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Exosomes have attracted widespread interest due to their inherent advantages in tumor diagnosis and
treatment monitoring. However, it is still a big challenge for highly sensitive and specific detection of
exosome in real complexed samples. Herein, a molecular recognition triggered aptazyme cascade
strategy was developed for ultrasensitive detection of cancer exosomes in clinical serum samples. In this
design, one target exosome could capture a large quantity of aptazymes for the first-step signal
amplification. And then the captured aptazyme was activated and recycled to release the fluorophore-
labelled substrate strand for a cascaded signal amplification. Notably, the activation of aptazyme only
occurs when it has bound with target exosome, ensuring a low background. The experimental results
show that the limit of detection (LOD) and the limit of quantification (LOQ) are 3.5 x 10° particles/p.L and
1.7 x 10* particles/pL, respectively, which is comparable to the results of most existed fluorescence-
based exosome probes. Moreover, this assay possesses high specificity to distinguish exosomes derived
from other cell lines. Furthermore, this fluorescence probe was utilized in cancer patient and healthy
serum samples successfully, suggesting its great potential for clinical diagnosis and biological studies.
© 2021 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Exosomes, which are secreted by most cell types and ranged in
the size from 30 nm to 150 nm in diameter, play critical roles in
various homeostatic processes, such as immune responses, viral
pathogenicity, pregnancy, cells communication and cancer pro-
gression [1,2]. A lot of research show that exosomes carry a broad
cargo of proteins, metabolites, miRNA, and DNA derived from their
parent cells [3] and this content is remarkably disease-specific [4].
In addition, exosomes are widely found in biological fluids, such as
serum, saliva and urine. Given their unique characteristics,
exosomes have received particularly attractive as minimally
invasive liquid biopsies for following disease progression and
treatment [5,6]. Therefore, developing efficient methods for
exosomes detection with high sensitivity and specificity is highly
significant.

To date, many analytical methods have been developed to
detect exosomes, including nanoparticle tracking analysis (NTA)
[7,8], western blot [9], ELISA [10,11], and flow cytometry [12,13],
fluorescence [14,15], colorimetry [16,17], electrochemistry [18,19],
and surface enhanced Raman scattering (SERS) [20,21]. Although
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most of these methods have been successfully applied to the study
of exosomes, there are still some unresolved limitations. For
example, NTA is non-specific and can only detect exosomes with a
high concentration of 107-10° particles/mL [22]. Flow cytometry
requires large amounts of sample input and the diameter of
exosomes far below the detection limit of conventional flow
cytometry, resulting in poor sensitivity and accuracy [12].
Moreover, since there are limited amounts of tumor-derived
exosomes available during the early stages of cancer, these
conventional exosomes detection methods are unable to distin-
guish between patients and healthy people. Therefore, more
efficient methods need to be designed for exosomes sensing with
high sensitivity and specificity.

Aptazyme, which contains both aptamer domain and DNAzyme
domain, can simultaneously recognize specific targets and catalyze
multiple-turnover reactions for signal generation and amplifica-
tion [23-26]. This bifunctional feature makes aptazyme-based
assays have attracted increasing attention for bioassay in recent
years. For example, Li et al. reported a colorimetric ATP assay by
using aptazyme-coupled rolling circle amplification [27]. Lu et al.
developed an aptazyme-based label-free fluorescent probe for Pb%*
and adenosine detection [28]. By assembling aptazymes on the
surface of gold nanoparticles, Wang et al. were able to utilize
aptazymes for ATP imaging in living cells [29]. However, despite
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the significant efforts in developing aptazyme-based probes, there
are no studies that have focused on applying this technology to
exosome sensing.

Herein, we report an aptazyme-based fluorescence probe for
the amplified detection of exosomes. As illustrated in Scheme 1,
the probe comprises of two components: i) A hairpin aptazyme
(H1), consisting of a target-recognition aptamer sequence and a
Mn?*-specific DNAzyme sequence; ii) a molecular beacon (H2),
which is a substrate strand with a cleavage RNA site. The sequences
of oligonucleotides involved are listed in Table S1 (Supporting
information), the predicted secondary structure simulation dia-
gram of H1 and H2 were provided in Fig. S1 (Supporting
information). In this work, we chose the sgc8c aptamer as the
basic model which can specifically target the protein tyrosine
kinase-7 (PTK7) on the surface of CCRF-CEM cell [30]. In the
presence of target exosomes, the specific binding between
exosomes and aptamer in H1 induces a conformational transition,
exposing the activated Mn?*-specific DNAzyme. The activated
DNAzyme then cleaves the double labeled substrate H2 with the
aid of Mn?*, resulting in the fluorescence restoration of FAM due to
its separation from BHQ1. The released activated aptazyme can
then bind to, and cleave another substrate strand. During this cyclic
process, only a few exosomes are required to initiate the cleavage
of multiple fluorophore-labeled substrate strands, which provides
an amplified fluorescence signal and achieves enhanced sensitivity
for detecting exosomes. Thanks to its high specificity and
sensitivity, such an aptazyme-based approach is successfully used
to detect exosomes in clinical serum samples from acute
lymphoblastic leukemia patients (ALL), showing its tremendous
potential for use in a clinical diagnosis.

Exosome morphology was firstly characterized by scanning
electron microscopy (SEM). As shown in Fig. S2A (Supporting
information), exosomes have a uniform diameter with globoid
vesicles between 30-100 nm, which is consistent with previous
report [4]. The zeta potential of exosomes is —20.0 +1.4mV in
HEPES buffer, which become —28.6 + 2.1 mV after the addition of
H1 (Fig. S2B in Supporting information), suggesting the recognition
and binding between aptamer and exosomes. The hydrodynamic
diameter of exosomes recorded by dynamic light scattering (DLS)
(Fig. S2Cin Supporting information) is about 106.3 + 3.2 nm, which
is consistent with the SEM result. In addition, the nanoparticle
tracking analysis (NTA) assay determines that the exosomes have
an average diameter of 139.5+1.1nm and the corresponding
concentration is 3.83 x 107 + 3.11 x 10° particles/pL (Fig. S2D in
Supporting information).

To evaluate the feasibility of our approach, the performance of
the target-triggered DNAzyme cleavage was first investigated by
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Scheme 1. Schematic diagram of the aptazyme-based fluorescence nanoprobe for
ultrasensitive of exosomes via target-triggered DNAzyme cascade.
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native polyacrylamide gel electrophoresis used a mimic target (the
complementary sequence of the aptamer in the aptazyme). As
shown in Fig. 1A, the band of H2 in lane 7 disappear upon the
addition of mimic target. But in the absence of mimic targets (lane
6), no obvious change can be seen in the H2 band. This result
demonstrated that the mimic target could trigger the structural
transformation of the aptazyme to activate the DNAzyme and
cleave the substrate.

The fluorescence intensity of the system was also used to
investigate the feasibility of the proposed assay. The exosome was
first incubated with 10 nmol/L H1 in 85 p.L of HEPES buffer at 37 °C
for 2 h. Then, 100 nmol/L H2 and 500 p.mol/L Mn?* were added and
the mixture were incubated at 37 °C for another 2 h with a total
volume of 100 wL. The fluorescence intensity, with an excitation
wavelength of 488 nm, was measured. As seen in Fig. 1B, there is
only a weak fluorescence signal in the absence of target exosomes
(green curve). However, after introducing target exosomes, an
obvious fluorescence increase can be observed (red curve), which
is slightly higher than that caused by the mimic target (blue curve).
The fluorescence recovery results demonstrated that the DNAzyme
has been activated and the fluorescence substrate H2 was
successfully cleaved. All these results indicated that this nanop-
robe could be applied for exosomes sensing.

To obtain the best conditions for exosome detection, some
important experimental parameters, including the sequence of H1,
the ratio of H1 and H2, the concentration of Mn?*, reaction
temperature and time were carefully investigated (Figs. S3-S7 in
Supporting information). Using optimized conditions, this nanop-
robe was first used to detect exosomes in buffer. As shown in
Fig. 2A, the fluorescence intensity increased obviously with the
increase of exosome concentration from 5 x 10® particles/jL to
2 x 105 particles/wL. The relationship between fluorescence
intensity and exosome concentration is shown in Fig. 2B, where
fluorescence intensity increases linearly with exosome concen-
trations from 5 x 10% particles/pL to 9 x 10° particles/pL. The
correlation equation is fluorescence intensity = 3.030[Exo] + 49.25
(R?>=0.9987). According to the 3¢ and 100 rules, the LOD and LOQ
for exosomes is estimated to be 3.5 x 10% particles/wL and 1.7 x 10*
particles/pL, respectively, which is comparable to the results of
previous studies (Table S2 in Supporting information).

Specificity is another key issue that needs to be addressed when
developed a new strategy. We therefore assessed the ability of this
nanoprobe to distinguish among exosomes-derived from different
cell lines. According to previous studies, PTK-7 is expressed on
CCRF-CEM cells with a much higher level than that in other cell
lines, such as Ramos and HL-7702 [31]. Therefore, specific
experiments were conducted on exosomes derived form CCRF-
CEM cells and other control cell lines with the same concentration.
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Fig. 1. (A) Native PAGE gel assay. Lane 1: the standard DNA ladder; lane 2: mimic
target; lane 3: H1; lane 4: mimic target + H1; lane 5: H2; lane 6: H1 + H2 + Mn?";
lane 7: H1 + mimic target + H2 + Mn?*. (B) Fluorescence emission spectra of H2
(yellow curve), H1 + H2 + Mn?* (green curve), H1 + mimic target + H2 + Mn?* (blue
curve) and H1+H2 + Exo+Mn?* (red curve). H1, H2 and mimic target are 100
nmol/L, Mn?* is 500 wmol/L, and Exo is 3 x 10° particles/j.L.
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Fig. 2. (A) Fluorescence emission spectra of probe with different concentrations of exosomes: (a) 0, (b) 5 x 103, (¢) 8 x 103, (d) 1 x 10%, (e) 5 x 10%, (f) 1 x 10, (g) 2 x 10°, (h)
3% 10%, (i) 5 x 10, (j) 7 x 10°, (k) 9 x 10°, (1) 1.4 x 105, (m) 2 x 10° particles/pL. (B) Scatter plot of fluorescence intensity corresponding to (a) (0-2 x 10° particles/uL). Inset:
The linear relationship between fluorescence intensity and concentration of exosomes ranging from 5 x 10® particles/pL to 9 x 10° particles/pL.
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Fig. 3. (A) The response of nanoprobe to exosomes derived from CEM cells, Ramos
cells, HL-7702 cells, MCF-7 cells, HepG-2 cells. (B) The fluorescence intensity
changes of H1 and random control sequence after incubation with exosomes. The
error bars represent the standard deviations of three repetitive measurements.

As shown in Fig. 3A, a significant fluorescence enhancement only
can be seen in CCRF-CEM-derived exosomes, but there is no
obvious fluorescence response for those derived from other lines
including Ramos, HL-7702, MCF-7, and HepG-2. Meanwhile, a
random sequence was chosen to replace the aptamer in H1 as a
control. The result shows that the fluorescence intensity is almost
the same as that in the blank (Fig. 3B). These all results
demonstrated that the aptazyme based strategy possessed good
selectivity due to its high specificity of aptamer in aptazyme.

To investigate the anti-interference ability of our nanoprobe in
sensing tumor-related exosomes, the CCRF-CEM cell-derived
exosomes was first quantified in fetal bovine serum (FBS). Because
FBS contains a number of components with high concentration,
ultracentrifuged (UC) FBS was used as a mimetic clinical sample to
evaluate the performance of exosome probe. Purified exosomes
derived from CCRF-CEM cells were spiked in 0, 5%, 10%, 20%, 30%
and 40% (v/v) UCFBS. As shown in Fig. S8 (Supporting information),
the results obtained from UC FBS were almost the same as that in
buffer. These results indicated that the system has high anti-
interference ability for the detection of CCRF-CEM exosomes in
simulated biological samples.
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The exosome detection strategy was further applied to clinical
blood samples from healthy donors and patients with acute
lymphoblastic leukemia. The serum samples were provided by the
First Affiliated Hospital of Zhengzhou University (Zhengzhou,
China). All experiments were performed in accordance with the
Guidelines of Clinical Sample Management Rules of the First
Affiliated Hospital of Zhengzhou University, and approved by the
Ethics Committee at the First Affiliated Hospital of Zhengzhou
University. Informed consent was obtained from the blood donors
of this project. All patients were diagnosed, and their clinical test
results confirmed as positive by using a blood screening test after
displaying specific clinical symptoms. In the healthy donors,
physical examination confirmed all range indicators used were in
the normal value for test results. The procedure for exosomes
detection in real human serum samples was the same as that in
buffer. As shown in Figs. 4A and B, the fluorescence intensity of
FAM in the acute lymphoblastic leukemia patient samples was
consistently higher than that in the healthy group, demonstrating
that this assay can distinguish between patient and healthy control
samples.

To further demonstrate the practical application of the
aptazyme based probe, the NTA was introduced as a control to
study the accuracy of this method. ExoEasy was first used to isolate
exosomes from ten freshly collected clinical serum samples and
then quantified them by NTA. Subsequently, the samples were
assayed by our designed probe. As shown in Fig. S9 (Supporting
information), the data obtained by our sensing method was
consistent with the NTA data. Furthermore, the applicability of the
aptazyme-based probe was also evaluated by recording the
recoveries of exosomes in 1% diluted healthy serum samples.
The results show a good agreement with the added concentration
with recoveries from 96.0% to 103.0% (Table 1). These results
indicated that our assay could work well in clinical samples and
has great potential for application in clinical settings.

In summary, by employing the advantages of aptazyme with
high specificity and amplified ability, we developed an ultrasensi-
tive and specific strategy for detecting cancer-related exosomes.
This aptazyme-based assay possesses several advantages over
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Fig. 4. (A) Histogram and (B) box plots result of exosomes detection in the clinical samples (*P < 0.05).
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Table 1
Recovery results of exosomes spiked in 1% diluted clinical serum samples.
Sample Measured (Cy) Spiked (C3) Found (C3) Recovery RSD
(10* particles/pL) (10* particles/pL) (10* particles/pL) (%, n=3) (%, n=3)
Serum 1 11.6 10 21.7 97.5 1.5
30 43.0 101.0 23
50 63.0 102.8 1.7
Serum 2 193 10 28.9 96.0 21
30 50.2 103.0 14
50 70.2 101.3 23
currently reported methods. First, the use of aptazyme provides References

higher recognition efficiency. Second, the recognition trigged the
activated of DNAzyme make the system possess higher signal to
background, resulting in high sensitivity. Under optimized
conditions, the assay has an excellent detection range from
5 x 103 particles/pL to 2 x 10° particles/L with the LOD and LOQ
as low as 3.5x10% particles/ul and 1.7 x 10* particles/p.L,
respectively. Third, the combination of aptamer and DNAzyme
produces an efficient and simple assay for distinguishing cancer
patients form healthy individuals. Therefore, we envision that this
nucleic acid-based cyclic amplification method could be imple-
mented into the clinical workflow for non-invasive and routine
early cancer screening and cancer recurrence monitoring. More-
over, this aptazyme-based nanoprobe may also attain diagnostic
values in other diseases, for instance, infectious disease, central
nervous system-related diseases and tuberculosis treatment.
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