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ABSTRACT

The detection and analysis of circulating tumor cells (CTCs) from patients’
blood is important to assess tumor status; however, it remains a challenge. In
the present study, we developed a programmable DNA-responsive microchip
for the highly efficient capture and nondestructive release of CTCs via nucleic
acid hybridization. Transparent and patternable substrates with hierarchical
architectures were integrated into the microchip with herringbone grooves,
resulting in greatly enhanced cell-surface interaction via herringbone micromixers,
more binding sites, and better matched topographical interactions. In combination
with a high-affinity aptamer, target cancer cells were specifically and efficiently
captured on the chip. Captured cancer cells were gently released from the chip
under physiological conditions using toehold-mediated strand displacement,
without any destructive factors for cells or substrates. More importantly, aptamer-
containing DNA sequences on the surface of the retrieved cancer cells could be
further amplified by polymerase chain reaction (PCR), facilitating the detection
of cell surface biomarkers and characterization of the CTCs. Furthermore, this
system was extensively applied to the capture and release of CTCs from patients’
blood samples, demonstrating a promising high-performance platform for CTC
enrichment, release, and characterization.
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1 Introduction

Circulating tumor cells (CTCs), propagating from either
primary or metastatic tumors, have evoked considerable
interest within the fields of cancer diagnosis and
therapy. Studies have proposed that CTCs could be
used as valuable prognostic biomarkers, to evaluate the
response to treatment, and could offer more powerful
information to understand tumor metastasis [1].
However, detection of CTCs remains a tremendous
technical challenge, because CTCs are extraordinarily
rare events (a few to hundreds of CTCs per 10° cells
of hematologic cells) and are heterogeneous.

Accordingly, significant research effort has been
devoted to exploring a variety of techniques to isolate
CTCs from blood, including gradient centrifugation
[2, 3], size-based isolation [4-6], and affinity-based
separation [7-27]. Among these methods, microfluidic
devices integrated with micro/nanostructured substrates,
as well as high affinity ligands, including antibodies
and aptamers, have provided opportunities to improve
the yield, sensitivity, and purity [14-18]. These
integrated microchips benefitting from a high surface-
area-to-volume ratio, increased capture agent pre-
sentation, and the scale of the extracellular structures
can increase the interaction between the cells and the
surface of the microchannels. Recent studies showed
that compared with single vertical nanostructures
(such as nanopillars [10]) and single horizontal nano-
structures (such as nanofibers [11]), substrates with
hierarchical architectures [28-31] exhibited significantly
enhanced cell-capture performance. Thus, a hierarchical
nanostructure-integrated microfluidic device should be
a promising platform for CTC isolation. Additionally, in
contrast to antibody ligands, cell-systematic evolution
of ligands by exponential enrichment (SELEX) aptamers
possess significant advantages, such as long-term
stability, synthetic reproducibility, and easy chemical
modification [32]. However, aptamer-based methods
have rarely been used for CTC isolation from patients’
blood samples.

Beyond the efficient capture and enumeration of
CTCs, it is critical to gently release CTCs from devices
for in-depth characterization and to study the properties
of these cells. To address this issue, methods based
on photosensitive-induced cleavage [5, 33, 34], electro-
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chemical desorption [28, 35], thermodynamic release
[36-38], chemical reagent-triggered substrate sacrifice
[31,39], and competition-based ligand replacement
[32, 40], have been developed to detach cells from
antibody-coated surfaces. However, many of these
strategies have limitations, such as dangerous ultraviolet
light, cytotoxic chemical molecules, and strict processing
conditions. For aptamers as capturing agents for
cell-capture systems, enzymes are mainly used to
effectively release the cells [16], which is potentially
destructive to cells. Therefore, devices with high-
performance capture and nondestructive release
properties remain desirable for CTC assays.

In the present study, we developed a programmable
DNA-responsive microchip for high-performance
capture and release of CTCs via nucleic acid
hybridization. The overall concept is illustrated in
Scheme 1. Target cancer cells are homogeneously
tagged by hybridized aptamers against epithelial
cell adhesion molecule (EpCAM) (AB, sequence B
prehybridized with biotinylated sequence A). Then,
benefiting from the greatly enhanced cell-substrate
interaction resulting from herringbone-induced micro-
vortices and better-matched topographical interactions,
cancer cells are specifically and efficiently captured
on the chip by the high-affinity streptavidin-biotin
interaction. To nondestructively release the cancer
cells, sequence C is employed to trigger dissociation
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Scheme 1 Schematic illustration of programmable DNA-
responsive microchip integrated with hierarchical substrates for the
capture, release, and detection of protein biomarkers of CTCs.
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of sequence B from hybridized aptamer A (toehold-
mediated strand displacement, AB + C = A + BC),
resulting in weakened cell-substrate interaction and
effective cell release. More importantly, sequence B
on the surface of retrieved cells could be released
by sequence D,s, which is complementary to the anti-
EpCAM aptamer, and further amplified by PCR,
transforming the aptamer against the protein signature
into a detectable and quantitative signal. These results
make this programmable DNA-responsive microchip
very promising for CTC detection and characterization.

2 Experimental
2.1 Materials

Zinc acetate dehydrate, zinc nitrate hexahydrate, and
hexamethylenetetramine were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
Carboxyethylsilanetriol Na salt, 25% in water, was
purchased from J&K Scientific Co., Ltd. (Beijing, China).
Phosphate-buffered saline (PBS) was prepared in the
laboratory. 1-(3-Dimethylaminopropyl)-3-ethylcar-
bodiimide hydrochloride (EDC), Hoechst 33342, and
streptavidin were purchased from Sigma-Aldrich.
All oligonucleotides (Table S1 in the Electronic
Supplementary Material (ESM)) were synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China).
All media for cell culture were purchased from Gibco
Corp. The non-enzymatic cell dissociation reagent was
obtained from Qiyi Biological Technology Co., Ltd.
(Shanghai, China). Calcein-acetoxymethyl (AM) and
propidium iodide (PI) were purchased from Invitrogen.
The UltraSYBR Mixture was obtained from CWhbio.
Co., Ltd. (Beijing, China). Blood samples were obtained
from Zhongnan Hospital of Wuhan University.
Fluorescein isothiocyanate (FITC)-labeled anti-cytokeratin
19 antibodies and PE-labeled anti-CD45 antibodies
were purchased from Abcam Company. Alexa 488-
conjugated antibodies against EpCAM were purchased
from Cell Signaling Technology.

2.2 Characterization

Scanning electron microscopy (SEM) images were
obtained using a field-emission scanning electron
microscope (Zeiss SIGMA). Fluorescence microscopy
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(AxioObserver Z1, Zeiss, Germany) was used to
image and identify cells. Quantitative real-time reverse
transcription polymerase chain reaction (qRT-PCR)
was performed using the Bio-Rad CFX96 system.
Fluorescent signals from the polyacrylamide gels were
detected using the Molecular Imager PharosFX™
System.

2.3 Preparation of the zinc-phosphate-based

hierarchical nanostructure (HZnPNS)-embedded

microfluidic chip

The HZnPNS-embedded microfluidic chip comprised
a herringbone mixer device and a patterned HZnPNS.
The mixer device was prepared using a standard soft
lithography method. First, silicon wafers were spin-
coated with 30-pum-thick SU-8 2015 photoresist as the
main channel layer (length 12 cm and width 2.5 mm).
Second, another layer (45-um thick) of SU-8 2050 was
added to form the herringbone mixer layer. These two
steps produced a positive mold for the fabrication of
the polydimethylsiloxane (PDMS) herringbone mixer.
The PDMS prepolymer mixed with its crosslinker at
a 10:1 weight ratio was poured on the mold, degassed,
and allowed to cure in a conventional oven at 75°C
for 2 h. Finally, the cured PDMS replicas were peeled
from the mold and two holes were punched at both
ends of the fluidic channel to connect the tubing.

To obtain patterned HZnPNS, we first fabricated
HZnPNS according to our previously reported method
[31]. We then used photolithography and chemical
wet etching to pattern this substrate. A thin film
of photoresist (AZ 4620) was spin-coated onto the
HZnPNS. After UV exposure and development,
HZnPNS covered by the patterned photoresist was
etched using diluted HCI. Finally, the patterned
photoresist on the substrate was removed using
acetone. After rinsing with deionized (DI) water and
drying under nitrogen, the patterned HZnPNS was
subjected to oxygen plasma treatment and bonded with
the cured PDMS replicas to form the final device.

2.4 Modification of HZnPNS-embedded microfluidic
chip with streptavidin

According to our previously reported method [31],
100 pL of PBS containing 20 1L of carboxyethylsilanetriol
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solution was first flowed through the plasma-activated
microfluidic chip at a flow rate of 10 pL-min™. After
3 h of incubation, the device was washed with DI
water. Then, 25 mM EDC solution in boric acid buffer
(10 mM, pH 7.4) was flowed through the device for
30 min at 20 uL-min™ to activate the carboxylic groups.
Subsequently, 40 uL (1 mg-mL™) of streptavidin was
introduced to the device, followed by incubation for
4 honice.

To reduce non-specific adsorption, a solution of 5%
(50 mg-mL™) bovine serum albumin (BSA), and 0.2%
Tween-20 in PBS was used to inactivate the surface.
Finally, FITC-labeled biotin (40 uL, 50 mg-mL™) was
used to verify whether streptavidin was successfully
conjugated onto the chip.

2.5 Gel electrophoresis

The aptamer-containing oligonucleotide sequence (B)
and its primary complementary oligonucleotide (A)
were mixed at a molar ratio of 1:1 to form a hybridized
aptamer (AB) in PBS at 37 °C for 2 h. The secondary
complementary oligonucleotide (C), at a final molar
ratio of 2:1, was transferred to the solution and
incubated at 37 °C for 0.5 h. The mixture was loaded
into a 12% native polyacrylamide gel for electrophoresis
(120 V, 60 min). All DNA sequences were labeled by
carboxytetramethylrhodamine (TAMRA).

2.6 Fluorescent imaging of nucleic acid hybridiza-
tion on the HZnPNS-embedded microfluidic chip

A solution (40 uL) of 1.25 uM hybridized aptamer
(AB) was firstly flowed through the streptavidin-
coated chip, followed by incubation for 30 min at
room temperature. The chip was washed with PBS
(10 puL-min~, 10 min) and imaged under an inverted
fluorescence microscope. Sequence A was labeled
by TAMRA and sequence B was labeled by FITC. To
investigate the stability of the hybridized aptamer on
the chip, the AB complex-modified chip was further
incubated with PBS at 37 °C for 30 min and imaged.
Then, 40 uL of 5 pM sequence C was flowed through
the chip, followed by incubation at 37 °C for 30 min,
washing, and imaging. Thereafter, the sequence A-coated
chip was further incubated with 5 uM sequences B at
37 °C for 45 min, washed and imaged. The process of
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controlled association and dissociation with B was
repeated three times in total. The fluorescent intensity
was evaluated using the image processing software
ImageJ.

2.7 Cell culture

MCEF-7 cells (human breast cancer cell line) and
HEK-293T cells (embryonic kidney cell line) were
cultured in the high glucose (4.5g-L™) version of
Dulbecco’s modified Eagle medium (DMEM), supple-
mented with 10% fetal bovine serum and 100 U-mL™"
penicillin-streptomycin. Both cells were maintained
at 37 °C in a humidified incubator containing 5% CO,.
Cell detachment from the culture dishes was induced
5 mL of a non-enzymatic cell dissociation reagent at
37 °C for 10 min.

2.8 Cancer cell-capture assay

Before performing the cell-capture experiment, we
investigated the specificity of the anti-EpCAM aptamer.
EpCAM-positive MCF-7 cells, EpCAM-negative HEK-
293T cells, and white blood cells (WBCs) (all 1 x 10°
cells) were incubated with 500 nM TAMRA-labeled
aptamers in culture medium on ice for 40 min. After
being washed twice at 1,000 rpm for 8 min, the cells
were resuspended in 1 x PBS for imaging. To obtain
WBCs, healthy human blood samples were treated
with red blood cell lysing buffer, according to the
manufacturer’s instructions. We then investigated
whether the hybridized aptamer-tagged cells could be
immobilized on the chip via the streptavidin-biotin
interaction. Sequence A was modified with biotin and
sequence B was labeled with TAMRA. Here, hybridized
aptamer-tagged cancer cells were first incubated with
streptavidin, and then FITC-labeled biotin was added
to characterize that streptavidin was successfully
labeled on the cell surface.

Subsequently, we optimized the flow rates for
capturing target cancer cells. MCF-7 cells (400 pL, 6 x
10* cells) were incubated with 500 nM of hybridized
aptamers in culture medium on ice for 40 min. After
being washed twice, the cells were resuspended in
culture medium and diluted 10-fold. Then, 100 uL
of the cell suspension was introduced into the chip
at different flow rates (10, 15, 20, and 25 pL-min™).
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Followed by washing with PBS for 10 min (10 uL-min™);
100 uL of Hoechst 33342 (10 ug-mL™) was used to
stain the captured cancer cells. The same amount of
cell suspension was distributed on three wells of a
96-well plate to calculate the mean of cells flowed
through the chip. Finally, we evaluated the specificity
of the streptavidin-modified chip for the hybridized
aptamer-tagged MCF-7 cells at a flow rate of
15 pL-min'. HEK-293T cells, WBCs, and MCF-7 cells
without the hybridized aptamer were used as controls.

2.9 Cancer cell-release and viability assay

To evaluate the dissociation efficiency of biotinylated
sequence A from hybridized aptamer-tagged cancer
cells. MCE-7 cells (1 x 10°) were first incubated with
500 nM of hybridized aptamers (sequence A was
labeled with TAMRA), and then were resuspended in
100 pL of PBS containing 2 uM of sequence Cs, or Dy.
After incubation at 37 °C for 30 min, the cell suspension
was centrifuged twice at 1,000 rpm for 8 min and
resuspended in PBS for imaging. The fluorescence
intensity of the cells before and after incubation with
sequences C;, or Dy, was calculated using Image J.

We then quantified the cancer cell-release efficiency.
MCF-7 cells were prestained with Hoechst 33342
(10 ug-mL™) followed by incubation with hybridized
aptamers. After capturing the cancer cells, 40 uL of
sequence C;) and Dj (5 uM) were flowed through the
chip, followed by incubation at 37 °C for 30 min, the
chip was washed by PBS at a flow rate of 30 uL-min™
for 5 min. Cells remaining on the chip were imaged
and counted to calculate the release efficiency. To
evaluate the viability of the retrieved cancer cells,
released cancer cells were collected, stained with
calcein-AM/PI, and further cultured. Live cells were
stained by calcein-AM and dead cells were labeled
by PL

210 PCR analysis

To demonstrate that our method has the potential to
detect protein biomarkers of retrieved cancer cells,
sequence B on the surface of cancer cells was released
using sequence D,s and amplified by PCR. Specifically,
cells released from the chip (2000) in 100 uL of PBS
were washed three times, and 0.5 uL of the supernatant
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was used as control for the PCR. Subsequently, a
solution of sequence Dy (10 uL, 10 uM) was added to
the released sequence B from cellular surface after
incubation at 37 °C for 1.5 h. After centrifugation, 0.5 puL
of the supernatant was used for PCR amplification.

PCR amplification was performed in a final volume
of 25 uL, containing 12.5 uL of 2 x UltraSYBR Mixture,
2.5 uL of each of the primers (10 uM), 0.5 uL of
supernatants of cell suspension or solutions with
sequence B (0.1 nM), and 7 uL of PCR grade water.
UltraSYBR Mixture was initially activated at 95 °C for
10 min, and then amplification was performed using
the following thermal cycling conditions: 95 °C for
30s, 52°C for 30 s and 72 °C for 30s. PCR products
were analyzed using 12% gel electrophoresis.

2.11 Isolation and release of CTCs from cancer
patient blood samples

Before isolation of CTCs from cancer patient blood
samples, we first evaluated whether the hybridized
aptamers could specifically recognize the target cancer
cells. MCF-7 cells (6 x 10%), prestained by Hoechst 33342,
were spiked into lysed blood samples (1.0 mL of
healthy human blood with red blood cells lysed) and
incubated with 500 nM TAMRA-labeled hybridized
aptamers in PBS for 40 min on ice. After washing twice,
cells were resuspended in PBS for imaging.

Second, we quantified the cell-capture efficiency of
mixture samples. A series of artificial blood samples
were prepared by spiking prestained MCF-7 cells into
lysed blood at densities of 26, 50, 175, and 550 cells
per 0.5 mL. The same amount of cell suspension was
distributed on three wells in a 96-well plate to calculate
the mean of the cells spiked into the blood samples.
Cell-capture experiments were performed using the
optimized conditions described in section 2.8, and the
captured MCF-7 cells were imaged and counted to
calculate the recovery rate.

Finally, we isolated CTCs from breast cancer patient
blood samples using the same conditions for capturing
MCE-7 cells in the pure or mixed samples. One milliliter
of whole blood samples in ethylenediaminetetraacetic
acid (EDTA) blood collection tubes was treated by
red blood cell lysis buffer following the standard
protocol. The cell pellet was then resuspended in 400 pL
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of PBS and incubated with 500 nM of hybridized
aptamers on ice for 40 min. After washing, cells were
resuspended in 200 puL of PBS and introduced to the
chip at 15 uL-min™ to capture the CTCs. Captured
cells were fixed with 100 pL of 4% Perfluoroalkoxy
alkane (PFA) (10 uL-min™), permeabilized with 100 pL
of 0.2% triton X-100 (10 uL-min™), blocked with 5%
BSA (30 min), and stained with 10 pg-mL™ Hoechst
33342, FITC-labeled anti-CK19 monoclonal antibody
and PE-labeled anti-CD45 monoclonal antibody
(30 min). CTCs were identified as DAPI+/ CK+/ CD45-
and WBCs were DAPI+/ CK-/ CD45+.

To characterize the retrieved CTCs, hybridized
aptamer-tagged CTCs (sequence B was labeled TAMRA)
were immunostained using the Alexa 488-conjugated
anti-EpCAM antibody (0.2 ug-mL™) before incubation
with sequence C;. Thus, the surface of the retrieved
CTCs showed strong red and green fluorescence.

3 Results and discussion
3.1 Fabrication of the HZnPNS-embedded microchip

Many studies have shown that nanostructured
substrates incorporated into microfluidic devices
could address the problem of insufficient cell-capture
efficiency through their high surface-area-to-volume
ratio, increased capture agent presentation, and
enhanced topographical interactions [14-18]. Further-
more, compared with regular-shaped nanosubstrates,
such as vertically aligned nanopillars and horizontally
packed nanofibers, substrates with hierarchical
architectures provided more binding sites and better-
matched topographical interactions [28-31]. In this
work, we incorporated an overlaid PDMS chaotic mixer
onto hierarchical substrates for high-performance
CTC detection. As shown in Fig. 1, the as-prepared
microchip comprises two components to enhance
cell-substrate interaction. In the present study, our
previously reported HZnPNS [31] were selected as the
substrate of the chip given these factors: (1) HZnPNS
are transparent, facilitating direct observation, imaging,
and manipulation; (2) this substrate could be mildly
etched by diluted HCl for patterning in combination
with photolithography (Fig. S1 in the ESM); and
(3) patterned hierarchical substrates could be easily
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Figure 1 HZnPNS embedded microfluidic chip with herringbone
microstructures. (a) Picture of HZnPNS integrated microchip
with flowing blood. (b) SEM image of HZnPNS. (¢) Micrograph
of the grooved surface.

bonded with the PDMS chamber after both were
treated by plasma, without the help of chip holders.
Figure 1(a) shows that blood could flow through the
microchip uniformly without any leakage.

3.2 Design of DNA sequences for the capture and
release of cancer cells

To endow DNA-responsive features on the HZnPNS-
embedded microfluidic chip, we designed three
single-stranded oligonucleotides (A, B, and C) that
enable effective capture and release of the target cancer
cells (Fig. S2 and Table S1 in the ESM). As shown in
Fig.S2 in the ESM, sequence A was modified with
biotin for immobilization on the streptavidin-coated
surface of the chip. Sequence B contained three regions:
A 20-nucleotide (nt) region that could hybridize with
sequence A, a 48-nt region (aptamer) that could
specifically recognize EpCAM-positive cancer cells
[22,27], and a 10-nt region that was used as a linker
facilitating the accessibility of the aptamer to the
target cancer cells, as well as a toehold for strand
displacement. Note that the bases in the 20-nt and
10-nt regions of sequence B should not disturb the
hairpin structure of the aptamer. Additionally, to make
sure that aptamer-binding cells were firmly captured
on the chip, hybridized aptamer (sequences A and B
hybridized together, AB) should have a high melting
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temperature (T,). The T,, value of our designed
hybridized aptamer was approximately 60 °C in PBS
(OligoAnalyzer 3.1). Therefore, the hybridized aptamer
is stable at room and physiological temperature.
Increasing the number of base pairs commonly
leads to more stable hybridization[41, 42], therefore,
sequences Cz, with more bases (10 nt) than sequence
A that were complementary to sequence B were
used to induce dissociation of the hybridized aptamer,
thereby releasing the captured cancer cells. Figure 2(a)
shows that after incubation with sequence Cy at 37 °C
for 30 min, the AB complex was almost completely
dissociated via 10-nt toehold-mediated strand dis-
placement (AB + C = A + BC). These data demonstrated
that hybridization between the as-designed DNA
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Figure 2 Nucleic acid hybridization. native
sequences A, B, and C. Sequences A and B were labeled with
TAMRA. (b) Fluorescent images of nucleic acid hybridization on
a streptavidin-coated microchip. (c) Reversible fluorescence intensity
of microchip modified with hybridized aptamers before and after
incubation with sequence C;y. (d) Quantitative evaluation of the
efficiency of strand displacement. Sequence A was modified with
biotin and labeled by TAMRA. Sequence B was labeled by FITC.

Error bars represent the standard deviation (n = 3).
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sequences could be programmed under physiological
conditions.

3.3 Validation of the DNA-responsive microchip

After demonstrating the competitive hybridization
between the above designed oligonucleotides, we
assembled these oligonucleotides on the microchip.
According to our previously reported method [31],
plasma-treated chips were immediately incubated
with the silane coupling agent containing carboxylate
groups, and then activated to modify streptavidin
(Fig. S3 in the ESM). Thus, via the streptavidin-biotin
interaction, the hybridized aptamers were immobilized
on the chip.

As shown in Figs. 2(b) and 2(c), hybridized aptamers
on the chip are stable under physiological conditions.
However, after treatment with sequence Cs at 37 °C,
the fluorescence intensity of the FITC-labeled sequence
B dramatically decreased, while that of TAMRA-
labeled sequence A showed no obvious change,
suggesting that sequence C;, effectively induced the
dissociation of sequence B from the hybridized
aptamers, while sequence A remained tethered on the
chip. When the chip was further incubated in a solution
of sequence B, strong green fluorescence was recovered.
Thus, sequence B could reversibly associate and
dissociate with the sequence A-coated chip (Fig. 2(c)).
Since ratiometric methods can avoid parameters
such as optical path length and photobleaching, the
ratio of green fluorescence to red fluorescence was
used to quantify the strand displacement efficiency.
Figure 2(d) displays the quantitative efficiency of
strand displacement triggered by sequence Cs per
cycle was more than 85%. These results indicated
that we had successfully constructed a programmable
DNA-responsive microchip by virtue of toehold-
mediated strand displacement.

3.4 Cell-capture capability of the DNA-responsive
microchip

Before performing the cell-capture experiment, we
tested the specificity of anti-EpCAM aptamer for
EpCAM-positive MCF-7 cells [14, 27]. Figure 54 in
the ESM shows that the surface of the MCF-7 cells
exhibited strong red fluorescence from the TAMRA-
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labeled aptamer compared with EpCAM-negative
HEK-293T cells [22] and white blood cells (WBCs).
Considering that homogeneous method exhibited high
cell-capture efficiency than heterogeneous method
[43-45], target cancer cells were first recognized and
tagged by the hybridized aptamers in the solution
phase (homogeneous cell capture) before being
introduced to the microchip (Fig. 3(a)). Figure S5 in
the ESM shows that hybridized aptamers with biotin
modification could bind to MCE-7 cells and further
reacted with streptavidin, suggesting that streptavidin-
coated microchips would enable the capture of
hybridized aptamer-tagged target cancer cells via the
high-affinity streptavidin-biotin interaction.

We then quantitatively assessed the effects of flow
rate on cell-capture efficiency. The cell-capture efficiency
was defined as the ratio of the number of target
cells captured to the number of target cells initially
introduced. The results in Fig. 3(b) show that the
capture efficiency was approximately 90% for MCE-7
cells at flow rate 10 uL-min™, but decreased with
increasing flow rates, primarily because of the reduced
interaction time between the cells and substrates, as
well as increased shear stress at higher flow rates. To
obtain both efficient capture and sufficient throughput,
15 uL-min? (at which the capture efficiency was
approximately 80%) was chosen as the optimum rate
to enrich the target cancer cells.
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Figure 3 Cell-capture analysis. (a) Schematic representing the
process of streptavidin-coated microchip for capturing hybridized
aptamer-tagged target cancer cells. (b) Capture efficiency at flow
rates from 10 to 25 pL-min . (c) Specificity of the streptavidin-
coated microchip for hybridized aptamer-tagged target cancer
cells. Error bars represent the standard deviation (n = 3).
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Meanwhile, we investigated the specificity of the
streptavidin-modified microchip for the target cancer
cells. As shown in Fig. 3(c), 77 = 9% of hybridized
aptamer-tagged MCF-7 cells were captured on the
chip. However, EpCAM-negative cells (HEK-293T
cells and WBCs) were captured with low efficiency
(9 £ 7% and 15 + 2%, respectively). For pure MCF-7
cells without hybridized aptamer conjugation, because
of the enhanced topographical interaction between
the surface structures of cancer cells and multiscale
hierarchical architectures of HZnPNS, 29 + 27% of
cells nonspecifically bound to the chip, which was
consistent with our previous results [31]. These data
clearly showed that the target cancer cells could be
specifically and efficiently captured on the microchip,
benefitting from homogeneous recognition, improved
topographical interactions, and the high-affinity
streptavidin-biotin interaction.

3.5 Cell release and viability assay

We evaluated the cell-release performance via toehold-
mediated strand displacement. Sequence C;, could
compete against sequence A to hybridize and release
sequence B with the help of a 10-nt toehold sequence,
resulting in dramatically weakened cell-surface
interaction. Before cell release, we investigated the
strand displacement reaction on the cell surface. As
indicated in Figs. 4(b) and 4(c), after incubation with
sequence C; at 37 °C for 30 min, the fluorescence
intensity of cell surface was significantly diminished
(by more than 90%), because of the dissociation of
sequence A from the cells. However, hybridization of
sequence Dj, with the cell-bound anti-EpCAM aptamers
(Fig. 4(a)) caused a 74% reduction in fluorescence under
the same conditions. The difference between these
two results could possibly be attributed to the fact
that sequence Cs hybridizes easily via the toehold
region with the non-aptamer region of sequence B,
while sequence D competitively hybridizes with
the cell-bound aptamer region via a unique hairpin
structure. Next, we quantitatively assessed the cell-
release efficiency (as a percentage of captured cells).
Compared with the lower cell-release efficiency (43 +
14%) induced by sequence D3, sequences C;, caused
86 + 1% of cancer cells released from the chip (Fig. 4(d)).
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Figure 4 Cell-release assay. (a) Schematic representing two
ways to release target cancer cells from microchip by sequences
C30 and Ds. Fluorescent images (b) and normalized fluorescence
intensity (c) of hybridized aptamer-tagged MCF-7 cells before and
after incubation with sequence C;y and Djy. Sequences A were
labeled by TAMRA. (d) Quantitative evaluation of the release
efficiency and viability of retrieved cancer cells. Error bars
represent the standard deviation (n = 3).

To evaluate the viability of the retrieved cancer cells,
calcein-AM and propidium iodide (PI) were used to
stain live and dead cells, respectively (Fig. S6(a) in the
ESM). The majority of released cells exhibited good
viability (81 + 1%) and no significant difference was
observed in the viability of the retrieved cancer cells
between sequence C;y and Dj-triggered cell release
(Fig. 4(d)). Furthermore, the retrieved cancer cells
spread well after cultivation for 24 h (Fig. S6(b) in the
ESM). Taken together, the DNA-responsive microchip
enables effective and gentle release of captured target
cancer cells via strand displacement.

3.6 PCR analysis of retrieved cancer cells

To demonstrate that our method enabled further
characterization and detection of retrieved cancer
cells, aptamer-containing sequence B bound on the
surface EpCAM of the retrieved cancer cells was
amplified by PCR. As shown in Figs. 5(a) and 5(b),
the red fluorescence signal was still detected from the
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surface of the cancer cells released from the chip,
indicating that sequence B remains on the retrieved
cell surface. To facilitate PCR analysis, sequence Dy,
which is complementary to the anti-EpCAM aptamer,
was used to fast release sequence B from the cell
surface (Fig. S7 in the ESM) [23]. Figure 5(c) shows
that our designed primers could specifically amplify
sequence B (2 pM) without interference from other
oligonucleotides (A, C, and D). Figure 5(d) shows
that sequence B in the supernatant of retrieved cancer
cells after incubation with sequences D,s showed a
significant band on the gel, compared with the control
sample (without sequence D, treatment). The detectable
signal from the control sample using sensitive qRT-
PCR was possibly attributed to the dissociation of
sequences B from cellular surface after long-term
sample handling (the dissociation constant (Ky) of the
anti-EpCAM aptamer was approximately 38 nM) [22].
These results indicated that the EpCAM signatures
of the cancer cells released by strand displacement
could be transformed into a detectable signal via PCR
amplification, providing evidence for the potential
analysis of protein biomarkers and for characterization
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Figure 5 Analysis of retrieved cancer cells by qRT-PCR.
Fluorescent images of cancer cells before (a) and (b) after release
from the chip. Sequence B was labeled by TAMRA. (c) Gel
analysis of PCR products of solution with or without 2 pM of
sequence B. (d) Analysis of sequence B in supernatants of retrieved
from cancer cells before and after incubation with sequence Dgg
against cellular surface epithelial cell adhesion molecule (EpCAM).
Sequence B was amplified and detected after 40 cycles of PCR.
(AC; value was 2.31).
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of CTCs. Taken together, the as-prepared microchip
not only enables the capture, release, and detection of
EpCAM biomarkers of cancer cells, but could also
be readily customized to detect other molecules or
biomarkers using their corresponding aptamers.

3.7 Isolation and release of CTCs from cancer
patients” blood samples

To further evaluate its clinical performance, the DNA-
responsive microchip was applied to detect CTCs
from cancer patients’ blood samples. In a preliminary
experiment, we evaluated the cell-capture performance
of MCF-7 cells spiked into lysed blood samples. As
shown in Fig. S8(a) in the ESM, target cancer cells
spiked into healthy blood samples from which the red
blood cells had been removed, could be specifically and
effectively recognized by the hybridized aptamers.
Moreover, a good linear correlation between of the
number of spiked and captured cells (R* = 0.99996,
n = 3) was observed in Fig. S8(b) in the ESM, and 64%
of the MCF-7 cells were detected from the lysed
blood samples. The patients’ blood samples with lysed
red blood cells were introduced into the microchip
for CTC capture, followed by immunostaining to
identify CTCs and WBCs. We scored as CTCs those that
were DAPI+/CK+/CD45- (30 um > cell sizes > 10 pm),
and as WBCs those that were DAPI+/CK-/CD45+ (cell
sizes < 15 um) (Fig. 6(a)). The CTC-capture results
from 10 blood samples are summarized in Fig. 6(b).
Additionally, we released captured CTCs utilizing
above optimized release conditions. Captured CTCs
were bound with Alexa 488-conjugated anti-EpCAM
antibody before release to further demonstrate that
the CTCs were successfully released from the microchip.
As shown in Fig. 6(c), red fluorescence of the aptamer
and green fluorescence of the antibody colocalized
on the surface of retrieved CTCs, because the binding
site of anti-EpCAM aptamer on EpCAM is different
from that of the anti-EpCAM antibody [22]. These
results demonstrated the clinical potential of the
as-prepared microchip to detect CTCs.

4 Conclusions

In summary, we successfully developed a pro-
grammable DNA-responsive microchip for the capture,
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Figure 6 Circulating tumor cells (CTCs) detection. (a) Fluorescent
images of CTCs isolated from a breast cancer patient’s blood
sample. (b) Quantitative results of CTCs enumerated from 10
blood samples including cancer patient blood samples (3—10) and
healthy human blood samples (1-2). (c) Fluorescent images of
retrieved CTCs. Sequences B of hybridized aptamers was labeled
by carboxytetramethylrhodamine (TAMRA) and anti-epithelial
cell adhesion molecule (EpCAM) antibody was conjugated with
Alexa 488.

release, and detection of CTCs. In addition to the
herringbone structure for enhanced cell-surface
interaction, the as-prepared microchip was also well
integrated with hierarchical substrates, producing
more binding sites and better-matched topographical
interaction for high-performance cell capture. Toehold-
mediated strand displacement, which does not involve
potentially destructive factors for cells or substrates,
gently and effectively released the captured cancer
cells from the microchip. More importantly, the surface
protein signatures of the cancer cells retrieved using
our approach could be transformed into a detectable
signal via PCR amplification, thus providing a
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promising way toward quantitative analysis of CTC
biomarkers. While having demonstrated the capability
of this microchip to capture and release CTCs in
patients” blood samples, we ultimately anticipate that
more and detailed information could be extracted
from CTCs. This will advance our understanding of
the mechanisms underlying tumor metastasis.
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