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Abstract

Human epidermal growth factor receptor 2 (HER2)-positive exosomes play an extremely important role in the diag-
nosis and treatment options of breast cancers. Herein, based on the reformative tyramine signal amplification (TSA)
enabled by molecular aptamer beacon (MAB) conversion, a label-free surface plasmon resonance (SPR) biosensor
was proposed for highly sensitive and specific detection of HER2-positive exosomes. The exosomes were captured by
the HER2 aptamer region of MAB immobilized on the chip surface, which enabled the exposure of the G-quadruplex
DNA (G4 DNA) that could form peroxidase-like G4-hemin. In turn, the formed G4-hemin catalyzed the deposition of
plentiful tyramine-coated gold nanoparticles (AuNPs-Ty) on the exosome membrane with the help of H,0,, generat-
ing a significantly enhanced SPR signal. In the reformative TSA system, the horseradish peroxidase (HRP) as a major
component was replaced with nonenzymic G4-hemin, bypassing the defects of natural enzymes. Moreover, the
dual-recognition of the surface proteins and lipid membrane of the desired exosomes endowed the sensing strategy
with high specificity without the interruption of free proteins. As a result, this developed SPR biosensor exhibited a
wide linear range from 1.0 x 10% to 1.0 x 10 particles/mL. Importantly, this strategy was able to accurately distinguish
HER2-positive breast cancer patients from healthy individuals, exhibiting great potential clinical application.

Keywords: HER2-positive exosomes, Surface plasmon resonance, Tyramine signal amplification, G4-hemin, Breast
cancer diagnosis

*Correspondence: xinmnli@163.com; yuxiaolincq@hotmail.com
"Wengin Chen and Zhiyang Li contributed equally to this work

! Key Laboratory of Clinical Laboratory Diagnostics (Ministry

of Education), College of Laboratory Medicine, Chongging Medical
University, Chongging 400016, China

? Department of Laboratory Medicine, Zigong Fourth People’s Hospital,
Sichuan 643000, China

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-021-01210-x&domain=pdf

Chen et al. Journal of Nanobiotechnology (2021) 19:450

Graphical Abstract

Ultracentrifuge

Extracti:n @ @
‘@ i @

Exosomes

MAB

ditit 68,

Hemin K*

Introduction
Breast cancer is the most common type of cancer that
causes female deaths worldwide [1, 2]. In the diagnosis
and treatment process of breast cancer, human epidermal
growth factor receptor 2 (HER2) is an important prog-
nostic indicator and predictor of HER2-targeted drugs
[3, 4]. Currently, the routine methods for HER2 analysis
mainly include immunohistochemistry and fluorescence
in situ hybridization, but these methods have several
shortcomings, such as the uncertainty of the results,
the high false-positive rates, and the excessively harsh
requirements for specimens, etc. [5]. Therefore, develop-
ing a noninvasive and reliable strategy to accurately mon-
itor HER2 status is challenging but urgently needed.

Exosomes are 30—150 nm sized extracellular vesicles
with a typical lipid bilayer membrane structure, which are
secreted into the surrounding biofluids by different types
of cells [6, 7]. In particular, tumor-derived exosomes not
only carry cancer-specific proteins but have high abun-
dance and stability in body fluids, thus acting as prom-
ising biomarkers for liquid biopsy [8]. Recent reports
have proved that the HER2-positive exosomes are greatly
increased in patients with breast cancer, and there is a
good consistency of the HER2 expression level between
exosomes and tumor tissues [9, 10]. Therefore, quanti-
tating the amounts of HER2-positive exosomes has the
potential to improve the diagnosis and customize treat-
ment of breast cancer.

Apart from traditional methods including nanoparticle
tracking analysis (NTA), western blot, flow cytometry,
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and enzyme-linked immunosorbent assay (ELISA) [11],
various biosensing platforms have been developed for
exosomes analysis by targeting their surface proteins
using the corresponding antibodies or aptamers [12—17].
Among them, surface plasma resonance (SPR) biosen-
sor is receiving extensive attention because it is a rapid,
real-time, and label-free diagnostic device [18, 19]. How-
ever, SPR biosensor for exosomes detection faces adverse
conditions: (i) the small size and low mass of exosomes
cannot trigger obvious signal discrepancy, leading to the
inevitable requirement of signal amplifier, and (ii) the
collected exosomes are always mingled with free target
proteins from serum, resulting in the generation of a
false-positive signal that reduces the accuracy of results.
Considering these facts, we are spurred to develop a
novel SPR biosensing strategy for sensitive and specific
detection of HER2-positive exosomes.

Tyramine signal amplification (TSA) is a typical
enzyme-assisted amplification strategy in which tyramine
can be transformed by horseradish peroxidase (HRP)
into a reactive oxidized intermediate with the help of
H,0O, [20]. The intermediate then covalently conjugates
and rapidly deposits on near protein residues to trigger
signal enhancement [21, 22]. Recently, our group pro-
posed a cytosensor that used HRP to catalyze the depo-
sition of tyramine-modified electroactive reporters on
tumor cells, exhibiting significantly enhanced sensitivity
[23]. Nevertheless, HRP has suffered from complicated
purification processes and poor chemical stability due
to the intrinsic characters of nature enzymes [24], which
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compromise the clinical applicability of TSA-based strat-
egies. G-quadruplex-hemin (G4-hemin), an HRP-mim-
icking DNAzyme with excellent catalytic performance,
has been widely applied in biosensing owing to its easy
synthesis, high stability, and low requirement for reaction
conditions [25, 26]. Therefore, G4-hemin could be a cred-
ible and promising alternative to HRP.

Herein, a label-free SPR biosensor was proposed for
highly sensitive and specific detection of HER2-positive
exosomes based on reformative TSA activated by target-
induced molecular aptamer beacon (MAB) conversion.
By combining the functions of G4 and HER2 aptamer
into one molecular beacon, the engineered MABs immo-
bilized on the sensing chip bound to HER2-positive
exosomes, resulting in the structural change that accom-
panied the exposure of G4. Then, the formed G4-hemin
catalyzed the deposition of numerous tyramine-coated
gold nanoparticles (AuNPs-Ty) on the lipid membrane
of the exosomes in the presence of H,O,, achieving a
geometrically enhanced SPR signal. Profiting from the
superior catalytic ability of G4-hemin, the improved TSA
had no need for HRP. What’s more, the dual-identifica-
tion of surface proteins and the membrane structure of
exosomes was able to avoid the interference of the free
proteins. Taken together, the developed SPR biosensing
strategy enabled accurate detection of HER2-positive
exosomes with high sensitivity and specificity.

Experimental

Reagents and materials

Sodium citrate powder, HAuCl,-4H,0 and 11-mer-
captoundecanoic acid (MUA) were purchased from
Sinopharm Chem Co., Ltd (Shanghai, China). Hemin,
tyramine, and 6-Mercapto-1-hexanol (MCH) were pur-
chased from Sigma-Aldrich (St. Louis, USA). Hemin was
dissolved in dimethyl sulfoxide as the stock solution and
then diluted to the required concentration with 25 mM
HEPES buffer (pH 7.4, 25 mM HEPES, 200 mM NacCl,
100 mM KCI, 1% DMSO, 0.05% Triton). Fetal Bovine
Serum (FBS) and Dulbecco’s Modified Eagle Medium
(DMEM) were offered by Gibco (Gaithersburg, USA).
N-hydroxysuccinimide (NHS) and N-(3-(dimethylamino)
propyl)-N’-ethylcarbodiimide hydrochloride (EDC) were
purchased from Alfa Aesar (Massachusetts, USA). Phos-
phate buffer (PBS) was supplied by Thermo Fisher Sci-
entific (Wilmington, USA). All the chemicals used were
of analytical reagent grade, and all the HPLC-purified
oligonucleotides listed in Additional file 1: Table S1 were
prepared by Sangon Biotech. Co., Ltd (Shanghai, China).
Tris—EDTA (TE) buffer (10 mM Tris—HCI, 1 mM EDTA,
pH 8.0) was utilized for the dissolution of oligonucleo-
tides. Aqueous solutions prepared by Millipore Milli-Q
gradient ultrapure water system were used (Millipore Co.,
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MA, USA). Clinical samples were collected from the First
Affiliated Hospital of Chongqing Medical University.

Instruments

All measurements were carried out on the SPR bio-
chemical analyzer independently developed and built
by our group. The sensing principle of this technique
is to measure the change in refractive index around the
surface of the metallic sensor chip due to alterations in
mass caused by analyte-receptor noncovalent interac-
tions [27, 28]. The SPR analyzer with a signal acquisition
frequency of 5 s is mainly composed of a light source, a
sensing chip, a flow cell, and a CCD detector. The sensor-
grams are analyzed by the lab-developed program writ-
ten in LabVIEW, exhibiting a time course of resonance
units (RU). Transmission electron microscopic (TEM)
image was performed with an H-7500 transmission elec-
tron microscope (Hitachi High-Technologies Co., Japan).
Nanoparticles tracking analysis (NTA) was supported
by ZetaView (Particle Metrix, Germany). UV-Visible
absorption spectra were carried out at a UV-2550 spec-
trophotometer (Shimadzu, Japan).

Extraction of exosomes

All cell lines, including HER2-positive SK-BR3 and
HER2-negative HeLa, LNCaP, HepG2, and MCEF-7 [29-
32], were provided by the American Type Culture Col-
lection (ATCC) (Rockville, USA). DMEM (added with
10% EBS, 1% streptomycin and penicillin) was used for all
kinds of cell culture in a sterile incubator containing 5%
CO,, at 37 °C. Cell passaging was processed when growth
density reached 80%. Ultimately, the cells were starved
with serum-free medium for 48 h before the exosomes
were extracted.

The exosomes were extracted from the cell culture
medium according to the published works [33, 34]. First
of all, the cell culture supernatant was collected and cen-
trifuged (10,000xg, 30 min). This pretreatment process
could separate the exosomes from larger vesicles and
cell debris for preliminary purification. After centrifuga-
tion, the supernatant was collected and centrifuged again
(100,000xg, 70 min) to extract the exosomes secreted
by tumor cells. After that, the obtained exosomes were
washed with 1 x PBS to remove protein impurities, and
centrifuged again for further purification (100,000xg,
70 min). After that, the obtained exosomes were resus-
pended in 100 pL of PBS and stored at —80 °C for later
use. The extraction procedures of exosomes derived from
serum are as follows. To begin with, 1 mL of PBS was
added to 1 mL of serum and then centrifuged (12,000xg,
45 min). Afterward, the obtained supernatant was cen-
trifuged again (110,000xg, 2 h). After that, the super-
natant was discarded, and the exosomes precipitated at
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the bottom were suspended in 8 mL of PBS solution and
passed through a 0.22 pm filter membrane to remove
impurities with smaller particle diameters. Thereafter,
the filtrate was centrifuged again (110,000x g, 70 min) for
further purification. Finally, the pure exosomes obtained
after centrifugation were resuspended in 100 pL of PBS
and stored at —80 °C for later use. TEM and NTA were
performed to characterize the obtained cancer cell-
derived exosomes.

Preparation of AuNPs-Ty complex

Firstly, AuNPs with a particle size of about 14 nm were
synthesized according to the published works with slight
modification [35-39]. Briefly, 88.2 mL of HAuCl, (1 mM)
was boiled and then added rapidly to 10.1 mL of sodium
citrate (34 mM). After the color changed to burgundy,
the heating was stopped, and the mixture was cooled to
room temperature with continued stirring. Then the pre-
pared AuNPs and tyramine were combined by MUA that
has sulfhydryl and carboxyl groups at each end. In detail,
the sulfhydryl groups at one end of MUA were connected
to AuNPs through Au-S bonds, and the other end was
connected to tyramine through carboxyl groups, which
indirectly connected AuNPs and tyramine into AuNPs-
Ty complex. To begin with, MUA (25 pL, 100 pM) was
added to the AuNPs (5 mL) solution, gently shaking
for 12 h, and then the solution was centrifuged twice
(2000x g, 10 min) to get AuNPs-MUA solution. Thereaf-
ter, NHS (10 pL, 1 mg/mL), EDC (10 uL, 2 mg/mL) and
tyramine (10 pL, 100 uM) were added to the mixed solu-
tion, gently shaking for 12 h to get AuNPs-Ty complex,
which was stored at 4 “C for later use.

Exosomes analysis by the fabricated SPR biosensor

Firstly, the gold chip and the flow cell were immersed in
75% ethanol, followed by sonication for 20 min at room
temperature. Then the chip was rinsed with deionized
water and blew dry with nitrogen. Next, the piranha solu-
tion 1 mL (H,SO,: 700 pL, H,O,: 300 pL) was freshly
prepared, after cooling to room temperature, we covered
it on the chip surface for 10 min to remove the remain-
ing impurities. Again, the chip was rinsed thoroughly
with deionized water and blew dry with nitrogen. Next,
the capture probes of MAB were diluted to a concentra-
tion of 1.5 pM by the fixative solution (KH,PO,, 1 M),
and then modified on the surface of the chip overnight
at 4 °C. After the incubation, 1 mM MCH was used to
block the excess binding sites for 30 min. After wash-
ing and drying, the treated chip, the prism cleaned with
75% ethanol, and the flow cell were installed on the SPR
instrument for subsequent testing. Thereafter, the flow
pipeline was rinsed with cell grade 1 x PBS for 15 min to
output the baseline signal (flow rate: 50 pL/min). Then,
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different concentrations of exosomes derived from tumor
cells or clinical samples were loaded (loading volume:
150 pL, flow rate: 7 uL/min, time: 30 min). Subsequently,
after the signal was stabilized, the AuNPs-Ty composite
was loaded (loading volume: 150 pL, flow rate: 7 pL/min,
time: 30 min). After detection, the surface of the sensing
chip could be regenerated with 50 mM NaOH (loading
volume: 150 pL, flow rate: 20 uL/min, time: 2 min).

Results and discussion

lllustration of the SPR biosensing strategy

Scheme 1 clearly showed the detection procedures of
HER2-positive exosomes using the reformative TSA acti-
vated by target-induced MAB transition. Specifically,
exosomes were extracted from the cell culture fluid or
clinical samples by ultracentrifugation, and the SPR sig-
nal amplifier of AuNPs-Ty was prepared by conjugating
the tyramine molecules to AuNPs. Meanwhile, the ingen-
iously designed MAB containing HER2 aptamer (green
domain) and G4 (red domain) sequences was modified
on the surface of the gold chip by Au-S bond. In the pres-
ence of HER2-positive exosomes, the MAB captured the
exosomes by the interaction of aptamer and HER2 pro-
tein, which led to the exposure of G4. The unlocked G4
formed catalytically active G4-hemin with the assistance
of hemin and K™. Subsequently, the activated G4-hemin
prompted a large amount of AuNPs-Ty to in situ deposit
on the surface of the exosomal membrane through the
TSA process, resulting in the production of a greatly
enhanced SPR signal. As a result, the developed SPR
strategy achieved label-free, real-time, and highly specific
detection of low-abundance HER2-positive exosomes.

Characterization of the extracted exosomes, G4-hemin,
and AuNPs-Ty

First, the morphology and concentration of exosomes
derived from SK-BR3 cells were characterized, and the
results were shown in Additional file 1: Fig. S1. The TEM
image disclosed that the exosomes were round vesicles
with a clear double-layer membrane structure (Additional
file 1: Fig. S1A). The NTA indicated that the original con-
centration of the exosomes was 2.75 x 10° particles/mL
with a size distribution ranging from 30 to 200 nm (Addi-
tional file 1: Fig. S1B). The above results confirmed the
successful extraction of exosomes. Second, the combina-
tion of G4 and hemin was verified by UV-vis absorption
spectroscopy. As we can learn from Additional file 1: Fig.
S2, 260 nm and 394 nm were the characteristic absorp-
tion peaks of G4 and hemin, respectively. As expected,
in the absorption spectrum of G4-hemin, the absorp-
tion peaks of the two substances with a slight right shift
were observed at the same time, indicating the success-
ful formation of G4-hemin. Third, the characterization



Chen et al. Journal of Nanobiotechnology (2021) 19:450

Page 5 of 10

Ultracentrifuge
-
»>

Extraction
-
>

Qo
/,&\ @

m

Exosomes

MAB

lsi, 5.

Hemin K*

conversion

AuNPs

Scheme 1 Schematic illustration for the detection of HER2-positive exosomes based on the improved TSA enabled by target-induced MAB
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of AuNPs-Ty composite was performed. The TEM image
showed the prepared AuNPs were uniform in volume
and evenly distributed (Fig. 1A), and the UV-vis absorp-
tion spectra displayed that the typic absorption peaks of
AuNPs and AuNPs-Ty were seen at 530 nm and 537 nm,
respectively (Fig. 1B). These results were entirely consist-
ent with the previous report [24], indicating the success-
ful synthesis of AuNPs-Ty.

Feasibility of the developed biosensor

To demonstrate the feasibility of this proposed biosen-
sor, the whole detection process was firstly analyzed. The
detection steps and the corresponding sensorgrams were
depicted in Fig. 2A and B, respectively. In the first step,
when the HER2-positive exosomes were loaded, the SPR

signal rose by about 40 RU, indicating that the exosomes
were connected to the surface of the chip owing to the
effective binding of the aptamer of the MAB and HER2
proteins. In the second step, once the AuNPs-Ty com-
posite was loaded, the SPR signal increased by about
200 RU, which was attributed to the deposition of plenti-
ful AuNPs-Ty on the surface of the exosomal membrane
caused by the reformative TSA. After detection, the chip
surface was regenerated with 50 mM NaOH for next
measurement. Subsequently, to verify that the deposition
of AuNPs-Ty on the exosome surface was caused by the
catalytic activity of G4-hemin rather than the nonspecific
absorption, the relevant experiments were conducted.
As shown in Fig. 2C, in the absence of hemin, the sig-
nal of the AuNPs-Ty was not been observed due to the
fact that the exposed G4 had not peroxidase-like activ-
ity. In contrast, the AuNPs-Ty generated a distinct SPR
signal, demonstrating that the signal indeed originated
from the reformative TSA. In addition, compared with
Ty and AuNPs that produced negligible SPR signal, the
signal of AuNPs-Ty increased nearly tenfold (Fig. 2D).
These results adequately demonstrated the feasibility of
the proposed method for the detection of HER2-positive
exosomes.

Optimization of experimental parameters

Several important reaction parameters of this biosensor
were optimized to obtain good analytical performance
in the presence of 1.0 x 107 particles/mL HER2-positive
exosomes. Owing to the effect of the density of capture
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probe immobilized on the sensing chip on the sensitivity
of the biosensor, the concentration of the MAB (Cy;45)
was firstly optimized. As shown in Additional file 1: Fig.
S3A, the SPR signal gradually improved with the increase
of the C,;,p ranging from 0.5 to 1.5 pM. Once the con-
centration was above 1.5 uM, the signal decreased rap-
idly, because the crowded MAB could not bind to the
exosomes effectively. Therefore, 1.5 pM was chosen as
the optimal C,;45. When the concentration of hemin
(Chemin) Was 1.5 puM, being the same as the C,;,5 the
highest signal was obtained. Hence, the optimal C,,;, is
set to 1.5 uM (Additional file 1: Fig. S3B).

Furthermore, to avoid the nonspecific deposition of
redundant signal amplifier on the chip surface which
increased the background signal, the befitting concen-
tration of the AuNPs-Ty (C,nps.1y) Was evaluated. As
shown in Additional file 1: Fig. S3C, when the Cyynps-1y
rose from 50 to 200 mM, the SPR signal rose synchro-
nously and ended by a downward trend. Therefore, we
chose 200 mM as the optimal Cy\ps.1y- Subsequently, we
also optimized the reaction time between exosomes and
MAB (Time,;) and the incubation time of the improved
TSA (Time,), respectively (Additional file 1: Fig. S3D and

E). When Time; was set as 30 min, the signal reached the
peak and remained steady as time prolonged, indicating
the completion of the reaction. Similarly, in the optimi-
zation experiment of Time,, the reaction was completed
after 30 min. Therefore, we set both reaction times as
30 min.

Sensitivity of the SPR biosensor

Under the optimal reaction conditions, we further evalu-
ated the sensitivity of this sensing method by detecting
a series of different concentrations of HER2-positive
exosomes. As shown in Fig. 3A, when the concentration
of exosomes increased from 0.1 to 100 x 10° particles/
mlL, the SPR signal also increased simultaneously, show-
ing a good correlation. As presented in, the regression
equation between the concentration of exosomes (X) and
the corresponding SPR signals (Y) was Y=2.36 X +18.93
with a correlation coefficient of 0.9914 (Fig. 3B). The
lowest detectable concentration of the sensing strategy
was 1.0 x 10* particles/mL, which was comparable to
other biosensing strategies for exosomes detection, and
the detailed comparison was shown in Additional file 1:
Table S2. The excellent analytical performance of this
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method is mainly due to these aspects. First, the high
affinity of the aptamer to HER2 proteins allowed the G4
sequence to be fully exposed to form the G4-hemin. Sec-
ond, the formed G4-hemin exerted superior peroxidase-
like activity itself to catalytic the in situ deposition of
numerous AuNPs-Ty on the exosomes, resulting in the
high SPR signal.

Specificity of the SPR biosensing strategy

The good specificity is one of the indispensable charac-
teristics of an excellent biosensor, which directly affects
the clinical application prospects of this method. Accord-
ingly, we conducted follow-up researches to explore the
specificity of this sensing strategy by choosing another
four kinds of exosomes derived from different HER2-
negative cancer cells (HeLa, LNcap, HepG2, and MCF-7)
as interferents. As shown in Fig. 4, compared with these
interferents, exosomes from HER2-positive SK-BR3 cells
produced a significantly improved SPR signal. In general,

the SPR signal of HER2-positive exosomes was 4.9 to 6.4
times to those of interfering substances at the same con-
centration (1.0 x 10" particles/mL). Besides, by detect-
ing exosomes using the developed strategy, the cancer
cells with high HER2 expression could be discriminated
accurately. These results showed the excellent specificity
of this method, which was mainly attributed to the dual-
identification of HER2 proteins and the lipid membrane
of exosomes.

Detection of exosomes in clinical samples

To evaluate the applicability of this method for the diag-
nosis of breast cancer, exosomes derived from real clinical
samples were analyzed. We collected 16 serum samples
from the First Affiliated Hospital of Chongqing Medical
University. Among them, half of the samples were from
HER2-positive breast cancer patients (P1-P8), and the
rest were from healthy groups (H1-H8), which served
as testing control. As shown in Fig. 5A, almost all SPR
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signals obtained by detecting exosomes from the serum
of HER2-positive breast cancer patients were greater
than 150 RU (except for P2), however, under the same cir-
cumstances, the signals obtained by detecting exosomes
from healthy samples were all lower than 50 RU. The dif-
ferent signal levels of the positive samples were due to
the fact that patients with different stages could secrete
various concentrations of HER2-positive exosomes. In
addition, the calculation of the significance probability
P-value also illustrated the significant difference between
the two groups of data (Fig. 5B), implying the outstanding
distinction ability of this method between HER2-positive
breast cancer patients and healthy groups. These results
shed light on the potential clinical application prospect of
this sensing method.

Conclusions

In conclusion, a label-free SPR biosensor has been
developed for highly sensitive and specific detection
of HER2-positive exosomes based on the reformative
TSA activated by target-induced MAB conversion. Dif-
ferent from the traditional TSA, the reformative TSA
replacing HRP with G4-hemin fully avoids the intrin-
sic disadvantages of natural enzymes, thus possess-
ing a high potential for clinical transformation. And
the biosensing strategy is able to simultaneously rec-
ognize HER2 proteins and the lipid membrane of the
exosomes, which effectively eliminates the interfer-
ence of free proteins in purified exosomes. Benefiting
from the integrating of the MAB and the reformative
TSA, large quantities of AuNPs-Ty are in-situ deposited
on the HER2-positive exosome membrane, endowing
the developed SPR biosensor with high sensitivity and
specificity. Moreover, by simply changing the aptamer
types, this sensing strategy can be easily extended for

accurate detection of other exosome subtypes. More
importantly, this method has capable of discerning
patients with HER2-positive breast cancer from healthy
individuals. Overall, this work offers a new SPR plat-
form for exosome-based liquid biopsy in the diagnosis
of breast cancer. Despite these results, a limitation of
this method is that the experimental steps need to be
further simplified to improve the flexibility in clinical
applications.
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