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ABSTRACT: Exosomes are emerging as one of the most
promising biomarkers for early disease diagnosis and prognosis.
The significant challenges facing the available methods include
improving the detection specificity and sensitivity in complex
biological samples. Herein, a fluorescence assay was established
based on a combination of immunomagnetic separation and a two-
step signal amplification strategy for direct isolation and
subsequent detection of exosomes. First, immunomagnetic beads

capture and enrich the exosomes via antibody—antigen reactions. \'/f‘»oo< \.ﬁm
Second, bivalent cholesterol (BC) anchors spontaneously insert Ll ™™
into the lipid bilayer of bead-captured exosomes, forming a “one to e //’.‘\oo( signalon

many” amplification effect. The simultaneous recognition of the
surface protein and the lipid bilayer structure of the exosome
significantly eliminates the interference risk from free proteins. The detection of exosomes converts to the detection of BC-anchors.
Finally, the sticky end of the BC-anchor acts as the initiator to trigger the enzyme-free DNA circuits for secondary signal
amplification. Under the optimal conditions, highly sensitive and selective detection of exosomes was achieved ranging from 5.5 X
10° to 1.1 X 107 particles/uL with a limit of detection of 1.29 X 10° particles/uL. Moreover, this method allows the isolation and
quantitative analysis of exosomes in several biological fluids with satisfactory recovery rates (92.25—106.8%). Thus, this approach
provides a sensitive, anti-interference platform for isolating and detecting exosomes.

vesicles. Usually, isolation and enrichment steps are required
before exosome analysis. Traditional isolation methods of
exosomes typically include ultra- centrlfugatlon (UC), copreci-
pitation, size-exclusion chromatography, etc.'*'> Among these,
UC is the widely used gold standard for exosome isolation.
However, it faces some limitations, such as the requirement of
expensive equipment, skilled operators, large sample volumes,
tedious steps, and lengthy processing.' To date, various
analytical methods, including nanoparticle tracking analysis
(NTA), Western blot (WB), and enzyme-linked immunosorb-

Exosomes, a type of extracellular vesicle, are actively
secreted by both normal and cancer cells.'~ They carry
various biological constituents of their parent cells, including
nucleic acids, bioactive lipids, carbohydrates, and trans-
membrane and cytosolic proteins, which play essential roles
in different biological processes (e.g, intercellular communi-
cation, inflammation processes, and tissue regeneration).4_7
Although their clinical application is still in its infancy,
extensive evidence has demonstrated that tumor-derived
exosomes can influence the recruitment and reprogramming

of elements associated with the tumor microenvironment; their
contents can also predict the origins of parental tumors.”’
Tumor-derived exosomes express cancer-specific proteins and
nucleic acids during carcinogenesis, and the total number of
exosomes in cancer patients is significantly larger than that in
healthy individuals."”"" Besides, exosomes exist in almost all
body fluids (blood, urine, saliva, cerebrospinal fluid, breast
milk, et al.) with high abundance and stability, which are
obtained easily and do not cause any trauma to the body.'”"?
Therefore, exosomes become reliable and ideal noninvasive
biomarkers for cancer diagnosis and prognosis.

As is well-known, biological fluids contain many complex
interferents, such as cell debris, proteins, and other types of
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ent assay (ELISA), have been extensively used for the
detection of exosomes. NTA is the most popular technique
to quantify individual exosomes, but the quantification
accuracy is easily interfered with by lipoproteins or protein
aggregates, and it cannot selectively detect specific exosome
subpopulations.'”'® ELISA and WB can differentiate cancer
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exosomes from normal exosomes by recognizing their specific
proteins. Nonetheless, they suffer from limitations in their “low
sensitivity” or “limit in quantitative analysis”.'”~>' All the
drawbacks limit their application in clinical diagnosis. There-
fore, new methods for sensitive and straightforward exosome
isolation and detection are still needed.

Recently, Zarovni et al. developed an immunomagnetic
bead-based exosome isolation method via the binding
specificity between typical exosome markers and their
corresponding antibodies immobilized on magnetic beads.”
The use of the immunomagnetic beads greatly simplifies the
isolation procedure; the impurities and excess reagents can be
effectively removed by magnetic separation. Particularly, this
immunomagnetic bead-based protocol not only allows the
specific subpopulation of exosomes to be isolated but also has
good compatibility with downstream detection, such as
electrochemistr}7,23’24 colorimetry,25 26 fluorescence,”’ >° and
surface-enhanced Raman scattering techniques.’”*” Of these,
fluorescence has attracted significant attention due to its
extraordinary sensitivity and simplicity as well as many signal
providers. However, the fluorescence assays for specially and
accurately analyzing exosomes in complex biological samples
are still challenging. Most of the reported fluorescence assays
quantify exosomes by recognizing an exosome-specific protein
(e.g, CD63, CD9, GPC-1). Unfortunately, undesired false
signals would be triggered by free proteins from ruptured cells
or exosomes. Therefore, simultaneous recognition of two or
more exosome-specific sites is necessary to reduce free
proteins’ interference. Moreover, in the early stages of cancer,
the detection is usually hampered by the low abundance of
tumor exosomes; thus, signal amplification strategies are
necessary for the fluorescence assays to improve the detection
sensitivity. Signal amplification, including enzyme-assisted and
enzyme-free amplification strategies, has become a popular and
reliable method to improve detection sensitivity in the last
decades.’”** Compared with the enzyme-assisted signal
amplification strategy, the enzyme-free amplification strategy
teatured good stability, low cost, simplicity, and the exemption
of complex enzymatic reactions.**°

Herein, we developed a simple yet powerful fluorescence
assay based on magnetic isolation and enzyme-free signal
amplification to detect exosomes. This proposed method
consists of three components. First, anti-CD63 antibodies
immobilized MBs (anti-CD63 MBs) were employed to capture
and enrich exosomes from complex samples. Second, BC-
anchors spontaneously insert into the lipid bilayer of exosomes
captured on anti-CD63 MBs through the hydrophobic
interaction between cholesterol moieties and the lipid
layer,””** the trigger sequences remaining pointed outward.
The simultaneous recognition of surface proteins and the lipid
bilayer of exosomes means that exosome-specific protein or
lipid membrane alone could not interfere with the demon-
strated assay. Finally, the presence of hairpin structures and
fluorescence reporters initiates the enzyme-free DNA circuits
for signal amplification. It is noticeable that only the presence
of exosomes could begin the following enzyme-free DNA
circuits. We believe that this proposed fluorescence assay
overcomes the technical limitations such as detection
specificity and sensitivity in conventional methods.

g

B EXPERIMENTAL SECTION

Materials. 4-Morpholineethanesulfonic acid (MES), bovine
serum albumin (BSA), 1-ethyl-3-(3-(dimethylaminopropyl)-
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carodiimide (EDC), N-hydroxysuccinimide (NHS), sodium
chloride (NaCl), and potassium chloride (KCl) were
purchased from Sigma-Aldrich (St. Louis, MO). Carboxylic-
activated magnetic beads were obtained from BioMag
Scientific Inc. (Shanghai, China). Exosome CD63 and
TSG101 protein detection kit were purchased from Umibio,
Co., Ltd. (Shanghai, China). Anti-CD63 antibody, HPR-
labeled secondary antibody, phosphate buffer solution (PBS),
Tris-hydrochloride buffer (Tris-HCl), MES, and Tween 20
were purchased from BBI Life Sciences (Shanghai, China).
Other reagents and all of the oligonucleotide sequences [ Table
S1, Supporting Information (SI)] used in this work were
purchased from Sangon Biological Engineering Technology &
Services Co., Ltd. (Shanghai, China). Both 0.22 ym filters and
30 kDa ultra-centrifugal filters were purchased from Millipore
Corp. (Billerica. MA). The ultrapure water (18 MQ-cm™)
used in this work was obtained from a Milli-Q water
purification system (Millipore Corp., MA). All reagents were
of analytical reagent grade and used without further
purification.

Before the experiment, BC-anchors (I and Ic mixed in 1:1
molar ratio) were annealed in PBS buffer by heating to 95 °C
for 1 min followed by slowly decreasing the temperature to 23
°C within 13 min. DNA hairpins 1 (H1), DNA hairpins 2
(H2), and RFQ probe were annealed in TNK buffer by the
same method. RFQ_probes are prepared by annealing FAM-
labeled DNA sequence and Dabcyl-labeled DNA sequence at a
ratio of 1 to 2 (FAM is the fluorescent molecule and Dabcyl is
the quencher molecule).

Buffer solutions used in this work were as follows: 20 mM
Tris-HCl containing 150 mM NaCl and 0.1% Tween 20
(TBST); ultrapure water containing 40 mM Tris, 20 mM
acetic acid, and 1 mM EDTA (TAE); 10 mM PBS containing
0.01% Tween-20 (PBST); 10 mM PBS containing 0.01%
Tween-20 and 0.01% BSA (PBSTB); and 20 mM Tris-HCI
containing 140 mM NaCl and 5 mM KCI (TNK).

Isolation, Quantification, and Characterization of
Exosomes. Clinical samples were obtained from the Qingdao
Chengyang People’s Hospital and the Affiliated Hospital of
Qingdao University. Informed consent for the use of the
human serum was obtained from all of the donors. And this
work was approved by the ethics committees from the
institutions involved. The collected serum samples were
centrifuged at 4 °C, 3000g for 10 min to remove the cell
debris, and the supernatant was further centrifuged at 4 °C,
15000g for 20 min to remove other impurities. Then, the
supernatant was collected and sequentially ultracentrifugation
twice at 120 000g for 70 min. Finally, the exosome pellets were
resuspended in PBS solution and filtered using a 0.22 pm
syringe filter. The morphology of exosomes was observed by
TEM. The concentration of the exosome was measured using
NTA. The Western blotting analysis was used to verify the
extracted exosomes’ proteins using TSG101 and CD63
primary antibody. These obtained exosomes with exact
concentrations were further used as standard.

Preparation of Anti-CD63 MBs. The carboxyl-terminal
groups on the magnetic beads were activated by 5 uL of EDC
(0.1 M) and S uL of NHS (0.1 M) under gentle shaking at
room temperature. After 30 min, the mixture was separated by
a magnet and washed twice with MES (15 mM, pH 6.0).
Subsequently, the mixture was resuspended in MES (15 mM,
pH 6.0) and reacted with 10 uL of anti-CD63 antibodies (1
mg/mL) overnight under gentle shaking. The unreacted
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Scheme 1. Schematic Illustration of the Proposed Method for the Quantitative Evaluation of Exosome Based on Magnetic

Separation and Enzyme-Free Signal Amplification
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Scheme 2. Schematic Illustration of the Enzyme-Free DNA Circuitry for Signal Amplification

a% . .
seses )d HA1
bc
f e
i b
PR NN /\* srrzremiesesses®  BC-Anchor-H
oSS SR
BC-Anchor i } 6 %
* * C d % * d % * * *
2N jo S N ot
d b a*b*crdcyp arb*c*dc bef
e
H2 H1-H2 f H1-H2-RF
W
b e —
e f e f
RFQ RQ

carboxyl terminal groups were deactivated with 20 uL of BSA
(2%) for 30 min. Finally, the mixture was washed three times
with PBST (10 mM, pH 7.2), and the obtained anti-CD63
MBs were resuspended in PBSTB (10 mM).

Exosome Quantification by the Fluorescence Assay.
A 30 pL portion of anti-CD63 MBs and 20 uL of different
concentrations of exosomes were mixed and incubated for 2h
with gentle shaking. The mixture was isolated by a magnetic
separator and washed with PBST three times. Then, 50 uL of
100 nM BC-anchor was used to resuspend the above
immunocomplexes, followed by incubation for 40 min at
room temperature with gentle shaking. The immunocom-
plexes, now containing BC-anchor inserted in the exosome
lipid membrane, were isolated again by magnetic separation
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and were washed four times with PBST. A solution of 300 nM
H1I, 450 nM H2, and 300 nM RFQ was used to resuspend the
above immunocomplexes for a 2 h incubation. Finally, the
supernatant was measured at an excitation of 480 nm. Besides,
the proposed method’s selectivity toward exosomes was
investigated by replacing exosomes with other interferents to
participate in the analysis strategy mentioned above.

B RESULTS AND DISCUSSION

Principle of the Assay. An overview of the fluorescence
assay for exosome detection is exhibited in Scheme 1.
Immunomagnetic based capture and isolation approaches
have the advantage of easy operation, high capture efficiency,
and convenient integration and represent the most promising

https://doi.org/10.1021/acs.analchem.1c00796
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Figure 1. Characterization of exosomes: (a) TEM image of the extracted exosomes, (b) the size distribution of the extracted exosomes obtained by
NTA, and (c) Western blot analysis of Hela cell lysates and the extracted exosomes.

technique for exosome isolation.”* As a proof-of-concept, we
employed CD63, a well-known exosome biomarker expressed
on the outer surface of exosomes,’”*" as a target model for
immunoaffinity-based exosome isolation. Anti-CD63 antibod-
ies were immobilized on carboxylic acid functionalized MBs
through EDC/NHS coupling to fabricate the capture and
isolation substrates. Two cholesterol-labeled DNA sequences
with partially complementary regions, one of which has a sticky
end, are designed to build the BC-anchors. When the
exosomes-containing clinical sample was mixed with anti-
CD63 MBs in a microtube, exosomes were captured on the
surface of anti-CD63 MBs through antibody—antigen reac-
tions, and other interfering factors were washed away via
magnetic separation. Subsequently, the BC-anchors were
introduced and spontaneously inserted into the lipid bilayer
membrane of exosomes captured on anti-CD63 MBs through
the hydrophobic interaction between cholesterols and the lipid
bilayer, the sticky end remaining pointed outward to trigger the
enzyme-free DNA circuits.

In detail, the overall concept of the enzyme-free DNA
circuits amplification process is shown in Scheme 2. Region a
of the BC-anchor can function as a toehold to trigger
interactions with the exposed region a of HI, initiating a
branch migration reaction to open hairpin H1 and form a BC-
anchor—H1 intermediate (i). Next, the newly exposed region c
of H1 is free to hybridize with the toehold region c* of H2 and
hybridize with H2, which leads to the dissociation of BC-
anchor from the H1—H2 duplex (ii). The released BC-anchor
will be available for additional rounds of strand displacement,
which produced numerous H1—H2 duplexes. The exposed
toehold region of the HI—H2 duplex continues to hybridize
with region b* of RFQ. It triggers the branch migration
reaction to displace the RQ_quencher, which restores the RF
fluorescence signal in the obtained H1—H2—RF complex (jii).
The fluorescence intensity change is proportional to the
captured exosomes’ concentration, allowing the exosomes’
quantitative detection. However, in the absence of BC-anchor-
labeled exosomes, H1 and H2 cannot spontaneously hybridize
with each other due to the effective block created by
intramolecular hairpin structures. Annealing RF and RQ
prepared RFQ duplexes at a ratio of 1 to 2. An excess of RQ
ensures efficient quenching of RF but does not interfere with
the folded hairpin structures.”>*® The developed method is
expected to possess high sensitivity due to antibody
recognition and the use of the cholesterol—lipid membrane
portion of the assay chemistry.

Characterization of Exosomes. Exosomes isolated by the
ultracentrifugation method were used as the model to
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investigate the detection specificity and quantitative analysis
capability of the proposed method. The morphology and
concentration of the extracted exosomes were characterized by
TEM and NTA. As shown in Figure 1la, the extracted
exosomes have a typical cup-shaped membrane structure with
a size ranging from 30 to 150 nm. The NTA result shows that
the extracted exosomes’ size distribution varied from 30 to 230
nm, a peak value with an average diameter centered at 97 nm
(Figure 1b). The morphology and size characteristics are in
good accordance with the previous literature.”*' Additionally,
the useful exosome markers CD63 and TSG 101 were
validated by Western blotting analysis. A Hela cell lysates
standard sample from a commercial protein detection kit was
prepared as a positive control. As shown in Figure lc, clear
bands of TSG 101 and CD63 were observed on the gel, which
confirmed the abundance of CD63 on the extracted exosomes.
All the results verified that we have successfully extracted and
purified serum exosomes.

Feasibility of the Working Principle. The enzyme-free
DNA circuitry is of great importance for signal amplification.
Here, PAGE analysis was employed to verify the feasibility of
DNA circuits triggered by BC-anchors. As shown in Figure 2a,
lanes 2, 3, and 4 display H1, H2, and RFQ bands, respectively.
Lane S displays the bands of H1 and H2, which demonstrates
that H1 and H2 could coexist stably due to being kinetically
hindered. While in the presence of BC-anchors, a new band of
H1-H2 duplexes was observed, and the H1, H2 bands
significantly reduced in lane 6. Nevertheless, in the presence of
RFQ probes, the band of H1—H2 duplexes disappeared, and a
new band of H1-H2—RF complex appeared, which
demonstrated the release of RF from RFQ probes. Addition-
ally, the amplification process was also verified by fluorescence
analysis. As shown in Figure 2b, in the presence of BC-anchors,
the amplification reaction yielded a significant fluorescence
signal. However, in the absence of BC-anchors, nearly no
fluorescence signal was observed. The results above corrobo-
rated that the amplification reaction successfully happened
with low background, and numerous H1-H2—RF complexes
were generated.

As mentioned before, carboxylic acid functionalized MBs
were employed for the fabrication of capture and isolation
substrates. Anti-CD63 antibodies were immobilized on the
surfaces of carboxylic acid functionalized MBs through EDC/
NHS coupling. BSAs blocked the remaining activated sites of
MBs to prevent nonspecific binding. To identify the
conjugation, anti-mouse IgG-HRP was incubated with bare
and anti-CD63 MBs, respectively. After washing via magnetic
separation, TMB and TMB stop solution were sequentially
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Figure 2. (a) PAGE electrophoresis image of different samples in the
amplification assay: lane 1, S nM of BC-anchor; lane 2, 90 nM of H1;
lane 3, 135 nM of H2; lane 4, 90 nM of RFQ; lane 5, 90 nM of H1
and 135 nM of H2; lane 6, 5 nM of BC-anchor, 90 nM of H1, and 135
nM of H2; lane 7, 90 nM of H1, 135 nM of H2, and 90 nM of RFQ;
lane 8, 5 nM of BC-anchor, 90 nM of H1, 135 nM of H2, and 90 nM
of RFQ. The mixtures were incubated at room temperature for 2 h.
(b) Fluorescence spectra corresponding to lanes 7 and 8. Confocal
microscopy fluorescence images after binding anti-CD63 MBs-
captured exosomes (c) and anti-CD63 MBs (d) with BC-anchor—
Alexa Fluor 488 complexes. (e) Fluorescence spectra of the reaction
system with and without exosome.

added (time delay ~15 min). It is well-known that HRP
usually catalyzes the oxidation of TMB, which produces a blue
reaction product. The color then changes to yellow with the
TMB stop solution with a maximum absorbance at 450 nm. As
shown in Figure S1 (SI), the color change and absorbance at
450 nm for bare and anti-CD63 MBs indicated that anti-CD63
antibodies were successfully adsorbed on MBs’ surfaces.

As one of the critical elements of this method, the insertion
of BC-anchors into the lipid bilayer of the exosomes was also
investigated by using fluorescence microscopy. We designed an
Alexa Fluor 488 labeled DNA sequence to hybridize with the
sticky end of BC-anchors. As shown in Figure 2c, in the
presence of exosomes, the BC-anchor—Alexa Fluor 488
complexes spontaneously inserted into the lipid bilayer
membrane and a bright fluorescence surrounding the MBs
was observed. However, nearly no fluorescence was observed
without the addition of exosomes (Figure 2d). The results
suggested that BC-anchors could successfully insert into the
lipid bilayer membrane of exosome with low nonspecific
binding with anti-CD63 MBs. Furthermore, Figure 2e shows
the fluorescence response with or without the addition of
exosomes. As expected, the high fluorescence signal was
observed with exosomes’ addition after insertion of BC-
anchors and subsequent enzyme-free amplification, but a quite
weak fluorescence signal (the background signal) was observed
in the absence of exosomes. Therefore, all of the above results
revealed the feasibility of exosome detection with the proposed
fluorescence assay based on magnetic separation and enzyme-
free signal amplification.

Optimization of the Experimental Conditions. To
determine the optimal assay conditions, several experimental
parameters were systematically optimized, including anchor
structure, concentration ratios of H1 to H2, and amplification
time. Optimization was operated by varying one parameter
while others were kept constant.
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First, we studied the effect of the anchor structure because
the insertion of trigger sequences into the exosomes can
influence this strategy’s sensitivity. The monovalent cholesterol
(MC) anchor was a single cholesterol tagged trigger sequence.
The BC-anchor was constructed by prehybridizing I and Ic
with 15 bp complementary regions and labeling cholesterol at
the 3’ and S’ terminals. As shown in Figure 3, the BC-anchor
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Figure 3. Optimization of the anchor structure in the assay. (a) The
fluorescence spectra of the assay with MC-anchor (blue line) and BC-
anchor (red line) in the absence (dashed line) and presence (solid
line) of exosomes. (b) S/N ratio corresponding to panel a.

showed a higher signal-to-noise (S/N) ratio than the MC-
anchor, this is due to the complementary regions forcing the
two cholesterol into proximity, providing a stronger binding
force.”” The single-cholesterol-based anchoring of the trigger is
weak; thus, BC-anchor was used in the following assay.

Second, the probes H1 and H2 have a significant effect on
the amplification efficiency. Sufficient amounts of H2 would
guarantee the BC-anchors’ cyclic replacement from BC-
anchor—H1 complexes, but excess H2 could spontaneously
hybridize with H1, generating background signals. Hence, five
different concentration ratios of H1 to H2 were tested to
determine which gave the best S/N ratio. As shown in Figure
S2a (SI), the S/N ratio reached the maximum when the
concentration ratio of H1 to H2 was 1:1.5. On the basis of this
result, the concentration ratio of 1:1.5 was used in the
following assays.

Additionally, the amplification time is another major factor
influencing the amplification efficiency; too short an
amplification time cannot produce sufficient H1-H2—RF
complexes. Here, different amplification times ranging from 30
to 180 min were investigated. Figure S2b (SI) displays that the
S/N ratio increased with amplification time in the range from
30 to 120 min and then reached a balance beyond 120 min.
Thus, 120 min was long enough for the signal amplification
process, and a further increase in the reaction time did not
improve the amplification performance.

Analytical Performance of the Method. Under the
optimized conditions, various concentrations of exosomes were
used to evaluate the sensitivity and linear range of the
proposed method. Figure 4a shows the fluorescence spectra for
various concentrations of exosomes (0, 5.5 X 103 1.1 x 10%
5.5 % 10% 1.1 X 10°, 5.5 X 10°% 1.1 X 105, 5.5 X 10, and 1.1 X
107 particle/uL). In the absence of exosomes, a weak
fluorescence signal was observed. As expected, the fluorescence
signals were regularly enhanced with increasing the concen-
tration of exosomes. Figure 4b displays the calibration curve of
the fluorescent ratios (F/F,) as a function of the concen-
trations of the exosome, where F and F are respectively the
fluorescence intensity with and without the addition of
exosomes. The inset displays the linear relationship between
the fluorescence intensity ratio (F/F,) and logarithmic values
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Figure 4. (a) Normalized fluorescence spectra response to different
concentrations of exosomes. (b) Calibration curve of the fluorescent
ratios (F/F,) as a function of the concentrations of the exosome. The
inset shows the linear relationship between the fluorescence intensity
ratio (F/F,) and logarithmic values of exosome concentrations. The
error bars indicate the standard deviations calculated from three
measurements. Reproducibility test of the proposed method: (c)
normalized fluorescence spectra and (d) corresponding intensity for
1.1 x 10* particle/uL of the exosome. The relative standard deviation
(RSD) for the six independent tests was calculated to be 3.13%.

of exosome concentrations (from 5.5 X 10° to 1.1 X 107
particle/uL) with a corresponding correlation coefficient (R*)
of 0.992. The LOD value was estimated to be 1.29 x 10°
particle/uL based on 36,/s (o}, is the standard deviation of the
blank samples, and s is the slope of the linear calibration).
These results confirmed that the proposed method could be
used for the quantitative analysis of exosomes.

Reproducibility is a vitally important factor for quantitative
assays. To evaluate the reproducibility of the proposed
method, six repeated tests were performed for the same
concentration of exosome (1.1 X 10* particle/uL). The
corresponding fluorescence spectra are displayed in Figure
4c. On the basis of this result, the RSD was estimated to be
3.13% (Figure 4d), which confirmed the good reproducibility
of the proposed method.

Its analytical performance was also compared with the MBs-
integrated ELISA method. As shown in Figure S3 (SI), the
LOD determined by ELISA was estimated to be 5.09 X 10°
particle/pL. On the basis of this result, it is concluded that the
value determined by the proposed assay is approximately 2
orders of magnitude more sensitive than that obtained from
ELISA. Meanwhile, the results were also compared with the
previously reported works using other detection techniques. As
shown in Table S2 (SI), the LOD of the proposed method is
not better than the electrochemical methods (70 and 96
particle/uL). However, it exhibited excellent sensitivity
compared with various currently available methods, such as
colorimetric assay (5.2 X 10° particle/uL), lateral flow assay
(1.4 X 10* particle/uL), and fluorescence assay (4.8 X 10*
particle/uL). The great sensitivity was mainly due to the
specific recognition between exosomes and their correspond-
ing antibodies and the efficient signal amplification strategy.
Additionally, the simultaneous recognition of exosome surface
protein CD63 and the lipid bilayer structure will greatly reduce
the interference risk from free proteins (Figure S4, SI).
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Detection of Exosomes in Complex Biological
Samples. We next investigated the anti-interference ability
of the proposed method. Different actual samples including
20% exosomes-depleted fetal bovine serum (ED-FBS), 20%
ultracentrifuged serum (UC-serum), and 20% ultracentrifuged
urine (UC-urine) were spiked for recovery experiments. UC-
serum and UC-urine samples were prepared by centrifuging at
4 °C, 120 000g for 24 h to remove the exosomes. Then, the
supernatant was collected and filtered using a 30 kDa ultra-
centrifugal filter. As shown in Table S3 (SI), satisfactory
recovery (92.25—106.8%) and RSD (2.84—5.40%) values were
obtained, which indicated that the complex biological matrix
has a negligible effect on our proposed method. This is mainly
due to the superior separation capability of MBs. Besides, to
further evaluate the proposed method’s clinical diagnostic
efficacy, freshly collected serum samples of healthy individuals
and cancer patients (information is shown in Table S4, SI)
were analyzed by using this method. As shown in Figure S, the
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Figure S. (a) Fluorescence intensity of clinical samples (seven healthy
individuals and eight cancer patients) analyzed by the proposed
method. (b) Scatter plot corresponding to panel a.

fluorescence intensity obtained from cancer samples and
healthy samples are significantly statistically different (P =
0.0002), consistent with previous reports that there is
increased secretion of exosomes in cancer patients compared
to healthy individuals. But more clinical samples are needed to
validate this phenomenon in the field of clinical diagnosis.

B CONCLUSION

In the present study, we report an efficient and accurate
method for selectively isolating and quantifying exosomes from
complex biological samples based on magnetic separation and
a two-step signal amplification strategy. The proposed method
has the following advantages. (i) The use of anti-CD63 MBs
and BC-anchors simplifies the isolation process and can
eliminate the interference from free proteins. (ii) The insertion
of BC-anchors generates the “one exosome to numerous BC-
anchors” signal amplification effect. (iii) An enzyme-free signal
amplification strategy avoids natural enzymes’ use, reducing
the cost and operating and storage facilities usually required for
natural enzymes. The fluorescence intensity of the supernatant
can indirectly estimate the concentration of the exosomes.
The LODs of exosomes determined from the proposed
fluorescence assay were estimated to be 1.29 X 10° particles/
uL; these results indicated approximately 2 orders of
magnitude more sensitivity than the MBs-integrated ELISA
method. Meanwhile, this method successfully isolated and
detected exosomes from spiked biological samples (e.g., FBS,
serum, and urine) with recovery values ranging from 92.25% to
106.8%. This method can also measure the difference in
exosome concentration between serums of healthy individuals
and cancer patients. We believe that this proposed fluorescence
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assay will provide a new platform for accurate and specific
detection of exosomes in complex biological samples.
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