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The extracellular vesicles show great potential as a noninvasive biomarker for the early detection of can-
cer. Hence, there is an urgent requirement to create biosensors that are time-saving, simple, and easily
scalable in order to accomplish rapid, sensitive, and quantitative detection of extracellular vesicles. In
this study, we present a self-propelled DNA walker powered by endonuclease Nt.BbvCl, which enables
the development of a “signal on” sensing platform for the rapid and highly sensitive detection of extra-

Keywords: cellular vesicles. The DNA motor employed tracks made of streptavidin magnetic beads, which consisted
Extracellular vesicles of substrate strands labeled with fluorescein and motor strands locked by aptamers. The aptamer recog-
Aptamer nition of the target protein on extracellular vesicles unlocked the motor strand, initiating the DNA mo-
Streptavidin magnetic beads tor process. After replacing the optimal buffer solution containing the endonuclease Nt.BbvCl, the motor
ggtBelz\t,icoln strands autonomously moved along the streptavidin magnetic beads track, continuously releasing fluo-

rescent molecules and producing detectable fluorescence signals. Under optimal conditions, the detection
range was from 2x10* particles/mL to 2x10° particles/mL, with a detection limit of 2.9x103 particles/mL,
demonstrating excellent selectivity. This method has demonstrated good selectivity in different tumor-
derived extracellular vesicles and performs well in complex biological samples. The ability to effectively
analyze surface proteins of extracellular vesicles in a short period of time gives our DNA walker a tremen-

dous potential for developing simple and cost-effective clinical diagnostic devices.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

According to the global cancer statistics in 2020 [1], there
were approximately 1.09 million new cases of stomach cancer and
780,000 deaths. Unfortunately, most patients are only diagnosed
with middle or late-stage gastric cancer when they experience sig-
nificant symptoms such as loss of appetite, indigestion, and ab-
dominal pain, with a 5-year survival rate less than 10% after treat-
ment [2]. In the current clinical diagnosis of gastric cancer, en-
doscopy and tissue biopsy are invasive procedure, while imaging
diagnosis has low sensitivity for early diagnosis [3-5]. Therefore,
there is an urgent demand to establish reliable detection tech-
niques for precise early diagnosis of gastric cancer.
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Extracellular vesicles are secreted by cells, ranging in size from
30 nm to 200 nm, and are present in various body fluids, includ-
ing blood [6], urine [7], lymphatic fluid [8], saliva [9], cerebrospinal
fluid [10], and pleural/peritoneal fluid [11,12]. Extracellular vesi-
cles carry abundant substances such as proteins and nucleic acids,
which are consistent with the parent cells, and can transmit bi-
ological information to recipient cells through cell membrane fu-
sion [13-15]. Recent reports indicate that tumor-derived extracel-
lular vesicles are involved in tumor metastasis [16-18], progres-
sion [19], and immune regulation [20,21]. Given their abundance in
body fluids, non-invasive nature, ability for real-time assessment,
and stable properties, extracellular vesicles (EVs) are considered to
have great potential in cancer liquid biopsy [22,23].

Currently, methods for quantifying extracellular vesicles, such
as nano-flow cytometry (nFCM) [24-26] and nanoparticle track-
ing analysis (NTA) [27,28], have low detection sensitivity and poor
specificity[29]. Although the sensitivity and specificity of further
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Fig. 1. Schematic illustration of the principle of the DNA walker.

developed enzyme-linked immunosorbent assay (ELISA) [30,31]
and colorimetric detection [32,33] have been improved, they are
still unsatisfactory. Amplification strategies such as nanomaterials
[34-37], rolling circle amplification (RCA) [38-40], and hybridiza-
tion chain reaction (HCR) [41-43] have also been used for fluores-
cence detection [44,45], which greatly improves the detection sen-
sitivity. Nevertheless, there is a need to enhance their quenching
efficiency and reduce the incubation time. Recently, microfluidics
[46,47], surface plasmon resonance (SPR) [48,49], and digital PCR
[50,51] platforms have been developed for the detection of extra-
cellular vesicles. However, the expensive instruments and complex
engineering designs hinder their wider application. According to
the work of Yu et al [52], although the nanoparticle-conjugated
signal probe can effectively quench the signal, the inflexibility of
the detection system makes it difficult to achieve optimal enzyme
activity. As a result, the incubation time for this platform is as long
as 3 h, which is also difficult to integrate it into a rapid detection
platform [53]. Therefore, there is a need to develop a rapid auto-
mated detection platform for tumor-derived extracellular vesicles.

In this paper, we propose a DNA motor [54,55] with magnetic
beads as tracks, which can specifically respond to tumor-derived
extracellular vesicles through aptamer-based molecular recogni-
tion. We firstly immobilized the biotinylated substrate strand la-
beled with fluorescein and the motor strand locked by aptamers
[56] onto magnetic beads through biotin-streptavidin affinity. In
the presence of tumor-derived extracellular vesicles, a specific sur-
face protein-aptamer binding event was triggered. After replacing
the optimal buffer solution containing the endonuclease Nt.Bbv(ClI,
the motor strand autonomously moves along the magnetic bead
track, releasing fluorescent molecules and generating detectable
fluorescence signals. The fluorescence gradually increases during
the walking process, resulting in signal amplification. It is worth
noting that we can flexibly change the detection buffer during the
process to make it more suitable for enzyme reactions, greatly re-
ducing the detection time. Additionally, the detection platform is
potentially automated since it is based on magnetic beads.

DNA walker triggered by extracellular vesicles was revealed in
Fig. 1 (drawn by Figdraw). Substrate strands and motor strands
were immobilized on the beads in a certain proportion, which
served on the buttress of the three-dimensional tracks. The lock-
ing strands (the specific target-recognized aptamers) were immobi-
lized on the one end of the motor strands by hybridization. Mucin-
1 (MUC1) aptamers can specifically recognize the surface protein
MUC1 of extracellular vesicles derived from gastric cancer cells
were selected as the locking strands in this work. The aptamers
as locking strands preferentially integrated to protein MUC1 on the
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Fig. 2. Characterization of tumor-derived extracellular vesicles. (a) TEM image of
purified extracellular vesicles derived from MGC-803 cells. (b) Size distribution of
extracellular vesicles obtained by NTA. (c) WB analysis of CD9, TSG101, MUC1 and
Calnexin protein on MGC-803 cell lysates and extracellular vesicles derived from
MGC-803 cell.

extracellular vesicles to release the motor strands in the presence
of gastric cancer extracellular vesicles. The released motor strands
hybridized with the substrate strands on the magnetic beads result
in the hybridization strands containing the sequence sites recog-
nized by restriction endonuclease Nt.BbvCI and cleaved the sub-
strate strands. The motor strand would combined with another
substrate strand and walked autonomously and persistently along
the magnetic bead track actuated by Nt.BbvCl. There was a fluo-
rescent molecule would be released by cleaved substrate strands
as a result of one step of motor strands, then the fluorescence
was emitted. Thus, the displacement of DNA walker can be able
to real-time monitored by fluorescence detection, the fluorescence
intensity was positively correlated with the amount of kinematic
strands released by extracellular vesicles. Conversely, in the ab-
sence of gastric cancer extracellular vesicles, aptamers could not
be dissociated from the motor strands, resulting in the inability of
the motor strands bind to the substrate strands for digestion reac-
tion, therefore, the FAM fluorophore cannot be released to obtain
the fluorescent signal.

Gastric tumor-derived extracellular vesicles were regarded as
the detection target, therefore, we performed a series of charac-
terization of extracellular vesicles extracted by differential ultra-
centrifugation. According to the recommendations of MISEV2018,
the extracellular vesicles were determined by NTA, transmission
electron microscope (TEM) and Western blot (WB), separately. As
shown in Fig. 2a, the morphology of extracellular vesicles which
demonstrated classically cup-shaped with phospholipid bilayer was
observed by TEM, in accordance with previous reports. The size
distribution of extracellular vesicles was characterized by NTA (Fig.
2b), the range of size was in 30-200 nm, and the average was ap-
proximately 120 nm. Besides, the signature proteins cluster of dif-
ferentiation 9 (CD9) and tumor susceptibility genes 101 (TSG101)
of extracellular vesicles, the specific proteins MUC1 of gastric
tumor-derived extracellular vesicles, and the negative protein cal-
nexin were also authenticated. CD9, TSG101 and MUC1 were all
positive in gastric tumor-derived extracellular vesicles, which were
described in Fig. 2c, indicating the extracted samples were gastric
tumor-derived extracellular vesicles.

To evaluate the feasibility of our DNA walker platform, we em-
ployed native polyacrylamide gel electrophoresis (PAGE) to charac-
terize the hybridization of DNA complexes. As shown in Fig. 3a, the
bands in lanes 1-3 represent substrate strands, DNA motors, and
aptamers, respectively. Comparing lanes 1, 2, and 4, a new band
appeared at around 80 bp in lane 4, indicating the hybridization
of substrate strands with DNA motors at room temperature. When
examining lanes 2, 3, and 5, it becomes evident that a new band
materialized at approximately 75 bp in lane 5, signifying the bind-
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Fig. 3. Feasibility test of extracellular vesicles detection. (a) Native PAGE images
showing the strand cleavage and displacement. (b) The fluorescence spectra of the
proposed systems obtained in the presence of different reagents.

ing of aptamers to DNA motors. When incubated with substrate
strands after the annealing of aptamers and DNA motors, no band
was observed at around 80 bp in lane 6, indicating no hybridiza-
tion between substrate strands and DNA motors. However, in the
presence of extracellular vesicles (lane 7), aptamers were bound to
the EVs (removing the complex by using a 50 kDa ultrafiltration
membrane), leading to the release of DNA motors and their hy-
bridization with substrate strands, resulting in the appearance of a
band at around 80 bp. These results preliminarily demonstrate the
feasibility of the DNA walker platform with aptamer-closed DNA
motors.

In order to validate the suitability of the DNA walker plat-
form for fluorescence detection, fluorescence assay was employed
as a subsequent verification step. Initially, the substrate strands
and motors + MUC1 aptamer complexes were separately immobi-
lized on magnetic beads using biotin-streptavidin affinity. Subse-
quently, Nt.BbvCI (control group) and Nt.BbvCI + extracellular vesi-
cles (experimental group) were added to the magnetic beads con-
taining motors +MUC1 aptamer complexes. After incubation, the
supernatant was subjected to magnetic separation for fluorescence
detection to assess the cleavage of substrate strands and the sub-
sequent release of fluorescence signal. As depicted in Fig. 3b, a sig-
nificant fluorescence signal was only observed in the presence of
extracellular vesicles. This indicates that upon competitive binding
of extracellular vesicles with MUC1 aptamer, the motors were re-
leased, hybridized with substrate strands, recognized by Nt.BbvCl,
resulting in the cleavage of substrate strands and subsequent re-
lease of fluorescence signal probe. Hence, this further validates the
feasibility of this sensing system.

In order to determine the optimal amounts of streptavidin mag-
netic beads and endonuclease under fixed conditions of substrate
strands and complex of DNA motors and aptamers, optimization
of the conditions is required. The volume of magnetic beads di-
rectly affects the binding efficiency. When the volume of strepta-
vidin magnetic beads is increased from 10 pL to 20 pL, the fluores-
cence signal significantly increases (Fig. S1a in Supporting informa-
tion). This indicates that the fixed amount of substrate strands and
the complex of DNA motors and aptamers on the streptavidin mag-
netic beads increases. After activating the DNA walker, the num-
ber of substrate strands available for cleavage increases, resulting
in the release of more fluorescence signal probes. When the vol-
ume of streptavidin-coated magnetic beads increased from 20 pL
to 60 pL, the substrate strands and the complex of DNA motors and
aptamers were completely immobilized, resulting in the saturation
of fluorescence signal and reaching a stable state. Therefore, 20 uL
was selected as the optimum quantity of magnetic beads. Likewise,
the dosage of restriction endonuclease was optimized (Fig. S1b in
Supporting information). With an increase in the dosage of restric-
tion endonuclease from 1 U to 3 U, more substrate strands can be
cleaved simultaneously after activating the DNA walker, thereby in-
creasing the fluorescence signal. Increasing the dosage of restric-
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Fig. 4. Detection performance under optimal experimental conditions. (a) The fluo-
rescence spectrogram. (b) The scatter plot of fluorescence intensity (the inline dia-
gram is a linear regression between the logarithm of extracellular vesicles concen-
tration and fluorescence intensity).

tion endonuclease from 3 U to 7 U did not result in a significant
enhancement of the fluorescence signal. This indicates that the sat-
uration point was reached when the amount of restriction endonu-
clease used was 3 U.

Since incubation temperature and time were both essential for
enzymatic reactions, the DNA walker was operated in solution at 4,
25, 37 and 45 °C, 10-80 min respectively. DNA motors exhibit high
operational efficiency as they run in solutions at different temper-
atures. The enzyme activity and fluorescence signal generated by
the DNA motors are highest at 37 °C, indicating their optimal per-
formance (Fig. S2a in Supporting information). The efficiency of
motion significantly decreases when the working temperature is
higher or lower than 37 °C. As shown in Fig. S2b (Supporting in-
formation), the fluorescence signal gradually increased as the incu-
bation time ranged from 10 min to 50 min. However, there was no
significant increase in the fluorescence signal after 50 min of in-
cubation. Thus, the optimal incubation temperature and time were
37 °C and 50 min respectively.

Subsequently, we further optimized the detection performance
of the reaction under different buffers. As shown in Fig. S3 (Sup-
porting information), the maximum fluorescence signal of Nt.BbvCI
is observed in NEBuffer, therefore NEBuffer is chosen as the op-
timal buffer of Nt.BbvCl for subsequent experiments. The spatial
hindrance and efficiency of DNA motors movement are directly af-
fected by the different lengths of DNA motors and the ratio of mo-
tor to substrate strand, as they move on the surface of streptavidin
magnetic beads. According to Fig. S4a (Supporting information),
the maximum fluorescence signal emerged as the motor length
was 45 nt, indicating that the optimum motor length is 45 nt. In
addition, we have recorded fluorescence results of different motor:
substrate strand ratio over the reaction time (Fig. S4b in Support-
ing information). The fluorescence signal gradually rises primitively
with the motor: substrate strand ratio from 1:1 to 1:7. As the mo-
tor: substrate strand ratio increases from 1:7 to 1:9, the fluores-
cence signal slightly decreases. This may be due to the high den-
sity of substrate strands, which creates spatial hindrance for the
hybridization between motors and substrate strands, resulting in a
decrease in the hybridization efficiency between substrate strands
and DNA motors. Thus, ratio of motor and substrate strand is 1:7
for DNA walker were employed for subsequent experiments.

A series of concentrations of standard extracellular vesicles was
investigated into the DNA walker platform for the linear depen-
dence and detection limit. As shown in Fig. 4a, there is a strong
fluorescent signal at 520 nm with gradual increase upon growing
the extracellular vesicles concentration, indicating that the more
extracellular vesicles concentration caused more cleaving reactions.
The circumstantial relativity between the fluorescent intensity and
the amount of extracellular vesicles was described in Fig. 4b. Dis-
tinctly, extracellular vesicles could be detected immediately in the
range from 2x10* particles/mL to 2x10° particles/mL. Moreover, A
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good linear dependence is established between the variation of the
fluorescent intensity and logarithm of extracellular vesicles con-
centration as: F=247.31gC — 763.7 (R?> =0.998), where F is the vari-
ation of the fluorescent intensity. The limit of detection (LOD) was
calculated to be 2.9x 103 particles/mL. These results verified a great
sensitivity of the DNA walker for the trace quantity detection of
extracellular vesicles.

The specificity of the DNA-walker was investigated by different
originations of EVs, the fluorescence signal of MGC-803 extracel-
lular vesicles was much higher than human gastric mucosal ep-
ithelial cells (GES-1) extracellular vesicles, which is reproducible
at different concentrations of EVs: 2x10°, 2x107 and 2x10® par-
ticles/mL, demonstrating the high specificity of the proposed DNA
walker (Fig. S5 in Supporting information).

Extracellular vesicles-free fetal bovine serum (FBS) with the ad-
dition of tumor extracellular vesicles was used to analyze the prac-
ticability of DNA-walker. Gastric tumor MGC-803 extracellular vesi-
cles and epithelium GES-1 extracellular vesicles were determined
in multiple dilution of FBS, obviously described in Fig. S6 (Support-
ing information), the sensor had a favorable distinction between
gastric cancer cell MGC-803 and EVs of epithelial cell GES-1 un-
der conditions below 1/30 dilution of FBS. Therefore, the proposed
DNA walker was feasible for determining extracellular vesicles in
biological environment.

In this work, we developed a DNA walker detection platform
that utilizes tumor-derived extracellular vesicles to initiate a reac-
tion. In the presence of a restriction endonuclease, the substrate
strands labeled with fluorescein are rapidly cleaved, resulting in
the release of fluorescent molecules and the generation of a fluo-
rescence signal. The advantages of our work are mainly reflected
in two aspects: (1) The endonuclease we used for cleavage of
the DNA has superior stability and reaction kinetics under opti-
mized conditions, which is beneficial for improving sensitivity. (2)
The DNA walker detection platform based on streptavidin magnetic
beads that we proposed in our work has a controllable incuba-
tion time within 1 hour and has the potential for further develop-
ment into an automated detection system. After activation of the
DNA walker, the fluorescently labeled DNA strand is cleaved, re-
sulting in fluorescence recovery. The obtained extracellular vesicles
concentration is positively correlated with the fluorescence incre-
ment. The proposed method offers a very low detection limit of
approximately 2.9x103 particles/mL and a wide dynamic detection
range. In addition, this strategy exhibits excellent selectivity and
specificity in complex biological samples, and has a short detec-
tion time. With these advantages, we anticipate that this assay has
great potential for the development of a rapid, cost-effective, sen-
sitive, and selective extracellular vesicles characterization platform
in future clinical applications.
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