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ABSTRACT

CAPTURE OF RARE CIRCULATING TUMOR CELLS FROM BLOOD ON
BIO-ACTIVATED OXIDE SURFACE INSIDE MICROFLUIDIC CHANNELS

Ates, Hatice Ceren
M.S., Department of Micro and Nanotechnology
Supervisor: Prof. Dr. Haluk Kiilah

Co-supervisor: Assoc. Prof. Dr. Ebru Ozgiir

February 2018, 95 pages

Isolation and characterization of circulating tumor cells (CTCs) have important clinical
significance in terms of prognosis and early detection of response to treatment. Moreover,
downstream characterization of CTCs may help better patient stratification and therapy
guidance. However, CTCs are extremely rare (~10 CTCs/10% peripheral blood cells) and
highly sensitive, and specific technology is required for their isolation. Rapidly
developing microfluidic technologies offer variety of advantages in rare cell isolation
including rapid, low-cost and automated sample procesing, and higher sensitivity and
specificity due to their similar physical dimenions to biological cells. Many of these
technologies utilize immuno-affinity based CTC capture, where anti-EpCAM antibody
against epithelial cell surface biomarker is widely utilized for CTC-specific cell capture.

In such applications, a proper antibody immobilization plays a crucial role for high



efficiency cell capture. In this study, development and evaluation of four different surface
modification approaches to immobilize anti-EpCAM on the silicon oxide surfaces was
presented and the selected modification method is implemented in microfluidic channels.
Cell capture efficiency and capture specificity were determined using different breast
cancer cell lines as a CTC model. Selective CTC capture was demonstrated using breast
cancer cells (MCF-7) spiked in buffer containing background leukocytes with cell
concentration ratio of 1:10%. Cell capture efficiency and specificity of 90% and 87% have
been achieved, respectively, with MCF7 cells. Besides, protocols for in-channel
immunofluorecent cell staining and viable cell release have been developed. Shelf life of
the functionalized surfaces was also determined by inspecting the capture efficiency of

microchannels weekly.

Keywords: CTC, EpCAM, Covalent immobilization, Bio-affinity immobilization,
Microfluidic channel, SiO>
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KANDAKI ENDER TUMOR HUCRELERININ MiIKROAKISKAN KANAL iCi
BiYO-AKTIF OKSIT YUZEYDE YAKALANMASI

Ates, Hatice Ceren
Yiiksek Lisans, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. Haluk Kiilah
Ortak-Tez Yoneticisi: Assoc. Prof. Dr. Ebru Ozgiir

Subat 2018, 95 sayfa

Kanda dolasan tiimor hiicrelerinin tespiti ve karakterizasyonu hastaligin prognozunu
belirleme ve ilag tedavisine verilen cevabi 6lgme gibi biyomedikal uygulamalar i¢in bir
hayli 6nemlidir. Buna ek olarak, hiicrelerin karakterizasyonu, metastaz riski, hastaligin
ilerlemesi ve/veya tedaviye yaniti ongérmede yararli olabilecektir. Fakat kanda oldukca
nadir olmalar1 sebebiyle (~10 tiimér hiicresi/ 10° periferik kan hiicreleri), kanda dolasan
timor hiicrelerin tespiti i¢in hassas ve spesifik bir teknoloji kullanilmas1 gerekmektedir.
Hizla gelismekte olan mikroakiskan teknolojiler, ender hiicre izolasyonu i¢in hizli, diisiik
maliyetli ve otomatize edilmis 6rnek hazirlama gibi avantajlarin yanisira, hiicre boyutuna
benzer boyutlara sahip olmasi sayesinde yiiksek duyarliklik ve 6zgiinliik saglamaktadir.
Bu teknolojilerin bir ¢gogu, ender hiicrelerin immunolojik markeri olan EpCAM antikor

ekpresyonunun kullanildig1 affinite tabanli ender hiicre yakalamaya dayanmaktadir. Bu

Vil



teknolojilerde kritik nokta, hiicrelerin izolasyonu i¢in kullanilan antikorlarin, yiizeylere
dogru bir sekilde immobilize edilmesidir. Bu ¢alismada kandan ender hiicre tespiti igin,
dort farkli silisyum oksit ylizey aktiflestirme yontemi gelistirilip degerlendirilerek, se¢ilen
bir yontem mikroakiskan kanallara uygulanmaktadir. Onerilen yontemin hiicre yakalama
basaris1 ve hiicre seciciligi, farkli meme kanseri hiicre hatlarinin kanda dolagan timor
hiicresi modeli olarak kullanilmasi ile belirlenmistir. Gelistirilen yilizey aktiflestirme
protokoliiniin hiicre yakalama segiciligi, beyaz kan hiicresi iceren soliisyona 1:10*
oraninda MCF-7 hiicresi atilarak tespit edilmistir. Hiicre yakalama basaris1 ve 6zgiilliigii
MCF-7 meme kanseri hiicre hatt ile test edilmis ve sirasiyla %89.6 ve %90 olarak elde
edilmistir. Yakalanan hiicrelerin ¢ip-tistii tespiti ve canli bir sekilde kanaldan
koparilmalar1 i¢in yontemler gelistirilmistir. Son olarak, aktiflestirilmis yiizeylerin raf

omrii, bir haftalik araliklarla yapilan hiicre tutundurma testleri ile belirlenmistir.

Anahtar Kelimeler: Dolasimdaki tiimor hiicreleri, epitel hiicre adezyon molekiili
(EpCAM), kovalent immobilizasyon, biyo affinite immobilizasyonu, mikroakiskan kanal,
SiOa.
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CHAPTER 1

INTRODUCTION

Cancer is the second leading cause of death after heart diseases and strokes and number
of cancer cases is expected to increase by 70 % in the upcoming 20 years [1]. Cancer is
not a recent disease, in fact, paleopathologic findings reveal that prehistoric animals had
tumor long before humans been on earth. The oldest definition of cancer is presented in
the Edwin Smith Papyrus that was written circa 3000 BC. The writer described the breast
tumor as bulging form and concluded that “there is no treatment for it”. After a while,
Hippocrates used the word “carcinos” a Greek word referring crab to define tumors since
the finger-like spreading of cancer reminded him to the movement of a crab. He believed
that body contains four humors (body fluids) and their imbalance can cause cancer.
Humoral theory was replaced by lymph theory in the 17" century, which suggested that
tumors are created by Lymph. Later, Johannes Muller, a German pathologist, proved that
cells rather than lymph cause cancer and proposed that tumor cells developed from
blastema. Metastasis was first described in the 1860s by Karl Thiersch, a German surgeon,
and he demonstrated that malignant cells can be spread to other body parts and
metastasize. Trauma was believed to be main cause of cancer between the 1800 and 1920,
due to the observation that experimental animals will have cancer when a failure of injury
arises. Cancer was considered as contagious till 1800s and it was suggested that cancer
patients should keep in quarantine to prevent the spread of disease. In the 19th century,

usage of modern microscopes enabled scientists to study on diseased tissues and



pathology of cancer. Despite their missing points and misguided ideas, all made contribute

to cancer treatment, diagnosis and detection [2].

1.1 Cancer Diagnosis: Traditional Biopsy vs. Liquid Biopsy

Sample from cancer tissue traditionally has been obtained only by tumor biopsy. Biopsies
taken from suspected areas allow detection of mutations in cancer cells and guide
treatment. Different biopsy types are available like incisional biopsy, which includes
removal of a small part of the suspected area that is enough for diagnosis, or excisional
biopsy, which is based on removal of an entire tumor. However, such an invasive
procedure may be uncomfortable for patients and they may not always be in healthy
conditions to undergo surgery. Furthermore, tumors are highly heterogeneous in their
nature and their properties show some alterations at different stage of the disease.
Therefore, tumor biopsy may only provide a snapshot of a specific portion of a tumor at
a given time. An alternative for traditional biopsy is liquid biopsy, which is detection of
cancer cells or traces of these cells like DNA or RNA in patient blood that are originated
from primary tumor cites. Liquid biopsy provides a wide range of information about the
tumor and can be used for deciding when / how to start the treatment or assessing the
treatment success. Since this technique is minimally invasive, taking regular samples of

blood is possible, which gives insights about the alterations taking place in the tumor cells.

Blood sample contains three types of tumor-derived materials that can be used for further
molecular analysis: circulating tumor cells (CTC), cell free circulating tumor DNA
(ctDNA) and exosomes. Exosomes found in almost all body fluids are secreted membrane
vesicles and provide intracellular communication. They carry various molecules like
RNA, DNA or protein and elevated exosome level is observed in cancer patients, which
makes them a candidate for non-invasive cancer marker. Cell free circulating tumor DNA
is small DNA pieces of apoptotic or necrotic cells released to the blood stream when they

are dying. Circulating tumor cells, unlike exosomes or ctDNAs that are only fragments of



cells, are intact tumor cells exfoliated from primary or secondary tumor sites into the

blood circulation [3].
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Figure 1:1 Circulating tumor cells (CTCs), circulating tumor DNA (ctDNA) and
exosomes as blood based biomarkers (Reprinted by permission from [Springer Nature]:
[Springer/Nature] [Nature Biomedical Engineering] ( [3] Clinical prospects of liquid
biopsies, Catherine Alix-Panabieres, Klaus Pantel), [Copyright 2018 Springer] (2017))

Long before the discovery of tumor-derived materials in blood, Thomas Ashworth noticed
the similarities between the morphologies of the tumor cells from the blood and from

various lesions of a patient with metastatic cancer [4]. His conclusion was:

“One thing is certain, that if they came from an existing cancer structure, that must have
passed through the greater part of the circulatory system to have arrived at the internals

saphena vein of the sound leg.”



His observation and deduction was spot-on. 140 years of ongoing research in cancer has
indeed demonstrated that circulating tumor cells play a significant role in metastasis [5].
Their use in clinic as prognostic biomarker has been approved by Food and Drug
Administration (FDA) in breast, colorectal and prostate cancers. However, there are
numerous clinical studies going on collecting clinical evidence for their utility as
predictive and diagnostic biomarkers in variety of cancers, as well. Number of CTCs in
blood is shown to change during the treatment and this change is correlated with the
progress of the disease. Furthermore, CTCs also have the potential to be utilized for
monitoring mutations or telomerase activity and developing better treatments through

downstream analysis [6].

CTCs are, however, extremely rare (10 CTCs /10° blood cells) [7] making their capture
quite a challenge. These cells have individual identities, which creates a variation in
biophysical and biochemical properties. This variation itself is another challenge since
there is no unique marker which represents such a heterogeneous mixture. Nevertheless,
any CTC isolation technology must offer high recovery rate and selectivity to ensure

sufficient number of viable CTCs to be utilized in downstream analysis.

1.2 CTC lsolation

1.2.1 Use of Microfluidics in CTC isolation

Microfluidic devices have introduced many new opportunities in applied sciences
including biological studies, which has also influenced the research being carried out in
CTC field. The idea of miniaturization dates back to 1960. In his paper, Feynman
discussed the advantages of the “very small” scales for heat transfer, which eventually
evolves to a new vision, Miniaturized Total Chemical Analysis System. In 1990s,
developments in the manufacturing methods and introduction of new substrates such as
polydimethylsiloxane (PDMS) brought with it ingenious biological applications. With the

ability to create various structures by, researchers now have the necessary tools to use and

4



test various aspects of a controlled geometry in which the designer has the control over

the fluid flow precisely.

The reasons behind the popularity of microfluidic devices in biological sciences can be

listed as follows:

. Microchannels enable precise control over the fluid flow and mass transfer,

. They reduce the required sample amount,

. Microfluidic devices speed up and increase the quality of observations

. They can be integrated with other components necessary for the analysis such as

sensors, controllers, automated systems etc.,
. They are portable as volume of the entire system can be reduced up to 1000 folds.

Fluid flow in microscale is much simpler than in macroscale. In fluid mechanics, one of
the key parameters describing the flow behavior is the Reynolds number, which gives
ratio of inertial forces to viscous forces:

vcthh
v

Re =

where v, is the characteristic velocity, L., is the characteristic length and v is the
kinematic viscosity. Re number for flows in microchannels is typically smaller than unity,
leading to laminar flow (Figure 1:2). In this flow regime, velocity field is quite simple and
there is no lateral mixing. Hence, fluid flow in micro domain gives predictive streamlines,

which are easy to control and repeatable.
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Figure 1:2 Velocity profile for a laminar flow

Mass transfer in the micro scale is diffusion controlled and small characteristic lengths of
microchannels enable very fast mass transfer rates from the solution to the channel walls,
which is of considerable importance for the success of chemical binding reactions
occurring on the immobilized bio-molecules on channel walls. Considering the fact that
time scale for diffusion within a channel is proportional to the square of its characteristic
length (t.,~ L2,/ D4g) [8], mass transfer rate significantly increases in the micro domain.
To further illustrate the enhanced mass transfer in microchannels, typical mass transfer
rates for macro and micro scale systems are tabulated below. As can be seen from the
table, reducing the scale to micro domain leads to two orders of magnitude increase in the

mass transfer rate, which speeds up the overall process significantly.

Table 1:1 Comparison of mass transfer coefficient in micro and macro domain [9]

Total mass transfer coefficient x 1000 (1/s)

Stirred tank 3-40

Tubular reactor 0.5-70

Packed columns 0.04-7

Spray column 1.2-2.2

Bubble column 0.5-24

Taylor-Couette Flow 3-21

Microchannel 30-2100




Another important advantage of microchannels is reduced sample consumption.
Volumetric flow rate (Q) of steady laminar flow for a Newtonian fluid under a pressure

gradient (AP) is given by Hagen-Poiseuille Equation:

RY = APnR4

where the volumetric flow rate is a strong function of the channel diameter, R. Therefore,
in microscale, sample consumption is significantly reduced under the same flow
conditions. This is very critical for biological applications as the sample amount is usually
very limited, for instance blood taken from a patient.

Microfluidic devices integrated with sensors, filters, valves, pumps, mixers, flow
controllers enable controlling experimental conditions with high precision. With the
improvements in automated experimental practice in both isolation and characterization
of cells, number of studies have been increasingly continued in biological studies. Small
characteristic lengths and the precise control offered by microfluidics make it a very
charming alternative for CTC isolation. With this motivation, new technologies are being
developed depending on microfluidics, which either use the intrinsic (size, density,
charge) / extrinsic (response to external acoustic, electric or magnetic fields) properties of
cell or take advantage of the differences in affinity of cells to specific molecules. These
methods are schematically shown in Figure 1:3 and details of these approaches are given
in the following sections.
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Figure 1:3 Schematic representation of CTC isolation methods in microfluidic channels

1.2.2 Label Free Isolation

CTC capture strategies can be classified according to their use of biophysical or
biochemical properties. Utilization of physical properties for the isolation of CTCs from
surrounding blood cells is called “label-free isolation™ as it eliminates the need for a
biological marker, “the label”. Methods utilizing only the intrinsic properties are called
passive separation techniques and exploit the size and/or deformability differences among
the cells in blood [10-12].

Passive label-free isolation methods can be divided into three major groups:

e Filtration
e Deformability-based separation

e Separation by using inertial forces

Filtration is the most straight-forward and cheapest approach among the alternatives.
Membranes with specific pore sizes are utilized for separation, which is based on the fact
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that a typical CTC diameter (12-25 um) is much larger than those of blood cells
(leukocytes 8-11 pum, red blood cells 5-9 um) [10].

Membranes developed for CTC filtration are initially made form polycarbonate by using
track-etching. This approach yields randomly distributed pores with a high fusion
probability, which in turn leads to low CTC capture efficiency. In order to alleviate such
problems, parylene based microfilters have been developed with oxygen plasma etching
giving uniform pore distribution [13]. This type of membranes has been shown to provide
a high cell capture efficiency for a variety of cancer types. Nevertheless, viability of the
captured CTCs is found to be very low with these membranes, which is due to the
utilization of formalin in the process [14]. The stress induced with this approach is
overcome via employing a 3-D membrane, where spiked CTCs in blood were captured

and maintained successfully [15].

Although, CTC filtration leads to high throughput, there are still same issues to be solved.
First of all, significant overlap in the sizes of CTCs and leukocytes leads to low purity
[16]. Secondly, CTCs which are similar in size with leukocytes (or smaller) are lost during
separation. Lastly, filter based approaches are usually prone to clogging, which leads to
decreases in capture efficiency.

Deformability is another physical property used to isolate CTCs from the surrounding
blood cells. Erythrocytes do not have a nucleus hence they are quite deformable, which
enables them to travel freely through microvessel within tissues. Leukocytes have a
nucleus and physically similar to epithelial cells. CTCs, on the other hand, usually have
larger nuclei compared to healthy epithelial cells due to chromosomal abnormalities.
Hence ratio of the nucleus to cytoplasm for CTCs becomes much greater than leukocytes
[17,18]. It has been shown that nuclei and nucleoplasm is significantly more viscous (4 to
10 times) and stiffer than the cell cytoplasm [19,20]. Therefore, CTCs are expected to be
more rigid than leukocytes and less likely to deform under stress and this difference is

being exploited to isolate CTCs.

Deformability based separation is a relatively new concept. In one of the pioneering
works, [21] a microfluidic ratchet mechanism in which cells flow through tapered throats

were developed. In the case where the entrance is smaller than the diameter of the cell,
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their shape is forced to deform and whether cells will cross or not depends on their
deformability, shape and force applied. In their design, [21] applied an oscillating pressure
so that cells that cannot pass the throats but not clog the channel (Figure 1:4). More
recently, [22] further extended the concept and designed 3-D conical shape

microstructures for deformability based separation.

However, CTCs are known to change continuously with respect to their cytoplasmic
content and cytoskeleton, which will create a variation in the ratio of nucleus to
cytoplasm. More importantly, cluster of CTCs was shown to have higher deformability
compared to an individual CTC and able to pass through vessel walls [23]. Therefore,

further studies are necessary to establish a base between deformability and CTCs.
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Figure 1:4 Schematic representation of microfluidic ratchet device (adapted from [21])

Hydrodynamic separation makes use of hydrodynamic forces to steer cells as if they are
“solid particles” into specific streamlines based on cell property differences. As described
in Section 1.2.1, laminar flow regime in microchannels results in well-behaved
streamlines with a parabolic velocity profile. In such a flow field, cells travelling with the
fluid are exposed to a velocity gradient, which creates lift force towards to the wall due to
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shear stress. In the vicinity wall, on the other hand, cells are pushed away due to the
pressure build-up, which will create equilibrium positions between the two competing
forces acting on the body (Figure 1:5). Position of these equilibrium streamlines shown
in Figure 1:5 depends on the shape of the channel (straight / curve) and the cross-sectional

area (circular, duct).

Y

Figure 1:5 Forces acting on the cells in a microchannel for laminar flow regime

There are several successful applications of CTC isolation utilizing hydrodynamic forces.
MARC proposed by [24] uses two consecutive rectangular microchannels with reversed
aspect ratios, in which authors separated 10 pm particles from 20 um particles with a high
efficiency (90 %). Authors observed that MARC performs well over a wide range of flow
conditions (30<Re<80) for particles and it can be used to separate rare cells from whole
blood successfully [25]. Another inspiring example is developed by [26]. Their design
uses centrifugal forces to separate large CTCs from the blood cells, which has been shown
to yield a high recovery rate (85 %). Deterministic later displacement (DLD) is another
inertia based method, first proposed by [27], where cells are categorized depending on
their size while they are drifting under laminar flow conditions through arrays of
obstacles. In the initial design, major disadvantages of this approach were its low

throughput due to the induced resistances to flow and clogging. Recently, these problems
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have been alleviated as demonstrated in [28], where a high throughput is maintained with

a high efficiency (85 %) without losing cell viability.

Methods utilizing extrinsic properties, that is the response of the cells to external acoustic,
electric or magnetic fields are called active separation techniques and mainly exploit

charge differences among the cells in blood.

Most widely used active label-free isolation methods can be classified into two major

groups with respect to the external field they utilize:

e Dielectrophoresis (DEP)

e Acoustophoresis

DEP method uses another physical property, polarizability of the cells, to separate CTCs
from the surrounding blood cells by creating non-uniform electric fields. In this field, each
cell experiences a different force so that target cells can be directed into specific zones.
This movement can follow the gradient itself (positive DEP) or be against the field
(negative DEP) depending on its dielectric properties. Responses of the cells to the applied
electric field, in fact, depends on individual cell size, conductivity, morphology,
membrane potential and phenotype as well as the properties of the surrounding cells and
dielectric medium [29-31]. First DEP study dates back to 1950 [32] where the polarized
particle movement in an electric field was described. In mid 1990s, dielectric properties
of tumor cells were distinguished from the erythrocytes and lymphocytes and DEP was
used to isolate CTCs from the blood [33]. A major milestone was achieved in 2005 by
[34]. They successfully applied DEP on a chip, where carcinoma cells are separated from
erythrocytes. In 2011, [35] presented a method for continuous isolation of CTC and first
commercialized CTC isolation device based on DEP become available in 2012,
ApoStreamTM [36]. The major disadvantage of ApoStream is its low selectivity (70 %),
which is the bottleneck of DEP based applications today.

Knowledge on the nature of sound dates back to ancient Greece, yet it took almost 2300
years before Kundth describes the motion of particles in standing sound waves. At the
beginning of the 21 century, [37] utilized ultrasound in micro domain, which brings

about new opportunities for cell isolation in microchannels.
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Sound is simply a mechanical wave hence needs a medium to propagate. If the medium
is fluid, this movement is observed as continuous compression and refraction. In
microchannels, cells are exposed to this force field, which convey the cells to the zones
with minimum pressure gradients. Velocity of this movement is a function of cell size,
density and its relative compressibility. A schematic representation of CTC isolation
within a channel, in which an acoustic standing wave is applied, is shown below. The term
standing wave corresponds to the case where incident and reflecting waves with same
amplitude and frequency coincide in opposite directions. As can be seen from the figure,
larger CTCs are carried towards the centerline of the channel from an initial position near
the walls as they are subject to a stronger acoustophoretic force. In general, success of
separation in acoustophoresis depends how much acoustic properties and size differs in

the cell mixture.

Figure 1:6 Separation of cells in acoustophoresis

It has been shown that it is possible to separate red blood cells, white blood cellsand CTC

in the recent literature [38-42] with a very high purity and recovery rate. Nevertheless,
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throughput of acoustophoresis in those studies is very limited and prone to clogging

problems, especially at high cell concentrations.

In summary, isolation of CTCs based on physical properties makes it possible to capture
cells with different surface markers. Label-free approaches also enable high cell viability
[10,11,43]. However, there are certain disadvantages. First of all, significant overlap in
the sizes of CTCs and leukocytes leads to low purity [16]. Secondly, CTCs which are
similar in size with leukocytes (or smaller) are lost during separation. Lastly, filter based
approaches are usually prone to clogging, which leads to decreases in capture efficiency.
In Table 1:2, studies utilizing label-free CTC isolation methods from the last two years
are summarized. It should be noted that some of those studies are limited to cell lines
while the others use clinical samples. As can be seen from the table, recovery rates of all
studies are significantly high while none of the studies using clinical samples reports
purity which is the Achilles' heel of these approaches. Nevertheless, studies with cell lines

gives promising results in terms of purity.

Table 1:2 Summary of Label-Free CTC Isolation Technologies

Platform Capture method Test sample Recovery  Purity  Viability Ref.
rate (%) (%) (%)
In lysed whole
blood: MCF-7,
Membrane Size based MDA-MB-231 93t0 95 - -
microfilter (filter-pore type) Patient: prostate, [44]

breast, colon,

bladder 51 of 57 - -
In diluted blood:
LNCaP 90 - -
Diluted patient
Size based blood: breast, colon, All 8 - -
Microsieve ) ) ) [45]
(filter-pore type) prostate, cervix patients

In whole blood:
HepG2/GFP
MCF-7 >80 - -
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Table 1:2 Summary of Label-Free CTC Isolation Technologies (cont’d)

Patient: breast 19 of 24 - -
) In whole blood:
Size based
p-MOFF ) MCF-7 93.73 - - [46]
(hydrodynamic)
In whole blood:
MDA-MB-231 91.60 - -
Size based In whole blood:
MS-MOFF _ [47]
(hydrodynamic) MCF-7 >08.9 - -
In growth medium:
MCF10A,
Size based MDA-MB-231 91 >05 -
DLD _ _ [28]
(hydrodynamic)  Diluted whole blood:
MCF10A,
MDA-MB-231 86 >05 -
] In normal cells:
DEP Size based (DEP) [48]
MDA-231 >05 - -
] In T-lymphocytes:
DEP-FFF Size based (DEP) [49]
MDA-436 70 99.2 -

1.2.3 Affinity-Based CTC Isolation

Affinity-based approaches employ antibodies against cell surface markers. This technique
has been utilized by the only FDA approved CTC isolation system, CellSearch®. The
major challenge in affinity-based CTC isolation is the heterogeneity of surface markers,

which makes it difficult to establish a single universal antigen.

In general, bio-affinity based cell isolation strategies can be grouped in two main

categories:

e Positive enrichment where CTCs are targeted via surface markers such as EpCAM
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e Negative enrichment where leukocytes are targeted by using markers such as
CD45

Majority of positive enrichment studies reported to date has been developed to isolate
CTCs originated from epithelial tumors, for which the most common surface marker is
the epithelial cell adhesion molecule (EpCAM). This transmembrane protein is highly
expressed on most non-hematologic cancers such as breast, lung, brain, prostate and colon
[50,51]. One of the earliest works using EpCAM antibody for positive enrichment is the
work of [52], which has eventually evolved into CellSearch® and their work set the
standards of the CTC isolation. Since then cells with EpCAM+/CK+/CD45- marker is
accepted to be the CTC and several technologies have been developed by using this

marker to capture and isolate CTCs.

One of the earliest emerged approaches using microfluidics for CTC enrichment from
whole blood was developed by [53]. On their microchip, they assembled 78800
microposts with anti-EpCAM antibody with an optimized geometric distribution to
maximize advantages offered by laminar flow conditions in the channel, which enables
their microchip (CTC-chip) to isolate CTCs from patients’ whole blood with CTC
numbers varying between 5 and 1000 CTCs/mL while achieving 50 % purity. It should
be noted that this was not possible with the CellSearch® [53]. With this significant
accomplishment, several other devices have been developed following the same principle.
Geometrically enhanced differential immunocapture (GEDI) is one of these approaches,
which introduced hydrodynamic enrichment exploiting size differences into micropost
arrays with anti-EpCAM antibody to reduce impurities such as leukocytes. It was utilized
to capture CTCs from whole blood of prostate cancer patients, where GEDI provides up
to 400-fold increase in CTC enrichment compared to CellSearch® [54]. OncoCEE
technology developed by Biocept further extends the micropost array approach by using
more than one antibodies to functionalize the microchannel (EpCAM, HER2, MUC-1,
EGFR, TROP2, N-Cadherin) and applying in-situ fluorescent staining, which enables
OncoCEE to identify 53 % of the patients with metastatic breast cancer with CK+/CD45-

CTCs. Despite the success of CTC enrichment, CTC isolation via microposts is quite a
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challenge due the difficulties in its fabrication and its high flow resistance, which allows

only low throughput rates (~1 mL/h).

This low throughput problem was somewhat alleviated by incorporating surface based
isolation as in [55], where herringbone channels are deployed within microchannels
instead of micropost arrays. In their design HB-Chip [55], Stott et al. achieved a CTC
capture efficiency (14/15 patients) by processing whole blood with a flowrate of 4.8 mL/h.
Similarly, GEM chip presented in [56] and GO developed by [57] yielded higher flowrates
by deploying geometric manipulations in the channel, giving 3.6 mL/h and 2 mL/h,
respectively, while offering a high capture efficiency. Another surfaced based application
is the CTC isolation on sinusoidal channels with high aspect ratio (1:5) called BioFluidica
[58]. In this design, it has been shown that CTCs can be captured with a relatively high
volumetric flow rate (about 10 mL/h), high purity (86 %) and sensitivity (11 CTCs/mL
can be detected). Furthermore, the device has been combined with several modules in

which CTCs can be counted, stained, imaged and indexed.

One of the major issues on surface based CTC isolation is the reversibility of the
functionalized surfaces. Captured cells can be released for further analysis via
trypsinization [56], though this process may harm the surface receptors, which may be
critical in the downstream analysis. Immunomagnetic methods offer a solution for this
problem. Ephesia®, which is essentially a magnetic beads based array chip utilize
antibody linked posts for CTC isolation within a microchannel with a flow rate of 3 mL/h
or more [59]. The key difference in Ephesia is the ability to self-assemble these magnetic
microposts. These posts are also sufficiently small (4.5 um) that they do not create any
problem during imaging process. Validity of Ephesia for CTC isolation has also been
carried and its performance has been shown to exceed the performance of CellSearch® in
10/13 samples [59]. Magnetic Sifter is another application of immunomagnetic methods,
in which flow is oriented vertically through magnetic pores. This design enables a very
high CTC recovery (6/6 patients) at significantly high flow rates (10 mL/h) [60].
IsoFlux™ and LiquidBiopsy are other two of the recently emerged technologies using
immunomagnetic isolation [61]. They are both used under continuous flow and consist of

multiple zones. CTC-i Chip, another immunomagnetic technology processing whole
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blood, combines the advantages of DLD, inertia based and immunomagnetic separation
in a single device with a high processing rate, 8 mL/h [62,63]. They tested the validity of
CTC-i Chip with clinical samples from several cancer types and showed that CTCs with
a concentration higher than 1cell / 2 mL can be detected in 90 % of the samples and CTC-
i Chip is more sensitive than CellSearch® [63].

Negative enrichment is also under the affinity based capture technologies’ umbrella where
background cells are targeted and removed with specific antibodies like anti-CD45. While
negative enrichment is advantageous for isolation of cells with low /none EpCAM
expression and leave target cells intact for downstream analysis; purity is generally lower
than the positive enrichment. There are two negative enrichment platform reported for
CTC isolation from clinical samples EasySep™ (STEMCELL Technologies, Canada)
[64] and Quadrupole Magnetic Separator (QMS) [65,66]. EasySep ™ is a commercialized
system that employs magnetic nanoparticles coated with anti-CD45 antibodies to capture
labelled leukocytes with a magnet that creates magnetic field. Unlike EasySep ™ in which
the process is batch type, QMS system is magnetic cell separator utilizing microfluidics
for cell sorting. Additionally, some positive enrichment platforms discussed above can be
used for negative enrichment by only replacing the capture antibody with anti-CD45.
Example platforms that isolate CTCs via both depletion and enrichment are MACS [67]
and CTC-iChip [62,63].
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Table 1:3 Summary of Affinity Based CTC Isolation Technologies

Platform Capture Test sample Recovery Purity Viability Ref.
method rate (%) (%) (%)
Patient prostate,
pancreatic, breast,
. colon 23 of 36 50 98.5
Positive
) o In whole blood:
CTC-chip affinity
NCI-H1650 >60 50 - [53]
(EpCAM)
In PBS: NCI-
H1650, SKBr-3,
PC3-9, T-24 65 - -
Positive Patient: prostate 14 of 15 - -
HB-chip affinity In whole blood: [55]
(EpCAM) PC3 92 - -
Patient: breast,
lung, pancreatic 23 CTCs - -
) Positive  In buffer: MCF-7 >82.3 - -
Graphene oxide o
affinity In buffer: [68]
nanosheets
(EpCAM) Hs-578T 21 <10 - -
In whole blood:
MCF-7 73-94 - -
Positive  In citrated whole
HTMSU affinity rabbit blood:
(EpCAM) MCF-7 97 - - [69]
] ] Positive In centrifuged
Microchip-based o
) ) affinity whole blood:
immunomagnetic
(EpCAM COLO0205 90 - - [70]
EpCAM _
antibody)
Positive [71]
o In endothelial
Magnetic array affinity 80 £20 - -
cells: MCF-7
(EpCAM)
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Table 1:3 Summary of Affinity Based CTC Isolation Technologies (cont’d)

o In DMEM:
Magnetic Positive
) ) o HCT116 >70 - 78
micropillar affinity [72]
In whole blood:
EpCAM (EpCAM)
HCT116 >40 - -
o Patient: prostate - 62+2 -
Positive
o In PBS: LNCaP 97+3 - -
GEDI affinity [73]
In whole blood:
(PSMA)
LNCaP 85+5 68+6 -
Positive
Aptamer affinity  In RPMI: CCRF- [74]
microchip (DNA- CEM, NB-4 >80 97 -
aptamer)
Positive
Aptamer affinity In artificial (7]
nanosbustrates (DNA- blood: A549 >80 99 79-83
aptamer)
Positive
) o In culture
3D SiNP array affinity ) [76]
medium: MCF-7 45-65 - 84-91
(EpCAM)
- In culture
Positive )
Nanowire o medium: A549 65425 - - [77]
affinity
substrate In whole blood:
(EpCAM)
A549 67+15 - -
Lysed patient 2.32
) ] blood: head, neck CTC/ml - -
Negative Negative
) ] o In buffy coats:
immunomagnetic  affinity [78]
SCC-4 83 - -
(CD45)
In buffy coats:
Melanoma 84 - -
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Table 1:3 Summary of Affinity Based CTC Isolation Technologies (cont’d)

Patient: prostate,
breast,
pancreas,

. colorectal, lung 37 of 41 - -
Positive

L o In whole blood:
PosCTC-ichip affinity [62]
SKBR3 98.6 +4.3 - .
(EpCAM)
In whole blood:
PC3-9 89.744.5 - .
In whole blood:

MDA-MB-231  77.8 7.8 - -
Negative  In whole blood:
NegCTC-ichip affinity MCF10A 96.7 £1.9 - - [62]
(CD45)

e Antibody Immobilization Strategies for Affinity-Based CTC Isolation

Immunoaffinity based approach offers high purity and sensitivity [6] although its success
depends on orientation, homogeneity and stability of immobilized antibodies [79-81]. A
wide range of antibody immobilization approaches is available in the literature with
different degrees of complexity. The selection of appropriate immobilization strategy is
made by considering the physical and chemical properties of both surface and molecule
to be immobilized. For successful immobilization, it is important to have proteins face
away from the surface so that their active sites are accessible (Figure 1:7). Furthermore,
the protein structure should be intact for success and repeatability of the immobilization.
Several immobilization approaches have been developed which can be grouped into three

categories: physical, covalent and bio-affinity immobilization.

21



Aatiges Bladng Ske

(a)
»
RS
Fe Reghon
(b)
On'eoto't_l ) g X And
Immobilization : ' s T"“

VWY i

Side-on Taillon Head-on Flat-on

Figure 1:7 (a) Schematic representation of antibody, (b) Antibody immobilization on
solid surfaces (adapted from [80])

Physical adsorption is the easiest and most straightforward strategy and frequently utilized
for protein immobilization. Proteins are simply adsorbed by the surfaces by
intermolecular forces like hydrophobic, hydrogen bond, electrostatic, van der Waals via
incubation of surface with protein solution without sophisticated chemistry or chemicals.
Nevertheless, physically adsorbed antibodies are unstable and prone to significant loss of
functionality due to random immobilization [58,59]. Furthermore, environmental effects
like temperature, pH of the solution and type of the surface can affect the strength of the

intermolecular forces which inhibit reproducible protein immobilization.

Covalent bonding, on the other hand, forms stable and irreversible bonds with a high
immobilization density between the functional groups of surface marker and antibody
[82-84]. This approach has been utilized extensively and applied for CTC capture via
EpCAM immobilization [11,85-89]. However, covalent based antibody immobilization

may result in randomly oriented antibodies since covalent immobilization utilizes the
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residues that typically found on the exterior of the protein. Random orientation may
decrease the density and accessibility of active sites and create heterogeneity [80,90]. This
can be overcome with well-defined immobilization strategies which enables reproducible,

oriented protein immobilization with diminished denaturation.

To increase the number of functional antibodies on the surface, oriented immobilization
can be introduced by bio-affinity immobilization. Bio-affinity immobilization enables
homogeneous protein immobilization with oriented and reproducible manner. While there
are several bio-affinity based techniques available like usage of antibody binding proteins
(Protein A/G) and DNA linkers, avidin-biotin interaction is a widely used bio-affinity
immobilization approach [81] and successfully implemented for EpCAM based CTC
isolation [91-95]. This technique however requires multiple steps for surface
functionalization and each step increases the complexity, production time, and cost of the

technique.

e CTC Release Strategies After Affinity-Based Capture for Downstream
Applications

Although CTC enumeration have a proven clinical utility, the main power of CTCs in
cancer management reside in the downstream analysis of isolated cells, which includes
their molecular characterization via genomic, transcriptomic and proteomic analyses, as
well as their proliferation in culture media for further cancer research and drug
development studies. For this reason, issues related to release of the isolated CTCs in
viable form must be considered. Release technologies should ensure (i) efficient release
of CTCs, (ii) non-destructive recovery of CTCs, (iii) compatibility with wide range of
downstream applications following the release, and (iv) simplicity. Generally, three
methods have been utilized to release captured CTCs: enzymatic digestion, cleavage of
the link between surface and the affinity agent and degradable polymeric coatings.

Enzymatic digestion of the affinity agent technique is based on cleaving of cell surface

proteins to release bound cells. Most commonly used enzymatic digestion reagent is
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trypsin. In normal adherent cell culture applications, cells are detached from the surface
with trypsin solution (0.25% in 0.02 % EDTA) for 3-5 minutes at 37 °C. In microfluidics,
it has been demonstrated that 0.05% to 0.25% trypsin can successfully detach captured
cells with almost 100% efficiency [69,88,96].

When CTC capture is achieved by utilization of aptamers, exonucleases or the anti-sense
oligonucleotide sequence can disrupt the aptamer’s antigen binding and release the cells
[97]. This technique is implemented in bio-affinity functionalized silicon nanowire to
release captured non-small cell lung cancer (NSCLC) cells with 85% release efficiency
and 80% viability [75].

Another strategy to release CTCs is usage of specifically designed linkers that can cleave
the linkage between affinity agent and surface. One of the example is USER (Uracil
Specific Excision Reagent); it digests the oligonucleotide linkers that helps the
immobilization of antibodies to the surface with uracil specific enzymes. It was reported
that cell release efficiency is 90% with 85% cell viability [98].

Additionally, polymer coatings, having varying capture characteristics with respect to
external changes like temperature, pH, electric field, can be used for cell release. Hou et
al. constructed silicon nanowires with temperature responsive polymer brushes. These
brushes are hydrophobic at 37° C and suitable for cell capture whereas they are
hydrophilic at 4° C and enable cell release with 95% efficiency [99]. Similarly, gelatin
nano-films functionalized with avidin- biotin interactions that melt with temperature or
degrade with mechanical influences can be used for cell release. Finally, biotin doped
polypyrrole system is developed that release captured cells with electrical stimulation
[94].

24



@

3 : 'A\-: .,
I VAV 2

Thermal release

() ®

“%77?’2‘

tiv

ofoo}odo‘&wgc’ Microtip ‘

Figure 1:8 CTC release strategies after affinity-based capture (adapted from [97])

1.3 Research Objectives

The number of circulating tumor cells (CTCs) in blood is highly associated with prognosis
in several types of cancer like breast, prostate, lung and colorectal cancer. Consequently,
isolation and characterization of CTCs have important clinical significance in terms of
prognosis and early detection of response to drug treatment. However, CTCs are
extremely rare (as low as 1 in a billion of blood cells) and a highly sensitive and specific
technology is required to isolate CTCs from blood cells. Immunoaffinity based
approaches have been shown to provide sufficiently high CTC capture efficiency in a
number of studies. However, it is not possible to comment on the relative CTC capture
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efficiencies of antibody immobilization methods utilized in these studies. Therefore,
available methods are needed to be compared in one comprehensive study with respect to

CTC capture efficiency and selectivity.

Obijective of this study is to investigate alternative antibody immobilization methods for
efficient CTC isolation on plain surfaces and propose an efficient surface

functionalization strategy that can be applied in microchannels.
To achieve these objectives, following studies should be carried out systematically:

e Development of oxide surface functionalization strategies

e Physical and chemical characterization of surfaces to ensure success of
functionalization

e Comparison of strategies with respect to capture efficiency, selectivity, time and
cost

e Implementation of selected strategy in microchannel configuration

e Determination of cell capture efficiency with MCF-7 cell line as CTC model

e Determination of selective cell capture from blood and non-specific cell capture
rate

e On-chip detection of captured cells with immunostaining

e Investigation of cell capture behavior of CTCs with different EpCAM expression
levels

e Viable CTC release from capture zone and re-culture of released CTCs for

downstream applications

e Shelf-life analysis of functionalized surfaces
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CHAPTER 2

METHODS AND MATERIALS

Following strategy was applied to fulfill the combined objectives of the study; that is,

developing an efficient surface functionalization strategy for selective CTC capture and

viable cell release for downstream applications:

Two covalent and two bio-affinity antibody immobilization methods were
proposed, inspired from most commonly used approaches in the literature, and
applied on plain SiO surfaces.

Surfaces were physically and chemically characterized at each step of
functionalization via contact angle, spectroscopic ellipsometry and XPS
measurements.

After confirming the success of surface functionalization for each protocol,
developed immobilization methods were compared with respect to cell capture
efficiency, specificity, cost and time on plain SiOz surfaces. This was achieved
by using target breast cancer cell line, MCF-7, and non-target acute
lymphoblastic leukemia cell line CCRF-CEM, as CTC model.

Following the determination of the most efficient protocol with respect to cell
capture efficiency, specificity, cost and time, selected protocol was
implemented to serpentine microfluidic channels, following the same

concentrations of reagents and incubation periods applied on the plain SiO>
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surfaces, to determine the cell capture efficiency, cell capture selectivity,
viable cell release ability and shelf life of functionalized microchannels.
Specificity studies were performed by using MCF-7 cells spiked in buffer
containing background leukocytes while the sensitivity studies were carried
out by using five different breast cancer cell lines with varying EpCAM
expression levels, namely MDA-MB-231, MDA-MB-468, SKBR3, MCF-7
and CAMA-1 to investigate the significance of EpCAM expression in cell
capture. Viability of the released cells was investigated by collecting the cells
from the channel outlet and re-culturing those cell in a vial containing cell
growth media to test proliferation ability. Finally, shelf-life of bio-
functionalized microchannels was tested with respect to cell capture efficiency
for a period of two weeks.

Background and preliminary work done for those work steps are presented in the

following sections.

2.1 Device Fabrication

Plain SiO2 surfaces and microfluidic channels were fabricated in METU-MEMS Center
(Ankara, Turkey). Silicon substrates (1cm x1cm) with 300-nm thick thermal oxide layer
were used for both surface characterization and cell capture experiments. For in-channel
tests, serpentine microfluidic channels (80x200 um (height x width)) were fabricated via
DRIE process, coated with 300 nm thermal oxide and bonded to glass wafer via anodic
bonding.

The first step for microfluidic channel fabrication is to clean Si wafer with standard
piranha/HF process. After the cleaning, lithography step was performed for channel
openings. Photoresist was stripped with oxygen plasma and oxide layers with a thickness
of 2 um for active surface and 1 um for back side were deposited on Si wafer by using
plasma enhanced chemical vapor deposition (PCVD). SiO: etching was performed with

lithography followed by reactive ion etching (RIE). Channel inlet and outlet were opened
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with deep reactive ion etching (DRIE). Photoresist was stripped with oxygen plasma and
thermal oxide layer with a thickness of 300 nm was deposited with chemical vapor
deposition (CVD). Piranha cleaned glass wafer was anodically bonded to Si wafer to
obtain channel configuration (Figure 2:1).
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1. Piranha/BHF
cleaning 6. DRIE for inlet and outlet
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2. Photolithography and DRIE for 7. Oxygen plasma stripping of photoresist

channel openings

8. Thermal CVD for 300 nm SiO,

3. Oxygen plasma stripping of
photoresist

e Uinr

4. PCVD for 2 um thick SiO, active
surface and 1 um thick SiO, back
side 9. Anodic bonding

Si Glass . Si0, . Photoresist

5. Photolithography and RIE for SiO,
etching

Figure 2:1 Fabrication steps of microfluidic channel
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2.2 CTC Model

MCEF-7 cells, a well-established breast carcinoma cell line known for its high EpCAM
expression level, were used as the CTC model [100] to determine the cell capture
efficiency of antibody immobilization methods. In order to investigate the selectivity of
the functionalized surfaces, acute lymphoblastic leukemia cell line (CCRF-CEM) was
utilized as the EpCAM negative CTC model [101]. Both MCF-7 and CCRF-CEM cell
lines were purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ) (cat ACC 317) and received as frozen vials. Breast cancer cell lines with varying
EpCAM expression levels were kindly donated by Dr. Rengiil Atalay (MDA-MB-231,
MDA-MB-468 and CAMA-1) and Dr. Ozgiir Sahin (SKBR-3) and used for sensitivity
determination of the developed surface functionalization techniques. Breast cancer cell
lines were cultured in DMEM high glucose medium (Gibco) supplemented with 10% fetal
bovine serum (Capricorn Scientific), 1% Sodium pyruvate (Capricorn Scientific), 1%
MEM non-essential amino acids (Gibco, cat # 11140050), and 1% penicillin—
streptomycin (Sigma Aldrich) and 0.01 mg/ml Insulin human recombinant (Sigma
Aldrich). CCRF-CEM cell line was cultured in RPMI 1640 medium (Thermo Fisher)
supplemented with 10% fetal bovine serum (Capricorn Scientific), 1% Sodium pyruvate
(Capricorn Scientific), 1% MEM non-essential amino acids (Gibco, cat # 11140050), and
1% penicillin—streptomycin (Sigma Aldrich). All were incubated in a 37 °C CO2 incubator
upon confluency and dislodged with cell dissociation solution (Biological Industries). For
fluorescence microscopy imaging, MCF-7 cells were stained with cell tracker red dye
while MDA-MB-231, MDA-MB-468, CAMA-1, SKBR-3 and CCRF-CEM cells were
stained with fluorescein diacetate dye according to the manufacturer’s instruction
(Thermo Fisher).
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2.3 Surface Functionalization

2.3.1 Materials

3-Aminopropyl (triethoxysilane) (APTES), Glutaraldenyde (Glu, 25% (w/v)),
Streptavidin  from  Streptomyces avidinii  (Str), N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), MES
monohydrate, (+)-Biotin N-hydroxysuccinimide ester (BNHS), bovine serum albumin
(BSA) and phosphate buffered saline (PBS, pH:7.4) were purchased from Sigma Aldrich.
Biotinylated Anti- EpCAM antibody [VU-1D9], Anti-EpCAM antibody [VU-1D9], Anti-
pan Cytokeratin antibody [C-11] and Anti-CD45 antibody [f10-89-4] were purchased
from Abcam. DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) was purchased
from Thermo Fisher Scientific.

2.3.2 Silanization of Oxide Surfaces

For all protocols, oxide surfaces were cleaned with standard acetone, isopropyl alcohol
and ethanol treatment followed by rinsing thoroughly with ddH20, drying with nitrogen
stream and curing at 71 °C on hot plate for 30 minutes. Oxide surfaces were then incubated
in a solution of 2% APTES prepared with pre-heated toluene (100-120 °C) for 45 minutes

in nitrogen environment and rinsed with toluene.

2.3.3 Antibody Immobilization

In this study, two covalent and two bio-affinity antibody immobilization methods were
proposed, inspired from most commonly used approaches in the literature, and applied on
plain SiO» surfaces (they will be referred as protocol P1- P4 hereafter). Details of those

protocols are presented below.
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Protocol 1 (P1): Immediately after the silanization step, surfaces were incubated in 2.5%
(v/v) glutaraldehyde solution for 2 hours at room temperature. Then, anti EpCAM
antibodies were immobilized on the surface from their amine group via glutaraldehyde
linker as shown in Figure 2:2(a). This was achieved by covering the surfaces with anti

EpCAM antibody solution (15 pg/ml) for 1 hour at room temperature.

Protocol 2 (P2): Immediately after the silanization step, anti EpCAM antibodies were
directly immobilized on the surface from their carboxyl group via EDC/NHS coupling
reaction (Figure 2:2(b)). This was achieved by covering the surfaces with EDC/NHS
solution (250 mM :100 mM in 50 mM MES Buffer ph:6.34) containing 15 pg/ml anti

EpCAM for 1 hour at room temperature.

Protocol 3 (P3): Immediately after the silanization step, surfaces were incubated in 2.5%
(v/v) glutaraldehyde solution for 2 hours at room temperature. Next, surfaces were
covered with streptavidin solution (100 pg/ml PBS) and incubated for 1 hour at room
temperature. Then, anti EpCAM antibodies were immobilized on the surface via bio-
affinity based interaction by covering the surfaces with anti EpCAM antibody solution

(15 pg/ml) for 1 hour at room temperature (Figure 2:2(c)).

Protocol 4 (P4): Immediately after the silanization step, surfaces were functionalized
with NHS-Biotin solution (2 mg/ml in PBS) for 1 hour at room temperature. Surfaces
were then covered with streptavidin solution (100 pg/ml PBS) and incubated for 1 hour
at room temperature. Finally, anti EpCAM antibodies were immobilized on the surface
via bio-affinity based interaction by covering the surfaces with anti EpCAM antibody

solution (15 pg/ml) for 1 hour at room temperature (Figure 2:2(d)).
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2.4 Surface Characterization

2.4.1 Contact Angle

After each step of surface functionalization, contact angle was measured using Attension
Theta (Biolin Scientific, Sweden) to observe the change in the surface energy. The static
water contact angle was measured at room temperature using sessile drop method
followed by the image analysis of the drop profile. The volume of water used was 5 pl
and the contact angle was measured 5 seconds after the deposition of drop. For each
surface layer, contact angle was measured at five different locations and reported as an

arithmetic average.

2.4.2 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (V-VASE J.A Woollam Co. Inc., USA) was used to measure
surface thickness after each step of surface functionalization. All measurements were
taken at an incidence angle of 74° and with the wavelength range varying between 210
nm and 920 nm. Data was processed via WVASE® software (J.A Woollam Co. Inc.,
USA) and ellipsometric parameters were fitted using the Cauchy Law. The best agreement
between the experimental data and theoretical model was obtained by using refractive
indices of 1.33, 1.19 and 1.45 for silane, glutaraldehyde and antibody respectively. For
streptavidin and NHS-Biotin layers, best fitting was achieved for a refractive index value
of 1.77. Measurements were repeated twice, and mean values and standard deviations are

calculated accordingly.
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2.4.3 X-ray Photoelectron Spectroscopy

XPS measurements were performed by using Thermo K-Alpha Monochromated XPS
spectrometer (Thermo Scientific, USA). AugerScan program was used for determination
of relative atomic concentration by subtracted spectrum backgrounds with Shirley
method. The neutral (C-C) carbon C1s peak at 284.6 eV was used as charge reference for
XPS spectra.

2.4.4 Fluorescence Microscopy

A fully automated bright field and/or fluorescence inverted microscope (Leica DMI Led
2000, Leica Microsystems Inc., Germany) was used for capturing the images of

fluorescent signals emitted by fluorescent labelled cells immobilized on the surfaces.

2.5 Cell Capture

2.5.1 Plain Surfaces

In standard modification, each functionalization step was performed consecutively from
APTES treatment to cell incubation. Protocols presented in Section 2.3 necessitate
different durations for different steps of surface functionalization. Therefore, it is
important to arrange a time schedule in such a way that none of the surfaces of different
protocols experience a “latency time”, which they do not normally experience with the
standard modification process, and experiments were performed without any “latency

time” in this study.

After surface functionalization, two surfaces prepared with each protocol (totally 8 plain

surfaces) were incubated in BSA (0.5mg/ml PBS pH: 6.4) solution for 15 minutes at room
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temperature to block free surface sites. Surfaces were then incubated in six-well plates
containing infinite number of fluorescent tagged MCF-7 cells (800,000 cells/ml) in the
dark, long enough (30 minutes) to ensure maximum cell capture. In order to prevent cell
agglomeration or accumulation on a specific area and provide uniform cell distribution,
well plates were shaken during the cell incubation period. Surfaces were washed
thoroughly with the buffer solution to remove unbound cells. For each surface, ten images
were taken in order to scan the entire area. The images were then processed with a
MATLAB code to determine the total number of captured cells. The same procedure was
applied for non-target CCRF-CEM (800,000 cells/ml) cells while testing the selectivity
of functionalized surfaces. All experiments were repeated three times with duplicate

samples.

R
|

Figure 2:3 (a) Surfaces incubated in six well plates, (b) surfaces prepared for

fluorescence microscopy imaging

2.5.2 In Channel

Serpentine microfluidic channels were functionalized with Protocol 2 following the same
concentrations of reagents and incubation periods applied for the plain surfaces.

Experimental procedure is given below.
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e Microfluidic chip was conditioned by pumping pure ethanol for 10 minutes at
2000 mbar (45ul/min).

e Chip was washed with preheated toluene for 10 minutes at 2000 mbar.

e APTES solution was pumped through the microfluidic channel for 10 minutes at
1000 mbar and chips were incubated in APTES for 45 minutes at room

temperature.

e After APTES incubation, channel was thoroughly washed with preheated toluene
for 10 minutes at 2000 mbar.

e MES buffer (50mm ph:6.4) was pumped through the channel to make channel
surface wet enough before antibody immobilization step at 2000 mbar. This
process may take 15-20 minutes depending the amount of bubble formed during
MES buffer washing

e When bubbles were disappeared, EDC/NHS solution (250 mM :100 mM in 50
mM MES Buffer ph:6.34) containing 15 pg/ml anti EpCAM was flowed through
the channel for 20 minutes at 500 mbar and channel incubated in this solution for

1 hour at room temperature.

e After incubation, channel was washed with MES buffer for 10 minutes at 500

mbar.

e BSA solution (0.5% w/v in MES) was flowed through the channel for 10 minutes
at 500 mbar and channel incubated in this solution for 15 minutes and

microchannel become ready for cell capture experiments.

Fluid flow was realized via microfluidic pressure controller system (Elveflow, France)

and interconnects and a custom designed holder for fluidic interfacing (Figure 2:4).
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(d) outlet

Figure 2:4 Microfluidic Test Setup

2.5.2.1 Cell Capture Efficiency Determination

For cell capture efficiency determination, cell suspension containing 10* MCF-7 cells/ml
PBS was pumped through the bio-functionalized microfluidic channel with pressure
controller. Once the channel was loaded, the flow was stopped and cells were incubated
in the channel for 30 minutes to provide cell-surface interaction. After incubation period,
the channel was washed with PBS (2 bars) to remove unbound cells. Washing flow rate
was arranged to be adequately high for removal of unbound cells meanwhile low enough
to protect captured cells from excess shear stress. Capture efficiency was determined from
the images taken along the entire microfluidic channel by counting the number of cells
inside the microfluidic channel before and after washing step and calculated using the

following formula:

# of target cells inside the channel after washing step

Il capt ici %) =
cell capture ef ficiency (%) # of target cells inside the channel before washing step
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2.5.2.2 Selective Cell Capture from Blood

Blood samples were taken in tubes containing anticoagulant EDTA from healthy donors
as approved by the Institutional Review Board of METU Medical Center (Approval
ID:28620816/398) with the informed consent from all donors of the blood samples.
Whole blood (1 mL) was processed immediately and lysed with red blood cell lysis
solution according to the manufacturer’s instructions. Red blood cell lysis solution (10 X)
was diluted to 1 X with double distilled water. 10 volume of dilute red blood cell lysis
solution was mixed with 1 volume of whole blood, vortexed 5 seconds and incubated 10-
12 minutes at room temperature at dark. After observing the sample becomes transparent
red indicating the lysis is successful, sample was centrifuged at 300g for 10 minutes. Then,

supernatant was aspirated and pellet was resuspended in PBS buffer (Figure 2:5).

MCF-7 cells were spiked in the lysed blood solution with a ratio of 1:10% Cell
concentration was arranged as 5000 MCF-7 cells and 5x107 WBC/ml by counting the
cells with TC20 Automated Cell Counter (Bio-Rad, United States) and serial dilution.

Cell suspension was pumped through the bio-functionalized microfluidic channel with
pressure controller. Once the channel was loaded, the flow was stopped and cells were
incubated in the channel for 30 minutes to provide cell-surface interaction. After
incubation period, Capture selectivity was determined by dividing the number of non-
target cells inside the channel before and after the washing step.
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Figure 2:5 Preparing Blood Sample; (a) whole blood in EDTA tube, (b) whole blood

lysis solution mixture, (c) mixture become transparent red after successful lysis, (d) after

centrifuge WBCs in the bottom of the tube as pellet, (¢) WBCs are resuspended in PBS

For on-chip detection of captured cells, a CTC: WBC cell suspension with a ratio of 1:100
was prepared and fed through the functionalized channel. After incubation and high flow
rate washing, remaining cells were stained with fluorescence conjugated antibodies for
CTC identification. CTCs are identified by positive expression of cytokeratin, negative
expression of the leukocyte specific antigen (CD45), and nuclear staining with DAPI. The
staining process enables not only visual identification of captured cells but also helps
counting and morphology observation. For immunostaining, cells were fixed with 4%
formaldehyde and permeabilized with 0.2% Triton X-100, for 10 minutes, each. Free
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surface sites were blocked with 1% BSA solution (15 min) and cells were immunostained
with anti-pan cytokeratin (panCK) (1pg/ml) and anti-CD45 (5pg/ml) antibodies for 1
hour, in dark. Finally, nucleus of cells was stained with DAPI (0.5ug/ml) for 1 minute
and channel was washed with PBS (2 bars).

2.5.2.3 Cell Capture Based on EpCAM Expression Level

Serpentine microfluidic channels were functionalized with Protocol 2 as described in
Section 2.5.2. EpCAM sensitivity of the functionalized microchannel was tested with
human breast adenocarcinoma cell lines MDA-MB-231, MDA-MB-468, CAMA-1,
SKBR-3 and MCF-7 with different EpCAM protein expression and cell lines were
prepared by following the procedure described in Section 2.2. Cell lines being analyzed
were fed together with the MCF-7 cells with a ratio of 1:1. The total number of MCF-7
cells captured in functionalized microchannel after washing step was set to 100 % and

binding efficiency of other cells were normalized based on the one’s of MCF-7 cells.

EpCAM protein expression at the cell surface was determined with flow cytometry
analysis by using phycoerythrin tagged anti-EpCAM antibody. For antibody tagging, cells
reaching 85% confluency were dislodged with cell dissociation solution, washed and
resuspended in ice cold phosphate buffer saline (PBS) containing 10 % fetal bovine serum
(FBS) with a concentration of 10° cells/ml PBS. 20 ul antibody was added to the cell
solution and cells were incubated at dark for 60 minutes at 4 °C. After incubation, cells
were washed three times by centrifugation at 300 g for 5 minutes, resuspended in PBS
with 10% FBS and flow cytometry analysis were immediately performed.
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Figure 2:6 Schematic representation of EpCAM sensitive cell capture experiments

2.5.2.4 Viable Cell Release

Release efficiency was calculated as the ratio of the number of captured cells in channel

before to that of after enzymatic treatment.

Captured cells were released from the microfluidic channels by following the steps given

below (Figure 2:7):

e Wash channel with one of the cell detachment buffers; Trypsin/EDTA, accutase

or cell dissociation solution for 3 minutes at 500 mbar
e Incubate channel in cell detachment buffer for 3 minutes for release

e After incubation, wash channel with complete growth medium to inhibit the

enzymatic activity for 6 minutes at 2000 mbar.

e Collect released cells from channel outlet and immediately transfer to a 96 well-

plate for re-culture
e After 24 hours, gently aspirate the old medium and add fresh medium to the wells

e Take pictures of cells during the culture period to observe proliferation (Figure
2:8)
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Figure 2:7 Schematic representation of viable cell release experiments

Figure 2:8 Re-culture of released cells and proliferation check

2.6 Statistical Analysis

All measurements were reported as the mean + the standard deviation. To examine the
difference in cell capture efficiency obtained with different protocols, one-way analysis
of variance (ANOVA) was used. Differences were considered to be significant when p
value was < 0.05.
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CHAPTER 3

RESULTS

3.1 Characterization of Functionalized Surfaces

Surfaces prepared with P1-P4 were characterized by using contact angle measurement,

spectroscopic ellipsometry and XPS after each step of functionalization.

Change in surface energy after each step of functionalization was determined with the
contact angle measurements as shown in Figure 3:1. As can be seen from the figure,
surfaces become more hydrophobic after the silanization where the contact angle
increases from 64.82° + 0.61° to 82.17° + 1.80°. This is attributed to the fact that
hydrophilic OH groups on the oxide surface is replaced by more hydrophobic amine
groups [102]. Measured value is also in agreement with previously reported values for
uniform silanization [102,103]. After glutaraldehyde treatment in P1 and P3, contact angle
value was measured as 62.39°+ 1.18° indicating that surface becomes more hydrophilic,
which has been confirmed by several other studies [102,104]. NHS-Biotin addition on the
surface was found to decrease contact angle from 82.17°+ 1.80° to 56.81°+ 1.20° in P4,

which is considered to be due to polar ureido-tetrahydrothiophene rings of biotin [105].
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When streptavidin was immobilized on glutaraldehyde layer in P3, contact angle was
further decreased as streptavidin increases the water solubility with its hydrophilic
exterior. On the other hand, streptavidin addition on NHS-Biotin layer did not change

surface wettability significantly.
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Ellipsometric thicknesses of each layer during the surface functionalization were
measured for all protocols and those measurements are illustrated in Figure 3:2. Increase
in thickness after the silanization step was found to be 3.81 + 0.21 nm which corresponds
to about 1.5 silane monolayers [102,106]. The thickness of the glutaraldehyde in P1 and
P3 was measured as 0.85 + 0.03 nm similar to the measurements reported before [102].
Surface thickness with NHS-Biotin addition in P4 was 0.68 = 0.11 nm where the
monolayer thickness is reported to be 1.10 nm [105]. When streptavidin was immobilized
on glutaraldehyde layer in P3, thickness increased by 1.16 £+ 0.07 nm, while streptavidin
addition on NHS-Biotin layer gave an increase of 2.51 + 0.50 nm in surface thickness.
These values are similar to those reported in [105,107]. After surface functionalization
was completed, antibodies were immobilized onto the surfaces and antibody layer
thicknesses were measured as 2.74 + 0.21, 3.27 +£ 0.04, 2.37 £ 0.03 and 2.74 £ 0.21 nm
for P1-P4 respectively. Gradual thickness increase at each step suggests that surfaces were

modified with the molecule of interest at each step successfully.

Change in the atomic composition of surfaces after each successive functionalization step
was determined by XPS analysis. Survey scans (Fig. S1-9 in Supporting information)
revealed that N1s nitrogen peak near 400 eV and C1 carbon peak near 287 eV become
noticeable after APTES treatment, which indicates successful silanization. Furthermore,
intensity of N1s peak increased with biotin/streptavidin addition and reached its highest
value with antibody immobilization. This is considered to be due to the presence of
amide/peptide linkages in the proteins. It was also seen that Si2p intensity decreases
steadily after each successive step of immobilization. Atomic composition analysis of the
surfaces (Table 3:1) shows that silica content of the surface decreases at each successive
step while the nitrogen content increases after protein immobilization indicating that

surfaces were modified with the molecule of interest at each step successfully.
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Table 3:1 Atomic compositions of the surfaces modified with P1-4 at each step of

functionalization.

Atomic% | APTES | APTES+Glu | APTES+Glu+Ab | APTES+EDC/NHS/Ab
Si2p 232 216 184 16.6
E Cls 393 419 4238 436
2N 25 19 6.7 8.5
Ols 35.1 346 321 314
Atomic % | APTES | APTES+Glu | APTES+Glu+Str APTES+Glu+Str+Ab
Si2p 232 216 17.0 143
o| Cls 393 419 50.3 50.2
N 1s 25 19 43 8.8
Ols 35.1 34.6 285 26.8
Atomic % | APTES | APTES+BNHS | APTES+BNHS+Str | APTES+BNHS+Str+Ab
Si2p 232 23.7 16.9 185
5 C1ls 393 35.1 432 37.9
N 1s 25 34 8.7 9.4
Ols 35.1 37.8 312 34.4
3.2 Comparison of Antibody Immobilization Protocols on Plain Surfaces

Confirming the success of surface functionalization for each protocol via contact angle,
spectroscopic ellipsometry and XPS measurements, cell capture efficiencies of the
antibody immobilized surfaces were tested. Representative images from one of the
experiments after the washing step are presented in Figure 3:3 and number of cells
captured on the functionalized surfaces are given for P1-P4 in Figure 3:4. These numbers

are the mean values obtained from the experiments repeated three times and derived from
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60 images for each protocol. As can be seen from Figure 5, cell capture efficiency of P1

was significantly lower (p<0.0001) than those of P2- 4.

Figure 3:3 Fluorescence microscopy images of surfaces (5x) incubated in MCF-7 cell

solution.
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Figure 3:4 Number of cells captured on the surfaces functionalized with protocols P1-P4
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This poor performance of P1 modified surfaces may be attributed to decrease in density
and/or accessibility of active sites with random antibody immobilization. However, P2
gives a much higher cell capture efficiency despite involving random antibody
immobilization. This efficiency difference between P1 and P2 is considered to be due to
the hetero-bifunctional immobilization of the amino or carboxyl groups on antibodies.
Antibody immobilization via amino groups can decrease the antigen detection due to the
fact that amino groups are available at different sites of the antibody including the vicinity
of antigen binding site, which leads to improper orientation. On the other hand, antibody
immobilization via carboxyl groups provides favorable orientation as carboxyl groups are
away from their antigen binding site [108]. Considering the fact that glutaraldehyde
utilized in P1 reacts with the amino groups of antibodies [109,110] while EDC-NHS used
in P2 first activates the carboxyl groups on the antibody which further reacts with the
amine groups on the surface [111], it is seen that P2 yields significantly higher numbers
of active sites on the surface as antibodies are immobilized from the regions away from
their antigen binding sites. Furthermore, glutaraldehyde is known to form multiprotein
complexes on the surface which may also hinder the antibody activity [40].

Cell capture efficiency of P3 and P4 were found be much higher than that of P1, which
was expected as bioaffinity immobilization offers a high density of well-oriented
antibodies on the surface spontaneously. Nevertheless, there was a significant difference
(p<0.0001) between P3 and P4 as can also be seen from Figure 3:4. In both P3 and P4,
streptavidin layer was used for bio affinity immobilization of antibodies where
streptavidin was attached onto glutaraldehyde layer in P3 while P4 utilized NHS-biotin
layer for streptavidin binding. As the chemistry of streptavidin—antibody binding is the
same for both protocols, difference in cell capture efficiencies are considered to be due
the difference between number densities of streptavidin molecules on the surfaces
obtained with P3 and P4, which is directly related to number of linker molecules.
Therefore, surface coverage of NHS-biotin molecules is speculated to be less than that of
glutaraldehyde molecules within the experimental conditions presented. Besides, the
number of theoretical binding sites of streptavidin is four, there are several studies
demonstrate otherwise [112,113]. In fact, the available binding sites of streptavidin is
changing between 0-4 [113,114]. In protocol P4 at least one binding sites of streptavidin
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is occupied by NHS-Biotin molecule thus, there may no active sites left for antibody

immobilization on the surface by utilizing streptavidin-biotin interaction.

Selectivity of functionalized surfaces with protocols P1-P4 is investigated by using non-
target CCRF-CEM cells as described in Section 2.5.1. Representative images from the
experiments after the washing step are presented in Figure 3:5. As can be seen from the
figure, CCRF-CEM cells, which do not express EpCAM, cannot bind to the surface.
Therefore, it is concluded that all protocols presented in this study are specific to CTCs
with EpCAM expression, hence, does not suffer from selectivity losses in immunoaffinity

based CTC isolation applications.

| --
| --

Figure 3:5 Fluorescent microscopy images of surfaces (5x) incubated in CCRF-CEM

cell solution
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Table 3.2 demonstrates cost and time spend for functionalization of 1 cm? oxide surface

with 4 different coating strategy. It was observed that, P2 is the most cost and time

effective protocol amongst others.

Table 3:2 Comparison of protocols with respect to cost and modification time

Approximate | Time spent for
Protocol Chemicals used cost per cm? modification
(EUR) (minutes)
P1 APTES GA Anti EpCAM (FITC) 26.62 225
BSA
P2 APTES EDC NHS Anti EpCAM 27.14 105
(FITC) BSA
P3 APTES GA Streptavidin Anti 31.18 285
EpCAM (Biotin) BSA
P4 APTES NHS Biotin Streptavidin 34.16 225
Anti EpCAM (Biotin) BSA

Following tables summarizes the comparison of all coating protocols in terms of cell

capture efficiency, selectivity, cost of chemicals and coating time.

Table 3:3 Summary of protocol comparison

Efficiency Selectivity Cost Time
P1 + ++ + ++
P2 +++ +++ + +
P3 +++ +++ ++ +++
P4 ++ +++ ++ ++
+ Low; ++ High; +++ Very High
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3.3 Cell Capture Efficiency in Microfluidic Channels

To determine the cell capture efficiency, MCF-7 cells were fed into the P2-functionalized
microfluidic channel and incubated for 30 minutes to ensure sufficient cell-surface
interaction. It should be noted that cell concentration was adjusted such that this
interaction is held for each cell. Number of cells remained in the channel after a high flow
rate washing step was counted and compared with that of before washing, to determine
the cell capture efficiency. Example fluorescent microscopy images of cells inside the
channel before and after washing step are shown in Figure 3:6. Similar capture
efficiencies were obtained from eight different trials, with an average of 89.6%, which
shows that the protocol (P2) can successfully be implemented in microfluidic channels
(Table 3:4). 1t should be noted that in cell capture efficiency determination experiments,
cell concentration was arranged such that maximum capture capacity of the channel was

not reached; in other words, the cell concentration was not a limiting factor.

Figure 3:6 Images of whole channels showing the cells before (top) and after (bottom)

high flow rate washing (5x)
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Table 3:4 Cell Capture Efficiency Determination

Trial 1 Trial 2 Trial 3  Trial 4

# of CTC before wash 64 188 190 64
# of CTC after wash 52 177 166 52
Capture efficiency (%) 81 94 87 93

Trial 5 Trial 6 Trial 7  Trial 8

# of CTC before wash 107 111 210 415
# of CTC after wash 100 107 190 398
Capture efficiency (%) 96 81 90 95

3.4 Cell Capture Specificity in Microfluidic Channels

Selective CTC capture of P2 was demonstrated using breast cancer cells (MCF-7) spiked
in buffer containing background leukocytes with a ratio of 1:10*. White blood cells and
MCF-7 cells were pre-stained with fluorescein diacetate and cell tracker red fluorescence
dye, respectively, and fed to the functionalized microchannel. Cells were incubated in the
channel for 30 minutes to ensure target cell surface interaction. Numbers of WBCs and
CTCs remained in the channel after the high flow rate washing step were counted and
compared with those of before washing, to determine the cell capture specificity. It was
seen that 90% (n=2) of MCF-7 cells were recovered while only 13% (n=2) of WBCs were
nonspecifically captured in the channel (Table 3:5). The capture efficiency obtained here
is found to be consistent with the ones determined by MCF-7-only samples. This
comparison show that CTC capture efficiency is not affected by excess number of non-
target background cells.

57



Figure 3:7 (a) WBC: CTC mixture in channel before (top) and after washing (bottom)
step (5x), (b) CTC:WBC in channel (20x)

Table 3:5 Selective Cell Capture from Blood

Trial 1 Trial 2
MCF-7 WBCs MCF-7 WBCs
# of cells 8 480 11 520
before wash
# of cells
7
after wash 8 3 9 59

For on-chip detection of captured cells, another CTC: WBC cell suspension with a ratio
of 1:100 was prepared and fed to the functionalized channel. After incubation and high
flow rate washing, remaining cells were stained with immunofluorescence conjugated
anti-pan cytokeratin antibody for epithelial cells and anti-CD45 antibody for hematologic
cells and by DAPI for nuclear staining. panCK+ and DAPI+ cells were scored as CTCs,
whereas CD45+ and DAPI+ cells were scored as leukocytes. Representative images of
stained leukocytes and MCF-7 cells before washing step are demonstrated in Figure 3:8.
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Figure 3:8 Fluorescent microscopy images of stained MCF-7 and leukocytes (40x)

3.5 Cell Capture Sensitivity

Up to this section, experiments were performed with MCF-7 cells, which is known to
have high EpCAM expression. Nevertheless, in clinical samples, expression of EpCAM
varies significantly, which is the main concern when affinity based isolation methods are
used. Five different breast cancer cell lines with varying EpCAM expression levels,
namely MDA-MB-231, MDA-MB-468, SKBR3, MCF-7 and CAMA-1 (Figure 3:9),
were used to investigate the significance of EpCAM expression in cell capture. Expression
levels for each cell line were measured with flow cytometry and measurements of both an
unstained control and PE conjugated EpCAM were presented in Figure 3:10. The
fluorescence intensity of unstained control was measured first and this value was used to
determine a threshold of EpCAM expression for the cell line being measured. EpCAM
tagged cells were analyzed and cells having fluorescent intensity above the threshold
value were considered as EpCAM positive. As can be seen from the Figure 3:10, EpCAM

is homogeneously expressed within the population in all cell lines.
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Since binding efficiencies were normalized with respect to MCF-7 cells, EpCAM
expression levels were plotted by taking MCF-7 cells as a reference. It was seen from the
Figure 3:11 that expression levels of SKBR-3, CAMA-1 and MDA-MB-468 were high
and quite similar to that of MCF-7 while MDA-MB-231 cells showed a low EpCAM

expression.

The binding efficiencies of cell lines were investigated by standard cell capture
experiments (Section 2.5.2). For each experiment, MCF-7 cells were fed together with the
cell line being analyzed and binding efficiency was normalized with respect to that of
MCEF-7 cells, to eliminate any other factors that may affect binding efficiency such as
differences occurred during the coating step. As can be seen in Figure 3:12, binding
efficiency decreased with decreasing EpCAM expression and cells with similar surface

protein expressions have similar binding efficiency.
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Table 3:6 Binding efficiency of CAMA-1 cells

CAMA-1: MCF-7

Trial 1 Trial 2
CAMA-1 MCE-7 CAMA-1 MCE-7

# of CTC before wash 110 92 84 92

# of CTC after wash 90 87 74 88
Binding efficiency (%) 82 95 88 96
Normalized Efficiency

89%
(%)

Table 3:7 Binding efficiency of MDA-MB-231 cells

MDA-MB-231: MCF-7

Trial 1 Trial 2
MDA-MB-231 MCF-7 MDA-MB-231 MCF-7

# of CTC before wash 112 93 85 80

# of CTC after wash 36 87 19 76
Binding efficiency (%) 32 94 22 95
Normalized Efficiency

29%
(%)

Table 3:8 Binding efficiency of MDA-MB-468 cells

MDA-MB-468: MCF-7

Trial 1 Trial 2
MDA-MB-468 MCF-7 MDA-MB-468 MCF-7

# of CTC before wash 128 96 111 100

# of CTC after wash 106 84 96 82
Binding efficiency (%) 83 88 87 82
Normalized Efficiency

96%
(%)
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Table 3:9 Binding efficiency of SKBR-3 cells

SKBR-3: MCF-7
Trial 1 Trial 2
SKBR-3 MCF-7 SKBR-3 MCF-7
# of CTC before wash 136 140 210 224
# of CTC after wash 125 136 195 216
Binding efficiency (%) 92 97 93 96
Normalized Efficiency
95%
(%)
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Figure 3:12 Normalized binding efficiencies of cell lines

Capture experiments performed with breast cancer cell lines with different EpCAM
expression levels are the positive control of the hypothesis proposed in this study and
prove that cell capture is proportional to the number of cell surface antigen that targeted
by the antibodies on the surface. As a negative control, a microchannel was modified with
P2, but no anti-EpCAM antibody was added to EDC/NHS activation solution. Bovine

serum albumin solution was used to decrease non-specific binding of the cells. It was seen
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that, number of MCF-7 cells in the channel before washing step was 403 while only 34
cells were remained in the channel. Non-specific binding of MCF-7 cells on the antibody

free surfaces is found as 8 %, meaning that cells do not bind to surface when there is no

antibody on it.

Figure 3:13 Fluorescence images of MCF-7 cells inside antibody-free microchannel

before (top) and after (bottom) washing step (5x)

3.6 Viable Cell Release

In this section, cell release efficiency of the enzymatic treatment (described in Section
2.5.2.4) and viability of the released cells are demonstrated. Trypsinizaton was used to
detach captured cells from the surface. Number of cells inside the channel were counted
from the fluorescent microscopy images taken before and after the enzymatic treatment.
Figure 3:14 illustrates an example of CTCs captured in the channel and the remaining

cells after the enzymatic treatment.
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Figure 3:14 Fluorescence images of CTCs captured (top) and released (bottom) (5x)

Cell release efficiency was calculated by using:

Effici %) = # of cells before treatment — # of cells after treatment < 100
fficiency (%) = # of cells after treatment

Calculated efficiencies for 5 different trials are tabulated in Table 3:10. As can be seen
from the table, cell release efficiency changes between 89-92 % with an average

efficiency of 90%, showing the success and repeatability of the applied method.

Table 3:10 Cell Release Efficiency

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5
#0of CTC

before wash 64 188 427 210 415

# of CTC after
wash 58 177 329 190 398

# of CTC after
release 6 14 19 20 30

Release

efficiency (%) 90 92 88 89 92
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In order to determine the viability of the released cells, cells from the channel outlet were
collected in a vial, containing cell growth media, and re-cultured to observe proliferation
ability. Figure 3:15 and Figure 3:16 demonstrate microscopic images of the re-cultured
cells, taken in Day 1-8. It was observed that released cells can adhere and proliferate on
the culture plate by day 4 and form clusters and colonies by day 8. The morphologies were
the same as intact control cells, although it took a little longer to reach confluence

(proportion of the culture dish covered by the cells).

Figure 3:15 Observation of re-cultured cells (Day 1-4)
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Day 6

Day 8

Figure 3:16 Observation of re-cultured cells (Day 6-8)

3.7 Shelf-Life of Bio-functionalized Surfaces

Optimized storage conditions that extend the shelf-life of bio-functionalized surfaces is
needed to preserve multi-layer bio-functionalization, antibody activity and conformation.
Considering the fact that complete functionalization process of one microchannel took 4
to 7 hours depending on the strategy chosen, effect of shelf-life on the functionality of the
surface must be investigated as bio-functionalized channels have to be prepared in large
quantities for a large set of controlled experiments. To fulfill this objective, six
microchannels were functionalized with Protocol 2 and two of them were immediately
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tested with respect to cell capture efficiency. The rest were kept in MES solution (50 mM
pH: 6.4) at 4°C and were tested weekly. It was seen from the Table 3:11 that after two-
weeks, there is a 50 % decrease in cell capture efficiency. Although one-week storage is
enough for the present study, storage conditions should be optimized to extend this period.
One solution could be changing the buffer solution [115] and/or adding some preservative
chemicals like trehalose [116].

Table 3:11 Shelf-Life Determination

Day 0 Day 7 Day 14
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6

# of CTC before 107 111 254 212 72 50
wash

# of CTC after 100 107 230 188 38 27
wash

Capture 93 96 90 88 52 54

efficiency (%)
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CHAPTER 4

CONCLUSIONS

In this study, development and evaluation of four different surface modification
approaches for anti-EpCAM immobilization on silicon oxide surfaces were presented and

the selected modification method was successfully implemented in microfluidic channels.
The outcomes of the accomplished tasks can be summarized as follows:

. Physical and chemical characterization of bio-functionalized surfaces demonstrate
that successful surface coverage was obtained at each step of functionalization.

. All methods provide very high selectivity for CTCs with EpCAM expression. Cell
capture efficiency comparisons, on the other hand, reveal that bio-affinity based antibody
immobilization involving streptavidin attachment with Glu linker (P3) gives the highest
performance. Antibody immobilization via their carboxyl groups with EDC-NHS
coupling reaction (P2) also gives a very high cell capture efficiency. However,
considering the simplicity, time and cost efficiency of this covalent bonding method and
its high cell capture efficiency, P2 appears to be the most feasible antibody immobilization
method for efficient CTC capture.

. P2 was successfully implemented in microchannels, where the average cell

capture efficiency was determined as 89.6% from eight different trials.
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. Selective CTC capture of P2 modified microchannel was demonstrated using
MCF-7 spiked lysed blood with a ratio of 1:10%. It was seen that non-specific capture is

13% and excess number of background cells does not affect the cell capture efficiency.

. Viable cell release from P2 modified microchannels was achieved with 90%
efficiency and viability of released cells confirmed with 8-day cell culture, where the re-
cultured cells formed clusters and proliferated.

. Five different breast cancer cell lines with different EpCAM expression levels,
namely MDA-MB-231, MDA-MB-468, SKBR3, MCF-7 and CAMA-1, were used to
investigate the significance of EpCAM expression level in cell capture. Results showed
that binding efficiency of cells is proportional to EpCAM expression level on the cell

surface.

. Finally, shelf-life of functionalized microchannels was found to be one-week

under the proposed storage conditions.
Related future work and comments can be listed as:

. Microchannels utilized in this study was not specifically designed for rare cell
isolation. Notably, the current design did not allow with-flow capture of cells from the
mixture. In micro domain, flow is laminar and cells follow the streamlines when fed into
channels. Considering the depth of the microchannels utilized in this study, varying
between 50-120 pm, there is almost no cell-surface interactions occurring in flow
conditions. This is why cell capture studies were performed with incubation within this
study. In fact, the aim of this study is to investigate cell capture behavior of activated
surfaces when cell-surface interaction holds. Therefore, “with-incubation” is considered
to be sufficient for this study. However, this “with-incubation” configuration is not
feasible when working with clinical samples, where larger volumes must be processed to
isolate rare cells. Hence there is a need for an “engineered microchannel design” to

increase cell-surface collision probability for with-flow capture of rare cells.

. Flow velocity and shear force optimizations should be performed with the
“engineered microchannel design” to determine optimum flow rate, which enables high

target cell capture with low non-specific binding.
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. By changing the immobilized antibody, different cell types can be targeted for a
wide range of application such as different types of cancer cell detection or bacteria

detection.

. Proposed surface functionalization methods can be implemented on different

surfaces such as gold, parylene, glass, COC and PMMA.

. Storage conditions can be optimized to extent the shelf-life of functionalized

surfaces.
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APPENDIX A

Change in the atomic composition of surfaces after each successive functionalization step
was determined by XPS analysis. Full XPS spectra with Si2p, C1s, N1s and O1s atomic
orbital peaks for the silane, glutaraldehyde, NHS-Biotin, streptavidin and antibody layers
are given in the Figure S1-S9.
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Figure S1: XPS survey scan of APTES layer
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Figure S2: XPS survey scan of Glutaraldehyde layer on APTES
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Figure S3: XPS survey scan of NHS-Biotin layer on APTES
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Figure S4: XPS survey scan of Streptavidin layer on Glutaraldehyde

0

4.00E+05

3.00E+05

2.00E+05

1.00E+05

O1s

0.00E+00

Ci1s
N1s Si2p
1300 1200 1100 1000 900 800 700 600 500 400 300 200 100 0

Binding Energy (eV)

Figure S5: XPS survey scan of Streptavidin layer on NHS-Biotin
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Figure S6: XPS survey scan of Antibody layer on Glutaraldehyde (P1)
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(P2)

94

400

300 200 100

0




Louns | s

COUIs ! s

2. 40E+05
2.20E+05
2.00E+05
1.80E+05
1.60E+05
1.40E+05
1.20E+05
1.00E+05
8.00E+04
6.00E+04
4.00E+04
2.00E+04

0.00E+00

Figure S8: XPS survey scan of Antibody layer on Streptavidin (P3)
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Figure S9: XPS Survey Scan Antibody layer on Streptavidin (P4)
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