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ABSTRACT: In this study, we report a gold nanoparticle (AuNP)-amplified surface
acoustic wave (SAW) sensor for exosome detection with high sensitivity. The SAW
chip was self-assembled with mercapto acetic acid to generate carboxylic groups via
the Au—S bond. Anti-CD63 was then anchored onto the chip by pretreatment with 1-
(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydrox-
ysuccinimide, 1-hydroxypyrrolidine-2,5-dione (NHS). Due to the existence of a
membrane protein, CD63, on the exosome surface, exosomes could be bound onto
the antibody-immobilized SAW chip. To amplify the detection signal, both the biotin-
conjugated epithelial cell adhesion molecule (EpCAM) antibody as a secondary
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antibody and AuNP-labeled streptavidin were applied onto the exosome-bound SAW

chip, resulting in AuNP assembly on the chip through biotin—avidin recognition. The sensor was capable of detecting 1.1 X 10°
particles/mL exosomes, which was about 2 orders of magnitude higher than those detected by the strategy without using signal
amplification. The sensor also achieved a satisfactory specificity and could detect the low-abundance exosomes directly in blood
samples from cancer patients with minimal disturbance. This makes the SAW sensor useful for early diagnosis of cancer.
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B INTRODUCTION

Early diagnosis of cancer is the most effective way to conquer
cancer.' Tissue biopsy remains the gold standard for the
diagnosis of cancer, but there are many limitations, such as its
invasiveness and failing to reflect tumor spatial heterogene-
ity.”~* Liquid biopsy, as a minimally invasive and low-cost
method, has a promising future to diagnose different types of
cancer by identifying congenital and acquired aberrations that
are closely related to cancer occurrence and development.™®
Exosomes (30—150 nm), as the subtype of extracellular
vesicles (EVs), are bilayer membrane vesicles secreted by a
variety of mammalian cells.””” Exosomes have been confirmed
to exist in a wide range of body fluids including serum, urine,
breast milk, saliva malignant pleural eftusions, bronchial lavage
fluid, tears, nasal lavage fluid, semen, synovial fluid, amniotic
fluid, etc.'®™"* While circulating in biofluids, exosomes serve as
important mediators of intercellular communication that has a
close relationship with the development and progression of
diseases.'”"*~"> Exosomes have now been widely considered
as new-generation biomarkers because of their superiority over
other liquid biopsy sources in many respects: more
homogeneous in size, higher content in biofluids, more specific
markers (RNAs, DNAs, lipids, and proteins), etc. 16
Exosome analysis has enormously drawn interests over the
past few years. Transmission electron microscopy (TEM) can
offer high-resolution images of exosomes, but it requires
extensive sample fixation.'” Cryoelectron microscopy can
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determine the original state of exosomes, but it needs high
operation technology.'® Atomic force microscopy (AFM) can
offer information about the surface topography, local stiffness,
and adhesion properties of exosomes.'””" Dynamic light
scattering (DLS) can determine the effective particle size of
exosomes in biofluids.”' Nanoparticle tracking analysis (NTA)
can provide information about the concentration and size
distribution of exosomes.”” Tunable resistive pulse sensing
(TRPS) can also be widely used to measure the concentration
and size distribution of exosomes.””** The above-mentioned
methods are, however, all about the physical characterization
of exosomes.”> Western blotting and enzyme-linked immuno-
sorbent assay (ELISA) have the ability to quantify the targeted
membrane proteins of exosomes.”® Mass spectrometry enables
to identify, quantify, and validate proteins in exosomes. Flow
cytometry is capable of characterizing the membrane proteins
of exosomes by binding micron-sized latex beads and stained
fluorescent antibodies, respectively.26 A new surface plasma
resonance (SPR) platform named a nanoplasmonic exosome
(nPLEX) sensor has been used to assay membrane proteins of
exosomes.”” Although many analytical methods exist, the assay
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of exosomes is still a significant challenge due to their
ultrasmall size and diversity.*

Piezoelectric sensors have attracted enormous interest in the
bioassay for their label-free detection, easy operation, and real-
time measurement.”®*’ A surface acoustic wave (SAW) sensor
holds high sensitivity due to its high operation frequency,
which is the commonly employed piezoelectric sensor in the
past decades.”® The measurement principle of the sensor is
based on the propagation of surface acoustic waves. Surface
acoustic wave sensors are used to detect the quality of the
surface load of the sensor chip as well as other fluid properties
such as viscoelasticity.’® When the surface acoustic wave passes
through the surface of the chip, its phase changes with the
surface quality of the chip.”® This change can be detected by
the instrument and transmitted to a computer via electrical
signals. Recently, Li and colleagues reported developing a SAW
sensor for the highly sensitive and accurate detection of
carcinoembryonic antigen.’’ Zhang et al. described a lithium
tantalite (LiTaO;) SAW sensor to investigate the influenza
virus in real samples.”” Chang et al. developed a leaky surface
acoustic wave (LSAW) aptasensor with label-free and high-
sensitive sensing technology for tumor cell recognition and
detection.”® Our research group also used the SAW sensor to
conduct a series of studies. Zhang et al. reported a template-
free and surface-confined DNA extension assay based on in
situ AgNP growth at the SAW sensor interface to achieve the
sequence-specific detection of nucleic acids.”® Liu and
colleagues proposed a graphene-oxide-modified SAW platform
based on a single-shot analytical strategy for the label-free
detection of CYP2D6*10 gene mutation.>* Nevertheless, no
research works have yet been reported on exosome detection
by the SAW sensor.

In this paper, we present the first case of utilizing a SAW
biosensor to detect exosomes by employing gold nanoparticle
(AuNP) as a signal amplification strategy, as illustrated in
Figure 1. The CD63 protein is a member of the trans-
membrane-4 superfamily, which is richly found on the surface
of exosomes. It has been accepted as the general “exosome”
marker, and its expression is not dependent on the phenotype
and the origin of the cell. Kanwar and teammates constructed a
CD63-modified microfluidic chip to distinguish cancer patients
from healthy patients, and the results indicate that the
expression level of exosomes in the serum from cancer patients
is higher than that from healthy patients.”> Zhou et al. used an
electrochemical method for the identification of exosomes by
employing a specific aptamer to recognize CD63 markers on
the exosome surface.”® In view of the specific protein (CD63)
on the membrane surface of exosomes, CD63 antibody is
modified on the sensor surface and exosomes are bound to the
anti-CD63-modified SAW chip via binding between CD63, a
membrane protein of the exosomes, and anti-CD63. After that,
biotin-labeled EpCAM antibody is specifically bound with
exosomes through an epithelial cell adhesion molecule
(EpCAM), a cancer-associated antigen whose expression is
abundant among the exosomes collected from cancer
patients.”” Since many copies of the markers are exposed on
the surface of each exosome, this procedure enables the
caputre of efficient exosomes.

To amplify the detection signal, significant changes in the
phase shift are observed after streptavidin-labeled AuNP is
bound onto the SAW chip via biotin—avidin recognition.
Sreptavidin-labeled AuNP is often used to amplify weak signals
on the chip surface by increasing the quality of the chip
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Figure 1. (A) Schematic illustration of a signal-amplified SAW
biosensor for highly specific and sensitive detection of exosomes. (B)
Modification process of the SAW chip by a double antibody sandwich
method and AuNP amplification.

surface. Yao et al. constructed a surface plasmon resonance
platform combined with oligonucleotide-capped AuNP to
determinate the subattomole oligonucleotides and pS3
cDNA.*® Wang and colleagues proposed surface plasmon
resonance with dual AuNP-assisted signal amplification to
achieve the direct quantification of cancerous exosomes.’”
With the signal amplification effect produced by AuNP, this
established SAW biosensor offers a bioassay platform for the
basic research and clinical application of exosomes.

B EXPERIMENTAL SECTION

Materials and Reagents. Bovine serum albumin (BSA, >96%),
N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminoprop-
yl) carbodiimide hydrochloride (EDC) were purchased from Sigma-
Aldrich (St. Louis, MO). Anti-CD63 antibody and biotinylated anti-
EpCAM antibody were purchased from Abcam (Cambridge, U.K.).
The human liver cancer HepG2 cell line was obtained from American
Type Culture Collection. Mercapto acetic acid was purchased from
Aladdin Industrial Corporation (Shanghai, China). All other
chemicals were of analytical grade. Ultrapure water used in all runs
was obtained from a Millipore water purification system (18.2 MQ/
cm resistivity, Milli-Q Direct 8).

Cell Culture. HepG2 cell was cultured in the Dulbecco’s modified
Eagle’s medium (DMEM, Cellgro). The culture medium contained
about 1% 100 U/mL penicillin, 1% 100 pg/mL streptomycin, and
10% fetal bovine serum. Cells were cultured at 37°C with a 5% CO,
humidified incubator.

Purification of Exosomes. The exosomes were collected and
purified from the conditional medium after cells were cultured in the
exosome-depleted medium for 48 h. Then, a standardized kit (SBI,
Australia) was used to distinguish the exosomes from the conditional
medium, as described in previous works by our research group.*”*!
First, the medium was centrifuged at 4 °C and 300g for 10 min to
remove the excess residual cells. To remove the cell debris and
apoptotic blebs, 20 min centrifugation at 2000g was then performed.
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A

Figure 2. SEM characterization of the SAW chips. (A) Exosomes captured on the chip while their typical structure could be seen. Inset: a blank
control. (B) Conjugation of AuNP onto the chip via biotin—avidin recognition. Inset: a blank control in the absence of exosomes. (C) Visualization
of both exosomes and AuNP on the chip surface. Inset: a blank control in the absence of exosomes.

A 022 um pore filter (Millipore, China) was then used to filter the
supernatant. After that, the filtrate was further centrifuged for 30 min
at 10000g to remove the cell vesicles and biomacromolecules. The
supernatant was again centrifuged several times at 4000g for 30 min to
collect exosomes. The kit was then used to precipitate exosomes, and
the residual sediment was resuspended in sterile buffer (Hyclone,
Utah) and stored at —80 °C for the next step.

Preparation of the Sensor Chip. The SAW chip was purchased
from SAW Instruments GmbH (Bonn, Germany). The chip is made
up of five identical sensing channels, and each of them has a working
area of 4 X 1.7 mm? The main components of the chip are a spacer, a
silicon dioxide guiding layer, the Interdigital transducers (IDTS), and
a gold-plated layer. The optical image of the chip layout is given in
Figure S1. The modification of the chip and the subsequent detection
were conducted in our laboratory. First, the SAW chips were
immersed in a piranha solution (H,SO,/H,0, = 3:1) for at least 1
min. Then, the chips were further sonicated in ultrapure water and
ethanol each for 5 min to remove the residual organic matter from the
surface. The self-assembly via the Au—S bond was completed by
dropping 15 yL of 10 mM mercapto acetic acid (COOH-SAM) on
detection channels of the chips, and the chips were placed for 12 h in
the dark at room temperature. The anti-CD63 antibody (20 ug/mL)
was immobilized on the chip by carboxyl-group activation with a
mixture of 200 mM EDC and 50 mM NHS. The chips underwent
washing with PBS 3 times. After that, the detection channels were
treated with the BSA solution as a blocking agent, followed by
washing with PBS 3 times. Then, 15 uL of NTA-calibrated exosome
solution was incubated on the top of the detection channels at 37 °C
for 40 min. Unbound exosomes were removed by washing the chips
with PBS 3 times. Then, 15 uL of 20 ug/mL biotin-conjugated
EpCAM antibodies was introduced and incubated for 45 min,
followed by washing the chips with PBS 3 times.

Surface Acoustic Wave Detection. A sam$ detection instru-
ment (SAW Instruments GmbH, Bonn, Germany) was used for the
quantitative detection of exosomes. The instrument provides phase
signal and amplitude signal outputs. In the present study, we always
chose the phase signal as the detection signal. The two-frequency
mode was chosen to confirm this measurement, resulting in a
frequency difference of 0.363 (phase difference ~180°) to optimize
the frequency value. After the detection chip was loaded onto the
machine and a stable baseline was obtained, 80 uL of streptavidin-
modified AuNP was injected during 600 s total contact time at a flow
rate of 40 pL/min. The phase shift signal was then recorded and
exported to the data processing software after each injection.

B RESULTS AND DISCUSSION

Exosomes Characterization. To obtain the hepatic
carcinoma-specific exosomes, exosomes were separated and
extracted from the culture medium of HepG2 cell lines by the
above-mentioned method. The obtained exosomes were
characterized by TEM, NTA, and western blotting, respec-
tively. The specific operation of the above-mentioned experi-
ments was the same as the previous article of our research
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group. The specific operation steps can be seen in the
Supporting Information. As seen in the TEM image (Figure
S2A), a prototypical double membrane morphology was
observed for a majority of exosomes and the diameter of
exosomes was about 150 nm. NTA measurement revealed that
the size distribution was within the range of 50—200 nm, the
concentration was about 4.7 X 10'? particles/mL (Figure S2B),
and the average size of the exosomes was about 130 nm
(Figure S2C). The results of western blotting also clearly
showed the expression of CD63 and EpCAM in exosomes
(Figure S2D). These characterization results indicate that a
large number of exosomes with narrow and uniform size can be
obtained according to our strategy. Besides, as a general
method, exosomes from other cell lines and clinical samples
were tested by western blotting. As can be seen in Figure S3,
both CD63 and EpCAM were highly expressed in exosomes
from MCF-7 and PANC-1 cell lines and lung patient samples,
demonstrating the broad applicability of the sensing platform.

Feasibility Study. As discussed in the above-mentioned
methods, exosomes were bound to the anti-CD63-immobilized
SAW chip and AuNP was then conjugated onto the chip for
the signal amplification. In this work, SEM was used to confirm
the capture of exosomes and the attachment of AuNP onto the
SAW chips. As observed in Figure 2A, it was clear that
exosomes with their characteristic bilayer membrane structure
were present on the channels of the sensors. Meanwhile,
exosomes were invisible on the chip in a blank control
experiment, while exosomes were not added to the chip
(inset). This means that exosomes have been anchored onto
the SAW chip through binding between CD63 of exosomes
and the immobilized anti-CD63. In Figure 2B, the AuNP with
uniform sizes was clearly seen after the biotin-conjugated
antibodies and streptavidin-modified AuNP were added onto
the chip. For comparison, when only the antibodies and AuNP
were added on the chip in the absence of exosomes, the AuNP
on the chip was barely visible. To verify that these small
particles shown in Figure 2B are indeed AuNP, an EDS
experiment was conducted, and the EDS characterization
results are shown in Figure S4. The EDS results show that
there are a large number of AuNP on the chip surface,
demonstrating that these small particles shown in Figure 2B
are indeed AuNP and other substances like carbon, oxygen,
silicon, etc. may come from the substance materials. Mean-
while, because the chip was not dehydrated or any protective
measure against biological specimens was not taken, exosomes
were not visible in Figure 2B."” To visualize the coappearance
of exosomes and AuNP, one more SEM image was obtained
after the surface of the chip was treated with dehydration and
metal sputtering. The SEM image shown in Figure 2C reveals
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Figure 3. (A) Phase shift of the SAW sensor in response to different concentrations of exosomes (from 10° to 10'® particles/mL) with signal
amplification using AuNP. (B) Calibration curve of linear relationship corresponding to (A); the exosome concentration ranged from 10° to 10°
particles/mL. Error bars represent standard deviations of measurements (n = §). (C) Phase shift of the SAW sensor in response to different
concentrations of exosomes (from 10° to 10" particles/mL) when the exosomes are directly dropped onto the CD63-modified chip. (D)
Calibration curve of the linear relationship between the change of phase signal (A¢) and the logarithm of exosome concentration ranging from 10°
to 10" particles/mL. Error bars represent standard deviations of measurements (1 = 3).

that both exosomes and AuNP can be visible. The results
demonstrate that the successful capture of exosomes and the
conjugation of AuNP onto the SAW chip are realized, as
anticipated.

Optimization of Detection Conditions. Multiple
parameters, such as the antibody concentration, incubation
time, and incubation temperature, influence the experimental
results. Therefore, the experimental conditions were optimized.
First, the concentrations of capture antibodies (anti-CD63)
were optimized by varying antibody concentrations. As seen in
Figure S5A, with increasing antibody concentrations ranging
from 1 to 50 pg/mL, the SAW signal also increased and
gradually stabilized when the antibody concentrations reached
20 ug/mL. The increased exosomes could be captured on the
sensor chip as the concentrations of the antibody increased.
However, excess numbers of antibodies could cause steric
hindrance on the sensor surface, making it difficult for more
exosomes to be captured. In the meantime, the various
concentrations of biotin-conjugated EpCAM antibodies were
investigated. As seen in Figure SSB, when the antibody
concentrations were within a certain range of 1-50 pg/mL,
the sensor signal increased with increasing antibody concen-
trations. This is because more AuNPs can be attached onto the
chips as the concentrations of the antibody increases. Similar
to the above-mentioned discussion, the application of excess
biotin-conjugated EpCAM antibodies leads to negligible signal
enhancement. As a result, the signal of the instrument is no
longer increased or even reduced. Therefore, in this work, we
chose 20 pg/mL as the optimal CD63 concentration and 20
ug/mL as the optimal biotin-modified antibody concentration.
In addition to the concentrations of the capture antibody and
biotin-modified secondary antibody, the effect of incubation
time and incubation temperature during the experiment was
also investigated. It can be seen from Figure SSC that the
phase shift change caused by exosomes could reach the
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maximum value at about 7° when the temperature was
maintained at 37 °C. Maintaining this temperature during the
experiment allowed the exosomes to retain their original
morphological structure, thereby maximizing the detection
signal. Similarly, as seen in Figure SSD, when we set the
incubation time of the exosomes to 40 min, the phase shift
change value reached the maximum. We speculate that a short
incubation time might lead to low efficiency of binding
between antibodies and exosomes and a long incubation time
might lead to exosome rupture. Therefore, 37 °C and 40 min
were chosen as the optimal conditions.

Sensitivity of Exosome Detection. Next, the sensitivity
of the sensor was investigated by applying a series of different
concentrations of exosomes to the anti-CD63-modified SAW
sensor under the optimal experimental conditions. As observed
in Figure 3A, with the injection of AuNP, the phase signals
gradually increased and remained stable after the injection.
Moreover, the phase signals increased with the increasing
concentration of exosomes. When exosome concentrations
were increased from 0 to 4.7 X 10" particles/mL, the phase
shift signals also rose dramatically. In the presence of 4.7 X
10%° particles/mL exosomes, the amplified SAW phase shift
could reach up to ~10°. However, in the case where exosomes
were absent, the phase shift (~1°) was found to be negligible.
This phenomenon indicates that AuNP can be successfully
attached onto the chip surface in the presence of exosomes via
the biotin—avidin affinity, resulting in an increase in phase shift
changes. It was also observed that the phase shift change of the
acoustic wave (/\¢, the difference value between the
exosome-responsive signal change and that without exosome)
was logarithmically related to the target concentrations
spanning from 10° to 10° particles/mL (Figure 3B). The
phase shift change (/\@) had a linear relationship with the
logarithmic value of target exosome concentrations (C), and
the regression equation is /\¢ = 0.91 X logC — 1.59, R* =
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0.995; the detection limit was estimated to be 1.1 X 10° magnitude lower than that obtained by the direct detection.
particle/mL by equation S = 3¢ (S is the signal difference value Although the binding of exosomes on the SAW chips can
of 1.1 X 10* particles/mL and blank, and & is the standard increase the response signal, the introduction of AuNP can
deviation of the baseline). To better exhibit the advantages of significantly amplify the instrument’s signal, thereby greatly

the SAW sensor for exosome detection, the sensor perform- increasing the sensitivity of this detection method.
ance has been compared with other platforms, and the Selectivity of the SAW Sensor. The selectivity of this
comparison is presented in Table 1. The sensitivity of this method was also investigated by changing the various types of
method is superior to that of the conventional fluorescent and capture proteins and the detection substances. First, to test the
other commonly used approaches. discriminating capacity of this bioassay, several human
antibodies, like CD86, BNP, LCN-2, and BSA, as capture
Table 1. Comparison of Currently Available Methods for proteins, respectively, were selected to investigate the change
the Detection of Exosomes of the instrument signal shift. As shown in Figure 4A, only in
the presence of CD63, the instrument’s signal value reached

LOD . ° . .. .
method (Geifdesiml)  sfuenes the maximum at 7.312°. In comparison, a negligible phase shift
RGO field-effect transistor biosensor 33 x 10° " was observed after exosomes were applied to the nonspecific
P antibody (CD86, BNP, LCN-2, BSA)-functionalized SAW
paper-based aptasensor 1.1 X 10 43 . !
UV—vis absorbance measurement 276 % 10° 44 biosensor. The phase shifts were found to be 3.06, 2.11, 2.57,
electrochemical detection method 2.09 X 10° 45 and 1.37°, respectively, which is slightly higher than that of the
o

surface-enhanced Raman scattering 12 % 10° 46 blank when PBS was used as a capture substance (<1.0°),
fluorescence measurement 5 % 10* 47 approximately 1/3 of that of the specific antibody. These
electrochemical sandwich immunosensor 2 % 10° 43 results demonstrate that theCD63 antibody can specifically

AuNP-amplified SAW immunosensor 11 x 10° this work bind to the antigen on the surface of exosomes and
significantly increase the signal of the instrument.

Due to the significance of the sensor selectivity, especially in
clinical applications, we also used exosomes, microvesicles
(MVs), and several tumor markers like a fetoprotein (AFP),

To verify that the signal amplification is caused by the
application of AuNP, the sensor performance was compared
with the direct detection of exosomes in the absence of AuNP. ; . . . .
After the SAW chip was modified with anti-CD63 and the chip prostate-specific afltlgen (PSA), and cz.lrcmo.embryonlc "%ntlge“
was loaded onto the machine, 15 yL of exosomes was injected .(CE.A) as de.tt.ectlon st‘lbstances to 1nves‘t1gate.: the discrim-
during 600 s total contact time at a 40 yL/min flow rate. The ination capability of this assay. For the isolation of MVs, a
phase signal was then recorded and exported to the data standard ultracentrifugation method with slight modifications
processing software after each injection. As shown in Figure was u.“d tf) distinguis.h MVs from the conditional mediﬁm, as
3C, the change of the phase signals also increased along with described in the previous work by our research group.” The
the increase of exosomes concentrations from 10° to 10" obtained MVs were characterized by TEM. As can be seen in

particles/mL. However, the phase signal amplified by AuNP Figure $6, a prototypical double-membrane morphology was

was much larger than that without AuNP in the same observed and the diameter of MV was about 800 nm,
concentration range (105—1()10 particles/mL). The specific indicating the successful extraction of MVs. The anti-CD63-
linear relationship between them can be seen in Figure 3D functionalized SAW biosensor was used to detéect 10 pg/mL
with a regression equation (A =043 x log C — 1.21, R? = nonspecific proteins AFP, PSA, and CEA; 10° particles/mL
0.989), and the detection limit could be estimated as 8.4 X 10* exosomes; 10° particles/mL exosomes; MVs (10° particles/
particles/mL by the above formula. As seen in Figure 3A,C, the mL); and a mixture (exosome + MVs), respectively. From the
signal of negative controls is negligible. The standard results in Figure 4B, the phase shift rose significantly only in
deviations of the negative controls were calculated to be 0.39 the presence of exosomes. An obvious difference between the
and 0.31, respectively. It is clear that the detection limit noise and 10° particles/mL exosomes was obtained, indicating
obtained by AuNP amplification is appropriate 2 orders of that the lower detection limit can be achieved. In a mixed
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solution containing both exosomes and MVs as described
above, the phase shift caused by the mixture solution was
7.79°, which is consistent with the previous reports.40’41
However, the nonspecific MVs only caused the phase shift of
3.04°. Similarly, other nonspecific tumor markers including
AFP, PSA, and CEA could only result in phase shifts of 2.52,
2.32, and 2.81°, respectively. The nonspecific signals from
MVs, AFP, PSA, and CEA seemed to be a bit larger than that
of the blank. It is probably caused by nonspecific binding of
these substances on the chip surface. The results indicate that
the SAW biosensors possess great selectivity and have a wide
range of applications in the complex environment.

Detection of Clinical Samples. To evaluate the perform-
ance of this bioassay in clinical applications, the SAW sensor’s
capability of detecting target exosomes from blood samples of
cancer patients and healthy people was examined. Clinical
samples were obtained by collecting blood samples from a total
of 20 volunteers. The basic information about patients and
healthy controls is presented in Table S1. The 10 samples in
the control group were all obtained from healthy volunteers
during a routine examination at the Wuhan Hospital of
Integrated Traditional Chinese and Western Medicine
(Wuhan, China). Five cases of liver cancer patients and five
cases of lung cancer patients were obtained from the Central
Hospital of Wuhan (Wuhan, China). The collected frozen
plasma was first centrifuged to remove the cell debris, and
then, thrombin was added to remove fibrin. For the isolation of
plasma exosomes, a standard kit (SBIL, Australia) was used to
distinguish exosomes from the clinical samples, as described in
previous works by our research group.*”*' After exosomes
were obtained from the blood samples and applied to the anti-
CD63-modified SAW chips, the response signals obtained in
healthy volunteer samples were compared with the corre-
sponding signals obtained from the cancer patients. Figure SA
compares the expression levels of exosomes between
hepatocellular carcinoma cancer patients and healthy individ-
uals, while Figure SB shows the difference in exosome
expression levels between lung cancer patients and healthy
individuals. As clearly shown in Figure SA,B, the SAW sensor
incubated with patients’ exosomes achieved a superior
variation of phase shift. However, a negligible phase shift was
obtained when the chip was incubated with healthy volunteers’
exosomes. The distinct profiles indicate a significant difference
in the level of exosome expression between healthy volunteers
and patients with different types of cancer. The result
corroborates the significant improvement of exosomes ex-
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pressed in cancer patients as compared to that in healthy
volunteers (p < 0.05). However, due to the extensive
expression of CD63 in the exosomes of different cancers, the
biosensors cannot distinguish patients from patients with
different types of cancers. Despite this, the results shown in
Figure S reveal that this SAW detection platform is suitable for
exosome detection in undiluted plasma samples. This excellent
anti-interference ability mainly benefits from the special
cooperative sensing interface design and the excellent pairing
capacity between the capture antibody and the target antigen.
Thus, the developed SAW sensor is capable of quantifying
exosomes in real human biofluids. What is more, in subsequent
experiments, we can also specifically detect different types of
cancers by employing cancer-specific antibodies to differentiate
different cancers.

B CONCLUSIONS

In summary, we have built a reliable, efficient, and cost-
effective method for exosome determination by combining the
SAW sensor with AuNP amplification. In general, this
detection approach has the following unique merits: (i)
binding of streptavidin-modified AuNP to exosome-bound
SAW chips through biotin-labeled EpCAM antibody yields a
great mass effect above the sensing interface, thus improving
the detection sensitivity; (ii) the entire measurement process
takes only about half an hour, which is fast; and (iii) the
biosensor should be able to reliably detect exosomes from real
human blood samples via a sandwich immunoassay. These
merits make our platform prospective as an impressive new
technology for the quantification of exosomes in clinical
practice such as individualized administration and treatment.
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