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Small extracellular vesicles (sEVs) have attracted wide attention as a promising tumor biomarker. However,
sensitive and selective detection of sEVs is challenging due to the low levels of sEVs in the early stage of
cancers. Herein, a novel fluorescent sensor was developed for the detection of sEVs with high sensitivity
and selectivity based on nonlinear hybridization chain reaction (hHCR) signal amplification and immuno-
magnetic separation. Firstly, sEVs were captured and enriched by CD63 antibody conjugated magnetic
beads via antibody-antigen reactions. Then, cholesterol-modified DNA probes were anchored spon-
taneously on lipid membranes of sEVs through efficient hydrophobic interactions between the cholesterol
moiety and the phospholipid bilayer of sEVs. The simultaneous recognition of the transmembrane protein
and the phospholipid bilayer structure of the sEVs could effectively eliminate interferences from free pro-
teins. The sticky ends of the cholesterol-modified DNA probes acted as the initiator to trigger nHCR to
form a hyperbranched network of DNA structure that could recruit more fluorescent signal molecules for
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signal amplification. Under the optimal conditions, the nHCR-based strategy showed high sensitivity for
the detection of sEVs with a limit of detection of 80 particles per pL. In addition, the as-constructed
method was successfully applied for the analysis of clinical samples. It provides a sensitive and selective
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Introduction

Small extracellular vesicles (SsEVs), a subgroup of extracellular
phospholipid membranous vesicles with a diameter of
50-200 nm, are secreted by most cells."”> sEVs shed by cancer
cells carry diverse biomolecules (e.g., proteins, bioactive lipids,
nucleic acids, and metabolites), which play major roles in the
regulation of the tumor microenvironment and pathogenesis
of human malignancies, including cancer metastasis and
tumor progression.>* It has been reported that tumor cells can
produce a higher concentration of sEVs than normal cells,
suggesting that cancer samples contain a high abundance of
SEVs.>® Relatively high abundance and excellent stability of
sEVs offer significant advantages in cancer diagnosis com-
pared to other markers such as circulating tumor cells and

Shanghai Engineering Research Center of Molecular Therapeutics and New Drug
Development, Department of Chemistry, School of Chemistry and Molecular
Engineering, East China Normal University, Shanghai 200241, China.

E-mail: clzhang@chem. ecnu.edu.cn, yzxian@chem.ecnu.edu.cn

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2an00242f

This journal is © The Royal Society of Chemistry 2022

platform for the isolation and detection of sEVs in the early diagnosis of cancers.

cell-free DNA that are short-lived and rare in body fluids.”®
Therefore, sEVs hold great promise as important noninvasive
biomarkers for early cancer diagnostics.’

So far, various analytical methods have been developed to
detect cancer cell-derived sEVs, including flow cytometry,
western blot (WB), and enzyme-linked immunosorbent assay.
However, the relatively low sensitivity of these methods
severely hinders early cancer diagnosis. In addition, they are
limited by complex instrument operation and high cost.'®™"?
To overcome these shortcomings, some DNA signal amplifica-
tion technologies have been developed for quantitative detec-
tion of tumor sEVs, such as rolling circle amplification,'*'*
DNA walkers,'>'® and terminal deoxynucleotidyl transferase-
initiated DNA amplification.'”*® Although these strategies can
enhance analytical performance to a certain extent, they are
mostly enzyme-assisted signal amplification reactions, which
might suffer from poor reproducibility. Compared with enzy-
matic amplification, the enzyme-free signal amplification has
great advantages due to its stability, low cost, and
simplicity.'*" The development of an enzyme-free amplifica-
tion platform with high sensitivity and selectivity is in ever-
increasing demand for the detection of SEVs.

Analyst, 2022, 147, 1859-1865 | 1859


http://rsc.li/analyst
http://orcid.org/0000-0001-9535-3658
https://doi.org/10.1039/d2an00242f
https://doi.org/10.1039/d2an00242f
https://doi.org/10.1039/d2an00242f
http://crossmark.crossref.org/dialog/?doi=10.1039/d2an00242f&domain=pdf&date_stamp=2022-04-26
https://doi.org/10.1039/d2an00242f
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN147009

Published on 30 bezna 2022. Downloaded on 29.01.2026 0:26:05.

Paper

Recently, hybridization chain reaction (HCR) has attracted
great attention for its enzyme-free, isothermal, entropy-driven
spontaneous DNA assembly process. In a traditional linear
HCR process, a DNA initiator triggers the cross-opening of two
DNA hairpins to form strand-like DNA nanowires.>* In recent
years, a variety of exponential expansion nHCR amplification
strategies with high dimensions have been reported, including
dendritic HCR, branched HCR, and clamped HCR.**">* The
formation of a super-chain structure through nHCR in the
presence of an initiator results in an exponential increase in
signal intensity and thereby improves the sensitivity of biosen-
sing platforms.*® It is worth noting that fluorescence assays
based on nHCR are becoming a popular detection technique
due to simple operation and high sensitivity.>**” Recently Liu
and coworkers constructed an nHCR-based fluorescent DNA
dendrimer-streptavidin (SA) complex for tumor cell sensing.
The hyperbranched nanostructure recruited the multimolecule
labeling of SYBR Green I, further improving the sensitivity and
selectivity.”® In view of the advantages of nHCR, such as
enzyme free, fast reaction kinetics, and exponential isothermal
amplification, the development of nHCR-based fluorescence
strategies is of great necessity for the construction of SEV
biosensors.

Herein, we developed a novel biosensing platform for the
sensitive and selective detection of sEVs based on immuno-
magnetic separation-assisted nHCR fluorescence signal ampli-
fication. As described in Scheme 1(A), the biotin-modified
DNA hairpins (H1 and H2) are respectively connected to the
four binding sites of SA to form four-armed protein scaffolds
(tetrads-H1 and tetrads-H2) by utilizing the strong covalent
interaction through SA and biotin. The hyperbranched DNA
structures are activated in the presence of an initiator. FAM
labeled on both DNA hairpins acts as the fluorescence signal
output. As shown in Scheme 1(B), the method consists of three
steps. Firstly, MCF-7 cell-derived sEVs were captured and
enriched using CD63 antibody conjugated magnetic beads
(MBs-CD63). Then, the MB-binding sEVs (MB-sEVs) were
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Scheme 1 Schematic representation of the (A) DNA tetrahedral hairpins
(tetrads-H1 and tetrads-H2) enabled nHCR and (B) ultrasensitive sEVs
detection strategy based on nHCR and immunomagnetic separation.
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obtained by magnetic separation. Secondly, a cholesterol-
modified DNA probe (CP) was inserted into the SEV membrane
and it served as the nHCR trigger for signal transmission. The
MBs-sEVs-CP complex was obtained through a second mag-
netic separation. Thirdly, tetrads-H1 and tetrads-H2 were
mixed with the MBs-sEVs-CP complex. nHCR was triggered
and hyperbranched DNA networks were formed. The gene-
ration of MBs-sEVs-hyperbranched DNA network (MBs-SEVs-—
HDN) enabled the signal amplification due to numerous
repeat units marked by FAM based on alternating H1 and H2
linkages. Thus, the sensitive and selective detection of sEVs
was realized by measuring the fluorescence signal of FAM
labeled on the sEVs. The change in fluorescence intensity was
proportional to the concentration of sSEVs enabling the quanti-
tative analysis of sEVs. In this work, the combination of immu-
nomagnetic separation with nHCR signal amplification pro-
vides a versatile and general strategy for sEV detection. The
simultaneous recognition of the bilayer membrane structure
and transmembrane protein of sEVs can effectively eliminate
the interference of free proteins and enhance the specificity of
capturing sEVs. In addition, the hyperbranched structure gen-
erated by nHCR can recruit more signal molecules, effectively
improving the detection sensitivity. Overall, the biosensing
system exhibits high specificity and sensitivity for the detec-
tion of tumor cell-derived SEVs.

Experimental section

Materials and reagent

Sodium chloride (NaCl) and 3,3',5,5-tetramethylbenzidine
(TMB) were obtained from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Streptavidin-modified magnetic beads
(10 mg mL™", 1 um diameter) were purchased from Thermo
Fisher Scientific (MA, USA). Tween-20, Fetal bovine serum
(FBS), radio immunoprecipitation assay (RIPA) lysis buffer,
penicillin-streptomycin ~ (P/S),  trypsin-EDTA  solution,
CD63 monoclonal antibody, CD9 monoclonal antibody, and
HRP labeled secondary antibody were offered by the Beyotime
Biotechnology Co. Ltd (Shanghai, China). MCF-7 cells were
provided by Procell Life Science Co., Ltd (Wuhan, China).
DMEM medium, streptavidin, and the DNA sequences given in
Table S1f were purchased from Sangon Biotech Co., Ltd
(Shanghai, China). The MagExoTM sEV isolation and purifi-
cation kit was purchased from Mag-Gene Nano Tech Co., Ltd
(Shanghai, China).

Instruments

Fluorescence spectra were measured on an F-7000 fluorescence
spectrometer  (Hitachi, Japan). Transmission electron
microscopy (TEM) images used to observe the morphology of
sEVs were obtained on a Hitachi-7700 instrument (Tokyo,
Japan). Gel electrophoresis was carried out using an EPS 300
apparatus (Tanon, Shanghai) and gel imaging system (Tanon,
China). UV-vis absorption spectra were obtained with a
UV-2550 spectrophotometer (Shimadzu, Japan).
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Cell culture and sEV extraction by ultracentrifugation

MCF-7 cells were cultured in DMEM medium (10% FBS, 1%
penicillin-streptomycin) at 37 °C under a humidified atmo-
sphere containing 5% CO, and 95% air. sEVs are collected
from the cell supernatant by the following steps. After reaching
70%-80% confluence, the MCF-7 cells were transferred to sEV-
depleted FBS DMEM medium after being washed with PBS
twice (37 °C) and the cell supernatant was harvested after 48 h
of incubation. Then, it was further centrifuged at 4 °C (300g
and 2000g for 10 min, 10 000g for 30 min) to remove cellular
debris and larger vesicles. The supernatant was then filtered
with a 0.22 pum pore size filter, and centrifuged twice at
100 000g for 70 min to collect sEVs. After resuspension in PBS,
it was placed in a —80 °C refrigerator until used.

SEV extraction from whole blood samples

The whole blood samples of healthy and breast cancer patients
were obtained from LongHua Hospital of Shanghai University
of Traditional Chinese Medicine. All experiments were per-
formed in accordance with the national guidelines (Ethical
Guidelines for Biomedical Research on Human Participants,
provided by China National Health and Family Planning com-
mission) and approved by the ethics committee of LongHua
Hospital of Shanghai University of Traditional Chinese
Medicine (2021LCSY026). Informed consent was obtained
from human participants of this study. The serum samples
were centrifuged at 4 °C (2000g for 20 min, 10 000g for 30 min)
to remove the debris. The MagExoTM sEV isolation and purifi-
cation kit was further employed for sEV extraction from the
serum samples. Then, the final serum derived sEVs were
stored at —80 °C for later use.

SEV characterization and quantification

The characterization of sEVs with TEM was based on previous
literature.>® 10 uL of sEVs was dispersed on the carbon grids
for 10 min, stained with 2% uranyl acetate for 30 s, and then
rinsed with water. After drying for 30 min, sEVs were observed
on H-7700 TEM with the voltage of 100 kV. Nanoparticle track-
ing analysis (NTA) was used to detect the concentration and
particle size of the purified MCF-7 sEVs. The WB experiment
was performed to confirm the presence of the CD63 protein on
the sEVs according to a previous protocol.>® sEVs and MCF-7
cells were lysed in RIPA buffer at high temperature and boiled
for 10 min in order to denature the proteins. The proteins
were separated by 12% SDS-PAGE, and subsequently trans-
ferred to a polyvinylidene difluoride (PVDF) membrane. After
sealing the PVDF for 1 h with 5% milk, the membranes were
incubated overnight at 4 °C with a special antibody. Finally,
the membrane was incubated with HRP labeled secondary
antibody for 1.5 h and then imaged in a gel imaging system.

Preparation of CD63 antibody modified MBs (MBs-CD63)

The biotin-modified CD63 antibody was bound to streptavidin-
modified magnetic beads (MBs) for specific capture of sEVs.
First, 50 pL of MBs was washed three times with 500 pl bead
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washing buffer (containing 1 mM EDTA, 1 M NaCl, 10 mM
Tris-HCl, and 0.02% Tween-20, pH = 7.4), and then re-sus-
pended in PBS. Then, 20 pL of biotin-modified CD63 anti-
bodies were added into the above solution with gentle shaking
for 1 h. Finally, the obtained MBs-CD63 were washed three
times with the bead washing buffer and resuspended in PBS
for later use.

Preparation of tetrads-H1 and tetrads-H2

Tetrads-H1 and tetrads-H2 were synthesized as described pre-
viously.*! Briefly, biotin-modified hairpins DNA (H1 and H2)
were dissolved in PBSN buffer (containing 8 mM Na,HPO,,
2.6 mM KCl, 2 mM NaH,PO,, and 500 mM NacCl, pH = 7.2),
separately. The hairpin structures of H1 and H2 were formed
by heating for 5 min at 95 °C and slowly annealing to 25 °C.
H1 and H2 were separately mixed with SA at a molar ratio of
1:4 and then shaken lightly for 1 h at room temperature to
form tetrads-H1 and tetrads-H2, respectively.

SEV detection

Different concentrations of sEVs were added to 10 pL of MBs-
CD63 and incubated at room temperature for 1 h. After incu-
bation, the mixture was washed three times by magnetic separ-
ation with PBST buffer (containing 0.01% Tween-20 in PBS
buffer) and used as sEV-bound beads. Next, 20 uL of 1.0 uM
CP was used to resuspend the sEV-bound beads, and cultured
with gentle shaking at room temperature for 45 min. Then, the
MBs-sEVs-CP complexes were washed three times with PBST
buffer. After that, a solution of 2 uM tetrads-H1 and 2 pM
tetrads-H2 was added to the above MBs-sEVs-CP complex
solution and incubated for 30 min. Finally, the formation of
the MBs-sEVs-HDN complex after magnetic separation was
measured at an excitation wavelength of 488 nm.

Native PAGE analysis

Different DNA solutions were separately loaded into the holes
of 8% nondenaturing polyacrylamide gel with 6x loading
buffer running at 110 V for 1.5 h in 1x TAE buffer (containing
40 mM Tris, 20 mM acetic acid, and 1 mM EDTA, pH = 8.3).
The gels were stained with Gel Red for about 20 min and
photographed by a gel image system after being washed three
times with distilled water.

Results and discussion
Characterization of sEVs

sEVs were isolated from the MCF-7 cells culture supernatant
and characterized by TEM (Fig. 1A). The TEM image shows
that the sEVs maintain a typical cup-shaped structure with the
diameter ranging from 50 to 100 nm, which is consistent with
the previous literature.?” Fig. 1B shows the results of WB ana-
lysis of sEVs, indicating the enrichment of the protein markers
CD9 and CD63. The concentration of the extracted sEVs is
found to be approximately 3.5 x 107 particles per pL by NTA
(Fig. 1C). In particular, the particle size of sEVs measured by
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Fig. 1 (A) TEM image of the sEVs derived from MCF-7 cells (B) WB ana-
lysis of CD63 and CD9 proteins from MCF-7 cell lysates and the purified
sEVs. (C) The concentration and size distribution of the extracted sEVs
characterized by NTA.

NTA is concentrated at 120 nm, which is larger than that
shown in the TEM image due to the effect of light scattering in
the aqueous solution. These results confirm the successful
extraction and isolation of sEVs.

Feasibility of the fluorescence signal amplification strategy

In our proposed signal amplification platform, the successful
coupling of CD63 antibody to magnetic beads is the critical
step to capture and isolate sEVs. We verified the conjugation
via the chromogenic reaction of TMB. HRP labeled secondary
antibody was added to bare MBs and MBs-CD63 solution,
respectively. TMB and TMB stop solution were added sequen-
tially after washing and magnetic separation. As shown in
Fig. S1,7 compared with the bare MBs solution, the MBs-CD63
solution turned yellow and had a significant absorbance at
450 nm, indicating that CD63 antibody had successfully
bound with MBs due to the high affinity of streptavidin and
biotin.

As one of the key factors of the signal amplification strategy,
the insertion of CP into the lipid membrane of sEVs was also
verified by fluorescence microscopy. We introduced FAM modi-
fied DNA sequence (CCP) which could hybridize with the
sticky ends of CP. As shown in Fig. 2A, a bright green fluo-
rescence around MBs-CD63 was observed with the addition of
sEVs. In contrast, fluorescence signal could be hardly observed
in the absence of sEVs (Fig. 2B). It indicated that CP probes
were successfully inserted into the lipid membrane of sEVs.
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Fig. 2 Confocal fluorescence images of (A) capture sEVs with MBs—
CD63 and (B) MBs—CD63 in the absence of sEVs. Scale bar = 25 pm (C)
fluorescence spectra of the nHCR reaction system without and with
sEVs (2.0 x 10° particles per pL).

1862 | Analyst, 2022, 147,1859-1865

View Article Online

Analyst

Furthermore, fluorescence spectroscopy was subsequently per-
formed with or without sEVs using the nHCR amplification
method (Fig. 2C). As expected, there was a significant increase
in fluorescence intensity after the insertion of CP into SEVs to
trigger the nHCR. As for the system without SEVs, only a quite
weak fluorescence signal was obtained. The above results show
that CP probes have been grafted on the surface of sEVs. In
addition, we investigated the effect of free CD63 protein in
solution for sEV detection based on the signal amplification
strategy. The recombinant CD63 protein was added to the solu-
tion containing 2.0 x 10° particles per pL sEVs. the fluo-
rescence spectra in Fig. S21 showed that the recombinant
CD63 protein produced a negligible increase in fluorescence
signal, indicating that the interference of free CD63 protein in
complex samples could be effectively avoided.

To examine the feasibility of the biosensing platform, the
triggering of nHCR was further evaluated. Fig. 3A exhibited the
distinct bands of formation of SA and H2 complexes by native
PAGE. Four SA-H2 complexes with different molecular weights
could be obtained under different concentration ratios. The
lines 2-5 indicated the monovalent-H2, divalent-H2, trivalent-
H2, and tetravalent-H2 (tetrads-H2) complexes, respectively.
The results were consistent with the literature.>' Tetrads-H2
was used as a hairpin to trigger nHCR. Similarly, the tetrads-
H1 was also formed as described above. The formation of a
hyperbranched DNA structure by nHCR was also characterized
by PAGE. Clearly, as shown in Fig. 3B, the gel electrophoresis
images of lanes 1-5 were CP, H1, H2, tetrads-H1, and tetrads-
H2, respectively. No new band appeared when tetrads-H1 was
mixed with tetrads-H2 (lane 6), indicating that the mixture of
tetrads-H1 and tetrads-H2 was very stable in the solution
without CP. After incubating CP with the mixture of tetrads-H1

B12 3 45678

tetravalent-H2
trivalent-H2
divalent-H2

monovalent-H2|

17.5 nm

-2.0 nm -6.0 nm
2500.0 nm - 1 pm

Fig. 3 (A) PAGE analysis of the formation of four types of SA—-H2 com-
plexes at various molar ratios (lane 1, DNA marker; lane 2—lane 5: SA: H2
=1:1,1:2,1:3, and 1: 4, respectively). (B) PAGE image for nHCR assay.
Lane 1, CP; lane 2, H1; lane 3, H2; lane 4, tetrads-H1; lane 5, tetrads-H2;
lane 6, tetrads-H1 + tetrads-H2; lane 7, CP + tetrads-H1 + tetrads-H2;
lane 8, DNA marker; the AFM images of (C) tetrads-H1 + tetrads-H2 and
(D) nHCR products.
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and tetrads-H2 at 37 °C for 30 min, a new bright band with a
lower migration rate was produced, indicating that nHCR had
been successfully triggered. Additionally, the signal amplifica-
tion process was verified by fluorescence analysis. As shown in
Fig. S3, the nHCR amplification reaction produced a signifi-
cant fluorescence signal in the presence of CP. However, only a
very weak fluorescence signal was observed in the absence of
CP. The results strongly confirmed that the signal amplifica-
tion system through the nHCR was successfully triggered in
the presence of CP. The atomic force microscope (AFM) image
shows that the diameter of a mixture of DNA tetrads was about
5 nm in the absence of CP (Fig. 3C). But the nHCR product
was in micron-sized clumps after adding CP (Fig. 3D). The for-
mation of a large-sized structure also demonstrated the suc-
cessful occurrence of nHCR.

Optimization of experimental conditions

For sensitive detection of SEVs, we optimized the experimental
conditions, including the concentration of MBs-CD63 and CP,
incubation and triggering time. MBs-CD63 was used to
capture sEVs, and its capture efficiency had a great impact on
the nHCR signal amplification systems. Therefore, the concen-
tration of MBs-CD63 was optimized first. The same amount of
sEVs was added to different concentrations of MBs-CD63 and
shaken gently at room temperature. The corresponding fluo-
rescence intensity was measured, respectively. As shown in
Fig. 4A, by increasing the concentration of MBs-CD63s from
0.5 mg mL™' to 2.0 mg mL™", the system could obtain a
maximum signal at 1.5 mg mL™'. Thus, 1.5 mg mL™" was
selected as the optimal concentration of MBs-CD63. The incu-
bation time and concentration of the CP probe were also key
factors for signal amplification. As depicted in Fig. 4B, the
fluorescence intensity increased rapidly within the initial
45 min and then remained stable, indicating that the optimal
incubation time was 45 min. Fig. 4C exhibited the effect of the
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Fig. 4 Optimization of detection conditions. Effects of (A) concen-
tration of MBs—CD63, (B) CP anchoring time, (C) CP concentration, and
(D) NnHCR reaction time on the fluorescence signal intensities.
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concentration of CP on fluorescence response. Clearly, the
fluorescence intensity rose rapidly in the range of 0-1.0 uM,
and then, it remained almost constant. Therefore, 1.0 uM was
selected to be the appropriate CP concentration. In addition,
the nHCR reaction time was a very important factor for the
successful formation of a non-linear structure. Fig. 4D shows
that the fluorescence intensity increased rapidly within
0-30 min, and then there was no significant change over time.
Therefore, the triggering time for nHCR was set as 30 min.

Analytical performance of the nHCR signal amplification
method

Under the optimal experimental conditions, we evaluated the
linear range and sensitivity of the nHCR-based fluorescence
signal amplification strategy for the detection of MCF-7-
derived sEVs in PBS buffer. As shown in Fig. 5A, the fluo-
rescence intensity gradually enhanced with the increase of the
SsEV concentration. As shown in Fig. 5B, a linear relationship
between the increased fluorescence signal intensity and the
logarithm of the sEV concentration ranging from 2.0 x 10 to
8.0 x 10° particles per uL is apparent. The linear correlation
equation was AF = 423.03 x Ig[SEVs] — 864.03 (R* = 0.9943),
where AF represents the increase of fluorescence signal after
the addition of sEVs. The limit of detection (LOD) was calcu-
lated to be 80 particles per pL according to a 3o/slope.
However, as for the CCP method, a linear relationship was
obtained within the concentration ranging from 2.0 x 10" to
8.0 x 10° particles per pL. The fitted linear equation was AF =
104.80 x Ig[sEVs] — 388.20 (R* = 0.9901) with an LOD of 4.0 x
10° particles per pL. The LOD of nHCR signal amplification

A
2500
32500 R2=0.9943
£2000 8.0 x 106 particles/pL 2000
"g 1500 Blank = 1500
£ 1000 1000
= 500 N 500 X
0 0
520 560 600 640 3 4 3
C Wavelength (nm) D Log[sEVs]
600 400
- R?=0.9901
2450 8.0 x 106 particles/uL 300
P4 =
-‘Z’ 300 Blank = 200
2 P
= 150 100
520 560 600 640 4 5 6 7
Wavelength (nm) Log[sEVs]

Fig. 5 Fluorescence spectra for the detection of different concen-
trations of sEVs originating from MCF-7 cells based on (A) nHCR signal
amplification (concentration of sEVs: 0, 2.0 x 102 8.0 x 102 2.0 x 10,
2.0 x 10% 8.0 x 10%, 2.0 x 10°, 8.0 x 10%, and 8.0 x 10° particles per pL)
and (C) CCP method (concentration of sEVs: 0, 2.0 x 10% 8.0 x 102, 2.0
x 10%, 2.0 x 10%, 8.0 x 10%, 2.0 x 10°, 5.0 x 10°, 8.0 x 10°, 2.0 x 105, and
8.0 x 10° particles per pL). (B) and (D) are corresponding linear relation-
ships of the increase of fluorescence intensity versus logarithm of sEV
concentration.
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Fig. 6 (A) The fluorescence intensity of different concentrations of
MCEF-7 cell-derived sEVs spiked into PBS, 10% SS, and 10% diluted US by
the proposed assay. (a) Blank, (b) 2.0 x 102 particles per pL, (c) 2.0 x 10°
particles per pL, (d) 2.0 x 10% particles per pL. (B) The expression level of
sEVs in the clinical samples obtained from healthy persons (n = 8) and
breast cancer patients (n = 8) (****P < 0.0001).

was about 50 times lower than that of the CCP method. The
sensitivity of our developed biosensing system is superior or
comparable to that of most sEV biosensing platforms
(Table S27). This is mainly because the tetrads-H1 and tetrads-
H2 stretch in different directions, and the amplification
through nHCR can be carried out in different orientations.
The superbranched nanostructure formed by nHCR can be
loaded with a large number of signal molecules, generating
“an sEV-numerous signal molecule” amplification effect.

Clinical feasibility

In order to verify the practical applicability of the proposed
strategy, we studied the anti-interference ability of the method.
Different concentrations of sEVs were spiked into 10% sEV-
free serum (SS) and 10% ultracentrifuged serum (US), respect-
ively and then detected through an nHCR based biosensing
system. 10% US was centrifuged to remove EVs by 4 °C,
120 000g for 24 h. As shown in Fig. 6A, the fluorescence signal
intensity was similar in the PBS, 10% SS and 10% US samples,
indicating that the complex biological matrix had little effect
on the performance of the biosensing system. This was mainly
due to the specificity of the simultaneous recognition of sEV
transmembrane proteins and bilayer structures, as well as the
excellent separation ability of MBs-CD63. In addition, we ana-
lyzed sEVs in fresh human serum samples, in which clinical
serum samples were obtained from eight healthy people and
eight breast cancer patients. As shown in Fig. 6B, there was a
significant difference in fluorescence intensity between
healthy individuals and cancer patients. The results were con-
sistent with previous reports that cancer patients might secrete
more sEVs.>** The real sample analysis showed that the com-
bination of nHCR with magnetic separation is an excellent
strategy for early cancer diagnosis.

Conclusions

In summary, an enzyme-free method was developed to detect
sEVs. The method combines the advantages of immunomag-
netic separation, hydrophobic interaction and nHCR fluo-
rescence signal amplification. Based on the magnetic bead
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platform, the separation and enrichment of sEVs can be sim-
plified. The specific CD63 antibody recognition and chole-
sterol anchor can efficiently eliminate the interference of free
proteins and enhance the specificity of the sensing platform.
Meanwhile, the nHCR signal amplification strategy takes full
advantage of enzyme-free, isothermal properties and achieves
the “an sEV-numerous signal molecule” signal amplification
effect, which greatly improves the sensitivity of fluorescence
detection. In addition, this method was further applied for the
isolation and detection of sEVs from spiked biological
samples, and can also distinguish the difference in sEV con-
centration between healthy individuals and cancer patients.
Our method provides a robust and sensitive platform for early
cancer diagnosis.
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