sample consumption and cost and high throughput. Brouzes
et al. proposed a drop-based microfluidic device that can
achieve the cytotoxic effect of a drug library on U937 cells.'*?
In their approach, they first label the drug concentration
library with unique fluorescence and combine it with droplets
containing single cells. The combined droplets are incubated
for 24 h and then injected into another device to be fused with
droplets containing cellular-reactive fluorescent dyes and then
briefly incubated on the chip. Finally, fluorescence analysis is
performed to reveal the heterogeneity of the single cells.
Because of its accurate cell encapsulation, high-throughput
droplet generation and operation, and the potential for use in
combined screening, the device represents an ideal platform
for single-cell drug screening. Recently, Scheler et al. devel-
oped a droplet-based digital minimum inhibitory concen-
tration screen that serves as a practical analytical platform for
quantifying the single-cell distribution of phenotypic
responses to antibiotics and allows for the measuring of the
inoculum effect with high accuracy (Fig. 8A)."** Based on
results obtained through the treatment of beta-lactamase-car-
rying Escherichia coli with cefotaxime, they found that anti-
biotic efficacy is determined by the amount of antibiotic used
per bacterial colony forming unit rather than the absolute anti-
biotic concentration.

Unlike flow cytometry analysis, single-cell drug screening
tests are carried out using microdroplet approaches in which
the selected compounds are added to isolated individual cells
rather than to a cell population. This allows for interactions
between cells to be avoided and, because different cells have
different sensitivities to drugs, makes it possible to isolate
drug-resistant cells from groups of cells for further analysis,
potentially providing for the development of new drugs for the
early treatment of cancer. For example, Sarkar et al. used an
integrated microfluidic droplet array platform to analyze the
uptake and cytotoxicity of doxorubicin in wild-type and doxo-
rubicin-resistant breast cancer cells (Fig. 8B)."** They found
that drug-sensitive cells were more prone than drug-resistant
cells to dying in the presence or absence of doxorubicin (Dox).
They also observed polyphasic uptake in individual drug-sensi-
tive cells, whereas the drug-resistant cells demonstrated low
uptake and retention. Bithi et al. proposed a pipette-based
microfluidic cell separation technique for generating micro-
droplet arrays.'*® Their platform can be used for single-cell
drug analysis of small numbers of tumor cells or tumor cell
clusters within a small sample volume. They used the platform
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Creative Commons Attribution License. Copyright 2020, the Authors, published by Springer Nature. (B) An integrated droplet microfluidic array plat-
form for analyzing the uptake and cytotoxicity of doxorubicin in wild-type and doxorubicin-resistant breast cancer cells. Reproduced from ref. 144
with permission from the Royal Society of Chemistry, copyright 2015. (C) A high-throughput droplet microfluidic system for antibody binding detec-
tion and antibody screening by using a dual-color normalized fluorescence readout. Reproduced from ref. 146 under the terms of the Creative
Commons Attribution License. Copyright 2018, the Authors, published by Elsevier.

to carry out single-cell analysis of the response of tumor cells
to doxorubicin and found that, although the drug uptakes of
individual tumor cells differed, the occurrence of apoptosis
was determined by the accumulation of the key intracellular
concentration of doxorubicin. Their method provides an ideal
platform for understanding tumor cell-drug interactions.
Monoclonal antibodies are one of the largest classes of bio-
pharmaceuticals used clinically against cancer, autoimmune
and inflammatory diseases, and other clinical conditions.
Technologies to screen antibodies for the binding of cell-
surface receptors face certain limitations. Conventional hybri-
doma screens typically do not allow for the assaying of more
than a few thousand clones, are cost intensive, and take
several weeks to complete. Furthermore, microtiter-plate-based
formats are dependent on cell proliferation to obtain sufficient
amounts of antibodies for screening. Thus, it remains a chal-
lenge to screen antibodies for the binding of cell-surface recep-

2310 | Analyst, 2022,147, 2294-2316

tors (the most important class of drug targets) or for binding
to target cells rather than purified proteins. To address this,
Shembekar et al. established a high-throughput droplet micro-
fluidic system employing a dual-color normalized fluorescence
readout to detect antibody binding (Fig. 8C)."*® Their platform
can obtain quantitative data on target cell recognition, using
as little as 33 fg of IgG per assay. Starting with an excess of
hybridoma cells releasing non-specific antibodies, individual
clones secreting specific binders can be enriched 220-fold fol-
lowing the sorting of 80000 clones in a single experiment,
demonstrating the advantages of the system in screening anti-
bodies for the specific binding of cancer target cells in a high-
throughput single-cell format. Their results point the way
toward new therapeutic antibody discoveries, particularly given
the fact that the single-cell approach is also applicable to
primary human plasma cells. Eyer et al. also proposed a micro-
fluidic droplet strategy for detection of antibody secretion by

This journal is © The Royal Society of Chemistry 2022
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individual cells from mice immunized with tetanus toxoid."*’
Single cells were encapsulated in microdroplets using a flow-
focusing device and then analyzed in a droplet array chip
using a fluorescence relocation-based immunoassay. This
microfluidic platform allows quantitative, sensitive, and simul-
taneous analysis of antibody secretion rate, specificity, and
affinity for tetanus toxoid. Furthermore, Gérard et al. presented
a high-throughput screening of antibodies from millions of
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non-immortalized cells using a integrated microfluidic droplet
device with a sorting electrode component.'*® The screening of
different antibodies against tetanus toxoid, glucose-6-phos-
phate isomerase, and tetraspanin-8 is mainly based on fluo-
rescence-assisted single-cell bioassay and sorting, paired Viy—
Vi sequencing of antibodies using in-droplet single-cell bar-
coded reverse transcription, and bioinformatics analysis. The
microfluidic system enabled recovery of ~450-900 antibody
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Fig. 9 Applications of single-cell droplet microfluidics for genetic analysis. (A) Ultra-high throughput single-cell genome sequencing using droplet
microfluidics. Reproduced from ref. 149 with permission from Springer Nature, copyright 2017. (B) A droplet microfluidic device containing a bead-
ordering unit for high throughput single-cell RNA-sequencing. Reproduced from ref. 93 with permission from the Royal Society of Chemistry, copy-
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Creative Commons Attribution License. Copyright 2021, the Authors, published by John Wiley and Sons.
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sequences from ~2200 antibody-secreting cells in each run,
which can facilitate the potential antibody identification for
therapeutic purposes.

4.4 Genetic analysis of single cells

The genetic differences between cells are pretty significant in
development, differentiation, signal transduction, and disease,
and it is important to develop analytical methods for single-
cell gene profiling to explore these life processes. Beyond the
separation of single cells, droplet microfluidics is become a
promising tool for the separation of single-cell genome,
making it an ideal technology for high-throughput research of
single-cell genomics for cell biology and clinical medicine.

Lan et al. described a method for ultra-high-throughput
single-cell genome sequencing using microfluidic droplet
technology (Fig. 9A)."*° In their approach, individual cells are
encapsulated in microgels, which can permeate molecules
such as enzymes, detergents, and small molecules with
hydraulic diameters smaller than their pore sizes, but can also
spatially capture large molecules such as genomic DNA. The
use of microgels facilitates the cleaning of encapsulated cells
to perform necessary steps such as cell lysis and genome pro-
cessing while maintaining the separation of individual
genomes. Using their approach, they easily carried out a series
of operations like cell lysis and genome processing on the
encapsulated cells, while maintaining partitions between indi-
vidual genomes. Through its combination of microgel and
microfluidic droplet technology, their method can process
50000 cells in a short time and achieve ultra-high-throughput
single-cell genome sequencing. However, their encapsulating
process follows a Poisson distribution resulting in a low encap-
sulation rate. Furthermore, Moon et al. developed a new
droplet microfluidic platform, in which high-concentration
microbeads containing oligonucleotide barcodes are spon-
taneously arranged in spiral channels under the effect of
inertia, and then coencapsulated with individual cells in dro-
plets for single-cell sequencing (Fig. 9B).>> Through the deter-
ministic encapsulation of inertially ordered beads, their plat-
form significantly improves throughput and reduces barcode
errors, significantly reducing intermittent errors in multi-bead
packaging relative to the nondeterministic Drop-seq system.
Guo et al. developed a rapid, PCR-free single-cell miRNA assay
to amplify the target miRNA signal using a DNA hybridization
chain reaction in a droplet microfluidic platform with a photo-
multiplier (PMT) sensor (Fig. 9C),"*° in which single cells and
lysates are encapsulated in droplets and target miRNA released
by individual cells interacts with DNA amplifiers to trigger the
hybridization reaction and produce fluorescence signals. The
target sequence is cycled without the use of PCR thermal
cycling to significantly amplify the fluorescence signal. Their
method effectively converts laboratory desktop PCR analysis
into real-time droplet analysis using post-reaction fluorescence
for reading to achieve ultra-high-throughput single-cell
sequencing (300-500 cells per minute) for rapid biomedical
identification. In addition, Segaliny et al. reported a single-cell
droplet microfluidic method for identifying T cells expressing
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engineered T cell receptor (TCR) by dynamic monitoring of
TCR T cell activation, reverse-transcription PCR, and sequen-
cing of TCR chains at a single-cell level.">*

More recently, single-cell droplet microfluidics-based
genetic analysis has increasingly been applied by research
scholars for the application in clinical diagnosis. Rivello et al.
described a general method for investigating metabolism of
circulating stromal cells associated with metastatic disease to
reveal the prognosis of prostate cancer using a droplet-based
microfluidic chip."”® They performed in-droplet extracellular
pH measurement of single cells from metastatic prostate
cancer patients for detecting and separating highly metaboli-
cally active cells (HMCs). Single-cell mRNA-sequencing ana-
lysis of HMCs was then conducted, and the results showed
that approximately 87% were circulating stromal cells with
high metabolism. Kaplan-Meier analysis reveals that those
patients with over 5 HMCs have a considerably poorer survival
probability than patients with fewer than 5 HMCs. Therefore,
HMCs could be an indicator of poor prognosis in prostate
cancer. The single-cell droplet microfluidic method is poten-
tially useful for prostate cancer diagnosis. Additionally, Wang’s
group established a single-cell-droplet-based microfluidic
system for pathogen identification and antimicrobial suscepti-
bility testing from clinical urine specimens (Fig. 9D)."*?
Fluorescent hybridization probes were used to detect 16S
Ribosomal RNA (16S rRNA) from single bacteria in microdro-
plets, allowing molecular discrimination of uropathogenic bac-
teria from clinical urine specimens within 16 min and quanti-
tative indication of the susceptibility of bacteria to the anti-
biotic. The microfluidic system achieved a brilliant perform-
ance for urinary pathogen analysis within a short turnaround
time (<30 min). The diversity genetic analysis of single cells
from clinical samples using droplet-based microfluidics is
quite valuable for accelerating the development of clinical
diagnosis/treatment and precision medicine.

5. Conclusions and future outlook

In this review, we introduced and discussed recent advances
with regard to single-cell droplet microfluidics for biomedical
applications. Microfluidic droplet technology was presented in
terms of important advantages, dimensionless numbers,
device geometry, and droplet generation. A variety of recent
microfluidic droplet manipulation methods used for single-
cell encapsulation in droplets based on a random or controlled
mode, as well as in hydrogels using synthetic or natural poly-
mers, were described and discussed. Finally, we summarized
the important applications of single-cell droplet microfluidics
in small-molecule detection, protein analysis, drug screening,
and genetic analysis.

Although some progress has been made in single-cell
manipulation and analysis using microfluidic droplet techno-
logy, there remain bottlenecks. First, microfluidic droplet
technology has a low single-cell encapsulation rate, and the
detection tools used for single-cell analysis are still quantitat-

This journal is © The Royal Society of Chemistry 2022
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ively limited and have relatively low sensitivities. The develop-
ment of simpler, cheaper, and more integrated droplet micro-
fluidic devices will significantly improve single-cell analysis.
Furthermore, the gel materials used to encapsulate single cells
are functionally limited, and it is necessary to develop multi-
composite/functional gel materials for culturing to enable the
effective recreation of the 3D microenvironment of cells in vivo
for the high-throughput analysis of single cells. Finally, the
complexity of the cell itself and the fact that the current trends
in single-cell analysis involve multimodal characterization
encourage the development of methods for the synchronous
detection of more types of intercellular molecules. These chal-
lenges will promote the further development of droplet micro-
fluidics for operational and detection purposes and in multi-
component single-cell analysis, providing a scientific basis for
further biomedical research on single cells and leading to
more accurate and comprehensive understanding of the func-
tions and regulatory mechanisms of the molecules involved in
biological processes.
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