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ABSTRACT: Tumor-derived exosomal miRNAs may have important
functions in the onset and progression of cancers and are potential biomarkers
for early diagnosis and prognosis monitoring. Yet, simple, sensitive, and label-
free detection of exosomal miRNAs remains challenging. Herein, an
ultrasensitive, label-free, and stable field-effect transistor (FET) biosensor
based on a polymer-sorted high-purity semiconducting carbon nanotube
(CNT) film is reported to detect exosomal miRNA. Different from
conventional CNT FETs, the CNT FET biosensors employed a floating
gate structure using an ultrathin Y,O; as an insulating layer, and assembled Au
nanoparticles (AuNPs) on Y,0; as linkers to anchor probe molecules. A
thiolated oligonucleotide probe was immobilized on the AuNP surface of the
sensing area, after which miRNA21 was detectable by monitoring the current
change before and after hybridization between the immobilized DNA probe
and target miRNA. This method achieved both high sensitivity (LOD: 0.87
aM) and high specificity. Furthermore, the FET biosensor was employed to test clinical plasma samples, showing significant
differences between healthy people and breast cancer patients. The CNT FET biosensor shows the potential applications in the
clinical diagnosis of breast cancer.
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B INTRODUCTION achieve sensitive detection of exosomal miRNA without
amplification, miRNA detection based on biosensor technol-
ogies has been widely studied. Zhao et al.'® demonstrated that
a thermophoretic sensor was used for in situ detection of
exosomal miRNA by means of nanoflares, without RNA
extraction or target amplification, allowing direct and
quantitative measurement of exosomal miRNA down to 0.36
fM in 0.5 uL serum samples. Jiang et al.'” reported a surface-
enhanced Raman scattering sensing platform for in situ
detection of exosomal miRNA. On this platform, they prepared
locked nucleic acid-modified Au@DTNB, which could enter
exosomes and recognize target miRNAs. This method does not
require extraction and centrifugation pretreatment, and the
detection limit can be as low as 0.21 fM. Yang et al.”’ designed
a microfluidic cationic lipid composite nanoparticle (mCLN)
assay, in which the cationic lipid composite nanoparticles were
used to effectively capture exosomes and dissolve them in situ
so as to achieve ultrafast and sensitive detection of exosomal

Breast cancer is the most common type of malignant tumor in
female cancer diseases worldwide."” Because of the lack of
early diagnosis methods, it is usually late for the disease to be
found and difficult to cure, with high mortality.3’4 Exosomes
are cup-shaped vesicles with a phospholipid bilayer secreted by
cells. They are involved in tumor cell communication and a
variety of biological regulation processes and can even transfer
tumor cell genetic material, including messenger RNA
(mRNA), microRNA (miRNA), and regulatory small RNA
(sRNA).”~"* Studies have shown that the miRNA expression
profile can more accurately aggregate similar tumor types
compared to the protein coding mRNA gene expression
profile, so exosomal miRNA is also considered as an ideal
biomarker for early diagnosis of tumors.'™'> However, the
yield of exosomal miRNA is low when it is isolated from serum
or plasma.

The reverse transcription polymerase chain reaction, a
molecular diagnostic technique based on nucleic acid

amplification, is the most commonly used method for Received: August 20, 2021
detecting exosomal miRNA.'® In addition, it is considered as Accepted:  October 19, 2021
the “gold standard” for miRNA detection. However, its Published: November 8, 2021

operation is complex and requires the synthesis of cDNA
and is easily interfered by other fragments of exosomal miRNA,
resulting in great limitations in its detection.'” In order to
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Figure 1. Schematic diagram of ultrasensitive detection of exosomal miR21 using the DNA-functionalized CNT FET biosensor.

RNA. When the platform was used for clinical detection of
exosomal miRNA in serum, the required serum volume could
be as low as 1 uL. Although these methods can avoid the
interference caused by amplification, the labeling or signal
amplification is often required to achieve highly sensitive
detection. Therefore, simple, amplification-free, label-free, and
ultrasensitive detection methods remain to be studied.

A field-effect transistor (FET) biosensor is one of the most
promising biosensors in recent years.”'~>* By means of this
biosensor, microelectric signals caused by the interaction of
biomolecules at the sensing interface can be converted into
readable electric signals and amplified by FETs.”* Since it can
achieve high sensitivity detection without any labeling, it has
been widely used in the detection of nucleic acids, proteins,
and other biomarkers. In addition, they are more attractive
because of their small size, low price, and the abilit;f to
integrate a large number of sensors on the same chip.”~**
With an ultrathin body, carbon nanotubes (CNTs) are
significantly sensitive to their environment changes with the
surface adsorption of various chemicals and biological
molecules, so they are considered to be an ideal channel
material for FET biosensors.””~>' CNT FET biosensors have
some advantages, just like label-free detection, ultrasensitivity,
high miniaturization, and integration. They have been reported
to detect various biological species such as DNA, proteins, and
cells. To fabricate CNT FET biosensors, usually, an individual
CNT or CNT network is employed as the ideal channel
material.”>** However, due to the influence of the purity and
entanglement of CNTs, the large-scale fabrication of the CNT
FET biosensors is always attractive.””**~>” Moreover, because
biological samples are often complex in composition, it is also
challenging to maintain good reproducibility caused by the
interference of the sample, which limits the real applications of
the sensor.”®”” Very recently, Liang et al.*’ reported a stable
and sensitive CNT FET biosensor based on polymer-sorted
high-purity semiconducting CNT films and a floating gate
(FG) structure using an ultrathin Y,Oj as the high « dielectric
layer. The CNT FG-FETs can realize ultrasensitive and label-
free detection of DNA sequences and microvesicles, and the
detection limits reached as low as 60 aM DNA and 6 particles/
mL vesicles. However, the application of semiconductor CNT

FETs in the detection of exosomes biomarkers has been even
less reported.

In this paper, we report a FET biosensor based on polymer-
sorted high-purity semiconducting CNT films and achieve
simple, label-free, and ultrasensitive detection of exosomal
miRNA (miR-FET). As shown in Figure 1, the CNT FET is
fabricated by employing high-purity CNTs as the semi-
conducting channel between the source and drain electrodes
and by growing a Y,O; insulating layer to reduce interference
of other interactions. To detect exosomal miRNA (miR21),
the corresponding DNA probe is anchored to the surface of
gold nanoparticles (AuNPs), which is deposited on the Y,0;
interface. When the target miR21 specifically binds to the
probe, negative charges are introduced into the sensing
interface, resulting in p-type electrostatic doping. The increase
of hole carriers in the channel leads to the transfer curve being
shifted positively. Tumor exosomes derived from plasma are
obtained by high-speed centrifugation, and total exosomal
RNA from the plasma samples of clinical healthy individuals
and breast cancer patients is extracted for detection. Through
the variation of source and drain current Iy, healthy individuals
and breast cancer patients can be significantly distinguished,
indicating that the sensor has the potential for ultrasensitive
detection of exosomal miRNA to achieve early diagnosis of
tumors.

B EXPERIMENTAL SECTION

Materials and Chemicals. RNaseZap was supplied by
Sigma-Aldrich (St. Louis, MO, U.S.A.). Anti-CD63, anti-
TSG101, and EpCAM were purchased from Abcam (Cam-
bridge, U.K.). Tris (2-carboxyethyl)-phosphine hydrochloride
(TCEP) and 6-mercapto-1-hexanol (MCH) were obtained
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Nuclease-free
phosphate buffer saline (PBS) and other chemicals were
afforded by Generay Biotech Co. Ltd. (Shanghai, China).
Ultrapure water, molecular biology-grade, was applied to
prepare all buffer solutions throughout the experiments
involving hybridization. The ExoQuick-TC Exosome precip-
itation solution was purchased from System Biosciences (Palo
Alto, US.A.). The exoRNeasy Serum/Plasma Midi kit was
purchased from QIAGEN (Hilden, Germany). The designed
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Figure 2. Characterization of DNA immobilization and DNA—miRNA hybridization on the CNT FET sensor surface. (a) Schematic illustration of
stepwise DNA probe immobilization and DNA—miRNA hybridization of the CNT FET sensor. (b,c) SEM images of the CNT FET biosensor chip
showing the core channel regions (scale bars, 200 y#m) and a part of the channel of the device on which AuNPs were uniformly distributed on the
Y,05/CNT film (scale bars, 200 nm). (d—f) XPS spectra of S, P, and N elements, respectively.

DNA sequences and all miRNAs were synthesized and purified
by Takara Biotechnology (Dalian, China). All the sequences
are shown in Table S1. Blood samples of breast cancer patients
and healthy donors were provided by the Hubei Provincial
Hospital of Traditional Chinese Medicine (Wuhan, China),
which was approved by the ethics committee of the hospital.

Device Fabrication. The CNT FET sensor chip was
fabricated according to the previous reports.’” The sorted
high-purity CNT solution was diluted using toluene. Si/SiO,
substrates were immersed in the diluted solution for 48 h. The
substrates were then taken out of the solution and then purged
with nitrogen. A 3 nm yttrium film was deposited by electron
beam evaporation (EBE) and thermally oxidized at 250 °C to
combine tightly. A 0.3 nm Au film was deposited by EBE at a
rate of 0.1 A/s to form the AuNPs. The chips were stored in a
vacuum-drying oven for subsequent experiments.

DNA Immobilization. The probe DNA sediments were
diluted to 10 M with 1x PBS. The sulthydryl group (—SH) at
one end of DNA was activated with TCEP for 1 h at room
temperature. The probe DNA was covalently linked to the
AuNPs in the channel by adding 10 yuM probe DNA solutions
(20 uL) on chip dropwise and incubating for 12 h. These chips
were then washed with 1X PBS and deionized water repeatedly
to remove the excess probe DNAs, which were nonspecifically
adsorbed in the channel. Subsequently, 1 mM MCH was
added to the channel of the chips for 2 h to block the excess
reactive groups remaining on the Au surface. The obtained
device could be applied to subsequent detection.

Detection of Exosomes miRNA21. The chip surface was
treated with RNaseZap before hybridization with RNA. For
exosomal miR21 detection, 20 yuL of target miRNA prepared
with nuclease-free PBS was incubated with the DNA-
functionalized sensor chip at 37 °C for 1 h. Then, the chip

15503

was washed with nuclease-free water and dried with nitrogen
flow.

Exosome Isolation and RNA Extraction. Cell-derived
exosomes were extracted using the ExoQuick-TC exosome
precipitation solution (System Biosciences, America). Plasma
exosomes were isolated according to the recommended
protocol of exoRNeasy Serum/Plasma Midi kit (QIAGEN,
Germany). Exosomal total RNA was further extracted by
exoRNeasy Serum/Plasma Midi kit (QIAGEN, Germany).

Electrical Measurement. The measurement system
consisting of a probe station (EverBeing BD-6) and a
semiconductor characterization system (Keithley 4200-SCS)
was used. All measurements regarding the electrical character-
ization of the FET devices were conducted with a liquid gate at
room temperature. When the exosomal miR21 was hybridized
with the DNA probe on the chip, the electrical transfer curves
were recorded by sweeping the electrolyte gate voltage V,
while fixing Vy, at —0.1 V (I4, is the drain current, V, is the gate
voltage, and Vg, is the drain voltage). The target miRNA
carrying negative charge was introduced into the sensing
interface, resulting in p-type electrostatic doping, and the
transfer curve shifted positively.

B RESULTS AND DISCUSSION

Design and Characterization of miR-FET. The stepwise
process of DNA probe immobilization and DNA—miRNA
hybridization on the sensing interface is diagrammed in Figure
2a. The thiolated DNA probe binds to AuNPs via the Au—S
bond. Then, MCH is used to block the unbound AuNPs to
reduce the nonspecific adsorption. Finally, miRNA is
hybridized to the immobilized DNA molecules. The scanning
electron microscopy (SEM) image shows the CNT FET chip
structure. Each chip contained 16 sensing channels (Figure 2b)
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in which a network of high-purity semiconductor CNTs was
used as the channel material between the source and drain, and
the Y,0; insulation layer and AuNPs were deposited later on.
The SEM image shows that the AuNPs were uniformly and
compactly distributed on Y,0; (Figure 2c). Then, the DNA
modification and DNA—miRNA hybridization were further
characterized by X-ray photoelectron spectroscopy (XPS)
(Figure 2d—f). After the HS-DNA probe was functionalized on
the AuNP surface, S,,, P,, and Ny, peaks appeared at 164.5,
134.4, and 399.8 eV, respectively, indicating that DNA has
been immobilized as anticipated. As described in Figure 2e/f,
the sharp increment of P,, (134.4 eV) and Ny, (399.8 eV)
peaks after miR21 hybridization corroborated that the DNA—
miRNA hybridization was successful. In addition, energy-
dispersive X-ray spectroscopy analysis of the bare-FET chip
(bare-FET), DNA modification chip (DNA probe), and
DNA-miRNA hybridization chip (miR21) to confirm the
chemical elements in the channels. As shown in Figure S1, the
EDS analysis results indicate that all chips included Si, O, C,
and Au elements because the chips consisted of the substrate
Si, SiO,, CNTs, and the AuNPs. S, P, and N elements
appeared on the DNA modification chip, indicating that HS-
DNA probes were successfully immobilized on the AuNPs
surface through Au—S bonds. Much more amounts of P and N
elements appeared on the DNA—miRNA hybridization chip,
further verifying that target miR21 was successfully hybridized
with the DNA probe.

Iy — V, transfer curves of the DNA functionalization and
hybridization process shown in Figure S2 further confirmed
the successful construction of miR-FET. The sensor is a p-type
device, which conducts electricity mainly through hole carriers.
When the DNA probe was immobilized on the AuNP surface,
a large amount of negative charges carried by the DNA was
introduced into the sensing interface of the sensor, resulting in
an electrostatic gating effect, thereby generating an electrostatic
gating effect. The increase of hole carriers between the source
and drain led to the increase of source and drain current Iy
When the target miRNA was specifically hybridized to the
probe, further negative charges were introduced, and the
transfer curves further shifted positively.

Sensitivity. In order to explore the sensitivity of the CNT
FET biosensor for detecting exosome miRNA, we applied a
series of target miRINA21 with known concentrations in buffer
solution to the DNA-functionalized CNT FET chips and used
the measurement system to conduct electrical measurements
for recording the corresponding I; — V, curve. We chose
miR21 as the detection target because it has high expression in
the breast cancer-related exosomes, and it is considered to have
potential as a biomarker for early diagnosis of breast cancer. As
shown in Figure 3a, as the concentration of target miR21
increased from 0 to 1 nM, the negative charges also increased
with the concentration, and the transfer characteristic curves
also shifted positively. We quantified the response of the CNT
FET sensor to the different concentrations of miRNA 21 by
calculating the change value of Iy before and after the
hybridization, Al = I — Iy, in the case of Vg, = —0.1 and V, =
—0.7 V. As shown in Figure 3b, the Al response shows a wide
linear range (1 aM to 1 nM) and has a good linear relationship
with the logarithmic concentration (correlation coefficient
0.996). The corresponding equation is Aly = 0.1408lg C, s
+2.9066. The LOD was calculated to be 0.87 aM based on the
30/S rule (o represents the standard deviation of the blank
signal; S is the slope). We detected miR21 at different
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Figure 3. Sensitivity. (a) Transfer curve evolution of the CNT FET
biosensors recorded after the introduction of various miRNA 21
concentrations ranging from 1 aM to 1 nM. All measurements were
carried out in 0.01X PBS electrolyte. V3, = —0.1 V. (b) Calibration
curves at a series of miR21 concentrations (n = S). The dashed line
refers to threefold noise level.

concentrations from 1 aM to 1 nM, in which each
concentration was tested S times with a sensor. The relative
standard deviation was found to range from 0.3 to 3.7%
(Figure S3).

Compared to other sensing platforms, this sensor is one of
the most sensitive biosensors currently used for the detection
of exosomal miRNA (Table S1). It should be noted that the
sensor does not require a signal amplification strategy. Its high
detection sensitivity is due to adoption of a FG FET structure
in which the conduction channel is isolated from the solution
by an ultrathin Y,0; insulator. Moreover, usage of AuNPs
amplifies the detection signals by capturing more DNA probes
and target miRNAs. Compared with some other sensors
constructed by the signal amplification strategy, such as rolling
circle amplification, strand displacement amplification, catalytic
hairpin assembly amplification, and polymerase-assisted signal
amplification, the detection principle and operation steps of
this sensor are simple and scalable.

Specificity. After confirming that the CNT FET biosensor
can detect miRNAs sensitively, we investigated the sensor’s
specificity by applying fully complementary sequences
(miRNA21), single-base mismatch sequences (SM) at differ-
ent locations, three-base mismatch sequences (TM), and
random mismatch sequences (miRNA10b) to the DNA-
functionalized CNT FET chips. As shown in Figure 4a, the
signal responses Al induced by SM-a (1 pM), SM-b (1 pM),
SM-c (1 pM), TM (1 pM), and miR10b (random sequence, 1

a b 1.5 5
miR-FET
1.2 qRT-PCR _
— ~ a
< 4 L
So9 3-1.0 100
8 - %
5 0. = N
< <.0.51 L5
0.3 E
0.0 0l— ! } — Lo
0 N MCF-7 A543 HelLa MCF10A
PSR & < NP
S & &S

Figure 4. Specificity. (a) Selective response of the sensor toward the
fully matched sequence, single-mismatched sequences at different
locations, three-mismatched sequences, and unmatched miR10b. The
concentration of the target miR21 is 100 fM and the concentration of
other miRNAs is 1 pM. Vg = —0.1 V and V, = —0.7 V. (b) Using
gRT-PCR (blue) and the miR-FET (purple) to detect different
miRA21 expression levels in the total exosomal RNA isolated from
three types of human cancer cell lines and a normal human mammary
epithelial cell line. Error bars represent the standard errors (n = 5).
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pM) were negligible, less than 15% of that by miR21 (lower
concentration, 100 fM). This data clearly demonstrates the
high specificity of the miR-FET sensor. The weak response to
mismatched sequences is mainly attributed to nonspecific
physical adsorption of the miRNAs.

In order to further prove the specificity of the sensor, we
tried to detect exosomal miRNA21 extracted from different cell
lines (MCF-7 and MCF 10A from the breast, HeLa from the
cervix, and AS49 from the lungs). The extracted exosomes
from different cell lines were characterized. Transmission
electron microscopy images show that the extracted exosomal
particles were well dispersed and had a typical calyx, which is
consistent with the description in the literature (Figure S4a).
The nanoparticle tracking analysis (NTA) results show that the
size distribution of the extracted exosomes was concentrated at
125—150 nm, and the concentration was 5.8 X 10''/mL
(Figure S4b). In addition, through western blot analysis of the
characteristic proteins of exosomes CDG63, epithelial cell
adhesion molecule (EpCAM), and TSG101, it was found
that they could show clear bands, confirming their normal
expression on exosomes and the successful isolation of
exosomes (Figure S4c). Next, we used the DNA-functionalized
CNT FET sensor to measure miRNA 21 in total RNAs
extracted from MCF 10A, MCF-7, HeLa, and A549 exosomes
with the same concentration (1.0 X 10%/mL), respectively. As
shown in Figure 4b, miRNA 21 had the highest expression
level in MCF-7-derived exosomes (Al = 1.33 uA), followed
by AS49 (Al = 1.14 uA) and HeLa (Aly = 0.95 pyA), and it
had the lowest expression level in MCF 10A (Al = 0.73 uA)
exosomes. Among them, the largest difference from the
expression level in tumor cells reached about 28% (MCF-7
vs HeLa), and the difference was about 45% from the
expression level in the normal mammary epithelium. The study
results show that the expression of miR-21 was detectable in all
tumor exosomes with substantial variation, and elevated miR-
21 expression was seen in breast cancer.

In order to verify the reliability of the sensor’s detection
results, we used the classic method qRT-PCR to measure the
same samples and compared the results with the sensor’s. It is
obvious that the two results were well matched (Figure 4b),
indicating the accuracy and practical application potential of
the sensor.

Clinical Sample Analysis. In order to verify the
applicability of the miR-FET sensor for clinical diagnosis, we
extracted total exosomal RNA from 20 clinical plasma samples
(10 of which were healthy individuals and 10 were clinically
diagnosed as breast cancer) and then analyzed miR21. As
shown in Figure 5a, the signal response of plasma samples from
breast cancer patients was higher than that from healthy
volunteers, indicating that the expression level of exosomal
miR21 in breast cancer patients was higher. Then, we used
independent samples to test the two sets of data and
performed statistical analysis. The results showed that the
expression level of exosomal miR21 between breast cancer
patients and healthy people was significantly different (p <
0.001), indicating that our sensor can better distinguish healthy
samples from patient samples (Figure Sb). In addition, we
constructed a receiver operator characteristic curve (ROC) to
evaluate the application ability of the test in clinical diagnosis
(Figure Sc). The area under the curve of the ROC figure was
AUC = 0.99, which met the standard of a reliable diagnostic
test (AUC > 0.8). It proves that the expression level of
exosomal miRNA21 is highly accurate in diagnosing breast
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Figure S. Clinical sample assays. (a) Using the miR-FET sensor to
assay the target miR21 in circulating exosomes directly from human
plasma specimens, including healthy donors (n = 10) and breast
cancer patients (n = 10). (b) Significant expression difference of
exosomal miR21 levels between cancer patients and healthy controls
(p < 0.001). (c) ROC curve analysis shows the power to discriminate
cancer patients from the normal controls by using the exosomal
miR21 expression level with the miR-FET sensor. AUC is the area
under the curve. Error bars represent the standard errors (n = 5). (d)
Heat map depicting the degree of Al (blue) and Ct value (red)
across 10 clinical cancer patients. “miR-FET” indicates the results of
miR-FET testing, and “qRT-PCR” indicates the results of gRT-PCR
testing. Each sample is tested S times.

cancer patients, and exosomal miRNA21 is a potential breast
cancer biomarker. In order to further verify the accuracy of the
sensor detection, we tested the same sample with the standard
method gRT-PCR and compared the results with the sensor’s
detection results. Each sample was tested S times to reduce
accidental errors. As shown in Figure 5d, the detection results
of the miR-FET sensor were consistent with the qRT-PCR
detection results, proving that our miR-FET sensor can detect
tumor biomarkers sensitively and specifically.

Reusability. Finally, we investigated reusability of the miR-
FET biosensors. After detection, the miR-FET biosensors were
treated with 8.3 M urea solution and left at room temperature
for 5 min to denature the DNA—miRNA21 duplex, followed
by rinsing the chip with deionized water and drying with
nitrogen. By such a way, the miRNA21 was removed from the
FET chip. Then, the DNA-functionalized CNT FET sensor
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was hybridized again with the same concentration of miRNA21
under the same conditions as the first hybridization. The same
process (denaturation and rehybridization) was repeated 3
times. It was found that the percentages of the second and
third hybridization signal responses relative to the first one
were 92.85 and 85.71% (Figure 6), respectively, indicating that
the CNT FET biosensor shows a good performance in the
reusability.
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Figure 6. Reusability study of the miR-FET biosensor for exosomes
miR21 detection. The concentrations of exosomes miR21 and urea
were 100 pM and 8.3 M, respectively.

B CONCLUSIONS

We have developed a DNA-functionalized CNT miR-FET
biosensor, which can sensitively and specifically detect
exosomal miRNA in a label-free manner. The CNT FET
biosensor can directly convert the trace electrical signal caused
by the interaction between the biomolecules of the sensing
interface into a readable electrical signal, which lays the
foundation for label-free detection. In addition, the miR-FET
biosensor also has some outstanding advantages. First,
compared with other channel materials, the high-purity
semiconductor CNT network shows higher uniform perform-
ance and superior bias stress stability. Second, after modifying
the Y,0; insulating layer to reduce the interference of other
interactions, the ultrasensitivity and specificity of the detection
are ensured. Third, the miR-FET biosensor is able to
distinguish the expression level of miRNA in cancer patients
and healthy people, paving a way for early diagnosis of cancer.
In addition, our sensor has the potential to be integrated with
microfluidic technology to quickly and ultrasensitively detect
multiple tumor biomarkers on one chip, thus achieving
accurate diagnosis of the tumor.
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