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ABSTRACT: Carbon nanotube (CNT) field-effect transistor (FET)-based biosensors have shown
great potential for ultrasensitive biomarker detection but challenges remain which include
unsatisfactory sensitivity, difficulty in stable functionalization, incompatibility with scalable
fabrication, and un-uniformed performance. Here, we describe ultrasensitive, label-free and stable
FET biosensors built on polymer-sorted high-purity semiconducting CNT films with wafer-scale
fabrication and high uniformity. With a floating gate (FG) structure using an ultra-thin Y,0; high «
dielectric layer, the CNT FET biosensors show amplified response and improved sensitivity
compared with those sensors without Y,03, which is attributed to the chemical gate-coupling effect

dominates the sensor response. The CNT FG-FETs are modified to selectively detect specific disease
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biomarkers, namely, DNA sequences and microvesicles (MVs), with theoretical record detection
limits as low as 60 aM and 6 particles/mL, respectively. Furthermore, the biosensors exhibit highly
uniform performance over the 4-inch wafer as well as superior bias stress stability. The FG CNT
FET biosensors could be extended as a universal biosensor platform for the ultrasensitive detection
of multiple biological molecules and applied in highly integrated and multiplexed all CNT-FET

based sensor architectures.

KEYWORDS: biosensor, carbon nanotubes, field-effect transistors, DNA, extracellular

microvesicles

Detecting disease biomarkers at ultralow concentrations is essential for early-stage medical
diagnostics. Current methods such as quantitative real-time PCR! (qQRT-PCR, for genetic screening)
and ELISA? (for antibody-antigen protein systems) require the labeling of target biomolecules and
involve complicated equipment, impeding their application in point-of-care (POC) devices and
immediate diagnosis. Biosensor platforms such as field-effect transistor (FET) based biosensors have
been considered to fulfill the next-generation medical diagnostic requirements of miniaturization,

high-throughput, ultrasensitive and cost-effective alternatives to conventional methods.3-

The appearance of nanomaterials and the rapid growth of semiconductor device fabrication
techniques have inspired a large amount of research interests in constructing highly sensitive and
integrated FET-based biosensors for next-generation medical applications.”® Among the variety of
nanomaterials, semiconducting carbon nanotubes (CNTs) have atomic-thickness bodies, excellent
electrical properties, good biocompatibility, and good size compatibility®!> and thus have been

considered ideal channel materials to construct ultrasensitive FET biosensors. Although significant
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advances have been achieved by using either individual CNTs or CNT network films to fabricate
FET biosensors.'>!* the fabrication of reproductive, stable and ultrasensitive CNT FET-based
biosensors on a large scale is still challenging. First, lacking in reproducible semiconducting CNT
materials and high-throughput device fabrication!3-?0 in wafer scale inhibit the practical application
of CNT FET biosensors. In recent years, great progresses have been made on the preparation of
polymer-sorted highly pure semiconducting CNT solutions films which has promoted the
wafer-scale fabrication of CNT FETs.?!2> However, their application in high performance biosensors
is still in their infancy. Secondly, none of the reported CNT FET biosensors were designed with
optimized structures. In traditional CNT FET biosensors, channels were directly linked to the
biomolecules and exposed to the test solution, which is a complex environment;'>->627 thus, various
interaction mechanisms modulate the channel conduction simultaneously. The multiple competing
mechanisms will have complex effects on the channel conduction and may lower the sensitivity of
the biosensor.?® This issue not only prevents CNT networks from acting as reproducible sensor
elements, but confused people with the inconsistent current response and low sensitivity with the
charged biomolecules.!>16-2%30 Furthermore, the common modification methods utilizing in CNT
biosensors with Au nanoparticles,'® defects®! or n-m stacking functional molecules’? as linkers to
connect probe bio-functional molecules to the CNT channel will damage the initial properties of
CNTs or be invalid for functionalization on polymer-sorted semiconducting CNTs, which are the

most mature CNT materials for next generation electronics.?3-23-33

In this article, we will explore reproducible and ultrasensitive CNT FET biosensors through
combining device structure optimization and material advancement to overcome previous limitations.

We revisit the mechanism of conventional CNT FET biosensors and develop a floating gate(FG)
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CNT FET biosensor with 6 nm Y,0; insulating layer to avoid the complex interactions in the
former cases.>*3> We note that although the dielectric layer increases the distance between
biomolecules and CNT channel, it provides a versatile platform for functionalization and effectively
improves the sensor response and reproducibility, which is attributed to the chemical gate-coupling
effect dominates the sensor response with the series of the dielectric layer capacitance. As
demonstrations, FG CNT FETs are used to construct biosensors for detecting specific DNA
sequences for Patau syndrome screening and MVs secreted by hepatoma carcinoma cells with
theoretical record detection limits as low as 60 aM and 6 particles/mL, respectively. Furthermore, the
biosensors exhibit highly uniform performance over the 4-inch wafer as well as superior bias stress
stability. The recent advances of CNT based integrated circuits together with the biosensor platform
we developed here indicates the great potential in highly integrated and multiplexed all CNT-FET

based sensor architectures.?2-25:33

RESULTS AND DISCUSSION

Wafer-Scaled Sensor Devices Fabrication and Characterization. Polymer-sorted
solution-derived CNTs with semiconducting purity higher than 99.9% were deposited on a 4-inch
Si/Si0, wafer (Supporting Information, S1) to form a randomly oriented film with high uniformity
(Figure S1).2* A process based on photolithography (Supporting Information, S2; Figure S2) was
used to fabricate CNT FET biosensors on a 4-inch wafer, and the device arrays are shown in Figure
la. Here we use an ultrathin Y,O; film of 6 nm (equivalent oxide thickness (EOT) of 2.3 nm)?’ to
cover the whole CNT channel and then assembled Au nanoparticles on Y,0; as linkers to connect

biological probes; And Y,0s; film-passivated CNT FETs (Figure 1b) are shown to act as floating gate

4

ACS Paragon Plus Environment



Page 5 of 28 ACS Nano

oNOYTULT D WN =

(FG) FET biosensors. All fabrication steps are wafer-scale and compatible with mainstream
complementary metal-oxide-semiconductor (CMOS) manufacturing technologies, which will help to
promote practical applications of biosensors. The photograph of Figure 1c shows a biosensor chip
containing 22 FETs, in which contacts and leads (to measurement pads) are passivated by a
photoresist layer to prevent current leakage, side electrochemistry reaction and work-function
modulation of the metal contacts and leads in ion liquid, and a window in the channel is exposed
(Figure 1d-e). The exposed channel region was decorated with Au nanoparticles, which are
uniformly distributed on Y,0; (Figure 1f, Figure S3) and act as efficient linkers to connect

biological probes. 36-38

\ —— PR Passivation

Ti/Pd/Au

Figure 1. The wafer-scale fabrication of CNT FG-FETs for biosensor arrays. (a) Photograph
image of the fabricated CNT device array on a 4-inch wafer. One die for the biosensor array is
outlined in red. (b) Schematic diagram of a CNT FG-FET biosensor. (¢) Optical micrograph of a die

for a biosensor array. The scale bar is 5 mm. (d) A further magnified optical micrograph showing the
5
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core channel regions of the biosensor array, (¢) The optical micrograph of one FET biosensor. The
meatal contact and lead were passivated by photoresist. (f) Scanning electron microscopy (SEM)
image showing a part of the channel of the device in Au NPs were uniformly distributed on the

Y,05/CNT film.

For utility as a biosensor platform, FETs should be fabricated with high yield, reliability and
performance uniformity, and it is important to statistically characterize wafer-scale CNT FETs.
Ninety randomly selected CNT FETs with liquid solution gates (Supporting Information, S3; Figure
S4) exhibited highly uniform transfer characteristics with low variation (Figure 2a). All transistors
presented p-type FET characteristics with current on/off ratios as high as 10°, demonstrating 100%
yield and the ultrahigh semiconducting purity of our sorted CNTs. In particular, the hysteresis-free
and low subthreshold slope (SS) of 68 mV/dec (Figure 2b) indicated that CNT FETs can provide
stable and maximized conduction change to the charge change on the FG, which is vital to the
desired reliable detection. The linear output curves at low bias (Figure 2c¢) benefit from ohmic
contacts. The statistical performance distributions in Figure 2d and e and supporting information
(Figure S5) confirm the uniformity of CNT FETs: SS ranges from 60 to 90 mV/dec with an average
value of 76 mV/dec (Figure 2d), and Vy, obeys the normal distribution with an expectation of -0.17 V
and a small standard deviation of 17 mV (Figure 2¢). The FET biosensor generally works in either a
linear regime for quantitative analysis or in a subthreshold regime for much higher sensitivity,>®
while Vy, and SS are key parameters in the two regimes. Therefore, the excellent uniformity of SS
and Vy, in a 4-inch wafer will ensure reliable detection for bio-molecules (Supporting Information,

S4) through the FET biosensor in each mode. In addition, the statistical distributions of the device
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performance after FG fabricated are also presented in Figure S6, indicating a great successive

uniformity. Bias stress measurements (Figure 2f; Figure S7a) indicate that the device presents

oNOYTULT D WN =

9 long-term (at least 1000 s here) stability for sensing applications. Highly uniform CNT FETs with
12 high performance and stability over a 4-inch wafer provide a solid device platform for the

development of sensitive and reliable biosensors.
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Figure 2. Electrical characteristics of wafer-scale fabricated CNT FETs by using liquid gates.
47 (a) Transfer curves of 90 FETs at V4= -0.1 V. (b) Transfer characteristics of a typical CNT FET by
sweeping Vs with different directions. (c) Output properties of a typical CNT FET. (d,e) Statistical
52 distributions of SS and Vg, in the 90 FETs in Figure 2a. (f) The transfer characteristics of a typical
55 CNT FET after different times of continuous bias stress. The FET is continuously biased with

Ve=V4= -0.1 V before every transfer curve measurement.
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Ultrasensitive Detection of Small Molecules-DNA. The first kind of biosensor is designed
according to the process flow in Figure 3a to detect a specific DNA sequence (Table S1, part of
chromosome 13, typical biomarker for Patau syndrome, which causes serious physical and mental
abnormalities).*>*! Au nanoparticles (Au NPs) are decorated on the Y,0; layer of CNT FG-FETs
and act as linkers to capture the sulfhydrylation probe molecules by Au-S covalent bonds (Figure
1b,3a). The CNT/Y,0;5/Au NPs stacked layer forms the FG-FET sensing platform. To selectively
detect specific DNA fragments (here, chromosome 13), the probe DNA sequences described in Table

S1 are immobilized by the Au NPs, and then the DNA biosensor is ready.

Figure 3b illuminates how the consecutive modification steps affect the performance of the CNT
FETs. After growing the Y,0; film on the CNT film channel, the on-state drain-source current (I4s)
and transconductance (g,,) decrease since the total gate capacitance drastically declines owing to the
introduction of the additional Y,O; film capacitance in series with the electric double layer (EDL)
capacitance. Conduction of the FETs further decreased slightly after Au NPs decoration, mainly
owing to the reduction in EDL capacitance and surface potential fluctuation induced by Au NPs
(Supporting Information S5, Figure S8). It should be mentioned that no obvious change in SS and no
shift of the transfer curves was observed after the introduction of Y,0O3; or Au NPs, indicating that
there was no significant doping to the channel nor interface states introduced by both the Y,0; and
Au NPs modification. However, with the immobilization of probe DNA, CNT FETs exhibit a 30 mV
Vi shift in the 14-V, curve with invisible changes in g, and SS, indicating p-type electrostatic doping

induced by the negative charge gating of the probe DNAs.?

We measured the response of the as-prepared CNT FET biosensors to the chromosome 13 target

DNA (Table S1) with concentrations ranging from 100 aM to 1 fM (Figure 3c). The hybridizations
8
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take place in high concentration of 1 x phosphate buffer solution (PBS) to reduce the range of
electrostatic repulsion between probe and target DNA and all the electrical measurement were
performed in 0.1 x PBS to increase the Debye length to 2.4 nm which is in the same range of the
30-base DNA sequence length.*! The transfer curve shifted positively with increasing target DNA
concentration since the negative charges on the gate introduced by the hybridized target DNA
increased with the target concentration. The response of a biosensor is generally defined as
Response=(1;5-1450)/1450 at certain Vg5 and Vg, where Iy and Iy are the drain current before and after
target DNA hybridization. We calculated the sensor response in the liner working regime of the CNT
FG-FET with Vg= -0.1 V and Vg = -0.7 V. The sensor response to target DNA of different
concentration is summarized in Figure 3e, in which the inset represents the static responses of five
biosensors at different concentrations. The response increased with increasing concentration of the
target DNA with an almost linear relation with the logarithmic concentration(Supporting Information
S4), and reaches up to the maximum response (162%) at a 1 fM concentration which was among the
highest responses in FET-based biosensors.'>?” The FG sensors shows a record theoretical LOD of
60 aM (based on the cross point of extrapolated line with the blank control group) for DNA
hybridization in aqueous environment, which corresponds to around 360 copies in our 10uL sample
droplet. This LOD is much higher than the detectable sensitivity of fM ~ pM level in the
fluorescence microscope used in PCR! and make it possible to use the technique in a clinical setting
without PCR amplification or labeling steps. Selectivity tests (Figure 3d) indicate that the response to
complementary DNA is significantly higher than that to mismatched DNA (Table S1), and then the
biosensor exhibits excellent selectivity to the target DNA. The weak response of biosensors to

mismatched DNAs is mainly attributed to nonspecific physical adsorption of the DNAs and does
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not affect the excellent specificity of our biosensors.

Real-time detection measurements (Figure 3f) were performed to check the sensitivity, reliability
and selectivity of the CNT FG-FET biosensors. When buffer solution was injected, the drain current
increased substantially and then immediately returned to the baseline, which means that the injection
perturbance was transient and restorable. The added solution of mismatched DNA (m-DNA) induced
little but notable change to the drain current, indicating that nonspecific binding was successfully
suppressed. Then, solutions with increasing target DNA concentrations are added to the biosensor in
turn. The introduction of target DNA led to a distinct current increment in 50 s, and the change
amplitude increased with increasing concentration, which was consistent with the trend in static
detection. This demonstrates that FG-FET sensors are able to monitor target DNA molecules at a
concentration of 100 aM in a very short time, which may have great potential in the rapid diagnosis

field.
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44 Figure 3. Fabrication and characteristics of the CNT FG-FET biosensor platforms for DNA
46 detection. (a) The fabrication process of FG-FET biosensors based on CNT FETs. (b) Transfer curve
49 evolution of the five CNT FETs during the decorating process to obtain biosensors: pristine (black),
deposition of Y,Oj; (blue) and Au NPs (green), and immobilization of the probe DNA (red). All
54 measurements were carried out in 0.1 x PBS electrolyte. Vg4=-0.1 V (¢) Transfer curve evolution of
57 the CNT FG-FET biosensor recorded after the introduction of various target concentrations ranging

from 100 aM to 1 fM. (d) The response of five groups of sensor devices to mismatched and
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complementary DNA at the same concentration. (¢) The calibration curve of DNA detection
corresponding to Figure 3¢ at Vo= -0.7 V and V4= -0.1 V. The black dash line represents a blank
control group submerged in 0.1 x PBS solution. The extension of liner fitting curves gives the
theoretical LOD of 60 aM. Inset: the response-concentration relationship of five different biosensors.
Average responses of five devices is liner fitted with the logarithmic value of DNA concertation. (f)
Real-time recording of the response of a biosensor to different additions, including PBS, mismatched
DNA and target DNA, at different concentrations. The drain current was monitored in 0.1 x PBS

with Vg = V4= -0.1 V during the test.

Sensing Mechanism of FG CNT FET. Ultrasensitive and reliable detection mainly originates
from the adoption of an FG-FET structure in which the conduction channel is isolated from solution
by an ultrathin insulator. Figure 4 illuminates the difference between FG-FET biosensors and normal
FET biosensors. With the channel un-passivated and directly exposed to the solution, the
conductance of normal FET biosensor is affected by coupled interaction with CNT channel,
including electrostatic gating, changes in gate coupling, Au/probe-induced scattering to carrier, and
Schottky barrier effects.”® The competing mechanisms will affect the channel conduction
simultaneously and lower the response in channel current (or sensitivity of the biosensor). For
example, biomolecule immobilization and hybridization will cause a local carrier scattering effect
around the Au islands and chemical gating effect in the CNT channel competitively, and two
mechanisms lead to opposite changes in conduction if the immobilized target DNA is negatively
charged.?®?° In FG-FETs, the channel was isolated from the solution by Y,0j; passivation layer. The
interaction only take place on the FG with the dominate mechanism for detection of target-induced

12
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electrostatic gating effect (Figure 4a,c). Y,O; was chosen as the gate dielectric for its excellent
interface with carbon nanotube and high « value.?> What should be mentioned is that, the increased
distance by Y,0O; layer will not reduce the absorption electrostatic control over the channel as the
ultra-thin body of the CNT and the highly efficient gate with ultrathin Y,O; and large EDL
capacitance. As We further performed experiments to compare the sensing characteristics of the two
kinds of biosensors (Figure 4e,f). When detecting ultralow concentration target DNAs (Figure 4e),
FG-FET biosensors exhibit distinct and uniform positive responses, whereas normal FET biosensors
suffer from small and uncertain responses. When detecting high-concentration target DNAs (Figure
4f), normal FET biosensors exhibit a negative response (current decrease) since the scattering effect
dominates the conduction of the CNT channel. The negative response to negatively charged targets is
always observed in reported CNT FET biosensors.'>!%42 The FG-FET biosensors still exhibit an
increased positive response, and the response is much higher than that of normal FET biosensors.
The results clarified the confusing results in previous reports that most of the response of negatively

charged biomolecules induced a conductance decreasing response.
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Figure 4. Sensing mechanism analysis for the CNT FET biosensor. (a) Schematic representation
of the sensing mechanism in an FG-FET biosensor. The short black line next DNA indicating the
DNA molecules is negative charged in PBS at a PH of 7.4. The probe DNA (blue DNAs)
immobilized on the Au nanoparticles (yellow particles) surface, with a random direction due to its
structure flexibility and most of the length beneath the Debye length boundary (blue dash line). The
DNA hybridization will mainly lead to the chemical gating induced holes in the channel. (b)
Schematic representation of the sensing mechanism in a normal FET biosensor. The direct
modification of Au nanoparticles and charge transfer after the DNA hybridization will introduce the
scattering effect and charge transferring induced depletion areas in the channel. (¢) Energy band
diagrams for the FG-FETs before (blue solid lines) and after (red dash lines) biomolecule
hybridization. (d) Energy band diagrams for normal FETs before (blue solid lines) and after (red
dash lines) biomolecule hybridization. (e,f) Comparison of the responses of FG-FETs and normal

FETs to low (Figure 4e) and high (Figure 4f) concentrations of target biomolecules.
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Quantitative Detection of MVs Derived From Cancer Cells. We now consider to demonstrate
the application of the CNT FG-FET biosensor for the quantitative detection of MVs derived from
human liver cancer cells (HepG2). Microvesicles are lipid bilayer-enclosed membrane vesicles
packaged with the molecular signature (including membrane surface and intracellular proteins,
nucleic acids) of their parental cells.** Tumor-derived MVs have been explored as a promising
biomarker because of their high concentration (up to 6 x 10° particles/uL) and stability in the blood
circulation.** However, current molecular analyses of MVs generally require large numbers of
MVs to be concentrated and processed using time-consuming western blotting or ELISA,* making

them impractical in a typical clinical setting.

Our biosensors were formed by functionalizing Au NPs with the sulthydrylation aptamer sequence
TLS11 (Table S2), which can specifically bind to the membrane surface protein of HepG2 MVs. 4748
MVs were cultured from HepG2 cell lines (Supporting Information, S6; Figure S10) and isolated by
a sequence of centrifugation steps*®4° as depicted in Figure 5a. Detection measurements showed that
the response increased with the concentration of MV solution, as shown in Figure S11 and Figure 5b.
The aptamer-modified FG-FET biosensors show the wide-range detection of MVs from 6
particles/uL to 6 x 10° particles/uL, with an theoretical LOD of 6 x 1073 particles/uL. The main
interaction to enable the detection of MVs by aptamer-modified FETs is that the target incorporation
will induce conformational changes in probes (TLS11) decorated on Y,03.5° The conformation
change of probes has two effects on the channel conduction of the FET. On the one hand, negatively
charged aptamer phosphodiester backbones in the transformed TLS11 molecules become nearer to

the semiconductor channel, which leads to a change in the effective charges on the gate and induces
15
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the Vg, positive drift of the biosensors. On the other hand, the transformation of probes results in
position changes in EDL/Au NPs/Y,05 and then changes the effective gate capacitance of FETs,
leading to an increase in the transconductance (Figure S11). The two mechanisms both lead to

conduction increases, and then the FET biosensors exhibited high sensitivity for MV detection.

The selectivity of the biosensors for the detection of HepG2 MVs was investigated through
comparing sensing responses to AFP (alpha-fetoprotein, 70 ug/mL), CEA (carcinoembryonic
antigen, 4.5 pg/mL) and HL-7702-derived MVs (the MVs of normal liver cells, 6 x 10 particles/puL)
and 0.1 x PBS (the control blank group), as shown in Figure 5c. The response to MVs (40%) was
much higher than that to other control groups (lower than 12%), indicating excellent selectivity of

the aptamer-modified FET biosensor for HepG2 MVs.
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MVs derived from HepG2 cells. (b) The calibration curve of aptamer-modified CNT FG-FET

biosensors detecting the MV at different concentrations (6 particles/uL ~ 6 x 10 particles/uL). Vg=

-0.1 V and Vg = -0.7 V. The black dashed line represents the noise level (~3.7) from the blank

control test in 1 x PBS solution. (¢) Response comparison between HepG2-MVs and other control

cancer markers, including AFP (70 pg/mL), CEA (4.2 pg/mL) and the normal hepatocyte MV

HL-7702 at the same concentration of 6 x 102 particles/uL). The error bars show the standard

deviation. (d) Benchmarking (by LOD) our biosensor platform with previously reported biosensors

for DNA and MV detection. (Reference data see Table S3, Table S4 in Supporting Information)
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Benchmarking of the Sensor Performance. We benchmarked our CNT FG-FET biosensors
by LOD in comparison with other technologies, including both optical and electrochemical
biosensors based on graphene and 2D materials (see Table S3,4), as shown in Figure 5d. For fair
comparison, the LOD was chosen as the lowest of concertation we detected in experiment. The CNT
FG-FET biosensors exhibited much lower LODs than other nanomaterial-based FET biosensors for
the detection of DNAs or MVs (Figure 5d), which means the highest sensitivity in
nanomaterial-based FET biosensors. With the ability to detect a few hundreds of DNA molecules or
a couple of MVs in the sample solution, our results show the possibility to detect small molecules
and the large cell-structures on the same sensor platform by multi-functionalization on the FG and
raise hopes for the low cost and rapid detection of individual molecules and cell structures in real
serum. The ultrahigh sensitivity accompanied by wafer-scale fabrication, excellent uniformity and
reliability originate from the co-optimization of CNT materials, device structure and fabrication
process and most likely promote the practical application of CNT FG-FET biosensors. In addition,
CNT FG-FETs can be easily reformed to biosensors for the detection of other biological molecules
through decorating suitable probes on Au NPs, which is there, maybe a common platform to
construct various biosensors. In very recent years, great progress has been achieved on CNT-based
CMOS integrated circuits (ICs),>>?>3 and on-chip integration of biosensor arrays and signal
processing schemes will become feasible owing to the compatibility of FG-FET biosensors and

CMOS FETs built on CNT films.

CONCLUSIONS

In this article, we have demonstrated the label-free FG-FET biosensors built on high purity
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semiconducting CNT film as highly sensitive, large scale uniform and reliable bio-sensing platforms
using CMOS compatible process. The FG structure by inserting an ultra-thin high « dielectric layer
of Y,0; film between Au linkers and CNT channel enables the decouple of ambiguous interactions
with the channel to an univocal interaction with the FG, contributing to amplify the sensor response
and enhance the sensors’ sensitivity and reliability. The CNT FG-FET biosensor platforms were
modified to selectively and quantitatively detect the specific DNA sequences and MVs, with the
extrapolated LOD of 60 aM and 6 particles/mL separately, which set the record sensitivity of FET
type biosensors for DNA and MVs detections. The CNT FG-FETs can be extended as a universal
biosensor platform to perform ultrasensitive detection for special biological molecules through
functioning the corresponding probes on Au nanoparticles, and even realize multi-function detections
of a variety of biological molecules on the same chip. The CNT FG-FET biosensor has the similar
architecture and process flow with high performance logic CNT devices, laying a foundation for the
mass production of biosensors for multi-biomarkers detection and integrated with the CNT based ICs

processors on the same chip in the future.

EXPERIMENTAL METHODS

Functionalization of Probe DNA Sequences with CNT FG-FET Biosensors. The DNA sequence
with 5° modification with sulthydryl for Patau syndrome screening was provided by the National
Research Institute for Family Planning of China. All of the DNA sequences were custom-synthesized
by Sangon Biotech (Shanghai, China). The probe DNA sediments were diluted to 100 uM with 1 x
PBS and activated with tris (2-carboxyethyl) phosphine hydrochloride (TCEP, from Sigma-Aldrich)

for 1 h at room temperature. The probe DNAs are covalently linked to the Au NPs in the channel by
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immersing the FET in the probe DNA solutions for 12 h. These FETs are then washed with 1 x PBS
and deionized water repeatedly to remove the excess probe DNAs, which are nonspecifically
adsorbed in the channel. Subsequently, 2 mM 6-mercapto-1-hexanol (MCH, from J&K Scientific)
was added to the channel of the FG-FET for 1 h to deactivate and block the excess reactive groups
remaining on the Au surface. Finally, the FETs are immersed in 0.1 x PBS buffer again for 30 min
and then can be used for the following sensing experiments. The aptamer DNA sequences of TLS11
were used as probes to detect HepG2 MVs based on previous reports. The modification process is
similar to the probe DNA used above.

Biosensor Performance Characteristics. There are two common modes to characterize the sensor
performance. For the static test, the target DNAs or MVs used in the experiment were diluted with 1
x PBS to serial dilution. The modified biosensors are immersed in 1 x PBS buffer solution
containing target molecules for approximately 2 h to ensure complete hybridization. These
biosensors are subsequently washed by a method similar to the previous rinse process. The transfer
characteristics of the biosensors were measured in 0.1 x PBS before and after target hybridization. In
the real-time test, 0.1 x PBS is added to the test chamber as the basic test environment. The target
DNA solutions were diluted with 0.1 x PBS. The addition volume each time is controlled at 2 pL to

eliminate the volume change influence.

ASSOCIATED CONTENT
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The Supporting Information is available free of charge via the Internet at http://pubs.acs.org.
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Additional data including the preparation of CNTs network film, AFM and SEM characterization,
device fabrication process and schematic, the liquid gated CNT FETs and FG-FET biosensors
measurement method and additional electrical performance, the influence of device performance on
the sensor response, the isolation process and characterization of MVs, the sequences of DNA and

aptamer used in this work and benchmarking references.
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