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Cancer diagnosis: from tumor to liquid biopsy and beyond

We review and provide future perspectives on the field of liquid
biopsy for cancer diagnosis.
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Technological advancements in research on circulating biomarkers from patient derived blood have en-
abled a less invasive means of diagnosing non-hematologic cancers. Considered a more practical way of
real-time patient monitoring than traditional tumor biopsy, liquid biopsy markers including circulating tu-
mor cells (CTCs), circulating tumor DNA (ctDNA) and extracellular vesicles (EVs) and exosomes certainly have
the potential to change the dynamics of cancer management and treatment. Liquid biopsy essentially pre-
sents a snapshot of the disease from the primary and/or distant tumor locations and can be utilized for
repeated sampling of tumor markers to adjust therapy according to the patient's response to treatment,
also known as personalized or precision treatment. In this review, we discuss the research progress in
this field with respect to each of the liquid biopsy markers ranging from CTCs, EVs to ctDNA. First, we
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highlight key CTC technologies that have been commercialized and extensively employed for patient
sample analysis. Next, we present some recent developments with regards to exosome and ctDNA re-
DOI: 10.1039/c8lc00684a search. We then conclude with some future perspectives on the areas of research for these biomarkers.
Taken together, we believe these non-invasive capabilities and their potential for diagnostic development

rsc.li/loc can influence treatment selections and aid precision cancer therapies.
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1. Introduction

Prognosis of cancer is largely related to the examination of a
detectable primary tumor or resulting colonization of dissemi-
nated cancer cells that migrate to other sites within the
body."* The appearance of clinically detectable metastases
can take years from the onset of cancer and underlying mech-
anism of this observed dormancy remains unknown. Despite
emerging targeted therapies changing the course of cancer
treatment, the associated tumor heterogeneity and clonal se-
lection or evolution result in tumor resistance towards such
treatments. With efficacy of targeted therapies being specific
for cancer subtypes, it is imperative that appropriate sub-
classification of cancer be done to minimize treatment impli-
cations on the patient.® For instance, in the case of non-small
cell lung cancer, folate inhibitor was found to be effective in
treating adenocarcinomas and poorly differentiated non-small
cell carcinomas, but ineffective for squamous cell carcino-
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mas.* Thus, specific subtyping of cancer does impact the se-
lection or removal of specific target agents during treatment.
Tumor tissue biopsy, considered the gold standard of can-
cer subtyping, provides only a snapshot of the disease and is
rather difficult to obtain in several cases. Partial sampling
and non-specific findings during immunohistochemical tu-
mor analysis show discrepancies in the diagnosis of patients
and subsequently result in ineffective therapy.”® Further, rou-
tine monitoring requires the patient to endure pain during
multiple biopsy procedures in the course of treatment. To
this end, research advances made in cancer research and bio-
medical technology have enabled development of new diag-
nostic tools to complement conventional biopsies through
non-invasive sampling of bodily fluids known as liquid biopsy.
This ability to obtain information on non-hematologic can-
cers has been one of the most exciting breakthroughs that
has driven major advances in cancer diagnostics. With liq-
uid biopsy promising to provide a real-time feedback on pa-
tient condition, it has certainly increased the applicability of
cellular and molecular therapeutics that rely on systematic
and routine measurements of critical biomarkers.” These bio-
markers include tumor-derived entities such as circulating tu-
mor cells (CTCs), circulating tumor DNA (ctDNA) and extra-
cellular vesicles (EVs), regarded to be breakaway products or
entities released from cells within the primary tumor and be-
lieved to play major roles in metastasis. While CTCs and ctDNA
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present in blood have already demonstrated potential to pres-
ent corresponding information on possible therapeutic targets
and resistance mechanisms,®® EVs on the contrary present in
several bodily fluids (urine, saliva, breast milk, cerebrospinal
fluid etc.) including blood are believed to be genetic messen-
gers and present an alternative mode of cancer progression.

1.1 Liquid biopsy markers: discovery and progress

Each of these representative biomarkers discovered at differ-
ent time periods offer immense potential together or as
standalone liquid biopsy biomarkers for cancer. Fig. 1 repre-
sents key landmark events that demonstrated the potential of
CTCs (red), ctDNA (blue) and EVs (orange) as cancer bio-
markers, from discovery through to recent technological de-
velopments in isolation and analysis of these biomarkers.
CTCs are believed to be cells that detach from the primary
and metastatic tumor masses into the bloodstream.
CTCs are believed to comprise metastatic cell population
and represent tumor traits including intratumor heterogeneity
and clonal evolution.'®"" With CTCs and their prognostic po-
tential being explored extensively in the last few decades,
their earliest observations date back to early 19th century
when initial observations of breakaway tumor cells were
reported by Récamier in 1829."> Following this, in 1869,
Thomas Ashworth'® reported the presence of cells identical to
that of cancer and postulated that these observations could
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help understand the origin of multiple tumors within the same
individual. He also added that these cells potentially originating
from the tumor mass possess the ability to traverse into the
circulatory system. These findings drove cancer research for the
next hundred years in terms of investigating the role of these
breakaway cancer cells in metastasis. However, the diagnostic
and prognostic potential of these rare cells were realized only
upon the development of technologies with the required sen-
sitivity and selectivity. In this regard, earlier approaches of
CTC isolation involved the use of simple filtration'* and sedi-
mentation techniques.'® Post this, it took over three decades
to establish the presence and correlation of CTCs in cancer
progression during which Racila et al.,, came up with an
epithelial cell adhesion molecule (EpCAM) based
immunomagnetic separation approach.'® This led to the first
technique being approved by the Food and Drug Administra-
tion (FDA) and used for clinical detection of CTC."” Simulta-
neously, microfluidics was being viewed as an alternative
platform approach due to the low shear and controlled fluid
flow that can maximize cell-antibody interactions thereby
maximizing the throughput. In this regard, Nagrath et al., de-
veloped a microfluidic approach popularly known as CTC-
chip containing antibody coated microposts for the isolation
of CTCs from blood samples.'® Despite persistent efforts in
developing new isolation technologies, multiple investiga-
tions revealed poor prognosis related to elevated CTC counts
suggesting the need for improved cancer cell analysis to
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Fig. 1 Research milestones in liquid biopsy research. Schematic representation of key milestones in liquid biopsy research that covers biomarkers
including CTCs, ctDNA and EVs. Images were adapted and reproduced with permission from ref. 42. Copyright (1996) Rockefeller University Press,
ref. 18. Copyright (2007) Nature Publishing Group, ref. 163 Copyright (2012) Nature Publishing Group, ref. 22 Copyright (2013) Nature Publishing
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establish correlation with patient survival rates.**?° Thus, the
landscape of cancer therapy shifted focus from enumeration
of CTC counts towards characterization of retrieved cells to
establish their potential clinical utility. This meant establish-
ment of new enumeration strategies apart from just EpCAM
based isolation and also accounting for substantial heteroge-
neity of CTCs at both morphological and molecular level.**
In this regard, CTC enrichment technologies based on unbi-
ased physical characteristics have outperformed antibody-
dependent capture systems in terms of sensitivity. In particu-
lar, microfluidics-based separation technique for CTCs isola-
tion from blood using inertial microfluidics garnered wide-
spread attention for its simpler operation and feasibility for
downstream analysis.>” This technology exploits the inherent
size difference between CTCs of certain types of cancer and he-
matologic cells (CTCs, 10-20 pm; red blood cells (RBCs), 8 um
discoid; leukocytes, 7-12 pum), to achieve efficient CTCs separa-
tion from blood. Further, to transition from CTC enumeration
to molecular characterization, technology development fo-
cused on obtaining more highly enriched CTC population (i.e.,
with minimal blood cell background) with greater recovery
rates for amenable downstream processing.>® A vast array of
technologies were developed that involved integration of multi-
ple physical, biomechanical and immunoaffinity approaches
to retrieve cells whilst also being able to profile cells based on
tumor marker expression. Despite the ingenuity of these tech-
niques, heterogeneity among CTCs at the single cell level with
progressive loss of marker expression and genotypic informa-
tion suggest the need for more sensitive isolation techniques.**
This deeper understanding of intra-tumor and inter-cellular
heterogeneity is the current need of CTC research, with tech-
nology development being driven towards single cell profiling.
Similar to CTCs, some fragments of DNA known as ctDNA,
shed into the bloodstream are believed to be derived from ap-
optotic or necrotic cells. Since a fraction of cell-free DNA
(cfDNA) is also contributed by normal host cells, they in-
crease the background noise for ctDNA analysis, particularly
during therapy or analysis during surgeries.>® Despite the
mechanism of ctDNA release being poorly understood, they
hold tremendous potential as tumor biomarkers. Widespread
interest in cfDNA research occurred as early as 1948, when
Mandel and Metais®® described the presence of DNA outside
the cell, circulating freely in plasma. However, the release of
cfDNA by tumor cells was first identified by Kunkel in 1973,
when a decrease in cfDNA levels was observed in patients un-
dergoing chemotherapy.”” Over the years, many studies have
consistently detected higher levels of ctDNA in cancer pa-
tients, especially if the sample was taken close to a tumor
site.?®2° Several subsequent studies demonstrated a quantita-
tive correlation between ctDNA levels and tumor burden, with
ctDNA also believed to comprise hallmark mutations associ-
ated with cancer.***® However, the clinical potential of
ctDNA was first established through prenatal investigations on
women with male foetuses comprising Y chromosomal DNA
from cfDNA in their plasma.** This research instigated the use
of blood test during pregnancy to determine fetal gender
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and any chromosomal abnormalities.*® Further, it also led to
several investigations on the use of cfDNA as a diagnostic
tool with results suggesting the potential of ctDNA to
outperform other more extensively researched biomarkers
such as CTCs as a diagnostic marker. While increasing levels
of both CTCs and ctDNA indicate poor prognosis in patients,
ctDNA had a marked increase in sensitivity over CTC in deter-
mining the tumor burden.’® With the viability of cfDNA in
blood found to range between 16 minutes to 2.5 hours,*
these findings have led to the belief that ctDNA could be
used as a real-time biomarker for cancer diagnosis. As with
any biomarker, the first step would be first to isolate it before
any analysis can take place. Particularly for ctDNA, the quan-
tities that are available per ml are minute. This is because
cfDNA concentrations have been found to range between 1 to
10 ng per ml of plasma®” and between 1 to hundreds of ng
per ml of plasma, depending on the type of cancer, in healthy
individuals and cancer patients, respectively. Recent advances
in high-throughput sequencing and sophisticated computa-
tional methods has improved the ability to detect and char-
acterize ctDNA. Further, recent techniques have also been
able to identify single-point mutations and track multiple
genes of interest with increasing sensitivity. Recently,
Roche's ctDNA-based detection of epidermal growth factor
receptor (EGFR) mutations, a companion diagnostic for
erlotinib in lung cancer patients, was the first liquid biopsy
to obtain FDA approval.*® These companion diagnostic lig-
uid biopsies can significantly increase the feasibility of
targeted therapy for patients where tumors are difficult to ac-
cess safely.

In addition to CTCs and ctDNA, there is mounting evi-
dence on nano-sized vesicles released by most cells into
bodily fluids (e.g., blood, saliva, urine etc.) and believed to
comprise vital information (e.g., mRNAs, microRNAs and pro-
teins) representative of the parent cell or tumor.** Generally
recognized as exosomes, these vesicles derived from tumor
cells contribute to cancer progression by facilitating local and
systemic cell communication, e.g., between the primary tu-
mor and bone marrow cells.*’ Early observations were made
in 1970s when endosome like structures carried certain mate-
rials into cells and simultaneously release vesicle shaped
structures.”’ Considered as ‘cellular waste’ for several years,
these mysterious molecules were believed to have no spe-
cific function. However, certain key observations on their
role in mediating immune responses*> rekindled interest in
understanding their role in several biological mechanisms.
Since then, research into these nano-sized extracellular vesi-
cles (40-200 nm) of endocytic origin has gained widespread
interest. Although the biogenesis of these EVs still remains
elusive, they are believed to originate from the intraluminal
budding of multivesicular bodies (MVBs) with late endosomal
membrane. The release of EVs is associated with mem-
brane inversion events that occur upon fusion with the
plasma membrane and the membrane budding results in en-
capsulation of cytoplasmic RNA, protein and even DNA.*
These vesicles carrying a cargo of biomolecules possibly
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derived from the parent cell possess the ability to alter the
biochemical composition, signalling pathways, and genomic
state of any recipient cell. Similarly, EVs released from tumor
cells are believed to mediate communication between the pri-
mary tumor and bone marrow cells via transfer of molecular
contents derived from the parent cell.** The biggest advan-
tage of EV analysis over other blood-based markers such as
CTCs (1-100 cells per mL of blood) is the access to a larger
population of biomarkers in EVs (8.0 x 10° to 5.0 x 10> EVs
per pL in biological fluids such as serum, blood, plasma
etc.).** Thus, they can be regarded as novel disease bio-
markers that represent a simple and non-invasive source of
profiling the parent tumor or cell type.

Several reviews about CTC and ctDNA published over
the last few years.>**™® In this review, we will focus on key
CTC technologies that have been involved in clinical valida-
tion or utility including several commercialized techniques.
Further, we also describe some of the latest techniques for
ctDNA and exosome isolation thereby suggesting a promising
perspective on liquid biopsy research.

2. Challenges in liquid biopsy
research

The peripheral blood is the most common liquid biopsy
source containing a pool of cells and/or DNA fragments de-
rived from the primary tumor and different metastatic sites.*’
Analysis of these cellular and molecular materials are the cor-
nerstones of liquid biopsy diagnostics. Although the extent of
accuracy on the information obtained from liquid biopsy re-
mains arguable, they are still the most potent form of
obtaining tumor-related information. Furthermore, liquid
biopsy diagnostics may enable focused screening of
populations at higher risk, which will drastically reduce
healthcare costs. However, despite promising results, early
disease diagnosis requires diagnostic tools with high sensitiv-
ity and specificity. For instance, conditions for ctDNA analy-
sis must be standardised despite the ease of being able to ob-
tain ctDNA from serum samples compared to CTCs from
whole blood.>® ctDNA levels in these samples are generally af-
fected by dilution by normal DNAs from dying blood cells.
On the other hand, recent developments in CTC biology has
shifted focus towards new technological developments for
CTC detection rather than the introduction of CTCs into clin-
ical diagnostics.

Over the past decade, a plethora of CTC technologies
has been developed focusing on CTC retrieval from patient
blood sample non-differentially with limited or no blood
cell contamination within a reasonable time period. How-
ever, extremely high number of blood cells and viscosity of
blood limit the throughput of separation in these devices,
which also makes it hard to derive CTCs with high purity.
Most methods developed earlier isolated CTCs using epithe-
lial markers such as EpCAM and identified candidate CTCs
using cytokeratin markers, which are absent in cells of
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mesenchymal phenotype. With CTCs undergoing an
epithelial-to-mesenchymal transition (EMT), the reduced ex-
pression of epithelial markers, increased plasticity and ca-
pacity for migration make the isolation of CTCs even more
challenging. Besides, traditional enumeration methods
based on epithelial markers can only access limited sub-
types of CTCs, making it hard to establish a standard eval-
uation procedure for all cancer patients. For instance,
CellSearch®”" as the first FDA approved CTC isolation tech-
nique, provides CTC counts in peripheral blood as a refer-
ence for cancer prognosis and is a commonly used ap-
proach to establish clinical relationship of CTCs with
cancer progression. CTC enumeration in metastatic cancer
patients is directly related with patient survival in breast,
prostate, and lung cancers and it is a reliable indicator of
prognosis of surgery and cancer treatment. However, CTC
enumeration gives limited information and the reading can
vary due to individual difference and cancer cell
heterogeneity.

In the past decade, studies on CTCs have gone far fur-
ther than simple cell counts. Current techniques and plat-
forms have allowed researchers to characterize CTCs from a
single cell gene level. DNA and RNA expression level in
CTCs can be used to facilitate the assessment and under-
standing of cancer therapy, especially their failure. CTC
counts have been investigated for this specific purpose, and
with lack of understanding of the relationship of CTCs in
different cancer conditions, it is possible to use other infor-
mation, e.g. RNA and DNA expression, as new reference for
patient condition monitoring. Research in castration-
resistant prostate cancer (CRPC) showed that the expression
of AR-V7 mRNA in CTCs is associated with resistance to
enzalutamide and abiraterone therapies, demonstrating that
the failure of these treatments is related to androgen signal-
ing.’> A follow-up study on the RNA-seq of clinical CTC
samples showed that the detection of AR-V7 is associated
with androgen-receptor targeting therapies because of the
lack of ligand-binding domain of protein encoded by AR-
v7.>® The result provides clinicians with a new perspective
that RNA levels of CTCs from cancer patients can potentially
be used for treatment stratification. Besides, the levels of
DNA/RNA/protein expression are good quantitative parame-
ters for dynamic monitoring of cancer therapy. The separa-
tion of CTCs is only a starting point of CTC related liquid
biopsy, as the ultimate goal of current research is to obtain
information on the physiological status of a patient from
the CTCs and use the knowledge to enable a more effective
treatment for the patient.

Besides these considerations, several key questions about
the biology and clinical relevance of ctDNA or EVs still need
better understanding. Several hypotheses require further in-
vestigation including the potential release of ctDNA by tumor
cells or cells undergoing apoptosis.*® Earlier approaches for
ctDNA focused only on alterations in commonly altered
genes, thereby limiting the number of mutations analysed.>*
However, recent studies focus on de novo mutations through
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unbiased analyses in a large number of exons or genome-
wide analyses. Further, it is expected that with improvements
in sensitivity of Next-Gen Sequencing (NGS) will only enhance
our capabilities in detecting single alterations among wild-
type molecules. This can potentially extend the applications
of ctDNA from disease monitoring to detection of residual
disease after surgery and early detection.

On the other hand, EV research has made significant
progress in less than half a decade with their role in disease
diagnosis slowly starting to evolve from being considered as
cellular waste to being recognized as biological footprint of
the parent tumor. Of particular interest is the surface protein
expression that can provide invaluable information associ-
ated with the physiological states of the parental cells of
EVs.>® Although EVs largely share several protein markers re-
gardless of the cell type, they also carry a small fraction of
proteins that are cell-specific and reflect on the type and
pathophysiological conditions of those secreting cells. This
overlap of surface protein markers and associated heteroge-
neity among exosomes derived from multiple cell types ren-
ders their isolation rather more difficult. Thus, there is still a
need to establish better exosomal markers for the isolation of
desired EV populations with high purity.”® Despite impressive
strides made in the field, most of the microfluidic devices
are still not compatible for clinical analysis due to scalability,
standardization and validation.”” Further, several approaches
are time-consuming, require extensive pre-treatment steps
and do not recover enough EVs for protein or nucleic acid
analysis. Thus, there is a need for isolation techniques that
retrieve EVs selectively in a cost-effective and rapid manner.
It is also important that the technique is susceptible to inte-
gration with downstream proteomic or sequencing analysis.

3. Technological advancements in
liquid biopsy
3.1 Circulating tumor cells (CTCs)

The unique phenotypic and molecular characteristics of CTCs
are believed to increase their metastatic potential and has in
turn aided their utility as liquid biopsy. With tumor cell
survival within the bloodstream being difficult it is believed
that CTCs utilize a unique process for survival and initiation
of metastasis that is still poorly understood.>® The cells that
survive this stringent process extravasate into secondary or-
gans, fostered by chemokines and interactions with activated
platelets or macrophages. The presence of CTCs post several
months of primary tumor resection is a clear indication of tu-
mor cell recirculation into the bloodstream.>® Despite very lit-
tle evidence available on tumor cell recirculation, studies on
mouse model suggest the correlation of the presence of dis-
seminated tumor cells (DTCs) in the bone marrow with meta-
static and regional relapse with more aggressive tumor cell
variants.®® Thus, CTC as a blood borne marker is considered
a useful choice for the development of effective therapies
with new targeted drug regimens. Although earlier studies on
CTCs indicate negative prognostic significance in breast, co-
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lon and prostate cancers, recent studies focused on specific
genetic mutations identified in CTCs are believed to be pre-
dictive of response to targeted inhibitors. Thus, CTC-based
genotyping can provide a simple non-invasive strategy in
obtaining clinically relevant genotypes needed for treatment
selection.

In fact, as CTC separation has been extensively investi-
gated, there are detailed reviews on the comparison of the
most recent technologies with detailed discussion on differ-
ent evaluating parameters.®"** In addition, as the idea of lig-
uid biopsy becomes increasingly popular, there are a few
good recent reviews that also discuss CTCs as a biomarker
for liquid biopsy.*”**** In this section, we plan to discuss
some representative techniques based on their methodology
of CTC isolation with particular emphasis on commercialized
technologies and the clinical studies performed using these
technologies and limitations of such technologies in clinical
settings. Table 1 summarizes some of the key commercially
available technologies for CTC isolation highlighting their
key limitations and clinical implications.

3.1.1 Immunoaffinity-based CTC enrichment.
Immunoaffinity-based CTC enrichment techniques target
specific surface markers of CTC with antibodies and either
pull them out using external force field or capture them in
a designed structure. The first and only FDA approved
CellSearch® system targets EpCAM for positive selection of
CTCs from patient blood samples.®® They established a
standard to identify CTCs as EpCAM+/CD45-/CK+ nucleated
cells. Meanwhile, CTCs undergoing epithelial-mesenchymal-
transition (EMT) can gradually lose their epithelial charac-
teristics and thus exhibit no or very limited EpCAM expres-
sion.®® These clinical variations and the discovered EMT
process happening in metastasis cancer cells cast doubts
on the effectiveness of the gold standard system. To tackle
this problem, immunomagnetic labeling methods stemmed
from the CellSearch® system later made use of other sur-
face markers that have been shown to present in both EMT
and non-EMT CTCs together with the conventional EpCAM
labeling and CD45, CK staining.®” Another strategy devel-
oped to address this issue is concentrating CTCs through
negative selection. Leukocyte markers CD45 and CD15 are
used to remove other nucleated cells in peripheral blood
and keep only CTCs in the collection tube.®® In addition to
these, the advent of microfluidics in CTC isolation has im-
mensely improved standards of CTC research with regards
to isolation efficiency, purity and ability to integrate multi-
ple physical phenomenon that can result simultaneous iso-
lation of EpCAM (+) and EpCAM (=) CTCs. These include
separation technologies that build specific microstructures
or surface for antibody-based cell capturing or concentrat-
ing in order to use antibodies for capturing CTCs on
microfluidic devices, which can achieve a higher through-
put with reduced volume and cost and make operation eas-
ier for users. Herringbone (HB), graphene oxide (GO) and
geometrically enhanced mixing (GEM) chips all belong to
this category.®®”* Micropost array labeled with antibody
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Table1 Commercial technologies for CTC isolation and enrichment
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Technology Principle

Specifications and
performance

Limitations

Implications from clinical

studies

Ref.

CellSearch® Immunoaffinity

Magnetic force

EpCAM labeling,
CD45

CK, DAPI staining
Recovery: 80%
Throughput: 7.5
ml/90 min

Loss of CTCs due to EpCAM dependent
strategy

Relation between CTC count and 51

cancer prognosis

OncoQuick® Density Recovery: 87% Loss of tumor cells that migrate either to Evaluation of 75
Size Throughput: 7.5 the plasma fraction or to the bottom of  treatment/metastasis. RT-PCR:
ml/40 min the gradient due to the formation of 30% (11/37) of gastrointestinal
aggregates carcinoma patients
ISET® Size Sensitivity: 1 CTCs Loss of CTC through the pores of 8 pm Early diagnosis of lung cancer 76
per 10 mL of blood  and contamination from WBCs
Filtration Throughput: 7.5
ml/40 min
CTC-iChip  Size EpCAM/CD45, CD15, Complicated fabrication and potential Improved sensitivity to CTC 68
Immunoaffinity CD66b RBC contamination subtypes
Magnetic force Recovery: 98.6%
Throughput:
1-2mlh™
ClearCell®  Size Sensitivity: 10000x  Some loss of CTCs (due to different size ~ Sequencing drug testing 85
FX Inertial focusing enrichment of CTCs range) through the white/red cell outlet
Throughput: 7.5 channel
ml/30 min
OncoCEE™  Antibody cocktail EpCAM, HER2, Competitive antibody dependent capture ER/PR receptor for prognosis 67
Hydrodynamic MUC-1, EGFR, and potential contamination of
TROP-2, WBC/RBCs
pre-enrichment
Throughput: 16 pl
min™"
ApoStream® Dielectrophoretic-FFF Recovery: 70% Pre-enrichment required which may Separation of CTC from colon 86

Collection volume:
~1.5 mL (starting
blood volume: 50
ul-10 ml)
Throughput: 10
ml/60 min
Recovery: >80%

Parsortix™  Size and resistance

result in low recovery

tumor patients

Buffy-coat enrichment and CTC loss due  Harvesting recovered CTCs from 87,

based-system CTCs to different size ranges patients and identification of 88
Throughput: gene alteration in prostate cancer
5mlh™ patients

cocktails has also been shown as an effective way to cap-
ture CTCs with greater heterogeneity.®”” Some of the key
immunoaffinity based technologies include:

CTC and herringbone-chip. One of the earliest developed
microfluidic based approaches for CTC isolation from whole
blood involving the use of antibody-coated (EpCAM) micro-
posts to disrupt fluid streamlines, thereby enhancing anti-
body-cell interactions.'® CTC-chip with improved yield
and purity as compared to CellSearch® enabled serial
genotyping of lung cancers carrying EGFR mutations. The
use of complex micropost structures presented scale up chal-
lenges for high-throughput operation and use of laminar flow
based cell capture also decreased the purity of obtained CTC
fraction. Despite these limitations, CTC-chip is a landmark
technology in immunoaffinity based CTC capture. In this re-
gard, to improve upon the performance of CTC isolation, an
alternative approach-using antibody coated surface ridges or
herringbones (HB-chip)’® in the wall of the device success-

16 | Lab Chip, 2019, 19, 11-34

fully generated microvortices to maximize collisions between
CTCs and antibody-coated walls. With a much simpler geom-
etry compared to CTC-chip, the HB-chip provided an im-
proved CTC capture platform. The clinical utility of this chip
was demonstrated with prostate cancer samples and CTCs
were detected from 14 out of 15 patients and the tumor-
specific TMPRSS2-ERG translocation was readily identified
following RNA isolation and RT-PCR analysis. More impor-
tantly, it was one of the first approaches to report the pres-
ence of CTC clusters from patient samples.

CTC-iChip. CTC-iChip developed by the same research
group, CTC-iChip uses two components to enable negative
and positive selection of CTCs. This is a unique capture
platform with three distinct microfluidic principles inte-
grated into a single device including, (i) debulking blood
sample using deterministic lateral displacement, (ii) inertial
focusing of debulked nucleated cells under asymmetric
curved channels that traverse the laminar flow path, and
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(iii) positive or negative selection of CTCs using
immunomagnetic separation (posCTC-iChip; anti-EpCAM
functionalized beads) or WBC depletion (negCTC-iChip; anti-
CD45 and anti-CD15 functionalized beads) post focusing of
nucleated cell population. This system overcomes the short-
comings of CellSearch® system, which is limited by the ability
to retrieve viable CTCs for downstream analysis.®® To verify
the performance of the CTC-iChip, in a clinical study, patient
samples from a broad category including breast cancer, mela-
noma, lung cancer, colorectal cancer and pancreatic cancer
were tested using the CTC-iChip.®® The CTC-iChip shows su-
perior sensitivity in comparison to CellSearch® especially in
detecting low CTC samples (90% above threshold in CTC-
iChip and 57% for CellSearch®) and also a higher number
detected (3.2 cells per ml in CTC-iChip and 1.7 cells per ml
for CellSearch®) from different subtypes. Besides it's operat-
ing mechanism, CTCs isolated from CTC-iChip are easy to re-
trieve for subsequent molecular analysis. This was also dem-
onstrated in a clinical study where RNA expression analysis
was performed on candidate CTCs. In this regard, RNA expres-
sion of 15 single CTCs from prostate cancer patient regarding
43 genes that were related with AR signaling and epithelial,
mesenchymal, stem cell proliferation and WBC factors were
studied. The expression pattern shows heterogeneity among
different individual cells. The drawbacks of the CTC-iChip
might be related to the chip fabrication process. The design is
relatively complicated and the requirement for manufacturing
is thus higher than several other microfluidic devices.
OncoCEE™. OncoCEE™ is a product based on antibody
labeling and capture. It addresses the issue of CTC
heterogeneity by coating CTCs with a cocktail of antibodies
related to cancer cells including human epidermal growth
factor receptor-2 (HER2) and EGFR.®” Whole blood is pre-
enriched through density gradient centrifugation followed by
labeling with aforementioned antibody cocktail. The stock so-
lution is flowed into a coated micropost array for CTC capture
and captured CTCs are retained inside the channel. Clinical
studies from the same group shows that the microarray can
capture EpCAM negative and CK negative CTCs in breast, lung,
prostate and colorectal cancer patients and the number cap-
tured is also higher compared to just anti-EpCAM based cap-
ture. However, as the cells are captured and evaluated inside
the channel, it is difficult to release the CTCs from the posts,
which impedes the downstream analysis of the cells. Neverthe-
less, this technique managed to address the heterogeneity is-
sue of CTCs and brought a wider population of CTCs for clini-
cal analysis. Clinical studies also demonstrated that
OncoCEE™ platform is feasible to be used for protein charac-
terization of CTCs derived from patient sample. Kalinsky et al.,
used OncoCEE™ to investigate the correlation between estro-
gen receptor (ER) and progesterone receptor (PR) status of
CTC and the primary tumor, as ER and PR have been shown to
have prognostic and predictive value in breast cancer. The re-
sults demonstrated high concordance between the ER/PR sta-
tus and primary breast tumor (15/22, 68%) and between CTCs
and metastatic tumor (19/24, 83%). This result revealed that
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CTCs could effectively reflect the same information as in pri-
mary tumor and they are more alike to metastatic tumors.”*

3.1.2 Biophysical property-based CTC enrichment. Besides
using molecular labeling for CTCs purification, techniques
probing the physical properties of CTCs also achieved great
success in recent years. Fundamental studies on CTCs show
their altered physical properties including density, size,
deformability and dielectrophoretic properties from other
nucleated blood cells or normal epithelial cells. Determinis-
tic flow is developed to make use of the flow profile pro-
duced by the fluid flowing through the posts and separate
particles with different size to different layers of the de-
vice.”* Centrifuge techniques are developed to separate
CTCs through density gradient. The preparation and pro-
cessing is simple and this technique is a good choice for
pre-enrichment.”> Polymer porous membrane and micro-
filtration systems have also been developed as a high
throughput, easy to operate method for CTC capture.”®
However, these techniques suffer from the large number of
background cells with similar biophysical property (e.g. sim-
ilar size of some leukocytes with CTCs) and the extremely
large cell density of whole blood has greatly compromised
their effectiveness and efficiency. Deformability difference
has also been considered as an important biophysical
marker for both primary tumor cells and CTCs.”” Thus, it is
theoretically viable to find a threshold and separate blood
cells according to their deformability range by designing
microstructures. A microfluidic device with ratchets struc-
ture has proved this concept, and has exhibited competence
in potentially fractionating blood into different components
in a single run.”® However, the biggest limitation encoun-
tered by the deformability device is the throughput of the
chip, or to say throughput is the bottle neck for every technol-
ogy based on physical properties for CTC isolation. To achieve a
high recovery rate of CTCs, deformability based devices usually
take more than one hour to process 1 mL of blood, which im-
pedes their usage as suitable clinical setups. Dielectrophoresis
(DEP) captures CTCs through the conductivity difference of
cells suffer from composition and morphology factors.”® There
are two strategies for isolating CTCs with DEP: 1) direct target
cells to different direction of electric field by controlling the
electrical frequency; 2) trap the targeted cells in a DEP cage
designed based on the dielectric property of CTC.%"%

The biggest advantage of non-labeling techniques is the
absence of antibodies and any biomolecules that may poten-
tially influence the downstream analysis of the targeted cells.
However, the tradeoff here is that the targeted physical pa-
rameters are not always exclusive for CTCs. Additionally, cells
exhibit more versatile properties in even similar physical or
physiological conditions, so it is still difficult to purely derive
one specific population of CTCs from blood by only using
biophysical markers. Although these approached to concen-
trate cells opens the door for single CTC analysis, the large
number of background cells is still impeding technological
developments toward single CTC analysis. Some of the key
technologies in this space include:
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Vortex chip. Vortex chip is designed to trap CTCs under
inertial forces. The inertial microfluidic chambers protrude
from the rectangular straight channel and can effectively
capture CTCs above a pre-designed size cutoff through inertial
force.®” The latest version of the chip also allows detection and
enumeration from both size-based and deformability based pa-
rameters by integrating a deformability cytometer component,
thereby giving a higher accuracy in capturing the CTCs with
minimized background leukocytes.®* As compared to the CTC-
iChip, Vortex technology is simpler in manufacturing and
there are even fewer steps in sample preparation. The limita-
tion of this technology is the additional flushing step needed
for CTC release and smaller cell washout, which added to the
complexity of the chip. From their clinical result, the Vortex
chip successfully demonstrated the separation of CTCs from
breast, prostate and lung cancer patient samples with minimal
white cell contamination. In another study on lung cancer,
they characterized the expression of PD-L1, which is related
with immune-evasion of cancer cell, in CTCs from metastatic
lung cancer patients and found greater heterogeneity in CTCs
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from individual patients. These downstream studies demon-
strated the suitability for the Vortex chip to be used in single
cell related clinical studies. Recently, this chip was utilized to
develop an integrated microfluidic assay to measure multiple
protein targets in single CTCs.** This chip involving single cell-
resolution Western Blotting (scWB) combines polyacrylamide
gel electrophoresis (PAGE) of single-CTC lysate with subse-
quent antibody probing of PAGE-resolved protein targets. This
approach for CTC and protein separation (seconds) of isolated
cell lysate maximized local protein concentrations for detec-
tion, even with low protein copy numbers (Fig. 2).

ClearCell® FX. ClearCell® FX employs a simple spiral
microfluidics chip for CTC enrichment. The current version
of the system requires red blood cell lysis as a pre-treatment
step.>>®* In curvilinear spiral channels, an additional force
component called “Dean drag force” (FD) acts on cells, with
cells moving along “Dean vortices” migrate towards inner
wall, strong inertial lift forces confine CTCs to inner wall
while smaller blood cells continue to be entrained along
dean vortex flow. This enables focusing CTCs and blood cells

RNA expression
analysis

Plasma

Tumour Cells
and Platelets

Leukocytes
Erythrocytes

OncoQuick

Fig. 2 Technologies for CTC isolation, enumeration and profiling. Overview of commercially available technologies for CTC analysis including (a)
Vortex chip, (b) ClearCell® FX, (c) CTC-iChip, (d) OncoQuick® and (e) OncoCEE™, from their initial prototype (orange section) through to current
advancements that have resulted from these technologies (blue section). Images were adapted and reproduced with permission from (Vortex chip)
ref. 82. Copyright (2014) Royal Society of Chemistry, (ClearCell® FX) ref. 22. Copyright (2013) Nature Publishing Group, (CTC-iChip) ref. 68
Copyright (2013) American Association for the Advancement of Science, (OncoQuick®) ref. 75 Copyright (2002) Wiley-Online library, (OncoCEE™)

ref. 67 Copyright (2011) Hindawi Publishing Group.
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along distinct streams within the microchannel and are
retrieved through two separate outlets. This chip is capable
of concentrating rare cells with a relatively high throughput
(7.5 mL whole blood in 45 min) and in an easy operating
manner. From a manufacturing perspective the spiral chip
involves no complex microstructures so the fabrication
process is relatively smooth allowing it to be affordable. The
study has also demonstrated several advances including
integration for single CTC analysis. The output from the
system, which is CTCs with WBCs (1 CTCs with ~1000
nucleated blood cells), can be used for single cell molecular
analysis. This group reported a single cell capturing system
as an accessory for single CTC analysis.®® The device can be
used to isolate single viable CTCs and gene expression study
were performed on CTCs from lung cancer patients from
which they pinpoint the level of T790M in EGFR mutant lung
cancer. Besides, the same group also developed a CTC
expansion assay based on microwells that can establish
clusters of CTCs for downstream drug screening.’®®" This
expansion assay revealed that the formation of CTC clusters
inversely correlates with drug concentration in the medium,
verifying the feasibility of the device as a CTC-based drug
screen platform. Further, the technology shows great compat-
ibility for downstream molecular analysis of the enriched
CTCs.

OncoQuick®. OncoQuick® integrates density-based and
size-based filtration on one device. It is a proven tool in
detecting CTCs, however, the sensitivity is relatively low
compared to CellSearch® system.”” In clinical studies, re-
searchers have been using this chip as a pre-enrichment
step for downstream processing or analysis. It has been
used in a clinical study on melanoma patients, in which
they did qPCR on 4 melanocyte target RNAs (TYR,
MLANA, MITF and MIF). They found that melanoma pa-
tients had higher expression of MLANA and MIF while
healthy controls showed elevated expression in TYR and
MITF expression.”” Another study investigated the rela-
tionship of metastatic breast cancer, bone marrow metas-
tasis, systematic therapies and CTCs. They monitored
CTC occurrence and number in patient's peripheral blood
during systematic therapies. It was observed that CTCs
tend to be non-proliferative and can survive after
chemotherapy.”

ISET®. ISET® uses size-based filtration for CTC isola-
tion, and there are quite a few clinical studies using this
chip as the processing steps are relatively simple.”*** The
CTCs are captured inside the porous membrane and can
be immunostained for detection. One clinical study used
ISET® to investigate CTCs as an early diagnostic marker
for non-small cell lung cancer. This study investigated pa-
tients with chronic obstructive pulmonary disease which
is considered of high risk for lung cancer. 5 out of 168
COPD patients studied tested positive for CTCs and devel-
oped lung nodules in 1 to 4 years after CTC detection
with the follow up tumor biopsy confirming early stage
lung cancer.”® The result has shown CTCs possess a great
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potential to be a biomarker for early diagnosis of cancer.
Similarly, another clinical study compared ISET® with
CellSearch® in more than 200 patients. They found these
two technologies had similar sensitivities: 104/210 detected
using ISET® and 82/210 detected using CellSearch®. It is
noticeable that CTCs was detected in 62/210 patients
using ISET® that was not detected by CellSearch®. Mean-
while, CTCs were detected in 40/210 patients using
CellSearch® but not detected with ISET®. The CTCs that
were detected both by ISET® and CellSearch® were in
only 42/210 patients.”* This research indicates that size-
based technology might be suitable for targeting different
subtypes of CTCs in comparison to immunoaffinity based
technology, which is something we need to pay attention
while selecting techniques for liquid biopsy analysis. Miss-
ing a population of CTCs could mean a great loss of in-
formation that we could have harnessed from the cells. A
limitation of size-based filtration technique is they usually
cannot release the captured cells for downstream applica-
tions, which limits their application in clinics. Addition-
ally, the flow of blood into the device cannot be high
enough to avoid clotting and guarantee effective capture,
which result in a relatively low overall throughput of the
device.

Parsortix™ (ANGLE). Parsortix™ device®”*® sorts cells by
both deformability and size. The channels comprise a stair-
like architecture that causes a gradual decrease in width until
it reaches approximately <10 pm. These steps of varying sizes
enable cell separation based on size, following which the di-
rection of flow is reversed to harvest the lodged cells. The de-
vice consists of a looped cassette design that maximizes
length of the separating steps whilst providing fluid paths
with minimal resistance to flow. Xu et al.,’® utilized this tech-
nology to harvest both CK+ CTCs and CK-/vimentin+/CD45-
cells. A proportion of vimentint+/CD45- circulating cells
showed genetic alterations that were indicative of epithelial-
to-mesenchymal transition. Furthermore, varied response to
chemotherapy was observed in CK+ CTCs. This system is cur-
rently evaluated for its suitability in in a multicenter clinical
study on CTC capture from metastatic breast cancer patients
and use of multiple downstream analysis techniques (e.g., cy-
topathology, qPCR, FISH, and RNAseq) on the harvested
CTCs.”

In addition to the above-mentioned approaches, the last
few years has witnessed advancements in most of these
technologies with several second or third generation plat-
forms being developed to increase their suitability towards
CTC analysis in clinical settings. Some of these key technol-
ogies developed in the last 3 to 4 years is summarized in
Table 2.

3.2 Circulating tumor DNA (ctDNA)

ctDNA demonstrates a strong concordance with tumor bio-
psy profiles and provides real-time genetic information on
the disease.'”® With ctDNA being derived from multiple
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Table 2 Recent CTC Technologies developed based on various antibody-dependent and independent approaches
Technology Principle Features Merit(s) Demerit(s) Comments Ref.
Single CTC chip Pinch flow/inertia Single CTCs from enriched Enable single  Labor This chip is an accessory 98
focusing blood samples cell analysis on intensive for CTC enrichment chip
CTCs
NanoVelcro Coated nanostructure ~ CTCs with well-preserved Recover intact ~ Throughput Currently this is the 4th ~ 99-102
substrates RNA transcripts CTCs for and specificity generation chip
downstream
analysis
CaTCh FISH Magnetic Capture CTCs for in situ RNA High Multi-step, Provide a solution for 103
separation/fluorescence analysis throughput, specificity CTC isolation and FISH
in situ hybridization high sensitivity
Capiocyte Immunocapture Reliable monitoring of CTC ~ Specificityup ~ Only Cell rolling is employed 104
count in treatment to 38% demonstrated to enhance capture
ability for cell specificity
counting
Two-stage Size and asymmetry 99% CTC clusters recovery High recovery  Specificity in ~ This is an improved 105,

cluster chip based capturing with 87% viability

Nanofiber Thermo-responsive Capture and release CTCs
chitosan nanofiber through
substrate temperature-mediated
transition
Thermal Antibody conjugated 88.2% efficiency with 1 ml
sensitive GO-PEG in per hour
graphene oxide thermo-responsive
polymer
Acoustic Standing surface Throughput is 20 times
separation acoustic waves higher than previous devices

using the same principle

CTC culture Microwell for cell
chip culture

Derived spheroids from
patient blood sample

Single CTC Vortex HT chip and
immunoblotting single cell protein-PAGE in microwell

Magnetic Magnetic sorting based Characterized phenotypic
ranking on protein level change of CTCs during
cytometer chemotherapeutic in

xenograft model

cancer sites, it provides an improved representation of the
malignancy in comparison to a localized tumor biopsy. Fur-
ther, the ease of access to ctDNA enables repeated and lon-
gitudinal profiling of the tumor, thereby providing a simple
tool for monitoring tumor burden and response to treat-
ment.""*""® The main challenges in the analysis of ctDNA
include the minimal amount of accessible DNA per sample
and dilution of ctDNA levels due to DNA from other nucle-
ated cells. Coupled with their shorter read lengths, the wide
variation in ctDNA levels from the same patient retrieved at
different intervals require extremely sensitive and efficient
isolation techniques. In this regard, typical methods for
ctDNA analysis involve an initial extraction or isolation pro-
cedure followed by molecular analysis techniques to distin-
guish between cfDNA released from healthy cells and ctDNA
released by the tumor. Despite being accessible through a
number of bodily fluids, blood is predominantly used for
ctDNA extraction owing to its proximity of the tumor. Fur-
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Single CTC western blotting

rate and simple high cell version of the previous 106

principle background cluster chip

Relative high Throughput There is no relevant 107

purity in and sensitivity clinical study yet

bio-interface

methods

Easy and Throughput Validated capture 108,

scalable and sensitivity performance with 109
clinical samples

High High Validated with breast 110

throughput background cancer patient blood

and blood cell

non-labelling

Can establish ~ Low yield Demonstrated drug 90,

tumor-on-chip testing with patient 111

for clinical samples

study

Analyze protein Low efficiency First work doing 84

profile of single immunoblotting on
CTC CTCs
Counting of Clinical First work attempting to 112

cells of validation monitor change of
different needed protein level during
phenotype treatment

ther, there is very little evidence on the presence of ctDNA
in other bodily fluids such as urine''* or saliva’® if the
cancer occurred internally or at a distal location such as in
lung or liver.

3.2.1 Isolation of ctDNA from plasma and whole blood.
Plasma based ctDNA extraction approaches have also gar-
nered widespread interest owing to the absence of any blood
cell contamination that can dilute the ctDNA levels. This is of
particular importance as white blood cells''” begin to lyse
within hours of blood being drawn from the patient and in
turn dilute ctDNA level in the sample. As such, blood drawn
from the patient needs to be centrifuged within 4-5 hours to
prevent this contamination. Serum, on the other hand, is
also a potentially useful bodily fluid for ctDNA extraction and
can result in higher yields for analysis."*® However, the com-
plexity of coagulation might result in the lysis of cells and
would imply that ctDNA levels from tumor would be diluted.
Further, extraction of ctDNA from plasma has been
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demonstrated to have a marginally higher sensitivity in detec-
tion as compared to serum.'*®

Of several methods used for ctDNA extraction from pa-
tients, one of the most popular techniques is the affinity
based technique. In this method, DNA binding proteins
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coated to micro-pillars are woven to form a membrane and
ctDNA from plasma was isolated under flow conditions. Simi-
lar membrane-affinity based techniques have extensively
been utilised for ctDNA isolation. Fong et al., evaluated seven
isolation approaches in parallel for the extraction of ctDNA

(a) Magnetic separation
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Fig. 3 Methodologies for ctDNA isolation from plasma. (a) Overview of the magnetic capture hybridization technology for the isolation and
analysis of cfDNA from plasma samples. (b) Molecular beacon based ctDNA analysis based on proximity based fluorescence emission, wherein
close proximity of the hairpin ends quenches the fluorescence whilst unravelling the ends of the hairpin binds to a single stranded cfDNA thereby
emitting a fluorescence signal. (c) Schematic representation of Ppy-coated Au nanowires (Ppy/Au NWs) for ctDNA analysis based on spontaneous
redox behaviour of Ppy in response to the applied electric fields. (d) Dielectrophoretic trapping of ctDNA in a device containing micropillars, and
(e) DNA clutch probe assay that render specific ctDNA sequences accessible to identify desired mutations. Images were adapted and reproduced
with permission from (a) ref. 121 (b) ref. 124 Copyright (2010, 2016) Elsevier Publishing Group, (c) ref. 126 Copyright (2016) Ivyspring Publishing
Group, (d) ref. 127 Copyright (2014) the American Association for Clinical Chemistry and (e) ref. 128 Copyright (2016) American Chemical Society.
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from 12 pooled sera obtained from 67 colorectal cancer pa-
tients.'*® Among several commercial protocols tested,
QIAamp DNA blood kit was able to consistently retrieve a
larger mass of ctDNA in comparison to rest of the ap-
proaches. Similar affinity based approaches have been dem-
onstrated with the use of magnetic bead coated oligonucleo-
tide probes (Fig. 3a) to selectively isolate ctDNA from human
plasma.””" The accuracy of the DNA captured is also pre-
served as studies have shown that magnetism has a negligi-
ble effect on the methylation of DNA. Commercially available
kits such as Dynabeads or GeneCatcher from Thermofisher
have been developed based on similar principles. Recently,
Dias et al, developed a portable microfluidic platform
containing magnetoresistive sensors that offer higher sensi-
tivity and increased portability in comparison to standard
fluorescence techniques.’”® Despite its greater autonomy
compared to conventional methods, more studies on clinical
samples are required to establish the applicability of this
method with respect to throughput and reliability. Similarly,
Guha et al,'*® adopted a novel magnetic probe based ap-
proach known as differential strand separation at critical
temperature (DISSECT) wherein DNA is first attached to a
streptavidin-coated magnetic bead that targets exon 8 of
TP53. Whenever mutations occur in the exon, this results in
a mismatch of bonding between the probe and the targeted
region and as such, the melting temperature of the duplex is
reduced. Subsequently when heat is applied, these mutations
containing cfDNA or ctDNA will be preferentially discharged
into the solution while those without the mutations remain
unbounded. This facilitates distinction between ctDNA and
cfDNA under an applied magnetic field. Patient sample analy-
sis demonstrated higher sensitivity than conventional
methods as this method can be further repeated to enrich
the sample. Further, the approach was used to detect multi-
ple mutations within a sample using a single denaturation
temperature.

Similar affinity based fluorescence probes such as molecu-
lar beacons'** or fluorescent gold nanoclusters'>® have been
used to isolate cfDNA. While traditional molecular beacon as-
say works based on proximity based emission wherein at
close proximity and at the ends of the hairpin, few photons
are effectively emitted and the probe does not emit fluores-
cence (Fig. 3b). However, when the ends of the hairpin un-
ravel as the ring binds to a single stranded cfDNA in the sam-
ple, the distance between the fluorophore and quencher
increases thereby emitting a fluorescence signal. To this end,
gold nanoclusters work on the principle of electrostatic at-
traction wherein nanoparticles do not emit fluorescence due
to quenching when the electrostatic forces of attraction hold
them closely together. However, when cfDNA is introduced,
the bonding on the gold nanoparticle is disrupted when it
embeds itself in the negatively charged double helix cfDNA
and emits a fluorescence signal. Recently, Gui et al. demon-
strated the use of molecular beacons for the in situ monitor-
ing of cfDNA levels based on the quantification of fluores-
cence intensity."** The method is rapid and was shown to
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work well even in serum for the detection of the UHRF1 mu-
tation in breast cancer patients. Jeon et al., demonstrated the
use of vertical arrays of polymer coated Au nanowires as
physical traps to isolate ¢fDNA.'?® Upon the application of an
electrical potential, the polymer film started to breakdown
and shrink, thereby releasing the ¢fDNA that was trapped be-
tween the nanowires (Fig. 3c). The device was reported to suc-
cessfully extract DNA at a concentration of 10 pg mL™ with
an efficiency of 50%. Despite plasma based methods demon-
strating acceptable isolation efficiency, the need for pre-
processing blood might still impact the recovery of cfDNA. In
this regard, Sonnenberg et al., demonstrated the retrieval of
ctDNA directly from whole blood (Fig. 3d) using an AC
electrokinetic ~ device containing circular microarray
27 At the optimized AC frequency and voltage,
cfDNA, which is more polarizable than the surrounding me-
dia, experience positive DEP (p-DEP) that concentrates
DNA into the DEP high-field regions over the circular micro-
electrode. On the other hand, less polarizable blood cells ex-
perience negative DEP (n-DEP), causing them to move into
the DEP low-field regions between the microelectrodes. The
study demonstrated rapid isolation of ctDNA from patients
with chronic lymphocytic leukemia (CLL) and the perfor-
mance was comparable with commercial Qiagen protocol.
However, it must be mentioned that there is a physical limit
to the size of particles that can be separated. As the volume
of the particle decreases, forces that were previously negligi-
ble such as diffusion and convection now become dominant.
Recently, Das et al.,"*® developed a novel approach for the de-
tection of mutated ctDNA using a DNA clutch probe (DCPs)
based approach (Fig. 3e). The use of DCPs rendered only spe-
cific ctDNA sequences accessible for hybridization with the
target probe whilst simultaneously deactivating any closely
related sequences. The presence of mutated DNA was
detected using a three-dimensional electrochemical sensor
fabricated using electrodeposited gold. The sensor demon-
strated highly sensitive detection of mutated ctDNA to as low
as 1 fg L™ of target mutations from melanoma and lung
cancer patients.

While these methods for ctDNA extraction have demon-
strated their potential for disease diagnosis, prognosis and
patient monitoring, the main challenge still remains with
regards to variations in the amount of cfDNA extracted from
patient to patient. In an experiment conducted by
Fleischhacker et al., to demonstrate how severe this deviation
may be, even cfDNA extracted from the same plasma using
identical extraction kit and protocols but conducted in differ-
ent labs had produced very different readings.'> Neverthe-
less over the years, efforts have gone into standardising pro-
tocols, the results still remain different.

3.2.2 Analysis of ctDNA. It is important that techniques
used for cfDNA isolation be able to distinguish between
ctDNA and cfDNA derived from tumor and other cell types re-
spectively. While an in-depth discussion of the methods
available for the analysis of ctDNA is beyond the scope of this
review, this section aims to provide the reader with a brief

electrodes.
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Table 3 Summary of ctDNA detection approaches
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Principle Method Merit(s) Demerit(s) Clinical studies Ref.
PCR Droplet High sensitivity, high throughput Small region of interrogation Colorectal cancer 134,
based PCR implies that point mutations must 135
Digital PCR  High sensitivity, high throughput be known Non-small cell lung 136,
cancer, breast cancer 137
BEAMing High sensitivity, cost effective Colorectal cancer 138,
139
Mass Ease of use Late stage advanced 140
spectrometry solid tumors
ARMS-PCR Commercially available (with regulatory Breast cancer 141
approval), covers variants
Bi-PAP Rapid detection of ultra-rare mutation NA 142
amplification
Gene TAm-Seq High sensitivity, cost effective, high Higher read depth or fidelity Ovarian cancer 143
sequencing throughput required for enhanced mutation
Safe-SeqS Automatic querying of multiple bases detection NA 144
sequentially
Ion-AmpliSeq 50-Cancer gene panel allows for rapid Breast cancer 145
screening (7 days) of cancer genes in
cfDNA
CAPP-Seq Eliminate patient-specific optimization, Non-small cell lung 146
coverage of nearly all patients cancer
Digital Perform relatively well and quickly Childhood 147
karyotyping  without the need for whole genome neuroblastoma
sequencing
OnTarget Able to select for sequence content NA 148
Whole Digital Extensive application Slow, expensive Breast cancer, ovarian 149,
genome karyotyping cancer 150
sequencing PARE Robust, sensitive, extensive application Leukaemia, lymphoma, 151-153
breast cancer, colorectal
cancer
Plasma-Seq  Robust, sensitive Prostate cancer 154

overview of the methods. Table 3 summarises some of the
key ctDNA detection approaches and their potential applica-
tion in clinical studies performed using them. Methods to
distinguish between ctDNA from cfDNA utilises the advances
that have been made in identifying gene mutations which
have been demonstrated to have an association with cancer.
Examples of these mutations include the nucleotide muta-
tions in cordon 12 and cordon 13 in the Kirsten rat sarcoma
viral oncogene homologue (KRAS) gene,"* which has been
demonstrated to be present in nearly a quarter of all cancers
and EGFR mutations which were shown to be associated with
the overactive cell growth and division mechanism that is
present in many cancers including lung cancer.”*""** In addi-
tion to seeking out point mutations, the frequency of muta-
tions and chromosomal rearrangements can also be used as
a method to distinguish ctDNA from cfDNA.

Analysis of point mutations can be achieved using tra-
ditional polymerase chain reaction (PCR) that amplifies
the retrieved DNA and subsequent sequence data analysis
obtained from the patient sample is then compared with
a genomic library. While the addition of various forms of
PCR such as the digital PCR and qPCR has made this
method relatively easier to implement with higher sensitiv-
ities, PCR methods are still qualitative since one will not
be able to obtain precise measurements of levels of ctDNA
present."** More recently, a number of digital genomic

This journal is © The Royal Society of Chemistry 2019

methods have been developed to quantify mutations by
analyzing individual template molecules. This is achieved
by running PCR on serially diluting DNA down to single
or fewer templates per reaction. Quantification is done
based on the number of reactions containing wild-type or
mutant PCR product.

In an effort to quantify the levels of ctDNA present, a tech-
nique combining flow cytometry and PCR, also known as
BEAMing (beads, emulsions, amplification and magnetics)
has been developed.'®® This sensitive and cost-effective ap-
proach facilitates single-molecule PCR reactions to be
performed on magnetic beads in water-in-oil emulsions. Dis-
tinction between mutant and wild-type coated beads is
achieved using allele-specific fluorescence probes comple-
mentary to the known wild-type or mutant sequences. With a
high signal-to-noise ratio obtained by hybridization or enzy-
matic assays, beads were analyzed rapidly using flow
cytometry.

One of the inherent limitations of the above mentioned
method is that the precision in identifying point mutations
in the DNA will limit the size of the gene interrogation re-
gion. Consequently, it will be unable to provide information
for cancers if the clinicians have no prior indication of the lo-
cation and the type of cancer since they will not know the
mutations to look out for. As different cancers may have dif-
ferent point mutations, the highly specific nature of looking
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for point mutations also work against it since different muta-
tions will have to be sought for different types of cancer. In
order to build a more generalised technique and build a
more comprehensive picture of the mutations, given the
heterogeneity of cancer, a technique analysing a larger gene
interrogation region was developed - the analysis of the
whole genome. Two genome-wide analysis methods to iden-
tify alterations in ctDNA include personalized analysis of
rearranged ends (PARE)'® and digital karyotyping.">” PARE
utilizes genome rearrangements associated with tumors to
identify and detect biomarkers in circulation. Alternatively,
digital karyotyping is used to analyze copy-number alter-
ations and any set of sequences that can detect
uncharacterized chromosomal changes and exogenous se-
quences in cancer. Recently, Newman and his team
performed whole genome analysis by looking for a common
set of genomic mutations or panel across lung cancers.”” By
amplifying only these regions of interest where mutations are
inclined to occur, this method is a combination of both
breadth and depth. Breadth here refers to sampling a larger
region compared to PCR based approaches and depth indi-
cates interrogation of known regions of interest. Despite pri-
marily being a statistical method, the panel detected ctDNA
in 100% of patients with stage II-IV non-small cell lung can-
cer (NSCLC). However, as the results are only based on 17 pa-
tients, clinical trials conducted with a larger cohort of pa-
tients will have to be conducted to establish credibility of
this approach.

3.3 Extracellular vesicles (EVs)

Exosome research is a rapidly growing field both in biology
and medicine. With several studies exploring the clinical util-
ity and diagnostic potential of EVs, there is a growing need
for better isolation and characterization techniques. Although
several methods have been developed to isolate EVs from
bodily fluids, only a few of these can clearly discriminate be-
tween EVs and other cellular material lipid-like structures or
retrovirus particles, similar in terms of size and density. Sev-
eral commonly used methods to isolate EVs from plasma or
other sample include ultracentrifugation (UC), filtration,
polymer-based precipitation, size exclusion chromatography
(SEC) and magnetic associated cell sorting (MACS). Evalua-
tion and comparison of these common exosome isolation
methods have been performed by some researchers.’>® For
instance, Tauro et al."*® employed three different methods in-
cluding UC, density-gradient centrifuge (DG) and EpCAM
immunoaffinity capture (IAC), to isolate exosome from cell
culture medium. It was observed that IAC isolated EVs dem-
onstrated significantly higher level of quantitative protein
spectrum in comparison to UC and DG isolated EVs. How-
ever, these results might be limited to specific sample used
for analysis. Similarly, Kalra et al.,"*® tested various exosome
isolation methods using human blood plasma. The results
indicated that DG outperformed UC and IAC, which was con-
tradictory to results obtained with cancer cell culture me-
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dium. These isolation methodologies and their impact on
downstream analysis of EVs are reviewed in detail by Taylor
et al.'® To sum up, the performance of common exosome
isolation methods significantly vary due to contamination,
poor yield, intensive labor or requirements on equipment be-
ing some of the major factors influencing the yield.

The integration of microfluidics and various sensing com-
ponents or sensors has significantly improved the accuracy of
exosome isolation from biological samples. Several notable
approaches improved the feasibility of immuno-affinity based
isolation*®>™®* through incorporation of functionalized nano-
materials or nano-sized membrane that can specifically select
for EVs from biological fluids. Similarly, the use of periodic
plasmonic nanoholes similar to vesicle size (30-200 nm) or
electric field induced isolation techniques has improved sen-
sitivity.'®® These approaches are rapid and efficient in com-
parison to standard techniques notably, ultracentrifugation,
sedimentation or density-gradient separation. However, there
is a need to optimize these microfluidic platforms to meet
the demands of clinical settings. In this regard, this section
will highlight some recent exosome isolation and detection
platforms that demonstrate potential for integration with
standard bio-analytical systems for molecular profiling and
quantification of EVs.

3.3.1 Microfluidic isolation of EVs. A very recent and rep-
resentative work that can separate EVs from other compo-
nents such as MVs based on size is a viscoelastic flow de-
vice (Fig. 4a) developed by Liu et al'®® The addition of
poly(oxyethylene) (PEO) to the exosome sample would influ-
ence the particle position within the channel due to elastic
lift force, inertial lift force and viscous drag force acting on
the vesicles. Using this approach, vesicles with diameter
smaller than 200 nm were separated from MVs with diame-
ter larger than 200 nm from fetal bovine serum. However,
the compatibility of PEO with every biological sample and
its effect on the downstream proteomics or gene analysis re-
main unknown. Similarly, Liang et al,'®” demonstrated a
size based separation approach where 200 nm and 30 nm
filter membranes were assembled in the sample flow path
within a PMMA channel. The chip was demonstrated to be
able to recover exosome from cell culture medium and
urine sample. Isolation of EVs wusing urine samples
obtained from both bladder cancer patients and healthy
controls suggested the possibility of EVs concentration to
be a potential biomarker. Despite the design and operation
of the filtration device being simple, a common problem in
filtration system is clogging especially when the pore size is
as small as 200 nm and 30 nm. Deterministic lateral dis-
placement'®® was also adapted for exosome isolation by
Wunsch et al. The gap size between pillars was designed to
range between 25 to 235 nm to separate particles of size be-
tween 20 to 110 nm with high resolution. Although the ma-
nipulation of particle motion was precise, the throughput
was slow and fabrication process was complicated due to
the smaller separations. Yeo et al.,**® demonstrated a sim-
ple approach for the rapid separation of EVs using

This journal is © The Royal Society of Chemistry 2019
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centrifugal microfluidics known as microfluidic CEntrifugal
nanoparticles separation and extraction (WCENSE) platform.
This platform comprises a simple centrifugal chip
containing a serpentine channel with single inlet and two
bifurcating outlets. This chip is mounted onto a tabletop
centrifuge and when subjected to centrifugal forces, this
chip enables nanovesicle separation based on size along the
short curved microchannel. With centrifugal force require-
ment being several folds lower than conventional methods,
the nanovesicles migrate within the microchannel to form
distinct streams of different sized vesicles. The smaller

This journal is © The Royal Society of Chemistry 2019

nanovesicles and exosomes can then be extracted. Lee
et al.,""° explored the possibility of using acoustic forces to
separate EVs from MVs on chip. Under the applied field, a
cutoff diameter of 300 nm was set so that MVs were devi-
ated whilst EVs remained unperturbed during flow through
the microchannel.

Immunoaffinity approaches with the use of vesicular or tu-
mor specific markers are also being viewed upon as sustain-
able technologies for exosome isolation. The goal of
immuno-capture on-chip is usually to achieve higher sensitiv-
ity compared to MACS and subsequent parallel profiling of
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exosomes using multiple markers. Chen et al,"’" utilized a
chip containing wide but shallow channel with herringbone
groves features functionalized with anti-CD63 or anti-CD4 for
exosome isolation. The device was able to capture exosome
from sera, and captured EVs were retrieved for downstream
RNA analysis. Operation of this device was relatively easier
than MACS. Herringbone structure mediated fluid mixing
has previously been demonstrated for improved target-anti-
body interaction. Similarly, Kanwar et al,'’> developed an
integrated microfluidic chip with an array of circular cham-
bers functionalized with anti-CD63 for the isolation and de-
tection of EVs from serum samples. Captured EVs were
stained using carbocyanine dye and measured using standard
analytical tools such as a plate reader. The major advantage
of using this device is the convenience of on-chip signal mea-
surement, providing the potential of clinical diagnosis. He
et al,"”” developed an alternative integrated platform for
immunomagnetic isolation, exosome lysis and on-chip pro-
tein analysis. The approach also demonstrated phenotyping
of exosome subpopulations by targeting a panel of common
exosomal and tumor-specific markers.

Electric fields have also been utilized to modulate fluid flow
and molecules around on surfaces that can significantly im-
prove exosome isolation by accentuating capture performance.
Ibsen et al.,'”* developed a DEP-based exosome isolation device
ExoVertia™ (Biological Dynamics, San Diego, CA, USA) to rap-
idly isolate and recover glioblastoma EVs from human plasma
samples. Requiring minimal sample volumes, the microelec-
trodes were able to concentrate EVs into high-field regions
around the microelectrodes within 15 min. However, the device
is not characterized to precisely distinguish between EVs, MVs
and soluble proteins in sample. Additionally, the electric field
parameters such as permittivity of exosome and conductivity of
media are not discussed, which is important in determining
the electric field condition. Similarly, Vaidyanathan et al,'”
utilized alternating current electrohydrodynamics based fluid
flow phenomenon that significantly improved sensor-target in-
teractions. This fluid flow is characteristic of fluid mixing en-
abled by forces generated within nanometers from the surface.
Tumor-specific exosome capture was demonstrated using EVs
derived from cell lines and patient serum samples whilst being
detected using a colorimetric approach. Despite being highly
sensitive, this approach is limited to isolating EVs based on
specific capture agents and cannot retrieve isolated EVs for
downstream analysis.

3.3.2 On-chip detection and analysis of EVs. The basic
idea of on-chip detection is to harbor EVs onto any micro-
device in a way that can produce a detectable signal using
several read-out approaches. Doldan et al,'’® designed an
electrochemical chip (Fig. 4b) that was able to sense the
level of exosome in two different strategies called signal-off
and signal-on. In signal-off mode, electrode was functional-
ized with mouse o-CD9 antibodies to capture CD9 positive
EVs. Following this, horseradish peroxidase (HRP)-conju-
gated anti-IgG antibodies was added and attached to the un-
bound mouse a-CD9 antibodies. Finally, 3,3',5,5-tetramethyl

26 | Lab Chip, 2019, 19, 11-34

View Article Online

Lab on a Chip

benzidine (TMB)/H,O, was introduced and electrochemical
signal as a result of TMB reduction was recorded. In signal-
on mode, the principle was similar, but adjustments in the
use of antibodies lead to a positive correlation between exo-
some concentration and current signal intensity. The limit
of detection (LOD) of this electrochemical sensor was 200
EVs per uL. More recently, Wang et al,'” reported an
aptamer-based exosome sensor to specifically capture target
EVs. To address the general problems with aptamer
functionalization of self-assembly aggregation and random
orientation, DNA-nanotetrahedron was designed (Fig. 4c) to
ensure stable and oriented layer of aptamer on the surface
of electrode, which significantly enhanced the sensitivity of
the sensor. The LOD of this sensor was tested to be 2.09 x
10" EVs per mL. Ko et al.,"’® developed a phone compatible
exosome detection method. In their design, exosome sample
was driven through a channel by gravity. Near the inlet,
anti-CD45 and anti-CD61 coated large microbeads were in-
troduced to bind unwanted EVs from leukocytes and plate-
lets, and anti-CD81 coated small microbeads were used to
attach remaining target EVs. A filtration was set along the
channel to block large beads and allow small beads to go
through. A phone compatible holder was designed to guide
the filtered phone flash light toward the outlet region, and
the ELISA lights were filtered and received by the phone
camera so that a fluorescence photo could be taken. The
system was applied to detect the exosome level of cortical
neurons with and without injury, and proved to successfully
reflect the different status.

Similarly, Olcum et al.,"”® exploited the use of suspended
nanochannel resonators (SNRs) system to achieve extreme
nanoparticle mass sensitivity in solution. In the SNR sys-
tem, a suspended microcantilever oscillated under the con-
trol of a piezoelectric actuator, with the vibration being read
out using a laser component. Feedback between laser photo-
detector and piezoelectric actuator was built up so that the
oscillation of microcantilever was always at resonant fre-
quency. When a nanoparticle approaches the cantilever, the
resonant frequency of cantilever would be shifted to an ex-
tent decided by the mass of the nanoparticle. The SNR sys-
tem was used to validate exosome sample from 3T3-J2 fibro-
blasts or primary hepatocytes culture medium. Mass/size
distribution of fibroblast exosome was found to be broader
than hepatocyte EVs.

EVs and MVs have been reported to contain important
proteins and genetic molecules. The level of some exosomal
content is usually related to potential of biomarker. There-
fore, proteomics and gene sequencing or detection is some-
times performed with exosome sample. Besides the conven-
tional techniques such as western blotting, mass
spectrometry, PCR and microarray, more portable tech-
niques for protein and RNA analysis are highly expected to
meet the needs of clinical diagnosis of cancer and other
diseases. Most of the protein analyses on chip utilize
immunoaffinity binding to evaluate the level of interested
proteins. Im et al,'® produced a surface plasmon
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resonance (SPR) based exosome protein profiling device,
called nPLEX platform (Fig. 4d). Plasmonic nanoholes were
patterned in gold film on glass and functionalized with af-
finity ligands. The size of nanoholes was 200 nm in diame-
ter so that enhanced electromagnetic field region was com-
parable to exosome in size, resulting in a higher sensitivity
for exosome detection. By principle, when target EVs bind
to the ligand, spectral shift or intensity changes would be
observed, enabling protein level estimation. This chip suc-
cessfully identified higher level of EpCAM and CD24 in
ovarian cancer ascites without pre-treatment such as isola-
tion or enrichment of exosomes. Yoshioka et al,'*® devel-
oped a rapid and high-throughput exosome surface protein
analysis system with the help of photosensitizer-beads. Do-
nor beads were coated with antibody wusing biotin-
streptavidin chemistry. Acceptor beads were conjugated to a
second antibody. When the donor beads were excited by
680 nm laser, singlet oxygen would be released and the ac-
ceptor beads, which were within 200 nm distance of the do-
nor beads, would be excited to emit 615 nm light. This pro-
tocol could be operated in a 96-well plate to achieve a high-
throughput analysis. It was validated to be able to indicate
the level of CD147/CD9 double positive EVs from different

Table 4 EV isolation and detection technologies
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cell lines. Similarly, Jeong et al, employed an electro-
chemical method to monitor the level of exosome surface
proteins. EVs were immunomagnetically isolated and subse-
quently, magnetic beads aggregated captured exosomes onto
the electrode under magnetic field. Loading of TMB would
then induce current of intensity proportional to the level of
HRP, which indicates the level of target proteins. The sys-
tem was packaged in a handhold box with eight parallel
analysis channels. Clinical feasibility of this device was
demonstrated with ovarian cancer patient plasma showing a
higher level of CD24. On the other hand, Shao et al,'®"
reported an integrated microfluidic platform for immuno-
magnetic capture of exosomes for RNA analysis. EVs were
captured on-chip followed by lysis to release the exosomal
RNA. Released RNA was attracted by electrostatic force onto
glass-beads. Post extraction, RNA was reverse-transcribed to
prepare for next real-time PCR on chip. When the amplifica-
tion was completed, chamber fluorescence was measured as
RNA level indicator. The device was applied in glioblastoma
treatment efficacy monitoring with the profiling of selected
exosomal mRNA. In addition to the above-mentioned ap-
proaches, several platforms have been developed in the last
3-4 years focusing on improved isolation and detection of

Technology Principle Performance Merit(s) Demerit(s) Ref.
Viscoelastic flow chip Size-dependent; Separation Label-free continuous Polymer residue might be present 166
viscoelasticity of efficiency- ~80% separation in retrieved EV samples
vesicles
Double-filtration chip Size-dependent Separation High purity May be prone to clogging; 167
filtration efficiency- ~81.3% fabrication of 30 nm pore
membrane may be challenging
Exosome total analysis chip  Size-dependent; ~4-1000 fold higher High purity and Fabrication of uniform multiple 182
(Ex0TIC) membrane based yield than low-cost assembly nano-sized pores may be
filtration ultracentrifugation challenging
Exodisc Size-dependent Separation High purity and May be prone to clogging; 183
filtration using efficiency- ~95% dual-membrane uniform membrane pore
centrifugation filtration fabrication might be difficult
CEntrifugal nanoparticles Centrifugal Separation High purity and rapid Can handle only small sample 169
separation and extraction microfluidics efficiency- ~90% isolation volume (10 pL)
(LCENSE) platform
Acoustic nanofilter chip Acoustophoresis; Separation High efficiency and Loss of EV population due to 170
size-selective separation efficiency- ~90% continuous operation different sizes
EXO-electrochemical Immuno-affinity based Sensitivity: 2 x 10° High sensitivity Loss of EVs due to single antibody 176
biosensor capture; mL™" based capture
electrochemical
detection
Aptasensor DNA tetrahedron and  Sensitivity: 2.09 x Highly sensitive and ~ Aptamer selectivity and complex 177
aptamer based capture 10* mL™ portable sensor sensor fabrication
Magneto-electrochemical Magnetic enrichment  Sensitivity: 3 x 10* Multiplexed and Loss of EVs due to single antibody 184
sensor and enzymatic mL™" portable sensor based capture
amplification
AC-EHD chip Electrohydrodynamic Sensitivity: 2.76 x Multiplexed on-chip ~ Cannot retrieve EVs for 175
fluid flow 10° mL™* capture and analysis ~ downstream analysis
Mobile exosome detector Microbead-based Sensitivity: 1 x 107 Simple operation Limited sensitivity and accuracy =~ 178
(UMED) immunocapture mL™"
ExoScreen Photosensitizer-bead Sensitivity: 15.6 ng ~ Good sensitivity Accuracy of fluorescence may be 180
based capture and of purified EVs moderate
detection
Immuno-magnetic exosomal Immuno-magnetic Capture efficiency-  High efficiency and Enrichment is dependent on 181
RNA (iMER) analysis chip selection ~93% integrated exosomal  surface marker
RNA analysis
This journal is © The Royal Society of Chemistry 2019 Lab Chip, 2019, 19, 11-34 | 27
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exosomes in terms of sensitivity, portability and ease of
analysis. Some of these key technologies are listed in
Table 4. Despite these successful demonstrations on exo-
some isolation, more detailed analyses of EVs and their bio-
logical significance is warranted to further understand their
potential for disease diagnosis.

4. Conclusions and future directions

With strategies in cancer management continuing to evolve, the
challenges and demands associated with diagnosis, prognosis,
and prediction of treatment resistance continue to grow in tan-
dem. However, tumor heterogeneity remains a major roadblock
in devising therapy regimens based on individual genome anal-
ysis despite the availability of molecular agents to target specific
genomic changes. In this regard, CTCs and ctDNA form the core
of liquid biopsy diagnostics and paved way to new avenues in
cancer therapy and management. Liquid biopsy could serve as
effective alternatives in cases where primary tumors are difficult
to biopsy. Moreover, liquid biopsy could help stratify patients
and focus screening modalities to the population with higher
risk, thereby reducing side effects (e.g., radiation in mammogra-
phy) and health care costs. However, it might be more relevant
to utilize CTCs and ctDNA during systemic therapy rather than
as early diagnosis markers where the impediments are sensitiv-
ity and selectivity. In this regard, analyses of ctDNA and CTCs
response to targeted therapies might increase feasibility towards
clinical practice. Additional directions can include tests for mu-
tations in genes encoding therapeutic targets and/or the corre-
sponding resistant genes that can be tested easily with a small
cohort of patients to begin with. Earlier studies observed incon-
sistencies in the detection of c¢tDNA mutations and can be im-
proved by approaches that can identify rare mutations with high
sensitivity in matched ctDNA and tumor tissue samples.

These critical concerns mentioned above have caused a
paradigm shift in liquid biopsy research with EVs or ctDNA
being preferred markers over CTCs. However, eventual clini-
cal utility of all these markers still needs more validation.
Although EVs and ctDNAs are more abundant and seem
more convenient to analyze than CTCs, they are also tech-
nical challenges and concerns. It is important to note that
the field of EVs and their potential for liquid biopsy is still
in its budding stages whilst requiring further investigations
to gain further insights. However, inherent characteristics
of EVs certainly make them ideal biomarkers for research,
disease diagnosis and therapy. While significant advances
have been made in terms of EVs isolation and detection
strategies, it is imperative to address key challenges related
to isolation of sub-population of EVs or disease-specific
nanovesicles under a single platform to facilitate clinical
integration of EV technologies. Furthermore, greater clinical
validation may be required with extensive analysis of dis-
ease specific EVs to understand their clinical potential and
role in disease progression. With regards to realizing the
tumor-modulating potential of EVs, it is important to un-
derstand the role of EVs in oncogenic exosome signaling.'®
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A possible approach would be to test models devoid of
such nanovesicles that might prevent metastasis and tumor-
igenesis. However, implementation of this approach is lim-
ited by the associated technical challenges involved in re-
moving EVs.

In addition to these, several challenges in the field
however need to be addressed before realizing the full po-
tential of liquid biopsies as a true diagnostics for disease
management. In particular, deeper insights into the biol-
ogy behind EVs, c¢tDNA and CTCs can establish correlation
between molecular profiles and physiological disease state
of the patient. While several cases have indicated a mu-
tual correlation of CTC numbers and ctDNA levels, the
fundamental biology associated with this correlation is
still poorly understood.'®® Several other challenges associ-
ated with the implementation of liquid biopsy in clinical
settings include (i) the potential of ctDNA to be consid-
ered a full representation of the cancer stage, and (ii)
considering ctDNA, CTCs, and EVs are widely known cir-
culating biomarkers, it is intriguing to know if all metas-
tases contribute to the release of these biomarkers in the
bloodstream. In addition to these challenges, the field has
also witnessed the rise of several new DNA and CTC
based approaches as liquid biopsy diagnostics. This in-
cludes plasma DNA tissue mapping that involves a
genome-wide bisulfite sequencing of plasma DNA and
methylation deconvolution of the sequencing data to trace
the tissue of origin of plasma DNA. Since plasma DNA is
nucleosome-protected, nucleosome mapping that involves
the analysis of the genomic sequencing coverage of
plasma DNA fragments can reveal the position of nucleo-
somes. This can easily help distinguish the high and low
expressed genes due to the shorter read depth in the nu-
cleosome depleted region. Also, the development of CTC
culture has shown promising prospects."’"**” Patient de-
rived CTCs grown in culture and injected into mice con-
firmed that characteristics of the original tumor were
maintained.'®® Furthermore, CTC derived cell lines are be-
lieved to support therapy selections and potentially aid
drug testing or development.

From this review, we can conclude that each of these three
liquid biopsy biomarkers has its advantages as well as limita-
tions. Moving forward, effective cancer diagnosis and man-
agement may move towards simultaneous analysis of all
these liquid biopsy biomarkers in tandem and from a single
patient sample, rather than just relying on single biomarker
based analysis which is proving to be inconclusive due to
heterogeneity and variation in biomarker levels within and
among different individuals.
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