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Abstract: There is growing awareness for the need of early diagnostic tools to aid in point-of-care
testing in cancer. Tumor biopsy remains the conventional means in which to sample a tumor and often
presents with challenges and associated risks. Therefore, alternative sources of tumor biomarkers is
needed. Liquid biopsy has gained attention due to its non-invasive sampling of tumor tissue and
ability to serially assess disease via a simple blood draw over the course of treatment. Among the
leading technologies developing liquid biopsy solutions, microfluidics has recently come to the fore.
Microfluidic platforms offer cellular separation and analysis platforms that allow for high throughout,
high sensitivity and specificity, low sample volumes and reagent costs and precise liquid controlling
capabilities. These characteristics make microfluidic technology a promising tool in separating and
analyzing circulating tumor biomarkers for diagnosis, prognosis and monitoring. In this review,
the characteristics of three kinds of circulating tumor markers will be described in the context of
cancer, circulating tumor cells (CTCs), exosomes, and circulating tumor DNA (ctDNA). The review
will focus on how the introduction of microfluidic technologies has improved the separation and
analysis of these circulating tumor markers.
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1. Introduction

The rapid development of cancer biomarker technologies is gradually reshaping both the
academic and clinical research areas. As we step into the age of personalised medicine, the need
for comprehensive cancer biomarkers has dramatically increased [1]. This was evidenced at the
recent American Society for Clinical Oncology (ASCO) 2018 and American Association for Cancer
Research (AACR) 2018. Cancer related deaths still remain the second leading cause of non-accidental
deaths globally [2]. There is an increasing number of technologies being developed for pre-screening,
diagnostic, prognostic, therapy assessment, and monitoring of disease. The progression free survival
(PFS) and overall survival (OS) in cancer patients has been reported to be dramatically increased if
cancers can be detected at an early stage [3].

To date, there are several forms of direct tumor biopsy. According to the tumor site, bone
marrow biopsy, endoscopic biopsy, needle biopsies, and skin biopsy will be performed by clinicians
in direct assessment of the tumor bulk. In most cases of solid tumors, an image-assisted core needle
biopsy is performed, using needles to extract a column of tissue, followed by tissue interrogation
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by histopathologists [4]. Tissue biopsy remains the gold standard when diagnosing cancer [5].
To determine whether the abnormal tissue is malignant, clinicians have to perform invasive procedures
to obtain a small portion of tumor tissue which is later confirmed by histopathology, cytology,
and molecular/cytogenetically. It is currently the only way of validating whether the suspicious
tissue is cancerous, and can be an invasive procedure for patients to endure [6]. In some cases, it has
been reported that the procedure may induce risk of bleeding, inflammation, and even dissemination
of cancer cells by providing alternative routes for spreading [7]. Furthermore, repeat tissue biopsy is
not always a possibility. Therefore, traditional tumor biopsy only provides a static tumoral snapshot
of a specific time point, and does not reflect dynamic changes that occur during cancer treatment [8].
Moreover, the time-to-result procedure takes several days and sometimes weeks to reach clinicians [9].
A study assessing the patient outcomes and the economic implications of utilizes a serum proteomic
test to guide the treatment in non-small cell lung cancer. It shows that the blood test resulted in an
improved OS rate along with the total lifetime, and the direct medical cost decreased by $135 (U.S.
dollars) per patient with test-guided treatment [10]. Tumor heterogeneity is an added challenge with
tumor biopsy. Sampling a tumor using a single site biopsy is akin to looking through a keyhole [11,12].
Therefore, the tumor samples obtained by needle biopsy may only represent a small proportion of the
whole tumor, which leads to an over estimation of the clonal populations in the tumor bulk. Liquid
biopsy may overcome the disadvantages of conventional tumor biopsy methods. Circulating tumor
cells (CTCs), circulating tumor DNA (ctDNA) and exosomes which are easily assessable by a simple
blood draw, present an attractive alternative to tissue biopsies, and may represent the primary and
metastatic tumor sites [13].

As a result of highly sensitive assays and innovative detection platforms, the promise of a liquid
biopsy is now closer to reality [14]. Compared to conventional tissue biopsy, a liquid biopsy offers
a multi-parameter approach to assess targets for therapy on CTCs, cell-free ctDNA, and exosomes
secreted from tumors during the metastatic process [5]. Blood sampling is a non-invasive process and
it avoids the complications of traditional tissue biopsies. Liquid biopsy provides an alternative sample
type for routine clinical practice when tumor sampling is unavailable, inappropriate, or difficult to
obtain. Moreover, it may be possible to assess the dynamic tumoral changes via CTCs and ctDNA
over the course of therapy and when treatment resistance becomes a challenge. The analysis of liquid
biopsy could be used to provide early cues into alternate therapies before the tumor relapse is detected
by conventional methods [13]. To this end, microfluidic technologies have come to the fore in the last
few years, where the convenience of such technologies is surpassing that of conventional laboratory
bench techniques, such as flow cytometry. Microfluidics provide miniaturized devices that offer fast
isolation speeds with high efficiencies and automation, which can be integrated rapidly into multiple
workflows [15]. The microfluidic technologies have numerous advantages over conventional methods
by reducing the size of equipment, eliminating complex protocols for cell sorting, and allowing for
parallelization, which can enable complete lab-on-a-chip devices [16].

Remarkable progress has been achieved in the last decade in the field of microfluidics, leading to
applications in single cell analysis and next-generation sequencing technology. With these technological
advances, applications have been found for liquid biopsy, which have been reviewed recently [17–19],
particularly in context of device operation and modalities for CTC sorting. In this review, our intention is
to focus more on recent clinical works, and to further highlight the emerging role of microfluidics in order
to capture and detect the circulating biomarkers (CTCs, ctDNA, and exosomes), with a focus on the most
analytically valid systems. Furthermore, this review provides insight into how microfluidic technologies
can be implemented into existing clinical workflows, providing a personalized medicine approach.
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2. Circulating Biomarkers in Liquid Biopsy. Molecular, Biology, and Morphology Characteristics
of CTC, ctDNA, and Exosomes

2.1. Circulating Tumor Cells (CTCs)

Circulating tumor cells were first observed by Thomas Ashworth, an Australian physician,
who made the incredible finding that cells identical to the tumor itself were found in the blood of a
patient with metastatic disease [20].Since this discovery, the field remained in its infancy until about
the last 20 years, where there has been an exponential increase in CTC research. This is primarily due
to the improvements in rare cell capture from the blood. As of August 2015, there have been 16,688
publications reported on CTCs, 1248 of these were published in 2014, reflecting the advancement of the
field over recent years. With the advent of the CellSearch (Menarini-Silicon Biosystems, Bologna, Italy),
the first and only Food and Drug Administration (FDA) approved CTC enrichment and enumeration
technology came to the clinical setting. In the CellSearch platform, preselected tumor cells for epithelial
cell adhesion molecules (EpCAM) and EpCAM-positive CTCs were found to correlate to clinical
outcomes. The CTC thresholds were established where five or more CTCs/7.5 mL blood for breast and
prostate, and three or more CTCs/7.5 mL blood draw for colorectal cancer were associated with an
unfavorable patient prognosis [21]. These findings coined the term ‘liquid-biopsy’, where CTCs could
be used to determine the tumorigenic potential non-invasively [22]. Whilst enumeration by CellSearch
correlated to the clinical outcomes, numerous limitations were found with the technology. There was
a drive to investigate beyond the simple enumeration of CTCs. Moreover, EpCAM was shown to
be downregulated in the CTCs during the process of epithelial to mesenchymal transition (EMT),
as reported by Yu et al. [23]. The bottle neck in the field was to increase the number of rare CTCs
isolated from a blood sample, as there was an increased demand for intact, live CTCs with which to
perform a functional analysis. This was overcome by a number of leading research groups by utilising
in vivo and ex vivo culture methodologies [24–26]. Subsequently, this increase in the critical mass of
the CTCs provided the foundation for the testing of therapies outside the patients’ body [25,26].

2.2. Monitoring of Disease

CTCs have been reported to not only be useful prior to treatment, but also over the course of
therapy [23]. The ability to non-invasively sample a patient’s tumor by a simple blood draw during
treatment provides an attractive solution for disease monitoring (Figure 1). Generally, a decrease in the
CTC-numbers (disease burden) has been shown to correspond to better treatment outcomes, and the
absence of CTCs post therapy provide a good patient prognosis [21]. Yu et al., 2013, demonstrated
in breast cancer that in sequential blood draws from the same patient over the course of therapy,
a mesenchymally-shifted CTC population was present post therapy. Therefore, a subset of CTCs
with an altered phenotype may remain post treatment. Numerous studies have documented the
persistence of stem-like CTCs and mesenchymal CTCs post treatment [27]. Therefore, it becomes
critical to profile these residual CTC populations, which may underline the minimal residual disease
in patients following therapy.
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CTC capture is required to capture the CTC subpopulations at play [30]. Moreover, it has been shown 
that individual cytokeratin expression is often downregulated during EMT, and a pan-keratin 
cocktail enables the tracking of partially lost epithelial phenotypes [31,32]. In understanding this 
biological process, numerous groups around the world moved towards a marker-independent CTC 
enrichment to capture a greater proportion of CTCs in circulation [33–35]. These studies 
demonstrated that higher numbers of CTCs were captured using label-free methodologies as well as 
in head to head comparisons with the CellSearch platform, showed higher CTC capture in lung, 
breast and head and neck cancers [36,37] It is important to note that whilst higher CTC counts are 
detected by label-free capture, for most cases, it is only the EpCAM-positive CTCs that have 
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tumoral scoring for eligibility onto PD-1/PD-L1 trials. Studies have shown this to be due to multiple 
reasons, including tumoral heterogeneity and the dynamic nature of PD-1/PD-L1. Therefore, 
alternative methods of surveying the PD-1/PD-L1 landscape are needed. Mazel et al., 2015, 
demonstrated, in a landmark study, the presence of PD-L1 on breast CTCs, and developed a scoring 
mechanism. In keeping with this, the CellSearch platform has been further developed to include a 
PD-L1 stain in the blank channel to further characterise EpCAM-positive CTCs. The PD-L1 is 

Figure 1. Clinical applications of liquid biopsy from blood circulating markers. The genomics and
immunology information derived from liquid biopsy samples can be used for continuous monitoring,
from early stage disease screening, assistance diagnosis, personalized therapy selection, to recurrence
monitoring. CTC—circulating tumor cells; ctDNA—circulating tumor DNA.

2.3. Epithelial to Mesenchymal Transition (EMT)

Whilst found to occur in embryologic development, gastrulation, and cell plasticity roles, EMT
is known to be involved in the process of metastasis. During this process, cancer cells are thought
to undergo an epithelial to mesenchymal transition (EMT); down regulate epithelial markers such
as EpCAM and E-cadherin [28,29]; lose cell–cell adhesion properties; and become more invasive
towards a mesenchymally-shifted phenotype expressing markers such as Vimentin and N-Cadherin.
In attaining a partial or complete EMT, CTCs would inherently be missed by epithelial marker
selection technologies such as the CellSearch. Therefore, there is an understanding that multi-epitope
CTC capture is required to capture the CTC subpopulations at play [30]. Moreover, it has been
shown that individual cytokeratin expression is often downregulated during EMT, and a pan-keratin
cocktail enables the tracking of partially lost epithelial phenotypes [31,32]. In understanding this
biological process, numerous groups around the world moved towards a marker-independent CTC
enrichment to capture a greater proportion of CTCs in circulation [33–35]. These studies demonstrated
that higher numbers of CTCs were captured using label-free methodologies as well as in head to
head comparisons with the CellSearch platform, showed higher CTC capture in lung, breast and
head and neck cancers [36,37] It is important to note that whilst higher CTC counts are detected by
label-free capture, for most cases, it is only the EpCAM-positive CTCs that have demonstrated clinical
significance to date.

2.4. Biomarkers for Immunotherapy

More recently, immunotherapies have been shown to have durable responses and long-term
survival outcomes in a number of tumor types, including melanoma, head and neck, and non-small cell
lung cancer [38–40]. Immunotherapies such as anti PD-1/PD-L1 have shown highly variable tumoral
scoring for eligibility onto PD-1/PD-L1 trials. Studies have shown this to be due to multiple reasons,
including tumoral heterogeneity and the dynamic nature of PD-1/PD-L1. Therefore, alternative
methods of surveying the PD-1/PD-L1 landscape are needed. Mazel et al., 2015, demonstrated,
in a landmark study, the presence of PD-L1 on breast CTCs, and developed a scoring mechanism.
In keeping with this, the CellSearch platform has been further developed to include a PD-L1 stain
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in the blank channel to further characterise EpCAM-positive CTCs. The PD-L1 is concurrently
scored against a range of known cell lines. This was further investigated in lung, and head and neck
cancers [41]; not only prior to therapy, but over the course of treatment as well [42,43]. The potential
for the development a CTC PD-L1 companion diagnostic assay is currently being investigated [44].
Notably, a recent study has shown the presence of PD-1/PD-L1 on CTCs as a result of host-immune
interactions [45]. This multitude of recent literature demonstrates the potential immune evasion
mechanisms of PD-L1 expressing CTCs.

2.5. Exosomes

Exosomes are nano-meter scale, lipid-membrane vesicles that secrete from cells and carry various
kinds of molecules such as DNA, RNA, and proteins. Unlike CTCs and ctDNA, which circulate in
the body fluid system, the lipid membranes protect biomolecules inside the exosomes. As there are
also antigens on the surface of exosomes, widely used separation methods exist that are based on
Immunoaffinity. Others methods include size differentiation and ultracentrifugation [46]. Exosomes
are a form of extracellular vesicles released by cells, typically with a size of 30–150 nm, and a lipid
bilayer. These vesicles contain RNA, DNA, and protein, and are likely to function by removing the
excess constituents from cells, and may mediate cell–cell communication [47]. In cancer, exosomes are
thought to promote tumor progression [48,49]. Exosomes have been found in numerous body fluids,
including blood, urine, amniotic fluid, tears, and breast milk [47]. Studies have demonstrated that in
lineage tracing experiments, malignant cancer cell derived exosomes when taken up by benign tumor
cells, which induces a conversion to a more malignant phenotype [50]. In metastasis, the exosomes
are thought to promote the remodelling of distant, metastasis prone organs [49]. Microfluidics have
been employed for the capture of exosomes in liquid biopsy. Numerous technologies exist, such as
the ExoSearch chip, which captures blood plasma exosomes combined with multi-marker probing for
ovarian cancer [51]. Immunoaffinity can also be utilised in microfluidics devices by manipulating the
surfaces with antibodies. Chen et al., 2010 described this using anti-CD63 functionalized surfaces [52].
The high flow rate isolation of exosomes has been shown by Dudani et al., 2015, where polystyrene
beads conjugated with anti-human CD63 were embedded in a microfluidic device that used inertial
lift forces at a finite Reynolds number in order to position microparticles, and exchanges solutions for
rapid purification [53]. To date, the standardisation of exosome isolation protocol is being developed,
from ultracentrifugation to microfluidics, and to immuno-affinity capture. Moreover, exosome specific
markers are yet to be established and markers indicative of the cell origin are needed.

2.6. ctDNA

Circulating tumor DNA is thought to be released from apoptotic tumor cells and necrotic in
circulation, and offers valuable information about tumor progression and metastasis. In doing so,
ctDNA found in body fluids can carry tumor specific genetic and epigenetic information [54,55].
Most cell-free DNA fragments are 100–200 base pairs generated from cell apoptosis. The concentration
of the cell free DNA in cancer patient are generally higher than those in healthy donors, which indicates
that the level of cell free DNA may be used for cancer screening [56]. Tumor specific mutations have
been identified in cell free DNA samples. Despite this, ctDNA still faces some challenges, such as
low ctDNA concentration, the development of allele specific amplification technologies, and high
background noise [57]. Recently, there have been landmark studies documenting how ctDNA may
be used to phylogenetically profile the subclonal nature of lung cancer relapse and metastasis [53].
Recent data has shown that tumors with a high tumor mutation burden (TMB) have a better response
to immunotherapy. This opens up avenues for the assessment of TMB via ctDNA, which is currently
being investigated to guide patients for anti PD-1/PD-L1 therapy.
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3. The Role of Microfluidics in Liquid Biopsy

Microfluidic technologies have come of age in the last 10–15 years with the efficient isolation
of tumor cells and cell derived products. Notably, microfluidic platforms offer many advantages
over conventional laboratory-based techniques, such as the low volume of samples required and
their reagents, high sensitivity, controllable and tunable flow patterns, ease of operation, low
costs and the ability to multiplex platforms. Specially, microfluidic devices can be designed to
ensure the precision of liquid manipulation, which is not possible with conventional bench-top
approaches. This advantage is crucial if low abundance cells and biomolecules are evaluated in
a homogeneous fashion. These advances enable the integration of microfluidics into cell biology,
genetics, pharmaceutics, and analytic chemistry research. In combination with serial operation units,
such as separators, mixers, reactors, and sensors, into one microfluidic chip, a streamlined experimental
process could be scaled down to nanolitre-reaction level, and provides researchers with opportunities
for analyzing the analytes both spatially and temporally. So far, the majority of microfluidic approach
focus on CTC isolation due to the rapid growing interest in cancer diagnosis.

While microfluidic techniques are promising in academic research, the barriers to
commercialization cannot be ignored. In terms of the device-related issues, microfluidic platforms that
are not integrated need to be connected manually using non-standard laboratory tools. Materials used
widely in microfluidic, such as polydimethysiloxane (PDMS), are not suitable for scaling to industrial
standards [58]. In addition, the performance of microfluidic platforms are dramatically influenced
by air bubbles and small obstructions caused by errors in the operation and the fabrication process.
Although some challenges prevent microfluidic technology from achieving its full potential, inspiring
discoveries have been shown to revolutionize how we analyze the cells and biomolecules down to
single cell level [59].

4. Circulating Tumor Cells Separation and Analysis on Microfluidic Chip

4.1. Postitive Selection of CTCs

Positive CTC selection is based on the capture of tumor cells using specific surface antigen
selection and the exclusion of normal cells. Epithelial cell adhesion molecule (EpCAM) is a widely
used marker among all of the immuno-affinity based positive selection approaches. The positive
selection of CTCs can be achieved by either coating antibodies onto the reaction channel surface, or by
artificially adding antibodies conjugated to micro particles.

4.1.1. Antibody-Coated Microstructure Separation

EpCAM coated microfluidic channel devices have been used for many years. While the blood
samples flow through the microfluidic channel, CTCs are captured against the surface of anti-EpCAM
coated microposts. The remaining blood samples are driven away from microfluidic channels.
The captured CTC samples could then be stained with fluorescence markers for enumeration purpose,
or for undergoing a genomics analysis [60]. However, the application of traditional microfluidic
channels is resisted by the small surface area for ligating antibodies, thus resulting in a limited
capture capacity. In order to overcome this limitation, various kinds of microfluidic channels have
been designed to provide more interactions between the putative CTCs and channel surfaces
(Figure 2d,e) [61,62]. Herringbone shape array, micropost array, and nanopillar array could generate a
greater surface area in the microfluidic channel, compared with the traditional designs, thus increasing
the capture efficiency of the CTCs.

NanoVelcro is a microfluidic chip with nanowires that are manufactured and coated with
anti-EpCAM antibody to identify and capture CTCs. While the blood cells flow through the chip,
the tumor cells will use immuno-affinity to stick to the nanowires like Velcro. This chip consists of
two parts, the bottom substrate is a brush-like silicon nanowire coated with an anti-EpCAM antibody,
and a PDMS herringbone structure on the top layer that generates the chaotic flow, which increases
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the contact chance between CTCs and the antibody substrate at the bottom. After the capture of CTCs,
Cytokeratin/CD45/DAPI staining is performed to identify putative CTCs on the chip (Figure 2a) [63].

Capturing the tumor cells is the first part of this platform. In the early stage of NanoVelcro
development, researchers used laser capture microdissection to cut out the areas of the CTCs and
isolate them from substrate [64]. But this method is time-consuming, and it requires highly specific
equipment and experienced operators. Now, researchers have developed thermosensitive NanoVelcro
polymer brushes, which are capable of capturing and releasing CTCs at 37 and 4 ◦C, respectively.
The NanoVelcro changes the temperature fluctuations by transforming their physical prosperities,
allowing the release of CTCs for downstream molecular assay and cell culture. Furthermore,
they fabricated polymer-based nanomaterial on chip surface, the latest NanoVelcro chip is able to
purify CTC without damaging RNA transcripts, which benefits the analysis of tumor specific RNA
markers (Figure 2a) [65].

4.1.2. In Vivo Antibody-Coated Device Capture

To overcome the restriction of limited blood volume in traditional CTC isolation methods, the
GILUPI CellColletor has been designed to collect targeted cells in vivo, by inserting the device through
a standard venous cannula into the vein of cancer patients [66]. The device is a 16 cm medical
stainless-steel wire with a 2 cm rounded tip that consists of a three-dimensional (3D) anti-EpCAM
antibody functioned layer, which comes into contact with circulating blood. Rare CTCs are bound
to the device surface by an antigen-anti-EpCAM reaction [67]. While most of the common in vitro
detection methods focus on utilizing the small volume of blood efficiently, the total volume of blood
passing the GILUPI CellColletor is estimated to be 1.5–3 litres in 30 min, thus increasing the chance of
isolating the CTCs [68]. This platform comes into contact with a larger volume of blood compared
with the standard 7.5 mL blood volumes, but it is significantly more invasive.

4.1.3. Antibody-Coated Particles Capture Platform

Immunomagnetic bead separation is another popular method for CTC selection. Micro-sized
magnetic beads are modified with antibodies that target the surface antigens of CTCs, providing a high
detection sensitivity of tumor cells, without the necessary surface modification onto the large surface
of a microfluidic channel. In one way, the magnetic beads label the tumor cells by an immune affinity
reaction, giving the targeted cells the ability to move under magnetic fields at the next step of magnetic
separation. The second way that this method performs is to increase the cell diameter by binding the
beads to the cell surface, for the purpose of achieving a higher recovery and purity than the simple
filtration separation method [69–71]. It total, samples need to be pre-treated with antibodies that are
coated with magnetic beads, in order to utilize these immunomagnetic cell separation methods.

CellSearch is still the gold standard for CTC enrichment. It is the first and only clinically
validated, FDA-approved blood test for detecting CTCs in cancer patients of metastatic breast, prostate,
and colorectal cancer [21]. In brief, ferrofluid nanoparticles coated with antibodies are added to blood
samples to enrich for EpCAM-positive CTCs. The CTCs labelled by ferrofluid nanoparticles are then
isolated magnetically from the bulk of other cell types in the blood. After CTC isolation, the cells are
stained with a pan-cytokeratin, which is a specific marker to identify epithelial CTCs, CD45, which is
a specific leukocyte marker to identify any leukocytes that may contaminate the CTC samples and
DAPI, a DNA stain to highlight the nuclei of both the CTCs and leukocytes. Before imaging, the cells
are put in a magnet cartridge, which will force the cells to form a single focal layer for better imaging
results. The fluorescence staining and bright field results of the harvested cells are reviewed, and the
CTCs are defined based on their morphology features and staining profiles, which are cytokeratin
positive, CD45 negative, and DAPI positive, with a high nuclear to cytoplasmic ratio and a minimum
4 µm × 4 µm diameter [72].

The clinical utility of the CellSearch platform has been validated in many studies [73]. The CTCs
number above or below a predetermined threshold can predict the patient prognosis, indicating
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a favourable or unfavourable prognosis for metastatic breast, prostate, and colorectal cancers
patients [21]. For metastasis breast cancer, the patients with a cut-off value of less than five CTCs
have a remarkably longer progression free survival [74]. The comprehensive analysis of determining
the correlation between the disease progression and the CTC numbers in metastasis prostate and
colorectal cancers also demonstrates the clinical utility of CTC, with a cut-off value at five and three
CTCs, respectively [75,76].

IsoFlux from Fluxion Biosciences (Alameda, CA, USA) is an automated system that utilizes the
microfluidic and immunomagnetic strategy for CTC enrichment. The samples are pushed into the
isolation region at a lower speed, to generate a desired reaction time within the isolation region. In the
isolation region, a removable, low adherence polymer disk is place below a magnet. A high magnetic
field attracts the CTCs labelled with anti-EpCAM coated magnetic beads to reach the polymer disk
on the roof. The unbound cells continue flowing through the microfluidic channel to the waste well
(Figure 2c) [77,78]. IsoFlux displays higher sensitivity in the identification of CTCs from hepatocellular
carcinoma patients, with a detection rate of 4.7% (1/21) by the CellSearch system, and 90.5% (19/21)
by the IsoFlux method [79]. The results obtained by both systems are not consistent for the CTC study
in hepatocellular carcinoma patients.
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Figure 2. Affinity CTC selection method. (a) The graphic illustration of the NanoVelcro CTC chip of
four generations. Reprinted with permission from the authors of [63]; (b) Schematic of the CTC-iChip.
The schematic of the workflow begins from the red blood cell filtration, inertial focusing of CTCs,
and white blood cells, followed by the removal of white blood cells under a magnetic field. Reprinted
with permission from the authors of [16]; (c) The schematic of the microfluidic flow channel of the
IsoFlux system. The blood sample mixed with magnetic particles flows through the cartridge, and the
circulating tumor cells or other rate cells are enriched and ready for molecular analysis. Reprinted
with permission from the authors of [78]; (d) Schematic of polymer-graphene oxide (GO) microfluidic
device for capturing the CTCs from the patient blood sample. Reprinted with permission from the
authors of [61]; (e) The illustration of the OncoBean Chip shows that the cancer cells are captured on
antibody-modified microposts. The inset heatmap shows the velocity decreasing from the centre to the
outer edge. Reprinted with permission from the authors of [62].
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4.2. Negative Seletion of CTCs

As the understanding of the tumor heterogeneity has grown in recent years, researchers have
found out that tumors develop as complex heterogeneous tissue, rather than as one particular clone [80].
Even within the cancer cell lines, the concentration of the surface antigens may vary from cell to cell [81].
Moreover, the utilization of positive selection requires research of the surface markers, which are
expressed ubiquitously across all of the CTCs. This makes it impractical to discover unknown CTC
subtypes using positive selection.

Negative selection is widely conducted by applying CD45 antibody-immobilized microfluidic
channels. For the purpose of increasing the interaction between the leukocytes and the channel
surface, rough and unflat surfaces of microfluidic channels are made using strong acid etching or
lithography. An example is the CTC-iChip platform. This platform consists of three parts of microfluidic
components, namely, deterministic lateral displacement (DLD), inertial focusing, and magnetophoresis
to deplete the blood leukocytes. The CTCs from the blood samples of the cancer patients of non-small
cell lung cancer, prostate cancer, breast cancer, and melanoma have been successfully isolated through
this CTC-iChip platform (Figure 2b) [35]. Unlike other CTC isolation platforms, the CTC-iChip
enables whole blood as an input sample by using a micropillar array, which gradually separates the
nucleated cells from the red blood cell and platelets by deterministic lateral displacement size-based
sorting. After the hydrodynamic sorting, the remaining cells reach a single cell line arrangement
under an inertial focusing step. Under a magnetic field, this platform can either enrich the EpCAM
positive labelled CTCs or deplete the CD45 positive leukocytes. A combination of inertial focusing
and magnetic separation contributes to the precise concentration of CTC or leukocytes into product or
waste collection wells, and also allows for positive-labelled CTC enumeration or the negative depletion
of leukocytes for antigen-independent CTC enumeration.

4.3. Label-Free Separation of CTCs

4.3.1. Size-Based Filtration

The size based sorting of cancer cells can be performed as a result of the morphologic differences
between cancer cells and normal blood cells. CTC capture using microfluidics typically captures
CTCs (17–52 µm) that are larger than white blood cells (7–15 µm) and red blood cells (6–8 µm).
The CTCs are believed to be inherently larger than the other blood components. Therefore, size-based
filtration technologies have been developed for the CTC isolation strategy (Figure 3a,b) [82,83]. VyCap
microsieves are fabricated using silicon nitride, with evenly distributed pores of a 5 µm size, in a
filter surface of 8 mm × 8 mm, offering 150,000 pores for the rapid blood sample process [84]. For the
CTC clusters isolation, the next generation of CTC-chip was designed to provide an easier and more
effective isolation effect than the original chip. The two stages of the deterministic lateral displacement
strategies that were applied in this chip extract the larger and smaller cluster, maintaining about a 99%
recovery rate and over 87% of the cell viabilities [85].

Whilst this works in body fluids such as blood, others, such as urine, can be challenging.
For example, malignant urothelial cells that have a cell diameter of 10–436 µm can overlap with
exfoliated normal urothelial cells (20–100 µm). Therefore, a combination technologies may need to be
used to overcome these challenges, which include a combination of protein expressions [86].

4.3.2. Density-Based Separation

Density-based CTC enrichment is a standardized method for blood component separation.
By adding blood above the density gradient reagent and afterwards centrifugation, the blood can
be separated into the plasma layer, buffy coat layer containing mononuclear cells, and bottom layer
containing red blood cells [87]. This can be used as an initial enrichment step for the CTC isolation and
CTC identification through immune-fluorescence staining. However, this CTC enrichment method
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suffers from a poor retrieval rate and CTC purity. Modifications have been made to improve the
performance of this method on CTC isolation [88].

4.3.3. Hydrodynamic-Based Separation

Inertial force, one of the hydrodynamic-based methods, has been shown high throughput
separation efficiency, based on particle size variation (Figure 3e) [69]. There are also two types of
microchannels for inertial force-based separation, straight channels and curved channels. In the straight
channel, the fluid generates lateral forces causing transverse inertial migration of cells. When cells
flow though the channels, they need to reach equilibrium at a defined distance between the center of
the cell and the microchannel wall under the lateral forces. Larger cells are pushed toward a vortex in
the reservoir and trapped inside, while the small size cells will be flushed along the channel, toward
the outlet [89]. A spiral microfluidic channel is provided to achieve the separation of CTCs in a curved
channel scenario. While the cells flow though the microchannel, the dominant inertial force and
rotational flow will force the small size particles to move toward the direction of the outer wall of
the channel, and the large size particles migrate toward the inner wall of the channel (Figure 3d) [90].
Thus, this perpendicular Dean-flow can be conducted to separate the cells with a short processing time
and high sensitivity.

4.3.4. Acoustic Separation

Peng Li et al. developed an acoustic cell separation device that can manipulate thousands
of cells, separating the tumor cells from the blood cells, based on their significant difference in size,
compressibility, and other physical properties, by exposing them to sound waves while flowing through
the microchannel (Figure 3c) [91]. It can offer a unique approach for researchers in bioengineering
projects and clinical diagnosis. Separating the cells with sound offers a gentler alternative to the
existing cell sorting techniques, which requires the labelling cells with antibodies or exposing them
to stronger mechanical forces that may damage the cells. While there are some white blood cells
that have overlapping acoustic properties with cancer cells, a platform, which utilizes the negative
acoustic contrast elastomeric particles with CD45-binding whole blood cell (WBCs), was developed
to further reduce the WBCs’ background [92]. This platform uses an integration of three modules of
microfluidic platforms, which consist of a high-throughput separation, cell spatial organization and
cell staining, imaging, and quantification analysis. This platform combines the isolation and evaluation
steps towards rare cancer cell sorting and identification. These streamlined functions could be easily
extended to various applications on a single cell biology [93].

4.3.5. Magnetophoresis Separation

Magnetophoresis applies the paramagnetic properties of erythrocytes and the diamagnetic
properties of other cells, such as leukocyte and tumor cells. In this case, the erythrocytes and biological
components could be migrated from the sample under the external magnetic field force. A continuous
paramagnetic capture mode of the magnetophoretic microseparator was firstly utilized for the isolation
of the suspended breast cancer cells from peripheral blood, based on the native magnetic properties of
blood cells, without adding magnetic beads and probes [54]. The remaining nucleated cells, including
white blood cells and spiked cancer cells, are detected by a micro-electrical impedance spectroscopy
system. It showed that 94.8% of the breast cancer cells from the spiked blood samples were separated
and detected.
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Figure 3. Label-free CTC isolation method. (a) Illustration of microfluidic cell sorter. A physical barrier
is located, as shown, to separate the cells by size difference. Small cells pass through the gap under
the barrier and are collected at outlet 2, while the large cancer cells move along the barrier and are
collected at another outlet. Reprinted with permission from the authors of [83]; (b) Schematic of the
multi-obstacle architecture microfiltration chip for CTC separation. The size gradient filter chip has
two filter gaps and the cells are captured between the two filter gaps. Reprinted with permission
from the authors of [82]; (c) Schematic of acoustic tweezers for isolating circulating tumor cells from a
blood sample. These yellow tilted transducers generate soundwaves to move the cells as they pass
through the device. The tumor cells are separated from the blood cells based on the difference in size
and compressibility. Reprinted with permission from the authors of [91]; (d) The principle of CTC
enrichment by a spiral channel. The CTCs are focused near the inner wall because of the combination of
the inertial lift force and the Dean force, while the white blood cells are focused closer to the outer wall.
Reprinted with permission from the authors of [94]; (e) Illustration of VTX-1 CTC isolation platform.
A blood sample flows through the microchannels and the laminar microscale vortices trap the cells
based on their size, shape, and deformability. Reprinted with permission from the authors of [95].

4.3.6. Dielectrophoresis Separation

When one cell is under the inhomogeneous electric field, it becomes polarized. The polarization
interacts with the applied electric field, making each kind of cell perform a unique electrical force,
because of the different properties of the cell membrane, cell size, and cell cytoplasmic. When it comes
to CTCs, if the electrophoretic of the CTCs are more polarizable than other cells and the medium,
then they will migrate towards the electrode side, resulting in separating themselves from the rest of
the normal blood cells [96].
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5. Exosome Separation and Analysis

Exosomes are cell-derived vesicles that carry cell specific protein, lipids, and nucleic acids,
that circulate within the body fluids. The cargo that exosomes carry allows for investigation into the
tumor origin and potential disease progression. Whilst promising, the translational applications of
the exosomes are still a challenge as there are non-standard protocols for the exosome separation
and analysis. Despite the conventional exosome separation methods of the ultra-centrifugation and
density gradient, the microfluidic methods offer a novel direction for the exosome research area with
its less reagent cost, quick processing time, downstream analysis integration ability, and output sample
integrity [97]. The size difference and surface biomarkers are two classic factors to isolate the exosomes
from the background samples. Thus, the microfluidic platforms for exosome isolation also spits into
two streams, namely size-based methods and immuno-affinity-based methods.

5.1. Immuno-Affinity Based Separation and Analysis

Similar to the separation method in the CTCs, the immuno-affinity-based exosomes’
isolation and analysis can be achieved by modifying the microchannel channel surface or using
antibodies-conjugated microbeads. For the former method, the anti-CD63 antibody was coated onto
the surface of the microfluidic channel for capturing exosomes [98]. Then, various antibodies targeting
the exosomes’ surface biomarkers are functioned onto the surfaces of different microfluidic devices.

However, limited by the surface area of the antibodies immobilization, the efficiency of exosome
capture reaches a bottleneck. Therefore, immunomagnetic beads are introduced to overcome this
problem. While mixed with exosome samples, the magnetic beads and exosome compound can
be considered as a composite in the subsequent magnetic manipulation. The amount of magnetic
beads represent the amount of the exosome, thus making the exosome quantitation and analysis
possible (Figure 4a) [51]. The immunomagnetic bead method enables an easy sample preparation and
rapid exosome enrichment, thus contributing to a higher sensitivity and capture efficiency. To achieve
the goal of integrating the exosome integration and chemical lysis, protein immunoprecipitation,
and chemiluminescent reactions, a microfluidic chip is developed to capture and analyze the circulating
exosome in the plasma [99]. The reported recovery yield of the exosomes using immuno-affinity
functionalized CD63 with herringbones groves has been reported to be between 42% and 94% [52].
Other immune-affinity microfluidic technologies include the ExoChip (functionalized CD63 in a
mulit-chamber device and nPLEX [functionalized CD24, CD63, and EpCAM] gold surface with
nanohole arrays), RInSE (inertial solution exchange for continuous isolation of affinity capture
[EpCAM] microbeads), iMER (isolation using magnetic microbeads [EGFR]), ExoSearch (capture
of CD9 microbeads), Nano-IMEX (capture of Y-shaped microposts with CD81nanostructured coating),
functionalized CD9/CD63 gold surfaces, and µMED (positive and negative enrichment with
microbeads of different sizes capturing CD63 particles).

5.2. Size-Based Exosomes Separation and Analysis

Isolating exosomes by size-based microfluidic systems mostly relies on the nanoporous structure
systems. One classical size-based demonstration is that the nanowire spacing on the micropillars
are fabricated to create a high density of physical trapper exosomes [100]. The micropillars shown
here work as a scaffold of nanowires, and filter out the large-sized blood cells and other sample
components during the exosome separation process. This fabricated microfluidic device selectively
traps the exosomes with diameter of 40–100 nm, and filters out proteins, other vesicles, and cell
debris at the same time. Moreover, the trapped exosomes remained intact by dissolving into the
buffer when compared to the ultracentrifugation methods (Figure 4b) [100]. Novel particle soring
techniques are also introduced in the exosome isolation area. An acoustic nanofilter using ultrasound
to separate particular particle samples is used, based on their size and density difference. Larger
particles experience a stronger radiation force and migrate faster towards the pressure nodes, while the
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smaller particles remain in the main channel [101]. A novel centrifugal platform utilizes a gentle and
efficient size-based exosome separation method without using a syringe pump and other equipment.
Combing with table top centrifuge, the extraction of exosome can be achieved in eight minutes, with
high separation efficiency of 90% [102].

5.3. Other Technologies for Exosome Isolation

Membrane filtration technologies can be used, such as pressure driven filtration using
micro/nano-engineered filters [103,104], electrophoresis driven filtration, double filtration (e.g.,
Exodisc), or nanoporous membranes, which allow for the capture of exosomes [105,106]. Acoustic
separation is possible using continuous contact-free nanofilters. For the isolation of urine derived
exosomes, the deterministic lateral displacement sorting (NanoDLD) using an array of pillars is
possible, and the utilization of inertial focusing using viscoelastic fluid has been also reported [107].

6. Circulating Tumor DNA Separation and Analysis

The analysis of ctDNA provides researchers with a further understanding of the basic biological
process, prenatal status, and cancer development and progression [108,109]. ctDNA have demonstrated
utility in monitoring disease progression over the course of therapy and in the detection of minimal
residual disease.

In the conventional methods, electrophoretic and fluorescence signal detection are widely
used in DNA analysis. However, inherent limitations, such as the high cost and sample loss,
are unavoidable during the multiple sample treatment progress. Therefore, microfluidic devices with
integrated functionalities, such as sample preparation, purification, and product analysis, are needed.
DNA molecules can be labeled with fluorescent dyes and can be detected with a high signal to noise
ratio. Microfluidic platforms for separating nucleic acid have been conducted by many methods, such as
silica-based surfaces, functionalized paramagnetic beads, oligonucleotide-modified polymer surfaces,
pH-dependent charged surfaces, Al2O3 membranes, and liquid-phase isolation [110]. However,
the processing of reaction products is typically not finished on the microfluidic platform.

One advantage of the microfluidic systems is the ability to combine various techniques into
a single integrated and streamlined design (Figure 4c) [111,112]. For example, a highly integrated
single molecule DNA analysis platform demonstrated that the polymerase chain reaction (PCR)
amplification of a single DNA template is possible, followed by the capillary electrophoretic analysis
of the products. The PCR reactions performed in nanoliter chambers can be completed in as fast as 30 s.
The fluorescent dye labeled PCR products are then directly injected into the gel-filled capillary channel
for electrophoretic analysis [113]. Techniques such as BEAMing (beads, emulsion, amplification,
and magnetics) technology incorporate microfluidics to separate the template molecules into individual
reaction vessels by separating the sample and PCR reagents into oil droplet emulsions, or by combing
the emulsion PCR to generate even sized droplets. BEAMing was one of the first technologies that
allowed for the quantitative sensitive interrogation of mutant ctDNA [114]. Digital PCR techniques
utilize the limiting dilution of DNA into individual PCR reactions, of which there are two main
methods for partitioning individual reactions, namely nanofluidics for well based partitioning and
microdroplet partitioning using water-in-oil emulsion. Examples for nanofluidics are the Fluidigm and
ThermoFisher OpenArray, and the microdroplet examples are the RainDance and Biorad platforms.
These technologies are more precise and demonstrate a linear response to the number of DNA copies,
eliminating the need for standard curves to be performed, and enables the use of digital PCR for high
resolution determination of the copy number variations (CNVs) [115].
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immunomagnetic beads for mixing and isolation of exosomes. Reprinted with permission from the
authors of [51]; (b) A schematic of ciliated micropillar array for exosome separation. While cells are
depleted before entering the region, exosomes are highly enriched by trapping within nanowires.
Reprinted with permission from the authors of [100]; (c) An integrated DNA microfluidic analysis
device. (Top) Two liquid samples and electrophoresis gel are presented. (Bottom) Optical micrograph
of the device from above. Reprinted with permission from the authors of [111].

7. Microfluidic Techniques in CAR-T Cell Therapy

Immunotherapy has emerged as an important treatment option for cancer. Chimeric antigen
receptor (CAR) T cell therapy works using a method of genetically modifying the patient’s own T
cells, so that the T cells can recognize and kill the cancer cells without damaging the normal healthy
cells. In 2017, there were two CAR-T cell therapies that were approved by the FDA, one for the
treatment of children with acute lymphoblastic leukemia, and the other for adults with advanced
lymphomas. Moreover, different forms of CAR-T cell therapies are still being developed, including
those for solid tumors. However, the current state of engineering the T cells is quite expensive and
time-consuming, requiring multiple incubation technologies and highly skilled technicians. To solve
these problems, communities from biology and engineering disciplines are working together to develop
microfluidic platforms to accelerate this process. Glulia et al. discussed how the 3D microfluidic tumor
models mimic the tumor environment, to assess the engineered T cells and improve the therapeutic
efficacy [116]. Researchers at Draper are now developing new microfluidic platforms that are able to
promote the cell therapies. The first step of this approach is using the acoustics microfluidic platform
to enrich the T cells from a patient’s blood sample, achieving rapid and automated T cells separation.
After T cells enrichment, the microfluidic chip improves the efficiency of transferring the genetic
material into T cells, by reducing the amount of the transferring vector and decreasing the amount
of time. This has led to standardization, minimizing the human error and risks associated with cross
contamination [117].

8. Challenges and Perspectives

Microfluidic technologies will serve an important role in the field of cancer research as well
as progressing personalized medicine. In the field of non-invasive liquid biopsy research, CTCs,
exosomes, and circulating tumor nucleic acids are used as biomarkers of the minimum residual disease
for the monitoring of disease. As a result of different sources and characteristics of these biomarkers,
the separation and detection method varies among samples, which leads to inherent strength and
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limitations, in turn (Table 1). Many studies have validated the potential of microfluidics in biomarkers’
detection, separation, and characterization. Although microfluidic technology shows promise, there are
still hurdles to overcome prior to translation into clinic.

CTCs provide the units of metastatic diseases that can be sampled non-invasively by a blood draw.
Therefore, the isolation and characterization of CTCs is critical in order to understand the underlying
mechanism involved in metastasis. Microfluidic CTC enrichment is categorized into two main streams,
label-free techniques and immune-affinity techniques. The ideal microfluidic platform allows for a
high CTC recovery rate, high sample throughout volume, and short experimental time.

One appealing advantage of the microfluidic separation techniques is that the high volume and
parallel throughout are compatible with the high sample flow rate. Larger sample volumes and higher
flow rates make innovative tumor diagnostic methods and therapeutic applications possible [118].
In the case of CTCs, most of the analysis is performed using 7.5 mL of blood. However, recent studies
have shown that it is necessary to process larger volumes of blood in order to collect sufficient CTC
numbers for reliable enumeration and genomic analysis. Therefore, the microfluidic platforms are ideal
to handle and analyze small numbers of cells within large volumes of raw samples. As mentioned
above, there are two major types of immuno-affinity-based separation methods, namely positive
selection and negative selection. Both are based on either the modification of the microfluidic channels
or on the application of antibodies-conjugated to micro-sized magnetic particles. The performance of
antibody-modified channels is limited by the interactions between the surface-bound antibodies and
the target cells flowing through. The negative selection-based methods allow for a greater capture of
the CTC subpopulations, and in so doing, a greater heterogeneity of CTCs than the positive selection
methodologies. Whilst there have been developments, there remains a need for improved CTC
separation efficiencies for downstream analysis. One method has investigated the surface chemistry
of microparticles to provide a short processing time and high CTC recovery rate. Another method
utilizes a combination of multiple cell capture technique components, combined into one platform in
order to improve the CTC capture performance.

The separation and analysis of the exosome on microfluidic systems may outperform traditional
methods, such as ultracentrifugation and some commercially available exosome isolation kits.
However, the release of the exosomes of differential sizes and concentrations makes isolating and
analysis challenging. The existing exosome microfluidic systems mostly rely on size difference and
immuno-affinity techniques. For the former method, the performance of the exosome isolation is
greatly affected by the size difference of the secreted exosomes.

In addition, unlike the CTCs, which are of a micro meter size, exosomes are of nanometer size
and thereby require more advanced technologies for the device fabrication. Generally, immuno-
affinity-based separation methods have a high specificity and sensitivity. However, because of the
heterogeneity of the exosomes, there is no common biomarker that can distinguish all of the cancer
secreted exosomes from the normal exosomes.

The utility of ctDNA has been shown in identifying minimal residual disease and in the tracking
of mutations during therapy. Through the integration of nucleic acid separation, and the analysis
on microfluidic systems, these novel platforms show advantages such as low cost, fast processing
time, and less contamination, compared with conventional methods. However, there are still some
improvements for nucleic acid separation and analysis platforms. Most types of nucleic acid are
collected by an extraction process, which will cause damage to the sample integrity. In terms of the
circulating nucleic acid separation, there is no standard sample collection and processing protocol,
thus limiting the development of reliable and efficient microfluidic platforms.

Overall, the first question comes down to the intrinsic rarity and heterogeneity of the circulating
tumor markers. To solve this problem, complexed analysis platforms that combine physical and
biological properties of tumor biomarkers need to be developed. Secondly, researchers need to
establish the relationship between microfluidic technology and the analysis of the circulating
biomarkers. There are a number of liquid biopsy tests that have been approved by FDA so far,
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such as the breakthrough device from the Foundation Medicine company, approved at 2018; the cobas
EGFR mutation test v2, approved for NSCLC in 2017; myRisk, approved for breast cancer in
2014 [119–121]. However, these tests mentioned above are based on ctDNA sequencing from plasma
samples. Although there are many microfluidic-based liquid biopsy platforms that have shown appealing
results, the CellSearch system remains the only FDA-approved CTC platform as of January 2018. To gain
more attention from the medical society and to accelerate the FDA approval progress, more validation
tests regarding the specificity, sensitivity, and reproducibility of the microfluidic platforms need
to be determined for each tumor type, as well as among large populations on current and future
microfluidic systems.

Table 1. Comparison of three liquid biopsy methods (circulating tumor cells [CTCs], circulating tumor
DNA [ctDNA], and exosomes).

Types of Liquid
Biopsy Samples Circulating Tumor Cells ctDNA Exosomes

Sample Sources Peripheral Blood Plasma or Serum Plasma or Other Body Fluids

Separation or
detection methods

Positive selection by antibody coated
microstructure and microparticles

Digital PCR, next generation
sequencing, allele-specific PCR

Antibody coated microchannel
and microparticles

Negative selection by antibody coated
microstructure and microparticles Label-free methods: Size

based nanowire capture,
acoustic nanofilter

Label-free methods: size-based filtration,
density-based separation, hydrodynamic,
acoustic, magnetophoresis, de-electrophoretic

Strength

High specificity of tumor-derived High sensitivity Samples available in
various body fluids

Approved by FDA clinical practice

Ongoing clinical trials for
treatment suggestions

DNA, RNA, and protein
could all be investigated

DNA, RNA, and protein could all be
investigated Functional studies available

Functional studies available

Limitations

Loss of heterogeneity on non-label free
isolation methods

No RNA or protein could be
investigated

Loss of heterogeneity on
non-label free isolation
methods

Instability of tumor diagnosis at early stage
Tumor specific mutations are

hard to distinguish due to
redundant background noise signals

Absence of specific tumor
derived markers

Acknowledgments: M.E.W. and H.W. would like to acknowledge the support of the Australian Research Council
through the Discovery Project Grants (DP170103704 and DP180103003) and the National Health and Medical
Research Council through the Career Development Fellowship (APP1143377). The authors are grateful for
receiving financial support from the Translational Research Institute (TRI) spore grant.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lewis, J.M.; Heineck, D.P.; Heller, M.J. Detecting cancer biomarkers in blood: Challenges for new molecular
diagnostic and point-of-care tests using cell-free nucleic acids. Expert Rev. Mol. Diagn. 2015, 15, 1187–1200.
[CrossRef] [PubMed]

2. Siegel, R.; Ma, J.; Zou, Z.; Jemal, A. Cancer statistics, 2014. CA Cancer J. Clin. 2014, 64, 9–29. [CrossRef]
[PubMed]

3. Etzioni, R.; Urban, N.; Ramsey, S.; McIntosh, M.; Schwartz, S.; Reid, B.; Radich, J.; Anderson, G.; Hartwell, L.
The case for early detection. Nat. Rev. Cancer 2003, 3, 243–252. [CrossRef] [PubMed]

4. Radhakrishna, S.; Gayathri, A.; Chegu, D. Needle core biopsy for breast lesions: An audit of 467 needle core
biopsies. Indian J. Med. Paediatr. Oncol. 2013, 34, 252–256. [CrossRef] [PubMed]

5. Ilie, M.; Hofman, P. Pros: Can tissue biopsy be replaced by liquid biopsy? Transl. Lung Cancer Res. 2016, 5,
420–423. [CrossRef] [PubMed]

6. Welch, H.G.; Black, W.C. Overdiagnosis in cancer. J. Natl. Cancer Inst. 2010, 102, 605–613. [CrossRef]
[PubMed]

http://dx.doi.org/10.1586/14737159.2015.1069709
http://www.ncbi.nlm.nih.gov/pubmed/26189641
http://dx.doi.org/10.3322/caac.21208
http://www.ncbi.nlm.nih.gov/pubmed/24399786
http://dx.doi.org/10.1038/nrc1041
http://www.ncbi.nlm.nih.gov/pubmed/12671663
http://dx.doi.org/10.4103/0971-5851.125237
http://www.ncbi.nlm.nih.gov/pubmed/24604953
http://dx.doi.org/10.21037/tlcr.2016.08.06
http://www.ncbi.nlm.nih.gov/pubmed/27655109
http://dx.doi.org/10.1093/jnci/djq099
http://www.ncbi.nlm.nih.gov/pubmed/20413742


Micromachines 2018, 9, 397 17 of 22

7. Loughran, C.F.; Keeling, C.R. Seeding of tumour cells following breast biopsy: A literature review. Br. J. Radiol.
2011, 84, 869–874. [CrossRef] [PubMed]

8. Yates, L.R.; Campbell, P.J. Evolution of the cancer genome. Nat. Rev. Genet. 2012, 13, 795–806. [CrossRef]
[PubMed]

9. Sacher, A.G.; Paweletz, C.; Dahlberg, S.E.; Alden, R.S.; O’Connell, A.; Feeney, N.; Mach, S.L.; Janne, P.A.;
Oxnard, G.R. Prospective validation of rapid plasma genotyping for the detection of EGFR and KRAS
mutations in advanced lung cancer. JAMA Oncol. 2016, 2, 1014–1022. [CrossRef] [PubMed]

10. Hornberger, J.; Hirsch, F.R.; Li, Q.; Page, R.D. Outcome and economic implications of proteomic test-guided
second- or third-line treatment for advanced non-small cell lung cancer: Extended analysis of the prose trial.
Lung Cancer 2015, 88, 223–230. [CrossRef] [PubMed]

11. Schmidt, H.; Kulasinghe, A.; Perry, C.; Nelson, C.; Punyadeera, C. A liquid biopsy for head and neck cancers.
Expert Rev. Mol. Diagn. 2016, 16, 165–172. [CrossRef] [PubMed]

12. Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.;
Matthews, N.; Stewart, A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion
sequencing. N. Engl. J. Med. 2012, 366, 883–892. [CrossRef] [PubMed]

13. Crowley, E.; Di Nicolantonio, F.; Loupakis, F.; Bardelli, A. Liquid biopsy: Monitoring cancer-genetics in the
blood. Nat. Rev. Clin. Oncol. 2013, 10, 472–484. [CrossRef] [PubMed]

14. Bardelli, A.; Pantel, K. Liquid biopsies, what we do not know (yet). Cancer Cell 2017, 31, 172–179. [CrossRef]
[PubMed]

15. He, M.; Zeng, Y. Microfluidic exosome analysis toward liquid biopsy for cancer. J. Lab. Autom. 2016, 21,
599–608. [CrossRef] [PubMed]

16. Shields, C.W.T.; Reyes, C.D.; Lopez, G.P. Microfluidic cell sorting: A review of the advances in the separation
of cells from debulking to rare cell isolation. Lab Chip 2015, 15, 1230–1249. [CrossRef] [PubMed]

17. Alam, M.K.; Koomson, E.; Zou, H.; Yi, C.; Li, C.-W.; Xu, T.; Yang, M. Recent advances in microfluidic
technology for manipulation and analysis of biological cells (2007–2017). Anal. Chim. Acta 2018. in perss.
[CrossRef]

18. Sun, Y.; Haglund, T.A.; Rogers, A.J.; Ghanim, A.F.; Sethu, P. Review: Microfluidics technologies for
blood-based cancer liquid biopsies. Anal. Chim. Acta 2018, 1012, 10–29. [CrossRef] [PubMed]

19. Hao, N.; Zhang, J.X.J. Microfluidic screening of circulating tumor biomarkers toward liquid biopsy.
Sep. Purif. Rev. 2018, 47, 19–48. [CrossRef]

20. Dive, C.; Brady, G. Snapshot: Circulating tumor cells. Cell 2017, 168, 742. [CrossRef] [PubMed]
21. Allard, W.J.; Matera, J.; Miller, M.C.; Repollet, M.; Connelly, M.C.; Rao, C.; Tibbe, A.G.; Uhr, J.W.;

Terstappen, L.W. Tumor cells circulate in the peripheral blood of all major carcinomas but not in healthy
subjects or patients with nonmalignant diseases. Clin. Cancer Res. 2004, 10, 6897–6904. [CrossRef] [PubMed]

22. Pantel, K.; Alix-Panabieres, C.; Riethdorf, S. Cancer micrometastases. Nat. Rev. Clin. Oncol. 2009, 6, 339–351.
[CrossRef] [PubMed]

23. Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.; Wells, M.N.;
Shah, A.M.; et al. Circulating breast tumor cells exhibit dynamic changes in epithelial and mesenchymal
composition. Science 2013, 339, 580–584. [CrossRef] [PubMed]

24. Gao, D.; Vela, I.; Sboner, A.; Iaquinta, P.J.; Karthaus, W.R.; Gopalan, A.; Dowling, C.; Wanjala, J.N.;
Undvall, E.A.; Arora, V.K.; et al. Organoid cultures derived from patients with advanced prostate cancer.
Cell 2014, 159, 176–187. [CrossRef] [PubMed]

25. Hodgkinson, C.L.; Morrow, C.J.; Li, Y.; Metcalf, R.L.; Rothwell, D.G.; Trapani, F.; Polanski, R.; Burt, D.J.;
Simpson, K.L.; Morris, K.; et al. Tumorigenicity and genetic profiling of circulating tumor cells in small-cell
lung cancer. Nat. Med. 2014, 20, 897–903. [CrossRef] [PubMed]

26. Khoo, B.L.; Lee, S.C.; Kumar, P.; Tan, T.Z.; Warkiani, M.E.; Ow, S.G.; Nandi, S.; Lim, C.T.; Thiery, J.P.
Short-term expansion of breast circulating cancer cells predicts response to anti-cancer therapy. Oncotarget
2015, 6, 15578–15593. [CrossRef] [PubMed]

27. Kasimir-Bauer, S.; Hoffmann, O.; Wallwiener, D.; Kimmig, R.; Fehm, T. Expression of stem cell and
epithelial-mesenchymal transition markers in primary breast cancer patients with circulating tumor cells.
Breast Cancer Res. 2012, 14, R15. [CrossRef] [PubMed]

28. Tomaskovic-Crook, E.; Thompson, E.W.; Thiery, J.P. Epithelial to mesenchymal transition and breast cancer.
Breast Cancer Res. 2009, 11, 213. [CrossRef] [PubMed]

http://dx.doi.org/10.1259/bjr/77245199
http://www.ncbi.nlm.nih.gov/pubmed/21933978
http://dx.doi.org/10.1038/nrg3317
http://www.ncbi.nlm.nih.gov/pubmed/23044827
http://dx.doi.org/10.1001/jamaoncol.2016.0173
http://www.ncbi.nlm.nih.gov/pubmed/27055085
http://dx.doi.org/10.1016/j.lungcan.2015.03.006
http://www.ncbi.nlm.nih.gov/pubmed/25804732
http://dx.doi.org/10.1586/14737159.2016.1127758
http://www.ncbi.nlm.nih.gov/pubmed/26631411
http://dx.doi.org/10.1056/NEJMoa1113205
http://www.ncbi.nlm.nih.gov/pubmed/22397650
http://dx.doi.org/10.1038/nrclinonc.2013.110
http://www.ncbi.nlm.nih.gov/pubmed/23836314
http://dx.doi.org/10.1016/j.ccell.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28196593
http://dx.doi.org/10.1177/2211068216651035
http://www.ncbi.nlm.nih.gov/pubmed/27215792
http://dx.doi.org/10.1039/C4LC01246A
http://www.ncbi.nlm.nih.gov/pubmed/25598308
http://dx.doi.org/10.1016/j.aca.2018.06.054
http://dx.doi.org/10.1016/j.aca.2017.12.050
http://www.ncbi.nlm.nih.gov/pubmed/29475470
http://dx.doi.org/10.1080/15422119.2017.1320763
http://dx.doi.org/10.1016/j.cell.2017.01.026
http://www.ncbi.nlm.nih.gov/pubmed/28187292
http://dx.doi.org/10.1158/1078-0432.CCR-04-0378
http://www.ncbi.nlm.nih.gov/pubmed/15501967
http://dx.doi.org/10.1038/nrclinonc.2009.44
http://www.ncbi.nlm.nih.gov/pubmed/19399023
http://dx.doi.org/10.1126/science.1228522
http://www.ncbi.nlm.nih.gov/pubmed/23372014
http://dx.doi.org/10.1016/j.cell.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25201530
http://dx.doi.org/10.1038/nm.3600
http://www.ncbi.nlm.nih.gov/pubmed/24880617
http://dx.doi.org/10.18632/oncotarget.3903
http://www.ncbi.nlm.nih.gov/pubmed/26008969
http://dx.doi.org/10.1186/bcr3099
http://www.ncbi.nlm.nih.gov/pubmed/22264265
http://dx.doi.org/10.1186/bcr2416
http://www.ncbi.nlm.nih.gov/pubmed/19909494


Micromachines 2018, 9, 397 18 of 22

29. Thompson, E.W.; Nagaraj, S.H. Transition states that allow cancer to spread. Nature 2018, 556, 442–444.
[CrossRef] [PubMed]

30. Rao, C.G.; Chianese, D.; Doyle, G.V.; Miller, M.C.; Russell, T.; Sanders, R.A., Jr.; Terstappen, L.W. Expression
of epithelial cell adhesion molecule in carcinoma cells present in blood and primary and metastatic tumors.
Int. J. Oncol. 2005, 27, 49–57. [CrossRef] [PubMed]

31. Joosse, S.A.; Pantel, K. Biologic challenges in the detection of circulating tumor cells. Cancer Res. 2013, 73,
8–11. [CrossRef] [PubMed]

32. Barriere, G.; Fici, P.; Gallerani, G.; Fabbri, F.; Zoli, W.; Rigaud, M. Circulating tumor cells and epithelial,
mesenchymal and stemness markers: Characterization of cell subpopulations. Ann. Transl. Med. 2014, 2, 109.
[CrossRef] [PubMed]

33. Deneve, E.; Riethdorf, S.; Ramos, J.; Nocca, D.; Coffy, A.; Daures, J.P.; Maudelonde, T.; Fabre, J.M.; Pantel, K.;
Alix-Panabieres, C. Capture of viable circulating tumor cells in the liver of colorectal cancer patients.
Clin. Chem. 2013, 59, 1384–1392. [CrossRef] [PubMed]

34. Hou, H.W.; Warkiani, M.E.; Khoo, B.L.; Li, Z.R.; Soo, R.A.; Tan, D.S.; Lim, W.T.; Han, J.; Bhagat, A.A.; Lim, C.T.
Isolation and retrieval of circulating tumor cells using centrifugal forces. Sci. Rep. 2013, 3, 1259. [CrossRef]
[PubMed]

35. Karabacak, N.M.; Spuhler, P.S.; Fachin, F.; Lim, E.J.; Pai, V.; Ozkumur, E.; Martel, J.M.; Kojic, N.; Smith, K.;
Chen, P.I.; et al. Microfluidic, marker-free isolation of circulating tumor cells from blood samples. Nat. Protoc.
2014, 9, 694–710. [CrossRef] [PubMed]

36. Kulasinghe, A.; Perry, C.; Warkiani, M.E.; Blick, T.; Davies, A.; O’Byrne, K.; Thompson, E.W.; Nelson, C.C.;
Vela, I.; Punyadeera, C. Short term ex-vivo expansion of circulating head and neck tumour cells. Oncotarget
2016, 7, 60101–60109. [CrossRef] [PubMed]

37. Khoo, B.L.; Warkiani, M.E.; Tan, D.S.; Bhagat, A.A.; Irwin, D.; Lau, D.P.; Lim, A.S.; Lim, K.H.; Krisna, S.S.;
Lim, W.T.; et al. Clinical validation of an ultra high-throughput spiral microfluidics for the detection and
enrichment of viable circulating tumor cells. PLoS ONE 2014, 9, e99409. [CrossRef] [PubMed]

38. Ferris, R.L.; Blumenschein, G., Jr.; Fayette, J.; Guigay, J.; Colevas, A.D.; Licitra, L.; Harrington, K.; Kasper, S.;
Vokes, E.E.; Even, C.; et al. Nivolumab for recurrent squamous-cell carcinoma of the head and neck. N. Engl.
J. Med. 2016, 375, 1856–1867. [CrossRef] [PubMed]

39. Hellmann, M.D.; Ciuleanu, T.E.; Pluzanski, A.; Lee, J.S.; Otterson, G.A.; Audigier-Valette, C.; Minenza, E.;
Linardou, H.; Burgers, S.; Salman, P.; et al. Nivolumab plus ipilimumab in lung cancer with a high tumor
mutational burden. N. Engl. J. Med. 2018, 378, 2093–2104. [CrossRef] [PubMed]

40. Wolchok, J.D.; Chiarion-Sileni, V.; Gonzalez, R.; Rutkowski, P.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Wagstaff, J.;
Schadendorf, D.; Ferrucci, P.F.; et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. N. Engl. J. Med. 2017, 377, 1345–1356. [CrossRef] [PubMed]

41. Strati, A.; Koutsodontis, G.; Papaxoinis, G.; Angelidis, I.; Zavridou, M.; Economopoulou, P.; Kotsantis, I.;
Avgeris, M.; Mazel, M.; Perisanidis, C.; et al. Prognostic significance of PD-L1 expression on circulating
tumor cells in patients with head and neck squamous cell carcinoma. Ann. Oncol. 2017, 28, 1923–1933.
[CrossRef] [PubMed]

42. Kulasinghe, A.; Perry, C.; Kenny, L.; Warkiani, M.E.; Nelson, C.; Punyadeera, C. Pd-L1 expressing circulating
tumour cells in head and neck cancers. BMC Cancer 2017, 17, 333. [CrossRef] [PubMed]

43. Dhar, M.; Wong, J.; Che, J.; Matsumoto, M.; Grogan, T.; Elashoff, D.; Garon, E.B.; Goldman, J.W.; Sollier
Christen, E.; Di Carlo, D.; et al. Evaluation of PD-L1 expression on vortex-isolated circulating tumor cells in
metastatic lung cancer. Sci. Rep. 2018, 8, 2592. [CrossRef] [PubMed]

44. Kulasinghe, A.; Kenny, L.; Punyadeera, C. Circulating tumour cell PD-L1 test for head and neck cancers.
Oral Oncol. 2017, 75, 6–7. [CrossRef] [PubMed]

45. Kallergi, G.; Vetsika, E.K.; Aggouraki, D.; Lagoudaki, E.; Koutsopoulos, A.; Koinis, F.; Katsarlinos, P.;
Trypaki, M.; Messaritakis, I.; Stournaras, C.; et al. Evaluation of PD-L1/PD-1 on circulating tumor cells in
patients with advanced non-small cell lung cancer. Ther. Adv. Med. Oncol. 2018, 10. [CrossRef] [PubMed]

46. Jia, S.; Zhang, R.; Li, Z.; Li, J. Clinical and biological significance of circulating tumor cells, circulating
tumor DNA, and exosomes as biomarkers in colorectal cancer. Oncotarget 2017, 8, 55632–55645. [CrossRef]
[PubMed]

47. Kalluri, R. The biology and function of exosomes in cancer. J. Clin. Investig. 2016, 126, 1208–1215. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/d41586-018-04403-x
http://www.ncbi.nlm.nih.gov/pubmed/29686367
http://dx.doi.org/10.3892/ijo.27.1.49
http://www.ncbi.nlm.nih.gov/pubmed/15942643
http://dx.doi.org/10.1158/0008-5472.CAN-12-3422
http://www.ncbi.nlm.nih.gov/pubmed/23271724
http://dx.doi.org/10.3978/j.issn.2305-5839.2014.10.04
http://www.ncbi.nlm.nih.gov/pubmed/25489583
http://dx.doi.org/10.1373/clinchem.2013.202846
http://www.ncbi.nlm.nih.gov/pubmed/23695297
http://dx.doi.org/10.1038/srep01259
http://www.ncbi.nlm.nih.gov/pubmed/23405273
http://dx.doi.org/10.1038/nprot.2014.044
http://www.ncbi.nlm.nih.gov/pubmed/24577360
http://dx.doi.org/10.18632/oncotarget.11159
http://www.ncbi.nlm.nih.gov/pubmed/27517751
http://dx.doi.org/10.1371/journal.pone.0099409
http://www.ncbi.nlm.nih.gov/pubmed/24999991
http://dx.doi.org/10.1056/NEJMoa1602252
http://www.ncbi.nlm.nih.gov/pubmed/27718784
http://dx.doi.org/10.1056/NEJMoa1801946
http://www.ncbi.nlm.nih.gov/pubmed/29658845
http://dx.doi.org/10.1056/NEJMoa1709684
http://www.ncbi.nlm.nih.gov/pubmed/28889792
http://dx.doi.org/10.1093/annonc/mdx206
http://www.ncbi.nlm.nih.gov/pubmed/28838214
http://dx.doi.org/10.1186/s12885-017-3316-3
http://www.ncbi.nlm.nih.gov/pubmed/28511705
http://dx.doi.org/10.1038/s41598-018-19245-w
http://www.ncbi.nlm.nih.gov/pubmed/29416054
http://dx.doi.org/10.1016/j.oraloncology.2017.10.011
http://www.ncbi.nlm.nih.gov/pubmed/29224824
http://dx.doi.org/10.1177/1758834017750121
http://www.ncbi.nlm.nih.gov/pubmed/29383038
http://dx.doi.org/10.18632/oncotarget.17184
http://www.ncbi.nlm.nih.gov/pubmed/28903450
http://dx.doi.org/10.1172/JCI81135
http://www.ncbi.nlm.nih.gov/pubmed/27035812


Micromachines 2018, 9, 397 19 of 22

48. Melo, S.A.; Sugimoto, H.; O’Connell, J.T.; Kato, N.; Villanueva, A.; Vidal, A.; Qiu, L.; Vitkin, E.;
Perelman, L.T.; Melo, C.A.; et al. Cancer exosomes perform cell-independent microrna biogenesis and
promote tumorigenesis. Cancer Cell 2014, 26, 707–721. [CrossRef] [PubMed]

49. Costa-Silva, B.; Aiello, N.M.; Ocean, A.J.; Singh, S.; Zhang, H.; Thakur, B.K.; Becker, A.; Hoshino, A.;
Mark, M.T.; Molina, H.; et al. Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver.
Nat. Cell Biol. 2015, 17, 816–826. [CrossRef] [PubMed]

50. Zomer, A.; Maynard, C.; Verweij, F.J.; Kamermans, A.; Schafer, R.; Beerling, E.; Schiffelers, R.M.; de Wit, E.;
Berenguer, J.; Ellenbroek, S.I.J.; et al. In vivo imaging reveals extracellular vesicle-mediated phenocopying of
metastatic behavior. Cell 2015, 161, 1046–1057. [CrossRef] [PubMed]

51. Zhao, Z.; Yang, Y.; Zeng, Y.; He, M. A microfluidic exosearch chip for multiplexed exosome detection towards
blood-based ovarian cancer diagnosis. Lab Chip 2016, 16, 489–496. [CrossRef] [PubMed]

52. Chen, C.; Skog, J.; Hsu, C.H.; Lessard, R.T.; Balaj, L.; Wurdinger, T.; Carter, B.S.; Breakefield, X.O.; Toner, M.;
Irimia, D. Microfluidic isolation and transcriptome analysis of serum microvesicles. Lab Chip 2010, 10,
505–511. [CrossRef] [PubMed]

53. Dudani, J.S.; Gossett, D.R.; Tse, H.T.; Lamm, R.J.; Kulkarni, R.P.; Carlo, D.D. Rapid inertial solution exchange
for enrichment and flow cytometric detection of microvesicles. Biomicrofluidics 2015, 9, 014112. [CrossRef]
[PubMed]

54. Han, K.H.; Han, A.; Frazier, A.B. Microsystems for isolation and electrophysiological analysis of breast
cancer cells from blood. Biosens. Bioelectron. 2006, 21, 1907–1914. [CrossRef] [PubMed]

55. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.;
Alani, R.M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies.
Sci. Transl. Med. 2014, 6, 224ra224. [CrossRef] [PubMed]

56. Bellassai, N.; Spoto, G. Biosensors for liquid biopsy: Circulating nucleic acids to diagnose and treat cancer.
Anal. Bioanal. Chem. 2016, 408, 7255–7264. [CrossRef] [PubMed]

57. Liu, K.J.; Brock, M.V.; Shih Ie, M.; Wang, T.H. Decoding circulating nucleic acids in human serum using
microfluidic single molecule spectroscopy. J. Am. Chem. Soc. 2010, 132, 5793–5798. [CrossRef] [PubMed]

58. Toepke, M.W.; Beebe, D.J. PDMS absorption of small molecules and consequences in microfluidic applications.
Lab Chip 2006, 6, 1484–1486. [CrossRef] [PubMed]

59. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef] [PubMed]
60. Sequist, L.V.; Nagrath, S.; Toner, M.; Haber, D.A.; Lynch, T.J. The CTC-chip: An exciting new tool to detect

circulating tumor cells in lung cancer patients. J. Thorac. Oncol. 2009, 4, 281–283. [CrossRef] [PubMed]
61. Yoon, H.J.; Shanker, A.; Wang, Y.; Kozminsky, M.; Jin, Q.; Palanisamy, N.; Burness, M.L.; Azizi, E.;

Simeone, D.M.; Wicha, M.S.; et al. Tunable thermal-sensitive polymer-graphene oxide composite for efficient
capture and release of viable circulating tumor cells. Adv. Mater. 2016, 28, 4891–4897. [CrossRef] [PubMed]

62. Murlidhar, V.; Zeinali, M.; Grabauskiene, S.; Ghannad-Rezaie, M.; Wicha, M.S.; Simeone, D.M.; Ramnath, N.;
Reddy, R.M.; Nagrath, S. A radial flow microfluidic device for ultra-high-throughput affinity-based isolation
of circulating tumor cells. Small 2014, 10, 4895–4904. [CrossRef] [PubMed]

63. Jan, Y.J.; Chen, J.F.; Zhu, Y.; Lu, Y.T.; Chen, S.H.; Chung, H.; Smalley, M.; Huang, Y.W.; Dong, J.; Chen, L.C.;
et al. Nanovelcro rare-cell assays for detection and characterization of circulating tumor cells. Adv. Drug
Deliv. Rev. 2018, 125, 78–93. [CrossRef] [PubMed]

64. Zhao, L.; Lu, Y.T.; Li, F.; Wu, K.; Hou, S.; Yu, J.; Shen, Q.; Wu, D.; Song, M.; OuYang, W.H.; et al. High-purity
prostate circulating tumor cell isolation by a polymer nanofiber-embedded microchip for whole exome
sequencing. Adv. Mater. 2013, 25, 2897–2902. [CrossRef] [PubMed]

65. Ke, Z.; Lin, M.; Chen, J.F.; Choi, J.S.; Zhang, Y.; Fong, A.; Liang, A.J.; Chen, S.F.; Li, Q.; Fang, W.; et al.
Programming thermoresponsiveness of nanovelcro substrates enables effective purification of circulating
tumor cells in lung cancer patients. ACS Nano 2015, 9, 62–70. [CrossRef] [PubMed]

66. Mandair, D.; Vesely, C.; Ensell, L.; Lowe, H.; Spanswick, V.; Hartley, J.A.; Caplin, M.E.; Meyer, T. A comparison
of cellcollector with cellsearch in patients with neuroendocrine tumours. Endocr. Relat. Cancer 2016, 23,
L29–L32. [CrossRef] [PubMed]

67. Theil, G.; Fischer, K.; Weber, E.; Medek, R.; Hoda, R.; Lucke, K.; Fornara, P. The use of a new cellcollector to
isolate circulating tumor cells from the blood of patients with different stages of prostate cancer and clinical
outcomes—A proof-of-concept study. PLoS ONE 2016, 11, e0158354. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25446899
http://dx.doi.org/10.1038/ncb3169
http://www.ncbi.nlm.nih.gov/pubmed/25985394
http://dx.doi.org/10.1016/j.cell.2015.04.042
http://www.ncbi.nlm.nih.gov/pubmed/26000481
http://dx.doi.org/10.1039/C5LC01117E
http://www.ncbi.nlm.nih.gov/pubmed/26645590
http://dx.doi.org/10.1039/B916199F
http://www.ncbi.nlm.nih.gov/pubmed/20126692
http://dx.doi.org/10.1063/1.4907807
http://www.ncbi.nlm.nih.gov/pubmed/25713694
http://dx.doi.org/10.1016/j.bios.2006.01.024
http://www.ncbi.nlm.nih.gov/pubmed/16529922
http://dx.doi.org/10.1126/scitranslmed.3007094
http://www.ncbi.nlm.nih.gov/pubmed/24553385
http://dx.doi.org/10.1007/s00216-016-9806-3
http://www.ncbi.nlm.nih.gov/pubmed/27497966
http://dx.doi.org/10.1021/ja100342q
http://www.ncbi.nlm.nih.gov/pubmed/20364832
http://dx.doi.org/10.1039/b612140c
http://www.ncbi.nlm.nih.gov/pubmed/17203151
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1097/JTO.0b013e3181989565
http://www.ncbi.nlm.nih.gov/pubmed/19247082
http://dx.doi.org/10.1002/adma.201600658
http://www.ncbi.nlm.nih.gov/pubmed/27115557
http://dx.doi.org/10.1002/smll.201400719
http://www.ncbi.nlm.nih.gov/pubmed/25074448
http://dx.doi.org/10.1016/j.addr.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29551650
http://dx.doi.org/10.1002/adma.201205237
http://www.ncbi.nlm.nih.gov/pubmed/23529932
http://dx.doi.org/10.1021/nn5056282
http://www.ncbi.nlm.nih.gov/pubmed/25495128
http://dx.doi.org/10.1530/ERC-16-0201
http://www.ncbi.nlm.nih.gov/pubmed/27521132
http://dx.doi.org/10.1371/journal.pone.0158354
http://www.ncbi.nlm.nih.gov/pubmed/27479125


Micromachines 2018, 9, 397 20 of 22

68. Saucedo-Zeni, N.; Mewes, S.; Niestroj, R.; Gasiorowski, L.; Murawa, D.; Nowaczyk, P.; Tomasi, T.; Weber, E.;
Dworacki, G.; Morgenthaler, N.G.; et al. A novel method for the in vivo isolation of circulating tumor cells
from peripheral blood of cancer patients using a functionalized and structured medical wire. Int. J. Oncol.
2012, 41, 1241–1250. [PubMed]

69. Hoshino, K.; Huang, Y.Y.; Lane, N.; Huebschman, M.; Uhr, J.W.; Frenkel, E.P.; Zhang, X. Microchip-based
immunomagnetic detection of circulating tumor cells. Lab Chip 2011, 11, 3449–3457. [CrossRef] [PubMed]

70. Huang, Y.Y.; Hoshino, K.; Chen, P.; Wu, C.H.; Lane, N.; Huebschman, M.; Liu, H.; Sokolov, K.; Uhr, J.W.;
Frenkel, E.P.; et al. Immunomagnetic nanoscreening of circulating tumor cells with a motion controlled
microfluidic system. Biomed. Microdevices 2013, 15, 673–681. [CrossRef] [PubMed]

71. Ozkumur, E.; Shah, A.M.; Ciciliano, J.C.; Emmink, B.L.; Miyamoto, D.T.; Brachtel, E.; Yu, M.; Chen, P.I.;
Morgan, B.; Trautwein, J.; et al. Inertial focusing for tumor antigen-dependent and -independent sorting of
rare circulating tumor cells. Sci. Transl. Med. 2013, 5, 179ra147. [CrossRef] [PubMed]

72. Adams, D.L.; Stefansson, S.; Haudenschild, C.; Martin, S.S.; Charpentier, M.; Chumsri, S.; Cristofanilli, M.;
Tang, C.M.; Alpaugh, R.K. Cytometric characterization of circulating tumor cells captured by microfiltration
and their correlation to the cellsearch®CTC test. Cytometry A 2015, 87, 137–144. [CrossRef] [PubMed]

73. Raimondi, C.; Gradilone, A.; Naso, G.; Cortesi, E.; Gazzaniga, P. Clinical utility of circulating tumor cell
counting through cellsearch®: The dilemma of a concept suspended in limbo. Onco Targets Ther. 2014, 7,
619–625. [PubMed]

74. Bidard, F.C.; Proudhon, C.; Pierga, J.Y. Circulating tumor cells in breast cancer. Mol. Oncol. 2016, 10, 418–430.
[CrossRef] [PubMed]

75. Galletti, G.; Portella, L.; Tagawa, S.T.; Kirby, B.J.; Giannakakou, P.; Nanus, D.M. Circulating tumor cells in
prostate cancer diagnosis and monitoring: An appraisal of clinical potential. Mol. Diagn. Ther. 2014, 18,
389–402. [CrossRef] [PubMed]

76. Hardingham, J.E.; Grover, P.; Winter, M.; Hewett, P.J.; Price, T.J.; Thierry, B. Detection and clinical significance
of circulating tumor cells in colorectal cancer—20 years of progress. Mol. Med. 2015, 21 (Suppl. 1), S25–S31.

77. Alva, A.; Friedlander, T.; Clark, M.; Huebner, T.; Daignault, S.; Hussain, M.; Lee, C.; Hafez, K.; Hollenbeck, B.;
Weizer, A.; et al. Circulating tumor cells as potential biomarkers in bladder cancer. J. Urol. 2015, 194, 790–798.
[CrossRef] [PubMed]

78. Harb, W.; Fan, A.; Tran, T.; Danila, D.C.; Keys, D.; Schwartz, M.; Ionescu-Zanetti, C. Mutational analysis of
circulating tumor cells using a novel microfluidic collection device and QPCR assay. Transl. Oncol. 2013, 6,
528–538. [CrossRef] [PubMed]

79. Sanchez-Lorencio, M.I.; Ramirez, P.; Saenz, L.; Martinez Sanchez, M.V.; De La Orden, V.; Mediero-Valeros, B.;
Veganzones-De-Castro, S.; Baroja-Mazo, A.; Revilla Nuin, B.; Gonzalez, M.R.; et al. Comparison of two
types of liquid biopsies in patients with hepatocellular carcinoma awaiting orthotopic liver transplantation.
Transplant. Proc. 2015, 47, 2639–2642. [CrossRef] [PubMed]

80. de Bruin, E.C.; McGranahan, N.; Mitter, R.; Salm, M.; Wedge, D.C.; Yates, L.; Jamal-Hanjani, M.; Shafi, S.;
Murugaesu, N.; Rowan, A.J.; et al. Spatial and temporal diversity in genomic instability processes defines
lung cancer evolution. Science 2014, 346, 251–256. [CrossRef] [PubMed]

81. Cahall, C.F.; Lilly, J.L.; Hirschowitz, E.A.; Berron, B.J. A quantitative perspective on surface marker selection
for the isolation of functional tumor cells. Breast Cancer 2015, 9, 1–11. [CrossRef] [PubMed]

82. Kim, M.S.; Sim, T.S.; Kim, Y.J.; Kim, S.S.; Jeong, H.; Park, J.M.; Moon, H.S.; Kim, S.I.; Gurel, O.; Lee, S.S.; et al.
SSA-MOA: A novel CTC isolation platform using selective size amplification (SSA) and a multi-obstacle
architecture (MOA) filter. Lab Chip 2012, 12, 2874–2880. [CrossRef] [PubMed]

83. Chung, J.; Shao, H.; Reiner, T.; Issadore, D.; Weissleder, R.; Lee, H. Microfluidic cell sorter (MUFCS) for
on-chip capture and analysis of single cells. Adv. Healthc. Mater. 2012, 1, 432–436. [CrossRef] [PubMed]

84. Coumans, F.A.; van Dalum, G.; Beck, M.; Terstappen, L.W. Filtration parameters influencing circulating
tumor cell enrichment from whole blood. PLoS ONE 2013, 8, e61774. [CrossRef] [PubMed]

85. Au, S.H.; Edd, J.; Stoddard, A.E.; Wong, K.H.K.; Fachin, F.; Maheswaran, S.; Haber, D.A.; Stott, S.L.; Kapur, R.;
Toner, M. Microfluidic isolation of circulating tumor cell clusters by size and asymmetry. Sci. Rep. 2017, 7,
2433. [CrossRef] [PubMed]

86. Andersson, E.; Steven, K.; Guldberg, P. Size-based enrichment of exfoliated tumor cells in urine increases the
sensitivity for DNA-based detection of bladder cancer. PLoS ONE 2014, 9, e94023. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/22825490
http://dx.doi.org/10.1039/c1lc20270g
http://www.ncbi.nlm.nih.gov/pubmed/21863182
http://dx.doi.org/10.1007/s10544-012-9718-8
http://www.ncbi.nlm.nih.gov/pubmed/23109037
http://dx.doi.org/10.1126/scitranslmed.3005616
http://www.ncbi.nlm.nih.gov/pubmed/23552373
http://dx.doi.org/10.1002/cyto.a.22613
http://www.ncbi.nlm.nih.gov/pubmed/25515318
http://www.ncbi.nlm.nih.gov/pubmed/24790460
http://dx.doi.org/10.1016/j.molonc.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26809472
http://dx.doi.org/10.1007/s40291-014-0101-8
http://www.ncbi.nlm.nih.gov/pubmed/24809501
http://dx.doi.org/10.1016/j.juro.2015.02.2951
http://www.ncbi.nlm.nih.gov/pubmed/25912492
http://dx.doi.org/10.1593/tlo.13367
http://www.ncbi.nlm.nih.gov/pubmed/24151533
http://dx.doi.org/10.1016/j.transproceed.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26680058
http://dx.doi.org/10.1126/science.1253462
http://www.ncbi.nlm.nih.gov/pubmed/25301630
http://dx.doi.org/10.4137/BCBCR.S25461
http://www.ncbi.nlm.nih.gov/pubmed/26309407
http://dx.doi.org/10.1039/c2lc40065k
http://www.ncbi.nlm.nih.gov/pubmed/22684249
http://dx.doi.org/10.1002/adhm.201200046
http://www.ncbi.nlm.nih.gov/pubmed/23184773
http://dx.doi.org/10.1371/journal.pone.0061774
http://www.ncbi.nlm.nih.gov/pubmed/23658615
http://dx.doi.org/10.1038/s41598-017-01150-3
http://www.ncbi.nlm.nih.gov/pubmed/28550299
http://dx.doi.org/10.1371/journal.pone.0094023
http://www.ncbi.nlm.nih.gov/pubmed/24732047


Micromachines 2018, 9, 397 21 of 22

87. Shen, Z.; Wu, A.; Chen, X. Current detection technologies for circulating tumor cells. Chem. Soc. Rev. 2017,
46, 2038–2056. [CrossRef] [PubMed]

88. Rosenberg, R.; Gertler, R.; Friederichs, J.; Fuehrer, K.; Dahm, M.; Phelps, R.; Thorban, S.; Nekarda, H.;
Siewert, J.R. Comparison of two density gradient centrifugation systems for the enrichment of disseminated
tumor cells in blood. Cytometry 2002, 49, 150–158. [CrossRef] [PubMed]

89. Sollier, E.; Go, D.E.; Che, J.; Gossett, D.R.; O’Byrne, S.; Weaver, W.M.; Kummer, N.; Rettig, M.; Goldman, J.;
Nickols, N.; et al. Size-selective collection of circulating tumor cells using vortex technology. Lab Chip 2014,
14, 63–77. [CrossRef] [PubMed]

90. Warkiani, M.E.; Khoo, B.L.; Wu, L.; Tay, A.K.; Bhagat, A.A.; Han, J.; Lim, C.T. Ultra-fast, label-free isolation
of circulating tumor cells from blood using spiral microfluidics. Nat. Protoc. 2016, 11, 134–148. [CrossRef]
[PubMed]

91. Li, P.; Mao, Z.; Peng, Z.; Zhou, L.; Chen, Y.; Huang, P.H.; Truica, C.I.; Drabick, J.J.; El-Deiry, W.S.; Dao, M.; et al.
Acoustic separation of circulating tumor cells. Proc. Natl. Acad. Sci. USA 2015, 112, 4970–4975. [CrossRef]
[PubMed]

92. Cushing, K.; Undvall, E.; Ceder, Y.; Lilja, H.; Laurell, T. Reducing wbc background in cancer cell separation
products by negative acoustic contrast particle immuno-acoustophoresis. Anal. Chim. Acta 2018, 1000,
256–264. [CrossRef] [PubMed]

93. Shields Iv, C.W.; Wang, J.L.; Ohiri, K.A.; Essoyan, E.D.; Yellen, B.B.; Armstrong, A.J.; Lopez, G.P. Magnetic
separation of acoustically focused cancer cells from blood for magnetographic templating and analysis.
Lab Chip 2016, 16, 3833–3844. [CrossRef] [PubMed]

94. Warkiani, M.E.; Guan, G.; Luan, K.B.; Lee, W.C.; Bhagat, A.A.; Chaudhuri, P.K.; Tan, D.S.; Lim, W.T.; Lee, S.C.;
Chen, P.C.; et al. Slanted spiral microfluidics for the ultra-fast, label-free isolation of circulating tumor cells.
Lab Chip 2014, 14, 128–137. [CrossRef] [PubMed]

95. Che, J.; Yu, V.; Dhar, M.; Renier, C.; Matsumoto, M.; Heirich, K.; Garon, E.B.; Goldman, J.; Rao, J.; Sledge, G.W.;
et al. Classification of large circulating tumor cells isolated with ultra-high throughput microfluidic vortex
technology. Oncotarget 2016, 7, 12748–12760. [CrossRef] [PubMed]

96. Gascoyne, P.R.; Shim, S. Isolation of circulating tumor cells by dielectrophoresis. Cancers 2014, 6, 545–579.
[CrossRef] [PubMed]

97. Liga, A.; Vliegenthart, A.D.; Oosthuyzen, W.; Dear, J.W.; Kersaudy-Kerhoas, M. Exosome isolation: A
microfluidic road-map. Lab Chip 2015, 15, 2388–2394. [CrossRef] [PubMed]

98. Im, H.; Shao, H.; Park, Y.I.; Peterson, V.M.; Castro, C.M.; Weissleder, R.; Lee, H. Label-free detection and
molecular profiling of exosomes with a nano-plasmonic sensor. Nat. Biotechnol. 2014, 32, 490–495. [CrossRef]
[PubMed]

99. He, M.; Crow, J.; Roth, M.; Zeng, Y.; Godwin, A.K. Integrated immunoisolation and protein analysis of
circulating exosomes using microfluidic technology. Lab Chip 2014, 14, 3773–3780. [CrossRef] [PubMed]

100. Wang, Z.; Wu, H.J.; Fine, D.; Schmulen, J.; Hu, Y.; Godin, B.; Zhang, J.X.; Liu, X. Ciliated micropillars for the
microfluidic-based isolation of nanoscale lipid vesicles. Lab Chip 2013, 13, 2879–2882. [CrossRef] [PubMed]

101. Lee, K.; Shao, H.; Weissleder, R.; Lee, H. Acoustic purification of extracellular microvesicles. ACS Nano 2015,
9, 2321–2327. [CrossRef] [PubMed]

102. Yeo, J.C.; Kenry; Zhao, Z.; Zhang, P.; Wang, Z.; Lim, C.T. Label-free extraction of extracellular vesicles using
centrifugal microfluidics. Biomicrofluidics 2018, 12, 024103. [CrossRef]

103. Ebrahimi Warkiani, M.; Lou, C.-P.; Gong, H.-Q. Fabrication of multi-layer polymeric micro-sieve
having narrow slot pores with conventional ultraviolet-lithography and micro-fabrication techniques.
Biomicrofluidics 2011, 5, 036504. [CrossRef] [PubMed]

104. Warkiani, M.E.; Lou, C.-P.; Liu, H.-B.; Gong, H.-Q. A high-flux isopore micro-fabricated membrane for
effective concentration and recovering of waterborne pathogens. Biomed. Microdevices 2012, 14, 669–677.
[CrossRef] [PubMed]

105. Davies, R.T.; Kim, J.; Jang, S.C.; Choi, E.J.; Gho, Y.S.; Park, J. Microfluidic filtration system to isolate
extracellular vesicles from blood. Lab Chip 2012, 12, 5202–5210. [CrossRef] [PubMed]

106. Cho, S.; Jo, W.; Heo, Y.; Kang, J.Y.; Kwak, R.; Park, J. Isolation of extracellular vesicle from blood plasma
using electrophoretic migration through porous membrane. Sens. Actuators B Chem. 2016, 233, 289–297.
[CrossRef]

http://dx.doi.org/10.1039/C6CS00803H
http://www.ncbi.nlm.nih.gov/pubmed/28393954
http://dx.doi.org/10.1002/cyto.10161
http://www.ncbi.nlm.nih.gov/pubmed/12454978
http://dx.doi.org/10.1039/C3LC50689D
http://www.ncbi.nlm.nih.gov/pubmed/24061411
http://dx.doi.org/10.1038/nprot.2016.003
http://www.ncbi.nlm.nih.gov/pubmed/26678083
http://dx.doi.org/10.1073/pnas.1504484112
http://www.ncbi.nlm.nih.gov/pubmed/25848039
http://dx.doi.org/10.1016/j.aca.2017.11.064
http://www.ncbi.nlm.nih.gov/pubmed/29289318
http://dx.doi.org/10.1039/C6LC00719H
http://www.ncbi.nlm.nih.gov/pubmed/27713979
http://dx.doi.org/10.1039/C3LC50617G
http://www.ncbi.nlm.nih.gov/pubmed/23949794
http://dx.doi.org/10.18632/oncotarget.7220
http://www.ncbi.nlm.nih.gov/pubmed/26863573
http://dx.doi.org/10.3390/cancers6010545
http://www.ncbi.nlm.nih.gov/pubmed/24662940
http://dx.doi.org/10.1039/C5LC00240K
http://www.ncbi.nlm.nih.gov/pubmed/25940789
http://dx.doi.org/10.1038/nbt.2886
http://www.ncbi.nlm.nih.gov/pubmed/24752081
http://dx.doi.org/10.1039/C4LC00662C
http://www.ncbi.nlm.nih.gov/pubmed/25099143
http://dx.doi.org/10.1039/c3lc41343h
http://www.ncbi.nlm.nih.gov/pubmed/23743667
http://dx.doi.org/10.1021/nn506538f
http://www.ncbi.nlm.nih.gov/pubmed/25672598
http://dx.doi.org/10.1063/1.5019983
http://dx.doi.org/10.1063/1.3637630
http://www.ncbi.nlm.nih.gov/pubmed/22662051
http://dx.doi.org/10.1007/s10544-012-9647-6
http://www.ncbi.nlm.nih.gov/pubmed/22441820
http://dx.doi.org/10.1039/c2lc41006k
http://www.ncbi.nlm.nih.gov/pubmed/23111789
http://dx.doi.org/10.1016/j.snb.2016.04.091


Micromachines 2018, 9, 397 22 of 22

107. Contreras-Naranjo, J.C.; Wu, H.J.; Ugaz, V.M. Microfluidics for exosome isolation and analysis: Enabling
liquid biopsy for personalized medicine. Lab Chip 2017, 17, 3558–3577. [CrossRef] [PubMed]

108. Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F.; Dunning, M.J.; Gale, D.; Forshew, T.;
Mahler-Araujo, B.; et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J. Med.
2013, 368, 1199–1209. [CrossRef] [PubMed]

109. Lo, Y.M.; Corbetta, N.; Chamberlain, P.F.; Rai, V.; Sargent, I.L.; Redman, C.W.; Wainscoat, J.S. Presence of
fetal DNA in maternal plasma and serum. Lancet 1997, 350, 485–487. [CrossRef]

110. Reinholt, S.J.; Baeumner, A.J. Microfluidic isolation of nucleic acids. Angew. Chem. Int. Ed. Engl. 2014, 53,
13988–14001. [CrossRef] [PubMed]

111. Burns, M.A.; Johnson, B.N.; Brahmasandra, S.N.; Handique, K.; Webster, J.R.; Krishnan, M.; Sammarco, T.S.;
Man, P.M.; Jones, D.; Heldsinger, D.; et al. An integrated nanoliter DNA analysis device. Science 1998, 282,
484–487. [CrossRef] [PubMed]

112. Yu, J.; Zhou, J.; Sutherland, A.; Wei, W.; Shin, Y.S.; Xue, M.; Heath, J.R. Microfluidics-based single-cell
functional proteomics for fundamental and applied biomedical applications. Annu. Rev. Anal. Chem. 2014, 7,
275–295. [CrossRef] [PubMed]

113. Lagally, E.T.; Medintz, I.; Mathies, R.A. Single-molecule DNA amplification and analysis in an integrated
microfluidic device. Anal. Chem. 2001, 73, 565–570. [CrossRef] [PubMed]

114. Diehl, F.; Li, M.; Dressman, D.; He, Y.; Shen, D.; Szabo, S.; Diaz, L.A., Jr.; Goodman, S.N.; David, K.A.; Juhl, H.;
et al. Detection and quantification of mutations in the plasma of patients with colorectal tumors. Proc. Natl.
Acad. Sci. USA 2005, 102, 16368–16373. [CrossRef] [PubMed]

115. Volik, S.; Alcaide, M.; Morin, R.D.; Collins, C. Cell-free DNA (cfDNA): Clinical significance and utility in
cancer shaped by emerging technologies. Mol. Cancer Res. 2016, 14, 898–908. [CrossRef] [PubMed]

116. Adriani, G.; Pavesi, A.; Tan, A.T.; Bertoletti, A.; Thiery, J.P.; Kamm, R.D. Microfluidic models for adoptive
cell-mediated cancer immunotherapies. Drug Discov. Today 2016, 21, 1472–1478. [CrossRef] [PubMed]

117. Bancroft, D. Draper Looks to Ultrasound and Geometry to Reduce Car-t Manufacturing Costs.
Available online: https://www.biopharma-reporter.com/Article/2017/02/07/Draper-invents-CAR-T-
manufacturing-solution-Ultrasonic-biochips (accessed on 29 July 2018).

118. Warkiani, M.E.; Wu, L.; Tay, A.K.; Han, J. Large-volume microfluidic cell sorting for biomedical applications.
Annu. Rev. Biomed. Eng. 2015, 17, 1–34. [CrossRef] [PubMed]

119. FDA Grants Breakthrough Device Designation to Foundation Medicine Liquid Biopsy Assay.
Available online: https://www.genomeweb.com/molecular-diagnostics/fda-grants-breakthrough-device-
designation-foundation-medicine-liquid-biopsy#.W17gv5_-iUk (accessed on 29 July 2018).

120. Cobas EGFR Mutation Test v2. Available online: https://www.fda.gov/drugs/informationondrugs/
approveddrugs/ucm504540.htm (accessed on 29 July 2018).

121. Myriad Receives FDA Approval of Bracanalysis CDx® as Companion Diagnostic for Lynparza™ (olaparib) in
Patients with Metastatic Breast Cancer. Available online: http://investor.myriad.com/news-releases/news-
release-details/myriad-receives-fda-approval-bracanalysis-cdxr-companion (accessed on 29 July 2018).

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C7LC00592J
http://www.ncbi.nlm.nih.gov/pubmed/28832692
http://dx.doi.org/10.1056/NEJMoa1213261
http://www.ncbi.nlm.nih.gov/pubmed/23484797
http://dx.doi.org/10.1016/S0140-6736(97)02174-0
http://dx.doi.org/10.1002/anie.201309580
http://www.ncbi.nlm.nih.gov/pubmed/25307083
http://dx.doi.org/10.1126/science.282.5388.484
http://www.ncbi.nlm.nih.gov/pubmed/9774277
http://dx.doi.org/10.1146/annurev-anchem-071213-020323
http://www.ncbi.nlm.nih.gov/pubmed/24896308
http://dx.doi.org/10.1021/ac001026b
http://www.ncbi.nlm.nih.gov/pubmed/11217764
http://dx.doi.org/10.1073/pnas.0507904102
http://www.ncbi.nlm.nih.gov/pubmed/16258065
http://dx.doi.org/10.1158/1541-7786.MCR-16-0044
http://www.ncbi.nlm.nih.gov/pubmed/27422709
http://dx.doi.org/10.1016/j.drudis.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27185084
https://www.biopharma-reporter.com/Article/2017/02/07/Draper-invents-CAR-T-manufacturing-solution-Ultrasonic-biochips
https://www.biopharma-reporter.com/Article/2017/02/07/Draper-invents-CAR-T-manufacturing-solution-Ultrasonic-biochips
http://dx.doi.org/10.1146/annurev-bioeng-071114-040818
http://www.ncbi.nlm.nih.gov/pubmed/26194427
https://www.genomeweb.com/molecular-diagnostics/fda-grants-breakthrough-device-designation-foundation-medicine-liquid-biopsy#.W17gv5_-iUk
https://www.genomeweb.com/molecular-diagnostics/fda-grants-breakthrough-device-designation-foundation-medicine-liquid-biopsy#.W17gv5_-iUk
https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm504540.htm
https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm504540.htm
http://investor.myriad.com/news-releases/news-release-details/myriad-receives-fda-approval-bracanalysis-cdxr-companion
http://investor.myriad.com/news-releases/news-release-details/myriad-receives-fda-approval-bracanalysis-cdxr-companion
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Circulating Biomarkers in Liquid Biopsy. Molecular, Biology, and Morphology Characteristics of CTC, ctDNA, and Exosomes 
	Circulating Tumor Cells (CTCs) 
	Monitoring of Disease 
	Epithelial to Mesenchymal Transition (EMT) 
	Biomarkers for Immunotherapy 
	Exosomes 
	ctDNA 

	The Role of Microfluidics in Liquid Biopsy 
	Circulating Tumor Cells Separation and Analysis on Microfluidic Chip 
	Postitive Selection of CTCs 
	Antibody-Coated Microstructure Separation 
	In Vivo Antibody-Coated Device Capture 
	Antibody-Coated Particles Capture Platform 

	Negative Seletion of CTCs 
	Label-Free Separation of CTCs 
	Size-Based Filtration 
	Density-Based Separation 
	Hydrodynamic-Based Separation 
	Acoustic Separation 
	Magnetophoresis Separation 
	Dielectrophoresis Separation 


	Exosome Separation and Analysis 
	Immuno-Affinity Based Separation and Analysis 
	Size-Based Exosomes Separation and Analysis 
	Other Technologies for Exosome Isolation 

	Circulating Tumor DNA Separation and Analysis 
	Microfluidic Techniques in CAR-T Cell Therapy 
	Challenges and Perspectives 
	References

