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Background: Breast cancer (BC) is the most common malignant tumors and the leading cause of cancer deaths among women. The
early diagnosis and treatment of BC are effective measures that can increase survival rates and reduce mortality. Carbohydrate antigens
15-3 (CA15-3) and carcinoma embryonic antigens (CEA) have been regarded as the most two valuable tumor markers of BC. The
combined detection of CA15-3 and CEA could improve the sensitivity and accuracy of early diagnosis for BC.

Methods: The multi-channel double-gate silicon nanowire field effect transistor (SINW-FET) biosensors were fabricated by using the
top-down semiconductor manufacturing technology. By surface modification of the different SINW surfaces with monoclonal CA15-3
and CEA antibodies separately, the prepared SINW-FET was processed into biosensor for dual-channel detection of CA15-3 and CEA.
Results: The prepared SINW-FET biosensors were proved to have high sensitivity and specificity for the dual-channel detection of
CA15-3 and CEA, and the detection limit is as low as 0.1U/mL CA15-3 and 0.01 ng/mL CEA. Moreover, the SINW-FET biosensors
were able to detect CA15-3 and CEA in serum by connecting a miniature hemodialyzer.

Conclusion: The present study reported a SINW-FET biosensor for dual-channel detection of breast cancer biomarkers CA15-3 and
CEA in serum, which has potential clinical application value for the early diagnosis and curative effect observation of BC.
Keywords: breast cancer, dual-channel detection, dialysis, silicon nanowire field effect transistor, carbohydrate antigens 15-3,

carcinoma embryonic antigens

Introduction

Breast cancer (BC) is the most common malignant tumors and the leading cause of cancer deaths among women.'
Moreover, the incidence of BC in the world is continuously increasing each year, and it increases with age.”* BC is
usually in the mid and late stage when it is diagnosed definitely because of the insidious and atypical symptoms at the
early stage of BC.* The early diagnosis and treatment of BC are effective measures that can increase survival rates and
reduce mortality."> At present, the main methods to screen and early diagnose BC include imaging examinations, breast
biopsy and detection of serum tumor markers.® Imaging examinations such as X-ray, computed tomography (CT),
magnetic resonance imaging (MRI), positron-emission tomography (PET) and ultrasound have limited value in the early
diagnosis of BC, and also rely on expensive testing equipment.” Breast biopsy is widely acknowledged as the gold
standard for the early diagnosis of BC. But, breast biopsy is an invasive test, which will cause varying degrees of pain for
subjects and not suitable for mass screening. Presently, besides imaging examinations and breast biopsy, the detection of
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serum tumor markers has become a new kind of important method used in early diagnosis of BC, and also is help to
improve the detection rate and diagnosis accuracy.®

Carbohydrate antigens 15-3 (CA15-3) and carcinoma embryonic antigens (CEA) have been regarded as the most two
valuable tumor markers for the early diagnosis and curative effect observation of BC based on their high expression were
closely correlated with BC occurrence.” It has been shown that the detection of single tumor marker was inadequate for
cancer diagnosis due to limited sensitivity and specificity, and the combined detection of CA15-3 and CEA could provide
more information for clinical decision-making.'® Currently, the detection means for CA15-3 and CEA consist mainly of
enzyme-linked immunosorbent assay (ELISA), electrochemical immunoassay (ECIA), electrochemiluminescence immu-
noassay (ECLIA) and so on.'' However, these detection means have some disadvantages, for instance label needed,
consuming long time, low sensitivity and complex operation. Therefore, it is of great significance to develop a reliable
multiplex detection method for CA15-3 and CEA with high sensitivity and selectivity, so as to greatly improve the early
diagnosis rate and accuracy of BC.

In 2001, the silicon nanowire field-effect transistor (SINW-FET) was first reported for the detection of biological and
chemical molecules.'? Along with the deepening of research on SINW-FET biosensors and the development of device
fabrication process, the SINW-FET biosensors have been successfully applied to the detection of various target
molecules, such as proteins, nucleic acids, saccharides, viruses, ions and so on.!> The SINW-FET biosensors not only
effectively overcome the disadvantages of traditional detection methods, but also have been successfully applied in
detecting tumor markers with label-free, immediate response, high sensitivity and specificity.'*

SiINW-FET is a voltage-controlled semiconductor device, the gate voltage is applied to regulate the distribution of
majority carriers in the SINW via the electrical effect, thereby further modulating the conductance of SINW.'> Based on
the above theory, SINW-FET can be processed into biosensor for biomolecule detection with high sensitivity and
specificity by the surface modification of SINW with probe molecules which can specifically recognize biomolecules.
The detection principle of SINW-FET biosensor is shown in Figure 1A. The specific binding of electrically charged
biomolecules and probe molecules will cause the change of SINW conductivity, and the change in current between source
and drain electrodes will be recorded by a semiconductor analyzer. According to the difference of majority carriers in
SiNW, SiNW can be divided into p-type and n-type.'® For p-type SINW-FET in which the majority carriers are positively
charged electron holes, the specific binding of negatively charged biomolecules and probe molecules will increase the
density of electron holes, thereby increasing the conductance and current. The binding of positively charged biomole-
cules causes the depletion of electron holes to decrease the conductance and current.'” Conversely, for n-type SINW-FET
in which the majority carriers are negatively charged electrons, the binding of negatively charged biomolecules will
decrease the conductance and current, and the binding of positively charged biomolecules will increase the conductance
and current.'®
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Figure | (A) The detection principle of SINW-FET biosensor. (B) The principle of overcoming the Debye shielding effect by dialysis.
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The SiNW-FET can realize high sensitivity detection for tumor markers in low ionic strength solutions.'®'? But in
high ionic strength physiological solutions (such as untreated serum), the existence of a strong Debye shielding effect
will greatly lower the detection sensitivity of SINW-FET, or even fail it.*° The intensity of the Debye shielding effect is
associated negatively with the Debye length (Ap), which is defined as Ap=1/gx (¢kgT/c)">. Where &, kg, T, c and q are the
permittivity of the media, Boltzmann’s constant, the temperature, the ionic strength of the solution and the electron
charge, respectively.”' According to this formula, the AD decreases with the increase of the ionic strength (c). When Ap, is
less than the distance from the captured biomolecules to the SINW surface, the captured biomolecules cannot cause the
change of SINW conductivity and current due to strong Debye shielding effect.”? In our previous study, we reported
a solution for overcoming the Debye shielding effect through the use of a miniature hemodialyzer with volume regulator
to desalinate serum, which could effectively decrease the ionic strength of serum and increase the Debye length, thus
realizing the detection of tumor markers in serum.?® The principle of overcoming the Debye shielding effect by dialysis is
shown in Figure 1B.

Currently, there are two main fabrication techniques in the preparation of SINW-FET chips, including “bottom-up”
and “top-down” approaches.?* Due to its inherent limitations, the “bottom-up” approach has low consistency in chip
quality and is not conducive to mass production. In contrast, the “top-down” approach has several advantages in mass
production, high consistency and low cost.”> In this study, the multi-channel double-gate SINW-FET chips for dual-
channel detection of BC tumor markers were fabricated by using the top-down semiconductor manufacturing technology.
By modifying monoclonal CA15-3 and CEA antibodies separately on the different SINW surfaces, the SINW-FET can be
used in the dual-channel detection of BC tumor markers CA15-3 and CEA. The multiplexed, highly sensitive and specific
detection of CA15-3 and CEA in the phosphate buffer saline (PBS) was successfully realized by the SINW-FET
biosensor. Furthermore, the connection with the miniature hemodialyzer enables the SINW-FET biosensor to detect
CA15-3 and CEA in serum with high sensitivity and specificity. The results of this study indicated that the fabricated
SiINW-FET biosensor has the characteristics of mass production, low cost, real-time, repeatability, high sensitivity and
specificity. Therefore, the SINW-FET biosensor used in this work has high clinical application value for the early
diagnosis and curative effect observation of BC.

Materials and Methods

Materials

Six-inch p-type (100) silicon-on-insulator (SOI) wafers (p:10-20 Qcm; top silicon layer: 195 nm thick; SiO2 insulating
layer: 120 nm thick; silicon substrate: 600 um thick) were purchased from Shanghai Simgui Co. (Shanghai, China).
Polydimethylsiloxan (PDMS) was provided by Dow Corning Co. (Midland, Michigan, USA).
3-Aminopropyltriethoxysilane (APTES), glutaraldehyde (Glu), phosphate buffered saline (PBS; pH 7.4), bovine serum
albumin (BSA) and BSA monoclonal antibody were acquired from Sigma-Aldrich (St Louis, MO, USA). CA15-3,
CA12-5 and CA15-3 monoclonal antibody were obtained from Alpha Diagnostic Intl. Inc. (San Antonio, Texas, USA).
CEA, alpha-fetoprotein (AFP) and their monoclonal antibodies, green fluorescent protein (GFP) and red fluorescent
protein (RFP) were purchased from Abcam Inc (Cambridge, MA, USA). The serum samples were collected from female
breast cancer patients and healthy female volunteers and stored at 4°C for the short term. The study was approved by the
Ethics Committee of the Soochow University and was conducted in accordance with the Declaration of Helsinki.
Informed consent was obtained from the patients prior to enrolment in the study.

Fabrication of the Multi-Channel Double-Gate SiINW-FET Chips

The fabrication process for the multi-channel double-gate SINW-FET chips is shown in Figure 2A. Firstly, the top silicon
layer of a six-inch p-type (100) SOI wafer was thinned to 30 nm by thermal oxidation and etching with buffered oxide
etch (BOE). Secondly, the nanowires (500 nm wide) and other graphic regions were formed by the UV stepper
lithography, and then the top silicon layer and SiO2 insulating layer outside the graphic regions were etched by the
reactive ion etching (RIE). The main purpose of this step was to fabricate raised SINWs (about 500 nm wide and 30 nm
high). Thirdly, a specific area of the pattern (including part of SINW surface) was plated with a 50 nm thick SiO2
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Figure 2 (A) The fabrication process for the multi-channel double-gate SINW-FET chips. (B) The functional modification process of the SINW surfaces.

insulating layer by the method of UV lithography and inductively coupled plasma chemical vapour deposition
(ICPCVD). The goal of this step was construct an insulating layer between the top gate electrode and SINW. Fourthly,
a metal electrode layer, which was composed of 5 nm Ti and 100 nm Au, was deposited on the graphic region outside
SINW by the method of UV lithography and physical vapor deposition (PVD) to form the source electrode, drain
electrode and top-gate electrode. Fifthly, the back of wafer was coated with a Ti/Au/Ti (5 nm/100 nm/5 nm) metal
electrode layer by the PVD method to form the back-gate electrode. Then, the wafer was thermally annealed at 300°C
(10°C/S) in quick anneal oven to obtain good ohmic contacts between metal electrode and silicon. Finally, to avoid
surface modification of non-detection region and signal interference during detection, the wafer surface other than the
reserved detection region was plated with a SiO2/SiNx (100 nm/160 nm) passivation layer by the method of UV
lithography and ICPCVD.

Modification of the SINW-FET with CA15-3 and CEA Antibodies

In this research, CA15-3 and CEA antibodies were separately covalently connected to the different SINW surfaces on
a SINW-FET chip using the traditional APTES-Glu chemical chain modification method. The functional modification
process of the SINW surfaces is shown in Figure 2B. Firstly, the SINW-FET chip was successively cleaned with acetone,
isopropyl alcohol and deionized water in an ultrasonic cleaner for 10 min, and then dried with nitrogen and cleaned with
an oxygen plasma cleaner for 5 min to form a layer of hydroxyl groups on the chip surface. Secondly, the chip was
dipped in 2% (v/v) APTES ethanol solution for 45 min to introduce amine groups on the SINW surfaces. In this process,
the oxyethyl groups provided by APTES were combined with hydroxyl groups on the chip surface. Then, the chip was
heated at 120°C for an hour to remove unbound APTES molecules. Thirdly, the chip was immersed in 2.5% (v/v)
Glutaraldehyde solution for an hour to introduce aldehyde groups on SiNW surfaces in preparation for linking to the
amine groups in monoclonal antibody. In this step, the aldehyde groups provided by Glutaraldehyde were combined with
the amino groups provided by APTES. Finally, CA153 and CEA antibody (both 100 pug/mL) in PBS solution (pH 7.4)
were delivered separately to different SINW surfaces through the microfluidic channels and kept at 4°C for 4 hours.
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PDMS Microfluidic Channels Fabrication and Integration

In this study, we used PDMS to fabricate the microfluidic device, which contains two channels with 7.0 mm in length,
0.6 mm in width and 0.15 mm in height (Figure 3A). Firstly, the dual-channel molds were made on a silicon wafer by the
method of UV lithography and silicon deep etching (Figure 3B). Secondly, the PDMS prepolymer and curing agent were
fully mixed by weight in the ratio of 10:1, and then the mixture was poured onto the dual-channel molds and placed in
a vacuum tank to remove bubbles. Thirdly, the bubble-free mixture was placed at 75°C for 40 min to achieve gradual
solidification. Finally, the congealed dual-channel PDMS was separated from the dual-channel silicon molds and drilled
by hole punch to obtain the channel of liquid inflow and outflow.

Before integration with the functionalized SiNW-FET, the dual-channel PDMS was successively cleaned with
acetone, isopropyl alcohol and deionized water for 10 min, and then dried with nitrogen and cleaned with oxygen
plasma for 5 min. Next, the processed dual-channel PDMS was integrated with the functionalized SINW-FET through
reversible encapsulation (Figure 3C), and an acrylic splint was used to fix the integrated SINW-FET to increase the
sealing performance (Figure 3D).

Integration of the Dialyzer with the SINW-FET Biosensor

A miniature hemodialyzer with volume regulator was made using the dialysis membrane with a total area of 0.01 m? and
an aperture of 10 K Dalton in this work (Figure 3E). The volume regulator could keep the volume of serum constant
before and after dialysis. Before the detection of tumor markers in serum, the miniature hemodialyzer was connected
with the SINW-FET to form Dialysis-SINW-FET biosensor (Figure 3F). The serum was first desalted and purified by the
miniature dialyzer and then flowed through the surface of antibody-modified SINW-FET.

Measurements of the SINW-FET Biosensor
All measurements were carried out with an Agilent B1S00A Semiconductor Device Analyzer provided by Agilent
Technologies Inc. (Santa Clara, CA, USA). A peristaltic pump was used to transport solution to the SINW-FET biosensor

Disposal bottle

Figure 3 The fabrication of PDMS dual-channel microfluidic device, and the integration of detection system. (A) Optical image of the fabricated PDMS dual-channel
microfluidic device. (B) Optical image of the mold for PDMS microfluidic channels. (C) Optical image of the PDMS microfluidic device integrated with the SINW-FET chip.
(D) Optical image of the SINW-FET biosensor integrated with acrylic fastening fixture. (E) Optical image of the miniature hemodialyzer with volume regulator. (F) Schematic
diagram of the detection system.
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at a speed of 80 pL/min. All measurements were proceeded at room temperature (25°C+2°C) and repeated for three
times.

Results

Structure and Electrical Properties of the Fabricated SINW-FET

A six-inch SOI wafer can be made into 170 individual SINW-FET chips. The optical image and structure diagram of
a single SINW-FET chip are shown in Figure 4A and B. The relative positions among SiNW, detection region, source,
drain and top-gate can be clearly shown in the optical microscopy image of the SINW-FET chip (Figure 4C). The
scanning electron microscopy (SEM) image show that the width and height of SINW are approximately 500 nm and 30
nm, respectively (Figure 4D).

The transfer and output characteristics of the fabricated SINW-FET chips were examined using an Agilent BIS00A
Semiconductor Device Analyzer. Figure SA shows the typical transfer characteristic curve of the fabricated chip. When
the drain-source voltage (Vps=2V) and back-gate voltage (Vpg=1V) were constant, the drain-source current (Ipg)
increased with the top-gate voltage (Vrg) changed from OV to 10V. The transfer curve illustrates that the fabricated
chip has strong gate voltage dependence. Figure 5B shows the output characteristic curve of the fabricated chip. When
the back-gate voltage (Vpg=1V) was constant, the Ipg increased with the Vpg changed from 0V to 10V at the different
Vps. The above results indicated that the fabricated SINW-FET chips have excellent electrical performance. The specific
binding of negatively charged biomolecules and probe molecules will increase the density of electron holes in SINW,
thereby increasing the Ipg.

Surface Functionalization of the Fabricated SiINW-FET

In order to verify the effectiveness of the traditional APTES-Glu chemical chain modification in this study, we used green
and red fluorescent proteins (GFP and RFP) instead of CEA and CA15-3 to modify different SINWs, and then observed
the modification results under a fluorescence microscope. Figure 5C and D indicates that GFP and RFP were successfully
connected to the different SINWs. In addition, it is worth pointing out that the SINW which modified with GFP only
show green fluorescence but not red fluorescence, and vice versa. Therefore, it was feasible to connect two different
antibodies to the different SINWs using the current method without affecting the specificity of detection.
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Figure 4 The structure of the multi-channel double-gate SINW-FET chip. (A) Optical image of a single SINW-FET chip. (B) The structure diagram of dual-channel detection
on SINW-FET chip. (C) Optical microscope image of the distribution of detection region and electrodes in a single detection channel. (D) Scanning electron microscopy
image of the fabricated SINW. The width and height of SINWV is approximately 500 nm and 30 nm, respectively.
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Figure 5 The electrical properties of the SINW-FET chip, and the results of surface functionalization of SINW. (A and B) The transfer and output characteristic curve of the
SINW-FET chip. (C and D) The results of surface functionalization of different SiNWs using green and red fluorescent proteins.

Specificity and Sensitivity of the Fabricated SINW-FET Biosensor

The specificity and sensitivity of the fabricated SINW-FET biosensor were evaluated with CA15-3 and CEA standard solutions,
which were obtained by diluting the pure antigens with 0.01xPBS solution. Since the isoelectric point of CA15-3 and CEA are
lower than the physiological pH (pH = 7.4), they are negatively charged in serum or PBS solution, and their binding to the
specific antibodies will increase the conductance and current of p-type SINW. When 1U/mL CA15-3 and 1ng/mL CEA were
successively pumped into a SINW-FET biosensor without modified antibodies, no significant current change was observed (as
shown in Figure 6A), indicating that there was no non-specific binding of antigen molecules to the SINW surface. When 1ng/
mL CEA and 1U/mL CA12-5 were successively pumped into a SINW-FET biosensor modified with CA15-3 antibody, there
was no significant change of the current, while when 1U/mL CA15-3 was injected into the biosensor, an apparent current
change was observed (Figure 6B). Similarly, when 1U/mL CA15-3 and 1ng/mL AFP were successively pumped into a SINW-
FET biosensor modified with CEA antibody, no significant current change was observed. Then, a significant increase in current
was observed when 1ng/mL CEA was injected into the biosensor (Figure 6C). The above results indicated that the SINW-FET
biosensor modified with antibody has excellent specificity in the detection of tumor marker.

In order to further detect the sensitivity of the fabricated SINW-FET biosensor and the relationship between the
current change with the concentration of CA15-3 and CEA, a range of known concentrations of CA15-3 and CEA were
pumped into the corresponding antibody-modified SINW-FET. The typical detection results of dual-channel detection of
CA15-3 and CEA at different concentrations are shown in Figure 6D and E. The fabricated biosensor exhibited good
detection performance with linear ranges of 0.1-10U/mL for CA15-3, 0.01-10 ng/mL for CEA, a detection limit of 0.1U/
mL for CA15-3, 0.01 ng/mL for CEA. The results show that the biosensors have high sensitivity for the dual-channel
detection of CA15-3 and CEA, which meet the requirement of clinical testing.

Dual-Channel Detection of Breast Cancer Biomarkers CA15-3 and CEA in Serum

The excellent detection ability of the fabricated SINW-FET biosensor was further examined by detection of CA15-3 and
CEA in serum of normal people and breast cancer patients. Figure 6F and G showed the typical detection results of
CA15-3 and CEA in the serum of normal person and breast cancer patient, in which the normal serum with a CA15-3
concentration of 10.9 U/mL and a CEA concentration of 2.67 ng/mL, the serum of breast cancer patient with a CA15-3
concentration of 45.8 U/mL and a CEA concentration of 10.24 ng/mL. The concentration of CA15-3 and CEA in serum

were measured using a Roche Elecsys 2010 electrochemiluminescence immunoassay analyzer provided by Roche
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Figure 6 The specificity and sensitivity of the SINW-FET biosensor, and the results of dual-channel detection of CA15-3 and CEA in the dialyzed serum samples. (A) Plot of
current versus time when 0.5mg/mL BSA, |U/mL CAI5-3 and Ing/mL CEA in 0.01xPBS solution were successively pumped into unmodified SINW-FET biosensor. (B and C)
Plot of current versus time for the anti-CA15-3 and anti-CEA SiNW-FET biosensor. (D) The anti-CA15-3 SINW-FET biosensor response to different concentrations of
CAI15-3 in 0.01xPBS solution. (E) The anti-CEA SiNW-FET biosensor response to different concentrations of CEA in 0.01%PBS solution. (F and G) Response of the anti-
CAI15-3 and anti-CEA SiNW-FET biosensor to the dialyzed serum samples. ***p < 0.001. (H and I) The current change (Al) versus the CA5-3 and CEA concentrations in
the dialyzed serum samples.

Diagnostics GmbH. The detection results show that breast cancer patient serum resulted in much more obvious current
change than normal people serum. Figure 6H and I showed the relationship between current change (AI) and the
concentration of CA15-3 and CEA in serum.

Discussion
In this work, the dual-gate SINW-FET chips were fabricated using the top-down semiconductor manufacturing technol-
ogy, which has advantages in mass production, high consistency and low cost.>> A six-inch SOI wafer can be made into
about 170 individual chips. In addition, the dual-gate SINW-FET can amplify the detection signal by multiples through
the capacitive-coupling effect, thereby increase the signal-to-noise ratio of SINW-FET.?® The detection results of
standard solutions show that the prepared biosensors have high specificity and sensitivity. In order to achieve the dual-
channel detection of CA15-3 and CEA, the traditional APTES-Glu chemical chain modification method was used to
modify monoclonal antibodies onto the different SINW surfaces,”’ and the dual-channel PDMS microfluidic device was
used to transport solution containing monoclonal antibodies or tumor markers to the function area. The application of
dual-channel PDMS microfluidic device not only improved the accuracy of antibody modification, but also effectively
avoided the mutual interference between the two groups and increased the reliability of detection.

In order to further improve the specificity and sensitivity of the prepared biosensor, we used the BSA blocking
method to occlude the non-specific protein adsorption sites on the surface of PDMS microchannels and minimize non-
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specific adsorption interference.”®?° About 300 uL 0.01xPBS solution containing 0.5mg/mL BSA was first pumped
through detection region to obtain a stable baseline current (Iy) and block the non-specific protein adsorption sites on the
surface of PDMS microchannels. Moreover, previous study has suggested that the detection sensitivity of SINW-FET can
reach optimal level in the subthreshold regime.*® Therefore, we applied Vps =2V, Vog =2V, Vg = 1 V for detection,
letting the fabricated SINW-FET working in the subthreshold regime. To decrease the adverse effect on the detection
caused by the Debye shielding effect, the detection for CA15-3 and CEA standard solutions was carried out in 0.01xPBS
solution.

Previous research has suggested that the existence of a strong Debye shielding effect in serum would greatly lower
the detection sensitivity of SINW-FET.*>' Several methods have been proposed to reduce the influence of Debye shielding
effect on the detection of tumor markers in serum, mainly including dilution,*? protein purification,** tailoring antibody
and aptamer substitution method.?'** The serum dialysis method was used in this study to overcome the Debye shielding
effect. The serum was first desalted and purified by the miniature dialyzer and then pumped into the antibody-modified
SiNW-FET. The miniature dialyzer with volume regulator could decrease ionic strength while keeping the concentration
of tumor markers and serum volume constant. The results showed that the prepared SINW-FET biosensor could not only
detect tumor markers in serum with high sensitivity, but also distinguish the difference in serum concentration of tumor
markers between normal people and breast cancer patients.

CA15-3 and CEA are the most two valuable tumor markers for the early diagnosis and curative effect observation
of BC, and their concentrations in normal people serum are generally less than 30U/mL and 5ng/mL, respectively.®>*
Currently, there are many types of sensors for detecting CA15-3 and CEA, and each one has its own superiorities. In
order to more intuitively compare the detection performance of CA15-3 and CEA sensors based on different methods, the
relevant data from published literatures and the results of this study are summarized in Table 1 *7*° and Table 2.3%4~%4
Although the linear range and low detection limit for CA153 and CEA detection were not as good as fluorescence

Table | Comparison of the Performance of Various Sensors for CA|5-3 Detection

Methods Materials Detection Limit Linear Range Response Time References
(U/mL) (U/mL)

FIA MoS2 nanosheets 0.0039 0.01-0.1 10min [37]

ECIA AuCs/GR 0.0015 0.005-50 25min [38]

ECLIA ZNs-PAMAM 0.033 0.1-120 30min [39]

GDY-FET Graphdiyne 0.043x10°° Ix10°-1x10° | Instant response [40]

DG SiNW-FET SINW 0.1 0.1-10 Instant response This work

Abbreviations: FIA, fluorescence immunoassay;

ECIA, electrochemical immunoassay; AuCs/GR, gold clusters/graphene; ECLIA, electroche-

miluminescence immunoassay; ZNs-PAMAM, polyamidoamine-functionalized ZnO nanorods; GDY-FET, graphdiyne silicon nanowire field effect
transistor; DG SiNW-FET, double-gate silicon nanowire field effect transistor.

Table 2 Comparison of the Performance of Various Sensors for CEA Detection

Methods Materials Detection Limit Linear Range Response Time References
(ng/mL) (ng/mL)

FIA UCNPs/GO 0.0079 0.03-6 10min [41]
ECIA AuCs/GR 0.0012 0.004-200 25min [38]
ECLIA PANI/PPy-Ag 0.0004 0.001-100 50min [42]
G-FET Graphene 0.1 0.1-100 Instant response [43]
Si-NR FET SiNR 0.0l 0.01-10 Instant response [44]
DG SiNW-FET SINW 0.0l 0.01-10 Instant response This work

Abbreviations: FIA, fluorescence immunoassay; UCNPs/GO, upconversion nanoparticles/graphene oxide; ECIA, electrochemical immunoas-
say; AuCs/GR, gold clusters/graphene; ECLIA, electrochemiluminescence immunoassay; PANI/PPy-Ag, Polyaniline/polypyrrole-silver; G-FET,
graphene field effect transistor; Si-NR FET, silicon nanoribbon field effect transistor field effect transistor; DG SiNW-FET, double-gate silicon
nanowire field effect transistor.
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immunoassay (FIA), ECIA and ECLIA, the above three methods need a long response time, while the prepared SINW-
FET can respond instantly. Compared to CEA detection, the prepared SINW-FET biosensor possesses similar detection
performance with other types FET biosensor. Importantly, the prepared SINW-FET biosensor has high sensitivity,
specificity and repeatability for the dual-channel detection of CA15-3 and CEA, which can meet the requirements of
clinical application.

Conclusions

In conclusion, the present study reported a SINW-FET biosensor for high sensitive and high selective dual-channel
detection of breast cancer biomarkers CA15-3 and CEA in serum. The fabricated SINW-FET biosensors were demon-
strated for detecting as low as 0.1U/mL CA15-3 and 0.01 ng/mL CEA. Moreover, the biosensors were able to distinguish
the difference of tumor markers concentration in serum between normal people and breast cancer patients, which further
demonstrating its excellent detection performance. The results of this study demonstrate that the fabricated multi-channel
SiNW-FET biosensors have potential to be an effective tool in the early diagnosis and curative effect observation of BC.
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