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Single-cell analysis of bioactive molecules is an essential strategy for a better understanding of cell biology,

exploring cell heterogeneity, and improvement of the ability to detect early diseases. In single-cell analysis,

highly efficient single-cell manipulation techniques and high-sensitive detection schemes are in urgent

need. The rapid development of fluorescent analysis techniques combined with microfluidic chips have of-

fered a widely applicable solution. Thus, in this review, we mainly focus on the application of fluorescence

methods in components analysis on microchips at a single-cell level. By targeting different types of biolog-

ical molecules in cells such as nucleic acids, proteins, and active small molecules, we specially introduce

and comment on their corresponding fluorescent probes, fluorescence labelling and sensing strategies,

and different fluorescence detection instruments used in single-cell analysis on a microfluidic chip. We

hope that through this review, readers will have a better understanding of single-cell fluorescence analysis,

especially for single-cell component fluorescence analysis based on microfluidic chips.

1. Introduction

Cells are the most basic entities for an organism's physiologi-
cal activity.1 Even under the same physiological conditions,
cells of the same type may show heterogeneity in their expres-
sion of various biological molecules. When cells are exposed

to external stimulus or under a diseased condition, obvious
differences of intracellular molecules expression could also
be observed, which contributed to various destinies of
cells.2,3 Traditional analytical methods for biomolecule's de-
tections are suitable for common bulk cell assays. However,
the average data obtained would conceal the differences in
molecular expression among individual cells, causing loss of
important biological information. Thus, the detection and
analysis of cellular components at the single-cell level is not
only the essential way to demonstrate cell heterogeneity and
differentiation, but also an effective means to accurately
study the relationships of multiple molecules and their
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related signalling pathways in cells.2,4,5 Compared with cell
homogenate samples in groups of cell assays, single cell sam-
ples have many unique characters.6 For example, most types
of cells have small volumes of only 0.1–8 pL. Common sam-
ple preparation and detection methods are not suitable for
single-cell manipulation.7 In addition, many of the intracellu-
lar components are in low copy numbers in single cells so
highly sensitive detection schemes are in urgent need. There-
fore, single-cell analysis presents a variety of challenges for
any sample treatment and detection method. Critical issues
to be resolved include how to perform highly efficient single-
cell manipulations and conduct highly sensitive signal sens-
ing and detection.

Microfluidic chips have shown great ability with accurate
fluid control, cell manipulation, and signal output, which
has proven to be a favourable tool for rapid and high-
through single-cell analysis.8–10 First, the microfluidic chip is
a flexible platform, as its structure and function can be
designed according to demands of single-cell analysis plus
fluid control and cell samples control can be conducted by
various modes such as hydraulic pressure, electric field,
micro-valve and micro-dam structure, and oil–water interface
interaction (microdroplets formation, fusion and
separation).11–14 Second, the tiny space in a microchip may
strongly inhibit diffusion and consumption of trace amounts
of cellular samples, improving their chemical or biological re-
action rates and enriching the products to obtain higher sig-
nals.15 Moreover, microfluidic chips also have open features
and multiple detection techniques such as optics, electricity,
magnetics etc., can be easily integrated. For example, electro-
chemical detection of single cells has been performed on
microchips by integrated microelectrodes on microchannels
and reservoirs.16 Combined with magnetic materials, cells or
cellular components can be operated and detected in a mag-
netic field.17,18 Optical technologies including fluorescence
detection, surface enhanced Raman spectroscopy (SERS), sur-
face plasmon resonance (SPR), and interferometry have been

widely employed with microfluidic chips to make single-cell
analysis.19,20 Due to the unique advantages of microfluidic
chips, various methods based on them have been developed
for single-cell analysis. Many reviews have introduced single-
cell manipulation, single-cell sample treatment, and various
detection methods from a microchips standpoint, which have
revealed a broad visual field for us of single-cell analysis
based on microfluidic chips.9,10,21,22

The fluorescence technique has attracted tremendous at-
tention by related researches in analytical chemistry, cell biol-
ogy, design and development of analytical instruments, since
it has several advantages such as high sensitivity, reproduc-
ibility, simplicity, and is easy to integrate.23–25 It is also
highly suitable for cellular components detection. In the field
of single-cell analysis based on microfluidic chips, quite a
few research areas are relevant to fluorescence methods for
cellular components detection.26,27 We think the main rea-
sons are as follows: 1, the fluorescence technique allows non-
invasive detection and, when integrated with microfluidic
chips, there are no special processing requirements with the
chips. 2, Various fluorescence probes, which can specially
recognize cellular components, have been developed based
on different molecular recognition mechanisms and signal
sensing methods.28,29 These make fluorescence methods
widely applicable for kinds of biomolecules detection with
high specificity, plus multiple kinds of molecules in individ-
ual cells can be simultaneously detected. 3, With improve-
ments of fluorescence methods and instruments, the sensitiv-
ity of fluorescence detection can fully meet the needs of
single-cell analysis, even reaching to the single-molecule
level.27 Moreover, different fluorescence methods would sup-
ply multiple information about concentration, dynamics, and
distribution of cellular bioactive molecules, as well as rela-
tionships or heterogeneity among different cells.15,30,31 Over-
all, fluorescence analysis on a microfluidic chip possesses
the ability of highly efficient sample manipulation with a
microfluidic chip, the ability of specific recognition and
multicomponent labelling and sensing based on different
kinds of fluorescent probes, and the ability of highly sensitive
and multi-parameter detection by different fluorescence
methods and instruments. These characters make this tech-
nique very promising and advantageous for single-cell com-
ponent analysis.

However, many reviews have comprehensively introduced
various functions and applications of microfluidic chips in
single-cell manipulations, processing, and analysis. Besides,
a lot of articles have reviewed different detection methods
and instruments used in single-cell analysis.32–34 Therefore,
in this review, we will pay less attention to the design and
function of chips, and instead mainly focus on the applica-
tion of fluorescence methods in components analysis on
microchips at the single-cell level. By targeting different types
of biological molecules in cells such as nucleic acids, pro-
teins, and active small molecules, we will specially introduce
and comment on their corresponding fluorescent probes,
fluorescence labelling and sensing strategies, and different

Bo Tang

Bo Tang obtained his PhD in an-
alytical chemistry in 1994 from
Nankai University. Then he
joined the College of Chemistry,
Chemical Engineering and Mate-
rials Science as a full professor
at Shandong Normal University.
His current research interests in-
clude development of molecular
and nano probes for analytical
and biomedical applications, so-
lar energy chemical transforma-
tion and storage, and clean syn-
thesis of chemicals. He has more

than 400 papers published in peer-reviewed journals and his work
has been cited in excess of 10 000 times (2017).

Lab on a ChipTutorial review

Pu
bl

is
he

d 
on

 0
7 

m
ar

zo
 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:1
0:

26
. 

View Article Online

https://doi.org/10.1039/c7lc01333g


Lab Chip, 2018, 18, 1151–1173 | 1153This journal is © The Royal Society of Chemistry 2018

fluorescence detection instruments used with microfluidic
chips. It is hoped that through this review, readers will have
a better understanding of single-cell fluorescence analysis, es-
pecially for single-cell component fluorescence analysis based
on microfluidic chips.

2. Fluorescence labelling and sensing
for single-cell components analysis
on microchips
2.1 Fluorescence labelling and sensing of nucleic acids

Nucleic acids, polymerized by many nucleotides, are essential
for all forms of life.35,36 According to their different chemical
compositions, nucleic acids can be divided into ribonucleic
acid (RNA) and desoxyribonucleic acid (DNA) groups. DNA
provides an essential foundation for genetic information stor-
age, replication, and transfer in living cells.37–39 RNA plays a
key role in protein biosynthesis. During the synthesis pro-
cess, messenger RNAs (mRNAs) are used as the template and
amino acids are transported by transfer RNAs (tRNAs). Ribo-
somal RNA (rRNA) and ribosomal proteins are assembled to
make a functional ribosome, which catalyses the sequential
addition of amino acids to a growing polypeptide chain.40–43

In addition, microRNAs (miRNAs) are endogenous ∼22-
nucleotide RNAs, which can regulate gene expression by
targeting mRNAs for translational repression.44–46 Nucleic
acids are composed of paired organic bases with different ar-
rangements and diversity in sequence length and base se-
quence. Biologically originated nucleic acids usually have rel-
atively low quantities in living cells.47 Therefore, specific
recognition and signal amplification are two key issues for
single-cell nucleic acids analysis. In a general way, the identi-
fication of nucleic acid molecules is based on a specific com-
plementary hybridization reaction between target nucleic acid
strands and probe strands. The sequence of the probe
strands can be designed according to the target se-
quence.48,49 For example, 16 s rRNA in single E. coli cells
could be directly identified by peptide nucleic acid (PNA)
probes with a complementary sequence and then fluorescent
sensed by fluorescence resonance energy transfer (FRET).50

To improve the sensitivity of nucleic acids detection in single
cells, a variety of DNA amplification techniques has been ap-
plied, such as polymerase chain reaction (PCR), rolling circle
amplification (RCA), strand displacement amplification
(SDA), hybridization chain reaction (HCR), and so on.51–55

Among them, PCR was the most popular technology for the
nucleic acid amplification and detection within single cells.36

2.1.1 PCR for single-cell nucleic acids analysis. PCR was
proposed in 1985 by Mullis, and it was used for specifically
amplifying nucleic acid in vitro.56 It has become one of the
most common and important molecular biological tech-
niques ever since it emerged because of its high sensitivity,
specificity, and swiftness. Single-cell PCR usually includes
single-cell isolation, cell lysis, DNA amplification, and se-
quencing. Due to the convenience and accuracy of micro-

fluidic chips for single-cell manipulation, the above processes
can be partially or completely carried out on a microfluidic
chip to improve analytical performance. For instance, Hui
Tian et al. utilized ligation-based droplet digital polymerase
chain reaction (dd-PCR) for single-cell miRNA analysis
(Fig. 1A).57 After lysis of single cells, the released target
miRNAs could be combined with partially complementary
probes A and B and then T4 RNA ligase 2 would catalysis the
ligation of probes A and B. The ligation products together
with the PCR mixture were encapsulated in water-in-oil drop-
lets and PCR amplification was triggered using the ligated
DNA as a template. The quantified detection of miRNAs in a
single cell could be accomplished by counting the number of
fluorescence-positive droplets. Additionally, single-cell gene
expression profiling based on PCR is a common method for
analysis of circulating tumor cells. For the extremely low
abundance of circulating tumor cells (1–3000 CTCs per mL)
in the blood,58 microfluidic technology has served as a high-
efficiency platform for the enrichment of CTCs from blood
samples and the gene expression of obtained CTCs could be
analyzed subsequently. In this field, Toner et al. have done a
lot of research. They exploited a CTC-iChip59 (Fig. 1B(a)) for
efficient sorting of CTCs from blood and performed a series
of studies on the genes expression in a single CTC. For exam-
ple, Maheswaran and Haber et al.60 acquired 77 CTCs from
13 prostate cancer patients with drug resistance, and then an-
alyzed the gene's expression in isolated single prostate CTCs
using single-cell RNA-sequencing (RNA-Seq) technology. The
results showed considerable heterogeneity from each individ-
ual cell and relevance of androgen receptor inhibitor and
Wnt signaling pathways. Subsequently, this group researched
the expression of extracellular matrix genes in mouse and hu-
man pancreatic CTCs by this method (Fig. 1B(b)).61 Results
revealed that extracellular matrix genes are highly expressed
in CTCs and the extracellular matrix protein SPARC was
closely related to the metastasis of pancreatic tumor. All of
the above single-cell gene analysis works were carried out
partially on microfluidic chips. A. K. White et al.62 developed
an integrated a microfluidic device that could execute all
steps of single-cell capture, lysis, reverse transcription, and
qPCR (Fig. 1C). The microchip could be divided into four
main portions: (i) single-cell capture chamber, (ii) single-cell
lysis chamber, (iii) RT chamber for reverse transcription, and
(iv) 50 nL PCR chamber for amplification and detection.
Using a TaqMan probe as indicator, multiple miRNA and
mRNA in single embryonic stem cells were studied with this
microchip. Subsequently, the author also measured the ex-
pression of miR-16, EEF2K, BCR-ABL transcripts, and GAPDH
mRNA transcripts in single K562 cells on a similar microchip
with the same detection process (Fig. 1D).63

Previous research showed that cell lysate had an inhibi-
tion effect on RT-PCR; thus, it is considered to be important
for researchers to understand how to overcome the lysate-
mediated inhibition of RT-PCR.64 Dennis J. Eastburn et al.65

applied an electric field to merger drops thereby increasing
the drop volume and dilute cell lysate concentration
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(Fig. 2A). When the encapsulated single cells were lysed and
digested, the lysate-containing droplets would be merged
with large water drops by the electric field to achieve dilution
of the cell lysate, and then the collected droplets would un-
dergo thermocycling to accomplish RT-PCR. By this method,
specific cells could be identified from a mixed human cell
population through the detection of multiple target genes.
PCR also can occur in sol–gel switching agarose droplets to
detect intracellular RNA.66,67 In the research of Huifa Zhang
et al.,66 target RNA was detected by a reverse prime grafted to
a linear polyacrylamide (LPA) chain (Fig. 2B). After the single-
cell RT-PCR in droplets, the agarose droplets were solidified
by reducing temperature below the gelling point. As the re-
sult of the copolymerization between acrylamide and LPA,

amplicons couldn't flow out of the solidified agarose, while
the small molecule dye was permitted to enter the droplets
and label the targets. The negative effect of cell lysate in aga-
rose droplets could be inhibited by removing the cell lysate
from droplets after sol–gel switching. In the research of Rich-
ard Novak et al.,67 single cells were encapsulated together
with lysate and primer-functionalized beads in agarose
microdroplets. After cell lysis, target nucleic acids were
connected with primer-functionalized beads by complemen-
tary base pairing (Fig. 2C). In the gel droplets under low tem-
perature, the lysate was allowed to flow out, while the beads
could be reserved in droplets because of its large size. At last,
PCR amplification occurred and the chromosomal transloca-
tion t(14;18) in single cells were analyzed.

Fig. 1 A) The miRNA detection schematic based on droplet digital-PCR (reprinted from ref. 57 with permission, copyright 2016, American Chemi-
cal Society Publications). B) Single-cell sequencing by CTC-iChip. (a) A CTC sorting chip based on lateral flow offset, inertial focusing and magnetic
field separation (reprinted from ref. 59 with permission, copyright 2013, license CC BY 4.0). (b) The experimental process of single-cell sequencing
on the CTC-iChip (reprinted from ref. 61 with permission, copyright 2014, Elsevier B.V.). C) Operation of the microfluidic device. (a) Microscope im-
age of array unit. (b) Microscope image of two trapped cells in the capture chambers (reprinted from ref. 62 with permission, copyright 2011, Na-
tional Academy of Sciences). D) Design and operation of the microfluidic device. (a) Complete microfluidic device. The device contained 200 iden-
tical modules allow parallel analysis of 200 single cells; (b) workflow for single-cell digital PCR analysis of mRNA. Cells were chemical or heat lysed
after being captured, and the released mRNA or miRNA were reverse transcribed to cDNA. PCR reagents were then injected into the device to mix
with cDNA, and at last flew into the digital PCR array for detection (reprinted from ref. 63 with permission, copyright 2013, American Chemical So-
ciety Publications).
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To simultaneously measure expression levels of different
kinds of nucleic acid molecules in single cells, a series en-
code techniques have been developed. For example, Saiful Is-
lam et al.68 designed a 5 bp random sequence tagged primer
for capturing target RNA from lysed single mouse embryonic
stem cells. (Fig. 3A) After PCR, a large number of amplicons
were generated. In particular, a 5 bp random sequence serv-
ing as unique molecular identifiers (UMI) were able to distin-
guish up to 1024 mRNA because of the different arrange-
ments of bases. Amplicons carrying the same UMI sequences
were derived from the same allele. Thus, the specific recogni-
tion of single-cells mRNA could be realized by distinct UMIs.
Evan Z. Macosko et al.69 also detected intracellular mRNA by
the combination of microfluidic technology and cell
barcodes. First, mRNAs from the lysed cells could be bound
to barcoded primer linked magnetic beads in droplets
(Fig. 3B). Subsequently, the droplets were broken, and the
beads were collected to complete reverse-transcribe and PCR
amplification. At last, the generated amplicons were se-
quenced, and the number of mRNA transcripts were counted
digitally in each cell. This method was applied to complex

mouse retina and retrieved 39 distinct populations which
were closely related to cell types. The team subsequently fur-
ther studied mouse retinal bipolar neurons by this technol-
ogy, and fifteen types of bipolar cells were identified from ap-
proximately 25 000 single-cell transcriptomes.70 Rapolas
Zilionis et al.71 utilizing similar a encoding technique com-
bined with microfluidic chips, developed a single-cell mRNA
detection method (Fig. 3C). Unlike the above method,
barcode magnetic beads were replaced by barcode hydrogel
beads, which were produced by covalent incorporation with
acrydite-modified DNA primer and hydrogel mesh. Then the
barcoding primers would be released from the hydrogel
beads by photocleavage, followed by the initiate of mRNA re-
verse transcription. This barcode was also composed of cell
barcode and unique molecular identifier (UMI), which were
devoted to the distinction of different mRNA and the source
cells.

2.1.2 Other amplification methods for single-cell nucleic
acids analysis. In nucleic acids detection, PCR requires rais-
ing and lowering the temperature repeatedly to separate DNA
strands which is complicated and challenging for single-cell

Fig. 2 A) Design and operation of the microfluidic chip for PCR. (a) Workflow of the microfluidic device. (b) Microscope images of the microfluidic
device. (i) Droplets generated by microfluidic chip were used to encapsulate cells and lysis buffer. Then the droplets were heated and incubated
out of the chip; (ii) droplets were reinjected into another chip and spaced with oil, then paired with dilution droplets and (iii) merged with electric
field; (iv) a portion of the droplet was spit off and (v) merged with PCR mixture by a second electric field. After that, droplets were collected in a
tube, for thermal cycling and analysis (reprinted from ref. 65 with permission, copyright 2013, American Chemical Society). B) Principle of
intracellular RNA detection based on agarose droplets (reprinted from ref. 66 with permission, copyright 2012, American Chemical Society). C) The
schematic diagram of agarose droplets encapsulating single cells and PCR reagents for the detection of intracellular nucleic acid (reprinted from
ref. 67 with permission, copyright 2011, John Wiley and Sons).
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analysis.72 To avoid the thermocycling, several isothermal
amplification techniques have been developed. Rolling-circle
replication originally was discovered in single-stranded DNA
(ssDNA) bacteriophages of E. coli, by which a long, repetitive
ss-product was synthesized isothermally utilizing a circular
template and polymerase.73,74 Based on such a principle,
rolling circle amplification (RCA) as a signal amplification
technique was developed. In RCA, circular DNA is used as a
duplicate template for primer extension with the catalysis of
DNA polymerase. Then, a large number of linear single
stranded DNA molecules with repetitive and complementary
sequence to circular template can be generated.75 So far, RCA
has been widely applied for signal amplification in gene
analysis.46,75–78 Because of the thermostatic reacted condi-
tions of RCA, it is well adapted to be performed in micro-
fluidic chips. For example, Linas Mazutis et al.53 have mea-
sured lacZ gene in single cells by RCA with a microfluidic
system (Fig. 4A). First, a large number of droplets packaging
single cells, lysate, RCA mix, and intercalating fluorochrome
were generated by a microfluidic system. Then the droplets
were collected to complete off-chip RCA reaction and
reinjected into an analysis chip to monitor the fluorescence.
The authors also detected the activity of β-galactosidase by an
in vitro transcription/translation (IVT) reaction. Meiye Wu
et al.79 utilized rolling-circle amplification for miR 155 detec-

tion in single Jarkat cells with a 10-chamber microfluidic
chip combined with flow cytometry (Fig. 4B). The Jarkat cells
were captured through Cell Tak™ pre-coated on the surface
of a microchannel. After cell permeabilization, intracellular
miR 155 was identified by a complementary probe and
forming a circle DNA template by the complementary hybridi-
zation of oligonucleotides. Subsequent rolling circle amplifi-
cation was performed by the circular template and Phi29 bac-
terial polymerase. By adding FITC-labeled oligonucleotide
detection probes complementary to the amplified production,
the microRNA could be detected by a green fluorescence mea-
surement. Multiple displacement amplification (MDA) is also
a thermostatic total genome amplification method proposed
in recent years.80 After combining random hexamers primer
and template DNA by annealing, strand-displacement synthe-
sis is catalyzed by Phi 29 DNA polymerase or Bst DNA poly-
merase at a constant temperature, thus generating high mo-
lecular weight DNA strands. Then, the strands are displaced
and the primers are bound to the newly synthesized DNA to
participate in the next polymerization.81,82 This method can
produce uniform whole genome sequences and minimal am-
plification errors, which ensure the information consistency
between templates and the productions. Because of its
unique advantages, this method has become a popular whole
genome sequence method for single-cell nucleic acids

Fig. 3 A) The schematic of mRNA detection combined with UMI. Different colors represent different mRNA in cells. UMI stands for unique
molecular identifier (reprinted from ref. 68 with permission, copyright 2013, Nature Publishing Group). B) The schematic of mRNA sequencing in
individual cells. After the cells, encoding beads and cell lysate were encapsulated into droplets, the cells would be lysed to release mRNA, which
could be bonded to the coding primer on the bead surface. Then the droplets were broken, collecting mRNA-bound microparticles to perform re-
verse transcription. Finally, the amplified cDNA could be sequenced by a sequencer. (a) Reverse transcription in droplets. After the cells and hydro-
gel beads were encapsulated in droplets, the coding primers were released from the beads by irradiation with a >350 nm UV light source. Then,
the captured mRNA underwent a reverse transcription reaction. (b) Coded hydrogel. Brown line represents mRNA and gray line indicates cDNA
(reprinted from ref. 69 with permission, copyright 2015, Elsevier). C) The process of single-cell transcription and barcoding in droplets (reprinted
from ref. 71 with permission, copyright 2016, Nature Publishing Group).
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analysis. For example, Yusi Fu et al.83 developed a MDA
method that combines with microfluidic droplets to achieve
measurement of mRNA in single cells (Fig. 4C). They distrib-
uted single-cell genomic DNA fragments into a large number
of droplets, a few of which contained one DNA fragment and
MDA reagents. For amplification of the whole emulsion sys-
tem, the MDA reaction was conducted in each droplet
containing the fragment. Although there were significant dif-
ferences in dynamics between these independent droplets, it
would reach saturation of amplification and the differences
in amplification would be significantly minimized. Thus,
compared to conventional MDA, uniformity and accuracy of
the MDA could be improved.

2.2 Fluorescence labelling and sensing of proteins

Intracellular protein molecules such as various receptor pro-
teins, signal enzyme molecules, and structural proteins etc.
play critical roles in maintaining the stabilization of cell
structure, transducing important signals, and regulating cell
functions.84,85 There are approximately 100 000 different
kinds of proteins in cells, and their contents are extremely
varied. The expressions of some structural proteins are up to

about 108 molecules, while some receptor proteins may be
less than 100 molecules.21 Besides, specific biological func-
tions of proteins are intrinsically encoded in their complex
three-dimensional structures.86 However, unlike nucleic acids
which are specifically recognized by complementary se-
quences and amplified through various DNA amplification re-
actions, it is challenging to design specific probes and signal
amplification methods for single-cell analysis of proteins.84

Currently, protein recognition and fluorescence labelling are
mainly through linking a fluorescent protein to target pro-
teins in living cells by a gene transfection technique,87 and
binding target proteins with specificity labeled-antibodies by
an immunofluorescence method.88–90 What's more, fluores-
cence labelling methods based on aptamer and small molec-
ular fluorescence probes have also been promoted.30,91

Among these methods, fluorescent protein labelling has
strong specificity. Combined with a fluorescence imaging
technique, it can be used for studying expression dynamics
and the distribution of proteins in living cells. In micro-
fluidic single-cells analysis, this kind of labelling method is
rarely reported because of lesser needs of single-cell manipu-
lation by a microfluidic chip. Immunofluorescence methods
can achieve identification and labelling of target proteins by

Fig. 4 A) The microfluidic device. (a) HRCA droplet generation device. (b) HRCA droplet analysis device. After off-chip incubation, HRCA droplets
were reinjected into the device and separated with fluorinated oil. The fluorescence was monitored using PMT. (c) Device for droplets fusion. The
reloaded HRCA droplets were paired with IVT droplets and fused by an AC electric field (30 kHz, 600 V). (d) Fused drop analysis device (reprinted
from ref. 53 with permission, copyright 2009, American Chemical Society). B) Microfluidic chip and LNA flow-FISH method schematic. (a) A dia-
gram of microfluidic chip with a 10 micro-chamber. (b) The process of hydrodynamic focus. (c) The principle of signal amplification. First, miRNA
155 was hybridized to the LNA probe. The DIG labelled on both ends of the LNA probe were recognized by the anti-DIG mAb while the two RCA
probe (+ and −) could be combined to the anti-DIG mAb respectively, and an additional oligonucleotide sequence were ligated to form a template
for rolling circle amplification (reprinted from ref. 79 with permission, copyright 2013, license CC BY 4.0). C) The miRNA detection schematic based
on dd-PCR (reprinted from ref. 83 with permission, copyright 2015, National Academy of Sciences).
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the combination of antigens and fluorescence tagged anti-
bodies. Moreover, protein sensing and fluorescent signal am-
plification can also be realized by attaching an enzyme to
antibodies which are able to catalyse a large number of sub-
strate molecules producing fluorescence. This is the main
method for single-cell proteins analysis on microfluidic
chips. As to the sensing and labelling method based on an
aptamer, “off–on” switch of a fluorescent signal and signal
amplification can be realized by the probe design and various
DNA amplification methods on the basis of DNA characteris-
tics of aptamers. This usually requires a confined space in
the microfluidic chips to isolate and enrich single cell sig-
nals. Compared to antibodies and aptamers for the identifi-
cation of proteins, the design and synthesis of organic small
molecule fluorescent probes are relatively complicated.
Aiming at different structures and functions of proteins, dif-
ferent design strategies of specific target groups and reporter
groups are demanded.

2.2.1 Immunofluorescence for single-cell proteins analysis.
Immunofluorescence is one of the most commonly used
methods for protein detection. Its fundamental principle is
complementarity determining regions of antibody accounting
for the basic specific combination with a particular antigenic
determinant structure. After fluorophores are chemically
linked to antibodies, qualitative and quantitative information
of target proteins can be obtained by the immunoreaction be-
tween antibodies and antigens.92 Homogeneous immuno-
assay and heterogeneous immunoassay are both used in the
single-cells proteins analysis on microfluidic chips. After anti-
gen–antibody interactions, antigen–antibody complexes and
residual free antibodies both exist in a reaction system. Usu-
ally, they should be separated by two phases and then mea-
sured in a heterogeneous immunoassay. In the other case,
separation is not required on account of different properties
of antigen–antibody complexes and free antibodies. Hence,
measurements can be conducted directly in the solution
which is regarded as a homogeneous immunoassay.88,93 For
instance, based on high efficiency microfluidic chip electro-
phoresis technology, antigen–antibody complexes and resid-
ual free antibodies with different charge-to-mass ratios can
be distinguished by migration time. This is typical with a
homogeneous immunoassay for single-cell. Based on the
electrophoretic separation technique, Huang et al.13 quanti-
fied β2 adrenergic receptors in insect cells (SF9) (Fig. 5A).
Through the design of a three-state valve on microchips, sin-
gle cell capture and lysis on a microchip could be achieved
successively. Then the released proteins were labelled with
fluorescent tagged antibodies, and protein-antibody com-
plexes and free antibodies were separated according to differ-
ent migration times by chip electrophoresis. At the end of
the separation channel, the detection of low-copy number
proteins were realized with a single-molecule fluorescence
counting device.

Heterogeneous immunoassay is the main method used in
microfluidic single-cell protein analysis. In this process, tar-
get proteins are captured by antibody-modified microchip

substrates or antibody linked beads. Besides, cells with target
proteins can also be regarded as solid phase substrates for
an immunoreaction. In single-cell analysis, beads or glass
substrate of commonly used microchips can be chemically
modified conveniently by alkylation, amidation, epoxidation,
etc. to bind antibodies to a specific location on the chip
substrate.94–98 Thus, target proteins in single isolated cells,
or secreted by cells, can be caught on the chip and then la-
belled and detected by a fluorescent second antibody. In this
process, the separation efficiency of free antibodies can be
greatly improved by multiple-step washing on a microfluidic
chip and reagent consumption can be effectively
reduced.99,100

For the assay of intracellular proteins, cells should be
lysed to release inner proteins followed by fluorescent label-
ling by immunoreaction and detected. Yasuhiro Sasuga
et al.101 designed a simple array chip of microwells to
detected target proteins hemagglutinin (HA) and glutathione
S-transferase (GST) by antibody-conjugated microbeads
(Fig. 5B). Single cells were trapped in microwells and subse-
quently lysed. Then, target proteins could be captured by
antibody-conjugated microbeads and recognized by adding
Cy3-labeled second antibodies. Heterogeneous immunoassay
was also used by Ali Salehi-Reyhani et al.30 for measuring the
amount of human tumour suppressor protein p53 in the
breast cancer cell line MDA-MB-468 (Fig. 5C). Single cells
were first captured in the microchamber and then lysed by a
shock wave caused by laser-induced micro-cavitation, then
the target proteins were grasped by antibodies pre-modified
on the bottom of the chip. Next, fluorophore-labelled anti-
bodies were introduced to form a sandwich structure and to
detect the fluorescent signal by total internal reflection
microscopy. In order to improve detection sensitivity, K. Eyer
et al.100 incorporated enzyme-linked immunosorbent as-
says (ELISA) with microfluidic chips for detecting content
of enzyme glycerylaldehyde 3-phosphate dehydrogenase
(GAPDH) in single U937 cells and HEK 293 cells (Fig. 5D).
They captured and isolated single cells through ring-shaped
valve controlled microchambers. After lysis, GAPDH released
and immobilized by the antibodies modified on the bottom
of chip, and HRP-labeled anti-GAPDH combined with GAPDH
formed a sandwich structure. Then, HRP catalyzed the sub-
strate to converse to a fluorescent product. Target proteins
were able to be detected by TIRF microscopy. In this method,
multiple reagent injection and washing steps were required
for ELISA; the design of a ring valve controlled chip can
achieve precise fluid manipulation and satisfy that require-
ment of ELISA.

Except for intracellular proteins, secreted proteins, such
as salivary amylase, pepsase, some hormones etc., playing
roles by secreting out of the cells, are another kind of poten-
tial rich source of biomarkers.102–105 Single-cell analysis of
secreted proteins is helpful for better understanding of the
functional mechanism of signaling pathways in
organisms.102,106–108 Dong-Sik Shin et al.109 analysed extracel-
lular secreted proteins TNF-a in single CD4 and CD8 T cells
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Fig. 5 A) The single-cell analysis chip. (a) The single-cell manipulation section on microfluidic chip. (b) Analysis procedure for a mammalian or in-
sect cell (reprinted from ref. 13 with permission, copyright 2007, The American Association for the Advancement of Science). B) Single cell capture
and lysis process (reprinted from ref. 101 with permission, copyright 2008, American Chemical Society). C) The schematic of single cell capture (a),
lysis (b) and intracellular protein detection (c) (reprinted from ref. 30 with permission, copyright 2011, Royal Society of Chemistry). D) The sche-
matic of enzyme-linked immunosorbent assays for detection of proteins in single cells (reprinted from ref. 100 with permission, copyright 2013,
American Chemical Society). E) The schematic of single-cell capture and secreted proteins detection. (a) Photodegradable hydrogel was modifica-
tion on the glass substrate. Then, antibodies for single cells and proteins capture were printed. (b) The process of single-cell release (reprinted
from ref. 109 with permission, copyright 2014, John Wiley and Sons). F) The schematic of single cell barcode chip (SCBC) for the analysis of sec-
reted proteins. (a) Microscope image of SCBC. (b) Microscope image of microchamber. Isolated cells were recognized with fluorophore-labeled
antibody barcodes. (c) Detection principle of cell secreted proteins (reprinted from ref. 89 with permission, copyright 2011, Nature Publishing
Group). G) The schematic of specific capture of MCF-7 cells by self-assembled magnetic beads in microfluidic channels. (a) Modified self-assembly
beads on the channel. (b) Biotinylated antibodies and biotinylated fibronectin were integrated onto the bead surface. (c) The cell suspension
containing MCF-7 and Jurkat cells was incubated with magnetic beads. (d) After washing, only MCF-7 cells were specifically captured by magnetic
beads. (e) MCF-7 cells adhered and grew on magnetic beads. (f) The fluorescent dye-labeled 5D10 antibody on the surface of MCF-7 was detected
(reprinted from ref. 113 with permission, copyright 2010, American Chemical Society).
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through an antibody-modified microchip substrate (Fig. 5E).
First, they grafted the photogel on acrylated glass surfaces,
then printed two kinds of antibodies, respectively, for captur-
ing cells and secreted proteins. CD4 and CD8 T cells could be
immobilized on the microchip by antigen–antibody interac-
tions. Once proteins TNF-α were secreted, they would be
caught by modified antibodies. Introducing fluorophore-
labelled anti-TNF-a, measurement of TNF-α could be achieved
with a fluorescence microscope. Simultaneous detection of
multiple types of proteins in single cells is conducive to bet-
ter understanding of the correlation among various proteins
and their synergistic effects in cells, and could provide both
fundamental immunobiological information and clinically
relevant data.89 To realize simultaneous detection of multiple
secreted proteins in one cell, James R Heath et al.89 designed
a single-cell barcode chip (SCBC) for the assessment of 12
kinds of secreted proteins at the single-cell level (Fig. 5F).
The chip was composed of 1040 3 nL volume microchambers
in which single cells were loaded. Antibodies were modified
on the bottoms of microchambers, and each kind of antibody
formed a column, which constituted the parallel stripy
barcode array. Different proteins secreted by individual cells
could be captured by the antibody barcode and next labelled
by other fluorophore-linked antibodies forming sandwich
structures. In this method, the types of secreted proteins
could be determined according to the location of the fluores-
cent strips. Meanwhile, the amount of proteins could also be
measured according to the intensity of the fluorescence. Sim-
ilarly, Yu Zhang et al.110 detected 8 proteins in three lung
cancer cell lines (A549, H1650, and H975) by a barcode
microchip. They fabricated an antibody microchip of barcode
arrays, which then covered the nanowell chip to form an
enclosed reaction chamber. Thus, target proteins would bind
to barcode antibodies on the ceilings of chambers.

Membrane proteins are another kind of important protein
in cell expression. Some of them adhere to the membrane sur-
face by the inter-attraction between charged amino acids or
groups in peptides and polar lipid molecules in a cell mem-
brane, while others can be embedded in the membrane by a
hydrophobic α helical structure.90 Different membrane pro-
teins undertake diverse physiological functions in living cells.
For example, membrane transport proteins directly participate
in molecular transport; receptor proteins are used to transduce
signals by binding to ligands; tubulin is closely related to cell
movement and so on. Moreover, the changes of membrane pro-
teins are closely related to many diseases.111 They are also ma-
jor targets of cancer drugs as potential cancer markers.112

Hence, single-cell analysis of membrane proteins has attracted
extensive attention. For example, Venkataragavalu Sivagnanam
et al.113 have detected membrane proteins 5D10 in single MCF-
7 cells using a heterogeneous immunofluorescence assay on a
modified microchip. The cells which expressed target antigens
were captured by 5D10 antibody linked on the microchannel.
Subsequently, proteins 5D10 were marked by fluorophore-
labeled 5D10 antibodies. Finally, a fluorescent microscope was
utilized for imaging detection (Fig. 5G).

Apart from the antibody-modified microchip substrates
utilized for proteins capture, the antibody-modified magnetic
beads and cells themselves are the other two substrates in a
heterogeneous immunoassay. They are usually combined
with a microdroplets technique to perform single-cell pro-
teins analysis. By precisely controlling the dimension of the
microfluidic chip channels and the flow rate of multiphasic
flows such as oil phase and water phase, size-controlled and
stabilized monodisperse microdroplets can be generated with
high throughput.114–118 In the process of droplets forming,
not only single-cell capture and isolation can be achieved,
but also various reagents which are required for single-cell
analysis can be simultaneously encapsulated in droplets. In
addition, the small volume of the confined space of droplets
can function as an independent microreactor for the
immunoreaction to accelerate the reaction rate and enrich
the signal. For instance, V. Chokkalingam et al.119 used func-
tionalized antibodies-modified beads incorporated with
droplet-based microfluidic approach for analysis of multiple
cytokine secretion of single T-cells (Fig. 6A). First, L-2, IFN-γ,
and TNF-α secreted by single T-cells can be bound to func-
tionalized capture beads in individual agarose droplets.
Then, under low temperature, agarose droplets gelled
forming stable and solid gel beads, which permitted entrance
of multicolour fluorophore-labeled antibodies. Whereupon,
simultaneous detection of three proteins were realized. In
this method, in order to separate antibody-bind protein com-
plex and free antibody, an agarose material solidified under
low temperature is required and repeated washing of free
fluorophore-labelled antibodies are necessary. Linas Mazutis
et al.120 established a single-cell secreted protein detection
method combining capture beads and droplet-based micro-
fluidic systems, which require no washing step (Fig. 6B). In a
droplet, secreted proteins of a single cell were firstly captured
on the surface of antibody-linked beads, subsequently
fluorophore-labeled antibodies were bound to the secreted
proteins. By the sandwich reaction, the fluorophore-labeled
antibodies assembled on the bead surface, and a stronger
distinguishable signal was generated compared to the back-
ground. Then, the target detection would be achieved.

Using the cells in droplets as the solid phase of the
immunoreaction is mainly adapted for the detection of mem-
brane proteins. This is because cell lysis is non-essential in
cell membrane protein detection; the generated protein-
antibody complex is directly attached to the cell surface. For
example, Tania Konry et al.121 using PC3 cells as solid phase,
detected proteins EpCAM on cell surfaces. First, PC3 cells,
biotinylated-antibodies, biotinylated DNA primer, and RCA
reagents were encapsulated in a microfluidic nanoliter reac-
tion droplet (Fig. 6C). Membrane proteins combined with
specific biotinylated-antibodies that later bound to DNA
primer via biotin-avidin bridge; subsequently, RCA was trig-
gered and a long one-dimensional DNA substrate with hun-
dreds to millions of bases were produced. With information
from cell membrane proteins, EpCAM could be reflected by
fluorophore-labeled nucleotides synthesized on long strand
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DNA. This method could realize the specific recognition of a
target protein by immunoreaction, and the design of rolling
circle amplification could greatly improve the sensitivity of
the test, which is especially suitable for analysing low-
abundance membrane proteins in single cells. T. Konry
et al.122 made use of magnetic beads and cells in the droplet
as a solid phase substrate for the simultaneous immunoassay
of membrane protein and cell secreted protein (Fig. 6D). Dur-
ing the detecting process, single dendritic cells were isolated
in micro-droplets, secreted IL-6 was detected by the conjuga-
tion of captured Abs (anti-IL-6 Abs) on the bead surface and
fluorophore-labeled detection Abs (anti-IL-6-FITC Abs). Mean-
while, membrane proteins were detected by CD86
fluorophore-labeled detection antibodies (anti-CD86-FITC
Abs) localized on the cell surface.

Besides, enzyme-linked immunosorbent assay (ELISA) also
can be used in microfluidic heterogeneous immunoassay be-
cause of its high sensitivity. Haakan N. Joensson et al.123 de-
veloped a high-sensitive single-cell membrane protein detec-
tion method based on ELISA (Fig. 6E). First, cell membrane
proteins were specifically labelled by antibodies, and then
streptavidin-coupled β-galactosidase was bound to the bio-
tinylated antibodies. Next, single enzyme-labeled cells and
fluorogenic substrate FDG were co-encapsulated in monodis-
perse aqueous droplets produced by microchips. The enzymic
catalytic reaction between enzymes and the FDG substrates
could amplify the signal of membrane proteins in single
cells, leading to high detection sensitivity.

2.2.2 Aptamer and small-molecule fluorescent probes for
single-cell proteins analysis. Aptamers are single stranded

Fig. 6 A) Workflow of microfluidic method for single-cell encapsulation and detection of secreted cytokines (reprinted from ref. 119 with permis-
sion, copyright 2013, Royal Society of Chemistry). B) The principle of secreted proteins detection by antibody modified magnetic beads in droplets.
Two types of cells (orange and gray) and antibodies (capture antibody modified on magnetic beads and detection antibody labeled with fluoro-
phore) were introduced from both entrances of the chip. After collecting droplets and incubation for 15 minutes, droplets were reinjected into a
second chip, the cells were sorted by fluorescence-activated droplet sorting (reprinted from ref. 120 with permission, copyright 2013, Nature Pub-
lishing Group). C) Schematic of the detection of target membrane proteins. (a) Diagram of rolling circle amplification; (b) microscope images of a
PC3 cell immobilized on a glass slide and stained with DAPI; (c) the microfluidic chips for droplets generation (reprinted from ref. 121 with permis-
sion, copyright 2013, John Wiley and Sons). D) The work principle of simultaneous detection of membrane and secreted proteins on the micro-
fluidic chip. (a) Diagram of the microfluidic chip. (b) Schematic of microfluidic reactions for simultaneous monitoring membrane and secreted pro-
teins. The bright field is a single cell and beads co-encapsulated in droplet (reprinted from ref. 122 with permission, copyright 2013, Nature
Publishing Group). E) Schematic of experimental measurement based on ELISA. Antibody-coupled enzymes are used to label specific proteins on
the cell surface. Subsequently, cells are coded and introduced into the chip with fluorescent enzyme substrate to form droplets. After incubation
for a period of time, fluorescence in droplets was analysed (reprinted from ref. 123 with permission, copyright 2013, John Wiley and Sons).
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RNAs or DNAs with particular three-dimensional structures,
which have strong capacity for specifically binding and recog-
nizing the target with high equilibrium dissociation constant
(Kd) of the aptamers–target complex, commonly in the
nanomolar-to-picomolar range.124,125 Since its function is
similar to antibodies, aptamers are also known as chemical
antibodies.126 Aptamers are flexible in the applications be-
cause of their good thermal stability, synthetic accessibility,
high specificity, and affinity for interacting with target mole-
cules.127,128 In the analysis of cell proteins, aptamers were of-
ten used for targeting cell membrane proteins to achieve im-
aging and quantified detection.128,129 On a microfluidic chip,
aptamers were usually regarded as specifically captured mole-
cules to realize single-cell capture and sorting by specifically
binding to membrane proteins. Especially, they played impor-
tant roles in the separation and identification of circulating
tumor cells (CTCs).130,131 For single-cell component analysis,
identification and labelling of target proteins by aptamers
were less frequently reported. Our group15 has identified
membrane proteins PTK7 by taking advantage of aptamers
sgc8, and analyzing the expression of PTK7 in single HeLa
cells based on the micro-droplet technique (Fig. 7A). In order
to enhance detection sensitivity, a nicking enzyme assisting
signal amplification was applied. In this work, we not only
used aptamer sgc8 as an identifier of membrane proteins,
but also added a DNA segment onto the sequence of sgc8 to
make it take part in the subsequent amplified reaction. Ex-
cept for this research, other aptamers have also been ex-
tended and modified to participate in various DNA amplifica-
tion reactions, like RCA and PCR to greatly enhance the
detection sensitivity.132,133 The extensibility and flexibility
provide aptamers more potential in single-cell protein
analysis.

Small molecule fluorescence probe refers to a kind of
small molecular substance that can interact with the target
molecule specifically, resulting in changes of its fluorescence
properties.134–136 Compared to the acquisition of antibodies
and aptamers for protein labels, the design and synthesis of
small molecular fluorescence probes for fluorescence detec-
tion of cell proteins are relatively complicated. Different tar-
get groups and fluorescence signal reporting groups are

needed to be designed for different characteristics of pro-
teins. So far, many small molecular fluorescence probes have
been synthesized for cell protein detection.137,138 As these
probes are not universal, in terms of a large amount of pro-
tein species, the number of proteins that can be labeled and
detected by such probes is still relatively less, especially for
their applications in microfluidic chips at a single-cell level.
In this field, Fei Xu et al.138 synthesized a fluorescent ABP
probe which was capable of targeting GB1 receptors. This
ABP probe consists of three parts: a “warhead” was used to
recognize the active domain of the GB1 subunit, which was
similar to GB1 receptor antagonists; a fluorescent BODIPY
which was responsible for subsequent fluorescence measure-
ments, and a linker between the fluorescent tag and “war-
head” (Fig. 7B). A single neuron extracted from a mouse was
labeled by ABP probes and located in a PDMS chip. Because
the BODIPY was a signal reporting group that was “always-
on”, capillary electrophoresis-laser induced fluorescence (CE-
LIF) detection was required to separate the protein-probe
complexes and free probes. Thus, the GB1 receptor could be
detected. In addition to “always-on” small molecule fluores-
cence probes, “off–on” probes are more popular because
there is no need to separate the products and probes in the
labelling process. Typical representatives of these small mole-
cule probes is a substrate for enzyme detection; this is a kind
of molecule with weak or no fluorescence originally, but a
strong fluorescent signal can be generated because of
changes in its molecular structure after being catalyzed by
proteases.91,100 Furthermore, signal amplification can be
achieved by the production of a large number of fluorescent
molecules catalyzed by one protein.100,139 By this principle,
the enzyme molecules inside a single cell can be detected
with high sensitivity. For example, Jung-uk Shim et al.91

quantified the content of alkaline phosphatase (AP) by fluo-
rescent products formed during the enzymatic catalysis in
single E. coli cells in microdroplets. Linas Mazutis et al.53

also realized the detection of β-galactosidase by catalysing its
specific non-fluorescent deoxyglucose substrates.

2.2.3 Gene transfection for single-cell proteins analysis.
Gene transfection technology means delivering purified DNA
containing a target gene into cells; subsequently the target

Fig. 7 A) The process that single-cells encapsulated in droplet on a microfluidic chip and the principle of nicking enzyme-assisted fluorescence
signal amplification for target membrane proteins (reprinted from ref. 15 with permission, copyright 2014, American Chemical Society). B) The
schematic of single-cell chemical proteomics (SCCP) detection strategy. (a) The labelling process of ABP; (b) single neuron extracted from small
mice was injected into capillaries for CE-LIF analysis to study specific receptors which could be functionally labeled by an ABP probe. (c) Synthesis
of ABP probe (reprinted from ref. 138 with permission, copyright 2014, John Wiley and Sons).
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gene can express in these cells. Benefitting from high bio-
compatibility and abundant species of fluorescence proteins
currently, a large number of studies have been conducted for
labelling and detecting target proteins using gene transfec-
tion techniques by which fluorescent proteins can be linked
to target proteins.140,141 The detailed process involves
connecting the fluorescent protein gene to the target genes;
after transcription, fluorescent proteins can be fused with the
target proteins.142,143 Like attaching a fluorescent tag to the
target protein, it enables the research of temporal and spatial
variations of protein expression in living cells. Various fluo-
rescence imaging techniques are the main detection means
for these labelled proteins. By combining with a microfluidic
chip, many imaging analytical methods of proteins at a
single-cell level have been developed. A. Huebner et al.87 have
simply detected the expression of yellow fluorescent proteins
in E. coli cells trapped in microdroplets. Subsequently, Jung-
uk Shim et al.91 transfected E. coli cells to express fluorescent
proteins mRFP1 and monitored the their expression level in
individual E. coli cells on a microfluidic chip with an epi-
fluorescence microscope. Through tagging the fluorescent
proteins to target proteins, information of signaling pathways
in cells can also be reflected. Min Cheol Park et al.144 fused a
green fluorescent protein to signal a specific promoter
(Pfus1) for researching the mating MAPK signaling pathway.
The transfected yeast cells were trapped by a microwell-based
cell array and the green fluorescent proteins could be ob-
served to research the mating MAPK signaling pathway.

2.3 Fluorescence labelling and sensing of small molecules

There are various active small molecules in cells, including
metabolites, inorganic ions, organic small molecules, and a
few gas molecules. Such molecules are widely involved in sig-
naling pathways and play regulatory roles in physiologic func-
tions. For example, Ca2+ is central to cardiac contraction and
regulates hormone secretion and neurotransmitters release.145

Intracellular reactive oxygen species (ROS) such as superoxide
anion (O2˙

−) and H2O2, etc., participate in immune system con-
trol, cell growth, and metabolism regulation, synthesis of im-
portant biological substances, and other regulation of physio-
logical processes.136,137 H+ in cells maintains the homeostasis
of intracellular pH and is related to the function of ATPase.146

Hydrogen sulfide (H2S), nitric oxide (NO), and carbon monox-
ide (CO) are regarded as the third recognized gasotransmitter,
playing important parts in the cardiovascular, immune, and
nervous systems.147–150 The molecular weights of these active
molecules are commonly relatively small (generally less than
100 MW). Different kinds of small molecules in cells possess
an obvious variety in distribution and contents. At present, or-
ganic small-molecule fluorescent probes have emerged as a
powerful analytical tool to mark and sense various small bio-
logical molecules.151–163 These fluorescent probes usually con-
sist of three parts: a receptor for reactive small molecules rec-
ognition, a fluorophore for signal generation, and a spacer for
linking receptor and fluorophore. Among which, the receptor

determines the selectivity and specificity of probes and the
fluorophore determines the luminescence characteristics. The
chemical environment of a fluorophore will alter when a re-
ceptor is combined with an analyte, which contributes to the
shift of the probe's fluorescence spectrum or increases/de-
creases fluorescence intensity.164

Currently, small molecules detection in single cells based
on microfluidic chips mainly relies on labelling with organic
fluorescent probes and combining with fluorescence micro-
scope imaging or CE-LIF to acquired fluorescent signals. Be-
cause of the importance of Ca2+ in signal transduction, mus-
cle contraction and other physiological process,165–168 as well
as the wide development of Ca2+ fluorescent probes,169 a lot of
work has been implemented for fluorescence imaging studies
of Ca2+ in single cells. For example, Xiujun Li et al.170 retained
a single cardiomyocyte on a microchip with a V-shaped cell re-
tention structure (MV1) and specifically imaged intracellular
labelled Ca2+ with Fluo 4-AM probes (Fig. 8A(a)). To further
study the drug response of single cardiomyocytes, the author
improved the old microchip (MV1) by adding a short leading
channel on the cell retention chamber, which was helpful for
multiple-step liquid delivery (MV2) (Fig. 8A(b)).171 Then, the
dynamic [Ca2+]i mobilization under different drug stimulation
could be measured in single by Fluo 4-AM fluorescent probes.
Kwanghun Chung and Loice Chingozha et al.172,173 detected
calcium oscillatory behaviour in single Jurkat T cells with fluo-
rescent probes Fluo 3-AM on a high-efficiency single cell cap-
ture microchip (Fig. 8B). Michael Kirschbaum et al.174 used
fluorescent probe Fura-2/AM to detect immediate cytosolic
Ca2+ response in activated and non-activated cells (Fig. 8C). In
a lab-on-chip system, single Jurket T cells were combined with
antibody-coated (anti-CD3, anti-CD28) microbeads by an anti-
gen–antibody interaction and subsequently T cells would be
activated by antibodies on the surface of beads, causing
changes of intracellular Ca2+. Then, Ca2+ was stained with
Fura-2/AM, followed by observing the fluorescent signal. Next,
the expression of the activation marker molecule CD69 would
be observed off the chip by labelling anti-CD69-FITC. Thus,
the simultaneous analysis of short-term Ca2+ responses and
long-term protein CD69 expression could be realized. Apart
from intracellular Ca2+, other active small molecules can also
be detected by microfluidic chips combined with a confocal
microscope.175,176 For example, Ning Gao et al.176 designed a
microchip with a simple U-shaped single-channel for fluid
control to simultaneously quantitate glutathione (GSH) and
reactive oxygen species (ROS) in individual cells by twice imag-
ing of confocal microscopy.

Notably, only molecules with less overlapped fluorescence
spectra can be distinguished by fluorescence imaging. Ide-
ally, using distinguishable fluorescent probes and selecting
appropriate fluorescent detection ranges can realize simulta-
neous detection of three or four kinds of components.177,178

Once fluorescence emission spectra of more different label
molecules are overlapped, it may be difficult to make intui-
tive and accurate analysis of them.179 Chip electrophoresis
combined with Laser induced fluorescence technology has
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provided an excellent solution for this issue. During chip
electrophoresis, a high voltage electric field is applied in the
chip channels in order to drive analytes. The fluorophore-
labeled molecules with different charge-to-mass ratios then
go through the channel in turn, separate, and can be
detected by a laser induced fluorescence device at a specific
location. Hence, multiple components can be qualitatively
distinguished according to the migration time of the mole-
cules in electrophoresis and the content of each component
can be quantified accurately on the basis of measured fluo-
rescence intensity. Xue-Feng Yin et al.180 designed a multi-
depth microfluidic chip to trap single cells and achieved sep-
aration and quantitative detection of intracellular fluores-
cence derivative ROS and GSH by CE-LIF (Fig. 8D). Subse-

quently, the author used the same microchip combined with
LIF technology to detect superoxide anions in single HepG2
cells.181 Chun-Xiu Xu et al.182 fabricated a cross microfluidic
chip for simultaneous detection of ROS and GSH in individ-
ual erythrocytes (Fig. 8E). After derivatization of intracellular
ROS and GSH by DHR 123 and NDA, the cells were intro-
duced into the microchip and lysed, and two peaks could be
generated when the fluorescence derivatives flew through the
laser irradiated point. Similarly, Linfen Yu et al.183 measured
GSH in single K562 cells utilizing a simple cross microchip
combined with a laser induced fluorescence detector.

Benefiting from the advantages of chip electrophoresis-
laser induced fluorescence detection system, our group has
developed a series of single-cell analytical methods for

Fig. 8 A) The chip structure of MV1 (a) and MV2 (b) (reprinted from ref. 170 with permission, copyright 2005, American Chemical Society). B) Cell
focusing mechanism. Cells were focused in the traps by converging flow (red arrow) and diverging flow (blue arrow) (reprinted from ref. 172 with
permission, copyright 2011, American Chemical Society). C) (a) Top view of the central part of the chip. (b) Micrographs acquired at different time
point shows the contact formation process between the antibody-coated beads and T cells (reprinted from ref. 174 with permission, copyright
2009, Royal Society of Chemistry). D) (a) The schematic and microscope image of the channel design of the multi-depth microchip. (b) The photo-
graph of the multi-depth microfluidic chip. (c) The electropherogram of ROS and GSH in single HepG2 cells (reprinted from ref. 180 with permission,
copyright 2006, Elsevier). E) The principle of the experimental device for simultaneous detection of ROS and GSH on microfluidic chip (reprinted
from ref. 182 with permission, copyright 2011, Elsevier).
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detecting various intracellular small molecules using a home-
made laser induced fluorescence detection system and
laboratory-designed fluorescence probes. Initially, we
exploited an electrokinetic gated injection realizing the mea-
surement of H2O2 in individual HepG2 cells.184 First, H2O2 in
HepG2 was derived by a home-synthesized fluorescent probe,
bisĲp-methylbenzenesulfonate) dichlorofluorescein (FS). By
switching the high voltage electric field on a simple cross
chip, a series of high-efficient cell manipulation steps includ-
ing single-cell injection, cytolysis, electrophoresis separation,
and fluorescent detection could be accomplished. Finally,
fluorescence derivatives of H2O2 in single PC-12 cells were ac-
curately quantified by the laser-induced fluorescence detec-
tion (LIFD) system. Subsequently, we achieved simultaneous
detection of intracellular Na+ and K+ derivatives, which had
the same luminescence properties.185 A novel BODIPY-based
near-infrared fluorescent probe (cBDP) was designed and syn-
thesized for simultaneous fluorescence sensing of Na+ and
K+. Because both of them created fluorescence enhancement
in the near infrared region, it is difficult to distinguish Na+

and K+ by fluorescent imaging. So, we employed the above
developed method to realize simultaneous quantitative detec-
tion of Na+ and K+ in single cells based on different charge-
to-mass ratios of derivatives at optimized electrophoresis con-
ditions (Fig. 9A). What's more, we further compared the vari-
ation of Na+ and K+ in single normal and cancer cells, and

the alteration of intracellular Na+ and K+ during cell apopto-
sis. Although the electrokinetic gated injection method could
effectively perform the manipulation of individual cells, only
one cell could be analyzed during each cell injection process
because the high electric field during electrophoretic separa-
tion can damage cells in the sample reservoir. To improve
the throughput of single-cell analysis, we redesigned the
microchip structure and developed a novel method combin-
ing hydrostatic pressure and electrokinetic gated injection, by
which cells could avoid high electric field damage in sample
reservoirs and be consecutively manipulated for analyses
(Fig. 9B).12 Then, intracellular O2˙

− and NO derived with
DBZTC and DAF-FM DA were respectively measured by CE-
LIF. Next, to adapt to wide variations in fluorescence excita-
tion and emission spectra of multiple small molecules, we
constructed a multicolor fluorescence detection-based micro-
fluidic device (MFD-MD) to simultaneously and quantitatively
determinate the concentration of H2O2, GSH, and Cys in sin-
gle mice primary liver cells by fluorescent probes FS and Cy-
3-NO2 (Fig. 9C).27 Then, we applied the developed
multicomponent analysis method for the study of single cell
metallomics. Simultaneous quantitative analysis of Na+, K+,
Ca2+, and Mg2+ was achieved in single neuron-like PC-12 cells
(Fig. 9D).11 Na+ and K+ were labeled by our homemade fluo-
rescent probe cBDP, generating near infrared fluorescence,
while Ca2+ and Mg2+ were labeled by commercial fluorescent

Fig. 9 A) The structure of cBDP fluorescent probe and reaction mechanism (reprinted from ref. 185 with permission, copyright 2015, American
Chemical Society). B) The process of consecutive gated injection (reprinted from ref. 12 with permission, copyright 2016, American Chemical
Society). C) Electropherograms of H2O2, Cys, and GSH in individual mice liver cells. (a) Control group; (b) stimulated with ethanol and (c)
stimulated with silymarin (reprinted from ref. 27 with permission, copyright 2016, American Chemical Society). D) Electropherograms of Na+, K+,
Ca2+, and Mg2+ in 10 single PC-12 cells (reprinted from ref. 11 with permission, copyright 2017, American Chemical Society).
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probes Fluo 3-AM and Mag-Fluo 4-AM respectively, generat-
ing green fluorescence. After capturing and lysis of single PC-
12 cells on a microchip, the four intracellular derived metal
ions were separated by high-efficient electrophoresis and
detected quantitatively. We also studied variations of the four
metal ions in established Alzheimer's disease model cells.

Except for producing fluorescence signal transformation
by the specific reaction between the organic small molecular
fluorescence probe and intracellular small molecules for
analysis, some methods based on “always on” can be used
for small molecules detection in single cells as well. For ex-
ample, Jun-Tao Cao et al.186 monitored the expression of gly-
cans on a single K562 cell surface. Single cells were confined
in microwells of a microfluidic chip. Con A was used for rec-
ognizing glycans. Then, primary antibody anti-Con A was
added to recognize Con A and combined with the fluores-
cence labelled second antibody, QDs-IgG. Finally, glycans
could be detected by fluorescence microscopy. Additionally,
the author also detected sialic acid (SA) in single K562 cells
on a similar microfluidic chip. The target could be specifi-
cally connected with QDs linked phenylboronic acid (PBA) by
a glycol structure.187

3. Fluorescent devices for single-cell
analysis on a microchip

Microfluidic chips, as a high effective platform for fluid con-
trol and single-cell manipulation, are always required to be
integrated with extra detection technologies for target mole-
cule detections.179 Fluorescent methodology is quite suitable
for signal collection from single cells on light-transmissive
microfluidic chips, owing to it is high sensitivity and conve-
nience for integration. There are a variety of fluorescent de-
tection methods such as fluorescence microscopy, chip
electrophoresis combined with laser induced fluorescence de-
tection, flow cytometry, and so on. To be better compatible
with a microfluidic chip for convenient and multi-parameter
fluorescence detection of single-cell components, these
methods are being improved and developed continu-
ously.26,188 An appropriate fluorescence detection method is
the key to satisfy analysis requirements of different single-
cells components. In this part, we will introduce single-cells
fluorescent detection technologies applied for microchips in
recent years from three aspects: imaging detection, chip
electrophoresis combined with laser induced fluorescence de-
tection, and flow cytometry.

3.1 Fluorescence imaging

Fluorescence microscopy has emerged as a powerful tool for
visual detection of single-cells target molecules on micro-
fluidic chips.13 In general, laser-scanning confocal micros-
copy and total internal reflection fluorescence microscopy
(TIRFM) are two main means for target imaging. In confocal
fluorescence imaging, optically conjugated pinholes are set-
tled behind the laser beam and in front of a detector to re-

move the background fluorescence to an out of focus posi-
tion.189 Thus, a higher signal to noise ratio can be obtained.
This approach is more adaptable for the detection of living
cells or immobilized cells. Except for fluorescence intensity
of target molecules, more importantly, the distribution of
intracellular components can also be monitored.46,190 For in-
stance, by virtue of this approach, Jung-uk Shim et al.91 ob-
served the expression of proteins mRFP1 in single bacterial
cells. Ariel Kniss et al.175 measured the fluctuation of Ca2+

content in single Jurket cells. Besides, total internal reflec-
tion fluorescence microscopy also has become an attractive
tool with high sensitivity for cellular contents analysis, even
at the single-molecule level. In TIRF detection, an evanescent
wave is used to selectively excite fluorophores in a glass-
liquid surface region. This can greatly eliminate the interfer-
ence of background fluorescence and acquire target signals
with high signal to noise ratio, so this method is well suited
for low-abundance components detection in single cells. Be-
cause of a limitation of the exponential fall off of evanescent
field intensity (less than 100 nanometers in thickness), TIRF
is only appropriate for the determination of plasma mem-
brane molecules or molecules released from cells that are
fixed on a substrate.191,192 Utilizing this approach, Ali Salehi-
Reyhani et al.30 detected p53 proteins in single MDA-MB-468
cell extracts; Tania Konry et al.121 imaging analyzed mem-
brane protein EpCAM in single PC3 cells. However, compared
to the common dimension of microfluidic channels for
single-cell analysis (approximately 10–100 μm width and
height), the detection regions of a conventional confocal fluo-
rescent microscope (about 500 nm wide, 1 μm high) and
TIRFM (less than 100 nm in thickness) is much smaller,
which results in rather low detection efficiency.13 Hence, di-
mension matching between a microchannel and the focus of
a fluorescence microscope is the main issue to enhance de-
tection efficiency. There are mainly two approaches: (1) ad-
just the channel dimension to the focus of the confocal
microscope. Nevertheless, the smaller channel may influence
the electrophoretic separation efficiency and induced a
microchannel block. For improving detection efficiency with-
out clogging of the channel, Jun Wang et al.31 designed a
microchip equipped with an elastomeric valve to alter the di-
mension of the detection area while other locations were not
changed (Fig. 10B). First, cells were aligned in a line by hy-
drodynamic focusing. As shown in Fig. 10B, in order to drive
the cells closer to the evanescent field, the elastomeric valve
was partially closed to squeeze the flowing cells to contact
with the glass substrate, making cell surface fluorescent mol-
ecules able to be measured by the evanescent field generated
by TIRFM. (2) Alternatively, widening the excitation laser fo-
cus by rebuilding microscope can also improve the detection
efficiency. Huang et al.13 added a cylindrical lens into the op-
tical configuration, by which the excitation laser focus could
be adjusted. In this way, laser focus was broadened greatly
and its height was nearly 2 μm, which fit perfectly to the
microfluidic channel (Fig. 10A). This device vastly enhanced
the detection efficiency, and by utilizing it, the author

Lab on a ChipTutorial review

Pu
bl

is
he

d 
on

 0
7 

m
ar

zo
 2

01
8.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
10

:1
0:

26
. 

View Article Online

https://doi.org/10.1039/c7lc01333g


Lab Chip, 2018, 18, 1151–1173 | 1167This journal is © The Royal Society of Chemistry 2018

achieved single-molecule analysis of low-copy numbers of
proteins.

3.2 Chip electrophoresis – laser induced fluorescence
detection (CE-LIFD)

A single cell is a quite a complex system that contains a vari-
ety of biomolecules. Hence, a great challenge single-cell com-
ponents analysis is faced with is the separation and simulta-
neous detection of different molecules. Although
simultaneously imaging detection of multi components can
be realized by selecting fluorescent probes with distinguished
fluorescence spectra, the limited probe types and crosstalk
spectral region hampered the simultaneous analysis of multi-
ple kinds of components. From another perspective, chip
electrophoresis provides a great solution for this issue. Under
the high voltage electric field applied in a microfluidic chan-
nel, fluorescent derivative of different molecules can be sepa-
rated based on different charge-to-mass ratios. Coordinating
with a electrophoresis separation on a microfluidic chip, dif-
ferent laser-induced fluorescence detection systems have
been proposed to achieve simultaneous detection of multi
components. Kennedy's group193 built a laser-induced fluo-

rescence detection system utilizing an epi-fluorescence micro-
scope integrating an Ar+ 488 nm laser, a photon counting de-
tector, and control and data collection software. Based on
this detection system and immunoassay, they monitored in-
sulin content secreted from single islets under glucose stimu-
lation. Subsequently, in 2007 and 2009, they continuously in-
vestigated insulin secreted from islets using a similar
detection system and method.194,195 Xue-Feng Yin et al.180

also constructed a confocal microscope LIF system using an
inverted microscope coupled a 488 nm Ar+ laser and PMT de-
tector. ROS and GSH in single HepG2 cells were measured by
this laboratory-built system. Additionally, our group devel-
oped a laser-induced fluorescence detector (LIFD) equipped
with a 473 nm laser and a PMT detector, realizing H2O2

quantitative determination in single HepG2 cells on a cross
microchip.184 However, the existing one-laser excitation and
one-color fluorescence collection system can't satisfy the si-
multaneous detection of multiple small molecules with wide
variations in their fluorescence excitation and emission spec-
tra.27 Focused on this challenge, our group27 designed and
constructed a multicolor fluorescence detection-based micro-
fluidic device (MFD-MD) for multiple constituents analysis at
the single-cell level (Fig. 10C). In this system, two lasers are

Fig. 10 A) (a) Schematic of focused light path and the image of fluorescent molecules at focal plane. (b) Schematic illustration of focused
excitation light by a microscope objective (reprinted from ref. 13 with permission, copyright 2007, The American Association for the Advancement
of Science). B) (a) The schematic of a microfluidic device for detecting membrane proteins. (b) Structural diagram of a microchip device and the
microscope image of the illumination area (reprinted from ref. 31 with permission, copyright 2008, American Chemical Society). C) Working
principle diagram of a multi-color fluorescence detection microfluidic device (reprinted from ref. 27 with permission, copyright 2016, American
Chemical Society). D) Microfluidic chips produced agarose droplets for intracellular RNA detection by flow cytometry and confocal fluorescence
microscopy (reprinted from ref. 66 with permission, copyright 2012, American Chemical Society).
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used for excitation (473 nm and 730 nm) and three optics
channels are used for fluorescence collection (fluorescent col-
lection range: 515–535 nm, 745–765 nm, and 795–815 nm).
Utilizing this device, we successfully quantified the concentra-
tion of H2O2, GSH, and Cys in single mouse primary liver cells
and Na+, K+, Ca2+, and Mg2+ in single neuron-like cells.11,27

3.3 Flow cytometry

Flow cytometry (FCM) is another effective approach using la-
ser induced fluorescence technology for sorting and quantita-
tive analysis of single cells. The cells are first labeled with
fluorescent markers and injected into a flow cytometer. After
aligned cells (or other particles) are passed through the laser
detection area, the fluorescent signal is recorded by a high-
sensitive detector. According to the different optical signals of
each cell or particle, simultaneous multiparametric analysis
of the physical and chemical characteristics of cells or parti-
cles can be accomplished. Furthermore, charges can be added
to the cells or particles based on their characteristics, which
is the foundation of subsequent cell sorting when they pass
through the high voltage electrostatic field. This detection ap-
proach has the characteristics of fast speed, high throughput,
simultaneous multicolor fluorescence detection of single-cell
samples, and a sorting function triggered by the fluorescent
signal. By combining with FCM, the speed and throughput of
single-cell components analysis on microfluidic chips can be
improved. For example, Huifa Zhang et al.,66 using a micro-
fluidic chip incorporating flow cytometry, detected gene ex-
pression levels of EpCAM in single cancer cells. (Fig. 10D).
Similarly, Venkatachalam Chokkalingam et al.119 detected
multiple secreted proteins in single agarose droplets by a flow
cytometer. In addition, after the detection of a single-cell fluo-
rescent signal, electric field, or sound wave, etc. can be inte-
grated with the flow cytometer for sorting desired cells;196,197

this is fluorescence-activated cell sorting (FACS). For example,
Lothar Schmid et al.196 achieved the sorting of target cells in a
complex sample by a self-designed FACS system. Mouse mela-
noma cells in a complex sample was first stained by calcein-
AM. In the microfluidic chip, the cells aligned in a line by a
co-flowing sheath flow. When the stained cells flew through
the detection area, fluorescent signals were recorded by a de-
tector. Once a desired fluorescence was detected, a surface
acoustic wave would be generated to deflect this cell to the
sorting channel, while cells with no fluorescence would flow
into a waste reservoir. Thus, different cell sorting can be
achieved according to different requirements.

Summing up the above, we concluded the researches com-
bined microfluidic technology with the three above methods
for single-cell components analysis as below (Table 1).

4. Conclusions

With vigorous development of fluorescence probes and the
continuous improvement of fluorescent sensing technology,
fluorescent methods have shown unique advantages and at-
traction in single-cell components analysis based on a micro-

fluidic chip as the manipulating and detecting platform. In
recent years, with continuous investigation in life sciences
and higher requirement of medical diagnosis and treatment,
single-cell components analysis and cell heterogeneity re-
search have been an important research topic in the field of
cytomics analysis, cell phenotyping, and precision medicine.
Meanwhile, higher requirements have been proposed for the
research. We think that in single-cell fluorescence analysis
based on a microfluidic chip, the major challenges will be fo-
cused on fluorescent probes and sensing methods, research
contents, data analysis, and information processing etc. 1,
First, in the aspect of fluorescent probes and sensing
methods, it is difficult to detect the original contents of intra-
cellular biomolecules because of low abundance of some
molecules in single cells. Some of the existing fluorescent
probes can only respond to the amounts of the substances
which are added into cells or which are elevated after stimu-
lating the cells. Hence, sensitivity of the probes should be
further improved and signal amplification methods are also
required to be constantly developed to achieve single-cell
analysis of the original contents of intracellular components.
In addition, limited by non-reversible labelling of many fluo-
rescent probes, the obtained signals only reflect transient
molecular information when intracellular components are la-
beled. In order to achieve real-time analysis of intracellular
components, fluorescent probes with ability of dynamic and
reversible labelling are required to obtain information of spa-
tial and temporal changes of biomolecules in cells. 2, Refer-
ring to research objects and contents as the development of
omics studies (including genomics, proteomics, meta-
bonomics and metallomics), single-cell omics study has be-
come one of the frontier research fields. Developing novel
fluorescence methods to detect multiple molecules of the
same type in single cells will be important for single-cell
omics studies. Additionally, in order to accurately and truly
understand the molecular regulation mechanisms of various
biological processes, it is necessary to study the signal path-
way at the single-cells level. Aiming for the relevance and in-
fluence of different types of multiple biomolecules in one
cell, how to make use of the advantages of microfluidic tech-
nologies and fluorescence methods to perform single-cell
analysis is another issue urgently needed to be solved.
Among above research objectives, simultaneous spatiotempo-
ral resolution of fluorescence signals of multiple molecules
in single cells will be an important challenge. Except for the
detection of intracellular molecules, qualitative and quantita-
tive analysis of molecules secreted outside cells, and monitor-
ing spatiotemporal changes of secreted molecules among the
cells is essential for the study of cell-to-cell communication.
Single-cell fluorescence analysis based on a microfluidic chip
can also supply significant information for cell communica-
tion research. 3, Throughput of single-cell analysis and data
processing are also needed to be further improved. Although
a single cell is the research subject in single-cell analysis,
only statistics and analysis based on a large number of cell
detection results make sense to biological and medical
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research. Thus, microfluidic chips are demanded to have
more efficient single-cell manipulation ability and detection
instruments are demanded to have faster signal capture and
output abilities to ensure the improvement of single-cells de-
tection throughput. In data processing, mathematical and sta-
tistical methods should be combined to achieve the generali-
zation, classification, or comparison of thousands of single-
cells data. These existing challenges mean new opportunities.
Resolution of above issues will constantly promote the devel-
opment of single-cells fluorescence analysis with higher sensi-
tivity and higher throughput, real-time dynamic detection and
multicomponent analysis, and finally promote a more accu-
rate and comprehensive understanding of the regulation
mechanism of intracellular molecules in biological processes,
thus providing new methods and information for research
and development in biology and medicine fields.
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