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size, portability, and low cost, attempts have been made to incorporate detection assays into microfluidic
platforms for diseases such as cancer and infection. Some of these technologies have served as point-of-
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1. Introduction

Certain human diseases do leave unique traceable biomarkers
in our circulatory system. As such, this has made blood test one
of the most common methods of diagnosis. In recent years, circu-
lating tumor cells (CTCs), circulating exosomes, and circulating
tumor DNAs (ctDNAs) have emerged as novel diagnostic markers
for cancer (Vaidyanathan et al., 2018). The efficient detection of
these small and rare cancer-associated factors requires devices
that can handle a small amount of blood samples with high spa-
tial-temporal accuracy and in a high throughput manner.
Microfluidic technology provides a perfect platform that can meet
such requirements. The integration of different detection methods
onto microfluidic chips has led to a boom in this emerging field
where cancer detection can be performed on blood samples col-
lected (liquid biopsies). The success mostly comes from the detec-
tion and isolation of CTCs at the very beginning, and then extended
to detecting extracellular vesicles (EVs) such as exosomes and also
ctDNAs. Some of these technologies have been commercialized and
performing a routine blood test for cancer diagnosis and monitor-
ing has become a reality.

Recent advancement in nucleic acid separation and enrichment in
microfluidic chips, together with isothermal amplification of DNAs
and RNAs, has enabled ctDNA and pathogen nucleic acid detection
in an integrated microfluidic system. These achievements in using
microfluidics for disease detection have provided us with the neces-
sary toolbox for tackling emerging health challenges. During this
COVID-19 pandemic, some of the existing diagnostic technologies
have enabled rapid confirmation of the pathogen with the detection
kits made available just shortly after the disease has emerged. This
came from our experience gained during the previous SARS and other
epidemics in the last 20 years. However, the ongoing pandemic also
exposed the limitations of the conventional PCR-based disease detec-
tion methods, which can only be performed by trained personnel in a
laboratory setting. We believe microfluidics is a key component to
overcome these challenges.

In the subsequent discussion, we will go through several recent
advancements of using microfluidic-based platforms for disease
diagnosis. We will skip the technical details which have been
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extensively reviewed before (Jiang and Lim, 2019; Vaidyanathan
et al,, 2018). Instead, we will discuss the topic from a developmen-
tal perspective and share our opinions on how technological
advances can meet the current and future health challenges. We
will use COVID-19 as a recent example to demonstrate the signif-
icance and potential of microfluidic-based platforms for current
and future disease detection and diagnosis.

2. Microfluidics in liquid biopsy

As a tumor grows, it develops its own blood supply system
through angiogenesis to meet its high demand for nutrients. The
bloodstream flowing inside the tumor takes tumor-associated
materials into the systematic circulation of the human body. These
rare circulating tumor biomarkers that carry information about the
tumor, can be retrieved and isolated using a less-invasive, low risk,
and inexpensive method for detecting cancers. We summarized
the trend in the development of different liquid biopsy methods
in Fig. 1 involving both CTCs and ctDNAs.

2.1. Circulating tumor cells

The earliest focus of liquid biopsy was mainly on detecting, enu-
merating, and separating CTCs from cancer patients’ blood for
prognosis and disease monitoring (Hou et al., 2011). Antibody-
tagged magnetic beads for immunomagnetic separation of CTCs
was employed by the only FDA-approved technology for CTC
detection - the CellSearch System (Riethdorf et al., 2007). This sep-
aration method was soon adapted into microfluidic-based systems
for achieving higher throughput, specificity, and sensitivity
(Nagrath et al., 2007). Embedding different categories of active
and passive separation strategies into microfluidic platforms for
CTC isolation followed thereafter. As antibody-labeling may select
only a specific subgroup of CTCs, negative enrichment by labeling
and removing other blood cells to enrich CTC was also effectively
demonstrated (Fachin et al., 2017). Apart from affinity-based
methods, separating CTCs by their unique biophysical properties
has also been extensively explored and these have helped over-
come several shortcomings associated with using antibodies (Che
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Fig. 1. The number of research articles in the discussed cancer diagnostics areas (A) and their yearly increment (B). EV: Extracellular vesicles; ML-Cancer: Machine learning in
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(Armbrecht et al., 2020).

et al., 2017). Cell size (Hou et al., 2013) and deformability (Tan
et al., 2009) have been shown to be good markers for separating
CTCs from blood. The performance of different microfluidic-based
CTC separation techniques has been greatly optimized for clinical
applications through development in the past decade. Several com-
mercialized systems have been able to serve the large market of
CTC-based research and clinical investigations (Vaidyanathan
et al, 2018). The development of separation techniques has
enabled large-scale downstream studies of the biological proper-
ties and clinical value of CTCs. Mutational features (Owen et al.,
2020)(Fig. 2A), gene expression patterns (Lim et al., 2019), and cel-
lular phenotypes (Lang et al., 2018) have been explored for their
association with different aspects of tumor physiology. While iso-
lation techniques are getting mature, the new challenge is whether
we can perform analysis on the same chip that we used for isolat-
ing the cells. Culturing CTCs for drug screening (Khoo et al., 2018),
performing secretome analysis (Armbrecht et al., 2020)(Fig. 2B),
and single-cell western blot (Sinkala et al., 2017) on a chip have
been explored which greatly emphasized the potential of CTCs
for clinical use. We believe integrated CTC isolation and analysis

systems based on microfluidic platforms for cancer precision med-
icine are moving closer to practice especially with advances in
combining artificial intelligence (Al) for diagnosis.

2.2. Machine learning in liquid biopsy

Incorporating machine learning into disease detection is a new
trend that effectively minimizes human errors and can potentially
achieve detection accuracy beyond the limits of the human eye.
Recent attempts to complement microfluidic devices with machine
learning has been very successful. Chen et. al. for instance, demon-
strated that their deep neural network, trained on time-stretch
quantitative phase microscopy data from a microfluidic platform,
could achieve high throughput label-free classification of single
cells with high specificity and sensitivity (Chen et al., 2016). Digital
holographic microscopy is another sensing modality that has been
successfully combined with machine learning to enable high
throughput label-free screening of cells in liquid biopsies (Singh
et al., 2017). Additionally, advances in microchip design and data
analytics have enabled molecular diagnosis to shift from analyzing
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discrete biomarkers to signature-based analysis where complex
non-linear combinations of biomarkers are learned and utilized
for improved diagnosis (Molinski et al., 2020). Such a fusion of
technologies will also pave the way into the era of personalized
treatment (Chowdury et al., 2019). Machine learning-powered
smart microfluidic devices have the potential of delivering new
generation of scalable and cost-effective diagnostic strategies that
can be rapidly adapted and deployed in the face of emerging health
emergencies.

2.3. Exosomes

Circulating tumor exosomes are extracellular vesicles (EVs) pre-
sent in the blood of cancer patients and serve as messengers from
tumor cells (Kalluri and LeBleu, 2020). These membrane encapsu-
lated vesicles are found to contain nucleic acids and proteins that
may play a crucial role in cell-cell communication and the modifi-
cation of tumor microenvironment during tumor progression
(Kalluri and LeBleu, 2020). Some evidence showed that the chem-
ical factors carried by exosomes might help modulate the cellular
environment at a distant site to form a pre-metastatic niche for
subsequent metastatic seeding of cancer cells (Peinado et al.,
2017; Yokoi et al., 2017). Traditional ways to detect exosomes
include ultracentrifugation (Théry et al., 2006) and other size-
based methods (Yeo et al., 2018), which are usually non-specific
and the products are often in low purity. Leveraging on these bio-
physical properties and using antibody-based capturing are two
mainstream methods that are currently being used for exosome
separation.

Unlike CTCs, capturing and counting exosomes alone are not as
informative in revealing the disease status of cancer. Instead, per-
forming molecular profiling of the exosomes is more essential to
derive clinically valuable information. For example, some surface
proteins or miRNAs carried by exosomes are found specific to the
disease stage in different cancers which can be potential disease
markers for diagnosis (Kalluri and LeBleu, 2020). Thus, much effort
has recently been put into creating an integrated system that can
perform exosome capture and analysis on the same chip (Fang
et al., 2017; Li et al., 2020a, 2020b). For example, exosomes cap-
tured by immuno-functionalized surfaces (Zhang et al., 2019a,
2019b) or nano-herringbone structured surfaces (Zhang et al.,
2019a, 2019b) can be fluorescence-labeled in-situ to detect differ-
ent surface proteins or detect tumor-specific exosomes from
patient blood samples, for exosome-based diagnosis. Capturing
and analyzing tumor-secreted exosomes is currently growing
rapidly with an increasing number of papers unveiling more and
more physiological processes that are mediated by exosomes and
their unique therapeutic potential (Ferguson and Nguyen, 2016;
Kalluri and LeBleu, 2020) as they do play a role in immunosuppres-
sion (Chen et al., 2018) and cancer dissemination (Yokoi et al.,
2017). These advancements in understanding the functional roles
and molecular contents of exosomes will inspire new integrative
systems that target exosomes for more informative cancer
diagnostics.

2.4. ctDNA

ctDNA is another category of liquid biopsy biomarker and tar-
get. Cell-free DNAs (cfDNAs) have been observed in human blood
for a long time, but are only thought to be from the dead cells
(Schwarzenbach, Hoon and Pantel, 2011). The importance of these
circulating cfDNAs is realized when cancer-associated mutations
are detected from cfDNAs in the blood from cancer patients
(Vasioukhin et al., 1994). As genomic mutations are highly specific
markers for the presence of tumors, this finding revealed a poten-
tial strategy to detect and monitor tumors from blood samples.
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Due to the low signal-to-noise level of ctDNAs in the background
of cfDNAs from other normal cells and the technological limitation
in detecting low number DNA transcripts, the development and
understanding of cfDNAs were progressing rather slowly over the
years (Fig. 1). Recently, there is increased research interest in
ctDNA due to the advancement and commercialization of next-
generation sequencing (NGS) which have made ctDNA research
cheaper and more accessible than before. However, another major
challenge arising is how to distinguish the low-frequency muta-
tions (<0.1% in early cancer) from those that might arise from clo-
nal hematopoiesis (Umer et al., 2018). This problem has recently
been tackled by sequencing the white blood cells (WBCs) simulta-
neously with the cfDNAs in plasma to distinguish mutations aris-
ing from clonal hematopoiesis (Chabon et al., 2020). In this
study, the clinical relevance and the association between ctDNA
and tumor biology have also been established in a large cohort of
non-small cell lung cancer (NSCLC) patients. It is noteworthy that
the early detection of cancers in high-risk populations is proven
feasible through a simple blood test. Despite the recent progression
in ctDNA detection, it is also noticeable that the cost and complex-
ity of the sequencing-based method are currently not practical or
economical to support the wide adoption of such methodology
for cancer screening. In NSCLC, the overall performance of the test
is no better than traditional low-dose CT screening but the cost is
far higher.

Microfluidic devices have shown values during the target
enrichment process and could reduce the steps required for sample
preparation in ctDNA detection (Gwak et al., 2019). It is also possi-
ble to detect single mutations on microfluidic platforms (Pekin
etal., 2011; Jin et al., 2018) with specific probes. However, separate
sequencing steps are still necessary for ctDNA-based clinical
research due to the low abundance and multiple targets required
for guaranteeing detection sensitivity. The current technology is
not able to support sequencing directly in an integrative microflu-
idic system, however, with increasing knowledge on what are the
valuable targets for clinical utility, for example, Al-assisted meth-
ods have shown potential to identify those mutations that are
more relevant for detecting early-stage lung cancer in patients
(Chabon et al., 2020), the recent achievement in using integrative
microfluidic systems for nucleic acid detection can bring us
towards one-step ctDNA screening in clinical settings (Gauri and
Ahmad, 2020).

2.5. Summary

The range of biochemical workflows that can be efficiently per-
formed on microfluidic devices is growing exponentially (Riordon
et al., 2019). Single-cell proteomics (Su, Shi and Wei, 2017), nucleic
acid sequencing (Lan et al., 2017; Zilionis et al., 2017), Polymerase
Chain Reaction (Ahrberg, Manz and Chung, 2016; Zhang and Jiang,
2016; Salman et al., 2020), and secretome analysis (Castiello,
Heileman and Tabrizian, 2016; Hu, Luni and Elvassore, 2018) are
some examples that have been extensively validated and are
directly translatable into diagnostic devices. Furthermore,
advances in microfluidic technologies have enabled the addition
of biophysical discrimination as possible high-throughput diagnos-
tic strategies - capture and analysis of circulating tumor cells
(Nagrath et al., 2007; Vaidyanathan et al., 2018), motility-based
sperm sorting (Cho et al., 2003), and hydrodynamic stretching-
based mechanical phenotyping (Gossett et al., 2012), just to name
a few. The clinical usages of different circulating biomarkers have
further evolved through recent developments. For example, CTCs
are shown to be more effective when used as companion diagnos-
tics (Punnoose and Lackner, 2012; Chowdury et al., 2019) instead
of for early detection. On the other hand, exosomes are shown to
be better candidates as early diagnostic markers through detecting
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the miRNAs (Bhome et al., 2018; Sun et al., 2018; Kohama et al.,
2019) or surface protein markers carried by them (Kalluri and
LeBleu, 2020; Makler and Asghar, 2020). Apart from this, with
the increasing amount of multi-parametric data being generated
by microfluidic-based technologies, machine learning will become
a natural component of various microfluidic-based diagnostic plat-
forms and these collective efforts will lead the detection of cancer
to an new era.

3. Microfluidic diagnosis of infectious diseases

Coronavirus disease 2019 (COVID-19) is the most serious
human infectious disease in the past 100 years. Until December
2020, the SARS-CoV-2 virus has infected more than 66 million peo-
ple with over 1.5 million deaths. The daily increase of new cases
increased from 200,000 a day in June 2020 to over 600,000 a day
in December 2020. Despite good news of the development of vac-
cines with very high efficacy, how this pandemic will developed in
2021 is still uncertain at the current stage. Actively detecting and
isolating infected individuals and asymptomatic carriers will be
the most effective way to limit the spread of this highly infectious
disease and to save lives. SARS-CoV-2 is an RNA virus that can
spread rapidly among people in close contact through the respira-
tory system. A nucleic acid test is the standard screening method
used for disease detection in this pandemic due to its high sensitiv-
ity and specificity. However, the conventional reverse transcriptase
PCR (RT-PCR) method is labor-intensive and time-consuming,
making it a rate-limiting step for disease screening in most coun-
tries at the beginning of the outbreak (Li et al., 2020a, 2020b). This
pandemic is a vivid lesson urging us to improve on the disease
detection techniques for coping with the current situation and be
prepared for future outbreaks. An inexpensive, portable, easy to
operate, rapid point-of-care (POC) assay will be the most ideal
solution that meets our need. In the past two decades,
microfluidic-based technology has been extensively studied for
POC infectious disease detection and on-going efforts are trying
to adapt them to the current pandemic (Berkenbrock, Grecco-
Machado and Achenbach, 2020; Lin et al., 2020).

3.1. Conventional laboratory-based screening

Before we discuss more on the current pandemic, let us first
look at how microfluidic technologies are increasingly being used
for current infectious disease detection. A good example to start
with is malaria, a life-threatening parasitic disease caused by the
species of Plasmodium which infects red blood cells and is trans-
mitted through the Anopheles mosquito. The gold-standard detec-
tion method for malaria diagnosis is a blood smear check under an
optical microscope to look for the parasites. This method while
being labor-intensive and prone to human error is currently still
the most widely used method (The malERA Consultative Group
on Diagnoses, 2011; Gitta and Kilian, 2020). The gold-standard
methods for other infectious disease diagnoses in the clinic include
cell culture for bacterial detection, immunology-based methods for
antigen detection, and PCR-based nucleic acid detection for the
virus. These techniques usually involve a centralized laboratory,
trained personnel, and bulky specialized equipment and facilities.
Such shortcomings, from time to time, have only been considered
as a problem in resource-poor communities of developing coun-
tries. However, the COVID-19 pandemic has shown us that these
conventional testing methods can be highly deficient even in the
most developed areas when the need for rapid and accurate
screening gets overwhelmed.
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3.2. Point-of-care diagnosis

Substitutes for these laboratory-based detections have been
explored with microfluidic technologies (Nasseri et al., 2018). For
example, by exploring the biophysical properties of infected red
blood cells (Lee and Lim, 2007) or the size difference between par-
asites and blood cells (Warkiani et al., 2015), different microfluidic
assays have been developed to enrich the parasites, detect infect
RBC or separate the parasites directly from the blood (Tay et al.,
2016). The exploration of molecular-based fast POC detection for
malaria has also started long ago. Apart from the microscopy-
based parasites screening, a rapid detection test (RDT) which
employs lateral flow immunoassay (LFA), is an inexpensive alter-
native that has been approved by the US FDA in 2007. LFA incorpo-
rates capillary-driven fluid flow on a cellulose membrane and
antibody-antigen reaction for colorimetric visualization of the test
result. This technology has been widely adopted for serology test-
ing or screening using other bodily fluids (e.g. urine in early preg-
nancy test) due to its convenience and relatively low cost. It is
currently one of the major players in POC diagnostics market.
The limitation of LFA arises from the quality of immobilized
reagents on the assay and the batch difference of membranes from
different manufacturers which may result in inaccurate test
results. Other limitations of LFA include the need for larger sample
volume and the detection limit is relatively low. In some cases, LFA
could not reflect the disease state, and it is also hard to achieve a
simultaneous testing on multiple targets due to the limited control
of fluid flow.

3.3. Emerging microfluidics-based rapid point-of-care devices

Recent investigations have shown the possibility to substitute
LFA with microfluidic channels for improved disease detection per-
formance (Carrell et al., 2019; Hemmig et al., 2020). The fluid flow
can be self-driven on a microfluidic chip through capillary force
and high spatial-temporal control of the reaction is achieved
recently through a self-coalescence module (Gokce et al., 2019)
(Fig. 3A). Immuno-based antigen detection and recombinase poly-
merase amplification (RPA) for detecting nucleic acid of HPV are
successfully demonstrated on such assays (Hemmig et al., 2020).
Identifying different pathogen strains is a new challenge in malaria
and other infectious diseases which influences subsequent treat-
ment strategies. This is currently only achievable through nucleic
acid detection. In virus detection, screening for pathogen nucleic
acid is also the most reliable and sensitive approach. For a long
time, a laboratory-based PCR test is the only option for nucleic acid
detection-based diagnosis. The development of loop-mediated
isothermal amplification (LAMP) and other isothermal methods
provide a toolbox that does not require PCR to amplify and detect
nucleic acids (Basiri et al., 2020). These isothermal nucleic acid
detection methods also make it possible to realize the entire
nucleic acid sample preparation and screening workflow on a
microfluidic chip. It has been successfully shown in a recent report
to integrate LAMP to microfluidic platforms for achieving field
detection of malaria with a sensitive and specificity performance
better than both RDT and microscopy test (Reboud et al., 2019)
(Fig. 4A). Although the assay needs a larger sample size for validat-
ing its applicability, it demonstrated great promise to bring nucleic
acid-based POC tests into infectious disease detection, especially,
for detecting viruses (Yao et al., 2020; Zhuang et al., 2020).

3.4. Microfluidics-based detection in COVID-19
During this on-going COVID-19 pandemic, apart from the PCR-

based screening, LFA-based fast detection assays have been widely
used for disease screening in low-risk populations from as early as
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Fig. 3. A. Schematics of using microfluidic channels to replace the traditional LFA assays for immunoaffinity-based screening. Reproduced from (Hemmig et al., 2020) with
permission. B. Schematics of an integrated paper-based microfluidic device for nucleic acid amplification and detection. Reproduced from (Kaur and Toley, 2018) with

permission.

April in China (Li et al., 2020a, 2020b). Multiple companies have
quickly developed and released these products which require only
a finger-prick of blood for rapid result readout (Demey et al., 2020;
Lin et al., 2020). This can greatly complement and identify poten-
tial asymptomatic carriers and unidentified former infections.
However, antibody-based screening cannot replace the nucleic
acid-based method which can better detect and diagnose current
infection. A faster, portable, and precise one-step nucleic acid
detection kit will thus be an essential need during any phase of a
pandemic (Raimondi et al., 2020). Integrative microfluidic-based
nucleic acid detection systems have undergone great technological
advancement in the past couple of years (Yeh et al., 2020; Zhuang
et al., 2020). There are successful demonstrations of performing
sample preparation, nucleic acid detection, and result visualization
on a simple microfluidic-based platform (Kaur and Toley, 2018)
(Fig. 3B). Such devices have been explored for detecting nucleic
acid from SARS-CoV-2 patient samples and demonstrated
enhanced performance as compared to LFA-based assays (Dao

Thi et al., 2020; Ganguli et al., 2020; Huang et al., 2020) (Fig. 4B),
most of which are based on reverse transcriptase LAMP (RT-
LAMP). Although the relevant techniques are still undergoing lab-
oratory development, some trials have been carried out to validate
the possibility of applying these platforms for assisting current
clinical screening (Dao Thi et al., 2020). We believe this is an
unprecedented time for the emerging microfluidic nucleic acid
detection technologies to demonstrate their true capability and
to further improve their performance in clinical settings for onsite
POC testing.

4. Perspectives

Microfluidic technology has made a significant impact on bio-
medicine since being introduced to biomedical engineering in the
early 2000s. Like a motherboard for electronics, it provides a con-
venient platform for integrating different compartmentalized
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experiments and can achieve automation for some labor-intensive
and time-consuming tasks. Conventional techniques in both infec-
tious diseases and cancer detection usually involve centralized lab-
oratories, bulky specialized equipment, and trained personnel.
From the trends of development in liquid biopsy and infectious dis-
ease detection, we are seeing microfluidic-based systems being
widely adopted and integrated into nearly all disease detection
techniques for improving their portability and achieving POC
applications. Detecting pathogens, molecules, and nucleic acid
sequences have all been shown possible on a small microfluidic
chip. The revolutionized update on smartphones and other smart
electronics have also provided perfect detection platforms for
some applications requiring digitalized quantification (Kim, Jeong
and Yoon, 2020; Sun et al., 2020).

The COVID-19 pandemic has exposed the limitations of the cur-
rent disease detection method even in the most developed areas of
the world. While one can perform reliable diagnosis, how one can
make the process faster to increase detection throughput still
needs to be improved upon. The experience and achievements in
developing integrative liquid biopsy platforms and microfluidic
POC tests for infectious disease detection have inspired possible
solutions. The fight with the current pandemic might not end soon,
but now is a good time to test whether these emerging detection
systems are the answers we are looking for. More importantly,
COVID-19 is unlikely to be the last pandemic that we are going
to see. Getting technologies ready so that they can be easily

adapted for our next such challenge is a lesson we must learn from
the current one.
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