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Abstract

Circulating tumor cells (CTCs) has been utilized in the diagnosis and prognosis of tumor. However,
the CTC concentration is extremely low to be detected in peripheral blood. Many existing methods
suffer from either expensive labeling or complex operation. In this study, we constructed a label-
and enzyme-free and sensitive method to detect the breast cancer CTCs. First of all, a probe
containing a breast cancer cell-specific aptamer and a complementary single-stranded DNA (trigger
DNA P1) were designed. When the target cells are present, the aptamer binds to the CTCs and
releases P1 which trigger the strand displacement amplification (SDA). This process generates
three-way junction (3W1J) structure DNA, the specific translocation signals of which are identified
by nanopore assay. The detection limit of tumor cells is 5 in the current experiment setup, and can
be further reduced. Furthermore, the method is demonstrated in clinical samples test with high

recovery rate and accuracy. Our results suggest that this method could be applied to early diagnosis
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of metastatic recurrence and prognosis determination.

Keywords: Circulating tumor cell, aptamer-assisted amplification, nanopore, biosensor, breast

cancer

Breast cancer is a leading cause of death among women worldwide, with an estimated mortality of
626,279 every year !. In the USA, the incidence of breast cancer in 2015 is 271,270 and the mortality
is 42, 260 2. While in China, low income and lack in health care facilities have triggered a higher
morbidity?. Early diagnosis has a great significance in the therapy of breast cancers, and is a key
factor in increasing survival rate. The current gold standard of breast cancer diagnosis is the
histological examination of tumor tissue; however, this method is invasive and risky for patients. In
recent years, non-invasive methods used to detect the tumor-relative biomarkers in blood gain
increasing attention in the oncology community. Circulating tumor cells (CTCs) detached from
primer tumors penetrate into peripheral blood, providing rich heterogeneity information of DNA,
RNA and proteins about different patients. Detecting the types and the amounts of CTCs enables
real-time monitoring the dynamic of tumors. Therefore, for early diagnosis and prognosis analysis
of cancers, CTCs have been investigated to obtain abundant information facilitating the monitoring
and treatment of tumor. Studies on both advanced breast cancer and early breast cancer have
demonstrated that the CTCs are clinically efficient for tumor diagnosis . The CTCs in peripheral
blood are rare, which are often undetectable by regular high-resolution imaging technologies.
Various methods for CTCs assay have been developed, including polymerase chain reaction (PCR),
cytometric methods and immunohistochemistry, etc., but high cost and long detection time limit
their applications in clinical diagnosis 7. Therefore, there is still an urgent need to develop a new
method of high accuracy, ultra-sensitivity, highly-efficiency and low-cost for the detection of breast
cancer.

Aptamers are oligonucleotides or peptides with a strong binding affinity to target molecules. They
are generated via Systematic Evolution of Ligands by Exponential enrichment (SELEX) in vitro 8.
Aptamers are widely utilized to detect various cancer cells because it has many advantages over
antibody probes, including convenient synthesis, high binding affinity and specificity, good stability

and low variability between different batches °-13. Epithelial mucin-1 (MUC-1) is a membrane
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glycoprotein overexpressed in 90% of breast cancer, which can act as an effective marker for breast
cancer CTCs !0, However, only a few label-free and enzyme-free aptamer-based biosensors
detecting cancer cells have been reported 718,

Target-induced strand displacement amplification (T-SDA) is a kind of isothermal reaction. One
strand of the double-stranded DNA or one toehold of the hairpin DNA is replaced by the trigger
DNA strand in the overhanging single-stranded domain, generating a DNA duplex with higher
thermodynamic and kinetic stability '°. T-SDA has gained increasing attention, particularly in
fluorescent detection 929, whereas the reported T-SDAs need to be meliorate because the number
of trigger sequences recycling is limited. Biological nanopores sensing of biomolecules at the
single-molecule sensitivity level have shown vast potential in the label-free and real-time detection
of DNA, RNA and proteins 21-24, Herein, a simple and sensitive method for the detection of breast
cancer cells is developed based on aptamer recognition, target-induced hairpin assembly-assisted
amplification, and detection by nanopore Mycobacterium smegmatis porin A (MspA). First of all,
the breast cancer cell line MCF-7 overexpressing MUC-1 on the cell surface is selected as CTC
model, and a probe containing a MUC-1 specific aptamer and its partially complementary single-
stranded DNA P1 is designed 2°. When the target cells are present, the aptamer binds to the target
protein on the cell. At the same time, P1 is released to trigger the SDA, followed by the formation
of 3WJ structure DNA which generates specific signals that is detectable by nanopore. The usage
of trigger DNA P1 achieves cascade amplification of cancer cells. With the participation of aptamer
recognition and cascade amplification, this assay show excellent sensitivity and high specificity for
breast cancer cells detection, and could be used for clinical diagnosis of CTCs. Various other
methods could be used for the assay of 3WJ DNA in additional to nanopore assay with their own
advantages, for example the highly sensitive and real-time observation by FRET. For clinical
diagnostics, especially POCT, nanopore devices could be suitable due to its sensitivity, portability

(size of a smart phone), and real-time rapid assay.

Results and Discussion

Principle of the design
The principle of aptamer-mediated SDA detecting MCF-7 cells was descried in Figure 1. The

strategy mainly consisted of three parts: ( i ) cell-specific aptamer was bound to the target cell to
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release trigger DNA P1; (i ) the SDA was triggered by P1, generating 3WJ DNA; (iii) 3WJ DNA
was then detected by MspA nanopore. The aptamer was partially complementary to P1 to avoid
nonspecific amplification. When the target cells were present, the aptamer (domain colored in purple)
bound to the cell and P1 was released. Then the 5’ of P1 strand complementarily bound to the
overhang of HA, opening up the hairpin structure. The exposed segment of HA bound to HB,
opening HB subsequently. The exposed segment of HB bound to HC, and displaced the P1 to form
the 3WJ structure while P1 triggered the next cycle in succession. The resulting 3W1J structure were

detected with MspA nanopore.

Confirmation of 3WJ structure with Native PAGE and MspA nanopore

Native PAGE was used to confirm the SDA performance in the formation of 3WJ structure. As
shown in Figure S1b, two bands were obtained in lane 5, corresponding to HA, HB (upper band)
and HC (lower band). Three bands were observed in lane 8, and two bands were obtained compared
with lane 5. The Figure S1b also showed that the location of 3WJ structure was different from P1-
HA and P1-HA-HB. The monomer P1 (lane 4) migrated slower than monomer HC (lane 1),
indicating that the mobility of P1-HA-HB was lower than 3WJ. Those data suggested that SDA
reaction couldn’t be triggered and the 3WJ structure couldn’t be formed without P1. The formation
of 3W1J was further verified by atomic force microscopy (AFM) (Figure S1c).

Before detecting the cells, we first characterized the signals of the 3WJ structure translocating
through MspA nanopore. In this study, a mixture of HA, HB and HC was set as control (HA-HB-
HC), while mixture of HA, HB, HC and P1 was set as experiment group (P1-HA-HB-HC), in which
Plwas able to trigger the formation of 3WJ. The purified 3WJ structure was set as positive control.
In this report, open current was defined as /,, blockage current caused by analytes translocating
through the pore was /, and the blockage ratio was //1,. Scatter plot in Figure 2 and Figure S2
showed that there were two current blockages in both groups, in which the group with small
blockage was labeled as E1 and the group with deep blockage was labeled as E2. Data analysis
indicated that the blockage ratios of E1 and E2 were 0.37 + 0.01 and 0.85 £ 0.01 (Gauss distribution
fitting), respectively. Since the blockage ratio of low blockage signals was much lower than ssDNA
strand translocating through MspA nanopore, we proposed that they were generated by the hairpin

DNA rattles in the vestibule 2°. Along with the applied voltage increasing from 80 to 120 mV,
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experiment showed that the blockage of E1 increased gradually (Figure S3), which was consistent
with previous report 2. The high blockage signals (E2) corresponded to ssDNA translocating
through MspA nanopore. The dwell time of E1 in HA-HB-HC and P1-HA-HB-HC were 2.08 + 0.04
ms and 1.93 £ 0.04 ms, respectively. The histogram of P1-HA-HB-HC unzipping time showed two
peaks at 0.73 = 0.04 ms and 3.12+ 0.01 ms, respectively (Figure S2¢). The former value was similar
to that of HA-HB-HC at 0.5+ 0.03 ms. This indicated that the blockage events with short dwell time
are caused by hairpin DNA, while the blockage events with long dwell time were caused by 3WJ
structure. Further study showed that the unzipping of E2 was dependent on the voltage (Figure S4).
Combing the blockage and dwell time analysis, we concluded that the events with deep blockage
(>0.8) and long unzipping time (=100 ms) were generated by 3WJ unzipping and translocating
through MspA nanopore. To monitor MCF-7 cells, those events with similar blockage and
unzipping time for the target signal were also observed. This result suggested that aptamer could

bind to MCF-7 cells and P1 was released to trigger SDA reaction.

Optimization of the nanopore assay

To increase the sensitivity of the nanopore assay, the incubation time and the concentration of P1:
HA/HB/HC DNA for the formation of 3WJ were optimized. Optimal reaction time and DNA
concentration were investigated by comparing the frequency of the target events using nanopore
assay. As shown in Figure S5a, the frequency of 3WJ translocation increased as the concentration
of HA/HB/HC increased from 5 nM to 15 nM, but decreased with higher concentration. Figure S4b
showed that with the increasing of reaction time, the translocation frequency also increased and
reached a stable level at 3 h. As a result, 3 h was chosen as the reaction time, and the concentration

of P1: HA/HB/HC was set as 1 nM : 15 nM in the following experiment.

Specificity and sensitivity of nanopore assay

To evaluate the sensitivity of nanopore assay, we tested different numbers of MCF-7, ranging from
5 to 1000, in the detecting system. As shown in Figure 3, no signature events of 3WJ translocation
were detected in the absence of MCF-7 cells. As cell number increased, the events frequency
increased gradually. There was a good linear relationship between the frequency of signals and the

logarithm of cell number in the range of 5 to 1000, with R? value of 0.9958. Longer current trace
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recording of 4 min were provided in Figure S6. It is interesting to see that as the number of cells
increase, the slope of events frequency vs. number of cells decrease. This phenomenon could be
explained by the saturation of high blockage events brought by 3WJ. As we can see from Figure
3¢, the high blockage events for 50 and 100 cells occupied remarkable percentage of entire trace
section. We can deduce that with the continuous increase of cell number above 100, the increase of
the number of specific events slows down. The limit of detection was 5 cells in this report, which
showed comparable or higher sensitivity in the detection of mammary cancer cells 82833, The high
sensitivity of nanopore test may benefit from the high affinity of aptamer and multiple cycle
amplification. Therefore, this assay could be used for detecting low number of cells, such as CTCs.
To evaluate the specificity of this sensing strategy, HepG2 and U-87MG cells without
overexpression of MUC-1 biomarkers were used as control cells. The final number of cells used in
this experiment was 100. No signature events were observed in absence of target cells. As shown in
Figure 4, the frequency of signals of HepG2 and U-87MG were as low as the blank group, while
the MCF-7 cells group showed significant higher frequency, on account of the high specific binding
ability of aptamer to the target cells. The stability of the hairpins also played a significant role in

high specificity of the biosensors.

Detection of clinical samples

We collected the peripheral blood samples from 3 healthy women, and 7 patients diagnosed and
treated for breast cancer at the Department of Breast Surgery, West China Hospital of Sichuan
University, to further confirm the clinical effectiveness. MCF-7 cells from human peripheral blood
samples were detected by our developed strategy. Different amounts of MCF-7 cells were added
into the blood samples from 3 healthy women. As shown in Table 1, the recovery rate of MCF-7
cells was up to 85%. Furthermore, the blood of 7 patients were assayed. CTCs were collected
according to the manufacture’s instruction of the CELLection Epithelial Enrich Dynabeads and
incubated with aptamer-P1 and HA/HB/HC. The mixtures were detected by nanopore assay, and
the events with deep blockage (=0.8) and long unzipping time (= 100 ms) were acquired. Analysis
of the results from patients’ blood samples show a frequency of events ranged from 0.9 to 3.1 min-
! (Figure 5), and number of CTCs ranging from 5 to 135 (1.25 to 22.5 mL-"). Those results were

consistent with their medical imaging diagnosis (Table 2). Comparing to healthy people, these

6

ACS Paragon Plus Environment

Page 6 of 22



Page 7 of 22

oNOYTULT D WN =

ACS Sensors

patients showed more CTCs in their blood.

These results indicated that this method could be used in clinical samples detection, with a high
potential in practical applications. It took no more than 5 h to detect the CTCs from blood using the
developed nanopore assay. Compared with CellSearch, PCR and other methods (Table S2), this
method was label-free, less time-consuming 33, low-cost and easy-operation. MUC-1 is over-
expressed in 90% of mammary cancer cells, and MUC-1 can be expressed in many epithelial tumor
cells, such as renal cancer A549 cell, colon cancer HT-29 cell, mammary cancer ZR-75-1 cell,
mammary cancer BT-20 cell, mammary cancer T47D cell, pancreatic cancer PANC-1 cell,
pancreatic cancer BXPC3 cell, ovarian cancer OVCAR-3 cell and bladder cancer MGHu3 cell. This
indeed could generate false positive signals. In the clinical setting, the false positive could be
eliminated in combination with other clinical diagnosis. For certain applications, such as prognosis
during or after treatment of breast cancer patients, periodical inspection of CTC including nanopore

assay method could be an effective tool for monitoring of recrudesce.

Conclusion

In summary, a simple, label-free, enzyme-free, highly-efficient and sensitive method for cancer cells
detection is developed in this study. Benefiting from aptamer recognition, SDA reaction and the
specific translocation signals of 3WJ through MspA nanopore, this method achieves an ultra-
sensitive detection of 5 breast cancer cells. The detection limit of was 5 CTCs in 4 mL blood samples
from commercially available electrophysiological measurement chamber of 1 mL volume. If a
customized chamber of 0.1 mL is used, the detection sensitivity/cutoff value could reach =1 CTC,
which will be comparable to the best current methods. Furthermore, it shows high detection
accuracy, rapid test for clinic samples comparing to other traditional analysis approaches, with great
potential in early diagnosis of metastatic recurrence and determination of prognosis.

Moreover, the principle of developed biosensor could be extended to detect other tumor CTCs, such
as lung and liver cancer, as well as other disease related targets by designing corresponding aptamers.
There are some well-developed technologies, including microfluidics, etc., that enables automated
extraction of CTCs from blood samples. We may combine the advantages of both systems of

extraction by microfluidics and detection by nanopore, or event integrate them in future studies.
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Experimental Section

Materials

The oligonucleotides (HPLC purified) were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China) and the sequences are listed in Table S1. Sodium ascorbate and 3-(N-morpholino)
propanesulfonic acid (MOPS) and Decane (anhydrous, >95%) were obtained from Sigma-Aldrich
Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). CELLection Epithelial Enrich Dynabeads was
purchased from Invitrogen (California, U.S.A.). Dulbecc's modified Eagle's medium (DMEM),
Minimum Essential Media (MEM), Trypsin-EDTA, and 1xphosphate buffered saline (PBS) were
obtained from Gibco (California, U.S.A). Fetal bovine serum (FBS) and penicillin-streptomycin
were obtained from Hyclone (Logan, UT, USA). 1, 2-Diphytanoyl-sn-glycero-3-phosphocholine
was obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA). The other chemicals were of

analytical grade and ultrapure water (18.2 MCQ/cm) was used.

Cell culture and preparation

Breast cancer MCF-7 cells, human hepatoma HepG2 cells and human glioblastoma U-87 MG cells
were purchased from Cell Bank of the Typical Culture Preservation Committee, Chinese Academy
of Sciences (Shanghai, China). MCF-7, HepG2 and U-87 MG were cultured in MEM with 10%
FBS and 1% penicillin-streptomycin, maintained at 37 °C in an atmosphere with 5% CO,. All the
cells were collected in the logarithmic phase and digested with trypsin, washed twice with PBS,
centrifuged at 600 xg for 5 min, then suspended by adding 1xPBS. Cell density was calculated by
using Countstar BioTech Automated Cell Counter (Shanghai, China). In order to obtain the
minimum cell number, cells were diluted with 1xPBS. Finally, 1 uL cell suspension was placed in

the culture dish for cell counting to ensure that the minimum number of cells could be observed.

DNA preparation and catalytic hairpin assembly

All the oligonucleotides were diluted with double distilled water (ddH,0O) to 100 uM. 10 uM
aptamer and 10 uM P1 were incubated at 95°C for Smin, then gradually cooled down to RT. 50 nM
aptamer-P1 complex and the cell suspension were mixed with MOPS buffer (10 mM MOPS, 150
mM NaCl, 2 mM MgCl,, pH 7.4) to 100 uL. The mixture was incubated in PCR system (Applied

Biosystems, Inc, USA) at 37°C for 1 h and centrifuged at 600 xg for 5 min, and the supernatant was
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obtained and used to trigger the SDA. Hairpin A (HA), hairpin B (HB) and hairpin C (HC) were
annealed separately at 95°C for 5 min, then gradually cooled to RT. The abovementioned
supernatant was mixed with 750 nM HA/HB and HC, and reacted in PCR system at 37°C for 3 h.
Those products were analyzed by 15% native polyacrylamide gel electrophoresis (PAGE) in 1xTBE
buffer (89 mM Tris-boric, 2 mM EDTA, pH 8.0) and visualized under UV light using Gel Doc EZ
System (Bio-Rad, USA). The 3WJ was purified using TIANgel purification kit (TTANGEN Biotech
Co., Ltd. Beijing, China). The products of P1-HA-HB-HC were also analyzed by AFM. The samples
were diluting with ddH,O containing 1 mM Mg?* and then dropped onto a fresh cleaved mica
surface. After adsorption for 20 min, the mica was lightly rinsed by ddH,O and dried with pure
nitrogen. AFM results were obtained using MultiMode 8 nanoscope under ScanAsyst Mode with a

scanasyst-air tip (Bruker, Germany).

Collection of clinical samples

This study was approved by the Biomedical Ethics Committee of West China Hospital, Sichuan
University (2019-326). Patients were diagnosed and treated for breast cancer at the Department of
Breast Surgery, West China Hospital of Sichuan University. The peripheral blood samples were
collected in operation room. Samples from healthy people (n=3) as well as breast cancer patients
(n=7) were collected into K2 EDTA blood tube and stored at room temperature for further
experiment.

To remove the complex matrix in clinical samples, the blood samples were treated using
CELLection Epithelial Enrich Dynabeads according to the manufacturer's instructions to enrich the
CTCs (Please see Methods in Supplementary Information). The released cells were collected and
washed twice with PBS, followed by centrifugation at 600 x g for 5 min and resuspension with
MOPS. The following steps of CTC enrichment were conducted in the same way with that for MCF-

7 as described above for nanopore assay.

Nanopore test and data analysis
The phospholipid bilayer was formed with 1, 2-Diphytanoyl-sn-glycero-3-phosphocholine across a
150 um aperture in a Delrin bilayer cup (Warner Instruments, Hamden, CT). 1 mL conducting buffer

were added to both sides of the chambers (cis: 0.5 M NaCl, 10 mM Tris-HCl, pH 8.0); trans: 3 M
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NaCl, 10 mM Tris-HCI, pH 8.0). Both MspA nanopore solution and DNA molecule were added to
the cis side.

The ionic current was measured using patch clamp device EPC 10 USB 10.6 (Heka Electronic,
Darmstadt, Germany) and filtered using a lowpass Bessel filter of 10 kHz at a sampling rate of 50
kHz. Clampfit 10.6 (Molecular Devices), Excel (Microsoft, Redmond, WA, USA) and OriginLab
9.0 (OriginLab Corporation, Northampton, MA, USA) were used for data analysis. All the

experiments were conducted at RT 22 +£2 °C.
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Figure 1. The scheme of detection of CTCs in serum from breast cancer patients using the nanopore
sensor on the basis of aptamer-mediated amplification. CTCs cells are separated from patient’s
serum using magnetic beads. A specific cancer CTCs targeting aptamer is complementary with a
single strand DNA P1. In the presence of target CTCs cells, P1 can be released to trigger the
formation of 3WJ, which can be amplified with the circulation of P1, and then be detected using

nanopore system by generating specific current signals.
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Figure 2. Characterization of hairpin and 3WJ structure using a MspA nanopore. (a) Representative
current traces of the translocation of hairpin DNA (blue), 3WJ (orange) and PI+HA+HB+HC (red)
through a MspA nanopore. The current trace in black shows the background of MspA nanopore. (b)
Expanded view of three types of typical events, which associates with the translocation of hairpin
and 3W]J through the nanopore, respectively. (c) 2D event-distribution plots, showing the signal
distribution with nothing added, addition of hairpin, addition of 3WJ and addition of
P1+HA+HB+HC. The distributions were plotted according to current blockade percentage and
logarithm of dwell time. All data were obtained in the buffer of cis: 0.5 M NaCl, 10 mM Tris-HCI,

pH 8.0, trans: 3 M NaCl, 10 mM Tris-HCI, pH 8.0 at a transmembrane potential of 100 mV.
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Figure 3. Quantitative limit of detection of breast cancer cell MCF-7. (a) Microscope images of 5
(left) and 10 (right) MCF-7 cells. (b) Correlation of the frequency of translocation events versus the
number of cells ranging from 5 to 1000. The inset shows the linear relationship of event frequency
and the logarithm of the number of cells (number of independent experiment n=3). (c¢) Current traces
of the translocation of the 3W1J structure in the trigger of the number of MCF-7 cells (5, 10, 50, 100
and 500, respectively). Red star indicates the events generated by 3WJ translocation. All data were
obtained in the buffer of cis: 0.5 M NaCl, 10 mM Tris-HCI, pH 8.0, trans: 3 M NaCl, 10 mM Tris-

HCI, pH 8.0 at a transmembrane potential of 100 mV.
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Figure 4. The specificity of nanopore assay for the detection of breast cancer cells. (a) The
frequency of the translocation of 3WJ generated in response to MCF-7, HepG2 and U87 cells.
(number of independent experiment n=3). (b) The representative current traces of the translocation
of 3W]J structure generated in the trigger of MCF-7, HepG2 and U87 cells. The final number of
these three types of cancer cell is 100. Red star indicated the events generated by 3WJ translocation.

All data were obtained in the buffer of cis: 0.5 M NaCl, 10 mM Tris-HCI, pH 8.0, trans: 3 M NaCl,

10 mM Tris-HCI, pH 8.0 at a transmembrane potential of 100 mV.
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Frequency (min')

57 Figure 5. The detection CTCs in serum from healthy volunteers and breast cancer patients. (a) The
representative current traces of the translocation of 3W1J structure generated in the trigger of CTCs
cells in serum from seven breast cancer patients. Red star indicating the events generated by 3WJ
translocation. (b) The detection of CTCs of three healthy volunteers (in blue) and seven breast
cancer patients (in red) (number of independent experiment n=3). All data were obtained in the
36 buffer of cis: 0.5 M NaCl, 10 mM Tris-HCI, pH 8.0, trans: 3 M NaCl, 10 mM Tris-HCI, pH 8.0 at

a transmembrane potential of 100 mV.
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Table 1. Recovery rate of CTCs by the nanopore assay (n=3).

Add cells Found cells Recovery rate (%)
0 0 -
10 9+1 90+ 0.1
100 103+4 103+0.4
250 214+ 13 85.6+0.5
500 476 + 18 952+04
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Table 2. Nanopore detection of CTCs in clinical blood samples from breast cancer patients with

oNOYTULT D WN =

TNM staging evaluation.

Sample Volume Number of Concentration of CTCs )

10 Sample TNM staging
1 (mL) CTCs (n/mL)

83 21.25 T3N3MO IIC
73 18.25 TINIMO T A
135 22.50 T2NIMO I B
34 4.86 TINIMO DT A
16 2.29 T2N2MO ITA
13 3.25 T2N2MO ITA

5 1.25 T2N3MO IIC
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