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Lung cancer is one of the most common cancers in the world. Early diagnosis of lung cancer usually shows
promising rate of survival. However, the detection of lung cancer faces great challenges. Transthoracic
needle biopsy combined with image-guidance will make patients suffer from some damages. Liquid biopsy
can be used as an auxiliary method for early diagnosis and prognosis of cancers owing to its minimally
invasive performance. Proteins on the surface of Extracellular vesicles (EVs) derived from lung cancer are
used as biomarkers for cancers. Here, a highly specific and sensitive fluorescence scheme based on padlock
probe-based exponential rolling circle amplification (P-ERCA) assay for detecting extracellular vesicles was
reported. The aptamer against extracellular vesicles derived from lung cancer cells was linked to a primer
sequence (aptamer-primer complex) that was complementary to padlock probe. The padlock probe was
composed of a nicking site for nicking endonuclease. At the presence of target extracellular vesicles, ap-
tamer-primer complex could trigger linear rolling circle amplification (LRCA) under isothermal conditions.
After multiple nicking reactions, many copies of single-stranded DNAs (trigger DNA) were produced and
leading to another circle amplification. The exponential fluorescence signal of P-ERCA product dyed with
SYBR Green Il was detected. The method exhibits high specific and sensitivity to lung cancer extracellular
vesicles with low detection limit of 4.222 x 10* particles/mL, and the linear range is 5 x 10% particles/mL-
1.2 x 10° particles/mL. Furthermore, this method could successfully distinguish the signal of extracellular
vesicles in real human serum sample between 17 lung cancer patients and 17 healthy persons (P < 0.001).

© 2021 Elsevier Ltd. All rights reserved.
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Introduction

Lung cancer is one of the malignancies associated with death in
the world [1]. The 5-year survival rate of lung cancer is only 11-18%
currently [2]. The lack of efficient biomarkers and the lack of accu-
rate detecting method are important reasons of the low survival rate
(<25%) [3,4]. Transthoracic needle biopsy combined with image-
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guidance is widely used for patients with a solitary lung nodule, for
diagnosis of lung malignancy or for molecular testing of the tumor
[5]. However, imaging examination with low sensitivity is difficult to
detect small tumor, and the patients will suffer from some damages
when treated with the transthoracic needle biopsy and, therefore, it
is not suitable for repeated examination and diagnosis [5].

Liquid biopsy can be used as an auxiliary method for early di-
agnosis and prognosis of cancers owing to its minimally invasive
performance. Extracellular vesicles (EVs) as an emerging liquid
biopsy for the diagnosis and treatment are attracting great attention
[6-8]. The proteins are the main executors of biological functions
and are especially rich in EVs which is of great significance to ana-
lyze the specific role of EVs in tumor and clinical diagnosis [9].
Currently, a lot of novel detecting techniques based on aptamers
have been established to research the proteins on the surface of EVs.
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Scheme 1. The reaction involved five principal steps: (1) The EVs were incubated with aptamer-primer; (2) The mixture was washed with PBS and the A549-EVs-aptamer-primer
was obtained; (3) The padlock probe was ligated specifically and circularized with the aptamer-primer as template in the presence of T4 DNA ligate; (4) A long repetitive sequence
of the padlock probe was synthesized by Phi29 DNA polymerase; (5) Multiple padlock probe could be hybridized to the DNA product. The nicking sites of sequences were
recognized and cleaved by Nicking endonuclease. Multiple triggers were produced and a new reaction cycle was initiated. Through multiple reaction cycles and the sequence dyed
by SYBR Green I, an exponential fluorescence signal for a small amount of EVs was detected.

These methods are designed based on different detecting principles,
such as colorimetry [10], fluorescence method [11,12], surface en-
hanced Raman scattering [13], surface plasmon resonance [14,15]
and electrochemistry method [ 16-23]. Although EVs can be detected
accurately and quantificationally by the newly developed methods,
these methods still have some drawbacks. Although the sensitivity
of some methods are very high, the process of cleaning procedure
complicated, and there are certain difficulties in clinical applica-
tion [24,25].

In order to solve these problems, we develop a fluorescent
method by taking advantages of aptamer and padlock probe-based
exponential rolling circle amplification (P-ERCA) for detection of EVs
derived from Lung cancer. The principle of this method was shown
in Scheme 1. A specific aptamer had been designed for recognizing
target EVs and initiating the ligation reaction of P-ERCA. The used
aptamer was only bound to A549-EVs but not to EVs secreted from
other tumor. A small number of A549-EVs could be detected by this
method for signal amplification. Herein, this method has excellent
specificity, high sensitivity and reproducibility. A series of experi-
ments show this exponential signal amplification method provides a
convenient tool for further applications in early lung cancer diag-
nosis.

Experimental section
Materials and apparatus

DNA sequences were purchased from Sangon Biological
Engineering Technology & Services Co., Ltd (Shanghai, China). T4
DNA ligase, Phi29 DNA polymerase, and Nb.BbvCl were purchased
from New England Biolabs (Ipswich, MA). SYBR Green II (10000 x ),
BSA, diethylprocarbonated (DEPC) treated water and TE buffer were
purchased from Sangon Biological Engineering Technology &
Services Co., Ltd (Shanghai, China). Deoxynucleotides (dNTPs), and
Phosphate-buffered saline (PBS) were obtained from TaKaRa
Biotechnology Co., Ltd. (Dalian, China). Dulbecco’s modified Eagle’s

medium (DMEM, high glucose), Roswell Park Memorial Institute
1640 (RPMI 1640, high glucose), and fetal bovine serum (FBS) were
purchased from Gibco (Invitrogen). Exosome-depleted FBS Media
Supplement was purchased from System Biosciences, SBI (CA, USA).
Penicillin-streptomycin was purchased from Sigma-Aldrich. All cell
lines were purchased from the Nanjing Kebai Biotechnology Co., Ltd
(Nanjing, China). The used DNA sequences were listed in Table 1,
aptamer (Ap6) was acquired by EVs-SELEX (Aptamers specially re-
cognizing the proteins of EVs were selected based on the Systematic
Evolution of Ligands by Exponential Enrichment, EVs-SELEX) [26].
Gel electrophoresis was detected using automatic gel imaging ana-
lyzer (JS-680D, Shanghai PeiQing, China) and ChemiScope3300Mini
chemiluminescence imaging system (Science Instruments, China).
The fluorescent spectra were measured using Shimazu RF-6000
spectrofluorometer (Shimadzu (China) Co., Ltd.). Nanoparticle
Tracking Analysis (NTA, NanoSight NS300) was purchased from
Malvern Instruments Ltd. Transmission electron microscope (TEM,
JEM-2100) was purchased from Japan. The fluorescence was de-
termined with DxFLEX flow cytometry (Beckman Coulter, Inc.).

Aptamer-primer probe includes the aptamer Ap6 sequence
(black) against A549-EVs and the universal primer sequence (blue
and green). Padlock probe includes the hybridization sequence that
is complementary to the primer (blue and green) and the recogni-
tion sequences of Nb.BbvCI (red).

Cell culture and preparation of EVs

A549 cells (human non-small lung cancer cell line) were cultured
in 1640 medium, Beas-2b cells (human lung epithelial cells) were
cultured in DMEM medium. BGC-823 (human gastric cancer cell
line), Caco-2 (human colon adenocarcinoma cell), SK-BR-3 (human
breast cancer cell) and HepG2 (human liver hepatoma cell) were
cultured in corresponding medium. All media were supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
All cell lines were incubated in a humidified incubator at 37 °C with a
5% CO, atmosphere respectively. After all cells grew to 70-80%
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Sequences of oligonucleotides.
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Name Sequence

Aptamer-primer|26]

5'-GTTGGTGAGGTAACGGCTCAACAGGGGTTCGGTAGTCGTGTGGTTTCGGTTG

GGTGTAGTTAGGTGGCAAGCGTTATCCGTGAGGTAGTAGGTTGTATAGTT-3'

Padlock probe

5'-phosphate-CTACTACCTCACCTCAGCAACTATACAACCTACTACCTCACCTC

AGCAACTATACAACCTACTACCTCACCTCAGCAACTATACAAC-3’

confluence, cells were washed twice with PBS and incubated for 48 h
in the medium containing 10% exosome-depleted FBS. Then, the
culture medium was collected and centrifuged at 4 °C (2000 g for
15min and 10,000 g for 30 min) to remove intact cells or cellular
debris. The acquired culture solution was filtered through a 600 nm
of track-etched polycarbonate filter membrane and 20 nm of ano-
pore filter membrane (Size-Selective Method, SSM) [27]. The ob-
tained EVs were resuspended in PBS.

Purified EVs were adsorbed on carbon-coated copper grids and
confirmed by TEM at 80KkVs. EVs were dropped on carbon-coated
copper grids and used to capture the anti-CD63 gold which bound on
EVs specially. The compound was detected by TEM. The size dis-
tribution and concentration of EVs were quantified by NTA. The
surface protein of EVs were analyzed by western blot.

EVs Modified with aptamer-primer probe

Purified EVs were incubated with aptamer-primer probes in 1 mL
of binding buffer (BB) for 1 h at 4 °C. After washing thrice with PBS to
remove the unbound aptamer-primer probe by SSM, the complex
150 pL of EVs-aptamer-primer was obtained.

Ligation reactions

The acquired 8.4 pL of above liquid and 0.3 pL of 10 pM padlock
probe were denatured at 65 °C for 3 min and cooled slowly to room
temperature over (10 min). Then, 1 xL of 10 xT4 DNA ligase buffer
and 0.3 uL of T4 DNA ligase (350U/uL) were added, and the sus-
pension liquid was incubated at 37 °C for 2 h in a PCR tube.

RCA detection based on fluorescent

10 L of ligation reaction products, 2 pL of 10 x Phi29 DNA poly-
merase buffer, 1uL of dNTP, 0.4puL of BSA, 0.8 uL of Phi29 DNA
polymerase (10 U/uL), 0.5 pL of Nb.BbvCI (10 U/uL) and 5.3 pL of H,0
were mixed and incubated for 6 h at 30 °C for amplifying reaction.
Enzymes were inactivated for 10 min at 65 °C. 6 pL of the amplified
products and 4 uL of 20 x SYBR Green Il was added in 590 pL of PBS.
The fluorescence intensity was recorded by Hitachi F-4500 spec-
trofluorometer. The excitation wavelength was 480 nm, and the
fluorescence spectra were recorded from 520 nm to 650 nm.

Gel electrophoresis analysis of P-ERCA products

Agarose gel electrophoresis (AGE) was used to analyze the P-
ERCA product. The gel was carried in 1 x electrophoresis Tris-borate-
EDTA (TBE) at room temperature under 100V for 50 min. The ima-
ging of the gel was measured by automatic gel imaging analyzer.

Clinical sample analysis

The blood of 17 samples from lung cancer patients with staged I
and the blood of 17 samples from healthy persons (collected in
EDTA-anticoagulated tubes) were provided by Affiliated Drum Tower
Hospital of Nanjing University Medical School. All patients and vo-
lunteers gave informed consent. The study was approved by the
ethic committee of the Affiliated Drum Tower Hospital of Nanjing

University Medical School. After standing 1 h, the supernatant liquid
was transferred into a centrifuge tube. The blood samples were
centrifuged at 1000 g for 10 min, and then 1500 g for 15 min. Then,
the dealt original serum was used as samples for detecting directly.

Flow cytometry analysis

The flow cytometry analysis was used to investigate the binding
ability of the selexed aptamers with EVs derived from A549 and
Beas-2b. The FITC-labeled ssDNA pool or aptamers were incubated
with A549-EVs or Beas-2b-EVs at 4°C for 1h in 1 mL of binding
buffer respectively. Then, the EVs were washed thrice by washing
buffer and resuspended in 300 uL of PBS for cytometric test by using
flow cytometer.

Results and discussion
Principle of EVs assay based on P-ERCA

The principle of EVs detection based on the padlock probe ex-
ponential rolling circle amplification (P-ERCA) is illustrated in
Scheme 1.

According to their different functions, the aptamer-primer
complexes are designed into two domains termed as I and II
Region [ (GTTGGTGAGGTAACGGCTCAACAGGGGTTCGGTAG
TCGTGTGGTTTCGGTTGGGTGTAGTTAGGTGGCAAGCGTTATCCG) is the
sequence of the aptamer recognized A549-EVs (black sequence of
aptamer-primer in Table 1). Region Il (TGAGGTAGTAGGTTGTATAGTT)
(blue and green sequences of aptamer-primer in Table 1) is a uni-
versal primer sequence, which could serve not only as the primer for
the RCA reaction but also as the template for padlock probe ligation.
The padlock probe has two functional units named as III and IV.
Region Il (AACTATACAACCTACTACCTCA) (blue and green sequences
of padlock probe in Table 1) contains the hybridization sequence
that is complementary to the primer. Region IV (CCTCAGC) (red se-
quences of padlock probe in Table 1) is a binding site of nicking
endonuclease (Nb.BbvCl) which can be cleaved under the formation
of the double-stranded DNA. Both the 3’- and 5’-terminus of a
padlock probe could hybridize to the 3’-terminus of the aptamer-
primer. At the presence of target EVs, the aptamer-primer is com-
bined on the EVs specifically. After washed with PBS by means of
SSM, only the target EVs had aptamer-primer on their surface. The
primer contained in aptamer-primer as a template hybridized with
padlock probe to form a duplex structure and form a circular tem-
plate in the presence of T4 DNA ligase. After adding the Phi29 DNA
polymerase and dNTPs, primer can trigger the RCA reaction and a
long concatenated sequence copy of the padlock probe will be syn-
thesized through linear rolling circle amplification. Followed, a
number of padlock probes can hybridize to suitable sites of the LRCA
DNA product, and nicking endonuclease recognizes the sites and
cleaves the double-stranded DNA at specific sites to release multiple
short DNA products as new triggers to initiate multiple reaction
cycles. Meanwhile, the padlock probe is also released and recycled
for next reaction. The reaction will be terminated after the depleting
of reaction components, such as dNTP substrates. Therefore, LRCA
will convert to an exponential amplification (ERCA) with the cycles
of LRCA and cleavage repeating continuously. Finally, a large number
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Fig. 1. The characterization of EVs derived from A549 cells. (A) TEM image of EVs; (B) Nanoparticle tracking analysis (NTA) of EVs; (C) Immunoelectron microscopy showed that
the anti-CD63 gold was stained on EVs; (D) Western blotting analysis of the expression of CD9, CD63 and Calnexin proteins on the surface of A549 cells and A549-EVs.

of long single-stranded DNA will be dyed with SYBR Green II and the
amplified fluorescent signal will be detected by fluorescence spec-
trophotometer.

Characterisation of EVs

In order to ensure the EVs were isolated successfully, the EVs
were investigated by TEM, NTA, western blot analysis and im-
munogold labeling. The EVs displayed a cup-shaped morphology and
the diameter was between 30 and 200 nm observed by TEM (Fig. 1A).
NTA (Fig. 1B) confirmed that the sizes of the most EVs were around
100 nm. The result was in agreement with the microscopy images.
The anti-CD63 gold could be bound on EVs and the appearance in-
dicated that CD63 existed on the surface of EVs (Fig. 1C). Western
blot analysis demonstrated that CD9 and CD63 were expressed in
EVs and cells. In addition, calnexin was only detected in cells and
was not detected in EVs (Fig. 1D) [28-31]. These results proved that
the extracted vesicles were EVs.

Specificity of aptamers (Ap6)

The binding of FAM-labeled Ap6 to A549-EVs and Beas-2b-EVs
was tested by flow cytometry. As shown in Fig. 2, Ap6 only bound to
A549- EVs and did not bind to Beas-2b-EVs. Similar to the pro-
teomics analysis [32], aptamers represented by the EVs-SELEX

technique could also be used as a tool to distinguish tumor EVs from
normal cell EVs. This experiment demonstrated that the Ap6 could
recognize the target EVs derived from lung cancer. The high speci-
ficity made Ap6 has the potential for application in P-ERCA.

Feasibility of strategy for EVs detection

The principle of P-ERCA-Based Method was verified by the de-
tection of fluorescent spectra and 0.8% agarose gel electrophoresis.
Fig. 3A showed that the fluorescence intensity gradually increases in
the presence of aptamer-primer (curve a), demonstrating that the
padlock probe formed to ring with the help of T4 DNA ligase, P-ERCA
was triggered and a large number of DNA products were generated.
The fluorescence intensity was weak without aptamer-primer (curve
b), indicating that no reaction occurred. The analysis of gel electro-
phoresis was performed for further validation of the principle. As
shown in Lane 1 (Fig. 3B), the band at the nearby position of char-
ging aperture was very bright. This demonstrated that abundant of
high-molecular-weight DNA was produced, and the band was wide
attributing to the multiple components of the cleavage. This might
be that the linear rolling ring product had nicking sites every 22
bases [33]. No band was observed at the absence of aptamer-primer
(lane 2 in Fig. 3B) indicating that no DNA products existed. This was
probably because that no circular template was formed and the P-
ERCA could not be carried out. The two results proved that the
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Fig. 2. Flow cytometric assay of the binding capacity of the aptamer. (A) Binding assay of Ap6 to A549-EVs; (B) Binding assay of Ap6 to Beas-2b-EVs. Only corresponding EVs were
used as blank control, FAM-labeled unselected DNA library was used as the negative control.

principle of designed method based on P-ERCA was feasible and
could be used for the subsequent experiment.

Optimization of reaction conditions based on P-ERCA

To obtain the optimum analytical performance for detecting of
EVs sensitively, several parameters were investigated, including the
radio of aptamer-primer to padlock probe, the concentrations of
dNTP substrates, Phi29 DNA polymerase, and nicking enzyme
Nb.BbvClI; the reaction time of P-ERCA. The concentrations of dNTP,
Phi29 DNA polymerase and nicking enzyme Nb.BbvCl were found to
be the key factors to affect the trigger DNA amplification.

In this experiment, different ratios (1:1, 1:2, 1:3, 2:1, 3:1) of ap-
tamer-primer to padlock probe were designed to ensure the best re-
acting condition. The value of fluorescence was the highest when the
ratio was 1:1 at 528 nm (Fig. 4A). Fig. 4B showed the values of fluor-
escence at different ratios (each radio was detected for three times).

In order to optimize the concentration of dNTP, 100 pM, 250 pM,
500 1M, 600 uM, 750 uM and 1000 uM dNTP were designed. Fig. 5A

showed the variance of the F-FO value with the concentration of
dNTP. F and FO were the fluorescence intensities in the presence and
in the absence of EVs, respectively. With the concentration of dNTP
increased, the F/FO value increased gradually and decreased beyond
600 uM dNTP. This phenomenon might be attributed to the spatial
steric effect and limited space. Thus, 600 uM dNTP was used in the
subsequent research.

The relationship of fluorescence signals with the concentration of
phi29 DNA polymerase was assessed. As shown in Fig. 5B, the F-FO
value (F and FO were the fluorescence intensities in the presence and
in the absence of EVs, respectively) increased with the increase in
the concentration of phi29 DNA polymerase from 2U to 8U, de-
creasing from 8 U to 20 U. Therefore, 8 U phi29 DNA polymerase was
selected in the following research.

In this method, a nicking enzyme Nb.BbvCl was used to cleave
the DNA synthesized by linear RCA to trigger exponential amplifi-
cation. So, the concentration of Nb.BbvCI should be optimized too.
The date was shown in Fig. 5C. The F-FO value increased with the
increase in Nb.BbvCI from 2 U to 5 U, and the F-FO value reached the
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Fig. 3. The amplification products of P-ERCA were characterized by fluorescence intensity and 0.8% agarose gel electrophoresis. A. The fluorescence intensity in the presence (a)
and absence (b) of aptamer-primer. B. M: DNA Marker (250-10,000 bp); 1: The result of P-ERCA in the presence of aptamer-primer; 2: The result of P-ERCA in the absence of

aptamer-primer.
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Fig. 4. The fluorescence values of amplified products under different proportions of aptamer-primer to padlock probe. (A) The result was analyzed by fluorescence spectrogram;
(B) The result was analyzed by histogram of at peak value. The error bars were the standard deviation of three repetitive experiments.

maximum platform at 5U (F and FO were the fluorescence in-
tensities in the presence and in the absence of EVs, respectively).
Thus, 5 U Nb.BbvCI was used in the coming research.

To generate a long DNA sequence for signal amplification, the
effect of the reaction time was further studied, which was shown in
Fig. 5D. The F-FO value (F and FO were the fluorescence intensities in
the presence and in the absence of EVs, respectively) increased
steadily from 4 h to 6 h and then reached a plateau from 6 h to 10 h.
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This might be explained by the exhaustion of substrate or produc-
tion inhibition. Hence, 6 h was used for adequate reaction time in

this experiment.

Specificity of the P-ERCA-based method for detection of EVs

The detection specificity was one of vital factors to evaluate the
method for detecting EVs in practical application. Because of the method
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Fig. 5. The relationship between the fluorescence intensity and different conditions of P-ERCA: (A) concentration of dNTPs; (B) concentration of phi29 DNA polymerase; (C)
concentration of Nb.BbvCI; (D) time of amplification reaction. The error bars were the standard deviation of three repetitive experiments.
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Fig. 6. Selectivity of method for detecting A549-EVs. (A) Agarose gel electrophoresis image of the products of P-ERCA. M: DNA Marker (250-10,000 bp); 1: The result of P-ERCA in
the presence of A549-EVs; 2: The result of P-ERCA in the presence of Beas-2b-EVs; 3: blank; (B) the fluorescence intensity of different EVs derived from different cells respectively
and blank; (C) The detecting result of different EVs was analyzed by histogram at peak value. The error bars were the standard deviation of three repetitive experiments.

was designed based on the aptamer against A549-EVs, the specificity of
aptamer was the originally factor to affect the detection efficiency [34].
The aptamer of A549-EVs had been proved to specifically identify the
target, but the aptamer used in this method had been changed by
lengthening the sequence, which may lead to a variation in its re-
cognition ability. In order to investigate the specificity of the approach
for EVs, different EVs secreted from various cells such as BGC-823-EVs,
Caco-2-EVs, SK-BR-3-EVs, HepG2-EVs and Beas-2b-EVs were selected
and detected by using this new method under the same conditions.
There was a bright amplification band in lane 1 of Fig. 6A, indicating the
occurrence of P-ERCA process with A549-EVs. As the comparison, no
product was observed in lane 2 of Fig. 6A, suggesting no amplification
reaction occurred with Beas-2b-EVs. Fig. 6B and C displayed the com-
parison of fluorescence intensity in response to different kinds of target
EVs. Conspicuously, the fluorescence value of A549-EVs was 4.15-fold
higher than that of Beas-2b-EVs, 2.81-fold higher than that of BGC-823-
EVs, 2.24-fold higher than that of Caco-2-EVs, 2.14-fold higher than that
of SK-BR-3-EVs and 2.32-fold higher than that of HepG2-EVs. All fold
satisfied the requirements of immunoassay (2.1 fold). These results de-
monstrated that this proposed method had high specificity and good
selectivity to target EVs. It allowed for easy distinguish of targets EVs
from other EVs. Such excellent selectivity was attributed to the high
specificity and selectivity of the aptamer. Therefore, the method had a
promising application in EVs analysis.

Sensitivity and reproducibility of EVs detection

Quantitative detection of EVs with high sensitivity is important for
early diagnosis of lung cancer. Therefore, various concentrations of
A549-EVs were measured to evaluate the sensitivity of the method
under the optimal conditions. All experiments were repeated for three
times. Fig. 7A showed the variance of fluorescence intensity with the
concentration of target EVs. In the absence of A549-EVs, no observable
fluorescence intensity was detected (blank control) because of no P-
ERCA amplified and no ssDNA-SYBR Green Il formed. The fluorescence
intensity increased gradually with the increase in the concentration of
A549-EVs from 0 particles/mL to 1x 10° particles/mL, indicating that
the concentration of A549-EVs could be easily reflected by the fluor-
escence intensity. This also illustrated that the continuous ssDNA and
ssDNA-SYBR Green Il were formed through P-ERCA. The peak at

528 nm was used as the criterion to judge the linear relation between
fluorescence intensity and concentration of A549-EVs. Fig. 7B exhibited
that fluorescence intensity at the peak increased gradually with the
increase in the concentration of A549-EVs from 1 x 10® particles/mL to
1x10° particles/mL. Fig. 7C exhibited that fluorescence intensity had
excellent linear correlation with the concentration of EVs over the
range from 5x10% particles/mL to 1.2 x 10° particles/mL. The linear
regression equation was AF =36.542 +8.038 x 10°A with a correlation
coefficient R? =0.99392 (AF=F-F0, where F and FO were the fluores-
cence intensities with and without EVs, respectively, and C was the
concentration of EVs). According to the ten times standard deviation
principle, the limit of detection (LOD) was 4.222 x 10* particles/mL
which has a detectable fluorescence change compared with the blank
control. Apparently, the proposed method had desirable linear range
and high sensitivity. The excellent sensitivity was mainly ascribed to
the following aspects: the high amplification efficiency of the P-ERCA
reaction and the amplified signal triggered by the repeated cleavage of
the Nb.BbvCI nicking enzyme. Therefore, the low detection limit of the
method allowed the sensitive detection of EVs at low concentrations.

The reproducibility of the method had been evaluated by de-
tecting 1x 108 particles/mL of EVs 5 reduplicate. The relative stan-
dard deviation (RSD) was 3.46%, displaying good reproducibility
(Fig. 7D). Reproducibility is also a very important factor for clinical
laboratory. There are two main advantages in this method, firstly the
aptamers are very stable and have a long shelf life (several years).
They can resist high temperature (even 95 °C) and stand repeated
cycles of denaturation and renaturation [35,36]. Secondly, fewer
cleaning steps by using SSM in this methods ensure less EVs loss,
thus ensuring the consistency of the experiment.

EVs are difficult to isolate compared with microRNA and telo-
meres. The SSM method can guarantee the integrity of vesicles to the
maximum extent compared with hypervelocity centrifugation
method. At the same time, A549-EVs-aptamer-primer can be sepa-
rated easily from the free aptamer-primers that can reduce the
background value. Although some rolling circle amplification stra-
tegies reported in detecting miRNAs and telomeres [37-39], the P-
ERCA with aptamer and SSM technology was the first time to
translated the information of EVs surface protein to fluorescence
signal value. It made the operation of tumor EVs detecting very
simple and more suitable for clinical diagnosis.
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Fig. 8. Fluorescence intensities of clinical serum samples from healthy donors (n=17)
compared to that of lung cancer patients (n=17) (***, P < 0.001).

Clinical sample analysis

Recent research demonstrated that the analysis of EVs in blood
might provide a new diagnostic approach for lung cancer. To eval-
uate the feasibility of the designed method in the clinical diagnosis,
EVs in human plasma samples contained in healthy individuals and
lung cancer patients were further analyzed. Before detecting, the
original plasma samples were used in this experiment. As shown in
Fig. 8, the value of AF obtained from the healthy individuals was
statistical significantly higher than that obtained from lung cancer
patients. The significance of signal suppression between two groups
was analyzed using the Mann-Whitney U test (P < 0.001). These
results indicated that the proposed method could directly distin-
guish the lung cancer patients and healthy individuals with excellent
accuracy, having a great potential for further application in early
clinical diagnosis of lung cancers.

Although, there were significant differences between lung cancer
patients and healthy individuals, some of lung cancer patients cannot
be distinguished. This phenomenon is a common problem faced by
clinical examination at present. The main reason is that there are
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heterogeneity in lung cancer [40]. One tumor marker cannot be used to
distinguish the discrepancy accurately. Therefore, liquid biopsy should
be combined with existing diagnostic techniques to further improve
the accuracy and sensitivity of cancer detection.

Conclusion

In this work, we established a novel fluorescence method to
detect EVs quantitatively. The designed method combined the ad-
vantage of aptamer recognition and that of P-ERCA nucleic acid
signal amplification strategy. Compared to other reported EVs de-
tecting methods, our method had the following distinctive ad-
vantages: (1) The experimental operation was greatly simplified. The
whole detecting process only needs two steps: EVs were combined
with the aptamer-primer; the reaction of P-ERCA was triggered by
the aptamer-primer. The step of preparing circle template could be
eliminated before P-ERCA. (2) P-ERCA strategy made the method
with extremely high signal amplification efficiency. Under optimum
conditions, the proposed method had a good linear relationship for
A549-EVs detection in the range from 5x10* particles/mL to
1.2 x10° particles/mL with a detection limit as low as 4.222 x 10*
particles/mL. The reproducibility of this method had been verified
and the RSD was 3.46% for A549-EVs by evaluating five reduplicate
detections. Meanwhile, the sensitivity, dynamic range, and principle
of this method were compared with currently reported assays
(Table 2), the detection limit and detection range of this method was
almost equivalent or had more advantages to some methods. (3) The
pretreatment of EVs-aptamer-primer may improve the specificity of
the detection and guarantee the stability and repeatability. (4)
Moreover, the fluorescence method could distinguish the lung
cancer patients from healthy individuals. The positive results were
2.1 times higher than the negative results. Original solution could be
detected directly by this method for judging lung cancer. In brief, the
method could provide an extraordinary option for the non-invasive
liquid biopsy and be promising prospect for the early diagnosis of
lung cancer.

Multiple tumor markers and multiple detections will be used to
improve detecting efficiency and detecting sensitivity. Artificial in-
telligence technology also can be used to diagnose lung cancer
combing with liquid biopsy.
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