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Abstract: Label-free detection of rare cells in biological samples is an important and highly
demanded task for clinical applications and various fields of research, such as detection of
circulating tumor cells for cancer therapy and stem cells studies. Surface Plasmon Resonance
(SPR) as a label-free method is a promising technology for detection of rare cells for
diagnosis or research applications. Short detection depth of SPR (400 nm) provides a
sensitive method with minimum interference of non-targets in the biological samples. In this
work, we developed a novel microfluidic chip integrated with gold nanoslit SPR platform
for highly efficient immunomagnetic capturing and detection of rare cells in human blood.
Our method offers simple yet efficient detection of target cells with high purity. The
approach for detection consists of two steps. Target cells are firs captured on functionalized
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magnetic nanoparticles (MNPs) with specific antibody I. The suspension containing the
captured cells (MNPs-cells) is then introduced into a microfluidic chip integrated with a gold
nanoslit film. MNPs-cells bind with the second specific antibody immobilized on the surface
of the gold nanoslit and are therefore captured on the sensor active area. The cell binding on
the gold nanoslit was monitored by the wavelength shift of the SPR spectrum generated by
the gold nanoslits.

Keywords: Surface Plasmon Resonance; gold nanoslits; rare cells; double capture; magnetic
nanoparticles; microfluidic chip

1. Introduction

Detection of rare cells is an essential technology with a wide range of applications in clinical diagnosis
and stem cell research [1-4]. However, isolation and detection of rare target cells in a large amount of
surrounding cells has been a challenging task. Recent developments in the field are therefore focused on
improving the efficiency of capturing and the purity of captured cells. To isolate and detect circulating
tumor cells (CTCs) for clinical application, various strategies have been developed. These methods take
advantage of different properties of CTCs as compared to blood cells, such as expression of specific
surface antigens, size and stiffness of cancer cells [5-13].

There are several techniques that are used for identification of captured cells. Immunostaining of the
sorted cells and enumeration of stained cells using a fluorescence microscope is one of the most common
methods to identify the captured cells [7,8,10]. The label-free conductivity measurements are another
technique for identification of captured cells. The conductivity sensors have been integrated to the
cell-capturing unit and do not require staining of cells for numeration [6,14]. Surface plasmon resonance
(SPR) is a label-free technology for detection of cells with the ability to observe the kinetic of the cell
binding in real time. Yashunsky et al., have studied an infrared surface SPR-based technique for real
time monitoring of epithelial cell-cell and cell-substrate interactions. This study demonstrated the ability
of FTIR-SPR to resolve different phases of cell-cell and cell-substrate adhesion [15]. Surface plasmon-based
infrared spectroscopy also has been used to monitor the submicron variations in cell layer morphology
in real-time [16]. Rice et al., reported a microarray platform combined with gravity-coupled surface
plasmon resonance imaging to detect CD4" T cells. The kinetics of capturing on various antibody
microarrays using SPR has been studied [17]. Hiragun et al., have demonstrated different patterns of
SPR signal for cancer cell lines which can be used for diagnosis of cancers [18]. SPR has been also used
to study viability of cells. Wu et al., have demonstrated label-free monitoring of cells viability by gold
nanoslits-based Fano resonance biosensors [19]. Developing label-free methods, such as SPR, with the
ability of real time monitoring of cell binding provides high-throughput screening techniques that can
be very useful for application of rare cell detection.

Microfluidics, as an emerging technology in clinical applications, provides various advantages
including process integration and short analysis time. Microfluidic devices for cell capturing provide
efficient capturing of target cells with minimal non-specific binding owing to shear force produced by
fluid flow. However, the laminar flow in microfluidic devices results in insufficient interactions between
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cells and antibody on the surface. Wang et al., have reported nanostructured silicon substrates with
integrated chaotic micromixers to increase cell-substrate contact frequency to obtain high efficient capturing
of CTCs [20]. Another strategy to maximize collisions between target cells and antibody-coated surfaces
is to use surface ridges or herringbones in the wall of the device as reported by Stott et al. [7].

Here we demonstrate a method that captures target cell specifically and monitors the cell binding
using the label-free surface plasmon resonance in one microfluidic device. The method includes two
steps; in the first step, specific antibody on the iron oxide magnetic nanoparticle (MNPs) identifies and
captures the cancer cells in the blood sample. In the second step, the cancer cells, captured by the
magnetic nanoparticles (MNPs-cells) were flown into the SPR chip and allowed to bind to the second
specific antibody on the gold nanoslits. The microfluidic chip has an integrated magnet to maximize
interactions between the target cells and the antibody on the gold nanoslits while the liquid flow
minimizes the blood cell interference. Double capturing by the two antibodies combined with a
microfluidic chip resulted in a highly specific method to capture and detect cancer cells in blood.

A label-free SPR method was used to detect the captured cells. The gold nanoslit substrate that was used
as the SPR sensing platform was developed by Lee et al. [21-24]. Gold nanostructures with extraordinary
optical transmission have been integrated with an SPR chip for biosensing applications [25-30].

Our method utilizes functionalized magnetic nanoparticles (MNPs) for pre-isolation of the target cells
and SPR response enhancement in conjunction with surface plasmon resonance (SPR) on gold nanoslits.
Examples of nanoparticle enhanced SPR with improved sensitivity for detection of various biomarkers
have been reported [31,32]. Previously, we have used the same platform and demonstrated a similar
method to detect a lung cancer mRNA biomarker [33]. The main goal of this paper is demonstrating a
simple label free detection method that can be used for fast screening of rare cells in blood.

2. Experimental Section
2.1. Materials

FesO4 MNPs modified with amino groups (TANBead® USPI0O-101) with particle sizes of 6~10 nm
and concentrations of 10 mg/mL (1.4 <10 MNPs/mL) were obtained from Tanbead. The MNP surface
was further reacted with a cross-linker, DTSSP (3,3'-dithiobis [sulfosuccinimidylpropionate]) (DTSSP,
Thermo scientific Prod# 21578). Anti-human/mouse anti-CD44 (Cat # 14-0441) was obtained from
eBioscience. Anti-EGFR (epidermal growth factor receptor) antibody (BD Pharmingen, Material #
555996) and red blood cell lysing solution (BD Pharm Lyse ™, Prod#555899) were purchased from BD
Biosciences. A monoclonal antibody against EphA2 was generated as described previously [34].
CellTracker™ fluorescent probe CellTracker™ (Green CMFDA (5-chloromethylfluorescein diacetate),
cat # C7025) were products of Invitrogen.

2.2. Specific Capturing and Detection of Cancer Cells—DCM

The double capturing method (DCM) is based on two specific capturing steps of cancer cells. The
schematic of DCM is shown in Figure 1. In the first step (Figure 1a), the functionalized MNPs
immobilized with the first antibody that is specific for target cell surface receptors (antibody I) isolates
the cancer cells from the sample. In the second step, the isolated cancer cells on the MNPs (MNPs-cells)
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are binding to the immobilized antibody (the second antibody, antibody I1) on the gold nanoslit surface.
The cell binding is detected by monitoring the shift of SPR spectrum produced by gold nanoslits.
Antibody I and antibody Il were selected to achieve high specific capturing of the target cells from the
blood sample. The two steps are described in detail as follows.

@ | P P P
o & \ _ fﬁeu

: (0 Stepll i) =
HaNATESO8 N, P (ii)
D g
Y Step Il
Red Shi
(b) WBC Cancer cell < ed Shift
Flow >

Data analysis

Spectrometer

800

820 840 860
Wavelength {nm)

Figure 1. A schematic of DCM. (a) The first step includes: (i) Functionalizing the MNPs
with antibody I; (i) Mixing the functionalized MNPs (carrying antibody 1) with the sample
to capture the target cells. (b) The second step includes introducing the mixture of blood
sample and MNPs to the microfluidic chip and capturing the MNPs-cells to binds to the
antibody Il on the gold nanoslits. The cell binding on the gold nanoslits was monitored by
the wavelength shift of the SPR spectrum generated by the gold nanoslits. The detection area
of the nanoslits is defined by the focal spot of the probe light.

2.2.1. First Step: Isolation of Cancer Cells by Antibody | on the MNPs
2.2.1.1. Preparation of Functionalized MNPs

Five microliters of the MNP suspension from a stock (25 M) was pipetted into an Eppendorf tube.
The MNPs were suspended in 100 i of 1<PBS buffer. Then the tube was placed on the magnet separator
to remove the supernatant. MNPs were re-suspended in 400 i of 1<PBS buffer solution. Fifty microliter
of antibody I solution (2.5 mg/mL of anti-EphA2) and cross-linker, 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC), were added into the tube. The mixture was allowed to react for 4 h
on a shaker at room temperature ((i) in Figure 1a). The functionalized MNPs were separated using a
magnet to remove excess cross-linker and then re-suspended in 1 mL of 1>xPBS buffer solution. The
MNPs thus prepared were then stored in 4 <C until to be used with blood sample, as follows.
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2.2.1.2. First Step of DCM

The functionalized MNPs suspension with final concentration of ~1 % 10° MNPS/mL (nominally
calculated by the quantity used in the beginning of step 1) was then mixed with the blood sample solution
and incubated for 60 min ((ii) in Figure 1a) to allow the binding of the MNPs to the target cells.
Following the first step, the isolated cancer cells on the MNPs (MNPS-Cells) were detected on the gold
nanoslits in the second step.

2.2.2. Second Step: Capture and Detection of the MNPs-Cells on the Gold Nanoslit
2.2.2.1. Immobilization of Antibody 11 on Gold Nanoslit

To capture and detect the MNPS-Cells, the gold nanoslits surface was functionalized with specific
antibody Il to bind with the cell surface receptors (Figure 1b). The gold nanoslits surface was allowed
to react with a solution of 2 mM cross-linker DTSSP for 90 min and was then rinsed with 1<PBS buffer.
A solution of 0.25 mg/mL anti-CD44 (antibody I1) was then introduced to the SPR chip and incubated
for 120 min to allow the binding of antibody |1 to the surface. To confirm the antibody immobilization,
the transmission spectrum of the gold nanoslits was then taken by a spectrometer (BWTEK, BTC112E).
The detailed optical setup can be found in our previous work [33]. The SPR spectra before and after the
immobilization of anti-CD44 are shown in Figure Al. A 3.0 nm shift in the SPR peak position confirms
the successful antibody coating on the gold surface.

2.2.2.2. Second Step of DCM

The suspension of MNPs-cells from step | was introduced to the microfluidic chip (described below)
to bind the target cells with the antibody Il on the gold nanoslits. The flow rate was controlled by a
syringe pump (NE-1000, New Era Systems Inc., Pompano Beach, FL, USA). A micro magnet was put
underneath the nanoslits to pull down the MNPs-cells to the gold surface. Cell capturing under a high
flow velocity is achieved by combining the magnetic force to bring down the MNPs-cells to the gold
surface functionalized with the antibody II. In this step, the real-time SPR response that indicated the
progress of the cell capturing and cell binding was recorded.

2.3. Chip Fabrication and Measurement Setup

In this work, gold nanoslit film was employed as the sensing platform. Gold nanoslits were fabricated
on a polymer substrate using nanoimprinting lithography (thermal-annealing-assisted template-stripping
method) developed by Lee et al. [24]. The gold nanoslit period is 600 nm, the width is 220 nm and the
area of the slit array is 300 jum <300 pm.

The gold nanoslit film was integrated with the microfluidic chips as described below. The microfluidic
chips were fabricated using a laser scriber to ablate trenches on the polymetheylmethacrylate (PMMA)
substrate and double-sided tape [35,36]. The PMMA substrates were then bonded to each other by
thermal binding and with the nanoslit film using the double-sided tapes. The gold nanoslit film integrated
with PMMA layers was then attached to a glass slide using an optically clear adhesive layer (3M™
optically clear adhesive 8263).



Biosensors 2015, 5 103

In this work, we used two designs of microfluidic chips. For the parameter study, a micro-volume
chip (MVC) was used to select the proper antibodies on the MNPs and the gold nanoslits. For detecting
cancer cells in blood sample, a slightly modified chip was used (the Funnel chip, Figure 2). The funnel
chip is suitable for processing a large volume (1 mL) sample.
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Figure 2. (a) The layered structure and (b) top view of the funnel chip integrated with a gold
nanoslit substrate.

2.3.1. Microliter Volume Chip (MVC)

The MVC was formed by integrating the gold nanoslit film with a small-volume microfluidic chip.
The layered structure and the top view of MV C chip is shown in Figure A2a,b. The sample was pipetted
on top of the gold nanoslits through the inlet of the microfluidic channel. In this simple design, pump is
not needed. The nanoslits can be washed by withdrawing the sample through the outlet using a syringe
and introducing PBS buffer to flush the chip. The required sample volume for this chip is 7 pL. This
chip was used to monitor the cell binding on the gold nanoslits by SPR. The capturing the cells on the
gold nanoslits by various antibody combinations were studied on the MVC chip. The same design has
been used in our previous work for the detection of a mMRNA marker for lung cancer [33].

2.3.2. Large Volume Chip (Funnel Chip)

A novel fluidic chip for introducing large volume of sample was designed and fabricated to capture
the cancer cells in the sample. For the application of rare cell detection, because of their low concentration,
designing a fluidic chip to process large volume of sample is required. This funnel chip can process
1 mL of sample in less than 15 min. A gel loading pipet tip (Labcon, Cat. No. 1034-800-000) was used
as the sample reservoir and to introduce the sample to the microchannel accommodating the gold
nanoslit. In order to prevent sedimentation of the cells during the experiment, the tip is placed at an angle
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of 40°to 50°to the chip surface. A neodymium magnet is put beneath the nanoslit to bring the
MNPs-cell to the surface to bind with the second antibody immobilized on the gold nanoslits. The flow
velocity has been optimized to minimize the interference of blood cells. The layered structure and the
top view of funnel chip are shown in Figure 2a,b, respectively.

A neodymium magnet was integrated with the microfluidic chip to increase the efficiency of capturing
of target cells. The magnitude and distribution of magnetic field was optimized to retain the MNPs
carrying the target cells on the detection area even with the high velocity of the flow to minimize the
non-specific binding.

2.4. Cell Culture

Lung cancer cell lines CL1-5 was a gift from Prof. Pan-Chyr Yang [37,38]. A complete medium
consisting of Dulbecco’s Modified Eagle’s medium (DMEM, Gibco) and 10% fetal bovine serum (FBS,
Invitrogen) was used for maintaining the cells. The cells were incubated in tissue culture
poly-styrene (TCPS) flasks (Corning) that were placed in an incubator, filled with 5% CO2 atmosphere
and maintained at 37 <C. The cells were sub-cultured every 3 to 4 days. The cells were suspended by
trypsin and counted by Cellometer (Auto T4 Cell Counter, Nexcelom.). Cell suspension was prepared
by suspending the cells in the culture medium to desired densities.

2.5. Blood Sample Preparation

Human blood was collected from healthy donor into a tube containing of 0.2% EDTA (20> of blood
volume). One milliliter of blood was centrifuged at 200 g for 10 min. The supernatant was carefully
aspirated without disturbing the pellet. Then, red blood cell lysis buffer (BD Pharm Lyse™) was applied
to the blood sample according to the protocol. After discarding lysed red blood cells, white blood cells
(WBCs) was re-suspended in 2.5 mL of PBS buffer containing 1% FBS and then transferred into another
tube for further uses.

2.6. Labeling and Imaging the Cells

To identify the captured cells, CL1-5 cells were labeled with CellTracker™ Green CMFDA
(Abs. 492 nm, Em. 517 nm). Cells were suspended in pre-warmed CellTracker™ dye working solution
(10 pM) and incubated for 30 min under growth conditions. After centrifuging the cells, the dye working
solution was replaced with fresh, pre-warmed medium. Various number of the labeled CL1-5 cancer
cells were spiked into 1 mL of blood. Red blood cell lysis was applied and lysed RBCs were discarded.
DCM then was applied to detect the cancer cells. The labeled cells captured on the gold nanoslits were
observed using an inverted microscope (Olympus IX71). An air-cooled Argon-ion laser (wavelength:
488 nm) was used as the light source. To avoid strong reflection from the gold surface, the laser beam
was incident on the cells attached on the gold nanoslit at an angle of 45 degrees. The emitted light
(wavelength at around 517 nm) that passes through the nanoslit was collected using an objective lens.
The excitation light was blocked by a filter (U-MWB2, Olympus). The images were taken using a digital
single-lens reflex (DSLR) camera (E-410, Olympus) attached to the microscope.
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3. Results and Discussion
3.1. High Specificity Using Two Specific Antibodies

Two different antibodies were used to increase the specificity of the cell capturing in this study.
Antibody | and antibody Il were selected based on the specificity and binding affinity to CL1-5 cell
surface receptors. To identify such antibodies, three candidate antibodies, anti-EGFR, anti-CD44 and
anti-EphA2, were tested. High expression of EGFR [39] and CD44 [40] on CL1-5 cells have been
reported. The overexpression of the receptor EphA2 has been reported in non-small cell lung carcinoma
cells [41,42]. The binding potency of anti-EphA2 monoclonal antibody to CL1-5 cells was analyzed by
flow cytometry and is shown in Supplementary Figure A3.

The antibody | on the MNPs binds with the CL1-5 cells to isolate the target cells from the sample.
This step reduces the interference of non-target cells and increases the specificity of the detection
method. The specificity of the antibody for CL1-5 cells was the determining factor to choose the antibody
to be immobilized on the MNPs. In the second step, antibody Il on the gold nanoslits binds to surface
receptors of the CL1-5 cells (now bound with MNPSs). The binding in the second steps results in a shift
of the SPR resonance wavelength. The strength of the binding in the second step is crucial for strong
binding of the target cells. Stringent washing is therefore applicable so as to minimize the
non-specific binding of non-target cells on the gold nanoslit. Table 1 summarizes the result for four
combinations of the candidate antibodies selected for the two steps. The functionalized MNPs first were
mixed with the cells. Then the suspension of MNPs-cells were introduced to the micro-volume chip
(MVC). Using an optical microscope to count the cells on the glad nanoslits, the retention rate was
determined by dividing the number of the sedimented cells (i.e., initially after cells were introduced) to
that of the bound cells (i.e., after stringent washing).

Table 1. Various combinations of the candidate antibodies selected for the two steps.

Antibody on MNPs Antibody on Gold Nanoslits  Retention Rate * (%)

Anti-EGFR Anti-CD44 100

Anti-EGFR Anti-EphA2 (3F7) 60
Anti-EphA2 (3F7) Anti-EGFR 9
Anti-EphA2 (3F7) Anti-CD44 100

* Percentage of cells retained on the gold nanoslits.

For the three candidate antibodies there are six possible combinations with two different antibodies
in step | and step I, respectively. To minimize non-specific binding of non-target cells in the first step,
we chose the more specific antibody as the antibody I. Anti-CD44 is not suitable as antibody | because
of the expression of CD44 on many types of cells such as leukocytes, fibroblasts, endothelial cells, and
epithelial cells [43,44]. We therefore ruled out the two combinations that use CD44 as the antibody |I.
The result show that 100% retention rate was achieved by using anti-EphA2 (3F7) or anti-EGFR as
antibody I and anti-CD44 as antibody Il. The expression of the epidermal growth factor receptor (EGFR)
on the surface of human peripheral blood monocytes has been reported [45]; for this reason we did not
use anti-EGFR for the first step of capturing. To maximize the specificity of the binding of CL1-5 cells,
anti-EphA2 (3F7) as antibody I and anti-CD44 as antibody Il were selected.
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3.2. SPR Measurement
3.2.1. SPR to Detect Specific Cell Binding on the Sensor’s Surface

Gold nanoslits provide the surface plasmon resonance signal. Surface plasmon resonance of the
fabricated gold nanoslits with a period of 600 nm manifested as a transmission spectrum in the wavelength
range of 800-850 nm when cells in PBS buffer were introduced to the microfluidic chip.

A Nickel-coated ferritic iron needle attached to a cylindrical neodymium magnet (denoted as
“horizontal-needle-magnet” configuration below) was put beneath the nanoslit to bring the MNPs
carrying the target cells to the surface to bind with the anti-CD44 immobilized on the gold nanoslits
(detail described below in Figure 5a). It should be emphasized that, using such configuration of the
magnet, not all the target cells resides inside the detection area depicted in Figure 1b. In the following
tests, the flow rate of sample introduction was 70 pL min™2.
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Figure 3. (@) The SPR response before (solid line) and after (dashed line) various number
of cells binding on the gold nanoslts in 1 mL of medium; (b) the SPR response before (solid
line) and after (dashed line) introducing CL1-5 cells captured on MNPs to the SPR chip
without any antibody immobilization (unbound cells). (c) The SPR resonance before (solid
line) and after (dashed line) applying DCM to a sample of non-target cells (HSC-3 cells).
The number of cells in all three tests was kept constant at about 1000 cells in 1 mL medium.
(d) The comparison of the SPR response of the two control tests and that of the target cells
(CL1-5). The error bar corresponds to the resolution of the spectrometer (0.4 nm). Each
data set is the average of two or three measurements.

The position of the SPR spectrum shifts due to the cell binding on the gold nanoslits. Figure 3 shows
cell binding detection using DCM. Figure 3a shows the spectral shift corresponding to a suspension of
1000 cells in 1 mL PBS buffer. A prominent SPR red shift (4.5 nm) was observed after introducing the
sample to the funnel chip. This prominent shift resulted from the specific binding of the cells to the



Biosensors 2015, 5 107

immobilized anti-CD44 antibody on the gold nanoslits. As a control to this test and to evaluate the SPR
ability to detect the cell binding, 1000 target cells in 1 mL buffer were introduced into the SPR chip
without immobilized antibody on the gold surface (control 1, Figure 3b). Introducing the MNPs-cell
suspension into the SPR chip led to a negligible red shift (0.7 0.4 nm) of the SPR resonance peak. This
result demonstrates that the unbound cells do not lead to shift of SPR resonance peak. The SPR shift
observed in Figure 3a is attributed to the cells bound by specific antibody-antigen binding. The SPR
detection field is a few hundred nanometers above the sensor surface [46]. The SPR penetration depth
at the wavelength of 850 nm is less than 400 nm [47]; therefore the observed shift in the SPR resonance
is attributed mainly to the cells that are bound to the gold surface. This observation suggests that the
unbound cells are further than 400 nm from the surface of gold nanoslits.

Further specificity evaluation was carried out by applying DCM to a sample of 1000 non-target cells
(HSC-3 cells) in 1 mL buffer (control 2, Figure 3c). HSC-3 cells are head and neck squamous cell
carcinoma and express CD44 [48,49]. No significant shift (0.4 £0.4 nm) in the SPR resonance
wavelength was observed after the sample introduction. The shift is below the resolution of our
spectrometer. The result of this test confirmed that non-target cells, which express CD44, are not
captured on the gold nanoslits. This test further confirms the specificity of our method, DCM.

The comparison of the SPR response of the two control tests and that of the target cells (CL1-5) is
shown in Figure 3d.

3.2.2. Capturing Cells in Blood

The previous results confirmed the specificity of transmission gold nanoslit SPR to detect bound cells
on the sensor’s surface. Following these observations, we further explored the sensitivity of nanoslit SPR
platform for detection of rare cells in a large amount of surrounding non-target cells. To evaluate the
specificity of our method, DCM was applied to detect the cells in the blood sample. Various numbers of
CL1-5 cells were added to the white blood cells (WBCs) after discarding the lysed red blood cells. The
sample were introduced to the funnel chip at the flow rate of 70 pLmin and the horizontal-needle-magnet
put beneath the nanoslit to bring the MNPs carrying the target cells to the surface to bind with the anti-CD44
immobilized on the gold nanoslits.

The result is shown in Figure 4a. At 40 min, a red shift of 0.6 0.4 nm for the blood sample without
spiked cells, a shift of 1.7 0.4 nm for the sample spiked with 100 cells and 5.4 £0.6 nm shift for the
sample with 1000 cells were observed. The corresponding temporal changes of the SPR response is shown
in Figure 4b. As it has been shown for the sample of blood only (black dots), at 30 min after introducing
the sample, the SPR spectrum was red shifted but the following post-wash step led to a backshift. The
backshift after the post-washing step indicates effective elimination of non-specific binding of the blood
cells from gold nanoslits. In comparison, the rapid red shift of the SPR spectrum (~5 nm in 20 min)
caused by 1000 cells spiked in 1 mL blood confirms the high sensitivity and specificity of our method
to detect the target cells in the blood sample.

This data helps in determining the optimal working point of our detection method in relation to the
read-out time, i.e., the time point in which the SPR response difference for different concentration of
target cells is maximized. A shorter read-out time is desirable for reducing the influence of non-specific
binding of blood cells on the surface. According to the data shown in Figure 4, we choose 20 min as the
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working point of detection. At 20 min, a red shift of 0.4 0.4 nm for the blood sample without spiked
cells and a shift of 1.7 0.4 nm for the sample spiked with 100 cells were observed. The shift of 1.7 nm
for a sample of 100 cells in 1 mL blood was found to be the detection limit of our method at 20 min
when using the horizontal-needle-magnet configuration.
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Figure 4. (a) DCM was applied to 1 mL of blood sample spiked with CL1-5 cells. The SPR
response at 40 min for the blood sample without the spiked cells and the blood sample spiked
with 100 and 1000 cells are shown. (b) The temporal SPR response that indicates the progression
of the cell capturing on the gold nanoslits. Sample was introduced to the chip within 30 min.
At 30 min, PBS buffer as the washing buffer was introduced. Each data set is the average of
two or three measurements. The error bars lengths have been set to either the measurement
standard deviation or the spectrometer resolution (#0.4 nm) whichever is larger.

Although the high specificity of SPR to detect target cells was shown in this section, the low purity
of captured cells, the non-specific attachment of blood cells and the low capturing efficiency on the
detection area are the main limitations of this design.

3.3. Improving the Sensitivity and Purity of Capturing

The result shown above confirmed the specificity of gold nanoslit transmission SPR in detecting
target cells on the surface. This observation shows the potential of nanoslit SPR platforms for detection
of rare cells among a large number of surrounding non-target cells. For all the tests shown above, the
funnel chip was integrated with the horizontal-needle-magnet and the sample was introduced to the
funnel chip at the flow rate of 70 il min2. In this section, we modified the configuration of the magnetic
field to improve the sensitivity and purity of capturing.

The detection area of the nanoslits, defined by the focal spot (300 pm by 300 pm, Figure 1b) of the
probe light, is relatively small. Improving the fluidic system to be able to deliver the MNPs-cells more
efficiently and precisely to the active detection area would greatly improve the sensitivity and the
detection limit of our system. One possible solution could be integrating a magnet with the funnel chip
to sharply focus the magnetic field on the nanoslit array, therefore efficiently capturing the MNP-cells
inside the detection area. Different arrangements of the magnets were investigated to obtain the most
advantageous configuration. The local magnetic field around the detection area was estimated through
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simulations based on the Finite Elements Method (FEM). The magnetic field intensity distribution along
the chip was compared for a Nickel-coated ferritic iron needle attached to a cylindrical neodymium magnet
(horizontal-needle-magnet), Stacked cylindrical neodymium magnets topped by a ferritic iron tip
(vertical-magnet), nanoslits sandwiched between stacked magnets and a third cylindrical magnet
(sandwich-magnet) and a sandwich configuration with additional ferritic iron tip for focusing the field
on the sensor active area (sandwich-magnet-with-a-tip).

The results of simulation summarized in Figure 5d confirm that the horizontal-needle-magnet
configuration (dotted line) introduces a very weak and broad magnetic field to the detection area.
The configuration results in low purity and low cell capturing efficiency. On the other hand, the
sandwich-magnet configuration yields the strongest magnetic field at the sensor (showed with dashed
line); while the addition of a ferritic iron tip (sandwich-magnet-with-a-tip) allows a better focus of the
field on the detection area (solid line).

(b) — top magnet
Nerdie Needle tip — |
Stacked

Cylindrical
magnet

- = -sandwich-magnet
sandwich-magnet-with-a-tip
—-=—-vertical-magnet

200 2 - - - - horizontal-needle-magnet

250

150

100

Magneti Field Intensity [mT]

50 4

Position [mm]

Figure 5. (a) Integration of magnet with funnel chip with a cylindrical neodymium magnet
attached to a needle placed horizontally beneath the funnel chip (horizontal-needle-magnet).
(b) Integration of funnel chip with stacked cylindrical magnet with different arrangements
of a needle tip and another magnet on the top. The local magnetic field for a number of
configurations was simulated with a Finite Element Package (COMSOL® 3.5). (c) Geometric
model of the Nickel-coated needle and Neodymium magnets. The 2D magnetic field
intensity distribution in the plane of the nanoslit is shown. (d) Magnetic field distribution for
the needle and magnet configuration in the various configurations of horizontal-needle-magnet
(dotted line), vertical-magnet (dashed-dotted line), sandwich-magnet (dashed line) and
sandwich-magnet-with-a-tip (solid line) are shown.
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The sandwich-magnet-with-a-tip configuration, which yields a relatively strong magnetic field and
good focus, was used when the sample was introducing to the funnel chip at the flow rate of 300 pL min™".
Then the top magnet was removed to allow the cells to bind with the antibody on the gold nanoslits for
30 min. The efficiency of cell capturing inside the detection area from a suspension of 100 cells in
1 mL medium was studied. Our experimental results showed that this arrangement can efficiently capture
the low-abundant cells under the fast flow rate of 300 pL min~'. The microscopy image of the nanoslit
surface with the captured cells is shown in Figure 6. A large number of MNPs-cells are captured on the
detection area. With the new magnet configuration, the capturing efficiency is not reduced by the
increased fluid velocity. Since higher flow rates cause a drastic decrease in the capture of non-target
cells, the new magnet arrangement greatly increased the purity through a fast flow rate, even in the
presence of large number of non-target cells.

Figure 6. A suspension of 100 cells in 1 mL culture medium was introduced to the funnel chip
integrated with the sandwich-magnet-with-a-tip configuration and flow rate of 300 i min™?.
Approximately 40% of the cancer cells were captured on the detection area.

Care must be taken in aligning the tip and gold nanoslit (detection area) that the majority of cells can
be captured and detected on the detection area. As can be seen in Figure 6, significant amount of cells
resides on on-detection region. This relatively poor result was obtained by manually aligning the magnet
and the detection region (i.e., the nanoslit). The capturing efficiency can be greatly increased if the
alignment is to be done by a robot.

Figure 7a shows the microscopy images of the gold nanoslit surface after cell capturing when a
suspension of 100 cells in 1 mL medium was introduced to the funnel chip. The flow rate of sample
introduction was increased to 300 L min~!. Figure 7b demonstrates the SPR wavelength shift after cell
capturing. The observed shift (2.0 nm) is actually caused by less than five cells captured on the nanoslits.
This result confirms high sensitivity of gold nanoslit SPR to detect rare cells even when a small fraction
of cells (in this case 5 out of 100) are on the detection area.
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Figure 7. A suspension of 100 cells in 1 mL medium was introduced to the funnel chip
integrated with the dual cylindrical magnets with a needle and flow rate of 300 i min~".
(a) Microscopy images of the gold nanoslit surface after cell capturing on the detection area
and (b) SPR response before and after capturing cell.

The results presented here indicates if the focusing configuration can be improved to give higher field
intensity with a sharp field profile to confine the captured cells on the detection area, one could improve
the sensitivity as well as maintaining the high purity of capturing. Using more focused magnetic field puts
a more stringent requirement on the alignment between the tip and gold nanoslit. Such alignment can be
easily achieved using motorized translational stages. Assuming the capturing efficiency of 40% using
the sandwich-magnet-with-a-tip, 13 cells (5/40% = 12.5) in 1mL of blood can be detected.

4. Conclusions

The results presented here highlight several advantages of DCM combined with the funnel chip
integrated with magnet and detection by SPR over some of the available technologies for rare cells
detection. The double capturing results in a highly specific isolation of the target cells and minimizes
the non-specific binding of non-target cells. A novel microfluidic chip to process large volume of sample
was designed and fabricated. A neodymium magnet was integrated with the funnel chip to improve the
purity as well as capturing efficiency of cell capturing on the nanoslits. It is expected to achieve detection
limit of 13 cells/mL using the sandwich-magnet-with-a-tip configuration. Finally, the use of SPR for
detection allows for real time monitoring of the capturing process and for the discrimination between
bound and unbound cells on the substrate. This property is superior to optical microscopy.

Acknowledgments

This work is financially supported by Ministry of Science and Technology Taiwan (contract no.
MOST 103-2113-M-001-003-MY2) and Research Program on Nanoscience and Nanotechnology,
Academia Sinica Taiwan.



Biosensors 2015, 5 112

Author Contributions

The experiment, data analyzing, microfluidic chip design and fabrication were conducted by
Mansoureh Z. Mousavi, Huai-Yi Chen and Cho-Yuan-Yuan Chang. Flow cytometry test was carried out
by Hsien-san Hou. Gold nanoslit chip fabrication was done by Pei-Kuen Wei’s research group. Steve
Roffler contributed with the antibody preparation. Mansoureh Z. Mousavi and Ji-Yen Cheng contributed to
the writing of the paper.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Hyun, K.A.; Jung, H.l. Microfluidic Devices for the Isolation of Circulating Rare Cells: A Focus
on Affinity-Based, Dielectrophoresis, and Hydrophoresis. Electrophoresis 2013, 34, 1028-1041.

2. Chaffer, C.L.; Weinberg, R.A. A Perspective on Cancer Cell Metastasis. Science 2011, 331, 1559-1564.

3. Bidard, F.C.; Fehm, T.; Ignatiadis, M.; Smerage, J.B.; Alix-Panabiées, C.; Janni, W.; Messina, C.;
Paoletti, C.; Mdler, V.; Hayes, D.F.; et al. Clinical application of circulating tumor cells in breast
cancer: overview of the current interventional trials. Cancer Metastasis Rev. 2013, 32, 179-188.

4. Maheswaran, S.; Haber, D.A. Circulating tumor cells: A window into cancer biology and
metastasis. Curr. Opin. Genet. Dev. 2010, 20, 96-99.

5. Talasaz, A.-H.; Powell, A.A.; Huber, D.E.; Berbee, J.G.; Roh, K.-H.; Yud, W.; Xiao, W.Z.; Davis, M.M.;
Pease, R.F.; Mindrinos, M.N.; et al. Isolating highly enriched populations of circulating epithelial
cells and other rare cells from blood using a magnetic sweeper device. Proc. Natl. Acad. Sci. USA 2009,
106, 3970-3975.

6. Adams, A.A.; Okagbare, P.1.; Feng, J.; Hupert, M.L.; Patterson, D.; G@tert, J.; McCarley, R.L.;
Nikitopoulos, D.; Murphy, M.C.; Soper, S.A. Highly efficient circulating tumor cell isolation
from whole blood and label-free enumeration using polymer-based microfluidics with an
integrated conductivity sensor. J. Am. Chem. Soc. 2008, 130, 8633-8641.

7. Stott, S.L.; Hsu, C.-H.; Tsukrov, D.I.; Yu, M.; Miyamoto, D.T.; Waltman, B.A.; Rothenberg, S.M.;
Shah, A.M.; Smas, M.E.; Korir, G.K.; et al. Isolation of circulating tumor cells using a microvortex-
generating herringbone-chip. Proc. Natl. Acad. Sci. USA 2010, 107, 18392-18397.

8. Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W.; Irimia, D.; Ulkus, L.; Smith, M.R.; Kwak, E.L.;
Digumarthy, S.; Muzikansky, A.; et al. Isolation of rare circulating tumour cells in cancer patients
by microchip technology. Nature 2007, 450, 1235.

9. Zheng, S.; Lin, H.; Liu, J.-Q.; Balic, M.; Datar, R.; Cote, R.J.; Tai, Y.-C. Membrane microfilter
device for selective capture, electrolysis and genomic analysis of human circulating tumor cells.
J. Chromatogr. A 2007, 1162, 154-161.

10. Hou, H.W.; Warkiani, M.E.; Khoo, B.L.; Li, Z.R.; Soo, R.A.; Tan, D.S.-W.; Lim, W.-T.; Han, J,;
Bhagat, A.A.S.; Lim, C.K. Isolation and retrieval of circulating tumor cells using centrifugal forces.
Sci. Rep. 2013, 3.



Biosensors 2015, 5 113

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Hou, HW.; Li, Q.S.; Lee, G.Y.H.; Kumar, A.P.; Ong, C.N.; Lim, C.T. Deformability study of breast
cancer cells using microfluidics. Biomed. Microdevices 2009, 11, 557-564.

Tan, S.J.; Yobas, L.; Lee, G.Y.H.; Ong, C.N.; Lim, C.T. Microdevice for the isolation and
enumeration of cancer cells from blood. Biomed. Microdevices 2009, 11, 883-892.

Mohamed, H.; Murray, M.; Turner, J.N.; Caggana, M. Isolation of tumor cells using size and
deformation. J. Chromatogr. A 2009, 1216, 8289-8295.

Dharmasiri, U.; Balamurugan, S.; Adams, A.A.; Okagbare, P.1.; Obubuafo, A.; Soper, S.A. Highly
efficient capture and enumeration of low abundance prostate cancer cells using prostate-specific
membrane antigen aptamers immobilized to a polymeric microfluidic device. Electrophoresis 2009,
30, 3289-3300.

Yashunsky, V.; Lirtsman, V.; Golosovsky, M.; Davidov, D.; Aroeti, B. Real-Time Monitoring of
Epithelial Cell-Cell and Cell-Substrate Interactions by Infrared Surface Plasmon Spectroscopy.
Biophys. J. 2010, 99, 4028-4036.

Yashunsky, V.; Lirtsman, V.; Zilbershtein, A.; Bein, A.; Schwartz, B.; Aroeti, B.; Golosovsky, M.;
Davidov, D. Surface plasmon-based infrared spectroscopy for cell biosensing. J. Biomed. Opt.
2012, 17, d0i:10.1117/1.JBO.17.8.081409.

Rice, J.M.; Stern, L.J.; Guignon, E.F.; Lawrence, D.A.; Lynes, M.A. Antigen-specific T cell
phenotyping microarrays using grating coupled surface plasmon resonance imaging and surface
plasmon coupled emission. Biosens. Bioelectron. 2012, 31, 264-2609.

Hiragun, T.; Yanase, Y.; Kose, K.; Kawaguchi, T.; Uchida, K.; Tanaka, S.; Hide, M. Surface
plasmon resonance-biosensor detects the diversity of responses against epidermal growth factor in
various carcinoma cell lines. Biosens. Bioelectron. 2012, 32, 202-207.

Wu, S.-H.; Hsieh, S.-Y.; Lee, K.-L.; Weng, R.-H.; Chiou, A.; Wei, P.-K. Cell viability monitoring
using Fano resonance in gold nanoslit array. Appl. Phys. Lett. 2013, 103, doi:10.1063/1.4822303.
Wang, S.; Liu, K; Liu, J.; Yu, Z.T.-F.; Xu, X.; Zhao, L.; Lee, T.; Lee, E.K.; Reiss, J.; Lee, Y.-K;
et al. Highly efficient capture of circulating tumor cells by using nanostructured silicon substrates
with integrated chaotic micromixers. Angew. Chem. Int. Ed. 2011, 50, 3084—-3088.

Lee, K.-L.; Lee, C.-W.; Wang, W.-S.; Wei, P.-K. Sensitive biosensor array using surface plasmon
resonance on metallic nanoslits. J. Biomed. Opt. 2007, 12, PMID:17867827.

Lee, K.L.; Wang, W.S.; Wei, P.K. Sensitive label-free biosensors by using gap plasmons in gold
nanoslits. Biosens. Bioelectron. 2008, 24, 210-215.

Lee, K.L.; Wang, W.S.; Wei, P.K. Comparisons of Surface Plasmon Sensitivities in Periodic Gold
Nanostructures. Plasmonics 2008, 3, 119-125.

Lee, K.-L.; Chen, P.-W.; Wu, S.-H.; Huang, J.-B.; Yang, S.-Y.; Wei, P.-K. Enhancing Surface
Plasmon Detection Using Template-Stripped Gold Nanoslit Arrays on Plastic Films. ACS Nano
2012, 6, 2931-29309.

Brolo, A.G.; Gordon, R.; Leathem, B.; Kavanagh, K.L. Surface plasmon sensor based on the
enhanced light transmission through arrays of nanoholes in gold films. Langmuir 2004, 20,
4813-4815.

Tetz, K.A.; Pang, L.; Fainman, Y. High-resolution surface plasmon resonance sensor based on
linewidth-optimized nanohole array transmittance. Opt. Lett. 2006, 31, 1528-1530.


http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Victor+Yashunsky
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Vladislav+Lirtsman
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Alexander+Zilbershtein
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Amir+Bein
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Betty+Schwartz
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Benjamin+Aroeti
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Michael+Golosovsky
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Dan+Davidov
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.JBO.17.8.081409&Name=Dan+Davidov
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.2772296&Name=Kuang-Li+Lee
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.2772296&Name=Kuang-Li+Lee
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.2772296&Name=Way-Seen+Wang
http://profiles.spiedigitallibrary.org/summary.aspx?DOI=10.1117%2f1.2772296&Name=Pei-Kuen+Wei

Biosensors 2015, 5 114

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lesuffleur, A.; Im, H.; Lindquist, N.C.; Oh, S.-H. Periodic nanohole arrays with shape-enhanced
plasmon resonance as real-time biosensors. Appl. Phys. Lett. 2007, 90, doi:10.1063/1.2747668.

De Leebeeck, A.; Kumar, L.K.S.; de Lange, V.; Sinton, D.; Gordon, R.; Brolo, A.G. On-chip
surface-based detection with nanohole arrays. Anal. Chem. 2007, 79, 4094-4100.

Pang, L.; Hwang, G.M.; Slutsky, B.; Fainman, Y. Spectral sensitivity of two-dimensional nanohole
array surface plasmon polariton resonance sensor. Appl. Phys. Lett. 2007, 91, d0i:10.1063/1.2789181.
Ebbesen, T.W.; Lezec, H.J.; Ghaemi, H.F.; Thio, T.; Wolff, P.A. Extraordinary optical transmission
through sub-wavelength hole arrays. Nature 1998, 391, 667—669.

Kim, S.; Lee, J.; Lee, S.J.; Lee, H.J. Ultra-sensitive detection of IgE using biofunctionalized
nanoparticle-enhanced SPR. Talanta 2010, 81, 1755-1759.

Teramura, Y.; Arima, Y.; lwata, H. Surface plasmon resonance-based highly sensitive
immunosensing for brain natriuretic peptide using nanobeads for signal amplification. Anal.
Biochem. 2006, 357, 208-215.

Mousavi, M.Z.; Chen, H.-Y.; Wu, S.-H.; Peng, S.-W.; Lee, K.-L.; Wei, P.-K.; Cheng, J.-Y.
Magnetic nanoparticle-enhanced SPR on gold nanoslits for ultra-sensitive, label-free detection of
nucleic acid biomarkers. Analyst 2013, 138, 2740-2748.

Kiewlich, D.; Zhang, J.; Gross, C.; Xia, W.; Larsen, B.; Cobb, R.R.; Biroc, S.; Gu, J.-M.; Sato, T.;
Light, D.R.; et al. Anti-EphA2 antibodies decrease EphA2 protein levels in murine CT26 colorectal
and human MDA-231 breast tumors but do not inhibit tumor growth. Neoplasia 2006, 8, 18-30.
Cheng, J.-Y.; Wei, C.-W.; Hsu, K.-H.; Young, T.-H. Direct-write laser micromachining and
universal surface modification of PMMA for device development. Sens. Actuators B Chem. 2004,
99, 186-196.

Cheng, J.-Y.; Yen, M.-H.; Kuo, C.-T.; Young, T.-H. A transparent cell-culture microchamber with
a variably controlled concentration gradient generator and flow field rectifier. Biomicrofluidics
2008, 2, doi:10.1063/1.2952290.

Chu, Y.-W.; Yang, P.-C.; Yang, S.-C.; Shyu, Y.-C.; Hendrix, M.J.C.; Wu, R.; Wu, C.-W. Selection
of invasive and metastatic subpopulations from a human lung adenocarcinoma cell line. Am. J.
Respir. Cell Mol. Biol. 1997, 17, 353-360.

Shih, J.-Y.; Yang, S.-C.; Hong, T.-M.; Yuan, A.; Chen, J.JW.; Yu, C.-J.; Chang, Y.-L.; Lee, Y.-C.;
Peck, K.; Wu, C.-W.; et al. Collapsin response mediator protein-1 and the invasion and metastasis
of cancer cells. J. Natl. Cancer Inst. 2001, 93, 1392-1400.

Tsai, H.-F.; Huang, C.-W.; Chang, H.-F.; Chen, J.J.W.; Lee, C.-H.; Cheng, J.Y. Evaluation of EGFR
and RTK signaling in the electrotaxis of lung adenocarcinoma cells under direct-current electric field
stimulation. PLoS ONE 2013, 8, doi:10.1371/journal.pone.0073418.

Huang, C.-W.; Chen, H.-Y.; Yen, M.-H.; Chen, J.J.W.; Young, T.-H.; Cheng, J.-Y. Gene expression
of human lung cancer cell line CL1-5 in response to a direct current electric field. PLoS ONE 2011,
6, doi:10.1371/journal.pone.0025928.

Brannan, J.M.; Sen, B.; Saigal, B.; Prudkin, L.; Behrens, C.; Solis, L.; Dong, W.; Bekele, B.N.;
Wistuba, I.; Johnson, F.M. EphAZ2 in the Early pathogenesis and progression of non-small cell lung
cancer. Cancer Prev. Res. 2009, 2, 1039-1049.



Biosensors 2015, 5 115

42.

43.

44,

45.

46.

47.

48.

Ishikawa, M.; Miyahara, R.; Sonobe, M.; Horiuchi, M.; Mennju, T.; Nakayama, E.; Kobayashi, M.;
Kikuchi, R.; Kitamura, J.; Imamura, N.; et al. Higher expression of EphA2 and ephrin-Al is related
to favorable clinicopathological features in pathological stage | non-small cell lung carcinoma. Lung
Cancer 2012, 76, 431-438.

Johnson, P.; Maiti, A.; Brown, K.L.; Li, R. A role for the cell adhesion molecule CD44 and sulfation in
leukocyte-endothelial cell adhesion during an inflammatory response? Biochem. Pharmacol. 2000,
59, 455-465.

Graham, V.A.; Marzo, A.L.; Tough, D.F. A role for CD44 in T cell development and function
during direct competition between CD44(+) and CD44(-) cells. Eur. J. Immunol. 2007, 37,
925-934.

Chan, G.; Nogalski, M.T.; Yurochko, A.D. Activation of EGFR on monocytes is required for human
cytomegalovirus entry and mediates cellular motility. Proc. Natl. Acad. Sci. USA 2009, 106,
22369-22374.

Wu, S.-H.; Lee, K.-L.; Weng, R.-H.; Zheng, Z.-X.; Chiou, A.; Wei, P.-K. Dynamic monitoring of
mechano-sensing of cells by gold nanoslit surface plasmon resonance sensor. PLoS ONE 2014,
9, 89522.

Homola, J. Present and future of surface plasmon resonance biosensors. Anal. Bioanal. Chem. 2003,
377,528-539.

Wang, S.J.; Wong, G.; de Heer, A.-M.; Xia, W.L.; Bourguignon, L.Y.W. CD44 Variant Isoforms
in Head and Neck Squamous Cell Carcinoma Progression. Laryngoscope 2009, 119, 1518-1530.

49. Bourguignon, L.Y.W.; Gilad, E.; Brightman, A.; Diedrich, F.; Singleton, P. Hyaluronan-CD44
interaction with leukemia-associated RhoGEF and epidermal growth factor receptor promotes
Rho/Ras co-activation, phospholipase C epsilon-Ca?* signaling, and cytoskeleton modification in
head and neck squamous cell carcinoma cells. J. Biol. Chem. 2006, 281, 14026-14040.

Appendix

21.0¢
‘»

c
209
£=
°
.g 0.8
©

€07

o
2

780 800 820 840 860
Wavelength (nm)

Figure Al. SPR response before (solid line) and after (dashed line) immobilizing the
antibody CD44 on the gold nansilt. The shift in Wavelength of SPR resonance indicates the
antibody coating on the gold surface.



Biosensors 2015, 5 116

(a)

~~— | Spectrometer

outl t ' ,\

Double-sided I - _—Top layer (PMMA 1 mm)
tape

O R - Mid layer (PMMA 0.2 mm)
Optically clear —
e / Y — Bottom layer (glass slide)
I \

— Gold nanoslit film

Hybridization region f' ‘\ |
ens

(sample volume : 7 pl) PR

:  light beam
(b) 1 ]
outlet inlet 1
::3 gold 25 mm

nanoslits

«—75mm —

Figure A2. The layered structure and top view of the MVC chip.
CL1-5 cell

dot line: 2nd only group
Black solid line : 3F7 0.0625u9/mL

100

| &
80 it

60} i

!
o

40}

201

%Max ( Cell number)

100 100 10° 10° 10

Fluorescence intensity

Figure A3. The binding potency analysis of anti-EphA2 Mabs on CL1-5 cell by flow
cytometry. Mouse anti human EphA2 antibodies (3F7) was used to detect EphA2 on CL1-5
cells. The cells were harvested from the tissue-cultured flask with versene (EDTA-PBS) and
washed with ice cold 1% FBS/PBS. The cells were incubated with antibody (0.0625 mg/
3 x10° cells) for 30 min on ice and washed with 1% FBS/PB. The cells were incubated with
FITC-conjugated donkey anti-mouse 1gG antibody (0.2 mg/3 x10° cells) for another 30 min
on ice and washed with 1% FBS/PBS. The fluorescence intensity was determined by BD
FACSCalibur (BD Biosciences). Data were analyzed by software FlowJo 7.51. The result of
the flow cytometry analysis shows antibody3F7 has the high affinity to bind with EphA2 on
CL1-5 cells.
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Identification of Captured Cells

It is important to verify that the cells captured by DCM are the target cells. To identify the captured
cells on the nanoslits, the cancer cells were labeled by a fluorescence dye before being spiked into the
blood sample. After the red blood cell lysis step, DCM was applied. The image of the captured cells on
the gold nanoslits is shown in Figure A4. Bright field images of the captured cells (20> magnifications)
are shown in Figure Ada. A fluorescence image of the captured cells is shown in Figure A4b.

Bright field Fluorescence «

Figure A4. Identification of captured cells (a), the bright field images of the captured
cells (20x magnifications). (b), the fluorescence image of the captured target cells
(20> magnifications, exposure time 20 s).
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