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Abstract

Single-cell nucleic acid analysis aims at discovering the genetic differences between individual cells which is well known as
the cellular heterogeneity. This technology facilitates cancer diagnosis, stem cell research, immune system analysis, and other
life science applications. The conventional platforms for single-cell nucleic acid analysis more rely on manual operation or
bulky devices. Recently, the emerging microfluidic technology has provided a perfect platform for single-cell nucleic acid
analysis with the characteristic of accurate and automatic single-cell manipulation. In this review, we briefly summarized the
procedure of single-cell nucleic acid analysis including single-cell isolation, single-cell lysis, nucleic acid amplification, and
genetic analysis. And then, three representative microfluidic platforms for single-cell nucleic acid analysis are concluded as
valve-, microwell-, and droplet-based platforms. Furthermore, we described the state-of-the-art integrated single-cell nucleic
acid analysis systems based on the three platforms. Finally, the future development and challenges of microfluidics-based
single-cell nucleic acid analysis are discussed as well.
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1 Introduction

Cell is the basic structural and functional unit in life science.
The diversity of these homogenic cells exists in their popu-
lations. For a couple of decades, scientists have paid their
attention on the heterogeneity among cells for better disease
diagnosis and treatment (Liu et al. 2020; Nam et al. 2021;
Samad and Wu 2021). Especially, the purpose of single-
cell nucleic acids analysis is to discover genetic difference,
for example, genetic mutations among individual cells. The
small size of a single cell, and the trace content of nucleic
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acids in single cell cause the main difficulties in single-cell
nucleic acid analysis. Traditional methods need a single-cell
sorting instrument accompanied with an optical microscope
to lock and relocate individual cells. The relative compli-
cated operations need to be performed by well-trained per-
sonnel. Obviously, traditional manual operation for single-
cell analysis is inefficient and prone to cause false results due
to the contamination of biomaterial in the operation.
Recently, microfluidic technology has demonstrated its
superiorities on accurate and automatic manipulation of
single-cell with high throughput (Murphy et al. 2018). The
micro-structures inside the microfluidic chip are designed in
micrometers or nanometers, and this geometrical scale falls
perfectly into the domain of single-cell analysis. The proce-
dure of single-cell nucleic acid analysis with multiple-steps
is allowed to be automatically implemented on microflu-
idic chips consisting of different functional components, for
example, micro-chambers with size down to 10°-107'8 L,
micro-valves with active controllability, micro-channels
for various reagent processing, etc. Microfluidic platform
provides a relatively simple and straightforward method for
single-cell isolation. With microfluidic chip, nucleic acid
amplification can be performed more efficiently within the
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tiny micro-reactor because of the increased concentration.
Especially, automatic single-cell nucleic acid analysis with
high-throughput can be conveniently implemented on micro-
fluidic chip with parallel and functionally-integrated flow
control networks.

In this review, the major microfluidic technologies used in
each step of single-cell nucleic acid analysis are described,
including single-cell isolation, single-cell lysis, and nucleic
acid amplification with genetic analysis. Next, the microflu-
idic platforms for single-cell nucleic acids analysis will be
summarized into three typical groups based on their work-
ing mechanisms, e.g., valve-, microwell-, and droplet-based
platforms. The details about these three typical platforms,
including their characteristics, adoptability, advantages, dis-
advantages, system integration and applications are system-
atically discussed.

2 Single-cell nucleic acid analysis based
on microfluidics

2.1 Single-cell isolation

Before microfluidic technology arising, many traditional
methods have been used for single-cell separation and iso-
lation from sample population. Including serial dilution
method, fluorescence-activated cell sorting (FACS), laser
capture microdissection (LCM), and immunomagnetic sep-
aration. Although serial dilution method is cost-effective
and easy to handle but the inaccuracy and material loss is
inevitable. Both of FACS and LCM methods are equipment-
dependent, such as flow cytometry and laser generator are
used for cell focusing and detection. Immunomagnetic sepa-
ration needs microbeads coated with specific biochemical
antigens for target cells binding as well. Compared with
traditional methods, microfluidics-based single-cell isola-
tion techniques are more suitable for single-cell nucleic acid
analysis due to the integrated and closed flow network which
is ideal for combined analysis. Recent years, single-cell iso-
lation methods applied in various biochemical applications
have been discussed in a couple of reviews (Alam et al.
2018; Zhang et al. 2020). In this review, the typical single-
cell trapping techniques used for nucleic acid analysis are
concluded as size-based trapping, hydrodynamic trapping,
droplet-based trapping, and other trapping methods based
on their working mechanisms.

2.1.1 Size-based trapping
Size-based trapping is achieved by fabricating microstruc-
tures in microfluidic chips with the size close to one sin-

gle cell. Furthermore, by combining cell trapping micro-
structures with the microchannels, cells within the flowing

@ Springer

sample can be automatically trapped as estimated. Basically,
according to the trapping direction of the microstructure,
geometrical size-based microstructures can be categorized
as two types, horizontal trap (White et al. 2011, 2013) and
vertical trap (Gole et al. 2013; Fan et al. 2015; Li et al.
2018a). As shown in Fig. 1A and C, for horizontal trap, cell
is trapped by a featured microstructure when it horizontally
flows along the microchannel. On the contrary, for vertical
trap, cell is trapped by microwell when it vertically falls
down into the chamber. Since for the vertical trap, the pro-
cess of cell trapping heavily relies on gravity, it normally
costs longer time compared with horizontal trap.

Vertical and horizontal traps are two straightforward
microstructures for single cell trapping and downstream
analysis. Both of them can be fabricated as a high-through-
put array for multiple cell isolation when each cell is sepa-
rated and limited in its own space for further optical detec-
tion and analysis (Zhang et al. 2014; Zhu et al. 2019; Zhou
et al. 2020), as shown in Fig. 1B-1. For single cell-based
nucleic acid analysis, it is difficult for vertical trap to inte-
grate other flow control modules for automatic downstream
analysis due to its own limitations. For horizontal trap, sin-
gle cell-based nucleic acid analysis can be achieved by com-
bining it with different modules to form an integrated flow
network (Vanlnsberghe et al. 2018), as shown in Fig. 1B-2.
In contrast, in a manual operation way, vertical trap can be
used as a multi-functional chamber for cell trapping, opti-
cal detection or nucleic acid amplification, as illustrated in
Fig. 1D.

2.1.2 Hydrodynamic trapping

In principle, hydrodynamic trapping can be regarded as an
advanced version of size-based trapping since cell trapping
is achieved by combining elaborate flow control with spe-
cific microstructures. Or alternatively, hydrodynamic trap-
ping may include size-based trapping (Xu et al. 2020). Here,
different from size-based trapping which purely relying on
simple microstructures, hydrodynamic trapping is discussed
to demonstrate how to trap single cell with more elaborate
flow control as well as the cell-size microstructures. For
hydrodynamic trapping, cell trapping is achieved by elabo-
rate flow control with properly designed flow network. For
example, when each single cell is trapped by a microstruc-
ture, the following cells will be automatically switched to
another flow path until another single cell is trapped by
another empty microstructure, and by doing this, finally all
cells can be trapped independently. Furthermore, the trapped
single cell can be easily released by air bubbles created by
laser-based heating.

In recent years, different methods for single-cell
nucleic acid analysis based on hydrodynamic trapping
have been developed. Continuous hydrodynamic channel
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Fig.1 Size-based single-cell trapping: A schematic of horizontal
trap, B-1 horizontal trapping array for live single-cell printing (Zhang
et al. 2014), B-2 horizontal trap with an open-end microstructure
(Vanlnsberghe et al. 2018), C schematic of vertical trap, D-1 optical

was developed by Tan and Takeuchi (2007). As shown
in Fig. 2A, the main design of continuous hydrodynamic
channel includes three parts, main channel for cell load-
ing, trap site with a narrow, and a bypassing to down-
stream. The basic principle of this design is simple and
straightforward. Cell alignment is accomplished in the
main channel, and cells would be carried into the trap
by the flow. As shown in Fig. 2B, Zhang et al. (2016)
integrated the hydrodynamic channel into their modular
single-cell pipette (mSCP) to isolate single cell from bulk
volume. And they also developed a new cell-releasing
mechanism instead of laser-heating by applying positive
pressure from the channel outlet to push the trapped cell
out of the trap. It is convenient for hydrodynamic trap-
ping to be properly combined with downstream functional
modules for integrated nucleic acid analysis based on a
joint flow network. Zhang et al. upgraded hydrodynamic
single-cell trapping unit (Fig. 2C-1) to a parallel process-
ing system (Fig. 2C-2). By adding reagent and oil respec-
tively from inlet and outlet of the hydrodynamic trapping
unit, captured cells can be confined in oil droplets, and
then they are transported to independent chambers for
subsequent nucleic acid analysis (Zhang et al. 2019a).

Lo e o & (& (2

Cell Bead

detection of single cells from microwells (Swennenhuis et al. 2015),
D-2 microwell array used to capture and lyse single cell (Gierahn
et al. 2017)

2.1.3 Droplet-based trapping

Droplet-based trapping derives from droplet-based micro-
fluidics. For two immiscible fluids, when water containing
cells is sheared by the oil with proper condition, water with
a single cell will be sealed by oil to form an independent cell
droplet. High-throughput cell droplets can be conveniently
generated with a properly configured droplet microfluidic
chip. Three typical modes for droplet-based cell trapping
are as shown in Fig. 3 (Collins et al. 2015). The symmetri-
cal geometry structure of flow-focusing or co-flowing can
produce more uniform droplets than T-junction which pos-
sesses the simplest structure. These microchannels for drop-
let generation are commonly fabricated in PDMS substrate.
Or alternatively, with a disk chip, droplet can be generated
more efficiently with centrifugal force-based liquid driving
(Fu et al. 2019).

To get a stable droplet, fluorinated oil and surfactants
are often used to modify carrier oil. Encapsulation of cells
in droplets is achieved in a stochastic manner. Ideally, one
cell would be confined in one droplet at the moment of
interflowing between cell suspension and carrier oil. But in
real situation, multiple or none occupied cases of droplet
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Fig.2 Hydrodynamic trapping: A schematics of hydrodynamic trap-
ping channel (Tan and Takeuchi 2007), B schematics of single-cell
capturing and releasing (Zhang et al. 2016), C-1 optical micrographs

Fig. 3 Droplet-based cell trap- T-junction
ping with different principles
(Collins et al. 2015) Cells

encapsulation are inevitable. To achieve efficient encapsu-
lation in droplets, the structure and dimension of interflow
channels, as well as the flow rate of reagent and oil should
be properly optimized. Furthermore, for downstream bio-
chemical reaction with single-cell nucleic acid analysis,
different droplet manipulation methods, for example,
merging and splitting, should be properly adopted to
perform more complicated droplet-based fluidic control
(Deng et al. 2013; Liu and Zhu 2020).
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showing the sequential single-cell processing in hydrodynamic chan-
nels, C-2 microfluidic chip for parallel single-cell processing based
on hydrodynamic trapping (Zhang et al. 2019a)
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2.1.4 Electrical, optical, and magnetic trapping

In addition to the typical microfluidics-based single-cell iso-
lation methods, other techniques are developed to capture
single cell by applying external physical field forces, and
they can manipulate cells with no contact in an elaborate
way without complicated flow control.

Dielectrophoretic (DEP) force is created by a nonuniform
electric field applied on the micro-particle and surrounding
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medium. Because different cells and the reagents possess
different conductivities, under a nonuniform electric field,
cells will be electric polarized and moved along the direc-
tion of electric gradient until they are eventually trapped.
This method is usually used for parallel single-cell manipu-
lation (Wu et al. 2017), and biophysical properties analysis
(Huang et al. 2018). Generally, DEP platforms are fabricated
as planar array that has no independent reactor for nucleic
acid analysis on single-cell level. To strengthen this limita-
tion, Qin et al. (2018) designed a microfluidic chip combined
electrodes and individual chambers to achieve positive DEP
single-cell trapping and loop-mediated isothermal nucleic
acid amplification, as shown in Fig. 4A. DEP-based cell
trapping can be adopted to process multiple cells in high-
throughput since the electrical field is able to cover a proper
space in a microfluidic chamber.

Optical tweezer can be used to trap cells by taking
advantage of the differences of refractive index between
cells and surrounding reagent. With this method, the target
cell can be dynamically trapped in a relatively high speed,
e.g.,~200 pm/s or more (Landry et al. 2013) which is a
unique advantage among other methods. In principle, the
trapping force of optical tweezer can be varied on different
cells with various diameters and shapes. Normally, opti-
cal tweezer can effectively manipulate cells with a diam-
eter from 0.5 to 10 pm. Larger or smaller cells can also
be manipulated by reducing the rate of cell movement.

(A) (B)

Huang et al. developed an optoelectronic tweezers platform
by implement single-wall carbon nanotube electrodes into
multilayer PDMS chip. This platform can achieve selec-
tive capture of single cells with light beams (Huang et al.
2013). For increasing the range of optical trapping, Cong
et al. (2019) made a focused optical beam trap by combining
optical forces and convective drag forces to guide living sin-
gle cancer cell into a microwell array for multidrug-resistant
gene marker detection (Fig. 4B). Optical tweezer possesses
the unique capacity to selectively pick up single cell with
relatively controllable high-speed.

Magnetic-activated method is another popular method for
single-cell trapping and manipulation, especially with the
applications of target cell screening and separation. Target
cells which are specifically labelled with magnetic microbe-
ads can be separated by a properly-designed magnetic field
inside the microfluidic channel (Yousuff et al. 2017). Shields
et al. designed an integrated microfluidic system that can
provide single circulating tumor cell (CTC) screening and
isolation from blood sample. As shown in Fig. 3C, this sys-
tem consists of three modules, including acoustic standing
wave for cells alignment, magnetically labeled cells separa-
tion, and microwell array with micromagnets for single CTC
trapping and quantification by imaging (Shields et al. 2016).
Magnetic-based cell trapping is able to process multiple cells
in high-throughput by duplicating the magnetic force in a
magnetographic array.
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Fig.4 Other cell trapping methods based on different physical fields: A DEP-based single cell trapping (Qin et al. 2018), B optical tweezer-
based single cell trapping (Cong et al. 2019), C magnetic-based single cell trapping (Shields et al. 2016)
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For each cell trapping method, it should be properly
applied to handle ideal type of samples based on its char-
acteristics. For example, it is convenient for size-based or
hydrodynamic trapping method to trap limited number of
single cells from one type of cell sample or mixed differ-
ent types of cells. Droplet-based cell trapping is ideal for
high throughput single cell trapping and downstream analy-
sis. Compared with size-based, hydrodynamic, or droplet-
based trapping methods which can be performed with more
straightforward and simpler microfluidic chips, other trap-
ping method requires more complicated chip to provide
properly-controlled physical field or force to capture cell.
DEP-based cell trapping can be applied when the sample
buffer is adjusted properly. Optical tweezer-based cell trap-
ping is more suitable for one or quite few specific single cell
trapping. Magnetic-based cell trapping requires that the tar-
get cell can be specifically bond to protein-labeled magnetic
beads. It should be noted that, since the above summarized
cell trapping methods can not handle complicated cell sam-
ple, for example, whole blood sample or mixed cell sample
with lots of cell types, cell purification or isolation needs to
be done before to perform cell trapping.

2.2 Single-cell lysis

The efficiency of cell lysis is critical to downstream nucleic
acid amplification. A suitable lysis method should be chosen
based on a couple of reasons, for example, cell type, nucleic
acid stability, compatibility with downstream bioreaction,
flow control in microfluidic chip, complexity of the entire
system, etc. Based on different working mechanisms, major
methods for single-cell lysis can be catalogued as chemical,
mechanical, and electrical lysis.

Chemical lysis commonly adopts surfactants to dissolve
proteins and lipids of the cell membrane that can generate
pores on the membrane and let the nucleic acid released.
The commonly used surfactants are proteinase K, sodium
dodecyl sulfate (SDS) and Triton X-100. Chemical lysis is
simple to use, in some cases it only requires a short period
of heating for a better lysis performance. And chemical
lysis is applicable to any microfluidic platforms for single-
cell nucleic acid analysis (Wood et al. 2010; VanlInsberghe
et al. 2018; Li et al. 2019a). However, chemical lysis buffer
may inhibit the subsequent reaction, so after cell lysis it is
necessary to remove residual lysis buffer in the chamber or
neutralized by other reagents. For chemical lysis, elaborate
flow control is normally required to perform downstream
bio-reaction, for example, purification, neutronization, or
mixing before nucleic acid amplification. As a popular lysis
method, chemical lysis is widely used in single-cell-based
nucleic acid analysis based on its strictly verified protocol.

Mechanical lysis employed the shear force, friction force,
or compressive force created by the particular microstructure
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fabricated inside microchip to crush cell membrane. Dif-
ferent from chemical lysis, mechanical lysis is harmless to
target biomarkers and other intercellular components. How-
ever, to puncture cell membrane, the microstructure need to
be sharp enough. The dimension of microstructures usually
designed in the scale of nanometer which will extremely
increase the complexity and difficulty of chip fabrication
(Yun et al. 2010; Kim et al. 2012). To address this prob-
lem, Li et al. (2013) invented a bubble-induced microjets
for single-cell membrane perforation instead of employing
nanostructure. For mechanical lysis which relies on elabo-
rate microstructure fabrication, the released nucleic acid
templates can probably be amplified immediately without
further purification step since there has no any chemicals
involved. Unlike standard chemical lysis, for a specific target
cells, the efficiency of mechanical lysis should be studied
thoroughly before making the final choice.

Applied cells in an electric field, when the transmembrane
potential (TMP) surpassed the threshold of cell membrane
penetration, the intracellular components will be released.
If the potential is lower than the threshold, the pores on
the cell membrane will close. Moreover, if the potential is
too high, the cell membrane would be broken irretrievably
(Nan et al. 2014). Jokilaakso et al. (2013) designed a single-
cell positioning and lysis method on silicon nanowire and
nanoribbon field effect transistors which needed a highly
complicated chip fabrication process. The efficiency of elec-
tric lysis could be affected by different issues, for example,
electric power, chip fabrication, cell type, cell state, sample
buffer and et al, which limits its application in single-cell
nucleic acid analysis.

Different from human cells, microbial cells are more dif-
ficult to lyse due to their diverse envelope-shaped structures
(Woyke et al. 2017). Therefore, for single-cell-based nucleic
acid analysis, to efficiently lyse microbial cells, a combi-
nation of different lysis methods could be a more reason-
able solution than a single lysis method. For example, Liu
et al. (2018) developed a combined lysis method consists
of thermal, enzymatic, and chemical lysis techniques for
whole genome amplification of single bacterial cell on an
integrated microfluidic platform. And this combined lysis
protocol achieved a 100% success for two kinds of bacterial,
Gloeocapsa sp. and Sphaerocystis sp. which are extraordi-
narily difficult to lyse.

2.3 Single-cell nucleic acid analysis

2.3.1 Nucleic acid amplification for single-cell

Nucleic acid amplification is one of the critical steps in sin-
gle-cell nucleic acid analysis. Unlike the analysis of cells

population, the content of DNA or RNA in single-cell is
negligible, normally the amount is 67 pg. Detection and
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sequencing methods cannot be accomplished from this
scarce quantity of nucleic acids. Therefore, a high resolu-
tion and effective nucleic acid amplification is critical to
single-cell analysis. Based on the working principle, single-
cell nucleic acid amplification methods can be concluded
as whole genome amplification (WGA), polymerase chain
reaction (PCR), and isothermal amplification.

In single-cell nucleic acids analysis, whole genome
amplifications are used for genome-wide research of DNA
mutation by duplicating infinitesimal quantity of DNA.
Major WGA methods include degenerate oligonucleotide-
primed polymerase chain reaction (DOP-PCR), multiple
displacement amplification (MDA), multiple annealing and
looping-based amplification cycles (MALBAC), and linear
amplification via transposon insertion (LIANTI).

By using a group of random primers, whole genome
amplification could be achieved with PCR. As an initially
launched tool, DOP-PCR was widely used in the early stage
of whole genome analysis (Cheung and Nelson 1996). One
weakness of DOP-PCR is the low genome coverage due to
its exponential amplification strategy. MDA was invented
in 2001 (Dean 2001), using Phi29 DNA polymerase and
random primers to perform amplification. Compared with
PCR, extension in MDA is achieved at a low reaction tem-
perature in isothermal manner. MDA yields higher genome
coverage than DOP-PCR, but often has the problem with
sequence-dependent amplification bias. Some efforts have
been made to overcome this weakness by scaling down the
amplification volume, for example, with microfluidic chips
(Marcy et al. 2007; Gole et al. 2013; Fu et al. 2019).

As discussed before, DOP-PCR or MDA tends to cause
sequence-dependent amplification bias because it depends
on the nonlinear exponential amplification mechanism. To
solve this problem, Xiaoliang Sunney Xie’s team invented
MALBAC (Zong et al. 2012) and LIANTI (Chen et al. 2017)
in 2012 and 2017, respectively. Both of them are featured as
a quasi-linear amplification method, and only the original
DNA templates instead of copies from duplications will be
duplicated in amplification. Therefore, accurate amplifica-
tion with strictly-controlled copy number variations (CNV)
can be achieved with these two methods (Yu et al. 2014).

WGA amplification method can be evaluated based on
multiple factors, for example, coverage, uniformity, ADO
(allelic drop out), and false positive rate (amplification
preference or bias problem) as reported by other literature

(Polzer and Klein 2010). As shown in Table 1, four typical
WGA amplification methods are compared based on their
critical performances (de Bourcy et al. 2014; Huang et al.
2015; Chen et al. 2017).

PCR is probably the most frequently used technique for
nucleic acid amplification. Different from the genome-wide
amplification mechanism of WGA, PCR is often used to
amplify one or several primer-labeled fragments in the
nucleic acid templets. Typically, PCR thermal cycling
includes three stages: denaturation (~95 °C), annealing
(~55 °C), and extension (~72 °C). With microfluidics-
assisted PCR, the performance of mutation point detection
(Gao et al. 2019; Rowlands et al. 2019) and gene-expression
(Sarma et al. 2019) in single-cell level has been significantly
improved with high sensitivity. Compared with WGA meth-
ods, PCR is able to more efficiently amplify and identify
target genes in single cell level, which is beneficial to cancer
diagnosis (Dalerba et al. 2011).

Different from PCR, isothermal amplification can be per-
formed at a constant reaction temperature even with less
time, which is quite helpful to reduce the system complexity
(Asadi and Mollasalehi 2021). Loop-mediated-isothermal
amplification (LAMP) and recombinase polymerase amplifi-
cation (RPA) are two typical isothermal amplification meth-
ods which are widely used currently. The reaction tempera-
ture for LAMP is 60-65 °C. For RPA, this temperature is
even lower, e.g., 37-39 °C. Compared with PCR, the system
can be much simplified by adopting isothermal amplification
into the microfluidic platform for single-cell-based nucleic
acid analysis (Chung et al. 2019; Schulz et al. 2020; Gaiani
et al. 2021). However, due to the longer application history,
it is easier for PCR to achieve more stable and consistent
analysis based on more available protocols compared with
isothermal amplification.

Compared with nucleic acid amplification in large vol-
umes (for example, pL), for single-cell-based nucleic acid
amplification, one of the biggest challenges is how to achieve
desired amplification efficiency which is heavily affected
by the quite low quantity of original nucleic acid templates
from just a single cell. In principle, amplification on micro-
fluidic chip in the size of nanoliter will remarkably increase
concentrations of genetic templates and other components,
and therefore increases the probability of reaction between
nucleic acid and enzyme, which will eventually improve the
amplification efficiency. Therefore, compared with other

Table 1 Comparison of critical

WGA methods Coverage Uniformity Allelic dropout rate False positive rate
performances of four WGA
methods DOP-PCR Low Medium High High
MDA Medium Low Medium Medium
MALBAC Medium High Low Low
LIANTI High High Low Low
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«Fig.5 Single-cell nucleic acid analysis on valve-based platform: A-1
schematic of membrane-based valve, A-2 schematic of single-cell
nucleic acid analysis with valve-based microfluidic chip, B integrated
chip for high throughput analysis with intensively integrated valves,
reactors, and channels, C fluidic control on valve-based platform
(Thorsen et al. 2002), D different working mechanisms of membrane-
based valve (Li et al. 2019b; Sun et al. 2020), E integrated Fluidigm
C1 system based on the concept of valve control (Pollen et al. 2014)

platforms, it is more desirable for single-cell-based nucleic
acid analysis to be performed on microfluidic chip to achieve
smooth amplification with high successful probability.

2.3.2 Single-cell genetic analysis based on microfluidics

The emergence of next-generation sequencing (NGS) tech-
nology has made it possible for single-cell genetic analysis.
The comprehensive genetic information behind a single cell
can be systematically discovered by NGS. Recently, a num-
ber of review articles discussed single-cell analysis from the
concepts of multi-omics (Hu et al. 2018; Leonavicius et al.
2019). Different genetic information can be respectively
provided by genomics-, epigenomics-, and transcriptomics-
based single cell analysis.

Both of genomics and epigenomics aim to study DNA.
Genetic information of somatic cells is encoded on 46 chro-
mosomes. For genomic-based single-cell analysis, due to
cell proliferation and differentiation, related genetic varia-
tions will cause genotypic heterogeneity (Deng et al. 2019),
for example, mutations, structural variations, aneuploidies,
and recombination. Single-nucleotide variations (SN'Vs) and
copy-number variations (CNVs) are two typical genomic
mutations in genomic-based single-cell analysis, and both
of them are quite important for precise cancer diagnosis and
personnel medicine (Lim et al. 2020).

Epigenomics-based single-cell analysis is helpful for
study about the epigenetic modifications, including DNA
methylation, chromatin accessibility, histone modifica-
tions, chromosome conformation, and replication dynamics
(Schwartzman and Tanay 2015). Epigenomics-based single-
cell analysis on microfluidic platform is a valuable tool for
genetic analysis. For example, chromatin immunoprecipita-
tion (ChIP) is the most critical analysis method to study the
complicated interactions between DNA and protein (O’ Geen
et al. 2006). Traditional ChIP analysis requires enough sam-
ples, typically 10°-107 cells. Based on microfluidic chip,
a novel ChIP-Seq method, which can handle even down
to1000 mammalian cells, has been successfully developed
by Shen et al. (2015).

Transcriptomics-based single-cell analysis is a method to
discover the relationship between genotype and phenotype
(Tang et al. 2011; Streets et al. 2014). Cell states and types
can be identified by profiling RNA expression (Rheaume
et al. 2018). And the main tool used in transcriptomics-based

single-cell analysis is single-cell RNA sequencing, which
including RNA extraction, RNA reverse transcription, cDNA
amplification and next-generation sequencing. To avoid
potential template loss, the first three steps are preferred to
be performed on microfluidic platforms, especially in an
enclosed chamber or a reactor, for example, in independ-
ent droplets (Ziegenhain et al. 2017). For single-cell RNA
analysis, the problem with short-read length still needs to
be further improved. To address this issue, Fan et al. (2020)
developed a single-cell RNA sequencing technology based
on the third-generation sequencing, e.g., nanopore sequenc-
ing. With this platform, 27,250 unannotated transcripts from
9338 genes were analyzed and identified.

So far, human cells are still the major targets for single-
cell-based nucleic acid analysis due to its promising applica-
tions with cancer diagnosis and other genetic disease diagno-
sis. It has to be pointed out that, single cell analysis to other
targets, for example, microbe is attracting more attention by
providing significantly new insights in the fields. Usually,
microbial single cell analysis is more difficult to perform
because of the rigid cell wall and the extremely low amount
of nucleic acid templates compared with eukaryotic cells.
Recently, researchers developed different new technologies
for microbial single cell analysis based on microfluidics
(Liu and Walther-Antonio 2017; Tan and Toh 2020). Liu
et al. (2019) achieved whole transcriptome amplification and
sequencing for single Porphyromonas somerae cell based on
a microfluidic platform, and a couple of interesting strategies
have been properly developed to push forward this topic.

3 Platforms and integrated systems
for single-cell nucleic acid analysis

Single-cell nucleic acid analysis can be performed with tra-
ditional tools in a more manual way since each step has to
be implemented on a separate device. The manual operation
mode for single-cell nucleic acid analysis normally holds
low efficiency and high risk of template loss or contamina-
tion. Microfluidics-based single-cell nucleic acid analysis
is able to manipulate single cell in an automatic, consecu-
tive way in an enclose chip, which is helpful to improve
the critical performance including efficiency, precision,
and sensitivity. Especially, single cell can be more conveni-
ently manipulated with a cell-size functional microstructure
in microfluidic chip. Based on their characteristics, three
typical platforms, e.g., valve-, microwell-, and droplet-based
platforms with different working mechanisms are grouped.
Each platform is able to provide different solutions for dif-
ferent procedures relative to single cell nucleic acid analy-
sis, e.g., single cell trapping, cell lysis and purification, and
nucleic acid amplification. Representative systems based on
different platforms are also summarized to demonstrate how
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to perform single-cell nucleic acid analysis automatically in
fully integrated devices, which are quite important to com-
mercial applications of this technology.

3.1 Valve-based platform and systems

The cross-section view of an elastomeric valve in microflu-
idic chip was shown in Fig. 5A-1. Basic structure of a valve
includes three layers, e.g., cell processing layer, membrane
layer and valve control layer. This structure is normally fab-
ricated by elastic material, such as PDMS. By changing air
pressure in the gas channel of the valve control layer, the
flexible membrane can be pushed down to seal the bottom
cells in liquid.

Originally, the multilayer elastomeric valve controlling
technique was invented by the team of Stephen R. Quake
in 2000 (Unger et al. 2000). Then they published a series
of works boosting the development of valve-based platform
applied in single-cell nucleic acid analysis. They have suc-
cessively accomplished automation of nucleic acid purifica-
tion, parallel picoliter RT-PCR analysis oriented to single-
cell gene expression analysis, single-cell MDA efficiency
analysis in 60 nL reactor, and single-cell WGA for De
Novo mutation detection on valve-based platform (Hong
et al. 2004; Marcus et al. 2006; Marcy et al. 2007; Wang
et al. 2012; Gawad et al. 2016). With the flexible configu-
ration of combined valves and reactors, valve-based plat-
form is able to perform complicated bio-reaction relative
to single cell nucleic acid analysis, as shown in Fig. 5A-2.
High-throughput single-cell nucleic acid analysis can be
achieved with a scaled up microfluidic chip integrated with
a large number of valves, reactors, and channels, as shown
in Fig. 5B. As shown in Fig. 5C, with valve-based platform,
complicated fluid control, for example, reagent loading, mix-
ing and driving can be conveniently achieve (Thorsen et al.
2002). For valve-based platform, elaborating mixing can be
easily achieved by rapidly switching the state of the mem-
brane between opening and closing, which can be applied
to improve the efficiency of MDA amplification (Yang et al.
2014; Li et al. 2018b).

Whether the valve can completely seal the microflu-
idic channel is a key design point of valve-based platform.
Quake’s team began to fabricate a rounded bottom of fluid
channel for a perfect match between fluid channel and valve
membrane (Unger et al. 2000). Most of the valve designs
are following their rounded-bottom fluid channel strategy,
but still there are some novel designs are proposed. A valve-
base was added under the membrane for a tighter sealing.
This valve-base can be fabricated on either the fluid chan-
nel bottom or the elastomeric membrane (Li et al. 2019b;
Sun et al. 2020), as shown in Fig. 5D. To ensure the seal-
ing performance, both the design concept and the fabrica-
tion technology of the membrane valve should be properly
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improved. The 2D layout of valve-based microfluidic chip,
which including reaction units surrounded by fluid chan-
nels and gas control lines, always require elaborate design,
especially when the available operation space for valving is
limited. Also, the working efficiency of valve-based platform
is limited by this limited planar space. Valve-based platform
is more suitable to perform the complicated biochemical
reaction with precise fluid control.

Based on the concept of valve-based platform, different
integrated systems have been developed to perform single-
cell nucleic acid analysis automatically and consecutively.
For example, Zhang et al. displayed their valve-based system
based on the pneumatic controlled microfluidic platform. By
employing hydrodynamic flow capturing and valve control-
ling, this system can achieve a nearly 100% capture ratio
of 32 cells for single-cell RNA sequencing (Zhang et al.
2019a). Pollen et al. (2014) introduced their Fluidigm C1
Single-Cell Auto Prep System in 2014, which is the world’s
first commercial device of automatic single-cell capturing
and nucleic acid amplification for downstream genetic analy-
sis. As shown in Fig. 5E is the schematic of instrument inte-
gration, thermal module and the pneumatic valves system
are two primary components reflected to the functions of
valve controlling and thermal cycling of nucleic acid ampli-
fication. And on the integrated fluidics circuit (IFC) micro-
fluidic chip, different kinds of reagents can be stored and
injected into the center reaction unit for 96 single-cell isola-
tion and RT-PCR amplification. However, due to the cell-
size based isolation mechanism of IFC, C1 system required
microfluidic chip renew for different cell samples (differed
in the diameter of cell). And the throughput of C1 system is
limited by the number of cell processing units as well. Later
in 2015, the high throughout (HT) IFC was developed to
simultaneously process 800 individual cells in a single run.

3.2 Microwell-based platform and systems

Microwell is usually adopted as a kind of vertical traps for
single-cell isolation. Cells are loaded into microwells of
their own size under the influence of gravity. The large-scale
patterned microwell array has relatively high throughput
with simple fabrication and low cost compared with other
methods (Han et al. 2018).

Trapping rate is the core indicator to evaluate functional
performance of microwell platform, which is mainly depend-
ing on the geometry of microwell. In principle, the opti-
mum size of the microwell to accommodate an individual
cell is about 1 of depth/diameter ratio (Luan et al. 2020).
Tang et al. designed a microwell chip with 200,000 wells
(depth/diameter ratio: 20 pm/25 pm =0.8) to screening
metabolically active tumor cells. In this case, the fluores-
cent labeled single-cells were retrieved by micropipette for
an off-chip sanger sequencing (Tang et al. 2017). However,
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for those on-chip nucleic acid analysis, the volume of cell-
sized microwell is not enough for containing the reagents
required by analysis protocol. So, the volume of the micro-
well often designed according to the total volume of all the
reagents. In Gole et al.’s (2013) work, the single-cell whole
genome amplification was occurred in a 12 nL. microwell
with depth/diameter ratio of 0.05 (20 pm/400 pm). For main-
taining the single-cell capturing performance in microwells
of small depth/diameter ratio, Wang et al. (2019) proposed
a dual-well array chip which constructed small trapping well
(20 pm in diameter) under the big reaction well (200 pm in
diameter). The operation schematic of this method is shown
in Fig. 6A, it should be noted that in step (A-8) oil can be
used as sealing and isolation media for preventing reagent
evaporation and contamination.

Although microwell platform is convenient and quick for
operation, but the cells settling and capturing is still time-
consuming. To accelerate single-cell settling and capturing,
some external field-forces and structural modification has
applied. Swennenhuis et al. fabricated a 6400 microwells
chip with a single pore (5 pm in diameter) on the bottom.
As shown in Fig. 6B, by adding a negative pressure of
— 10 mbar, single-cell would be dragged into the microwell,
once the pore in the bottom was clogged by cell, the follow-
ing cells were distributed to other microwells (Swennen-
huis et al. 2015). Then the cells were punched into the PCR
tube for single-cell whole genome amplification and sanger
sequencing for DNA analysis. Morimoto et al. combined
electrodes with microwell chip to attract single-cell settled
in the well. After fluorescent differentiation and picking by
glass capillary, single CTC genetic analysis for EGFR muta-
tion can be achieved (Morimoto et al. 2015).

Therefore, microwell-based platform is an ideal choice
for applications with simple procedure. But in practical
operation, the dimensions of microwell need to be carefully
designed by considering the size of target cell. In addition,
except for microbeads-based nucleic acid extraction, other
nucleic acid extraction methods with microwell-based plat-
form normally possess complicated procedure which need
to be done with other tools, such as glass micropipette (Gole
et al. 2013). Therefore, it is more desirable for microwell-
based platform to perform relatively simple single cell
nucleic acid analysis. Otherwise, it is difficult to integrate
elaborated fluid control with micro-well reactors.

Similarly, based on the concept of microwell-based plat-
form, different integrated systems have been developed to
perform single cell nucleic acid analysis with the assistance
from a couple of outside tools. Take ICELLS cx single-cell
system for example (Fig. 6C), the system is consisting of
three main components, reagent reservoir for reagents stor-
ing and fueling, micropump system for reagents quantitative
transportation, and operation unit for dispenser nozzle and
camera control. Moreover, the dispense workflow control,

real-time monitoring, and result analysis can be integrated
and functioned in Cellstudio software (Goldstein et al.
2017). Although the microwell-based system is not a fully
automatic instrument, but the real-time monitoring and the
linear controllable dispenser nozzle can make the single-
cell nucleic acid analysis more flexible. Users can put at
most 8 samples into one microwell chip, and the diameters
of sample cells can range from 5 to 100 pm. Meanwhile,
users also can only select single-cell containing well as the
target result for analysis that easily solved the empty or mul-
tiple cells containing problem of microwell chip. Moreover,
the semi-open operation manner of microwell-based sys-
tem is compatible with any genetic analysis protocols and
techniques. Attayek et al. (2015) designed the automated
microraft (each microwell re-fabricated with an additional
concave substrate) platform and imaging analysis algorithm
for single-cell temporary enhanced green fluorescent protein
(EGFP) expression monitoring (Attayek et al. 2017). The
analysis includes following steps, non-adherent K562 cells
were transfected with a CRISPR-Cas9 plasmid which con-
tained an EGFP reporter gene, transfected cells were seeded
in microraft array, automated image tracking of EGFP fluo-
rescence, target cell release, and further gene sequencing for
gene-edited clone identification.

3.3 Droplet-based platform and systems

For valve-based platform, to achieve high-throughput anal-
ysis, a quite complicated system with a large number of
valves, reactors and channels has to be developed because
each cell needs to analyzed with its own flow control unit.
It is even more difficult for microwell-based platform to
achieve high-throughput analysis because of its own limita-
tions. In comparison, it is easier for droplet-based platform
to perform high-throughput analysis since each enclosed
droplet works as an independent reaction unit. When a sin-
gle cell is enclosed in a droplet, it can be separately analyzed
based on the operation mechanisms of droplet microfluidics.
Complicated reaction in the droplet can be performed by
splitting, merging, heating, or illuminating the droplet in
single-cell nucleic acid analysis.

Digital droplet PCR is one of the representative appli-
cations of droplet-based platform in genetic analysis. It is
used to detect the specific DNA fragment of lysate from
single-cell (Aigrain et al. 2016). Zeng et al. (2010) designed
a droplet generator array for a multiplex single-cell PCR
detection. Microbeads coated with multiple forward prim-
ers were confined in the droplets with the target cells. After
PCR, the cells can be rapidly distinguished by flow cytom-
etry. The detection ability of this method was proved by
distinguishing E. coli O157 cells from high context of K12
cells with proportion of 1/10°. And another PCR-activated
cell sorting (PACS) based on single-cell droplet platform
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was demonstrated by Lim et al. (2015). They used digital
droplet PCR and Dielectrophoretic for screening microbes
of rare mutation, and conducted genome sequencing on the
selected droplets for advance analysis.

Moreover, droplet-based single-cell analysis platform
promises a relatively accurate whole genome amplification
with high amplification yield (Fu et al. 2015). This emul-
sion single-cell MDA technique which claimed to be the first
method can simultaneously achieve CNVs detection at size
of 250-kb with 50-kb resolution, and SNVs detection with
error rate less than 2 X 10>, Another droplet MDA method
provided by Yohei’s team improved the genome recovery
rate in WGA from 59 to 89%, it proved that the picoliter
reaction volume (67 pL) of droplets can decrease ampli-
fication bias of MDA effectively (Nishikawa et al. 2015).
Depending on this method, a high-throughput single-cell
sequencing reads acquisition mechanism with processing
rate of 21,000 single-cell/h was built.

Droplet platform has proved the ability of single-cell
nucleic acid amplification which is the basis of single-cell
sequencing. By applying barcoded beads (Zilionis et al.
2017) for differentiating cells and unique molecular iden-
tifier (UMI) for molecular distinction, the next-generation
sequencing method is perfectly implemented to droplet-
based platform for single-cell genetic analysis (Lan et al.
2017; Salomon et al. 2019). For single-cell RNA sequencing

on droplet platform, there are three representative meth-
ods, inDrop (Klein et al. 2015), Drop-seq (Macosko et al.
2015), and 10X Genomics Chromium (Zheng et al. 2017).
The main difference of the three methods is the timing of
barcode adding. As shown in Fig. 7A, Drop-Seq requires
that both barcoded beads and cells are injected together into
the channel with a low density that resulting a low utiliza-
tion of sample cells. In inDrop method, barcoded beads are
added after cell lysis which may decrease the specificity of
sampling. And the 10X Genomics Chromium method com-
bined the above two methods together leading to a better
transcript capture efficiency and uniformity of sequencing
library. More detailed discussion of these three methods can
be found in Zhang et al. (2019b).

As discussed before, the two representatives of commer-
cial droplet-based devices are Chromium system from 10X
Genomics (Fig. 7B) and Nadia instrument from Dolomite
Bio (Fig. 7C). The microfluidic cartridge is the core com-
ponent in droplet-based instrument. The on-chip process
including reagents and cell sample injection, barcoded bead
and sample cell packaging in droplets, nucleic acid amplifi-
cation for sequencing library preparation. In Chromium sys-
tem, 100-80,000 + cells of eight samples can be prepared in
10-20 min. And 48,000 barcoded single-cell mRNA librar-
ies can be finished by Nadia instrument. Recently, numbers
of publications about single-cell sequencing and genetic
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Fig. 7 Single-cell nucleic acid analysis on droplet-based platform: A different droplet generation methods for single-cell RNA sequencing, B

10X Genomics Chromium system, C Dolomite Bio Nadia system
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analysis for cells subtypes identification have reported by
utilizing these two instruments. With Chromium system,
Ren et al. conducted single-cell RNA sequencing on 284
samples from 196 COVID-19 patients, to generate a com-
prehensive single-cell immune atlas with 1.46 million cells.
This large scale of data help us to identify subtype changes
of peripheral immune behind the clinical characteristics
(Ren et al. 2021). Kim et al. (2020) identified gastrointesti-
nal stromal cell populations by completing single-cell tran-
scriptomic analysis through mechanisms of gastrointestinal
stromal niches with the platform of Nadia instrument.

3.4 Other platforms and systems

Beside the above typical platforms, there have also other
platforms for single-cell nucleic acid analysis. For exam-
ple, Lab-on-disk platform has been insensitively studied
for automatic single-cell nucleic acid analysis. With the
properly controlled centrifugal force, desirable flow con-
trol for single-cell analysis can be achieved with a prop-
erly designed disk chip. Furutani et al. (2012) designed
a centrifugal platform for single-cell isolation and gene
expression analysis by RT-PCR. As shown in Fig. 8A, 24
microchannels were fabricated on the disk chip, and each

(A)

microchannel was designed in a curved shape from the
center to the edge to impel fluid movement. 313 U-shaped
microcavities were integrated on the outside of each
microchannel to capture single cells. Particularly, in their
work the thermal heated cell lysis occurred after the RT-
PCR buffer loading, which will reduce the contamination
between microcavities effectively. Moreover, centrifugal
platform also can be utilized as a method to generate drop-
lets. On the centrifugal-based droplet platform designed
by Li et al. (2019c), SpL of cell sample can be partitioned
into droplets in 60 s with sample utilization more than
98%. Both of single-molecule digital droplet PCR and
single-cell WGA are performed on this hybrid method to
demonstrate the applicability of centrifugal platform for a
rapid single-cell nucleic acid analysis.

Another emerging hybrid platform for single-cell nucleic
acid analysis is digital microfluidics (DMF) that can manipu-
late droplets by electrowetting-on-dielectric (EWOD) mech-
anism. By controlling the droplets of cell samples and differ-
ent reagents required in MDA, Ruan et al. (2020) achieved
single-cell genomic detection of CNVs with minimal bin
of 150-kb and SNVs with allele dropout rate of 5.2%. The
schematics of DMF on-chip operation process and single-
cell WGA analysis procedure was shown in Fig. 8B. The
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Fig.8 Other platforms for single-cell nucleic acid analysis: A centrifugal disk chip for single-cell gene expression analysis (Furutani et al. 2012),
B digital microfluidic chip for whole genome sequencing (Ruan et al. 2020)
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Table 2 Comparison of
different microfluidic platforms

Platforms

Advantages

Limitations

for single-cell nucleic acid
analysis

Valve-based

Microwell-based

Droplet-based

Controllability of each step
Functional integration

Straightforward operation
Compatibility with other protocols

High throughput

Low throughput
Complicated chip fabrication
Complicated system

Cross contamination
Uncontrollable cell number

Elaborated flow control

Concise system

Centrifugal-based

Digital microfluidics

Flexible flow control
Parallel processing

Controllability of each step
Parallel processing

Limited throughput
Complicated system
Limited throughput
Complicate system

characteristics of different platforms for single-cell nucleic
acid analysis are compared in Table 2.

4 Conclusion and outlook

With the characteristics of high-throughput, trace-content
sensitivity, miniaturization, and automation, microfluidic
technology provides a competent platform for single-cell
nucleic acid analysis. Analysis of genetic mutations between
cells is making significant contribution to diagnosis and pre-
cision medicine for cancer and other diseases. In this review,
we have summarized the major procedures of microfluidic
single-cell nucleic acid analysis. The advantages and dis-
advantages of different microfluidic platforms have been
analyzed, including valve-, microwell-, and droplet-based
platforms. Moreover, the typical applications of integrated
systems based on three platforms have also been discussed.

As a new technology, there are remaining unsolved prob-
lems with single-cell nucleic acid analysis based on micro-
fluidics. Each microfluidics-based platform has its own
advantages and limitations. For example, it is easy for drop-
let-based platform to perform high throughput analysis, but
it is difficult to perform single-cell nucleic acid analysis with
highly complicated procedures. In contrast, it is conveni-
ent for valve-based platform to perform single-cell nucleic
acid analysis with complicated procedures because of the
configurable valve-controlled flow network. However, for
valve-based platform, it will be much more difficult to run
high throughput (e.g., thousands of, or even more) analysis.
It is easy to perform single-cell nucleic acid analysis with
the microwell-based platform because of the straightforward
working mechanism. However, it is difficult to perform auto-
matic analysis with complicated procedures. Therefore, dif-
ferent platforms should be properly chosen and applied in
different application for specific purposes.

In the future research, microfluidic technologies should
be continually improved to provide more powerful tools

for single-cell nucleic acid analysis. In principle, the whole
process of single-cell nucleic acid analysis normally con-
sists of a couple of steps, for example, cell trapping, cell
lysis, nucleic acid purification, nucleic acid amplification
and detection. One of the challenges is the contradiction
between the highly integrated function and the high system
complexity. In other words, when more functional mod-
ules are integrated into the microfluidic chip for a higher
level of automatic analysis, the system complexity will be
significantly increased. Therefore, microfluidic platforms
based on new concepts need to be studied to perform fully-
integrated analysis in a simpler and more reasonable way.
Although droplet-based platform provides a potential
solution for high-throughput analysis, the requirement
for fully-integrated, highly-efficient, stable, consistent,
reliable and high-throughput microfluidic platforms is a
remaining challenge. In both basic research and clinical
detection, normally a large number of single cells need
to be analyzed to achieve accurate and comprehensive
diagnosis. How to properly combine existing microflu-
idic platforms with the downstream detection module, for
example, the sequencing module or other signal-readout
module could be another challenge. Especially, based on
the innovation of microfluidic technologies, to develop
a fully-integrated, portable, and low-cost system to effi-
ciently read the sequence of a single cell from the original
cell sample within a limited time is a big challenge before
us. Nevertheless, it is believed that more and more power-
ful tools based on microfluids will be invented based on
the extraordinary progress which has been making in this
field.
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