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ABSTRACT: Blood-biomarker-based tests are highly important for
the early clinical diagnosis of Alzheimer’s disease (AD) and the
treatment and care of AD patients, but the complex serum
environment and extremely low abundance of AD blood protein
biomarkers present challenges. Nanomaterials are promising for
constructing highly sensitive transistor-based biosensors due to their
small size. However, such biosensors are difficult to fabricate on a
large scale and suffer from the lack of combined optimization of
reproducibility and sensitivity in complex physiological fluids. In this
work, field-effect transistor (FET) biosensors based on highly uniform
semiconducting carbon nanotube (CNT) thin films are mass
produced to achieve highly sensitive and selective detection of the
AD core blood biomarkers of β-amyloid (Aβ). The combination of
the mass-produced CNT FET sensors and oligonucleotide aptamers as efficient bioreceptors enables reliable and reproducible sub-
femtomolar detection in full human serum for Aβ42 and Aβ40 peptides and has outperformed other methods reported to date. The
adsorption of biological substrates to the sensor was significantly reduced by multiple blocking steps, resulting in selectivity ratios of
up to 730% (Aβ40) and 800% (Aβ42). The aptamer-functionalized CNT FET biosensor exhibits a large dynamic range (>104), rapid
response time (several minutes), and low variation (<10%) and can be delivered as a low-cost and rapid clinical detection technology
for the early diagnosis and mass screening of AD. This platform will help bring complex laboratory-based and expensive diagnostic
tools to the point of care.
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■ INTRODUCTION
Alzheimer’s disease (AD), characterized by progressive
cognitive decline, is the most common cause of dementia
and affects millions of individuals aged over 65 worldwide.1,2

Clinical pathological evidence suggests that the pathology
begins 10−15 years before cognitive symptoms emerge.3,4

Since AD progression is irreversible and incurable after the
onset of cognitive symptoms, early diagnosis and intervention
with disease-modifying treatments at the asymptomatic stage
are crucial for the treatment of AD.5,6 Rapid screening tests
that can be widely and inexpensively deployed to identify those
who might benefit from early disease-modifying treatments are
urgently needed.7,8 Current approved diagnosis methods in the
clinic for AD�measurement of Aβ protein level in
cerebrospinal fluid (CSF) combined with Aβ positron
emission tomography (PET) imaging�are not widely applied
for the screening test due to the invasiveness of lumbar
punctures for obtaining CSF and high costs of PET
imaging.9−11 Diagnosed methods based on AD blood
biomarkers are preferred because the collection of peripheral
blood is simple, minimally invasive, and cost effective.12,13

However, obstacles to detection still remain, such as the
extremely low concentration of AD-related proteins in blood,
the large dynamic range of proteins, and masking effects caused
by significant levels of various interferants in blood.14,15

Conventional enzyme-linked immunosorbent assay
(ELISA)-based techniques to assess plasma AD biomarker
levels in patients have proven unsuccessful due to their
insufficient sensitivity.16,17 Although remarkable progress has
been made in the ultrasensitive detection of plasma Aβ levels
by using new antibody-based technologies, such as single-
molecule arrays (Simoa) and immunoprecipitation mass
spectrometry (IP−MS), they are too bulky, expensive, and
time consuming for screening test requirements.18,19 Advances
in nanomaterial-based FETs illustrate the importance and
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promise of next-generation label-free, high-sensitivity, and
high-integration biosensing techniques.20−22 Although nano-
FET biosensors outperform current bioanalytical tools in terms
of sensor performance, their application in the clinical
detection of blood-based biomarkers is still challenging. First,
the lack of cost-effective mass production for high-performance
nano-FET platforms hampers the development pace of this
novel biosensing technology. The wafer-scale preparation of
FETs with high uniformity in an industry-compatible way is
not accessible for most nanomaterial-based FET sensors.23−25

Second, the affinity of antibody-based receptors is always
influenced by the physiological environment, such as pH,
temperature, and ionic strength.26−29 Moreover, because they
are functionalized with a large receptor-like antibody (except
for those using antibody fragments), the sensitivity of nano-
FET sensors is fundamentally limited by the shielding effect
created by the electrical double layer, which is smaller than 1
nm in typical physiological fluids.30−32 Semiconducting CNT
network films have been demonstrated to be promising
channel materials for the construction of ultrasensitive and
batch-fabricated FET biosensors.33,34 Nonetheless, CNT FET-
based biosensors fabricated on large scales for ultralow-
concentration biomarker detection with rapid response in
complex physiological environments have not yet been
demonstrated.
In this work, nucleic acid aptamer-functionalized CNT FETs

are manufactured using a high-throughput fabrication process
to construct a highly sensitive and selective biosensor array for
the detection of low-concentration Aβ proteins in serum and
to promote FET-based sensor clinical applications in the early

diagnosis of AD. The sensor array exploits a highly uniform
semiconducting CNT network film as an ultrathin active
channel and DNA aptamers modified on a floating gate (FG)
insulator as selective receptors for Aβ40 and Aβ42 peptides. The
aptamer-functionalized CNT FETs can repeatedly detect Aβ40
and Aβ42 peptides in both 1× PBS and undiluted serum with a
limit of detection (LoD) as low as 50 aM. These sensors also
exhibit high selectivity with the response ratio to the target Aβ
peptides and nontarget masking proteins such as human IgG
and albumin (defined as selectivity ratio) of up to 800%,
outperforming all the other AD biomarker sensing methods.
The CNT FET biosensors also demonstrate a large dynamic
range, high accuracy, and low variation with the characteristics
of over four decades of linear analytical range, a high recovery
range of 88−108%, and sensor-to-sensor variation of less than
10%. Moreover, with such robust and sensitive sensors, we can
achieve real-time detection of these AD serum biomarkers in a
few minutes. These results indicate the great potential of
aptamer-functionalized CNT FET biosensors in early diagnosis
and mass screening tests for AD.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of CNT FET Bio-

sensors. A structural schematic illustration of the aptamer-
functionalized CNT FET biosensor used in this work is shown
in Figure 1a. The device is constructed with a semiconducting
CNT network film as the active channel, a Y2O3 film as the
gate dielectric, and Au particles as the linkers for connecting
the probes (DNA aptamers in this work, as shown in Figure
1b). CNT films with high semiconducting purity (>99.99%)

Figure 1. Fabrication and characterization of the CNT FET biosensor. (a) Schematic diagram of an aptamer-functionalized CNT FET biosensor
for the detection of AD serum biomarkers. (b) Illustration of aptamer probe immobilization onto FG using a typical Au linker, followed by
hybridization with Aβ peptides. (c) Raman image of sorted CNTs. (d) Scanning electron microscopy (SEM) image of the CNT FET biosensor
array. The scale bar is 100 μm. (e) SEM image of the core reactive region of a biosensor. The scale bar is 20 μm. (f) Transfer curves of 80 CNT
FETs (using a liquid gate) after the deposition of Au nanoparticles, Vds = −0.1 V. (g) Fluorescence image of a Cy5-labeled Aβ42 aptamer hybridized
to Au-NPs immobilized on a CNT FG FET channel surface.
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were deposited onto 4 in. Si/SiO2 substrates by a solution-
derived method.34 We characterized the CNT films by Raman
spectroscopy, as shown in Figure 1c. The intensity ratio of the
G-peak to the D-peak of the Raman spectrum is 10:1,
indicating that the CNTs have few defects. As illustrated in the
Methods and Figure S1, the fabrication process of CNT FET
biosensors is compatible with the conventional micro-
fabrication process, which enables the mass production of
sensor devices needed for low-cost AD screening. The
fabricated sensor array (Figure 1d) consists of 22 devices
with a channel length/width of 20 μm/40 μm. We covered the
entire CNT film with a 6 nm ultrathin Y2O3 film as a dielectric
layer (3 nm Y metal film oxidized for 30 min) and then
deposited 0.6 nm Au-NPs by electron beam evaporation onto
the Y2O3 surface. All the metal contacts and electrodes of the
sensors were encapsulated with a photoresist layer to prevent
any leakage current and electrochemical reaction in the liquid

environment, and a window with a length of 17 mm and a
width of 40 mm was opened for each biosensor to enable
liquid gate testing (see the SEM of a typical fabricated sensor
in Figure 1e). We randomly measured the transfer curves of 80
FETs on a 4 in. wafer with 1× PBS (Figure 1f). All transistors
exhibit p-FET properties with a current on/off ratio of
approximately 105, demonstrating the high semiconducting
purity of the sorted CNTs. The output curve (Figure S2b) of
the FET exhibits good linearity, indicating that stable ohmic
contacts are formed between Pd and CNTs. The almost
hysteresis-free and low subthreshold slope (SS) transfer curves
demonstrate that the CNT FET has few defects and can
reliably reflect the charge change on the FG (Figure S2a).
Statistical analysis shows a highly uniform distribution of
threshold voltage with very small standard deviations of only 8
mV (Figure S2c). The on-state current at Vgs = −0.7 V of the
80 devices is distributed between 0.8 and 1.3 μA with an

Figure 2. AD core biomarker detection by aptamer-functionalized CNT FET sensors in PBS. (a) Transfer curve evolution of the CNT FET
biosensor measured after the introduction of various Aβ42 and (b) Aβ40 concentrations ranging from 1 fM to 10 pM. (c) Threshold voltage changes
of CNT FET after each step of functionalization chemistry and again after exposure to different target concentrations for the detection of Aβ40. (d)
Diagram of structure changes of the aptamer before and after capture of the target protein and the blocking effect of the sensor in solution. (e,f)
Calibration curves of the CNT FET biosensor at Vgs = −0.7 V and Vgs = −0.2 V under a low and fixed Vds = −0.1 V for different concentrations of
the AD biomarker peptides (e) Aβ42 and (f) Aβ40. The black dashed line represents the blank control immersed in 1× PBS solution (dark yellow).
The error bars in e and f indicate the standard deviation calculated from the 10 sensors. (g) Real-time record of current Ids changes for three
different devices after the sequential addition of PBS and different concentrations of Aβ42 and (h) Aβ40 peptides at Vgs = −0.2 V and Vds = −0.1 V.
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average of approximately 1.023 μA (Figure S2d) and a
standard deviation of 0.088 μA. All these statistical results
demonstrated reproducible underlying devices for constructing
reliable biosensors. To construct CNT FG FET sensors for AD
biomarkers, specific thiolated DNA aptamers were immobi-
lized onto the sensor channels with the as-deposited Au-NPs
for linking. Aptamers are used in biosensors as high-affinity
bioreceptors that are much less expensive and more robust
than antibodies.35,36 Figure 1g shows a fluorescent image of
four unpassivated CNT FET sensor devices after incubation
with 3′ terminal Cy5-labeled and 5′ terminal thiolated DNA
aptamers. 37After thorough washing, we can see that the
fluorescence comes only from channel areas covered with Au
nanoparticles in Figure 1g (red), while there is no fluorescence
outside the channels (dark), indicating the successful selective
modification of aptamers onto the Au-NPs FG with Au−S
bonds.

AD Core Biomarker Detection in PBS. After successful
functionalization, we first investigated the sensing behaviors of
Aβ aptamer-functionalized CNT FET sensors in PBS.
Amyloid-β (Aβ42 and Aβ40) peptides are deposited in the
CSF to form neuroinflammatory plaques that trigger
pathogenic cascade reactions to cause AD-related symp-
toms.38,39 The detection of Aβ peptide concentrations can
be effective in preventing AD and aiding positive recovery from
treatment. In contrast to previous studies on antibody
biosensors, the aptamers for AD core biomarkers of Aβ40
and Aβ42 peptides were the first application in FET-type
biosensors. The detailed sequence information is shown in

Table S1 and Figure S3. Two kinds of aptamer-functionalized
CNT FET sensors and their response to Aβ40 and Aβ42 were
then investigated in 1× PBS. The 1× PBS solution reproduces
a simulated physiologically relevant environment with a pH of
7.4 and an ionic strength of 162 mM (both similar to those in
blood serum). The CNT FETs show a positive shift in the
threshold voltage after aptamer functionalization (Figure S4),
which means that the negatively charged backbones are fixed
to the Au-NPs decorated on the Y2O3 insulator. Typical
transfer curves before and after the addition of Aβ40 and Aβ42
peptides with concentrations ranging over 5 orders of
magnitude were measured and are shown in Figure 2a,b.
The threshold voltage of the transfer curves shifts to the left
(Figures 2c and S5), and the on-state current decreases as the
target concentration increases from 1 fM to 10 pM. Upon
hybridization with the corresponding targets, the secondary
structures of these aptamers undergo conformational change
from a folded state to a stretched state,40 which moves the
negative charge distribution region of the aptamer away from
the CNT channel, leading to a reduction in the current (Figure
2d). Figure S6 shows the energy band changes of the CNT
devices before and after capturing the targets. A sensor without
aptamer functionalization was measured under the same
conditions and taken as a blank control group (Figure S7).
The static sensor response here is defined as the relative
change in the drain current at certain gate voltages (response =
|Ids − Ids0|/Ids0, where Ids0 and Ids are the drain current before
and after target incubation). The responses of sensors to
different Aβ40 and Aβ42 peptide concentrations in the linear

Figure 3. Sensitivity and selectivity of aptamer-functionalized CNT FET sensors in serum. (a,b) Calibration curve of the sensor array for the
detection of Aβ42 and Aβ40 in serum. There is almost no response to human IgG and BSA at a similar concentration to the target. The error bars in
(a,b) indicate the standard deviation calculated from the 10 sensors. LoD is defined as the concentration showing a response equal to Y = YC + kSc,
where YC is the mean value of the response of the control group, Sc is the standard deviation, and k is selected as 3 here. (c) Aβ42 in mixture 1 and
mixture 2 and Aβ40 peptide in mixture 3 and mixture 4 were used to test aptamer-functionalized CNT FET sensors. All tests were performed by
adding 20 μL of the mixture to the sensor after incubation for 30 min. (d,e) Real-time responses of three CNT FET biosensors upon sequentially
adding different concentrations of solutions, including serum, BSA, IgG, and targets from 1 fM to 10 pM at Vgs = −0.2 V and Vds = −0.1 V.
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regime (Vgs = −0.7 V) and subthreshold regime (Vgs = −0.2 V)
are plotted in Figures 2e,f, respectively. An obvious linear
relationship (with R2 > 0.99) between the current change of
the sensor and the logarithmic concentration of the biomarkers
was observed at −0.7 V in the range of 100−104 fM. As a
comparison, the sensor exhibits a higher sensitivity but a worse
linearity in the subthreshold regime than in the linear regime.
The subthreshold operation offers larger responses due to a
steep subthreshold swing (see Figure S10b), and an
exponential change in the drain current is expected when the
gate voltage changes linearly, which is consistent with a
previous report. The high selectivity is proven by the response
of less than 6% in the blank control group compared with that
of up to 40−90% in the experimental groups. In addition to the
static test, we performed a study of the real-time detection
capability of the CNT FET biosensors in PBS buffer for the
Aβ42 peptide and Aβ40 peptide (Figure 2g,h). The time-
dependent change in the current Ids was recorded, and the
arrows indicate the moment the sample solutions were added.
Sample solutions with different analytes and a concentration of
2 μL were dropped onto the biosensors every 200 s. The
current was almost unchanged after three washes with PBS
buffer. Then, the current decreases from the baseline value
upon subsequent addition of sample solutions with increasing
concentrations of Aβ42 peptide and Aβ40 peptides (from 1 fM
to 10 pM) in 1× PBS buffer. These results in PBS
demonstrated that the fixed aptamer receptors can capture
the peptide targets stably and sense conformational changes in
high ionic strength solutions sensitively, which lays the
foundation for sensitive detection in serum.

Sensitivity and Selectivity of Aptamer-Functionalized
CNT FET Sensors in Serum. We then evaluated the
sensitivity and selectivity of aptamer-functionalized CNT
FET sensors in human serum. Healthy human blood samples
were purchased from Beijing Laboratory Biotechnology Co.,
Ltd. Most of the blood cells were removed by low-speed
centrifugation, and the upper liquid layer was taken as serum.
To demonstrate the detection capability in serum, Aβ peptides
were spiked into the serum to obtain different concentrations
of Aβ peptides from 1 fM to 10 pM, which covers the
physiological range of Aβ in both blood and CSF. After the
corresponding aptamer modification, a multi-blocking process
(see Methods) was followed to avoid any nonspecific proteins
on the FET surface. The transfer curves were measured after
the aptamer-functionalized FET sensors were incubated with
serum solution with different Aβ peptide concentrations and
then provided fundamental data to characterize the sensors.
We determined the selectivity of the aptamer-functionalized
CNT FET biosensor to nontarget proteins by measuring the
sensor response to other proteins, such as BSA and human
IgG, at various concentrations (Figure 3a,b). BSA was used to
mimic the additional effect of human serum albumins. The
sensor exhibits a positive shift in transfer curves (see Figure
S8) and a high response to drain current as the concentration
increases (Figure 3a,b), similar to the behaviors measured in
PBS, and the high sensitivity of the aptamer-functionalized
CNT FET enables the detection of targets in a complex serum
environment. The sensor shows high sensitivity to moderate
changes in target concentration even with a detection range of
5 orders of magnitude (Figure 3a,b), while it exhibits a

Figure 4. Performance evaluation and benchmarking of the CNT FET biosensor. (a) Blocking effect of different blocking agents on biosensors. (b)
Stability measurement of a typical CNT FET in serum under Vgs = −0.2 V and Vds = −0.1 V. (c) Coefficient of variation of the response from 10
sensors in each group at different target protein concentrations for the detection of Aβ42 peptide and Aβ40 peptide in serum. The coefficient of
variation was defined as CV = (SD/average) × 100%, where SD is the standard deviation of the concentration and average is the average of the 10
devices. (d,e) Recovery of Aβ42 and Aβ40 peptides in human serum. (f) Performance benchmark comparing different detection platforms and other
sensors reported in the literature (for reference number, see Table S3). The ratio of the response values to the target Aβ peptides and nontarget
proteins in Figure 3c is defined as the selectivity ratio.
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negligible response to interferents (PBS or IgG) in the whole
dynamic range. The limit of detection (LoD), which was
customarily computed as the concentration providing a
response equal to the average noise level (taken from the
control groups of human IgG here) plus three times the noise
standard deviation, was calculated to be 55 and 45 aM for Aβ40
and Aβ42 in serum, respectively. To further investigate the
specificity of the sensor to distinguish between Aβ40 and Aβ42
in complex solutions, 10 other sensors modified with Aβ42
aptamer (Aβ40 aptamer) were used to detect the response to
the mixture of serum solution with and without 10 fM Aβ42
(Aβ40) peptides. The mixed solutions were prepared with the
addition of 1 nM BSA, 1 nM IgG, and 1 nM Aβ40 (Aβ42)
peptides into the full serum. As shown in Figure 3c, for Mix1
(with Aβ42) and Mix3 (with Aβ40) containing the correspond-
ing targets, all 10 sensors responded above 15%, three times
larger than the response value of 5% to Mix2 (without Aβ42)
and Mix4 (without Aβ40). To evaluate the sensing capability in
fast blood-based screening tests, we show real-time sensor
measurements while going through changing serum solutions
with spiked Aβ concentrations ranging from 1 fM to 1 pM. In
these measurements, CNT FET sensors were operated in
maximum sensitivity mode with similar operation in PBS, that
is, applying Vgs corresponding to the subthreshold regime at a
given bias (Vgs = −0.2 V, Vds = −0.1 V). As shown in Figure
3d,e, the aptamer-functionalized CNT FET sensor identified
the spiked Aβ peptide concentration down to 1 fM with a
response time of approximately 40 s, while the influence of
serum, BSA, and IgG was negligible. These results indicate that
the aptamer-functionalized CNT FET sensor has excellent
selectivity and sensitivity for the analysis of AD biomarkers in
real biological samples.

Performance Evaluation and Benchmarking of the
CNT FET Biosensor. To further evaluate the sensing
performance of our biosensors in serum, we conducted
detailed investigations on the blocking effect, variation,
stability, and recovery tests. The multi-blocking process was
performed in human serum, and the nonspecific responses
were compared to those obtained with different blocking
processes. As shown in Figure 4a, the biosensor response to
nontargets was reduced from 50 to <5% by using a three-step
blocking with MCH, Tween 20, and BSA. It effectively reduces
the adsorption of molecules from serum onto the sensor and
improves the sensitivity of serum biomarker detection. We
further recorded the current variation of the CNT FET
biosensor with time to evaluate its stability performance in
serum at Vgs = −0.7 V and Vds = −0.1 V. Bias stress
measurements of the CNT FET biosensor showed stability in
serum for more than 30 min (Figure 4b), suggesting that the
dense Y2O3 film effectively isolates the CNT film from the
biological matrix and enables the sensor to function properly
under prolonged liquid conditions. Excellent reliability,
including performance stability and uniformity, is critical for
the applications of sensors in point-of-care testing (POCT).
The coefficient of variation (CV) is used here as an important
evaluation index of sensor reliability to reflect the response
variation across devices at the same target concentration. The
responses to the targets in Figure 3a,b are based on a group of
10 devices from 1 fM to 10 pM and calculate the CV within
10% (Figure 4c). We performed the recovery test with average
recoveries of 88−108% in the linear working range (Figure
4d,e and Table S2), which indicates that the CNT FET
biosensor can be employed for a precise evaluation of Aβ42 and

Aβ40 peptides in serum samples. Performance benchmarking
between different detection platforms reported in the literature
is presented in Figure 4f. Compared with the reported
conductance, photocurrent, surface plasma resonance, voltam-
metry, colorimetric and impedance methods (for detailed
references, see Supporting Information Table S3), the
aptamer-functionalized CNT FETs provided the best perform-
ance for the detection of Aβ40 peptide and Aβ42 in terms of
LoD and selectivity ratio. The ultralow LoDs of 55 aM (red
star) for Aβ40 and 45 aM (blue star) for Aβ42 are the lowest
concentrations detected in serum to date. As another
important parameter for biosensors, selectivity is a very large
challenge, especially when the sensor is in a complex serum or
in a clinical sample. In this paper, ultrahigh selectivity ratios of
730% and 800% were achieved for Aβ40 peptide and Aβ42
peptide in serum, respectively, and are simultaneously higher
than the best reported results for sensors built based on aligned
CNT arrays.20 Moreover, our platform based on network CNT
thin films can offer wafer-scale uniformity and a feasible
fabrication process, which is not available for other nanoma-
terial films to date. All of these advantages suggest that our
aptamer-functionalized CNT FET biosensors have potential in
the early diagnosis of AD patients in community screening
with a rapid and minimally invasive technique.

■ CONCLUSIONS
In summary, we fabricated wafer-scale aptamer-functionalized
FET biosensors based on randomly oriented semiconducting
CNT network films and explored the sensing performance to
detect Alzheimer’s disease serum biomarkers in 1× PBS and
undiluted human serum. The aptamer-functionalized CNT
FETs demonstrated a wide analytical range with ultralow LoDs
to 45 aM for Aβ42 and 55 aM for Aβ40. The multi-blocking step
on the sensor effectively reduces nonspecific adsorption from
the biological matrix and efficiently improves the selectivity
ratio by up to 800%, even in mixed solutions with structurally
similar proteins. In addition, the biosensors showed high
accuracy with a recovery rate of approximately 88−108%, long-
term stability in serum, and high uniformity with device-to-
device variation of less than 10% (10 devices). Based on these
excellent sensing properties and reliability, aptamer-function-
alized CNT FET biosensors have great potential as reliable
low-cost fast clinical sensing platforms and will constitute a
great advance in early diagnosis and mass screening tests for
AD.

■ EXPERIMENTAL METHODS
Materials. Raw arc-discharged SWNTs were obtained from

Carbon Solution Inc. The dispersants (poly[9-(1-octylonoyl)-9H-
carbazole-2,7-diyl](PCz)) were synthesized by Suzuki polycondensa-
tion. The previously reported aptamers for Aβ42 and Aβ40 peptides
were purchased from Sangon Biotech Co., Ltd. (Shanghai, China),
and the sequences of DNA aptamers used in this paper are listed in
Table S1.37,41 Healthy human blood samples were purchased from
Beijing Laboratory Biotechnology Co., Ltd. Most blood cells were
removed by low-speed centrifugation, and the upper liquid layer was
taken as serum. Aβ peptide powders were purchased from Beijing
Feimer Biotechnology Co. These powders were dissolved in 1× PBS
solution or serum solution for dilution before electrical measure-
ments. The concentration was calculated as equivalent concentrations
to the Aβ monomer. 6-Mercapto-1-hexanol (MCH) was purchased
from J&K Scientific. Chemicals such as tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), Tween 20 (500 mL), bovine serum albumin
(BSA, 98%), and immunoglobulin G (IgG, 95%) were purchased
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from Sigma-Aldrich. Phosphate buffer solution (PBS) with a pH of
7.4 was purchased from Sangon Biotech.

Fabrication of CNT FG FET Biosensors. Polymer-sorted
solution-derived semiconducting CNTs were deposited onto 4 in.
Si/SiO2 substrates. First, aptamer-functionalized CNT-based FG-FET
0.3/20/40 nm Ti/Pd/Au stacked metal films were deposited by
electron beam evaporation to form a source and drain. Then, the
channel region was patterned by UV lithography, followed by reactive
ion etching (RIE). Ti/Au stacked films with dimensions of 20/60 nm
were deposited as pads. Then, Y with a thickness of 3 nm was formed
by electron beam evaporation, and dense Y2O3 films (Figure S9) were
oxidized at 270° for 30 min to form oxide dielectrics. Stacked films of
Au (0.6 nm) were deposited in the center of the channel. Finally, after
S1813 photoresist passivation, a window was opened in the device
channel to facilitate electrical testing (Figure S1). The electrical
properties of the devices were examined using a parameter analyzer
(Keithley 4200A-SCS).

Functionalization and Characterization of Aptamer on CNT
FG FET Biosensors. The aptamers were diluted with 1× PBS, and
the S−S bond was opened using tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, from Sigma-Aldrich) as a reducing agent.
Then, 20 μL of the mixture of 10 μM aptamer and 10 mM TCEP was
reacted overnight in the biosensor trench region. The aptamer can
form a stable Au−S structure by hybridization with gold particles. All
biosensors were designed to provide sufficient site-immobilized
aptamers to improve the response. After incubation, the device was
thoroughly washed with 1× PBS to remove the unreacted ligands and
then gently blown dry with nitrogen gas. To block nonspecific
adsorption, 2 mM 6-mercapto-1-hexanol (MCH, from J&K Scientific)
was utilized as a blocking agent for 0.5 h, followed by incubation with
a mass score of 0.5% Tween 20 and 1 mM BSA for 1.5 h. To
determine whether the inducer can be successfully modified on the
FET sensor surface, the Cy5-labeled aptamer was modified with a
sulfhydryl group at the other end after an equal volume mixture of 10
μM aptamer and 10 mM TCEP of the aptamer was incubated on the
photoresist-free sensor surface. After a full night, the sensor surface
was repeatedly washed with pure water, and the chip was then
observed under a fluorescence microscope.
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