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We report the fabrication of polyaniline nanofiber (PANI)-modified screen-printed electrode (PANI/SPE) in-
corporated in a poly-dimethylsiloxane (PDMS) microfluidic channel for the detection of circulating tumor cells.
We employed this device to detect melanoma skin cancer cells through specific immunogenic binding of cell
surface biomarker melanocortin 1 receptor (MCIR) to anti-MCIR antibody. The antibody-functionalized PANI/
SPE was used in batch-continuous flow-through fashion. An aqueous cell suspension of ferri/ferrocyanide at a

flow rate of 1.5mL/min was passed over the immunosensor, which allowed for continuous electrochemical
measurements. The sensor performed exceptionally well affording an ultralow limit of quantification of 1
melanoma cell/mL, both in buffer and when mixed with peripheral blood mononuclear cells, and the response
was log-linear over the range of 10-9000 melanoma cells/10 mL.

1. Introduction

Advances in methods to identify and enumerate circulating tumor
cells (CTC) and isolate and characterize tumor-derived vesicles and
macromolecules in the peripheral blood of cancer patients have made
‘liquid biopsy’ a promising tool in the management of cancers including
melanoma (De Souza et al., 2017; Huang and Hoon, 2016; Klinac et al.,
2014; Scatena, 2015). The presence and abundance of tumor markers in
the blood has been correlated with advanced cancer stage (Carrillo
et al., 2006; De Giorgi et al., 2010; Freeman et al., 2012; Koyanagi
et al., 2005; Mellado et al., 1996), decreased disease-free survival
(Hoshimoto et al., 2012; Mellado et al., 2002, 1999) and decreased
overall survival (Khoja et al., 2015, 2013; Rao et al., 2011a). The
presence of CTC in the peripheral blood is now a well-accepted surro-
gate marker of metastatic cancer (Balch et al., 2009). Only a small
number of CTC are found in the blood and thus pose a challenge for
their detection and isolation (Pantel et al., 2008).

The CellSearch system is the first and only FDA-approved method
currently in use for CTC detection (CELLSEARCH®CTC). This method
involves immunomagnetic enrichment based on selecting cells expres-
sing epithelial cell markers, epithelial cell adhesion molecule (EpCAM),
mesenchymal stem cell protein (MSCP), melanoma cell adhesion
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molecule (MCAM) followed by staining for CTC markers cytokeratin,
MSCP and nuclear dye for visualization by fluorescent microscopy
epithelial origin (Khoja et al., 2015; Rao et al., 2011b; Wang et al.,
2016). The system has a sensitivity of 1 CTC/7.5mL of blood. This
method excludes CD45 * cells, which are of dendritic/macrophage
lineage and also represent melanoma-macrophage hybrids reported to
exist in the peripheral blood (Clawson et al., 2012). The lack of se-
lectivity and time-consuming experimental protocols are some of the
major drawbacks of CellSearch (Andree et al., 2016).

Isolation of melanoma CTC is technically challenging. Aya-Bonilla
et al. isolated melanoma CTC using a slanted spiral microfluidic device
and reported good recovery rates of spiked melanoma cells from white
blood cells (Aya-Bonilla et al., 2017). Luo et al. described a microfluidic
method to isolate CTC from BRAF/Pten”’/~ mouse melanoma model.
RNA-Seq of the isolated CTC showed a signature for melanoma inva-
siveness (Aya-Bonilla et al., 2017). However, the relatively low purity
of human CTC captured using this assay precluded the molecular ana-
lysis performed in the mouse model.

We have developed and optimized an immuno-electrochemical
method to detect melanoma cells targeting melanocortin 1 receptor
(MC1R), a melanocyte and melanoma-specific cell surface protein
(Seenivasan et al., 2015b). Using this marker, we have achieved a
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detection sensitivity of 5 spiked melanoma cells per 5mL (Prathap
et al., 2018). This method has several advantages including the capacity
to be multiplexed for detection of multiple cell surface markers and
adaptability to be integrated into a microfluidic platform for selective
isolation of CTC for investigation of heterogeneity, phenotypic and
molecular characterization.

Integration of microfluidics with analytical detection methods is
anticipated to enhance analytical performance, reduce the amount of
test sample needed, lower the detection time, offer device portability
and automation (Seenivasan et al., 2018, 2017). Many analytical pro-
cedures integrated with microfluidics for the detection and quantifi-
cation of various targets have been reported (Kashefi-Kheyrabadi et al.,
2018; Mitxelena-Iribarren et al., 2019; Xu et al., 2018). Miniaturized
microfluidic biosensors have progressed to provide portable point-of-
care diagnostics by integrating lab-on-a-chip technology and electro-
chemical analysis (Seenivasan et al., 2018, 2017). Electrochemical
strategies have thoroughly been taken into consideration due to their
very easy miniaturization of detection elements, assimilation ability
and expense efficiency (Lu et al., 2016; Prathap and Gunasekaran,
2018; Seenivasan et al., 2015a; Yang et al., 2016a).

Herein, we report integrating a microfluidic system with an elec-
trochemical immunosensor to detect circulating melanoma cells.
Antibodies (Ab) that specifically bind to the cell surface antigen MC1R
were covalently attached to polyaniline nanofibers (PANI)-modified
working electrode surface on a screen-printed electrode (SPE). The re-
sults show that our sensor (MC1R-Ab-PANI/SPE) is capable of selec-
tively detecting circulating melanoma cells with an ultralow limit of
quantification (LOQ), the lowest analyte concentration necessary to
produce a characteristic signal at least 10-folds higher than the back-
ground noise, of 10 cells/10 mL, and the sensor response was log-linear
over a range of 10-9000 cells/10 mL. The sensor performed equally
well with melanoma cells in buffer and in the presence of peripheral
blood mononuclear cells (PBMC).

2. Experimental section
2.1. Synthesis of PANI nanofibers

PANI nanofibers were synthesized via interfacial polymerization
(Huang and Kaner, 2004). In a typical procedure, aniline (50 pL) is
dissolved in 5mL of chloroform (CHCl5) solvent as the organic phase,
and 50 mmol ammonium persulphate dissolved in 2.5 mL hydrochloric
acid (1 molL™1) as the aqueous phase. These two solutions are trans-
ferred to a glass vial, creating an interface between the organic and
aqueous phases, and kept at room temperature (20 °C) to induce com-
plete polymerization to occur over 20 h. Then the sample is washed
repeatedly with distilled water and ethanol. When the final sample is
dried at 80 °C in an oven, PANI is obtained as a dark green product.

2.2. Electrode fabrication

The working electrode surface of a three-electrode SPE (3-mm dia-
meter carbon working electrode, carbon counter electrode, and silver/
silver chloride reference electrode) was modified by drop-casting 2 uL
of a catalyst ink and air drying. The catalyst ink was prepared by mixing
5.0mg of prepared PANI with 100 pL Nafion (5.0 wt%) and 0.9 mL
water, then sonicating the mixture for 1h to obtain a well-dispersed
suspension. For anti-MC1R Ab functionalization, the PANI/SPE was
activated with 0.5M carbonyldiimidazole (CDI) for 3hat room tem-
perature, which helps to increase Ab loading (Seenivasan et al., 2015;
Sakamoto et al., 2017). Then, 1 uL (200 ng) aliquot of Ab (200 ug/mL)
was placed over the SPE and incubated overnight at 4°C. To block
nonspecific binding sites, the electrode was incubated with a solution of
bovine serum albumin (BSA, 0.5%) for 15 min and washed three times
with phosphate buffered saline (PBS, pH = 7.2) (Johansen et al., 1983).
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2.3. Microfluidic device fabrication

Microfluidic device molds were fabricated via soft lithography. The
masks were designed using Adobe Illustrator and printed on a trans-
parency using a high-resolution printing service (Fineline Imaging, CO).
The layers were spun with SU-8100 (Y13273 1000L 1GL, MICRO
CHEM, Newton, MA) on a silicon wafer (CC-1385, WRS, San Jose, CA).
After the photoresist was soft baked on a hot plate, a ultraviolet (UV)
light source was used to transfer the device pattern from the printed
mask to the photoresist. A post-exposure hard-baking step was exe-
cuted. This process was repeated for additional layers for the top and
bottom parts of the device. Upon completing all the layers, the molds
were developed for 45min in SU-8 developer solution (PGMEA,
537543, Sigma, St. Louis, MO), washed with iso-propyl alcohol and
deionized (DI) water after development. Poly-dimethylsiloxane (PDMS)
(Sylgard 184 silicon elastomer base, 3097366-1004, Dow Corning,
Salzburg, MI) was prepared at a ratio of 1:10 curing agent (Sylgar 184
silicone elastomer curing agent, 3097358-1004, Dow Corning,
Salzburg, MI) and degassed in a vacuum for 30 min. A thick layer of
PDMS (about 8 mm) was poured over the SU-8 silicon mold on a hot
plate and baked at 80 °C for 4 h.

The top and bottom PDMS parts were carefully removed from the
molds and placed in a 70% ethanol bath for 30 min. The bottom layer
contained a cut-off that measures 15-mm x 12.7-mm x 0.55-mm
(LxWxH) to perfectly fit the SPE and prevent leakage. The height of the
cut-off is important because it sets the top of the SPE flat with the rest of
the layer to minimize flow disruption on the 21.5-mm x 6.75-mm x
0.75-mm (LxWxH) channel in the top layer. The channel was designed
to align with the detection region on the SPE. Inlet and outlet ports
were created at the channel ends using a 4-mm biopsy punch (Fig. 1).
Next, to permanently bond the two PDMS layers together and prevent
leakage, the layers were oxygen-plasma cleaned (PE-50, Plasma Etch,
Carson City, NV). To permanently combine the two PDMS layers, the
parts were cleaned with oxygen plasma for 30 s and held together under
a 4-kg mass for 24 h with the bottom layer cut-off facing up and the top
layer channel opening facing down. Finally, the device was sterilized in
a UV light chamber for 20 min.

A port was located on the side of the device to insert the functio-
nalized SPE such that the sample flow occurred over it (Fig. 1a). To
prevent fluid leakage, vacuum grease was carefully applied between the
chip and the PDMS layer. Electrochemical experiments were performed
using CHI-660D electrochemical workstation (CHI Instruments Inc.,
USA). A peristaltic pump was used to flow a 10 mL cell suspension
through the device channel into the inlet port of the device (Fig. 1b)
and was recirculated through the cell suspension container. The as-
sembled microfluidic setup is shown in Fig. 1c (see Fig. S1 in SI for a
photograph of the entire experimental set up).

2.4. Cell lines and cell culture

Human melanoma (SK-MEL-2) and non-melanoma (human em-
bryonic kidney HEK-293) cell lines (American Type Culture Collection,
Manassas, VA) were used. The cells were cultured in DMEM, 10% FBS,
1% penicillin-streptomycin antibiotics in a humid incubator at 37 °C
with 5% CO, and regularly tested for mycoplasma. Cells were dislodged
from the culture dish using 0.25% Trypsin—-EDTA (Life Technologies,
Grand Island, NY). The number of total and viable cells were de-
termined by using a Countess™ II Automated Cell Counter. The cell
suspension was centrifuged at 1000 rpm for 4 min at room temperature
and the cell pellet (2.5 x 10° cells/mL) was suspended in sterile PBS
(pH = 7.2) for further analysis. PBMCs from healthy volunteers were
obtained, suspended in PBS, centrifuged at 1000 rpm for 4 min, and
gently washed twice with PBS. PBMCs were counted and suspended at
either 2.5 X 10° cells/mL or 1 x 10° cells/mL.



M.U. Anu Prathap, et al.

Biosensors and Bioelectronics 142 (2019) 111522

Bottom layer

\/(SPE port)

b Connect peristaltic pump
to the device

C;
@'c@r Cells
09

% PANI nanofibers angg {iN) ) o
C/

y Bovine serum albumin (BSA)

Y Anti-MC1R antibody (MC1R-ab)

Bond top and bottom PDMS Insert SPE and connect nput U
device layers electrodes
[L——T]
— = -
L
A ( a ) Detection region

vy

Flow cell suspension

Apply E and measure |

Fig. 1. (a) Microfluidic device components and assembly sequence. (b) Scheme for MC1R-Ab-PANI/SPE electrochemical immunoassay for melanoma cell detection.

(c) The assembled microfluidic device.

3. Results and discussion
3.1. Characterization of polyaniline nanofibers

The PANI nanofibers were prepared by interfacial polymerization as
previously described (Prathap et al., 2018). The X-ray diffraction (XRD)
technique was used to determine the sample purity (Fig. S2a in SI). In
the XRD, the appearance of the peak located at 26 = 6.4° is an in-
dication of a greater organization of the polymer chains (Dhand et al.,
2010; Yang et al., 2016b). The XRD peaks at 19.2° and 25.5° represent
periodicities parallel (100) and perpendicular (110) planes of emer-
aldine salt (Jin et al., 2010). Field emission scanning electron micro-
scopy (FESEM) and high-resolution transmission electron microscope
(HRTEM) micrographs (Fig. S2b in SI) show continuous interconnected
nanofibers of diameter ~95nm (Prathap et al., 2018). XPS was per-
formed to further probe the molecular framework. The signals from
wide-scan XPS spectra of PANI (Fig. S2¢ in SI) at 284.9, 399.5 and
531.1 eV could be credited to Cls, N1s and Ols, respectively (Prathap
et al.,, 2018). A monolayer-multilayer adsorption hysteresis loop we
obtained (Fig. S2d in SI) suggests Type IV isotherm and mesoporosity.
The calculated specific surface area and average pore diameter de-
termined by Brunauer-Emmett-Teller (BET) analysis are 160m?g~!
and 7.25nm, respectively; and the calculated total pore volume is
0.22cm® g~ ! (Prathap et al., 2018).

Electrochemical impedance spectroscopy (EIS) allows character-
ization of electrodes for their interfacial electrical properties, i.e.,
charge transfer resistance (Rcr) and double layer capacitance (Cqp).
Hence, we subjected MC1R-Ab-PANI/SPE to EIS measurements (Fig. S3
in SI). The Ry value is a function of insulating effect at the electrode/
electrolyte interface. When the bare SPE was coated with PANI, its Rer
decreased substantially from 18.75 k<2 to 273 Q owing to the ability of
PANI to enhance the electron transfer (Table S1). Subsequently, when
the PANI/SPE was activated with the 0.5 M carbonyldiimidazole (CDI)
for 3h, the Rcr value increased to 870.1 Q2 (Table S1), suggesting that
CDI impedes charge transfer to some extent.

We also used EIS to test the specificity of immunobinding of the
prepared electrode using SK-MEL-2 and HEK-293 cells (Fig. 2a and b). A
DC bias potential of ~0.192V in frequency (w) range of 0.1 Hz-10 kHz
and AC amplitude of 5 mV was applied. Impedance (Z) is a function of
®, which can be described as a real (Zr.) and an imaginary (-Z,,) parts
per Eq. (1):
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Fig. 2. Nyquist plot for the MC1R-Ab-PANI/SPE electrode recorded in the fre-
quency range of 0.1 Hz-10 kHz at a standard potential of +0.15 V, using a
sinusoidal potential perturbation of 5 mV amplitude in 0.1 M KCl solution
containing 5 mM [Fe(CN)¢]137#, with different concentrations of (a) SK-MEL-
2 cells and (b) HEK-293 cells. (c) Bode plot for the electrode recorded in the
frequency range of 0.1 Hz-10 kHz at a standard potential of +0.154 V, using a
sinusoidal potential perturbation of 5 mV amplitude in 0.1 M KCl solution
containing 5 mM [Fe(CN)e]>/*. (d) Single frequency impedance profiling re-
sults of 1000 SK-MEL-2 cells.

Z(w) = Zre(w)-iZim(w) @

The obtained spectra were fitted using Randles equivalent circuit
(Fig. 2a inset). The diameter of the Nyquist plot (Fig. 2a) increased with
the increasing number of SK-MEL-2 cells in the test sample due to the
formation of antigen-antibody complex, which serves as a kinetic bar-
rier for charge transfer, and hence the increase in R. (Table S2)
(Venkatanarayanan et al., 2013). Considering that R, is the biggest
variant among the circuit elements, it is taken as the appropriate sen-
sing parameter.

A constant phase element (CPE) in the Randles circuit is to account
for the topological imperfections on the electrode surface (Fig. 2a
Inset). The impedance of CPE is given as:

Zcpe = 1/j0"Y, (2
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Where, Y, is a proportionality constant, w is the angular frequency, j
is the imaginary number (j =V—1), and n (=1 <n <1) is the ex-
ponent of w, which controls the extent of deviation from the Randles
model. For a resistor, n = 0 and for a capacitor n = 1; however, n = 0.5
corresponds to Warburg impedance (Z,,), which is associated with the
domain of mass transport control arising from the diffusion of ions to
and from the electrode/solution interface. As listed in Table S2, the n
values for our system are close to 1. This may be explained based on
increasing coverage of the electrode surface with the adhered layer of
SK-MEL-2 cells that reduces its direct exposure to the electrolyte.

The obvious and continuous decrease in Y, (i.e., Zcpg, when n = 1)
with increasing immunoreaction (i.e., increasing cell load) indicate the
corresponding decrease in the capacitive behavior with decrease in Z,,
(Qiu et al., 2008).

The value of n (in Eqn. (2)) for our MC1R-Ab-PANI/SPE is < 1
(Table S2 in SI), indicating a Cq; at electrode/electrolyte interface. The
existence of CPE in electrical equivalent circuit is correlated with sur-
face in homogeneity, roughness or fractional geometry, electrode por-
osity and the corresponding current/potential distributions associated
with the electrode geometry (Singal et al., 2014b). The EIS spectra with
high Z, value of 21.1pFem™2 (Table S2) shows that the positive
charges generated on the MC1R-Ab-PANI/SPE film is a dominant factor,
for the quick electrode interfacial charge transfer exchange with the
negatively charged probe ions (Singal et al., 2014b).

EIS measurements revealed that the sensor responds to the presence
of a wide range of target SK-MEL-2 cell loads, but rather insignificantly
to 2000 to HEK-293 cells (Fig. 2b). To investigate the frequency-de-
pendent impedance, Bode plot (Fig. 2c) with the logarithm of absolute
impedance |Z| and phase angle, was plotted against the logarithm of
excitation frequency. Maximum changes in impedance was recorded in
the low frequency region 25.6 Hz (Fig. 2¢). Electrochemical single fre-
quency impedance (SFI) profiling was done with 1000 SK-MEL-2 cells
to verify the specificity of the antibody-antigen interaction (Karimullah
et al., 2013). The working frequency was selected by consulting the
Bode plot, as it consists of vital frequency information (Fig. 2d). For SFI
experiments, the potentiostat was fixed at a frequency of 25.6 Hz. The
SFI information helps explain the variation of frequency-dependent
impedance (Z) and phase angle (®) represented by the formula
7’ = Ze'® (Fig. 2d) (Aydin et al., 2017). The binding between the an-
tibody and the melanoma cells triggers a change in impedance of the
circuit. Significant changes in impedance (AZ = 608 Q in 1000 s) were
due to the binding of the SK-MEL-2 cells to the anti-MC1R Ab (Fig. 2d)
(Shen et al., 2007).

Fig. 3a shows typical chronocoulometric curves in the absence and
presence of 1500 SK-MEL-2 cells and a corresponding increment of the
redox charge (AQ). The linear part of the plot was extrapolated back to
time zero to obtain the intercept value of the charge (Q), which shows
highly sensitive binding affinity towards the target SK-MEL-2 cells. The
Nyquist plot of the sensor after circulating samples with different SK-
MEL-2 cell loads is shown in Fig. 3b,c. The impedance depends on the
frequency of the potential perturbation. At higher frequencies Z,, is
small since diffusing reactants do not have to move very far; while at
low frequencies Z,, increases since the reactants must diffuse farther.
The phase angle approaches a lower frequency on increasing the im-
munoreaction with SK-MEL-2 cells, exposing an excellent biocompat-
ibility of the electrode (Fig. 3b,c) (Aydin et al., 2017). Further, Fig. 3c
shows a linear relationship between the changes in phase angle and
logarithmic value of frequency with increase in the number of SK-MEL-
2cells (from 0 to 5000 cells). The maximum shift in phase angle
(—51.1° to —38.8°) occurs when the antigen binds to the specific sites
on the antibody (Singal et al., 2014a). Fig. 3c shows a major decrease in
lowest phase angle with relative to increasing SK-MEL-2 cells con-
centration on immunoreaction revealing an increasing Rcr. This in-
crease in Rcr due to immunoreaction with the lowest phase angle
moving towards the lower frequency shows a good biocompatibility of
our electrode.

Biosensors and Bioelectronics 142 (2019) 111522

45 -60
(a) 0 cell (b) —— Blank
) 1500 cells| __-501 500 cells
330+ P L ——— 1000 cells
© Py ©-401—— 2500 cells
9 vy 2_30_ 5000 cells
g 151 I Q T
o -204
0 ————— -10 P —
00 01 02 03 04 0.5 -1 0 1 2 3

- Time (s) - log Freq (Hz)
(c)™ (d)®
40 3_6_
- £-74 H
T -0V =
50 3
.55 -8
29 3.3 0.0 0.2

3.0 31 3.2 0.1
log Freq (Hz) Potential (V)

Fig. 3. (a) Plot of charge (Q) versus time curves in the absence and presence of
1500 SK-MEL-2 cells in 5mM [Fe(CN)s]>“* and 0.1 M KCl solution (10 mL).
The dotted lines represent linear fit to determine the intercept at t = 0. AQ is
the charge difference in the absence and presence of 1500 SK-MEL-2 cells. (b)

Bode plot and (c) plot of logarithm frequency vs. phase angle. (d) DPV curve for
SK-MEL-2 cells (10 cells/10 mL) at MC1R-Ab-PANI/SPE.

Differential pulse voltammetry (DPV) data were obtained, using a
sample with 10 SK-MEL-2 cells. The data from three successive mea-
surements were used to determine the LOQ as 1 cell/mL (Fig. 3d)
(Armbruster and Pry, 2008).

The peak currents from DPV scans obtained over 0 to 9000 cells/10
mL (Fig. 4a) were used to calculate the cathodic ratio of signal intensity
as (Ieens-Is)/(Ioooo celis-Ip) in the presence and absence of SK-MEL-2 cells
(Fig. 4b), where I and I s were the DPV peak currents in the absence
and presence of SK-MEL-2 cells and Iggpo cens is the maximum peak
current after the sensor was saturated by 9000 cells/10 mL. This non-
linear plot is represented as two log-linear relationships over the cell
loads of 10-1000 cells/10 mL (Figs. 4c) and 2000-9000 cells/10 mL
(Fig. 4d). The appearance of the two linear ranges suggests an ad-
sorption process. For lower concentrations, the adsorption process does
not alter the kinetics of the electrode surface; whereas, for higher
concentrations, the peak current intensity decreased due to saturation
of the electrode surface by the electroactive species. Moreover, it should
be noticed that the peak potentials recorded in lower concentrations
shifted towards less negative potential compared to higher concentra-
tions (Bard and Faulkner, 2001; Brycht et al., 2017). Data obtained
without flow were also similarly linear (Fig. S4 in SI). The detection
sensitivity and LOQ of our immunosensor is much better than those
formerly reported (Table S3 in SI). The improved sensitivity we ob-
tained is attributed to the small geometry of microfluidics device and
large surface-to-volume ratio of mesoporous PANI.

The repeatability of the immunosensor, tested using 14 electrodes
prepared in the same conditions with 10 cells/10 mL, did not exceed
6.9%. The reproducibility was investigated by fabricating different
electrodes (for calibration five electrodes were used) to detect SK-MEL-
2 cells independently. All sensor responses were similar, and the re-
lative standard deviation (RSD) obtained was 6.5%. These results in-
dicate that our sensor has an acceptable fabrication reproducibility.

Additionally, we evaluated the physical binding specificity of the
fabricated electrodes to SK-MEL-2 and HEK-293 cells. We first verified
the expression of MC1R in SK-MEL-2 and HEK-293 cells and used gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH), a housekeeping
protein, as control (Fig. 5). As expected, HEK-293 cells expressed
GAPDH but not MC1R (Fig. 5, top), while SK-MEL-2 cells expressed
both (Fig. 5, bottom).

Next, we performed an electrode-binding assay with green fluor-
escent protein (GFP)-tagged cells. SK-MEL-2 and HEK-293 cells were
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Fig. 4. (a) DPV curves with different SK-MEL-2 cell loads from 0 to 9000 cells/10 mL at MC1R-Ab-PANI/SPE (200 ng Ab loading). (b) Peak current ratio versus SK-
MEL-2 cell concentration. Calibration curves of peak current ratio vs logarithm of SK-MEL-2 cell load: (¢) 10 to 1000/10 mL and (d) 2000 to 9000/10 mL.

tagged by transducing with a GFP reporter lentivirus (Fig. 6a). They
were incubated with the electrode for 1h, washed three times, fixed
and then ProlLong Gold Antifade with 4’,6-diamidino-2-phenylindole
(DAPI) was added. Electrodes with GFP-tagged cells and stained with
DAPI were visualized using fluorescent microscopy. Results showed
that SK-MEL-2 but not HEK-293 cells bind to the electrode (Fig. 6b).
Taken together, these data demonstrate that the fabricated electrodes
are highly specific in binding SK-MEL-2 melanoma cells.

To further expand the electrode functional characterization, we
applied electrochemical method for the quantitative detection of SK-
MEL-2 cells with human PBMCs, the context in which CTC need to be
detected. The experiment was performed with monoclonal anti-MC1R
antibodies as described previously using different concentrations of SK-
MEL-2 cells. The DPV results show (Fig. S5a in SI), the surface of the cell
captured by the sensor is smooth and clean. The key obstacle for
electrochemical biosensors operating in complex samples such as blood

DAPI MC1R

HEK293

SKMEL-2

is fouling of electrode via deposition of proteins or cells. As seen from
Fig. S5a in SI, while reduction peak did not shift toward a more nega-
tive potential (versus Ag/AgCl), the amplitude of peak showed a de-
crease in current for PBMC addition, and was able to detect 1000 SK-
MEL-2 cells (Figs. S5b and c in SI). The intricacy of PBMC as well as the
ensuing nonspecific bindings resulted in a greater background signal
than what was observed when detecting SK-MEL-2 cells in buffer. While
the factors for decreased dynamic range in blood samples need to be
examined, it is feasible that fewer binding sites are available in complex
media such as with PBMC. Overall, despite the changes in electro-
chemical properties and dynamic range, we conclude that electrodes
fabricated are functional and sensitive in PBMCs samples. The elec-
trochemical signal was relatively stable with signal suppression not
exceeding 20% in a 3-h experiment.

MERGED

Fig. 5. Immunofluorescence staining of HEK293 and SK-MEL-2 cells with MC1R and GAPDH. (Top) HEK-293 cells show DAPI staining and GAPDH expression but do
not exhibit MC1R expression. (Bottom) SK-MEL-2 cells show DAPI staining and expression of both MC1R and GAPDH.
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MERGED

Fig. 6. Electrode binding assay with GFP-Tagged Cells. (a) SK-MEL-2 (left) and HEK293 (right) cells expressing PGK-GFP reporter. (b) Binding assay of SKMEL2-GFP
tagged cells on PANI-MCIR electrode (Top). Binding assay of HEK-293-GFP tagged cells on PANI-MCI1R electrode (Bottom).

4. Conclusions

An electrochemical immunosensor was developed for specific de-
tection of circulating melanoma cancer cells in a flow-through micro-
fluidic device platform. The PANI-modified SPE sensor was highly
sensitivity with an ultralow LOQ of 10 cells/10 mL with excellent re-
peatability, and wide log-linear range from 10 cells to 9000 cells/
10 mL. These performance characteristics, both in buffer and with
PBMC, make our microfluidic sensing platform an excellent candidate
device with potential for early diagnosis of cancer.
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