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An aptamer-based new method for competitive
fluorescence detection of exosomes

Xiaocheng Yu,†a Lei He,†a Myima Pentok,†b Haowen Yang,c Yale Yang,a Zhiyang Li,d

Nongyue He, *a,e Yan Deng,*e Song Li,e Tonghua Liu,*b,f Xiangyu Cheng and
Huiwen Luoh

Exosomes have been recognized as promising sources of biomarkers for early cancer diagnosis due to

their important role in the occurrence and metastasis of cancer, and so the development of a sensitive

low-cost detection method for exosomes is highly desirable. In this paper, we report a fluorescence

method for the competitive detection of exosomes based on an aptamer specific to CD63 (an exosome

transmembrane protein). Aptamer-modified magnetic beads were hybridized with a Cy3-labeled short

sequence complementary to a region of the aptamer. In the presence of exosomes, the CD63 on the

exosomes bound to the aptamer, resulting in the shedding of the short sequence into the supernatant.

The quantity of the exosomes could be estimated by detecting the fluorescence intensity in the super-

natant. This method could detect exosomes at a concentration as low as 1.0 × 105 particles per μL under

optimal conditions, and the feasibility of the method for exosome detection in complex clinical samples

was also proved using simulated serum samples. The detection cost and difficulty are significantly

reduced compared to conventional methods, while ensuring sensitivity, and so this method provides a

basis for subsequent exosome detection in specific cancer cells.

Introduction

Exosomes are small vesicles (30–110 nm) that are secreted into
the extracellular space after fusion of a multivesicular endo-
some formed by the inward phagocytic membrane in a cell.
Many different types of cells are able to secret exosomes,
including tumor cells, stem cells, immune cells, nerve cells,
etc.1 Through systemic circulation, exosomes are carried
throughout the body and are widely distributed in various
body fluids such as urine, saliva, ascites, peripheral blood,
amniotic fluid, milk, joint fluid, cerebrospinal fluid, etc.2 and

their concentration in serum can reach 3 × 106 particles per
μL.3 The outer layer of an exosome consists of a phospholipid
bilayer containing a large variety of proteins, nucleic acids and
lipids, including not only mRNA, miRNA, heat shock proteins
and enzymes, but also protein structures similar to those on
the cell membrane,4 such as the tetraspanin family with more
than 30 proteins. The CD63 protein, a member of the tetraspa-
nin family, is a commonly used marker of exosomes.5

Some studies have shown that tumor-derived exosomes may
affect tumor cell growth and survival,4 the degradation and
remodelling of the extracellular matrix, angiogenesis, drug re-
sistance, and the regulation of the immune system.6–8 It is
even proposed that they might “infect” normal cells, turning
them into cancer cells by inputting malicious molecular infor-
mation (such as miRNA).9,10 Tumor-derived exosomes are
potential sources of cancer biomarkers.11 Therefore, we can
predict the occurrence of tumors by detecting exosomal infor-
mation, which is a very good way of tumor screening.

The total number of exosomes in cancer patients is signifi-
cantly higher than that in healthy individuals as exosomes are
secreted in large numbers during carcinogenesis.12,13 Liquid
biopsies are a prominent research topic in precision medicine
for cancer, due to their non-invasive nature which allows
repeat sampling for the monitoring of molecular changes in
tumors over time. Tumor-derived exosomes as potential
tumor-marker screening targets are also rich in information,†These three authors contributed equally to this work.
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easy to purify, highly stable, and amenable to signal amplifica-
tion, allowing them to replace the samples obtained by
surgery. The capture and identification of relevant information
can be carried out directly in the serum to complete the
“liquid biopsy” work.14

Aptamers are single-stranded oligonucleotides that are
capable of binding to targets with high specificity and affinity.
They are screened from in vitro synthesized random single-
stranded DNA or RNA libraries using exponentially enriched
ligand evolution technology (SELEX), and they usually consist
of 10–100 bases.15 Through the pairing between certain comp-
lementary bases in the chain, and electrostatic, hydrogen
bonding interactions etc., aptamers can adaptively fold them-
selves to form stable structurally and spatially diverse confor-
mational structures, and bind to target molecules showing
high affinities, similar to those of antibodies.16

Due to their excellent properties, aptamers can be used as
substitutes for antibodies and perform similar functions in
applications involving antibodies.17,18 Moreover, they offer the
following advantages over general antibodies and enzymes:
(1) A wide range of target molecules, including small mole-
cules, proteins or even whole cells;19 (2) In vitro screening and
chemical synthesis, which are beneficial for improving repro-
ducibility and standardization of marker screening; (3) Low or
even no immunogenicity, which is conducive to in vivo tar-
geted experiments; (4) Better stability, offering long-term pres-
ervation. Therefore, a number of studies surrounding the
screening and application of aptamers have been carried
out.20 For example, Xi and colleagues21 reported a chemilumi-
nescence aptasensor based on magnetic separation and an
immunoassay to detect HBsAg from pure protein or actual
serum samples by using selected aptamers, which had a lower
detection limit than that of the ELISA in use at the hospital.

In this paper, we established and optimized a new fluo-
rescence method for detecting exosomes quantitatively by
using CD63 aptamers as tools. These bound competitively to
the exosomes and Cy3-labeled probes. Unlike conventional
antibody-based assays, aptamers are easier to synthesize,
cheaper and more stable, and they eliminate the influence of
uncontrollable differences found in binding efficiencies
between different batches of antibodies prepared through the
immunization method. Standardization of exosome marker
detection was achieved while ensuring sensitivity and speci-
ficity. Furthermore, because the fluorescence detection
method is simple and intuitive, and can be extended to detect
exosomes of specific cancer cells, it has good prospects for
application.

Results and discussion
Establishment of exosome detection method

As shown in Fig. 1, we established a new exosome detection
method based on an aptamer specific to the CD63 protein.
Aptamers were used to modify magnetic nanoparticles
(MNPs), and then hybridized with a Cy3-labeled short

sequence complementary to a region of the aptamer, thereby
masking the region of the aptamer that binds to CD63. In the
presence of exosomes, the CD63 protein on the exosomes
binds to the aptamers, resulting in the shedding of the short
Cy3-labeled sequence into the supernatant. The fluorescence
intensity in the supernatant is detected by biochip scanning
and used to determine the concentration of exosomes in the
sample.

Characterization of isolated exosomes

In our experiment, exosomes secreted by A549 cells were col-
lected using the Total Exosome Isolation Reagent, as described
in the Experimental section. Fig. 2a shows a TEM image of the
collected A549 exosomes to examine their morphologies. As
can be seen, the exosomes are uniform in shape and size with
clear boundaries and low levels of impurities; the diameters
are in the range of 60–100 nm. Nanoparticle Tracking Analysis
(NTA) of the exosomes using the NanoSight microscope reveals
the presence of nanoparticles whose size distribution dovetails
with the TEM characterization result: the average size is 83.0 ±
3.4 nm (mean ± SD) (Fig. 2b). The concentration of the
acquired exosomes is also displayed by the software, which is
1.39 × 1012 ± 6.75 × 1010 particles per mL (mean ± SE).

Fig. 1 Schematic illustration of the competitive detection of exosomes
based on an aptamer specific to the CD63 protein.

Fig. 2 Characterization of A549 exosomes isolated with total exosome
isolation reagent. (a) TEM image of A549 exosomes; (b) size distribution
of A549 exosomes obtained by NTA. Red error bars indicate ±1 standard
error of the mean.
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Determination of the most sensitive probe strands

To figure out the region of the CD63 aptamer that is respon-
sible for protein binding, we designed three probe strands
complementary to three different regions of the aptamer
sequence (Fig. 3a). All of the probes were 10 nucleotides in
length and carried Cy3 at the 5′-end.

Exosomes were detected according to the method men-
tioned above. The results of scanning with the biochip scanner
LuxScan-10K/A are shown in Fig. 3b. The excitation wavelength
was 532 nm and the photomultiplier tube (PMT) was adjusted
to 550 nm. It can be observed that the fluorescence of the
experimental group is much higher than that of the control
group in the three sets of experiments, indicating that the
detection method has the feasibility to detect exosomes.
However, in addition to probes that are replaced by exosomes,
some probes may detach from the aptamers by themselves or
become detached by mechanical external forces, which would
also lead to an increased fluorescence intensity in the super-
natant. Therefore, the signal-to-noise ratio (S/N) was used as a
measure of the quality of the test. As seen from Fig. 3b, the
most significant S/N ratio is observed for probe 1 (11.88 ±
1.32), probe 2 is lower (5.65 ± 0.86) and the lowest ratio is
obtained for probe 3 (5.49 ± 0.18), indicating that the aptamer
regions masked by probe 1 are likely to control the binding of
the aptamer to the CD63 protein on the exosomes.
Considering its better detection results, we chose probe 1 as
the optimal probe, and then optimized the experiment.

Optimization of assay parameters

Many factors can influence the experimental results. Thus,
these potential factors were investigated as follows, in order to
achieve a higher S/N ratio.

Optimization of incubation temperature. When exosomes
and aptamers are incubated at different temperatures, the
strength of binding and the amount of non-specific adsorption
vary, so different incubation temperatures will affect the

experimental results. In order to obtain an optimal incubation
temperature, three representative temperatures of 4 °C
(optimal storage temperature of biological samples), 25 °C
(room temperature) and 37 °C (normal human body tempera-
ture) were chosen, and comparative experiments were designed
and conducted. It can be seen from Fig. 4a that as the incu-
bation temperature increases, the fluorescence intensity of the
experimental group gradually increases. This is because the
temperature rise leads to a more complete reaction between
the exosomes and the aptamer. However, the fluorescence
intensity of the blank group also increases with the increase in
the incubation temperature, because a higher temperature
causes the binding between the aptamer and probe to become
unstable such that the two may detach. The highest S/N (10.06
± 1.13) is achieved when incubating at 4 °C, so 4 °C was deter-
mined as the optimal incubation temperature.

Optimization of magnetic bead particle size. In general,
magnetic beads with small particle sizes have larger specific
surface areas. Theoretically, better adsorption and detection
can be achieved when using beads with small particle sizes.
However, magnetic beads coated with specific groups not only
adsorb specific substances, but also inevitably adsorb a small
quantity of impurities. If the particle size is too small, more
impurities will be adsorbed, which will affect subsequent
experiments. On the contrary, if the particle size is too large,
the experimental efficiency cannot be guaranteed and, there-
fore, it is necessary to carry out experiments to determine the
most suitable particle size for the carboxyl magnetic beads.
Beads with particle sizes of 20–35 nm, 60–84 nm, 200 nm,
503 nm and ∼1 μm were prepared for the experiment. The
number of magnetic beads was determined to be 5 × 108 for
each group. Fig. 4c indicates that the magnetic beads with the
particle size of 60–84 nm meet the requirements of this experi-
ment and achieve the highest S/N ratio. In the subsequent
experiments, magnetic beads of this particle size were used.

Optimization of incubation time. The time of incubation of
the exosomes will affect the assay’s quality: if the time is too
short, the exosomes will fail to fully bind to the aptamer; if too
long, the non-specific adsorption of the probe to the magnetic
beads may be aggravated, interfering with the results.
Exosomes were incubated with aptamers for 30, 60, and
120 min. We found that the highest S/N is achieved with an
incubation time of 60 min. Based on above results, the incu-
bation time in subsequent assays was 60 min.

Optimization of aptamer concentration. The binding of the
aptamer to the magnetic beads depends on the dehydration
condensation of carboxyl groups and amino groups. The car-
boxyl magnetic beads used in this experiment were prepared
by our laboratory. Since the specific number of carboxyl
groups on the magnetic beads and their spatial positions was
unknown, the ratio of beads to aptamer could not be deter-
mined. The following gradient experiment was designed to
find the optimum ratio of magnetic beads to aptamers.
Aptamers were prepared at concentrations of 0.01, 0.05, 0.1,
0.5, 0.75, 1, 5, 10, 15, 20, 30 μM for experiment and analysis.
From Fig. 4d, when the concentration of the aptamer gradually

Fig. 3 Determination of the optimal probe sequence. (a) Schematic
representation of three probe strands; (b) S/N of the three different
probes. The insert shows the fluorescence image scanned by LuxScan-
10K/A; each sample was spotted three times.
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increases from 0.01 to 30 μM, the fluorescence intensity in the
final supernatant differs little, only increasing by about 20%,
indicating that the binding of the aptamer to the magnetic
beads is close to saturation in the concentration range of
0.01–30 μM. The fluorescence intensity of the blank control
group shows the minimum value at 1 μM, which results in the
highest S/N. Therefore, 1 μM was chosen as the optimal
aptamer concentration from this experiment.

Sensitivity analysis

To test the sensitivity of the assay, comparative experiments
were performed using a series of exosome samples along a
concentration gradient. As shown in Fig. 5a and b, under the
optimized conditions, the limit of detection is as low as 1.0 ×
105 particles per μL. The S/N ratio displays a good linear
relationship with the exosome concentration in the range of
1.0 × 105–1.0 × 109 particles per μL (Fig. 5c). The regression
equation for this relationship is y = 6.27111 + 3.43206 × 10−7x
(R2 = 0.98902). The limit of detection using our method is of
the same order of magnitude as those of commercial immuno-
assays (Exosomes Antibodies, Array & ELISA Kits, System

Biosciences).22 At the same time, we also compared our
method with several detection methods reported in recent
years. The detection limit reported in this work is the same as,
or even lower than, those of other immunoassay methods,23,24

while the use of aptamers makes our method advantageous in
terms of cost and stability. In addition, although some electro-
chemical-based aptasensor methods25–27 have higher sensi-
tivity than our strategy, the fluorescence method is simpler
and more intuitive, and so has good prospects for application.

Feasibility for complex sample detection

To verify whether or not the method could detect exosomes in
clinical complex samples, we performed the experiment in
simulated serum samples. Fig. 6 demonstrates that the
method is capable of detecting as few as 1.0 × 107 particles per
μL of exosomes in complex biological samples, despite the
effects of other substances such as proteins in the serum.
There is still a linear relationship between S/N and the concen-
tration of exosomes in the simulated serum samples, with a
regression equation of y = 3.35692 + 1.37659 × 10−8x (R2 =

Fig. 4 Optimization of assay parameters. The fluorescence images and S/N ratios vs. (a) incubation temperature, (b) the size of the magnetic beads,
(c) incubation time, and (d) aptamer concentration. Error bars: standard errors of three replicates.

Fig. 5 Assay sensitivity analysis. (a) The fluorescence image obtained
from exosome samples along a concentration gradient; (b) S/N of
different concentrations of exosomes; (c) the linear relationship
between S/N and the exosome concentration.

Fig. 6 Exosome detection in simulated serum samples. (a) The fluor-
escence image obtained from exosome samples along a concentration
gradient in exosome-depleted FBS; (b) S/N of different concentrations
of exosomes; (c) the linear relationship between S/N and the exosome
concentration.
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0.97035) in the range of 1.0 × 107–1.0 × 109 particles per μL
(Fig. 6c). These results reveal the feasibility of applying the
present method to detect exosomes in complex biological
samples, making it promising for clinical detection.

Experimental
Cell lines and reagents

In our research, the A549 human lung adenocarcinoma cell
line was obtained from the American Type Culture Collection
(ATCC) and was cultured in RPMI 1640 medium (Gibco), sup-
plemented with 10% (v/v) fetal calf serum (FBS, Gibco) at
37 °C in 5% CO2 and 95% air. The PBS solution contained
8 g L−1 NaCl, 0.2 g L−1 KCl, 1.56 g L−1 Na2HPO4 and 0.2 g L−1

KH2PO4. The Total Exosome Isolation Reagent (from cell
culture media) was purchased from Invitrogen.

Bovine serum albumin (BSA), HEPES, tris(hydroxymethyl)
aminomethane and 1-(3-dimethylaminopropyl)-3-ethylcarbo-
diimide hydrochloride (EDC) were purchased from Sangon
Biotech (Shanghai) Co., Ltd. Carboxylated magnetic beads
were prepared at our laboratory. 2-N-Morpholino ethanesulfo-
nic acid (MES) was obtained from Life Science Products &
Services. Tween 20, sodium dodecyl sulfate (SDS) and NaN3

were provided by Sinopharm Chemical Reagent Co., Ltd.
The CD63 aptamer sequence and three complementary

probes were synthesized by Sangon Biotech (Shanghai) Co.,
Ltd. The sequences are as follows (Table 1):

Exosome isolation

When the A549 cells were observed to enter the logarithmic
growth phase, they could be used for exosome isolation. The
tissue culture fluid (i.e., the supernatant) was transferred to a
50 mL-centrifuge tube for storage after the cells had covered
80–90% of the surface of the culture flask.

The cell media samples were centrifuged at 2000g for
15 min to remove residual cells and cell debris. The super-
natant was transferred to a fresh container and then centri-
fuged again at 10 000g for 30 min. Next, the supernatant was
aspirated, filtered through a sterile filter (pore size 220 nm),
transferred to ultrafiltration tubes and centrifuged (RCF =
4000g, 4 °C, 30 min); the upper liquid was resuspended in PBS
and recentrifuged (RCF = 4000g, 4 °C, 30 min).

The sample was collected and 0.5 volume of Total Exosome
Isolation Reagent was added. The resulting sample was mixed
by vortexing or pipetting up and down until a homogenous

solution was formed. After incubation at 4 °C overnight, the
sample was centrifuged at 4 °C and 10 000g for 1 h. The super-
natant was aspirated and discarded, and the exosome pellet
was resuspended in HEPES buffer and then stored at 4 °C
(1–7 days) or −20 °C (long term).

Exosome characterization and quantification

Exosomes were characterized using TEM and NanoSight ana-
lysis. For TEM, 20 μL of an exosome suspension was applied to
the surface of a copper mesh for 1 min. After the redundant
liquid was carefully removed with filter paper from the side,
the exosomes were stained with 20 g L−1 phosphotungstic acid
for 5 min. Then the copper mesh was washed 5 times with
double distilled water, dried at room temperature, and
observed by JEM – 2200CX TEM (JEOL).

The size distribution of the exosome sample was analyzed
using the NanoSight LM10 System (Malvern Instruments Ltd)
following the manufacturer’s instructions. For NanoSight ana-
lysis, the exosome sample was diluted (1 : 1000) until the par-
ticle concentration was within the detectable range of the
instrument. Three recordings were performed. Nanoparticle
Tracking Analysis (NTA) software was used to measure the size
and the concentration of the nanoparticles.

Preparation of aptamer-modified magnetic beads

In order to modify the carboxylated magnetic beads with the
CD63 aptamer, 300 μL of evenly dispersed carboxylated mag-
netic beads (10 mg mL−1) were placed into a centrifuge tube,
and the supernatant was removed by magnetic separation.
After washing with an equal volume of MES solution (25 mM,
pH = 6), 60 μL of aminated CD63 aptamer (diluted in MES
solution) was added and left to incubate for 30 min at room
temperature. Then 144 μL of freshly configured cold EDC solu-
tion (10 mg mL−1, dissolved in cold MES solution) and 36 μL
of cold MES solution (25 mM, pH = 6) were added and left to
react at 4 °C overnight. Tris buffer (300 μL of 50 mM Tris, pH =
7.4) was used to neutralize the activated carboxyl groups which
had not reacted after the supernatants were discarded. The
bead complexes were then rinsed several times with Tris buffer
(containing 0.1% Tween-20). The aptamer-modified magnetic
nanoparticles were blocked with 300 μL of a mixed solution of
PBS and 0.02% BSA, and stored at 4 °C.

Establishment of exosome detection method

To realize probe hybridization with the aptamer-modified mag-
netic beads, 30 μL of modified magnetic beads (10 mg mL−1)
were placed into low-adsorption PCR tubes, and the super-
natants were removed. For a 30 μL-hybridization system, 10 μL
of deionized water, 15 μL of hybridization solution, and 5 μL
of probe were added to the beads. After the above hybridiz-
ation solution was mixed, each sample was denatured at 95 °C
for 5 min, and then hybridized at a 30 °C for 60 min in a PCR
machine.

When the hybridization reaction was completed, the beads
were washed with 2 × SSC-0.1% SDS, 0.1 × SSC-0.1% SDS and
HEPES buffer. Afterwards, 30 μL of exosomes were added into

Table 1 The DNA sequences of the CD63 aptamer and probes

Name Sequence

CD63
aptamer25

5′-CACCCCACCTCGCTCCCGTGACACTAATGCTA-C6-NH2-3′

Probe 1 5′-Cy3-AGGTGGGGTG-3′
Probe 2 5′-Cy3-CACGGGAGCG-3′
Probe 3 5′-Cy3-GCATTAGTGT-3′
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each tube for incubation. Finally, approximately 0.1 μL of
supernatant for each sample was deposited onto a slide, and
then scanned using the LuxScan-10K/A scanner (CapitalBio,
China).

Probe sequence and assay parameter investigation

Three short sequences complementary to different regions of
the CD63 aptamer were designed to mask the region of the
aptamer that is responsible for binding to the CD63 protein.
Contrast experiments were set up so that the optimal probe
sequence could be determined. Several parameters, including
the concentration of the aptamer, the size of the magnetic
beads, the incubation temperature and the incubation time,
were also systematically investigated to establish optimal con-
ditions for exosome detection.

Sensitivity analysis

Once the exosome detection method had been optimized, the
isolated A549 exosomes were diluted with HEPES buffer to
concentrations of 1.0 × 109, 5.0 × 108, 1.0 × 108, 1.0 × 107, 1.0 ×
106, 1.0 × 105, 1.0 × 104 particles per μL to determine the limit
of detection (LOD) of the method. Each experiment or treat-
ment was repeated 3 times.

Detection in simulated serum

To investigate the capability of this method to detect exosomes
in complex biological samples, we simulated clinical serum
samples by adding different quantities of exosomes to
exosome-depleted FBS (SBI). The final concentrations of exo-
somes in serum were 1.0 × 109, 5.0 × 108, 2.0 × 108, 1.0 × 108,
5.0 × 107, 1.0 × 107, 1.0 × 106 particles per μL. Each experiment
or treatment was repeated 3 times.

Conclusions

In our research, we have developed and optimized a new
method for the competitive detection of exosomes based on
CD63 aptamers. Through the competitive binding of exosomes
and Cy3-labeled probes to aptamers, the concentration of the
exosomes can be indirectly obtained from the fluorescence
intensity of the supernatant. The limit of detection (LOD) of
this method is as low as 1.0 × 105 particles per μL and there is
a good linear relationship between the S/N ratio and exosome
concentration. The utilization of aptamers improves the stabi-
lity and reduces the cost of the method, and results in a sensi-
tivity which is comparable to that of commercial immuno-
assays. Experiments simulating serum samples were also per-
formed to confirm that the method is applicable to complex
sample detection. However, further studies on the feasibility of
applying this method for clinical sample detection are still
needed. Furthermore, the method can be extended to detect
exosomes of specific cancer cells, which will lay the foundation
for future searches for tumor markers.
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