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Circulating tumor cells (CTCs) are known to escape from the primary tumor site
and may settle down at the distant organ to grow a second tumor. CTCs are one of causes
initiating carcinoma metastasis. Detection of CTCs has been considered to be valuable for
cancer management, including diagnosis, prognosis, and clinical treatment management.
However, efficient isolation, enumeration, characterization, and genetic analysis of CTCs
in whole-blood samples from cancer patients are very challenging due to their extremely
low concentration and rare nature (per CTC in blood cells is 1:10°-10%). With the
increasing worldwide death rate associated with cancer, there is a desperate demand for a
high-sensitivity, high-throughput, and low-cost detection and separation system.

My doctoral research focused on the design and fabrications of the screening
system for the detection of CTCs with further analysis of captured CTCs, such as
immunofluorescence staining and fluorescence in-situ hybridization (FISH). The distinct
significance of this research is that the development of the computer-controlled rotational
holder with a series of six inverted microfluidic chips reduced the cost by significantly
reducing the consumption of magnetic carriers (25% of the consumed amount used in the
commercial CellSearch® system), increasing the capture efficiency by manipulating the
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blood sedimentation in the microchannel, enhancing the system stability by integrating the
micromagnets on the plain glass slide substrate, and achieving high throughput because of
the high flow rate (2.5 mL/hr) and large screening volume (screening up to six chips in
parallel with each containing 2.5 mL of blood). Immunofluorescence staining and the FISH
method have been performed to prove the capability of the system. In addition, the system
has been successfully applied for patient samples screening.

The incorporation of micromagnets has demonstrated that micromagnets provide
localized magnetic forces to scatter the target cancer cells and free nanoparticles
throughout the whole channel substrate to increase the channel space usage by 13%. Four
cancer cell lines, including COLO 205 (colorectal cancer), SK-BR-3 (breast cancer), MCF-
7 (breast cancer), and PC3 (prostate cancer), were spiked in blood samples from healthy
donors to verify high capture efficiency of the developed system. On average, over a 97%
capture rate was demonstrated for all cell lines. Moreover, the developed screening system
has been successfully screened over 40 patient samples, including metastatic lung cancer,
breast cancer, prostate cancer, and colorectal cancer. After capture of CTCs,
immunofluorescence staining was used to identified the captured cancer cells and the FISH
method was performed to characterize the isolated cancer cells by studying the gene
expression of CTCs from breast cancer.

The proposed automated immunomagnetic microchip-based screening system
shows high capture efficiency (average 97% for four spiked cell lines), high throughput (15
mL of blood sample per screening), high sensitivity, high specificity, and low nanoparticle
consumption (75% less than CellSearch® system). The screening system provides great
promise as a clinical tool for early cancer diagnosis, diagnosis, personalized therapy, and

treatment monitoring.
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Chapter 1

Background and Introduction

According to the world cancer statistics reported by the International Agency for
Research on Cancer (IARC), which is the specialized agency of the World Health
Organization (WHO), global cancer deaths increase from 7.6 million in 2008 to 8.2
million in 2012. In the United States, cancer is the second most common cause of death,
accounting for nearly one in every four deaths. It is imperative to control the disease
progression before it consumes the life of a patient. Early diagnosis and detection are
therefore keys to early cancer prevention. Recent years witnessed a massive and rapid
growth in the cancer diagnostics market. This blooming market environment provides the
perfect opportunity for our technology to penetrate target market segments where it will
grow and establish a prominent market share. Recent market analysis from Business Wire
reported a global market for the next-generation cancer diagnostics market worth $776
million in 2010 and that it is projected to grow to $5.3 billion by 2015. According to
Business Wire, the cellular analysis market was worth $10 million in 2010 and is
expected to increase at a 95.4% compounded annually growth rate, eventually reaching a
market worth of $296 million in 2015 [1].

Therefore, a tool for the diagnosis and prognosis for cancer is in urgently needed.
Current commercially available rare-cancer-cell detection systems have poor positivity of
results, even for metastatic cases, and are typically used for selection and numeration only,
not to mention that the high costs associated with these tests greatly limits patient market
exposure. Therefore, a highly sensitive, high-throughput, and low-cost screening system for
cancer disease monitoring is the most affordable solution to the urgent needs in developing

and developed countries.



Here, we briefly introduce existing methods and systems for the screening of rare
cells for further analysis. We start by discussing from the macroscopic cell detection
systems such as the magnetic-activated cell sorting system followed by a discussion of
the scaling law of miniaturization towards microfluidic chip-based immunomagnetic
assay for cell separation. We then discuss the fundamentals of the flow field and
magnetic field in the microchannel for the design and development of the screening
device. Related design concepts, principles, and microfabrication techniques are
presented and evaluated. Characterization and calibration of the screening system by the
spiked experiments are then presented, and results of applying the system for the patient

samples are shown in the thesis.

1.1 METASTATIC AND CIRCULATING TUMOR CELL

1.1.1 Metastatic cancer

Metastasis is the major cause of carcinoma-related death in cancer patients.
Metastasis usually occurs via blood vessels and the lymphatic system. During this
metastatic process of cancer metastasis, cancer cells escape from a primary tumor site and
circulate through the lymphatic system and the bloodstream to other, distant organs,

leading to the development of a second, solid tumor.

Cancer type Main sites of metastasis

Breast cancer Bone, brain, liver, and lung

Colorectal cancer Liver, lung, and peritoneum

Lung cancer Adrenal gland, bone, brain, liver, and other lung
Prostate cancer Adrenal gland, bone, liver, and lung

Table 1.1: Common sites of metastasis for four types of cancer. [2]



Stephen Paget, an English surgeon, introduced the idea of a “seed and soil” theory
in 1889 to describe the metastasis of cancer, in which a cancer cell was considered to be
the seed while the organ microenvironments were considered to be soil [3-6]. Table 1.1
shows the common main sites of metastasis for four types of cancer, including breast
cancer, colorectal cancer, lung cancer, and prostate cancer [2]. We mainly use those
breast cancer cell line, colorectal cancer cell line, and prostate cancer cell line for spiked

experiments here in the thesis.

1.1.2  Circulating tumor cells

Cells shed from the primary tumor site and circulating in the peripheral
bloodstream are known as circulating tumor cells (CTCs). CTCs can potentially trigger
the growth of additional, distant organ tumor sites, and appear to get involved in the

mechanism and development of recurrent and metastatic disease.
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Figure 1.1: The steps of the metastatic cascade. [7]



Figure 1.1 shows the metastatic steps of cancer. Viable CTCs found in patient
blood can potentially be the major causes of carcinoma metastasis, during which CTCs
undergo a series of steps of local invasion, intravasation, circulation, arrest, extravasation,
proliferation, and angiogenesis [8].

CTCs in the blood sample have been considered an important indicator of
carcinoma progression and metastasis. Hence, accurate information on the enumeration
of CTCs is critical to cancer diagnosis, prognosis, and therapeutic response monitoring
[9, 10]. Capture and molecular characterization of CTCs at an early stage generate
immediate clinical impact by providing an important tool to expand and delineate risk
assessment, treatment selection, response monitoring, and development of novel
therapies.

Due to the rarity of CTCs in the peripheral blood sample, only one CTC can be
found in 1 mL of whole-blood sample containing a billion blood cells [11, 12]. Therefore,
it is highly challenging for the isolation/enrichment, molecule characterization, and
downstream analysis of cancer cells with such a low concentration of CTCs in a whole-
blood sample. An effective CTCs detection system with high sensitivity, high throughput,
high purity, and low cost is required for the advancement of both biological and clinical
cancer studies.

Some biomarkers are commonly used for detecting cancer cells shed from
different tumor sites. Table 1.2 shows some of the common ones for detection of several
different tumor sites. Epithelial cell adhesion molecule (EpCAM) is commonly expressed
in most human epithelial carcinomas. Therefore, EpCAM has been used as a diagnostic
and prognostic tool for various cancers. In this thesis, we mainly use EpCAM as a surface
biomarker expressed on the cancer cell for the development of a CTC detection system.
In addition, the monoclonal anti-EpCAM antibody is used to modify the surface of

magnetic carriers to tag the target cancer cells for cell separation.



Biomarker

Tumor site

EpCAM
HER-2
EGFR
MUC-1
CD146
PSA
EphB4
CEA
KRAS

Breast, Colorectal, Prostate, Lung, and Bladder
Breast and Gastric

Breast, Colorectal, Gastric

Breast, Colorectal, Prostate, and Ovarian
Breast

Prostate

Breast, Colorectal, Head, and Neck

Breast, Colorectal, Gastric, and Pancreatic

Colon

Table 1.2: Common biomarkers for detecting different tumor sites. [13]

The presence of CTCs in a blood sample is considered as an important indicator
of many types of cancer that appear to be the mechanism of development for recurrent
and metastatic cancer disease. The capture and genetic-information acquisition at the
molecule scale of CTCs provide an important tool to expand and delineate risk

assessment, treatment selection, response monitoring, and development of novel therapies

[14,15].

1.2 METHODS FOR RARE CELL ISOLATION

Emerging technologies for CTCs enrichment have raised a lot of attention in the
scientific community and biotechnology industry around the world over the past decades.
Various methods and systems have been proposed and have demonstrated the successful

detection of CTCs in many reviews [16-23]. Based on the proposed detection principles,

those mechanisms can be categorized into two main parts as follows.

(1) Separation based on physical parameters:

* Sizes and density gradients [12, 16-21]



* Hydrodynamic separation [24-27]

* Dielectrophoretic separation [28, 29]
(2) Affinity mediated separation:

* Immunoassay [30, 31]

* Immunomagnetic separation [9, 32-35]).

12.1  Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is a specialized type of flow
cytometry. FACS has been widely used for sorting a heterogeneous mixture of cells
based on the fluorescence signals. A number of miniaturized FACS systems based on
microfluidic device have been developed [36, 37]. The FACS method is limited in that it
can be used to sort cells only with large subpopulations that lack the sensitivity to

separate rare cells.

1.2.2  Magnetic-activated cell sorting

Magnetic-activated cell sorting (MACS) assay has been extensively used for cell
separation by applying magnetic force to separate cancer cells tagged with magnetic
carriers [38], such as magnetic microbeads or nanoparticles. The magnetic tags are
usually attached specifically to cancer cells through antibody—antigen interaction, leaving
behind other nonparticle-labeled normal blood cells. The magnetic field source acting on
those magnetic tags can be either permanent magnets [34] or electromagnets [39].
Permanent magnet provides static magnetic field, while electromagnet generate tunable
magnetic field. Immunomagnetic assay has several advantages, such as high selectivity,
high specificity, high throughput, great tunability, and good integration. Therefore,
immunomagnetic assay is more suitable for rare CTC separation.

For selectivity, immunomagnetic assay has good sensitivity due to the antibody—



antigen bonding as the affinity-mediated immunoassay. Currently, most of the immuno-
assays rely solely on the overexpression of one common biomarker—the epithelial
adhesion molecule (EpCAM). However, EpCAM may be down regulated during
metastatic steps. Therefore, the addition of the multiple types of antibodies coated on the
magnetic tags specific for multiple cancers can thus increase the separation sensitivity.
High capture rates of A-431 (skin cancer cell) using EpCAM/EGFR, SK-BR-3 (breast
cancer cell line) using EpCAM/HER-2, and BT-20 (breast cancer cell line) using
EpCAM/MUCI have been successfully demonstrated [40, 41].

For specificity, immunomagnetic assay increases the capture contrast between
magnetic tags—labeled and non-labeled cells in terms of the surface attachment by using
the magnetic force for retaining the target cells. Higher shear stress/flow rate can be
applied during the flushing steps.

Affinity-mediated immunoassay is dependent on the successful contact of CTCs
and surface biomarkers. Unlike affinity-mediated immunoassay, immunomagnetic assay
can magnetically attract cells within a broader spatial domain to achieve high throughput.
Therefore, higher flow rates can be compromised without losing the separation efficiency
[34].

By using the electromagnet as a magnetic field source, magnetic field can be
accurately adjusted for the tunability function of immunomagnetic assay comparing to
the adhesion-based separation method. Furthermore, the magnetic field distribution and
the field intensity can be fine-tuned specifically for different cell types and magnetic
carrier properties.

In addition, immunomagnetic assay can be incorporated with other proposed
separation methods to show that the integration capability in that magnetic field can be
introduced without directly contacting cells. The integration capability has been

demonstrated by integrating immunomagnetic assay with deterministic flow and inertia



focusing in serial to significantly increase the separation efficiency by removing red
blood cells (RBCs), platelets, and other blood components [42].

A large amount of effort has been dedicated to inventing different types of
immunomagnetic assay for cell separation in the past few decades.

The conventional magnetic-activated cell isolation system is a manual method for
screening process. Bulky permanent magnets are arranged with quadrupole to
magnetically attract magnetic tag-labeled cells in a radical direction toward the sidewall
of the tube (e.g., conical tube and Eppendorf tube), which is usually used to store the
blood sample before the separation process [43]. Several commercial MACS systems
have been introduced to the market that high magnetic field gradient was generated in
column tube. Commercial magnetic-activated cell sorting (MACS) systems have been

developed in which high magnetic field gradient was generated in a column tube [9, 32].

(a) (b)

Figure 1.2: MACS system. Superparamagnetic beads were used to tag cells. (a) Principle
of MACS. Bead-labeled cells were attracted to the sidewall of the tube by the
applied external magnetic field while unlabeled blood cells were eluted.
Black dots indicate superparamagnetic beads, and white dots indicate
unlabeled blood cells. (b) Commercial product of MACS [32].



Target cells labeled with magnetic microbeads were magnetically attracted to the
tube sidewall, whereas unlabeled cells were eluted. Once the external magnetic field was
removed, the microbead-labeled cells could be released and collected [32]. The principle
of the MACS system is shown in the Figure 1.2(a). The commercially available product
is also shown in Figure 1.2(b). However, the conventional MACS system for cell
separation is a time-consuming process with low throughput, especially for rare-cell
separation, because of its manual operating procedures and the limited magnetic field

intensity.

(a)

(b)

) At § 65 MM —

external cylinder wall
(intemnal cylinder wall not shown)

Figure 1.3: (a) Schematic of the quadrupole magnetic flow sorter (QMS) system. (b) Top
view of the magnetic field simulation distributed in the tube. [44]



Figure 1.3 shows one example of MACS. Figure 1.3(a) shows the schematic of
the quadrupole magnetic flow sorter system. Four magnets are placed in an alternative
arrangement of polarity configuration (N-S-N-S) and exert a radial magnetic force on the
magnetic carrier-tagged cells, which is represented by the gray circle. The simulated
magnetic field distributed in the quadruple tube is shown in Figure 1.3(b) [44]. The
magnetic field in the center is extremely low longitudinally in the tube, so magnetic
carrier-tagged cells may escape from the tube instead of being magnetically attracted to
the sidewall of the tube.

Subsequently, a design of the MACS system called MagSweeper technology was
recently introduced in which plastic sheaths covered magnetic rods that were swept

through the well to magnetically attract microbead-labeled target cells [33, 45].

(a)

Figure 1.4: (a) Operational schematic of the MagSweeper. (b) Photography of the
MagSweeper system used to isolate rare CTCs. [33, 45]

Figure 1.4 shows the operation principles of the developed MagSweeper system.
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The blood samples were diluted and then pre-labeled with magnetic particles. Then the
samples were loaded into the capture wells. The sheath-covered magnetic rods were
swept in the wells, rotating 1.5 mm above the bottoms of the wells. Loosely bound cells
were removed while the sheathed rods were being washed. An external magnetic field
was applied to facilitate the release of labeled cells and excessive magnetic particles. The
sample can process different samples at the same time by using three rods in parallel, as
shown in Figure 1.4(a). However, during the screening process, sheaths considerably
reduced the magnetic force on the magnetic rods leading to the lower capture efficiency.

Figure 1.4(b) shows a photograph of the MagSweeper system.

Targeting CTC detection, a commercial system (Veridex,LLC, Raritan, NJ) was
developed, also based on the MACS method. CellSearch® is currently the only system
that has been approved by the US Food and Drug Administration (FDA) for clinical

diagnostics of breast, colorectal, and lung cancers, as shown in Figure 1.5.

(@)

celtrachy

Figure 1.5: FDA-proved CTC detection system, CellSearch® system, including (a) the
automated sample preparation system and (b) the MagNest test kit. [46]

Figure 1.5(a) shows the automated sample preparation system. Figure 1.5(b)
shows the MagNest kit, which is used for microscopic observation. The commercially

available screening system consists of a CellSave™ preservative tube (Immunicon,

11



Huntingdon Valley, PA) for collection, preservation, and transportation of blood samples.
A CellSearch® profile kit (Veridex, LLC, NJ) containing ferrofluids and capture-
enhancement reagent was used for the screening. CTCs labeled with ferrofluids
conjugated based on EpCAM were enriched from other unlabeled blood cells. A semi-
automated microscope was utilized for sample scanning and data acquisition (CellSpotter
Analyzer, Veridex, LLC, NJ) [47, 48]. Many papers have been published using
CellSearch® to study the correlation of enumarated CTCs level and the survival rates of
cancer patients [49-55]. However, the CellSearch® system is primarily limited by its low
capture efficiency. Besides, the system re-suspends the captured cells in the original
screen solution after fluorescence imaging instead of collecting them. Therefore, no cells
can be retrieved, and no further analysis can be done with the captured CTCs.
Conventional magnetic-activated cell sorting systems reveal the inspiring topic of
CTC study. As research into CTCs advances, higher requirements are placed on the
enrichment techniques [56, 57]. The conventional MACS system is not designed for
molecular analysis. In addition, their bulky size and bad portability impose restrictions on
their applications for point-of-care biomedical systems. Therefore, new technology is
needed to provide better control of the magnetic and hydrodynamic forces acting on the

target cells flowing in the channel for enhanced enrichment.

1.2.3 Immunoassay-based separation method

CTCs can be differentiated from other normal blood cells based on the biomarkers
expressed on the cell surface. Direct force for cell capture can be provided directly by the
affinity ligands coated on the capture surface.

Antibody-antigen interactions display better selectivity than physical properties
separations. Affinity mediated immunoassay was first demonstrated by coating the three-

dimensional micro posts structures with anti-the epithelial cell adhesion molecule
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(EpCAM) antibodies [30]. Figure 1.6 shows a lung cancer cell expressing EpCAM
antigen captured by a three-dimensional micropost conjugated with anti-EpCAM

antibody.

-\-l*ﬁ S0um G000

Figure 1.6: SEM image of one NCI-H1650 lung cancer cell captured by a micropost
coated with anti-EpCAM. The inset shows a high magnification view of the
captured cell. [30]

A number of devices with engineered three-dimensional structures have been
proposed to help increase the capture efficiency by taking advantage of the enhanced
surface-to-volume ratio [31, 58]. However, shear stress acting upon the captured cells on
the surface of the three-dimensional structure may cause damage to or loss of the cells.
Therefore, relatively low flow rate limits the affinity-mediated immunoassay of
transporting to the capture surface. It is also difficult to select the appropriate flow rate
for facilitating the interactions between target cells and surface biomolecules while
dissociating the nonspecific bonds and removing non-target cells from the three-
dimensional structures.

Fluid-permeable nanoporous membrane structure have been proposed recently to
be integrated with the immunoassay to enhance the surface reactions with the target cells

and reduce nonspecific bonding [59, 60].
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1.24  Electrical properties-based separation

Some cell separation methods are performed based on the electrical properties of
cells. Cells are polarized by the AC electrical field and controlled by the applied
dielectrophoresis (DEP) force. The DEP force applied on the cells is dependent on
properties of the AC electrical field, the dielectric of the surrounding fluid medium, and
the density of the cells [61]. CTCs and normal blood cells were levitated to different
heights and then transported with different flow velocities in the parabolic flow profile.
Blood cells move faster near the center of the channel, while CTCs move slower near the
surface and are separated [28, 62]. The DEP separation system, which is a label-free
method, is suitable for dealing with large amounts of blood samples in a flow-through
device so that target cells can be collected for further analysis. However, a larger
chamber is required to increase the separation efficiency. In addition, the requirement for
the DEP system is an external power supply, which limits the portability of the system for
further point-of-care clinical use.

To further improve the separation sensitivity and specificity, antibody—antigen
interactions have been adopted to provide addition cell differentiation. Biological
recognitions take advantage of the enhanced surface area per unit volume in

microstructures to increase the chance of cell adhesion.

1.2.5  Cell separation based on cell physical properties

Label-free separation based on physical properties takes advantage of one or more
intrinsic differences of the CTCs’ properties (such as size, density, deformability, and
electrical charges) that distinguish them from other normal blood cells. For the size-
filtration method, the principle is that the carcinoma cells are assumed to be generally
larger than other normal blood cells in the blood samples [22, 63, 64]. A filter-based

method, which is referred to as isolation by size of epithelial tumor cells (ISET), was
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developed to isolate CTCs from the peripheral blood sample [63-65]. A high-density
microcavity array was reported to trap target cells on the filter structure by applying
negative pressure on the detection system [22]. The deficiency of the filtration method is
that target cells easily get clogged on the filter structures along with other blood cells due
to low pore density and multiple pore fusion, which lead to low capture efficiency [11,
66, 67]. In order to avoid the cell-clogging issue, lysis of blood cells (e.g., red blood
cells) becomes a necessary step before the filtration process. However, lysis of blood
cells raises another issue of cell loss.

Based on the similar buoyant density of cells, density gradient centrifugation is
applied for the isolation of target cells [68, 69]. The demonstrated maximum capture
efficiency of the density gradient centrifugation was 70% [70]. In addition, separation
method based on the cell deformability can provide an alternative to the current cell
enrichment techniques [18, 71]. The filtration structure may not be able to differentiate
between cancers cells that are physically similar to normal blood cells although the filter-
based approaches are not limited by the cell types. When the target cells pass through the
filtration structure, increasing shear stress may cause potential damage or loss of target
cells limiting the system throughput. Therefore, both the filter method and the density
gradient centrifugation method lack specificity resulting in low separation efficiency.

Manipulating the hydrodynamic forces on the target cells in a streamline is an
alternative to the filtration system for cell separation. Continuous-flow deterministic
array was reported to separate blood components based on the hydrodynamic sizes [26].

The asymmetric pinched flow fraction method demonstrates that cells with
different sizes and shapes move along different streamlines and can eventually enter
different outlets for being collected [72]. Microvortices can be applied to isolate CTCs
based on size difference as a biomarker, in which target cells with larger diameters
migrate and are enriched in the expansion-contraction trapping reservoirs [25, 73]. The

spiral structure of microchannels used the Dean vortex flow presented inherently in the
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curvilinear chamber to move larger CTCs against the inner wall and collect them from
the inner outlet [74, 75].

The streamline-based separation method can be operated with a high flow rate
without significantly increasing the shear stress on the target cells. However, the sample
usually needs to be significantly diluted largely before the screening process, which

limits the separation efficiency.

1.3 MICROFLUIDIC CELL SORTING SYSTEM

People are now allowed to make miniaturized tools to observe, measure, and
manipulate  extremely small targets because of the advancement of
micro/nanotechnology. For rare cell detections, such microsystems provide precise
control of the hydrodynamic flow, transportation, and biological interactions in the
microchannel. Combination of immunomagnetic assay and microchip technology has
been well established for separation of rare cells.

Microfluidic immunomagnetic assay uses magnetic carriers (e.g., beads/particles)
conjugated with specific antibodies to label target cancer cells. The external magnetic
field is applied for capturing.

Integration of microchip-based and immunomagnetic assay was proposed for the
analytical magnetapheresis, which was reported to compare magnetic properties of iron-
rich protein (ferritin) labeled human lymphocyte and magnetite-doped dynabeads [35,
76].

Figure 1.7 shows the system of the analytical magnetapheresis. The samples were
stored in a syringe before they were pumped into a carrier medium-filled microchannel,
which was placed over permanent magnets, at a controlled flow rate. Magnetized cells
and dynabeads were magnetically attracted to the interpolar gap of permanent magnets.

The cell sample was permanently fixed and stained on the sample slides for microscopic
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analysis. Magnetic susceptibility was measured and calculated by the developed
analytical magnetapheresis for the ferritin-labeled lymphocyte and the necessary number

of ferritin molecules per lymphocyte for the magnetic separation.
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Figure 1.7: Setup of one early analytical magnetapheresis system, which was used to
study human lymphocyte. Cells were trapped at the interpolar gap of the
magnets. [76]

A microchip system was proposed based on continuous-flow ferrofluid
hydrodynamics to sort a mixture of particles and live cells simultaneously. Figure 1.8
shows the microdevice with a stack of four permanent magnets placed close to a
microfluidic channel to sort different sizes of cells based on ferrohydrodynamics. The
system involved manipulation of cells within ferrofluid suspension under the external
magnetic fields in the later part of the microchannel. Escherichia coli (strain MG1655),
Saccharomyces cerevisiae (baker’s yeast), and two different sizes of fluorescent
polystyrene microparticles were screened for the separating experiments. The system

demonstrated high capture efficiency (~100%) and high throughput (107 cells per hour)
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[77, 78]. For clinical screening, the developed system needs further optimization to

increase the separation resolution for cells with smaller differences.

Figure 1.8: Microchip-based immunomagnetic CTC separation system in deflecting
mode. Permanent magnets were placed to the sidewall of the microfluidic
channel to sort different cell lines into different streamlines and collect them
at the end of the channel. [77]

The immunomagnetic assay can be used to retrieve viable CTCs; therefore
additional functionalities, such as cell culture, can be fulfilled [79].

The device composed of a tilt-inlet channel with a certain angle in a main
microfluidic channel with two rows of dead-end side chambers, as shown in Figure 1.9,
to store attracted CTCs and avoid being damaged by shear stress. A permanent magnet
was placed outside of the lower row of side chambers to magnetically collect magnetic
bead-attached CTCs. The device showed good separation efficiency of 87% using spiked
M6C breast cancer cells. Isolated CTCs along with RBCs were cultured for molecular
analysis (reverse transcription polymerase chain reaction, RT-PCR) after the lysis of
RBCs. The developed system can be used to process large sample volumes, multiple

types of CTCs, and other molecules [79].
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Figure 1.9: Immunomagnetic microchip integrated with cell storage chamber to retrieve
and culture CTCs on chip. [79]

As mentioned earlier, immunomagnetic assay can be integrated with other
separating mechanisms to demonstrate better isolation capability. A CTC-iChip
containing three separation stages of debulking, inertial focusing, and immunomagnetic
was introduced for CTC separation [42]. The system incorporated three microfluidic
functions to replace RBCs lysis and centrifugation, hydrodynamic sheath flow in flow
cytometry, and magnetic-activated cell sorting, as shown in Figure 1.10. The first stage in
the developed system was the hydrodynamic size-based filtration that it used an array of

micropillar structures in which RBCs, platelets, plasma proteins, free magnetic beads,
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and other blood components were discarded through a top outlet. The remaining CTCs
and WBCs were then transferred to the second stage for inertial focusing before moving
to the third stage where immunomagnetic separation was performed to collect the CTCs
through a top outlet. The CTC-iChip was capable of immunomagnetically sorting
epithelial and non-epithelial cancer cells in both negative and positive modes. The
captured cells were used for further molecular analysis of a single cell. The microfluidic
device performed high capture efficiency for different cancer cell lines expressing

different EpCAM levels.
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Figure 1.10: Hybrid immunomagnetic microchip for CTC detection, including
hydrodynamic cell sorting, inertial focusing, and magnetophoresis
separation. RBCs, platelets, and other blood components were removed
in advance. [42]

Microchip-based immunomagnetic assay provide better control of flow field and

magnetic field compared with the conventional MACS. Smaller channel height of a
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miniaturized microchip improves the magnetic capture. However, the miniaturization is
limited by the requirements of avoiding cell clogging and maintaining laminar flow
inside the channel. In addition, the channel has to be made large enough to maintain a
high throughput system. To overcome the contradiction of throughput and separation
efficiency, some groups came up with different approaches to increase the local magnetic
field by integrating small-scale magnets inside the microchannel.

The trend from macrotubes to microchips inspired novel ideas of using in-channel
structures to precisely modulate the magnetic field to facilitate cell separation. The
micromagnets were engineered to generate a strong localized magnetic field. These
magnetic responsive elements inside the immunomagnetic channel enhanced the near-
field interactions between the cells and the magnetic field [34, 35, 80]. Incorporation of
these micro magnetic flux sources provided a new way for better CTCs’ separation

without sacrificing the system throughput.
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Figure 1.11: Three-dimensional image of the magnetic tweezers integrated with micro-
electromagnets, a ring trapper, a microfluidic channel, and a gold-patterned
surface for the manipulation of a DNA molecule. [81]

Micro-electromagnet or static micromagnets are two ways to induce the localized
micromagnetic fields [82-85]. The micro-electromagnets usually involve the fabrication

of three-dimensional microcoils on the planar substrate inside the microchannel, and
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apply an additional current source to actuate the microcoil and generate a magnetic field,
as shown in Figure 1.11 [81].

For the electromagnets, the magnetic field intensity can be easily adjusted by
tuning the applied current. However, the external power source limits the portability of
the system. Strength of the micro-electromagnet is also limited due to the weaker
magnetic field and the issue of heat generation.

The static magnetic approach is more widely adopted, which directly patterns soft
magnetic materials onto the channel substrate, using conventional photolithography and
deposition techniques [82-85]. Fabricated static micromagnets can be easily magnetized
by the external magnetic field to generate a locally enhanced magnetic field that is 100
times stronger than those generated by electromagnets. Therefore, static micromagnets
exhibit real potential for serving as point-of-care compact systems.

Semiconductor fabrication techniques were commonly used to fabricate the
micromagnets [82-88]. In addition, fabrication of shrink-induced micromagnets was
proposed that nickel was deposited onto shape memory polymer films. Upon heating, the
polymer film shrinked in lateral dimension, causing the nickel film to wrinkle and buckle
[89]. Moreover, micromagnets were thermomagnetically patterned using heat irradiation
through a mask to selectively switch the magnetization direction of a thin film
micromagnet, forming an array of oppositely magnetized polarities micromagnets [90,
91]. Furthermore, ferromagnetic material used PDMS to encapsulate ferroferric oxide
powder into the master template made of SU-8 photoresist. Micromagnet array was
formed upon PDMS demoulding from the master template [92].

These above-mentioned micromagnets can be easily integrated in microfluidic
channels for particles/particles-labeled cells sorting, focusing, and isolating application
[86,91,93].

In addition to the fabrication methods, the reported micromagnets have been made

into different structures for various purposes. For immunomagnetic cell separation,
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micromagnet structures affect the intensity and distribution of the localized magnetic

field, which directly determines the surface retaining force and the capture range.

Figure 1.12:  Magnetic stripe for guiding and sorting cells. [93]

The demonstrated structures include the microstripes, micropillars, microgrooves,
and microchessboard. For the microstripes structure, the nickel stripe was deposited onto
the substrate to alter the directions of cells with different magnetic labels. Leukocytes
were successfully separated and collected in the microchannel [84, 86, 93, 94]. Figure
1.12 shows the micromagnetic stripes used to guide and sort cells. Leukocytes have been
successfully isolated from whole-blood samples.

Ferromagnetic micropost structures were incorporated in the microchannel, and

can be used to capture targets on the micropost surface. The system was used to separate
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magnetic microbeads from nonmagnetic beads [92, 95-98]. Fabricated micropillar

structures are shown in Figure 1.13.

10 pm

Figure 1.13: Magnetic stripe for guiding and sorting cells. [95]

The microgroove structure, as shown in Figure 1.14, was fabricated using the
shrinking mechanism that targets were directly captured inside the channel in positive

collection mode, or nontargets were retained in negative collection mode [89].
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Figure 1.14: (a)(b) SEM images of shrinking structures. (c) Cross section of SEM image
of structures.
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Chessboard pattern of magnetic micromagnets. [90]

Figure 1.15:

For the microchessboard, the heat irradiation was used to fabricate structures; the

resolution and alignment can be well controlled in an alternating pattern. Similarly, the
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system has been demonstrated the capability of separating mixture of magnetic and
nonmagnetic microbeads [90, 91, 99]. Figure 1.15 shows chessboard-patterned
magnetized micromagnets.

Table 1.3 summarizes the fabrication principles, materials, micromagnet

dimensions, capture range, and applications.
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Table 1.3: Comparison of the four types of micromagnet structures [23].
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Figure 1.16: Schematic of microchip-based screening system integrated with patterned
micromagnets for cell separation.
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A patterned thin-film micromagnet can also be designed and applied for CTCs
separation. The micromagnet, with optimized thickness at nano-scale, can generate
sufficient force to magnetically attract the CTCs. The patterned array of micromagnets
not only increased the capture rate but also scattered the cells to make full usage of the
space inside the channel. Figure 1.16 shows the design schematic of the microchip-based
screening system integrated with patterned micromagnets for cell separation.

Thin-film micromagnets integrated with the immunomagnetic CTC detection
system was used to provide locally enhanced magnetic filed, minimize possible physical
damage to the captured target cells, reduce the aggregation of cells or nanoparticles,
provide retrievable cells after capture for further molecular studies, and offer a simple

and robust fabrication process.

14  Downstream cellular analysis

In a conventional MACS system, like CellSearch®, fluorescent signal was the
only available outcome. However, by using microchip-based immunomagnetic detection
assay and integrating in-channel magnetic structures, CTCs can be precisely captured and
retrieved, which enables analysis beyond the immunofluorescence. Meanwhile, as the
development of single-cell profiling techniques, CTCs have made significant
contributions to oncology and clinical studies, as expected. Potential downstream
molecular studies for CTCs can be performed using a set of advanced tools, including
polymerase chain reaction (PCR), reverse transcription polymerase chain reaction (RT-
PCR), quantitative reverse transcription polymerase chain reaction (QRT-PCR), digital
PCR, and fluorescence in-situ hybridization (FISH) on selected cells [30, 31, 42, 100,
101]. On one hand, findings like correlation between primary tumors and corresponding
CTCs [102] or heterogeneity of different cancer cell lines [45, 103] may have clinical

implications for discoveries of new drugs and targeted therapeutic strategies in patients.
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On the other hand, breakthroughs regarding the gene expression of CTCs [57], and
epithelial-mesenchymal transition (EMT) could help gain insights into metastasis [56].

FISH has been considered as a rapid, reproducible, reliable, and powerful tool for
probing the genetic information of cancer cells at the chromosomal scale [104, 105].

HER-2 (human epidermal growth factor receptor 2), also known as HER-2/neu or
c-erbB-2, is a member of the epidermal growth factor receptor (EGFR/erbB) family
[105]. HER-2 is located at 17q12 and encodes a 185 kDa transmembrane, receptor-like
intrinsic tyrosine kinase activity [106]. Amplification or over-expression of HER-2 proto-
oncogene has been shown to be an indicator in the development and progression of breast
cancer. Amplification and overexpression of HER-2 account for approximately 20-30%
of breast carcinomas. Measured copies of HER-2 have been associated with a shorter
survival and an increased risk of recurrence of cancer. FISH has been commonly used to
measure the copy number of HER-2 and chromosome in situ [65, 107-116].

Here we use the FISH method to study the genomic information, such as HER-2"
and HER-2" of spiked cancer cells and CTCs from patient samples captured by the

developed screening system.

1.5  Dissertation organization and Major contribution

The major contributions of the project have been listed as follows. 1) Design and
fabricate an automated micromagnet-integrated microfluidic screening system for
detection of rare cells, known as circulating tumor cells (CTCs). 2) The theoretical and
experimental characterizations of the developed screening system have been performed.
In addition, high capture efficiency, high throughput, and accurate enumeration have
been demonstrated by performing spiked screening experiments. 3) The developed
system has been successfully applied for clinical screening of patient samples. The

screening system is capable of achieving high sensitivity and specificity for clinical
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application. 4) Downstream analysis for the molecular characterization of isolated cancer
cells (CTCs) has been performed.

This dissertation is arranged as follows. “Chapter 1: Introduction” reviews the
background and significance of metastasis and CTCs, as well as currently existing rare
cell detection and separation technologies. In addition, present downstream analysis
methods for cancer cells are discussed.

In Chapter 2, the principle of the operation of the system is introduced. Besides, it
explores the basic theory of hydrodynamics and magnetophoresis for the design of
microchannel and magnetic force determination. We also discuss the biological
interaction between the magnetic carrier and the target cancer cell.

Chapter 3 describes the experimental results for the development and fabrication
of the screening system, including the microfluidic device, computer-controlled rotational
system, rocking system, patterning of array of micromagnets, sample preparation,
screening step, separation process, staining step, and identification of captured CTCs. In
addition, we also discuss the screening results of magnetic field measurement of different
magnets, immunofluorescent staining of cells, and downstream analysis.

Chapter 4 discusses the calibration of the proposed system by performing spiked
screening experiments and the clinical application for patient samples. Results of the
downstream analysis are also included.

In Chapter 5, conclusions are made for the proposed screening system, and future

work is discussed for possible directions for the project.
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Chapter 2

Theory and Methods

In order to optimize the detection system, we present the theoretical study of the
key parameters for the screening system.

We first describe the operation principle of cell separation. The principle of
magnetic carrier tagging of the target cancer cells, surface biomarkers on the cancer cells,
hydrodynamic flow, and magnetic field distribution in the microchannel regarding the
scaling law for immunomagnetic separation are discussed. We then analyze the device
functionality based on the key parameters, which are critical to the capture efficiency of

the separation method.

2.1 PRINCIPLE OF OPERATION

For the immunomagnetic assay, magnetic carrier is used to tag the target cell, as
shown in Figure 2.1 [41, 117]. The magnetic carriers are usually conjugated with
monoclonal antibodies (e.g. EpPCAM) specific to biomarkers (antigens) expressed on the
cell surface. The magnetic carrier-tagged cell is magnetically attracted to the channel
substrate by the magnet.

The magnetic carrier, such as iron oxide (Fe,O,), can be coated with a polymer,
including dextran, albumin, or polyethylene. The polymer coat on the magnetic core can
be a variety of functional groups, such as amino, aldehyde, hydroxyl, sulfate, and
carboxyl groups [118]. In addition, a uniform gold layer, which is gold shell, is
commonly used to coat the magnetic carrier surface. Plasmonic gold-coated iron-oxide
particles provide novel imaging approaches and photothermal/hyperthermia therapy of

cancer [41, 119-121].
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Figure 2.1: Schematic of polymer-coated magnetic core particle or gold shell/magnetic
ore particle used for tagging. [41]
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Figure 2.2: Comparison of EpCAM expression level in five different cell lines. [42]

The epithelial adhesion molecule (EpCAM) is usually overexpressed in primary

and metastatic carcinomas. The number of magnetic carriers attached to the cancer cell is
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strongly associated with the EpCAM expression level. Figure 2.2 shows the expression
level of EpCAM in five different cell lines, including LBX1, MDA-MB-231, PC3-9, SK-
BR-3, and MCF10A cell lines. Here we focus on only three cell lines—MDA-MB-231
(breast cell line), PC3-9 (prostate cell line), and SK-BR-3 (breast cell line), and MCF10A
(breast cell line). MCF10A has the highest EpCAM expression level compared to the

EpCAM expression level of another four cell lines.
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Figure 2.3: Multiple parameters affect capture efficiency.

Figure 2.3 shows some key parameters that significantly affect the capture
efficiency of the cell separation system. Efficiency variation is related proportionally to

those parameters marked in blue and inversely with those in red. Those parameters are
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discussed and optimized to achieve high capture efficiency of the developed screening
system.

To address how the physical principles of immunomagnetic assay evolve over the
length-scale and to assist in future design, the scaling laws of the immunomagnetic assay
are discussed. Figure 2.4 illustrates the physical model in which magnetic force (F,,,),

hydrodynamic drag force (F,

rag

), gravitational force (F,), and buoyancy force (F,,,)
dominantly affect the motion of target cells, which are tagged with magnetic

nanoparticles, in a flow environment under an external magnetic field.

Fouo Nanoparticle-labeled CTC

Flow directio

g

Figure 2 .4: Physical model of nanoparticles-labeled cell in microchannel.

A simplified model of the microchannel is defined under the assumptions below
[34]:
* The distribution of the magnetic field is uniform in the x direction;

* The flow field is laminar and uniform in x—z plane;

33



* The velocity profile in y direction is a parabolic profile defined by the flow

rate Q.
Based on the property of the nanoparticles and the labeling efficiency, the
magnetic force, which is in the order of 10" N, is about 100 times larger than the
gravitational force, which is in the order of 10"2 N, on the CTCs [76, 122]. In addition,

F,. and F,

rag

are two dominant forces acting on a nanoparticle in the microchannel. We
therefore simplify the calculation so that only F,,, and F,,,, are considered.

rag

In the capture region of the microchannel, hydrodynamic drag force (F),

rag

) is

strongly correlated to the flow field so that F,,, is determined by the flow rate (Q) and

rag

channel dimensions, including length (L), width (W), and height (H). Magnetic force
(F

mag

) 1s dependent on the applied magnetic field generated by the magnetic flux (By) of
the permanent magnets, thickness (S) of the channel substrate, magnetic susceptibility
(Ay,) of the magnetic tags (magnetic particles), and labeling efficiency of magnetic tags
labeled on the cell so that the number of particles tagged on each target cell is represented
as V.

If the dimensions of the permanent magnets are significantly larger than the
capture region of the microchannel in the y direction, the magnetic field within the

capture region can be represented as

By

G2 ,(0<y<H) (2.1)

B(y) x

The average time (7) that a cell travels in the microchannel can be estimated using

the dimensions of the capture region and flow rate. The average time (7) is as follows:

=~ (2.2)
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The magnetic force acting on a particle (F,,,,) is dependent on the magnetic dipole

ag

(m) of the nanoparticle and the magnetic field B, given by the equation below [82]:
Fnag = (m-V)B (2.3)

The total magnetic moment of a nanoparticle can be expressed using:

_ VpAXp
Mo

m B (2.4)

V,

b 1s the volume of a single nanoparticle. L, is the magnetic permeability of vacuum

(Uo = 4mx1077 T -m- A™1). To simplify the calculation, VXB is assumed to be zero

(VXB = 0). The magnetic force (F),

mag

) acting on a magnetic particle is simplified to the
following equation:
VolXp

E, = —"=VB? 2.5

where Ay, is the volumetric magnetic susceptibility of the particle. V, is the velocity of

the nanoparticle.
Eventually, the magnetic force acting on a cell labeled with N nanoparticles (F,) is

the summation of the all forces from all the nanoparticles tagged on the cell.

F, = NXE, (2.6)

where N is the total number of magnetic nanoparticles attached to the cell.
When the cells move along the laminar flow within the capture region of the

microchannel driven by the magnetic force, we assume a quasi-static motion that Stokes’
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drag force equals to the magnetic force in the capture region. The equation below shows

the Stokes’ drag force.

Farag = 6TNRAV (2.7)

The Stokes’ drag force generated against the magnetic force determines the
instant relative velocity of the cell. Therefore, the instant relative velocity of the cell can

be calculated as follows:

RZA
Av = e gpe (2.8)
on
where R, is the radius of the cell and 1) is the viscosity of the medium. Ay, is the
effective magnetic susceptibility of the cells that Ay, is represented as:
Ry
Axe = FAXp (2.9)
c

Therefore, the average velocity of cells inside the microchannel can be calculated

by averaging across the channel height.

- RZAx.
ave — H 9#0,’7

f VB(x)2dx (2.10)

To determine the required magnetic field strong enough for a successful capture,
we equate the vertical distance that the cells move in the y-direction to the height of the

microchannel (v, * T = H), yielding
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9uon H-FR 1

B, = X X
T R2Ay,” W-L " (S+H)*—-S§*

(2.11)

2.2 MODELING AND SIMULATION

We build a computer-based analytical program to assess the device functionality.
The developed program traces the trajectory of particles in the microchannel. In addition,
the capture rate for suspended particles can be estimated by computing calculations for

particles uniformly entering the microchannel.

221 Flow field in the microchannel

Reynolds number (Re), which is the ratio of inertial force to viscous force, is
usually used to characterize the fluid flowing in a microfluidic channel, defined as [123]
PV qvelL

Re = 2.12
n (2.12)

where o is the fluid density, V,,, is average velocity of the flow, L is the characteristic
length, and 7 is the viscosity.

In the microfluidic channel, it is defined that Re<400 for laminar flow,
400<Re<1000 for the transition region, and Re>1000 for turbulent flow [124].

The parameters, such as flow rate (Q) and channel height (4), need to be
optimized to minimize shear stress on the cell fixed on the channel substrate for the
laminar flow in the microchannel. Figure 2.5(a) shows the parabolic flow in the channel.
Figure 2.5 (b) shows the difference in the shear stress acting on the cell captured on the

channel substrate between two different channel heights under the same flow rate.
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Figure 2.5: (a) Schematic of the cross-section of the channel showing the parabolic flow.
(b) Different shear forces acting on a cell captured on the channel substrate
with different channel heights under the same flow rate.

The relationship between the channel height (%), the flow velocity (V), and flow

rate (Q) is represented as below:

4Vmax
V) =—-——32 >y —h (2.13)
2
0= f V) dy == Wing (2.14)

Therefore, the shear force acting on the cell bound on the channel bottom can be

indicated in the following equation.
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Cell diameter dav
F = f f T—| dh

4Vmax (Zy - h)
T h2

 8Var 120
=-—T = (215)

y=h

Based on the equation (2.15), the required magnetic field intensity can be
minimized by decreasing the channel height (H) and increasing the cross-section area
(WxL) of the microchannel. The scaling laws justify the developed miniaturized

microchannel for cell separation.

Magnnitue of velacity (m/s) 10 ' mys
20mm

Figure 2.6: Configuration of the microfluidic immunomagnetic separation device [80].
(a) Three-dimensional model created for finite element analysis software
COMSOL. (b) Flow velocity magnitude (mm/s) calculated with the sample
flow rate (Q) of 10 mL/hr. [80]

A schematic photograph of the microfluidic device for the immunomagnetic
assay-based cell separation is shown in Figure 2.6(a). Channel dimensions are indicated
for finite element analysis software COMSOL. Figure 2.6(b) is the flow velocity

magnitude calculated with the sample flow rate of 10 mL/hour.
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The average velocity flow velocities is given as

Vape = % = 0.33x1073 (m/s) (2.16)
h

The velocity is within the typical values of those found in previous studies of
microchip-based separators demonstrating that the velocities are in the order of from 10°

to 10” m/s [34, 44,76, 80, 125-128].

222  Magnetic field in the microchannel

Figure 2.7 shows a simulated distribution of magnetic flux density made by an

array of three magnets.

Flux density [T]

fl) 1‘0 1:5
Position [mm]
Figure 2.7: Simulated magnetic flux density. The contour plot is for the magnetic
potentials. Magnetic flux densities at the top and bottom of the microchannel

are plotted. A large magnetic field gradient is induced by the alternating
arrangement of the three magnets. [34]
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For efficient attraction of magnetic nanoparticles, which essentially act as small
dipoles, magnetic field gradient rather than absolute field strength is required. A strong
but uniform magnetic field rotates the dipole orientation but does not attract it.
Alternately arranged magnets with opposite polarities next to each other make a large
gradient. We used three NdFeB block magnets with a maximum energy product of 42

MGOe (grade 45 N42).

(b) Q=10mL/h Q=40mUL/h Q=10mlL/h
R=120nm R=120nm R=120nm

n=1cp n=1¢p n=75¢cp

AR AR
) DIERN ’)‘:; R

0 10 20 0 10 20 0 10 20
Capture rate =100%  Capturerate =78%  Capture rate =57%

Figure 2.8: Computer-based analysis of the device functionality. (a) Particle trajectories
in the microchannel. O = 10 mL/hour, R= 50 nm, and n = 1 cp. (b)
Ferrofluids captured on the glass slides. First two pictures are for buffer
solution (1 = 1 cp); the third picture is for blood (= 7.5 cp). [34]
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A gauss meter was first used to measure the magnetic field induced by one
magnet, and the obtained intensity value was used to further calculate the result with
three magnets. The microchannel is located on top of the array. The flux densities at the
bottom (150 pm from the magnet) and the top (650 um from the magnet) of the channel
are also shown in Figure 2.8. A strong gradient is created to attract nanoparticles between
adjacent magnets.

Figure 2.8(a) shows an example of trajectories of particles with two different
initial positions (indicated in black and red) in the microchannel. Some particles are
trapped by the externally applied magnetic force so that other un-trapped nanoparticles
escape from the microchannel. Particle distributions for two different flow rates (10 mL/h
versus 40 mL/h) are shown in the first two pictures of Figure 2.8(b). The third picture of
Figure 2.8(b) shows the result with the medium of blood sample. Here the blood viscosity
issettobe ng = 7.5x103 kg-m™1-s71,

Here we use an array of permanent magnets (three NdFeB block magnets, product
of 42 MGOe, grade N42, 3/4" x 1/2" x 7/32", magnetized through 3/4") with opposite
polarities next to each other. Three magnetic-filed arrangements have been performed. 1)
A stack of three parallel permanent magnets is placed on a 150 um thick glass coverslip
[Figure 2.9(a)(c)]. 2) A stack of three parallel permanent magnets is placed on a 150 um
thick glass coverslip with a 1 mm spacer gap (elastic sheet magnet, which is sized at 10
mm X20 mm X1 mm) introduced at the front end of the microchannel between the
magnets and the microchannel, as shown in Figure 2.9(b)(d). The space gap is used to
create a magnetic field gradient, increasing throughout the whole microchannel. 3) A 1

mm thickness glass slide is in the inverted microchip.
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Figure 2.9: Schematics of magnetic field arrangements. (a) Inverted microchip with no

spacers placed between magnets and glass coverslip. (b) A spacer is placed
close to the front end of the microchannel between magnets and glass
coverslip. (¢) Top view of a microchannel and permanent magnets. (d) Top
view of a microchannel and permanent magnets together with a spacer. [35]

We measured the magnetic field of one magnet by using a gauss meter. After

acquiring the measured data, we used the measured values to define parameters in the

simulation and calculated the result of three magnets with opposite polarities arranged

next to each other. We used COMSOL for the magnetic field simulation. Figure 2.10(a)

plots the magnetic field flux density distribution for a plane 200 wm away from the

bottom substrate of the microchannel calculated using commercial finite element method
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(FEM) software COMSOL. In order to demonstrate our idea of smoothing the magnetic
field gradient by adding spacers, we compared the magnetic flux densities at three

different sites [Lines 1,2, and 3 in the inset of Figure 2.10(b)] over the channel.
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Figure 2.10: Magnetic field distribution in the microchannel, calculated using COMSOL.
(a) Magnetic field distribution of three parallel magnets with a spacer. (b)
Magnetic flux densities at different locations across the channel (line 1, 2,
and 3) at the height of 200 pm in the microchannel. (c) Magnetic field
distribution of permanent magnets without any spacers. (d) Plots of
magnetic flux densities at the top and the bottom of the microchannel. [35]

A schematic of three magnets and a coverslip along with a spacer is shown in
Figure 2.11(a). Magnetic flux densities at different locations over the microchannel from
the inlet to the outlet (X5, X,, X,, and X)) are compared. Magnetic flux densities are

simulated 200 um above the channel substrate. Results are plotted in Figure 2.11(b).
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Magnetic forces along lines X, and X, are large enough to attract most target cells and
nanoparticles. Magnetic flux density distribution for a plane 200 pm away from the
channel substrate is plotted in the red dashed line. Therefore, the glass slide does not

significantly reduce the magnetic force acting on the magnetic nanoparticles.
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Figure 2.11: (a) Schematic of a coverslip placed over three parallel magnets along with a
spacer close to the front end of the microchannel. Lines X5, X,, X, and X,
indicate the locations for magnetic flux density simulation. (b) Plotted
simulated magnetic flux densities of line X; (blue), X, (yellow), X, (purple),
and X, (green). Magnetic flux density distribution 200 um above the glass
slide substrate is plotted in the red dashed line.

The downscaling modifications of microchannel dimensions are limited by the
requirements of maintaining laminar flow through the microchannel, and the need to
avoid clogging of the microchannel. Therefore, the integration of micromagnets is used to
enhance the localized magnetic force.

In terms of modulating the magnetic field, especially designing the micromagnet
patterns and integrating them with a screening system for rare cell isolation, there are

several governing design parameters that need to be addressed, such as lateral dimension
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of a single micromagnet element, thickness of a single micromagnet element, and spatial

periodicity of the micromagnet array, as illustrated in Figure 2.12.
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Figure 2.12: Schematic of an array of the patterned micromagnets. Key parameters,
including the lateral dimension, spatial periodicity, and thickness of the
thin film micromagnets are depicted.

Lateral dimension refers to the length and width of a single micromagnet element,
which determine the lateral interaction distance of the micromagnets. Larger lateral size
of the micromagnets leads to the broader affected area. Micro-scale patterning can be
easily fabricated using conventional photolithography techniques.

Thickness of a micromagnet indicates the distance of the depositing layer
extruded from the microchannel substrate. Thickness affects the system performance
hydrodynamically and magnetically in the microchannel. Thick micromagnets can disturb
the laminar flow in the microchannel, creating turbulent flows as a microscale mixer [31,
129]. However, thick micromagnets (three-dimensional microstructure, such as micropost

or pillar structure) also generate issues such as a higher possibility of physically
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damaging the cells by the flowing hydrodynamic force and creating more imaging focal
planes, making the identification process more difficult and time consuming. Therefore,
thickness determines the magnitude of the magnetic force and the vertical interaction
distances of the micromagnets. Thicker micromagnets produce stronger magnetic forces
and attract target cells farther away from the channel substrate. Depending on different
intended applications, the proper thickness of the micromagnet needs to be optimized to
balance these factors. In the CTC detection system, permanent magnets provided the
attractive forces for capture, and the micromagnets were designed to retain the cells in the
near-surface region.

Spatial periodicity is used to describe the distance between adjacent micromagnet
elements in the array. It can be engineered to adjust the distribution of the captured CTCs
on the channel substrate. The interaction distance of each micromagnet element—that is,
the lateral dimension of the micromagnets, mainly decides appropriate spatial periodicity.

Free nanoparticles magnetically aggregate around micromagnets following the
directions of the external magnetic field and the flow field, which work equivalently as
enlarged micromagnets with different sizes and properties. The CTCs were trapped by
the nanoparticles aggregated around the micromagnets in most cases.

Micromagnets patterned on the microchannel substrate can provide a locally
enhanced magnetic field in the channel. A ferromagnetic material (nickel) is deposited on
the channel substrate to introduce localized magnetic forces to magnetically attract
magnetic particle-tagged cells. Figure 2.13(a) shows the schematic of localized magnetic
forces induced by the permanent magnet, which is alternately arranged, and
micromagnets. Figure 2.13(b) shows that higher magnetic field gradients occur at the
edges of the micromagnets. The magnetic flux density passing through the micromagnet
in the x-direction is greatest when the micromagnet’s width (W) is larger than its height

(h) of the micromagnet.

47



(@) (b)

N
151

Permanent mag

Nanomagnet

"szl {
—

Nanomagnets

/ External magnetic field (H)

Figure 2.13: Schematic of micromagnets patterned on the microchannel substrate. (a)
Locally enhanced magnetic field generated by the micromagnet, which is
magnetized by permanent magnets placed on top of the capture substrate.
(b) Magnetic flux density travels through a micromagnet located between
two permanent magnets in the x-direction. A uniform external magnetic
flux density (H,) deforms around the micromagnet and generates a high
magnetic field gradient. [130]

The magnetic force generated by a micromagnet acting on a nanoparticle can be

calculated as [131]

Ll L k(%) %+ cos 26| B, Hoir - 2D (i 2038, Hottgr > 0 (247
= o )2 cos i Hou, T sin i Houg, 7 >a (2.17)
=2(¥% O —
where B, =2 (h) Hy , k PoRE Ax = x, — xp
B

i is the inner magnetic flux density of the micromagnet

Xw and Xs are the susceptibilities of the nanoparticle and the buffer solution
Hw and Hs are the permeability of the nanoparticle and the buffer solution
Ve is the volume of the nanoparticle

¢ is the lateral dimension of the micromagnet

r and U are the cylindrical coordinates of the distance and angle

Hy s the external magnetic field

- -

“ and " are unit vectors for the distance and angle in the cylindrical coordinate

In the developed immunomagnetic screening system, the micromagnets are made
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of nickel and chromium, with dimensions of 20 um (width), 250 nm (thickness), and
saturation magnetization M_e; = 7x107%A-m™1. We first calculated the magnetic field
generated by a single micromagnet, and plotted the distribution of both X and Y
components along horizontal lines, with three different heights (2 =5 um, 15 pm, and 30

um) on top of the micromagnet.
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Figure 2.14: Magnetic field distribution within the microfluidic channel space obtained
using COMSOL. The strongest spots of the magnetic field are around the
edges of the micromagnets in x direction and y direction.
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The results can be seen in Figure 2.14, where the micromagnet is shown as a
brown box (indicating only the later position). The magnetic field distribution is

calculated using finite element method (FEM) software COMSOL.
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Figure 2.15: Magnetic flux density calculated for a single micromagnet element. The gray
box indicates the lateral position of the micromagnet. The curves were
plotted along horizontal lines with different heights (4 =5 um, 15 pm and 30
um) on top of a single micromagnet.

Figure 2.15 shows the calculated results of a single micromagnet. In the lateral
direction, the magnetic field becomes completely flat outside the range of ~40 = 5 um.
While in the vertical direction, the magnetic field decays fast as the distance to the
micromagnet increasing and turns into a straight line with value equaled to O T at the
height of 30 um. The magnetic force is dependent on the gradient of the magnetic field
(VB?) based on our previously proposed theory [80]. Therefore, the lateral interaction
distance of the patterned thin-film micromagnets was 50 pm ~ 60 um in total, with the
vertical interaction distance being ~30 pum.

In addition, we also performed calculations for micromagnet array (here, an array
consisting of five micromagnet was used), with the external magnetization along the
horizontal direction. The dimension of each micromagnet was consistent with the single
element study (20 pum X 250 nm), and the edge-to-edge space between adjacent

micromagnets was 100 um. We calculated the magnetic field X/Y components along a
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horizontal line 10 wm above the micromagnet array. The array generated a magnetic field
with profiles just like the spatially reproducible ones from a single micromagnet based on
the results in Figure 2.15. Key features, including the shape and interaction distances of

each element remain the same in the array.
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Figure 2.16: Magnetic flux density calculated for an array of five micromagnets. The
curves were plotted along horizontal lines with different heights (2 =5 pm,
15 um and 30 pm) on top of micromagnets.

The magnetic field distribution can be further optimized by adjusting the
dimensions of each micromagnet, spatial periodicity of the array, especially considering
the high variances of the field intensity, and direction of the external magnetic field

generated by the permanent magnets.

23  Summary

We first introduce the principle of antibodies modifying the magnetic carrier
surface so that it can be used to bind to the cell surface. We then discuss the simulation
and modeling of the flow field and magnetic field distribution in the microchannel. Three
types of microdevices, including glass coverslip substrate, coverslip substrate with a
spacer placed close to the inlet, and glass slide substrate, are presented. Key parameters,
such as magnetic force and hydrodynamic force, acting on the magnetic carrier-tagged
cell in the microchannel, channel height, flow rate, magnetic carrier diameter, and

distribution of magnetic micromagnets on the channel substrate, are discussed as well.
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Chapter 3

Experimental Design and Protocol

To achieve highly efficient detection of rare cancer cells in whole-blood samples,
we describe a new method of microchip-based immunomagnetic screening system, in
which the benefits of both immunomagnetic assay and the microfluidic device are
combined. The screening system is operated in a flip-flop mode, where a computer-
controlled rotational holder and rocking of reservoirs with an array of microfluidic chips
inverts the microchannels. We discuss key components necessary for the screening
system.

First, we introduce the design and fabrication of the microfluidic device. Next,
comparisons of different magnetic field arrangements, including orthogonal and parallel
arranged permanent magnets—with and without a spacer between permanent magnets
and the channel substrate—and an array of micromagnets patterned on the channel, are
discussed. We then show the sample preparation for the screening of cell separation.
After introducing the sample preparation and screening process, we give the details of the
staining and identification of isolated cancer cells. Last, we talk about the downstream

analysis of captured cells.

3.1 SCREENING SYSTEM

The computer-controlled screening system was developed to achieve high capture
efficiency of separation of circulating tumor cells for further genomic study. The system
consists of biocompatible microchip, arranged permanent magnets, patterned

micromagnets, magnetic nanoparticles, etc.
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3.1.1  Microfluidic chip

The microchannel is made by a standard molding technique using
polydimethylsiloxane (PDMS) (Sylgardi84, Dow Corning, Midland, MI, 10:1
prepolymer to curing agent). Laser cut acrylic master was attached to a plain acrylic plate
to be a master. An aluminum mold was screwed to the acrylic plate. PDMS was then
poured to the mold and put in the oven for four hours with 50°C. After being cured,
PDMS chip was bonded on a glass bottom substrate, which serves as a sample slide for
the captured tumor cells. Dimensions of the micro-channel are shown in Figure 3.1 (a).

Blood sample filling the microchannel is shown in Figure 3.1 (b).

(a) (b)
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Figure 3.1: (a) Dimensions of the microchannel. (b) Photograph of the fabricated
microfluidic device shows that blood is filling the microchannel. [34]

PDMS microchips are pre-cleaned with methanol solution. Both PDMS microchip
surface and micromagnets-patterned glass slide substrate undergo O, plasma (Nordsom
march asher PX-250) treatment for 2 minutes. Next, treated surfaces of PDMS microchip
and glass slide substrate are then bonded to each other.

Inlet tubing was connected to 14 mm long soft silicon rubber tubing
(McMASTER-CARR), while the other end of tubing was connected to a 19 gauge flat-

head needle (McMASTER-CARR), which was used to connect to a reservoir. The outlet
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tubing was connected to 40 mm long soft silicon rubber tubing that the other end of
tubing was connected to a female luer fitting, which was used to connect to a waste
syringe.

Micromagnets are fabricated by standard photolithography, thermal deposition,

and lift-off technique. Fabrication process is shown in Figure 3.2.

Photoresist molding Thermal deposition Thermal deposition Lift-off technique for
of Chromium film of Nickel film magnetic micromagnets

== Glass slide == Photoresist == Chromium == Nickel

Figure 3.2: Fabrication of magnetic micromagnets on a glass substrate.

Firstly, patterns of micromagnets are defined by spin-coating the positive
photoresist (AZ5209) onto the standard glass slide. Patterns of the micromagnets were
then photo-defined on photoresist by selective exposure to UV light through a photo-
mask. The residual photoresist on the glass substrate is removed by the O, plasma
(Nordsom march asher PX-250). Next, 15 nm thick chromium layer was thermally
deposited as the adhesion layer after which the 250 nm thick nickel metal material was
thermally deposited on a photoresist-patterned glass substrate to form micromagnet
structure. In the last fabrication step, lift-off technique was used to remove patterned

photoresist and leave behind an array of magnetic micromagnets.

3.1.2  Magnetic field measurement

For the efficient attraction of magnetic nanoparticles, which essentially act as

small dipoles, magnetic field gradient rather than absolute field strength is required. A
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strong but uniform magnetic field rotates the dipole orientation but does not attract it.
Alternately arranged magnets with opposite polarities next to each other make a large
gradient. A strong magnetic gradient is created to attract magnetic nanoparticles between
adjacent magnets.

To assess the efficacy of the magnetic field, control experiments with ferrofluid
nanoparticles suspended in a buffer solution were performed with different magnet
orientations. Optical densities of the nanoparticle solution were used to obtain
quantitative evaluation of the capture efficiency of magnetic particles. We tested two

types of magnet orientations.
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Figure 3.3: Control screening experiment with only nanoparticles in buffer solution in
the flow channel. Optical transmission is measured for orthogonal and
parallel arrangements of magnets. The parallel arrangement showed the

better capture efficiency. [34]

Figure 3.3 is the result of the measurements with three magnets placed in

orthogonal and parallel arrangement with regard to the flow direction. With lower flow
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rates, such as 5 mL/hour, almost all of the particles are captured, and it is difficult to
assess the capture efficiency. Therefore the flow rate was deliberately set to be 40 mL/hr
for the measurements, which is much higher than those used in experiments involving
cancer cells. The dominant areas for attracting magnetic nanoparticles are the lines
between two adjacent magnets. The parallel arrangement gives particles longer exposure
to the magnetic field gradient induced by those areas. All of the following experiments

were made with the three magnets in the parallel arrangement.
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Figure 3.4: (a) Measured magnetic field of a permanent magnet without any spacers.
(b) More nanoparticles aggregated close to the front end of the glass
coverslip when no spacer was induced. (c) Measured magnetic field of a
permanent magnet together with a spacer. (d) Fewer nanoparticles
aggregate in the front end of the glass coverslip. [35]
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Figure 3.4(a) shows the measured magnetic field induced by a permanent magnet
without any spacers. The distribution of nanoparticles on the channel substrate after the
screening is shown in Figure 3.4(b). Many particles were aggregated on the glass
coverslip substrate along the strong magnetic field. Figure 3.4(c) shows the measured
magnetic field of a permanent magnet attached with a spacer. With the spacer, fewer
nanoparticle aggregates can be seen in the front end of the microchip, as shown in Figure
3.4(d).

It is observed that the spacer decreases the magnetic field, reducing the gradient,
and thus reducing the magnetic force acting on nanoparticles in the microchannel.
Magnetic field flux density distribution for a plane 200 wm away from the channel
substrate with no spacers placed on top of the magnets is shown in Figure 3.4(c).
Moreover, in order to prove that the cells will be captured onto the surface of the
microchannel, we compare the magnetic flux density at the bottom and the top of the

channel as shown in Figure 3.4(d).

20 pm Mag= 554X EHT = 5.00 k¥ Mixing = Off Signal A = SE2
Date :7 Apr 2013 Large Beam Shift=Off WD =223mm  MixSignal=0.0000  Signal B = InLens

Figure 3.5: SEM images of the fabricated patterned thin film micromagnets. The size of
a single micromagnet is 20 um x20 pm %250 nm, and edge-to-edge distance
between adjacent patterns is 100 um. Inset shows a fabricated micromagnet.
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Figure 3.5 shows the scanning electron microscope (SEM) of images of the top
view of an array of fabricated micromagnets. The inset shows overview of one single
micromagnet. The dimension of one micromagnet is 20 um %20 pm X250 nm. The

distance from the edge of one micromagnet to the edge of another one is designed to be

100 pm.

Figure 3.6: Overlay of fluorescent image and bright field image of a FITC-stained cancer
cell captured by a micromagnet magnetically, while free nanoparticles were
attracted to a micromagnet. (a) A cancer cell is captured by aggregated free
nanoparticles. (b) A cancer cell is captured next to a micromagnet. (c)(d) A
cancer cell is captured on top of a micromagnet. Scale bar is 10 um.
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Figure 3.6 shows an overlay of a bright field image of nanoparticles and a
micromagnet, as well as a cancer cell stained with FITC (green) captured either by
aggregated nanoparticles that are attracted to a micromagnet magnetically Figure 3.6(a),

next to a micromagnet Figure 3.6(b), or by the micromagnet Figure 3.6(b)(d).
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Figure 3.7: SEM images of a single COLO 205 cancer cell (breast cancer cell line) or one
doublet captured by a micromagnet. Scale bar is 10 pm. (a)(b)(c) One single
cancer cell captured on top of a micromagnet. (d) A cancer cell captured next
to a micromagnet. (e)(f) Two cancer cells captured next to a micromagnet.

Figure 3.7 shows the SEM images of a COLO 205 cancer cell or doublet captured
by a micromagnet. The scale bar is 10 um. Figure 3.7 (a), (b), and (c) show the cancer
cell captured on top of the micromagnet. The cell in the Figure 3.7 (d) is captured next to

the micromagnet. In Figure 3.7 (e) and (f), two cancer cells are captured next to the

micromagnet.
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3.1.3  Rocking of the reservoir

In order to prevent the blood cells from settling down in the reservoir, which
would cause damage to the target cancer cells in the blood sample, a rocking system has
been designed to keep the blood sample mixed during the screening process. Figure 3.8

shows the rocking of an array of microchips during the screening process [35].

Rocking
of
reservoirs

Figure 3.8: Automated screening system for rocking of microchips. [35]

3.14  Flip-flop of microchips

We developed an automatic rotational microchip holder, which comprises DC

motors and optical position sensors. Figure 3.9 shows the developed screening system. A
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LabVIEW program is used to control the position of the rotating arm. The system is able
to dynamically rotate the orientation of the microfluidic chips to keep them operating in
the best orientation during the screening process. The screening system is capable of

screening up to six samples simultaneously [35].

—_ Inverted
w71 Microchips

Upright
Microchips

Figure 3.9: Automated screening system for parallel screening and rotation of
microchips. [35]

3.2 SCREENING EXPERIMENT AND RESULTS

3.2.1 Blood sample preparation

Blood samples from a healthy donor were spiked with control cancer cell lines
and screened to calculate the capture rates. Vacutainer™ tubes (BD, Franklin Lakes, NJ)
containing ethylenediaminetetraacetic acid as an anticoagulant (EDTA tubes), and
CellSave™ tubes (Veridex, LLC, NJ) were used to draw blood. We used several human

cancer cell lines, including COLO 205 (a type of colorectal cancer), SK-BR-3 (a type of
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breast cancer), MCF-7 (a type of breast cancer), and PC3 (a type of prostate cancer) to
provide a good simulation of clinical screening.

First, cultured cells were harvested, centrifuged, and re-suspended in either buffer
solution. Cells were counted with a hemocytometer and diluted in phosphate-buffered-
saline (PBS) to prepare a solution with approximately 20,000 cells/mL. Then, 10 pL of
cell suspension were added to each 2.5 mL aliquot of whole blood to prepare a sample
spiked with 200 cells. The same amount of solution (10 pL) was also dispensed on each
of two glass slides as counting controls. The number of cells actually spiked into the
blood was determined by using the average of the two control slides as 100%, and then
the percent recovery was calculated. Control blood samples, which were not spiked with
cancer cells, were prepared along with spiked ones, and all of the following procedures
were performed in parallel.

The blood samples we prepared in CellSave™ tubes were screened 24—48 hours
after spiking, simulating the actual screening situation of patient blood. The CellSave™
tube contains fixative agent so that samples can be sent from areas that are distant from
the laboratories. In addition, we performed testing with blood prepared in standard EDTA
tubes as a reference. The EDTA tube we used here (Vacutainer™ tube) is for general-
purpose blood collection and does not contain preservative or fixative agents. The
samples were screened just after spiking to minimize possible antigen deactivation. A
blood sample collected in either an EDAT tube or a CellSave™ tube was added to a
conical polypropylene falcon tube (BD, Frenklin Lakes, NJ) so that each conical tube
contained 2.5 mL of blood sample.

Before screening, the blood was processed as follows: first, 2.2 mL of dilution
buffer solution (Veridex, LLC, NJ) was added to the 2.5 mL of whole-blood sample and
centrifuged at 800G for 10 minutes. Supernatant containing plasma as well as the dilution
buffer solution was removed, and the buffer solution was added again to make a total

volume of 3.5 mL of the screening sample. These steps replaced blood plasma with the
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dilution buffer solution. The CellSave™ tubes contain cell-fixative reagents and tend to
make the blood sample more viscous than the EDTA samples. Viscosities of blood
samples collected in an EDTA tube and a CellSave™ tube were measured after the
dilution step. Second, a suspension of anti-epithelial cell adhesion molecule (EpCAM)
functionalized Fe,O, nanoparticles (18.8 uL) were added to the blood sample. Then the
blood sample mixed with nanoparticles was manually mixed upside down 15 times. Next,
18.8 uL of capture-enhancement reagent (Veridex, LLC, NJ) were added to the blood.
The blood sample was again mixed upside down another 15 times. The sample was then
incubated in a strong magnetic environment provided by the immunicon magnetic cell
separator quadrupole flow for 10 minutes, while 75 pL is the standard amount used in the
CellSearch® system.

Therefore, only 25% of the amount used in the commercially available
CellSearch® system was used for the screening experiments here. The whole sample

preparation process took about two hours.

' i
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Figure 3.10: TEM images of Fe;O, magnetic nanoparticles (Ferrofluids). [34]

A commercial Fe,O, nanoparticle (Ferrofluid®, Veridex, LLC, NJ), which has

been functionalized with anti-EpCAM, is used to tag cancer cells for immunomagnetic
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separation purpose. The typical sizes of Fe;O, nanoparticles range from 100 nm to 200

nm. Figure 3.10 shows the TEM images of magnetic nanoparticles (Ferrofluids) [34].

3.2.2  Separation process

Before the blood sample was transferred into the reservoir from the conical tube,
the microchannel was filled with PBS to eject air bubbles. Blood samples were then
transferred from conical tubes to the reservoirs by an automatic pipette. Next, the spiked
samples were driven pneumatically at a continuous rate by a syringe pump (Standard
Infuse/Withdraw PHD 22/2000 Syringe Pumps, Harvard apparatus). Flow rate was set to
be 2.5 mL/hour during the separation process.

After the blood sample flowed through the microchannel, the flushing step was
introduced to continuously flow PBS into the microchannel to remove unlabeled cells,
including red blood cells (RBCs), white blood cells (WBCs), and nontarget cells from the
microchannel substrate. The flow rate for the flushing step was 5 mL/hour. Typically 4
mL of PBS was added. The screened microchip was then cooled down by ice for 10
minutes. After flushing, 1 mL of ice-cold acetone at the same rate (5 mL/hour) was
introduced to the channel to fix cancer cells on to the glass slide substrate. After being
disassembled from the PDMS microchip and dried completely, the bottom glass slide was

stored at 4°C until staining.

323 Immunofluorescence staining

The captured cells were fluorescently stained with anti-cytokeratin (CK, protein
found in epithelial tissue, positive test, Mouse anti-cytokeratin, pan-FITC, Sigma-

Aldrich, St. Louis, MO), anti-CD45 (found on leukocytes, negative test), and DAPI
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(stains DNA found in cell nucleus, positive test; Vectashield Mounting Medium with
DAPI, Vector Laboratories, Inc., Burlingame, CA).

First, the sample slide was rinsed/rehydrated with PBS solution containing 0.1%
Tween 20 (Boca Scientific) for five minutes. A KimWipe was then used to remove
excessive solution. Second, blocking buffer (Boca Scientific) was added on the sample
slide for five minutes. The sample slide was incubated for one hour. Again, excessive
solution was removed by using a KimWipe. Next, the sample slide was rinsed with PBS
once. Excessive PBS was then removed. Staining solution (300 pL), including anti-CK
and anti-CD45, was added to the slide. The incubation step was used for the sample slide.
After the 45-minutes incubation, the sample slide was immersed in PBS containing 0.1%
Tween 20 three times for five minutes each. Next, a mixture of DAPI and mounting
media (the ratio was set to be one to one) was added to the sample slide. A coverslip was
used to cover the glass slide. Finally, the stained sample slide was stored at 4°C for thirty

minutes before following the cell identification step.

3.24 Identification of captured and stained cells

Figure 3.11 shows fluorescence images of a captured COLO 205 cell and a
leukocyte using a color CCD camera (Olympus DP72) and separate filter cubes for red
[excitation peak wavelength (Ex) 535 nm, bandwidth (BW) 50nm, dichroic mirror (DM)
565 nm long-pass (LP) and emission peak wavelength (EM) 610 nm, BW 75 nm], green
(Ex 480 nm BW 40 nm, DM 505 nm LP, Em 535 nm BW50 nm) and blue (Ex 350 nm
BW 50 nm, DM 400 nm LP, Em 460 nm BW50 nm).

A trained observer distinguished cancer cells from other cells that remained on the
slide after the flushing step. Cancer cells are (a) DAPI positive, (b) CK positive, and (c)

CD45 negative, while leukocytes are (d) DAPI positive, (e) CK negative, and (f) CD45
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positive, as shown in Figure 3.11. The bottom raw picture in Figure 3.11 shows one

example of captured CTC and WBCs stained with DAPI, CK, and CD45.

Circulating Tumor Cell
(cTC)

White Blood Cell
(WBC)

Figure 3.11: Example of (a) DAPI (blue), (b) CK (green), and (c) CD45 (red)
fluorescence images of capture COLO205 cell. (d) DAPI, (e) CK, and (f)
CD45 images of a white blood cell, which shows clear CK negative and
CD45 positive images, is also shown. Scale bar = 10 um. An example of
fluorescence image of a CTC along with two WBCs is shown in the
bottom raw picture.

To implement objective identification, numerical analysis of the size and the
fluorescence values of cells were performed. Fluorescence intensity was accessed by

Weber contrast defined as follows:
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(3.1)

in which 7 is the mean intensity of a cell and /, is the background intensity. An idealized
diameter was calculated from the cell area of a binary image calculated from the

cytokeratin image.

Mean Standard Deviation
DAPI 6.6 20
CK 95 1.7
CD45 0.6 0.3
Diameter (um) 15.2 22

Table 3.1: Mean value and standard deviations of fluorescence intensities as contrast
values and idealized diameters of captured COLO 205 cells. [34]

Table 3.1 shows the mean values and the standard deviations of the three
fluorescent contrast values and the idealized diameters for 61 cells identified as cancer
cells by a trained observer. Based on the values, we made a normalized evaluation

function in the following formula:

(DAPI — DAPI)?> (CK —CK)?> (CD45 - CD45)? (Dia.—Dia.)?

2 2 2
Oc¢pas Ock Ocpas Opia.

where DAPI, CK, CD45 and Dia. are the contrast values and the diameter of a single cell,

DAPI, CK, CD45, and Dia. are the mean contrast values and diameter of the 61 cells,
and Opup;, Ock» Ocpass and Op,;, are the standard deviations of the contrast values and the

diameters of the same 61 cells, respectively. We found that 60 of the 61 cancer cells
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satisfied E < 10, 55 satisfied E < 8, and 50 satisfied £ < 5, while none of the cells
identified as noncancer cells satisfied the same criteria. The largest £ value found among
cancer cells was 11.9, which was the only cancer cell with an E value higher than 10.
This was caused by a large diameter (21.9 um, contribution to E: 9.6). Other larger E
values tend to be caused by a large diameter or an intense CK value (largest contribution
from CK: 7.5). On the other hand, the two smallest E values found in noncancer cells
were 10.7 and 13.6, which were exceptionally small. For other noncancer cells, even
though we just calculated E values for those that were somehow categorized as
“confusing” cells, values were mostly more than 30 or even more than 100. E =10 seems
to be a safe value as an elimination factor. The result ensures its agreement with the
subjective cell-identification process made by the trained observer, as well as the

feasibility of a future computer-based automated cell-identification process.

33 DOWNSTREAM ANALYSIS

To analyze the cells and to acquire genomic information, such as cancer stage,
epithelial to mesenchymal transition (EMT) status of cancer cells, and molecular
biomarkers for different cancer types, DNA and RNA are extracted from the collected
cancer cells by using the fluorescence in-situ hybridization (FISH).

We prepared spiked samples and screened patient samples for the FISH
experiment. We spiked two breast cancer cell lines for the spiked experiments. Those cell
lines were SK-BR-3 and MDA-MB-231. Each sample slide was spiked with ~2000
cancer cells. Patient sample slides from two different breast cancer patients were also
prepared. Two probes, including chromosomes 17 (CEP17) and HER-2/neu, were used
along with dual-color fluorescence signal for the FISH experiment. The slide was

immersed in the 1X PBS solution for two hours to remove the coverslip and the DAPI
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mounting medium. The FISH experiment was mainly performed at the Department of

Pathology, the University of Southwestern Medical Center.

34  Summary

We introduced the experimental setup, including design and fabrication of the
microfluidic device, magnetic field arrangements (external magnetic field and
micromagnet), blood sample preparation, sample staining, and identification.
Furthermore, we discussed the downstream analysis, which is FISH, for captured cancer
cells.

For the developed screening system, we significantly reduced the cost of the
system so that the amount of nanoparticle suspension added was also reduced to 25% of
the amount used in the commercially available CellSearch® system. Such microchip-
based CTC detection in patient blood enables new diagnostic tools to record the status of
disease activity as well as clonal evolution of molecular changes for early cancer

detection.
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Chapter 4

CTC screening system and Downstream analysis

We demonstrate the capability of the screening system by discussing some key
parameters, such as the capture efficiency of upright microchip and inverted microchip,
and the effect of red blood cells sedimentation on the capture of cancer cells.
Furthermore, the stability test and selectivity test of the screening system are included.
Since the system has been successfully applied for patient sample screening, the results
are also presented in the chapter. Last, the results of genetic study of collected cancer
cells from spiked samples and patient samples by using the fluorescence in-situ

hybridization (FISH) method are discussed.

4.1 SCREENING OF SPIKED SAMPLES

In order to optimize the magnetic field distribution in the microchannel, we
designed different arrangements of magnets for the capture efficiency test. Magnetic field
distribution was theoretically studied and experimentally measured. COMSOL was used
for simulation of the magnetic field. Optical density measurement was used for a particle-
only experiment to assess the capture efficiency to optimize the magnetic field

arrangement.

4.1.1  Gravity effect

We describe a computational analysis method to evaluate the efficacy of
immunomagnetic rare cell separation from non-Newtonian particulate blood flow. We
calculate local viscosity distributions induced by red blood cells (RBCs) sedimentation. A

sedimentation and viscosity model is introduced based on the experimental
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measurements. The computational field is divided into small unit-control volumes, where
the local viscosity distribution is dynamically calculated based on the experimentally
found sedimentation model. For analysis of rare cell separation, the local viscosity
distribution is calculated as a function of the volume RBC rate. The direction of gravity
has an important role in such a sedimentation-involved cell-separation system. We
evaluated the separation efficacy with multiple design parameters including the channel
design, channel operational orientations (inverted and upright), and flow rates. The
results showed excellent agreement with real experiments to demonstrate the
effectiveness of our computational analytical method. We demonstrated higher capture
efficiency with the inverted microchannel configuration. We conclude that proper
direction of blood sedimentation significantly enhances separation efficiency in
microfluidic devices.

We performed experimental measurements to calibrate the relation between the
RBC volumetric concentration and local viscosity, using a cone plate viscometer (DV-1+,
Brookefield, Middleboro, MA). We used a centrifugal process to replace blood plasma
with a buffer solution. It is possible to replace plasma without significantly losing rare
cells contained in blood. Samples were prepared in the following way: first 2.5 mL of
blood is drawn from a healthy subject, added with 3.5 mL of PBS, and centrifuged at a
relative centrifugal force (RCF) of 800G for 10 min. Supernatant containing plasma as
well as buffer and formed sediment of white blood cells and platelets is removed.

Table 4.1 shows the viscosity of the EDTA tube containing the blood sample and
the viscosity of the CellSave™ tube, which has the blood sample. The shear rate we used

for the measurement was 2s™'. The below equation shows the viscosity.

cP=103kg-m1-s71 (4.1)
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Tube EDTA CellSave™

Shear rate (2s™) 6.1 cP 7.2 cP
Shear rate (20s™) 33cP 39cP
Shear rate (200s™) 23cP 3.0cP

Table 4.1: Measurement of viscosities of blood samples contained in an EDTA tube and a
CellSave™ tube.

The results are shown in Table 4.2. Obviously, the viscosity is directly
proportional to the RBC volumetric concentration, with an approximately linear
relationship. The buffer solution is added again to make the suspensions with volume
RBC rates Qggc = 50, 25,12.5,6.3, and 3.1. The processed blood is mixed well, and 2 mL
of the sample is measured in a transparent tube with an inside diameter of 4.2 mm and

kept stable for hours.

Red blood cell volumetric concentration 50 25 12.5 63 3.1

Viscosity (cP) 18.4 15.3 6.13 7.15 5.11

Table 4.2: Measurement results of viscosities of different RBC volumetric concentration

In order to study the effect of blood sedimentation on cell separation, we
performed comparative experiments of real cancer cell separation with different channel

orientations to acquire the capture efficiency. The conditions used here are as follows:

(a) Upright, flow rate 10 mL/h, standard channel (channel width = 17 mm)
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(b) Inverted, flow rate 10 mL/h, standard channel (channel width = 17 mm)

For each condition, we performed two experiments with the real microchannel.
Noteworthy is that we used a rotational holder to place microchannels in an inverted or
upright position. A 100 pL aliquot of cancer cell suspension that contains an average of
150 COLO 205 cells is spiked in 2.5 mL of healthy blood sample. Blood plasma was
replaced with buffer solution. When we removed plasma after the centrifugal process,
care was taken not to disturb the thin layer between plasma and RBC and to save rare
cells contained there. The number of magnetic particles (N) attached to a rare cell
depends on several experimental conditions such as the type of the rare cell, amount of
antigen expression on the cell surface, concentration of introduced magnetic
nanoparticles, and so on. We first found N = 20,000 to match the simulation and
experimental rare cell capture rates for condition a; then the same condition of N =
20,000 was used for all the other conditions of b—d. Note that in the case of our

simulation, the capture rate is a monotonically increasing function of N.

(a) (b)

Upright microchannel Inverted microchannel

<_
Inlet L. Outlet

i\ |
Blood Cell o T g PDMS microchi
:
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PDMS microchip—

Inlet

Inlet

Figure 4.1: Experimental images of blood sedimentation in microchip of a flip-flop
operation. (a) Sedimentation layer of RBCs is on the CTC capture substrate
that acts as a barrier for the capture of CTC in the upright channel. (b) RBC
sedimentation layer covers the opposite plane of the CTC capture substrate
that target CTCs experience less viscous force by the RBCs to be captured
on the CTC capture substrate. [35]
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Figure 4.1 shows the experimental results of RBC sedimentation in the upright
channel and the inverted channel. The microchannel was filled with PBS followed by the
introduction of RBCs suspension. The flow rate was set to be 10 mL/h. With the upright
channel, RBC sedimentation covers the bottom substrate, which is the CTC capture
substrate. It is observed that the substrate is being covered by the layer of RBCs, as
shown in Figure 4.1(a), in the upright case. Figure 4.1(b) is the inverted channel.
Therefore, in the upright channel, RBCs sedimentation on the CTC capture substrate acts
as a barrier layer for target cells to be captured on the substrate. Compared to the upright
channel, nanoparticle-labeled target cells can be easily attracted to the channel substrate

in the inverted channel.

(a) Upright channel (b) Inverted channel

58 cells —lomm 111 cells

Figure 4.2: Map of spiked cancer cells (COLO 205 cells) on the glass coverslip. (a) On
the upright channel, fewer cancer cells (58 cells). (b) More cancer cells (111
cells) were captured by the inverted channel. [35]

Maps of the captured CTCs are shown in Figure 4.2 for both experiments and
simulations. For the experiments, locations of the captured cells were recorded with a
mechanical positioning stage. In addition, an average of 150 cells (COLO 205 cell line)
were spiked into the blood sample for the experiments. On the upright channel [Figure
4.2 (a)], 58 cells were found on the coverslip while on the inverted channel, more cancer
cells (111 cells) were found on the coverslip [Figure 4.2 (b)]. Because of high viscosity

of the dense RBC layer that covers the capture surface, the upright channel shows low
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capture efficiency compared to the inverted channel. Due to a high viscous layer of RBCs
covering the substrate in the upright channel, it is more difficult for cancer cells to get
close to and finally be captured onto the channel substrate. Therefore, more cells are
captured on the channel substrate of the inverted channel in comparison to the cells

captured on the substrate of the upright channel.

4.1.2  Capability performance

We performed screening experiments with different numbers of COLO 205 cells
spiked in the samples ranging from ~10 to ~1500 in 2.5mL blood samples. CellSave™
tubes were used, 7.5 pL ferrofluid suspension was added per 1mL blood, and the flow
rate was 10 mL/hour. The results are shown in Table 4.3. Comparable results were

obtained for cases with both the smaller (~10) and larger numbers (>1,000) of cells.

Ctrl 1 Ctrl 2 Ctrl average Cells count Capture rate
1 14 12 13.0 7 54%
2 52 45 48.5 37 76%
3 81 84 82.5 58 70%
4 164 150 157.0 160 102%
5 968 893 930.5 625 62%
6 1477 1496 1486.5 1129 76%

Table 4.3: Capture rates for different numbers of spiked cancer cells. [34]

In order to assess the number of cancer cells that were nonselectively trapped in

the device, a blood sample of 2.5 mL was spiked with approximately 100,000 cells and

75



screened normally but without the permanent magnets. No cancer cells were captured by
the experiment, which proves the high selectivity of our device.

To evaluate the capture efficiency of the developed screening system, we
performed the spiked experiment for the capture rate.

We define the capture rates in the following way to evaluate the capture

efficiency:

Cant e (%) Number of cells found in the sample 100% 4.2
= X ’
apture rate 7 Average number of cells found in control slides o (D)

Two control slides were prepared from the same cell suspension and at the same
time as the blood sample was spiked. Similar capture rates were found regardless of how
long (0—48 hours) the samples were kept following spiking. This result shows promise for
future clinical applications. With slower flow rates, many of the cells tend to be trapped
with aggregations of nanoparticles on the channel substrate. Sometimes, weakly CK+
cells were found behind a particle aggregation but did not satisfy either the observer’s or
the computer’s criteria to be counted as a cancer cell, resulting in relatively low capture
rates. With a smaller amount of added particle suspension (18.8 uL per 1mL of pre-
processed blood) and faster flow rate, cells were spread in larger areas and easier to
observe, which made the optimal condition for the higher average capture rates of 90%.

SK-BR-3 (breast cancer line), COLO 205 (colorectal cancer line), and PC3
(prostate cancer line) cell lines were used for spiked experiments to calculate the capture
efficiency of the screening system with glass coverslip substrate. The experimental
results are summarized in Table 4.4. The screening experiment spiked with PC3 cells also

demonstrated a comparable result with a capture rate of 88%.
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Cell Tube | "PlmD | Tombme | cut | cuiz av%lge f%la C%ge ?%Ef:
EDTA 30 25 75 | 46 | 605 | 61 | 108
EDTA 30 25 | 115 [ 114 | 1145 | 92 | so | 79%
EDTA 30 25 | 139 | 130 | 1345 | 92 | 68
CellSave 30 25 75 | 46 | 605 | 40 | 66
CellSave 30 25 | 139 | 130 | 1345 | 0 | 52 | 65%
CellSave 30 25 48 | 53 | s05 | 49 | 96
CellSave 75 25 | 109 | 126 | 1175 | 125 | 106
COLO 205 | CellSave 75 25 | 180 | 193 | 1865 | 83 28 | 53%
CellSave 75 25 | 180 | 193 | 1865 | 53 | 44
CellSave 75 10 | 252|275 | 2635 | 239 | o1
CellSave 75 10 | 252|275 | 2635 | 257 | 98
CellSave 75 10 | 252|275 | 2635 | 267 | 101
90%
CellSave 75 10 | 252|275 | 2635 | 228 | 87
CellSave 75 10 | 252|275 | 2635 | 240 | 91
CellSave 75 10 | 252|275 | 2635 | 203 | 77
CellSave 75 10 | 711|927 | 890 | 713 | 87 | s6%
SK-BR-3
CellSave 75 10 | 711 | 927 | 8190 | 704 | 86

Table 4.4: Capture rates of spiked blood sample experiments. [34]

Table 4.5 shows the results of the spiked screening experiments of COLO 205,

PC3, and SK-BR-3 cells for glass coverslip substrate with the introduction of a spacer

placed between the permanent magnets and glass coverslip substrate. Using the screening

system for the spiked experiments, the average capture rates for SK-BR-3, MCF-7, PC3,

and COLO 205 cells were 90%, 100%, 99%, and 98%, respectively. Capture rate could

be more than 100% when the number of cells added to the spiked sample is more than the
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number of cells prepared for the control samples due to concentration variations in small

sampling aliquots.

Cell Fe”(‘;ﬂL';:g/Lb)lOOd F&f&f /;:;t)e Ctrl1 | Ctrl2 aVCelt':\lge f(():uerllld Cigttgre ?:;:Ef:
(A) © | (©/a rate
SK-BR-3 7.5 2.5 568 671 619.5 598 97% 97%
PC3 75 25 50 21 355 38 107% | 107%
7.5 2.5 86 95 90.5 99 109%
75 25 89 72 80.5 117 | 145%
7.5 2.5 89 72 80.5 111 138%
75 25 114 | 119 | 1165 89 76%
7.5 2.5 86 83 84.5 80 95%
75 25 86 83 84.5 83 98%
7.5 2.5 109 137 123 116 97%
COLO 205 75 25 130 | 127 130 23 51% 949%
7.5 2.5 216 215 220 191 87%
75 25 275 | N/A 275 208 | 76%
7.5 2.5 211 168 190 182 96%
75 25 72 68 70 60 86%
75 25 126 | 116 121 114 | 94%
75 25 121 | 107 114 82 72%
75 25 112 | 115 114 105 | 92%

Table 4.5: Capture rates of spiked blood sample experiments.

To evaluate the capture efficiency of the developed micromagnet-patterned glass
slide substrate screening system, we used COLO 205 (colorectal cell line), PC3 (prostate
cell line), SK-BR-3 (breast cancer cell line), and MCF-7 (breast cancer cell line) for the
spiked experiments. We ran experiments using micromagnet-patterned glass slides and
plain glass slides in parallel for comparisons. Both capture rates and CTC capture

distribution patterns were investigated. We located those captured cancer cells on the
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channel substrate for the comparison. Both capture rates and CTC capture distribution

patterns were investigated.

110 8%
BAZIS ~ 9913
X _
@
® ©Colo205
£ @Ppc3
a -
3]
n=5
Plain glass slide Micromagnet-patterned
glass slide

Figure 4.3: Capture rates of COLO 205 and PC3 spiked experiments. Both plain glass
slide and micromagnet-patterned glass slide showed high capture rates for
COLO 205 and PC3 cell lines. The capture rate of micromagnet-patterned
glass slide is 16% higher than the capture rate of plain glass slide.

According to the experimental data in Figure 4.3, the capture rate for COLO 205-
spiked experiments of microchannel without micromagnets (plain glass slide) was
84+19%, and the micromagnet-patterned glass slide yielded a capture rate of 98+7%. For
PC3-spiked experiments, microchannel without micromagnets (plain glass slide) was
86+11%, and the micromagnet-patterned glass slide yielded a capture rate of 99+3%. The
patterning of micromagnets on the channel substrate significantly improved the capture
rate for 16% on average. In addition, the smaller capture rate variations indicated

improved working stability of the micromagnets system (COLO 205: 19% vs. 7%, and
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PC3: 11% vs. 3%). We believe that the improvement would be more distinct with a cell
line that has a lower EpCAM surface expression, such as a PC3 cell line.

We also performed the spiked experiments for SK-BR-3 and MCF-7 cell lines.
Figure 4.4 shows the experimental results of the spiked screening for SK-BR-3 and MCF-
7 with micromagnet-patterned glass slide. For SK-BR-3-spiked experiments,
microchannel without micromagnets (plain glass slide) was 90+9%, and the

micromagnet-patterned glass slide yielded a capture rate of 100+5%.

10045
110 909 T
100 —_r
T
90
80

70
60 H SK-BR-3

50 HMCF-7
40
30
20
10
0 J—
SK-BR-3 MCF-7

Capture rate (%)

n=5

Micromagnet-patterned glass slide

Figure 4.4: Capture rates of SK-BR-3 and MCF-7 spiked experiments. Both plain glass
slide and micromagnet-patterned glass slide showed high capture rates for
SK-BR-3 and MCF-7 cell lines. Capture rate of micromagnet-patterned glass
slide is 18% higher than the capture rate of plain glass slide.

Figure 4.5 shows the distribution of the captured CTCs on the glass slides with
and without micromagnet patterns, where all the cells captured by the micromagnets are
represented as purple dots, cells captured by an aggregated nanoparticle line are

represented as blue dots, and other captured cells are represented as orange dots. The
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position of each cell can be accurately located using the integrated coordinate system on
the glass slide. For the plain glass slide, most cells were captured around the edges of the
permanent magnets. In contrast, the cells captured on the micromagnet glass slides were
more scattered than those on the plain glass slide, especially in the front part of the
channel.

The aggregation of target cells and excessive free nanoparticles on the substrate
have been issues associated with the immunomagnetic assay, which usually weakens the
systems by quenching fluorescence signals and burying or even damaging the captured
target cells. The patterned thin-film micromagnet system provides an effective way to

alleviate the aggregation issues.

(a) (b)

Inlet

@

i
Foldh
Nog

Outlet

Aggregated nanoparticle line Aggregated nanoparticle line

Figure 4.5: Experimental results of spiked COLO 205 cells using plain glass slide and
micromagnet glass slide for comparison. (a) Distribution of COLO 205 cells
on the plain glass slide. (b) Distribution of COLO 205 cells on the
micromagnet-patterned glass slide.

Figure 4.6 shows the experimental results of the cell distribution histogram. The
micromagnets increased the efficiency of the channel space usage for capture by about
13% (plain glass slide: 8%, micromagnet slide: 21%). In addition, micromagnets

patterned on the glass slide significantly scattered the cells captured on the glass slide.
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Figure 4.6: Distribution of cells and nanoparticles on the plain glass slide and
micromagnet glass slide are compared. Histogram shows the distribution of
the captured cancer cells along the microchannel substrate. Distance is
defined as the range between the inlet port and the capture point of the cell.

We also categorized those captured cells into three parts, which are cells captured
by micromagnets [Figure 3.6(b—d)], aggregated nanoparticles line [Figure 3.6(a)], and
other areas, for the comparison of plain glass slides and micromagnet glass slides.

Figure 4.7 shows the percentages of each category for the plain glass slide and
micromagnet glass slide. For the plain glass slide, most COLO 205 cells (90% of spiked
cells) were captured along the nanoparticle-aggregated line. About 60% of spiked
COLO205 cells were captured by patterned micromagnets on the glass slide, while only
35% of cells were captured along the nanoparticle-aggregated line. With the design and
fabrication of micromagnets, the percentage of spiked cells captured on the nanoparticle-
aggregated line was reduced by 55% (from 90% to 35%) to avoid the possible damage of
captured cells caused by stacked free nanoparticles.

Free nanoparticles tend to aggregate on the strong magnetic field gradient that
occurs at the edges of permanent magnets. The aggregated free nanoparticles may

damage the captured cells or interfere with the identification of stained cells. To prove
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that the array of patterned micromagnets is capable of scattering the free nanoparticles

and cells throughout the microchannel, we measured the fluorescence intensity of stained

cells captured on the plain glass slide and the micromagnet glass slide.

Figure 4.7:
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Spiked COLO 205 cells captured by aggregated line, micromagnets, or other
areas. (a) Most cells (90% of spiked COLO 205 cells) were captured on the
nanoparticle-aggregated line on the plain glass slide. (b) Many cells (59% of
spiked COLO 205 cells) were captured by patterned micromagnets. Only
35% of spiked COLO 205 cells were captured on the nanoparticle-
aggregated line on the micromagnet glass slide compared to 90% of spiked
COLO 205 cells that were captured on the nanoparticle-aggregated line on
the plain glass slide.
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Figure 4.8: (a) Fluorescence image of a cancer cell captured on a plain glass slide. (b)
Fluorescence image of a cancer cell captured on a micromagnet glass slide.
(c) Grayscale intensity of stained cells.
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Figure 4.8(a) shows the mapping of cancer cells captured on the plain glass slide,
the fluorescence image of a stained cancer cell located on the nanoparticles-aggregated
area. Figure 4.8(b) shows the same information for cancer cells captured on micromagnet
glass slide. Figure 4.8(c) shows the grayscale intensity of stained cells. The intensity of
the cell captured on the plain glass slide is four times greater than that of the cell on the
micromagnet glass slide. Therefore, patterned micromagnets significantly reduce the

possibility of miscounting the cell during the identification process.

4.2 PATIENT SAMPLE SCREENING

The developed screening system (glass coverslip with a spacer placed close to the
inlet) was applied to the clinical study of isolating CTCs from patient samples. CTCs

were successfully isolated from patients’ blood samples with a variety of types of cancer.

4.2.1  Specificity

Combining the benefits of immunofluorescence staining and anti-EpCAM coated
nanoparticle labeling the target CTCs, the system shows high specificity for the clinical
screening of patient samples.

Figure 4.9 shows immunofluorescence images of captured CTCs separated from
clinical samples. Figure 4.9(a) shows a single CTC found from two patient samples. In
addition, we were able to find clusters of CTCs in clinical samples [Figure 4.9 (b)].
Clusters of CTCs could detach from the proliferation of intravascular cancer cells [132].
A cluster of 50 CTCs was captured from patient sample number 2, a blood sample from a
female subject with breast cancer disease. More than a thousand CTCs were found from
the patient sample number 9 [Figure 4.9(c)], who had stage 4 lung cancer. Unlike spiked
cancer cells, CTCs separated from clinical samples vary in size, shape, and CK

expression level. Cancer cells in Figure 4.9(c) also show a lower level of CK compared to
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the higher CK level of spiked cancer cells. Cultured cancer cell lines such as PC3, SK-
BR-3, and COLO 205 that are commonly used for spiked screening experiments express
more EpCAM or cytokeratin than CTCs from clinical samples since some CTCs are
believed to undergo epithelial-mesenchymal transition (EMT) while circulating in the

bloodstream [133, 134].

Figure 4.9: Fluorescence images of captured CTCs from patient samples. (a) Singlet
CTCs isolated from patient samples. (b) Clusters of CTCs separated from
patient samples. (c) Clusters of CTCs from a patient sample. [35]

After demonstrating high capture efficiency of the micromagnet-patterned glass
slide for the screening system, we applied the system for the clinical screening. Figure
4.10 shows that a single CTC or one doublet from patients’ whole blood samples were

captured by patterned micromagnets.
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In the plain glass slide substrate, we found clusters of CTCs from patient samples.
However, no cluster of CTCs was found from patient samples on the micromagnet-
patterned glass slide. Most CTCs found from patient samples were singlet or doublet
cells. The array of micromagnets may scatter the clusters of CTCs on the channel

substrate.

Figure 4.10: Overlay of fluorescence image and bright field image of a single CTC or
two CTCs from patient blood samples captured by micromagnets. Scale bar
is 10 pm.

422  Sensitivity

Table 4.6 shows the numbers of CTCs found from screened subject samples in
which CTCs were captured by the glass coverslip microchip with a spacer placed close to
the inlet of the microchannel. Samples number 1 and 2 were screened with the
commercial CellSearch® screening system in parallel with our microchip-based screening
system for evaluation. Our system had capture rates comparable with those of the
CellSearch® system. In addition, the developed microchip-based system can detect as low
as one single CTC from the 5 mL of whole blood-sample, evidence of its high sensitivity.

The results of the screened clinical samples of breast and prostate patient blood
samples by the micromagnet-patterned glass slide are also shown in Table 4.7. It also

demonstrates high sensitivity.
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. Flow | Screenin Numbers of | Numbers of
mompr | "ty | it | o | WO | G | | Groem | Rt
1 7.5 2.5 5 30 F Breast 20 16
2 7.5 2.5 10 50 F Breast 33 10
3 7.5 2.5 5 1 M | Prostate 0.6 3
4 7.5 2.5 5 1 F Lung 0.6 N/A
5 7.5 2.5 5 1 F Lung 0.6 N/A
6 7.5 2.5 7.5 5 F Breast 3 N/A
7 7.5 2.5 5 19 F Breast 13 N/A
8 7.5 2.5 5 28 F Lung 19 N/A
9 7.5 2.5 >1000 F Breast > 666 N/A
10 7.5 2.5 7.5 1 F Breast 0.6 N/A
11 7.5 2.5 7.5 1 F Breast 0.6 N/A

Table 4.6: Summary of screened patient samples and CTC counts of blood samples from
cancer patients with glass coverslip with a spacer (pathology information

included)
. Flow | Screenin Numbers of
sompe | retuatton | W | " | N | G [ comorope | CHESTnL
1 7.5 2.5 7.5 2 F Breast 2
2 7.5 2.5 7.5 1 F Breast 1
3 7.5 2.5 10 22 F Breast 17
4 7.5 2.5 5.0 215 F Breast 323
5 7.5 25 7.5 2 F Breast 2
6 7.5 2.5 7.5 6 F Breast 6
7 7.5 25 5.0 10 F Breast 15
8 7.5 2.5 7.5 13 M Prostate 13
9 7.5 25 7.5 7 M Prostate 7
10 7.5 2.5 12.5 7 M Prostate 4
11 7.5 25 7.5 3 F Breast 3
12 7.5 2.5 7.5 6 F Breast 6

Table 4.7: Results of screened patient samples with micromagnets patterned on the glass
slide (pathology information included).
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4.3 FLUORESCENCE IN-SITU HYBRIDIZATION RESULTS

The fluorescence in-situ hybridization method was used to study the copy
numbers of HER-2/neu and CEP17 and ratio number for breast cancer cell lines,
including SK-BR-3 and MDA-MB-231. The experimental results of SK-BR-3 and MDA-
MB-231 are shown in Figure 4.11 and Figure 4.12.

Figure 4.11 shows the experimental results of SK-BR-3 cells (breast cancer cell
lines) by the fluorescence in-situ hybridization method. Hybridization signals for HER-
2/neu and CEP17 are shown in Figure 4.11. For SK-BR-3, Figure 4.11(a) shows twenty
copies of HER-2/neu, while four copies of CEP17 were found. In Figure 4.11(b), thirty
copies of HER-2/neu and six copies of CEP17 were shown. SK-BR-3 cell shows a high

level of HER-2 amplification.

Figure 4.11: Results of fluorescence in-situ hybridization (FISH). Spiked cancer cell line,
which was SK-BR-3, shows clear hybridization signals for HER-2/neu in
orange and CEP17 in green. (a) SK-BR-3 cells show 20 copies of HER-
2/neu and 4 copies of CEP17. (b) The general pattern found for SK-BR-3
cells presents 6 signals for CEP17 and 30 copies for HER-2. Scale bar is 10
mm.
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Figure 4.12 shows hybridization signals for HER-2/neu and CEP17 in three
MDA-MB-231 cells. The inset of Figure 4.12 shows the experimental result of the FISH
method of a leukocyte used as a control cell as a normal cell sample. All three MDA-

MB-231 cells show three copies of HER-neu and CEP17.

Figure 4.12: Results of the FISH method. Leukocyte was used as a positive control for
the FISH analysis. Spiked cancer cell lines, which are MDA-MB-231, show
clear hybridization signals for HER-2 in orange and CEP17 in green. All
three MDA-MB-231 cells show three copies of HER-2 and three copies of
the CEP17. Scale bar is 10 um.

Table 4.8 shows the results of the quantitative information of the copy number of
fluorescence signals found in all spiked breast cell lines (SK-BR-3 and MCA-MB-231).
The spiked SK-BR-3 cell presents four copies of CEP17 in Figure 4.11(a) and six copies
of CEP17 in Figure 4.11(b) but twenty copies of HER-2 [Figure 4.11(a)] and thirty copies
of CEP17 [Figure 4.11(b)]. MDA-MB-231 cell line does not show HER-2 amplifications
(the ratio of HER-2 with respect to CEP17 is one, as shown in Table 4.8). The SK-BR-3
cell line shows amplification of HER-2 with lots of HER-2 copies, as shown in Figure
4.11. The average copy number for HER-2 was five. Gene amplification for HER-2,

which was five times larger than CEP17, was found.
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Cell line HER-2/neu CEP Ratio of HER-2 to CEP17
copy number | copy number

Leukocyte 3 3 1

SK-BR-3 27 5 54

MDA-MB-231 3 3 1

Table 4.8: Absolute and relative copy numbers of spiked HER-2 and CEP17 for SK-BR-3
and MDA-MB-231 cell lines.

For CTCs captured from breast cancer patients, the FISH method was used to
study the gene expression of CTCs. Figure 4.13 shows the results of the FISH analysis.
CTCs captured from breast cancer patients show clear hybridization signals for HER-2 in
orange and CEP17 in green. Figure 4.12 (a) shows HER-2 amplification and ratio number
to be 2.5 of a CTC from the patient 1 shows. In Figure 4.12 (b), a CTC captured from the
patient number 2 shows ratio number to be two. For the patient number 2, a CTC shows
significant high amplification of HER-2, as shown in Figure 4.12 (c). The ratio number

was measured to be five.

Figure 4.13: Results of the FISH method. CTCs captured from breast cancer patients
show clear hybridization signals for HER-2 in orange and CEP17 in green.
Scale bar is 10 mm.

91



44 SUMMARY

We discussed the gravity effect of RBCs in the microchannel on the cell
separation in the microchannel. Next, we proved that the capture efficiency of the
inverted microchannel is higher than the upright microchannel by the spiked experiments.
Furthermore, spiked experiments demonstrate high capture efficiencies of the developed
screening system for different cancer cell lines. Integration of micromagnets on the
channel substrate presents both the high capture efficiency and stability (>90% capture
efficiency for all spiked cell lines). The patterned micromagnets are capable of scattering
the free particles and target cancer cells. In addition, the system has been successfully
applied for clinical screening of patient samples to show high sensitivity and specificity.
FISH analysis was also used to molecularly characterize the CTCs separated from patient

samples.
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Chapter 5

Conclusion and Future work

51 CONCLUSION

The developed screening system combines the power of immunomagnetic assay
and microfluidic device to show the capability of isolating rare CTCs from blood samples
with high capture efficiency, high sensitivity, high throughput, low cost, and easy
fabrication.

We designed and developed a microchip-based immunomagnetic screening
system with a computer-controlled rotational arm holding an array of up to six
microchips in parallel for the high throughput screening. The system is operated in a flip-
flop mode. Through the computer-controlled interface, the screening microchip can be
placed in any position, such as an upright position and inverted position, during the
screening process.

We also have demonstrated both theoretically and experimentally that the
sedimentation of red blood cells with regard to the magnetic force acting on the
nanoparticle-tagged cancer cells required for the cell separation is critical for capture
efficiency, throughput, and purity. By precisely controlling the microchip position during
the screening process, we can reduce the stagnation of red blood cells and non-specific
bonding on the channel substrate by alternating the direction of magnetic force with
respect to the gravity force on the target cells and determining the direction of red blood
cell sedimentation.

We demonstrated that the amount of the nanoparticle suspension used for the
screening was significantly reduced to 25% of the amount used in the commercially

available and the only FDA-approved screening system (CellSearch®) because of the
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microchip-based screening system and stronger magnetic force’s acting on the
nanoparticle-labeled tumor cells.

We demonstrated that the screening system has been used to isolate and detect
multiple cancer cell lines, including breast cancer (SK-BR-3, MCF-7, and MDA-MB-
231), colorectal cancer (COLO 205), and prostate cancer (PC3), to achieve high capture
efficiency (97% in average) in the spiked screening experiments. Furthermore, the system
has been successfully applied for the screening and isolation of CTCs from clinical blood
samples, including metastatic breast, colorectal, prostate, and lung cancer patient
samples.

We then demonstrated the design, calculation, and fabrication of an array of
micromagnets. The patterned micromagnets provide a locally enhanced magnetic field
and modulate the magnetic field distribution throughout the whole channel surface. With
the addition of micromagnets patterned on the plain channel substrate, we demonstrated
the capability of enhancing the retaining magnetic force and reducing the cell aggregation
by increasing the channel space occupancy for 13%. The array of micromagnets also
largely increased the stability of achieving high capture efficiency (more than 95%
capture rate with less variation for all three different cell lines).

In the end, we used the fluorescence in-situ hybridization (FISH) method to study
the genetic information of the CTCs captured by the screening system we developed. We
measured the ratio of the copy number of HER-2 to chromosome 17 (CEP17) of SK-BR-
3, comparing to the ratio number of MDA-MB-231. HER-2/neu was highly amplified in
SK-BR-3 (HER-2 positive cell line) comparing to MDA-MB-231 (HER-2 negative cell
line) that copy number of HER-2 in SK-BR-3 was twenty five while copy number of
HER-2 in MDA-MB-231 was three. For the ratio of HER-2 copy number to CEP17 copy
number, SK-BR-3 (ratio was five) showed higher ratio than MDA-MB-231 (ratio was

one).
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We have applied the developed screening system for the clinical screening. Over
40 patients have been successfully screened. CTCs captured from patient samples were
observed and identified by the immunofluorescence staining method. Other than
immunofluorescence staining technique, the FISH method was performed to study the
HER-2 and CEP17 expression of the CTCs captured from breast cancer patients that
CTCs showed amplification of HER-2/neu and ratio number of HER-2/CEP17 to be
higher than 2.2.

The developed immunomagnetic microchip-based screening system provides a

new clinical tool that could dramatically improve recognition and monitoring of cancer.

5.2 FUTURE WORK

In addition to the rarity nature of CTCs in blood sample, heterogeneity of CTCs is
a challenge for the cell detection. Several techniques, such as the reverse transcription
polymerase chain reaction (RT-PCR) method [135], the fluorescence in-situ hybridization
(FISH) method [14], and immunohistochemistry (IHC) method [136], have been
proposed to molecularly characterize the CTCs. Molecular characterization provide
important information for molecularly targeted therapies and assessment of the treatment
effect. For instance, trastuzumab (Herceptin®) is commonly used as adjuvant therapy for
HER-2 positive breast cancer. For colorectal cancer, FOLFOX is often used therapy with
bevacizumab, which is incorporated with chemotherapy [137, 138]. In order to accurately
and efficiently assess the treatment efficacy, separation of CTCs followed by downstream
analysis is important for cancer. Moreover, single cell profiling of CTCs provides an
alternative to the CTC heterogeneity study for drug discovery of cancer [45]. Analyzing
CTCs’ genomic and transcriptomic profile is critical for studying tumor biology.

Multiplexed assay with versatile antibodies is required for rare CTCs detection

due to tumor heterogeneity and epithelial-to mesenchymal transition (EMT) that some
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metastatic cancer cells may express low level of EpCAM [139-141]. Therefore, hybrid
magnetic nano-carrier conjugated with multiple antibodies specific for common
biomarkers, such as epithelial cell adhesion molecule (EpCAM), human epidermal
growth factor receptor 2 (HER-2), epidermal growth factor receptor (EGFR), cluster of
differentiation 146 (CD146), and mucin 1 (MUCI) expressed on different cancer cells is
necessary for cancer cell detection [41]. With a combination of versatile
immunomagnetic nanocarrier conjugated with antibodies, coating of multiple antibodies
on separate areas of the channel substrate, and multiplexed staining of cancer cells, can
enhance the capability of detection of heterogenetic CTCs.

Increasing efforts have been devoted in the detection of disseminated tumor cells
(DTCs) from the bone marrow (BM) recently [142]. Besides, circulating tumor cells
(CTCs) in peripheral blood, DTC is also considered as a surrogate marker for minimal
residual disease in breast cancer [143]. A cancer stem cell theory states that a tumor
grows and forms at a secondary tumor site can be caused by a small subpopulation of
cancer cells, which are cancer stem cells/DTCs [144]. For the biomarker expression, most
DTCs in BM are CD44 positive [145]. Therefore, detection of DTCs can be a potential

application for the developed immunomagnetic microchip-based screening system.
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