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Detection of circulating tumor cells (CTCs) from the bloodstream holds great importance to diagnose cancer at
early stages. However, CTCs being extremely rare in blood makes them difficult to reach. In this paper, we
introduced different surface modification techniques for the enrichment and detection of MCF-7 in microfluidic
biosensor applications using gold surface and EpCAM antibody. Mainly, two different mechanisms were em-
ployed to immobilize the antibodies; covalent bonding and bioaffinity interaction. Self-assembled monolayers
(SAMs) formed on the gold surfaces were treated further for the immobilization of the antibody. The bioaffinity-
based studies were performed with streptavidin and biotinylated EpCAM over the SAM coated surfaces. The cell
attachment events were monitored using fluorescent microscope. Comparisons were made considering the
length and functional end of alkanethiols and the positioning of the antibody. Then, these methods were in-
tegrated into a microfluidic channel system. Surface characterizations were performed with X-ray Photoelectron
Spectroscopy, Atomic Force Microscopy, and contact angle measurements. The selectivity studies were carried
out with EpCAM negative K562 leukaemia cell lines and the experiments were repeated for different types of
surfaces, such as glass and polymer. Studies showed that long (n > 10) and aromatic ring containing alkanethiols
lead to better cell capture events compared to shorter ones. Results obtained from the comparisons are of im-

portance for the gold surface-based microfluidic biosensor designs aimed for CTC detection.

1. Introduction

Cancer is the second leading cause of death worldwide and 90 % of
cases are due to the metastasis of cancer [1]. Metastasis occurs when
the tumor reaches a certain size and starts to secrete chemicals to hijack
the signals that cause new blood vessels to grow towards itself. Once the
tumor is connected to a bloodstream, it disseminates cells which often
travel to other parts of the body through blood circulation. In many
cancer patients, there exists circulating tumor cells (CTCs) which are
the result of the primary tumor and travel through the circulatory
system. Some of these cells are ultimately capable of forming distant
metastases. The detection and quantification of these cells from blood,
especially during the initial stages, is quite important for the early di-
agnosis and accordingly for the treatment of the patient and diseased
organs.

The major challenge in the detection and enumeration of the CTCs is
their extreme rarity compared to the number of hematopoietic cells

present in the blood sample [2]. There are few million leukocytes and a
billion red blood cells present in one ml of blood, whereas, CTCs are
found in the order of 1-10 cell/ml in patients with metastatic cancer
[3].

One approach for the detection of CTCs is to use surface markers on
their membranes and target them by specific antibodies. This kind of
isolation offers very high specificity and one of the most common sur-
face markers is Epithelial Cellular Adhesion Molecule (EpCAM). This
transmembrane protein is highly expressed on a variety of carcinomas
such as breast, lung, brain, colon etc. [4]. Moreover, the expression of
EpCAM is restricted in healthy epithelial cells which make it particular
interest for tumour diagnosis and therapy. Correspondingly, the only
FDA approved CTC detection system CellSearch® depends on EpCAM
specific cell capturing strategy for evaluating the diagnosis and prog-
nostic effect of metastatic cancer patients.

With the help of the growing demand for efficient and fast auto-
mated systems, microfluidic systems have evolved enormously. The
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Scheme 1. Fabrication flow of PDMS-oxide based channel device. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).

latest advancements and progresses enabled microfluidic devices to be
developed for liquid biopsy, including the CTC detection. Studies with
microfluidic sensors showed that such systems can detect cancer bio-
markers with high sensitivity [5,6]. The employment of such platform
provides various advantages over conventional techniques such as
eliminating the need for large sample volumes, having tuneable flow
conditions, allowing multiplexing detections, etc. Most importantly, the
design of these devices can be controlled to provide precision for liquid
manipulation [7]. Therefore, studies and optimizations with micro-
fluidics are of importance for the detection of low-abundance biomo-
lecules.

Modifying the chemical and topographical properties of a surface to
immobilize antibodies enables CTC capturing in various sensing sys-
tems including the aforementioned microfluidic systems. Therefore, the
biosensor development strongly depends on the optimization of the
surface functionalization. Self-Assembled Monolayers (SAMs) is one of
the most preferred approaches in literature [8]. In the SAM approach,
ordered molecular structures are formed spontaneously by the chemi-
sorption of the head group with a specific affinity to a substrate [9,10].
The terminal functional group of the molecule can be used to anchor
different biomolecules by weak interactions, covalent bonds, etc. A
well-known phenomenon to employ is the strong gold-thiol interaction
when using gold surfaces [11]. Using molecules with thiol ends enable
them to be attached on gold surfaces without having to perform any
additional step. In this sense, cysteamine and cystamine are amongst
very commonly used molecules [12-14]. SAM molecules can also be
mixed, as previously done by Cancino and Machado [15], however, the
idea of making these types of combinations was introduced to the lit-
erature long ago by Whitesides et al. [16,17]. One crucial thing to
consider, either mixing the alkanethiols or not, is that the efficiency of a
sensor system highly depends on their physical and chemical char-
acteristics [18].

In this study, SAMs of various molecules with different functional
groups, chain lengths and shapes were formed on plain gold surfaces
and investigated to achieve specific and maximum antibody-CTC in-
teraction. EpCAM antibodies were immobilized on the SAM formed
surfaces employing both covalent bonding through carbodiimide
crosslinking method with EDC and NHS and bioaffinity based im-
mobilization using streptavidin and biotinylated EpCAM. After in-
cubating the prepared surfaces with MCF-7 breast cancer cells, K562
leukaemia cells and WBCs, surfaces were examined with a fluorescent
microscope and comparisons were made in terms of the number of
captured cells. Next, these strategies were implemented to the gold
microfluidic channels produced. To the best of our knowledge, there is
no systematic study for the comparison of CTC capturing efficiencies
concerning SAM molecules with different physical properties under
continuous flow in microfluidic channels. Although there exist studies
with such comparisons, their implementation to the microfluidic
channels may shed light to various other applications. Results obtained

from the comparisons are crucial for the improvement of antibody
immobilization techniques that can be used for CTC capture in micro-
fluidic biosensor designs.

2. Materials and methods
2.1. Materials

Plain gold (1,1,1) surfaces and microfluidic gold channels were
fabricated in METU MEMS Center (Ankara, Turkey). Both the CTC
capture experiments and surface characterizations were carried out
with gold surfaces (1 cm x 1 cm) coated on silicon with 30 nm thick
titanium and 300 nm gold layers. For microfluidic channel tests, 650
um Si wafer was coated with 500 um oxide, 20 um Ti and 200 pm Au
according to the gold channel patterned mask design. SU-8 2075 was
spin coated over silicon wafer patterned with soft lithography and used
as a master mold. PDMS was poured over the mold and cured at 70 °C
for 2 h and peeled off. PDMS and oxide layer bonding was performed
with plasma oxidation at 15 W for 20 s to obtain the final microfluidic
channel device (Scheme 1).

11-Mercaptoundecanoic acid (11-MUA) (%98), 11-Amino-1-un-
decanethiol hydrochloride (11-AUT) (99 %), 4-Aminothiophenol (4-
ATP) (97 %), Cysteamine (Cys) (95 %), 3-Mercaptopropionic acid (3-
MPA) (=99 %), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hy-
drochloride (EDC)(=98.0 %), N-Hydroxysuccinimide (NHS) (98 %),
Bovine Serum Albumin (BSA)(=98 %), Ethylenediamine (=99 %),
Streptavidin from streptomycesavidinii, Phosphate buffered saline
(PBS, 10X concentrate), MES monohydrate (=%99,5), Fluorescein
diacetate (FDA), were purchased from Sigma-Aldrich. The anti-EpCAM
and Biotinylated anti-EpCAM was purchased from Abcam, UK.

2.2. The CTC model

For the CTC model, MCF-7 breast cancer cell line was selected due
to its relatively high EpCAM expression level and K562 leukaemia cell
line was used as the EpCAM negative model. Cells were purchased from
Deutsche Sammlung von Mikroorganismen und Zelkulturen (DSMZ)
and cultured in Mikro Biyosistemler Inc. The cells were cultured in
RPMI 1640 medium and stained with fluorescein diacetate according to
the manufacturer’s instructions for the fluorescence microscope ima-

ging.
2.3. Self-Assembled Monolayer (SAM) formation on the gold surfaces

All bare gold surfaces were first cleaned with piranha solution; a
mixture of concentrated sulfuric acid (H,SO4) and 30 % hydrogen
peroxide (H>O5) (3:1, v/v). Then, they were rinsed with deionized
water, followed by ethanol and dried with nitrogen gas. For the mi-
crofluidic studies, the channel surface was cleaned with ethanol with
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Scheme 2. a) Chemical structures of SAM molecules used in this study, b) crystal structure of EpCAM where reds indicate negative and blues indicate positively
charged sections (obtained from swissmodel.expasy.org) c) representative illustration for bare gold and SAM formation (X = amine of carboxyl free end).

5.5 ml/h flow rate. Besides the cleaning process, all the channel ex-
periment steps were performed under 0.5 ml/h flow rate.

Once the surfaces were cleaned, they were soaked in freshly pre-
pared alkanethiol solutions in ethanol at 5 mM concentrations and in-
cubated overnight (~16 h) at room temperature for SAM formation.
Then, they were rinsed with ethanol to remove the feebly bound mo-
lecules. The molecules used for SAM formation and their free functional
groups are provided in Scheme 2. Cys, 4-ATP and 11-AUT have amine
(NH,) functional groups and 3-MPA and 11-MUA have carboxyl
(COOH) functional groups.

2.4. EpCAM antibody immobilization of the SAM formed gold surfaces

Each protocol explained under this section includes detailed in-
formation regarding the immobilization steps (Scheme 2). To get the
highest efficiency from an antibody the paratope, which is the antigen-
binding site, should be freely available on the surface to enable the
epitope of the antigen to bind. If this orientation can be controlled,
better analyte binding will improve the sensitivity of the sensor. It is, on
the other hand, not possible to make a direct conclusion about the
positioning of the antibody. In order to make sure of the orientation of
the antibody, site-specific chemistries such as periodate oxidation of
antibody glycan or surfaces exhibiting orientation-prone molecular
features such as protein A, protein G, anti Fc antibodies, various re-
combinant proteins etc. should be employed. Although these techniques
would allow for better positioning, the surface properties of the anti-
bodies may still contain fraction of binding sites that are not available
for antigen binding. The positioning phenomena has been investigated
and examined in many studies and review articles [19-22], especially

in depth by O’Kennedy et al. [19] and it was concluded that the im-
mobilization of the antibody through non-antigen binding regions, such
as the Fc region, maximizes the functionality and allows a rather correct
orientation. Although orientation specific immobilization techniques
include the usage of specific proteins etc. it is also possible to do it in a
simpler fashion by adjusting the pKa of the surface and pH of the buffer
solution [21]. These phenomena are explained in detail in the Results
section. In any case, antibodies tend to lose their binding capacity when
they are immobilized on a surface, whether chemically or through ad-
sorption, due to blockage of binding sites resulting from proximity ef-
fects or inaccessibility, incorrect orientation, etc. [23-25]. Even though
it is rather risky in terms of orientation, covalent attachment of anti-
bodies is employed widely and is believed to improve the performance.
It improves the stability which accordingly promotes the overall per-
formance of the system [26]. Biotinylation of antibodies and im-
mobilization through avidin or streptavidin have also been employed in
various studies, yet the risk of non-efficient binding still remains as long
as there isn’t a non-directed chemical linkage [27]. In this study instead
of orientation specific immobilization techniques the effects of rather
simpler and direct methods were investigated. In this sense, the surfaces
were coated both with amine and carboxyl terminated SAMs and the
effect of functional groups were investigated as well as the length of the
SAM and inclusion of aromatic rings. A comparison was made also
between covalent approaches and bioaffinity interaction using biotin
and streptavidin. Finally, and most importantly, the methods worked
best were applied to the microfluidic channels to observe the cell
binding effects under flow.

Protocol 1. In order to activate carboxyl ended SAM surfaces, a
solution of 10 mM NHS and 10 mM EDC were prepared in 0.1 M MES
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buffer at pH 5.0. Surfaces were incubated in this solution for 45 min at
room temperature. Then, the surfaces were rinsed with PBS solution
and incubated with 10 pg/ml anti-EpCAM antibodies in PBS for 2 h at
room temperature for covalent binding of anti-EpCAM antibodies onto
the SAM modified surface. The gold surfaces then rinsed with PBS and
incubated with 1 % BSA for 15 min at room temperature to block the
free carboxyl ends without any antibodies attached.

Protocol 2. In order to activate carboxyl end of the antibodies, a
solution of 10 mM NHS and 10 mM EDC were prepared in 0.1 M MES
Buffer at pH 5.0 and mixed with 10 pg/ml anti-EpCAM antibodies in
PBS solution (1:1, v/v). This solution was incubated for 45 min. Then, it
was poured on the gold surfaces and immobilized 2 h at room tem-
perature for covalent binding of EpCAM antibodies onto the SAM
modified surface. The gold surfaces were rinsed with PBS and incubated
with 1 % BSA for 15 min at room temperature free amine ends without
any antibodies attached.

Protocol 3. For the bioaffinity method, carboxyl ended SAM surfaces
were activated with the solution of 10 mM NHS and 10 mM EDC which
prepared in 0.1 M MES buffer at pH 5.0. Then, the surfaces were treated
with streptavidin solution (10 pg/ml) and incubated for 45 min at room
temperature. Then, 10 pug/ml biotinylated EpCAM antibodies in PBS
were incubated on the surface for 2 h at room temperature. The gold
surfaces were rinsed with PBS and incubated with 1 % BSA for 15 min
at room temperature to block nonspecific sites.

Protocol 4. In this method, antibody and selected alkanethiols were
exposed to each other in an external environment and then incubated
with the cleaned gold surface. Although there exist studies were this
technique was employed, in this case, no successful result was obtained
[28].

2.5. Characterization of the surfaces

X-Ray Photoelectron Spectroscopy (XPS): XPS measurements were
performed with PHI 5000 Versa Probe by Physical Electronics in METU
Central Laboratory. Before taking XPS measurements, the surfaces were
rinsed with PBS buffer and distilled water dried under nitrogen stream.
AugerScan program was used for the 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 the
charge reference for the XPS spectra.

Contact Angle Measurement: Surface contact angle measurements
were taken for each of the functionalized surfaces with Attension Theta
by Biolin Scientific in METU Central Laboratory. Surfaces were rinsed
with PBS buffer and distilled water before the analysis and measure-
ments were taken using the sessile drop method. For each surface, the
contact angle was measured at five different locations and the ar-
ithmetic average was taken.

Atomic Force Microscopy: AFM characterization was performed to
obtain information regarding the surface roughness and thickness after
each functionalization step. Images were taken with VeecoMultiMode
V, from Veeco Instruments Inc., in METU Central Laboratory in dry
state. Surfaces were rinsed with PBS buffer and distilled water and dried
with nitrogen gas. The roughness and root mean square values were
calculated using the Gwyddion program.

2.6. CTC capture studies

Once the antibodies were immobilized on the surfaces either
through covalent binding or bioaffinity interaction, the CTC capture
studies were performed. To image and track this process, a fully auto-
mated bright-field microscope was used (Olympus SZX12, Olympus
Inc.,) To be able to see the cells, they were previously stained with
fluorescein diacetate; capturing images of fluorescent signals emitted
by fluorescently labelled cells immobilized on the surfaces was there-
fore made possible. The cells removed from the flask were prepared in
RPMI 1640 and the total amount was determined using the cell counter
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Bio-Rad TC20. The cells were washed by centrifuging and re-sus-
pending in PBS buffer for three times. The final concentration was
determined as 5 x 10° cells/ml.

The images recorded in each experiment were analysed using Fiji
software program and the mean values of the number of cells captured
were calculated from 12 frames by repeating the same experiment for 3
times and counting 4 different frames from each experiment.

2.7. Real blood studies

Blood samples were taken in tubes containing anticoagulant ethy-
lenediamine tetra acetic acid (EDTA) from healthy donors as approved
by the Institutional Review Board of METU Medical Center with the
informed consent from all donors. Whole blood was immediately pro-
cessed and lysed with red blood cell lysis solution (10x, MACS,
MiltenyiBiotec) according to the manufacturer’s instructions. The re-
maining white blood cells were then precipitated by centrifugation and
washed with PBS Solution.

3. Results

Different strategies were performed to immobilize antibodies on the
SAM formed surfaces in order to find the optimum surface modification
strategy. These strategies were namely the carbodiimide crosslinking
with EDC/NHS and the bioaffinity interaction using biotin and strep-
tavidin. The studies were performed both on gold surfaces and in mi-
crofluidic channels produced in the clean room (Figure S1).

3.1. Characterization of the surfaces

Atomic Force Microscopy (AFM) imaging was performed to visua-
lize the surface topography of the SAM formed and antibody attached
surfaces (Supplementary Info). The root mean square (RMS) roughness
values were found to be 0.50 = 0.06 nm, 0.93 + 0.02 nm and
0.48 = 0.05 nm for SAMs created with 11-AUT, 11-MUA and 4-ATP,
respectively. These RMS roughness values increased to 1.21 + 0.03 nm,
2.38 £ 0.02 nm and 10.72 = 0.06 nm, respectively, after the antibodies
were immobilized on the surfaces (Figure S8). This increase ensures
that antibodies were successfully bound to the free ends of alkanethiols.

EpCAM antibody attached aromatic hydrocarbon (4-ATP) causes
more RMS roughness than other brush-like linear alkanethiols because
of the benzene ring in its structure. The structural difference between
11-AUT and 11-MUA can lead to distinctive results since the presence of
the amine functional group influences the SAM due to the hydrogen
bonding between amino groups [29].

To investigate the elemental composition of each surface mod-
ification strategy, X-RAY Photoelectron Spectroscopy (XPS) measure-
ments were performed and the intensities of the atomic concentrations
were determined by numerical integration of the relative peaks. The
formation of the SAMs using different alkanethiols was confirmed by
tracking the changes of the Cls, N1s and O1 values. Because 11-MUA
does not contain any nitrogen, no N1s peak was observed, which is the
only case where no nitrogen was present prior to antibody im-
mobilization. The presence of nitrogen confirms the existence of anti-
body [22]. Table 1 shows the elemental compositions obtained after
each SAM and EpCAM immobilization steps. It should be noted that
previously published studies showed that the percentage of N is always
smaller than that of O and C in the XPS results, which is in good
agreement with our findings. For instance, in a study by Myung et al.,
the XPS results for EpCAM immobilized surfaces yielded 26.2 % Cls,
39.2 % O1s and only 2.6 % N1s [30]. This indicated an N/C ratio of 0.1
and a C/O ratio of 0.7. Obtained spectra are provided in Figures S9-S15.

Changes in the surface free energies after the SAM formation of
alkanethiols and the immobilization of EpCAM antibody were in-
vestigated with contact angle measurements. The water contact angle
on the bare gold surface was measured as 45°. When SAM of 11-MUA
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Table 1
XPS measurement results of the elemental compositions for each surface
modification.

Elemental Compositions Au4f Cls 01 N1s
4-ATP 50.1 43.6 <0.1 6.3
4-ATP + EpCAM 26.6 59.3 4.2 9.9
11-AUT 22.8 62.6 4 10.6
11-AUT + EpCAM 24.5 64.4 2.8 8.4
11-MUA 20.3 72.5 7.2 —
11-MUA + EpCAM 2.4 46.7 19.5 5.1
11-MUA + Strep + B.EpCAM 9.8 57.7 21.6 10.9

was formed, this angle decreased down to 41° = 2. After antibodies
were immobilized on 11-MUA formed surfaces, the angle increased to
43° + 2 but when streptavidin and biotinylated antibody was used, the
surface became more hydrophilic and the angle was measured as 41°
because of polar ureido-tetrahydrothiophene rings of biotin [31]. In the
cases of amine terminated alkanethiol, the angle was increased with the
formation of SAMs because of the creation of hydrophobic groups on
the surface. Namely, for 11-AUT and 4-ATP, the angles were measured
as 53° = 1 and 52° * 2, respectively. When the EpCAM antibodies were
immobilized, the angles further increased for both of the surfaces
functionalized with 11-AUT and 4-ATP and became 51° + 4 and
53° + 3, respectively. So, when carboxyl groups were created on the
surface, the hydrophilic character was increased. This increase is in
good agreement with the literature [11,32,33].

3.2. Fluorescent microscope images of CTC capture

Human EpCAM contain 314 amino acids, of which 242 are in the
extracellular domain [34], but the corresponding highly EpCAM spe-
cific monoclonal antibody, clone VU-1D9 is unknown. Some residues
can be buried in the tertiary structure, covered by the side chains
whereas some can be homogeneously distributed outer surface of the
antibody [35]. Carboxylic acid residues exist on the outer surface of the
antibody and are ready to go through amidation reactions with external
amine groups [36]. An immobilized antibody can exist in four possible
positions; side-, tail-, head- or flat-on. It is also shown in many studies
that covalent immobilization provides longevity and high sensitivity
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[21]. The classical and less sophisticated covalent approaches include
the employment of amine groups present on the lysine amino acid side-
chain of the antibody, which results in a random positioning [22]. They
can also be immobilized through carboxyl groups present on the as-
partate and glutamate amino acids [37,38]. Antibodies experience a
physisorption step prior to covalent binding, at which state the pKa of
the surface and pH of the buffer solution become rather crucial.
Therefore, it might be possible to favour a specific position by properly
selecting the right conditions [21]. A study on the effect of pH on the
antibody immobilization and orientation showed that in case of using
carboxyl functionalized surface, below pH 5.0 the surface attraction is
significantly reduced and at lower values the negative surface charge
can be maintained. The study concluded that the electrostatic interac-
tion was necessary for successful antibody immobilization on 2D car-
boxyl surface and that using EDC/NHS or EDC/sulfo-NHS yielded much
better activation results compared to only EDC [39]. It was also shown
in another study that electrostatic repulsion between antibody and
polystyrene microparticles at basic pH inhibited the access of the an-
tibody to the microparticle’s surface and promoted the antigen-acces-
sible orientation which resulted in high antigen recognition capacity
[40]. These findings strengthened the possibility that the adjustment of
the pH at which the reaction takes place might to some extend help
providing a preferred orientation to the antibody.

Before the characterization of the SAM formed surfaces, optical
imaging was performed with a fluorescent microscope to eliminate the
strategies for further analysis. SAM was formed on bare gold surfaces
using different molecules and EpCAM antibody was immobilized
covalently employing carbodiimide crosslinking process. The experi-
ments were carried out firstly with carboxyl group terminated 3-MPA
and 11-MUA which were selected as models to determine the optimum
concentration for the maximum cell adhesion on surfaces prepared with
alkanethiols of different lengths. Incubation periods were selected as 2,
7, 16, 24 and 48 h but no significant difference was observed from the
cell attachment assays after 16 h, which in agreement with a previous
study by Asiaei et al. [41]. Concentration tests were also performed for
EDC/NHS at different MES buffer pH values (4.5, 5 and 5.5) and op-
timum values were used in the experiments. Amine functional groups
were formed on the surface when Cys, 4-ATP and 11-AUT were used to
create SAM. Fig. 1a, b and c show the cells attached when amine ter-
minated end SAM was formed.

Fig. 1. The fluorescent microscope images of attached CTCs on surfaces treated with a) Cys, b) 4-ATP and c) 11-AUT, d) 3-MPA and e) 11-MUA to create SAM.
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4-ATP

Fig. 2. The fluorescent microscope images of attached CTCs on parylene surfaces where SAM of a) 11-AUT, b) 11-MUA and c) 4-ATP were created, and on glass
surfaces where SAM of d) 11-AUT, e) 11-MUA and f) 4-ATP were created and attached K562 leukaemia cells on gold surfaces treated with g) 11-AUT, h) 11-MUA and

i) 4-ATP.

The results were found as 618 + 21.5 cell/frame for Cys, 1974 = 95
cell/frame for 4-ATP and 1937 + 165 cell/frame for 11-AUT (Fig. la-c,
Figure S3). Both 4-ATP and 11-AUT SAMs resulted in a large amount of
CTC capture whereas in the case of Cys there was less number of cells
attached. The reason for this insufficient capture is believed to be due to
the steric hindrance effect. As Cys molecule is a very short molecule
consisting of two carbon atoms, it both limits the immobilized antibody
amount and accordingly the captured CTC amount. Because it is a short-
chain alkanethiol, molecules stay quite close to one another and form a
dense structure. This phenomenon was also mentioned in several arti-
cles published earlier [13,42,43]. Long and short chain molecules are
usually mixed to eliminate this effect [7,44]. As a result of this, steric
hindrance is minimized because the anchor molecules became more
available [8]. On the other hand, the CTC capture in the other two
cases, especially in 4-ATP, were quite high. Because 4-ATP molecule
contains a phenol ring, the activated sites of the molecule stay far away
from each other compared to the distance that occurs in the case of Cys.
Also, it was shown that aromatic ring containing thiols permit high
ordering via st-;t interactions, which also increase the stability and ri-
gidity of the SAM compared to alkyl based ones [45]. This prevents the
formation of a heterogeneous surface and leads to maximum CTC
capture amongst three amine terminated molecules. 11-AUT also
yielded a high amount of CTC capture because long-chained alka-
nethiols create strong Van der Waals forces between their chains and
causes to dense and well-ordered brush-like structures. It was also

proved in a study that the binding kinetics was faster on SAM created
with long-chain molecules compared to the short-chain ones. The short-
chain SAMs were resulted in increased packing density [11]. The same
behaviour was observed when CTC capture was compared for the 3-
MPA and 11-MUA treated surfaces. Fig. 1d and e show the cells at-
tached when carboxyl terminated SAM was formed. The captured cell
amount was found as 153 = 29 cell/frame for 3-MPA and as
1851 * 115 cell/frame for 11-MUA (Figure S3). Similarly, in the case of
3-MPA because it is a short-chained molecule, extremely poor CTC
capture was observed. Another crucial point here is that when 11-MUA
and 11-AUT were compared, 11-AUT resulted in better capture
(1851 = 115 and 1937 + 165 cell/frame, respectively). When a surface
is functionalized with amine groups, it becomes positively charged,
lacks hydrophobicity and would be ionic in nature. Such a surface can
be used to couple negatively charged biomolecules ionically. Because
there would be no hydrophobic areas on the surface, the immobiliza-
tion of hydrophobic molecules would be precluded. It should, therefore,
be used with bifunctional crosslinkers, such as carbodiimide used in this
study, to couple functional groups. The pH of the buffer solution is
crucial during this coupling step. The charged state of both amine and
carboxyl groups existing on the amino acids on the antibody depend on
this pH value. When the pH of the solution is greater than the pKa of the
functional groups, that group becomes protonated and vice versa. Since
the pH of the buffer solution was 4.8-5.0 in this study, the amine
groups created on the surface become protonated (NH;*). This way,
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Fig. 3. Fluorescent microscope image of the attached CTC on 4-ATP modified
and EpCAM antibody covered surface. Yellow circles are the cells that were
detached from the surface and the red circles shows the cells that are travelling
with the flow that enters to frame. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

the surface might have attracted the more negatively charged side of
the antibody. When the EpCAM molecule is examined, although both
charges exist throughout the whole structure, the rather negatively
charged parts appear to be on the non-antigen binding end. This might
be the reason for observing better cell capture behaviour with amine
terminated surfaces.

From this point on, the experiments were continued with molecules
that provided the most efficient CTC capture, namely 11-AUT, 11-MUA
and 4-ATP. The short-chain molecules Cys and 3-MPA were eliminated
because the cell attachment was not sufficient enough.

Control tests were carried out using different surfaces, such as
parylene and glass to see whether SAM still forms and CTC capture
works or not. The reason why parylene and glass were selected was that
these are the most commonly used materials both in our group and in
many BioMEMS applications. Both surfaces were prepared following
the very same steps as done in the gold ones.

Fig. 2a-f shows the results obtained from parylene and glass sur-
faces. As observed, there was almost no CTC capture by both surfaces,
indicating that the SAM formation relies only on the gold-thiol inter-
action. Further control experiments were carried out using a different
type of cell, namely K562 leukaemia cell, for which the EpCAM anti-
body should have no specificity. Gold surfaces were prepared following
the same steps, using 11-AUT, 11-MUA and 4-ATP. Fig. 2g-i shows that
K562 cells were not captured by the EpCAM antibodies. This proves
that there exists a specific interaction between the immobilized anti-
bodies and the CTCs. No experiment with mixed cells (breast cancer cell
+ leukaemia cell) was carried out since the main equipment used in
this study was a fluorescent microscope and the image would not in-
dicate which cells were attached on the surface. Therefore, to show the
specificity of the system, this step was performed separately.

For further cell capture studies, real blood samples were used to see
whether the system works with complex solutions. For this study, 11-
MUA, 11-AUT and 4-ATP SAM surfaces were prepared and tested with
the white blood cells remaining from the blood sample after the red
blood cell lysis. The fluorescent microscope images showed that there
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was no cell capture, indicating that the prepared surfaces worked fine
(Figure S4).

In addition to the covalently bonded systems, bioaffinity method
provides an alternative strategy since the affinity of streptavidin for
biotin is known to be one of the strongest non-covalent interaction
while promoting site-directed antibody immobilization [22]. For this
study, the surface was first coated with 11-MUA followed by the at-
tachment of streptavidin covalently using EDC/NHS. Then, the bioti-
nylated EpCAM antibodies were immobilized on the surface through
streptavidin-biotin interaction and the cell attachment experiment was
conducted (Figure S2). The bioaffinity method was tested with 2 mM
and 5 mM 11-MUA concentrations. Compared to the covalent method,
the bioaffinity method provides more cell attachment on low con-
centration SAM surfaces. The possible reason for this could be the non-
homogeneous immobilization of the streptavidin molecules on the
crowded SAM layer [46]. Therefore, when using the streptavidin-biotin
interaction technique, lower SAM concentrations were employed
[28,47,48]. The cell attachment on 2 mM 11-MUA was found as
1712 = 65 cell/frame (Figure S3).

The microfluidic studies were performed once the experiments with
gold surfaces were completed and 11-MUA, 4-ATP and 11-AUT were
selected for their high CTC capture performances. The concentration of
the cell solution was adjusted as 2 X 10° cells/ml to prevent any cluster
formation. It should be noted that the cell capture efficiencies in the
microfluidic channel experiments do not represent the maximum pos-
sible cell capture. The images taken during the experiment only re-
present the cells that entered the channel at a specific time and those
that were detached from the surface.

The number of cells present in the microchannel was counted during
the incubation period (N;). Then, the flow was slowly increased to 0.10
ml/h (6 mbar) to remove the unbounded cells, and the remaining
number was counted (Np). The cell capture efficiency was measured
from the following formula:

Cell capture efficiency %
The number of cells present in the channel after washing(No)

- The number of cells present in the channel during incubation (Ni)

X 100

For the surfaces prepared with 4-ATP, stationary 75 cells/frame
were counted during the initial phase. Later, the flow was increased to
0.10 ml/h and two of the cells were detached. When the flow was
further increased up to 0.34 ml/h, 73 cells were still on the surface,
indicating 97 % cell capture efficiency (Fig. 3).

For the channel studies with 11-MUA modified surfaces, the number
of cells entered to the frame were counted as 104 cells/frame. After 10
min, the flow was increased to 0.20 ml/h and the cells did not change
their location, besides one cell debris (Figure S5). Even when the
pressure was increased to 0.34 ml/h, no cell detachment was observed.
For the surfaces prepared with another amine-terminated molecule 11-
AUT, 43 cells/frame were counted at the beginning. The cells remained
the same after increasing the flow to 0.34 ml/h (Figure S6).

Next, the effect of covalent bonding was compared to bioaffinity
interaction in the microfluidic channel under flow. The surfaces inside
the channels were prepared as previously described. The cells that en-
tered the channel were counted as 345 cells/frame. The flow was then
slowly increased to 0.10 ml/h, and 13 were detached from the surface,
corresponding to 96 % capture efficiency. When the flow was further
increased to 0.34 ml/h, more cells were detached, and their number
was decreased to 198 cells/frame. This final 57 % capture efficiency
shows that bioaffinity interaction cannot endure underflow, which
makes it a poor choice to be used in microfluidic applications (Figure
S7).
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4. Conclusion

In this study, the cell capture efficiency of both different alka-
nethiols and different antibody immobilization methodologies were
compared first on plain gold surfaces then in gold microfluidic channels
under flow. For this purpose, MCF-7 cells were employed as a CTC
model and EpCAM antibody was used. Surface characterizations were
made with AFM, XPS and contact angle measurements. To investigate
the selectivity and specificity of the functionalized surfaces, K562 cell
line, an EpCAM negative CTC model, and different types of surfaces
(glass and parylene) were used. Studies showed that short alkanethiols
(n < 8) generated less well-organized SAM whereas the crystalline-like
order could be achieved either with long chains (n > 10) or with
phenolic groups. Alkanethiols containing aromatic rings permit high
intermolecular interactions, leading to better cell capture events com-
pared to that of alkanethiols with same chain length but without ben-
zene ring. It was both suggested earlier and found in this study that the
higher packing density of SAM caused steric hindrance and prevented
the capture of the incoming cells by the antibodies. The critical issue in
the microfluidic channel studies for effective cell capturing was the flow
rate. The high throughput is essential to improve the performance of
biosensors. It was found that the bioaffinity method limited achieving
high flow rates. Compared to covalent bonding, where negligible
number of cells was detached under high flow rates, the streptavidin-
biotin interaction resulted in rather poor efficiencies, therefore leading
to inadequate cell capture.

Our aim was firstly to keep the immobilization techniques as simple
as possible, without including any rather complicated orientation spe-
cific approach [22], and secondly to apply these simple techniques to
the microfluidic channels and observe the behaviours under flow. The
findings obtained in the study can shed light on various microfluidics-
based biosensor applications since there is a growing demand both for
microfluidic lab-on-a-chip systems and for CTC detections. The methods
discussed in this paper can be employed in other relevant CTC capture
analysis for further studies.

Credit author statement

Didem Cetin conducted all the experiments and analysis including
surface functionalization, antibody immobilization, cell capture studies
with plain surfaces and microfluidic channels, surface characterizations
and contributed to writing the manuscript. Meltem Okan designed the
experimental setups, selected the alkanethiols, interpreted the results
and wrote and organized the manuscript. Erhan Bat coordinated the
study and interpreted the results. Haluk Kulah coordinated the study
and the project and organized the manuscript.

Declaration of Competing Interest

There are no conflicts to declare.
Acknowledgements

This work was supported by The Scientific and Technological
Research Council of Turkey (TUBITAK) under Grant Number 213E024
and by Republic of Turkey Ministry of Development through project
BAP-2016K121290.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfb.2020.110808.

References

[1] E.Z. Blumenthal, On the origin of cancer, Med. Hypotheses 46 (1996) 581-583.

[2]

[3

[4]

[5

[6]

[7

[8

[9

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

Colloids and Surfaces B: Biointerfaces 188 (2020) 110808

D.A. Haber, V.E. Velculescu, Blood-based analyses of Cancer: circulating tumor cells
and circulating tumor DNA, Cancer Discov. 4 (2014) 650-661.

J.D. O’Flaherty, S. Gray, D. Richard, D. Fennell, J.J. O’Leary, F.H. Blackhall,

K.J. O’Byrne, Circulating tumour cells, their role in metastasis and their clinical
utility in lung cancer, Lung Cancer 76 (2012) 19-25.

P. Massoner, T. Thomm, B. Mack, G. Untergasser, A. Martowicz, K. Bobowski,

H. Klocker, O. Gires, M. Puhr, EpCAM is overexpressed in local and metastatic
prostate cancer, suppressed by chemotherapy and modulated by MET-associated
miRNA-200c/205, Br. J. Cancer 111 (2014) 955-964.

R. Malhotra, V. Patel, B.V. Chikkaveeraiah, B.S. Munge, S.C. Cheong, R.B. Zain,
M.T. Abraham, D.K. Dey, J.S. Gutkind, J.F. Rusling, Ultrasensitive detection of
cancer biomarkers in the clinic by use of a nanostructured microfluidic array, Anal.
Chem. 84 (2012) 6249-6255.

M. Hu, J. Yan, Y. He, H. Lu, L. Weng, S. Song, C. Fan, L. Wang, Ultrasensitive,
multiplexed detection of cancer biomarkers directly in serum by using a quantum
dot-based microfluidic protein chip, ACS Nano 4 (2009) 488-494.

A. Kulasinghe, H. Wu, C. Punyadeera, M.E. Warkiani, The use of microfluidic
technology for cancer applications and liquid biopsy, Micromachines 9 (2018) 397.
E. Baldrich, O. Laczka, F.J. Del Campo, F.X. Mufioz, Self-assembled monolayers as a
base for immunofunctionalisation: unequal performance for protein and bacteria
detection, Anal. Bioanal. Chem. 390 (2008) 1557-1562.

F. Luderer, U. Walschus, Immobilization of oligonucleotides for biochemical sensing
by self-assembled monolayers: thiol-organic bonding on gold and silanization on
silica surfaces, Top. Curr. Chem. 260 (2005) 37-56.

S.A. Jadhav, Self-assembled monolayers (SAMs) of carboxylic acids: an overview,
Cent. Eur. J. Chem. 9 (2011) 369-378.

Y. Xue, X. Li, H. Li, W. Zhang, Quantifying thiol-gold interactions towards the ef-
ficient strength control, Nat. Commun. 5 (2014) 1-9.

R.K. Shervedani, A. Farahbakhsh, M. Bagherzadeh, Functionalization of gold cy-
steamine self-assembled monolayer with ethylenediaminetetraacetic acid as a novel
nanosensor, Anal. Chim. Acta 587 (2007) 254-262.

M. Wirde, U. Gelius, L. Nyholm, Self-assembled monolayers of cystamine and cy-
steamine on gold studied by XPS and voltammetry, Langmuir. 15 (1999)
6370-6378.

S. Gaffar, R. Nurmalasari, Yohan, Y.W. Hartati, Voltammetric DNA biosensor using
gold electrode modified by self assembled monolayer of thiol for detection of
Mycobacterium tuberculosis, Procedia Technol. 27 (2017) 74-80.

J. Cancino, S.A.S. MacHado, Microelectrode array in mixed alkanethiol self-as-
sembled monolayers: electrochemical studies, Electrochim. Acta 72 (2012)
108-113.

J.P. Folkers, P.E. Laibinis, G.M. Whitesides, Self-assembled monolayers of alka-
nethiols on gold: comparisons of monolayers containing mixtures of shortand long-
chain constituents with CH3 and CH20H terminal groups, Langmuir 8 (1992)
1330-1341.

C.D. Bain, G.M. Whitesides, Formation of two-component surfaces by the sponta-
neous assembly of monolayers on gold from solutions containing mixtures of or-
ganic thiols, J. Am. Chem. Soc. 110 (1988) 6560-6561.

W.J. Bao, J. Li, T.Y. Cao, J. Li, X.H. Xia, Chain-length dependent interfacial im-
munoreaction kinetics on self-assembled monolayers revealed by surface-enhanced
infrared absorption spectroscopy, Talanta 176 (2018) 124-129.

R. O’Kennedy, S. Fitzgerald, C. Murphy, Don’t blame it all on antibodies — the need
for exhaustive characterisation, appropriate handling, and addressing the issues
that affect specificity, TrAC - Trends Anal. Chem. 89 (2017) 53-59.

J. Baniukevic, J. Kirlyte, A. Ramanavicius, A. Ramanaviciene, Application of or-
iented and random antibody immobilization methods in immunosensor design,
Sens. Actuators B Chem. 189 (2013) 217-223.

AK. Trilling, J. Beekwilder, H. Zuilhof, Antibody orientation on biosensor surfaces:
a minireview, Analyst 138 (2013) 1619-1627.

N.G. Welch, J.A. Scoble, B.W. Muir, P.J. Pigram, Orientation and characterization
of immobilized antibodies for improved immunoassays (Review), Biointerphases 12
(2017) 02D301.

B. Lu, M.R. Smyth, R. O’Kennedy, Oriented immobilization of antibodies and its
applications in immunoassays and immunosensors, Analyst 121 (1996) 29-32.

B. Lu, M.R. Smyth, R. O’Kennedy, Immunological activities of IgG antibody on pre-
coated Fc receptor surfaces, Anal. Chim. Acta 331 (1996) 97-102.

M.O. Alberti, T.A. Drake, L. Song, The pH of chemistry assays plays an important
role in monoclonal immunoglobulin interferences, Pract. Lab. Med. 3 (2015) 8-16.
C.K. Dixit, S.K. Vashist, B.D. MacCraith, R. O’Kennedy, Multisubstrate-compatible
ELISA procedures for rapid and high-sensitivity immunoassays, Nat. Protoc. 6
(2011) 439-445.

G. Hgyer-Hansen, M.J.A.G. Hamers, A.N. Pedersen, H.J. Nielsen, N. Briinner,

K. Dang, R.W. Stephens, Loss of ELISA specificity due to biotinylation of mono-
clonal antibodies, J. Immunol. Methods 235 (2000) 91-99.

M. Seifert, M.T. Rinke, H. Galla, Characterization of streptavidin binding to bioti-
nylated, binary self- assembled thiol monolayers ; influence of component ratio and
solvent, Langmuir 26 (2010) 6386-6393.

H.W.M. Sprik, E. Delamarche, B. Michel, U. Roethlisberger, M.L. Klein, Structure of
hydrophilic self-assembled monolayers: a combined scanning tunneling microscopy
and computer simulation study, Langmuir 10 (11) (1994) 4116-4130 (n.d.).

J.H. Myung, C.A. Launiere, D.T. Eddington, S. Hong, Enhanced tumor cell isolation
by a biomimetic combination of E-selectin and anti-EpCAM: implication for effec-
tive separation of circulating tumor cells (CTCs), Langmuir 26 (2010) 8589-8596.
E.H. Williams, A.V. Davydov, A. Motayed, S.G. Sundaresan, P. Bocchini,

L.J. Richter, G. Stan, K. Steffens, R. Zangmeister, J.A. Schreifels, M.V. Rao, Applied
Surface Science Immobilization of streptavidin on 4H - SiC for biosensor develop-
ment, Appl. Surf. Sci. 258 (2012) 6056-6063.


https://doi.org/10.1016/j.colsurfb.2020.110808
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0005
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0010
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0010
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0015
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0020
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0025
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0030
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0030
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0030
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0035
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0035
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0040
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0045
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0050
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0050
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0055
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0055
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0060
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0060
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0060
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0065
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0070
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0070
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0070
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0075
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0080
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0085
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0090
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0095
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0100
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0105
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0105
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0110
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0115
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0120
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0120
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0125
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0125
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0130
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0135
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0140
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0145
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0145
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0145
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0150
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0155
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0155

D. Cetin, et al.

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

N. Afara, S. Omanovic, M. Asghari-khiavi, Functionalization of a gold surface with fi
bronectin (FN) covalently bound to mixed alkanethiol self-assembled monolayers
(SAMs): the in fl uence of SAM composition on its physicochemical properties and
FN surface secondary structure, Thin Solid Films 522 (2012) 381-389.

M. Veiseh, M.H. Zareie, M. Zhang, Highly selective protein patterning on gold -
silicon substrates for biosensor applications, Langmuir 14 (2002) 6671-6678,
https://doi.org/10.1021/1a025529j.

U. Schnell, V. Cirulli, B.N.G. Giepmans, EpCAM: structure and function in health
and disease, Biochim. Biophys. Acta 1828 (2013) 1989-2001.

L. Huang, Y. Yang, F. Yang, S. Liu, Z. Zhu, Z. Lei, J. Guo, Functions of EpCAM in
physiological processes and diseases (Review), Int. J. Mol. Med. 42 (2018)
1771-1785.

R. Marega, F. De Leo, F. Pineux, J. Sgrignani, A. Magistrato, A.D. Naik, Y. Garcia,
L. Flamant, C. Michiels, D. Bonifazi, Functionalized Fe-Filled multiwalled carbon
nanotubes as multifunctional scaffolds for magnetization of cancer cells, Adv.
Funct. Mater. 23 (2013).

L.J. Harris, S.B. Larson, K.W. Hasel, A. McPherson, Refined structure of an intact
1gG2a monoclonal antibodyf,#, Biochemistry 36 (1997) 1581-1597.

F. De Leo, A. Magistrato, D. Bonifazi, Interfacing proteins with graphitic nanoma-
terials: from spontaneous attraction to tailored assemblies, Chem. Soc. Rev. 44
(2015) 6916.

Z. Pei, H. Anderson, A. Myrskog, G. Dunér, B. Ingemarsson, T. Aastrup, Optimizing
immobilization on two-dimensional carboxyl surface: pH dependence of antibody
orientation and antigen binding capacity, Anal. Biochem. 398 (2010) 161-168.

X. Yuan, D. Fabregat, K. Yoshimoto, Y. Nagasaki, Development of a high-

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Colloids and Surfaces B: Biointerfaces 188 (2020) 110808

performance immunolatex based on “soft landing” antibody immobilization me-
chanism, Colloids Surf. B Biointerfaces 99 (2012) 45-52.

S. Asiaei, P. Nieva, M.M. Vijayan, Fast Kinetics of Thiolic Self-Assembled Monolayer
Adsorption on Gold: Modeling and Con Fi Rmation by Protein Binding, (2014).

P. Bhadra, M.S. Shajahan, E. Bhattacharya, A. Chadha, Studies on varying n-alka-
nethiol chain lengths on a gold coated surface and their effect on antibody-antigen
binding efficiency, RSC Adv. 5 (2015) 80480-80487.

S. Subramanian, S. Sampath, Effect of chain length on the adhesion behaviour of n-
alkanethiol self-assembled monolayers on Au (1 1 1): An atomic force microscopy
study, Pramana 65 (2005) 753-761.

S.K. Arya, K.C. Lee, D. Bin Dah’Alan, Daniel, A.R.A. Rahman, Breast tumor cell
detection at single cell resolution using an electrochemical impedance technique,
Lab Chip 12 (2012) 2362-2368.

E. Bedford, Effect of SAM Chain Length and Binding Functions on Protein
Adsorption: B - Lactoglobulin and Apo-transferrin on Gold, (2015).

A. Taninaka, O. Takeuchi, H. Shigekawa, Hidden Variety of Biotin — Streptavidin /
Avidin Local Interactions Revealed by Site-selective Dynamic Force Spectroscopy,
(2010), pp. 12578-12583.

1. Cho, J. Park, G. Lee, S. Paek, Biophysical Characterization of the Molecular
Orientation of an Antibody-immobilized Layer Using Secondary Ion Mass
Spectrometry, (2011), pp. 1412-1419.

E. Araya, M.J. Kogan, A.G. Guell, C.A. Escobar, F. Sanz, Sensing immobilized mo-
lecules of streptavidin on a silicon surface by MALDI-TOF mass spectrometry and
fluorescence microscopy, J. Chil. Chem. Soc. 59 (2014) 2458-2463.


http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0160
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0160
https://doi.org/10.1021/la025529j
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0170
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0175
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0180
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0185
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0185
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0190
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0195
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0200
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0205
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0205
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0210
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0215
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0215
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0215
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0220
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0220
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0220
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0225
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0225
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0230
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0230
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0230
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0235
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0235
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0235
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0240
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0240
http://refhub.elsevier.com/S0927-7765(20)30038-2/sbref0240

	A comparative study on EpCAM antibody immobilization on gold surfaces and microfluidic channels for the detection of circulating tumor cells
	Introduction
	Materials and methods
	Materials
	The CTC model
	Self-Assembled Monolayer (SAM) formation on the gold surfaces
	EpCAM antibody immobilization of the SAM formed gold surfaces
	Characterization of the surfaces
	CTC capture studies
	Real blood studies

	Results
	Characterization of the surfaces
	Fluorescent microscope images of CTC capture

	Conclusion
	Credit author statement
	mk:H1_15
	Acknowledgements
	Supplementary data
	References




