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Abstract

Sensitive and High-throughput Detection, Separation and Analysis of Circulating Tumor Cells

Mengxia Zhao

Chair of the Supervisory Committee:
Professor Daniel T. Chiu

Department of Chemistry

This dissertation describes novel methods to detect, separate and analyze circulating tumor cells (CTCs)
from peripheral blood, with a high sensitivity and throughput. The ensemble-decision aliquot ranking
(eDAR) platform is a new method for isolating CTCs from cancer patients with a recovery ratio of 93%
and a zero false positive rate. We have validated this method by analyzing the samples from breast,
pancreatic and lung cancer patients. The capability to perform downstream analyses on the isolated CTCs
were also tested and integrated into the eDAR platform. We developed a method that can monitor eight
protein markers, using a sequential staining and photobleaching procedure. Single-cell isolation and culture
of the trapped CTCs were also tested. Based on these, we re-designed the eDAR platform by applying a
new active cell sorting scheme and a new further purification method. Because many applications in the
CTC area are focused on the enumeration, we also developed an automated method for counting tumor
cells in whole blood samples. This enumeration method was validated by a side-by-side comparison with
CellSearch, the only FDA approved method at present, in 90 metastatic breast cancer patient samples.
These tools facilitate fundamental investigation of rare cells, as well as developing non-invasive biopsy to

improve the clinical treatment.
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Chapter 1 Introduction

1.1 Cancer Metastasis and Circulating Tumor Cells (CTCs)

Cancer, the uncontrolled growth and spread of cells, is a leading cause of human deaths worldwide
[1-2]. Metastasis is generally considered the most important clinical indicator of cancer [3-4].
Over 90% of deaths associated with cancer are directly attributable to metastasis [5]. During
metastatic process, cancer cells are released from primary tumor, and then follow the two steps
sequentially: (1) Cells from the primary tumor are physically translocated to the distant organs;

and then (2) invade the microenvironment and proliferate to a secondary tumor [6].

The release of cancer cells from the primary tumor may happen at very early stages of the disease
[7-8], which is the basis for the later development of metastasis. Circulating tumor cells (CTCs),
defined as the cancer cells shed into the bloodstream from the primary tumor [9-11], are thought
to be an important part of cancer metastasis in the “seed and soil” theory [12-13]. In this theory,
secondary tumor will be developed when the tumor cells survive in circulation and seed in the host

environment (the “soil”).

CTCs have been found in the peripheral blood of all major carcinomas [14], such as breast [11,
15-16], lung [17-18], pancreatic [19-20], prostate [21-22], liver [23] and colon [24-25]. Detection
and analysis of CTCs can benefit the early diagnosis of cancers [26-27], management of clinical

treatment of cancer patients [15], development of personalized medicine [28], and exploring the



mechanism of metastasis [4-5, 9], which is thought to be the most poorly understood component

of cancer pathogenesis [6].

Many studies proved that the number of CTCs directly correlates with the clinical outcome in
metastatic patients, providing valuable prognostic information that can be helpful to manage the
clinical care of these patients [29-30]. Cristofanilli et al. indicated that the presence of CTCs in
peripheral blood from metastatic breast cancer patients has an adverse prognostic value [31]. The
analysis of 177 patients showed the increased number of CTCs at baseline predicted a short
progression free survival (PFS), and median overall survival (OS) time (2.7 and 10 months,
respectively), compared to the low or negative CTCs corresponding to PFS and OS of 7 and more
than 18 months. This result was further confirmed by a multi-center study, showing that the
number of CTCs can predict the effect of treatment on metastatic breast cancer patients statistically
[32]. Similarly, the clinical usefulness of CTC enumeration has been demonstrated in other types

of metastatic cancers, such as the lung [33], colorectal [34] and prostate cancer [22].

For non-metastatic patients, the enumeration of CTCs was also proved to be valuable for the
prognosis. After analyzing the CTCs from 302 non-metastatic breast cancer patients, Lucci et al.
showed that the detection of CTCs predicted both decreased PFS and OS [35]. Another study
performed by Pierga et al. reported that CTC enumeration for early stage breast cancer patients

before chemotherapy was an independent prognostic factor for OS [36].

The presence and absence of CTCs determined during the follow-up of patients receiving the

treatment has been proved informative for response evaluation, which may be helpful to



personalize the therapy on each patient [37]. Previous study demonstrated that the number of
CTCs in breast cancer patients at four weeks after the start of chemotherapy was a more robust
and earlier predictor of survival, compared to imaging studies before and after a median of 10
weeks from the beginning of the chemotherapy [38]. Another work confirmed that the CTC counts
in patients with breast cancer were correlated with radiological signs of disease progression as well

[39].

Although most of the CTC technologies focus on the enumeration, more and more studies showed
that the genetic and molecular analyses of CTCs may be more important than simple enumeration
[40]. These analyses can help us to understand the characteristics of CTCs compared to primary
tumor, and explore the genes associated with the migration of cancer cells and the development of
secondary tumor. Yu et al analyzed the RNA sequence of CTCs from a genetically engineered
mouse model, and suggest that the non-carnonical WNT signaling pathway may contribute to
metastasis in human pancreatic cancer [41]. Downstream analysis on CTCs can also verify some
biological and clinical hypotheses by studying the expression of biomarkers on CTCs. For
example, a recent study demonstrated that the epithelial-mesenchymal transition (EMT) plays an
important role in the blood-borne dissemination of breast cancer, by analyzing the expression of

epithelial and mesenchymal markers on CTCs [42].



1.2 Current Technologies for CTC analysis

1.2.1 Technological challenges

CTCs were first reported about 150 years ago [43], however, studies on this type of rare cells only
emerged in large numbers in the last decade [10]. This was due to several technological challenges.
The first challenge is the very low concentration of CTCs (typically 1 to 10 cells per 1 billion of
blood cells) [44-45], which would require a high sensitivity on single-cell level with an acceptable
throughput. For example, some traditional methods, such as flow cytometry, have a sensitivity on
single-cell level, however, the throughput is too low for CTC analysis (> 24 h per 1 mL of whole
blood) [46]. To overcome this challenge, most present CTC methods would require an initial
enrichment step to improve the sensitivity and throughput, and the enrichment ratio determines to
a large extent their analytical performance and potential applications. The throughput of these
methods varies considerably, and fluorescence imaging, which is used in most CTC technologies,

usually takes a long time and requires manual confirmation of cells.

The second challenge comes from the heterogeneity of cancer cells, whose physical and biological
attributes can vary significantly within CTC populations and over time. Many present methods
are positive selections based on a biological property, such as the widely used surface antigen,
epithelial cell adhesion molecule (EpCAM) [47], or a physical property, e.g. the size or density of
CTCs [48]. However, simply replying on one factor may lose the subpopulation of CTCs, which
is negative to that marker. For example, filtration method is widely used to capture CTCs, however,

due the heterogeneity of cancer cells, CTCs with a small size might be lost. For example. previous



study showed that the average size of CTCs from lung cancer patients captured by two different

methods, immune-magnetic separation and filtration, differed significantly [49].

Negative selections [50-52], usually the removal of blood cells, could also isolate CTCs, however,
the low purity limits the application of this type of method [48]. Therefore, in this dissertation I
will focus on the methods based on positive selections, which can be generally summarized as two

groups, selections based on physical or biological properties (Figure 1.1).
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Figure 1.1 General strategies for isolating CTCs. The isolation of CTCs is based on either positive
selection or negative selection. The positive selection methods are based on either a physical property or
a biological property. RNA based enumeration methods are not included in this figure, because it is

generally not considered as a cellular method, and cannot physically isolate CTCs.

1.2.2 CTC Methods Based on Physical Properties

Tumor cells are often considered bigger than blood cells, so a lot of CTC enrichment methods
were performed using filtration. Traditional filters, such as the track etched plastic filter, could be
directly used to capture CTCs. Isolation by size of epithelial tumor cells (ISET) utilized track
etched polycarbonate filter with 8-um diameter pores to trap CTCs [53]. Other types of filters,
especially the ones made by micro-fabrication, have a more uniform pattern of micro-slots, which
were also used for CTC isolation [54-57]. Generally, filtration based method has a high throughput,
and does not depend on any particular bio-markers, however, there is always a chance to lose small

cells, and the purity of CTCs could be low.

Other physical properties were also used to isolate CTCs, such as the density, electric properties,
or deformability. Density gradient centrifugation, a standard protocol used to separate
mononuclear cells from peripheral blood, was also applied in some CTC methods [58]. However,
considering this method could not separate CTCs from white blood cells (WBCs), another
enrichment or characterization method was often required [59]. Many technologies separate CTCs
based on dielectrophoresis, which usually has a high throughput but a relatively low capture
efficiency [60]. Deformability-based CTC enrichment methods was also reported recently [61].
CTC methods based on physical properties were generally considered as “label free” techniques,

and usually has a higher throughput [62].



1.2.3 CTC methods based on biological properties

Surface antigens are frequently used to separate and characterize CTCs, and EpCAM is the most
widely used one in this area [47, 63]. Depending on what the antibodies are conjugated with, there
are usually two types of schemes for the isolation of CTCs, magnetic separation and affinity

chromatography like method.

When cells are labeled with antibodies conjugated with magnetic beads, they could be separated
from the majority of the blood cells if a magnetic field is applied. The only U.S Food and Drug
Administration (FDA) approved method at present, CellSearch system, is actually based on this
scheme [14, 64]. The captured CTCs were further labeled with one more epithelial marker,
cytokeratin, a negative control marker (CD45), and a nuclear stain marker (4',6-diamidino-2-
phenylindole, DAPI) to define and enumerate the cells. This system has been proved for its
prognostic potential, however, several studies showed that it only detected CTCs from a fraction
of metastatic patients with a low sensitivity [32]. Other methods based on immuno-magnetic

separation were also reported [65].

If the antibodies are immobilized onto a surface, they can capture CTCs when the blood sample
flows through that surface, which is similar to traditional antibody affinity chromatography
methods [66-68]. These methods are able to analyze unprocessed whole blood, with excellent
detection of CTCs in cancer patients, and are friendly for downstream analysis. The captured
CTCs, however can be difficult to remove from the surface without cleaving cell surface proteins
(e.g. with Trypsin) and thus potentially stressing the cells. Subsequent imaging of the captured
CTCs can also be time consuming, owing to the large area over which images must be taken.

-7-



Therefore, the throughput is usually limited (> 1 mL per 2 hours) in these affinity chromatography

like methods.

It is worth to point out that, methods based on biological properties could be further enhanced by
the incorporation with another method based on physical properties. For example, in surface
capture methods, it is important to increase the probability of CTCs collision with the antibodies
immobilized on the surface, so a higher capture efficiencies could be achieved. However,
increasing this collision probability for all sample cells will increase the chance of non-specific
binding as well. Gleghorn et al reported a microfluidic device coated with a monoclonal antibody
to selectively increase the chance of cell-surface collisions for prostate CTCs, rather than all cells

in the blood [69].

For biological property based methods, there is a chance for them to be limited by the usage of
bio-markers. Surface antigens such as EpCAM are widely used to select CTCs [47, 63], however,
previous studies show that simply relying on one biomarker may not be adequate to define the
whole population of CTCs. It has been proved that the tumor cells with low EpCAM expression
have more mesenchymal characteristics [70], and might correlate with cancer progression closely.
Other studies showed that, a method based on EpCAM (CellSearch), could not detect the CTCs

with low or non EpCAM expression [63, 70].

1.3 Project Overview

This dissertation summarizes my research from January 2009 to June 2013 as a Ph.D, candidate in

the Department of Chemistry at University of Washington. The project focused on the

-8-



development of analytical methods for CTCs, aiming at providing an “all-in-one” platform to

analyze such rare cells. It can be divided into four parts, from chapter 2 to 5.

Chapter 2 focuses on the first CTC method I developed, ensemble-decision aliquot ranking
(eDAR). In eDAR, a blood sample is first broken up into nanoliter volumes in a microfluidic
device. Each aliquot is ranked based on whether or not a rare cell is present in the ensemble of
cells within the aliquot. After sorting the aliquots, the rare cells are isolated from the collected
aliquots using an on-chip filtration system. eDAR is well-suited for the enrichment of CTCs,
because it can rapidly and efficiently reduce sample complexity by over a million fold. It had a
recovery efficiency of over 93% for cultured cancer cells in healthy donor whole blood with a zero
false positive rate. I applied eDAR in isolating CTCs from 20 breast-cancer patient samples and
carried out a side-by-side comparison between eDAR and CellSearch, which is currently the only
system approved for enumerating CTCs by FDA. CellSearch did not identify any CTCs in 12 out
of 20 patient samples and found more than 2 CTCs in only 4 samples; eDAR isolated CTCs from
all 20 patient samples with a range of 11 to 105 CTCs. Furthermore, we were able to detect cancer
stem cells, as determined by CD**/ CD*”1°% within the isolated CTCs from these patients.
Blood sample from patients with pancreatic and lung cancer were also tested on this platform.
Importantly, eDAR isolated the rare cells within a small field-of-view (<1 mm?), and provided

direct easy access to individual live CTCs.

The third chapter focuses on the methodological development of subsequent analyses on CTCs,
including two parts. The first part is to image protein markers in CTCs captured by eDAR using

sequential immunostaining and photobleaching. eDAR is a high-throughput method that allows



the isolation of the CTCs from the whole blood with a high recovery and a zero false-positive rate.
Coupling a CTC separation and capturing method, such as eDAR, with a downstream
immunostaining test provides information about the cell’s expression of certain protein biomarkers.
We developed a semi-automated system for sequential immunolabeling and photobleaching based
on the eDAR platform. With this new technique, we were able to evaluate the expression of eight
different biomarkers on isolated CTCs. The second part of this chapter focuses on the
manipulation of single CTCs captured by eDAR. We could selectively pick up single CTCs,

deliver them to a new reservoir, and then culture them.

Chapter 4 reports a re-designed microfluidic platform of eDAR with an improved performance.
In this method, the microfluidic chip was simplified by using a functional area for subsequent
purification based micro-slits fabricated by standard lithography method. We also designed a new
active sorting scheme, providing a fast performance with an improved reproducibility. Using this
generation of eDAR, we were able to analyze 1 mL of whole blood sample in 12.5 min, with a 95%
recovery ratio and a zero false positive rate (n=15). The recovery ratio was greater than 88% when
we used bio-markers other than EpCAM to select CTCs, including the intracellular markers, such
as green fluorescence protein (GFP). CTCs were detected in 8 of 10 patients with metastatic
pancreatic cancer, and the clinical performance was not significantly different than the first

generation of eDAR applied on the same type of patients.

The fifth chapter introduces an automated high-throughput enumeration method for CTCs based
on microfluidics and line-confocal microscopy. Peripheral blood was directly labeled with

multiple antibodies, each conjugated with a different fluorophore, pneumatically pumped through
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a microfluidic channel and interrogated by a line-confocal microscope. Based on the fluorescence
signals and labeling schemes, the count of CTCs was automatically reported. Due to the high flow
rate, 1 mL of whole blood can be analyzed in less than 30 minutes. I applied this method in
analyzing CTCs from 90 stage IV breast-cancer patient samples, and performed a side-by-side
comparison with the results of the CellSearch assay, which is the only method approved by U.S.
Food and Drug Administration (FDA) at present for enumeration of CTCs. This method has a
recovery rate for cultured breast cancer cells of 94% (n=9), with an average of 1.2 counts/mL of
background level of detected CTCs from healthy donors. It detected CTCs from breast-cancer
patients, ranging from 15 to 3375 counts/7.5 mL. Using this method, I also demonstrate the ability
to enumerate CTCs from breast-cancer patients that were positive for Human Epidermal Growth
Factor Receptor 2 (Her2) or CD44+/CD24-, which is a putative cancer stem cell marker. This
automated method can enumerate CTCs from peripheral blood with high throughput and

sensitivity. It could potentially benefit the clinical diagnosis and prognosis of cancer.

At the end of this dissertation, I would give a brief summary and discussion on potential future

studies.
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Chapter 2 Detection and Isolation of CTCs Using Ensemble Decision

Aliquot Ranking (eDAR)

2.1 Introduction

The challenge of enriching and isolating rare cells is often a stumbling block for research in CTCs
in peripheral blood [71], fetal cells in maternal blood [72-73], and cancer stem cells [74-75]. An
ideal method for isolating rare cells, such as CTCs, should be: (1) highly sensitive, with the ability
to detect and isolate 1 CTC/mL of blood; (2) capable of easily recovering live CTCs with minimal
stress on the cells, which is important for downstream molecular analysis [44] or cell culture; (3)
capable of high throughput so it can process milliliters of blood within tens of minutes; and (4)
robust and economical to operate. To meet this challenge, we describe an approach that is different
from what has been so far explored in this area of research and which we believe offers significant

advantages.

Our method is based on positive selection, where cell-surface markers are labeled with fluorescent
antibodies, ranked by aliquots, and sorted. We call this process ensemble-decision aliquot ranking
(eDAR), because we perform the ranking by looking at an ensemble of cells within each aliquot
[76]. In our method, we break down a blood sample into nanoliters of aliquots that get rapidly
ranked for the presence or absence of CTCs; the ranking helps us to decide which aliquots of cells
are worth closer investigation. Our current microfluidic platform can routinely analyze 1 mL of
whole blood in 20 minutes with a recovery efficiency of greater than 93% and a false positive rate

of zero. Most importantly, this platform concentrates CTCs into a small field-of-view (< 1mm?)
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for microscopic imaging and allows easy isolation of and access to individual live CTCs for further
downstream analysis and culture. This feature of concentrating live CTCs within a small and
easily accessible area is lacking in existing methods but is important for translation into the clinical
application, because it circumvents the long image acquisition times (hours) required in existing
techniques. This feature is also important for accessing the isolated CTCs for downstream single-

cell manipulations (e.g. culture) and analysis (e.g. molecular profiling).

2.2 Results and Discussion

2.2.1 Overview of System

eDAR is operationally similar to flow cytometry but with important differences. The throughput
of traditional flow cytometry is limited by the sequential analyses of individual cells in a single-
file format; the process may take over 24 hours for 1 mL of blood containing 5 billion blood cells.
[46] To greatly increase throughput, eDAR probes for rare cells in nanoliter aliquots of blood that
each contain thousands of cells. Once the aliquots containing CTCs have been collected, blood
cells, especially RBCs, are removed from the CTCs by an on-chip filtration system. The isolated
CTCs can then be imaged on the filter or selectively removed for additional single-cell studies.
The filtration area (<1 mm?) is comparable to the field-of-view of a microscope (e.g. with a 10x
objective), which facilitates subsequent analysis. The filtration area is open at the top and can be

directly accessed, for example with a micropipette, for cell removal.

In comparison with flow cytometry, there are some key advantages and disadvantages of eDAR.

A main advantage of eDAR is the 3 to 4 orders of magnitude improvement in throughput. For
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example, our current system breaks down a blood sample into 2-nL aliquots, a volume that contains
a total of ~ 10,000 blood cells. At an interrogation rate of 1 ms per aliquot, it takes ~ 8 minutes to
process 1 mL of blood. Unlike existing approaches, subsequent imaging of the isolated CTCs
takes mere seconds. eDAR is extremely efficient at enriching rare cells: If there are 5 CTCs in 1
mL of blood, eDAR will discard 99.999% of the blood volume and present a combined 10 nL of

blood within a small accessible area of the filter.

However, the ensemble ranking process limits eDAR to the isolation of rare cells and prevents it
from working well for target cells that are abundant. In exchange for the vast improvement in
throughput of isolating rare cells, eDAR is limited to obtaining only fluorescence information
because there are many cells within the detection volume that cause scattering. In flow cytometry,
where each cell is detected in a single-file format, it is possible to obtain both fluorescence and
light-scattering information so cell size and morphology can be determined. For the isolation of
rare cells, the lack of light-scattering information is not important because the targeted cells are
captured downstream for imaging and individual analysis. Another advantage of eDAR is reduced
hydrodynamic-induced cell stress. In eDAR, a volume containing thousands of cells flows past
the interrogation region, resulting in a linear flow rate up to 50 times lower than in flow cytometry,
which minimizes shear stress on the cells. Preserving the viability of each isolated cell is

particularly important for these rare cells.

2.2.2 Individual Components of eDAR

Generation of Aliquots. Figure 2.1A schematically depicts our eDAR system. The first step in

eDAR is to generate or define an aliquot. We initially focused on aliquoting blood into droplets
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[77-78]; Figure 2.1B shows a continuous stream of aliquots defined by droplets surrounded by an
immiscible phase. We had presumed that encapsulation of the cells in a droplet may protect the
cells from flow and associated stresses outside of the droplet. We have since found this assumption
may be too simplistic because re-circulation flow present within droplets can generate significant
hydrodynamic shear stresses on cells. In addition, we found droplets had other disadvantages.
First, because droplets were spaced apart by immiscible oils, the throughput was reduced by at
least half at a given flow rate through the interrogation region. Second, the generation and stability
of the droplet stream was highly sensitive to flow conditions, an unwanted characteristic that
compromised the operational robustness of the system. And finally, droplets were incompatible

with the on-line filtration that we used to isolate the targeted CTCs from the other blood cells.
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Figure 2.1 Schematic and images showing the general concept of eDAR. (A) Overview of the microfluidic
chip. Whole blood labeled with fluorescent antibodies flows through the main channel of the microfluidic
chip with desired aliquots actively sorted into the cell capture chamber. (B) A high-speed camera image
of whole blood aliquoted into a continuous stream of droplets surrounded by silicone oil. (C) Laser-induced
fluorescence triggers the sorting of an aliquot containing a rare cell (shown in yellow) to the collection

microchannel and cell capture chamber.
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Rather than creating physically isolated aliquots with droplets, we next pursued the notion of
virtual aliquots. Here, each aliquot was defined by a combination of the laser illumination volume,
the bin time of the detection system, and the switching time of the solenoid. We found this
approach offered the highest throughput and operational robustness. In our current system, 2-nL
aliquots were the optimal compromise between detection sensitivity and throughput at a flow rate

of 50 puL/min.

Aliquot Ranking. Once we defined an aliquot, we ranked the aliquot based on the presence or
absence of rare cells by sequentially interrogating aliquots of blood in a flow-through format
(Figure 2.1C). To detect rare cells in an aliquot, we labeled the cells with fluorescent antibodies
against cell-surface markers characteristic of CTCs. For breast cancer cells, for example,
characteristic cell-surface markers are EpCAM and Her2 (all patients in this study were Her2
positive). Once labeling was complete, we introduced blood into the microfluidic chip at rates up
to 80 puL/min. As an aliquot of blood passed through the detection region in the microfluidic
channel, a laser illuminated it and excited any fluorescence tags that were present in the aliquot
(Figure 2.1C). For each aliquot, the resulting fluorescence could be simultaneously collected at
several (typically 3) wavelengths using fiber-coupled avalanche photo diodes (APDs) to determine
the contents of the aliquot. If the aliquot contained a target cell, the fluorescence emission

triggered the sorting of that aliquot into the collection channel.

To detect a single CTC in a background of nanoliters of blood, we developed a line-confocal
detection scheme [79] with a probe volume that spanned the width (150 um) and height (50 um)

of the main blood channel. Our system had two lasers at 488 nm and 633 nm, whose outputs were
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shaped by cylindrical lenses and focused into a 20% objective to form a 200 um by 5 um line
(Figure 2.2A). Fluorescence from this region was collected through a rectangular confocal
aperture and a series of dichroics and filters to fiber-coupled APDs operating in the single-photon
counting mode. In our current setup, APD1 detected the yellow fluorescence (560-590 nm) from
the monoclonal antibody anti-EpCAM labeled with phycoerythrin (PE); APD2 was used as a
negative control for the green wavelength range (500-550 nm) to eliminate false positives from
broadly emitting fluorescent contaminants; and APD3 detected anti-Her2 labeled with Alexa-647
in the red wavelength band (640-690 nm). A second excitation region using only the 488-nm laser
was located immediately after the sorting junction (Figure 2.1C); yellow fluorescence (560-590
nm) was collected in this spatially distinct detection region through a separate confocal a blood

aliquot with the target cell.
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Figure 2.2 Aliquot detection system. (A) The setup for aliquot detection is comprised of two excitation
lasers and four APDs. APDs 1, 2, and 3 collect fluorescence at three different wavelength regions (560-
590 nm, 500-550 nm, 640-690 nm) from the aliquot to determine the presence of a CTC. APD 4 confirms
the sorting of the desired aliquot. (B) A segment of the APD trace at the three different colors from clinical
sample number 16 showing aliquots positive for the antibody markers EpCAM (top trace) and Her?2 (second

trace) that were correctly sorted (bottom trace).
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Figure 2.2B shows a portion of the data trace from a metastatic breast cancer patient sample (#16).
The CTCs were readily detected in the 2-nL aliquots of blood with an average signal-to-noise (S/N)
ratio of 32 for the EpCAM marker and 64 for the Her2 marker (Figure 2.3A). The S/N ratio was
highly dependent on the flow rate of the cells as they went through the detection region as well as
the detection bin time (Figure 2.3B). Faster flow rates resulted in fewer photons detected from the
CTC and a higher background from the surrounding blood. With our current system, the maximum
flow rate that still allowed for an average S/N above 20 was 133 pL/min. For these experiments,
the optimal bin time was 0.1 ms, which was comparable to the transit time of a CTC through the

detection region.
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Figure 2.3 Signal to noise ratio of the line-confocal detection scheme. (A) The S/N ratio for each single
cell detected in an aliquot of blood for both antibody labels from clinical sample number 16. The mean
S/N ratio was 32 for EpCAM and 64 for Her2. (B) S/N ratio for EpCAM-labeled single cells as a function
of flow rate and signal bin time. The black curved line shows the optimal parameters with a maximum flow

rate of 133 uL/min for a S/N ratio above 20.

For this study, we simply ranked the aliquots as zero (no CTCs) or one (containing CTCs), but we

envision more sophisticated rankings will be beneficial in the future, for instance for aliquots with
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different types of rare cells. In comparison to the antibody-based surface capture of rare cells [67-
68], aliquot ranking offers more flexible logical operations. For example, we can collect aliquots
based on the presence of EpCAM and Her2 and absence of fluorescence in the green channel; in
antibody-based surface capture, cells that express either EpCAM or Her2 will be retained. Surface
capture can only employ the “OR” logical operation while eDAR can make more complex logic

decisions.

Aliquot Sorting. To sort and collect the aliquots that contained CTCs, we used an externally
actuated solenoid piston valve that sat above the elastomeric polydimethylsiloxane (PDMS)
microchannel (Figure 2.4). When an aliquot containing the target cell was detected, the solenoid
piston was released to direct flow through the collection microchannel. The flow rate in the two
side buffer channels was balanced by air-pressure regulators so that when the collection channel
was open, the entire aliquot of blood containing the target cell was directed towards the cell-capture
chamber. After a predefined interval, the solenoid piston was reengaged and the blood again

flowed to the waste outlet.

The raw photon counts from the APDs were sent to the sorting processor and simultaneously
graphed in real time and saved by a computer. At a rate of 10,000 Hz, the dedicated circuit
compared the intensity count at each time point to a threshold value defined by the blood’s
background signal. If a time bin contained a signal higher than the background threshold value,
the solenoid piston was released by switching the voltage from high (22 volts) to low (0 volts).
The elastomeric collection channel reverted to its native open state, forcing the solenoid piston up.
After the aliquot was sorted, the voltage was re-applied to the solenoid to close the collection

channel.

-19-



Figure 2.4 General scheme of the Aliquot sorting. The solenoid piston is released to allow flow through
the collection channel; images at bottom show the flow of whole blood when the collection channel is closed

(left) and opened (vight).

To test the effectiveness of the solenoid piston at preventing unwanted aliquots from being
collected, we prepared a sample using healthy donor blood to which we added SKBr-3 cells and
anti-EpCAM-PE antibodies (Figure 2.5). We used the fourth APD (Figure 2.2A) positioned in the
collection channel to monitor the performance of the eDAR system (red bottom APD trace). As
expected, when the sorting processor was configured to not release the solenoid, we found that
none of the aliquots that contained SKBr-3 cells (top black APD trace in Figure 2.5A) were
detected in the collection channel. When the sorting processor was operating in the normal
triggering mode (Figure 2.5B), each aliquot containing a labeled SKBr-3 cell that was detected by
the main APD (black) was also detected by the collection APD (red), confirming successful sorting.

The two traces appear to almost overlap, but the time difference between the signals can be used
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to determine the minimum amount of time that the solenoid needs to remain open to collect the

entire aliquot.
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Figure 2.5 The effectiveness of the aliquot sorting. (A)When the sorting scheme was configured as “off”,
APD traces from the first detection area (black) and the second detection area (red) show that no cells
were collected. (B) When the sorting scheme was applied, APD traces from the first detection area (black)

and the second detection area (red) show that all the cells were collected.

To test the performance of eDAR, we spiked cultured breast cancer cells (SKBr-3) into whole
blood and labeled them with fluorescent anti-EpCAM-PE. The blood was introduced into the
microfluidic chip using a syringe pump with flow rates varying between 10 and 80 pL/min. We
avoided any issues with dead volumes by mounting the syringe pump vertically with the tip of the

syringe pointing down.

The sorting efficiency was defined as the number of aliquots triggered to be sorted compared to
the number of cells detected as they entered the collection channel (Figure 2.6B). At slow flow
rates (25 pL/min and below), we got 100% sorting efficiency as the entire volume of each aliquot
was collected (Figure 2.6A). At the fastest flow rate of 80 pL/min, only a portion of each aliquot

was captured, resulting in a reduced sorting efficiency of 85%. The loss was caused by the
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collection channel not being completely open before the aliquot arrived because the solenoids do
not have reproducible timing below 2 ms. There are several design improvements that could be
made to increase the throughput, including increasing the distance between the detection region
and the sorting junction, using a solenoid with sub-millisecond response times, and changing the
channel dimensions. Figure 2.6C shows high-speed camera images of the blood flow as it
completely switched to the collection channel in less than 2 ms once the solenoid piston was

released.
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Figure 2.6. Aliquot sorting efficiency. (A) A plot showing the minimum amount of time required to collect
a desired aliquot of blood as a function of flow rate. The collection time was ~ 2.7 ms for 50 uL/min. The
plot of sorting efficiency versus flow rate shows highly accurate sorting (up to 100%). (B) Fluorescence
trace from a CTC showing the triggering (blue) and successful sorting (red) of an aliquot of blood. (C)
High-speed camera images of the sorting junction before and after the release of the solenoid piston that
show complete flow switching within 2 ms. The final image shows flow returning to the waste channel after

the completion of the aliquot sorting.

Aliquot Collection and Further Isolation of CTCs via Filtration. Sorted aliquots flowed to the
cell capture chamber where the target cells were retained by a filter. The majority of blood cells,
including all RBCs and many small WBCs, passed through the filter (Figure 2.7). The filter was
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a transparent, track-etched, polycarbonate membrane with 5-um pores that spanned the 1-mm
diameter chamber. With such a small volume of blood coming into the collection chamber, the
capacity of the ~1,000 pores was more than adequate. Captured cells, which clogged the pores
once trapped, did not significantly increase the pressure of the system, unlike bulk blood filtration
systems where capacity issues are a primary concern [54, 62, 80]. The small size of the filtration
chamber allowed for complete high-magnification imaging with just a few fields of view.
Alternatively, the entire chamber could be imaged in a single frame using a 10x objective and a

camera with a large CCD sensor.

Cell Capture
A Champber B

Figure 2.7 The cell capture chamber of eDAR. (A) The schematic drawing shows the structure of the cell
capture chamber, which can trap the cells and further purify it by removing red blood cells (RBCs) and
most of the white blood cells (WBCs). (B) The bright field image shows the 4 MCF-7 cells captured on the

polycarbonate filter.

The chamber was open and easily accessible from the top. Additional reagents, such as antibodies
against various cellular targets, could be pipetted onto the filter and perfused over the targeted
cells. Micropipettes could also be positioned above the filter to remove individual CTCs for
analysis or culture. With a 5-um pore size, some WBCs were also retained on the filter. But with
highly enriched CTCs, these WBCs were present in comparable numbers to CTCs and were easily

distinguishable from CTCs with anti-CD45 antibodies specific for WBCs. A wide range of pore
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sizes are available and the filter can easily be varied depending on the final requirements of the

application.

2.2.3 Overall Performance of eDAR

Cell Recovery. Among the many reasons why recovery rates are typically low for rare cells is the
loss or damage of cells during the preparation process. Depending on the technique, these losses
can be caused by mechanical or chemical lysis or cell adhesion to the tubing and vials during
multiple transfer steps. Our process was optimized to include a minimum of sample preparation
steps that didn’t involve lysing. The blood processing consisted of labeling with antibodies,
dilution with buffer, followed by centrifugation and removal of the supernatant containing the free

antibodies.

Recovery experiments were conducted with two breast cancer cell lines, MCF-7 and SKBr-3. A
known quantity of cells ranging from 5 to 311 was spiked into a tube containing 1 to 2 mL of
healthy donor blood. Typically, cell recovery experiments are conducted by calculating the
concentration of cells using a hemocytometer or flow cytometer prior to serial dilution. For the
low cell numbers that are the most interesting in rare-cell isolation experiments, the statistics for
serial dilution break down and are inaccurate. For our studies, the number of cells was counted
individually using a capillary cell-spiking method that we previously published [81]. This method
allowed us to investigate the recovery rates conveniently for as few as 5 cells rather than the tens

to thousands range that is typically reported.
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The isolated cells were enumerated in the filtration area using laser excited epi-fluorescence
imaging of anti-EpCAM (Figure 2.8B) and anti-Her2 (Figure 2.8C). From nine separate recovery
experiments using a flow rate of 50 pL/min, we determined the average recovery efficiency of the
whole system was better than 93% (Figure 2.8A). This flow rate was used for the false positive

experiments as well as for all the clinical samples.
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Figure 2.8 Recovery and false positive performance of eDAR. (A) Captured cells were counted at the end
of each run and compared to the number initially spiked into the sample. The average recovery efficiency
Jor the nine runs is higher than 93% (flow rate was 50 uL/min). Fluorescence images of the captured cells
on the filtration membrane labeled with (B) anti-EpCAM and (C) anti-Her2. The scale bar is 20 um. (D)

Negative controls showing 8 control runs using healthy donor blood with zero false positives.

Equally important is the potential for false positives. We performed negative control experiments
using healthy donor blood. One milliliter of blood was labeled with anti-EpCAM and anti-Her2
antibodies and run through our system using the same protocol as used for the cell-recovery
experiments and for processing clinical samples from breast cancer patients. Figure 2.8D shows
the results from eight experiments, all of which found no target cells, yielding a false positive rate

of zero.
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2.2.4 Isolation of CTCs from Metastatic Breast, Lung and Pancreatic Cancer Patients using

eDAR.

To better understand the performance of eDAR, we carried out a side-by-side comparison between
eDAR and the FDA-approved CellSearch assay using clinical samples. Patients with Stage IV
metastatic breast cancer had peripheral blood drawn in an outpatient cancer clinic as a part of their
office visit. Multiple tubes of venipunctured blood were collected in each draw. The first tube
was not used for cell analysis because of the potential for contamination from epithelial cells
during the venipuncture process. Of the remaining tubes, one was drawn into a Veridex CellSave
tube for enumeration using the Veridex CellSearch system. A second sample from the same draw
was collected in a Vacutainer tube containing K3EDTA and delivered to our laboratory for analysis
with eDAR. The samples were run independently: CellSearch was performed by a clinical
technologist as part of routine clinical testing, and eDAR was carried out by our lab. The results
of the CellSearch analysis were unknown to us until after we had completed the analysis of our

samples. This arrangement allowed for a direct head-to-head comparison between the two systems.

For each clinical sample, we processed between 1 and 2 mL of whole blood with a total sample
preparation time of 40 minutes. Each sample was run using a new disposable PDMS chip to
prevent contamination. Aliquot sorting was triggered by the presence of anti-EpCAM-PE
fluorescence. EpCAM was chosen because it is the primary marker used in the CellSearch system.
For a 1-mL sample with a flow rate of 50 uL/min, each run took 20 minutes. The captured cells

at the end of the run were imaged and analyzed using multi-color epi-fluorescence.
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Figure 2.9 Clinical results for CTCs isolated from blood samples drawn from breast cancer patients. (A)
Images of three CTCs isolated from clinical sample number 16, scale bar is 20 um. (B) Images from a CTC
labeled with fluorescent antibodies against the breast cancer stem cell marker (CD44"/CD24). (C) Side-

by-side comparison of clinical results from 20 breast cancer patient samples ran with CellSearch and eDAR.

To confirm the presence of anti-EpCAM-PE, images were collected in the yellow wavelength
region, 560 to 590 nm, by excitation with a 488-nm laser. To test for anti-Her2-Alexa 647’s
presence, images were also collected in the red wavelength region, 650 to 690 nm, using a 633-
nm laser. To count the number of CTCs, additional labeling with anti-CD45 and anti-cytokeratin
was performed by directly pipetting the reagents onto the cells and washing the cells retained on
the filter through the open top of the cell-capture chamber. For this secondary labeling step, the

cells were first fixed with paraformaldehyde and permeabilized with a surfactant to allow binding
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of antibody to cytokeratin. The presence of CTCs was confirmed if they were labeled by anti-
EpCAM and anti-cytokeratin but not anti-CD45, which is present on leukocytes. After this
secondary labeling, the cells were further labeled with the nuclear stain DRAQS to confirm that
the cells were intact. Figure 2.9A shows 3 cells from clinical sample number 16 that were
positively labeled with EpCAM, Her2, cytokeratin, and DRAQS5 but were negative with the CD45

antibody.

eDAR affords us the versatility of having the captured cells isolated in a small open area and
retained by the filter where multiple analyses can be performed. Captured and labeled CTCs from
clinical sample number 23 were first photobleached and then labeled with the stem cell markers
anti-CD24- fluorescein isothiocyanate (FITC) and anti-CD44-Alexa-647 (Figure 2.9B). A study
has shown that in breast cancer, the cell subpopulation that expresses the cell surface markers
CD44+ and CD24-/low exhibits stem-cell characteristics; less than 200 of these cells were
sufficient to form tumors when implanted in mice [74]. In contrast, more than 20,000 cells isolated
from the same tumor that did not exhibit this marker (i.e. CD44+ and CD24-/low) were unable to
form tumors when implanted in mice [74]. Furthermore, these CD44+ and CD24-/low cells were
shown to form tumor mammospheres in vitro, a property that was described for mammary
stem/progenitor cells [16, 82-84]. Using eDAR, we were able to detect the presence of this subset

of cells within the isolated CTCs from breast cancer patients.

Figure 2.9C summarizes the results from 20 clinical samples analyzed both by eDAR and
CellSearch. The number of CTCs found by eDAR ranged from 11 to 105 for a normalized volume

of 7.5 mL, with an average of 45. The CellSearch results from the same patient samples ranged
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from 0 to 111, with an average of 10. CellSearch found 0 cells in 12 of the patient samples, with
only 4 samples containing more than 2 CTCs. eDAR, in comparison, identified CTCs in all
samples. The average of 10 CTCs enumerated by CellSearch is skewed by clinical sample 14. If
we omit this sample from the analysis, CellSearch detected 0 to 64 CTCs with an average of 5,
while eDAR recovered 11 to 105 CTCs with an average of 44 (Table 1). This comparison clearly

illustrates the improved sensitivity offered by eDAR.

In another clinical study, we validated the reported method by analyzing 16 samples from patients
with metastatic pancreatic cancer and 9 samples from patients with metastatic lung cancer (Figure
2.10). CTCs were found in 87% of the pancreatic cancer samples in the range from 2 to 183
cells/mL. The average counts of pancreatic CTCs were 21 cells/mL with a median value of 7
cells/mL. In the group of lung cancer CTCs were found in 90% of the samples (n=9) in the range
from 1 to 147 cells/mL. The average number of lung CTCs were 20 cells/mL with a median
concentration of 4 cells/mL. These results proved that our method can detect CTCs from patients

with other types of cancer, with a high sensitivity and efficiency.
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Figure 2.10 CTCs from pancreatic and lung cancer patients analyzed by eDAR. Samples Pl to P16 are

pancreatic cancer samples; samples L1 to L9 are the blood samples from lung cancer patients.
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Sample ID Sample Volume Raw number of Normalized CTCs | CTCs counted by
(mL) CTCs captured by captured by eDAR | CellSearch (/7.5
eDAR (/7.5 ml) ml)
1 2.00 19 71 0
2 1.00 14 105 0
3 2.00 3 11 9
4 2.00 5 19 0
5 2.00 5 19 0
6 1.50 7 35 0
7 2.00 19 71 0
8 1.70 13 57 0
9 1.80 4 17 0
10 1.00 3 23 0
11 1.25 11 66 64
12 1.25 8 48 2
13 1.00 5 38 2
14 1.25 13 78 111
15 1.00 4 30 10
16 1.00 13 98 1
17 1.25 4 24 1
18 1.25 3 18 0
19 1.25 8 48 0
20 0.90 4 33 0

Table 2.1 eDAR and CellSearch results obtained for 20 breast-cancer patient samples. The head-to-head
comparison between the commercial CellSearch system and our eDAR platform using blood draws from

Stage IV metastatic breast cancer patients.
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2.3 Materials and Methods

2.3.1 Chip Fabrication and Multi-layer Structure Integration

The microfluidic channels were developed by photolithography methods described previously [85-
86]. Briefly, features were designed in AutoCAD and written to a transparency mask (FineLine
imagining, Colorado springs, CO, USA). Master silicon wafers were created with SU-8 3050
(MicroChem, Newton, MA, USA) with a feature height of 50 um and a silanization layer of
tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane (Sigma—Aldrich, St. Louis, MO, USA). A
thin layer of PDMS was spun to a final height of 150 pm on the master wafers and baked at 75 °C

for 1 hour.

To integrate the solenoid (S-10-38-H-40, Magnetic sensor systems, Van Nuys, CA), a threaded
mount made of cured PDMS was positioned above the collection channel and fresh PDMS was
poured in and allowed to cure [87]. The device was then removed from the silicon master wafer
and pre-cleaned before it was combined with the filter and bottom collection channel. The bottom
outlet collection channel underneath the filtration area was cut out of a PDMS film with a thickness
of 250 um before sealing to a 0.5 mm thick cover glass using plasma oxidation. A small piece of
polycarbonate filter membrane (Millipore, Billerica, MA, USA) was then sandwiched between the
upper collection channels and the outlet channel and sealed using Polymethylhydrosiloxane
(PMHS) assisted plasma oxidation [88]. Finally, the solenoid was integrated into the device by

screwing it into the integrated threaded PDMS mount.
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Figure 2.11 The six layers of the final eDAR chip: (1) cover glass, (2) PDMS membrane with outlet

collection channel, (3) membrane filter, (4) main channel network, (5) solenoid threaded mount with inlet

and outlet ports for the blood and buffer, and (6) solenoid with piston.

The final microchip had six distinct layers (Figure 2.11): (1) 500-um thick cover glass; (2) 250-
um thick PDMS membrane with a 2 mm % 6 mm channel in it; (3) polycarbonate filter with 5-um
pores; (4) 150-um thick PDMS membrane with the channel network; (5) PDMS slab with a
threaded mount for the solenoid as well as inlet and outlet ports for the blood sample and buffer;
(6) Solenoid with piston. The final device is approximately 5 % 3.5 x 0.5 cm, with the solenoid

protruding an additional 4 cm above the device (Figure 2.12).
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Figure 2.12 Photograph of an eDAR chip.

2.3.2 Biological Material and Blood

Two breast cancer cell lines, MCF-7 and SKBr-3 (American Type Culture Collection), were used
to characterize and optimize eDAR. Cells were maintained in the recommended culture media
(McCoy’s 5A or EMEM) containing 2 mM L-1 glutamine, 10% fetal bovine serum, and 50 pg/mL
penicillin/streptomycin at 37 °C with 5% CO; in a humidified environment. Isoton (Beckman
Coulter, Miami, FL) was used as the buffer for all experiments. Whole human blood,
individually drawn from healthy donors, was provided by Plasma International (Everett, WA).
Each 20-mL draw was collected into five Vacutainer tubes containing K3EDTA, stored at 4°C
upon arrival, and used within 72 h of the draw. The first tube of each draw was discarded to avoid

potential contamination from skin fragments.

Patients with Stage IV metastatic breast cancer were recruited according to the protocol approved
by the University of Washington's Institutional Review Board. Peripheral blood samples were
drawn at the Seattle Cancer Care Alliance as a part of the subjects’ office visits. Multiple tubes of
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venipuncture blood were collected in each draw. One tube was collected in a Veridex CellSave
tube for enumeration of CTCs by Veridex's CellSearch test. A second tube was collected in a
Vacutainer tube containing KsEDTA for analysis by eDAR. The sample was stored at 4°C after
the draw and delivered to our laboratory within 4 h. Patients with metastatic lung and pancreatic
cancer patients were recruited according to the protocols approved by Fred Hutchinson Cancer
Research Center’s institutional review board. Blood was collected into a 10-mL Vacutianer tube

containing K3EDTA for analysis by eDAR.

2.3.3 Sample Preparation and Antibody Labeling

For clinical samples, 0.90 to 2.00 of blood were transferred to a 15-mL polypropylene conical
centrifuge tube (Becton Dickinson, Franklin Lakes, NJ, USA). The blood sample was typically
incubated with 120 ul of PE-anti-EpCAM (BioLegend, San Diego, CA, Catalog # 324206) and 20
ul of Alexa-647-anti-Her2 (BioLegend, San Diego, CA, Catalog # 324412) in the dark at room
temperature for 30 min. Antibodies were centrifuged (20,000% g, 5 min) to remove any aggregates
before labeling. Optimal parameters for antibody labeling were investigated and are shown in
Table 2. The labeled blood was diluted to 14 mL with Isoton and centrifuged to remove the free
antibodies (Figure 2.12). The final volume was controlled to be the same as the initial volume.
All control and clinical samples were prepared using the same protocol. For the recovery

experiments, the cultured cancer cells were spiked into whole blood prior to antibody labeling.
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Antibody Manufacturer Stock Normalized

Concentration Fluorescence

(ng/ml) Intensity (a.u.)
EpCAM - Phycoerythrin Biolegend 5 100
Her2 - Alexa 647 Biolegend Not reported 833
Cytokeratin - Alexa 647 Cell Signaling 50 304
CD45 - FITC Biolegend Not reported 47
DRAQS5 Cell Signaling Not reported 220
CD24 - FITC Biolegend 100 262
CD44 - Alexa 647 Biolegend 500 385

Table 2.2 Characterization of fluorescence and concentration of antibodies. For each batch of antibodies,
we conducted cell-labeling experiments to optimize the fluorescence intensity. These experiments were also
a quality-control check to monitor concentration changes between the purchased batches. The fluorescence

intensity was normalized to the EpCAM-phycoerythrin antibody.

After the sample was run through the microfluidic chip, cells trapped on the filter could be labeled
again to further identify their characteristics. To fix the captured cells, 2% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) and 0.5% Surfactant 465 (Air Products and
chemicals, Allentown, PA) were pipetted directly into the cell capture chamber and incubated for
15 min. A mixture of PE-anti-EpCAM, Alexa647-anti-cytokeratin (pan-Keratin (C11)) (Cell
Signaling technologies, Danvers, MA, Catalog #4528), and FITC-anti-CD45 (BioLegend, San
Diego, CA, Catalog # 304006) was then added and incubated in the dark at room temperature for
20 min. Cells could also be labeled with a nuclear staining dye such as DRAQ-5 (Cell Signaling

technologies, Danvers, MA).
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Figure 2.13 Blood preparation. Typically 2 mL of blood were incubated on a rocker at room temperature
for 30 minutes with the chosen antibodies. After incubation the blood was diluted to 14 mL with Isoton
buffer and centrifuged at 500% g for 10 minutes. The supernatant containing unbound antibodies was

removed, leaving 2 mL of the blood for processing with eDAR.

For cancer stem cell labeling, a mixture of PE-anti-EpCAM, Alexa 647-anti-CD44 (BioLegend,
San Diego, CA, Catalog #103018) and FITC-anti-CD24 (BioLegend, San Diego, CA, Catalog
#311104) was added. Before each additional antibody incubation step, labeled fluorophores on
the cells were photobleached to avoid spectral interference. This photobleaching step was

carefully optimized to avoid cellular damage.

2.3.4 Electronics and Program Control for eDAR

Because computer processors are not designed for high speed timing and synchronization, we used
an independent dedicated logic circuit processor that was preprogrammed with input parameters
by LabVIEW software. Figure 2.13 shows the data flow between the APDs, sorting logic
processor, and the computer as well as the feedback to the solenoid used for sorting. The
fluorescence intensity detected by the APDs is output as 50-ns TTL pulses, which are integrated

for a predefined interval of typically 100 ps by both a computer using a PCI data acquisition card
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(PCI 6602, National Instruments, Austin, TX) and a dedicated sorting processor. The sorting
processor is needed to precisely trigger the solenoid because computer timing is typically
inconsistent below a couple ms. The sorting processor is preconfigured using LabVIEW software
to change the voltage applied to the solenoid. The logic mode that triggers sorting can be
configured to respond to any combination of signals from the different APDs. The computer

simultaneously graphs the fluorescence intensity readout from the 4 APDs for user monitoring.

Dedicated sorting
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Figure 2.14 The electonics and information flow of eDAR. Green line shows the optical signal; blue lines
show the electrical signal of the APD detectors and sorting controller. Purple lines are the command that

set up the experimental parameters, red line is the DC voltage output.

2.3.5 Air Pressure on the Two Buffer Lines

The buffer flowing in the two side channels were driven by compressed air. The air pressure was

used to regulate the hydrodynamic switching of the blood flow when the “positive” aliquot was
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collected. Figure 2.14 shows the optimized pressure on both sides, which corresponded to the
highest sorting recovery at different flow rates. Prior to each experiment, the air pressures applied
to the side sorting channels were adjusted to optimize sorting. The air pressure for each side
channel is controlled independently by pressure regulators. The pressure needed to achieve proper
sorting depends on the flow rate of the main blood channel. Typically, the flow rate in the right
buffer channel is twice the flow rate of the main blood channel, which in turn is twice the flow rate

of the left buffer channel.
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Figure 2.15 Optimization of the applied air pressures to the side buffer channels.

2.4 Conclusion

Cancerous tumors are diverse in their molecular and cellular composition. Because cancer is a
very heterogeneous disease, a given patient may have many types of cancer cells with different
phenotypes and genetic profiles. eDAR represents a different approach than other techniques

demonstrated thus far for enumerating rare cells like CTCs. We believe it has the unique capability
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of recovering individual live CTCs with high efficiency, throughput, and minimal stress; eDAR’s
feature of concentrating the isolated rare cells within a small easily assessable area bypasses the
long imaging times that plague most other existing techniques and greatly increases its throughput.
At present, we are applying sensitive single-cell techniques, such as single-cell gene-expression,
proteomic, and pathway analysis, for studying CTCs so we can gain a better understanding of the
physiology and diversity of these rare but deadly cells. This new understanding will facilitate the
development of more accurate diagnostic and prognostic markers as well as more effective
personalized therapies to eradicate these cancer cells. We believe eDAR will also find use in the

1solation of other rare cells besides CTCs.
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Chapter 3 Subsequent Analyses and Manipulation of Single CTCs

Captured on eDAR Platform

3.1 Introduction

Many new technologies—immunomagnetic separation, affinity chromatography like separation
methods, negative selection, and various other microfluidic approaches [89]—only aim to count
CTCs. Indeed, the only method currently approved by FDA, the CellSearch system, is entirely
based on the enumeration. It should be noted that CTC methods are often considered to be akin to

a non-invasive and real-time biopsy.

As discussed previously, more studies are showing that the cellular and molecular analyses of
CTCs may be more important than simple enumeration [71]. These analyses can potentially verify
some biological and clinical hypotheses by studying the expression of many biomarkers on CTCs
and comparing them to the biomarker expression profile of the primary tumor. For example, a
recent study revealed the marked heterogeneity in the expression of stem cell and mesenchymal
markers, by analyzing the gene profile of 15 single CTCs from a prostate cancer patient [90].
Downstream analysis post-enumeration can also improve our understanding of the mechanisms of
metastasis. Some studies showed that cancer stem cells can be found in the population of CTCs

[16, 59], and may also correlate with the disease progression.

Among various potential genetic and molecular analyses, analyzing protein biomarkers may be an

easy and important starting point to perform in the downstream analyses of CTCs for several
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reasons. First, some protein markers are direct targets of anti-tumor drugs, such as Her2 [64] or
epidermal growth factor receptor [18, 91]. By studying these biomarkers, more molecular details
can be revealed, which may benefit the prognostic evaluation. Second, some protein markers can
clearly define the sub-populations of CTCs, such as epithelial CTCs, mesenchymal CTCs or CTCs
with stem-cell characteristics, which may provide more biological details about the metastatic
tumor biomarker. Third, no matter what enrichment method is used, most of the current CTC-
methods count and verify CTCs using immunostaining and fluorescence imaging techniques.
These techniques are fully compatible with subsequent protein biomarker analysis after CTC
enumeration. Therefore the immunostaining and fluorescence analyses of CTCs can be readily

done once the cells are captured with minimum additional sample preparation or transfer processes.

In chapter 2, I described a high-throughput and sensitive method for detecting and isolating CTCs
in human blood called eDAR [76]. The detection, separation and analysis were integrated into a
single microfluidic chip, aiming for an “all-in-one” platform for the analysis of CTCs. eDAR took
less than 20 min to analyze 1 mL of whole blood. The method had a 94% recovery rate and a zero
false-positive value, demonstrating that eDAR has high throughput, sensitivity, and accuracy. We
believe eDAR is an ideal platform for capturing CTCs and performing the subsequent analysis of
the expression of protein markers for two reasons: First, cells are captured and enriched into a
small area on the microfluidic chip so the imaging process can be done much faster than
accomplished by other techniques. The small area also minimizes the usage of secondary
antibodies. Second, eDAR has an open-access design, which can facilitate the manipulation of

single cells, such as picking up a cell of interest or delivering certain reagents to a cell.
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Another potential important application of eDAR is the manipulation of the single CTCs captured
by this method. Because of the open access design and the very small area where the CTCs were
enriched, it is very easy to pick up a single CTC trapped on the polycarbonate filter, or deliver
specific reagents onto that cell. After picking up the cell, various downstream analysis could be

performed, such as the cell culture or gene analysis.

In this chapter, two types of subsequent analyses are reported. First, I developed and optimized a
simple and semi-automatic method to perform the downstream analysis of the expression of
protein markers on trapped CTCs. I designed an inline immunostaining and photobleaching
system which allowed us to perform labeling and fluorescence imaging tests on selected CTCs
with a group of antibodies conjugated with different fluorophores followed by the photobleaching
and re-labeling with different fluorescent antibodies against another group of biomarkers. This
process can be repeated multiple times to study groups of protein biomarkers. In our experiment,
two protein markers of interest, combined with a positive control marker (nuclear stain) and a
negative control marker (CD45), are studied in each round. As proof of principle, I performed
four rounds of the immunostaining and photobleaching process to look at the expression of eight
protein markers of interest. Second, I designed and built a device to selectively pick up or
manipulate single CTCs trapped on eDAR microchip. Using cultured cancer cells spiked into
human blood, we were able to pick up the CTC and then deliver it to another reservoir for cell

culture.

3.2 Results and Discussion
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3.2.1 CTC:s Isolated by eDAR

Before running the eDAR test, whole blood sample was pre-labeled with the antibodies conjugated
to fluorophores and then introduced to the microchip. In many applications, EpCAM was used as
the biomarker for the positive selection. However, our method can be flexible in using a different
or more complicated selection logic. As summarized in chapter 2, eDAR has three major
components: the line-confocal detection scheme, the hydrodynamic sorting scheme and the

subsequent purification and analysis area [76] (Figure 3.1).
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Figure 3.1 Cells captured by eDAR for downstream analysis. (A) The general scheme of eDAR. The two
yellow dots in the top channel and the left collection channel show cancer cells in blood labeled with
antibodies. (B) An example of the APD traces, which control the aliquot ranking (data in green), and

confirm the cells are actually sorted (data in red). (C) A cancer cell captured on the polycarbonate filter
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and labeled with anti-EpCAM-PE, anti-Cytokeratin-Alexa647, anti-CD45-FITC, and DAPI. Merged

fluorescence and the bright field images are also shown here. All the scale bars are 20 um.

In eDAR, a virtual aliquot was first defined by a combination of the laser detection beam, the
volumetric flow rate, and the sorting speed. Based on these factors, the labeled blood sample was
virtually divided up into half a million aliquots per 1 mL with 2 nL per an aliquot. The line-
confocal detection method detected the fluorescence emission with single-cell sensitivity [92]. As
a result, these virtual aliquots were ranked based on the primary labeling schemes as “positive” or
“negative”. Because of the very low concentration of CTCs, more than 99.999% of the aliquots

were discarded (Figure 3.1A), which resulted in a greater than 1-million-fold enrichment ratio.

Based on the results of the aliquot ranking, an automatic feedback mechanism was applied to
trigger a hydrodynamic switch of the blood flow so that the “positive” aliquots could be collected
and transferred to an area for further purification and analysis. A solenoid was placed in the CTC
collection channel in the closed mode on the left (Figure 3.1A) so the “negative” aliquots only
flowed into the waste channel on the right. There was also a pressure drop between the two side
channels where the buffer flowed, which switched the blood flow from the waste channel to the
collection side when the solenoid was open. A second line-confocal detection window was also
placed on the collection side to monitor the efficiency of the hydrodynamic switching in real time.
Figure 3.1B shows a small part of the data from a sample taken from a lung cancer patient. In this
figure, the green signal shows the APD traces from the first detection area which controlled the
aliquot sorting; the signal in red was the APD counts from the second detection area confirming

that the aliquots were actually sorted.
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These sorted aliquots were transferred to an area where CTCs could be trapped and most of the
blood cells discarded (Figure 3.1A). Although there are many possible ways to further purify the
captured cells, we usually incorporated a small piece of polycarbonate filter (5 pm pore size) onto
the eDAR chip. The trapped cells were imaged and further labeled with more biomarkers on the
chip to determine their identities. For example, figure 3.1C shows a cancer cell trapped on the
eDAR microchip, which was positive against EpCAM, cytokeratin, and the nuclear stain but
negative against CD45. This cell was also observed by bright-field microscopy, which provided

the morphological information.

3.2.2 General Scheme for the Sequential Immunostaining and Photobleaching Process

We developed an inline staining and washing system coupled with the current eDAR platform in
order to minimize the dead volume; decrease the amount of antibodies used; avoid introducing air
bubbles; and automate the process. As shown in figure 3.2A, two ports on the eDAR microchip
were left open to perform the perfusion labeling and washing steps while all the other three ports
were completely closed. A peristaltic pump delivered the washing buffer and labeling reagents to
the eDAR microchip and was coupled with the pressurized buffer source via a six-way valve. The
other three ports on this valve were completely blocked to prevent any possible leakage or
contamination. When running the eDAR experiment, the six-way valve was turned to the
pressurized buffer side to provide a stable control of the hydrodynamic switching. It could be
switched to the peristaltic-pump side to inject accurate amounts of reagents to the microchip

without introducing any air bubbles. Using this scheme, a few nanograms of the antibodies were
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introduced to the trapped cells in less than 5 min; a typical incubation step took less than 20 min

(Figure 3.2B).

Staining &
imaging area

I—bWaste out

Cells captured - Washing &
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Figure 3.2 General scheme and procedure of the sequential immunostaining and photobleaching tests. A)
The inline labeling system coupled to the current eDAR system. A peristaltic pump delivered the labeling
reagents and washing buffer. The cross bars on this figure mean the corresponding ports were closed

during the experiments. B) The general process flow of the sequential immunolabeling and photobleaching

experiment.

If there was a need to perform intracellular marker testing, the captured cells could be fixed and
permeabilized on the chip prior to the test. Then multiple rounds of the staining, washing, imaging

and bleaching experiments could be performed sequentially. In each round, four colors of
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fluorescence — yellow (PE), red (Alexa 647 or APC), green (FITC), and blue (nuclear stain) —

were monitored.

3.2.3 Characterization and Optimization of the Photobleaching Process

There are two critical factors that could determine the efficiency of the photobleaching step—
exposure power and time. We carefully characterized and optimized them to improve the
efficiency and throughput while ensuring that the cells were not damaged by potential heating. The
photobleaching curve under different exposure powers was studied first (Figure 3.3A). MCF-7
cells were labeled with anti-EpCAM-PE, and placed on a No.2 coverslip. We bleached the labeled
single cells with three different power settings. The bleaching curves show that the exposure time
could be controlled under 10 min to get a more than 95% bleaching efficiency when the exposure

power was higher than 2 mW.
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Figure 3.3 Optimization of the photobleaching process. (4) Photobleaching curves for the MCF-7 cells
labeled with anti-EpCAM-PE exposed to different powers of the light source. (B) Photobleaching curves
Jfor the MCF-7 cells labeled with anti-EpCAM conjugated with Alexa 647, Alexa488, FITC and PE.
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Based on this, we studied the bleaching curves of the four fluorophores, PE, FITC, Alexa 488 and
Alexa 647, which could be directly applied in our scheme. Figure 3.3B shows that the fluorescent
emission of PE, FITC and Alexa 488 could be bleached to less than 10% in less than 5 min; the
photobleaching times for Alexa 647 took longer, partly because the power of the light source
between 610 to 660 nm (red excitation) was lower than that in the range of yellow and green
excitation. As a result, we set the bleaching time as 15 min to get a high bleaching efficiency with
an acceptable throughput. This could be further improved by raising the power of the light source;

however, it might increase the risk of heating and cellular damage.

3.2.4 Sequential Immunostaining and Photobleaching Tests

For this part of the study, we designed an assay for the expression of protein markers on captured
CTCs based on four rounds of sequential immunostaining and photobleaching processes. We
monitored four different makers in each round through four individual channels using epi-
fluorenscence microscopy. Each set of markers had a nuclear stain (Hoechst) as a positive control
marker, CD45 conjugated with FITC as a negative control marker, and two protein markers
conjugated with PE or Alexa 647. Our system was designed not to bleach the Hoechst stain for
two reasons: First, because the stain was used as a positive control marker, we could not keep
track of it if we photobleached it. Second, it would require a UV exposure to bleach the stain,
which could cause significant cellular damage [93]. CD45 is widely expressed on many types of
white blood cells (WBCs), which are considered to be the biggest interferences in the separation

of CTCs. Therefore, they are frequently used as negative control markers.
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Figure 3.4 Sequential immunostaining and photobleaching results for six cancer cells trapped on an eDAR

chip. The Hoechst nuclear stain was used as a positive control marker and CD45 was used to exclude the
potential interference from WBCs. Eight protein markers were studied, including EpCAM/Cytokeratin,
MUCI/Her2, CD44/CD24 and CD166/EGFR. Scale bar represents 20 um.

Many protein markers could be tested on CTCs but as a proof of concept, we selected eight
antigens and divided them into four groups (Figure 3.4). The first set had EpCAM and cytokeratin,
which are the most widely used markers to identify CTCs [47, 63]. We applied this
immunostaining test set right after the capture of CTCs by eDAR to further confirm and enumerate
the CTCs with epithelial biomarkers. Figure 3.4 shows that there were six tumor cells trapped on
the eDAR chip, which are positive to the Hoechst stain but negative to CD45. Two of them had a

strong expression of EpCAM and cytokeratin, which implied the cells had epithelial characteristics.
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The second set was designed to investigate other epithelial markers which are important for clinical
and biological studies. We selected Her2 and MUCIT as the two protein markers for this set since
these two biomarkers play important roles in the cancer pathogenesis and resistance to drugs [64,
94]. They are also potential targets of the anti-tumor drugs and immunotherapy. The second
round of labeling in figure 4 shows that part of the cells trapped on the eDAR-chip had MUCI1
expression but all of them were really low in their Her2 expression. However, in other experiments,

we did observe cells expressing Her2 strongly (Figure 3.5)

Hoechst Merged

Figure 3.5 Fluorescence images of the four cancer cells captured on eDAR with Her2+/MUCI- character.
A) shows a very dim yellow emission from PE, which was conjugated with MUCI, B) shows a strong red
emission from Alexa 647, which was conjugated with Her2, C) shows the results of Hoechst stain, and D)

is the merged image of the above three.

Cancer stem cells have been shown to play important roles in tumor progression and have been
observed in the population of CTCs [82]. The third set of markers had two cancer stem cell
antigens, CD44 and CD24. They are extensively studied as stem cell markers for breast cancer

and possibly for other types of cancers as well [84]. Figure 3.4 shows that 4 cells had a strong
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expression of CD44+/CD24-, and the other two are CD44-/CD24+. Other stem cell markers, such

as CD133 and CD105, could also be used in this group based on the type of primary cancer.

The last set of markers in figure 3.4 was designed to look at the expression of EGFR and CD166
to demonstrate the mesenchymal characteristics of tumor cells. EGFR has been shown to be
associated with the EMT process [95], and CD166 was used to define mesenchymal stem cells in
bone marrow [96]. Other related markers, such as vimentin and cadherin, could be used in this

group as well [40, 52].

3.2.5 Single-Cell Manipulation and Culture of captured CTCs

One important advantage of eDAR is its ability to easily access the isolated CTCs that are
concentrated and retained within a small area on a filter. To demonstrate this point, we spiked
cultured breast cancer cells (MCF-7) into whole blood, ran the blood through the chip, isolated the
spiked MCF-7 cells on the filter, inserted a micropipette into the open volume and removed a
single MCF-7 cell from the filter (Figure 3.6A). We transferred this MCF-7 cell into a culture dish
containing cell culture media and cultured the cell for one week. Figures 6B and 6C show the
selective removal of a targeted MCF-7 cell from other MCF-7 cells retained on the filter. We
believe this capability will allow researchers to go beyond simple enumeration of CTCs and to

perform single-cell molecular profiling and manipulation of individual isolated CTCs.
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Figure 3.6 Single-cell removal on eDAR platform. (4) Photograph of the pulled capillary used for selecting
a single cell for removal and further analysis. (B) Fluorescence image of EpCAM-labeled MCF-7 before
and (C) after removal of the select cell from the filter. The scale bar is 40 um.

After picking up the selected CTC, we could deliver that cell to another reservoir for cell culture
and proliferation studies. Figure 3.7A shows that the same MCF-7 cell removed in figure 3.6 was
delivered into the plastic reservoir sealed with a coverslip having photo-etched grids. After that,
cell culture medium was added into this reservoir and placed in an incubator for cell culture. Figure
3.7B and 3.7C show the cell in figure 3.7A after 2 and 4 days, respectively. Those proliferated
cells could be washed out of that surface and then labeled with antibodies, such as EpCAM,

showing that this single-cell culture experiment did not change the function of the captured CTC.

Figure 3.7 Single-cell culture of captured CTCs. (A) The image of a MCF-7 cell that was isolated using
eDAR from whole blood, and then delivered on the single cell culture chip. (B, C) shows the cell in (4)
after 2 days (B). and 4 days (C) of culture. The scale bar is 40 um.
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3.3. Materials and methods

3.3.1 Microfluidic Components and Line-confocal Optics

Briefly, the features were designed using AutoCAD (AutoDesk, San Rafael, CA), and then written
on a transparency mask by Fineline Imaging (Colorado Springs, CO). Micro-features were
fabricated on a silicon wafer using SU-8-3050 (Micro-Chem Corp., Newton, MA) as a negative
photoresist; the feature height was controlled to be 50 um. Once the features were developed,
uncured PDMS was poured onto the silicon master, incubated at 75 °C for 2 hours, peeled off and

then bonded to a glass coverslip using the plasma oxidation method.

Earlier, we had developed the line-confocal detection scheme where two laser sources, 488 and
633 nm, were used to form the two detection windows using a series of dichroic mirrors, cylindrical
lens and beam splitters. The first detection window, having the two laser beams overlapped at the
same time, was used to detect the fluorescence signals from the labeled CTCs, and then controlled
the sorting automatically. The second detection window was used to confirm the sorted aliquots

and monitor the sorting efficiency.

3.3.2 Biological materials and eDAR process

Isoton (Beckman Coulter Inc., Chino, CA) was used as the buffer for all the experiments unless
otherwise specified. The breast cancer cell lines MCF-7, SKBr-3 and MDA-MB-231 (American
Type Culture Collection (ATCC), Manassas, VA) were used to characterize the system. Cell

culture was performed under the conditions recommended by the vendor, and harvested once a
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week. MCF-7 was cultured in Eagle's Minimum Essential Medium (EMEM); SKBr-3 cells were
cultured in McCoy’s 5; and MDA-MB-231was cultured Dulbecco's Modified Eagle's Medium
(DMEM) (ATCC, Manassas, VA). All media also contained 2 mM L-glutamine, 10% fetal bovine
serum (FBS) (ATCC, Manassas, VA), and 50 pg/mL penicillin/streptomycin. Human whole blood
drawn from healthy donors was purchased from Plasma Lab International (Everett, WA) and
stored at 4°C upon arrival. Each 20-mL draw came in four 5-mL Vacutainer tubes coated with
EDTA as an anti-coagulant. We discarded the first tube of each draw to avoid potential

contamination from skin cells.

Antibodies were centrifuged for 5 min at 14,000 rpm to remove possible aggregates before any
labeling procedure. Each blood sample was labeled with anti-EpCAM-PE (Abnova, Taipei City,
Taiwan) in darkness and incubated at room temperature for 30 min. The labeled blood sample was
washed and centrifuged (2,300 rpm for 10 min) to remove the free antibodies. The sample was
immediately injected into the eDAR chip using a syringe pump. Typically, the flow rate was set
to 50 uL/min for the operation of eDAR, although based on the previous optimization methods, it
could be higher [76]. APD signal traces were collected by a PCI data acquisition card (PCI 6602,
National Instruments, Austin, TX) and analyzed by a MATLAB (MathWorks, Natick, MA) script
developed in-house. A home-built electronic box was programmed to give an automatic feedback
control based on the detected APD signals, and apply a voltage on the solenoid (S-10-38-H-40,
Magnetic sensor systems, Van Nuys, CA) connected to the microfluidic chip. More details about

eDAR are described in chapter 2.
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3.3.3 Sequential Immunostaining and Photobleaching Process

After washing the cells isolated by eDAR, main, side and waste channels were closed by turning
off the inline valve. A 400-uL aliquot of cell fixation buffer (BioLegend, San Diego, CA) was
introduced into the microchip by a peristaltic pump (Fisher Scientific, Pittsburgh, PA) at a flow
rate of 15 pL/min. After washing with the buffer for 5 min at the same flow rate, the cells are
permeablized by flowing through 250 puL of 2.5% surfynol 465 surfactant (Air Products and
Chemicals Inc, Allentown, PA) for 15 min. After this step, four rounds of immunostaining and
photobleaching ofthe cells are performed. For each round of staining, 220 pL of a staining solution
with four biomarkers conjugated to four different fluorescent dyes were prepared. The details
about the antibodies and nuclear stain used in each round are summarized in Table 3.1. After a
centrifugation step (14,000 rpm for 5 min) to remove the aggregates, 200 puL of the supernatant
was collected as the staining buffer. We injected it into the microchip at a flow rate of 20 pL/min.
When the antibody solution filled the whole filtration area, the flow was stopped. Incubation took
place for 20 min in dark to ensure all the trapped cells came into contact with the antibodies
efficiently. After this step, the cells were washed for 10 min to remove any free antibodies and
minimize the fluorescence background. Photobleaching was performed using a xenon arc lamp as
the light source (Sutter instrument, Novato, CA). Each bleaching step took 15 min. A 20X
objective was used for epi-fluorescence imaging and photobleaching. Fluorescence images were
collected before and after the photobleaching step from 4 different emission channels: yellow (555
to 605 nm for PE), blue (435 to 485 nm for Hoechst), green (510 to 540 nm for FITC or Alexa

488) and red (665 to 695 nm for Alexa 647 or APC).
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Round 1 2 3 4
Anti-EpCAM-PE MUCI1-PE Anti-CD24 PE Anti-CD166 PE
Lot# 515776 Lot# B160021 Lot# B159732 Lot# B139297

Yellow channel

(1:50 dilution,
Biolegend, San

(1:50 dilution,
Biolegend, San

(1:50 dilution,
Biolegend, San

(1:10 dilution,
Biolegend, San

Diego, CA) Diego, CA) Diego, CA Diego, CA)

(PAN) HER2- Anti-CD44- EGFR-APC
Cytokeratin- AlexaFluro647 AlexaFluro647 Lot# B161059
AlexaFluro647 Lot# B110523 Lot# B124953 (1:40 dilution,

Red Channel Lot# 4528S-14 (1:50 dilution, (1:66 dilution, Biolegend, San
(1:10 dilution, Biolegend, San Biolegend, San Diego, CA)
CellSignalling, Diego, CA) Diego, CA)
Danvers, MA)
Hoechst Hoechst Hoechst Hoechst
Lot# 1249542 Lot# 1249542 Lot# 1249542 Lot# 1249542
Blue Channel (1:500 dilution, (1:500 dilution, (1:500 dilution, (1:500 dilution,

Life technologies,

Carlsbad, CA)

Life technologies,

Carlsbad, CA)

Life technologies,

Carlsbad, CA)

Life technologies,

Carlsbad, CA)

Green Channel

Anti-CD45-FITC

Lot# B116314

(1:66 dilution,

Biolegend, San
Diego, CA)

Anti-CD45-FITC

Lot# B116314

(1:66 dilution,

Biolegend, San
Diego, CA)

Anti-CD45-FITC

Lot# B116314
(1:66 dilution,

Biolegend, San

Diego, CA)

Anti-CD45-FITC
Lot# B116314
(1:66 dilution,
Biolegend, San

Diego, CA)

Table 3.1 Experimental details of the four rounds of immunostaining and photobleaching.

3.3.4 Safety Consideration for the Photobleaching Process.

To ensure safety when running the photobleaching tests, the highest power was locked to 10 mW.
Certain protective methods should be considered when the sample is exposed to the light source,

such as wearing protective goggles or covering the photobleaching area with a black box.
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3.4. Conclusion

In this chapter, I report a semi-automatic inline injection system for our eDAR platform to perform
sequential immunostaining and photobleaching tests. The expression of eight protein markers, as
well as two control markers, was observed in four rounds of labeling and photobleaching. The
experimental parameters were optimized to get a high bleaching efficiency and throughput. This
downstream analysis method could be a complementary part of eDAR in the future to benefit
studies of CTC subpopulations and quantitatively monitor the expression of multiple CTC protein
markers. I also designed and tested the method which allowed us to selectively pick up the CTCs
trapped by eDAR, and those cells could be delivered to another reservoir for further cell culture

experiments.
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Chapter 4 The Second Generation of eDAR with a Simplified

Structure and an Improved Performance

4.1 Introduction

Many CTC analysis systems, including ours, utilize microfluidic components in order to overcome
the technological challenges discussed in chapter 1, increase the sensitivity and improve the
throughput [89]. Various systems have been built upon this principle, including the high-
throughput line confocal detection method [92], flow counting method based on micro-Hall effects
[97] and the conductometric detection platform [98-99]. Of course, many CTC analysis systems
that do not involve microfluidics, instead relying on methods such as fiber optic array scanning
[100] and immunomagnetic separation [31]. In fact, the only FDA-approved CTC analysis system,
CellSearch, does not have microfluidic components, but rather selects and manipulates target cells
via magnetic nanoparticles. A current trend, however, is to use the advantages brought by
microfluidics — often in combination with nanotechnology — to build sensitive CTC methods [101-
102]. Other types of microfluidic CTC systems include those which select/isolate target cells
based on: (1) affinity chromatography like methods [67], (ii) size via micro-filtration [57], (iii) size,
density, or permittivity via field flow fractionation [62], (iv) morphology via high-speed

photography [103], and (v) size or density via Dean flow [61].

A recently reported CTC analysis method called ensemble-decision aliquot ranking, or eDAR
(Chapter 2), combines the line-confocal fluorescence detection, an active sorting mechanism, a

cell trapping and further purification process, and the ability to perform the identification and
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subsequent analyses onto a single microfluidic chip. It has a high throughput, analyzing 1 mL of
whole blood in 20 minutes, and the CTCs are captured onto a small area with a high enrichment
ratio (more than a million fold). Due to the open access design of the cell trapping area, it is easy

to manipulate and pick up single CTCs from the chip, aiming for possible downstream analysis.

Although eDAR has been proven to be a promising method, and more sensitive than the CellSearch
method in detecting CTCs from metastatic breast cancer patients [76], the application of the
original version is still limited by some design factors. First, the original microchip requires six
individual layers (Figure 2.11), and four of them need to be assembled manually, which constrains
the yield and efficiency of the chip production. Second, we used an on-chip solenoid to control
the active sorting of CTCs, however, the drift of the piston in that solenoid was occasionally
observed in some experiments, resulting in an unstable control of the hydrodynamic switching.
Third, although the throughput of fluorescence imaging was improved significantly due to the very
small area where CTCs were trapped on, the imaging quality might be affected by the track-etched

polycarbonate filter, generating a non-uniform background.

To address these shortcomings, we reported the next generation of eDAR platform in this chapter,
with a new active sorting scheme and a further purification component integrated into the micro-
fabrication process. The re-designed microchip has only two layers, the PDMS feature and the
glass substrate. We have evaluated multiple potential designs of the microfluidic chip and the
hydrodynamic switching mechanisms, respectively, and optimized the analytical performance

based on the best combination. The recovery efficiency was 95% with a zero false positive rate
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(n=15), and the highest throughput tested was 4.8 mL of whole blood per an hour. We successfully

applied this method on analyzing the samples from metastatic pancreatic cancer patients.

4.2 Results and Discussion

4.2.1 Redesigned Hydrodynamic Switching Scheme

In the first generation of eDAR, we designed a mechanical valve integrated onto the microchip,
which was fast and robust compared to other reported active sorting mechanisms, such as the
electro-osmotic flow [104] or the sole-gel transformation [105]. Although promising, some design
factors may constrain the potential application of eDAR. To form such a mechanical valve on the
chip, 3 individual structural layers were required, the solenoid, its PDMS thread, and the features
of eDAR on a 150 um PDMS film (Figure 2.11). This would make the chip preparation
complicated and time consuming, resulting in a low yield, especially due to several manual
alignment processes. Another shortcoming is the direct contact between the captured blood
aliquots and the mechanical valve, which might increase the risk of the loss and damage of CTCs.
During previous experiments, we also observed a slight drift of the solenoid’s piston occasionally,
and that would generate an inconsistent sorting performance. Moreover, during the eDAR process,
the collection channel was closed at most of the time, which would limit the efficiency of the
subsequent purification step, and increase the chance to form aggregates of cells on the

polycarbonate filter.

In this work, we replaced the previous solenoid with an off-chip model, which are closed if no

voltage was applied on, but can be opened in 3 to 4 ms when a 5V DC voltage is applied. Because
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this in-line solenoid was not a part of the chip, the preparation of the microfluidic device was
significantly simplified. It can be connected with the micro-channels very easily, resulting in many

possible hydrodynamic switching schemes.

I N.C. solenoid W N.Q. solenoid

Figure 4.1 Summary of the 8 hydrodynamic switching schemes. The blood was injected from the main
channel, shown as the red flow. Buffer flowed in the two side channels, CTCs were collected to the bottom

left channel, and the waste was directed to the bottom right channel. The rectangular blocks represents
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the solenoid. If the solenoid was set to be normally open (NO), the color of the block is set to green, if the

solenoid was set to be normally closed (NC), the color is set to yellow.

We have designed and tested eight different schemes that can drive the fluidic switch. Figure 4.1
shows the basic configuration for each scheme. Depending on the normal state, number and
location of the solenoids, their fluidic driving modes could vary, summarized in table 4.1. The
solenoid’s normal state was defined as the normal state, when the aliquots were ranked as
“negative”. Ifa 5V voltage was applied at that moment, the solenoid would work in a “normally
open” mode, otherwise, it would work in a “normally closed” mode. Five of the schemes (Design
A, B, D and H) used only one solenoid; the other three had two solenoids working either
simultaneously (Design C and F) or sequentially (Design G). In six of the schemes (Design A, B,
C, E, F and G), solenoids were connected with the two collection channels; in the other two

schemes (Design D and H), the solenoid was connected with the side channel where bufter flowed.

Due to the structure of this type of solenoid and the elastic nature of PDMS, the performance of
the fluidic switch varied notably. We evaluated this performance by analyzing the “switch over”
and “switch back” time for each scheme, respectively. The “switch over” time was defined as the
time for switched blood flow switched from the waste collection channel to the CTC collection
side, which partly determined the throughput of this method. The “switch back” time was
determined as the blood flow switched from the CTC collection channel back to the waste side,
which was closely related to the size of the collected aliquot. Table 4.1 shows that design G and
H had the best fluidic performance, 2 to 3 ms switch over and back time, respectively. However,
scheme G requires a complicated procedure, having 4 individual steps in each cycle, which make

this scheme hard to be utilized in practice (see table 4.1 for more information).
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Scheme Position Normal state  Left pressure (psi) Right pressure (psi) ~ Switch over Switch back
time (ms) time (ms)
A Collection Closed Low High ~2-3 ~15-25
B Waste Open High Low ~15-20 ~2-3
C Collection Closed
Waste Open Low High ~4-5 ~10
Right buffer Close Low High ~3 ~40
E Waste Open High Low ~25 ~2
Collection Closed
Center waste Open Low High ~25 ~5-6
G Collection Closed
Center waste Closed Low High ~2-3 ~2-3
H Center right
buffer Closed Low High ~1-2 ~2-3

Table 4.1 Summary of the fluidic configuration and performance of the 8 sorting schemes. Two solenoids were used in scheme C, E, and G. When
there were two outlets or inlets on a single channel, the position of the solenoid was marked. For example in scheme F, the position of the second
solenoid was “‘center waste”, meaning that it was placed on the center outlet of the waste collection channel. In every scheme except (G), when the
“positive” events were detected, the DC voltage applied on the solenoids were changed immediately to trigger the sorting, and after a certain period
of time was changed back to the normal state. Scheme G utilized 4 individual steps to control the sorting. Initially, both solenoids were set to closed,
and the blood would flow to the waste channel. When the sorting was triggered, only the solenoid on the collection side was opened to perform the
switch over step; after the cell was collected, the other solenoid was opened to perform the switch back step. After the blood flow was completely

switched back, both solenoids were closed at the same time, same as the normal state.
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Figure 4.2 Microfluidic chip and hydrodynamic switching scheme of eDAR. (A) General structure of the
microfluidic chip and the configuration of the eDAR platform. The bottom left channel was to collect sorted
aliquots and transfer them to the subsequent purification area, which had 20,000 micro-slits. The area
surrounded by dashed lines is further explained in B, C and D. B) The flow condition when no positive
aliquot was ranked. (C) The blood flow was switched to the CTC collection channel, and the sorted aliquot
was confirmed by the second APD. (D) The flow was switched back after the aliquot was sorted.

After the characterization and optimization, the following structure of the eDAR chip (Figure 4.2)
and the corresponding scheme (Figure 4.1H) of the hydrodynamic switch were chosen for the
reported generation of eDAR. The labeled blood sample was injected into the top channel of the
microchip using a syringe pump (Figure 4.2A). Two side channels, where buffer driven by

compressed nitrogen flowed through, were used to control the active sorting step. There were two
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ports placed on the right side channel, and both of them were connected to a reservoir filled with
pressurized buffer. The normally closed solenoid was connected to the port near the sorting
junction to control the hydrodynamic switch. There are two channels after the sorting junction:
the one on the left was used to collect “positive” aliquots and deliver them to the further
purification area; the one on the right was the waste collection channel, where all the negative

aliquots flowed through.

When those aliquots were ranked as “negative” (Figure 4.2B), there was no voltage applied on the
solenoid, so it was closed. An initial pressure drop was set between the No.1 and 3 buffer sources
in figure 4.2A, so the blood could only flow into the channel collecting the waste, which is shown
in figure 4.2B. However, when a positive event was detected by the first detection window, a 5V
DC voltage was immediately applied on the solenoid to introduce the buffer flow from the No.2
buffer reservoir. This would decrease of the flow resistance in right-side buffer channel, and thus
generate a higher flow rate of buffer there. The blood flow would be pushed from the right side
to the left, so the positive aliquot could be collected (Figure 4.2C). After this aliquot was collected
and confirmed by the second detection window, the voltage was changed to OV to close the

solenoid and thus switch the blood flow back to the waste side (Figure 4.2D).

The time required for the switch over and back step was determined to be 1 to 2 ms and 2 to 3 ms,
respectively (Figure 4.3, Table 4.1), which are close to the response time of this type of solenoid.
This process was stable enough for eDAR even after more than 10° on-off cycles. The in-line
solenoid was placed on the buffer line, so blood would not contact with the solenoid, which

minimized the possibility of the blood coagulation and cross-contamination.
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Switch over Switch back

Figure 4.3 Switching time for the current fluidic scheme recorded by high speed camera. The frame rate
was 1918 fps, so the average switch over time was 1 to 2 ms, and the switch back time was also 2 to 3 ms.
1t’s worth to point out that in both steps we observed the back flow of a fraction of blood, which does not

affect the sorting speed and efficiency.

4.2.2 On-chip Purification Component Based on Microslits

In the first generation of eDAR, we used a piece of tracked-etched polycarbonate filter to retain
and purify the captured CTCs on the microfluidic chip. It required two additional layers to make
this part, the polycarbonate filter and the waste removal layer, as well as a complicated procedure
to assemble those layers. To bond the polycarbonate filter between two PDMS layers, a surface
modification step using silicon compounds and multiple plasma assisted oxidation steps were often
necessary. In this chapter, I report a new structure of the filtration unit consisting of micro-slits

made of PDMS and does not require any additional layers assembled with the eDAR-feature.
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Cytokeratin
.

Figure 4.4 Micro-slits and multi-color fluorescence imaging of captured CTCs. (A) The sorted aliquots

were further purified through the array of micro-slits. (B) The 3D model of the micro-slits with a 5 um
height and a 5 um width. (C) Fluorescence and bright field images of five MCF-7 cells captured via eDAR.
(D) Fluorescence and bright field images of two MDA-MB-231-GFP cells captured based on the GFP
signal without any pre-labeling. (E) Two SKBr-3 cells were captured by eDAR, and further labeled with

additional markers.

Figure 4.4A shows the basic structure of these PDMS filter. The microslits on the side of the flow
would capture the CTCs without retaining any red blood cells (RBCs). The size of the slit was
optimized to 5 um tall and 5 pm wide (Figure 4.4B), so we would not lose any small CTCs. Due

of the ultra-high enrichment ratio of eDAR (up to 1 million fold) [76], only a small amount of
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WBCs would be isolated and retained on the filter with this size, which is smaller than most filters
used to capture CTCs. Because this microfilter was made of PDMS and bonded with a piece of
coverslip, the imaging quality was improved significantly (Figure 4.4C and D) compared to the
polycarbonate filter, which is not fully transparent and may generate the scattering and aberration.
Moreover, since the cells can only be trapped along the array of slits, they could be easily
referenced and tracked, while in a lot other methods, the cells distributed randomly on the surface.

This could make the imaging procedure faster and the results of enumeration more accurate.

It is also fast and efficient to perform the secondary labeling on the trapped CTCs, due to the fluidic
design with a small internal volume. Figure 4.4E shows two breast cancer cells (SKBr-3) labeled
with anti-EpCAM-PE captured by eDAR. We then fixed, permeabilzed and labeled them using
anti-Cytokeratin-Alexa488, anti-Her2-Alexa647 and Hoechst. Fluorescence images shows the
expression of these markers on these two cells clearly, and the bright-field image also confirmed
their morphology. We also applied anti-CD45-Alexa700 as a negative control marker to exclude

interference from WBCs, and did not find any signal in this channel.

To optimize the performance, we prepared and tested eDAR chips with 1000, 5000, and 20000
micro-slits, respectively. This number would determine the flow resistance across the filtration
area, which could affect the hydrodynamic switching and the stress on the trapped cells. The
eDAR-chip with 20000 slits would require a low pressure (< 4 psi) on the two side buffer channels
to balance the switching step. The pressure drop across the filter was also lower compared to the

other two designs, which would minimize the stress and deformation of the cell.
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4.2.3 Characterization and Analytical Performance

The efficiency of the active switching step could be monitored in real time. For example, figure
4.5A shows a small portion of the APD data from a pancreatic cancer patient sample. The signals
in blue were from the first detection window, ranking the aliquots and controlling the active sorting
step. The two peaks at 978 and 1298 ms in this channel represented two CTCs labeled with anti-
EpCAM-PE, which triggered the aliquot sorting, respectively. The two subsequent peaks in red
showed there were two labeled CTCs flowing through the second detection window, which was
located on the collection channel, confirming that the two positive aliquots were actually sorted.
It is also worth to point out that the change of background in the second detector (Figure 4.5A)
could also confirm that only a small portion of blood was collected in eDAR, resulting in a high

enrichment ratio.

Because it took time for the labeled CTC to flow from the first detection window to the second
one, we could observe a time difference between the decision APD trace and its conformational
signal (Figure 4.5A). This time difference was defined as the transit time of the sorted CTCs to
characterize the performance of the active sorting step in eDAR. The transit time of each sorted
CTC varied a lot, because the CTCs could have different linear flow rates in the top channel.
Figure 4.5B shows the distribution histogram of the transit time at the flow rate of 40 and 80
pL/min, respectively. Generally, a higher volumetric flow rate of the blood would resulted in a
shorted transit time (Figure 4.5C). When the flow rate was 90 pL/min, the average transit time
was lowered to 4 ms, close to the switch over time of the current active sorting scheme (Figure

4.3), which implied the limit of the throughput for the current design.
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Figure 4.5 Transit time of the sorted CTCs. (A) The segment of APD data from a pancreatic cancer sample
shows two events triggered the sorting and then confirmed by the second detection window. (B) The
distribution of transit time at the flow rate of 40 and 80 uL/min, respectively. (C) A plot shows the fastest

average transit time was about 4 ms when the flow rate was 90 uL/min.

If the transit time for a CTC was shorter than the hydrodynamic switching time, that cell could not
be sorted on this platform. The sorting efficiency was thus defined as the number of collected
events versus the total number of events that triggered the sorting. Figure 4.6A shows the values
of sorting efficiency at the flow rate of 30 to 100 pL/min. When the flow rate was 30pL/min, the

sorting efficiency was almost 100%, because the average transit time at that flow rate was around
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10 ms (Figure 4.5C), which is long enough for the active sorting step to collect the CTCs. The
sorting efficiency decreased to 90% at the flow rate of 80 pL/min, and then dropped to 49% when

the flow rate was 90puL/min.

Figure 4.6A also shows the recovery efficiency of eDAR at different flow rates, which had a
similar trend compared to the sorting efficiency. However, the recovery efficiency was defined as
the number of spiked-in cells versus the number of recovered cells counted using multicolor
fluorescence imaging on the eDAR chip. This performance is a combination of many factors,
including the antibody labeling efficiency, the line-confocal detection efficiency, and the sorting
efficiency. This explains the difference between the recovery and sorting efficiency at the same
flow rate. As a result, for the reported generation of eDAR, the upper limit of the throughput in
this generation was 80 uL/min (12.5 min for 1 mL of blood) with an 88% recovery ratio. Although
this throughput is higher than most of the CTC technologies for the analysis of whole blood, it can

be further improved by designing a wider blood inlet channel or moving the first detection beam

up.

3 to 975 MCF-7 cells were spiked into 1 mL of healthy blood to analyze the recovery efficiency
at the flow rate of 50 puL/min, respectively. To ensure of the accuracy of the cell numbers at the
low end, we used a capillary counting method [81] to spike in cultured cells precisely, when the
concentration was lower than 100 cells/mL. The average recovery efficiency was 95% with an R?
value 0f 0.998 (Figure 4.6B), higher than that of the first generation of eDAR (93%) [76]. Because
the concentration of CTCs are usually very low, the enumeration results could be affected by

Poison distribution. In this case, the ability to analyze a larger volume of whole blood sample with
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an acceptable throughput and recovery ratio would be very important. We spiked the same number
of MCF-7 cells into 1, 5 and 10 mL of healthy blood, and then analyzed these 3 samples at the
flow rate of 50 uL/min, respectively. There was no significant change in their recovery ratio
(Figure 4.6C), which shows that our method is capable of running a large amount of whole blood

sample with a high efficiency and throughput.

>
o

—&— Recovery
100 —6— Sorting efficiency 1000 Y=0.95X

— o R2=0.998

£ :

0] S 100-

% c

3 S 10/

:

0+ V4 3
40 60 80 100 10 100 1000
Flow rate (ul/min) Spiked in number
C D
100 1004

g -

~ 75 D i

> = 75

2 Q

3 3

o 20 8 501

o 14

25 1 c 10 25
G§¢\£§? &t _o©
Volume (mL) NN &
AT N e 3
\\\\G N\ oS N\
Kivia

Figure 4.6 Sorting efficiency and recovery performance of eDAR. (A) The recovery and sorting efficiency
value versus different flow rate. (B) The recovery ratio of MCF-7 cells spiked into whole blood. (C) The
recovery ratio of 300 MCF-7 cells spiked into 1, 5 and 10 mL of whole blood, respectively. (D) The recovery

ratio of 4 selection schemes of 4 breast cancer cell lines spiked into whole blood.
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Although EpCAM was used in most of the CTC methods to select tumor cells, more and more
studies reported that CTCs with a low EpCAM expression would have more mesenchymal
characteristics and are more aggressive [70]. It is flexible to use any labeling scheme to select rare
cells in eDAR, so we could select tumor cells based on biomarkers other than EpCAM. We
designed three schemes to select different cultured cancer cell lines based on surface antibodies
(Figure 4.6D). EpCAM was used to select MCF-7 cells, Her-2 was used to select SKBr-3 cells,
and EGFR was used to select MDA-MB-231 cells. All these three schemes can separate and trap
the targeted cells with a recovery ratio higher than 88%. Another unique and important feature of
eDAR is the independence of the biomarker’s location. Other technologies, for example, the
surface capture methods, could only capture the cells based on the antigens on their surface, but
our method can select cells based on an intracellular marker as well, such as GFP (Figure 4.4D).
The recovery ratio of the MDA-MB-231-GFP cells spiked into whole human blood was 91%
(Figure 4.6D). Since fluorescent proteins are widely used in animal model to study the progression
and mechanism of metastasis [106], eDAR could be an ideal tool to select CTCs in these models

without any additional labeling step.

4.2.4 eDAR Analysis of Blood Samples from the Patients with Pancreatic Cancer.

Blood samples from 15 healthy donors were used to evaluate the false positive ratio of this method,
and no CTCs were found in any of them. We collected 26 blood samples from the patients with
metastatic pancreatic cancer. 16 of them were analyzed using the first generation of eDAR, and

the other 10 samples were analyzed using the new eDAR platform reported in this chapter. The
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raw data of those clinical samples are summarized in table 4.2. Using this method, we detected
CTCs in 80% (8 of 10) of the samples ranging from 2 to 872 cells/mL. CTC clusters, reported by
previous studies [67], were also observed in patient blood. It is interesting to point out that many
of the clusters observed in our experiments had a low EpCAM expression. Figure 4.7 shows a

cluster of CTCs with a high expression of cytokeratin and a low expression of EpCAM.

Sample Volume CTCs Sample Volume CTCs Sample Volume  CTCs
(mL)  counts (mL)  counts (mL) counts

Control 1 1 0 Control 15 1 0 Patient 14 1 8
Control 2 1 0 Patient 1 1 183 Patient 15 1 2
Control 3 1 0 Patient 2 1 9 Patient 16 1 10
Control 4 1 0 Patient 3 1 7 Patient 17 1 872
Control 5 1 0 Patient 4 1 3 Patient 18 1 2
Control 6 1 0 Patient 5 1 14 Patient 19 1 5
Control 7 1 0 Patient 6 1 6 Patient 20 1 12
Control 8 1 0 Patient 7 1 4 Patient 21 1 22
Control 9 1 0 Patient 8 1 0 Patient 22 1 2
Control 10 1 0 Patient 9 1 0 Patient 23 1 0
Control 11 1 0 Patient 10 1 27 Patient 24 1 14
Control 12 1 0 Patient 11 1 44 Patient 25 1 0
Control 13 1 0 Patient 12 1 5 Patient 26 1 7
Control 14 1 0 Patient 13 1 7

Table 4.2 Raw data of the healthy control (n=15) and the pancreatic cancer samples (n=26). Patient
sample #1 to #16 were analyzed using the first generation of eDAR,; patient sample #17 to #26 were

analyzed using the second generation of eDAR.
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PE-EpCAM Alexa647-Cytokeratin

Figure 4.7 A CTC cluster with low EpCAM expression from a pancreatic cancer sample (No. 20). The scale

bar is 100 um.

Figure 4.8 also summaries the distribution of the three data sets for the healthy control blood
samples analyzed by the reported method, pancreatic cancer samples analyzed by the first
generation of eDAR, and the pancreatic cancer samples analyzed by this method, respectively. We
compared the performance of the two generations of eDAR using the analysis of variance

(ANOVA), which shows that the two data sets were not significantly different (p=0.30, a=0.05).
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Pancreatic cancer samples
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Figure 4.8 The distribution of control and pancreatic patient samples analyzed by eDAR. 15 control
samples and 10 pancreatic cancer samples were analyzed by the reported method; 16 pancreatic cancer

samples were analyzed by the first generation of eDAR.

4.3 Materials and Methods

4.3.1 Design and Fabrication of the Microfluidic Chips

The microfluidic chips had two functional areas integrated in the same design, eDAR sorting
features and the filtration unit based on slit structures. The main channel in the sorting unit, which
introduced the blood into the sorting junction, had a height and width of 50 and 150 pum,
respectively; all the other 4 channels were 50 um tall and 200 um wide. The slit-filters were 5 um

tall and 5 pm width, and the maximum number of slits we tested was 20,000.

The silicon master was fabricated using two photolithography processes, which were summarized
in figure 4.9. The features were designed using AutoCAD (Autodesk, San Rafael, CA), and written
on a chrome mask (TRICR Corporation, SF, CA). Positive resist lithography and deep reactive
ion etcher (DRIE) were chosen for forming the first layer, the micro-filter feature. AZ 1512 was
used as a positive photoresist, which was provided by Micromanufacturing Facility (MMF) in
University of Washington. DRIE process was optimized to achieve a depth in the range of 4.5-5
pm. The second layer of the eDAR feature was fabricated using the SU-8-3050 as a negative
photoresist (MicroChem, Newton, MA), and the height of the feature was controlled to be 50 um.
After the master was silanized using tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane
(Sigma-Aldrich, St. Louis, MO), uncured PDMS was poured onto the silicon wafer and baked for
2 hours at 70°C. The piece of PDMS with the desired micro-feature was then peeled off from the
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silicon master, and then bonded with a piece of cover glass using the standard process of plasma

oxidation.

Top view

1. DRIE etched silicon

2. SU-8 photolithography

3. Pour and bake PDMS

4. De-mold PDMS
and bond with coverslip

silicon ] sSU-8 [l PDMS = glass

Figure 4.9 The process flow the micro fabrication steps.

4.3.2 Biological Materials and Patient Samples

Three breast cancer cell lines, SKBr-3, MCF-7, and MDA-MB-231 (American Type Culture

Collection (ATCC), Manassas, VA) were used to characterize and optimize the eDAR system.
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SKBr-3 cells were cultured in McCoy’s 5, MCF-7 was cultured in Eagle's Minimum Essential
Medium (EMEM), and MDA-MB-231 was cultured in Dulbecco's Modified Eagle's Medium
(DMEM) (ATCC, Manassas, VA). All cell culture media also contained 2 mM L-glutamine, 10%
fetal bovine serum (FBS) (ATCC, Manassas, VA), and 50 pg/mL penicillin/streptomycin (ATCC,
Manassas, VA) at 37 °C with 5% CO2 in a humidified environment. The MDA-MB-231-GFP
was provided by Prof. Gail Sonenshein in Tuffs University, and cultured in the DMEM medium
with 10% FBS and 1 pg/mL puromycin (Life Technologies, Carlsbad, CA). Control blood from
healthy donors was purchased from Plasma International Lab (Everett, WA), and the first tube of
the blood draw was discarded to prevent any possible contamination from skin cells. Whole blood
samples were drawn from patients with pancreatic cancer based on a protocol approved by Fred
Hutchinson Cancer Research Center’s institutional review board. Patient samples were collected
in Seattle cancer care alliance (SCCA) using Vacutainer tubes (BD, Franklin Lakes, NJ) containing

EDTA as an anti-coagulant, stored at 4 °C, and analyzed within 4 hours.

4.3.3 Sample Preparation and eDAR Analysis

Isoton (Beckman Coulter Inc., Chino, CA) was used as the buffer for all the experiments unless
otherwise specified. For a typical experiment, 1 mL of whole blood samples were labeled with
anti-EpCAM conjugated with PE (Lot No. 515776, Abnova, Walnut, CA) for 30 minutes at room
temperature in dark. All the labeling parameters have been optimized based on our previous works
[76]. The labeled samples was diluted to 14 mL and then centrifuged to remove the free antibodies.
The final volume was adjusted to be as same as the initial volume. After that, the prepared sample
was injected to the microfluidic chip using a syringe pump. Traces from fiber-coupled avalanche
photodiodes (APDs) (Excelitas Technologies, Waltham, MA) were collected by a PCI data
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acquisition card (PCI 6602, National Instruments, Austin, TX). The sorting process of eDAR was
automatically controlled using a home-written LabVIEW (National Instruments, Austin, TX)
script and a field programmable gate arrays (FPGA) device built in house. The hydrodynamic
switching that collect the sorted aliquots were controlled by a solenoid (INKA1226212H)

purchased from the Lee Company (Westbrook, CT).

After all the positive aliquots were collected onto the filtration area, isoton was used to quickly
wash the filtration area in less than 1 minute. Ifany cytoplasmic markers are used for the secondary
labeling, 4% of PFA was loaded into the filtration area to fix the cells. Surfynol® 465 (Air product,
Allentown, PA) was used to peameablize the fixed cells. Anti-EpCAM-PE, anti-Cytokeratin-APC
(Lot No. MAB5131, Abnova, Walnut, CA) and anti-CD45-FITC (Lot No. B116314, BioLegend
San Diego, CA,) was typically used as the antibodies for the secondary labeling to confirm the
identity of CTCs. Hoechst (Life Technologies, Carlsbad, CA) was also used as the nuclear stain

to verify the labeled target is actually a nucleated cell.

4.4 Conclusion

eDAR has been proven as an “all-in-one” platform for analyzing rare cells in complicated
biological matrix, such as CTCs in peripheral blood. In the reported work, we re-designed the
eDAR platform by incorporating a micro-fabricated filter and a new hydrodynamic switching
scheme. The structure of the microchip was simplified significantly, resulting in a higher yield
and a better quality control of the chip preparation, as well as an ideal imaging quality to enumerate
and analyze CTCs. The analytical performance was optimized, so we can analyze 1 mL of whole

blood in 12.5 min with an average recovery ratio at 95% and a zero false positive rate (n=15). Bio-
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markers other than EpCAM was also successfully applied to select different subpopulations of
CTCs on this platform, including the intracellular markers, such as GFP. We have also validated
this method by analyzing pancreatic cancer samples using this method. In summary, we believe
this generation of eDAR platform is more sensitive, robust and flexible in analyzing CTCs from
patient blood with a higher throughput, and it may potentially benefit the analysis of other types

of rare cells as well.
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Chapter 5 An Automated and High-throughput Counting Method for

CTCs

5.1 Introduction

We recently developed a new method called ensemble-decision aliquot ranking (eDAR) to analyze
rare cells from peripheral blood. The functions of detection, isolation, identification, and
downstream analysis are integrated into one microfluidic chip. It is highly sensitive, with a
detection limit close to 1 cell/mL, and the throughput is high enough for clinical applications (20
minutes for 1 mL whole blood) [76]. Due to the open-access design of the chip, it is easy to
selectively extract captured cells and perform various downstream analyses. However, the whole
process of eDAR still requires some manual manipulation, because cells trapped on the integrated
filter need to be imaged and identified manually, and cell harvesting requires micro-pipetting by a
skilled operator. This implies that eDAR might not be highly efficient for some special
applications, such as a fast “coarse screening” of CTCs that may not require very detailed

information of cellular and molecular profiles.

Actually, in clinical applications, CTCs are only enumerated; there is no additional analysis of
CTCs beyond enumeration. For example, Veridex's CellSearch, which is the only FDA approved
instrument at present, is solely for the enumeration of CTCs. As a result, we and our collaborators
decided to determine if we can simplify eDAR for enumerating CTCs, which represents the

majority of assays being run in the clinic that pertains to CTCs.
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In this chapter, I report the development of a fast and automated screening method based on the
multicolor line-confocal detection technique used in eDAR for CTCs. The sample processing and
experimental procedures — which do not include any enrichment steps — were optimized to
maximize throughput. Also, because labeled blood samples are simply flowed through the chip
and not immobilized, destroyed, or physically bound to any substrate, this method is highly
compatible with other downstream analysis techniques. Indeed, the same sample can be re-
analyzed with eDAR or other techniques after this initial “coarse screening” for the presence of
CTCs. The overall time of analysis for 1 mL whole blood can be less than 1 hour, including sample
preparation, microfluidic detection, and data analysis. The average background level for healthy
blood samples was 1.2 counts /mL, and the recovery rate of our method was high, at around 94%
(n=9). 90 samples from stage IV breast cancer patients were analyzed using this method and
compared side-by-side with the results of the FDA-approval CellSearch method. Based on the
results, we believe the reported method represents a more effective approach to fast screening of

CTC:s for early detection and prognosis in cancer treatment.

5.2 Results and discussion

5.2.1 General Description of the System and Data Analysis

In order to detect CTCs, whole blood was directly labeled with antibodies, loaded into the
microfluidic chip pneumatically, and analyzed by the line confocal detection system (Figure 5.1A).

When the labeled blood flowed through the detection area, fluorescence was excited by the
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combined two-color laser beam (488 nm and 633 nm), and detected by APDs. The collected APD

traces were used to determine and enumerate cancer cells in the blood.
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Figure 5.1 Schematic and data illustrating the flow-detection platform. (A) Depiction of the microfluidics
and optics. (B) CTC detection and identification scheme using APD signals. A typical CTC event at 183
ms is positive for EpCAM (Yellow signal) and cytokeratin (Red signal), but negative for CD45 (Green
signal). (C) A cultured MCF-7 cell imaged in the microfluidic channel filled with whole blood. The top
panel shows a bright field image of the blood in the microchannel. The white dashed circle shows the
location of the MCF-7 cell that is not visible beneath the many blood cells. The blue dashed lines show the
location of the microchannel walls. Fluorescence images of the same location show the MCF-7 cell labeled

with both anti-EpCAM and anti-Cytokeratin.

Surface markers such as EpCAM are widely used to select CTCs36; however, previous research

has shown that simply relying on one biomarker may not be adequate to define the whole
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population of CTCs. For example, normal-like breast cancer cells do not express EpCAM and
thus would be missed by the CellSearch method that relies on EpCAM for CTC isolation [63]. As
a result, a set of criteria is necessary to identify CTCs. The CellSearch assay defines a CTC as a
cell that is EpCAM positive, cytokeratin positive, CD45 negative and nuclear stain positive, with
a certain nuclear to cytoplasmic ratio and cell morphology character. In our approach, we followed
these widely used criteria to enumerate CTCs in all patient samples, except that we did not use a
nuclear stain, since we would need another APD detector. Whole blood was labeled with PE-anti-
EpCAM, Alexa647-anti-pancytokeratin, and FITC-anti-CD45. Any cell deemed a CTC had
positive fluorescence signals representing expression of both EpCAM and cytokeratin, but no
signal associated with CD45. As an example, Figure 5.1B shows a small portion of APD traces
from the analysis of a clinical sample (Sample #16). The event at 183 ms has peaks in both the
EpCAM and cytokeratin channels without any significant signal in the CD45 channel, indicating

that there was a tumor cell flowing through the detection window at that moment.

Imaging results (Figure 5.1C) show a cultured MCF-7 cell labeled with anti-EpCAM and anti-
cytokeratin in the microfluidic channel. The bright field image shows that the MCF-7 cell was in
the channel surrounded by numerous blood cells and could not be identified in this context.
However, using epi-fluorescence imaging, the cell had strong yellow (PE-anti-EpCAM) and red
(Alexa647-anti-cytokeratin) emission, which made it distinguishable from the blood cells in the

channel.

While the initial signal to noise (S/N) ratio (> 20) of the fluorescence detection was high at the

experimental flow rate (50 to 60 uL/min), it was important to optimize the data analysis so that the
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system could be operated at the highest throughput and would be robust enough to handle the
variability found in patient samples undergoing different clinical treatments. For example, to
eliminate cross talk between different wavelength bands, spectral un-mixing is used in the
MATLAB script to analyze the data. To reduce the noise and smooth the baseline, a sigmoidal

burst detection filter was applied in the script for data analysis (Figure 5.2).
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Figure 5.2 Sigmoidal burst filtering to improve the S/N. (A) A sigmoidal function based on the deviation
of the intensity for a time bin from the local median intensity. (B) An example APD trace showing the
uncorrected (dots and thin line) and corrected (dark line) data. The corrected data has significantly
reduced noise, allowing for a lower threshold value in identifying CTCs without changing the intensity of
the identified CTCs.

When the flow rate was increased, the mean time for a cancer cell to pass the detection region
decreased, thus the S/N was lowered accordingly. To ensure that the S/N value was high enough
(>10) to detect CTCs in whole blood with a flow rate between 50 to 80 uL/min, we measured S/N
values for both spiked-in cells and clinical samples. Figure 5.3 shows the distribution of S/N
values from a clinical sample (Sample ID 77) tested using EpCAM and cytokeratin as positive

markers and CD45 as a negative marker. Over 95% of the data points have a S/N value higher
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than 20, which is high enough to identify peaks. For this sample, the average and median values
of S/N in EpCAM channel are 56 and 44, respectively; the average and median values of S/N in

cytokeratin channel are 29 and 24, respectively.

S/N for Alexa647-anti-Cytokeratin

o 40 80 120
S/N for PE-anti-EpCAM

Figure 5.3 The distribution of signal-to-noise ratio (S/N) of a breast-cancer sample analyzed by the
EpCAM/cytokeratin/CD45 method. All the data points were two-color events (EpCAM positive,
Cytokeratin positive, and CD45 negative), which were considered to be CTCs.

5.2.2 Background Level of Detected CTCs from Healthy donors and the Recovery

Performance of the Flow Counting Method

Blood is a highly complex biological fluid, so it is necessary to evaluate the background levels for
any method designed to detect CTCs. In this study, 10 samples of whole blood from healthy
donors were analyzed under the experimental conditions used for clinical samples. Each sample
had an initial volume of 0.5 mL and the results were normalized to ImL of blood. Similar to many

other CTC detection methods, which have reported a non-zero background level [20, 67, 103, 107-
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108], this method has an average background level for healthy donor blood samples of 1.2
counts/mL (Figure 5.4A). This value is slightly lower than, for example, a recently developed
CTC capture hip that has an average background level of 2.2 cells/mL with a range of 0 to 12

cells/mL [108].
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Figure 5.4 False positive and recovery performance. (A) On average 1.2 cells were found per mL of
healthy donor blood with 60% of the samples reporting zero cells. (B) MCF-7 cells with known numbers
were spiked into a healthy donor’s blood, which was then labeled with PE-anti-EpCAM, Alexa647-anti-

cytokeratin, and FITC-anti-CD45. Enumeration results showed an average 94% recovery.

Background CTC counts may result from several different sources. It could be caused by the
process of measurement. For example, similar to flow cytometry, antibodies in solution can form
aggregates due to random co-localization, which lead to false positive signals. Antibody
aggregation may be more prone to occur when the blood samples are fixed and permeabilized.
This issue can be addressed by using more biomarkers with more fluorescent colors, thus lowering
the probability of detecting a random event, i.e., antibody aggregates, with the desired combination
of colors. Indeed, this type of multi-parameter analysis has been used to significantly reduce false
positive rates in flow cytometry [109]. Alternatively, background levels may be false positive
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events that resulted from fluorescent dust particles in blood samples that show relatively wide
emission spectra compared to labeled cells. However, the possibility of this occurring in our
experiment was relatively low, because we require that the green channel (CD45; FITC) be non-
fluorescent. Finally, it is possible that the background level was caused by the fact that some
circulating epithelial cells are present in healthy individuals [10]. While this scenario is possible,
we believe it is unlikely based on our previous studies33 and as long as the first tube of drawn
blood is discarded to avoid contamination of epithelial cells during the venipuncture process. In
any case, as long as the background levels are much fewer than in cancer patients, it should not

affect the assay.

Because the background was above zero, accurate fast screening of CTCs in actual clinical practice
will require a threshold to be determined by statistical analysis of the experimentally measured
background, i.e., the sample is considered as CTC-positive only if the number of events is higher
than that threshold. This type of threshold is used in conventional flow cytometry [110]. It is also
applied in other published works for the enumeration of CTCs. For example39, Stott, SL et al.
showed their method has a mean background level of 3 cells/mL, ranging from 0 to 8 cells/mL, in
their analysis of samples from healthy donors. As aresult, they set up a cut-off value at 10 cells/mL
to prevent false positive detection. Ifthe sample count falls below the threshold in our method, it
can be further analyzed by a zero-false-positive method such as eDAR (0 CTCs/mL, n=9) 33,

because the labeled sample is not damaged during the flow detection test.

To determine the recovery efficiency of this method, 25 to 1000 SKBr-3 cells were spiked into 8

blood samples (I mL for each sample) from healthy donors and then analyzed using the same
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preparation procedure used for patient samples. The average recovery was about 94% with a R2
value of 0.9831 (Figure 3B). A similar recovery rate was observed for MCF-7 cells (data not
shown). This value is consistent with the recovery value of eDAR (93%), and is acceptable for

screening CTCs from clinical samples.

5.2.3 Alternative Labeling and Detection Schemes

We have also tested other possible labeling and detection schemes. Because Her2 is a widely
used biomarker in breast cancer studies (~ 25% of breast cancer patients are Her2 positive) and is
the target of the monoclonal antibody trastuzumab, we designed a scheme to enumerate Her2
positive CTCs from breast cancer patients. In this scheme, the blood sample was labeled with PE-
anti-EpCAM, Alexa647-anti-Her2, and FITC-anti-CD45, so a Her2 positive CTC should be

positive for EpCAM but negative for CD45 (Figure 5.5).
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Figure 5.5 Example of APD data for the detection scheme using EpCAM, Her2 and CD45 as biomarkers.

In this figure, there were 3 detectable events in 5 ms, and the first event at 1.7 ms was not a CTC
event, because it had a strong CD45 signal together with the EpCAM and Her2 responses. The
last two events are defined as CTCs, because both EpCAM and Her2 expression are high without
any significant CD45 signals. This experiment shows that the Her2 positive CTCs could be

counted using the current labeling and detection scheme.
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Figure 5.6 The distribution of signal-to-noise ratio (S/N) of a breast-cancer sample analyzed by
EpCAM\Her2\CD45 method. All the data points were two-color events (EpCAM positive, Her2 positive,
and CD45 negative).

To test the applicability of this scheme, we did an analysis on the distribution of S/N values for
another patient sample (Sample ID 103) analyzed by EpCAM/Her2/CD45, which had average S/N
ratios of 57 and 35 for EpCAM and Her?2 channels, respectively (Figure 5.6). False positive studies
were also performed using 1 mL of whole blood as the initial volume of each sample (n=5). No
CTCs were found in 3 (60%) samples, and 1 CTC per 1 mL of whole blood was found in the other

2 (40%) samples. The average background value of this scheme is about 0.4 cells/mL. The
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difference between the false positive values of the two strategies (EpCAM+/Her2+/CD45- and
EpCAM+/Cytokeratint/CD45-) was possibly due to the difference in the sample preparation
procedure. Since Her?2 is a surface antibody, the blood does not need to be fixed and permeabilized
for labeling. This gave us a generally higher signal-to-noise value and a lower false positive rate,
which indicates that if we use cell surface markers instead of cytoplasmic markers, we can reduce

the false positive rate as well.

To demonstrate the flexibility of our labeling scheme, we also enumerated circulating cells that
were CD44+/CD24-/EpCAM+, because CD44+/CD24- is a marker that has been used to identify
stem cell like CTCs. CD44+ can also be present on some blood cells, however, and our
enumeration relied on a single marker, EpCAMH+, to distinguish CTCs that were CD44+/CD24-
from these blood cells. Therefore, to more definitively confirm these are indeed cancer stem cells,
one would need to use additional markers (e.g. CD45- and Cytokeratin+) to minimize the
possibility of false positives. At present, our setup is only capable of detecting 3 markers and thus
this experiment also shows the advantage of being able to monitor additional markers by adding
more detectors and by utilizing fluorophores with narrower emission spectra to facilitate

multiplexing.

5.2.4 Results of Clinical Samples

Over a two-year period, we collected 90 blood samples from 24 patients with stage IV metastatic
breast cancer and performed a side-by-side study comparing the high-throughput flow detection
method with the FDA-approved CellSearch system (Figure 4). CTCs in all the 90 samples reported
in this paper were identified as EpCAM+/cytokeratint/CD45-, similar to the criteria used in
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CellSearch analysis, which has one more nuclear stain (DAPI) marker, and does not image the

EpCAM expression of the captured cells.

CTC positive events were found using the high-throughput flow detection method in 82 samples
(91%), ranging from 15 to 3375 counts per 7.5 mL of blood, with an average CTC level of 305
counts per 7.5 mL of blood, and a median value of 90 counts/7.5 mL. The CellSearch system
found CTCs in 44% of samples, ranging from 1 to 846 cells per 7.5 mL of blood, with an average
CTC level of 36 cells per 7.5 mL of blood, and a median value of 0 cells/7.5 mL. Previous studies
proposed that the relevant prognostic cutoff level of CTCs in metastatic breast cancer is 5 cells per
7.5 mL of blood as determined by the CellSearch method. In our study, only 22% of the samples

had the level of CTCs higher than that threshold using the CellSearch system.

However, considering our current background level (1.2 counts/mL), it is necessary to set a
threshold with a certain confidence level, so we can exclude the data points that might represent
false positive signals. As we discussed previously, there are several different approaches we can

follow to set this threshold.

For example, we might use a simple threshold that is above the range of the detected background
level as reported previously. The mean background level of our method is 1.2 counts/mL, ranging
from O to 4 counts/mL. Similar to the other published works [108], we may set up a threshold at
5 counts/mL as a cut off value to distinguish the CTC events from the background. After the

normalization to 7.5 mL, this threshold would be 38 counts/7.5 mL.
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Another possibility is to use a threshold that is the mean background count plus 2 standard
deviations, a method reported in the flow cytometry literature [110]. The mean background level
of our method is 1.2 counts/mL with a standard deviation of 1.6 counts/mL. As a result, the
corresponding threshold would be 4.4 counts/mL. For 7.5 mL of the blood, the threshold would

be 33 counts/7.5 mL.

The third approach is to use one-sided Z-test to determine a threshold with a particular confidence
level. The false positive data (Figure 5.4A) has an average value of 0.6 cells per sample (0.5 mL),
and a standard deviation of 0.8 cells per sample (0.5 mL). Because there was only one
measurement per clinical sample, we assume Poisson distributed error for the clinical samples.

For the Z test,

_ S-B

Void +af
Where S is the counts in the clinical sample and B = 0.60 is the average counts in the blank and is

the variance in the blank. For the clinical sample can be approximated by S, so we get

5—-06

VS +0.64

For S =4.2, Z = 1.63, which is a 90% confidence interval. For 7.5 mL, we have 4.2 x 15 = 63.

Any sample with S > 4 will have a confidence level > 90% for a two-tail test, and > 95% for a one-
tail test. Since a sample cannot have a negative number of counts, we should use the one-tail test.
As aresult, this threshold (63 counts/7.5mL) would be used for a one-sided test with a confidence

level higher than 95%.
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Based on this more stringent threshold, our method found that 60% of the patient samples were

positive to CTCs with a 95% confidence level. A detailed list of all the patient samples and CTC

counts using CellSearch and our method is provided in supporting information (Table 5.1). Figure

5.7 shows the result and the corresponding thresholds set using the three methods described above.
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Figure 5.7 Clinical results from the CTC flow counting system and CellSearch. Our method found a

median of 90 CTCs per 7.5 mL of blood compared to a median of zero for the CellSearch system. The black

dashed line is a simple threshold (38 counts/7.5 mL) set based on the range of detected CTCs in healthy

donors. The magenta dashed line is the threshold (33 counts/7.5 mL) set using the mean background level

plus two times of its standard deviation. The blue dashed line is the threshold (63 counts/7.5 mL)

determined by Z-test with a 95% confidence level.

Of the 90 patient samples, 30 were additionally analyzed using EpCAM and CD44 as positive

markers, as well as CD24 as a negative marker to enumerate CTCs with stem cell characteristics.

Figure 5.8 shows the side by side comparison of the stem cell counts and regular CTC numbers
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enumerated by the flow detection method, as well as the CTC numbers determined by CellSearch

method. EpCAM+/CD44+/CD24- events were found in 90% of the samples with average and

median values of 150 cells/7.5mL and 53 cells/7.5 mL, respectively.
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Figure 5.8 Side-by-side clinical results for regular CTCs and circulating cells with EpCAM+ / CD44+ /

CD24- expression from the CTC flow detection system and CellSearch. Normal CTCs were determined by
both flow detection and CellSearch method. The average number of the EpCAM~+/CD44+/CD24- cells for

these 30 patient samples is 150 cells/7.5mL.

It is also interesting to compare this flow detection method with eDAR. CTC counts collected

from the eDAR approach (n=22, from 9 patients) [76] and the flow detection approach (n=40, from

the same 9 patients) were analyzed with Analysis of Variance (ANOVA). Figure 5.9 shows the

boxplots and histograms for each dataset. The dataset from flow detection averaged 102 CTCs/7.5

mL, whereas that from eDAR averaged 52 CTCs/7.5 mL. However, given the large variance in
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the flow detection dataset, eDAR and flow detection are not significantly different (p = 0.14, a =
0.05, ANOVA test). This consistency is due to the similarity of fluidics and fluorescence detection
schemes between the two methods.
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Figure 5.9 Comparison of the CTC enumeration results from the same set of patients using eDAR and flow
detection system. The left part is the box plots that show the smallest observation, lower quartile, median,
upper quartile, and the largest observation of the two data sets (eDAR vs Flow count), respectively. The

right part shows the histograms of the two data sets.
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CTC counts by | CTC counts by CTC counts by | CTC counts by
Sample | flow detection | CellSearch /7.5 | Sample | flow detection | CellSearch /7.5
1D /7.5 mL mL ID /7.5 mL mL
1 90 41 46 0 0
2 210 0 47 120 0
3 45 0 48 60 0
4 30 0 49 180 0
5 165 2 50 45 90
6 120 0 51 30 3
7 690 265 52 15 0
8 420 38 53 15 0
9 45 3 54 105 457
10 60 0 55 255 0
11 90 0 56 20 0
12 75 1 57 30 0
13 720 11 58 15 3
14 180 6 59 15 0
15 390 0 60 30 0
16 2085 0 61 0 426
17 120 24 62 120 1
18 135 0 63 38 2
19 90 1 64 158 2
20 45 0 65 3015 0
21 0 0 66 90 0
22 30 294 67 56 1
23 30 2 68 30 0
24 15 0 69 90 0
25 75 368 70 315 5
26 2637 0 71 90 0
27 0 13 72 30 4
28 0 0 73 150 2
29 60 78 74 135 0
30 600 7 75 465 0
31 15 10 76 435 846
32 15 0 77 743 1
33 150 0 78 165 0
34 15 0 79 300 1
35 330 28 80 630 0
36 2655 0 81 90 0
37 195 1 82 89 0
38 0 0 83 285 0
39 3375 3 84 240 1
40 0 0 85 200 0
41 105 0 86 270 0
42 525 0 87 950 8
43 53 194 88 165 0
44 0 2 89 105 0
45 45 0 90 315 1
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Table 5.1 High-throughput flow detection and CellSearch results obtained for 90 breast-cancer patient
samples. The side-by-side comparison between the commercial CellSearch system and our eDAR platform

using blood samples drawn from Stage 1V metastatic breast cancer patients.

5.3 Materials and Methods

5.3.1 Design and Fabrication of Microfluidic Devices

The microfluidic channel was 200 pm wide, 50 um tall, and 3 cm long. The polydimethylsiloxane
(PDMS) device was prepared by photolithography and replica molding methods described
previously. The features were designed in AutoCAD 2010 (Autodesk, San Rafael, CA), and then
written to a transparency mask (FineLine imaging, Colorado springs, CO). To create masters for
replica molding, silicon wafers were spin-coated with SU-8 3050 (MicroChem, Newton, MA),
forming a 50-um thick film. The features were developed and then silanized with tridecafluoro-
1,1,2,2-tetrahydrooctyl-1-trichlorosilane (Sigma-Aldrich, St. Louis, MO) to prevent PDMS from
sticking to the wafer. Uncured PDMS was poured onto the surface of the master, and then
incubated at 75 °C for 4 hours. The PDMS chip was sealed to a No. 4 cover glass (Thermo Fisher

Scientific, Portsmouth, NH) by oxygen plasma bonding.

5.3.2 Biological and clinical materials

Isoton buffer, purchased from Beckman Coulter (Miami, FL), was used in all experiments. Prior
to use, the buffer was filtered using a 50 mL Steri-flip filter (Milipore, Billerica, MA). Two breast

cancer cell lines, MCF-7 and SKBr-3, were purchased from American Type Culture Collection
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(ATCC). Both were used to characterize and optimize the continuous flow system. Cells were
maintained and cultured in the recommended culture media (McCoy’s SA or EMEM), which
contained 2 mM L-glutamine, 10% fetal bovine serum (FBS) (ATCC), and 50 pg/mL

penicillin/streptomycin (ATCC) at 37 °C with 5% CO2 in a humidified environment.

Human whole blood, individually drawn from healthy donors, was provided by Plasma Lab
International (Everett, WA) and stored at 4°C upon arrival. Each 20-mL draw was collected into
four 5 mL Vacutainer tubes coated with EDTA as anti-coagulant. The first tube of each draw was

discarded to avoid potential contamination from skin cells.

Clinical samples were collected from Stage IV metastatic breast cancer patients according to a
protocol approved by University of Washington’s institutional review board. Blood was drawn at
the Seattle Cancer Care Alliance and multiple tubes were collected in each draw. One tube was
collected in a Veridex CellSave tube for enumeration of CTCs by the CellSearch system (Veridex,
Raritan, NJ). The second one was collected in a Vacutainer tube containing EDTA for the flow

detection analysis. The sample was stored at 4°C after the draw and analyzed within 4 h.

5.3.3 Line-confocal Detection Scheme

To detect a single CTC in a background of nanoliters of blood, we developed a line-confocal
detection scheme34-35 with a probe volume that spanned the width (200 um) and height (50 um)
of'the micro-channel. Our system had two lasers (488 nm and 633 nm), whose outputs were shaped
by cylindrical lenses and focused into a 20% objective to form a 200 um by 5 pm line (Fig. 1a).
Fluorescence from this region was collected through a rectangular confocal aperture and a series
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of dichroics and filters to fiber-coupled avalanche photodiodes (APDs) (Excelitas Technologies,
Waltham, MA), operating in the single-photon counting mode. In our current setup, APDI1
detected the yellow fluorescence (560-590 nm) from the monoclonal antibody labeled with
phycoerythrin (PE); APD2 was used as a negative control for the green wavelength range, such as
fluorescein isothiocyanate (FITC) (500-550 nm) to eliminate false positives from broadly emitting
fluorescent contaminants or the antibody conjugated with FITC; and APD3 detected the antibody

labeled with Alexa-647 in the red wavelength band (640-690 nm).

5.3.4 Sample Preparation and Experimental Procedures

Antibodies were centrifuged (14000 rpm, 5 min) to remove possible aggregates before any labeling
procedure. In each clinical run, 0.5 to 1 mL of blood was added to a 15-mL polypropylene conical
centrifuge tube (Becton Dickinson, Franklin Lakes, NJ). 60 uL of PE-anti-epithelial cell adhesion
molecule (EpCAM) (BioLegend, San Diego, CA, Catalog # 324206), 80 uL of Alexa-647-anti-
Cytokeratin (Cell Signalling technologies, Danvers, MA, Catlog # 4528), and 20 puL of FITC-anti-
CD45 (BioLegend, San Diego, CA, Catolog # 304006) were added to the blood in the dark and
incubated at room temperature for half an hour. When cytokeratin was used as the second positive
marker for breast cancer cells, the blood was fixed before labeling. 84 uL paraformaldehyde (PFA)
(20%) were used to fix the blood at room temperature for 15 minutes. Then 44 pL of Surfynol 465
(Air product, Allentown, PA) were added to help anti-cytokeratin penetrate the cell membrane.
When Her2 was used as the second positive marker, there was no fixing step before labeling. 10

uL of Alexa-647-anti-Her2 (BioLegend, San Diego, CA, Catolog # 324412) were added to blood
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with the same amount of anti-EpCAM and anti-CD45 as described above. The labeling parameters

were characterized and optimized in chapter 2.
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Figure 5.10 Fluorescence background levels in PE (phycoerythrin) detection channel, when we flow, (4)
healthy blood sample labeled with anti-EpCAM-PE with the same washing step used in this paper, (B)
healthy blood sample labeled with anti-EpCAM-PE without any washing step, and (C) healthy blood sample
without any labeling and washing steps. The average level of background in (4), (B) and (C) is 79.4, 397.4
and 74.6, respectively.

The labeled blood was diluted to 14 mL and then centrifuged (500 rpm, 10 minutes) to remove the
free antibodies. This dilution factor was optimized to get the lowest background counts. Figure

5.10 showing the background measurement of 3 different samples in the PE (phycoerythrin)

- 101 -



detection channel. When we labeled the blood with anti-EpCAM-PE, and then washed it using
the same procedure described in the manuscript, the average background level would be 79.4
counts (Figure 5.10A). If the same blood sample labeled with anti-EpCAM-PE, but did not have
a washing step, the fluorescent background would increase to 397.4 counts on average (Figure
5.10B). We also injected unlabeled whole blood as a control, and figure 5.10C shows that the
average fluorescence background was 74.6 counts. It proves that our washing step is efficient in

removing most of the free antibodies in the blood.

The final volume was adjusted to be the same as the initial volume for both clinical and control
samples. After that, the sample was loaded into the microfluidic chip pneumatically and analyzed
using the home-built line confocal system. The flow rate was controlled by the gas pressure
regulator and measured by an electrical scale (ACCULAB Measurement Standards, Danvers, MA),
which was controlled by a custom LabVIEW (National Instruments, Austin, TX) program. APD
traces were collected by a PCI data acquisition card (PCI 6602, National Instruments, Austin, TX)
and analyzed by a MATLAB (MathWorks, Natick, MA) script developed in-house. The threshold

of signal-to-noise ratio for all the 3 channels was set to 5 to ensure the highest possible sensitivity.

5.4 Conclusion

The enumeration of CTCs is an important component of monitoring cancer progression, and the
reported CTC flow counting system is an automated, quick, and sensitive method. Additionally,
the system is very flexible in the sense that it can be used with a variety of markers and any user-
defined fluorescence-based criterion for enumerating cells of interest can be designed. We

demonstrated the ability to enumerate spiked-in cancer cells from whole blood with a high
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recovery efficiency of 94%. A side-by-side clinical study of 90 patient samples showed that our
method is sensitive and efficient for CTC detection in patients with stage IV metastatic breast
cancer. Flow detection technique is free of enrichment steps, which are required in most CTC
analysis techniques, so the sample preparation is minimized and the detection and enumeration
analysis is fully automated. Moreover, because it is a non-destructive analysis technique (samples
simply flowed through a straight channel), samples can be re-analyzed and verified using other
CTC methods. This compatibility would be ideal for a high-throughput screening application,
because the positive samples may need to be further tested by other techniques to obtain more
cellular and molecular information. In summary, we believe this simple, fast, and robust method
is useful for the enumeration of CTCs from patient blood, and it may be potentially used for other

rare-cell enumeration studies.
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Chapter 6 Conclusion and Perspective

The ultimate goal of this dissertation is to develop an ideal method to analyze rare cells, especially
CTCs from whole blood, with a high sensitivity, throughput and flexibility. I report three methods
for CTC analysis, two generations of eDAR and an automated counting method. We can always
improve these methods and incorporate them with other methods. For example, one possible
future improvement could be redesigning the microfluidic structure, so eDAR can select multiple
populations of rare cells from the same sample simultaneously. Although filtration worked well
in the reported method as a further purification method, it is also possible to develop the subsequent
purification unit based on other schemes. For example, we can directly couple two eDAR designs
sequentially, so the second one would serve as a further purification unit for the first eDAR, which

would improve the enrichment ratio and thus the purity significantly.

Understanding the molecular and cellular characters of captured CTCs are the ultimate goal of any
CTC technologies in the future. eDAR has a great flexibility of downstream analyses, and we
have finalized the methods for protein analysis and single-cell manipulation. In the future, more
subsequent analyses methods should be integrated onto the eDAR platform. For example, after
we pick up the isolated CTCs from the microfluidic chip, we can perform single-cell PCR
experiments on the isolated CTCs easily. In situ investigation of genes could also be performed
by using FISH methods. Many other assays could be performed too, such as single-cell proteomics.
If we can lyse the captured CTCs in a small volume, it may be possible to analyze it using
proteomics methods, so we will not be limited by the immuno-staining techniques to understand

the expression of proteins.
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