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We developed an aptamer recognition-trigged label-free homo-
geneous electrochemical biosensing method for highly selective
and ultrasensitive detection of cancer-derived exosomes.

Exosomes, a kind of small extracellular vesicle (30-150 nm), are
generated by a multitude of cell types and excreted into saliva,
serum, urine, and plasma.” Exosomes can act as a multi-
component delivery vehicle for carrying a variety of cargoes, such
as specific proteins, DNA, and RNA (mRNAs and microRNAs), thus
serving as a means of mediating cell-cell communication.* In
recent years, with the growing interest in exploring their functions
in physiology and pathology, cancer-derived exosomes have been
found to play a vital role in cancer occurrence and progression, and
can regulate the tumor microenvironment and promote tumor
migration and invasion.>® In view of these features, cancer-specific
exosomes are ideal candidates to serve as a new and promising
cancer biomarker.” Therefore, developing facile, highly sensitive and
cost-effective strategies for cancer-derived exosome detection is
highly desired in noninvasive early cancer diagnosis.

Although many qualitative studies have been reported, the
detection of cancer-specific exosomes remains a great challenge.
Traditional characterization techniques, including transmission
electron microscopy (TEM), nanoparticle tracking analysis (NTA),
atomic force microscopy and dynamic light scattering have been
used for direct analysis of exosomes,®'® but these methods fail to
detect cancerous exosomes with specificity. Other methods, such as
western blotting, flow cytometry or enzyme-linked immunosorbent
methods, need expensive equipment or unstable antibodies."*™?
To overcome the drawbacks of these approaches, great efforts have
been devoted to developing new methods for exosome detection,
such as surface plasmon resonance, colorimetric methods, fluores-
cence spectroscopy, and surface-enhanced Raman scattering.'*
These methods have made impressive progress, but several major
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limitations in terms of sophisticated technical skills and low
sensitivity have impeded their widespread applications. Thus, there
is a growing and urgent demand for constructing simple, ultra-
sensitive and easier-to-use strategies to detect cancer-derived
exosomes rapidly and specifically.

Compared with antibodies, aptamers possess unique advantages
such as chemical stability, easy production, ready modification and
low cost. Therefore, aptamer-based strategies have been widely used
for quantitative determination of a wide range of analytes.">*° In
particular, electrochemical aptamer-based exosome assays have
attracted significant attention in cancer-derived exosome analysis
owing to the intrinsic advantages of low cost, simple instrumenta-
tion, excellent portability, and easy-operation.”’>* Generally,
aptamer probes are usually directly assembled on the electrode
surface in conventional electrochemical methods,> which inevitably
hinders the effective recognition between the exosome and aptamer
because of the spatial hindrance effect. To solve this problem, Tan’s
group proposed a DNA nanotetrahedron-based electrochemical
method for enhancing the exosome capturing efficiency,”® which
greatly improved the detection sensitivity of exosomes. However, the
recognition and binding efficiency of the aptamer toward exosomes
on the solution-electrode interface is also relatively low compared
with that in homogeneous solution, which unavoidably limits the
further improvement of the detection sensitivity. More importantly,
in all these reported electrode-based electrochemical approaches
for exosome assays, the modification of probes on the electrode
surface is sophisticated and time-consuming. Inspiringly, an
immobilization-free electrochemical protocol opens a promising
way for quantitatively analyzing different types of targets, which
not only diminishes the experimental protocols and reduces the test
cost but also eliminates local steric hindrance.”**° In homogeneous
electrochemical sensing strategies, all the target recognition and
signal-amplification procedures occur in homogeneous solution,
which are very beneficial for increasing the detection sensitivity. In
particular, the labelfree homogeneous electrochemical methods
circumvented expensive signal probe labeling as well.

Herein, we reported a label-free homogeneous electrochemical
sensing platform for an ultrasensitive cancer-derived exosome assay
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Scheme 1 Principle of the aptamer recognition-trigged label-free homo-
geneous electrochemical strategy for ultrasensitive detection of cancer-
derived exosomes.

based on Exonuclease III (Exo III)-assisted recycling amplification.
The nucleic acids used in this detection system typically contained
an aptamer probe P1, a trigger DNA probe P2, and a hairpin DNA
probe HP (Scheme 1). The aptamer probe was used to target CD63
protein, which was enriched in most cancer-derived exosome
surfaces. The partially complementary P1-P2 duplex DNA probe
was synthesized with a blunt 3'-terminus that can resist the Exo III
digestion. The designed HP probe contained a loop region I, a stem
region II that included rich -GC- sequences and a DNA frag-
ment III that was complementary to the part of the P2 probe.
Moreover, the HP probe could form a stable stem-loop structure
including a 3’-protruding DNA fragment. The anthracycline
doxorubicin (DOX) was selected as an excellent electrochemical
redox-active indicator, which showed a stronger binding affinity
for double-stranded -GC- sequences than -AT- sequences. In
the absence of cancer-derived exosomes, both P1-P2 and HP
probes maintained their conformations. When DOX was added
into the detection system, most of the DOX would be intercalated
into P1-P2 and HP, whose diffusivity was greatly decreased.
Furthermore, due to the electrostatic repulsion of P1-P2 and
HP probes toward the indium tin oxide (ITO) electrode, the
intercalated DOX molecules could not easily reach the electrode
surface. Thus, a significant decrease of the electrochemical signal
was obtained. In contrast, in the presence of cancer-derived
exosomes, the aptamer recognized and bonded exosomes with
high affinity, leading to the release of P2. When the released P2
probe hybridized with the HP probe and formed a P2-HP duplex,
the Exo III cleavage process was triggered following with the
release of intact P2. Then, the released P2 hybridized with
another HP probe to trigger the next digestion procedure. In
this way, a single exosome can initiate the continual digestion of
HP probes, which ultimately lead to less HP probes remaining
in the solution. Under these conditions, a great many DOX
molecules would be free in solution, which showed strong
diffusivity toward the ITO electrode, leading to a great current
signal. Therefore, this label-free homogeneous electrochemical
platform with the outstanding virtues of simplicity, versatility
and excellent sensitivity, can be readily applied in cancer-derived
exosome detection.
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The electrochemical behaviors of DOX were first investigated
using ITO electrodes as the working electrode. Owing to the
unique merits of easy preparation and stable structure of hairpin
DNA structures, HP1 with rich -GC- sequences and HP2 with
rich -AT- sequences were designed respectively. There was a
highly differential pulse voltammogram (DPV) signal for free
DOX in solution (Fig. S1, curve a, ESIt). However, significantly
reduced DPV signals were observed when DOX molecules were
added into the HP1 and HP2 solution (Fig. S1, curve b and c,
ESIY), respectively. Moreover, it is worth noting that the signal of
DOX in the presence of HP1 was lower than that in the presence
of HP2. This definitely indicated that DOX showed a higher
affinity with -GC- compared to -AT- sequences, resulting in
more DOX molecules within HP1, thus inducing a more
obviously reduced electrochemical signal. Next, we compared
the electrochemical behaviors of DOX with that of methylene
blue (MB), a common electrochemical indicator used in electro-
chemical biosensors.*’ More interestingly, we found that the
DPV signals of the DOX were much higher than that of the MB
under the same concentrations (Fig. S2, ESIT). The well-defined
DPV signals of DOX were also detected in different kinds of buffer
solutions (Fig. S3, ESIT). In addition, DOX displayed stable signals
at different temperatures (Fig. S4, ESIT) and had a high current
signal at pH 7.4 (Fig. S5, ESIT). Therefore, all these results demon-
strated that DOX was very suitable as a highly effective electro-
chemical signal reporter for electrochemical assays.

Exosomes were prepared from the cell culture supernatant of
human breast cancer cell line MCF-7 cells, which were cultured
in exosome-free fetal bovine serum (FBS) and purified by a
commercial exosome purification kit. TEM analysis was first
employed to investigate the morphology and size of the purified
exosomes. The MCF-7 cell-derived exosomes showed spherical
shape with a diameter from 50 to 120 nm (Fig. 1A). Then, the
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Fig. 1 Characterization of MCF-7 cell-derived exosomes by TEM (A) and
(B) NTA. (C) PAGE experiment confirmation of the nucleic acid reactions
and Exo Il function: lane a, P1; lane b, P2; lane ¢, P1 + P2; lane d, HP;
lane e, HP + P2; lane f, HP-P2 + Exo Ill; lane g, HP + Exo Ill. (D) DPV
responses of DOX under different conditions: (a) DOX; (b) DOX + P1-P2 + HP;
(c) DOX + P1-P2 + HP + exosomes; (d) DOX + P2—-P3 + HP + exosomes.
The concentrations of DOX, P1-P2, P2—P3, HP and exosomes were 0.1 puM,
0.02 uM, 0.02 uM, 0.02 uM, and 3.4 x 108 particles per mL, respectively.
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concentration and size distribution of the obtained exosomes
were characterized by the NTA technique (Fig. 1B) and the results
were well consistent with the TEM results and previous reports.>*

To confirm the feasibility of the proposed strategy, we
performed native polyacrylamide gel electrophoresis (PAGE)
experiments and the DPV responses. As shown in Fig. 1C,
compared with P1 (lane a) and P2 (lane b) only, the P1 + P2
(lane c) migrated slower, indicating the successful formation of
P1-P2 duplex DNA probes. A slower moving electrophoresis
band (line e) than that of HP (line d) was observed when adding
P2 into the HP solution, demonstrating the hybridization product
between HP and P2. Whereas, the duplex P2-HP complex treated
by Exo III showed two bands in line f. In addition, the band of the
HP + Exo III system (lane g) was similar to that of HP only (lane d).
According to the assay principle, after P2 hybridized with the HP,
they would be completely digested by Exo III, generating a new
ssDNA and releasing the intact P2. Therefore, the results were well
consistent with the as-proposed strategy. Inspired by the above
results, the DPV responses of the proposed strategy under different
conditions were performed to further examine the feasibility of this
assay. As a proof of concept, the MCF-7 cell-derived exosomes were
selected as the target. As shown in Fig. 1D, a great DPV signal was
detected in the solution of DOX. However, a dramatic decrease in
the electrochemical signal was observed after both HP and P1-P2
probes were introduced into the DOX solution. In the presence of
the MCF-7 cell-derived exosomes, the DPV signal was significantly
increased. Also, a negligible peak current change was observed
when aptamer P1 was displaced with a random sequence P3.
Therefore, all the above results strongly demonstrated the aptamer
recognition-induced DNA release and the Exo Ill-assisted signal
amplification for exosome quantitation was feasible.

Appropriate concentrations of HP and Exo III are critical to the
detection of the exosome. In the case of fixing 0.02 uM P1-P2, the
HP concentration was optimized by measuring the concentration
ratio between P1-P2 and HP. The optimal amounts of DOX were
0.08, 0.1, and 0.12 pM when the concentration ratios of P1-P2
and HP were 1:0.5, 1:1, and 1:2 (Fig. S6A-C, ESIY), respectively.
Fig. S6D (ESIt) showed that when the concentration ratio between
P1-P2 and HP was 1:1 and 1: 2, the DPV peak current change A,
showed a similar value but higher than that of 1:0.5. Taking into
consideration the DNA consumption, 0.02 pM was selected as the
optimal HP amount for the subsequent exosome detection. In
addition, the peak currents gradually increased and reached a
plateau at 20 U mL™ " and 60 min (Fig. 2B), respectively. Thus,
the optimal Exo III amount and the reaction time were selected as
20 U mL ™" and 60 min, respectively.

To further confirm whether the as-proposed label-free
homogeneous electrochemical platform could be used for the
detection of exosomes, the DPV responses were tested with a
series of concentrations of MCF-7 cell-derived exosomes. As
shown in Fig. 2C, the DPV signals increased successively with
the exosome concentration. The DPV peak current displayed a
good linear relationship with the logarithm of the number of
target exosomes in the range from 3.4 x 10 to 3.4 x 10°
particles per mL (Fig. 2D). The limit of detection was estimated
to be 1.2 x 10* particles per mL by using the 3g/slope method

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 DPV peak current vs. the concentration of Exo Ill (A) and the
reaction time (B). The concentrations of DOX, P1-P2, HP and exosomes
were 0.1 uM, 0.02 pM, 0.02 pM, and 3.4 x 108 particles per mL, respec-
tively. (C) DPV responses of the proposed strategy in the presence of target
exosomes with different concentrations from 0 to 3.4 x 108 particles per mL.
(D) The linear relationship between the DPV peak current and the logarithm of
target exosome concentration.

(o is the standard deviation of the blank samples), which was
superior to those of the most currently available methods for
exosome detection (Table S2, ESIT). Such high sensitivity may be
attributed to the improved recognition efficiency of the aptamer
toward exosomes and the high Exo IIl-assisted amplification
efficiency in the homogeneous solution. We next investigated the
repeatability and the reproducibility of the proposed biosensing
strategy. The relative standard deviation (RSD) values were 4.1%
and 3.7% respectively, confirming that this approach displayed
satisfactory repeatability and reproducibility for exosome assay.

Next, a series of contrast experiments were performed to
explore the specificity of the biosensing platform. It has been
reported that the CD63 expression of cancer-derived exosomes was
higher than that of normal cell-derived exosomes. A significant
current change was observed when MCF-7 cell-derived exosomes
were added into the detection system (Fig. S7, ESIt). However,
the signal change was negligible when human hepatocyte cell line
HL-7702 cell-derived exosomes existed. Meanwhile, almost no
signal changes were detected when the CD63 aptamer was
substituted by a random sequence P3. Consequently, all the above
results confirmed that our method was capable of discriminating
cancer cell-derived exosomes from the normal cell-derived exo-
somes with excellent selectivity.

Encouraged by satisfactory sensitivity and selectivity, the
detection platform was expected to detect tumor exosomes in
complex biological samples. To confirm this, we first assessed
the performance of the method for direct detection of exosomes
in the culture medium. When CD 63 aptamer was used in the
detection system, a significant electrochemical signal was
observed in the presence of MCF-7 cells culture medium, while
the cell culture supernatant filtrate with a 10 kDa filter showed
negligible signal changes (Fig. 3A). At the same time, almost no
current signal changes were detected in all of the groups using
a random sequence. Also, Fig. S8 (ESIf) showed that the
proposed method could detect HL-7702 cell-derived exosomes
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Fig. 3 (A) DPV peak currents of the biosensing platform in response to
MCF-7 cell-derived exosomes in the culture medium. (a) 1640 culture
medium, (b) MCF-7 cell culture medium filtrate, (c) MCF-7 cell culture
medium. The concentrations of CD63 aptamer and random sequence
were 50 nM. (B) DPV peak currents of the biosensing platform in response
to different amounts of MCF-7 cell-derived exosomes under diluted
exosome-free FBS. (a) Tris—HCL, (b) 5% FBS, (c) 20% FBS.

in the culture medium. Next, we spiked MCF-7 cell-derived
exosomes with a known concentration in diluted exosome-free
FBS to simulate the clinical system. As shown in Fig. 3B,
the current signals obtained from the buffer solution and FBS
(5% and 20%) exhibited no obvious difference. Therefore, all of
these data clearly demonstrate that the proposed method holds
great promise in biological and clinical samples.

In conclusion, we have established a simple and label-free
homogeneous electrochemical platform for ultrasensitive
detection of cancer-derived exosomes. By virtue of DOX as an
excellent electrochemical signal reporter and Exo IlI-assisted
signal amplification, the detection limit for MCF-7 cell-derived
exosomes was down to 1.2 x 10* particles per mL, which was
much lower than those of most previous reports. Moreover,
the proposed strategy demonstrated excellent selectivity to
distinguish the cancer cell-derived exosomes from normal
cell-derived exosomes and has been effectively applied to detect
the target exosomes spiked in biological samples. This sensing
platform effectively circumvented the expensive signal molecular
labeling and complicated probe immobilization processes,
thus showing the outstanding features of simplicity, rapidness,
cost-efficiency, and easy manipulation. More importantly, this
“signal-on” strategy can quantify a wide range of analytes
by choosing the corresponding aptamers, thus holding much
promise in biochemical research and disease diagnosis.
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