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ABSTRACT: Exosomes are small membrane-bound nanovesicles g
with a size of 50—150 nm which contain many functional
biomolecules, such as nucleic acids and proteins. Due to their high
homology with parental generation, they are of great significance

in clinical diagnosis. At present, the quantitative detection of low
concentrations of cancer-derived exosomes present in biofluids is
still a great challenge. In this study, we develop an electrical and
label-free method to directly detect exosomes with high sensitivity
based on a reduced graphene oxide (RGO) field effect transistor
(FET) biosensor. An RGO FET biosensor modified with specific
antibody CD63 in the sensing area was fabricated and was used

for electrical and label-free quantification of exosomes. The
method achieved a low limit of detection down to 33 particles/uL,
which is lower than that of many other available methods. In
addition, the FET biosensor was employed to detect exosomes in clinical serum samples, showing significant differences in
detecting healthy people and prostate cancer (PCa) patients. Different from other technologies, this study provides a unique
technology capable of directly quantifying exosomes without labeling, indicating its potential as a tool for early diagnosis of
cancer.

Exosomes

B INTRODUCTION

The exosome (Exo) is a kind of microvesicle with a double
phospholipid membrane structure with a diameter of 50—150
nm." It is rich in protein, DNA, and miRNA and has extremely
high homology, which has been found to play an important
role in intercellular communication, metastasis, and angio-

{ potential and particle size distribution. Flow cytometry can
be used for high-throughput detection, but the scattered light
of exosomes with particle sizes less than 100 nm is weak and
cannot be accurately quantified. Western blot and ELISA
analysis require large sample volumes, and both of them have
limited sensitivity. Since tumor-derived exosomes in peripheral

genesis.” " Both normal cells and cancer cells can secrete
exosomes, but cancer patients have more exosomes in their
blood.” As the concentration of exosomes is related to the
dynamics of some diseases, especially cancer, the quantitative
detection of exosomes is helpful for the early analysis and
diagnosis of diseases.” Exosomes are increasingly being
recognized as promising circulating biomarkers of disease
(“liquid biopsies”).

In recent years, some methods have been applied to detect
exosomes, such as nanoparticle tracking analysis (NTA),” flow
cytometry,” Western blot,” and ELISA.'”"" NTA can be used
when the concentration of exosomes is between 107 and 10°
particles/mL, and quantifications cannot be achieved when the
concentration is lower than that. NTA is mainly used to detect
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blood are limited in the early stage of cancer, it is difficult for
the traditional quantitative detection methods to achieve early
diagnosis of cancer due to their low sensitivity. In order to
further improve the sensitivity, electrochemical methods,"*™"°

—20 . . 1. . 21-24
and microfluidic sensing have been

fluorescenc,e’’
used for exosome quantification. Wang et al. used an
electrochemical method to develop a nanotetrahedron-assisted
aptasensor for direct capture of exosomes.” Im et al. detected
exosomes on the basis of surface plasmon resonance

transmitted through periodic nanopore arrays. Each array
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was functionalized with antibodies to analyze exosome surface
proteins.”® These methods can detect exosomes with high
sensitivity, but they require complex interface engineering and
a complicated nanofabrication process. Jin et al. used a
fluorescence method to detect exosomes by employing
graphene oxide nanosheets to adsorb single-stranded fluo-
rescent aptamers and form a quenched nanoprobe to read out
the presence of exosomes.”” This method is convenient and
suitable for clinical detection, but its sensitivity needs to be
further improved. Moreover, the method requires fluorescent
labeling. It is desirable to establish a highly sensitive, simple,
economical, and convenient method for direct detection of
exosomes.

As a label-free detection tool, a field effect transistor (FET)
biosensor is one of the most promising biosensors in recent
years. Through field effect transistors, microelectrical signals
caused by the interactions between biomolecules on the
sensing interface are transformed into readable electrical
signals and amplified, with high sensitivity and good
specificity.”®”” Graphene-based FET biosensors have the
advantages that include fast response, low detection limit,
rapid detection, etc. To achieve high sensitivity, PNA instead
of DNA was used as a probe molecule to realize DNA
detection by using a RGO FET biosensor. A sensitivity as high
as 100 fM was obtained. Moreover, the FET biosensor could
be regenerated by denaturation and rehybridization.” Chen et
al. used an aptamer-functionalized RGO FET biosensor to
detect tobramycin within S s with a low detection limit down
to 0.3 nM. The aptamer-functionalized RGO FET biosensors
showed good stability and specificity.”’ Chen et al. also used an
RGO FET biosensor functionalized by TEBAC to detect
nitrates in water with high sensitivity and specificity. The
response time was only 2—7 s, and the detection limit was as
low as 1.1 ug/L.*” In addition, graphene-based FET biosensors
can also detect acetylcholine, dopamine, NO, and cell action
potential.**~*° However, the detection of exosomes using FET
biosensors has not yet been reported.

CD63 is a protein that has been demonstrated to exist
abundantly on the surface of exosomes. It is a marker that
distinguishes exosomes from other vehicles, such as micro-
vesicles and apoptotic bodies. It has been reported that CD63
antibody can be used to capture exsomes for the early
diagnosis of cancer.””*® For instance, Kanwar et al. used a
CD63-functionalized exosome microfluidic chip to distinguish
cancer patients from healthy patients, in which the results
showed that serum exosomes in cancer patients were higher
than those in healthy patients.”” Zhou et al. modified a specific
aptamer on the electrode surface to recognize CD63 protein
on the exosome surface for the purpose of identifying
exosomes.”’ In this work, we explore a CD63-functionalized
reduced graphene oxide (RGO) FET biosensor that can be
used to directly quantify exosomes in a label-free and sensitive
manner, as illustrated in Figure 1. The FET device is fabricated
by standard semiconductor technology, after which graphene is
drop-casted onto the sensing channel of the device.
Subsequently, CD63 antibody is functionalized on the RGO
FET device. Exosome is thus detected by the CD63-
functionalized FET biosensor via specific binding between
CD63 antibody and CD63 on the surface of exosomes. It is
shown that this method can be used for the accurate
quantification of exosomes, providing a new platform for
early disease diagnosis.

Exosomes

Figure 1. Schematic diagram of a CD63 antibody functionalized RGO
FET biosensor for detection of exosomes. (a) Exosomes are isolated
and purified from the blood of patients. (b) RGO FET biosensor. (c)
After anti-CD63 functionalization in the sensing region, exosomes can
be directly bound to the CD63 antibody functionalized RGO FET
biosensor for electrical and label-free detection.

B EXPERIMENTAL SECTION

Materials and Chemicals. 1-Pyrenebutanoic acid succini-
midyl ester (PASE) and bovine serum (BSA) were purchased
from Sigma-Aldrich (Shanghai, China). Graphene oxide (GO)
powder (99.99995%) was purchased from Alfa Aesar Co. Ltd.
(Tianjin, China). Cy-5 NHS ester was purchased from Bioorth
Biotech Co. Ltd. (Nanjing, China). Hydrazine (98%) was
purchased from Generay Biotech Co. Ltd. (Shanghai, China).
Streptavidin (SA) was purchased from Solarbio Science &
Technology Co. Ltd. (Beijing, China). Anti-CD63 was
purchased from Abcam (Cambridge, U.K.). Anti-BNP, LCN-
2, glutaraldehyde, and phosphotungstic acid were purchased
from Sigma-Aldrich (Shanghai, China). The cell culture
medium RPMI-1640 was purchased from Thermo Fisher
Scientific (Waltham, U.K.). Human cell line liver cancer
HepG2 was obtained from the American Type Culture
Collection. Ultrapure water was obtained from a Millipore
water purification system (18.2 MQ.cm resistivity, Milli-Q
Direct 8). Serum samples were provided by Hubei provincial
people’s hospital, Wuhan, China. All of the chemicals used in
this study were of analytical grade. All other chemicals unless
specified were reagent grade and were used without further
purification.

Fabrication of RGO FET Biosensors. The RGO FET
biosensor was fabricated as previously reported. Briefly, an
RGO solution was prepared by a chemical reduction method.
A 0.2 uL portion of 0.2 mg/mL RGO solution was drop-casted
on the sensing channel of the chip and thermally annealed at
80 °C in a vacuum oven for 2 h. In order to obtain graphene
with a thinner layer, the chip was sonicated with Pirahna
solution (7/3 v/v concentrated H,SO,/35% H,0,). Finally,
the chip was rinsed with deionized water three times and was
dried with nitrogen for subsequent experiments.

Surface Functionalization. To modify the CD63 anti-
body on the chip, 0.5 mM PASE was first incubated with the
RGO FET chip at room temperature for 1.5 h. The chip was
then washed with DMSO, ethanol, and pure water,
respectively, and then dried with nitrogen. PASE was fixed
on the RGO surface though 77— stacking interactions between
the pyrene group and the graphene surface. PASE provides the
succinimidyl ester group on the other end for covalently
binding to the amino group on the antibody. CD63 antibodies
(100 pg/mL) were introduced onto the chip for incubation at
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room temperature for 1.5 h. Then the chip was washed with
PBS and pure water, respectively, and then dried with nitrogen.
Finally, 1 mg/mL BSA was used to prevent nonspecific
adsorption.

Exosome Purification. HepG2 was cultured with RPMI-
1640 medium, which contained 10% (v/v) FBS, 1% (v/v)
penicillin, and 100 pg/mL streptomycin, and maintained under
a humidified atmosphere of 5% CO, at 37 °C. The cells were
collected after being cultured for 48 h in a serum-free medium.
Subsequently, exosomes were purified according to the steps of
standard overspeed centrifugation. The centrifugation method
was as follows: the sample was first centrifuged at 300g for 15
min in order to remove impurities such as cell fragments, and
then the supernatant was centrifuged at 2000g for 20 min to
remove the cell debris. The filtrate was collected, filtered with a
0.22 pm filter membrane (Millipore), and centrifuged at 1000g
for 30 min. Finally, the supernatant solution was centrifuged at
110000g for 70 min to precipitate exosomes. In order to obtain
higher purity exosomes, the exosomes were recentrifuged after
resuspension (11000g, 70 min). Finally, the exosome pellet was
resuspended in 400 L of PBS and stored at —80 °C for use.

Exosome Detection. Exosomes with the appropriate
concentration (10 uL) were incubated with the antibody-
functionalized RGO FET at 37 °C for 30 min. The chip was
then rinsed with PBS and pure water to wash unbound
exosomes away. Finally, the chip was dried with nitrogen.

Exosome Detection in Serum. To verify the potential
applications of the RGO FET biosensor in clinical practice,
clinical samples were tested with the CD63-functionalized
RGO FET biosensor. Clinical blood samples were taken from
the people’s hospital of Hubei province, which was approved
by the Ethics Committee of Renmin Hospital. The practical
serum samples involved six patients with pancreatic cancer and
eight normal patients as control. Exosomes were purified by
the oversgeed centrifugation method mentioned in previous
literature.”” Exosome detection in clinical serum samples was
performed as described above.

Electrical Measurements. 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 different concentrations of
exosomes were conjugated with the antibodies on the chip,
the electrical transfer curves including I;—V, (I3 is drain
current, and V, is gate voltage) were recorded.

Characterization of Exosomes. TEM Observation. First,
15 uL of the exosome suspension was loaded in the 400 mesh
carbon-coated copper grid and fixed with 2% glutaraldehyde.
The grid was stained with 2% phosphotungstic acid for 10 min
and then washed twice with PBS. After drying at room
tempreture, the grid was observed under a transmission
electron microscope (TEM) (JEM-2100, Japan) at 80 kV.

NTA Analysis. Nanoparticle tracking analysis (NTA) can
characterize exosomes suspended in liquids. A 20 uL portion of
exosomes was diluted 100-fold with PBS and then filtered with
a 0.22 pm filter membrane. When the sample was irradiated by
the laser in NTA, scattered light signals caused by the
Brownian motion of nanoparticles were collected by an optical
microscope and CMOS camera. The concentration and
particle size distribution of exosomes were measured by
NTA (Zeta view Ltd., Germany) under optimal parameter
settings.
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SEM Observation. Exosomes were incubated on the CD63-
functionalized FET chip at 37 °C for 30 min, after which
unbound exosomes were subsequently washed off with PBS.
The exosomes were then fixed with 2.5% glutaraldehyde and
finally dehydrated by gradient with ethanol. Platinum nano-
particles were then coated with a sputter coater (208HR,
Cressington Scientific Instruments, USA) to enhance the
electrical conductivity of biological samples. Finally, the chip
was observed under a scanning electron microscope (SEM)
(ZeissSIGMA, Germany) at § kV.

Western Blot. Exosomes were lysed in a buffer containing
protease inhibitors, and protein quantification was performed
with a BCA Protein Assay Kit (Beyotime Biotechnology Co.
Ltd., Shanghai, China). Proteins were denatured and separated
by gel electrophoresis, transferred to a polyvinylidene fluoride
membrane (PVDEF) after cooling to room temperature, and
then blocked with 5% (w/v) bovine albumin in TBST for 2 h.
Blots were further inmmunoblotted with primary antibodies
against CD63 (SanYing, 1:500 solution), CD9 (SanYing, 1:500
solution), and Tsg-101 (SBI, 1:500 solution) overnight at 4
°C. Subsequently, the blots were incubated with HRP-
conjugated secondary antibody (1:50000 solution) at 37 °C
for 2 h. Finally, the membranes were washed three times with
TBST. The signal was obtained by a Gel Imaging System
(Thermo Fisher, USA).

B RESULTS AND DISCUSSION

Detection Principle. The principle of the RGO FET
biosensor for detecting exosomes is shown in Figure S1. As
illustrated, the FET device is fabricated on a SiO,/Si substrate
by the conventional macro-nano processing technologies.
Subsequently, PASE is fixed on the RGO surface through
m—m stacking interactions between the pyrene group and the
graphene surface. The antibody is then covalently immobilized
on the FET surface by a reaction between the amino group on
anti-CD63 and the succinimidyl ester group on the other end
of the PASE. BSA is used for blocking the unreacted aldehyde
groups to prevent nonspecific adsorption. Finally, when the
exosomes are captured by the specific antibody, the net carrier
density on the chip surface changes due to a contribution of
the negative charges of the exosomes, resulting in the left shift
of the Dirac point.

Characterization of Exosomes. Exosomes were isolated
and purified from liver cancer cells (HepG2) by multiple steps
of ultracentrifugation. Standard characterization of exosomes
was performed using TEM, NTA, and Western blot. As shown
in Figure 2a, it is seen from the TEM image that the exosomes
had a complete phospholipid bilayer structure and a typical
cup shape with particle sizes between 30 and 120 nm. The
morphology is consistent with that of the typical exosomes
reported in the literature."" The relation between particle size
and relative concentration could be determined by NTA
analysis. It can be seen that the purified exosomes mainly had a
size of around 120 nm (Figure 2b). The concentration of the
collected exosomes was 3.3 X 10'? particles/mL (Figure S2a).
In our experiment, CD63 antibody, a transmembrane 4
superfamily member, was selected for capturing exosomes.
Western blot was used to detect general exosome markers:
CD63, CDY9, and Tsg-101. Figure S2b shows the { potential
distribution on the surface of the exosome. It can be found that
the average potential on the surface of the exosome was —37.5
mV, proving that the surface of the exosome contains negative
charges. From the detection results of Figure 2c, it can be seen
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Figure 2. Characterization of exosomes: (a) TEM image of exosomes
with double-wall lipid membrane layers ranging approximately 30—
150 nm in diameter; (b) size distribution of exosomes by NTA
analysis; (c) expression of CD63 (the exosomal marker), CD9, and
Tsg-101 in exosomes.

that these three proteins existed in exosomes, among which
CD63 was the most abundant. Therefore, it is feasible to use
CD63 antibody to capture exosomes in this study. The above
experimental results show that exosome purification was
successful.

Surface Functionalization and Exosome Capture. In
order to prove that the modification process of anti-CD63 on
the RGO surface was successful, a fluorescence experiment was
performed by labeling CD63 antibody with a Cy-5 fluorescent
dye, dropping the Cy-5S labeled CD63 antibody on a silicon
chip, and visualizing the fluorescent spot by a fluorescence
microscope. The Cy-5 fluorescent dye was diluted to 1 ug/mL
and mixed with CD63 antibody at the same volume for 30 min
at room temperature. The labeling was completed by binding
of Cy-5 NHS ester to the amino groups of the antibody. Before
the labeled Cy-S was applied to the silicon surface, it was
modified with RGO and PASE in advance as mentioned above.
The labeled antibody was dropped on the silicon chip and
observed under a fluorescence microscope. It can be seen that
an obvious fluorescence signal was obtained in Figure 3a,
indicating that CD63 antibody was successfully modified on
the RGO surface. Nevertheless, in the case of a control
experiment, in which the chip was not modified with antibody,
but only Cy-5 was added, only a negligible fluorescence signal
was determined, as shown in Figure 3b. It may be caused by
uneluted fluorescence dye and nonspecific adsorption. There-
fore, it is indicated that the fluorescence signal in Figure 3a
completely comes from the CD63 antibody immobilization on
the chip.

To confirm the successful functionalization of anti-CD63 on
the FET chips, an atomic force microscope (AFM) before and
after anti-CD63 immobilization on the RGO FET biosensor
was employed to study the morphology and structure of the
RGO FET device. As observed in Figure S3, the height
difference after RGO modification was estimated to be 1.3—5.8
nm. The binding of anti-CD63 to the RGO surface led to a
height increase to 12.6—21.1 nm. According to literature
reports,” the size of the antibody is about 10—15 nm. The
results indicate that the height increase is caused by binding of
anti-CD63 to the RGO FET biosensor as anticipated.

The I3—V, characteristic curves in Figure 3c represent the
stepwise process of antibody modification and exosome
capture by the FET sensors. After PASE was modified, the
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Figure 3. (a) Fluorescence microscope image of Cy-S fluorophore
labeled CD63 antibody modified on a silicon chip. (b) Fluorescence
microscope image of a silicon chip without CD63 modification. (c)
13—V, curves of the stepwise functionalization process of the FET
device including RGO assembly, PASE modification, CD63 antibody
immobilization, and exosome binding, respectively. (d) SEM image of
exosomes captured by the immobilized CD63 antibody in sensing
channel.

Dirac point shifted to the right. As described in a previous
report, the reduced graphene oxide FET biosensor is a p-type
device.* PASE provides fositive charges to introduce p-
doping into the graphene,” leading to the right-shifted Dirac
point. When the anti-CD63 was bound to the graphene
surface, the contribution of the negatively charged CD63
antibody led to the increase of surface charge density and
induced n-doping, shifting the Dirac point to the left. After 3 X
10° particles/mL exosomes were added onto the antibody-
modified FET sensor, specific binding between anti-CD63 and
exosomes occurred. Due to the contribution of exosome
negative charges, n-type doping took place on the device,
leading to the left shift of the Dirac point. Therefore, the I;—V,
characteristic curves again indicate that anti-CD63 was
modified on the FET chip and exosomes were successfully
captured by the anti-CD63-modified FET chip.

To further verify that exosomes were bound the RGO FET
chip surface, SEM was employed to visualize the exosomes
inside the sensing channel after exosomes were applied to the
CD63-modified FET sensor. It can be intuitively seen in Figure
3d that exosomes were visible inside the sensing channel
between source and drain. The sizes of the exosomes were all
around about 100 nm, and the edges of the exosomes had
obvious membrane structure characteristics. Therefore, it is
further demonstrated that exosomes have been localized on the
FET biosensor as anticipated.

Sensitivity. In order to test the sensitivity of the RGO FET
biosensor for exosome detection, exosomes were diluted into
different concentrations and applied to the anti-CD63-
functionalized FET device from 3.3 X 10* particles/mL to
3.3 X 10° particles/mL. As shown in Figure 4a, the Dirac point
shifted to the left as the concentration of exosomes increased
during the detection. With the increase of exosome
concentrations, the observed —AVcyp (12, 22, 32, 44, 56,
and 68 mV, respectively, corresponding to the aforementioned
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Figure S. Specificity study. (a) Changes in the Dirac point after BNP, LCN-2, and strepavidin were respectively modified on the chip and
interacted with exosomes. (b) I;—V, curves of the RGO FET biosensor undergoing RGO assembly, antibody immobilization, binding of CD63
with antibody, and introduction of exosomes, respectively. (c) Dirac point changes after CEA, AFP, BSA, and exosomes were applied onto the chip,
respectively. (d) Dirac point changes of the anti-CD63 immobilized RGO FET biosensor interacting with different substances.

concentrations from low to high, respectively) increased
gradually. As the concentration of exosomes captured by the
FET biosensor increased, the net carrier density on the surface
of the FET sensor increased, generating an n-doping on the
device and finally shifting the Dirac point to the left. With an
increase in exosome concentration, the current also decreased
in addition to the Dirac point shift. As the RGO FET is a p-
type device, it is mainly for hole conduction.” It is clear that
the current gradually decreases with a gradual increase in
exosome concentrations because the exosome is negatively
charged. The results are consistent with those reported in
other literature.’>* Figure 4b shows a linear relationship
between exosome concentration and changes in the Dirac
point (AVenp = Venpafterincubation VNP before incubation)- 11
response, a regression equation is expressed as —AVcyp = 11.6
log C — 40, where C is the exosome concentration, and a
correlation coefficient value (R*) of 0.997 is obtained. It can be
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seen that the signal to noise level is 12 mV (S/N ratio 3). On
the basis of the signal that exceeds the baseline by 3-fold, the
LOD was found to be 33 particles/uL. Usually, it is reported
that the content of exosomes in human blood is 10°—10°
particles/uL.** The LOD of this method is lower than the
normal concentration of exosomes in the human body,
indiacting that the RGO FET biosensor achieved a high
sensitivity.

Many detection methods have been employed for detecting
exosomes. For example, Zhou et al. used an electrochemical
method to detect exosomes on the basis of aptamers with a
sensitivity of 10 particles/uL.*” Doldan et al. used an
electrochemical sandwich immunosand which assay to detect
exosomes down to 2 X 10* particles/uL."” Dong et al. used
aptamer—magnetic bead bioconjugates to capture tumor
exosomes derived from LNCaP cells. Under the optimal
conditions, a detection limit down to 70 particles/uL was
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obtained.* Jin et al. used graphene oxide with target-
responsive aptamers to profile exosomal markers. This assa
achieved a detection limit down to 1.6 X 10* particles/uL.”
Wang et al. developed an electrochemical method based on
nanotetrahedral-assisted aptasensors for label-free detection of
exosomes, with a sensitivity as high as 20 particles/uL.”> The
performance comparison between this work and other works is
summarized in Table S1. It is clear that the performance of the
FET biosensor is superior to that of many other methods.
Moreover, the developed assay is capable of directly detecting
exosomes without labeling.

Specificity. In order to study the specificity of the FET
biosensor, different kinds of antibodies were immobilized on
the FET chip and the same concentration of the exosomes was
interacted with the various antibody-immobilized FET chips.
In addition to modifying CD63 antibodies on the FET
biosensor, the following nonspecific antibodies were also
modified on different FET chips: anti-BNP, LCN-2, and
streptavidin, respectively. As shown in Figure Sa, negligible
AVenp change was observed after exosomes were applied to
the nonspecific antibody (anti-BNP, LCN-2, and streptavidin,
respectively) functionalized RGO FET biosensor. The
—AVeyp values were found to be 12, 15, and 9 mV,
respectively. Nevertheless, the —AVyp value was 59 mV for
the case where exosomes were introduced to the CD63
antibody functionalized FET biosensor. This indicates that
anti-CD63 can specifically recognize exosomes on the sensor
chip.

To verify that the binding between exosomes and CD63
antibody is caused by the specific interaction of the surface
antigen of exosomes with CD63 antibody, the CD63-
functionalized RGO FET biosensor was first interacted with
CD63 antigen and then incubated with exosomes. The I;—V,
curves of the RGO FET biosensor undergoing RGO assembly,
antibody immobilization, binding of CD63 with antibody, and
introduction of exosomes, respectively, are shown in Figure Sb.
As can be seen, the left shift of Dirac point occurred after
immobilization of antibody on the RGO FET biosensor, as
discussed earlier. The Dirac point shifted to the left again after
CD63 was bound to the immobilized CD63 antibody. This is
because CD63 (pl 6.79) is negatively charged in pH 7.4 PBS
solution.” After the exosomes were finally applied to the FET
surface, the Dirac point barely shifted. The possible reason is
that almost all binding sites are occupied by CD63 antigen,
resulting in the inability of exosomes to bind to CD63
antibody. This indicates that exosomes are specifically bound
to CD63 antibodies immobilized on the FET biosensor.

To further investigate the specificity of the FET biosensor,
the anti-CD63-functionalized FET biosensor was used to
detect 10 pg/mL of nonspecific protein CEA, BSA, and AFP,
respectively, and 100 ng/mL of exosomes. As shown in Figure
Sc, the Dirac point changes were almost negligible when
nonspecific proteins such as CEA, APF, and BSA were
detected. Meanwhile, the signal was significantly enhanced
when exosomes were applied for detection. In addition,
exosomes (10° particles/mL), 4% BSA, MVs (10® particles/
mL), and their mixtures (Exo + MVs and Exo + MVs + BSA)
were applied to the anti-CD63-functionalized RGO FET,
respectively. The corresponding results are shown in Figure 5d.
It was observed that the —AVp values were 21 and 13 mV,
respectivel, when nonspecific MVs and BSA were interacted
with the biosensor. The —AVyp value was 48 mV when
exosomes were interacted with the biosensor. In the case of

mixtures, it was found that the —AVyp values were 56 and 52
mV, respectively, when the mixtures (Exo + MVs and Exo +
MVs + BSA) were respectively applied to the biosensor. The
results are consistent with previous reports.”” It can be
concluded that this biosensor can detect exosomes with high
specificity.

Clinical Sample Analysis. In order to further verify the
application ability of the FET biosensor in real samples, we
collected the blood serum samples of six prostate cancer
patients as the experimental group and the blood serum
samples of eight normal patients as the control group and
applied these serum samples to the anti-CD63-modified RGO
FET sensor. In the serum samples provided by each patient, we
took an equal volume of serum to extract exosomes and
purified exosomes according to the method described above.
TEM images of exosomes extracted from serum are shown in
Figure S4. The image showed that an exosome with a particle
size of about 100 nm was similar to that in liver cancer cells
with obvious cup-dish lipid membrane structure. After
collection of exosomes from each sample, the serum was
applied to the CD63-functionalized RGO FET biosensor. As
can be seen from Figure 6, fewer exosomes were found in the
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Figure 6. Expression level of exosomes in the serum obtained from
healthy volunteers and cancer patients.

serum of normal people in comparison to those in the serum of
pancreatic cancer patients. The level of exosomes in patients
with prostate cancer was higher than that in normal people.
Statistically, significant differences were found between the two
groups (P < 0.01). Thus, this reveals that the fabricated RGO
FET biosensor is able to differentiate exosome levels in cancer
patients and normal people, indicating its potential as a label-
free sensing tool for cancer diagnosis.

Reusability. After detection, the exosome-bound FET
biosensor was treated with highly concentrated salt solutions
(NaCl, 1 M) to dissociate the binding between exosomes and
the anti-CD63. Then, exosomes (10° particles/mL) were
applied to the anti-CD63-functionalized FET biosensor once
more, followed by dissociation. As such, three cycles were
conducted by repeating the process of dissociation and
binding. The changes in Dirac point undergoing the three
cycles are shown in Figure 7. In each process of dissociation
and binding, the changes in Dirac point were found to be 52,
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45, and 38 mV, respectively. This indicates that the FET
biosensor can be reused.
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Figure 7. Reusability study of the FET biosensor for exosome
detection. The concentrations of exosomes and NaCl were 10°
particles/mL and 1 M, respectively.

B CONCLUSIONS

To sum up, we have developed a CD63 antibody function-
alized RGO FET biosensor for electrical and label-free
detection of exosomes with high sensitivity and specificity.
This method has the following advantages. (i) Different from
the existing methodologies, the detection method is direct and
label-free. (ii) Sensitivity as high as 33 particles/uL is achieved,
which is higher than that of many other methods. (iii)
Significant differences in exosome levels in serum between
prostate cancer patients and normal people is found by the
assay, showing a clinical application potential. (iv) This
method is also universal, meaning that exosomes from different
tumors are detectable by changing different antibodies in a
specific manner. This method provides a new platform for the
detection of exosomes and is expected to be used in clinical
practice in the future.
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