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Flow cytometry has proven its capability for rapid and quantitative analysis of individual cells and the sep-
aration of targeted biological samples from others. The emerging microfluidics technology makes it poss-
ible to develop portable microfluidic diagnostic devices for point-of-care testing (POCT) applications.
Microfluidic flow cytometry (MFCM), where flow cytometry and microfluidics are combined to achieve
similar or even superior functionalities on microfluidic chips, provides a powerful single-cell characteris-
ation and sorting tool for various biological samples. In recent years, researchers have made great pro-
gress in the development of the MFCM including focusing, detecting, and sorting subsystems, and its
unique capabilities have been demonstrated in various biological applications. Moreover, liquid biopsy
using blood can provide various physiological and pathological information. Thus, biomarkers from blood
are regarded as meaningful circulating transporters of signal molecules or particles and have great poten-
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tial to be used as non (or minimally)-invasive diagnostic tools. In this review, we summarise the recent
progress of the key subsystems for MFCM and its achievements in blood-based biomarker analysis. Finally,
foresight is offered to highlight the research challenges faced by MFCM in expanding into blood-based

rsc.li/analyst POCT applications, potentially yielding commercialisation opportunities.
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1 Introduction

Flow cytometry is a powerful single cell analysis instrument
which has been widely utilised for disease diagnostics after its
innovation in the late 1960s, as a result of its unique character-
istics including accurate cell counting, and high-resolution
detecting and sorting." Most conventional flow cytometry is
based on fluorescence or impedance methods to achieve cell
detection or sorting by pumping fluid containing samples into
narrow flow chambers which are designed for related signal
generation and acquisition. When samples pass through the
flow chambers, corresponding signals are generated and ana-
lysed. Researchers are able to characterise the biological and
physical information of samples, for example, micro-organ-
isms, viruses, and individual cells with the assistance of flow
cytometry. More importantly, flow cytometry can conduct ana-
lysis in a non-destructive and high throughput manner.
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As illustrated in the left side of Fig. 1, four essential func-
tional systems are typically assembled in modern flow cyt-
ometers: modules for sample focusing, detecting, sorting, and
data analysing. Usually, a flow cytometry analysis is performed
in the following steps to investigate sample properties indivi-
dually. First, samples are mixed with buffer to create a solution
which is then pumped into a detection chamber. The sample
tends to suspend in the solution randomly, therefore, a focus-
ing system is used to narrow the sample solution to a core flow
for passing through the detecting module. After acquiring
related signals from the detection system, the sorting system is
activated to allow for the separation and collection of the
target cells. Although flow cytometers have become a basic
establishment for the bioassays, normally, they are regarded as
complex and costly instruments. To acquire signals in multiple
dimensions, an optical-based flow cytometer needs to inte-
grate more than one unit of optical detection setup including
bulky laser generators, lenses, filters, and photosensors. Thus,
most commercial flow cytometers have a high demand in daily
maintenance and operation, which hinders their wide appli-
cations in different areas and fields such as diagnostics in low-
resource settings and point of care (POC) testing.>

The last few decades have seen the emergence and growth
of microfluidic technology. Microfluidics is the technology of
manipulation of fluid in microchannels with dimensions in
the range of tens of micrometres, and it has expanded rapidly
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into the field of cell biology and many other fields."*> To over-
come the drawbacks of conventional flow cytometers, scien-
tists and engineers applied microfluidic technologies to flow
cytometry, resulting in microfluidic flow cytometry. In a micro-
fluidic flow cytometer (MFCM), samples can be confined in
micrometre-sized chambers and channels that are compatible
with their intrinsic volume, thus significantly reducing the
amount of dilution or buffer solution required. MFCM also
enables the integration of multiple liquid manipulation pro-
cesses required in multi-step analytic processes, such as
pumping, sampling, dispensing, and sequential loading and
washing. The chip format also provides more versatile detect-
ing and sorting methods, for example, multiple detection
units can be integrated, and the sorting approach can be
varied based on the target sample. These lab-on-a-chip
methods have become a potential solution for compact, rapid,
and accurate POC diagnostics in underdeveloped settings.*®®

A schematic illustration of a microfluidic flow cytometer is
shown in Fig. 1 (right side). By applying precise pumping, a
sample can be manipulated in the microchannels as desired.
The small size of microfluidic chips means a reduced amount
of sample and reagent is normally needed for MFCMs.
Moreover, the disposable microchip significantly reduces the
cost and avoids cross-contamination. In addition, the inte-
grated detection units can be optimised and miniaturised
according to the microchip. Therefore, a MFCM usually has a
smaller size. With the rapid development of electronics and
computer science, data processing has become easier to be
miniaturised and integrated into the systems. However, com-
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pared to conventional flow cytometers, MFCMs show their
own disadvantages. For example, a lower flow rate for bio
sample transportation exists in many microfluidic appli-
cations. Researchers and engineers are still seeking for solu-
tions to integrate and simplify functional subsystems on
microchips.

Biomarkers are commonly found in bodily fluids or tissues
and can reflect cellular and molecular variations. As a result, it
is instrumental for clinical diagnostic and therapeutic appli-
cations that disease-related biomarkers can be detected and
quantified.” Circulating nucleic acids, metabolites, single
cells, and viruses existing in living tissues, cells, or bodily
fluids constitute all varieties of human biomarkers.
Monitoring of conversions, increasing, or decreasing of these
biomarkers can be regarded as clinical criteria to prove disease
or even forecast disease developments.”'! Therefore, bio-
markers play a significant role in POC diagnostics, medicine
monitoring, and therapeutical arrangement.

Blood, as the most important bodily fluid, is capable of
indicating a wide range of physiological and pathological pro-
perties. Also, various advantages make blood one of the most
common choices of liquid biopsy, for example, it is a well-
defined material and it is accessible depending on the testing
requirements.® Therefore, blood-based biomarkers are utilised
as signal transporters in the circulating system, showing
various physiological and pathological conditions and might
be applied in non-invasive diagnostic methods. Common bio-
markers in blood and diseases that can be diagnosed based on
these biomarkers are listed in Table 1.”'>*3
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Fig. 1 Schematic illustration of typical off-chip (left side) and on-chip (right side) flow cytometry setup and workflow including (a) Sample focusing.

(b) Sample detecting. (c) Sample sorting. (d) Data processing & analysis.

In this review, we seek to examine and summarise the
recent major developments of MFCMs for blood-based bio-
marker analysis. We will outline the key enabling technologies
(including sample focusing, detecting, and sorting) and recent
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advances, as well as discuss challenges and future trends as
research progresses towards commercial platforms.

2 Focusing systems for microfluidic
flow cytometry

In a typical MFCM, to avoid the simultaneous presence of mul-
tiple samples in the detection area, proper strategies need to
be applied to narrow down the sample suspension stream. By
properly focusing the samples, they can be reordered along the
central line without contacting each other and the flow cell
wall. Eliminating the instability of the sample velocity via
proper alignment strategies also ensures the accuracy of
acquired signals and the accuracy of the sample sorting
process downstream. Therefore, an effective microfluidic
focusing system plays a crucial role in a high-performance
MFCM. Here, we briefly summarise common strategies
adopted for sample focusing, more detailed reviews on this
topic can be found elsewhere.®

2.1 Hydrodynamic focusing system

Hydrodynamic based focusing systems are the most common
technique to narrow sample flow and have been widely used in
conventional flow cytometry applications. The emerging
MFCMs also take advantage of this technique. By verifying the
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Table 1 List of biomarkers in blood

Biomarker
category Sub-categories Diseases Ref.
Circulating « Cell free DNA (cfDNA) - Cancer 14-16
nucleic acids ~ « RNA « Viral infection
- Hepatitis
« AIDS
- Bacterial
infection
« Influenza
Metabolites « Prostate-specific « Prostate cancer 17-19
antigen
« Matrix « Endometriosis,
metalloproteinase breast cancer
- p-Galactosidase - Bacterial
infection
« Cellobiohydrolase - Bacterial
infection
« Glucose oxidase « Diabetes
« Catalase « Infection,
inflammation,
cancer
« C-reactive protein
Cells « Circular tumour cell « Cancer 20-23
(cTc)
- Bacteria - Bacterial
infection
« Fungi « Nosocomial
infection
Viruses - Hepatitis viruses « Viral infection 24
« Human » Dengue and
immunodeficiency 25

viruses (HIV)
« Influenza viruses

microchannel geometries, the focusing performance can be
significantly improved and the overall size can be further
reduced. Additionally, the simple and straightforward working
mechanism makes it possible to easily modify the associated
microchannel geometries and achieve mass production at a
low cost using standard manufacturing processes such as
thermal plastic injection moulding and soft lithography.
However, for a planar hydrodynamic focusing technique, the
sample core flow can only be limited in the horizontal plane,
which hinders its potential to be used in applications with
high precision requirements such as image-based detection.

As shown in Fig. 2a, 2D focusing is defined as the horizon-
tal narrowing of samples to the centre plane of a channel, with
samples still spread over the microchannel depth. The recent
advances and applications of 2D focusing have been compre-
hensively reviewed in recent publications.”””® This focusing
method is mainly capable of particle sorting applications
despite the fact that particle adsorption to the above and
below channel walls might be a problem at times. Recent
advances such as image-based flow cytometry require high
detection sensitivity, and 3D focusing-horizontal and vertical
sample focusing, is necessary.”® The 2D hydrodynamic focus-
ing is the most commonly used method in MFCM due to its
simple fabrication process, simple control requirement, and
high throughput. However, the lack of control of particle posi-
tion in the vertical direction limits the stability of signals.
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As shown in Fig. 2b, 3D microfluidic focusing methods
limit the core flow both horizontally and vertically, and, there-
fore, provide more accurate and reliable signals. However,
because of the planar fabrication process of microchips, realis-
ing on-chip 3D focusing demands more effort than 2D focus-
ing. Normally, multiple-layer microchip designs were used to
accomplish 3D hydrodynamic focusing, in which the sample
stream is constrained to the centre by sheath flows.>
Alternatively, as an example, a 3D focusing MFCM using
hydrodynamic forces by applying a micro-weir structure design
at the bottom of the channel was developed by Fu et al.>® The
suggested platform effectively separated microbeads with
different diameters (5 pm and 10 pm) in the vertical direction.
It was also demonstrated that separating the samples caused
their sequential passage through the device’s interrogation
chamber, which increased the detection process’ performance.
The same group later employed the Saffman shear lifting force
created by a sequence of micro-weirs of gradually decreasing
height to focus the sample stream along the centre-line of the
microchannel in a 3D focusing sheathless MFCM.?° The newer
design achieved a focusing performance of above 99.5% for
microbeads with diameters of 5 and 10 pm. The 3D hydrodyn-
amic focusing method largely improves sensitivity level and
holds its advantage of high throughput. However, it requires
more complex fabrication process and complicated fluid
pumping systems.

2.2 Inertial focusing systems

Cross-stream particle motion is used in inertial focusing
methods to concentrate particles into one or multiple streams
(Fig. 2d). Different channel designs have been investigated for
affecting the inertial focusing results, including straight
channels,®'* curved channels,>*?® and type-specific (e.g.,
groove-structure) channels.”’ *" In a channel flow, samples are
affected by both shear gradient and wall effect forces, and
sample focusing happens whenever these combined forces are
balanced. Particles, cells, viruses, and other items have been
counted and sorted using inertial focusing microfluidic cyt-
ometers.”” Oakey et al.,"* for example, built a staged inertial-
based microfluidic system with both straight and curved
channel designs to restrict particles into a core flow without
the use of a sheath flow. The suggested channel’s accuracy was
found to be comparable to commercial cytometers with hydro-
dynamic focusing systems. Furthermore, the device’s perform-
ance was shown to enhance as the flow rate increased, indicat-
ing that it has the capability to be used in high-throughput
analytical settings. Tang et al.** demonstrated an impedance-
based MFCM with liquid electrodes and an inertial focusing
module. The practicality of the suggested cytometer was
proved by examining the size distributions of white blood cells
(WBCs) and breast tumour cells (MCF-7) in human whole
blood samples. Unlike the hydrodynamic focusing, well-
designed microchannel structures ensure its advantages in
simple fluidic (due to sheathless) control and throughput.
However, the specific geometry and requirement on precise
flow rate limit its popularisation in MFCMs.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic of sample focusing methods used in MFCMs. Typical methods are based on (a and b) hydrodynamic, (c and d) inertial, (e) DEP, (f)

acoustic, and (g) droplet-based techniques.

2.3 Dielectrophoresis based focusing systems

Dielectrophoresis (DEP) is a commonly used method for
manipulating cells, particles, DNAs, viruses, and many other
items in microfluidic systems.*>™* DEP is also widely
employed in a range of bio-sensing devices for trapping, pat-
terning, focusing, separating, transporting, and depositing.
The DEP force is affected by particle diameter, dielectric
characteristics of the particles, and the fluid through which
they are conveyed. Furthermore, the DEP force changes as a
function of frequency in an alternating current (AC) field. The
DEP response may be adjusted from negative (particles are
rejected from high-intensity field zones) to positive (particles
are drawn to high-intensity field zones) based on the dielectric
characteristics of the fluid and particle. The crossover fre-
quency is the frequency where this change happens. Negative
DEP forces were typically used in electrode-based DEP 2D
focusing techniques.*® To achieve 3D focusing, combining
with other focusing strategies is necessary. For example, Lin
et al.*® designed a 3D focusing platform combining hydrodyn-
amic forces and a vertically applied negative DEP force.
Polystyrene microbeads (diameters of 10 and 20 pm) and
diluted human RBCs were used to illustrate the practicality of
the proposed technology. The DEP force increased the consist-
ency of the acquired signal amplitude, which improved the

This journal is © The Royal Society of Chemistry 2022

accuracy and consistency of the detection findings. The DEP
focusing provides a high level in sensitivity but at the same
time sacrifices the throughput. Also, the additional microfabri-
cation process of microelectrodes and the frequency depen-
dent complex control constrain its utilisation in MFCM.

2.4 Acoustic focusing systems

Large forces may be generated on samples in a microfluidic
device using acoustic fields. The samples can migrate toward
either the pressure nodes or the antinodes as a result of acous-
tic manipulation, depending on the particle density and
deformability, as well as the environment in which they are
dispersed, as illustrated in Fig. 2f.>° Moreover, the particles
can be driven to migrate within a microfluidic channel by acti-
vating a sequence of interdigital transducers (IDTs) on a piezo-
electric material at their resonance frequencies, resulting in a
sample movement effect.>'™>?

Numerous approaches for microfluidic manipulation utilis-
ing either travelling surface acoustic waves (TSAWSs)>*>® or
standing surface acoustic waves (SSAWs)’**” have been
reported in various studies. Surface acoustic wave (SAW)-based
systems offer a large working frequency range (1 MHz-1 GHz,
corresponding to acoustic wavelengths of 4-4000 pm on a
piezoelectric lithium niobate substrate) with high biocompat-

Analyst, 2022, 147, 2895-2917 | 2899
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ibility for microspheres handling.® Recent research has
revealed that acoustic fields can not only be utilised to trans-
port samples at the microscopic level, but they can also be
used to focus samples efficiently. For example, Collins and Ai
et al.>®*®" applied a group of IDTs to generate narrow acoustic
beams with a width of 10-20 pm. Also, a series of hybrid focus-
ing methods combing hydrodynamics and acoustic were devel-
oped by Huang’s group to enhance the focusing performance
and reduce the fabrication process.’>**

Acoustic based focusing systems have been successfully
applied on MFCM for a wide range of bio samples. Chen
et al.®® developed an SSAW-based MFCM wherein the samples
were focused by a 3D focusing field formed by twin IDTs and
detected using a laser-based fluorescence approach in the
downstream detection chamber. At a rate of ~1000 particles
per s, the suggested system has a coefficient of variation of less
than 10%, according to the result acquired using calibrating
beads. With a planar electrode Coulter-type impedance
spectrometer, Grenvall et al.®® developed an acoustic focusing
microchip enabling sheathless focusing of cells and particles,
as well as subsequent separating and counting. The system
was applied to analyse single and mixed size particle suspen-
sions, and also diluted whole blood samples. The findings
were found to be quite comparable to those found using a
standard standalone Coulter counter. The acoustic focusing
system can maintain high throughput and sensitivity, but the
requirement of specific piezoelectric transducers may intro-
duce more cost and complexity.

2.5 Droplet-based focusing systems

In the past decade, droplet-based microfluidics has emerged
as a powerful tool for the encapsulation and manipulation of
individual cells in a high-throughput manner within pico-litre
microdroplets, which has revolutionised the study of single
cell analysis.*®”°® For encapsulating single cells, a cell suspen-
sion is dispensed into a single droplet in the oil phase
(Fig. 2g). Then the generated microdroplets are reinjected into
a customised detection chamber of the MFCM. In the follow-
ing detection system, instead of detecting labelled individual
cells, cell-laden microdroplets are targeted. In this case, the
focusing step is simplified since the aimed size is enlarged
from individual cells to cell-laden microdroplets, where dro-
plets are narrowed within the interrogation flow channel and
driven through the detection unit in order. Then the data is
acquired, and the desired sample can be sorted along with its
droplet compartment in the sorting unit downstream. Instead
of acting on individual cells, the droplet-based focusing
method provides an alternative approach, which allows the
detecting and sorting system to directly target based on the
content of the individual droplets. Baret et al built a fluo-
rescence-activated droplet sorting (FADS) system that was
designed to sort picolitre-sized microdroplets by DEP. In this
work, no focusing model is involved and the aqueous droplets
flow through the fluorescence-based detecting system in
sequence which finally achieved an accurate sorting result.
Water-in-oil microdroplets were pumped into a microchip
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sorter in which samples were spaced out and separated at a
Y-shaped structure. Similarly, to identify the cells with high
a-amylase expression, Sjostrom et al.°® employed a FADS plat-
form to screen a yeast library with mutations randomly
inserted across the genome by UV-irradiation mutagenesis.
Over the process of about 2 h, nearly 3 x 10° microdroplets
were sorted at a frequency of 323 samples per second. With
the aid of the droplet technique, no conventional focusing
module is required. Unlike the conventional on-chip process,
Cole et al.”® developed printed droplet microfluidics techno-
logy, where individual cells and reagents were encapsulated in
microdroplets and then a fluorescence-based droplet sorter
actively selected and deposited desired samples on an arrayed
format substrate. As a new focusing concept to treat droplets
as the target, the aimed size is enlarged from individual
sample to sample-laden microdroplets, which allows high sen-
sitivity and throughput. However, the droplet size needs to be
precisely controlled actively or passively.

3 Detecting systems for microfluidic
flow cytometry

The detection capability of MFCMs is dependent on samples
being precisely streamwise positioned such that they are able
to pass the interrogation chamber in a single line. Optical scat-
tering-based approaches have typically been used to identify
and analyse focused samples’®° (Fig. 3a). However, imaging-
based detection®®° (Fig. 3b) and impedance-based
detection® ™% (Fig. 3c) have become progressively universal in
the past decade. We will briefly summarise these techniques
in the following sections, full details of them have been
reviewed elsewhere.”>?°71"

3.1 Optical-based detecting systems

Forward scatter (FSC) and side scatter (SSC) signals, as well as
at least a few fluorescence colours signals, are always acquired
by traditional flow cytometers.'”>'°® The FSC and SSC data
reveal sample size and internal granularity, whereas the fluo-
rescent data allows immunophenotyping to be used to dis-
tinguish between distinct sample types. To realise the minia-
turisation of this optical system in MFCMSs, recent efforts were
made from different perspectives. For example, Fig. 3a shows a
typical optical-based detecting module on MFCM. The exciting
laser beams were shaped and focused on the sample flow area,
and the integrated optical components downstream collected
the FSC and SSC information which were detected by photo-
multiplier tubes (PMTs) with appropriate band pass filters.

3.2 Image-based detecting systems

Image-based analysis detection approaches for MFCMs inte-
grate the high-resolution cell imaging abilities of microscopes
with the high-throughput capability of conventional MFCMs.
Optical imaging is, without a doubt, the most effective method
for visualising live cells with great spatiotemporal resolution.
As a result, optical imaging techniques are progressively being

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Schematic of sample detecting system setups in microfluidic flow cytometry. Typical methods are based on (a) optic-based detection, (b)

image-based detection, and (c) impedance-based detection.

used in state-of-the-art cellular assay procedures for the categ-
orization of distinct cell types/stages and dissection of their
individual cellular activities. Introducing imaging capabilities
to MFCMs, however, limits the throughput to ~1000 cells per
second, which is significantly less than 100000 cells per
second for gold-standard flow cytometers. Normally, the
detecting sensors applied in image-based MFCMs can be
divided into two types: (1) camera-based imaging sensors such
as charge coupled devices (CCD) and complementary metal-
oxide-semiconductor (CMOS) devices;*""?*'%*7 1% and (2)
photodetector-based imaging devices.'”” "' As shown in
Fig. 3b, in imaging-based MFCM systems, utilising camera-
based devices and a wide-field illumination approach, 2D bio
sample imaging could be easily achieved provided that
enough photons are detected during a set exposure time. In
this case, the dilemma is that of enhancing the image proces-
sing speed.

Machine learning (ML), as a winner in processing various
image information in recent years, is increasingly bound to
microfluidics in the form of intelligent microfluidics thus
making detection more automated and intelligent.®""!*?
Image-based detecting MFCM systems, due to their applica-
bility to ML, especially the presently hottest network-based
ML, are gaining more attention from researchers. For example,
Heo et al.®" built a convolutional neural network (CNN) image

This journal is © The Royal Society of Chemistry 2022

recogniser supported image-based detecting system that ana-
lyses images captured from CMOS camera for label-free detec-
tion of blood cells. Since this system utilised a multi-target
tracking algorithm, all cells in a single image can be analysed
simultaneously. Therefore, it offered the possibility to improve
throughput and achieve real-time analysis. In addition, Isozaki
et al.® achieved high precision and sensitive detection of cells
by acquiring virtual-freezing fluorescence images with a CMOS

camera, aided by a 6-layers CNN.

3.3 Impedance-based detection systems

Impedance-based MFCM measures the impedance of a single
cell in a detection region and therefore directly reflect the
cell’s dielectric character."'* As shown in Fig. 3c, representa-
tively, this setup features microchips where each sample
passing by an integrated detection area is examined individu-
ally in an electric field. The dielectric characteristics of the cell
within will determine the impedance spectrum of the control
volume. The cell membrane provides a significant barrier to
current flow at low frequencies, and the impedance amplitude
predicts the size of a cell. Membrane polarisation is dimin-
ished at intermediate frequencies, and impedance analyses
provide information regarding membrane characteristics. The
membranes are minimally polarised at high frequencies;
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therefore, examinations here provide information on intra-
cellular architecture and the cell interior. As a result, analysing
the dielectric spectrum in the frequency range from 40 Hz to 1
GHz offers frequency-dependent information on membrane
capacitance, cytoplasm conductivity, and cytoplasm permittiv-
ity. There are different kinds of electrode configuration
designs for impedance-based MFCM, including coplanar
electrodes,"'*'*> parallel electrodes,"*® and constriction chan-
nels.""” Regardless of the design, the detection principle is
similar, where excitations are generated by an electrode and
signals are collected by multiple sensing electrodes.

4 Sorting systems for microfluidic
flow cytometry

In contemporary flow cytometry, sample sorting is a critical
step. The sample sorting in a traditional flow cytometer is
accomplished by diverting the charged sample-contained dro-
plets within an electric field. Various on-chip sample sorting
methods have been employed in MFCM and they can be gener-
ally split into active and passive approaches.'*®"?° Active
sorting relies on external forces (enabled by electric, magnetic,
optical, acoustic, or piezoelectric actuation), while passive sep-
aration utilises the internal dynamics (such as specifically
designed geometric microstructures in microchannels).'*"**?
In this section, we summarise the main sorting approaches
and their characteristics in MFCM. Detailed reviews of the
sorting methods in MFCM can be found elsewhere.®® 23124

4.1 Mechanical sorting systems

Mechanical sorting systems usually rely on external actuators
connected to the microfluidic chip. Utilising the piezoelectric
effect finds a balance between cost and performance when
compared to other actuation approaches. In applications, it
offers the benefits of flexibility, disposability, and competitive
prices. The piezoelectric lead-zirconate-titanate (PZT) actuator
has a very short reaction time and may bend according to the
polarity of the electric potential. When a PZT actuator is
placed onto a microchip and connected to on-chip dual mem-
brane pumps, it can sort cells using a pull-push relay method
to generate lateral flows, as shown in Fig. 4a. The volume and
response speed of the local flow is controlled by varying the
input signal applied to the PZT actuators."*>'*® The mechani-
cal sorting system can separate both large and small samples,
and the viability of cells can be maintained at a high level.
However, the throughput and sorting efficiency are influenced
by the upstream focusing and detecting systems.

4.2 DEP based sorting systems

As introduced in the focusing section, DEP can also be utilised
to separate particles by generating polarisation forces in a non-
uniform electric field."* A bifurcation configuration is com-
monly used for sorting targeted samples, such as cell-laden
droplets.®®'37132 In this method, in the absence of the electric
field, samples flow into the branch with lower hydrodynamic
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resistance; during the sorting process, the electrode near the
bifurcation is energised to steer the required samples into the
collecting channel. Recently, this method was further
improved with sequentially addressable dielectrophoretic array
(SADA)."*® As shown in Fig. 4b, the SADA sorter delivers an
accumulated DEP force to the target droplet using an array of
electrodes that can be sequentially activated and deactivated to
synchronise to the droplet’s speed and position. The droplet
can then be gently pulled in the direction of sorting in a high-
speed flow. The SADA sorter can sort microdroplets with a
large size, which is challenging to achieve using only a single
pair of electrodes as the intensive nonuniform electric field
required for sorting can fracture the droplet. The DEP based
sorting method is more flexible and programmable. However
precise fabrication and control requirements limit its appli-
cation and integration to MFCM.

4.3 Acoustic sorting systems

The acoustophoretic technique for sample sorting is an
appealing and biocompatible option. The viability of cells can
be maintained for minutes to hours under a low-intensity
acoustic field. Furthermore, it’s simple to be incorporated into
a microchip-based platform. Acoustic waves are generated
mainly by piezoelectric actuators,"** and TSAWs and SSAWs
are two main forms of SAWs to achieve the sorting. TSAWs are
formed utilising a single pair of interdigital transducers,
whereas SSAWs are generated by the interference of two
TSAWs."** As shown in Fig. 4c,"?” individual particle displace-
ment were achieved by focused SAW enabled acoustic fields.
With the microseconds level pulses, 2 pm and larger samples
are able to be moved as required and sorting speed can vary
from 1 to 10 kHz. The acoustic system is able to increase the
sorting throughput because of its short response time and the
large driving force makes it capable of sorting samples with
various sizes. However, the complex control instruments may
lead to bulky systems.

In summary, we briefly introduced various commonly used
techniques adopted by MFCM. Based on the physical and bio-
chemical properties exhibited on different blood-based bio-
markers, the choice of specific focusing, detecting, and sorting
techniques is summarised in Table 2.

5 Microfluidic flow cytometry for
blood-based biomarker analysis

Based on the abovementioned key techniques for focusing,
detecting, and sorting biological particles, significant develop-
ments of MFCMs for analysing biomarkers in blood, including
cells, viruses, circulating nucleic acids, and metabolites have
been made in recent years, as summarised in Table 3.

5.1 MFCM for detecting cell-based biomarkers

The introduction of circulating tumour cells (CTC) as a mini-
mally invasive multifunctional biomarker has become one of
the most exciting discoveries in modern cancer treatment.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 (a) lllustration of the FACS microchannel based on the mechanical actuation mechanism for sample sorting. (Left) Reproduced from ref. 125
with permission from Springer Nature, copyright 2017. (Right) Reproduced from ref. 86 with permission from Elsevier, copyright 2018. (b) Illustration
of the microchannel based on a DEP array for sample sorting. Reproduced from ref. 126 with permission from American Association for the
Advancement of Science, copyright 2020. (c) lllustration of the microchannel based on the high-frequency TSAW for sample sorting. Reproduced
from ref. 127 with permission from Royal Society of Chemistry, copyright 2016.

Table 2 Guidance of focusing, detecting, and sorting techniques for blood-based biomarkers

Biomarkers Properties Focusing Detecting  Sorting
Circulating nucleic Small size; amplification is required in most applications Droplets Optical Mechanical
acids DEP
Metabolites Various formats; complex sample preparation process Droplets Optical Mechanical
DEP
Cells Relatively large size; various labelling methods Hydrodynamic Optical Mechanical
Acoustic Image Acoustic
DEP Impedance
Inertial
Viruses Small size; antibody conjugation is required in most Hydrodynamic Optical Mechanical
applications (on beads)
Droplets Acoustic

CTCs in the peripheral blood come from solid tumours and millilitre of blood containing ~1 x 10° blood cells, most indi-
are implicated in hematogenous metastatic dissemination to viduals with metastatic cancer have less than 10 CTCs. The
distant areas, allowing secondary foci of illness to form. In one  purpose of CTC technology is to separate and recover individ-
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ual CTCs or clusters of CTCs in large quantities of whole blood
(>5 mL) with excellent purity and low shear stress to avoid cel-
lular damage. Serial evaluations for pharmacodynamic (PD),
prognostic, predictive, and intermediate endpoint biomarker
research may be performed at numerous life stages during a
patient’s cancer journey thanks to the development of contem-
porary CTC technology.”*>*

CTCs, like blood cells, carry epithelial surface markers, the
most common of which are epithelial cell adhesion molecules
(EpCAM). Based on this, the ‘CTC-chip’, the first microfluidic
technique to collect CTCs from whole blood, utilised micro-
posts coated with EpCAM antibodies."”® Although other
surface epitopes can be used, such as human epidermal grown
factor receptor 2 (HER2) or epidermal growth factor receptor
(EGFR), the production of cancer surface markers is very vari-
able, even from the same patient.'® Because CTCs have such a
wide range of expression, microfluidic methods based on an
immunoaffinity technique may overlook a significant
percentage of CTC cells. Rather than antibodies, aptamer
panels can be employed, although these might lack selectivity
in detecting CTCs because they were derived from cancer cell
lil’leS.197’198

CTCs sorting can be achieved according to various differ-
ences like volume, density, compressibility, deformability, or
electrical impedance to address the limits of positive or
affinity-based selection.’®®?°° Volume variances have been
used to separate individual samples from blood by applying
acoustic radiation forces,'®® a mixture of inertial flow and
Dean vortex flow,?°" or micro vortices.?°> Recently, with lateral
deterministic displacement technology, clusters containing
from 2 to 100 cells can be isolated from whole blood.”*****
While some tumour cells have a larger size compared to leuko-
cytes, a large percentage of CTCs are comparable in size to leu-
kocytes. These approaches, like positive selection, can overlook
a significant percentage of CTCs that are roughly comparable
to leukocytes.

Hamza et a created an optofluidic real-time cell sorting
system that can harvest fluorescently labelled CTCs from a
genetically manipulated mouse in a continuous fashion
(Fig. 5a). On the back of a mouse, an arteriovenous shunt was
inserted, permitting continuous blood extraction from the left
carotid artery and return via the right jugular vein. A microchip
with one input and two outputs was used to link the circula-
tion. The stream channel was lit by two closely separated laser
beamlines for recognising fluorescently expressed CTC and
determining cell velocity. The circulation was controlled by
two valves downstream of the microchannel, which sent it
either back to the mouse body or the CTC collecting tube. This
approach allows CTCs sorting with small amounts of blood.
Fig. 5b illustrates the tumour cells detecting method enabled
by the two excitation laser beams. More recently, as shown in
Fig. 5¢ and d, McGrath et al.'** published a thorough research
aimed at phenotyping pancreatic tumour xenografts based on
tumorigenicity. Individual cells from primary pancreatic
tumours and those from liver metastasis were compared utilis-
ing a high-throughput system (>300 cells per sec) and an impe-
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dance-based phase-contrast criteria, which relies on impe-
dance phase variations in the low and high frequency ranges.
Differences in this measure were discovered to be linked to cell
interior electrophysiology and to change consistently as a func-
tion of tumorigenicity. Furthermore, DEP was conducted sim-
ultaneously, confirming that cancer cells with greater tumori-
genicity had lower internal conductivity and higher permittiv-
ity. The phenotypic characterisation was further validated by
genetic investigation, which revealed that dysregulation of Na"
transportation and Ca®" removal existed in more tumorigenic
cell types.

The electrical properties of CTCs were tested with impe-
dance spectroscopy and electrorotation.'****> As an example,
the impedance of four breast cancer cell lines, MCF-7,
MCF-10A, MDA-MB-231, and MDA-MB-435S, was examined by
Qiao et al.'*® These cell lines range from healthy cells to
cancer cells in late stages. They used a microfluidic chip with
electrodes attached to an impedance analyser to analyse the
cell suspensions. The impedance of cell suspensions was used
to obtain the electrical characteristics of single cells, including
whole cell conductivity, membrane capacitance, cytoplasm
conductivity, and relaxation frequency. Researchers discovered
that each cell type has unique electrical characteristics that
gives it a feature that may be utilised to differentiate cells and
determine the stage of cancerous cells.

In addition to the breast cancer cells, the construction of
an interdigitated microelectrode array (IDMEA) biosensor
using electrochemical impedance spectroscopy and cyclic vol-
tammetry to examine the B16 melanoma cell line was reported
by Avram A. et al.'** They measured the adherence and spread
of B16 melanoma cells on IDMEA and developed an impe-
dance spectrum for them. Likewise, Avram M. et al.>® pro-
posed a label-free melanoma cell detection approach depend-
ing on the melanoma cells’ dielectric characteristics and the
gold nanoparticles (AuNPs) within. C57BL/6 mice were
injected with 1 x 10® murine melanoma B16 cells dispersed in
0.1 mL PBS. The mice received 200 pL of 200 nM AuNPs sus-
pended in PBS intravenously. The investigators discovered a
significant difference in the scattering spectra of AuNPs in
melanoma cells and AuNPs in normal tissue during histo-
pathological investigation of the tumour tissue. The
B16 melanoma cells containing AuNPs in cytoplasm showed a
distinct blue colour under ultraviolet fluorescence, which was
associated with the localised surface plasmon resonance
(LSPR) principle. This technology might be used to diagnose
patients without the usage of labels.

Most MFCMs for single cell-derived biomarker detection
rely on immortalised cell lines in controlled buffers or refer-
ence bacterial strains in controlled buffers/broth. For a few
platforms that process clinical biofluids, each requires varying
degrees of off-chip or on-chip sample preparation. Therefore,
integrating sample process modules into the platform might
be a feasible way to minimise and automate MFCM systems.
However, the downsides of such an approach are added assay
complexity and difficulty in platform design, fabrication, and
control. As such, both the advantages and the disadvantages
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cells, and the processed blood redirected to the vein. (b) Schematic of the CTC detecting module containing two excitation laser beams.
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Reproduced from ref. 142 with permission from Elsevier, copyright 2020.

will have to be carefully evaluated for obtaining optimal plat-
form performance.

5.2 MFCM for detecting bacteria, fungi, and microorganisms

Rapid and reliable identification of low abundance pathogens
in biological samples is critical for disease diagnosis and sub-
sequent therapeutic arrangements in infectious diseases. As
shown in Fig. 6a, Kaushik et al.*® introduced a fast and inte-
grated method. The researchers used 20 pL microdroplets to
encapsulate a single bacterium. Because of the lower back-
ground in the smaller droplets, the fluorescence signal formed
by bacterial growth could be determined more rapidly. The
effect of gentamicin on the development of a susceptible and
multidrug resistant strain of E. coli was found after just
~1 hour, which is comparable to two to three bacterial dou-

2906 | Analyst, 2022,147, 2895-2917

bling occurrences. Instead of using droplets, Rho et al™"
demonstrated the utilisation of microbeads, as shown in
Fig. 6b, in which an MFCM was used for complex immuno-
assay using gold microspheres tethered to a filamentous virus.
This technique enabled a high number of antibodies to be
attached to the microspheres while also reducing non-specific
adsorption. The researchers used MFCM with fluorescence
and DC-impedance to detect four distinct biomarkers at the
same time: cardiac troponin I (cTnl), prostate specific antigen
(PSA), creatine kinase MB (CK-MB), and myoglobin. The detec-
tion limit of virus-tethered beads was higher than that of
virus-free beads.

Faez et al?°°

presented a technique that can trace
unlabelled dielectric nanoparticles as tiny as 20 nm, at speeds

of over 3 kHz for tens of seconds (Fig. 6¢). A single-mode, step-

This journal is © The Royal Society of Chemistry 2022
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index optical fibre with an open nanosised path inside the
high-index core is the fundamental component of the techno-
logy. The particles were suspended in a solution that fills this
channel. The laser was then directed through the centre of the
fibre. A part of the optical mode in the fibre overlaps with the
nanochannel cross-sectional area since the tube size is smaller
than the light wavelength. The directed light scattered off the
particles, passed through the transparent fibre cladding, and
was captured by a microscope objective positioned vertical to
the fibre axis. Although using optical fibres allows detecting
nanoparticles without labelling, the rather sophisticated setup
makes it difficult to be adapted for other applications. In
another example, a MFCM has been developed with functional
micro-devices capable of detecting and collecting viral par-
ticles."” The proposed method effectively recognised a dengue
virus sample with a concentration of 1000 PFU ml™" in experi-

This journal is © The Royal Society of Chemistry 2022

mental findings. Fig. 6d illustrates the experimental processes
using the MFCM. Surface-coated with streptavidin and conju-
gated with biotinylated capture antibodies, superparamagnetic
beads with a diameter of 6 pm were combined with bio-
samples in the incubation system. The targeted viruses can be
collected and attached to the antibody-conjugated magnetic
microspheres in a specified manner. After an on-chip washing
process, the second set of prepared antibodies was mixed with
the purified samples and cultivated with fluorescent dye to
determine the target viruses. A microfluidic hydrodynamic
focusing subsystem was used to drive the refined virus-mag-
netic-bead compounds. Following that, an optical detection
system consisting of a laser generator as well as a photo-multi-
plier tube was used to stimulate and measure the fluorescent
signal coupled to the second antibodies on the specific
viruses. Finally, utilising the feedback signals from the optical
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detector, a sorting module (active microvalves) positioned
downstream would sort and harvest virus-bound magnetic
beads into the collecting chambers.

Rane et al.>®” proposed a method without amplification for
detecting pathogen-specific rRNA in individual bacterial
samples. For counting E. coli spiked into suspensions, the inves-
tigators encapsulated single E. coli cells into 10-pL sized micro-
droplets and utilised a 16S rRNA-specific peptide nucleic acid
(PNA) probe. This method could detect E. coli in low concen-
trations (equivalent to 5 x 10° CFU mL™") and could perform
continuously for higher throughput and dynamic range. Also,
Kang et al®*® employed a DNAzyme sensor to detect E. coli
spiked in 10% blood to prove the possibility of direct clinical
sample analysis. Individual bacterial cells were enclosed in dro-
plets with a volume of 14 pL and a diameter of 30 pm. The plat-
form might produce a positive/negative result for the existence
of the bacteria being examined after 45 minutes of lysis and
DNAzyme response. The system was capable of evaluating dilute
of E. coli from 1 to 10* CFU mL™" after 3.5 hours. While fast
bacterial detection for E. coli has been achieved using microdro-
plets with higher sensitivity, additional work is needed to
enhance the capabilities of technologies to assess the presence
of other pathogenic specimens. Furthermore, whereas the afore-
mentioned systems have already shown pathogen identification
with precultured E. coli, a droplet-based method that could
instantly analyse culture-positive clinical samples has not been
proven.

5.3 MFCM for detecting circulating nucleic acids

Dying cells can release cell-free DNA (¢fDNA) and other nucleic
acid fragments, possibly by active secretion.*’° Tumour cells
release mutant cfDNA, also called circulating tumour DNA
(ctDNA), which is currently considered a marker and has been
utilised as a prognostic diagnostic for several malignancies."*
The short half-life of ¢fDNA, ranging from 6 min to 2.5 hours,
makes it useful for monitoring pharmacological treatment
response. cfDNA levels in blood vary from 1-10 ng mL™" in
healthy people, but they can reach 1000 ng mL™" in patients
with cancer, equating to 3000-360 000 mark genes per millili-
tre of plasma.?’>?™! High cfDNA levels, on the other hand, can
become a sign of inflammation, benign tumours, or tissue
damaging.*'" While cfDNA has received the greatest attention
due to its reliability, cell-free mRNA, microRNA, nucleosomes,
and viral DNA are all being explored.**°

As shown in Fig. 7a-c, a multiplexed digital PCR platform
was introduced by RainDance Technologies for measuring six
specific somatic mutations related to colorectal cancer in the
Kirsten rat sarcoma virus (KRAS) oncogene at the same
time.>*® This approach could screen millions of responses
from a single sample while consuming less reagent per
sample owing to the use of picolitre droplets. Additionally,
the researchers were capable of checking each sample for six
mutations at the same time by optically coding individual
probe microdroplets with different quantities of fluorescent
dye and passively combing the sample and the probe micro-
droplets. Commercial product, RainDrop, from RainDance
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Technologies has been employed for tracking mutations in
KRAS for colorectal cancer'®” as well as EGFR for lung
cancer,'” B-type Raf kinase (BRAF) for Langerhans cell
histiocytosis,'>® and a 5-plex genotyping assay for spinal
muscular atrophy.'®® However, practically all clinical droplet
digital PCR solutions have depended on an additional bench-
top procedure for nucleic acid extraction and purification
before droplets production. Several microfluidic technologies
have been introduced to better enhance and incorporate
DNA extraction into the microfluidic PCR process.>'*>'*
Despite this, none of these systems has been included in
droplet digital PCR procedures. As a result, additional incor-
poration of sample preparation processes is required to fully
realise the sample-in-answer-out potential of microdroplet-
enabled systems.

Custom droplet PCR technologies for detecting viral nucleic
acids have also been established, with an emphasis on speed,
quantification, and integration. Kiss et al'’® established a
combined solution to amplify and measure adenoviral DNA in
65-pL microdroplets. The researchers were able to screen
millions of interactions in a continuous manner and identify
signals from amplification in as short as 35 minutes enabled
by the incorporation of the micro-sized droplets and the
optimisation of the workflow procedures within a single plat-
form. Furthermore, the platform’s parallel sample interrog-
ation regions enabled the production of real-time PCR fluo-
rescence curves. While this study established quantification of
the pAdeasy-1 adenoviral vector, a sensitive RNA quantification
system is necessary for additional clinically relevant viral load
testing, such as HIV-1 and HCV. To this end, Racki et al>'®
designed a rotavirus quantification method that achieved viral
RNA extraction, reverse transcription, and on-chip droplet
digital PCR to measure viral RNA in wastewater. While custom
platforms can be designed to be fully integrated and auto-
mated, the relatively small device footprint limits the through-
put to roughly 100 droplets per experiment. Guan et al.'®®
established a more comprehensive platform than the earlier
study, which used a platform without amplification for absol-
ute bacterial (N. gonorrhoea) rRNA quantification. An enzyme-
linked oligonucleotide hybridization assay (ELOHA) for quanti-
fication of RNA was established in this research, which
enabled RNA molecules to hybridise onto DNA catching
probes which were coupled to magnetic microspheres. The col-
lected RNA was then hybridised with enzyme-labelled detect-
ing probes. After that, the microspheres were enveloped in
microdroplets with a fluorogenic substrate for further identifi-
cation and evaluation. Quantification of nucleic acid-laden
microspheres using ELOHA yielded great accuracy (CV 10%)
over a rather large dynamic range spanning three orders of
magnitude (Fig. 7d). Compared to traditional amplification
techniques for detecting nucleic acids, the work utilising dro-
plets presents a unique opportunity to detect nucleic acids
without the need for target or signal amplification, which pro-
vides an alternative to overcome limits including low amplifi-
cation efficiency, susceptibility to contamination, and long
thermocycling duration.

This journal is © The Royal Society of Chemistry 2022
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5.4 MFCM for detecting metabolites
Microfluidic systems have been introduced for low-abundance

protein biomarker detection as well as multiplexed protein bio-
marker testing and analysis. This is then utilised in disease

This journal is © The Royal Society of Chemistry 2022

screenings for bacterial infections, cancer, diabetes, and endo-
metriosis, amongst other things.

Droplet systems provide the ability to improve the LoD of
enzyme-linked immunosorbent assays (ELISAs), which have
become a gold standard for protein detecting at high sensi-
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tivity. In an ELISA test, proteins coupled to enzymes are conju-
gated to antibodies immobilised on the substrate surface or a
dispersed microsphere.'® After protein conjugating, a fluoro-
genic substrate is added into the mixture, and proteins may be
identified after processing by enzyme-substrate cleavage. A
tagged secondary antibody can also be employed for identifi-
cation. In order to multiplex analyte detecting, commercial
immunoassay technologies rely on microbeads with optically

2910 | Analyst, 2022, 147, 2895-2917

coding or customising microarrays."® Because of the natural
intricacy in the production of microspheres or micro-scale
arrays, most of these systems are costly and require a lot of
supporting equipment.

The sensitivity of bulk ELISA tests is often restricted to pico-
molar concentrations or higher. Protein biomarkers might be
in significantly lower concentrations for several disorders,
such as prostate cancer.”’® To meet this demand, Shim

This journal is © The Royal Society of Chemistry 2022
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et al.'®* designed a system using femtoliter droplets for single-
molecule counting immunoassays. In this study, antibody-
functionalised catch microspheres were combined with the
target protein in PBS until each microsphere contained 0 or 1
copy of the target molecule. Next, the trapped proteins were
then coupled with a detection antibody, followed by the strep-
tavidin-conjugated p-galactosidase reporter enzyme. 2 x 10*
microdroplets were produced that laden bead-analyte-enzyme
complex and a fluorogenic substrate. Microspheres carrying
the analyte-enzyme combination combined with the fluoro-
genic substrate began to glow shortly after microdroplet gene-
ration. Signals from microdroplets carrying single-molecule
can be recognised by imaging utilising a CCD sensor after a
quick 10-minute on-chip incubation process (shown in
Fig. 8a). The scientists utilised their technology to identify PSA
at 46 fM concentrations, which is much lower than bulk
ELISA. The scientists also suggest that it is possible to easily
scale up the incubating zone and detecting method to
enhance dynamic range and perhaps minimise LoD. Droplets
can also recognise low-abundance surface proteins. Joensson
et al.'® described a technique for screening mammalian cells
for the low-abundance surface protein CCR5, which is a bio-
marker for HIV-1 infection (Fig. 8b). Enzyme-tagged antibodies
were combined with fluorogenic substrates inside microdro-
plets with diameters of 40 pm to mark the cells. The droplets
were re-injected and identified after being incubated off-chip,
and they demonstrated higher resolution for distinguishing
cells expressing CCR5 than typical FACS-based approaches. In
the above-mentioned molecular biomarker detecting plat-
forms, the enhanced sensitivity requires mechanisms for
rejecting assay inhibitors and sources of false-positive signals.
To this end, samples may be prepared prior to encapsulation
in droplets, such that the background molecules responsible
for assay inhibition or false-positive signals are minimised or
even completely removed. Most current droplet-based plat-
forms have achieved high sensitivity by relying on some degree
of off-chip sample preparation and/or biomarker purification.
Therefore, one important future investigation should be the
integration of on-chip sample preparation process to purify the
sample or concentrate the target biomarkers prior to droplet
generation.

6 Conclusion and perspective

Over the past decade, benefitting from achievements in
various technologies such as microfabrication and artificial
intelligence, great efforts have been made in the development
of MFCM including each subsystem, offering a promising
future to make the MFCM achieve better performance in accu-
racy, cost, and throughput. This review has described the key
submodules in a typical MFCM including focusing, detecting,
and sorting systems. For each method presented, the charac-
teristics and principles have been described and explained. In
addition, the application of MFCM in blood-based biomarkers,
such as cell-based and circulating nucleic acids-based has also

This journal is © The Royal Society of Chemistry 2022
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been reviewed. Overall, this review offers a meaningful
summary of the recent advances in microfluidic flow cyt-
ometers and their demonstration in blood-based biomarker
analysis.

Despite a wide range of promising applications of MFCM,
several under-developed and unsolved issues hinder fully
unleashing its capabilities. Numerous on-chip platforms rely
on bulky, expensive external supporting instruments. For
example, the use of sheath flow for hydrodynamic focusing is
unable to be achieved without several high-precision syringe
pumps; fluorescence-based detecting systems require powerful
laser modules and photodetectors. Integrated systems with
novel microfluidic techniques such as SAWs or DEP have great
potential in focusing and sorting systems without the need for
bulky external equipment; however, the performance (e.g,
throughput, reliability, repeatability) of such systems needs to
be further characterised and improved. Image-based detection
systems in MFCM attracts researchers’ attention due to the
recent advances in artificial intelligence technology and
because they contain high dimensional information, which
may be a superior way forward for MFCM; however, powerful
computers or field-programmable gate array (FPGA) modules
with advanced processing capability and fast memories are
needed to handle a significant amount of image data. In
addition, existing commercial MFCM has not yet proven sig-
nificant advantages over existing cytometry systems in terms of
size and cost. Hence, more efforts and breakthroughs based
on existing technologies are required to reduce the size, cost,
and complexity of systems to realise low-cost POCT
applications.
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