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ABSTRACT: The circulating tumor cells (CTCs) in the
blood allow the noninvasive analysis of metastatic mechanisms,
cancer diagnosis, prognosis, disease monitoring, and precise
therapy through “liquid biopsies”. However, there is no
integrated and robust multifunctional microchip, which not
only could highly efficient capture CTCs, but also fast release
and lyse cells on one single chip without using other
biochemical agents for downstream biomedical analysis. In
this work, we integrated the three functions in one
electrochemical microchip (echip) by intentionally designing
a cactus-like, topologically structured conductive array
consisted of a PDMS micropillar-array core and an electro-
conductive gold coating layer with hierarchical structure. The
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echip presented a capture efficiency of 85—100% for different cell lines in both buffer solution and whole blood. Moreover, the
validity of the echip was further evaluated by using non-small-cell lung cancer patient samples. The electrochemical released cells
or lysed-cell solutions could be obtained within 10 min and have been successfully used for mutant detection by DNA
sequencing or RT-PCR. The fast release at a relative low voltage (—1.2 V) was originating from an electrochemical cleavage of
the Au—S bonds that immobilized antibody on the chip. The electrochemical lysis took place at a high voltage (20 V) with an
admirable performance. Thus, the highly integrated multifunctional echip was well demonstrated and promised a significant

application in the clinical field.

he metastasis of tumor cells to distant locations from the

primary causes 90% cancer related deaths." The
circulating tumor cells (CTCs) in the blood may allow the
noninvasive analysis of the metastatic mechanisms, cancer
diagnosis, prognosis, disease monitoring, and precise therapy
through “liquid biopsies”.”"® However, CTCs are extremely
rare in the bloodstream, only several to hundreds of cells per
mL, therefore presenting the first challenge of CTCs analysis,
which is how to isolate the disseminated tumor cells with high
efficiency.” Moreover, the downstream biological analysis needs
adequate analyte and also good cell viability, so the highly
efficient release with intact cells is a more significant challenge,
especially for clinical applications in which the robustness, the
conveniency of the fabrication process and the cost of the
device are also the extremely important concerns.” However,
there are few progresses in the CTCs study meet all these
challenges simultaneously. Tremendous progresses have been
made for improving the capture efficiency,”'” especially by
combining the nanomaterials with microfluidics.”"~** Never-
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theless, for the downstream biomedical analysis, the highly
efficient release with intact cells is undoubtedly expected.”
However, traditionally the cell release often relies on the
enzymes or other chemicals which may severely influence the
cell Viability.%_29 Additionally, the cell collection and off-chip
cell lysis may cause the loss of rare cells, dramatically affecting
the downstream analysis. Considering the current situations in
the field, a highly integrated and robust microchip that could
capture, release and lyse CTCs on-chip with high efficiency via
a disruptive and convenient method is quite desired.’”’

In this article, we fabricated an electrochemical microchip
(echip) for highly efficient capture, electrochemical release, and
on-chip lysis of the CTCs. The echip is made up of a
hierarchical structured micropillar arrays and a glass slide. The
PDMS micropillar array was fabricated from PDMS substrate
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Figure 1. Schematic illustration of the echip. Thiol-gold binding and avidin—biotin strategy for modifying EpCAM-specific monoclonal antibodies;
Conductive gold layer mainly responsible for the electrochemical release and lysis of the captured cells.

by the conventional soft-lithography technology and then
plated a gold layer by electroless plating method."” The
electroconductive gold layer possessed hierarchical structures
from micrometer to nanometer scale and could be applied to
electrochemically release and lyse the captured cells for
downstream biological studies (Figure 1). Compared with
CELLSEARCH system, our echip has higher CTCs capture
performance. More importantly, it provides an integrated
approach or solution for CTCs capture, counting, release, and
lysis, which is definitely more suitable for clinic.

B EXPERIMENTAL SECTION

Reagents and Instruments. Calcein-AM, avidin, KHCO;,
4,6-diamidino-2-phenylindole (DAPI), bovine serum albumin
(BSA), and TCEP (tris(2-carboxyethyl)phosphine) were
purchased from Sigma-Aldrich, Inc. (U.S.A.). HAuCl,-3H,0
and glucose were obtained from Sinopharm Chemical Reagent
(Shanghai, China). Anti-CD4S (FITC) and anticytokeratin
(PE) were bought from BD Biosciences (U.S.A). Anti-EpCAM
(biotin) was purchased from Abcam. Oligonucleotide was
obtained from Sangon Biotech (Shanghai). Human breast
cancer cells (MCF-7) was a gift from the Dr. Shuai Xia. Human
cervical carcinoma cells (HeLa), prostatic cancer cells (PC3),
hepatocellular carcinoma cells (HepG2), and human non-small-
cell lung cancer cells (NCI-H1650) were purchased from
Wuhan finetest biotech (China). Sylgard 184 including
polydimethylsiloxane (PDMS) monomer and curing agent
was purchased from Dow Corning (Midland, MI, U.S.A.). All
the media for cell culture were bought from Gibco Corp.
Human blood samples were supplied by Wuhan Union
Hospital. Ultrapure water (18 MQ-cm) was made by a
Millipore Milli-Q_system. Scanning electron microscope
(Nano SEM, Tecnai G20, Netherlands); atom force micro-
scope (AFM, SPM9700, SHIMADZU, Japan); fluorescence
microscope (Zeiss Axio Zoom. V16 or Olympus America,
Melville, NY, USA); X Ray diffracmeter (Empyrean, PAN-
alytical B.V. Netherlands); Electrochemical workstation
(CHI660E, Shanghai, China).

Cell Culture. PC3 cell was cultured in Ham’s F-12K
(Kaighn’s) Medium. MCF-7 and NCI-H1650 cells were
cultured in RPMI medium 1640 (Fisher Scientific). HeLa
and HepG2 cells were cultured in DMEM medium. All cell
culture media were supplemented with 10% fetal bovine serum
(FBS; heat-inactivated; Gibco) and 100 units/mL penicillin
streptomycin (Gibco). All cultures were incubated at 37 °C
under a 5% CO, atmosphere. Dulbecco’s phosphate-buffered
saline with calcium and magnesium (Fisher Scientific, USA)
was used to wash cells.

Devices Fabrication and Modification. The devices
fabrication and modification were conducted according to our
previous literature with slightly modify.'” Briefly, the PDMS

micropillar array (dimension of the channel was 40 mm in
length and 20 mm in width) was fabricated by conventional soft
lithography method. And then, we conformally plated gold
layer on the array. In details, the edges of the PDMS microarray
were protected with thin PDMS slices to prevent gold
deposition. And then, the edges protected PDMS array was
aminated with the APTES solution (volume ratio, ethyl
alcohol/water/APTES = 50:5:2.5) about 30 min after treated
with oxygen plasma for 1 min. After it was rinsed with ethyl
alcohol and water several times, the PDMS array was placed
onto a PDMS frame that contained the plating solution
(containing 0.5% (w/v) HAuCl,, 0.05 g mL™' KHCO,, and §
mg mL™' glucose), allowing the array in contact with the
plating solution for gold deposition in dark room at ambient
temperature for about 6 h. The gold deposited microarray was
rinsed with ethyl alcohol and water several times and dried by
nitrogen. Inlet and outlet were punched at middle of two ends
of the PDMS microarray. And at the two corner of PDMS
microarray, two holes were punched to insert silver wires to
make the echip could be conduct the electrode of the
electrochemical workstation. At last, PDMS microarray was
bonded onto a glass slide by plasma treatment to form the final
echip.

For the antibodies modification, oligonucleotide (5'-HS-
TTTTTTTTTT-biotin-3") assembled on the gold layer surface
through the gold—thiol chemistry. Following avidin and
biotinylated EpCAM-specific monoclonal antibodies were
modified. Whole echip channel was blocked with 1% BSA
and stored at 4 °C with high humidity.

Cell Capture. The process of cell capture was conducted
according to our previous literature."” Briefly, a given number
of fluorescently labeled cells was pipetted to the 1 mL of PBS or
whole blood in 1 mL syringe and mixed at least 3 min by a tiny
magnetic stirring bar placed inside the syringe before
introduction into the echip by a Micro4 syringe pump that
could well control the flow rate. The magnetic stirring bar was
kept working to prevent the cell precipitation while the cell
mixture was being pumped through the chip. For the blood
samples, the captured cells were washed with PBS, fixed with
4% paraformaldehyde (PFA), permeabilized with 0.2% Triton-
X and incubated for 30 min followed by a PBS wash and
blocking the chip with 3% BSA. Anticytokeratin (PE), anti-
CD45 (FITC), and DAPI were used to stain the cancer cells,
leukocytes and nuclei, respectively. To determine cell number,
the echip was placed on the stage of a fluorescence microscope
to capture images at different fluorescence channel. The
microchip was scanned automatically under an inverted
microscope (objective lens, 60x). The cell debris and
nonspecific cells were excluded according to size, shape and
the nuclear size. The images were analyzed by Image-Pro Plus
to count the cell number. Cells with positive staining for
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Figure 2. Characterization of echip. (a) SEM image of gold layer coated micropillar array. Inset: Close-up view of single gold layer coated
micropillar. (b) SEM image of micro/nanostructures on channel bottom. (c) SEM image of micropillar without gold layer coating. (d) AFM image
of topological structures on channel after gold deposition. (e) Photo of the gold layer coated microarray connected with a LED and a button cell.
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Figure 3. Optimization and characterization of the echip in buffer system. (a) Cell-capture efficiency of the EpCAM-coated echip at micropillar gap
of 140, 160, 200, and 240 um. (b) Cell-capture efficiency of the EpCAM-coated echip at flow rates of 1, 2, and 3 mL h™". (c) Capture efficiency of
MCE-7 cells at 2 mL h™". A linear fiting of the data (red solid line). (d) Comparison of the capture efficiency for MCF-7 cells using bare, thiol-DNA-
biotin-coated, and anti-EpCAM-modified echip. (e) Comparison of different cell lines: MCF-7 cells (high EpCAM expression), HepG2 cells (low
EpCAM expression), and HeLa cells (no EpCAM expression). (f) SEM image of the captured MCF-7 cells.

cytokeratin (cytokeratin®, DAPI*, and CD45”) and matching
the phenotypic morphological characteristics were scored as
cancer cells.

Cell Release and Lyse with Electrochemical Method.
For better connect the echip, two gold slices were inserted into
the two side of the echip channel. To release the captured cells,
we used the echip as work electrode, Pt wire counter electrode,
Ag/AgCl conference electrode and immersed those electrodes
into PBS buffer (pH 7.4). After reduction of the thiol—Au bond
at voltage of —1.2 V for 10 min, the solution in echip channel
was collected. To lyse the captured cells, 20 V voltage was
applied for 10 min. The electrochemical lysis based on
electrochemically generate hydroxyl ions which permeabilize
and break the cell lipid bilayer. The procedures of RT-PCR and
sequencing assay were according to the previous literatures.' >

B RESULTS AND DISCUSSION

Figure 2a and 2b showed the SEM images of the gold layer-
coated elliptic microarray. The XRD pattern of the gold layer
was shown in Figure SI and revealed numerous hierarchical
structures on the micropillar (100 ym X 50 pm (a X b)) and
the echip channel (Figure $2—S4), while the PDMS micropillar
without gold coating layer presented a smooth surface (Figure
2c). Nanostructures was also observed on the bottom of
micropillars as shown in the AFM images of Figure 2d and

Figure S5, which could offer high specific surface area for
antibody immobilization and extra physical cues to interact with
the cancer cells. Differing from our previous work,"” the PDMS
micropillar was aminated with the APTES before plating the
gold layer. The amination enables the deposition of a thicker
gold layer, leading to a hierarchically structured and electro-
conductive micropillar array (Figure 2e). More interesting is
that the gold coated microarray could be bended and twisted
without affecting its electroconductivity (Figure S6), thus
confirming the significant robustness of our echip.

There are about 25000 elliptic pillars with equilateral
triangular arrangement in the channel of echip and the
simulation result of flow profile for the microarray was
illustrated in Figure S7. To increase the capture efficiency,
the breast cancer cell (MCF-7) was used to optimize the
micropillar gap (distance) and flow rate. As illustrated in Figure
3a, the capture efficiency at flow rate of 1 mL/h was increased
from 63.6% to 96.1% when gap was increased from 140 to 160
pum, while it decreased significantly when gap reaches up to 200
um (71.2%). More significant decrease can be seen at the gap
of 240 um (29.6%). And then the flow rate was optimized at
gap of 160 ym. At the flow rate of 1, 2, and 3 mL/h, the capture
efficiency was 96.1%, 89.9%, and 63.7%, respectively, which is
presumably owing to the increased shear stress as the flow rate
increasing (Figure 3b). To obtain an optimal capture efficiency
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Figure 4. Characterization of the echip. (a) Capture yield of MCF-7 cells spiked into 1 mL of whole blood at concentration from 2 to 120 cells per
mL. (b) Fluorescence microscope images of MCF-7 and white blood cells stained with DAPI, cytokeratin, and CD4S. (c) Fluorescence microscope
image of PC3 cell released from echip for 2 h culturing in a 96-well plate. (d) Representative images of proliferation of a released cell for 4 days. (e)
Agarose gel electrophoresis of the products from RT-PCR amplification of PSA mutation. (Lane 1, negative control with sterile water as template;
lane 2, negative control of MCF-7 cells; lane3, positive control of PC3 cells; lane 4, PC3 cells captured and lysed in echip.).
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Figure 5. (a) Quantification of CTCs from lung cancer patients. (b) Fluorescence microscope images of CTCs and leukocytes captured from lung
cancer patient no. 4 (Pan 4). (c) Identifying T790 M gene mutation (C to T) in the electrochemical released CTCs.

and experimental period, the 160 ym gap and 2 mL/h flow rate
were chosen in the following experiments. As showed in Figure
3¢, different number of cells (range from 80 to 800) could be
recovered with a good linear fitting. Furthermore, the specificity
of the echip was evaluated as demonstrated in Figure 3d, the
bare and DNA-biotin-modified echip showed a very low
capture efficiency compared to the EpCAM modified ones. And
as seen in Figure 3e, our EpCAM antibodies modified echip not
only could capture high EpCAM expressed cell line (MCF-7
cell), but also the low EpCAM expressed cell line (HepG2 cell)
with high efliciency of 96.3% and 85%, respectively. This may
because of the hierarchical structures on the channel of our
echip that enhanced the interaction with cells. However, the
capture efficiency was about 10% for the cervical tumor cell line
since no EpCAMs expressed in the HeLa cell. Above results
indicated that the echip possessed a low nonspecific capture.
The scanning electron microscopy (SEM) images of the MCF-
7 cells captured by our echip were illustrated in Figures 3f, S8,
and S9. Apart from the MCF-7 and HepG2 cells, the prostatic
cancer cells (PC3) and non-small-cell lung cancer (NSCLC)
cells (NCI-H1650) were also captured with very high efficiency
(more than 90%) by the echip (Figure S10). After investigating
the capture eficiency of our echip in buffer system, the ones in
human blood samples was explored. Varying number of MCE-7
cells was spiked to 1 mL of whole blood and the resulting
solution was flowed through the echip (Figure 4a). Three-color
immunocytochemistry (ICC) method was used to distinguish
the cancer cell, leukocyte and nucleus, the merged fluorescent

image was showed in Figure 4b. More interesting is that apart
from capturing the single cancer cell in whole blood, the cell
cluster also could be isolated by our echip (inset of Figure 4b
and Figures S8 and S9). The average capture efficiency for 10—
20 cells and 120 cells in 1 mL whole blood was 91% and 99%,
respectively. Especially worthy of attention, in the case of a few
cells (2—6 cells), the average capture efficiency was still more
than 93% (Figure 4a). These results confirmed that our echip
possessed a very good performance in the cell isolation in the
whole human blood. The cell viability after capture and release
is very important for the subsequent bioanalysis. As
demonstrated in Figure S11, there were only few death cells
among the hundreds of the live cells after captured by the
echip. Because the echip was electroconductive and the gold—
thiol binding chemistry was used to modify the antibody, the
captured cells can be easily released by electrochemical method
with a high efficiency (Figure S12a and S12b).*” The released
cells possessed a high viability (more than 95%, Figure S12c)
and could be cultured and proliferated (Figures 4c, d and S13).
The isolated cancer cells could also be directly lysed by the
electrochemical method at 20 V for 10 min,* and the lysed
solution was then collected for the amplification of individual
transcripts by PCR with reverse transcription (RT—PCR). As
shown in Figure 4e, the prostate-specific antigen (PSA)
markers (KLK3) can be detected in the lysed-cell solution
from our echip. This RT-PCR result demonstrated that our
echip provided a powerful potential for CTC-based molecular
analyses.

DOI: 10.1021/acs.analchem.7b02469
Anal. Chem. 2017, 89, 12039—-12044


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b02469/suppl_file/ac7b02469_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b02469

Analytical Chemistry

To further demonstrate the potential of clinical applications
of our echip, 4 healthy and 9 lung cancer patient blood samples
were flowed through the chip to count the CTCs number.
There were different number of CTCs in the 9 patient blood
samples wihle there were no detectable cancer cells in the 4
healthy blood samples (Figure Sa, Table S1). The fluorescence
images of captured cancer cells and two representative
leukocytes from patient no.4 (Pan.4) were shown in Figure
Sb. Further genotyping analysis of released CTCs from non-
small-cell lung cancer (NSCLC) patients was performed. As
demonstrated in Figure Sc, T790 M gene mutation was
successfully detected in released CTCs, which is very common
in NSCLCs.** This preliminary results suggested that our echip
had a promising potential for clinical study.

B CONCLUSION

In summary, we have successfully demonstrated an electro-
conductive micropillar array based chip for highly efficient
isolation, release and on-chip electrochemical lysis of rare
cancer cells. The hierarchically structured gold layer coating
results in a high isolating efficiency and electroconductivity of
the chip. The capture efficiency of different cell lines was 85—
100% in both buffer and whole blood solution systems. The
isolated cells possessed a high viability and can be released
intact by electrochemical method with high efficiency for
subsequent cell culture or gene mutation detection by
sequencing. Furthermore, captured cells could be directly
lysed via electrochemical method and the resulted solution can
be used for detecting the mutant sites in gene by RT-PCR.
Thus, the integrated multifunctional echip with promising
applications in clinical diagnosis was well presented.
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