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Cancer has become one of the major diseases threatening human health and life. Circulating tumor DNA (ctDNA)
testing, as a practical liquid biopsy technique, is a promising method for cancer diagnosis, targeted therapy and
prognosis. Here, for the first time, a field effect transistor (FET) biosensor based on uniformly sized high-response
silicon nanowire (SiNW) array was studied for real-time, label-free, super-sensitive detection of PIK3CA E542K
ctDNA. High-response 120-SiNWs array was fabricated on a (111) silicon-on-insulator (SOI) by the comple-
mentary metal oxide semiconductor (CMOS)-compatible microfabrication technology. To detecting ctDNA, we
modified the DNA probe on the SiNWs array through silanization. The experimental results demonstrated that
the as-fabricated biosensor had significant superiority in ctDNA detection, which achieved ultralow detection
limit of 10 aM and had a good linearity under the ctDNA concentration range from 0.1 fM to 100 pM. This
biosensor can recognize complementary target ctDNA from one/two/full-base mismatched DNA with high
selectivity. Furthermore, the fabricated SiNW-array FET biosensor successfully detected target ctDNA in human
serum samples, indicating a good potential in clinical applications in the future.

1. Introduction rare cells may be misdiagnosed as CTCs, resulting in false positives.

Although metabolic analysis (Cao et al., 2020; Huang et al., 2020; Wan

Cancer has become one of the leading issues of death worldwide
(Bray et al., 2018). Most current diagnosis methods only rely on tissue
biopsy, which is an invasive test and provide only static information
about the tumor (Calapre et al., 2017). To comfort the patient, a
non-invasive liquid biopsy detection method was developed to achieve
real-time dynamic monitoring of cancer and determine suitable thera-
peutic method by detecting free molecules (circulating tumor DNA
(ctDNA), circulating tumor cells (CTCs), metabolites, etc). CTCs detec-
tion (Zhang et al., 2019; Miccio et al., 2020; Sun et al., 2019) has been
studied for cancer screening and treatment evaluation. However, the
number of CTCs in blood is very low in the early stages of cancer, some
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et al., 2020) can better understand the progress of the disease, the low
levels of metabolites in patient samples makes it unable to meet the
requirements of accurate diagnosis. ctDNA (Diaz and Bardelli., 2014) is
a nucleic acid fragment released by tumor cells into the peripheral
blood. Compared with CTCs, metabolites and other substances, the
amount of ctDNA can effectively reflect the tumor burden in the body
(Wang et al., 2015). In addition, the half-life of ctDNA in blood is short,
from 2 h to one day (Zhang et al., 2018). Dynamic monitoring of ctDNA
can accurately observe the chronic response of tumors, which is of great
value for the prognosis of diseases and targeted therapy. Practically,
E542K (G70271A in exon 9) (Cai et al., 2018; Nguyen and Sim., 2015),
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Table 1
Sequences of capture probe DNA and target DNA.

DNAs Sequences

5'-COOH-CCCCCCAGTGATTTTAGAGAG-3'
5'-CTCTCTAAAATCACT-3'
5'-CTCTCTGAAATCACT-3'
5'-CTCTCTGAAATGACT-3'
5'-TACTCCGCGCTAACG-3’

ssDNA probe

complementary DNA (ctDNA)
one-base mismatched DNA
two-base mismatched DNA
non-complementary DNA

as a common mutation hotspot in ctDNA of PIK3CA, widely exists in
gastric cancer, breast cancer, lung cancer, liver cancer, colon cancer and
brain cancer (Banerji et al., 2012; Cai et al., 2018; Dawson et al., 2013).
Therefore, developing an efficient PIK3CA E542K ctDNA detection
technology has great significance to tumor diagnosis, prognosis and
targeted therapy.

Numerous approaches to qualitatively detecting ctDNA have been
proposed, such as electrochemical impedance measurement (Sahoo
et al., 2013), localized surface plasmon resonance (LSPR) technology
(Nguyen and Sim., 2015), droplet digital PCR (ddPCR) (Kang et al.,
2016), amplification refractory mutation system (ARMS) (Feng et al.,
2018), and DNA hydrogels (Mao et al., 2019). However, these reported
methods still have some limitations: 1) Effective processing and accurate
readout of DNA recognition signals are challenging. 2) Achieving high
sensitivity requires expensive, large scale equipment and multistep
processes, which limits their large-scale applications. Therefore, it is
urgent to develop an ultrasensitive, label-free, low-cost, and portable
ctDNA detection method.

To addressing the limitations, nanomaterials (HelmyAbdou et al.,
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2019; Jandas et al., 2020; Li et al., 2015; Mu et al., 2016; Salimi et al.,
2013; Zhang et al., 2017) with superior conductive properties open up
new strategies. Silicon nanowire (SiNW), as an excellent candidate
material, has been widely studied for applying in biomedicine (Gao
etal., 2020; Tsai et al., 2011; Wu et al., 2018), industrial production (Liu
et al., 2017; Thiyagu et al., 2011; Tian et al., 2007) and microfluidics
(Liu et al., 2018) due to its large surface-to-volume ratio and excellent
biocompatibility. Additionally, it has good holes or electrons transfer
capabilities in detection because of the accumulation of charges in
SiNWs, which can sensitively perceive small changes in the surface
electrostatic field environment (Gao et al., 2011, 2012). SiNW-based
field effect transistor (SINW-FET) (Li et al., 2016; Wu et al., 2018) has
shown a great potential for biological detection, especially in DNA (Lu
et al., 2016).

The performance of the SINW-FET sensor is mostly determined by
the number of SiNWs (Gong et al., 2015). In most of the previously re-
ported SiINW sensing systems (Li et al., 2016), the number of SINW in the
array is usually only a few or a dozen, which has a picoampere detecting
electrical signals requiring precise instrument. In our previous research,
we proposed a SiNW manufacturing technology (Yang et al., 2018)
compatible with complementary metal oxide semiconductor (CMOS)
technology, which can precisely control the dimension of SINWs and
achieve mass manufacturing. Compared with the previously reported
SiNW sensor (Nuzaihan et al., 2016), the integrated SINW array sensor
showed low cost, higher signal-to-noise ratio, and higher sensitivity with
microampere current signal (Yang et al., 2019). This SINW-FET sensor
has successfully applied in vapor analytes (Gao et al., 2017b) and liquid
tumor markers detection (Yang et al., 2019).

Given the excellent performance, we firstly present a wafer-level,

Fig. 1. The fabrication processes of SINW array sensor on (111) SOI wafer. (a) Silicon nitride was etched to form two adjacent rectangular cavities, then deep
reaction ion etching to form etched cavities (b). By anisotropic wet-etching, a silicon wall was formed between the adjacent etched cavities (c), the right part was a
sectional drawing. After Self-limiting oxidation, a SINW was generated on the top center of walls (d), the right part was a sectional drawing. Source electrode, drain
electrode and a top-grid electrode were fabricated (e), and the trench was performed to isolate source electrodes and drain electrodes (f). Finally, the single SINW-FET
formed after removing the silica wall (g), the right part was a sectional drawing. Rectangle box was a local amplification sectional drawing of SINW, where the arrow
mark was the SINW. In this way, the SiNW-array FET were integrated on a (111) SOI wafer (h). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. Photograph of packaged SiNW-array FET devices (a), and optical microscope images of partially enlarged silicon wall arrays (b) and local amplification (c).
The SEM image of a single SINW (d) and local amplification (e). (f) I-V characteristics of the SiNW-array FET sensor in air. Isp/Vsp curve for varying Vgs (0 to —2 'V,
AV = —1V). (g) I-V characteristics of the SiNW-array FET sensor in PBS solution at Vgg = 0 V. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

highly controlled p-type SiNW-array FET biosensor for quantitating
tumor marker PIK3CA E542K ctDNA in this paper. The SINW arrays
were fabricated on a commercial (111) silicon-on-insulator (SOI) wafer
using a novel low-cost CMOS technology. After a series of surface
modification processes, specific single-stranded DNA (ssDNA) probes
were assembled on the surface of SiNWs to identify and detect ctDNA.
The SiNW array biosensor showed an ultralow limit of detection as low
as 10 aM and high specificity for the recognition of single-nucleotide
polymorphism (SNP). The human serum samples were also studied
using the fabricated SiINW-array FET biosensor.

2. Materials and methods
2.1. Materials and reagents
We purchased experimental reagents such as N-hydroxysuccinimide

(NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), phos-
phate buffered saline (1 x PBS, 137 mM NaCl, 2.7 mM KCl, and 10 mM

phosphate, pH 7.2-7.4), and absolute ethanol from Shanghai Macklin
Biochemical Co., Ltd (China), and 3-aminopropyltriethoxysilane
(APTES) obtained from Sigma-Aldrich (USA).

The oligonucleotides of the ctDNA were synthesized from Shanghai
Sangon Biotech Co., Ltd (China). The sequences of probe DNA and target
DNAs were listed in Table 1. The one/two-base mismatch DNAs con-
tained the E542K mutation site (see from Supporting Information S1).

2.2. The fabrication of SINW array sensor

The wafer-level and highly controllable SINW array FET was fabri-
cated with a top-down microfabrication process (Fig. 1) based on our
previous research basis (Yang et al., 2018). SINW array with inverted
triangular structure was obtained by precisely controlling wet etching
parameters (e.g., wet etching time, wet etching rate, and dry etching
depth). Meanwhile, the top-grid electrode was designed to protect the
SiNW from breakage.

In order to quickly and accurately identify target ctDNA, a
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Fig. 3. (a) Working principle of the SiNW-array FET biosensor, (b) the stepwise process of fabrication and detection of SiNW-array FET biosensor for tumor marker

ctDNA, (c) schematic diagram of carboxyl groups activation by EDC/NHS.

polydimethylsiloxane (PDMS) microcavity structure was designed on
the top of the sensing area, which directs the solution to the SINWs. The
microfluidic structure effectively reduced the interference caused by the
external environment and achieved the rapid transportation of ctDNA
molecules.

2.3. Surface modification and hybridization

The ssDNA probe was assembled onto the surface of the SINW array
to identify ctDNA via a series of specific modification approaches (Fig. 3
(b)). The surface of the entire sensor was first treated with oxygen (O3)
plasma for 5 min and then immersed in 2% v/v APTES in 99.5% ethanol
at room temperature overnight. Prior to immobilizing the probe DNA,
the carboxyl group at terminal of probe DNA was activated by a mixture
of NHS and EDC (1:1) for 30 min. Subsequently, ssDNA probe solution
(0.5 pM) in PBS was pipetted into PDMS well and then incubated for 2 h
at room temperature. Superfluous of ssDNA probe was then removed by
PBS cleaning. After the immobilization step, a recognition function layer
(ssDNA/SiNW-array FET) was formed on the surface of the sensor. This
meant that a specific biosensor has been ready for target ctDNA detec-
tion. Finally, PIK3CA E542K ctDNA solution was pipetted into the PDMS
well to hybridize with probe DNA.

2.4. Characterization of SINW-array FET biosensors

The specificity, sensitivity and stability of SINW-array FET biosensor
were electrically characterized by using a Keithley 2450 sourcemeter
(Keithley Instruments Inc., Cleveland, OH). A metalloscope (Ruihong,
Type HJ1) and scanning electron microscopy (SEM) (JEOL JSM6460LA)
were applied to verify the quality of SiNWs. The source-drain voltage
was swept from —1 V to 1 V to characterize the silanization, DNA
immobilization, and hybridization. For the measurements, we applied

Vsp =1V, Vgs = 0 V to the SiNW-array FET biosensor. All the experi-
ments were conducted in a dark environment.

2.5. Preparation of human serum samples

Blood samples were collected from ten healthy volunteers and five of
them randomly chosen for the experiments. The supernatant was
collected after blood clotting. Serum samples were separated by
centrifugation of the supernatant at 3000 rpm for 15 min. 1:10 dilution
of serum samples were analyzed alone or spiked with ctDNA to final
concentrations of 100 fM, 1 pM, 10 pM, 100 pM, 1 nM.

This study was approved by the local research ethics committee (No.
2019-IRB-088, The Children’s Hospital of Zhejiang University School of
Medicine, Hangzhou, China). All subjects gave informed consent. Sub-
jects confidentiality was preserved.

3. Results and discussion
3.1. Fabrication and transfer characteristics of SINW-array FET sensor

The high responsive p-type SINW array FET were fabricated through
CMOS-compatible microfabrication processes. The packaged SiNW-
array FET devices, and partially enlarged silicon wall arrays were
shown in Fig. 2(a ~ c). The 120-SiNWs with inverted-triangle structure
cross-section were fixed between the source and drain electrode in the
form of 15 x 8 array to serve as the sensing region. The cross-sectional
dimensions of SINWs were approximately 90 nm (Fig. 2(d) and (e)) with
a deviation less than + 20 nm. The high uniform size of SiNWs can
further improve the sensitivity of the biosensor (Yang et al., 2018).

The transmission characteristics of the SiNW-array FET sensor were
measured by Keithley 2450. The results were shown in Fig. 2(f) and (g).
The SiNW-array FET sensor exhibited typical depletion mode nanowire
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Fig. 4. (a) I-V characteristics of the same SiNW-array FET sensor at different stage. (b) The real-time response of SiNW-array FET biosensor for different concen-
trations of ctDNA (from 0.1 fM to 100pM). Red arrows indicate the points of injections. (c) Calibration curve of the normalized current change for a series con-
centration of ctDNA (0.1 fM, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM). (d) Real-time current response of SiNW-array FET biosensor for 10 aM ctDNA (Vsp = 1 V).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

current-voltage (I-V) transmission characteristics under both gas and
liquid phase. Fig. 2(f) showed I-V characteristics of the SINW-array FET
sensor measured under the Vgp from 0 to 3 V (step: 0.5 V), while the VGS
from O to —2 V (step: 1 V) in the air. Fig. 2(g) showed the Isp-Vgp
characteristics in the liquid with fixed gate voltage (0 V) and source-
drain voltage sweeping from —1 to 1 V. The above results showed that
the gate of the SiNW-array FET sensor had a good regulating effect on
the source/drain current and exhibited superior Schottky contact in
liquid phase. The SiNW-array FET device was available for biosensor
fabrication and detection.

3.2. Working principle of the SINW-array FET biosensor

Due to the high surface-to-volume ratio, SiNWs are ultra-sensitive to
the variation of the external electric field environment. Therefore, each
SiNW can be used as a ctDNA sensing unit (Gao et al., 2017a). The
surface of SiNWs was firstly silanized to generate a self-assembled
monolayer of terminal amino groups, and then modified with
bio-probes to form “molecular gate” via capturing target ctDNA
(Nuzaihan et al., 2016). Lots of hole carriers will be accumulated rapidly
in the SiNWs as the bio-probes capture the ctDNA with negatively
charge, which increases the Igp (Fig. 3(a)).

This molecular gate control effect is consistent with the semi-
conductor nanowire devices as previously reported (Nuzaihan et al.,
2016). The DNA hybridization is recognized by the SiNW-array FET
biosensor accompanying electrical signals output, which can dynami-
cally monitor the target ctDNA.

3.3. Transfer characteristics of immobilization and hybridization

For a biosensor, functionalizing the sensing surface through specific

molecules determines the sensitivity and stability of the sensor. There-
fore, the critical step is the SiNWs surface pretreatment by O, plasma
(Rahman et al., 2016) (70 W, 5 min) to remove the surficial inherent
impurities. Meanwhile, rich terminal hydroxyl groups (-OH) were also
generated on the surface of SiNWs, which improving the hydrophilic
characteristics of the SINW surface (Supporting Information, S2). Then,
the SiNW-array FET chip was silanized by 2% v/v APTES to form the
APTES/SiNW-array FET (Fig. 3(b)).

The electrical characteristics of SiNW-array FET biosensor was
qualitatively analyzed by Keithley 2450. The I-V characteristics in Fig. 4
(a) indicated the current response in silanization (APTES), immobiliza-
tion (ssDNA probe), and hybridization (double-stranded DNA). The
APTES solution is alkaline because the nitrogen atom of the APTES
amino group attracts H' in the solution contributing to form NH3 and
OH". Si-OH tends to deprotonate and form negative charges (Si-O") in
this alkaline solution, which is equivalent to applying a negative electric
field outside the sensor.

Due to NHS and EDC, the terminal carboxyl group (-COOH) of the
probe was activated (Fig. 3(c)), promoting the condensation reaction
with amino groups on the sensor surface. In the formed peptide bond
(CO=NH), each atom was covalently bonded without unshared electron
pairs, reducing the ability to attract H'. The decrease in the alkalinity of
the solution reduces the negative charge on the surface of the sensor,
which decreases the current in the SiNW (Fig. 4(a)). The sensing
mechanism was consistent with the principle of pH detection by SINW
array FET (Supporting Information, S3). Therefore, the current after
probe modification decreased compared with the silanization.

The hybridization of target ctDNA and probe DNA increase the
current significantly by promoting positive current movement (Fig. 4
(a)). ctDNA with negative charges forms a larger negative electric field
on the surface of SINW and increases the positive charges carrier density
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Fig. 5. Evaluation of the specificity (a, b), repeatability (c) and reproducibility (d) of the SiNW-array FET biosensor. (a)The current response of the different hy-
bridization at the same sample concentration (100 pM). (b) The normalized current change plots of non-complementary, two-base mismatched, one-base mis-
matched, and complementary target DNAs. The normalized current changes of 100 fM target ctDNA at the same SiNW-array FET biosensor (c) and different SINW-

array FET biosensors (d). Error bars indicate the standard deviation (n = 3).

inside the SiNWs, which increases the current. The results was consistent
with the previously reported mechanism of semiconductor nanowire
biosensors (Li et al., 2014; Shen et al., 2014).

3.4. Detection and sensitivity of SINW-array FET biosensor

Different concentration of target ctDNA was monitored by the SINW-
array FET biosensor in real time in the range of 10 aM-100 pM. Spe-
cifically, PBS buffer was introduced into the sensor surface to establish
the baseline current I after immobilizing ssDNA, and then adding a
known concentration of ctDNA solution. In p-type SiNW, the majority
charges carriers are the holes. A large amount of charge carriers (holes)
would accumulate inside the SiNWs when more negatively charged
ctDNA was specifically captured by the probe on the surface of SINWs,
resulting in a larger increase in Igp. As shown in Fig. 4(b), the source-
drain current increased stepwise with the increasing ctDNA concentra-
tion. Obvious current changes were observed when a series of 0.1 fM, 1
fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM complementary target ctDNA
were introduced to hybridize with the probe-functionalized SiNWs. The
current change rate was ~9.86%, ~15.19%, ~18.86%, ~23.84%,
~28.12%, ~34.07%, ~36.69%, respectively (Fig. 4(c)) with the
increasing concentration.

The results indicated that the relative current change had a highly
dependent linear relationship with logarithm of target ctDNA concen-
tration, especially for the concentration ranging from 0.1 fM to 100 pM.
Fig. 4(c) showed a calibration curve of the normalized current change
versus target ctDNA concentration (0.1 fM, 1 fM, 10 fM, 100 fM, 1 pM,
10 pM, 100 pM). The equation of linear regression after calibration
fitting was Y = 4.46587X + 81.58097 with the R? = 0.99747, where X
was the mean of the logarithm of target ctDNA concentration.

The relationship between sensitivity and SINW size can be illustrated
by the following equation (Yang et al., 2018, 2019):
Al (I-1)

itivity = — = == -—Sw-o 1
sensiivity I() 10 7l wz( ) ( )

where K is a constant, @ is the dimension of SiNW, @ is the average
dimension of SiNWs, I and I are the current response before and after
the hybridization of ctDNA. It can be seen from equation (1) that the
sensitivity of SINW is highly correlated with the dimension of the
nanowire. Obviously, the SINW with the same dimension can produce
the same signal. Compared with a single SINW, 120 SiNWs with high
consistency of dimensions make the signal superimpose, resulting in the
much stronger response signal and higher signal-to-noise ratio.

The limit of detection (LOD) is calculated using Y.op = Ypiank + 30,
where Ypx is the response of blank measurement and ¢ is standard
deviation of blank measurement (Rahman et al., 2016; Yusoh et al.,
2019). The blank response of SINW array biosensor detection was 2.48
x 107® A, and the standard deviation was 1.21 x 10~% A, so the
threshold response current was calculated to be 2.52 x 107% A. As
shown in Fig. 4(d), the stable current response of target ctDNA (10 aM)
was 2.56 x 107® A, which was larger than the threshold response. So,
the SiNW-array FET biosensor showed an ultra-high sensitivity, with a
detection limit of 10 aM. The experimental results proved that the SINW
array biosensor with uniform size had significant advantages in DNA
detection sensitivity.

3.5. Specificity, repeatability and reproducibility of SINW array biosensor

3.5.1. Specificity
To verify the specific recognition of target ctDNA by the SiNW-array
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this figure legend, the reader is referred to the Web version of this article.)

FET biosensor, the same concentration (100 pM) of one-base mis-
matched, two-base mismatched and non-complementary DNA were
introduced into SiNW-array FET, respectively. ctDNA is fragmented to
an average length of 50-250 base pairs (Cai et al., 2018) and E542K is a
common mutation hotspot in ctDNA of PIK3CA, which is often mutated
from A to G. The one-base mismatch DNA was the E542K mutation
sequence, and the two-base mismatch DNA contained the E542K mu-
tation site (details in Supporting Information, S1).

Fig. 5(a) indicated that non-complementary DNA (100 pM)
(~-1.34%) and two-base mismatched DNA (100 pM) (1.50%) did not
cause significant changes in current. The relative current change rate
was ~3.37% when one-base mismatched DNA was introduced to the
SiNWs surface. Obviously, as shown in Fig. 5(b), the current change rate
was about 10.54% while hybridization of complementary DNA, which
was three times the change of the current for one-base mismatched DNA.
The tests results demonstrated the good specificity for SNP detection,
allowing the distinction between one, two-mismatched, non-comple-
mentary and complementary DNA (Gao et al., 2011; Nuzaihan et al.,
2016). This is of great significance for the screening of related cancers.
Specificity was also confirmed at different target concentrations (Sup-
porting Information, S4).

3.5.2. Repeatability and reproducibility

O, plasma treatment can remove a large amount of impurities on the
surface (Zhang et al., 2020) except for being an effective strategy to
increase surface hydrophilicity (Rahman et al., 2016). Therefore, the
same SiNW-array FET sensor was treated with O, plasma (70 W) for 5
min and then refabricated to detect 100 fM target DNA. The data was
normalized by calculating Isp/Ip and plotted on the same axis to

effectively compare the relative changes of the SINW current detected by
100 fM ctDNA after 3 refabrications. The biosensor exhibited excellent
repeatability, which has a consistent response in three cycles (Fig. 5(c)).

The reproducibility was also studied using different devices. The
repeatable performance results of the sensor were shown in Fig. 5(d).
After 3 cycles, the relative current changes of 100 fM target DNA still
showed a high consistency, 22.00%, 23.59%, 23.51% respectively,
showing a good reproducibility.

3.6. Simulation analysis of human serum samples

To further evaluate the clinical application potentiality of our SINW
array biosensor, serum samples from healthy people spiked with
different concentrations of target ctDNA were analyzed. High concen-
tration (10 nM ctDNA) serum samples were firstly tested by the SINW-
array FET biosensor. In Fig. 6(a), a consistent current change was
observed in PBS solution and serum samples. However, the detection
background signal was increased (Fig. 6(b)) due to the relatively com-
plex composition of the serum, including various plasma proteins,
peptides, fats, carbohydrates, growth factors, and other substances.
Though the detection background signal of human serum was signifi-
cantly higher than that in PBS solution, the relative current change in
serum and PBS was 12.7% and 12.1%, respectively, which demonstrated
the feasibility of real sample detection using the SiNW-array FET
biosensor.

Furthermore, the SiNW-array FET biosensor was also used to detect
different concentrations of ctDNA in serum. Human serum samples were
spiked with ctDNA to final concentrations of 100 fM, 1 pM, 10 pM, 100
pM, 1 nM (Fig. 6(c)). In Fig. 6(d), a linear relationship was observed
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between source-drain current and the logarithmic value of the ctDNA
concentration in the range of 1 pM-1 nM, with the R? = 0.98009. The
signal threshold was calculated according to the same method in section
3.4, and the detection limit was 10 fM for the SINW-array FET biosensor
in human serum sample. The LOD had a huge rise for target ctDNA in
human serum, in contrast to in PBS (Fig. 4), which might be owing to the
interferences of complex composition such as various plasma proteins.
Therefore, in the further study, it is necessary to improve the enrichment
of ctDNA to achieve the high sensitivity detection of ctDNA in complex
samples.

4. Conclusion

A novel quantificational detecting PIK3CA E542K ctDNA method
was achieved by a FET biosensor based on uniformly sized high-response
SiNW array, which has the advantages of real-time, label-free, super-
sensitive detection. The 120 SiNWs were modified with the probe
DNA through silanization and acted as a molecular gate for recognizing
the target ctDNA. The experimental results demonstrated that the as-
fabricated biosensor had significant superiority in ctDNA detection,
which achieved ultralow detection limit of 10 aM and a good linearity
under the ctDNA concentration range from 0.1 fM to 100 pM. The study
also demonstrated that the fabricated SiNW-array FET biosensor had
good specificity, repeatability and reproducibility. Significantly, the
human serum samples tests showed that the SINW-array FET biosensor
could distinguish target ctDNA in complex samples and had a good
potential in clinical application in the future.
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