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Abstract

Liquid biopsy, a noninvasive technique to obtain tumor information from body fluids,

is an emerging technology for cancer diagnosis, prognosis, and monitoring, providing

crucial support for the realization of precision medicine. The main biomarkers of

liquid biopsy include circulating tumor cells, circulating tumor DNA, microRNA, and

circulating tumor exosomes. Traditional liquid biopsy detection methods include

flow cytometry, immunoassay, polymerase chain reaction (PCR)‐based methods, and

next‐generation sequencing (NGS)‐based methods, which are time‐consuming,

labor‐intensive, and cannot reflect cell heterogeneity. Droplet‐based microfluidics

with high throughput, low contamination, high sensitivity, and single‐cell/single‐

molecule/single‐exosome analysis capabilities have shown great potential in the

field of liquid biopsy. This review aims to summarize the recent development in

droplet‐based microfluidics in liquid biopsy for cancer diagnosis.

INTRODUCTION

Cancer, known as a malignant tumor, has been a serious threat to

human health for a long time. According to WHO, cancer accounted for

nearly 10 million deaths in 2020, or nearly one in six deaths.1 To fight

cancer, human beings have never stopped looking for new diagnostic

and therapeutic methods. Early screening and accurate diagnosis and

treatment of cancer are crucial to improve the quality of life and survival

rate of cancer patients. Clinically, tissue biopsy has been considered the

gold standard for cancer diagnosis, but it is limited by highly invasive

sampling procedures, incomplete representation, and a high risk of

complications. In recent years, liquid biopsy, such as the detection of

cancer biomarkers in body fluids (e.g., blood, urine, and saliva), including

circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), micro-

RNAs (miRNAs), and exosomes, has been regarded as an important

development direction for noninvasive cancer detection.2 Compared

with traditional tissue biopsy, liquid biopsy has obvious advantages, such

as noninvasive and repeatable sampling, real‐time and comprehensive

tissue profiling, less risk, and low cost. Moreover, in view of the

development of molecular biotechnology, the specific screening and

identification of cancer biomarkers through genomics, transcriptomics,

or proteomics can accurately find the root cause and therapeutic target

of the disease, thereby realizing precise and individualized treatment.3

Unfortunately, for many diseases, the low abundance and low sample

number of biomarkers and the high interference from body fluids

prevent reliable screening or detection. For example, CTCs are tumor
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cells that are shed from solid tumor tissues and enter the circulatory

system.4 As the most promising targets for liquid biopsy, they not only

carry the complete biological information of tumor cells but also exist in

the peripheral blood circulation in the early stage of cancer. However,

due to the rarity of CTCs (only 1–10 CTCs per 1mL whole blood), it is a

great challenge to isolate and purify CTCs. ctDNA is a free DNA

fragment released into the circulatory system by tumor cell apoptosis,

carrying tumor‐related genetic mutations, and is an important monitor-

ing indicator for early screening, prognosis evaluation, and recurrence

monitoring.5 ctDNA is currently the most widely used liquid biopsy

marker in clinical practice. However, the proportion of ctDNA in cell‐

free DNA (cfDNA) fluctuates between 1% and 93% depending on the

stage of cancer progression, which implies that high levels of cfDNA in

the blood may not only originate from tumor cells but also from benign

tumors, inflammation, or tissue damage, thus making diagnostic analysis

difficult.6 miRNAs are stable endogenous small noncoding RNAs

(21–25 nt), which can reflect the presence of early tumors and detect

tumor development, recurrence, and drug sensitivity.7 Unlike ctDNA,

miRNA has tissue‐specific expression and can more actively enter the

extracellular environment through carriers such as exosomes, providing

more functional insights.8 However, there is no reliable miRNA

detection method or practical application in clinical practice. Circulating

tumor exosomes refer to biologically active vesicles secreted by tumor

cells with a diameter of 30–200 nm. The small size of exosomes

facilitates their passage through the gaps between endothelial cells into

circulation and reaches distant organs. Circulating tumor exosomes, as

“cargo” for proteins and nucleic acids, play a crucial role in intracellular

communication and are heavily involved in cancer development and

metastasis.9 Current exosome isolation techniques, such as ultra-

centrifugation and density gradient centrifugation, require extensive

purification steps that are time‐consuming and labor‐intensive, which

may not be available in clinical settings.10 It can be seen that biomarkers

in liquid biopsy cannot be detected directly from clinical patient samples

in most cases due to problems, such as small numbers, high background,

and difficult separation, hence complex multistep sample preparation

methods are required. Additionally, the traditional detection methods

for cancer biomarkers, such as immunoassays, polymerase chain

reaction (PCR), and sequencing, are often time‐consuming, labor‐

intensive, and require laboratory facilities Therefore, there is an

urgency to develop a sensitive and rapid “sample‐to‐answer” device

for early screening and detection of cancer biomarkers.

Microfluidics is a technology that manipulates fluidics at a

microscale, which can integrate multiple functions, such as mixers,

actuators, reactors, separators, and sensors into a single chip to optimize

the detection process.11,12 Due to the highly integrated system and

compact size, microfluidic devices have the advantages of reducing

sample consumption, shortening reaction time, improving detection

sensitivity, and reducing cost.13 Droplet‐based microfluidics is an

important subcategory of microfluidics that utilizes two immiscible

liquid phases within microchannels to generate monodisperse water‐in‐

oil (w/o) micro‐ or nano‐droplets.14 Droplet‐based microfluidics not only

inherit most of the advantages of traditional microfluidics but also

provide many attractive properties over them. First, microdroplets are

uniform, controllable, and ultra‐small volumes (femtoliter [fL] to

nanoliter [nL]), which can dramatically reduce sample and reagent

consumptions, enhance mixing and mass transfer inside the droplets,

and improve reaction efficiency. Second, microdroplets can be

generated and manipulated at very fast rates up to several MHz, which

offers great potential for high‐speed and high‐throughput analysis of

droplet‐based microfluidics.15 Third, each droplet is independent of the

other and can be used as a closed single microreactor without cross‐

contamination. Target samples can be individually confined in these

interference‐free microdroplets with a high signal‐to‐noise ratio,

enabling precise detection with exceptional sensitivity even at the

single‐cell, single‐molecule, or single‐exosome level.16 At the same time,

a large number of studies have shown that the molecular and cellular

heterogeneity of malignant tumors becomes apparent only at the single‐

cell level.17 Accurate detection of multiple cancer biomarkers at the

single‐cell/single‐molecule/single‐exosome level contributes to under-

standing cancer progression and metastasis, which largely affects the

diagnosis, prognosis, and monitoring of cancer patients. In this case,

droplet‐based microfluidics with high throughput, low contamination,

high sensitivity, and single‐cell/‐molecule/‐exosome analysis capabilities

has become an ideal choice for liquid biopsy. The droplets can be loaded

with the CTCs, nucleic acids, or exosomes with less effort, and further

manipulated to merge,18 split,19 incubate,20 sort,21 and mix22 according

to different assay needs. Moreover, droplets are often stable because of

the usage of surfactants (usually existent in continuous phase), which

prevents coalescences and improves the biocompatibility of the system,

facilitating their application in biological fields.

Herein, the purpose of this review is to provide an overview of

the recent development in droplet‐based microfluidics for liquid

biopsy. We will first introduce the field of droplet‐based microfluidics

and their key characteristics in bioanalysis. Second, the aspects of

multiple biomarkers and their recent research in droplet‐based

microfluidics are summarized. The multiple biomarkers include CTCs,

ctDNA, miRNA, and circulating tumor exosomes. Last, the challenges

and future perspectives of droplet‐based microfluidics for liquid

biopsy are illustrated. The aim of this review article is to promote

technological innovations in droplet‐based microfluidics, enabling

them to realize their great potential in liquid biopsy.

DROPLET‐BASED MICROFLUIDICS

Droplet microfluidics technology is a diverse and practical tool to

realize high‐speed flow control of small‐volume droplets. In addition

to the advantages of reduced sample consumption, shortened

reaction time, and improved sensitivity, it also has the potential for

high‐throughput, single‐cell/‐molecule/‐exosome bioanalysis, which

is expected to revolutionize liquid biopsy technology. Before we

introduce the advantages of droplet‐based microfluidics in liquid

biopsy, it is essential to understand how droplets are generated and

manipulated because these robust and high‐throughput droplet

generation methods and diverse droplet manipulation techniques

are fundamental for high‐throughput and high‐sensitivity analysis.
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Droplet generation and manipulation

Droplet generation requires two immiscible liquid phases, one of

which is called the dispersed phase (droplet phase), and the other is

called the continuous phase. Due to changes in flow shear or surface

tension, the continuous phase can wrap the dispersed phase at

geometric interfaces, resulting in continuous and stable droplet

formation. Currently, there are two types of microfluidic‐based

droplet generation methods, including the active method and the

passive method. The active method uses external forces, such as

thermal energy, electric field, magnetic field, and so on to drive and

control the generation of droplets. Although precise control of

droplets can be achieved, the active method is relatively complex to

operate and has high equipment requirements. The passive method

does not require external force and mainly uses the geometric

structure of the microchannel to generate droplets, which has the

characteristics of fast speed, high throughput, and simple operation.

Therefore, most studies are still based on the passive method to

generate droplets. In the passive method, the droplet size and

generation frequency of droplets can be further flexibly tuned by the

geometric configuration of the chip channels, surface chemical

properties, and fluid flow rates. Typically, there are three main

device geometries that can generate droplets, including T‐junctions,

flow‐focusing, and co‐flowing (Figure 1).23 Briefly, a T‐junction

involves the vertical introduction of a dispersed phase (usually the

water phase) into a continuous phase (usually the oil or gas phase).

When the oil/water interfacial tension is insufficient to maintain the

shear force of the oil phase, the water phase ruptures to form

droplets.24 The T‐junctions are characterized by simple microchannel

structures, high production rate, and low coefficient of variation (CV)

of monodisperse droplets as low as 2%,25 but the generated droplets

have insufficient stability and a narrow range of size control.26 Flow‐

focusing is the most widely used geometry for droplet generation,

which focuses on three flow paths in one channel.27 The dispersed

phase in the central channel can be vertically sheared by the

continuous phase from two side channels to form droplets.

Compared with the T‐junction, the droplets generated by flow‐

focusing are more stable and have a wider range of size controllabil-

ity. It is easier to generate droplets that are much smaller than the

channel size. However, the flow‐focusing method has high require-

ments on the symmetry of the chip, which needs high processing

technology.28 In co‐flowing, the dispersed phase inside the tube

flows in parallel with the continuous phase outside the tube,

producing droplets at the tips of the internal channels.29 The co‐

flowing method has greater advantages than the previous two

methods in terms of stable droplet generation and size control, and

the droplet generation rate can be controlled in a wide range, from

hundreds of droplets per second to tens of thousands of droplets

per second.30 But its disadvantage is that the manufacturing steps

are complicated, which are not as good as the T‐junction and

flow‐focusing.31

In addition to pressure‐based droplet formation in microchan-

nels, it is now possible to generate droplets on flat surfaces using

surface tension, which is known as digital microfluidics (DMF).32,33

DMF is an emerging technology developed in recent years to enable

sophisticated laboratory analysis by precise manipulation of micro-

liter to nanoliter droplets simultaneously and individually through

insulated electrodes. Droplets generated on the chip surface can be

programmatically moved, dispensed, merged, and split according to a

preset path. Generally, droplet actuation methods include electro-

wetting on dielectric (EWOD) actuation,34 thermal capillary actua-

tion,35 light‐induced actuation,36 surface acoustic wave actuation,37

and magnetic actuation.38 Among them, EWOD actuation is the

mainstream actuation technology for DMF because of its fast

response, simple system, and high precision.34 As compared to

channel‐based microfluidics, DMF shows numerous advantages,

including noncontact and addressable droplet manipulation, flexible

and versatile chip design, and nondestructive sample handling.

Whether in microchannels or on a flat surface, cells, nucleic acids,

or exosomes dispersed in the aqueous phase can be easily loaded into

droplets through both passive and active ways. For example, the

simplest passive encapsulation method is to randomly obtain single‐

cell loaded droplets by using a dilute cell suspension as the aqueous

phase. However, the number of cells wrapped in the droplets follows

a Poisson distribution, which does not guarantee a controlled

distribution.39 To overcome the intrinsic Poisson statistic, determi-

nistic methods such as inertial ordering40 and hydrodynamic micro‐

vortices41 have been used to passively modulate the cell encapsula-

tion efficiency. Alternatively, the implementation of additional

forces (e.g., electric field,42 magnetic field,43 optical laser,44 and so

on) can also actively regulate cell encapsulation by manipulating

cell displacement and droplet generation rate. Single‐cell encap-

sulation technology has been extensively reviewed and will not be

further addressed here.45–47 Furthermore, once droplets with

F IGURE 1 Three main microfluidic geometries for droplet production, including T‐junctions, flow focus and co‐flow. Reproduced under
terms of the CC‐BY license.23 Copyright 2018, Choe et al.23
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encapsulated targets are formed, they can be further merged, sorted,

trapped, mixed, and split to execute desired protocols. As the basis for

microfluidic chips, these droplet manipulations can be performed by

passive hydrodynamic methods as well as active methods using

external force (e.g., electric,48 light,49 thermal,50 magnetic,51 acoustic

wave control,52 etc.). Overall, microfluidics‐based droplet generation

and manipulation technologies have been developed to an advanced

level over the past few decades. Droplets, as a fast‐generated, high‐

throughput, small‐volume, and self‐contained reactor, have become

promising experimental tools for a wide range of applications in

biological research. Droplet‐based microfluidics with high throughput,

high biocompatibility, and simple operability has shown incomparable

merits over other methods, especially for single‐cell/single‐molecule/

single‐exosome research. In the next section, we will review the

strengths of droplet‐based microfluidics in bioanalysis.

Advantages of droplet‐based microfluidics in
bioanalysis

First, the individual droplets generated in a rapid and robust manner

can be regarded as single reactors, which provides a high‐throughput

parallel experimental platform for droplet‐based microfluidics in

bioanalysis. By adjusting the droplet generation rate and sample

concentration, the droplet can be automatically produced and

simultaneously loaded with liquid biopsy biomarkers at the single‐

cell level, enabling tens of thousands of independent sample

segmentations. This rapid generation of a large number of indepen-

dent reaction units is not available in other technologies and has

strong practicality in high‐throughput experiments. For example,

high‐throughput next‐generation sequencing (NGS), which obtains

long and accurate sequence reads by reading the fluorescent signals

generated by millions of parallel short‐strand DNA synthesis

reactions, often cannot effectively determine the source of the

measured DNA, limiting the assays at single‐cell resolution. However,

due to the heterogeneity of tumors, it is particularly important to

study the genetic characteristics of cancer at the single‐cell level.

Single‐cell analysis can not only reveal tumor heterogeneity but also

detect drug resistance caused by clonal evolution, so as to develop

targeted and individualized treatment plans for specific patients.

Therefore, the emergence of droplet microfluidics provides a huge

platform for bioanalysis at single‐cell resolution. Droplet‐based

microfluidics can easily separate biomarkers down to the single‐cell,

single‐molecule, or single‐exosome level with high throughput. The

most representative technique is digital droplet PCR (ddPCR), which

has been widely used in the field of liquid biopsy. However, ddPCR

can only detect known mutations and has low system integration,

which needs to be optimized.

Second, droplets are microspheres of very small size, usually only

nL or pL in volume. The ultra‐small volume brings advantages to

droplet microfluidics‐based bioanalysis, for example, the biomarkers

encapsulated in the droplet have concentrated sample concentration

and efficient experimental reaction, which improves the detection

sensitivity of low‐abundance biomarkers. The microenvironment

inside the droplet is controllable, without cross‐contamination, which

can reduce the background noise of other cells. Sample consumption

in the droplet is greatly reduced, resulting in cost savings for

bioanalysis.

Third, droplet‐based microfluidics can be easily combined with

various types of downstream analysis, such as DNA or RNA detection

or immunostaining. That is to say, liquid biopsy biomarkers from

clinical blood samples, such as CTCs and exosomes, can be enriched

and detected upstream on microfluidic chips, and their genomic,

transcriptomic and proteomic information can be analyzed down-

stream, providing a deeper understanding of cancer origin, develop-

ment, and metastasis. For example, droplet‐based microfluidics can

link genotype with phenotype through downstream genetic analysis.

Droplet‐based microfluidics first enables efficient confinement of

CTCs, molecules secreted by cells, or exosomes into droplets and

facilitates sensitive phenotypic detection (e.g., proteins and metabo-

lites) due to the enhanced local concentrations. Afterward, the

captured cells or exosomes can be lysed and subjected to genetic

analysis. In addition, droplet‐based microfluidics is highly flexible and

can be combined with various detection methods, such as imaging,

immunological assay, PCR‐based detection, and NGS‐based detec-

tion, to provide convenience for bioanalysis. In conclusion, the

comprehensive overview of cancer biomarkers with high flexibility

indicates the broad application prospects of droplet‐based micro-

fluidics for bioanalysis.

DROPLET‐BASED MICROFLUIDICS FOR
LIQUID BIOPSY

Over the past decade, liquid biopsy as a noninvasive technique has

revolutionized the field of clinical oncology. Liquid biopsy refers to

the technology of detecting and diagnosing cancer through body

fluids, such as blood, saliva, and urine. Liquid biopsy technologies

mainly include the detection of cancer biomarkers, such as CTCs,

ctDNA, miRNA, and circulating tumor exosomes. Table 1 shows a

comparison of liquid biopsy components and their advantages and

disadvantages. Among them, the size of CTC is 12–30 μm; the size of

ctDNA is 50–150 bp; the size of miRNA is 21–25 nt; the size of

exosome is 30–200 nm. The size and concentration of liquid biopsy

components can affect the occupancy efficiency of single cells, single

molecules, and single exosomes in droplets, as this is mainly

determined by dilution factor and Poisson distribution. This section

mainly reviews the current technology of liquid biopsy and the latest

research on the application of droplet microfluidics in liquid biopsy.

CTCs

CTCs play a crucial role in liquid biopsy as they are alive and intact

tumor cells shed from solid tumor tissue, entering peripheral blood at

an early stage and containing all the biological information of the
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tumor. According to the famous “seed and soil hypothesis,”53 CTCs

are closely related to the progression, metastasis, and recurrence of

cancer, thus CTC‐based liquid biopsy has extremely high clinical

application value. First, tumor cells can enter the bloodstream before

forming visible solid tumors.54 When imaging or serological tests

cannot diagnose early tumors, CTC detection can be used as a

favorable means for early cancer screening. Second, CTC‐based liquid

biopsy can be used for the prognosis of cancer patients undergoing

chemotherapy and targeted therapy.55 If the number of CTCs

decreases, it means that the treatment method may be effective,

and a precise treatment plan can be formulated in a more timely

manner.56 Last, CTC‐based liquid biopsy is convenient, reproducible,

and noninvasive for postoperative monitoring.57 However, the

number of CTCs is very small, usually only 1–10 CTCs in 1mL of

peripheral blood, while the number of blood cells is as high as

hundreds of millions, which makes the detection of CTCs like

searching for a needle in a haystack.

Conventional detection methods for CTC‐based
liquid biopsy

Currently, there are three main types of CTC isolation methods,

including physical isolation, biological isolation, and the combination

of physical and biological isolation.58 In short, physical isolation (e.g.,

density gradient centrifugation, filtration, and microfluidic chips) is to

enrich CTCs based on physical properties, such as size, density,

deformability, and dielectric properties. This method has high

throughput but low specificity. They can overcome the limitation of

incomplete surface protein expression CTCs, but cannot distinguish

cells with similar physical properties to CTCs, such as white blood

cells (WBCs) that are similar in size to CTCs.59 Biological isolation is

to capture CTCs by relying on their surface biomarkers (positive

enrichment method) or removing blood cells to leave tumor cells

(negative enrichment method). Comparing the two methods, the

negative enrichment method has higher capture efficiency, but the

specificity is significantly lower. The positive enrichment method has

higher specificity but fails to detect CTCs with low or no biomarker

expression. The combination of physical and biological isolation has

great advantages as it can compensate for the drawbacks of each

technique. Typically, the combined technique starts by filtering out

smaller red blood cells and platelets based on size, leaving behind

relatively large WBCs and cancer cells. CTCs are then captured by

bead‐conjugated antibodies that recognize biomarkers expressed on

the surface of CTCs and collect CTCs on the chip.60 In this way, both

the high throughput of physical isolation and the high specificity of

biological isolation are maintained. The most commonly used

biomarker on the surface of CTCs is epithelial cell adhesion molecule

(EpCAM). Over the past few decades, immunomagnetic separation

techniques based on specific biomarkers recognition of EpCAM have

been extensively studied for CTC isolation. The most representative

product of this technology is CellSearch®, which has been used

clinically as the only FDA‐approved CTC detection system.61

However, The CellSearch® system cannot detect EpCAM low‐/

nonexpressing CTCs, which are considered to be an aggressive

subset of CTCs undergoing epithelial‐to‐mesenchymal transition

(EMT).62

These phenotypic or genetic differences in CTCs that arise

during tumor growth are referred to as tumor heterogeneity. Tumor

heterogeneity can exist among different tumor cells in the same

tumor tissue, which is a major obstacle to tumor treatment. However,

the traditional analysis method (e.g., PCR‐based methods, NGS‐based

methods, Western blot analysis, etc.) analyzes the cell states through

the average value of the population cells, which masks the

differences between individual cells, resulting in the loss of a large

amount of individual cell information. Therefore, single‐cell‐based

high‐throughput analysis is particularly important, which can reveal

population heterogeneity, identify a small number of cell subpopula-

tions, and discover the uniqueness of individual cells. Traditional

methods for single‐cell isolation include micromanipulation,63

fluorescence‐activated cell sorting,64 and laser‐capture micro-

dissection.65 Briefly, micromanipulation is an easy and inexpensive

method using simple mouth pipetting or serial dilution, but it is

performed manually with low throughput. Fluorescence‐active cell

sorting is an accurate and high‐throughput modality involving cell‐

tyle‐specific markers for biased samples. However, they are

hampered by the need for large cell suspension and are not suitable

for low‐abundance cell subpopulations. Laser‐capture micro-

dissection is a manual method that can preserve information about

the spatial location of the sampled cells within a tissue, but it suffers

from the incomplete capture of the cytoplasm and low‐throughput

manner. Moreover, all of these methods require the transfer of

isolated CTCs to tubes or microwells for lysis and subsequent genetic

analysis, which are prone to contamination and result in low

amplification efficiency. Therefore, there is still a need to develop

accurate, pollution‐free, and high‐throughput methods at single‐cell

isolation for subsequent bioassays.

Droplet‐based microfluidics for CTC‐based
liquid biopsy

Nowadays, the emergence of droplet microfluidics has provided great

convenience for the isolation of single cells. As we described earlier,

the droplet generation process based on microfluidics is simple,

automatic, and high‐throughput. Single cells can be easily encapsu-

lated into droplets for independent and undisturbed rapid detection.

Droplets not only have a controllable and cross‐contamination‐free

microenvironment but are also produced at extremely high speeds

with concentrated contents, paving the way for high‐throughput and

high‐sensitivity liquid biopsy. Typically, the single‐cell encapsulated

droplets enable further downstream analysis, such as imaging,

immunological assay, PCR‐based detection, NGS‐based detection,

and so on. In this section, we will summarize the recent studies on the

application of droplet‐based microfluidics for genomic, transcrip-

tomic, proteomic, and metabolic analysis of CTCs (Table 2).
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Genomic analysis in CTCs

Genetic variations, including deletions, mutations, and rearrange-

ments, are important factors for the unlimited proliferation, invasion,

and metastasis of tumor cells. However, genetic mutations are often

rare and hidden in a large excess of nonmutated backgrounds, making

detection extremely challenging. Therefore, to realize the detection

of mutations, not only the sensitivity of detection technology needs

to be improved but also the signal‐to‐noise ratio needs to be

increased by methods such as single‐cell isolation. The emergence of

droplet microfluidics perfectly solves this problem. Due to size

constraints, individual cells encapsulated in droplets lead to increased

local concentrations of target samples and decreased background

signal of other cells/solutions, resulting in improved signal‐to‐noise

ratio and detection sensitivity.

After CTC isolation, the genomes of CTCs can be extracted by cell

lysis and further analyzed by PCR amplification, DNA sequencing, or

mass spectrometry (MS). ddPCR has been widely used nowadays as a

powerful downstream analysis method for the sensitive detection of

known mutations at single‐cell or single‐molecule levels. For example,

Kulemann et al. isolated CTCs using a commercially available filtration‐

based technique and used ddPCR to detect the KRAS mutations in

pancreatic CTCs and corresponding primary tumors, showing a

matching mutation rate of 58% and a discordant mutation rate of

42% have been achieved.66 Ribeiro‐Samy et al. fabricated a high‐

throughput CROSS chip (Figure 2a) to isolate CTCs from whole blood

samples based on size and deformability with an efficiency of

70%.67 Moreover, a 7.5mL whole blood sample can be processed

within 47min using two CROSS chips at a purity of 7.2% without

significant cell damage. The isolated CTCs were lysed and characterized

by ddPCR to reveal APC gene mutations in colorectal cancer patients

with a limit of detection (LoD) as low as 0.065 ng/μL. Although ddPCR

is a very sensitive method, it requires complex equipment and

operations. To simplify operation, Qiu et al. developed a more

integrated single‐cell mutation detection platform based on one‐step

operation, combining multiple processes, such as single‐cell encapsula-

tion, cell lysis, dPCR amplification, and signal detection (Figure 2b).68 In

their study, CTCs were negatively enriched by removing WBCs from

human blood samples. Then, the single‐cell/lysis buffer‐loaded droplets

were generated by flow‐focusing at a rate of over 6000 per minute

with an encapsulation rate of 10%. The generated droplets were stored

in a glass chamber for dPCR amplification. As a result, point mutations

in four cell types can be successfully distinguished using the developed

platform under real‐time fluorescence observation. Among them, the

EFFR L858R mutation of H1975 cells was detected with an efficiency

of over 91% at a low abundance of 4 cells/μL.

In addition to the PCR‐based method, sequencing is another

important method to detect unknown mutations. Wei et al. fabri-

cated an acoustic droplet‐induced enzyme‐responsive platform for

the capture and on‐demand release of single CTCs for downstream

cell‐based genetic mutation detection.69 CTCs were first captured by

an anti‐EpCAM antibody‐modified GNP chip and encapsulated with

calcium alginate hydrogel at the single‐cell level, and then efficiently

released on‐demand using acoustic droplet positioning technology,

and finally recovered by microcapillary for Sanger sequencing

(Figure 2c). The capture efficiency of this GNP chip for MCF‐7 cells

spiked in peripheral blood mononuclear cells was 81.4%, but for

MCF‐7 cells spiked in the whole blood sample was 51.2%. As a proof‐

of‐concept, the developed platform was used to capture CTCs from

the clinical blood of breast cancer patients, showing detectable

downstream mutations. Ruan et al. designed a highly integrated

DMF‐based single‐cell processing platform for whole genome

sequencing (WGS) of single cells.70 As shown in Figure 2d, the single

cells can be physically isolated into nanoliter‐sized droplets by a

butterfly trap with 100% capture efficiency and individually

controlled by EWOD actuation for cell lysis, whole‐genome

amplification, and sequencing. Using this DMF‐based platform, copy

number variants (CNVs) and single nucleotide variants (SNVs) can be

detected at the smallest bin of 150 kb and an allele dropout rate

(ADO) of 5.2%, respectively. However, the sample analysis through-

put of this platform is not high due to the limited number of single‐

cell capture structures. To address these challenges, they further

developed another single‐cell DMF MS analysis method for multiplex

mutational profiling of single CTCs.71 CTCs were first enriched

by immunomagnetic beads‐based isolation. Then, by combining

wettability‐based trapping and hydrodynamic adjustment of cell

distribution, single CTCs can be encapsulated into droplets on a DMF

chip (capture efficiency ~97%), followed by subsequent cell lysis and

genome‐wide amplification. After primer extension, the multiplex

mutations in single CTCs can be simultaneously detected by MALDI‐

TOF MS based on inherent mass differences in different DNA

sequences. This DMF‐scMS platform was able to detect KRAS

mutations of heterogeneous CTCs from five colorectal cancer

patients with a detection rate of 100%.

Transcriptomic analysis in CTCs

CTC assessment at the RNA level has important prognostic power in

clinical practice.89 Currently, RNA detection techniques include

RT‐PCR and RNAseq.90 Among them, RT‐PCR is the gold standard

method, which adds an additional reverse transcription step to PCR.

When combined with droplets, RT‐ddPCR showed improved sensi-

tivity and precision over RT‐PCR. For example, Strati et al. developed

a duplex RT‐ddPCR assay to simultaneously qualify PD‐L1 and HPRT

(a reference gene) transcripts in cDNA derived from CTCs isolated by

size‐dependent microfluidic chips.72 The analytical sensitivity of this

duplex RT‐ddPCR assay was 0.64 copies/μL. The detection perform-

ance was further evaluated with CTCs obtained from NHSCC cancer

patients, and the diagnostic sensitivity using this assay was 46.5%,

which was higher than that using RT‐qPCR (23.7%). Aya‐Bonilla et al.

isolated the melanoma CTCs by two commercial microfluidic devices,

Parsortix and ClearCell© FX1 system, and combined immunostaining

and transcript analysis (e.g., RT‐PCR and RT‐ddPCR) for heteroge-

neous CTC detection.73 According to their comprehensive study,

different methods have different CTC detection rates, the positive

rate was 28% using immunostaining, 42% using RT‐PCR assay for five

genes, and 53% using ddPCR assay for 19 genes. Wang et al. utilized

RT‐ddPCR to quantify the T790M transcripts in pulmonary venous
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F IGURE 2 (See caption on next page).
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CTCs enriched by a NanoVelcro chip through a biotinylated anti‐

EpCAM method (85.3 ± 5% capture efficiency).74 By analysis of the

paired peripheral arterial and venous blood samples from advanced

non‐small‐cell lung cancer (NSCLC) patients, the developed Nano-

Velcro CTC‐digital assay has a 100% positive CTC‐derived T790M

transcript readout. Besides, Winter et al. describe a label‐free spiral

microfluidic device combined with ddPCR to measure the RNA

expression in CTCs with and without RNA preamplification.75 Ma

et al. accurately screened the AR‐V7 messenger RNA (mRNA)

expression in EpCAM‐based immunomagnetic beads‐isolated pros-

tate cancer cells through ddPCR.76 In conclusion, RT‐ddPCR is one of

the most widely used methods for downstream molecular quantifica-

tion of CTC‐derived RNA transcripts.91,92

Except for ddPCR, droplet techniques can also be combined with

RNA sequencing. Xu et al. reported a single‐cell sequencing method

based on DMF for simple, efficient, and low‐cost mRNA detection.77

In Figure 2e, discrete single‐cell sub‐droplets were first generated on

a DMF chip relying on hydrophilic‐hydrophobic microfeatures and

surface tension. Then, the single‐cell droplets were programmable‐

driven to merge with the lysis mix, RT mix, and PCR mix, respectively.

The final droplets with nanoliter volume were achieved on the

hydrophobic reaction interface for subsequent digital‐RNA‐

sequencing. With extremely low reagent consumption, high sensitiv-

ity, and high precision, this DMF‐based RNA‐seq platform showed

promising applications in rare gene transcript identification, cell type

differentiation, and essential genes. However, the analytical through-

put in this work was limited by the number of electrodes and needed

to be improved. Besides, CTCs also exist in cluster forms (e.g.,

homotypic CTC clusters and heterotypic CTC clusters), which have a

higher metastatic and extravasation potential than individual CTCs

due to their physical properties (e.g., large size). Park et al. reported a

double spiral channel‐induced deterministic encapsulation method

based on droplet microfluidic to mimic CTC‐neutrophil clusters with

pairing ratios ranging from 1:1 to 1:3.78 The molecular features of

CTC‐neutrophil clusters were further characterized by different

methods, for example, E‐cadherin was observed by immuno-

fluorescence staining, VCAM mRNA was determined by RT‐PCR,

and mRNA transcripts were examined by sequencing. They demon-

strated that the CTC‐neutrophil clusters have enhanced metastatic

capacity. However, CTC clusters have an even rarer population (~0–5

CTC clusters per 10mL of blood) compared with CTCs. Most studies

are still focusing on single CTCs detection.

Proteomic analysis in CTCs

Previously, a large number of studies have focused on genome and

transcriptome analysis at the single‐cell level, but proteome analysis at

single‐cell resolution remains challenging. However, single‐cell proteo-

mics is just as important as genomics and transcriptomics. This is

because proteins may be the functional result of gene expression or

mutations, and they are heavily involved in tumor cell processes such

as metastasis, differentiation, and proliferation.93 The most commonly

used high‐throughput methods for protein biomarker analysis are flow

cytometry and fluorescence‐active cell sorting,94 but they are not

suitable for analysis of protein released from or secreted by cells.

Besides, the main difficulties in single‐cell proteome analysis are the

low protein abundance and high background signal noise due to the

extremely small number of CTCs. Unlike DNA or RNA detection,

proteins cannot be directly amplified to improve the signal‐to‐noise

ratio. In this case, high‐throughput droplet‐based microfluidic with the

capability to confine single cells in ultra‐small droplets can overcome

the major limitation of flow cytometry in analyzing secreted protein

from single cells and enhance the signal‐to‐noise ratio, thereby

improving the performance in single‐cell protein assays.

Usually, proteins from CTCs can be classified as secreted proteins,

surface markers, and intracellular proteins. Among them, secreted

proteins include cytokines, protease, and hormones, playing an essential

role in mediating cell communications and regulating physiological

functions, such as invasion and metastasis.95,96 Khajvand et al. developed

an integrated droplet microfluidic device that interfaced with spatially

patterned antibody barcodes for multiplexed single‐cell‐secreted cyto-

kine protein detection.79 This platform can isolate single cells into 100

individual droplets (180 pL) with a capture efficiency of over 80%. After

4 h incubation, the presence of 4‐plexed cytokines secreted by human

macrophages, such as interleukin (IL)‐8, MCP‐1, MIP‐1b, and Tumor

necrosis factor alpha (TNF‐α)/IL‐10, can be sensitively detected using a

sandwich ELISA at a detection range from 1ng/mL to 10 pg/mL. Using

this platform, protein secretions and secretion heterogeneity among

tumor cells were successfully profiled in clinical samples from human

F IGURE 2 Droplet‐based microfluidics for circulating tumor cell (CTC)‐based liquid biopsy. (a) Experimental setup for CTC isolation using the
CROSS chip. Reproduced under terms of the CC‐BY license.67 Copyright 2019, Ribeiro‐Samy et al.67 (b) The flow of point mutation analysis on
the single‐cell level. Reproduced with permission.68 Copyright 2021, Elsevier. (c) Scheme illustration showing the multifunctional
enzyme‐responsive GNP chip for capture and on‐demand release of single CTCs based on an acoustic droplet positioning technique.
Reproduced with permission.69 Copyright 2019, American Chemical Society. (d) Design and operation of the digital‐WGS platform. Reproduced
under terms of the CC‐BY‐NC license.70 Copyright 2019, Ruan et al.70 (e) Schematic illustration of digital‐RNA‐seq. Reproduced with
permission.77 Copyright 2020, American Chemical Society. (f) Size‐based purification and encapsulation of cells (SPEC) followed by fluorescence
analysis of enzyme secretion. Reproduced under terms of the PANS license.80 Copyright 2018, Dhar et al.80 (g) Overall working principle of the
virtual‐droplet‐based SCPS platform. Reproduced with permission.81 Copyright 2020, Elsevier. (h) Working principle of single‐cell immunoassay
based on the paired chip. Reproduced with permission.85 Copyright 2022, American Chemical Society. (i) Experimental workflow for isolation of
metabolically active cells from patient liquid biopsies using the MA‐Chip. Reproduced under terms of the CC‐BY‐NC license.87 Copyright 2020,
Rivello et al.87 (j) Illustration for metabolism‐based capture and analysis of tumor cells in an open‐space platform using a drop‐on‐demand inkjet
printing technique and MALDI MS. Reproduced with permission.88 Copyright 2021, American Chemical Society.
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tumor cell lines and primary/metastatic cancer cells. Matrix

metalloproteinases (MMPs) are secreted proteins that can break

down extracellular matrix proteins (ECM) to support the metastasis

of cancer. Currently, many studies have targeted the activity of

MMP as a biomarker for the detection of CTCs. Dhar et al.

developed a high‐throughput and highly integrated device for the

detection of CTC secretions at single‐cell resolution, in which CTCs

are first separated according to size in a microvortex and then mixed

with a FRET‐based MMP‐cleavable peptide substrate, and finally

encapsulated into individual droplets by parallel step emulsification

(Figure 2f).80 The entire process took only 15 min to extract and

transfer rare cancer cells from 1mL of whole blood into individual

droplets with a volume of 2 nL. After incubation for 180min, the

proteases secreted by CTCs were detected in droplets by measuring

the change of fluorescent signal. Results showed MMP activity

ranging from 1.7‐ to 200‐fold higher than baseline levels. When

tested with clinical samples from metastatic castration‐resistant

prostate cancer patients, six out of seven patient samples had CTCs,

87% of which secreted MMP with an average 2.6‐fold higher than

WBCs, demonstrating great potential for companion diagnostics in

liquid biopsy. However, cells suspended in droplets cannot simulate

the physiological conditions of tumor cells well due to the lack of

cell attachment mechanisms, thereby affecting the number of

secreted proteins. Furthermore, it is difficult to implement the

washing steps into the droplets. To address these problems, Li et al.

fabricated a virtual‐droplet array for dynamic single‐cell protease

detection (Figure 2g).81 In their study, the physical volume (50 nm)

was used as typical droplets to support cell adhesion, provide

complete buffer exchange, and achieve sufficient sensitivity. Six

hundred and forty‐eight CTCs could be isolated and purified by a

microfluidic chip with repeating trapping regions and then encap-

sulated with the FRET‐MMP9‐substrates by isolation oil to form

virtual droplets within 1 min (capture efficiency 90%). The encap-

sulated single cell can secret and release MMP9 to specific cleave

FRET substrates, leading to fluorescence recovery. The total

detection process only took 40 min. The significant heterogeneity

of CTCs in MMP9 production was demonstrated by dynamic

tracking of MMP9 concentration and mRNA‐Seq analysis. In

addition, the adhered cells were found to produce more MMP9

than suspended cells. Similarly, Armbrecht et al. reported another

microfluidic chamber integrated with a bead‐based immunoassay

for quantification of secreted granulocyte growth stimulating factor

from 1152 individual CTCs with a LoD of 1.5 ng/mL.82

For surface marker detection, Cai et al. successfully encapsulated

single CTCs into calcium alginate droplets and then solidified the

droplets into disk‐like hydrogel beads.83 The encapsulated CTCs

were further identified and visualized by immunofluorescence

staining of surface cytokeratin protein. As a result, CTCs can be

easily distinguished fromWBCs under the microscope. In their study,

droplets functioned as mechanically and chemically stable shells for

CTC encapsulation, manipulation, and observation at the single‐cell

level. Yang et al. developed a fluorescent droplet cytometry (FDC) to

profile multiple surface proteins (CD44 and CD104) at single‐cell

resolution using DNA‐functionalized antibodies in droplets.84

Antibody‐DNA conjugates, live cancer cells, and reporter reagents

can be encapsulated into single droplets and undergo enzymatic

amplification reaction for the maximum fluorescent signals. By

reading out the fluorescence signal, droplets containing PC3 cells

and MCF‐7 cells can be sensitively detected.

Intracellular protein can also be a biomarker for CTC detection.

Liu et al. developed a droplet‐based microfluidic platform for

quantification of intracellular proteins in single cells.85 In Figure 2h,

single CTCs and single detection beads were respectively captured

into separate chambers with a high efficiency of 75% when the two

chambers were disconnected. The paired droplets (160 pL) containing

single cells and single beads were generated by a reversed air input.

After that, single cells were lysed and the released prostate‐specific

antigen (PSA) was recognized by detection beads when the two

chambers were connected. By measuring the fluorescent signal

change, the single‐cell PSA can be sensitively detected by sandwich‐

based immunoassay with an LoD of 0.3 nM.

Metabolism in CTCs

Metabolism‐based assays can largely circumvent the obstacle of

tumor heterogeneities; this is because cancer cells exhibit a “Warburg

effect” with high glycolytic capacity. High levels of glucose uptake

and lactate secretion are two of the most prominent metabolic

behaviors shared by all cancer cells. Ben et al. successfully detected

CTCs based on the measurement of single‐cell metabolism in droplet‐

based microfluidics.86 As individual cells are encapsulated into

monodisperse droplets, it increases the local concentration of lactate

and allows the detection of changes in lactate concentration without

further labeling. In their study, lung A549 cells were individually

encapsulated into droplets (35 pL) and analyzed by laser‐induced

fluorescence under an inverted microscope. Through pH‐sensitive‐

induced fluorescence change, A549 tumor cells can be detected as

few as 10 in the background of 200,000 WBCs, with an average

detection rate of 60%. Based on this work, Rivello et al. developed

another metabolic assay chip (MA‐Chip) based on single‐cell

extracellular pH measurement to detect and isolate highly metaboli-

cally active cells (hm‐cells) in prostate cancer.87 As shown in Figure 2i,

CTCs were first negatively enriched by removing RBCs and WBCs.

The isolated CTCs were subsequently encapsulated into droplets

with pH‐sensitive dye. After incubation at 37°C, the droplets were

re‐injected into the co‐flow chip, read by a fluorescent microscope,

and sorted by electrocoalescence. The sorted cells were further

collected for mRNA‐seq. The results showed that patients with

upregulated prostate‐related genes had 11 hm cells, compared with

3 hm cells in healthy donors. Patients with more than 5 hm cells had a

poor survival rate. However, these designs all used end‐point

detection, which lost the function of real‐time monitoring. In this

case, Zhang et al. developed another open‐space droplet array with

fluid walls for real‐time single CTC monitoring and analysis based on

a similar metabolism approach and inkjet printing technology.88 As

shown in Figure 2j, the single‐cell encapsulated droplet array was

generated with high throughput and a high encapsulation rate of 43%
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and stuck on the indium tin oxide glass substrate under the

domination of interfacial tension. Then the single‐cell containing

droplet array was coated with homogeneous matrix spots by inkjet

ejection technology. By combining both microscopic imaging and

mass data, CTCs can be easily distinguished from normal cells.

ctDNA

ctDNA is tumor‐derived free DNA fragments that are found in body

fluidics, particularly plasma. ctDNA is also a small fraction of cfDNA

in circulation. In liquid biopsy, ctDNA as an emerging biomarker can

provide comprehensive tumor genetic information, such as single‐

nucleotide mutations, epigenetics changes, copy number variations,

methylation, and so on. Currently, ctDNA is the most widely used

liquid biopsy marker in clinical practice. Compared with other tumor

markers, ctDNA has a good application prospect due to its relative

ease of extraction and storage. Moreover, ctDNA detection is to

detect tumor gene mutations from all cfDNA, which has high

specificity. The applications of ctDNA detection in clinical practice

mainly include an early screening of cancer, auxiliary diagnosis of

cancer, monitoring of tumor metastasis, and prognosis evaluation.

Due to the short half‐life of ctDNA, usually only 15min to 2 h, the

composition of ctDNA can change with the development of tumors,

presenting real‐time tumor status. Therefore, ctDNA detection can

also provide powerful assistance in the prediction of the efficiency of

targeted drugs and the selection of treatment options, especially for

patients with advanced tumors.

Conventional detection methods for ctDNA‐based
liquid biopsy

However, the proportion of ctDNA in cell‐free DNA depends on the

stage of cancer progression. In the early stages of cancer, the

detection of ctDNA remains challenging due to the extremely low

amount of ctDNA in the blood and the high amount of cell‐free

DNA in the background. The most commonly used approaches for

ctDNA detection can be divided into two categories: PCR‐based

methods and NGS‐based methods. PCR‐based methods mainly

include real‐time quantitative PCR (qPCR),97 digital PCR (dPCR),98

BEAMing,99 and amplification refractory mutation system (ARMS‐

PCR),100 which have high sensitivity but low throughput and cannot

detect unknown mutations. On the other hand, NGS‐based

methods, including tagged‐amplicon deep sequencing (Tam‐

Seq)101 and NGS,102 have high throughput and broad genomic

screening, which enable the detection of unknown mutations.

However, due to the interference from cfDNA, cancer‐specific

mutations are difficult to detect unless sequenced at very high

depths, which is very expensive. Therefore, the detection of ctDNA

mainly relies on PCR‐based technologies. In the next section, we will

mainly explain the use of droplet‐based PCR technology for ctDNA‐

based liquid biopsy.

ddPCR for ctDNA‐based liquid biopsy

ddPCR is a newly emerged tool for the absolute quantification of

nucleic acids that do not rely on a calibration curve.103 Typically,

ddPCR uses tens of thousands of droplets to dilute the reaction

templates to achieve single‐cell or single‐molecule isolation, followed

by PCR amplification. After that, the fluorescent signal of each

droplet is read one by one by a droplet analyzer. Due to the

compartmentalization of target DNA and data acquisition from the

end‐point reaction, ddPCR has shown higher sensitivity and

specificity than qPCR104 and NGS,105 which allows the detection

and absolute quantification of ultra‐low‐abundance sequences.106

In liquid biopsy, ddPCR is the main method for detecting ctDNA.

It provides a sensitive and robust platform for quantifying low‐

abondance mutations, copy number variations, and methylation in

ctDNA at the single‐molecule level.107–110 For example, Zmrzljak

et al. used ddPCR to detect KRAS and BRAF mutations in isolated

ctDNA from the serum of colorectal cancer patients at an average

fractional abundance of 0.23%.107 Ginkel et al. used ddPCR to detect

TP53 mutations in low‐level ctDNA from the plasma of head and

neck cancer patients at an abundance ratio down to 0.01%.108 Shoda

et al. utilized ddPCR to detect HER2 copy number status in ctDNA

collected from the plasma of gastric cancer patients with a sensitivity

and specificity of 0.733 and 0.933, respectively.111 Huang et al.

employed ddPCR to detect hotspot mutations (TP53 and TERT) in

ctDNA extracted from the plasma of hepatocellular carcinoma (HCC)

patients with LoD of 0.01%.112 Wang et al. utilized ddPCR to detect

aberrant DNA methylation in cfDNA extracted from the plasma of

HCC patients with sensitivity and specificity of 78.57% and 89.38%,

respectively.113

To further improve the sensitivity of ddPCR, Ou et al. built an

integrated comprehensive droplet digital detection (IC3D) system

combing droplet partitioning, fluorescent multiplex PCR system, and

3D droplet counting technology for ultra‐rare ctDNA detection from

large volumes of biological samples.114 In their system, target‐containing

picoliter‐sized droplets were first generated by flow‐focusing principle

and amplified off‐chip by thermocycling, and then collected in bulk for

high‐throughput 3D particle analysis. Owing to the rapid 3D fluorescent

scanning, the IC3D ddPCR system showed ultra‐sensitive detection

of oncogenic KRAS G12D mutant alleles with a sensitivity of

0.00125%–0.005% and a false‐positive rate of 0%, which was 50 to

1000x higher than that of commercial liquid biopsy ddPCR (Bio‐Rad)

and qPCR platforms, respectively. Additionally, the IC3D System can

analyze a 1mL blood sample in just a few minutes, compared to 2 h for

the Bio‐Rad ddPCR System. When detecting the cancer cells spiked in

whole blood, the IC3D platform also demonstrated direct cancer cell

detection capability using their genetic markers without a pre‐

enrichment step. However, this ddPCR is still highly dependent on

specialized instruments. To address this problem, Pan et al. used a

microfluidic impact printer (MIP) to fabricate a disposable microfluidic

chip combined with a ddPCR system for accurate DNA detection

(Figure 3a).115 By using a scanning fluorescence microscope, the genes

dispersed in the planar droplet arrays can be sensitively and selectively
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detected in the range of 0.464–464 copies/μL. To prove its practicabil-

ity, this MIP‐enabled PCR technology was applied to detect the

expression of the p53 gene in colon cancer tissue, and the results were

consistent with those of using conventional real‐time PCR. Different

from other complicated ddPCR systems, this low‐cost microfluidic chip

has no requirement for external pumps or valves, making it ideal for on‐

site assays. To achieve multiplex detection, Schlenker et al., developed a

four‐plex ddPCR in a LabDisk with 12 identical units for the detection of

three cancer‐associated KRAS point mutations (G12D, G12V, and

G12A).116 As shown in Figure 3b, each ddPCR unit consisted of an inlet,

a venting structure, a supply channel, a reaction chamber with

supporting pillars, and four nozzles for droplet generation by centrifugal

step emulsification. The droplets can be generated and amplified in

LabDisk Player 1 and analyzed by fluorescence imaging with an

automated fluorescence microscope in all three‐color channels. This

four‐plex ddPCR showed the lowest dilution points of 3.5mutant DNA

copies/μL for the KRAS G12V and G12A sequence, and 35mutant

DNA copies/μL for the G12D sequence.

Apart from ctDNA, CTCs and exosomes are considered alterna-

tive sources of nucleic acids in liquid biopsy. For CTCs/exosome‐

based liquid biopsy, ddPCR is often employed as a downstream

analysis for nucleic acid characterization after CTCs/exosome

enrichments.118,119 Gao et al. detected EGFR mutations in lung

cancer cells isolated with combined immunomagnetic beads (EpCAM,

MUC1, and EGFR) through ddPCR.118 Li et al. isolated exosomes

from serum samples of HCC patients using a commercially available

kit and detected tumor‐specific TP53 mutations in exosomal DNA by

ddPCR.120 In some studies, ctDNA in liquid biopsy has been reported

to be more sensitive than DNA extracted from CTCs, but not as

sensitive as DNA derived from exosomes. According to Guibert et al.,

they used dd PCR to detect KRAS mutations in cfDNA extracted

from plasma and in DNA extracted from CTCs during the treatment

of KRAS‐mutated lung adenocarcinoma.121 The sensitivity was 78%

for cfDNA and 34% for DNA extracted from CTCs. In contrast,

Allenson et al. used ddPCR to detect KRAS mutations in cfDNA

extracted from plasma and in DNA derived from exosomes at the

F IGURE 3 Droplet‐based microfluidics for circulating tumor DNA (ctDNA)‐based liquid biopsy. (a) Schematic diagrams of a microfluidic
printing droplet digital polymerase chain reaction setup (MIP‐ddPCR setup). Reproduced with permission.115 Copyright 2019, Elsevier.
(b) Workflow for an automated four‐plex digital droplet PCR (ddPCR) in a LabDisk. Reproduced under terms of the CC‐BY license.116

Copyright 2021, Schlenker et al.116 (c) Methods for performing ddLAMP using an assay featuring MB as a sequence‐specific probe for single
nucleotide polymorphisms (SNP) detection. Reproduced with permission.117 Copyright 2022, American Chemical Society.
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early stage of pancreatic ductal adenocarcinoma.122 The sensitivities

of cfDNA from locally, locally advanced, and metastatic PDAC

patients were 45.5%, 30.8%, and 57.9%, respectively, while those of

exoDNA were 66.7%, 80%, and 85%, respectively.

Although these ddPCR‐based nucleic acid detections have

extremely high accuracy and precision, most of the current ddPCR

systems involve an off‐chip PCR amplification step, which compli-

cates the operation and brings inevitable contamination. Over the

past decade, several commercially available ddPCR approaches have

been developed, including Bio‐Rad Qx200™, Biomark™ HD, Quant-

Studio™ 3D, Naica, RainDrop plus™, Droplet Digital™ PCR, and

CONSTELLAATION®DPCR. However, the clinical application of

ddPCR still faces several major challenges, including cost reduction,

instrument platform integration, and experimental operation

simplification.

Droplet isothermal amplification for ctDNA detection

As ddPCR may require complex instrumentation and thermal cycling

procedures, it may not be available in field conditions or resource‐

poor settings. Therefore, thermal amplification techniques, such as

loop‐mediated isothermal amplification (LAMP), have been investi-

gated to simplify the thermal cycling process and these techniques

are expected to be alternatives to PCR. Typically, LAMP relies on the

usage of multiple primers and a polymerase to amplify the target

gene sequence at a constant temperature of 60–65°C for 30–60min.

The amplification efficiency of LAMP is 10–1000 times higher than

that of PCR.123 Tan et al. investigated a Hpall‐edited absolute droplet

LAMP method for accurate detection of the methylation level in

ctDNA.124 The DNA templates and sample solution were encapsu-

lated into droplets by a Y‐shape flow‐focusing droplet‐based

microfluidic device. Then the generated droplets were collected for

LAMP reaction and detection. As a result, hypermethylated DAPK1

can be detected at as low as 1% methylation level with an LoD of

5 aM (ca. 3 copies/μL). Twenty tissue samples from healthy indivi-

duals and cervical cancer patients were collected to evaluate the

practical application of this droplet LAMP approach. The results

showed that the methylation level of DAPK1 was significantly

increased in cervical cancer patients and linearly correlated with

cervical cancer progression (R2 = 0.9829, p < 0.0001). Although this

platform uses tissue samples, there is a great opportunity to apply it

to liquid biopsy. Hsieh et al. developed a ddLAMP assay integrated

with molecular beacon (MB) assay, 3D printed droplet generation,

and smartphone imaging for sequence‐specific DNA detection.117 As

shown in Figure 3c, the ddLAMP assay encapsulated droplets are

generated by a 3D‐printed millifluidic droplet generator with a

Y‐junction structure. LAMP assay was performed with the aid of

MB as a sequence‐specific fluorescent probe. The increased fluores-

cence intensity was measured by a fluorescence microscope with an

EGFP filter and/or with a smartphone‐based imaging system. This

MB‐ddLAMP approach can detect single nucleotide polymorphisms

(SNP) with a sensitivity of 1% and an LoD of 4.39 copies/μL when

using the OmpW DNA template. All the droplet‐based microfluidics for

ctDNA‐based liquid biopsy are summarized in Table 3.

miRNA

miRNA is a type of endogenous noncoding RNA with regulatory

functions, which can regulate gene expression at the levels of

transcription, RNA processing, and translation. Typically, the mecha-

nisms by which miRNAs regulate gene expression involve binding to

mRNA, leading to miRNA destabilization or translational silencing.

Numerous studies have shown that the abnormally expressed

miRNAs can regulate gene expression in a targeted manner, thereby

affecting the occurrence and development of tumors.125 For

example, some highly expressed miRNAs in tumor cells can make

tumor cells proliferate indefinitely. According to He et al., miRNA

from the mir‐17 cluster was highly expressed in B‐cell lymphoma

samples, which can elevate c‐Myc expression to accelerate cell

proliferation and growth.126 On the other hand, some abnormally

expressed miRNAs are closely related to the invasion and metastasis

of tumor cells. Ma et al. reported that the overexpress of miRNA‐10b

in nonmetastatic breast tumor cells can inhibit the encoding of

homeobox D10, resulting in increased expression of the pro‐

metastatic gene, RHOC, thus leading to tumor invasion and

metastasis.127 Zhu et al. found that the suppression of miRNA‐21

in metastatic breast cancer MDA‐MB‐231 cells could upregulate

tumor suppressor genes, such as programmed cell death 4 and

maspin, further reducing cancer invasion.128 Therefore, the detection

of miRNA expression levels in serum/plasma can be used to

differentiate cancer patients from healthy individuals. The concen-

tration of miRNAs varied by cancer clinical grades and subtypes. For

instance, the expression of serum miRNA‐21 in patients with early

diffuse large B‐cell lymphoma was higher than that in stages III and

IV, and the differentiation of patients in different subgroups was

obvious.129 But it is worth mentioning that not all different miRNA

expressions are associated with cancer, and chronic inflammation

may be another reason,130 so it is important to identify specific

aberrantly expressed miRNAs in different cancer types. In addition,

miRNAs are remarkably stable and abundant in serum, plasma, or

exosomes. Based on these unique characteristics, miRNAs can not

only serve as potential biomarkers in liquid biopsy for cancer

diagnosis and prognosis but also are expected to be therapeutic

targets for cancer treatment.

Conventional detection methods for miRNA‐based
liquid biopsy

Conventional methods for detecting miRNAs include northern

blot,131 in situ hybridization,132 and microarrays,133 which are less

sensitive and cost‐effective. Over the past decade, PCR‐based

methods such as RT‐PCR, qPCR, and dPCR have been widely used

for miRNA detection with high sensitivity, wider range, and greater
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precision,134,135 but they are relatively time‐consuming and labor‐

intensive. Other nucleic acid amplification‐based methods, such as

rolling circle amplification (RCA)136 and LAMP,137 have also been

investigated for miRNA detection. Although isothermal amplification

technology is relatively simple and efficient, the sensitivity of

isothermal amplification technology is not enough to replace PCR

in practical use. With the development of nanotechnology, various

nanomaterials (e.g., gold nanoparticles,138 quantum dots,139 and 2D

nanomaterials140) have also been employed as versatile platforms for

miRNA detection. Due to their high surface‐to‐volume ratio and

excellent optical and electrical properties, nanomaterials can be a

powerful tool to boost the sensitivity of miRNA detection. However,

miRNA‐based liquid biopsy is still in its early stages, so it is

important to develop more efficient and practical methods. In the

next section, we will review recent studies on miRNA‐based liquid

biopsy by droplet‐based microfluidics.

Droplet‐based microfluidics for miRNA‐based
liquid biopsy

For circulating miRNA detection, total RNA was usually extracted from

serum or plasma and reverse‐transcribed to obtain the cDNA template

of miRNA. ddPCR as a promising technique can enumerate miRNA

copy numbers at limiting dilution without bias. Wang et al. developed a

ddPCR system based on an oil‐saturated PDMS microfluidic chip for

the quantification of lung cancer‐related miRNA from 10 to

105 copies/μL.141 Cirillo et al. measured overexpressed circulating

miR320a levels in serum samples of ovarian cancer patients using

ddPCR, which was distinct from healthy controls with p = 0.037.142

Jiao et al. successfully detected miRNA‐21 levels in MCF‐10A cells and

MDA‐MB‐231 cells using a 3D‐printed microfluidic chip‐integrated

droplet PCR method.143 In their study, the 3D‐printed chip consisted

of a droplet generation part and a reaction part. T‐junction geome-

try created droplets that went through dynamic thermal cycling

through two heating blocks, dramatically simplifying the PCR process.

However, droplet‐based PCR always requires enzymes and thermal

cycling for amplification, which is easily affected by the environment

inside the droplets. Chen et al. developed an enzyme‐free digital

droplet auto‐catalytic hairpin assemble (ddaCHA) system for miRNA

quantification at single‐molecule resolution.144 The picoliter‐sized

droplets co‐encapsulated with hairpin substrate and miRNAs were

generated by a co‐flow‐focusing junction (Figure 4a). This ddaCHA

system can realize amplification at room temperature without heating

operations. By measuring the hybridization‐induced fluorescence

change, miRNAs can be sensitively detected with a linear range from

1 pM to 10 nM and an LoD of 0.34 pM. This LoD could be reduced to

10 fM when using high‐throughput tracking computation of fluores-

cent droplets with a self‐developed Python script. Similarly, Gines et al.

optimized the amplification process of ddPCR by a DNA‐based

molecular program, which can specifically catalyze targeted miRNA

with sensitivity down to femtomolar concentration.145 Figure 4b

shows a typical procedure for ddPCR mixed with molecular

procedures. After amplification in droplets, the fluorescent positive

droplets are calculated absolutely using Poisson statistics.

Analysis of intracellular miRNA at single‐cell resolution is also

crucial for revealing cell heterogeneity. Li et al. established a droplet

microfluidic for multiple miRNA profiling in a single cell.147 The

integrated microfluidic chip allowed high‐throughput cell isolation, cell

lysis, the isothermal amplification of miRNA, and fluorescence detection

in one chip. The single cells and reaction buffer can be encapsulated into

droplets by the flow‐focusing method with a capture efficiency of

80–150 s−1. miRNA let‐7a and miRNA 20 were quantified simulta-

neously by a laser‐induced fluorescence method with a detection limit

as low as 100 fM. When adapted in the clinic for liquid biopsy, the

developed droplet microfluidic can successfully detect the expression of

miRNA with a calculated amount of 0.66–7.66 zmol per CTCs.

However, this method includes cell lysis inside the droplets, which

could induce high background noise. The lysis buffer also harms

amplification efficiency. To overcome these shortcomings, our group

developed a digital droplet microfluidic flow cytometry based on

biofunctionalized 2D MOF nanosensors (Nano‐DMFC) for high‐

throughput detection of dual characteristic miRNAs of miRNA‐21

(miR‐21) and miRNA‐10a (miR‐10a) in single breast cancer cells

(Figure 4c).146 In our study, single cells were passively loaded into

droplets through flow‐focusing methods with an encapsulation effi-

ciency of around 30%. Two‐dimensional MOF nanomaterial‐based

FRET nanosensors were precisely injected into single‐cell loaded

droplets via an electro‐based microinjector. After cellular endocytosis,

the MOF‐based FRET nanosensor will be turned on due to the

recognition between dye‐labeled nanoprobes on MOF nanosheets and

the targeted miRNAs inside single cancer cells. By measuring the

fluorescence recovery, dual miRNAs can be sensitively and specifically

detected in a high‐throughput manner at single‐cell resolution in 10

mixed positive MCF‐7 cells out of 10,000 normal cells in a bio‐mimic

serum sample. This Nano‐DMFC platform demonstrated comparable

accuracy (92.2%) to the current gold standard approach of EpCAM‐

based flow cytometry (92.5%) when analyzed with blood samples spiked

with cancer cells. Notably, the precise implementation of nanomaterial‐

based FRET biosensors into droplets not only improved the sensitivity

and specificity of detection but also avoided the lysis process of CTCs

and the tedious isolation steps of miRNAs, preventing the interference

signal from cell‐free miRNA and the bulk solution. Another similar work

was reported by Sun et al., who used gold nanoparticle‐based SERS/

FRET nanosensors encapsulated into microfluidic droplets for SERS‐

fluorescence dual‐response detection of miR‐21 within single intact

CTCs.148 Based on the sensing mechanism of SERS turn‐on and

fluorescence turn‐off, the miR‐21 can be sensitively detected with the

lowest detectable concentration of 10 fM. Examples of droplet‐based

microfluidics for miRNA‐based liquid biopsy are presented in Table 4.

Circulating tumor exosomes

Circulating tumor exosomes are small and stable extracellular

vesicles (30–200 nm) secreted by tumor cells and found in

SHI ET AL. | 17 of 27

 27314375, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dro2.92 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [09/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F IGURE 4 Droplet‐based microfluidics for miRNA‐based liquid biopsy. (a) Design and workflow of the droplet‐generating co‐flow focusing
(CFF) junction and single‐molecule microRNA (miRNA) imaging based on digital droplets. Reproduced with permission.144 Copyright 2022,
American Chemical Society. (b) Digital detection of microRNAs. Reproduced under terms of the CC‐BY‐NC license.145 Copyright 2021,
Schlenker et al.145 (c) The scheme of Nano‐DMFC with a sample processing unit and a miRNA detection unit to realize the encapsulation of
single cell in the droplet, microinjection of nanosensors, and fluorescence detection of multi‐miRNA in single circulating tumor cell (CTC) cell.
Reproduced with permission.146 Copyright 2022, Wiley.

TABLE 4 Droplet‐based microfluidics for microRNA (miRNA)‐based liquid biopsy.

Targets Droplet generator Detection method Biomarker Disease Sensitivity References

miRNA Flow‐focusing Digital droplet PCR (ddPCR) miR‐126 Lung cancer 10 copies/μL [141]

Bio‐Rad QX 200
ddPCR system

ddPCR miR320a Ovarian cancer 10.9 copies/μL
R = 0.95

[142]

T‐junction Droplet‐based PCR miR‐21 Breast cancer / [143]

Co‐flow‐focusing ddaCHA / / 0.34 pM [144]

Flow‐focusing ddPCR; molecular
programming

miRNA Let‐7a / 2.7 fM [145]

Flow‐focusing Isothermal amplification miRNA let‐7a;
miRNA 20

Pancreatic cancer 100 fM [147]

Flow‐focusing MOF‐based FRET
nanosensors

miR‐21; miRNA‐10a Breast cancer miR‐21: 0.54 nM;
miR‐10a: 0.94 nM

10 MCF‐7 cells spiked
in 105 normal cells

[146]

Flow‐focusing AuNP‐based SERS/FRET

nanosensors

miR‐21 Breast cancer 10 fM [148]

18 of 27 | DROPLET

 27314375, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/dro2.92 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [09/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



circulation, carrying a variety of tumor‐derived biological components,

such as DNA, RNA, and proteins. As a carrier of intercellular

communication, circulating tumor exosomes are usually produced

and released in large quantities, and participate in multiple processes

such as tumor growth, invasion, and metastasis.149–151 It has been

reported that tumor‐derived exosomes can promote the formation of

the tumor microenvironment through tumor‐stromal cell interactions,

which, in turn, leads to tumor progression.152 Compared with CTCs

and ctDNA, circulating exosomes with high abundance are widely

distributed in various body fluids, such as serum, plasma, urine, saliva,

and so on. The concentration of exosomes is usually over 109 vesicles/

mL in blood, which is tremendously higher than that of CTCs and

ctDNA.153 Wang et al. compared the number of exosomes extracted

from serum and plasma.154 They found that serum not only had higher

concentrations of exosomes but also higher chance of interference by

wild‐type DNA interference during detection. Plasma may contain

lower amounts of exosomes but has higher sensitivity for mutation

detection. The expression level of exosomes at the early stage of

cancer patients is much higher than that of CTCs and tumor

antigens,155 indicating that exosomes can sensitively reflect the tumor

status. Furthermore, exosomes can effectively protect nucleic acid

substances in the form of secretory vesicles, which overcomes the

problem of easy degradation of ctDNA and RNA in blood. Overall,

circulating tumor exosomes are rich in information, large in quantity,

easy to obtain from body fluid samples, expressed tumor biomarkers in

early stages, and highly stable, which makes them ideal biomarkers for

early diagnosis, prognosis, and monitoring of cancer.

Conventional detection methods for circulating tumor
exosomes‐based liquid biopsy

Current exosome isolation techniques mainly include ultracentrifugation‐

based methods,156,157 size‐based methods,158 precipitation,156,158 and

immunoaffinity capture.159 In short, ultracentrifugation‐based methods

such as differential centrifugation are the gold standard for isolating

exosomes, which involve successive increases in centrifugal force to

purify exosomes according to size and density.157 However, it is time‐

consuming, has low yield, and may cause exosome damage due to high

centrifugal force. Size‐based methods, such as ultrafiltration, use

nanomembranes to cut off large particles with a defined molecular

weight or pore size.158 This is a quick and straightforward approach but

may cause exosome damage. The precipitation method is a method of

separating exosomes through a hydrophilic polymer using a precipitation

reagent, which is convenient to use but has low purity.160 Commercially

available isolation kits include Total Exosome Isolation Reagent (Invitro-

gen) and Exo Quick (Systems Biosciences). Immunoaffinity capture is a

method of isolation using exosome‐specific surface proteins and

magnetic bead technology, which has high specificity but is limited by

the high heterogeneity of exosomes.159 Moreover, separation from

magnetic beads will cause irreversible damage to exosomes. It can be

seen that the main difficulties to be overcome in the traditional method

of isolating exosomes are the long process time, low purity, and high risk

of exosome damage. The analysis of exosomes is mainly based on gene

and protein cargos.161,162 Common detection methods include PCR‐

based methods, NGS‐based methods, immunological assays, ELISA, and

so on. Although exosome detection is still in its infancy, exosomes have

great potential in the field of liquid biopsy due to their unsurpassed

advantages. In the next section, we will review the latest research on

droplet‐based microfluidics for exosome‐based liquid biopsy (Table 5).

Droplet‐based microfluidics for circulating tumor
exosomes‐based liquid biopsy

Exosomes mainly contain DNA, mRNA, miRNA, and proteins. For

exosomal nucleic acid detection, ddPCR is widely used as a powerful

downstream analysis tool. For example, Li et al. isolated exosomes

from serum by a commercially available ExoQuick™ kit, and used

ddPCR to detect tumor‐specific TP53 mutations in exosomal DNA of

HCC patients with a sensitivity of 80%.120 Bernard et al. isolated

exosomes by ultracentrifugation and demonstrated that ddPCR using

exosomal DNA was more sensitive than ddPCR using ctDNA for the

detection of KRAS mutations in clinical samples of pancreatic cancer

patients.163 The detection rate of ddPCR using exosomal DNA and

ctDNA was 61% and 53% in metastatic disease and 38% and 34% in

localized disease, respectively. The results could be explained by the

abundance of exosomes in the clinical sample. Wang et al.

investigated cancer‐related mutation in exosomal DNA from clinical

samples of pancreatic cancer patients by ddPCR.154 They found no

significant difference in exosomal yield and KRAS mutation allele

fraction between exosomes isolated from the membrane‐based

method or ultracentrifugation method. The sensitivity of ddPCR

can be improved by inducing DNA denaturation before droplet

formation. In pancreatic cancer patients, the total KRAS mutations in

exosomal DNA detected by denaturation‐enhanced ddPCR were

1.65‐fold higher than standard ddPCR. In addition to traditional

isolation methods, an acoustofluidic method combined with ddPCR

was developed for salivary exosome isolation and exosomal DNA

detection.164 According to Wang et al., exosomes in saliva from HPV‐

OPC patients can be separated according to size based on the

acoustic radiation force (Fr) induced by the SAW field and the drag

force (Fd) induced by the fluid. The isolated exosomes were further

analyzed by ddPCR, showing an LoD of 47.8 copies of HPV16 DNA/

mL. The exosomes isolated by the developed acoustofluidic platform

were of high purity and yield, which could benefit the downstream

droplet‐based genetic analysis.

In addition to DNA, exosomes also contain RNA, such as IncRNA,

miRNA, and mRNA, which can be applied to the diagnosis of various

tumors. For example, Wang et al. used ddPCR to detect urinary

exosomal miR‐29a with an LoD of less than 50 copies/μL, which was

120 times more sensitive than qPCR.165 Shen et al. quantified the

copy numbers of IncRNA in EpCAM‐positive exosomes isolated with

magnetic beads by ddPCR.166 Cui et al. developed a flow‐focusing

and co‐flowing combined microfluidic device to achieve one‐step

RT‐PCR for the detection of miRNA in single exosomes.167 In their
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study, exosomes were first isolated by ultracentrifugation. Then, the

isolated exosomes were further labeled with CD63‐conjugated

magnetic beads and co‐encapsulated into droplets with RT‐PCR

mix and lysis buffer by co‐flowing design. miRNA inside exosomes

were released after lysis and amplified for PCR detection. By using

synthetic has‐miR‐21‐5p, the sensitivity of this platform can be as

low as one copy per droplet. When using clinical samples from lung

cancer patients, the exoRNA in the positive droplets could be

detected after 30 cycles. However, most of the current work involves

exosome isolation off‐chip, which may require complex manual

operations. To address this problem, Lu et al. developed an integrated

microfluidic system for high‐throughput on‐chip exosome isolation

and multiple lung cancer RNA analysis through ddPCR.119 As shown

in Figure 5a, the integrated chip has four sections, including the

exosome isolation chamber, droplet generation structure, droplet

reaction chamber, and the PMMA packing structure. Exosome

isolation, lysis, and detection can all be completed in one chip

without contaminations. Droplets containing the reaction mixture

were generated by a flow‐focusing method and analyzed by ddPCR.

The high‐throughput analysis was achieved by the large volume of

the final reaction droplets at ~100,000, indicating its potential in

liquid biopsy. On the other hand, another disadvantage of ddPCR is

the complexity of the instrument. To overcome the dependence on

equipment, Zhang et al. developed a photothermal ddPCR system

driven by Mxene‐integrated nanomaterials for duplex cell‐derived

exosomal miRNA expression profiling.168 In Figure 5b, exosomes

were first captured by magnetic nanoparticles and lysed for RNA

extraction. Mxene‐integrated nanomaterials were formed by adher-

ing Mxene onto the surface of other magnetic beads. The hydrogel‐

based droplets as microcarriers containing cDNA templates, PCR mix,

and photothermal Mxene‐integrated nanomaterials were generated

by a flow‐focusing microfluidic chip. With a homemade automated

NIR control module, the tunable thermal response of Mxene‐

integrated nanomaterials enables reverse transcription analysis and

PCR thermal cycling to detect duplex miRNAs in a simple bench‐top

process. The results showed that the developed NIR‐responsive

ddPCR system can successfully distinguish prostate cancer cases

from health controls with 7–210 folds higher exosomal miRNA

(miRNA‐21‐5P, miRNA‐375‐3P, and miRNA‐574‐3p) expression

levels in the former. To further extend this work, Parvin et al.

combined MoS2 with this photothermal hydrogel‐based dPCR

approach to detect exosomal miRNA expression in liver cancer.169

The results showed that exosomal miRNA‐200b‐3p and miRNA21‐5p

expression was 19–31‐fold higher and miRNA‐22‐3P expression was

F IGURE 5 Droplet‐based microfluidics for circulating tumor exosomes‐based liquid biopsy. (a) Schematic diagram of the integrated exosome
analysis system. Reproduced with permission.119 Copyright 2021, Elsevier. (b) Schematics of exosome‐derived microRNA (miRNA) detection
approach. It consists of consecutive two‐step of exosome capturing and photothermal dPCR processes. Reproduced with permission.168

Copyright 2022, Wiley‐VCH. (c) Working principle of the highly sensitive quantification of tumor‐derived Exo‐PD‐L1 using aptamer‐based PLA.
Reproduced with permission.170 Copyright 2020, Wiley‐VCH. (d) Schematic showing the droplet digital ExoELISA for exosome quantification.
Reproduced with permission.171 Copyright 2018, American Chemical Society.
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10‐fold lower in liver cancer samples compared with healthy controls.

It can be seen that this NIR‐responsive hydrogel‐based dPCR system

simplifies the thermocycling process of PCR and prevents the

evaporating and coalescence problems of the aqueous droplet,

indicating a promising application for on‐site detection.

For exosomal protein detection, Lin et al., developed a TRACER

platform for the detection of tumor‐derived exosomal PD‐L1 by

dual‐aptamer activated proximity‐induced ddPCR.170 In Figure 5c,

PD‐L1 and EpCAM were simultaneously labeled with corresponding

extended dual‐aptamers to distinguish normal exosomes and tumor‐

derived exosomes. All the exosomes were isolated by standard

differential ultracentrifugation from cell culture supernatants. In the

presence of connector probe and ligase, the two extended aptamer

can be closed ligated due to the close proximity. The ligation products

can be further quantified by ddPCR, reflecting the number of tumor‐

derived Exo‐PD‐L1. The ddPCR results showed a positive correlation of

exosome concentrations with copy numbers of amplified PLA products

(R2 = 0.997) with a calculated LoD of 0.0735 pg/mL. By evaluating

exosomes isolated from cancer patient plasma, the TRACER strategy

could successfully identify exosomes from cancer patients and healthy

donors (t‐test, p < 0.0001). Besides, Liu et al. developed a droplet

digital exoELISA approach for the quantification of exosomes at the

single‐cell level.171 As shown in Figure 5d, the exosome suspension

was first bound with a sufficient number of antibody‐modified

magnetic beads and detection antibodies with an enzymatic reporter,

forming a single sandwich ELISA complex. After that, the prepared

beads and enzymatic substrates were co‐encapsulated into droplets by

a Y‐shape flow‐focusing microfluidic ship. In the presence of an

exosome immunocomplex, the substrate was catalyzed by enzymes

and produced a fluorescent signal in the droplet. By measuring the

signal change, exosomes can be sensitively detected with an LoD

down to 5 exosomes/μL.

CHALLENGES AND FUTURE PERSPECTIVES

Today, liquid biopsy still faces many challenges. As biomarkers for

liquid biopsy, CTCs, ctDNA, miRNA, and exosomes have their

strengths and drawbacks. For example, although CTCs carry

comprehensive tumor genetic information and can reflect the

function and heterogeneity of tumor cells, they are difficult to enrich

due to their rarity. ctDNA is a tumor‐specific biomarker with

comprehensive genetic information that can reflect tumor status in

real time. Due to the advancement in DNA extraction technology and

the development of PCR technology, ctDNA‐based liquid biopsy has

great potential in the applications of cancer screening, diagnosis,

prognosis, and drug screening. However, in the early stage of cancer,

the amount of ctDNA is very low, which puts forward high

requirements for detection sensitivity. As a new type of biomarker,

miRNA has the potential to integrate diagnosis and treatment that

cannot be ignored. The rich tumor information and a huge quantity of

exosomes make liquid biopsy highly sought‐after. However, due to

the late start of the research, miRNA‐ and exosome‐based liquid

biopsy currently lacks relevant research. In addition, the heterogene-

ity of tumor cells and molecules is a major obstacle in cancer

diagnosis and treatment. It is difficult for a single detection method to

fully reveal the progression and classification of tumors. Analysis of

multiple biomarkers helps to understand the heterogeneity of cancer

cells at different levels, such as genetics, transcriptomics, and

proteomics. On the other hand, due to the different characteristics

of biomarkers, the joint detection of multiple liquid biopsy methods

can complement each other to achieve early screening, diagnosis, and

prognosis of cancer. Nowadays, it is not enough to rely on CTC

detection alone in clinical practice, and it needs to be combined with

ctDNA detection for auxiliary diagnosis. It can be seen that the

combined use of multiple liquid biopsy methods will be a major trend

in the future. The precise diagnosis of cancer is like a big puzzle,

which cannot be solved alone, and must be combined with multiple

detections for comprehensive analysis.

The advent of droplet microfluidics has brought new insights into

solving these challenges. First, droplet‐based microfluidic technology

can divide macroscopic samples into tens of thousands of micro-

droplets, further enhancing the advantages of microfluidic chips, such

as low consumption, automation, and high sensitivity. Second, the

formation of a large number of microdroplets provides a reliable

platform for high‐throughput biomarker detection at the single‐cell/

molecular level, which is very suitable for the study of tumor cell or

molecular heterogeneity. Third, droplet‐based microfluidics have great

potential as integrated devices that can perform on‐chip isolation and

sample preparation steps. Currently, the separation of biomarkers is

mainly performed off‐chip, which may require complex manual

operations and cause unavoidable contamination. Droplet‐based

microfluidics can quickly encapsulate isolated biomarkers into droplets

at the single‐cell level without contamination for various downstream

detections, such as genome, transcriptome, and proteome, realizing a

“sample‐in‐result‐out” detection platform. Fourth, droplet‐based mi-

crofluidics is capable of integrating multiple assays, which contributes

to a deeper understanding of cancer from different levels, enabling

comprehensive cancer diagnosis, prognosis, and monitoring within one

chip. Based on these advantages, droplet‐based microfluidics have

broad prospects in the field of liquid biopsy.

However, droplet microfluidics based on “water in oil” technol-

ogy is a “liquid–liquid phase” system. Compared with the traditional

“solid–liquid phase” system microfluidics for cancer diagnosis, the

stability and controllability of droplet‐based microfluidics are

relatively low. Especially when performing immunoassays, droplet‐

based microfluidics cannot implement washing steps to remove

unbound antibodies or fluorescent labels, which will result in

nonnegligible background noise within the droplet. Nevertheless,

most droplet‐based microfluidics rely on Poisson distribution to

achieve single‐cell/molecule/exosome isolation, which has a rela-

tively low encapsulation efficiency and most of the droplets are

empty. To improve the control of droplets, DMF, as a “solid–liquid

phase” based droplet microfluidics, has received extensive atten-

tion. DMF can achieve precise manipulation of droplets, but low

throughput is its main challenge. Furthermore, microchamber‐based
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microfluidics are also “solid–liquid” systems, in which single‐cell/

molecule/exosome can be trapped in nanoliter chambers. Compared

with droplet‐based microfluidics, the encapsulation of biomarkers

by microchamber‐based microfluidics is also limited by the Poisson

distribution, but it has the advantage of simple washing steps

and is more suitable for multiplex reactions. Compared with DMF,

the detection throughput of microchamber‐based microfluidics

is significantly improved, but its control of droplets is not precise

enough. Moreover, microchamber‐based microfluidics are not

suitable for quantitative analysis. In general, when the multiplexing

capability and detection throughput increase, the liquid volume

in the microchamber inevitably increases, thereby reducing the

detection sensitivity.

Overall, droplet‐based microfluidics has promising applications due

to its high throughput, low contamination, high sensitivity, and single‐

cell/molecule/exosome analysis capabilities. Some droplet‐based micro-

fluidics have entered the stage of industrialization. Among them, the

most representative product is ddPCR. Many manufacturers, such as

Bio‐Rad, Life Technologies, RainDance Technologies, and so on have

launched commercial dPCR equipment. In addition, Illumina has

introduced Drop‐Seq technology to analyze mRNA transcripts in

single‐cell droplets. However, most of the current commercialized

droplet‐based microfluidic products contain multistep off‐chip opera-

tions, making detection complex and prone to contamination. In future

development, the easy‐to‐use and integrated droplet microfluidic

platform will be the main direction. The emergence of artificial

intelligence will also provide great potential for data analysis with high‐

throughput droplets.
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