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Abstract
Numerous studies have shown that exosomes are closely related to the pathogenesis of various diseases, especially cancers.
Therefore, a rapid and sensitive method for exosome detection will be of great importance for the diagnosis and prognosis of
diseases. We report here a method for exosome detection based on the CD63 aptamer and clustered regular interspaced short
palindromic repeats (CRISPR)/Cas12a system. This method consists mainly of exosomal membrane protein recognition based
on the CD63 aptamer and signal amplification based on CRISPR/Cas12a. The CD63 aptamer, as an easily adaptable nucleic acid
strand, is responsible for the conversion of the amounts of exosomes into nucleic acid detection, whereas CRISPR/Cas12a is
responsible for highly specific nucleic acid signal amplification. The detection range of the method was determined as 3 × 103–6
× 107 particles per microliter. Additionally, we successfully applied this method to detect exosomes in clinical samples from both
healthy individuals and patients with lung cancer, and the results were highly consistent with those obtained by nanoparticle
tracking analysis. In general, this method provides a highly sensitive and specific method for the detection of exosomes and offers
an avenue toward future exosome-based diagnosis of diseases.
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Introduction

Exosomes are small vesicles with a diameter of about 30–50
nm and a density of 1.13–1.21 g/ml that contain various frag-
ments, such as RNA, protein, microRNA, and DNA

fragments [1–3]. Exosomes are released from cells by fusion
of multivesicular bodies with the plasma membrane and thus
can be found in almost all body fluids, including blood [4],
saliva [5], urine [6], and milk [7]. Proteins play critical roles in
maintaining cell recognition and structural reinforcement of
the exosomal membrane. Recent reports revealed that a group
of proteins are overexpressed on various cell-derived
exosomes, such as cytoplasmic proteins, transmembrane pro-
teins, and Rab [8]. Among them, CD9 and CD63 are universal
transmembrane proteins frequently used as exosome-specific
markers for identification [9, 10], whereas the others are
tissue-specific proteins that are closely related to various bio-
logical functions [11]. Participating in intercellular communi-
cation is one of the most important functions of exosomes [12,
13]. Exosomes act on target cells in different ways to achieve
information transmission between cells and produce a series
of physiological or pathological reactions, such as angiogen-
esis, immune regulation, and antigen presentation [1, 14, 15].
Therefore, exosomes, as thumbnails of cells, are a promising
biomarker for the noninvasive diagnosis and treatment of
diseases.

The value of exosomes for medical research has prompted
the search for a fast and efficient method of detection.
Although traditional immunoaffinity-based techniques such
as western blotting, enzyme-linked immunosorbent assay,
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and flow cytometry have been used for exosome analysis,
they are limited by some shortcomings [2, 16]. Flow cytome-
try is costly and heavily dependent on instrument support,
whereas both western blotting, and enzyme-linked immuno-
sorbent assay have intrinsic sensitivity limitations. These
immunoaffinity-based approaches can identify typical
markers of exosomal proteins but are also greatly limited by
inconsistency between batches [17, 18]. Furthermore, various
biosensors were also reported to achieve ultrasensitive detec-
tion of exosomes through membrane proteins (CD63 and
CD9), including by colorimetry, immunofluorescence,
surface-enhanced Raman scattering, electrochemistry, and
microfluidics [19–21]. Nevertheless, they are still limited by
complicated procedures and the requirement for special
instruments.

Aptamers are single-stranded oligonucleotide fragments
(usually 15–80 nucleotides) screened from a random library
using systematic evolution of ligands by exponential enrich-
ment. They can be folded to form a uniquely stable three-
dimensional structure that specifically binds to multiple tar-
gets by electrostatic interactions, hydrogen bonding, van der
Waals forces, alkali stacking, or multiple combinations of
forces [22, 23]. Aptamers are used as ideal recognition ligands
in biological assays because of their variable conformation
and are referred to as “chemical antibodies,” suggesting ex-
cellent antigen recognition capabilities comparable to those of
antibodies [24, 25]. Differently, aptamers can be designed for
signal amplification, and thus exhibit a wide range of applica-
tions while ensuring highly specific protein recognition [26,
27]. Although various isothermal nucleic acid amplification
techniques, such as rolling circle amplification, strand dis-
placement amplification, and recombinase polymerase ampli-
fication, have been reported for signal amplification, they
have frequently encountered inevitable shortcomings, such
as nonspecific amplification and complicated procedures
[28]. Clustered regular interspaced short palindromic repeats
(CRISPR), the most widely used gene editing system, pro-
vides a new idea for signal amplification [29]. CRISPR/
Cas12a has attracted much attention because of its cis--
cleavage and trans-cleavage features [30]. On the basis of this,
DNA endonuclease targeted CRISPR trans reporter
(DETECTR) has been reported to achieve attomole-level sin-
gle-base detection of nucleic acid molecules [31].

Here we report a rapid and sensitive exosome detection
technique based on CD63 aptamer and trans cleavage by
CRISPR/Cas12a. In our design, the CD63 aptamer, partially
blocked by complementary DNA strands (blocker), is used to
capture CD63-bearing exosomes. The combination of
exosomes and CD63 aptamer triggers a conformational
change of CD63 aptamer to release the blocker. The released
blocker can be recognized by CRISPR/Cas12a and triggers
trans cleavage toward a TaqMan probe reporter. As a result,
reporter probes labeled with fluorochrome (Cy3) and a

corresponding quenching group (Black Hole Quencher) at
both terminals are cut, thereby generating a fluorescent signal.
The resulting fluorescent signal is positively correlated with
the exosomes captured by the magnetic beads. This strategy
has been proven to be capable of detecting exosomes over
four orders of magnitude and has been successfully applied
in the detection of exosomes released from cultured cells and
the detection of plasma exosomes.

Experimental

Reagents and materials

All of the oligonucleotides used in this work were purchased
from Sangon Biological Engineering Technology & Services
Co. (Shanghai, China), including aptamer 1 and aptamer 2,
which were designed according to relevant references [19,
32], blockers, reporters, and Apt-R. The sequences are listed
in Table S1. Dynabeads MyOne streptavidin magnetic beads
(SMBs), Dulbecco’s modified Eagle medium, and fetal bo-
vine serum were purchased from Thermo Fisher Scientific
(USA). The A549 cell line was obtained from the Cell Bank
of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Radioimmunoprecipitation assay
lysis buffer, trypsin–EDTA, and penicillin–streptomycin were
purchased from Solarbio Science and Technology Co.
(Beijing, China). Tween 20 was purchased from Aladdin
Biochemical Technology Co. (Shanghai, China). Bovine se-
rum albumin and tris(2-carboxyethyl)phosphine were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). The 10-
kDa ultrafiltration device and 0.22-μm filters were purchased
from Millipore (Bedford, MA, USA). Cas12a enzymes were
purchased from Inovogen Technology Co. (Beijing, China).
The purified recombinant human CD9 and CD63 proteins
were purchased from Abcam (Cambridge, MA, USA).

Instrumentation

A549 cells were cultured in a carbon dioxide incubator
(Galaxy 170S, Eppendorf, Germany). Fetal bovine serum
was ultracentrifuged with a CP80MX ultracentrifuge with a
P40ST rotor (Hitachi Aloka Medical, Tokyo, Japan). The con-
centration and the size of the exosomes were measured by
ZetaView (Particle Metrix, Meerbusch, Germany).
Transmission electron microscopy imaging of exosomes was
performed with a JEM-2100 instrument (JEOL, Japan). The
gels were visualized with a Bio-Rad molecular imager (Bio-
Rad, Beijing, China) and a gel image system (Tanon,
Shanghai, China). All the mixing operations were conducted
with a HulaMixer sample mixer (Thermo Fisher Scientific,
Waltham, MA, USA).
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Cell culture, exosome isolation, and exosome
characterization

A549 cells were incubated in a humidified atmosphere con-
taining 5% CO2 at 37 °C and were used as the source of
exosomes. A549 cells were rinsed twice with phosphate-
buffered saline (PBS) and transferred into serum-free medium
for 48 h when the cells had grown to more than 50% conflu-
ence. Exosomes secreted by A549 cells were obtained by
ultracentrifugation of cell culture supernatant. The ultracentri-
fugation steps were as reported previously [33, 34]. Two steps
were included to remove cellular debris and the larger
microvesicles, including a first centrifugation at 2000g for
10 min and a second centrifugation at 10,000g for 60 min.
The exosome-containing supernatant was then filtered by a
0.22-μm filter, followed by ultracentrifugation at 100,000g
for 150 min at 4 °C to precipitate exosomes. The sediment
finally obtained was washed with 1× PBS and resuspended in
10 mM PBS for nanoparticle tracking analysis (NTA) and
further use.

Immobilization of Apt63 probe on the surfaces
of SMBs

The surfaces of SMBs were labeled with Apt63 as follows,
First, 5 μl CD63 aptamer and 7.5 μl blocker were mixed with
37.5 μl 1× PBS and prehybridized with a PCR machine (90
°C for 5 min, cooled to 4 °C at a speed of 4 °C/min) to form
Apt63. Then SMBs (10 μl, 10 mg/ml) were washed three
times with washing buffer and diluted to 1 mg/ml. Apt63
(10 μl) was added to the diluted SMB solution and mixed
for 30 min at room temperature, followed by magnetic sepa-
ration of the Apt63-labeled SMBs. The Apt63–SMB com-
plexes obtained were washed twice with washing solution.
(All the operations described in the section were in accordance
with the DynabeadsTMMyOneTM streptavidin T1 user guide).

Exosome detection procedure

Exosome detection consisted of two procedures in this meth-
od. The first procedure is the capture of exosomes by Apt63-
SMBs. Cell culture supernatant (300 μl) was obtained from
cultured A549 cells and mixed with Apt63–SMB complex
solution for 60 min. The Apt63–SMB complexes were then
collected with the help of a magnet. The supernatant obtained
at this time contained blocker released when the CD63
aptamer was bound to CD63. The second procedure is signal
amplification based on the released blocker collected from the
supernatant. In this step, 5 μl Cas12a enzymes (1 μM) and
5 μl single guide RNA (1 μM) were added to the supernatant
together to form a CRISPR/Cas12a–single guide RNA com-
plex to recognize the blocker and arbitrarily cut reporter
probes added together with Cas12a enzymes (1 μM). After

15min of incubation, the intensity of the generated fluorescent
signal was measured with a fluorescence spectrophotometer
(Hitachi, Tokyo, Japan).

Results and discussion

Principle and design of the approach

Figure 1 demonstrates the mechanism of the strategy, which
contains two parts: CD63-aptamer-based exosome capture
and separation, and blocker-based signal amplification.
Inspired by the fact that CD63 aptamers are shared by differ-
ent cell-derived exosomes, the CD63 aptamer was selected to
specifically capture exosomes. On this basis, we designed
capture probe Apt63, which consists of a biotin-terminated
CD63 aptamer and a blocker that is partially complementary
to CD63 aptamer. Apt63 is attached to the SMBs through the
interaction between biotin and streptavidin. When exosomes
are present, the Apt63–SMB complex captures exosomes,
leading to a conformational change of the CD63 aptamer that
results in release of the blocker. After removal of the remain-
ing Apt63–SMB complexes and captured exosomes by a
magnet, the blockers in the supernatant could be recognized
by the CRISPR/Cas12a system and triggered trans-cleavage
activity. As a result, the reporter probes labeled with Cy3 and
Black Hole Quencher at both terminals, respectively, were cut
to produce a fluorescent readout. Because each activated
CRISPR/Cas12a molecule could cleave amounts of reporters
(500 nM) in 20 min. the original detected signals could be
promptly amplified. Thus, the proposed method could be used
as a rapid and sensitive exosome detection approach.

Investigation of exosome capture process

We prepared lung cancer exosomes from A549 cells using a
standard ultracentrifugation method and extensively evaluated
the obtained exosomes. The transmission electronmicroscopy
images (Fig. 2a) clearly showed a group of round and partially
collapsed structures (diameters of approximately 110 nm) that
have sizes comparable to those of exosomes reported in the
literature [35, 36]. NTA demonstrated a relatively homoge-
neous population with diameters ranging from 30 to 451 nm,
with a peak of 104 nm and a calculated mean of 117.5 nm
(Fig. 2b). Western blotting showed that several representative
proteins (HSP70, HSP90, and TSG101) were highly
expressed both in lung cancer exosomes and in A549 cells,
and the levels of several exosomal specific markers (CD9,
CD63, and CD81) were higher in exosomes than in A549 cells
(Fig. 2c), whereas no obvious proteins were observed in the
negative control group (fetal bovine serum-free RPMI 1640
medium).
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Furthermore, to evaluate the release efficiency of
blocker within Apt63 in the presence of exosomes, aptamer
1–blocker 1, aptamer 2–blocker 2, and aptamer 2–blocker
3 were designed according to the relevant reference [19,
32]. Among them, aptamer 1 and aptamer 2 were designed
by our adding TTTTTT at the 3′ end of the 32-mer CD63
aptamer for immobilization of SMBs. Additionally, we fur-
ther modified aptamer 1 by adding a five-base sequence
(ATATA) that can hybridize with blocker 1 at the 5′ end
to make the aptamer 1–blocker 1 complex stabler. In an
experiment validating the affinity of the modified aptamer
1 for binding with CD63, we compared the original 32-mer
CD63 DNA aptamer with the five-base-modified aptamer
(aptamer 1) in binding with CD63-positive exosomes and
found these two aptamers achieved identical results in
binding CD63-positive exosomes (Fig. S1). Finally,
blocker 1, blocker 2, and blocker 3 were designed with
12-base complementarity to aptamer 1 and aptamer 2 at
different positions. Blocker 2 has an additional three-base
tail to show the difference with blocker 3, which has the
same hybridization position for aptamer 2 (Fig. 2d).
Figure 2e demonstrates that the fluorescent signal ratio of
aptamer 1–blocker 1 was significantly higher than that of
aptamer 2–blocker 2 and aptamer 2–blocker 3 in the pres-
ence of exosomes. This is probably because the stabilities
of aptamer 2–locker 2 and aptamer 2–blocker 3 are too
high to be disrupted by the interaction between CD63
and aptamer 2. Therefore, blocker 1 and aptamer 1 were
selected to be assembled into Apt63. In addition, we inves-
tigated the recognition specificity between Apt63 and

CD6. First, we designed Apt-R, which is composed of a
CD63-aptamer-like sequence and a random blocker se-
quence (blocker-R) to determine the interaction between
the Apt63 probe and CD63. Figure 2f demonstrates a rel-
atively higher fluorescent signal when CD63 was mixed
with Apt63 than with Apt-R (1153 ± 43.54 vs 184 ±
12.54, emission wavelength 560 nm), suggesting a specific
interaction between CD63 and Apt63. A further experi-
ment showed that CD63–Apt63 hybridization yielded a
6.8 times higher fluorescent signal than CD9-Apt63 hy-
bridization (1153 ± 43.54 vs 168 ± 16.23, emission wave-
length 560 nm), validating the high specificity of Apt63 in
recognizing CD63. Similar results were also shown in a
complex environment (Fig. S2). Furthermore, we also ex-
plored the stability of Apt63 in a complex environment to
determine its feasibility in detection of plasma exosomes.
Figure 2g shows that the fluorescent signal was higher in
cell culture supernatant solution containing exosomes than
in a exosome-free complex environment (Dulbecco’s mod-
ified Eagle medium and 0.1% bovine serum albumin)
(1598.74 vs 497.21 and 389.54, emission wavelength 560
nm), revealing that the Apt63–blocker complex exhibited
satisfactory stability by showing negligible probe blocker 1
release in the absence of exosomes. Meanwhile, the effi-
ciency of capturing exosomes by Apt63–SMB complexes
was determined as 85% by our comparing the amounts of
exosomes before and after Apt63–SMB capture using NTA
(Fig. S3).

Fig. 1 Clustered regular interspaced short palindromic repeats (CRISPR)/Cas12a-based signal amplification for exosome detection. a.u. arbitrary units,
FI fluorescence intensity, sg RNA single guide RNA, SMB streptavidin molecular bead
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Investigation of the feasibility of CRISPR/Cas12a

We first explored the trans-cleavage activity of CRISPR/
Cas12a on reporter probes when recognizing the blocker.

The result showed that blocker 1 could induce a significant
fluorescent signal increase, suggesting that blocker 1 can be
recognized by the CRISPR/Cas12a system and so trigger
trans cleavage of the reporter (Fig. 3a). Furthermore, we

Fig. 2 Investigation of exosome capturing capability. a Transmission
electron microscopy image of exosomes. Scale bar 200 nm. b
Concentrations and size distributions of extracted exosomes determined
by nanoparticle tracking analysis. Nanoparticle tracking analysis
histograms represent the mean size (blue line) of exosomes from three
parallel samples; the red area denotes the overall distribution of all
samples tested. c Western blotting analysis of several representative
proteins in the negative control (NC; fetal bovine serum-free RPMI
1640 medium), exosomes (EVs), and A549 cells. d Optimization of the
sequences of blockers. Blocker 2 and blocker 3 share the same comple-
mentary sequences for aptamer 2, and blocker 2 has an additional six

nucleotides. e F/F0 ratios of three blockers in the presence of exosomes,
where F represents the fluorescence intensity of exosomes and F0 repre-
sents the background signal. f Fluorescence spectra of Apt-R and Apt63
in the presence of CD63 and of Apt63 in the presence of CD9. The inset
shows the fluorescence intensity of the three groups (emission wave-
length 560 nm). Data are represented as the mean ± standard deviation
(n = 3). g Fluorescence spectra of exosomes in complex solutions.
Exosome concentration, 6 × 105 particles per microliter. a.u. arbitrary
units, BSA bovine serum albumin, CCS cell culture supernatant,
DMEM Dulbecco’s modified Eagle medium, exo exosomes, FI fluores-
cence intensity

Rapid and sensitive exosome detection with CRISPR/Cas12a



investigated the ability to active trans cleavage of six se-
quences (mat11, mat10, mat9, mat8, mat4, and mat0) that
had 11,10, 9, 8, 4, and 0 bases identical with the bases of
blocker 1. Figure 3b reveals the presence of mat10 could trig-
ger trans cleavage by CRISPR/Cas12a on fluorescent probes,
while the other four sequences (mat0, mat4, mat8, and mat9)
could not, suggesting that fully complementarity of the
blocker with single guide RNA for ten bases in the CRISPR/
Cas12a system was necessary for signal amplification, ensur-
ing highly specific blocker recognition (as only 12 bases are
totally complementary to CD63 aptamer in blocker 1).

Optimization of experimental conditions

We successively optimized the concentration of Apt63 as
a label on SMBs, the exosome-capture time, and the
trans-cleavage time of CRISPR/Cas12a to achieve better
exosome detection performance. As an important part of
this approach, the Apt63–SMB complex is not only in-
volved in the capture of exosomes but also plays a crucial
role in converting exosome capture to signal amplifica-
tion. The concentration of Apt63 linked to SMBs is an
essential factor for exosome capture. Therefore, we first
investigated the efficiency of exosome capture by SMBs
linked to Apt63 in different concentrations by detecting
the Cy3 label on the blocker. Figure 4a shows F/F0 grad-
ually increased as the concentration of Apt63 increased
and reached a peak at 0.5 μM. Therefore, the most appro-
priate Apt63 concentration was determined to be 0.5 μM.
We then studied the exosome-capture time. We found that
F/F0 increased significantly between 0 min to 60 min, but
the amount of increase dropped after 60 min. Therefore,
60 min was optimal for the magnetic beads to capture the
exosomes (Fig. 4b). Finally, the reaction time of CRISPR/

Cas12a was explored. We found that the fluorescence in-
tensity gradually became stable after 20 min. Therefore,
we chose 20 min as the optimized reaction time (Fig. 4c).
Under the optimized conditions, the fluorescence intensity
was linearly related to the logarithmic amount of
exosomes ranging from 103 to 107 particles per microliter
(Fig. 4d). The correlation equation between the fluores-
cence intensity and the amount of exosomes was deter-
mined as y = 592.4 lg cexo − 1588 (R2 = 0993). Compared
with previously reported immunoaffinity-based exosome
detection approaches [19, 21, 37], this method has a rel-
atively consistent detection dynamic range from 103 to
107 particles per microliter.

Application of the method in clinical samples

To further study the clinical applications of the method for the
detection of exosomes from clinical samples, blood samples
from patients with lung cancer and healthy individuals were
collected. Plasma was obtained from blood samples after cen-
trifugation at 5000g for 10 min and filtered by a 0.22-μm
filter. Eventually, four serum samples were collected. Then
exosomes in each sample were detected separately by the
proposed method and NTA. The pretreated serum samples
were further ultracentrifuged and quantified by NTA, whereas
the same serum samples without ultracentrifugation were de-
tected by the proposed method and the exosomal concentra-
tion was calculated by the calibration equation given in the
previous section and illustrated in Fig. 4d. As shown in Fig. 5,
the amounts of exosomes detected by this method were highly
consistent with the NTA results, demonstrating that this meth-
od has high application potential in the detection of clinical
specimens.

Fig. 3 Characterization of trans cleavage by the clustered regular
interspaced short palindromic repeats (CRISPR)/Cas12a system. a
Trans cleavage by CRISPR/Cas12a on reporter probes in the presence
and absence (control) of blocker. b The ability to activate trans cleavage

of six sequences (mat11, mat10, mat9, mat8, mat4, and mat0) that had
11,10, 9, 8, 4, and 0 bases identical to the bases of blocker 1. a.u. arbitrary
units, FI fluorescence intensity,
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Limitation of the method

Although the method demonstrated satisfactory performance
in both laboratory and clinical applications, some deficiencies
potentially existed. Since not all exosomes have
overexpressed CD63, this method based on CD63 aptamer
for exosome capture might have the potential risk of capturing
CD63-negative exosomes. Additionally, the discrepant ex-
pression level of CD63 on exosomal membrane from different
patients might lead to analytical bias.

Conclusions

We have developed a rapid and sensitive exosome detection
method by integrating CD63 aptamer for exosome capture
and CRISPR/Cas12a for signal amplification. The proposed
method stands out for its simple component requirements for
signal amplification and high specificity ensured by CRISPR/
Cas12a [38, 39]. As a result, this method achieved a detection

Fig. 4 Optimization of experimental conditions. a Fluorescence ratio (F/
F0) of different concentrations of Apt63 attached to streptavidin
molecular beads (SMBs). b Optimization of the time for Apt63–SMB
complexes to capture exosomes. c Optimization of the time for clustered
regular interspaced short palindromic repeats (CRISPR)/Cas12a trans

cleavage. d Sensitivity of the method for exosome detection. The con-
centration of exosomes was determined by nanoparticle tracking analysis
as 6 × 107, 6 × 106, 6 × 105, 6 × 104, 3 × 103, and zero particles per
microliter. n = 3. a.u. arbitrary units, exo exosomes, FI fluorescence
intensity.

Fig. 5 Application of the method in clinical samples. Detection of
exosomes by nanoparticle tracking analysis (NTA) and the proposed
method from healthy individuals (H1, H2) and patients with lung cancer
(L1, L2). The green column is for the NTA method and the red column is
for the clustered regular interspaced short palindromic repeats (CRISPR)/
Cas12method. Data are represented as themean ± standard deviation (n =
3)
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range of 103 to 107 particles per microliter without the use of
ultracentrifugation and can complete exosome detection with-
in 2 h. The method, in which aptamer is used to convent
exosome capture events into single-stranded DNA probe de-
tection, provides a new idea for the application of CRISPR/
Cas12a in exosome detection.
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