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Abstract

We present a critical review of microfluidic technologies and material effects on the analyses of
circulating tumour cells (CTCs) selected from the peripheral blood of cancer patients. CTCs are a
minimally invasive source of clinical information that can be used to prognose patient outcome,
monitor minimal residual disease, assess tumour resistance to therapeutic agents, and potentially
screen individuals for the early diagnosis of cancer. The performance of CTC isolation
technologies depends on microfluidic architectures, the underyling principles of isolation, and the
choice of materials. In this review, we present a critical review of the fundamental principles used
in these technologies and discuss their performance. We also give context to how CTC isolation
technologies enable downstream analysis of selected CTCs in terms of detecting genetic mutations
and gene expression that could be used to gain information that may affect patient outcome.
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1. Circulating tumour cells — A biological context

Cancer metastasis causes 90% of all cancer-related deaths.}:2 The metastatic process occurs
via cancer cells released from the primary tumour or metastatic sites and can circulate
through the lymphatic system or in the peripheral blood (circulating tumour cells — CTCs),
then potentially invade and colonize a distal site, seeding the metastases that can lead to
patient death.1:3-5

It has been theorized that CTCs can undergo an epithelial-to-mesenchymal transition (EMT),
where tumour cells lose their epithelial character and morph into a mesenchymal type
cell.87 CTCs in the EMT state are more mobile and capable of escaping the tumour; some
remain viable during circulation; have the ability to invade distal tissues; and can possess
stem cell capacity.5:8-13 The EMT process is also thought to be reversible so that
mesenchymal CTCs can revert to an epithelial cell, which has been shown to be critical for
metastasis.14-16 Thus, CTCs with an intermediate epithelial-mesenchymal character have
been suggested to be effectors of metastasis.1’:18

Detecting metastasis is an important step in diagnosing tumour stage and predicting
survival.19:20 Current imaging techniques are not capable of identifying early micro-
metastases or small clusters of tumour cells due to their size.321-23 Bone marrow has also
been utilized as a source of disseminated tumour cells.329 However, unlike blood draws,
bone marrow biopsies are highly invasive and not suitable for routine and frequent testing of
the patient’s cancer.24

The selection of CTCs directly from blood (/.e., liquid biopsy) has received significant
attention as a minimally invasive test that could serve as a screening tool for cancer and/or
provide a frequent insight into the effectiveness of chemotherapy. This liquid biopsy could
be especially beneficial for monitoring cancers that are anatomically inaccessible or have a
high risk of post-biopsy complications, such as pancreatic ductal adenocarcinoma (PDAC)
and lung cancer. Additionally, molecular profiling of CTCs can help identify drug resistance
prior to implementing a therapy regimen — e.g., therapies targeting the epidermal growth
factor (EGFR) are not suitable for patients with a mutated KRAS gene.2> Potentially, further
molecular or proteomic analysis of CTCs could aid in the discovery of new therapeutic
targets for precision medicine.18

Numerous technologies have been developed over the past decade to isolate CTCs from
blood. The primary challenge in CTC analysis has been the low abundance of CTCs (1-
3,000 CTCs/mL)26 against the high background of blood cells (10° red blood cells
(RBCs)/mL; 107 white blood cells (WBCs)/mL).27 CTCs must be discerned by a unique
property that specifically differentiates CTCs from blood cells. This can be a biological
marker, such as a unique protein signature, or a physical property, such as cell size.

The identification of a CTC-specific marker is complicated by inter-patient and intra-patient
heterogeneity in tumour biology, particularly with respect to EMT.18 For example, CTCs
were initially defined as negative for the WBC-specific CD45 surface protein and positive
for the epithelial cell adhesion molecule (EpCAM) surface protein and cytokeratin (CK)
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cytoskeletal proteins. Yet recent studies have identified mesenchymal CTCs that do not fit
this definition due to EMT downregulation of EpCAM and CK markers.28-30

In this review, we focus on CTC analyses from a technological and material perspective.
Because the underlying mechanisms employed by technologies, especially microfluidic
ones, and the associated materials used for their construction are extremely diverse, it has
become increasingly difficult to gain a clear perspective on evaluating and comparing the
performance of different CTC selection platforms.18 For this reason, we have focused this
review on different microfluidic technologies for CTC analysis developed over the past
decade and the materials from which they were generated.

Microfluidics are comprised of fluid channels typically <100 pum in size and allow for the
accurate manipulation of cells. For CTC analysis, this can be used to carefully control the
interaction of blood cells with CTC-specific recognition elements immaobilized along the
microfluidic surfaces, such as antibodies (Abs). Further, by conducting the CTC selection
assay within a microfluidic device, the assay can be automated and packaged in a low-cost,
sample-in-answer-out format to realize point-of-care testing.

Microfluidics, however, suffer from CTC-specific challenges. For example, the high surface-
to-volume ratio in microfluidic channels requires special attention to engineer devices that
reduce non-specific artifacts, especially when dealing with whole blood.3! This has led to
the development of unique materials, surface chemistries, bioassay designs, and
microstructures for CTC analysis. An additional challenge is that microfluidics, as its name
implies, analyzes extremely small volume sizes (pL — nL) and thus, can be incompatible
with high throughput processing of 1-7.5 mL blood samples, which is required for searching
for rare cells based on sampling statistics.

We could not exhaustively cover every technology in the literature due to the field’s
sustained acceleration — ~650 microfluidic-based articles regarding CTCs were reported in
2016 alone (Fig. 1). Therefore, of the publications available at the time of this manuscript’s
submission, we will focus on representative technologies with significant clinical
demonstrations that illustrate the fundamental principles of CTC isolation technologies, such
as microfluidic architecture design, the choice of material, and their impact on device
performance. We will also highlight how aspects of these technologies enable a number of
downstream analyses that can be performed using CTCs, which extends the information
content of CTCs beyond enumeration (Fig. 2). It is also interesting to note that CTC
technologies can be adapted to other rare cell selection applications such as detection of
circulating myeloma cells (CMCs) and circulating leukemic cells (CLCs).24:32-34

2. Properties of CTCs

Isolation technologies can exploit either the CTCs’ biological and/or physical properties to
discriminate them from highly abundant RBCs and WBCs. Biological properties are, for
example, the expression of proteins not expressed in other blood components. Technologies
employing physical properties seek to discriminate CTCs based on size, deformability,
density, or dielectric properties, amongst others. Some technologies have emerged that
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exploit a combination of properties (/.e., hybrid systems), and we will provide examples of
such systems.

2.1. Biological properties

The ubiquitous biological property used for CTC isolation is the presence of EpCAM.
Circulating EpCAM(+) cells are generally absent in the blood of healthy donors and patients
with non-malignant diseases with only few exceptions,3® and this affords technologies that
use Abs or aptamers to affinity-select CTCs with high specificity. The resultant purity of the
CTC isolate depends on subtle aspects in the selection process that will be discussed
throughout this review.

EpCAM-based CTC selection was first employed by the CellSearch™ CTC Test26 and
followed by microfluidic approaches.36 The most recent research has documented, however,
the presence of clinically relevant CTCs that express low levels of or do not express
EpCAM, namely those with mesenchymal or stem cell characteristics.28:2% Thus, a number
of additional markers in addition to EpCAM, including N-Cadherin, O-Cadherin, VCAM-1,
ICAM-1, CEA, hMUC1, EphB4, CD44, CD133, CD146, PSMA, HER2, EGFR, TROP-2,
and FAPa have been explored for CTC selection.28:29.:37-41 Some of these markers lack
specificity due to expression on normal blood cells, benign cells, and/or endothelial cells,
while other markers are co-expressed with EpCAM and thereby provide little additional
benefit to the assay.40:42:43 Other markers are specific for a certain cancer type, such as the
prostate specific membrane antigen (PSMA) for prostate cancer.2?

Yu et al. targeted EpCAM, EGFR, and the human epidermal growth factor receptor 2
(HER2) to simultaneously select epithelial and mesenchymal CTCs from breast cancer
patients using a herringbone microfluidic technology (discussed below) with 41% of patients
having detectable CTC levels.28 Witek et al. recently demonstrated that the fibroblast
activation protein-a (FAPa) was a highly specific marker for mesenchymal CTCs and
demonstrated high orthogonality to EpCAM selection (90% of CTCs did not co-express
EpCAM and FAPa). Using the sinusoidal microfluidic device (discussed below), the authors
detected CTCs in 100% of patients with ovarian, colorectal, prostate, and pancreatic cancers
and 80% of breast cancer patients.2% Such results strongly suggest that assays exclusively
selecting EpCAM(+) CTCs are not adequate.

2.2. Physical properties

CTCs can be discriminated using microfluidics from blood cells via their unique physical
properties, e.g., size, deformability, density, or dielectric properties.*+*° In general,
physical-based technologies isolate CTCs with reduced assay time compared to biological
enrichment but at a cost of lower purity, which can complicate CTC identification and deter
molecular analyses.

Physical-based separations are in most cases independent of epithelial, mesenchymal, or
stem cell biological properties. Dielectrophoretic properties of CTCs have been shown to be
fairly constant over 80 cancer cell lines, including those of a mesenchymal phenotype.*6
However, mesenchymal CTCs have high cell deformability due to changes in the
cytoskeletal proteins and have an increased likelihood of passing through physical
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entrapments, which may provide bias for epithelial CTC recovery.#”48 The consistency of
CTC size, once thought to be 15-25 pm in diameter,*° has also been called into question
with CTC clusters exceeding 25 um®°0 and evidence of “small” CTCs similar in size to
WBCs.2751-56 Sjze discrimination also limits the translation of these technologies to blood-
based cancers such as leukemia and myeloma due to the fact that their size is similar to
WBCS.24’32'33

Lastly, we note that even if a technology exploits a physical property of the target, it is still
necessary to confirm CTC identity by immunostaining due to the high WBC background.
Immunostaining uses fluorescent Abs to target biological markers. A microfiltration
technology achieved clinical sensitivities of 33—-97% when surveying CK(+) CTCs, but the
inclusion of mesenchymal markers Vim and FAPa increased these clinical sensitivities to
67-100%.57

2.3. Figures-of-merit for CTC technologies

To draw an informative comparison between CTC isolation technologies, the following
figures-of-merit will be used:

i Recovery: the assay’s efficiency in selecting CTCs.
ii. Purity: the ratio of CTCs to the total number of cells in the isolate.
iii.  Throughput: the volumetric rate for processing blood samples.

iv. Clinical sensitivity: the assay’s ability to correctly identify patients with the
disease.

V. Clinical specificity: the assay’s ability to avoid false positives for patients
without the disease.

Vi. Clinical yield: The median number of CTCs isolated from patients with a defined
cancer type and stage.

We have compiled a table comparing several technologies based on these figures-of-merit
(Table 1). It should be noted that there are discrepancies in how some figures-of-merit are
defined. Some reports define purity as the ratio of CTCs to WBCs in the isolate, which
would yield higher purities than if defined herein. Some reports normalize clinical CTC
yields to 7.5 mL blood, others to 1 mL. The majority of studies report clinical yields as
median and ranges of CTC counts rather than averages and standard deviations to reflect the
non-Gaussian nature of small sample sizes. Moreover, not all of these metrics were reported
in text but only graphically. Thus, we have taken care to convert the reported figures-of-
merit to the same definition and extracted data from published graphs via image processing.
Because these figures-of-merit are unique to the CTC field, we will provide further
definition here.

2.3.1. Recovery — Translating measurements to clinical samples—All but two
sets of recoveries reported in Table 1 were determined by spiking cultured cancer cells into
buffer or blood, enumerating the recovered cells, and calculating recovery based on the
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estimated number of cells spiked. However, spiking experiments are not without
shortcomings.

Spiking experiments do not account for matrix effects. Compared to buffer, blood is more
viscous, exhibits non-Newtonian properties where viscosity decreases under shear, and
contains a concentrated suspension of cells that can infer unpredictable cell-cell collisions.>®
Even the use of healthy blood may not accurately account for cancer patients’ blood. Cancer
increases blood clotting (thrombosis is the second most frequent cause of death for cancer
patients),>8 which depletes fibrinogen, decreases plasma viscosity, increases sedimentation
rates,>® and may have significant effects on the fluid dynamics occurring during CTC
selection. Chemotherapy and radiation treatment may also contribute to thrombosis and alter
the production of blood cells altogether.>°

Cell line recoveries are regarded as a technology’s ability to retrieve a subpopulation of
clinical CTCs (e.g., highly epithelial CTCs versus CTCs in EMT transition)36:39.60 even
though cell line recoveries may not directly translate to performance for highly
heterogeneous CTCs from clinical samples.81 Cell lines are relatively uniform in size,
phenotype, and selection antigen expression, although these parameters can vary due to
culture conditions.?6:62 For relevant affinity-selection assays, we have noted the cell line’s
antigen expression as low (1,000-15,000 molecules per cell), moderate (15,000-50,000),
high (50,000-150,000), and very high (>150,000) along with recoveries in Table 1.

Lastly, the accuracy and precision in spiking clinically relevant levels of cells (typically 1-
100 CTCs/mL) is governed by Poisson statistics with 10-50% variance in the spiking
process;53 our lab has observed spiking recoveries with standard deviations of 14—-30%.34
Some researchers have reduced this variability by counting spiked cells on the cap of a blood
sample prior to mixing®? or by using a micromanipulator to physically pick individual cells
for spiking.64

Rather than relying on spike level, two methods have been devised to account for lost CTCs
during spiking. One method, termed a “true mass balance”, effluent blood is collected in a
shallow microfluidic channel so that pre-labelled cultured cells can be identified by
fluorescence.32:50.65 While the method ensures reliability, it can be laborious requiring one
to interrogate 50 cm? (~3 microscope slides) to identify a few cells amongst 250 pL of
blood, >0 or ~3,000,000 blood cells,56 and the method cannot be used to assess recovery from
clinical samples.

Nair et al. proposed a “self-referencing” method in which CTCs not recovered by a device
are infused through an identical second device, third device, efc. The serial devices
sequentially deplete all CTCs from the sample. Recoveries were shown to be similar to
spiking recoveries, but variance in the measurement was reduced from 35% to 6%.34 Most
critically, the self-referencing method could be used to determine recovery of patient-derived
CTCs in clinical samples without prior knowledge of CTC abundance.??

2.3.2. Purity — Clarifying the metric—Purity is defined as the percent of CTCs isolated
with respect to all cells (CTCs + WBCs) in the isolate. While the number of background
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WBCs should be approximately constant for a given surface composition, microfluidic
design, and assay parameters, CTC counts and thereby purity can be heavily biased by
experimental design (spiking level of cells) or in clinical samples due to disease stage. These
factors can lead to a metric that is difficult to interpret. For example, consider that the
following purity values were measured: (i) 10% purity with 10 WBCs/mL (1 CTC/mL),%"
(i) 38% purity with 800 WBCs/mL (500 CTCs/mL),32 (iii) 62% with 20 WBCs/mL (30
CTCs/mL),*9 and (iv) 99% with 3,000 WBCs/mL (300,000 CTCs/mL).32 Given such biases,
we have derived WBC counts per mL blood in addition to purity values for comparison.

2.3.3. Throughput — How much blood is necessary?—Initial studies indicated that
5-10 mL blood was needed for CTC analysis.58 The 7.5 mL benchmark was largely driven
by the first FDA-approved CellSearch™ CTC Test, which set CTC positivity thresholds at
>3-5 CTCs in a 7.5 mL blood volume.19:69.70 As detailed in Table 1 and discussed later,
from a set blood volume, the number of CTCs collected by a device is intimately connected
to the technology’s performance, specifically CTC recovery and clinical yield. This can
require technologies with low clinical yield to process large blood volumes to collect enough
material for analysis, especially molecular profiling of CTCs.

For example, intravenous CTC recovery by the Gilupi CellCollector®, an anti-EpCAM Ab-
coated medical guidewire inserted /n vivo into the patient’s cubital vein, established
prognostic thresholds for prostate cancer patients at 3 CTCs per 1-1.5 /iters of blood.”®
Separately, leukapheresis has been employed to pre-concentrate CTCs in patients’ blood
before analysis with the CellSearch™ CTC Test, effectively increasing the probed blood
volume from 7.5 mL to 60.2 mL. For 10 PDAC patients with early and late stage cancer, =3
CTCs were detected in 67% and 100% of samples, respectively, with CTC pre-concentration
by leukapheresis, as compared to only 17% and 50% using a standard 7.5 mL blood draw.’2
Although possible, such gains are made at the cost of a more burdensome test for the patient
and more elaborate workflow.1® Several newer technologies?9:36:65.73-79 haye achieved
much higher CTC yields using a standard blood draw volume than the CellSearch™ CTC
Test; on the order of 10-100 CTCs/mL (Table 1).

With the development of highly sensitive CTC isolation technologies, results suggest that
only 1-2 mL of blood is needed for CTC analyses, except for studies requiring molecular
analysis where more genetic material is preferred. As a final note, volumetric throughput
may not reflect a technology’s sample processing throughput if the blood is pre-processed,
e.g., RBC lysis or Ficoll density gradient centrifugation to obtain a concentrated suspension
of WBCs and CTCs (buffy coat), both of which incur cell loss ranging from 20-33%.80-82
We have adjusted throughputs for dilutions and concentrations in Table 1.

2.3.4. Clinical specificity and sensitivity—CTC assays are typically first tested
against negative controls, most commonly healthy donors or patients with benign disease.3®
This data is then used to establish threshold levels above which the patients are considered
positive, thereby setting clinical specificity. Cancer patients that are correctly identified as
CTC positive determines the clinical sensitivity.
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3. Magnetic affinity-selection — From CellSearch™ to microfluidics

3.1. Clinical utility of the CellSearch™ CTC Test

The CellSearch™ CTC Test (Fig. 3A), while not a microfluidic technology, remains the only
CTC assay cleared by the FDA as a prognostic tool for patients with metastatic breast,
colorectal, or prostate cancer. Blood is collected into a CellSave™ tube, which contains the
anti-coagulant EDTA and a proprietary stabilizer/fixative that preserves the blood for 96 h.
RBCs are removed by Ficoll centrifugation, and the buffy coat is spiked with a ferrofluid,
which is a suspension of magnetic nanoparticles functionalized with anti-EpCAM Abs.
Magnetically-labelled CTCs are then extracted by applying a magnetic field, immunostained
against CK proteins, CD45, and the DAPI nuclear stain, resuspended in the MAGNEST®
magnetic chamber, which positions CTCs on a planar surface, and imaged with a
fluorescence microscope. CTCs are identified based on a particular staining pattern: CK(+)/
CD45(-)/DAPI(+).26:63

Clinical studies have shown reduced progression free survival and overall survival for
patients with metastatic breast, prostate, or colorectal cancers that have =5 CTCs, =5 CTCs,
or =3 CTCs per 7.5 mL blood, respectively.19:69.70 |n other cancers, such as ovarian® and
pancreatic,34 CTC yields are lower (Table 1), and the test has not been FDA-approved.

Despite FDA-approval for the aforementioned cancers, the CellSearch™ Test has not been
widely adopted by the clinical community; neither ASCO (American Society of Clinical
Oncology) nor the NCCN (National Comprehensive Cancer Network) currently recommend
routine use of this technology.8° A recent phase 111 clinical trial by the Southwest Oncology
Group (SWOG S0500 study) found that changing therapy according to the test’s results did
not affect a high-risk patient’s overall or progression free survival.86

The CellSearch™ CTC Test is considered a “gold standard,” yet there are limitations in the
method. (i) A decade has passed since its FDA approval, and the results secured by several
different technologies2?:36:65.73-77 and the CellSearch™ Profile Kit’8.7? have indicated that
the test’s recovery of CTCs in patient samples is low; other technologies have recovered
orders of magnitude higher CTC counts from only 1-2 mL of blood (Table 1). Several
studies compared their technology with the CTC Test and confirmed increased performance
(Fig. 4).73.78.79 (ji) The CTC Test does not monitor mesenchymal CTCs, which have been
implicated in therapy resistance.28:2% For example, the CTC Test has been shown to have
poor (2%) recovery for mesenchymal breast cancer cell lines;8” these results were
subsequently debated,38-91 but we note that mesenchymal EpCAM(-) CTCs have been
identified in breast cancers¥2-94 as well as for PDAC,% for which the CTC Test had only
19% clinical sensitivity.2% (iii) The CTC Test enriches fixed CTCs with a high background
of contaminating WBCs (0.01-0.1% purity; 103-10* WBCs/mL).% The poor purity can
likely be sourced to the diffusion-based, nonspecific-prone magnetic separation; the non-
microfluidic MagSweeper technology®7:97-99 applies convective fluid forces (like those used
in microfluidic technologies31:32) during magnetic separation to generate purities of 10 +6%
(~10 WBCs/mL)®7 with CTC yields similar to CellSearch™66.102,103
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3.2. CellSearch™ Profile Kit

The CellSearch™ Profile Kit, a modified version of the CTC Test that is not FDA-approved,
was designed to extract genetic material f6rom CTCs for molecular testing. The workflow
for the two tests are similar (Fig. 3A), differing only in that the Profile Kit collects the blood
sample into an EDTA tube, presumably because the proprietary fixative/stabilizer in the
CellSave™ tube compromises genetic material, and CTCs are not immunostained but rather
lysed. Flores ef al. modified this protocol by immunostaining the CTCs that were recovered
by the Profile Kit’8 and showed, along with others,’® that the Profile Kit recovered 30-100
times more CTCs than the CTC Test with the additional benefit that nonspecific cell counts
were reduced to 200-1,000 background cells per test.”8 Flores et a/. compared the
performance of an EDTA tube versus CellSave™ and saw no difference in performance for
the Profile Kit, even up to 72 h after the blood draw.”® Another report observed similar
performance using EDTA tubes but only if maintained at 4°C;100 whereas others observed
that assay performance decreased within several hours using an EDTA tube at room
temperature, which was the reason for the CellSave™ tube’s use for stabilizing blood during
Shipping_loo—102

CTC recovery by affinity-selection is highly dependent on the integrity of the Ab binding
epitope of the target antigen. Compromising this integrity would reduce the number of
bound anti-EpCAM functionalized nanoparticles ( N,) and the magnetic susceptibility of the
CTC (Ax,.,.) utilized to magnetically pull CTCs from solution:

AXGTG:NF‘AXFGF/&:ZTG (D)

where Ay, is the magnetic susceptibility of the ferrofluid; . is the ferrofluid nanoparticle’s
radius; and @, is the CTC’s radius.

From the results of Flores et a/.,,’® and assuming N,. is the same between an EDTA tube and
CellSave™ tube, a factor contributing to the difference in CTC recovery could be that the
solution in CellSave™ tube increases blood viscosity by 18%. Increased viscosity imparts a
higher fluidic drag that resists magnetic separation, making it more difficult to separate
CTCs with low EpCAM expression (low v, and Ay ,,..). By switching to an EDTA tube,
the Profile Kit may be recovering such CTCs. However, that would imply the CTC Test
would recover less nonspecifically labeled WBCs,104-106 which was not observed in
comparison to the Profile Kit.104-106 |t was also suggested that extensive handling during
the CellSearch™ immunostaining process breaks apart “fragile” CTCs while the cytospin
protocol used for the Profile Kit was milder, the Profile Kit detected a significant number
(1-480 per sample) of proliferative CTCs, which were missed by the CTC Test (1-8 per
sample).’®

3.3. CTC-iChip — Microfluidic magnetic separation

The iChipl97.108 (Fig. 3B) is a microfluidic technology that uses magnetic affinity-based
CTC isolation.82:155 Blood is first incubated in a static, diffusion-limited environment with
Ab-coated magnetic microbeads. The, the iChip uses several concepts to isolate CTCs:107 (i)
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the blood is “debulked” by deterministic lateral displacement,09 a hydrodynamic technique
that depletes cells smaller than 8 um (monocytes, lymphocytes, RBCs, and platelets) and
cells larger than 30 pm;>%:197 (ji) the remaining cells are aligned into a single line by inertial
focusing;107:110 and (iii) a magnetic field is applied to separate labelled cells from non-
labelled cells.107 Blood debulking integrates a conventional laboratory procedure (RBC lysis
or Ficoll centrifugation) in a microfluidic format, thereby minimizing CTC loss,81107 while
inertial focusing mates the debulking preparatory step with the primary mechanism of
magnetic CTC separation.

The iChip can operate in positive-selection (P°SiChip), where anti-EpCAM magnetic
microbeads target epithelial CTCs, or negative-selection ("9iChip), where WBCs are
labelled and depleted using microbeads conjugated to anti-CD45, anti-CD15,107 and anti-
CD66b Abs.108.111 The PoSiChip yielded high cell line recovery (78-99% depending on
EpCAM expression, Table 1) and better results than the CellSearch™ CTC Test at low
disease burden (Fig. 4); median CTC counts ranged from 0.4-3.2 CTCs/mL for breast,
colorectal, lung, pancreatic, and prostate cancers (Table 1). The PSiChip achieved an order
of magnitude improvement in average purity over "9iChip selection (1,500 WBCs/mL
versus 32,000 WBCs/mL, respectively).197 Due to the "9iChip’s low purity, a fluorescence
microscope equipped with a micromanipulator was required to pick individual CTCs for
downstream analyses (Table 1).

3.4. Ephesia — Magnetic microbeads as a microfluidic solid support

Ephesia (Fig. 3C) uses anti-EpCAM magnetic microbeads but operates in a unique format —
a large microfluidic chamber patterned with microdots of magnetic ink by contact-printing,
and the ink concentrates magnetic fields that align the microbeads in a self-assembled
architecture. This self-assembly process simplifies device fabrication and antibody
immobilization. As the assembly process is reversible, CTCs bound to the microbeads can
be released and eluted off-chip by simply removing the external magnet.33.60.112 The
challenge with the Ephesia technology has been the strength of microbead assembly versus
fluidic force.0 This has created three issues: (i) limited throughput, (i) limited shear forces
(discussed below) available to disrupt nonspecific WBC binding, and (iii) incompatibility
with whole blood, thereby requiring sample pre-processing.

Throughput was improved from the first generation design (~10 pL/h, 1 mm/s velocity)33 by
enlarging the device and processing the sample in parallel through four large bead-filled
chambers connected by a bifurcation network (3 mL/h, also 1 mm/s).113 Secondly, blood
was pre-processed either by Ficoll density gradient centrifugation33.60 or RosetteSep™
immunoprecipitation, which uses tethered Abs to cross-link WBCs and increase their
density for selective centrifugation.50 WBCs were likely abundant when blood was prepared
by Ficoll because the nonspecific recovery of 0.2%50 to 29633 of WBC cell lines would yield
impurities on the order of 10,000-100,000 WBCs/mL. In contrast, the front-end
RosetteSep™ WBC removal process increased purity substantially with <100 WBCs per
sample. In paired tests, CTC vyields (Table 1, Fig. 4) were generally concordant to
CellSearch™ when using CellSave™ tubes and the RosetteSep™ process.50
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3.5. Phenotypic ranking of magnetically labelled CTCs

Velocity valley and magnetic ranking microfluidic technologies!14-119 (Fig. 3D) isolate
magnetic affinity-labelled CTCs in different zones of the device depending on antigen (e.g.,
EpCAMI14-119 HERD 114117 EGFR 117 MUC1,114 N-Cadherin118) expression level, thus
correlating disease progression with CTC phenotype,114:118 similar to CTC
immunophenotyping?® and RNA-ISH analysis.28

Whole blood,114-118 RBC lysed blood,117.118 or RBC lysed and WBC-depleted blood!17:119
was spiked with Ab-coated114-116.118 or aptamer-coated117119 (discussed below) magnetic
nanoparticles. The sample was infused through a series of microfluidic chambers, and an
external magnetic field pulled both free magnetic nanoparticles and labelled CTCs onto the
device surface.11” To accomplish efficient CTC recovery by this method,114 magnetic forces
must overcome strong fluid forces, which could be achieved by pumping sample at
volumetric flow rate of 0.05 mL/h.114 To increase volumetric throughput, X-shaped
microstructures were fabricated to locally create a fluid velocity of 3-30 um/s within the X-
microstructure crevices while maintaining overall throughput of 0.6 mL/h115-119 to 2 mL/
h.114 In contrast, Chen, et al. applied a magnetic field to 500 pm deep microfluidic
chambers, which were not occupied by X-microstructures, and viscous drag at the
microfluidic surface reduced velocities below 30 um/s; recoveries were 79 £18% for
magnetically-labeled COLO205 cells (high EpCAM expression) spiked in blood at 2.5
mL/h.120

Varying fields of magnetic or fluid force were used to selectively recover CTCs with a
certain EpCAM expression and nanoparticle loading (Eg. (1)), thus imparting phenotypic
ranking of CTCs. Velocity valley devices employed microfluidic chambers either in
bifurcation (doubling chamber width)114.115 or with doubled chamber height38:40.41 to create
zones with decreasing fluid force (Fig. 3D). This enabled selective recovery of CTCs with
high EpCAM expression upstream and low EpCAM CTCs downstream. Comparatively,
increasing chamber width incurred additional nonspecific artifacts, 116 while increasing
chamber height could affect CTC recovery.18 The magnetic ranking technology altered
magnetic field strength to zonally select CTCs. Circular Ni micromagnets patterned beneath
the X-microstructures concentrated an external magnetic field around the edge of the
micromagnet. By successively increasing the micromagnet radius, 118 higher field
strengths20 recovered low EpCAM CTCs downstream (see capture regions in Fig. 3D,
which include effects of radially increasing fluid velocity).118 While not using variable
micromagnet sizes to impart phenotypic ranking, Chen, et al. applied Ni micromagnets to
the aforementioned 500 um deep microfluidic chambers to amplify magnetic field strengths
and increase COL0205 recovery to 98 +9%.120

Both velocity valley and magnetic ranking devices have achieved >90% recovery for cell
lines with low to very high EpCAM expression (Table 1) with clear discernment of EpCAM
expression by recovery zone. Median clinical yields for prostate cancer were 43 CTCs/mL
(100% sensitivity)114 using velocity valley, and 3 CTCs/mL (100% sensitivity) by magnetic
ranking of samples collected in CellSave™ tubes, providing superior results to paired
CellSearch™ CTC Tests (Fig. 4).118 Nonspecifically bound cells have ranged from 74—
2,000 WBCs/mL .114-118
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Using the velocity valley technology, subsequent reports have released CTCs to measure cell
migration in chemotaxis gradients!1® and to re-capture EpCAM(+) CTCs for secondary
ranking against HER2.117 The benefit of phenotypic ranking for EpCAM expressing CTC
was fully apparent in cell line xenografts, which showed EpCAM downregulation after
implantation, 15 but the identification of EpCAM(-) CTCs in addition to low EpCAM
expressing CTCs would require simultaneous phenotypic ranking against additional
mesenchymal markers.

3.6. Sensing magnetically labelled CTCs

The pHall sensor was designed to detect rather than isolate magnetically labelled CTCs.
When a CTC labelled with super-paramagnetic anti-EpCAM nanoparticles was passed over
a uHall sensor (Fig. 3E), a local magnetic field was generated that caused the current
flowing between two contact pads to shift closer towards one of two transverse detection
pads. This generated a voltage signal that was proportional to the strength of the CTC’s
magnetic field and the distance between the detector and the magnetic CTC. The effect of
CTC position on voltage signal was mitigated by: (i) Sheath flow channels, which
compressed CTC position into the middle of a microchannel; (ii) chevron grooves creating a
convective flow pattern that moved CTCs close to the micropatterned detectors; and (iii) a
set of eight uHall detectors staggered along the microchannel to mathematically correct for
variations in CTC position. The voltage signal was linearly proportional to the number of
magnetic nanoparticles and could be used to measure antigen expression.121

Using the pHall sensor with several Abs, including EGFR and HER2, in addition to anti-
EpCAM for magnetic-labelling, Issadore et a/. demonstrated 91% clinical sensitivity in
detecting CTCs from advanced ovarian cancer (Table 1), a substantial increase compared to
the CellSearch™ CTC Test. A significant benefit of this method, especially compared to
fluorescence-based flow cytometry, is the low magnetic background as RBCs were lysed
before the assay was performed. This allowed a concentrated suspension of cells to be
processed rapidly (~10° cells/s; 3.25 mL/h)12! but not sorted.

4. Microfluidic-Based Biological CTC selection

4.1. Materials and microfluidics

In magnetic affinity-selection assays, commercially available magnetic microbeads are
coated with Abs, and these products have been optimized for both high binding affinity
(related to NV, in Eqg. (1)) and low nonspecific adsorption artifacts.112 In comparison, affinity
agents such as Abs, aptamers, or peptides can be conjugated to microfluidic channels to
enable affinity-selection. The efficiency of substrate modifications and conjugation reactions
can have a direct relationship to CTC recovery.3!

4.1.1. Physical dynamics of CTC/Ab binding—A high surface density of active
affinity agents on microfluidic channels (e.g., approaching a monolayer of Abs) ensures that
when a CTC contacts and rolls along a microfluidic surface, binding reactions can occur
with a probability ( P,) of CTC recovery given by:122
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where the forward binding constant ( %) is a function of how often Ab-antigen interactions
occur and how probable a given binding event will occur considering the balance of the Ab-
antigen binding kinetics with the reaction time. Recovery should: (i) Decrease as the cell’s
velocity (V) is increased due to shorter reaction times; and (ii) increase with the surface
density of antigens expressed on the CTC ( V,). As the CTC rolls over the surface with
increasing length ( L), P, increases leading to higher recovery, assuming the surface is
sufficiently modified with affinity agent. A more subtle aspect of Eq. (2) is that if multiple
Abs targeting different CTC subtypes are immobilized to the microfluidic as a mixed layer,
the surface density of each antibody ( v,) is effectively decreased, and the recovery of each
subtype can decrease.

Secondly, after binding with affinity agents on the surface, the adhesion force of the CTC to
the microfluidic ( F,) must be large enough to retain CTCs amidst fluidic shear forces ( ,);

P (QACkBGNR> W (1+ N, )
! by )7 (3)

where N, is the surface density of active affinity agents, 4. is the cell’s contact area to the
surface, k, is Boltzmann’s constant, ¢ is absolute temperature, , is the extent of bond stretch
before breaking the antigen/Ab association, & , is the bond’s dissociation constant, and 77 is
an adjustable fitting parameter. Increasing ', by ensuring a large N, (active capture element
surface density) prevents an occurrence where a captured CTC is removed from the surface
by hydrodynamic shear force, £, especially when antigen expression level of the CTC ( V)
is low.31:36:125,126 To provide a frame of reference for the magnitude of £, a 15 ym CTC
bound to a microfluidic surface decorated with Abs and experiencing a £, of 40 dynes/cm?
would require ~1,100 Ab-antigen bonds to be retained (see Table 1 for typical antigen
levels).24124

4.1.2. Materials for microfabrication, and methods for activation—Silicon, glass,
and polydimethylsiloxane (PDMS) are the most common substrates for CTC microfluidics
largely due to the availability of well-established methods for fabrication and surface-
modifications. Some technologies use silicon as a substrate; for example, silicon can be
etched by an electrochemical redox reaction involving HF and silver nitrate to produce
nanotexturing that improves CTC adherence relative to a flat surface.127:128 |t js common to
produce a negative tone of the microfluidic device in a silicon master, then cast and cure
PDMS over the silicon master to form the microfluidic device. The casting process can be
conducted repeatedly, generating multiple devices from a single master.

PDMS devices are activated by oxygen plasma to generate silanol groups, irreversibly
bonded to similarly activated glass, then modified with a series of chemicals for Ab
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immobilization. Silanol groups on activated PDMS surfaces (or glass/silicon substrates) are
commonly modified with 3-mercaptopropyltrimethoxysilane (MPTMS) to generate
sulfhydryl surface groups, after which N-(-y-maleimidobutyryloxy) succinimide ester
(GMBS) is used to link the sulfhydryl groups to primary amine residues (lysines, arginines)
of proteins, such as neutravidin molecules that can specifically bind biotinylated
Abs.36:49.65,128 This multi-step process leads to a stable bond (covalent or protein-mediated)
between the microfluidic surface and CTC-specific Abs, which can retain the Ab activity
compared to physical adsorption.29 These conjugation reactions are widely established,30
but because microfluidic surface-to-volume ratios can be very high, the Ab concentrations
required to yield a 5-10 —fold reagent excess can be on the order of 0.5-1 mg/mL.31

PDMS casting can reduce photolithography requirements by replicating devices from a
single silicon master, but the curing can reduce device production rates. Methods such as hot
embossing and injection moulding can produce devices at higher production rates and with
tighter tolerances (Table 2).131 Such mass production methods are crucial when translating
CTC technologies into the clinic because each device must be disposed after a single assay
to mitigate sample carryover artefacts.132 Thermoplastics such as polymethylmethacrylate
(PMMA,; acrylic glass), polycarbonate (PC), and cyclic olefin copolymer (COC),33:131
microstructure design!3! and Ab immobilization methods31:133 differ from lithography-
based materials (Table 2) and can have an impact on the CTC isolation process.

Soper et al. developed methods for Ab immobilization in thermoplastic-based
microfluidics.133 Thermoplastics can be exposed to UV/ozone irradiation to oxidize the
thermoplastic surfaces. In this process, a microfluidic device is placed beneath a quartz, low
pressure Hg arc lamp that emits 185 nm and 254 nm UV radiation and forms a steady state
of atomic oxygen and ozone that can oxidize an array of thermoplastics, even materials such
as COC that are entirely composed of saturated hydrocarbons. The oxidized devices are
thermally fused with a cover plate to seal the microchannels. Then, the surface carboxylic
acid groups are reacted with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) coupling reagents to form a succinimide ester intermediate that
reacts with primary amine containing Abs,29:31.125.134 a5 well as DNA linkers34:133 and
small molecules such as fluorescent dyes.13% By several surface analyses, it was observed
that carboxylic acids were most efficiently generated in COC devices,31135 which resulted
in improved CTC recovery and purity compared to devices fabricated in PMMA. The
polymer chains of PMMA were suspected to fragment during oxidation and rearrange
during thermal assembly, burying carboxylic acids into the bulk substrate.3!

COC was found to be more transparent to the UV radiation compared to PMMA, generating
uniform exposure to the reactive oxygen species throughout the microchannel’s depth (150
um deep, 25 um wide). UV absorption by PMMA resulted in deeper portions of the PMMA
microchannels that were essentially not activated.3! More recently, COC’s UV transparency
has been exploited to activate pre-assembled COC devices, where the UV radiation
penetrates through the cover plate and forms oxidizing species in the air sealed within the
microchannels,29:136
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4.2. Microfluidic strategies for CTC affinity-selection

Microfluidic devices for CTC affinity-selection utilize affinity agents attached to
microchannel surfaces to bind and retain CTCs according to Egs. (2) and (3). Unique
microfluidic architectures have been designed to encourage or prolong interactions between
the surface-confined affinity agents and the CTCs,123 while also disrupting WBC and RBC
interactions with the affinity probes.

4.2.1. Micropillar devices—An example of a micropillared device is the “CTC Chip”
(Fig. 5A), which was comprised of 78,000 micropillars (100 um diameter, 50 um spacing)
fabricated by etching silicon and sealed with adhesive tape. Every third row of microposts
was staggered to form an equilateral triangular array that encouraged the collision of CTCs
with polyclonal anti-EpCAM Abs immobilized on the micropost surfaces. The device was
tested against several cell lines and showed 74-80% recovery regardless of the cell’s
EpCAM expression (Table 1).36 In contrast, others have found that cell line recovery
decreased with decreasing antigen expression®? in accordance with Eq. (2).122 The CTC
Chip’s flow rate was limited to 1-2 mL/h (0.5-0.9 mm/s velocity), above which recovery
dropped36 due to the short rolling distance along the Ab-decorated pillar.2%:123

Clinical samples were tested for several cancers with median CTC yields higher than
previously reported for the CellSearch™ CTC Test (Table 1). Patients with localized
prostate cancer had detectable CTC counts,36 indicating that early cancer detection may be
feasible.18 The CTC Chip had a purity of 34 8% (~233 WBCs/mL),36 later reported to be
9% (~9,000 WBCs/mL).5 In microfluidics, two primary factors can contribute to
nonspecific WBC retention. The low fluid shear stress (maximally 0.4-0.8 dynes/cm?)
during blood infusion,36 which may be too weak to disrupt nonspecific interactions. In
addition, due to the equilateral arrangement, low shear regions behind the micropillars (Fig.
5A), where flow velocities were <0.05 mm/s,36 can act as stagnate zones (low F,) for
nonspecific WBC binding.29123

A second micropillar device, termed the geometrically enhanced differential immunocapture
(GEDI) device*® (Fig. 5B) used 5,000 silicon micropillars of similar dimensions to the CTC
Chip (80 um diameter, 100 um spacing). While the device was operated at lower shear stress
(~0.1 dynes/cm?)”3 compared to the CTC chip, the GEDI device achieved higher purity (62
+2%, ~10 WBCs/mL for anti-PSMA Ab selection?® but not quantified for anti-EpCAM,
hMUC1,39 or HER2137 selection) by staggering each row of the microposts in a manner that
developed hydrodynamic lift forces. These lift forces strongly encouraged pillar collisions
for cells >15-18 um but discouraged interactions of cells <15-18 um with the Ab-coated
micropillars.3%49 As a consequence, smaller cells were recovered with lower efficiency
(~30% recovery for 13 um BxPC-3 cells; 60-70% for cells >15 pm).27:39.51-56

Clinical research with the GEDI device has largely used the highly specific J591 monoclonal
Ab that targeted PSMA(+) CTCs for prostate cancer.4%:"3 The authors demonstrated a 2—400
fold increase in CTC recoveries relative to the CellSearch™ CTC Test (Fig. 4),”2 but
because thresholds for positivity were not reported from healthy controls, clinical sensitivity
was not determined.4%.73 Because PSMA(+) CTCs have variable EpCAM expression with
only ~60% of CTCs reported to be PSMA(+)/EpCAM(+),”2 after adjustment to exclude

Chem Soc Rev. Author manuscript; available in PMC 2018 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jackson et al.

Page 16

PSMA(+)/EpCAM(-) CTCs based on the reported results, the GEDI device’s yields were
still approximately 10-fold greater than the CellSearch™ CTC Test. More recently, CTCs
isolated by anti-EpCAM selection found that 33% of patients with pre-cancerous pancreatic
lesions had detectable CTCs. These results were very promising to potentially identify
patients that are at risk for developing PDAC.138 Hypoglycosylated mucin 1 (hMUC1),3°
another marker of epithelial CTCs,139 has been targeted, but hMUC1 and EpCAM
expression was correlative in pancreatic cancer cell lines; there was no improvement in cell
line recovery.3°

4.2.2. Chaotic mixing CTC selection devices—In 2002, Stroock et al. reported a
microfluidic consisting of staggered herringbone grooves entrenched into a large
microchannel. These grooves created low fluidic resistance along the microchannel’s axial
direction,140 thereby creating lateral movement of the fluid and generating microvortices and
convective flow. A version of this geometry, the herringbone CTC Chip (Fig. 5C), was
utilized by Stott et al. to enhance the encounter rate of CTCs with the Ab-coated surfaces,
thereby acting to improve CTC recovery. These herringbone devices were replicated from a
silicon master into PDMS and attached to glass substrates, and the entire device was coated
with monoclonal anti-EpCAM Abs.55

The herringbone device exhibited >90% recovery for PC3 cells (moderate EpCAM
expression; Table 1) compared to ~68% recovery from the CTC Chip at approximately the
same throughput. Later reports indicated low (~3%) recovery of MDA-MB-231 cells (low
EpCAM expression),*1 which was not observed for the CTC Chip.36 The herringbone device
also generated a purity of 14% (~5,600 WBCs/mL)5°141.142 compared to 9% (~9,000
WBCs/mL) for the CTC Chip.8% This WBC background could be attributed to low shear
stagnate regions of fluid within the crevices of the herringbone grooves.143.144 The
herringbone chip has been used in numerous clinical demonstrations (Table 1) with high

median CTC counts, especially for prostate cancer, and clinical sensitivities ranging between
56% — 93%%.28.41,65,75,141,142,145

4.2.3. Nano-texturing Ab-coated surfaces—Wang er a/1?8 attached a PDMS
convective mixer to a nano-textured silicon surface (Fig. 5D). The nanotexturing used
chemical wet etching (ionic Ag and hydrofluoric acid solution)12 of silicon substrates to
produce 12-15 um long silicon nanowires;28:146-148 3jternatively, a matrix of poly(lactic-
co-glycolic acid) (PLGA) nanofibers was deposited on a laser microdissection slide by
electrospinning.148-150 Nanotexturing improved the adhesion of microvilli and invadopodia
of CTCs to Ab-decorated surfaces.128:146.149

In most cases, these nanotextured substrates were functionalized with streptavidin, and an
un-functionalized PDMS convective mixer was bonded to the nanotextured substrate to
create the microfluidic channel; only one microfluidic surface was activated for CTC
binding.128.147.148,150 Early reports functionalized the streptavidin-coated device with
biotinylated Abs prior to sample processing.128:146.147,149,150 Re|ative to a flat surface, such
as those used in the herringbone device by Stott et a/.,%° nano-textured surfaces produced a
70% increase in cell line recovery and >95% absolute recovery, even for cell lines with low
EpCAM expression.128.150 Recently, a modified assay has been reported, which consists of

Chem Soc Rev. Author manuscript; available in PMC 2018 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jackson et al.

Page 17

pre-labelling a RBC lysed blood sample with biotinylated Abs and recovering the labeled
cells with the streptavidin-coated device.52:148 Cell line recoveries were shown to be 65—
93% depending on EpCAM expression (Table 1).148

When testing 33 patients with metastatic prostate cancer, the nano-textured chaotic mixer
device generated median clinical CTC yields of 1 CTC/mL, although slightly higher CTC
counts (3.5 CTCs/mL median) were observed for castration resistant prostate cancer, CRPC
(Table 1). The device also performed similar to the CellSearch™ CTC Test,128 put
thresholds for positivity and clinical sensitivities were not reported. In another study of 72
PDAC patients, clinical sensitivity increased from 0%, 61%, 79%, to 96% for stages I, I, IlI,
to IV PDAC, respectively. The median recoveries were 0, 0.25, 0.25, and 1.25 CTCs/mL for
these stages; 28 patients with non-PDAC were assessed in this report, and 1 false positive
was observed at the threshold of 0.25 CTCs/mL (Table 1).148 Purity was not reported for the
nanotextured device.151 However, a similar study that used anti-CD146 Abs coated to
electrospun nanofibers showed high nonspecific binding.%0

Hughes et a/152:153 also employed nanotexturing for CTC isolation with halloysite
nanotubes (Fig. 5E), an aluminosilicate mineral that naturally forms hollow tubular
structures (40-200 nm in diameter, ~1 um length). The use of this material offered
simplified fabrication compared to chemical etching. Poly(urethane) microtubes (300 um ID,
50 cm length) were dynamically coated with poly(L-lysine), a positively-charged coating
that electrostatically bonded the negatively-charged outer surfaces of the halloysite
nanotubes. This coating resulted in a heterogeneous and incomplete nanotexturing (~50% of
the microtube surface). Protein G, which is negatively charged at physiological pH and binds
the Fc region of Abs to control Ab orientation during immobilization, was incubated192.153
before introducing anti-EpCAM (or anti-PSMA) Abs, along with ~10% E-selectin-1gG
chimera fusion protein.152.153

Selectins are naturally expressed on inflamed endothelium, cause CTCs and (to a lesser
degree) WBCs to transiently adhere during rolling along surfaces, and are linked to the
formation of metastases. Cell interactions with selectins effectively reduce cell velocity and
lengthen cell-Ab interactions to improve recovery (see Eq. (2)), which permits higher
throughput (4.8 mL/h; 4.5 dynes/cm?) compared to Abs alone.152:153 The incorporation of
selectins improved the recovery to 50% for a leukemia cell line.13% However, selectin
binding is highly dependent on the presence of Ca2* ions, which would be chelated by the
use of EDTA or citrate anti-coagulants in blood samples. This method then requires the use
of heparin blood collection tubes or, as the authors demonstrated, Ficoll preparation and
resuspension of the buffy coat in Ca?* supplemented phosphate buffer,152 which requires
user intervention that can result in cell loss.80-82.107 For clinical samples, the recovered
CTCs were released into a culture dish using proteolytic enzymes (discussed below) and
identified by EpCAM or PSMA immunostaining 5 days later, whereas WBCs were
identified by DAPI nuclear staining alone (CD45 immunostaining was not included in some
studies).152-154 To secure more information, the expression of CK (and/or Vim) could have
been confirmed.
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While halloysite nano-texturing was noted to improve purity (66%; 3—-60 WBCs/mL), the
coating did not significantly improve CTC recovery, CTC yields were generally higher than
the CellSearch™ CTC Test.153 However, it is difficult to compare purities obtained by the
halloysite technology to other technologies because WBCs were not identified immediately;
rather, WBCs were identified after 5 days in culture,153 and WBCs can senesce, reducing in
number, in standard culture.20 In a study where CTCs were analyzed 4 h after recovery,
higher CD45(+) WBC counts were evident, but purity was not quantified.1>* The halloysite
technology has also been used to assess CTC drug susceptibility in patients with advanced,
stage 1V breast, prostate, colorectal, or renal cancers (Table 1) by dosing aliquots of buffy
coat with therapy agents 24 h prior to processing the samples; the effects of the therapeutics
were monitored via reduction in the number of recovered CTCs. The additional 24 h
incubation did not affect the recovery of BT-20 cells (82 £19%, very high EpCAM
expression), 134 but this recovery did not include cell loss during buffy coat preparation.80

Lastly, several interesting chemistries have been detailed with the halloysite nanotube
technology. For example, cell lines have been recovered with the nanotubes using only E-
selectin without an anti-EpCAM antibody by first coating the halloysite nanotubes with an
anionic surfactant that neutralizes the positively charged aluminol inner surfaces of the
nanotubes. Electrostatic or hydrophobic interactions selectively bind cancer cells versus
neutrophils and were suggested to be associated with an extracellular matrix specific to
cancer cells.155 In another example, the halloysite nanotubes were coated with liposomes
containing doxorubicin, which were functionalized with E-selectin to cause liposomal-CTC
binding and selective chemotherapy delivery to the CTCs.156

4.2.4. CTCs selection using sinusoidal microchannels—The sinusoidal technology
(Fig. 5E) used a Z-configuration fluidic network, which had a compact footprint by using
straight inlet and outlet channels poised perpendicular to the Ab-coated sinusoidal
microchannels used for CTC isolation. The sinusoidal microchannels had a narrow width
(25 um)29:125.157 that was 5-10 pm larger than CTCs to encourage CTC-Ab interactions but
large enough to clear WBCs, and the sinusoidal pattern was estimated to provide centrifugal
forces that push CTCs towards the Ab-coated surfaces.123.125 |n comparison to collisions
with discrete micropillars, where low velocities and low shear stress prolong an otherwise
limited CTC-Ab interaction,3® the continuous design of the sinusoidal microchannels affords
uninterrupted CTC rolling.29122.123

Due to CTCs’ long rolling distances in the sinusoidal device,29123 high recovery (~80%) of
CTC cell lines with moderate antigen expression and >95% for cell lines with high EpCAM
expression was observed at a linear velocity of 2 mm/s.29:34.74.125.134 This recovery has also
been validated for clinical CTCs in metastatic PDAC patient samples (79-87% recovery)
using the self-referencing method.2? The ability to operate at high linear velocity without
sacrificing CTC recovery enabled high throughput (1.5 mL/h) sample processing as well as
high shear stress (14 dynes/cm? on average, 40 dynes/cm? maximally)3! that generated high
purity (~90%, 3 +3 WBCs/mL averaged from 66 clinical samples).2?:31.74 The applied shear
stress was orders of magnitude higher than comparable devices3® but within the
physiological range for arteries,158 and high CTC viability (>85%) was observed in the
sinusoidal technology.34 Other researchers have also generated high purity by increasing
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shear stress (~30 WBCs/mL at 1.25 dynes/cm? in a simple microfluidic chamber) but
typically at the cost of recovery (14%).32

The sinusoidal technology has been used in several clinical studies (Table 1).24:29.31.34.74
Clinical sensitivity of 100% was achieved by anti-EpCAM selection for PDAC patients with
localized (median 11 CTCs/mL) or metastatic (55 CTCs/mL) disease,’* and CTCs were
successfully isolated from patient-derived xenograft (PDX) PDAC mouse models.31:159
Longitudinal studies of PDX PDAC models showed decreasing CTC burden (from 106 to 9
CTCs/mL) that correlated with tumour size following therapeutic treatment.159

Witek er al. recently selected CTCs by targeting both EpCAM and FAPa.,2° a mesenchymal
surface protein29.30,57.160.161 that showed high orthogonality to EpCAM expressing CTCs
(90% of FAPa CTCs did not express EpCAM). The use of multiple devices, each coated
with a different affinity-selection Ab, avoided dilution in Ab surface densities (Eq. 2) and
enabled downstream analysis of each CTC subtype separately. By targeting both markers,
100% clinical sensitivity for a range of cancers (colorectal, ovarian, prostate, and PDAC)
and 80% for breast cancer (Table 1) was found.2°

The recovery in the sinusoidal device was dependent on cell size due to several factors that
affect the number of cell-Ab interactions.123 The acute myeloid leukemia (AML) KG-1 cell
line (12-15 um cell diameter; very high target antigen expression) was selected with 65%
recovery,3* and T cell recovery (7-8 um cell diameter; moderate expression) was 10%.31

The sinusoidal chip has the ability to increase throughput from the current processing rate
(1.5 mL/h) by inserting more sinusoidal channels in parallel without increasing shear stress
or sacrificing CTC recovery. By placing 10 times more channels in parallel and elongating
the inlet/outlet channels, 15 mL/h throughput can be achieved. However, in these high
volumetric flow rate devices, flow non-uniformity can develop, imparting variable CTC
recovery.” A method has been proposed to correct this non-uniformity, which involves
tapering the size of the input/output channels.123.162

4.3. Microfluidic catch and release

Recently, several strategies reported the ability to release CTCs after surface affinity-
selection. This “catch and release” strategy is important to enable several analyses such as:
CTC enumeration and viability testing by label-less impedance detection,2%125 flow
cytometry,34 and automated microscopy;24:85 CTC culturing3441:111.153,163 and xenograft
transplantation;111 FISH cytogenetic analysis;346° protein secretion assays;164 and single
cell molecular profiling.4197 Assays that use magnetic beads as the solid support for the
affinity-selection Abs have the advantage that the recovered CTCs can be released into
solution by simply removing the magnetic field.26:33.99 |n contrast, positive-affinity-
selection devices typically attach Abs directly to the microfluidic surfaces, and the CTC-Ab-
surface complex must be selectively broken in order to release the enriched CTCs.

Microfluidic-based CTC isolation and release should address the following requirements: (i)
Maintain highly efficient and specific CTC recovery; (ii) efficiently release CTCs; (iii)
maintain viability of the selected CTCs; (iv) compatible with a broad range of analyses
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following release; and (v) simple workflow and instrumental requirements. While laser
microdissection has been used to release CTCs,>2:148.150.165-167 the technique is laborious,
expensive, and yields non-viable CTCs.150.163 |n general, three methods have been pursued
to release CTCs: enzymatic digestion of the affinity agent; linkers between the affinity agent
and microfluidic surface that can be specifically cleaved; and polymeric coatings that can be
degraded or externally manipulated.

4.3.1. Digest the affinity agent—Adams et a/. used the proteolytic enzyme trypsin to
digest the Ab-antigen complex (Fig. 6A) and detected the released cells via a label-less
impedance electrical sensor.2%:125 Approximately 95% of cells were released with no
evidence of cell damage.125 Others have employed similar strategies and achieved high
viability of the released CTCs143.164 and cultured viable patient-derived CTCs.193.154
However, trypsin-based CTC release has not functioned well for silicon nanowire
technology with release efficiency ranging from 10%163 to 60% and <10% viability.167

Trypsinization has limitations. Proteolytic digestion can damage fluorescent Abs, which
precludes on-chip immunostaining, and the method is not compatible with formaldehyde
fixation, which is used for DAPI staining and/or to stabilize CTCs for off-chip imaging
because trypsin cannot digest the cross-linked proteins generated by formaldehyde
fixation.34.74

As an alternative to Abs, the use of DNA or RNA aptamers for affinity-selection enables
several mechanisms for CTC release.168:169 Aptamers are short (70-200 nts)170 single-
stranded oligonucleotides that are generated by challenging random oligonucleotide libraries
against recombinant proteins, target cells, or tissues by the use of systematic evolution of
ligands by exponential enrichment (SELEX).171 The resultant aptamers possess unique 3D
structural conformations with high affinity (dissociation constants comparable to Abs,
ranging from 0.1 to 50 nM) for their antigens,10 e.g., EpCAM, HER2, or PSMA.168

Compared to Abs, aptamers offer several benefits for CTC enrichment: (i) exceptional
stability when lyophilized, which eliminates the cold storage requirement and limited shelf
life of devices modified with Abs; (ii) chemical synthesis strategies offer superior batch-to-
batch reproducibility and the incorporation of diverse functional groups for surface
immobilization strategies; and (iii) lower cost,168-170.172 ajthough scaled mass production
has yet to be realized.1’0 Aptamers are not without challenges. Oligonucleotide aptamers,
especially RNA aptamers, are susceptible to nuclease degradation in biological matrices
such as blood.168:170.172 Thys, chemically modified aptamers with enhanced stability have
been developed by incorporating modified or unnatural nucleic acids to obscure nuclease
recognition,168-170 which then require unique polymerases for production.179 The largest
drawback for aptamers, however, has been their limited commercial availability (see review
by Brunol?9). Despite their advantages, from 2010 to 2016, 6-17 publications per year6®
utilized aptamer-functionalized microfluidic devices for CTC isolation (Figure 1).

To accomplish CTC release after affinity-selection with aptamers, the aptamer’s antigen-
binding structure can be disrupted by infusing the complementary (anti-sense)
oligonucleotide sequence,17 or exonucleases can be used to digest the aptamer and release
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CTCs (Fig. 6B). Shen et al. functionalized a streptavidin-coated, silicon nanowire device
with biotinylated aptamers generated by systematic evolution of ligands by exponential
enrichment (SELEX) against the A549 non-small cell lung cancer (NSCLC) cell line. A549
cells were isolated from blood with 70-80% recovery and released by exonuclease digestion
with ~85% efficiency and ~80% viability. Additionally, the majority of WBCs not bound to
aptamers remained on-chip; WBC counts in the isolate were reduced by ~92.5% after
release (the WBC background was 300-1,500 WBCs/mL). The authors proposed a second
round of selection and release to reduce WBC contamination,163 which has been proposed
by others as well.56:173 |nefficiencies in the recovery and release processes, however, did
reduce CTC yields.67.69.163

In a separate aptamer demonstration, Zhao et a/.32 used the herringbone technology and a
process called rolling circle amplification to amplify a DNA aptamer tethered to the
microfluidic surface. This process generated a multivalent aptamer coating on the
herringbone surface that was comprised of long (10-100 pm) DNA molecules with repeating
aptamer units targeting the protein tyrosine kinase 7 (PKT7), an antigen that can be used to
monitor ~30% of AML patients. The multivalent surface isolated a leukemic cell line from
blood with purity of 38% (~1,000 WBCs/mL) and recovery of ~60% relative to an Ab-
modified herringbone device (8% purity, ~2,300 WBCs/mL; ~20% recovery). A 10 min
infusion of concentrated exonuclease released 68% of cells (66% viable),32 potentially due
to the aptamer’s high valency.

4.3.2. Cleavable linkers—DNA oligonucleotides have been used as linkers to covalently
attach maleimide-labelled mAbs (3’-sulfhydryl modification) with a carboxylic acid-
modified thermoplastic surface (5"-amino modification) (Fig. 6C). As both 5" and 3" ends
of the DNA linker were chemically bound to another functionality and were not accessible
to exonucleases, an internal uracil residue was added into the linker that could be
specifically digested and cleaved with the two-enzyme Uracil Specific Excision Reagent,
USER™. Cell line recoveries were ~80% using the linkers, no different than without the
linker, and after a 15-30 min enzyme incubation, CTCs were released with ~90% efficiency
and >85% cell viability. Longer incubations were necessary to release cell lines with high
antigen expression, presumably as more Ab-antigen complexes needed to be cleaved to
release the cell.34

A drawback of this method was a more complex workflow created by the need for formation
of the linker-Ab complex on the microfluidic substrate. An additional limitation was the cost
of the USER™ enzyme, especially in comparison to methods that employ inexpensive
enzymes such as alginate lyase (see below).174

Other linkers utilized photo-cleavable moieties that are cut upon UV exposure. The
challenge here is the effects of intense 365 nm, UV-A exposure (7.2 MJ/m?)164 on a CTC’s
DNA integrity”® must be considered in addition to viability.164

4.3.3. Polymer coatings for severing the binding complex from microfluidic

surfaces—Hou et al. grafted silicon nanowires with thermally-responsive poly(A-
isopropylacrylamide) (PNIPAm) polymer brushes (Fig. 6D) that are hydrophaobic for cell
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attachment at 37 °C but rearranged and became hydrophilic at 4 °C.167 The authors
biotinylated the polymer and functionalized the hydrogel with biotinylated anti-EpCAM Abs
via an avidin bridge (Fig. 6D). The recovery of MCF-7 cells was assessed in a static
chamber incubated at 37 °C.167 Both recovery and specificity were similar to previous
reports using silicon nanowires48 with ~95% of cells released by cooling the substrate to
4°C. PNIPAm-coated silicon nanowires were later incorporated within a PDMS chaotic
mixer device. An NSCLC cell line (H1975, high EpCAM expression) was spiked into whole
blood, and ~76% of cells were recovered and subsequently released with a purity of 3-6%
(2,400-5,000 WBCs/mL). A second round of recovery and release was used to increase the
purity (88-99%).147 Seven NSCLC patients (stage 111-1V) were tested, and 2-17 CTCs/mL
(median 6 CTCs/mL) were recovered.147

In a micropillar device, Hatch et a/. constructed an alginate hydrogel by cross-linking (via
EDC/NHS coupling) carboxylic acid-containing alginate polymer with a four-armed, amine-
terminated PEG cross-linker and anti-CD34 Abs, which targeted endothelial progenitor cells
for tissue engineering. As the entire hydrogel was negatively charged, divalent cations were
critical to electrostatically stabilize the surface during cell recovery; EDTA-chelation was
then used to destabilize the coating and release the isolated cells. While release efficiency
was not assessed, recovery and viability were ~33% and 90%, respectively. WBC binding to
the alginate hydrogel was 8,000-9,000 WBCs/mL (74% purity),176 which has been seen for
another alginate hydrogel.1’7 Like the halloysite nanotube technology discussed above, the
chelation release mechanism precludes the use of EDTA and citrate anti-coagulants for
blood samples, requiring heparin blood collection tubes or manual pre-processing of the
blood. A different biotinylated alginate hydrogel by Shah et a/. avoided this latter constraint
by photo-cross-linking the hydrogel pm a flat surface and CTCs were isolated by anti-
EpCAM selection with similar recovery as standard Ab-immobilization methods, but
hydrogels not modified with Abs exhibited a relative recovery of ~10%,178 indicating
similar nonspecific artifacts as those reported by Hatch ef a/17® Enzymatic digestion of the
hydrogel with alginate lyase released cells with 99% efficiency.

To avoid channel clogging during polymerization, the Stott group developed a method to
deposit polymer coatings in the herringbone chip using a layer-by-layer approach.41174 A
bulk polymer solution was infused into the herringbone microfluidic device, and a nano-
layer film of polymer was stabilized on the surface while the bulk polymer was washed away
without the risk of clogging. Li and coworkers used this technique to coat ten alternating
layers of negatively charged biotinylated alginate and cationic, amine-containing polymers
(Fig. 6E) onto an O, plasma-modified silanol surface.1”4 With a final functionalization of
streptavidin and biotinylated anti-EpCAM Abs, PC3 prostate cancer cells were isolated with
79% recovery and 53% purity (~3,500 WBCs/mL,174 similar to previous reports),®® and
CTCs were recovered from four lung cancer patients at 3-5 CTCs/mL.174

In a second layer-by-layer demonstration by Reategui et a/., four layers of biotinylated
gelatin proteins were stabilized by alternating layers of streptavidin (Fig. 6F) and capped
with biotinylated anti-EpCAM Abs. Unlike the previous layer-by-layer method, PC3 cell
line recovery was 20% with the coating alone, and a final layer of streptavidin-coated
polystyrene nanoparticles was necessary to achieve >90% recovery. Clinical samples were
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processed using a mixture of EpCAM, EGFR, and HER2 Abs (Table 1). Notably, the nano-
coating reduced non-specific cell adhesion from 3,500 to 1,300 WBCs/mL,*! and release
was enabled by two methods. The gelatin coating was melted at 37°C for 10 min to release
all cells (88% viability, 93% efficiency).4! A second release technique used an 80 um,
vibrating microtip to depress on the PDMS substrate, which produced an inertial force
throughout the microfluidic channel but only within 145-215 pm of the microtip. This
technique was utilized to locally dissociate cells from the substrate and was useful to
exclude the majority of contaminant WBCs from further analyses.*! The selective release
required a fluorescence microscope customized with a vibrating microtip to locally release
immunophenotyped CTCs.4!

5. Selecting CTCs by their physical properties

5.1. CTC filtration — Size and deformability

The selection of CTCs by size (Fig. 7A) is a technique that dates back to the 1960s.179.180
Later methods, initially termed isolation by size of epithelial tumour cells
(ISET37:165,166,181-188 anq ScreenCell),189 filtered blood that was first subjected to red
blood cell lysis and fixation. Fixation of the cells eliminated deformability, thereby
improving recovery65 by PC membranes used for size selection, which were track-etched to
produce 8 pm pores.184.185 Because the track-etching process is random, porosity of the PC
membranes is kept low (<2%)19 to minimize cell loss through fused pores. The challenges
with filtration are low CTC recoveries (~50%) and clogging of the filters as the pores
become occupied by highly abundant WBCs.186.191 An example of microfilter clogging is
shown in Fig. 7B(iii).1%2 To mitigate the issue of filter clogging, the ISET technology uses
10 filters to process 10 mL of lysed blood (diluted 10 fold), each processing 1 mL of a blood
sample.181.187.188 |y several side-by-side comparisons with CellSearch™, the ISET
technology recovered similar numbers of CTCs with variable improvement in clinical
sensitivity, 181,187,188

Modern filter membranes have utilized lithographic methods to precisely pattern pores into
silicon193:194 and polymers such as parylene-C,190.195.196 noly(ethylene glycol diacrylate)
(PEGDA),197 and PDMS.198 However, the cost for filter fabrication has ranged from
extremely expensive palladium microfilters1?9 to multi-stage deep reactive ion etching
(DRIE) for each set of silicon or parylene-C microfilters190:193 and replication of a
lithographically-patterned master by PEGDA photo-polymerization!®7 or PDMS casting.198

Filtration methods generally achieve much higher throughput than positive affinity-selection
(Table 1), being limited only by the fluidic force that can be imposed on a trapped CTC
without the CTC deforming and passing through the pore!®” or the CTC being mechanically
damaged.1%0 For example, Lin and coworkers used a parylene-C microfilter19 (16,000
pores, 8 um diameter; Fig. 7B(ii))1% to process 7.5 mL of formalin-fixed blood in 2 min
(see Table 1 for clinical results, which showed a 45% increase in clinical sensitivity
compared to paired CellSearch™ CTC Tests).19 Fixation was critical because under these
fluidic pressures, live cell lines were mechanically lysed.1%0
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To reduce the tension and stress on the trapped CTCs, a 2D parylene-C slot microfilter® and
a 3D parylene-C microfilter!9 have been designed. The 2D microfilter was an array of
30,401 slots, each 6 um wide and ~25 pm long that filled ~18% of the filter’s surface area,
thereby reducing the pressure gradient that can damage trapped CTCs (~90% cell viability
was retained). The slot microfilter has been combined with Ficoll centrifugation blood pre-
processing to isolate ~70% of spiked cells from blood (Table 1) but with modest purity
(1,500-fold enrichment;89 >103 WBCs from a 7.5 mL sample2%0). Although, the purity was
sufficient to perform a quantitative PCR (qPCR) assay for telomerase activity on samples
that had =5 CTCs per sample by paired CellSearch™ enumeration.290 Additionally, the slot
microfilter was coated with PNIPAm to enable thermal release of the recovered CTC
fraction, increasing the efficiency of a reverse flow release to 77 +5% from only 6 +1% for a
bare parylene-C substrate.201

In a separate report, the 3D microfilter (Fig. 7B(iv)) was fabricated by multiple DRIE
processes and was composed of two surfaces patterned with 7,000 pores (8-9 um diameter)
that were offset, creating a fluidic conduit through the 6.5 um spacing between the layers. A
CTC that passed through the top pore then rested on the bottom surface, which along with
other mechanisms physically supported and reduced tension on the CTC. Smaller and/or
more deformable cells squeezed through the 6.5 pm gap between the layers and escaped the
filter. Unfixed MCF-7 cells could be recovered (~86%) from 1 mL blood (diluted 10 fold) in
3-5 min, but 4,500-11,000/mL of WBCs were retained, causing the filter to clog if more
than 1 mL of blood was processed.190

In contrast, a 2D silicon-based membrane (Fig. 7B(i)) with 100,000 pores (10 um diameter)
per device recovered about 80% of live MCF-7 cells from 1 mL blood (diluted 2 fold).193
Similar to the parylene-C slot microfilter,8 this technology’s ability to isolate unfixed cells
may be attributed to the high number of pores, a large proportion of which likely remained
open as WBCs (~200-6,000/mL) were retained.193

Kim et al. fabricated a system of micropillars that were “hollowed” with a large internal
open chamber that was connected on either side by two sequential 8 um channel gaps, 7.e., 8
um “pores” (Fig. 7B(v)). CTCs passed through the first pore and became trapped in the
chamber, where fluidic stress was reduced by 23% at the second gap and reduced the
probability that CTCs would escape. The authors found that ~85% of unfixed MCF-7 cells
(17 um diameter) easily squeezed through both 8 um pore structures,194 which is surprising
given retention of live MCF-7 cells in 10 pm pores under a trans-membrane pressure
differential that was two orders of magnitude greater than in the chambers used by Kim et
al193 In order to retain live MCF-7 cells in the micropillar system, Kim et a/. labelled the
cells with 3 um anti-EpCAM beads to increase their diameter to 23 um, which provided 92%
recovery. This method was designed to improve recovery and purity by selectively
amplifying the size of CTCs, but WBCs still remained (~350/mL) outside the
micropillars194 where shear stress was likely too weak to disrupt nonspecific interactions.

Low purity of the CTC isolates has been the most persistent obstacle in filtration-based
technologies. Yet one filtration method detailed by Tan et /198202 achieved purities that
rival some positive-affinity-selection technologies.29:31:39.49.67.74 Jsing PDMS casting, the
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authors fabricated a 20 um deep microfluidic channel filled with cell traps, sets of three 3—4
um posts spaced by 5 um in an arc shape (Fig. 7B(vi)). Blood samples (diluted 3 fold) from
five cancer patients were processed, and larger CTCs were trapped (10-42 CTCs/mL;
median 18). WBCs were effectively cleared through the traps, and high purities were
reported (89%, 2—-6 WBCs/mL). Some technical aspects remain to be resolved for this
technology: (i) Due to the microchannel’s small dimensions, the device has low sample
throughput (0.23 mL/h),292 and (ii) the recovery of cell lines spiked into blood or clinical
CTCs should be determined to add to the recoveries from phosphate buffer (~80%).198.202

Differing from other filtration technologies, a method specifically catered to isolating micro-
emboli or clusters of CTCs (defined as =2 joined CTCs) was developed by Sarioglu and
coworkers (Cluster-Chip; Fig. 7C). CTC clusters have been associated with increased
metastatic potential and poor patient prognosis but are even rarer than single CTCs (~1-5

per 10 mL blood).59 CTC clusters have been identified in other technologies as
wel].22.65,74,165,193

The Cluster-Chip created a 12 um gap between the bases of two triangular micropillars,
where the passing blood then split around the top of another triangular micropillar. A cluster
of CTCs attempting to split around the micropillar would be retained by cell-cell junctions;
recovery increased with the number of CTCs in the cluster (Table 1). The authors
demonstrated improved recovery of CTC clusters compared to 5 um PC membranes.>° The
rarity of CTC clusters was evident as the Cluster-Chip detected them in 30-41% of 58
cancer patients (4 mL blood). Further, CTC clusters could be released in an unspecified
elution volume by reversing the flow direction and increasing flow rate 10-fold to 250 mL/h.
The authors noted that release efficiency was temperature dependent and best at 4°C, which
purportedly reduced nonspecific cell adhesion.® However, purity of the cluster isolate was
not discussed, and it is not clear to what degree the stagnant flow regions behind the
triangular pillars or stagnant regions generated by large clusters, which may obstruct flow,
retained contaminating WBCs. As in other reports,107 a micromanipulator was used to
physically select CTC clusters for molecular transcriptional analysis® and for investigating
the ability of CTC clusters to traverse through constricting blood vessels.203

5.2. Hydrodynamic size separation

Technologies have been developed that use hydrodynamic forces to select CTCs based on
size and deformability without the use of any physical structures. This strategy can reduce
the risk of device clogging and improve purity. Here, we discuss two examples of such
hydrodynamic size selection.

The Vortex technology (Fig. 7D) is comprised of 856 to 16294 parallel microfluidic channels,
each being long and narrow except for occasional short segments of side channels that
abruptly enlarge the channel width by a factor of roughly 25. As a sample is infused through
the central channels, high volumetric flow rates (~30 mL/h per channel) align cells at an
equilibrium position closer to the wall.%8 This is known as the Segré-Silderberg effect and is
in part due to a shear-gradient force ( £,) that displaces cells away from the channel’s
midline:
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Fo=f10Vima@® /W (4)

where f, is a dimensionless lift coefficient; 2 is the fluid’s density; v/, is the fluid’s
maximum velocity; W is the channel’s width or smallest axial dimension; and « is the cell’s
diameter. As the cell approaches the wall, a lift force £, is generated that counters £, and
pushes the cell back towards the center of the channel:

FVV :fL pV,%mw(z(S/WA‘ (5)

The balance of Egs. (4) and (5) establishes an equilibrium axial position for cells that
depends primarily on the cell’s diameter, with smaller cells displaced closer to the channel
wall than larger cells. Once the cells reach a side channel where the channel abruptly widens
(/.e., channel height is now the smallest dimension), £, alone now propels the cell into the
trap with a velocity that scales by a” after taking into account Stokes fluidic drag force.
Hence, larger cells (CTCs) move laterally faster, and because the side channel is relatively
short, smaller cells such as WBCs are less likely to enter the side channel. Uniquely, at these
very high volumetric flow rates, circulating vortices form in the side channels that can
effectively trap CTCs if they enter the side channel by 56295 unless too many CTCs enter
and push one another out of the vortex (theoretical limit of 40 CTCs per channel).>® To
release the trapped cells, the flow rate can be reduced (0.75 mL/h per channel), at which
point the vortices discontinue and the cells elute off-chipZ%® in a volume of 300 pL.204

The first Vortex report demonstrated a recovery of 23% of MCF-7 cells spiked into WBCs
that were pre-purified by red blood cell lysis. The spike ratio was 1:102 CTC:WBC (1:10° to
1:107 is expected in a clinical sample) and the purity was 6.6% (~6,500 WBCs/mL).205 In
more recent studies, the central channel’s dimensions were fine-tuned for initial cell
focusing and the side-channels were lengthened. The recovery of MCF-7 cells spiked into
10X diluted whole blood were 8-26% with similar results from lysed blood,>® and two
rounds of processing were used to increase recovery to 28-37%.294 Variability in the
recovery between experiments was suspected to be due to variability in cell properties
through culture.56:204 Clinical sensitivities of 50% and 88%°6204 were achieved for breast
and lung cancer patients, respectively (Table 1). However, in one report, nucleated cells that
neither stained for epithelial nor mesenchymal markers were also counted as CTCs;204 the
source of CTCs that do not possess either phenotype is not clear. Sensitivities based on
CK(+) or Vim(+) CTCs was not provided. Purities of 57-95% (0.5-12.7 WBCs/mL)>® and
1-60% (1.4-92.5 WBCS/mL)2%4 have been achieved in the latest reports.

Another hydrodynamic size separation technology utilizes Dean Flow Fractionation (Fig.
7E). When fluid was infused around a curved channel at high flow rates (6 mL/h),
centrifugal forces pushed fluid in the center of the channel outward, causing two
recirculation profiles to form in the top and bottom of the channel, /.e., Dean vortices. To
utilize these Dean vortices for size separation, a blood sample (diluted 2-fold) was infused
into the device, and blood components were pushed to the outer wall of a spiral channel by a
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sheathing buffer flow. The channel then spiraled for ~10 cm, which provided enough time
for the blood cells to make one full recirculation and return to the outer edge of the channel.
However, larger cells (presumably CTCs) experienced a wall-induced lift force ( ;) as they
approached the channel’s inner edge, thereby slowing their rotation and causing them to
achieve only one-half of a full recirculation. Thus, at the outlet, CTCs resided on the inner
side of the channel, where they were skimmed to a separate outlet.

Likely due to random cell-cell interactions, ~1% of WBCs were retained, so the CTC
effluent was fed into a second rendition of the device to achieve ~85% cell line recoveries,
100% sensitivity for 20 lung cancer patients (Table 1), and a purity of 0.1-10% (~440 +320
WBCs/mL). Interestingly, a wide size range of CTCs were isolated, including 10 pm CTCs
that theoretically should not have been recovered by Dean Flow Fractionation, suggesting
that either cell deformability2% or cell-cell interactions should be included in the underlying
theory. The latest generation of the device eliminated the fluid dynamical effects from RBCs
by first performing RBC lysis of the blood sample then centrifugation and resuspension in
buffer, which also pre-concentrated the sample for increased throughput (12 mL/h).207
Despite the additional lysis step,81:82 Warkiani, et a/. observed similar cell line recoveries
(71-81%) at low spike levels.297 median CTC yields from lung and breast cancer patients
were 97 and 44 CTCs/mL recovered, respectively (Table 1), but a higher level of WBCs was
also observed with 5,250 £6,570 WBCs/mL (range of 9 to 29,824 WBCs/mL) contaminating
the CTC fraction.207

5.3. Dielectrophoretic (DEP) separations

When an AC voltage is imposed across two electrodes of different sizes, asymmetric field
lines are generated that are concentrated (higher field strength) towards the smaller
electrode. A biological cell will shift position in response to this field, either with or against
the gradient depending on the cell’s physical properties (Fig. 7F, inset).

At low AC frequencies, buffer ions accumulate on the cell membrane’s surface and form a
capacitive layer, excluding field lines from the cell’s interior and repelling the cell away
from high field regions (negative DEP). At high AC frequencies, the field shifts too
frequently for the capacitive layer to build, and the electric field passes through the cell’s
interior and due to its cytosolic ions, shifting the cell towards the higher field (positive DEP).
Negative or positive DEP only occurs if the cell’s membrane is intact and the cytosolic
conductivity (~1,400 mS/m) is greater than the buffer conductivity (~30 mS/m), so the buffer
is kept isotonic using non-conductive osmolytes such as sucrose. However, these buffers
induce osmotic stress that can cause leakage of cytosolic ions over time.208

DEP separations are performed by adjusting the AC field frequency; each cell has a
characteristic DEP crossover frequency that marks the transition from negative to positive
DEP as the AC frequency is increased. Physically, differences in the crossover frequency
relate to the cell membrane’s surface area, with larger surface areas requiring more ions and
thus lower field frequencies to form capacitance. Not only are CTCs larger, buta CTC’s
membrane is intricately folded with a surface area ~60% greater than a WBC of the same
size. For CTCs, this increased surface area results from the CTC transitioning from an
epithelial matrix with many cell-cell junctions to a liquid blood matrix. This endows CTCs
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with a DEP crossover frequency of 20-75 kHz (compiled from over 80 tumour cell lines,
Fig. 7F), whereas 15 types of WBCs were found to possess crossover frequencies >85
kHz.298 At 45-65 kHz, CTCs were attracted toward or only slightly repelled from the
smaller electrode, whereas WBCs were strongly repelled.66.208

Many forms of DEP separations have been performed, such as DEP trapping by the
DEPArray™.298 Another rendition is DEP-flow field fractionation (Apostream™, Fig. 7G).
Here, a dilute buffy coat was infused into and focused to the bottom of a flow chamber using
a sucrose sheathing buffer. Cells that passed over the DEP electrodes were sorted into
different positions with respect to the electrodes due to DEP forces, sedimentation, and wall
lift forces; CTCs exited through a bottom outlet while WBCs levitated and passed into a
waste outlet. Using DEP-flow field fractionation, both epithelial and mesenchymal CTC cell
lines have been recovered with ~70% efficiency,%6 and clinical results have been promising
(Table 1)209-214 with substantially higher CTC yields for M-NSCLC adenocarcinoma
patients compared to the CellSearch™ CTC Test (Fig. 4). However, clinical sensitivities for
M-NSCLC squamous, M-ovarian, and M-breast cancers were low (Table 1).214 Challenges
with DEP techniques include the need for pre-processing, for example RBC removal, and
purity of ~0.3% (~10,000 WBCs/mL).86 While all viable WBCs should experience negative
DEP at 45-65 kHz and levitate, approximately 0.1% of WBCs in blood are nearing the end
of their lifespan and have weakened membrane integrity that make them susceptible to
osmotic stress (ion leakage) and will not form a capacitive layer; these dying or dead WBCs
appear in the CTC fraction.208 Gupta er a/. did improve purity to ~10% (a few hundred
WBCs/mL) by a second round of DEP, but recovery dropped to ~50%.56

6. Beyond CTC enumeration

CTC enumeration is an invaluable tool in patient prognosis and evaluation, monitoring
patients in remission for relapse, and potentially for screening.21® However, CTC
enumeration alone does not provide the information needed to guide changes in clinical/
therapeutic actions that can affect patient outcome.86215 As such, several downstream
analyses for CTCs have been explored (Fig. 2 and Table 1).

CTCs can be screened for genetic mutations in known oncogenes, such as clinically
actionable mutations in the KRAS, EGFR, HER2, and estrogen receptor (£F) genes.18
Several genomic analyses have been conducted, including: fluorescence in situ hybridization
(FISH) imaging of cytogenetic abnormalities,3#51.65.78,79,212,216 grray comparative genomic
hybridization (aCGH) to assess copy number variations (CNVs);217-219 modified PCR
protocols such as /ce-COLD-PCR (improved and complete enrichment — co-amplification at
lower denaturation temperature — PCR) that selectively amplify rare mutated DNA in the
presence of wild-type down to a level of 0.05% abundance;2097:213.220 DNA Sanger
sequencing to identify somatic single nucleotide variants (SSNVSs; /.e., point mutations),
insertions, and/or deletions in a limited number of oncogenes at a sensitivity of ~5%;29:41.79
ligase detection reaction (LDR) for detecting SSNVs with improved sensitivity
(~0.01%):29221 and Next Generation Sequencing (NGS), which can range in coverage from
simultaneously sequencing tens to hundreds of oncogenic exons29217 to the entire

exome. 97,222
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Studies have compared CTC genomes with the primary and metastatic tumours; the
biological implications have been thoroughly reviewed by Pantel and Speicher.21® In brief,
the emerging view is that mutational patterns may differ between individual CTCs and the
primary tumour, indicating that some CTCs may possess enhanced metastatic potential 21°
Securing genetic information from CTCs is not easy, however. A number of technical
difficulties need to be considered when analyzing only a few copies of the genome,
especially a single cell. Whole genome amplification (WGA) by isothermal multiple-
displacement amplification is commonly performed. While many polymerases have
proofreading capabilities and high fidelity for DNA replication, errors such as allelic

dropout, random and potentially recurrent base-copying errors, and distortion of CNVs can
occur.223.224

Lohr et al. performed whole exome sequencing (WES) to identify SSNVs in single CTCs
isolated from patients with metastatic prostate cancer (high disease burden) using the
MagSweeper technology. However, amplification errors could not be differentiated from true
SSNVs using only one CTC. For “single cell” analysis, it was necessary to combine high
quality NGS sequences from =5 single CTCs (consensus sequencing) to eliminate the
random amplification errors and accurately identify SSNVs common to these CTCs. Due to
variable success of WGA (11-100%), it was estimated that a minimum of 10 CTCs would
need to be pooled for successful sequencing. Consequently, the authors noted that
microfluidic technologies might be required to acquire sufficient starting material to apply
NGS to a broad range of localized and metastatic cancers.97

mRNA analysis offers the advantage of multiple transcripts of a single gene to assist in
overcoming copy limitations associated with genomic DNA.215 mRNA transcripts can be
reverse transcribed into complementary DNA and amplified by PCR (RT-PCR),22° giving
rise to an abundance of material for downstream processing. Transcripts expressed at >10
copies per CTC can be reliably sequenced.?24225 Techniques for CTC transcriptional
analysis include: fluorescence-based RNA-I1SH;28 quantitative RT-PCR (qRT-
PCR);75.107.216,226-230 RT_PCR36 followed by Sanger sequencing;39:65:197 multiplexed
microarray analysis;3%:98:231 and NGS-based whole transcriptome RNA sequencing
(RNAseq).50.67.111,141 Amongst several important observations,21® RNA sequencing has
identified mesenchymal features in CTCs28:231 and unique transcription profiles associated
with metastatic potential and therapy resistance,98:141,229,231

Multiplexed proteomic analysis of CTCs is largely inhibited by mass limitations as well,
requiring sequential ex vivo expansion of CTCs in culture to accumulate sufficient protein
input for mass spectrometry.232 Alternative methods for analyzing rare CTCs without
expansion are restricted by the number of proteins targeted.233 Using the epithelial
immunospot (EPISPOT) assay, proteins such as CKs or PSA that are secreted from viable,
RosetteSep™-enriched CTCs are detected via a sandwich immunoassay.234 EPISPOT has
analyzed CTCs derived from patients with breast, prostate,23> and colorectal cancers236 as
well as patients with benign colon diseases.2> Microwells have been used to conduct single
cell western blots,237 which may prove useful for investigating heterogeneity in protein
expression between individual CTCs for select protein markers. However, methods for
profiling single CTC proteomes that offer high multiplexing capability and discovery-level
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applicability of mass spectrometry?33 without also incurring the associated limitations of ex
vivo culturing have yet to emerge.

Ex vivo expansion of patient-derived CTCs has been extensively explored as an avenue to
test drug susceptibility of the tumour.115190 Examples include 2D culturing of CTCs that
morph into an epithelial morphology on a collagen adhesion matrix,3 the deposition of
RBC-lysed blood into 2D microwells for short-term expansion of CTCs238 and drug
susceptibility testing,23? 3D culturing of tumour cell spheres!! and organoids,240
implantation of CTCs in immunocompromised mice for xenograft studies,111:241-243 and the
recent establishment of the first immortalized cell line (CTC-MCC-41) from patient-derived
colon cancer CTCs.241 In particular, studies?42:243 have demonstrated the ability of some
CTCs to form metastases.?1> However, as discussed by Ignatiadis er al., there are
fundamental limitations to these studies, such as the lack of interactions between the tumour
and host immune system and a disposition in selecting highly aggressive CTC subclones that
may not recapitulate the entire spectrum of CTC subtypes.>

7. Conclusions and outlook

In this review, we presented examples of microfluidic technologies used to isolate CTCs
from cancer patients’ blood using either biological or physical characteristics of CTCs. For
these microfluidic technologies, performance was evaluated using the following analytical
figures of merit: purity, throughput, recovery, and clinical yield as well as clinical sensitivity/
specificity. We discussed the materials chemistry underlying the platform design, fluid
dynamics that affect CTC recovery, and methods for addressing CTC heterogeneity. From
the informational content contained in this review, the question can be asked: Is there a
technology that can provide the necessary operational metrics for every cancer disease (>100
different diseases) and any clinical scenario (screening for early detection, matching patients
to the appropriate therapy — precision medicine, response to therapy, or disease recurrence)?

Of the platforms discussed (with the exception of the CellSearch™ CTC Test), all have been
relegated to research and not adopted into clinical practice due in part to the fact that none
are approved by the US-FDA, the CellSearch™ CTC Test is the only technology with FDA-
approval for breast, colorectal, and prostate cancer. While many new microfluidic
technologies are being commercialized (see Ferreira, et a/24%), the development of
technologies with varying degree of improvement in terms of performance relative to the
FDA-approved test will require a clear definition of the clinical question targeted by the
technology in order to be adopted by the medical community.

The choice of a particular CTC isolation technology will be driven primarily by the clinical
question being addressed to provide a clear path for FDA approval. For example, the
molecular profiling of CTCs using clinically relevant genetic markers will require
technologies that can generate high purity in the CTC isolate; recovery, because 1 g of
tumour tissue can generate 108 CTCs per day, is not the only metric of significance.24°
While single cell assays can relax the need for high purity to accommodate follow-up
molecular assays, it requires instrumentation to “pick” the CTCs in sufficient quantities to
improve the quality of the molecular information garnered from the assay. Also, eliminating
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the need for sample pre-processing prior to CTC selection is critical because it can reduce
sample loss and cross-contamination, especially when operated in a high volume clinical
laboratory.

Whatever the clinical question being addressed, clinical trials using CTCs and the isolation
technology will require thousands of tests to validate the assay and answer the clinical
question with sufficient statistical significance. If microfluidics is the platform of choice for
the CTC analysis, the chip must be produced in high numbers at low cost and with tight
tolerances generating an assay that is highly reproducible. Devices that can utilize a
substrate material that takes advantage of existing production pipelines, such as those used
for the manufacturing of CDs, DVDs and Blu-ray discs, are attractive.246

Devices exploiting physical CTC isolation are generally simpler to produce and requires a
less complicated assay workflow, but because the CTC purity is typically low, the CTCs
must be identified via immunophenotyping amongst a large background of WBCs and the
CTCs “picked” from the device. Biological CTC isolation platforms, on the other hand,
provide the ability to select a more specifically defined CTC type and an isolate of higher
purity making these platforms amenable to molecular analyses such as NGS, mRNA
expression profiling, or FISH, to name a few. In addition, with sufficient purity, biological
CTC assays can feed directly into the molecular analysis pipeline multiple CTCs with a
defined phenotype to improve data quality.%” However, biological CTC assays have a more
challenging workflow requiring mAb immobilization chemistries and release strategies that
are robust. Also, it is clear that to provide sufficient clinical sensitivity, the use of a single
mADb assay is not advisable due to the intrinsic heterogeneity of the tumour
microenvironment.

Molecular profiling of CTCs against panels of clinically relevant oncogene biomarkers, such
as KRAS and EGFR mutations, can potentially be important in the near-term. Some
mutational assays are already recommended by several governing bodies for making clinical
decisions. A CTC isolation technology could be used as a sample preparation platform to
secure genetic material for existing assays, thereby replacing the need for invasive solid
tissue biopsies. For example, KRAS testing is already recommended for patients with
colorectal or lung cancer considering anti-EGFR monoclonal antibody treatment.247:248 For
CTC technologies supplying such information, clinical yield will be important so as to
provide a sufficient number of CTCs and that also recapitulate tumor microenvironment.%7
Further, high purity of the CTC isolate greatly simplifies molecular profiling by removing
WBC-derived genetic material.

While it is clear that downstream molecular profiling of CTCs can provide information
associated with the tumour, little research has been dedicated toward integrating CTC
microfluidic isolation platforms with enumeration and molecular profiling capabilities (Fig.
5E).74.164 A sample-to-answer microfluidic system with full process automation will
facilitate dissemination of CTC-based assays into the clinic because it can eliminate the need
for manual handling of samples, therefore providing higher sample processing throughput at
potentially lower cost. Such systems have already been instrumental in identifying patients
with drug resistant bacterial infection.24° By similar integration pathways, it is possible that
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in the future, CTC technologies could be mated with new technologies that are emerging to
sequence genetic material without amplification.136:250-252 | astly, the integration of CTC
analysis with emerging diagnostics based on circulating cell-free tumour DNA:253-255 gng
exosomes255-257 wijll continue to be explored potentially as a source of complementary
information for the monitoring and management of cancer patients throughout the various
stages of disease progression and treatment.215.254
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Figure 1.
A Scopus survey of articles published from 2004 to 2016 that reference CTCs in general or

specifically the subject of CTCs and CellSearch™ or microfluidics. Scopus results were
restricted to articles only and used the fields specified in the legend.
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Figure 2.
Applications of CTC analyses including enumeration,2%8 genomic mutation screening

(FISH,34 Sanger sequencing,*! aCGH,218 and NGS),%” RNA expression profiling (RNA-
ISH,28 qRT-PCR, 259 expression microarrays,23! and single cell RNA-seq),259 protein
analysis (EPISPOT),261 and ex vivo culturing (CTC expansion, xenograft models, and drug
susceptibility).111 Adapted from Pantel and Speicher.215> Abbreviations: FISH — fluorescence
in situhybridization; WGA — whole genome amplification; aCGH — array comparative
genomic hybridization; NGS — Next Generation Sequencing; RNA-ISH — fluorescence RNA
in situhybridization; qRT-PCR — quantitative reverse transcription polymerase chain
reaction; EPISPOT - epithelial immunospot. Figure panels reproduced from reference*!
with permission from Wiley, copyright 2015; reference?18 with permission from Elseveir,
copyright 2009; reference®’ with permission from Nature Publishing Group, copyright 2014;

Chem Soc Rev. Author manuscript; available in PMC 2018 July 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jackson et al.

Page 47

reference?8 with permission from The American Association for the Advancement of
Science, copyright 2013; reference?3! with permission from Nature Publishing Group,
copyright 2014; and referencell! with permission from The American Association for the
Advancement of Science, copyright 2014.

Chem Soc Rev. Author manuscript; available in PMC 2018 July 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jackson et al. Page 48

(R) CellSearch™ (B)
Incubate blood with magnetic microbeads:
~ CTCTest ~ Profile Kit anti-EpCAM (iChipP>*) or anti-CD15/45/66b (iChip"®s)
" Collect bloed in | Collect blood in
_ CellSave™ tube T‘| EDTAtube

| B |
Aspirate plasma
Add dilution buffer
Spike anti-EpCAM ferrofluid

Red blood cell (8 x 10%ml)

-
Ferrofluid incubation Running ®  White blood cell (5 x 10/mi)
#  CTClabeled with magnetic beads (1-100/ml)
= - Hydrodynamic Inertial Magnetic
Magnetic separation ‘ cell sorting focusing displacement

Aspirate unlabeled cells
(€)

Magnetic pattern A

Permeabilize " Remove magnet
Immunostain ' Resuspend cells
"’L : i
' Remove magnet | | Lysecells
Enumerate CTCs _ Molecular tests
(D) Velocity valley

Zonel Zone2 Zone3

ol

MNP count
8X velocity pHall 4
High EpCAM " Low EpCAM ‘ y
Magnetic ranking Velocity {mm/s) Bo 1 Vo
Zone 1 Zone 100 ONNNNET T | TN O.16 Hall Voltage

Modulated magnetic field
a

Zone 1 Zone 100 _E
B2
High =
Separation of EpCAM S Y Y /
CTCs labelled =1 J
r=136 pm r=235um w

with magnetic
- Low 1
nanoparticles EpCAM x . .

B Ni micromagnet [l Capture region [ External field [l With micromagnets

Figure 3.
Magnetic CTC isolation technologies. (A) Workflow of the CellSearch™ CTC Test versus

the CellSearch™ Profile Kit. (B) Workflow and diagram of the iChip, here shown in positive
selection mode. The blood is debulked, the remaining cells are focused, and magnetically
labelled cells (CTCs in positive selection mode, WBCs in negative selection) are
preferentially forced into a separate outlet.197 (C) A diagram of the Ephesia microfluidic
technology, which aligns anti-EpCAM magnetic microbeads into solid supports for CTC
isolation that can be released by removing the magnetic field.33.60 (D) Velocity valleyl14.116
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and magnetic ranking®18 technologies for isolating magnetically labelled CTCs in zones of
varying velocity or magnetic field strength, respectively, which provides phenotypic ranking
of CTC antigen (e.g., EpCAM) expression in addition to enumeration. X-shaped
microstructures reduce fluid velocity so magnetic forces can provide efficient CTC recovery.
(E) The pHall device detects CTCs labelled with magnetic nanoparticles passing over a
uHall sensor, which induces a voltage proportional to antigen expression. The sample stream
(pink) is focused over 8 staggered pHall sensors that compensate for variable CTC
position.121 Figure panels reproduced from referencel0” with permission from The
American Association for the Advancement of Science, copyright 2013; referencell4 with
permission from Wiley, copyright 2015; referencell® with permission from Nature
Publishing Group, copyright 2017; and referencel?! with permission from The American
Association for the Advancement of Science, copyright 2012,
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Figure 4.
Direct comparisons to the CellSearch™ CTC Test by (A) the CellSearch™ Profile Kit,’8 (B)

Apostream™ 214 (C) the POSiChip,107 (D) the magnetic ranking microfluidic device,118 (E)
the GEDI micropillar device,”3 and (F) the Ephesia microfluidic device.59 Note that
magnetic ranking and Ephesia technologies collected blood in CellSave™ tubes in
comparisons,80:118 and the GEDI device selected PSMA(+) CTCs, whereas the CTC Test
targeted EpCAM(+) CTCs. In this study, Kirby et a/. noted that 60% (median) of CTCs were
PSMA(+)/EpCAM(+), indicating the GEDI yields were roughly 10-fold greater than by the
CellSearch™ CTC Test.”3 Figure panels reproduced from reference’8 with permission from
Nature Publishing Group, copyright 2010; referencel07 with permission from The American
Association for the Advancement of Science, copyright 2013; and referencell8 with
permission from Nature Publishing Group, copyright 2017.
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Figure 5.
Positive-affinity microfluidic selection. (A) Assembly of the silicon CTC chip, SEM of a

pseudo-coloured cell isolated on the Ab-coated micropillars, and simulated fluid velocity
field in the device.38 (B) The GEDI device arranges micropillars to hydrodynamically
induce a strong bias towards recovering cells >15-18 um (blue) and minimizing smaller
WBC (yellow) interactions.*? (C) The herringbone chip uses convective mixing to
encourage CTCs to interact with Ab-coated surfaces.5® (D) A schematic of the silicon
nanopillar chip, where a convective mixing chamber is attached to a nano-textured, Ab-
coated Si substrate.128 (E) Polyurethane tubing is nano-textured with naturally occurring
halloysite nanotubes and coated with Abs and selectins.262 (F) The thermoplastic-based
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sinusoidal chip uses narrow, Ab-coated microchannels to isolate CTCs.24 CTC release34125
enables off-chip enumeration and viability testing by an impedance sensor and a
microfluidic imaging module,’ which are integrated to a fluidic motherboard. Figure panels
reproduced from reference38 with permission from Nature Publishing Group, copyright
2007; referencel?8 with permission from Wiley, copyright 2011; and reference’ with
permission from American Chemical Society, copyright 2013.
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Figure 6.
Strategies to release CTCs after microfluidic affinity-selection. (A) Proteolytic digestion of

Ab-antigen complex.12% (B) Exonuclease digestion of DNA aptamers.163 (C) Uracil-specific
enzymatic digestion of oligonucleotide linkers that anchor Abs to surfaces.3# (D) Thermally
responsive polymer that internalizes the attached Abs when cooled.167 (E) Electrostatic
assembly of nano-films containing biotinylated-alginate that can be enzymatically
digested.1* (F) Gelatin nano-films assembled by avidin cross-linking that can be thermally
melted or locally dissociated by mechanically tapping with a microtip.4! Figure panels
reproduced from referencel63 with permission from Wiley, copyright 2013; referencel6’
with permission from Wiley, copyright 2013; referencel’4 with permission from Elsevier,
copyright 2015; and reference*! with permission from Wiley, copyright 2015.
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Figure 7.
(A) Cell abundance versus cell diameter of blood cells2” and CTCs,’® and common size

ranges for CTC discrimination.190.206 Note that WBC sizes can be smaller in free solution
than when plated for microscopy.®>:6 (B) (i) A CK(+)/DAPI(+) CTC (red and blue)
amongst CD45(+)/DAPI(+) WBCs (green and blue) on a Si filter membrane.193 (ii) SEM of
a fixed CTC on a 2D parylene-C membrane.19 (iii) Picture of a clogged filter after
processing 7.5 mL of blood.192 (iv) Schematic of a 3D parylene-C membrane.1% (v)
Brightfield and fluorescence images of MCF-7 cells filtered after size enlargement with anti-
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EpCAM microbeads.2®* (vi) Images of CTCs trapped in a micropillar-based filtration
device.198 (C) The Cluster-Chip collects CTC clusters specifically due to their size.5? (D)
The Vortex Technology hydrodynamically traps large CTCs in side channels at high flow
rates.?8 (E) Dean Flow Fractionation is a hydrodynamic centrifugation method for size-
dependent separation of CTCs.2% (F) Dielectrophoretic crossover frequencies for cancer
cell lines, leukemia cell lines, and WBCs.263 (inset) Working principle of DEP showing field
lines for positive and negative DEP experienced by CTCs and WBCs at 65 kHz,
respectively.208 (G) Schematic of the ApoStream™ technology for DEP-flow field
fractionation of CTCs.%8 Figure panels reproduced from referencel®® with permission from
Elsevier, copyright 2007; referencel92 with permission from Nature Publishing Group,
copyright 2014; referencel9 with permission from Springer, copyright 2011; referencel®
with permission from Elsevier, copyright 2010; reference®® with permission from Nature
Publishing Group, copyright 2015; reference2%6 with permission from Nature Publishing
Group, copyright 2013; reference263 with permission from AIP Publishing, copyright 2013;
and referenceb6 with permission from AIP Publishing, copyright 2012.
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