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ABSTRACT: As an emerging class of noninvasive biomarkers,
accurate quantification of circulating extracellular vesicles (EVs) is
essential to both the basic biological research and early diagnosis of
pancreatitis. We report here an allosteric probe-initiated cascade
amplification system for a highly sensitive detection of serum-
circulating EVs. In this method, the special recognition of EVs by
the allosteric probes triggers allosterism of the probe and thus
induces the release of a signal amplification initiator. Through the
following multiple rounds of cascade amplifications, a large
number of fluorescence moiety are released, generating an
enhanced fluorescence signal. This method exhibits a large
dynamic range of 5 orders of magnitude. In addition, this strategy could also be performed under isothermal conditions in a
wash-free way, indicating its potential applications in early diagnosis and prognosis of pancreatitis.

■ INTRODUCTION
Extracellular vesicles (EVs) are a kind of small-membrane
vesicles secreted from the parent cell with the diameter ranging
from 40 to 1000 nm.1−3 EVs constitute a totally novel but
significant signal communication paradigm between parent
cells and target cells through the carried diverse cargos
including RNA species (including mRNA, miRNA, lncRNA,
and other RNA species), DNAs (mtDNA, ssDNA, and
dsDNA), and proteins.4,5 The transport of complicated cargos
in EVs to the recipient cells would elicit pleiotropic response in
the recipient cells and thus maintain the normal and
pathophysiological conditions of cells.6 Therefore, EVs play a
pivotal role in diverse biological processes, including
reproduction, embryonic development, tissue repair, bone
calcification, and the nervous system. Among all the related
diseases, acute pancreatitis attracted abundant attention due to
the gradually increased incidence and significant morbidity and
mortality.7,8 Herein, a comprehensive understanding of the
relations between the amounts of EVs and related pancreatitis
will provide references for the early diagnosis and therapeutic
of pancreatitis.
Because the EVs have the characteristics of complicated

diameter range, origination from diverse cells, and low
abundance of certain subtypes, accurate quantification of EVs
from clinical or experimental samples combined with the
comparable analysis performance with standardized methods
remains challenging.9−12 Conventional EV detection methods
include ELISA, western blot, microarrays, and nanoparticle
tracking analysis (NTA). However, these methods are
criticized for some of their intrinsic shortcomings, such as
the complicated data analysis process in microarrays, low

repeatability between batches, high labor, and cost require-
ments in western blot, and especially unattainable machine in
NTA. In recent years, a variety of alternative methods have
been reported including colorimetric, luminescent, electro-
chemical, and Raman scattering spectroscopic measurements,
but still with the shortcomings of complicated compound
synthesis, short luminescence lifetime, cumbrous electrode
preparations, and high interference.13−15 Fluorescent assay
integrated with various signal amplification approaches have
been developed for quantitative EV analysis. For example,
Zhao et al proposed a CRISPR-Cas12a-based exosome
detection method with a carefully designed capture probe for
signal conversion.16 Benefiting from the trans-cleavage activity
of the Cas12a enzyme, the method exhibited a sensitive
detection performance. In addition, they also developed an
allosteric probe-based wash-free method and successfully
applied it for sensitive EV detection. The dual cycle-assisted
CRISPR-Cas12a in the method provided a significantly
enhanced sensitivity for EV detection.17 Even though these
methods made certain progresses to the conventional EV
detection strategies, the complicated primer design, multiple
enzyme requirements, and multiple steps made these methods
inappropriate for further clinical practices.
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Herein, we exhibited here a novel allosteric probe-initiated
cascade amplification system for accurate and highly sensitive
pancreatitis-related EV detection. In this method, an allosteric
probe is designed with an integrated aptamer of EV membranal
proteins and signal amplification initiators. The special
recognition of EVs by the allosteric probes triggered
allosterism of the probe and thus induced the release of a
signal amplification initiator. The successful hybridization of
the signal amplification initiator with the linear probe may
successively induce the following two-cycle strand displace-
ment amplification (SDA) processes and eventually generate
fluorescence signals due to divorce of fluorescence moiety and
the corresponding quenching moiety in the process of
fluorescence probe cleavage by the lamda exonuclease. After
a series of experimental verification, the proposed method
exhibited a favorable sensitivity and selectivity for EV
quantification and showed a correlation with pancreatitis.
Furthermore, the method could be applied for EV identi-
fication in a wash-free manner, which would be potentially
applied for point-of-care cancer diagnosis.

■ RESULT AND DISCUSSION

Principle of the Proposed Strategy. The principle of the
allosteric probe-initiated cascade amplification system for
highly sensitive and wash-free circulating EV identification
assay is illustrated in Scheme 1. The whole sensing system is
composed of two components: an allosteric probe for EV
membrane protein recognition and initiation of the subsequent
signal amplification and a two-cycle SDA process for signal
enrichments and readout. Inspired by a former report by Zhao
et al., the allosteric probe is designed with two parts: (i) a
CD63 aptamer for special recognition of membrane proteins
and (ii) an amplification initiator to induce the following signal
amplification; before the recognition of target EVs, the
allosteric probe is locked and does not initiate the signal
amplification process. Therefore, the allosteric probe is
designed with a hairpin structure through two complementary
sections in its two terminals. After the recognition of CD63
protein in target EVs, the hairpin structure of the allosteric
probe changed and thus a signal amplification initiator was
released.
In the signal amplification process, we have designed a linear

probe and a hairpin structure probe. In detail, the linear
structure probe is composed of three components: a signal
amplification initiator binding section, Nb.BtsI nicking enzyme

recognition section, and the second circle initiator. Through
the integrated three components, the linear probe could
continuously generate the second circle initiator as the
polymerization template for SDA. In the SDA process, the
hairpin structure probe is designed with two functional parts: a
fluorophore generator and the amplification primer. As
illustrated in Scheme 1, the upper strand of the totally
complementary section in the probe is labeled with a
fluorescence moiety and quenching moiety about 9 and 14
bases away from the loop section and the down strand was
designed as a complement with a signal amplification initiator
in allosteric probes. In order to avoid the possible digestion
and interferences, the terminal of the hairpin structure probe is
labeled with 3′-NH2 and 5′-phosphoryl (PO4)-end.
When target EVs existed, the hairpin structure of allosteric

probe changed after recognizing the target EVs through the
CD63 aptamer section. As a result, the signal amplification
initiator in the probe was exposed and could then partly
hybridize with the linear probe. With the signal amplification
initiator as the primer and linear probe as the template, the
polymerization reaction was initiated to generate double-strand
DNA (dsDNA) under the assistance of DNA polymerase I.
Afterward, a nicking site was generated in the newly hybridized
strand with the assistance of Nb.BtsI enzyme, and thereby, the
second circle initiator was released from the dsDNA with the
assistance of DNA polymerase I (cycle I).
When hairpin structure probes were added, the second circle

initiator could then hybridize with the complementary section
through the interaction with the protruding 5′-PO4-end, and
the lambda exonuclease substrate was formed. On this basis,
the resultant probe could be digested by lambda exonuclease,
leading to the simultaneous release of fluorescence moiety
molecules and inducing the simultaneously release of the
second circle initiator. Therefore, the released second circle
initiator could hybridize with hairpin structure probes and thus
form the second cycle. Through the dual cycles of the
amplification process, the second circle initiator was generated
and a greatly enhanced fluorescence was obtained in response
to the circulating EVs.

Validation of Circulating EV Assay. Before all the
experiments, we first extracted EVs from a cell culture
supernatant through differential centrifugation and character-
ized the morphology of the extracted EVs through trans-
mission electron microscopy (TEM) and size distribution
through NTA. From the result given in Figure 1a, the extracted

Scheme 1. Principle of the Proposed Allosteric Probe-Initiated Cascade Amplification System for EV Identification
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EVs exhibited a morphology of a sphere with double concave.
The size of the extracted EVs in the TEM result is about 120
nm, which is included in size distribution of exosomes. The
NTA result demonstrated that the diameter distribution of
extracted EVs ranges from 50 to 250 nm (Figure 1b).
To study whether the designed allosteric probe could

specially recognize the target EVs and thus lead to the
exposure of the signal amplification initiator, a fluorescence
assay was performed, as illustrated in Figure 1c. As shown in
Figure 1d, the obtained fluorescence intensity at 570 nm of
allosteric probes incubated with target EVs was significantly
higher than that of probes without target EVs, suggesting that
the existence of EVs could initiate the allosterism of allosteric
probes and thus lead to the exposure of the signal amplification
initiator. In order to study whether allosteric probes could be
unfolded by an interference probe and thus to induce the two-
cycle SDA, we also designed a linear probe which could totally
hybridize with the allosteric probe. From the result, we have
observed miniscule fluorescence enhancements when a linear
probe existed compared with control group, indicating that
linear probes showed little interference on allosteric probes. In
addition, the probe could maintain a high stability even in a
more complicated environment with BSA, MgCl2+, and
dimethyl sulfoxide (Figure 1e). Selectivity of the designed
allosteric probe was also investigated through incubating it
with CD9 proteins. As shown in Figure S1, the obtained
fluorescence intensity of allosteric probes is much higher in the
CD63 group than in the CD9 group, indicating a favorable
selectivity of the method for CD63 positive exosome
identification. We then investigated whether the allosteric
probe could initiate signal amplification after recognition of

target EVs (Figure 1f). Eventually, we observed no significant
fluorescence enhancements when the target EVs were absent
compared with the control group with hairpin structure probes
alone. On the contrary, fluorescence intensity was greatly
enhanced when EVs were present, which is almost seven times
higher than that when EVs were absent, demonstrating that the
existence of EVs could initiate the following allosteric probe-
based cascade amplification system to continuously cleave
fluorescence and quenching moiety pairs for the fluorescence
generation. The signal amplification process in the sensing
system was also studied and verified through PAGE analysis
(Figure S2).

Sensitivity of the Proposed Method for Circulating
EV Detection. Before the investigation of sensitivity, we
optimized the experimental conditions of the method including
reaction buffer, the concentration of a hairpin probe, the
amount of lambda exonuclease, and reaction times. From the
result shown in Figure 2a, the reaction buffer 2 (NEBuffer 2,
the reaction buffer of DNA polymerase I; lambda exonuclease
reaction buffer) induced a much higher fluorescence intensity
compared with the reaction buffer 1 (CutSmart buffer, the
reaction buffer of Nb.BtsI) and 3 (lambda exonuclease reaction
buffer). In the experiments investigating the concentration of
hairpin probes, the obtained fluorescence intensity gradually
increased with the concentration of allosteric probes from 50
to 300 nM and no more fluorescence intensity increase was
observed with more concentration (Figure 2b). Therefore, the
concentration of allosteric probes was determined as 300 nM.
In addition, the amount of lambda exonuclease and reaction
time were determined as 1U (Figure S3) and 40 min (Figure
S4), respectively.

Figure 1. Validation of the proposed allosteric probe-initiated cascade amplification system for circulating EV identification. (a) TEM result of
extracted EVs. (b) NTA result of the extracted EVs. (c) Illustration of the fluorescence assay to investigate to recognition of EVs by probes. (d)
Fluorescence spectrum of the allosteric probes incubated in the presence or absence of EVs. The inset shows a histogram of the obtained
fluorescence intensity. (e) Fluorescence intensity of the allosteric probes incubated in the presence or absence of EVs in complicated conditions,
including PBS, BSA, MgCl2+, and dimethyl sulfoxide. (f) Fluorescence spectrum of the allosteric probe-initiated cascade amplification system in the
presence or absence of circulating EVs.
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Under the optimized experimental conditions, we measured
the fluorescence intensity of the proposed method for EV
detection with different concentrations ranging from 102 to 106

particles/μL (the EV samples were from the diluted extracted
EVs with 1× PBS buffer). As shown in Figure 2c, the
fluorescence intensity showed obvious increase with the
increase of the concentrations of EVs from 102 to 106

particles/μL. Finally, a linear correlation was obtained between
the standardized fluorescence intensity and the logarithm of
EV concentrations. The obtained equation of correlation was Y
= 170.7l g (C)-36.35 with the correlation coefficient R2 equal
to 0.9908 (C was the concentration of the extracted EVs and Y
was the obtained fluorescence intensity) (Figure 2d).
Compared with some of the former proposed strategies, the
method exhibited an evenly matched sensitivity and detection
ranges down to 102 particles/μL. The more important fact is
that the method exhibits 5 orders of magnitude dynamic range,
facilitating the accurate quantitative analysis of extracted EVs
even under complicated experimental conditions. To the best
of our knowledge, the sensitivity of the method is mainly
derived from the two factors: (i) recognition of EVs by
allosteric probes convert the amounts of EVs to the nucleic
acids detection and (ii) dual cycles of the amplification process
could continuously generate fluorescence signals. Afterward,
we investigated the repeatability of the method for 10
duplicated detections and obtained a relative standard
deviation of 4.0%, suggesting that the proposed method had
a good reproducibility (Figure S5).

Measurement of Circulating EVs from Clinical
Samples for Pancreatitis Diagnosis. The differential
quantification of EVs in the human plasma is recognized as a
potential predictor for diseases diagnosis. Herein, we studied
the relationships of the amounts of EVs from blood samples
with the pancreatitis diagnosis. We first collected blood
samples from 15 pancreatitis patients and 15 health volunteers
and quantified the EVs in these samples through the proposed
method. From the result in Figure 3a, the calculated
quantification of EVs in the pancreatitis patients’ groups was

Figure 2. Sensitivity of the proposed allosteric probe-initiated cascade amplification system for circulating EV identification. (a) Optimization of
the reaction buffer. (b) Fluorescence intensity of the proposed allosteric probe-initiated cascade amplification system with different concentrations
of allosteric probes. (c) Fluorescence spectrum of the proposed allosteric probe-initiated cascade amplification system with different concentrations
of extracted EVs. (d) Correlation of the obtained fluorescence intensity and the concentrations of extracted EVs.

Figure 3. Measurement of circulating EVs from clinical samples for
pancreatitis diagnosis.
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much higher than that in the health group, indicating a
potential difference of the amounts of EVs between the two
groups.
Through the allosteric probe-initiated cascade amplification

system, the method could realize sensitive quantification of
exosomes in a wash-free way. Compared with some previously
reported exosome detection methods (Table 1), this method

has advantages such as (i) accurate identification from the
carefully designed allosteric probe; (ii) a favorable sensitivity
from the cascade amplification process; and (iii) wash-free
process, which simplifies the procedures.

■ CONCLUSIONS
We have proposed an allosteric probe-initiated cascade
amplification sensing system and successfully applied it for
accurate identification and sensitive quantification of circulat-
ing EVs. In the proposed method, the presence of target EVs
could trigger the allosterism of the designed allosteric probe
and thus initiate the following dual cycle signal amplification.
Eventually, the method exhibited a large dynamic detection
range of 5 orders of magnitude and favorable sensitivity. The
comparison of the method with some of the previously
reported methods suggested the following highlights: (i)
allosteric probes ensure a wash-free way for EV detection
and greatly simplified the detection procedures. (ii) Dual signal
amplification cycle ensured the sensitivity down to 102

particles/μL of EVs. We believe that the method could
provide a new way for early diagnosis of pancreatitis.

■ EXPERIMENTAL SECTION
Chemicals and Materials. All the related nucleic acids

(Table S1) were all purchased from Takara Biotechnology Co.
Ltd. (Chengdu, China) and purified by HPLC. The related
enzymes, including DNA polymerase I, Nb.BtsI, lambda
exonuclease, and deoxyribonucleoside 5′-triphosphate mixture
(dNTPs), were purchased from New England Biolabs
(Beverly, MA). Human non-small-cell lung carcinoma
(NSCLC) A549 cell lines and pancreatitis-associated cell
lines were obtained from Cell Bank, Shanghai Institutes for
Biological Sciences (Shanghai, China). Whole blood samples
were derived from the healthy volunteers and the adult
pancreatitis patients at Chenjiaqiao Hospital affiliated to
Chongqing Medical and Pharmaceutical College (Shapingba,
Chongqing, China), and this research was approved by the
ethics committee of Chenjiaqiao Hospital affiliated to
Chongqing Medical and Pharmaceutical College.
Construction of a Cascade Amplification System for

Circulating EV Detection. All oligonucleotides were diluted
with 1× PBS buffer to 10 μM for the preparation of stock

solutions. The hairpin probes were diluted to 10 μM with 1×
hybridization buffer (10 mM Tris-HCl, 1.5 mM MgCl2, pH
8.0) and incubated for 5 min at 95 °C and then cooled to room
temperature to get a perfect hairpin structure. For EV
detection assay, 0.25 μL of linear probes (10 μM) was
added into the polymerization solution (25 μL) containing
different concentrations of target EVs, 5 U of DNA polymerase
I, 2.5 μL of 10× CutSmart buffer, 8 U of Nb.BtsI, 2.5 μL of
10× NEBuffer 2, 1 U of lambda exonuclease, 2.5 μL of 10×
lambda exonuclease reaction buffer, 300 nM hairpin probes,
150 μM dNTPs, and 20 U of RNase inhibitor and then
incubated for 45 min at 37 °C to perform the quencher-free
cascade amplification reaction.

Fluorescence Measurement and Gel Electrophoresis.
25 μL of reaction products was diluted with ultrapure water to
60 μL. The fluorescence spectra measurements were
performed on a Hitachi F-7000 fluorescence spectrophotom-
eter (Tokyo, Japan) with an excitation wavelength of 310 nm,
an excitation slit of 5.0 nm, and emission slits of 5.0 nm. The
fluorescence intensity at the emission wavelength of 365 nm
was used for data analysis.

EV Extraction. Cancer cells were cultured and grown to
exponential growth phase. For EV isolation, we washed the
cells three times with PBS buffer and then collected the culture
medium for EV isolation by ultracentrifugation according to
the standard differential centrifugation separation protocols.
Finally, TEM and NTA were performed to characterize these
isolated EVs (details of the EVs extraction are given in
Supporting Information).

Real Sample Analysis. For clinical applications, the EVs
from human serums of eight healthy persons and eight
pancreatitis patients were extracted. The extracted total EV
concentrations were directly quantified by using the proposed
method.
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