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ABSTRACT

Circulating tumor cells (CTCs) have been proved to possess great value and potential in
detection, diagnosis, and prognosis of non-haematologic cancers. Their unique characteristics in
providing both phenotypic as well as genotypic information make them highly valuable in liquid
biopsy assays. At the same time, though numerous studies and research have been done,
identification and enumeration of CTCs is still technically challenging due to their rarity and
heterogeneity. The primary goal of the thesis is to develop a CTC detection and isolation system
with ultra-high sensitivity and purity, while keeping it fast and scalable. We proposed a
microfluidic system that integrates positive immunomagnetic capturing, high-throughput parallel
flow and size filtration. In this thesis, two generations of the system have been developed to
achieve the goal, and are approved to be able to effectively detect and isolate CTCs from hundreds
of breast cancer blood samples in real clinical applications.

The first-generation system is based on a sandwich-structured microfluidic chamber, which
has a micro-aperture chip as the core to detect and isolate immunomagnetically targeted CTCs.
The system achieves high detection yield (>95%) and purity (>99.9998% depletion of leukocytes)
by streamlining the workflow and using unprocessed whole blood (without centrifuging), as well
as utilizing an advanced surface coating approach to passivate the microchip surface. We first
demonstrate experiments for determining the optimal detection parameters. Then we characterize
the system by isolating deterministically spiked 1, 10, and 100 single MCF-7 breast cancer cells
into tubes of whole blood, and show that >95% of cells were captured. A detection yield of 100%
from single cell spiking experiments (n = 6) demonstrates excellent detection capability and
repeatability of the system. We finally demonstrate the use of the system for CTC detection in the
context of a phase 1l clinical trial of early-stage triple-negative breast cancer (TNBC) patients. As
a part of the trial, 182 blood samples were collected from 124 early-stage TNBC patients at high-
risk of relapse. We detected CTCs in 36.3% of patients who had already completed chemotherapy
and surgery for curative intent and were thus nominally expected to have very few to zero CTCs.
Moreover, increasing CTC count from the same patients shows good correlation with their clinical
course. The ability to detect CTCs’ presence using this first-generation system illustrates its

important clinical utility.

13



The second-generation system applies a similar detection strategy but employs an upgraded
microchip and device, as well as a further streamlined process flow to achieve an even higher
detection efficiency, especially for capturing the target cells with low surface marker expression
level. We first did modeling and simulation of the new system to find the optimal magnet
configuration and verify the detection sensitivity improvement on the first-generation system.
Then we characterized the new system by detecting spiked JEG-3 and JAR cells in both cell culture
medium and human blood. The result demonstrates that the detection yield increased by ~20%
using the second-generation system under the same experiment condition. Next, we applied the
system to a phase | clinical trial for CTC detection from metastatic triple-negative breast
cancer (nTNBC) patient blood samples. CTCs of mTNBC are known to with in the low marker
expression phenotype, which requires ultra-high detection sensitivity. Our system captured CTCs
from 48 out of 102 (47%) blood samples, the positivity rate agrees with the conclusions from other
studies and presents the reliability to the system. Finally, we explored a novel 4-marker panel for
CTC detection from mTNBC patient blood samples. We conducted paired comparisons using the
4-marker panel versus a single marker for detection. The 4-marker panel yielded more CTCs in
5/8 complete paired assessments, and less CTCs in 1/8. The association missed the significance
level only slightly (p = 0.08), and the result strongly illustrates the potential for using the panel to
cover the mTNBC cells’ heterogeneity for enhanced CTC detection. Furthermore, the presence of
CTCs from blood samples correlates well with the patient’s disease progression.

Finally, we demonstrated downstream analysis ability of the CTCs detected by the second-
generation system. Captured CTCs can be readily released from our system without any loss or
damage to a secondary microchip device to be further isolated as single cells, and picked up
individually for downstream analysis like DNA/RNA sequencing or single-cell cultivation.
Directions for future work is also discussed. We envision this versatile and efficient system to be

highly beneficial in a broad range of clinical and research applications regarding CTCs.
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1. INTRODUCTION

1.1 Motivation
1.1.1 Liquid Biopsy

Cancer is the second leading cause of death globally; it is responsible for about 10 million
deaths in 2020 [1]. Cancer can be detected by certain symptoms or medical imaging methods, but
almost the only way for definitive cancer diagnosis is biopsy, a procedure that involves extraction
of sample tissues or cells from patients, for it offers a close medical examination opportunity to
get hands on a real piece of the tumor to help differentiate between cancerous and noncancerous
cells, and get vital genetic information about the cancer. However, the standard biopsy methods
require invasive excisions that always cause great pain to the patients and more importantly, can
cause complications that could be lethal. Hence the use of biopsy is restricted, and it cannot be
performed routinely. Besides, cancer is a heterogeneous genetic disease, traditional biopsy
methods can only give a limited (both spatial and temporal) snapshot of the primary tumor lesion
and cannot effectively reflect the dynamic tumor progression or provide enough information about
the metastases and genomic landscape [2].

Since 1990s, liquid biopsy has drawn more and more attention as a revolutionary alternative
technique to traditional biopsies. Liquid biopsy, as the name suggests, is the sampling and analysis
of patient-derived body liquid, primarily blood. It consists of the detection, isolation, and
characterization of 1) circulating tumor cells (CTCs): a subset of aggressive tumor cells enters the
bloodstream from the primary tumor and/or metastatic lesions; 2) circulating tumor DNA (ctDNA):
tumor derived fragmented DNA from cells undergoing apoptosis and necrosis, or active release
from viable tumor cells; and 3) exosomes: a type of extracellular vesicle that contains constituents
(protein, DNA, and RNA) of the cells that secrete them [3]. As shown in Figure 1.1, CTCs, ctDNA
and exosomes all come from the primary tumor or metastatic lesions and are shed into the
bloodstream directly or indirectly (CTCs can further contribute to the release of ctDNA and
circulating exosomes) and carried around body in the blood circulation. Therefore, these
biomarkers can be treated as a tiny piece of their original tumor lesions, and have the same
diagnostic and genetic information [4]. Liquid biopsy possesses multiple benefits including easy

and frequent access, capability of providing much wider temporal and spatial information, and
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great potential of aiding in therapeutic decisions. These not only make liquid biopsy a reliable
alternate to, if not a better choice than, traditional biopsies, but also help open unprecedented

perspectives in cancer pathology and clinical therapy [5,6].
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Figure 1.1. Liquid biopsy assays. (1) CTCs: a subset of aggressive tumor cells released to the
bloodstream from the primary tumor and/or metastatic lesions, which will undergo apoptosis or
circulate as isolated CTCs. (2) & (4) Exosomes: released by viable tumor cells, as well as CTCs.
(3) & (5) ctDNA: fragmented DNA released by apoptotic or necrotic tumor cells, as well as
apoptotic CTCs.

First, drawing blood for liquid biopsy is a non-invasive way. Therefore, liquid biopsy can
be accessed rapidly and effectively avoid complications that occur after invasive biopsies, such as
pain, bleeding, and infections. Due to this non-invasive nature, liquid biopsy can also be collected
routinely for real-time monitoring of disease progression and treatment response, and providing a

wealth information of metastasis risk and genomic evolution [7-9].
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Second, liquid biopsy can serve as a diagnostic marker for early cancer detection. The chance
of cancer survival depends largely on extent of the disease at the start of treatment: many localized
cancers can be successfully cured by surgery and/or systemic therapies when detected before they
have metastasized; but once distant metastasis (the cause of most cancer deaths) has occurred,
surgical excision is rarely curative [10-13]. However, currently most people who develop cancer
already have advanced disease at the time of diagnosis [12,13]. Therefore, early detection of cancer,
especially before clinical symptoms appear, is very important and needs to be addressed promptly.
Studies have shown that liquid biopsies can be detected in the blood of patients with very early-
stage cancers and no metastasis [11,14,15], sometimes even before any primary solid tumor was
detectable with current imaging methods, of which the detection threshold is ~10? cells [16,17].
Hence, liquid biopsy qualifies for a reliable early screening method, which can be done repeatedly
and routinely, while medical imaging are costly and usually subject patients to radiation, and
cannot be used regularly. Similarly, after surgical removal of the primary tumor, liquid biopsy can
be used as an important prognostic marker for detecting residual disease and predicting metastatic
recurrence risk, which promotes early therapy intervention to a great extent.

Third, liquid biopsy can provide more spatial information. Cancer is associated with mutated
genes and is a very genetically heterogeneous disease. In almost all cases, tumors originate from a
single cell, and tumor cells are always replicating, which results in tumors displaying startling
phenotypic as well as genetic heterogeneity [18]. In other words, tumor cells could be very
different from each other even when they are from the same lesion of the same patient. As
mentioned above, liquid biopsy may originate from both primary and metastatic lesions, rendering
it characteristics to provide information for the total tumor burden. Compared with a single tissue
biopsy, liquid biopsy can not only give a wider genetic landscape of the cancer, but also identify
specific mutations to reflect heterogeneity [16,19]. In addition, liquid biopsy is especially useful
when the tumor lesion is in vital organs or tissues where it is impossible or difficult to extract a
biopsy by traditional methods.

Finally, based on the information acquired from downstream analysis of liquid biopsy,
personalized medicine or therapy can be designed and tested. For example, CTCs can be cultured
and individually tested of cancer drug susceptibility [20], and ctDNA and exosomes are proved to

be useful in the provision of personalized therapy [7,21].
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The potential to detect and characterize cancers in such a non-invasive and repeatable way
renders liquid biopsy considerable clinical implications to improve diagnosis and treatment of
cancer. But there are still some limitations of liquid biopsy, among which the detection sensitivity
is the biggest issue. Evidence have shown that patients with early-stage cancers or residual disease
can have very few CTC or ctDNA, and the concentration of the liquid biopsy is highly variable in

patients even of the same tumor types and stages.

1.1.2 Circulating Tumor Cell (CTC)

Among three liquid biopsy markers, we are most interested in CTCs. Circulating tumor cells
(CTCs) are rare cells released to the blood from both primary tumor lesions as well as metastatic
sites of cancer patients. They are carried around the body through blood or lymphatic circulation,
in which most of them have a short half-life and are apoptotic, but a few of them can survive with
increased resistance to apoptosis and contribute to metastasis [22-25]. CTC detection, isolation
and downstream analysis have been widely studied and used in a broad range of clinical
applications, such as cancer detection and diagnosis [26], treatment response monitoring and
metastasis prediction [27,28], targeted therapy design [29], CTC cultivation [30,31], and genome
analysis [32]. Evidence have shown that presence of CTCs and their enumeration in the blood can
be used for primary diagnosis as well as prediction of unfavorable prognosis in a number of non-

haematologic cancers [26,33-36].
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Figure 1.2. 1) CTCs are shed into blood circulation from tumor lesions. 2) CTCs circulate through
and survive in the bloodstream. 3) CTCs adhere to blood vessel walls and extravasate to distant
organs, resulting in metastasis. 4) Some of the metastatic tumor cells develop into secondary
tumors. Some CTCs may go through EMT (epithelial-mesenchymal transition) and become more
invasive.

Among liquid biopsy assays, though not abundant as ctDNA in blood, CTCs have great value
of providing metastatic information, which the other biopsies (including traditional tissue biopsies)
usually do not. CTCs are believed to play an important role in the development of distant
metastases for they can extravasate, seed distant organs, and become a new malignant tumor [37-
39], as shown in Figure 1.2 [40]. Metastasis is the most common cause and is estimated to be
responsible for as high as 90% of cancer related deaths [13]. The pathways and mechanisms of
metastasis have not been entirely clear to the scientific community. Due to the strong and unique
correlation to metastasis, CTCs can provide crucial clinical information for diagnosis and
treatment, and are keys to understanding the biology behind metastasis.

CTCs can be released from their origins and detected in the peripheral blood of patients of
all cancer stages, even in the very early stage, which makes them especially powerful for early
detections when the tumor is undetectable by imaging methods. Similarly, CTCs have shown great
potential of providing prognostic information in early detection of minimal residual disease
(MRD), which reflects the presence of malignant cells remain in patients whose primary tumors

have been surgically removed and lacking any clinical symptoms of metastasis or recurrence. The
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detection of CTCs allowing for the identification of patients at high risk of recurrence and enabling
early therapeutic intervention. Previous published data has shown that CTCs can be detected in
patients who eventually relapse, sometimes months earlier than using current imaging methods
[5,41-43].

Tumor cell clones can be very genetically and phenotypically divergent within a tumor [18].
CTCs have unique values also because they can provide both more abundant genotypic
information as well as phenotypic information at the same time [24]. Unlike ctDNA, which are
DNA fragments that usually have only one or a few mutations, a single CTC possesses a whole
set of genetic information of the original tumor under certain stage and progression. Another issue
with ctDNA is lacking ability for identifying tumor origin, which is important especially in early-
stage diagnosis. Multiple tumor types can be driven by the same gene mutations, hence ctDNA,
which based on genomic analysis alone, usually cannot signal the location of the primary tumor
[11]. While CTCs can identify a cancer’s origin by phenotype identification and molecular analysis
of expressed cell markers [44,45] or genome sequencing [46]. CTC phenotype (epithelial or
mesenchymal) is proved to be able to predict recurrence and survival of the cancer [47].

Another advantage of CTCs is that they allow further downstream analysis. The DNA and
RNA of captured CTCs can be sequenced to reveal multiple mutations or quantitate genetic
variations [48,49]. Molecular analysis can be done to reveal the phenotypic information as
discussed above. They can also be cultured after capturing to benefit clinical research like
identification of biomarkers and exploring the mechanism of metastasis [50]. Furthermore, the
cultured CTCs can be biochemically tested to help design targeted therapy and find personalized
drugs for patients [32,51-53].

Except for the existence of CTCs, the enumeration of them is also an important prognostic
marker. The presence of more CTCs (increased CTC number) is an independent predictor that is
correlated with a shorter relapse-free and overall survival time in patients with metastatic cancer,
therefore it can be used to monitor patients at risk of recurrence [42-44,54]. During treatment, the
persistence or increase of CTC numbers from routine detections can indicate resistance to the
current therapy, and the patients could then be offered a more effective therapy before there is
further tumor progression.

In short, CTC detection is a powerful and crucial tool to help against cancer as well as

understand the biology behind it. However, despite the great clinical implications and huge effort
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that has been made in the related research, CTC has not been a standard clinical technique or an
independent decision-making tool yet [55]. Studies have shown that CTC enumerations can be
used as a reliable biomarker to determine therapy choices for metastatic patients, as an alternative
to the clinical evaluation. But in many studies, the presence of CTCs is usually not significantly
alone for decision making [43,54]. That is, when the number of CTCs are relatively large, the
count of them can usually reflect the overall tumor burden and guide the treatment choices; but
when the number is low (as small as one to a few CTCs per tube of blood) like under the
circumstances of early-stage or MRD, current detection systems are not efficient enough. This
leads to the main issue of CTC detection and isolation: sensitivity. Detection platforms are
challenged by the very low concentration of CTCs in blood. In this regard, ctDNA usually has a
higher sensitivity than CTCs. But when the index mutations are not covered by the ctDNA assay
or the concentration of covered mutations is very low, CTCs can also be captured from blood in
the absence of detectable ctDNA [43].

1.2 Current Systems for CTC Detection

Plenty of CTC detection and isolation systems have been developed over the past decade.
Every system, in one way or another discriminates CTCs based on either biological or physical
principle, or a combination of both [56-59], as shown in Figure 1.3 [58]. Depends on whether
biomarker labels are used (for detection), the detection systems can be classified into two types,
namely immunoaffinity-based and label-free methods. No matter in which type of method, after
selection the detected cells need to be immuno-stained with antibody-dyes that target the

subcellular and membrane markers for CTC identification.
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Figure 1.3. CTC detection principles. (1) Biological principles: based on immunoaffinity, CTCs
can be either positively selected (using antibodies target CTC surface markers) or negatively
selected (using antibodies target blood cell surface markers). (2) Physical principles: based on
CTCs’ dissimilar physical properties, such as size, deformability, density, or dielectrophoresis. (3)
A combination of biological and physical principles.

1.2.1 Immunoaffinity-based Methods

Biological CTC detection methods utilize immunoaffinity, i.e., antibody-antigen affinity, to
target CTCs. These technologies require a known protein marker (or a panel of markers) expressed
on the target cell surface and recognize the target cells by corresponding antibody (or antibodies).
CTCs can be either positively selected by using antibodies specifically targeting CTC surface
markers (such as anti-EpCAM); or negatively selected by depleting unwanted white blood cells
(WBC:s) targeted by antibodies like anti-CD45.

Immunomagnetic capturing, also known as Magnetically Activated Cell Sorting (MACS),
is one of the mainstream principles. In immunomagnetic capturing, blood sample first incubates
with micro or nano magnetic particles coated with antibodies against a particular antigen, and cells
expressing this antigen on their surface will attach to the magnetic particles. Then the sample is
running through a device placed in magnetic field, in which the magnetic particle conjugated cells
will be captured and those not bound any beads will flow through. In recent years, numerous
microfluidic cell sorting systems that perform highly sensitive and efficient detection of CTCs
using or involving immunomagnetic capturing have been reported.

Among all detection platforms, the CellSearch system, which isolates CTCs by positive

immunomagnetic enrichment from whole blood samples, is the only one that is approved by FDA
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for clinical use in metastatic breast, prostate, and colorectal cancers [60,61]. Using CellSearch
system, CTCs are detected by anti-EpCAM and identified with pan-cytokeratin (CK)+, CD45—,
and DAPI+. CD45— means the cells are not blood cells, while pan-CK+ (CK8, CK18, and CK19)
representing epithelial cells. Studies suggest that the CellSearch can provide important prognostic
information by monitoring the change of CTC numbers, which are predictive of disease
progression and can help detect tumor recurrence in metastatic cancer patients [36,42]. Though
widely accepted as the gold standard in CTC-related research, CellSearch system has not made a
significant penetration into the clinical practices as it does not provide diagnostic or predictive
information that can inform clinical decision-making. In addition, the CellSearch platform requires
multiple instruments as well as manual sample preparation steps which reduce its scalability for
high-throughput sample processing.

As a ground breaker, Toner and Haber Groups at Harvard Medical School developed
“CTC-iChip” series of microfluidic device that captures CTCs by combining hydrodynamic size-
based cell sorting, inertial focusing, and immunomagnetic isolation. The system can perform either
positive or negative selection, depending on whether CTCs or WBCs are immunomagnetically
labelled initially. The schematic of the system is shown in Figure 1.4 [62,63]. The whole blood
sample is premixed with immunomagnetic beads and then flows through the chip. At the first stage,
RBCs, platelets, and other blood components with small sizes are eliminated by hydrodynamic
force, and only CTCs and WBCs are supposed to flow into the next stage. Then, the remaining
cells go through a well-designed microfluidic channel, and were aligned in a single center stream
by inertial focusing (which uses the effect of fluid inertia in shaped microchannels to align
microparticles and cells at high flow rates [64]). At the last stage, an external magnetic field is
applied to magnetically separate the CTCs from WBCs. The CTC-iChip series can achieve a high
detection yield of 90%, with a fair detection purity of ~3.5-log WBC depletion. The system has
shown convincing results of detecting CTCs from cancer patient samples. However, the flow speed
and throughput of the system is not satisfied, it takes more than an hour to run one tube of whole
blood through the chip, not including pre-processing and CTC immunostaining time. Besides, the
system is rather complicated and lack resistance to errors like possibly introduced air bubbles.
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Figure 1.4. (a) CTC-iChip detection strategy, where a positive selection is shown [62]. Three
components of the CTC-iChip are shown schematically. Whole blood premixed with
immunomagnetic beads and buffer comprises the inputs. Small blood cells and components were
sorting out by hydrodynamic force. CTCs and WBCs were aligned in a single central stream.
Magnetophoresis to positively select CTCs. (b) “"CTC-iChip (LP: leukapheresis product)
detection strategy [63]. It has similar inertial focusing as the CTC-iChip and an enhanced magnetic
sorter section, and can process the entire leukapheresis volume of 65 mL.

Kim et al. developed a microfluidic device named “SIM-Chip” that integrates
magnetophoretic enrichment of CTCs bound with immunomagnetic nanobeads, size-based
identification with an electrical impedance cytometer, and isolation using a single-cell
microshooter [65]. The “SIM-Chip” can achieve an isolation yield of 82% and purity of 92% with
respect to WBCs using cancer cell line. Though the efficiency is satisfied, the throughput of this
platform is too low, it typically uses 200 uL blood diluted to 1 mL, which is insufficient for
processing standard blood sample. Chen et al. built an optimized immunomagnetic microchip for

CTC detection, which integrates with an inkjet-printed micromagnet array that significantly
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enhances the magnetic attractive force [66-68]. The design of the micromagnet array for enhanced
CTC capturing ability is delicate and efficient, the detection yield can be as high as 96% with
cancer cell line. However, without any size-filtration or surface treatment, the plain microchip
surface largely limits the concentration of immunomagnetic beads used and the purity is gathered
to be unsatisfied. Vermesh et al. reported a novel in vivo CTC capturing system by developing a
flexible magnetic wire that can retrieve CTCs from vein [69]. The wire is inserted and removed
through a standard intravenous catheter and can capture CTCs that have been previously labelled
with injected magnetic particles. This system is not restricted by the volume of a standard clinical
sample, which is the main limitation in vitro systems, so that it could detect more CTCs
theoretically. However, the safety and efficiency of the system when applying to human need to
be further studied and addressed.

Another popular type of immunoaffinity-based CTC detection system is based on a
principle like immunosorbent assays. In these systems, antibodies or ligands that target CTCs are
attached to a solid surface, and CTCs are captured and “anchored” while the blood sample flows
through the surface. For example, Tseng Group presented four generations of “NanoVelcro” CTC
system that uses nanostructures coated with antibodies or aptamers for CTC enumeration, isolation,
and purification, as shown in Figure 1.5 [70]. They presented a unique concept of “NanoVelcro”
cell-affinity substrates named after the Velcro tape, and the nanostructured substrates are coated
with anti-EpCAM or aptamer to capture CTCs. A PDMS chaotic mixer is designed to introduce
helical flows in the microchannel to enhance CTC-substrate contact probability. After capturing
on the substrate, the CTCs are isolated and retrieved using several different methods: laser capture
microdissection (LCM), temperature-dependent purification, or surface chemistry with
competitive binding. Different substrates (SiNS, polymer) and coating materials are used to
improve the purification and isolation efficiency of CTCs. The system can achieve a detection
yield of >85% and is proved to possess clinical potential including successful downstream
molecular analysis of the captured cells. However, since this method utilizes a “2D” contact
between the target CTCs and the substrate, the flow speed and throughput are largely limited
(typically 1 mL/h) in order to maintain the detection yield, makes it not so practical dealing with

standard volume blood samples.
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Figure 1.5. Graphic illustration of the NanoVelcro CTC assays [70]. 13-Gen: SiNS nanosubstrates
for CTC enumeration. 2"-Gen: polymer nanosubstrates, LCM technique for single CTC isolation.
3'%-Gen: thermoresponsive polymer brushes coated on substrates for CTC release. 4™-Gen:
Competitive binding surface chemistry used for CTC release.

Generally, the immunoaffinity-based detection systems have a higher sensitivity and
detection yield, thanks to the specificity of antibody-antigen binding. But as discussed above,
CTCs have high heterogeneity in phenotype, which means the expression of surface markers
(antigens) differs a lot, hence these systems potentially miss CTC subpopulations especially when
only one kind of antibody is used for capturing. The throughput of these systems is also low with
a typical flow rate in the unit of pL/min. Moreover, the functional assays and devices are usually
delicate but complex, and require a lot of training work to process.

1.2.2 Label-free Methods

Instead of relying on biomarkers, CTCs can also be detected based on their dissimilar
morphologies to achieve label-free cell detection. These systems employ some form of micro-filter
or microfluidic channel; whereby the blood sample is forced through the micro-structure, and the

target CTCs are separated from other blood cells, based on their physical parameters such as size,
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deformability, or density [71-75]. Another CTC sorting method based on physical properties uses
the principle of dielectrophoresis (DEP) which relies on CTCs having different dielectric
properties than other cells [76,77]. Some other label-free technologies available for CTC detection
including fluorescent in situ hybridization (FISH) assay [78]; EPISPOT assay, which distinguishes
between apoptotic and viable CTCs by detecting proteins secreted/released/shed from single
epithelial cancer cells [79]; and droplet-based microfluidic device that can isolate CTCs by
measuring the abnormal metabolic behavior of single cells [80].

Size-based microfluidic separation devices are the most common label-free systems. One of
the popular principles for size-based CTC isolation is inertial focusing. Inertial focusing, as the
name suggests, uses the effect of fluid inertia to focus/align cells at high flow rates. A well-
designed microchannel is used to generate the flow and let the dispersed particles run through,
during which the cells are subjected to two inertial lift forces: shear-gradient force that focuses the
cells toward the channel wall, and wall effect force that repels the cells against the wall and to the
channel centerline. The combination of the two forces makes particles migrate to specific dynamic
equilibrium positions. Cells with different sizes experience different forces and end up in different
positions between the centerline and the wall [64]. CTCs usually have larger size than other blood
cells, hence can be separated by inertial focusing.

As a typical system, Elodie et al. reported a microfluidic device named “Vortex Chip” that
uses micro-scale vortices and inertial focusing to isolate CTCs from blood with high purity based
solely on their size [64,65]. The schematic of the Vortex Chip is shown in Figure 1.6. In the first
part, the sample flows through the microchannels and CTCs dynamically focus to different
equilibrium positions from the other blood cells due to the inertial focusing effect discussed above.
The second part of this technology has expansion-contraction reservoirs placed in series and
parallel to generate micro-vortices. Target cells larger than a defined cut-off size can be selectively
isolated in reservoirs and continuously orbit stably in the vortices, while other cells remain in the
mainstream and are washed away. After wash, the trapped cells can be released from the reservoirs
by using a lower flow rate. The microchannel dimensions and flow rates are optimized for a
maximum capturing efficiency, and the device is characterized by detecting spiked cancer cell line.
The system can process blood samples with a high throughput (8 mL/min), and have a high
enrichment purity of >80%. However, to reach the high purity, a large cut-off size is chosen, leads

to a low detection yield of <30%. Even with high dilution rate (as high as 40X), which sacrifices
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the throughput, the detection yield can just improve to around 35%, meaning a large portion of
target cells with small size are missed. The application of this system to detect CTCs from
advanced prostate cancer patient samples has been reported [65], which demonstrates its clinical

potential. However, due to the low sensitivity, it is not suitable for scenarios where there are few

CTCs.
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Figure 1.6. Schematic of the Vortex chip [64]. A) and B) The Vortex chip consists of 8 parallel
microchannels and 8 reservoirs on each channel. C) Cells experience two opposing lift forces in
the channel: shear-gradient lift force FLs and wall effect force FLw. D) Cells focus to different
dynamic lateral equilibrium positions Xeq, based on their different sizes. E) At the reservoir, larger
cells like CTCs are pushed into the vortices and trapped there for they experience a larger Fis,
while smaller cells remain in the mainstream.

Even though elimination of antibodies also eliminates all affinity-based uncertainties and
result in systems that are generally simpler and therefore more scalable, relying on physical
parameters is highly risky when target entities are too rare in nature. High heterogeneity of CTCs
can result in some of them being physically different from others (e.g., in size), and the typical size

range of CTCs (10 ~ 30 um) overlapped a lot with that of WBCs (10 ~ 17 um), which easily lead

to miss smaller CTCs and/or capture too many unwanted blood cells.
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1.3 Challenges and Objectives
1.3.1 Challenges

Despite significant efforts by numerous groups, detection of CTCs is still challenging. The
challenges lie in CTCs’ fundamental characteristics: scarcity and heterogeneity. CTCs are
extremely rare in the circulation of cancer patients, typically 1 to 100 per 7.5 mL of human whole
blood, and the number is usually lower in patients with early-stage disease, compared with ~
4 x 107 WBCs and ~ 5 x 101° RBCs in the same amount of blood [81,82]. CTC heterogeneity
occurs both at the phenotypic and morphological levels and directly influences the detection
process. The expression of protein markers on the surface of CTCs varies significantly in different
cancer types and stages, as well as during metastatic progression [83]. Morphologies like size and
deformability also differ significantly among CTCs, even when they originate from the same
patient or same tumor lesion. Moreover, studies have shown that CTCs may form clusters that
possess more aggressive metastatic propensity, which also increases the detection difficulty
[25,84,85].

Immunoaffinity-based detection methods usually have a high detection sensitivity, but their
speed and throughput are quite low, typically in the unit of pL/min. It would easily take several
hours for these systems to process one tube of whole blood. To shorten the time, preparation steps
such like centrifugation are usually involved, which may cause unwanted lose or damage of CTCs.
Moreover, the functional assays or devices usually have limitations in terms of system complexity
and robustness, fabrication cost, and operation difficulty,

Label-free detection methods are relatively easy to process, and the entry level is low.
Besides, they can usually maintain a high process speed in the scale of mL/min. But the main issue
of these systems is the trade-off between purity and detection yield, which usually cannot be
achieved simultaneously. The reason is that CTCs’ physical properties are not that distinguishing,
especially the overlapped range of size with that of WBCs’.

1.3.2 Research Objectives

The challenging characteristics of CTCs discussed above warrant that the detection system
meet some equally challenging demands: 1) sensitivity: the system should be able to detect as little

as one single cancer cell from a 10 mL tube of blood; 2) purity: the system should discard or
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deplete most if not all of the unwanted red and white blood cells; and 3) scalability and throughput:
the system should have a streamlined workflow with minimal sample preparation and allow
processing of large volumes (typically ~ 7.5 mL). It is very difficult to fulfil all the requirements
above, from both biological and engineering points of view. The current detection platforms have
advantages in some ways while always have some drawbacks at the same time. Some of them have
a high sensitivity but can only achieve a fair purity, others may possess a good scalability and
purity at cost of a lower sensitivity and detection yield. Based on our review of current available
CTC detection techniques, there is not a single reliable system that can meet all the challenging
demands above simultaneously. We conclude that to make CTC detection a standard and reliable
tool remains a delicate yet interesting job. The main goal of this thesis is to develop a fast, simple,
and robust CTC capturing system that can maintain excellent detection sensitivity and purity.

1.4 Proposed Strategy

We proposed a microfluidic system for CTC detection and isolation that integrates positive
immunomagnetic capturing, high-throughput parallel flow and size-based filtration. We adopted
immunoaffinity as our capturing principle because it is specific, rather simple and versatile, as well
as capable of integrating with high-throughput process. Immunoaffinity, or antigen-antibody
affinity, is a specific chemical interaction between antibodies and antigens during immune
agglutination, originally in blood. An antibody is a Y-shape high molecular weight glycoprotein,
also called an immunoglobulin, that binds specifically to another molecule (antigen) through non-
covalent bonding with high affinity. Each antibody can bind only to a particular type of antigen
due to their specific chemical constitutions. Antibody and antigen bind to each other through
complementary binding sites: paratopes and epitopes. The paratopes on antibodies, which is
situated at the variable region of the polypeptide chain, uniquely recognize and interact with the
epitopes on antigens. CTCs express specific antigens on their cell surface that can be targeted by
corresponding antibodies. Antibodies can be conjugated with magnetic beads in advance, and the
antibody-beads bound target cells can be captured by applying magnetic force. The schematic of
immunomagnetic capturing of the target cells is shown in Figure 1.7.
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Figure 1.7 Schematic of the immunomagnetic capturing strategy. The target cell is captured with
antibody conjugated magnetic beads. The antigens expressed on the target cell surface are targeted
using specific antibodies.
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Figure 1.8. Schematic of the detection strategy combining immunomagnetic capturing, high-
throughput flow, and size-based filtration. Blood sample passes through a fluid chamber under a
flow that is perpendicular to the magnetic field, antibody-beads bound cells are captured on the
chip surface, while free magnetic beads go through the micro-apertures on the chip. Blood cells
that are not bound with any beads are washed away by the parallel flow.

The schematic of the whole detection system is shown in Figure 1.8. After incubation with
antibody-beads, the blood sample passes through a fluid chamber under a parallel flow which is
perpendicular to the magnetic field; the bottom of the fluid chamber is a microchip to seize the

captured cells and keep them in place. A high-throughput flow is used to wash away unwanted
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blood cells that are not bound with any antibody-beads. The high flow rate ensures processing a
large volume of blood in a short time. The microchip needs to be delicately designed. A flat chip
surface significantly limits antibody-beads amount added to the blood sample, since all the beads
would pile up on the magnetic area to close over the captured cells, and increases the chance for
non-specific bound with blood cells. Therefore, micro-apertures are fabricated on the chip which
work as size-based filters. The dimension of the apertures is set to be smaller than the size of CTCs,
while bigger than the free beads to allow them to pass through. Moreover, the chip surface needs
to be passivated to reduce non-specific binding of blood cells and impurities to further guarantee

a high detection purity.

1.5 Organizational Overview

In Chapter 2, our first-generation microchip system for CTC detection and isolation is
presented. Detection strategy, device fabrication and assembly, and experiment protocol are
introduced successively. The optimal experiment parameters are determined by sequential tests.
The system is characterized with respect to detect and isolate very few CTCs by capturing
deterministically spiked cells in whole blood. To demonstrate the clinical utility of the system, we
apply it to a challenging phase 11 clinical trial and the results are presented.

The second-generation system is presented in Chapter 3. The upgraded device and protocol
are introduced first. Then the system and the forces acting on the cells are modeled numerically.
The improved detection efficiency is verified by both simulation and characterization result. Result
of CTC detection using the second-generation system as part of a phase I clinical trial is then
presented to demonstrate its clinical potential. Finally, the system is used to explore a novel 4-
marker panel for CTC detection from mTNBC patient samples.

Chapter 4 presents the CTC downstream analysis ability of our system, discusses the

possible directions of future work, and concludes the whole study.
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2. FIRST-GENERATION SYSTEM

This chapter presents the first-generation microchip system for CTC detection and isolation
from whole blood samples. The detection strategy and system setup are first illustrated and
explained in section 2.1. Section 2.2 describes the materials and experimental methods used. The
ability of the system to detect the spiked MCF-7 cell lines from a tube of whole blood is presented
in section 2.3, by demonstrating the parameter optimization and system characterization
experiments. Finally, the clinical utility of the system was presented by applying it to a rather
challenging clinical trial, and the result is shown in section 2.4.

2.1 Introduction

As discussed in section 1.4, the detection strategy of our system combines immunomagnetic
capturing, high-throughput flow, and size-based filtration. The system not only uniquely combines
the advantages of all three approaches, but also possesses the simplicity of structure and
streamlined workflow. The system enables processing whole blood directly, and significantly
reduces sample preparation steps by eliminating centrifugation, while achieving a high CTC
detection yield and purity.

In an earlier publication [86], we reported a preliminary system applying our unique
detection strategy which was able to detect CTCs from stage IV metastatic lung and pancreatic
cancer patient blood samples. Modeling and preliminary characterization of the system were also
presented. The preliminary system required pre-processing of the blood sample including
centrifugation, and was not designed for maximization of purity. Compared to the previous version,
our first-generation system has distinct advantages: First, the chip surface is coated with a super-
hydrophilic polymer layer that has ultralow fouling properties, which significantly reduces the
number of unwanted WBCs and other impurities captured on the chip surface. Therefore, the
detection purity increases by two orders of magnitude (to a >99.9998%, or 5.7-log depletion of
leukocytes), while maintaining a reliable super-hydrophilic surface that can be re-used for multiple
experiments. Second, blood sample is processed directly without centrifugation or any other pre-
filtration. This optimized detection protocol and simplified process flow minimizes the chance of
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losing target cells and increases the detection yield (from less than 90%) to over 95% while
reducing the unwanted capture of WBCs on the chip surface.

We used one kind of antibody for capturing in the first-generation system: antibody against
epithelial cell adhesion molecule (anti-EpCAM). EpCAM is frequently overexpressed on tumor-
initiating malignant cells like CTCs, rendering it the most widely used surface marker of CTCs to
target [87]. To mimic real CTCs for parameter optimization and system characterization
experiments, we used breast cancer cell line MCF-7 cells, which are known to highly express
EpCAM on the surface.

To find the optimal experimental parameters, we studied the relationship between detection
yield and incubation time for three different amounts of anti-EpCAM-beads by detecting known
numbers (75 ~ 95) of MCF-7 cells from a tube of whole blood (7.5 mL). We then presented the
system’s efficiency in capturing extremely small numbers of (1, 10 and 100) cells spiked
deterministically into a tube of whole blood. Finally, we demonstrated the clinical potential of our
system by presenting CTC detection result from 182 blood samples obtained from 124 early-stage

triple-negative breast cancer (TNBC) patients that have received chemotherapy as well as surgery.

2.1.1 Detection Strategy

The detection strategy for the first-generation system is shown in Figure 2.1. Anti-EpCAM
conjugated superparamagnetic beads are added directly into the blood sample and incubated in the
original blood collection tube, without any pre-processing like centrifugation or transferring. CTCs
in the blood are bound with the anti-EpCAM-magnetic beads via antibody-antigen affinity. The
sample then flows through the fluid chamber at a high flow rate (typically 2 mL/min). Parallel to
the flow is a microchip with 8 um apertures that are larger than free magnetic beads but smaller
than the CTCs. The chip surface is coated with a super-hydrophilic polymer layer to minimize
non-specific fouling of blood cells and impurities. A permanent magnet is placed underneath the
fluid chamber to establish a magnetic field that attracts the magnetic beads (free ones as well as
those attached to CTCs) to the microchip. Due to this attraction, target cell-beads complexes that
are larger than the apertures are captured on the chip surface along with a small number of blood
cells that are non-specific bound with few beads; while free beads are filtered via the apertures to
the bottom chamber, so that they would not pile up on the chip surface and block the captured cells.

Most of the blood cells that are not bound with any beads are flushed out of the chamber due to
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the high flow rate of the parallel flow. Captured cells are then identified and counted by
immunofluorescence analysis while still on the chip, without the need to open the chamber or
transfer the cells to a microscope slide, which risks losing the ultra-rare target cells. However, if
needed for applications that require further downstream analysis, the cells can also be released to
a secondary microchip device by removing the bottom magnet and applying a high-speed flow and
retrieved individually [88]. Due to the super-hydrophilic nature of the polymer layer coated on the
chip surface, the captured cells are easily lifted and carried away by the flow without the magnetic

field underneath, so that this retrieving process has minute chance of losing cells.
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Figure 2.1. Schematic of the first-generation microchip system, and cross-section view of the
fluidic chamber.
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2.1.2 System Setup

Waste
Container

—

Figure 2.2. Experiment setup. The microchip device is seated on the top of a permanent magnet.
The inlet tubing of the device is inserted in the blood sample and outlet tubing connected to a
peristaltic pump. The sample fluid flows through the microchip device and goes into the waste
container. The flow rate of the pump is set to be 2 mL/min in the image. The device and the 50
mL sample tube are placed on an acrylic stand.

The configuration of the experiment setup is shown in Figure 2.2. A sandwich-structured
microfluidic device was first assembled. A 1 mm thick PDMS layer with a groove opened in the
center was placed on a micro-aperture chip with its surface passivated by coating a polymer layer,
and capped by a glass slide to construct the fluid chamber. EIbow shape stainless steel bars were
inserted and glued to the openings drilled on the glass slide as inlet and outlet of the fluid chamber.
The other arms of the bars were connected to silicone tubing. The bottom chamber was patterned
and sealed by another layer of thin PDMS and a transparent sheet. The fluid chamber was then

mounted and held in place in between two pieces of acrylic stands, which were gently fastened by
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screws and nuts. The bottom acrylic stand had a window opened in the middle to allow insertion
of a permanent magnet underneath the chamber. The inlet tubing was inserted to sample fluid or
solutions, while the outlet was connected to a peristaltic pump (Ismatec, ISM596B) that creates
the flow and drained to a waste container. A stand made with transparent acrylic sheet is used to
hold the device and sample tubes, holes with different sizes were made on the stand to fit different
tubes, as can be seen in Figure 2.2. The whole detection system is designed to be compact and
streamlined, and rather user-friendly.

2.2 Materials and Methods
2.2.1 Microchip Design and Fabrication

The 40 mm by 20 mm microchip has a 9 mm by 3 mm porous area in the center with micro-
apertures. The micro-apertures have a diameter of 8 um, which is smaller than CTCs (typical size
of 10~30 um) and bigger than free magnetic beads (1 um) and red blood cells (6~8 um). The
porous area works as a size-based filter by allowing the free beads and red blood cells to go through
the apertures to a trapezoid bottom chamber, while keeping the captured CTCs on chip.

The microchip was fabricated on a <100> SOI (silicon on insulator) wafer with a thickness
of 500 um using a conventional fabrication procedure. The process flow was presented in a
previous study of our group, as shown in Figure 2.3 [88]. In brief, an array of cylindrical cavities
was first etched on the front side of the chip by Deep Reactive lon Etching (DRIE), the etching
depth was 50 um which served as the thickness of the porous area in the end; then a window was
defined on the back side of the chip for wet etching, and a layer of silicon nitride was deposited
using low-pressure chemical vapor deposition (LPCVD) to protect other chip surface area; finally,
the silicon was wet etched from the back side through the window and stopped till the bottom of
the cavities.
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Figure 2.3. (a-f) Fabrication process flow and (g-h) SEM images of a fabricated micro-aperture
chip. Each aperture is 8 um in diameter.

2.2.2 Chip Surface Coating with a Super-hydrophilic Polymer Layer

Polyzwitterionic materials have been widely used in biomedical and engineering
applications involving human blood contact because of their great biocompatibility and non-
fouling properties [90-93]. In order to minimize the non-specific fouling of blood cells, proteins
and other blood impurities to the microchip surface, a high-density layer of zwitterionic
sulfobetaine methacrylate polymer (p-SBMA) was coated on the chip surface using surface-
initiated atom transfer radical polymerization (SI-ATRP) [94,95]. The coating scheme is shown in
Figure 2.4. The microchip was first cleaned by Piranha solution (H2SO4:H202 = 1:1) and buffered
oxide etch (BOE), followed by RCA-1 silicon wafer cleaning (H20:NH4OH:H202 = 5:1:1) to
further remove organic residues and hydroxylate the chip surface. Using anhydrous toluene as
solvent, trichlorosilane ([11-(2-Bromo-2-methyl)propionyloxy]undecyl-trichlorosilane, Gelest),
an alkyl bromide that works as the ATRP surface tethered initiator was deposited on the chip

surface under the effect of silanization.

38



l 1. Piranha + BOE + RCA-1 cleaning

Monomer
N\ 0
O I @ I
\THLO AN |‘|~l N |5| Ny
0]

O
© Wo e e
S

Figure 2.4. Schematic of the zwitterionic polymer layer coating process. 1. Chip cleaning and
surface hydroxylation. 2. Surface tethered initiator deposited by silanization. 3. ATRP reaction:
SBMA monomer grafted on the initiator and propagated in the presence of copper halide catalysts

and BPY ligands.
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The chip was then immersed in nitrogen-purged methanol-water solution (4:1), and the
zwitterionic monomer, SBMA ([2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium
hydroxide, Sigma-Aldrich), was grafted on the initiator and propagated in the presence of copper
halide catalysts (CuCl and CuClz) and BPY (2,2'-Bipyridine) ligands, which is used to solubilize
the copper halide and to adjust the redox potential of the copper. The non-fouling nature and the
reusability of the polymer layer were related mainly to its thickness and density. We conducted
multiple tests on the coated chips with human blood to achieve the optimal range of thickness and
density. The polymer layer 15 ~ 20 nm thick with a refractive index unit (RIU) of 1.40 ~ 1.45 was
determined to provide the best performance that minimizes the fouling of blood cells and
impurities. Thickness and refractive index were measured using an ellipsometer (J.A. Woollam
Co., Inc., VASE). The SBMA monomer dosage and reaction time were precisely controlled to
yield the wanted thickness and density. The coated chip was rinsed thoroughly with DI water and
immersed in PBS overnight, then washed again and stored in vacuum and placed in a 4°C fridge

to protect the polymer layer.

2.2.3 Device Assembly

The assembly schematic of the device and a picture of an assembled device are shown in
Figure 2.5. The sandwich-structured device consists of three major parts: fluid chamber defined
by a microchip, top PDMS, and glass cover, and bottom chamber patterned with bottom PDMS

and transparent sheet; acrylic cover and substrate; as well as permanent magnet and its stand.

Fluid Chamber

Fluid channel was first defined on the microchip by placing a layer of 1 mm thick PDMS
(Polydimethylsiloxane, Dow Corning 184 Silicone Elastomer) with a 30 mm by 4.3 mm groove
cut in the center, which enclosed the porous area. Next the chamber was capped by a 1 mm thick
glass slide with inlet and outlet holes drilled. Short arms of the elbow shape stainless steel bars
were inserted into the holes and glued to the glass cover with epoxy, and the long arms were
connected to the inlet and outlet silicone elastomer tubing (0.04" 1.D., 0.085" O.D.). The bottom
chamber was patterned with another layer of 0.1mm thick PDMS with a 10 mm by 4.3 mm groove

in the center. Bottom PDMS was cured on a transparency film (3M, PP2500) for sealing.
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Figure 2.5. (a) Assembly schematic of the microfluidic device and the bottom magnet setup. (b)
Top view of an assembled device. The porous area (small dark-grey rectangular) in the center of
the microchip can be scanned through the opening on the acrylic cover. The fluid channel defined
by top PDMS can also be seen.

Acrylic Cover and Substrate

The fluid chamber was placed into a two-piece acrylic stand consisting a cover and a
substrate, and gently fastened by 8 pairs of screws and nuts. Two blind grooves were engraved on
the on backside of the acrylic cover to accommodate inlet and outlet bars and tubing. An opening
on the acrylic cover facilitated direct microscopic scanning of the chip surface. The acrylic
substrate also had a window opened in the center which allowed a permanent magnet to be placed
underneath the fluid chamber. We chose acrylic as the material of our device stand because of its
excellent impact and scratch resistance, light weight, and rigidity. In addition, acrylic is easily
patterned by laser cutter.

All PDMS and acrylic components were machined using a laser cutter (Universal Laser

System, Inc., Professional Series).
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Permanent Magnet

We placed a block N52 neodymium permanent magnet (K&J Magnetics, Inc.), with the size
of 1/4" X 1/4" X 1/4", right underneath the bottom chamber to generate the magnetic field to pull

the cell-beads complexes as well as the free beads down to the chip surface. Neodymium magnet
is made from an alloy of neodymium, iron, and boron (NdFeB), and is the most powerful
permanent magnet. We chose grade N52, the highest grade of neodymium magnet currently
available, for a maximum pulling strength. The magnetic field strength at the surface of the block
magnet we used is 6451 Gauss. A stand made of acrylic and metal sheet was used to hold the

magnet.

Improvements

Inlet and outlet tubing were placed on the sides (instead of on the top as were in the previous
generation device), leaving a much wider room for microscopic scanning within the opening of
the acrylic cover. This also made the device compatible with high magnification microscope lenses
that require shorter working distances. Stainless steel bars were used as inlet and outlet connectors
(while the silicone tubing was glued on the glass slide directly in the previous device), rendering
more firmly connection after gluing in place on the glass cover, and making the device more impact
resistant and more robust for transportation. The acrylic stand is also relatively thin (3") and more

compact, which makes the device more user-friendly.

Device Storage and Priming

After the assembly, we stored the device in plastic bags filled with nitrogen at 4°C for
facilitating preservation and transportation. The priming of the device was performed by flowing
ethanol, DI water and phosphate buffered saline (PBS, Invitrogen) through the chamber. The inlet
tubing was pinched several times during priming to suck out the air in the bottom chamber and
allow the solutions to go through the apertures and fill the whole chamber. The outlet tubing of the
chamber was connected to a peristaltic pump that generated the flow, while the inlet tubing was

inserted into the sample fluid.
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2.2.4 Preparation of Anti-EpCAM-conjugated Magnetic Beads
Filtration of the Magnetic Beads

Dynabeads MyOne Streptavidin T1 superparamagnetic beads with 1um diameter (Invitrogen)
were chosen for immunomagnetic capturing because of their rapid liquid-phase reaction kinetics,
efficient magnetic pull for a quick separation, and large surface area and high capacity. In
preliminary tests, we found that there were some big beads clusters in the original suspension, as
shown in Figure 2.6 (a). These clusters could be an interference during cell detection and
observation, for they may increase the nonspecific binding of blood cells, clog the micro-apertures,
or generate clusters of cells and beads on the chip surface. To remove beads clusters, the original
suspension was first filtered through a 5-pum low protein binding membrane filter (Durapore) using
a syringe, then washed three times on a magnetic stand (PerkinElmer, Germany) with wash buffer
(PBS + 0.1% BSA, bovine serum albumin + 0.02% NaN3), and stored at 4°C at its original volume
in the same wash buffer to prevent further cluster formation. The filtered beads are free of clusters,
as can be seen in Figure 2.6 (b).

To find out the beads’ concentration after filtering, we did an image digital processing. First,
the beads suspension was thoroughly pipetted and 1:10 diluted with PBS, 1 uL of the suspension
was deposited on a glass side to form a thin layer. Then we took picture of the beads under bright
field microscope, and the picture was converted to grayscale then binary image; after binarization,
the number of black pixels in the image would represent bead concentration in the original picture.
We took three pictures each of un-filtered and filtered beads suspension and conducted the
processing. The average concentration ratio between the filtered and un-filtered beads was 92% +
3%. This indicates a filtration loss rate of around 8%, which is acceptable, and approved to have
little effect on the subsequent detection process.
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Figure 2.6. Bright field images of 1:10 diluted beads suspensions. (a) Un-filtered beads. Three
clusters with size of ~ 5 um are indicated in the image by red arrows. (b) Filtered beads. Free of
beads clusters. Scale bars indicate 20 pm.

Conjugation of Anti-EpCAM and Magnetic Beads

The filtered streptavidin-coated magnetic beads were then conjugated with biotinylated
polyclonal antibodies against human EpCAM (R&D Systems). The conjugation was achieved due
to the extraordinarily high binding affinity of the streptavidin-biotin interaction, which is one of
the strongest known non-covalent interactions, once formed, it is hardly affected by harsh
conditions or agents. The conjugation was also very rapid.

The anti-EpCAM was stored at -20°C in PBS solution at a concentration of 0.2 mg/mL after
purchasing. 1 mg of Dynabeads MyOne Streptavidin T1 typically binds with ~20 pg antibodies,
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according to the information provided by the vendor. To maintain the maximized magnetic
capturing capacity, we saturated the magnetic beads (40 uL, ~368 pg after filtration) with excess
anti-EpCAM (50 uL, 10 pg), and the mixture was washed three times with PBS using a magnetic
stand to remove the Wash Buffer, and incubated in PBS for 1 hour at room temperature. The
mixture was placed on an end-over-end rotator during incubation to yield a sufficient encountering
and conjugation between the beads and antibodies. After incubation, the mixture was rinsed three
times with PBS on the magnetic stand to get rid of unbound antibodies, and finally re-suspended
in 400 uL PBS, stored at 4°C and used within a week.

2.2.5 Preparation of MCF-7 Cells

MCEF-7 is one of the most used breast cancer cell lines in research. It is approved to be
suitable as a model mammary cell line for breast cancer study [96]. MCF-7 cells are known to be

with epithelial phenotype and overexpress epithelial markers like EpCAM on their surface [97].

Culturing

The MCF-7 cell line was purchased from American Type Culture Collection (ATCC, HTB-
22), and cultured in Eagle's Minimum Essential Medium (EMEM, ATCC 30-2003) with 10% fetal
bovine serum (FBS, ATCC 30-2020) as recommended. Before spiking, cultured cells were
harvested by Trypsin-EDTA (ATCC 30-2101), centrifuged and re-suspended in culture media to

form cell suspension.

Spiking

There were two methods we used for MCF-7 spiking: 1) average spiking method, where the
concentration of the cell suspension was estimated as the average of multiple small volume
samplings; and 2) deterministic spiking method, where individual cells were picked with a micro-
pipette and spiked one by one into blood using a microaspiration system. In average spiking, we
deposited 3 pL of thoroughly pipetted cell suspension on a glass slide to form a thin layer, then
counted the number of MCF-7 cells on the slide under a bright-field microscope and calculated
the concentration. We took the average of five such samplings as the approximate concentration.

A volume of the suspension that contained the desired number of MCF-7 cells was added into
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blood. As for deterministic spiking, we used a microcapillary based single-cell manipulation
system reported by our group that was optimized to pick up and dispense nanoliter volumes of
liquid [97]. The whole picking and spiking process was monitored under a bright-field microscope
to ensure the accurate spiking quantitation. We first transferred the cell suspension to a petri dish
containing culture media to render a low cell concentration and waited till the cells sank to the
bottom of the petri dish and be stable. Then we located single cells under microscope and picked
them up individually and spiked into blood.

2.2.6 Detection of MCF-7 cells Spiked in Healthy Human Blood

We conducted system parameter optimization and characterization experiments by spiking
MCEF-7 cells into human blood samples and measuring the detection yield. Healthy human blood
with K2-EDTA acting as anti-coagulant was purchased from Biochemed Services (10761WB-
EK2-FI), the blood was stored in 4°C until cell spiking. Known number of MCF-7 cells were
spiked into 7.5 mL of blood, and the anti-EpCAM-beads were added into the blood sample and
incubated under room temperature. The blood tube was put on an end-over-end rotator to benefit
the anti-EpCAM-beads and cells encountering. After incubation, the blood sample was transferred
to a 50 mL centrifuge tube and diluted 1:1 with PBS solution to a total volume of 15 mL to reduce
the dynamic viscosity, and then flowed into the fluidic chamber at a 2 mL/min flow rate using a
peristaltic pump with the bottom magnet in position. To increase the chance of capturing, we
circulated the blood sample in the chamber by inserting the outlet of the peristaltic pump back into
the sample tube. After 8 minutes of blood circulation (equivalents to passing the entire sample
through the chamber once already) through the fluidic chamber, the sample flowed out and the
chamber was washed with 3 mL of PBS solution. During the wash, a second magnet was placed
on top of the chamber and moved back and forth slightly to align the free beads and/or bead-bound
small blood cells with the apertures on the chip surface, and facilitate their discarding into the
bottom chamber, as discussed in the previous study [86]. To get rid of the remaining red blood
cells, 500 pL of red blood cell Lysis Buffer (G-Biosciences) was introduced into the chamber,
incubated for 5 minutes, and washed by PBS. The captured cells were fixed with 4%
paraformaldehyde solution in PBS (4% PFA, Santa Cruz Biotechnology, Inc.) and permeabilized

with 0.1% Triton X-100 (Sigma-Aldrich) to prepare for immunofluorescence analysis to identify
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the MCF-7 cells. A thorough PBS wash was adopted after fixation and permeabilization,

respectively.

2.2.7 Detection of CTCs from TNBC Patient Blood Samples

We verified the clinical potential of our system by applying it to a clinical trial. The BRE12-
158 study was a randomized phase 2 clinical trial of genomically directed therapy after
preoperative chemotherapy for patients with TNBC. Triple-negative breast cancer (TNBC) is
defined by the absence of estrogen-receptor (ER), progesterone-receptor (PR), and human
epidermal growth factor receptor 2 (HER2) over-expression [43,99,100]. This trial enrolled
patients with TNBC treated with neoadjuvant chemotherapy who had residual disease at the time
of surgery. Blood samples for the possible detection of ctDNA and CTCs were obtained either
prior to treatment or at the routine visits of the patients.

182 blood samples from 124 early-stage TNBC patients were collected for CTC detection
(all patients assessed in this study were consented as part of the IRB-approved BRE12-158 trial
protocol [43]). Patient blood samples were collected in 10 mL CellSave Preservative tubes
((7900005, Menarini Silicon Biosystems) and stored under room temperature. Detection was
conducted within 72 hours of collection. 150 uL of anti-EpCAM-beads was added into a tube of
whole blood sample and incubated for 90 to 120 minutes. The rest of the detection protocol was
the same as that of MCF-7 spiking experiment discussed above, except there was no fixation step

since the cells were already fixed in the CellSave tube.

2.2.8 Immunofluorescence Analysis

The technique of immunofluorescence is for specifically labeling a target antigen by
fluorophore attached antibody within a sample, and then observing with a fluorescence microscope.
The detection is based on antibody-antigen affinity and specificity, and the distinguish of the
antigens depends on the fluorophore types attached to the antibodies.

After fixation and permeabilization, the captured cells were stained with fluorescent dyes in
situ. Two kinds of anti-cytokeratin (CK)-fluorescein isothiocyanate (FITC) (Miltenyi Biotech; BD
Biosciences) were used to label the captured target cells, for cytokeratin is keratin protein found

exclusively in the cytoskeleton of epithelial cells and not of blood cells; anti-CD45- phycoerythrin
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(PE) (Miltenyi Biotech) was used as negative control to eliminate the white blood cells; and 4,6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used to label nucleated cells. This was
accomplished by mixing the fluorescent reagents in 100 mL of PBS, introducing the mixture into
the chamber, and incubating for 10 minutes under room temperature, followed by a thorough wash
with 3 mL of PBS. Finally, the chip with fluorescent-labeled cells was scanned under a

fluorescence microscope (ECLIPSE 80i, Nikon) for identification of the cells.

2.2.9 Reuse of the Device

Although the fluidic chamber (including the microchip) is intended as a disposable, the
polymer coating on the chip surface allows reusing it. The chip surface can be cleaned and
regenerated after each use in situ without opening the fluidic chamber. After each use, the device
was cleaned by flowing plenty of DI water through the fluidic chamber, then rinsing with and
soaking for 10 minutes in diluted RBS detergent (RBS 35 Concentrate, Thermo Scientific). This
was followed by flushing with DI water and ethanol (alternating the two several times) and finally
filling the chamber with DI water. Blood and free beads in the bottom chamber were pulled out
through the apertures by pinching the inlet tubing several times. The entire washing procedure was
performed under a high flow rate (10 mL/min) to help thoroughly clean the chamber. The chip
surface was scanned under both bright-field and fluorescent microscopes to make sure there was
no cell or impurity residues from the last detection process. We found that this cleaning procedure
allows reusing the device at least 5 times before it has to be disassembled, and the chip cleaned

and coated again as discussed above.

2.3 Parameter Optimization and System Characterization
2.3.1 Parameter Optimization

Efficiency of our system, including both detection yield and purity, depends on three
essential experimental parameters: 1) amount of antibody-beads added into each blood sample; 2)
incubation time of antibody-beads in blood; and 3) flow rate.

Here, we fixed the flow rate to be 2 mL/min based on our previous work [86], in which a
simulation and a preliminary test were done to figure the relationship between detection yield and

flow rate, and focused on studying the relationship between efficiency of the first two parameters.
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Typically, tens of millions of antibody-beads are added in one blood sample, and a target cell
(MCF-7 or CTC) can only bound to tens to hundreds of beads. Hence most of the beads end up as
free beads and that do not bound with any cells. (That is one of the main reasons we designed
micro-apertures on the chip, to allow the free beads to go through.) So that there is a subtle balance
between the system performance and the amount and incubation time of antibody-beads, as
illustrated in Figure 2.7. The two parameters need to be sufficient to ensure encountering and
attachment with all target cells, to achieve a high detection yield, but not too high/long to cause

excess non-specific binding with blood cells which will decrease the purity.
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Figure 2.7 Schematic of different incubation scenarios. a) Not sufficient anti-EpCAM-beads or
incubation time: target cells only bound with a small number of antibody-beads, leading to a low
detection yield. b) Optimal scenario: the surface antigens on the target cell are fully exploited and
mostly bound with beads, while there are few non-specific bindings of WBCs. ¢) Too many anti-
EpCAM-beads or incubate for too long: plenty of blood cells non-specifically bound with
antibody-beads, making them easier to foul on the chip surface and rendering a lower purity
eventually.

To determine the optimal parameters, a known number of MCF-7 cells ranged from 75 to
95 were spiked into 7.5 mL of blood using average spiking method described in section 2.2.6.
Based on a preliminary selection using small volume of blood, three different amounts, 100 pL,
150 pL, and 200 pL of anti-EpCAM-beads was then added into the blood and incubated. For each
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bead amount, the incubation time started from 15 minutes and increased at a 15-minute interval
for sequential experiments. After detection, we counted the MCF-7 cells captured on the chip
surface to calculate the detection yield. We determined the incubation time to be sufficient for
capturing when the detection yield exceeded 90%, a criterion that is commonly used in CTC

detection studies. And we stopped the sequential experiments for each amount of the anti-EpCAM-

beads when the detection yield was over 90% for two consecutive time points to take the safe side.

o

CK-FITC & CD45-PE

Figure 2.8. Fluorescent and merged images of cells detected from blood spiked with MCF-7 cells.
MCF-7 cells are stained with anti-CK-FITCs and show green fluorescence; while WBCs are
stained with anti-CD45-PE and show red fluorescence. Both CTCs and WBCs are stained with
DAPI. Scale bar indicates 20 pm.

Figure 2.8 shows the fluorescent images of a few cells captured on the chip surface. We
identified the cells by their fluorescence: an MCF-7 cell was green (CK+), the color of FITC dye,
and blue (DAPI+) with no red (CD45-), while a WBC showed red (CD45+), the color of PE dye,
and blue (DAPI+). We also used size (typically 10 ~ 30 um) and shape (nearly circular) as
additional confirmation of identification. Detection yield against incubation time for each amount
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of anti-EpCAM-beads is plotted in Figure 2.9. The data was normalized to 100%. Each data point
represents the mean of three measurements, and error bars indicate standard deviations. As
expected, both larger amount of anti-EpCAM-beads and longer incubation time result in higher
detection yield. 30 minutes is determined to be sufficient for capturing with 200 uL anti-EpCAM-
beads, and 45 minutes and 60 minutes for 150 uL and 100 pL, respectively. We attribute the 45
min-150 pL datapoint (99%) being slightly higher than the 60 min-150 pL one (96%) to possible
uncertainties in the average spiking method. We conducted one more test using 75 min-150 pL
and got a peak detection yield of 100%, which was in accordance with the general trend. The
number of captured WBCs sometimes varied depending on the blood sample’s condition (e.g.,
donor’s health, number of days after blood-draw). But in general, greater number of anti-EpCAM-
beads and longer incubation times both increased the number of WBCs we found on chip.
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Figure 2.9. Detection yield of spiked MCF-7 cells vs. incubation time using different amounts of
anti-EpCAM-beads. Blue, orange, and gray line indicates 100 pL, 150 pL, and 200 uL anti-
EpCAM-beads dosage, respectively, added to the spiked blood sample. Each data point represents
the mean of three measurements, and error bars indicate standard deviations.

Based on the results described above, we determined the optimal dosage of anti-EpCAM-
beads to be 150 pL and incubation time to be 45 minutes (which yielded a detection yield of 99%).

These parameters yield the best balance between cell detection yield and non-specific capture of
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WBCs. We have also found that while most WBCs are attracted to the chip surface due to having
bound to a small number of beads non-specifically, a robust hydrophilic coating on the chip surface
allowed washing them away easily during PBS wash.

2.3.2 System Characterization

We next challenged our system to verify its capability of detecting as few as one single target
cell from 7.5 mL of whole blood. To mimic the real clinical scenario where the number of CTCs
is extremely low, and study the system’s detection range, we spiked exactly 1, 10, and 100 single
MCEF-7 cells into 7.5 mL of blood using deterministic spiking method. Based on the optimization
results, we used a 2 mL/min flow rate, 150 uL. anti-EpCAM-beads and 45-minute incubation time
as experimental parameters. We performed six independent experiments with only one single
MCEF-7 cell spiked, and three experiments each with 10 and 100 cells spiked. A negative control,
using the same protocol for detection with no cell spiked, was also conducted three times.

The detection result is listed in Table 2.1. In all six one-cell spiking experiments, the target
cell was successfully detected every time, which resulted in a detection yield of 100% and
displayed an excellent reproducibility of our system; the fact that a single cell can be captured
among tens of millions of WBCs and tens of billions of RBCs demonstrated the system’s ultra-
high sensitivity. For 10-cell and 100-cell spiking experiments, the average detection yields were
96.7% and 95%, respectively; no target cells were captured in any of the negative control tests.
The result is plotted and linear fitted in Figure 2.10. A linear fit to the data indicates that the system
can detect more than 95% of the target cells within a broad detection range, which across two

orders of magnitude, and can maintain the excellent detection yield with consistency.

Table 2.1. Detection result of first-generation system characterization experiments.

# of MCF-7 # of MCF-7 Cells Detected Average | ey,
Cells Spiked in Detection o
75mL Blood | eXP1 | exp2 | exp3 | exp4 | exp5 | exp6 | vield (%) (%0)
0 0 0 0 N/A N/A
1 1 1 1 1 | 1 | 1 100 0
10 10 10 9 96.7 0.47
100 100 91 94 95 3.74
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As discussed in the last section, there was a large amount of free anti-EpCAM-beads filtered
to the bottom chamber and not bound with any cell. In addition, compared to the porous area for
detection, the occupied area by 100 cells is very small, leaving wide space for capturing more
target cells. Due to the versatility of the detection strategy and our system, it is not unreasonable
to believe our system can capture hundreds of or even thousands of target cells easily in just one
detection, which renders our system scalability and potential to handle much larger volume of
blood samples that contains more target cells. This immense detection ability and capacity,
combined with the high throughput (in mL/min), give our system a significant advantage compared
with other microfluidic CTC detection systems, which are mostly confined to process small

volume blood with a low flow rate (in uL. /min), and can typically only handle dozens of target

cells.
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Figure 2.10. System characterization result: detected number of MCF-7 cells vs. spiked number
(0, 1, 10, and 100) in 7.5 mL of human blood. Error bars indicate standard deviations from 3
measurements.
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2.4 CTC Detection from TNBC Patient Blood Samples
2.4.1 Enumeration of CTCs

To demonstrate the clinical application of our system, we presented CTC detection in a total
of 182 blood samples from 124 early-stage TNBC patients (in some cases, a second or third
samples were also drawn from the same patient during their routine follow-up visits). The samples
were processed during the period of Apr. 2016 to Jul. 2019, as part of a phase Il multicenter clinical
trial BRE12-158 in a collaboration with Indiana University School of Medicine. The patients
recruited for the trial were early-stage non-metastatic (stages | through I111) TNBC patients enrolled
after completion of neoadjuvant chemotherapy (NAC, the use of chemotherapy to reduce a tumor's
size prior to surgery) and surgery. These patients have “residual disease” at surgery where the
analysis of the mass removed at surgery shows non-necrotic tumor but otherwise have no other
tumor burden detectable. Therefore, these patients are clinically cancer free, and normally very
few to no CTCs should be expected. However, these patients are known clinically to be at high-
risk of disease relapse. Hence this constituted an especially challenging scenario to test our
platform. We detected CTCs from patient blood samples to explore the presence of minimal
residual disease (MRD) and predict which patients may have clinical recurrence.

Unlike the lab-cultured MCF-7 cell line that displays a robust and steady behavior as far as
the expression of surface antigens, actual CTCs may vary significantly in the way they express
epithelial markers. For example, they could experience reduction or loss of EpCAM expression on
cell surface during epithelial-to-mesenchymal transition (EMT), rendering fewer target sites for
anti-EpCAM-beads we added for capturing. As such, even though during our characterization
experiments we have determined we can capture most of spiked MCF-7 cells with a 45-minute
incubation period, we deliberately increased the incubation time to bring the possibility of losing
a target CTC to a minimum. We incubated 150 uL of anti-EpCAM-beads with the blood sample
for 90 ~ 120 minutes. CTCs and WBCs were identified by fluorescence analysis as described in
section 2.2.8. Fluorescent images of detected cells from two patient samples are shown in Figure
2.11 as examples. There is a pair of one CTC and one WBC in Figure 2.11(a), and a cluster of 7
CTCs in Figure 2.11 (b). The cells in the cluster are overlapped, they were enumerated by counting
the cell nuclei with circular shape using DAPI image. We also observed a few triple-positive (CK+,

CD45-PE+, and DAPI+) cells from some patient samples. These cells were considered as
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nucleated blood cells that non-specifically bound with anti-CK-FITC, and were not scored as

CTCs.

<

CK-FITC & CD45-PE

(b)

CK-FITC & CD45-PE

Figure 2.11. Fluorescent and merged images of cells detected from patient blood samples. Cells
show both green and blue fluorescence are CK+ and DAPI+, therefore distinguished as CTCs.
While WBC show red and blue indicating CD45+ and DAPI+. (a) There is one CTC and one WBC
identified in the image. (b) There is a cluster of 7 CTCs identified in the image. The cells were
partly overlapped to each other and enumerated by the circular shape nuclei. Both scale bars
indicate 20 um.
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Figure 2.12. Histogram showing number of CTCs detected in each of the 48 positive samples of
BRE12-158 trial, ranging from 1 to 58. Y-axis in logarithmic scale.

In 45 out of 124 patients (48 out of 182 samples), we detected at least 1 CTC, which yielded
a CTC positivity in 36.3% of patient (26.4% per tube of blood sample). The patient % being
slightly higher than per sample % indicates the extreme scarcity of the CTCs and hence their
heterogeneous distribution over the blood samples. Figure 2.12 shows the number of CTCs in
each positive sample, ranging from 1 to 58. An average of 3.8 CTCs was detected from 48 positive
samples (standard deviation, 8.5). Figure 2.13 presents the median (2), upper and lower quartiles
(3 and 1) of number of CTCs detected. A major part of the positive samples had very low numbers
of CTCs: 21 with a single CTC, and 13 with two CTCs, also met expectations that very few CTCs
should present in the blood samples, if there is any. As expected, many samples did not present
CTCs indicating that combined chemotherapy and surgery was relatively successful and/or the
minimal residual disease burden was sufficiently low. At the same time, a significant proportion
of patients had at least one CTC detected, indicating that residual disease was present after

chemotherapy and surgery.
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Figure 2.13. The median, upper and lower quartiles of number of CTCs and WBCs detected in
patient samples of BRE12-158 trial. CTCs were captured in 48 samples, the number in one tube
of blood sample ranged from 1 to 58. WBC counting was available from 147 samples, the number
ranged from 13 to 1000. Y-axis in logarithmic scale.

Although the clinical study did not involve it, we also counted the number of captured WBCs
from most of the blood samples (147 out of 182) in order to assess our system’s detection purity.
The WBC counting is presented in Figure 2.13, the number ranging from 13 to 1000, with a median
of 48 and upper and lower quartiles to be 72 and 30. Although we deliberately used a longer
incubation time (more than doubled the optimal time of 45 minutes), the average number of WBCs
was only 75.3 per sample indicating excellent purity (standard deviation, 119.3). Considering a
typical concentration of 4 ~ 10 x 107 WBCsina 7.5 mL tube of blood, our system can effectively
remove >99.9998% (or 5.7-log depletion) of WBCs.

2.4.2 Integrated Result of the BRE12-158 Trial

We matched our CTC detection result with the clinical follow-up information. The integrated

result of BRE12-158 trial was presented in a previous published study [43]. The evaluable patient
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sample dataset is slightly different from that reported above, because the selection criteria are not
exact the same. First, as a phase 11 clinical trial that stretched for over 5 years, we included samples
processed using the specific protocol discussed here. Besides, for the purpose of providing a
specialized clinical analysis using both CTC and ctDNA detection result, some data points were
reasonably discarded in the published paper. As shown in Figure 2.14, 112 patients had both
CtDNA and CTC detection result available, and our system detected CTCs from 62% of the patients
who experienced distant recurrence (n = 29). This means the patients had cancer come back at a
distant organ, and characterized as stage IV disease that is almost not curable. Besides, an
increasing CTC count of the same patient was significantly associated with inferior DDFS (Distant
Disease-Free Survival), DFS (Disease-Free Survival), and OS (overall survival), suggesting that
the quantitative burden of CTCs could be a good predictor of outcomes. The presence and
enumeration of the CTCs detected by our system has a meaning, they can be used as independent
markers to predict recurrences and identify the patients with high risk, therefore can help clinicians’

decision making and therapy choice.

Distant recurrences, n=29 Non-recurrences, n=83

B ctDNA+/CTC+ B ctDNA+/CTC+

m ctDNA+/CTC- m ctDNA+/CTC-

W ctDNA-/CTC+ M ctDNA-/CTC+
ctDNA-/CTC- 27;33% CtDNA-/CTC-

112; 14%

ctDNA alone: 79% ctDNA alone: 52%
CTC alone: 62% : CTC alone: 34%
Combined: 90% Combined: 66%

Figure 2.14. Demonstration of detection result from 112 patients from BRE12-158 trial who had
both CTC and ctDNA analyzed. The analysis is split by patients who experience a clinical
recurrence of distant disease (n = 29) versus those who don’t have a distant recurrence at the time
of analysis (n = 83).

Our prior results demonstrated that these patients were at high-risk of relapse [43], yet these
patients had no clinical symptom nor tumor burden detectable when the blood was drawn for liquid
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biopsy detection. In this perspective, CTC and ctDNA are more predictive than any other markers,
like original tumor size or disease stage. Based on our knowledge, this is one of the largest clinical
trials of the use of CTC and ctDNA markers in MRD prediction. And the results demonstrated the

great clinical utility of using CTCs captured by our system as prognosis and predictive markers.

2.5 Summary

We have presented the first-generation microchip system with a highly streamlined whole-
blood processing workflow for detection of CTCs. The robust and scalable system design is
combined with a streamlined workflow with minimal sample processing steps that exclude
centrifugation. This results in high detection yield and purity, while enabling processing whole
blood directly and limiting unwanted damage to cells. The cells can be scanned and enumerated
on-chip and readily retrieved for further analysis. We performed a number of spiking experiments
using the MCF-7 cell line to determine optimal anti-EpCAM-bead dosage as well as incubation
times. We then characterized the system by detecting deterministically spiked MCF-7 cells into
7.5 mL of blood. An average of >95% of the MCF-7 cells were captured, while a 100% detection
yield was achieved from all six single-cell spiking experiments. We further used the system to the
analyze the CTC count in clinical samples obtained from 124 early-stage triple negative breast
cancer (TNBC) patients who had completed chemotherapy and surgery, as part of a phase Il
clinical trial. At least one CTC was found in >36.3% of the patients, indicating that even after
chemotherapy and surgery, early-stage patients may still have CTCs in their circulation. The result
demonstrates that our system is useful and efficient even under challenging circumstances where
CTCs are clinically-expected to be extremely low in number. Its performance in sensitivity and
purity, as well as its overall scalability and ease-of-use make this system ideal for a broad range of
CTC-related studies.

Though the first-generation system achieves a high detection yield and sensitivity, and has
been verified efficient in detecting CTCs from patient blood samples, there’s still room for
improvements. First, detecting the spiked MCF-7 cells cannot fully mimic the real scenario for
capturing CTCs. MCF-7 cells are known to over express EpCAM on the cell surface, while CTCs
have high heterogeneity, and the expression of the surface markers vary a lot. The first-generation
system is limited by the presence of EpCAM-negative CTCs, a phenotype that is enriched in CTCs
of metastatic cancers. This prompts us to upgrade our system to have a higher detection sensitivity,
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particularly to be able to capture the target cells with few surface markers expressed thus bound to
few antibody-magnetic beads. Moreover, the capturing strategy using only EpCAM as a single
marker has it inherent defect, we want to address this by exploring a panel of biomarkers for CTC
detection when applying the second-generation system.

Another area of the first-generation system that requires improvement is although its
workflow is already rather streamlined (the whole process flow, from getting a tube of blood
sample to CTC detected and identified, only takes 100 minutes), it involves blood circulation in
the chamber. We use circulation because it increases the detection sensitivity by allowing the
targeted cells to pass the chamber more than once and be captured. We want to get rid of the
circulation step since 1) it is time consuming; 8 minutes is not long but we want to streamline the
process as much as we can; and 2) it involves manual operation which is not very user-friendly,
the outlet of the pump needs to be inserted into the blood sample tube first, after 8 minutes
circulation, the outlet is taken out and put in the waste container to drain the sample. This can be
addressed by improving the microchip and microfluidic device.

Finally, except for their presence and enumeration, CTCs can also be used for downstream
analysis, like single cell culturing. That demands the captured cells to be alive. In the first-
generation protocol, we used antibody-dyes that target intracellular markers to stain the cells for
identification, requiring fixation and permeabilization, which are meant to kill the cells. We want
to adopt a new staining method that can preserve cells and benefit downstream applications.

The reasons mentioned above prompted the development of the second-generation system.
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3. SECOND-GENERATION SYSTEM

In this chapter, the second-generation microchip system for CTC detection and isolation
from whole blood samples is presented, and the improvement on the first-generation are focused
on. The new system employs a similar detection principle as the previous generation, with some
upgrades to further improve the detection efficiency. The upgraded detection strategy and protocol
are first explained in section 3.1. Section 3.2 emphatically describes the materials and experimental
methods that are different from those of the first-generation. System modeling and simulation
result for detection sensitivity is presented in section 3.3. In section 3.4, characterization result is
first presented to verify the improved sensitivity; then, to demonstrate the clinical utility of the
second-generation system, CTC detection result from metastatic Triple-negative breast cancer
(mTNBC) patient samples of a phase I clinical trial is discussed; finally, the CTC detection result
using a novel 4-marker panel from mTNBC patient samples is reported.

3.1 Introduction

Though our first-generation CTC detection system had reached some high achievements, we
believe there is still some room for improvement, as discussed at the end of chapter 2, which
prompted the development of the second-generation. The new system employs the same detection
strategy of combining immunomagnetic capturing, high-throughput flow, and size-based filtration.
However, an upgraded micro-aperture chip and device is developed, and the detection protocol is
also modified accordingly.

As introduced in chapter 1, the surface marker expression level on CTCs varies a lot due to
their heterogeneity, especially when they are going through metastases. Thus, we put forward the
goal of detecting CTCs bound with very few magnetic beads for the second-generation system. In
addition, though our protocol is already streamlined, we want to further optimize and simplify it
by getting rid of the circulation. These require a further enhancement of the detection sensitivity,
while maintaining the purity and high-throughput of the system.

The microchip was first upgraded by enlarging the aperture area in both length and width
direction. The larger micro-aperture area enables more magnets to be placed underneath,

generating a stronger and larger magnetic area for capturing. The width of the fluid channel was
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increased therewith. It benefits the detection efficiency because, while maintaining the same flow
rate, the wider fluid channel decreased the flow speed as well as the drag force acting on the cells
in the fluid channel. Smaller drag force means the cells are less likely to be carried away by the
flow. Thus, a higher detection sensitivity can be achieved. As a result of the increased sensitivity,
the target cells are expected to be captured during the first time they pass through the fluid chamber,
so that the circulation process can be removed. However, the enhancement comes at a cost of lower
detection purity. When the target cells attached to few beads can be detected, the chance of non-
specific capturing of blood cells also extends correspondingly. We attribute this to be acceptable.
A higher sensitivity is more important to the system since our detection objects are too rare in the
blood, and the top priority is to detect CTCs as many as possible. Nevertheless, a balance between
the sensitivity and purity must be maintained well.

Another bottleneck of further improving the detection performance lies in the strategy of
using a single type of antibody for capturing, which was raised to our attention when applying the
first-generation system to detect CTCs of TNBC. From a clinical perspective, TNBC is known to
possess disproportionately higher morbidity and mortality including increased frequency of distant
metastasis, it is characterized by broad heterogeneity [101,102]. In addition, TNBC is particularly
variable in epithelial-to-mesenchymal transition (EMT) , which is associated with increased
capacity for metastasis, while mesenchymal-like CTCs are characterized by loss of expression of
the EpCAM [103]. Hence a major goal and application of the second-generation system is to
explore a novel panel of biomarkers for CTC detection instead of using anti-EpCAM alone. The
principle of utilizing a cocktail of antibodies to encompass the heterogeneity of CTCs is illustrated
in Figure 3.1. Instead of relying on one surface marker whose expression level varies a lot, a panel
of antigens are targeted with specific antibody-beads, such that more magnetic beads can attach to
a single target cell. By using a cocktail of antibodies, we anticipate both detection sensitivity and

system robustness would be improved.
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Figure 3.1 Schematic of the capturing of target cells with a cocktail of antibodies conjugated
magnetic beads. Different shapes, triangle, rectangle, and circle, illustrate different types of
antibody, which are used to specifically target different antigens expressed on the cell surface.

3.2 Upgraded Materials and Methods
3.2.1 Upgraded Microchip and Device

We first got down to upgrade the micro-aperture chip and the fluid channel, as shown in
Figure 3.2. The micro-aperture area for cell capturing is 4 times larger than the first-generation,
which benefits the detection sensitivity because 1) the effective cell capturing area is larger, which
also help increase the isolating purity, 2) more magnets can be used to generate a longer and
stronger magnetic field, and 3) larger dosage of antibody-beads is allowed since the bottom
chamber is bigger together with the micro-aperture area. At the same time, the whole chip size is
smaller, rendering the microfluidic device more compact (the fluid channel length is slightly
smaller from 30 mm to 28 mm). The fabrication is also more cost-effective, 10 microchips can be
fabricated on a 4" wafer now instead of 6 chips of the first-generation. By widening the fluid
chamber (4.3 mm to 8 mm) while keeping the same thickness (1 mm), the flow velocity (in the
unit of mm/min) in the chamber can be reduced almost by half under the same flow rate/throughput
(in the unit of mL/min). The drag force acting on the cells is reduced correspondingly, too.

The second-generation microfluidic device has the same sandwich structure as the first-
generation, the only difference is in size, as shown in Figure 3.3. Besides, there are two block N52
neodymium permanent magnets with the size of 1/4"x1/4"x1/4" underneath the bottom chamber.

Chip fabrication, polymer layer coating, device assembly and reusage are all the same as

described in Chapter 2, and will not be reiterate here.
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Figure 3.3. (a) Assembly schematic of the second-generation microfluidic device. (b) Assembled
devices: second-generation (up) and first-generation (bottom).
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3.2.2 Preparation of Antibody-conjugated Magnetic beads

In the exploration of the novel 4-marker panel for CTC detection, four kinds of antibody-
beads need to be prepared. Same as anti-EpCAM-beads, we saturated the magnetic beads (20 uL,
200 ng) with excess anti-EGFR, anti-N-Cadherin, and anti-TROP2 (5 pg each) to maximize the
capturing capacity. Biotinylated antibodies targeted the 4-marker panel were conjugated with the
filtered T1 magnetic beads through the same process as shown in section 2.2.4. After conjugation,
the antibody-beads were all re-suspended in 200 uLL PBS to maintain the same concentration as
the anti-EpCAM-beads.

3.2.3 Preparation of JEG-3 and JAR Cells

JEG-3 and JAR are both human placental choriocarcinoma cell lines; they are commonly
used as models to mimic either CTCs or circulating trophoblast cells, which is another type of rare
cells that can be retrieved from maternal blood. Both JEG-3 and JAR cell line were purchased
from American Type Culture Collection (ATCC, HTB-16 and HTB-144), and cultured in
recommended medium (EMEM, ATCC 30-2003, for JEG-3, and RPMI-1640 Medium, ATCC 30-
2001, for JAR) with 10% FBS (ATCC 30-2020). Cell trypsinization and spiking in blood process
were the same as described in section 2.2.5 for MCF-7. In characterization experiments of the
second-generation system, we only used the average spiking method.

3.2.4 Detection of Spiked JEG-3 and JAR cells

To characterize the second-generation system as well as compare it with the first-generation,
we detected JEG-3 or JAR cells spiked into either cell culture medium or healthy human blood
and measured the detection yield. Known number of JEG-3 or JAR cells were spiked into 2 mL of
cell culture medium/7.5 mL of healthy human blood, 20 uL/150 pL of anti-EpCAM-beads was
then added, followed by a 60 to 90 minutes incubation. After incubation, the blood sample was
transferred to a 50 mL centrifuge tube and diluted 1:1 with PBS solution to a total volume of 15
mL, while the medium sample was flowed directly with no dilution. The sample was flowed
through the fluid chamber without circulation. The rest of the detection process, including the
immunofluorescence analysis was the same as that of the first-generation as described in section
2.2.6.
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3.2.5 Detection of CTCs from mTNBC Patient Blood Samples

To verify the clinical utility of the second-generation system, we applied it to a clinical trial.
IUSCC-0613 was a phase 1 dose escalation clinical trial for exploring a novel combination of
cancer drugs against mMTNBC. The recruited patients were all with mTNBC, not early-stage disease
as in the BRE12-158 trial. 10 patients with mTNBC were recruited (all consented as part of the
IUSCC-0613 trial protocol), from whom 102 blood samples were collected for CTC detection.
Multiple samples were collected from the same patients during a certain period. Patient blood
samples were collected in standard blood collection tubes, and detection were conducted within
48 hours of collection. 150 uL of anti-EpCAM-beads was added into a tube of whole blood sample
and incubated for 60 to 90 minutes. The sample was then flowed through the fluid chamber at a
flow rate of 2 mL/min without circulation. After washing and WBC lysis, the captured cells were
not fixed or permeabilized as in the first-generation system, but were immuno-stained using

antibody dyes targeting cell surface markers, as will be described later in section 3.2.7.

3.2.6 Exploration of a Novel 4-marker Panel by Detecting CTCs from mTNBC Patient
Blood Samples

To address the detection efficiency problem of using only anti-EpCAM for capturing, we
explored a novel 4-marker panel for CTC detection from mTNBC patients in a study collaborated
with Indiana University School of Medicine. The four target markers: EGFR, EpCAM, N-
Cadherin, and TROP2 were preliminary screened out by a comprehensive search of publications.
Then the four markers were characterized across 11 TNBC cell lines by flow cytometry, and at
least 1 marker from our panel was positive in every cell line assessed. EpCAM was detected with
8/11 cell lines positive yet 3/11 lines negative, illustrating that the panel of markers had robust
potential to tackle the TNBC heterogeneity than EpCAM alone. Two EpCAM-positive and four
EpCAM-low or -negative lines were assessed by spiking into cell culture medium and detected
using our system. It was reported that the capture efficiency was constantly better using the panel
markers across the EpCAM-low or -negative lines, and the panel markers were proved to be
superior to EpCAM only [97].

Next, we proceeded to conduct CTC detection from real mMTNBC patient samples using the
second-generation system. 13 patients were consented and recruited from the clinics at Indiana

University School of Medicine. Blood samples were drawn and preserved in 10 mL CellSave
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Preservative tubes. Paired comparison was done between using panel markers and anti-EpCAM
only for detection. For the paired analysis, 2 CellSave tubes of blood were drawn per patient, stored
at room temperature, and analyzed within 72 hours. Before detection, two tubes of blood were
thoroughly mixed, and then split into two tubes evenly to eliminate the original stochastic error
between tubes. The ratio of used antibody-beads was 2:1:1:1 (EpCAM: EGFR: N-Cadherin:
TROP2), which means 100 pL of anti-EpCAM-beads together with 50 uL of each of the rest three
antibody-beads was added into the 4-marker panel tube; and 150 pL of anti-EpCAM-beads was
added into the EpCAM-only tube. After an incubation of 70 minutes, the sample was flowed
through the fluid chamber at a flow rate of 2 mL/min, followed by PBS wash and WBC lysis. The

captured cells were then immuno-stained on-chip, as will be described later in section 3.2.7.

3.2.7 Surface Marker Staining for Immunofluorescence Analysis

In section 2.2.8, we described the protocol for immunofluorescence analysis of the captured
CTCs using antibody-dyes targeting an intracellular antigen, cytokeratin. However, to allow the
anti-CK-FITC to get through the cell membrane and stain the intracellular antigen, the cell needs
to be fixed and permeabilized beforehand, which will damage the live cell. To preserve the health
of and vital information in captured CTCs, we adopted antibody-dyes targeting cell surface
antigens for immunofluorescence identification, which can avoid the fixation and permeabilization
and keep the captured cells alive. Moreover, previously we used DAPI for cell nucleus staining to
identify nucleated cells. DAPI is cell-impermeant and requires fixation. Hence for surface
immuno-staining, Hoechst 33342 (62249, Thermo) was chosen as an alternate since it is a cell-
permeant nuclear counterstain for live cell staining. Anti-CD45-PE was still used to label the
WBCs, for CD45 is a membrane glycoprotein that expresses on the cell surface of leukocytes
which does not require fixation nor permeabilization for targeting.

For identification of cells detected from mTNBC patient samples of IUSCC-0613 trial, anti-
EpCAM-FITC and TROP2-FITC were used. They were mixed with anti-CD45-PE in 200 mL of
PBS, introduced into the chamber, and incubated for 15 minutes under room temperature. After
the first staining reagents were thoroughly washed with PBS, Hoechst 33342 in 200 mL of PBS
was introduced into the chamber and incubated for another 10 minutes then washed with PBS.
Finally, the chip with fluorescent-labeled cells was scanned under a fluorescence microscope for

cell identification.
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In detection of CTCs for exploration of the 4-marker panel with mTNBC patient samples,
different staining methods were used for the paired experiments. Cells captured with the 4-marker
panel were surface immuno-stained with FITC-labeled antibodies against all four markers, anti-
CDA45-PE, and Hoechst 33342. The staining process is the same as that used for lUSCC-0613 trial
above. Cells captured with anti-EpCAM-only were immuno-stained using the same protocol of the
first-generation system (with anti-CK-FITC, anti-CD45-PE, and DAPI), as described in section
2.2.8, only the volume of mixed fluorescent reagents was 200 mL instead of 100 mL since the

second-generation fluid chamber has a larger volume.

3.3 Modeling and Simulation

To better understand the underlying physics and find the optimal configuration, we
performed modeling and numerical simulation of the system. For simplicity, we treated the target
cell attached with magnetic beads as a cell-beads complex, so that it can be modeled as a single
mathematical particle. First of all, the forces experienced by the cell-beads complex need to be
studied. The governing equation is the Newtonian Law, as shown in Eq. (3.1), and there are four

major forces acting on the cell-beads complex: magnetic force En) Stokes drag force F_d: gravity

force E,, and buoyant force FT, [104,105].

g’

avp) P — e ] e
my—F = Fp+ Fg+ Fj + Fy (3.1)

where m,, and 7,, are the mass and velocity of the complex. The mass of a single MCF-7 cell bound

with N beads is (1433 + N) pg [86]. The gravity force and the buoyant force are constant and easy

to model.
F,=m,g (3.2)
Fy = —pgv (3.3)

where p is the density of the cell-beads complex, which is approximately equal to the density of
the fluid. And V is the volume of the complex.
Thus, two main forces affect the complex trajectory are magnetic force and the Stokes drag
force. Magnetic force is calculated by Eq. (3.4):
Vy - -

FE =NX-—=VB-B 3.4
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where N is the number of beads per cell, y is the magnetic susceptibility of beads, u, is the

vacuum permeability, and B is the magnetic flux density. 2 mL/min flow rate equals to a flow
speed of 4.17 mm/s in the fluid chamber. The experimental parameters and chamber dimensions
yield a Reynold’s number of 1.75, indicating the flow in the fluid chamber is laminar, and the

Stokes drag force equation can be applied, as shown in Eq. (3.5):
Fq = 6mnr, (U — 1) (3.5)

where 7 is the fluid dynamics viscosity (2.5 x 1073[kg - m~! - s71]), r,, is the radius of the

complex, and U and Vp’ are velocities of the fluid and the complex, respectively.

We then proceeded to conduct a numerical simulation of our system using COMSOL
Multiphysics software involving multiple physics domains. The fluid chamber with a dimension
of 28 mm by 8 mm by 1 mm was first modeled. We simulated the stationary magnetic field
generated by a pair of block N52 Neodymium permanent magnets. Two side-by-side magnets
configurations: poles same direction and poles opposite direction, were studied to find the optimal
setup in regard of the attractive magnetic force experienced by the cell-beads complex within the
chamber. Next, the flow field in the fluid chamber was simulated. As introduced above, a
peristaltic pump was used to create the flow, which is not a stationary but really pulsatile flow.
Finally, by coupling of multi-physics fields, the trajectories of the cell-beads complexes can be
calculated with the Newton’s equation and simulated using the particle tracing module of the
software. Detection yield is measured by counting how many complexes ended up reaching the

chip surface.

3.3.1 Magnetic Field and Magnetic Force Acting on Cell-beads Complex

The stationary magnetic field was first simulated. Two block N52 neodymium permanent
magnets were created in the model, placing side-by-side underneath the fluid chamber along the
flow direction, with a small gap of 3 mm between each other as in the real system setup. Residue
magnetic flux density (B,) and relative permeability (u,) of the magnets were entered into
simulation as 1.45 T and 1.05, respectively, according to the material characteristic list.

As shown in Eq. (3.4), the magnet force depends on the magnetic flux density. For a pair of
side-by-side placed magnets, different configurations yield different magnetic fields. Two

configurations, either same poles or opposite poles of the magnets facing upwards, were studied.
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Figure 3.4 shows the magnetic flux density patterns on the chip surface of the two
configurations. (a) In poles same direction configuration, due to the repulsion of the same polarity,
magnetic induction lines are concentrated on the far-side edges of the magnets and yields high flux
density there. (b) On the contrary, magnetic induction lines are concentrated on the near-side edges
because of the attraction of the opposite polarity in the second configuration, where the high flux
density area is formed in between two magnets, and the maximum density norm (T) is ~20% larger

than that of poles same direction configuration.
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Figure 3.4. Top view of magnetic flux density maps along chip surface of two side-by-side
magnets configurations. (a) Poles same direction. (b) Poles opposite direction.

Next, we studied the magnet force acting on a single magnetic bead in the system. According
to Eq. (3.4), magnetic susceptibility x of the beads needs to be determined first. Due to their
superparamagnetism, the susceptibility of the beads varies under different magnetic field strength.
Based on the magnetic hysteresis (M(emu/g) vs B(G)) provided by the manufacturer (not shown
here), the function between the susceptibility x and the magnetic flux density B can be derived and

fitted by a 6-order polynomial function (R? = 0.9999), as shown in Eq. (3.6).

M = —47775B% + 83760B°> — 58459B* + 20727B3 — 3953.9B% + 405.72B + 0.0018(3.6)

The magnet force experienced by a single bead along the central axis (flow direction) on the chip
surface is shown in Figure 3.5 under two different magnet configurations. The blue lines indicate

vertical direction magnetic forces which are the attractive forces to pull the bead down to the chip.

70



The maximum forces in both configurations are about 9.1 pN, but the poles same direction
configuration yields four peaks, which indicates larger and more distributed capturing area, while
the poles opposite direction configuration only has two peaks. Thus, we chose poles same

direction configuration as our experimental setup.
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Figure 3.5. Magnetic force acting on one magnetic bead under two side-by-side magnets
configurations. (a) Poles same direction. (b) Poles opposite direction. Black, cyan, and blue lines
indicate magnetic forces on x (along the flow), y, and z (vertical) direction.

3.3.2 Flow Field

The flow in the chamber has a Reynolds number of 1.75, indicating a laminar flow. However,
in reality, though the peristaltic pump can be set to generate a rather smooth flow and maintain a
constant flow rate, it is rather a pulsatile rather than steady flow. To simulate the pulsatile flow
field, working mechanism of the peristaltic pump was first studied. The pump we used has 12
rollers. When started, the rotating rollers squeeze the tube which is made of flexible materials;
with the rollers rotating forward, the fluid within the contacting section of the tube follows the
motion, the flow is then generated by the continuing rotating rollers. The force density of one
engagement of one roll can be modeled as a Gaussian distribution load [106]. To further simplify
the function entered for calculation, we used a sinusoidal function, in the form of A + Bsin(wt),
to approximate the Gaussian distribution. At a volume flow rate of 1 mL/min, the function of the
input flow was found to be:
0.895 + 0.165 X abs(sin(6mt)) [mL/min] (3.7)
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Figure 3.6 presents the simulation result of the flow field at a certain time. X-component of the
velocity in xz-plane (the axial plane of the fluid chamber) and xy-plane (chip surface) are shown.

It can be seen that the maximum velocities appear near the inlet and outlet.
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Figure 3.6. Velocity field in the fluid chamber in x-direction (along the flow direction). (a) Velocity
field in xz-plane. (b) Velocity field in xy-plane.

3.3.3 Particle Tracing

By coupling the magnetic field and flow field, the forces acting on the cell-beads complexes
can be calculated and simulated properly to solve for the complex trajectories. We released 20
complexes through the inlet of the fluid chamber in each simulation and measured the detection
yield. Trajectories of 20 complexes with 4 magnetic beads per cell is shown in Figure 3.7. As can
be seen in the image, 19 complexes ended up on the chip surface, while one complex escaped
through the outlet, rendering a detection yield of 19/20 = 95%.
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Time=12 s Particle trajectories

Figure 3.7. Trajectories of 20 cell-beads complexes in the fluid chamber.

We studied the detection yield for complexes attached to different number of beads. Results
of both first- and second-generation system are shown in Figure 3.8 for comparison. Under
simulation conditions, the second-generation can capture 95% of the released complexes with 4
beads/cell, and 100% of the complexes with 5 beads/cell. While the first-generation system can
capture only 40% with the same number of beads bound to one cell. (The first-generation reached
a detection yield of >90% with ~20 beads/cell. Note that there was no circulation included in the
simulation.) It is concluded from the simulation result that the second-generation achieves a higher
sensitivity, and especially more efficient than the previous generation when capturing target cells

attached to very few numbers of magnetic beads.
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Figure 3.8. Simulated detection yield of cell-beads complexes with different number of beads.
Blue and orange line indicate the results using the first- and second-generation system, respectively.

3.4 Results and Discussion
3.4.1 System Characterization and Comparison

From the modeling and simulation result, we conclude that the second-generation has higher
detection sensitivity than the first-generation. To further prove it and characterize the second-
generation system. We did cell spiking experiments to measure the detection yield under different
flow rate. 50 ~ 100 JEG-3 or JAR cells were spiked in 2 mL of cell culture medium first for
preliminary test, and 7.5 mL of human blood to mimic the real CTC detection scenario from a
whole tube of blood. The detailed detection protocol was discussed in section 3.2.4.

The characterization result from medium spiking experiment is shown in Figure 3.9. Without
circulation, the first-generation had a detection yield of 83% under a flow rate of 2 mL/min, and
the detection yield decreased with increased flow rate, to 44% at 5 mL/min. In the first-
generation ,only cells attached with a lot of beads can be captured, while the others with fewer
beads were washed away by the high-speed flow. Under the same condition, the second-generation

system can maintain a 100% detection yield under a flow rate as high as 3 mL/min, and the yield
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deceased to 90% at 5 mL/min. A student’s t-test analysis (paired, one-tailed) on the two generation
systems revealed a p-value of 0.006, indicating a statistically significant difference between the

detection efficiencies.

Detection yield vs flow rate
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Figure 3.9. System characterization result: comparison of detected yield of spiked JEG-3 or JAR
cells in 2 mL cell culture medium using first- and second- generation system.

The characterization result from 7.5 mL blood spiking experiment is shown in Figure 3.10.
For the blood-based characterization using first-generation system, we only tested it at 2 mL/min
flow rate and got an averaged detection yield of 68%. While the second-generation system can still
maintain 100% detection yield at 3 mL/min, this throughput was so high that it only took our
system about 5 minutes to run a whole tube of blood (after dilution) through and capture all spiked
cells.

Combing the paired test results, the second-generation system has a >20% higher detection
yield than the first-generation. The encouraging result demonstrates the solid improvement which

prompted us to apply the upgraded system to clinical applications.
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Figure 3.10. System characterization result: comparison of detected yield of spiked JEG-3 or JAR
cells in 7.5 mL human blood using first- and second- generation system. Error bars indicate
standard deviation.

3.4.2 CTC Detection from mTNBC Patient Blood Samples Using Anti-EpCAM Only

After verifying that the second-generation system has a higher detection sensitivity, we
applied it to another challenging clinical trial. We first presented CTC detection result from a total
of 102 blood samples from 10 mTNBC patients. The samples were processed during the period of
Feb. 2018 to Dec. 2018, as part of a phase I clinical trial IUSCC-0613 in a collaboration with
Indiana University School of Medicine. Studies have shown the EpCAM expression in TNBC is
~60% [107], and the expression level is even lower on CTCs from metastatic patients because they
could loss EpCAM expression during epithelial-to-mesenchymal transition (EMT) [108]. With
less EpCAM expressed on the cell surface, targeting sites are fewer, hence there are fewer
magnetic beads attached to a single CTC, which requires the detection system to be highly sensitive.

We determined the detection parameters based on our experience detecting CTCs using the
first-generation system with a few adjustments. The incubation time (60 ~ 90 minutes) is shorter
than that used for first-generation for the purpose of reducing non-specific binding, yet it is still
long enough to have a maximum detection yield based on the simulation and characterization result.

CTCs and WBCs were identified by immuno-staining as described in section 3.2.7. Fluorescent
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images of two detected single CTCs are shown in Figure 3.11 as an example for the surface staining

result.

O

EpCAM-FITC
Trop2-FITC Hoechst

Figure 3.11. Fluorescent and merged images of cells detected from mTNBC patient blood samples
of IUSCC-0613 trial. Cells show green and blue fluorescence are EpCAM+/Trop2+ and DAPI+,
therefore distinguished as CTCs. There is a cluster of 2 CTCs identified in the images. Scale bar
indicates 20 um.

At least 1 CTC was identified in 48 out of 102 samples (8 out of 10 patients), yieldinga CTC
positivity in 47% of samples (80% of patients). Figure 3.12 shows the number of CTCs identified
in each of the 48 positive samples, ranged from 1 to 212, with a median of 6 and an average of 25
CTCs per sample (standard deviation, 41). We compared the result with that of BRE12-158 trial
(plotted in Figure 3.12, too) we introduced in chapter 2, of which the patients also had TNBC, but
were with early-stage and non-metastatic disease, and had gone through chemotherapy and surgery.
In BRE12-158 trial, we detected CTC in 26.4% of samples (36.3% of patients), and the average
CTC number per tube is 3.8. Both CTC positivity rate and average CTC number are lower than
those of IUSCC-0613 trial. And a significant association (p = 0.001, student’s t-test, paired, one-
tailed) were found between the number of CTCs detected from the samples of two trials. The result
indicates that early-stage TNBC patients who had completion of chemotherapy and surgery did
have lighter cancer burden than metastatic TNBC patients who had not received surgery. On the
other hand, the enumeration of CTCs detected by our system have solid potential as a diagnosis

marker to reflect the cancer status and disease progression.
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Figure 3.12. The median, upper and lower quartiles of number of CTCs detected in patient samples
of BRE12-158 trial and IUSCC-0613 trial. BRE12-158 trial: CTCs were captured in 48 samples,
the number ranged from 1 to 58. IUSCC-0613 trial: CTCs were captured in 48 samples, the number
ranged from 1 to 212. Y-axis in logarithmic scale.

The number of CTCs identified in positive samples from each of the 8 patients is plotted in
Figure 3.13. A student’s t-test (paired, one-tailed) revealed a p-value of 0.003 on patient 7 and 8,
and 0.007 on patient 6 and 7, indicating the significant association between CTC numbers of the
patients. The statistical significance illustrates that the enumeration of CTCs captured by our
system can reflect it when the CTC concentrations have a difference between different patients at
the first place.

However, the result exposes the issue again of using a single type of antibody for detection:
when the target surface antigen expression level on CTCs is low or no expression at all, the system
cannot capture the CTCs though it is already very sensitive. This conclusion prompts us to explore

a new panel of markers for CTC detection to bypass the limitation of relying on only EpCAM.
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Figure 3.13. Number of CTCs identified in samples from each of the 8 mMTNBC patients. Mean
values and standard deviations are shown for each patient. Y-axis in logarithmic scale.

To compare with the first-generation system in regard of detection purity, we counted the
number of captured WBCs from blood samples of IUSCC-0613 trial (data available in 100 out of
102 samples). The WBC counting is presented in Figure 3.14, the number ranged from 37 to 10,000,
with a median of 242 and an average number of 1712 per sample. Compared with an average of
75.3 WBCs per sample detected from the sample of BRE12-158 trial using the first-generation
system, the WBC depletion is decreased by 1.3-log. This is anticipated as a consequence of
deliberately sacrificing purity in exchange of a higher sensitivity and throughput in the design
process. Nevertheless, compared with 4 ~ 10 x 107 WBCs in a 7.5 mL tube of blood, the second-
generation system can still effectively remove >99.996% (or 4.4-log depletion) of WBCs, which
is still better than a lot of other CTC detection systems we reviewed. We deem the slightly lower

yet still rather competitive detection purity acceptable.
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Figure 3.14. Number of WBCs captured from 100 samples, ranged from 37 to 10,000, with a
median of 242. Median, upper, and lower quartiles are shown. Y-axis in logarithmic scale.

3.4.3 A 4-marker Panel for CTC Detection from mTNBC Patient Blood Samples

Next, we extend the application of the second-generation system by applying it to a clinical
study for exploration of a novel panel of biomarkers for CTC detection from mTNBC. As
introduced in the last section, the EpCAM-low or -negative phenotype is enriched in the CTCs of
mTNBC, which demands high sensitivity and efficiency of the detection system. 13 patients were
recruited, and two tubes of blood were drawn from each for paired analysis. Student’s t-test (paired,
one-tailed) was used to calculate significance of the association.

Of 8 complete pairs that contain available data from both methods, the 4-marker panel
yielded a higher number of CTCs in 5/8, equal number in 2/8, and a lower number in only 1/8, as
illustrated in Figure 3.15. The association did not reach significance (p = 0.08), but it just slightly
missed the significance level. We attribute this to the relative narrow scope of this trial, with only
13 eligible patients. Though this preliminary result cannot be yet treated as a solid proof of the
clinical usage of the protocol, it provides confidence in further revisioning. The 4-marker panel
has the potential for CTC detection from mTNBC which has not been established previously. We
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concluded that this panel of markers returned encouraging improvements in detection sensitivity
in patients with mTNBC.
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Figure 3.15. Number of CTCs identified in paired comparisons from 8 mTNBC patients.
Association significance assessed by Student’s t-test (paired, one-tailed).

Furthermore, as shown in Table 3.1, at least 1 CTC was detected using either detection
method in 9/13 patients. It yielded a CTC positivity of 69% of patients, which looked like low at
first. However, after matching with the patients’ clinical follow-up (provided by the clinicians),
we found that our system captured CTCs in 9/9 mTNBC patients with confirmed disease
progression and 0/4 without progression (demonstrating therapeutic response or disease
stabilization). The fact that the presence of CTCs identified by our system agrees well with disease
progression illustrating the CTCs captured by our system can be used an independent diagnosis
marker to help predict disease follow-up and help doctors’ decision-making. The result
demonstrated that the second-generation system is rather reliable for clinical utility.
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Table 3.1. Paired comparisons of number of CTCs identified from 13 mTNBC patients.

Patient CTC# detected by CTC# detected by Clinical
4-marker panel anti-EpCAM only follow-up
Pt1l 21 10
Pt 2 5 2
Pt 3 2 0
Pt4 2 0 Confirmed
Pt5 3 3 disease
Pt 6 0 2 progression
Pt7 1 1
Pt 8 1 0
Pt9 NA* 6
Pt 10 0 0
Pt1l 0 0 Without
Pt 12 0 0 progression
Pt 13 0 0

Note*: Data not applicable due to technical issues.

3.5 Summary

We have presented the second-generation microchip system for CTC detection and isolation
with a higher detection efficiency and more streamlined workflow. By upgrading the device and
protocol, the new system scale new heights in sensitivity in regard of capturing CTCs attached to
very few beads. Another key improvement of the second-generation system is that it facilitates
preservation of the captured CTCs to keep them alive, making them ideal for downstream analysis.
We performed modeling and simulation of the system to study the physic behind it and to find the
optimal magnet configuration. And the simulation result comparing the two generations verifies
the higher sensitivity of the new system. In the characterization experiments, the new system
yielded a >20% higher detection yield than the first-generation in capturing spiked cell line cells.
We applied the system to CTC detection from 102 mTNBC patient samples as part of a phase |
clinical trial, and captured CTCs in 47% of the samples (80% of the patients). The result is in
agreement with the conclusions from other studies that EpCAM-low or -negative CTC phenotype
is enriched in MTNBC. Yet our system still shows convincing detection efficiency. We further
used the system to explore a novel 4-marker panel for CTC detection in mTNBC to tackle the CTC
heterogeneity issue. Paired analysis was performed using blood samples from 13 mTNBC patients
with 4-marker panel versus anti-EpCAM only. In 5/8 complete pairs, 4-marker panel captured
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more CTCs than EpCAM only. Though slightly missed the significance level, the result is
encouraging for providing valuable clinical insight. It is concluded that the 4-marker panel
possesses robust potential to increase sensitivity in the analysis of CTCs in patients with mTNBC
or other high heterogeneous cancers. Moreover, the presence of CTCs shows excellent correlation
with these patients’ disease progression course. The result that we detected CTCs from 9/9 patients
with disease progression and 0/4 patients without progression demonstrates the potential of the
system as a trustworthy clinical tool for CTC detection.
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4. FUTURE WORK AND CONCLUSIONS

4.1 Introduction

The clinical utility of the first- and second-generation system have been demonstrated in
Chapter 2 and 3, respectively, by detecting and isolating CTCs from breast cancer patient samples.
In this chapter, we extend the potential of our system by further showing its ability to integrate
with downstream applications, and discussing the proposed directions of future work. First, we
present that the captured CTCs from the second-generation system can be further purified and
individually picked up after readily transferred to a secondary microwell device. The retrieved
single cells can be used for downstream analysis like genome sequencing, culturing, and molecular
analysis. Future work is discussed regarding two aspects: improvement of the system performance,
and a broad range of application areas of the system. The microfluidic device could be perfected
regarding its performance by optimizing the fluid and magnetic field, as well as modifying
experimental parameters under different conditions. Due to the versatility of our system, we
envision it to be ideal for a variety of applications, including exploration of novel biomarkers for
CTC detection, detection and isolation of CTC clusters, and detection of other types of rare cells

from blood.

4.2 Downstream Applications

The presence and enumeration of captured CTCs by our system have been presented in
previous chapters to have solid potential as clinical markers. As discussed in Chapter 1, except for
being diagnosis or prognosis markers for cancer, CTCs can also be used for downstream analysis
to provide a lot of vital information for both clinical and biology research purpose. To make the
captured CTCs available for downstream applications, they need to be as pure as possible, which
requires the system to be able to isolate and individually retrieve CTCs as single cells. Although
our second-generation system can effectively deplete >99.996% of the WBCs, the detection purity
is not ideal because there always are some unavoidable non-specific bindings. We cannot simply
release the captured cells in bulk for downstream analysis, otherwise the non-targeted WBCs

would reduce the purity (at both cellular and genetic level) by posing as background. So that we
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need another downstream device to tackle this purity problem, to further purify the captured CTCs

and enabling single cell retrieval.

4.2.1 Further Purification and Individual Retrieval of the Captured CTCs by Releasing to
a Second Microchip Device

To achieve this aim, our group has developed a secondary microchip device, accommodating
a microwell chip to further isolate all captured cells and enable individual retrieval [89]. Because
of the principle of the immunomagnetic capturing we used, the magnetic beads conjugated cells
are captured on chip only because of the external magnetic field, and no other chemical or
biological connection exists, hence the transferring process can be achieved by manipulating
magnets. The transferring process can be described as following: first, two devices are cascaded

as shown in Figure 4.1(a), with the outlet of the microwell chip device connected to the pump;
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Figure 4.1. (a) Experiment setup for transferring captured cells from micro-aperture chip to
microwell chip. (b) Experiment setup for cell retrieval using a micro pipette from an opened
microwell chip device under microscope.

second, the magnet underneath the micro-aperture chip is removed, while another N52 permanent
magnet is placed underneath the microwell chip; third, the captured cells are released under a PBS
wash, and re-captured on the microwell chip; lastly, a manual sweeping of the magnet is conducted
to guide the cells toward separate microwells and fall into them when encounter one. Thanks to

the polymer layer coated on the chip surface, the captured cells on the micro-aperture chip can be
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easily released as long as the magnetic is removed. There are more than 30,000 microwells
fabricated on the microwell chip, and their diameters are delicately designed to contain target cells
of a broad range of size. Compared with the number of captured cells (typically tens to hundreds)
on the micro-aperture chip from a tube of blood, there are more than enough microwells to ensure
almost every cell end up in a separate well. Experiments using spiked JEG-3 cells showed that 98%
of the re-captured cells having 100% purity [89].

After transferring and re-locating, the top cover of the microwell chip device is opened,
allowing a micro pipette to reach the top of the microwells and pick the cells up individually while
monitoring under a bright field microscope, as shown in Figure 4.1(b). The picked cells can be
subsequently pushed out to another collection vial or independent container and prepared for
downstream analysis. This step is achieved using the same microaspiration system that we used
for deterministic cell spiking as introduced in Chapter 2.

The process of detection, purification, and retrieval of a single CTC from a mTNBC patient
sample is shown in Figure 4.2. (a) The CTC was first captured using our second-generation system,
and immuno-stained for verification on chip as described in section 3.2.5. (b) Then we transferred
the CTC to the microwell chip through the process described above, and re-located it again in a
well with a diameter of 20 um. (c) The CTC was picked up from the microwell, released to a small
vial, and sent to our collaborators at Indiana University School of Medicine for genome analysis.
We attribute the small dot of the red fluorescence signal close to the CTC in Figure 4.2(a) to anti-
CDA45-PE dye debris on background, since it was gone after transferring to the microwell chip.

By conducting the whole process, CTCs can be isolated from a whole blood sample as single

cells with 100% purity.
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Figure 4.2. The whole process of detection, purification, and pickup of a single CTC from mTNBC
patient sample. (a) Fluorescent and merged images of the CTC captured on the microchip surface
using the second-generation system. (b) Fluorescent and merged images of the CTC re-located in
a 20 um microwell after releasing from the micro-aperture chip to the microwell chip. (c) Bright
field images of the 20 um microwell before and after the CTC was picked up by the micro pipette.
All scale bars indicate 20 pm.

4.2.2 Downstream Analysis of Captured CTCs

As described in Chapter 3, to preserve CTCs, we adopted a surface immuno-staining method
for on-chip cell identification, which avoids fixation and permeabilization. Therefore, the captured
and individually retrieved single CTCs are viable and possess all vital information, making them
ideal for downstream analysis like genome sequencing, molecular analysis, and culturing. For
example, the CTCs detected from mTNBC patient samples of IUSCC-0613 trial, like the one
shown in Figure 4.3, were picked up, stored in preservation solution, and sent to our collaborators
in for DNA/RNA sequencing. Another study conducted by our group focuses on deterministic
single cell culturing [98], the retrieved CTCs can be cultured individually and benefit a lot of
research purpose like identification of biomarkers, understanding mechanisms of metastasis, and

testing new cancer drugs.
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4.3 Future Work

Our microchip system has been approved to be fast and robust, and possess excellent
sensitivity and purity performing CTC detection and isolation from whole blood samples. There
is still some room for improving and extending its application to a broader range of areas. Some

of the possible directions of future work are discussed here.

4.3.1 System Performance Improvement

We anticipate that the sensitivity of the second-generation system can be further improved
in several ways. First, the detection area on the microchip can be increased by enlarging the
fabricated aperture area. Though we decided that the microchip size complies with the law of
diminishing marginal utility, a bigger chip can always be used when a higher sensitivity is in
demand, like when the expression level of the targeted antigens is very low. Larger detection area
would enable usage of more antibody-beads for detection, allow bigger/more magnets to be placed
underneath to generate a stronger magnetic field, and make a wider fluid channel possible. All
these not only benefit the detection sensitivity, but also shorten the incubation time of antibody-
beads. Second, the magnetic field can be enhanced by applying different magnet arrays or
combinations, we plan to do further simulation and characterization experiments to find an optimal
magnet array configuration. Third, the fluid channel can be modified to improve the detection
performance. This can be achieved by designing micro-structures to change the flow and increase

the chance of cells entering the area where the magnetic field is stronger.

4.3.2 Exploration of Novel Biomarkers for CTC Detection

Instead of clinical application, our system can also contribute to CTC related biology
research. Due to its high sensitivity and reliability, it can be used as a testing tool for exploring
new biomarkers, including different kinds of antibodies and synthetical ligands, for CTC detection
and identification. As discussed in Chapter 3, using a single antibody to detect CTCs is largely
restrained because CTCs have high phenotypic heterogeneity and may partly or entirely loss the
expression of a particular antigen. A panel consists of multiple antibodies can tackle this problem
to a large extent. The preliminary result discussed in section 3.4.3 has shown potential of our

system for exploration of novel biomarker panels for CTC detection from mTNBC. We plan to
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continue work with our collaborators at Indiana University School of Medicine to conclude this
meaningful trial. We envision our system to be highly beneficial to explore novel biomarkers that
expressed on CTCs for both detection and molecular biology purpose.

4.3.3 Detection and Isolation of CTC Clusters

CTC clusters’ origin remains unknown, they can arise from either original tumor cell
groupings or aggregate during intravascular circulation. And the biology and metastasis
mechanisms behind them are largely unclear. However, studies have shown that CTC clusters
exhibit dozens of times increased metastatic propensity compared to single CTCs [84,85]. Though
even rarer than single CTCs, CTC clusters may possess more important clinical significance and
could be a key for metastasis information.

The detection of CTC clusters is more demanding than that of single CTCs in two ways.
First, the concentration of CTC clusters in patient blood is even lower than single CTCs, requiring
the detection system to have ultra-high detection sensitivity. Besides, the CTC clusters can be so
rare that the detection system needs to process larger volume samples (more than a typical 10 mL
tube of blood) in order to capture one cluster. In this regard, our system has been proved to have
desired high sensitivity and processing scalability. Second, the size of CTC clusters differs a lot
depends on how many cells they consist of, hence the detection system must possess a wide size
effective range. Many other microfluidic CTC detection platforms have a narrow size effective
range, restricted by their delicate microfluidic structures. For example, size-based separation
methods usually involve thin microchannels with a width of only tens of micrometers, which could
be easily clogged by CTC clusters. On the contrary, our system has a great advantage in dealing
with large cell clusters. The fluid channel of our device has dimensions in millimeter scale, which
means theoretically there is no upper size limitation for capturing in the scale of cells. In our CTC
detection experience from hundreds of patient blood samples, it is not unusual to find clusters with
2 or more CTCs, illustrating the ability of our system for capturing and handling CTC clusters. A
giant CTC cluster detected using the second-generation system from a mTNBC patient sample is
shown in Figure 4.3 as an example. The CTCs in the cluster are densely overlapped so that the
accurate number cannot be counted, but at least 50 CTCs and 2 WBCs can be identified in the
images. The dimension in the length direction of the cluster is nearly 200 um, demonstrating the

broad effective range of our system. Thanks to the versatility and high sensitivity of our system,
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we anticipate that it can be used to simultaneously detect and isolate both single CTCs and CTC
clusters, without much change to the structure or detection protocol. Nevertheless, the
experimental conditions like flow rate and magnetic field are optimized aiming at single CTC
capturing in this study, careful modeling and experimental characterization regarding cell cluster

detection still needs to be done in the future.
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Figure 4.3. Fluorescent images of a big CTC cluster detected from breast cancer patient sample
using the second-generation system. The number of CTCs in the cluster cannot be counted
accurately due to its 3D shape and a lot of overlap. But at least 50 CTCs and 2 WBCs are identified
in the image. Scale bar indicates 20 pm.

4.3.4 Detection and Isolation of Other Types of Rare Cells in Blood

The principle of our detection system is rather versatile, and can be easily transformed for
isolating other types of rare cells in blood or body fluid. as long as a distinguished biomarker or a
panel of biomarkers is known to separate them from other blood cells. This is especially useful
when the target rare cells share similar physical properties with blood cells and are difficult to be
separated by label-free methods. To detect other types of cells, the balance between detection
sensitivity and purity needs to be specifically addressed for each type respectively, as discussed is
section 4.3.1.

For example, isolation of circulating fetal cells (CFCs) from maternal blood is one of the
application frontiers of rare cell detection. CFCs are rare cells that contain fetal genetic information

while can be retrieved from maternal blood. They can be used for diagnosing chromosomal
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abnormalities in fetus by genome analysis. The detection of CFCs is a non-invasive prenatal
diagnostic method that could replace invasive clinical ways like amniocentesis. Like CTCs, CFCs
are extremely rare in blood [109], and they also need to be isolated as pure single cells for genome
analysis. These require the CFC detection system to possess ultra-high sensitivity and purity,
which are well met by our system. EpCAM and HLA-G are known to express on the surface of
CFCs, and are antigens commonly used for capturing. As introduced in section 3.2.4, JEG-3 and
JAR are human choriocarcinoma trophoblastic cell lines, so that our characterization experiments
for testing the second-generation system towards detection of CTCs are also applicable for CFCs.
We plan to corporate with clinical research labs at Indiana University School of Medicine for

detection of CFCs from maternal blood samples.

4.4 Conclusions

CTC detection is a high-yield non-invasive method that can provide vital diagnostic and
prognostic information about cancer, yet it is technically challenging because of CTCs’ high rarity
and heterogeneity. The goal of this thesis is to develop a fast and robust CTC detection and
isolation platform that has high sensitivity and purity. We proposed a detection strategy combining
positive immunomagnetic capturing, size-based filtration, and high-throughput parallel flow.
Employing this strategy, two generations of the microchip system have been developed and
applied to achieve the CTC detection from whole blood patient samples.

The first-generation system can capture >95% of the spiked MCF-7 in blood, and it is
sensitive to detect as few as one single cell in a tube of 7.5 mL of blood. The system was applied
to an extremely challenging phase 11 clinical trial for CTC detection from 124 TNBC patients who
had completion of chemotherapy and surgery and were clinically considered cancer-free. Our
system found CTCs in 36.3% of the patients, indicating the existence of minimal residual disease
and high risk of cancer relapse in these patients. A purity of >99.9998% depletion of WBCs was
achieved by this system.

In order to further improve the detection sensitivity, especially targeting low marker
expression CTCs, and further streamline the workflow, we developed the second-generation
system. This system can capture >20% more spiked cells with a higher throughput than the
previous generation, while maintaining the overall high performance. In addition, the captured

cells are kept alive and can be readily released and retrieved as single cells for downstream analysis.
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We applied the second-generation system to CTC detection from 102 mTNBC patient samples as
part of a phase | clinical trial, although marker-low or -negative CTC phenotype is known to be
enriched in mTNBC, we still captured CTCs in 47% of the samples. A novel 4-marker panel for
CTC detection from mTNBC was explored using the second-generation system. The panel of
markers was proved to improve detection efficiency to encompass CTC heterogeneity.

Our system has ultra-high detection sensitivity and purity, enables high-throughput flow,
and possesses overall robustness and scalability. To our knowledge, currently there is no other
platform that can achieve all these challenging objectives simultaneously. More importantly, our
system has been applied to two clinical trials and a valuable clinical study, in which hundreds of
patient blood samples were processed. The presence and enumeration of CTCs detected by our
system well agreed with patients’ disease course and progression, and the results demonstrate solid
clinical implications of our system to assist cancer diagnosis and prognosis, as well as provide
important clinical insight. We anticipate our system to be a reliable platform for a broad variety of

clinical applications and research, and facilitate CTC analysis towards a standard clinical tool.
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