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fluorescence biosensing of leukemia-derived
exosomes†
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and Xian-En Zhang *b

Exosomes as nanosized biomarkers hold great potential for the diagnosis of cancer. However, the low

concentration of cancer-derived exosomes present in biofluids makes early diagnosis strenuous. Here,

we developed a fluorescent biosensing platform, namely a dual signal amplification, for the ultrasensitive

detection of leukemia cell-derived exosomes. The protocol consists of three steps: first, leukemia-derived

exosomes containing CD63 and nucleolin were captured by anti-CD63 antibody modified magnetic bead

conjugates (MB-CD63); then, a DNA primer comprising a nucleolin-recognition aptamer (AS1411) was

applied to bind the exosomes which further initiated a rolling circle amplification (RCA) reaction to gene-

rate many repeat sequences for hybridization with gold nanoparticle (GNP)–DNA–fluorescent dye (FAM)

conjugates (GNP–DNA–FAM); finally, nicking endonuclease (Nb·BbvCI) assisted target recycling was

introduced. As a result, FAM was released from GNP–DNA–FAM conjugates, transformed from the

quenching state to the emission state and thus fluorescence signals continuously accumulated. With this

dual signal amplification platform, as low as 1 × 102 particles per μL exosomes could be detected.

Furthermore, we have successfully applied this method for the detection of exosomes in spiked serum

samples, indicating a promising tool for clinical application.

Introduction

Leukemia, a heterogeneous group of hematopoietic malignan-
cies is one of the most common lethal forms of cancer, where
the bone marrow produces abnormal white blood cells. An
early diagnosis of leukemia is crucial to avoid unnecessary
morbidity and mortality. Additionally, it is necessary to
monitor the minimal residual disease (MRD) which is a critical
factor in determining the prognosis of leukemia patients after
treatment.1 Diagnosis of leukemia is primarily performed on
peripheral blood and bone marrow, which relies upon a multi-
parametric approach involving a number of different pathology
disciplines. Various conventional and modern molecular
technologies are being increasingly employed to help refine

diagnosis.2,3 The clinical diagnosis of leukemia mainly
includes two methods: bone marrow aspiration for biopsy and
peripheral blood analysis by complete blood count (CBC) and
blood smear.4–7 The former method is a rigorous invasive pro-
cedure involving complications and the latter is non-invasive
but usually insensitive for early diagnosis. Therefore, there is a
need to develop a less invasive, simple and sensitive diagnostic
platform for the early diagnosis of leukemia.

In recent years, exosomes, nanosized vesicles secreted by
mammalian cells, have received close attention. Exosomes
carry large amounts of proteins, lipids, DNA, RNA, and other
biological molecules, which could provide information about
the originating tumor.8,9 Since extraction of exosomes from
body fluids is a relatively simple procedure, they are attractive
for the early diagnosis of cancers, instead of the traditional
tissue biopsy.10

So far, a large number of techniques, such as nanoparticle
tracking analysis,11 flow cytometry,12 enzyme-linked immuno
sorbent assay (ELISA),13 hybridization chain reaction (HCR)-
based colorimetric sensor,14 electrochemical detection,15 micro-
fluidic-based technology,16 etc. have been used for the detection
of exosomes. These methods show prospects for clinical appli-
cation, but there are still some problems. For example, the oper-
ation is complex and skillful or the detection sensitivity is not
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high enough. Different types of sensors based on the direct
interaction of the signal probe and biomarker on the exosomes
were recently developed.17–19 However, these methods require a
sufficient number of markers on the exosome surface to
produce signals. Unfortunately, the quantity of disease related
markers on exosomes is varied and lower.20 So, detection of exo-
somes with high efficiency remains challenging.

Recently, we have identified nucleolin as a potential target
on the surface of leukemia cell-derived exosomes by mass
spectrum analysis (data not shown). This protein is also men-
tioned to be overexpressed on leukemia cells, having a high
affinity for the AS1411 aptamer.21 Upon these findings, we try
to realize the specific and ultrasensitive detection of leukemia-
derived exosomes by the combined use of aptamer reco-
gnition, magnetic enrichment and rolling circle amplification
(RCA).22,23 The proposed method is a dual signal amplification
platform, which consists of three main steps (Fig. 1). First, leu-
kemia cell-derived exosomes containing CD63 and nucleolin
were captured by MB-CD63. Then, a DNA primer comprising
the nucleolin-recognition aptamer (AS1411) was applied to
bind the exosomes and initiated the RCA reaction to generate
many repeat sequences for hybridization with GNP–DNA–FAM.
Finally, nicking endonuclease (Nb·BbvCI) assisted target re-
cycling was introduced leading to the continuous release of
FAM from GNP–DNA–FAM conjugates. Thus, the fluorescence
signal can be dramatically enhanced by transforming FAM
from the quenching state to the emission state.

Experimental section
Reagents

All the oligonucleotides used in this study were synthesized,
modified and purified by Sangon Biotech Co., Ltd (Shanghai,
China). The base sequences and relevant modification details
of oligonucleotides are given as follows.

Padlock: 5′phosphate-TGTCTTCGCCTGTCCGATGCTCTTC
CTTGAAACTTCTTCCTTGCTGAGGGACTAAGCACC-3′.

DNA primer (bold characters in the sequence are the
aptamer for nucleolin): 5′-GGTGGTGGTGGTTGTGGTGGTG
GTGGGTGGCGTAAAGGGAGCATCGGACAGGCGAAGACAGGTG
CTTAGT-3′.

DNA–FAM: 5′SH-(CH2)6 AAATTGCTGAGGGAC-3′FAM.
Streptavidin-coated magnetic beads (1 µm, cat. no. 65001)

were purchased from Thermo Fisher Scientific Co Ltd (MA,
USA). Biotinylated mouse anti-human CD63 monoclonal anti-
body (ab134331) was obtained from Abcam (Cambridge,
United Kingdom). Different enzymes, i.e. Phi29 DNA polymer-
ase, T4 DNA ligase and Nb·BbvCI were received from New
England Biolabs Co Ltd (Beijing, China). Human cancerous
cell line HL-60 was purchased from The Cell Bank, Chinese
Academy of Sciences (Shanghai, China). The other reagents
such as tris(2-carboxyethyl) phosphine hydrochloride (TCEP)
and chloroauric acid (HAuCl4) were purchased from Sigma-
Aldrich (St Louis, MO, USA). The buffers used in this work are
as follows: (1) phosphate-buffered saline (PBS) buffer contain-
ing 8 mM Na2HPO4, 2 mM NaH2PO4, 2.6 mM KCl, and
136 mM NaCl, pH 7.4; (2) blocking buffer (PBSB) containing
1% (w/v) BSA in PBS buffer; (3) RCA buffer (50 mM Tris-HCl,
4 mM DTT, 10 mM MgCl2, and 10 mM (NH4)2SO4, pH 7.5); (4)
TBST buffer (1% (w/v) BSA, 10 mM Tris-HCl and 50 mM NaCl,
pH 7.5).

Cell culture and isolation of exosomes

The HL-60 cells were maintained in RPMI supplemented with
10% fetal bovine serum (FBS) containing 1% penicillin and
streptomycin at 37 °C with 5% CO2 under a humidified atmo-
sphere. To avoid the cross-contamination by serum exosomes,
the cells were then cultured in RPMI containing 10% exosome-
depleted FBS for 48 h and then harvested from a 225 cm2 flask
at 80–90% confluency. Subsequently, the exosomes were iso-
lated from the culture medium of HL-60 cells by a standard
ultracentrifugation method as described in the previous
report.24 Briefly, the removal of intact cells from the cell
culture medium was done by centrifugation at 300g for
10 min, and then repeated centrifugation was carried out at
2000g for 20 min and 11 000g for 45 min to remove all the cell
debris and large extracellular vesicles (EVs). In the next step,
the supernatant was centrifuged at 100 000g for 2 h to acquire
intact exosomes. Finally, the sediment exosomes were washed
with PBS once and re-suspended in PBS. The number of exo-
somes was quantified by nanoparticle tracking analysis (NTA)
(NS500 instrument, Malvern Instruments, USA).

Transmission electron microscopy (TEM)

For TEM analysis, the optimal concentration of exosomes was
directly adsorbed on 300-mesh carbon grids and subsequently
dried for 5 min at room temperature (RT), and followed by
staining with 2.5% uranyl acetate for 50 s. After the removal of
the excess stain, TEM was used to analyze the morphology of
HL-60-cell derived exosomes under high vacuum with a
working voltage of 100 kV (Tecnai Spirit, FEI, USA).

Fig. 1 Schematic illustration of the dual-signal amplification-based
platform for the ultrasensitive detection of exosomes. The primer con-
tains the RCA primer (labeled in black) and AS1411 aptamer (labeled in
gray).
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Western blotting analysis

The western blotting experiment was carried out to confirm
the presence of the CD63 protein in exosomes. Here, the exo-
somes and cells were lysed in a SDS sample buffer and boiled
for 10 min for protein denaturation, and then the lysates were
separated by 12% SDS-polyacrylamide gel electrophoresis.
After electrophoresis, the proteins in the gel were transferred
onto an activated polyvinylidene fluoride (PVDF) membrane
(Millipore, USA). After blocking the protein blot with 5% non-
fat dry milk in TBST, the PVDF membranes were incubated
with the mouse anti-β actin and anti-CD63 primary antibodies
(1 : 1000) for 2 h at RT. Subsequently, the PVDF membranes
were washed three times with TBST and incubated with goat
anti-mouse horseradish peroxidase (HRP)-conjugated second-
ary antibodies for 1 h at RT. Finally, the immunoblots were
imaged with enhanced chemiluminescent reagents using an
Amersham imager 600 system (GE Healthcare, USA).

Preparation of gold nanoparticle (GNP)–DNA–fluorescence dye
(FAM) conjugates (GNP–DNA–FAM)

To prepare the gold nanoparticle (GNP), a previously reported
method was followed.25 Briefly, 0.01% HAuCl4 (50 mL) was
heated to boiling under magnetic stirring. Then, 1 mL of
sodium citrate (1%) was rapidly added into the above-men-
tioned boiling aqueous solution. After the appearance of a red
colour, the mixture was further stirred and boiled for an
additional 5 min to ensure the uniform size of grown nano-
particles. Finally, the solution was cooled to RT and stored at
4 °C for further use. The immobilization of DNA–FAM on
GNPs was done according to a previously reported procedure.26

In brief, the thiolated DNA–FAM was firstly activated by TCEP
for 30 min at 37 °C. Then, the different concentrations of
DNA–FAM were incubated with 1 mL GNP (1 nM) solution
overnight at RT. Subsequently, 50 μL of 10% Tween 20 was
added to the above-mentioned solution to reduce the aggrega-
tion of GNPs, and then the salt-aging process with 20 μL of 3
M NaCl was performed at repeated intervals of 20 min under a
cycle of 20 s sonication each time. After incubation for another
48 h, the excess reagents in the reaction mixture were removed
by centrifugation at 12 000g for 10 min. The pellet was resus-
pended in 100 μL of PBS (10 mM, pH 7.4) containing 0.01%
Tween 20 and stored at 4 °C.

The average number of DNA–FAM per GNP was quantified
according to the previous protocol.26 The DNA–FAM complex
was firstly released from the GNP by treating with mercap-
toethanol (20 mM). After overnight incubation at RT, the solu-
tion was centrifuged at 13 000g for 10 min to remove the GNP,
and the fluorescence of the released DNA–FAM strands was
determined with a Cytation 3 Imaging Reader (Biotek, USA).
The fluorescence intensity was compared to a calibration curve
that was prepared with known concentrations of DNA–FAM
and converted to molar concentrations of DNA–FAM. The
average number of DNA–FAM per GNP was then calculated
according to the concentration of GNP–DNA–FAM. UV-vis spec-

trometry was used to determine the concentration of the GNP–
DNA–FAM.

Exosome detection by dual signal amplification

A dual signal amplification-based platform for exosome detec-
tion was carried out in 200 µL Eppendorf tubes and 5% BSA
and PBS were used for blocking and washing steps throughout
the detection protocol. Anti-CD63 antibody-magnetic bead
conjugates (MB-CD63) were obtained by attaching the biotiny-
lated CD63 antibody to streptavidin-modified magnetic beads.
Briefly, 5 µL of the streptavidin-MB suspension (10 mg mL−1)
was washed three times with 100 µL of PBS buffer to remove
the preservative. After washing, 50 µL of the biotinylated CD63
antibody (40 μg mL−1) in PBS was added and incubated for
30 min at RT with gentle rotation. The unreacted biotinylated
CD63 antibody was washed away with PBST. To start the RCA-
based integrated platform for the detection of HL-60 cell-
derived exosomes, 50 μL of ten-fold serially diluted cell-derived
exosomes (10 particles per μL to 1 × 107 particles per μL) in
PBS were mixed with 50 μL of MB-CD63 conjugates for 30 min
at RT with gentle rotation. An external magnetic field was
applied to remove the unbound entities and was followed by a
washing step. After washing, the DNA primer-padlock was
added into the above-mentioned solution to bind exosomes
and incubated at RT for 30 min. After another washing step,
the ligation reaction was performed by adding 10 U T4 DNA
ligase to the above-mentioned mixture. After completion of the
ligation, RCA was performed by the Phi29 DNA polymerase (20
U) in the amplification mixture containing 1 × RCA buffer and
0.5 mM dNTPs at RT for 60 min. The first round of amplifica-
tion by RCA was followed by magnetic separation. Then,
100 µL of 0.5 nM GNP–DNA–FAM and nicking endonuclease
(20 U) were added to the mixture (60 min at RT) to generate
the second round of amplification. Finally, the fluorescence
was measured at 488 nm for excitation and 519 nm for emis-
sion using a Cytation 3 Imaging Reader (Biotek, USA).

Results and discussion
The principle of a dual signal amplification-based platform for
exosome detection

Aptamers have emerged as an excellent alternative to anti-
bodies as recognition elements in sensors27 which exhibit
many advantages, including fast, reproducible synthesis, easy
modifications, long-term stability28 and moreover, these may
be easily combined with nucleic acid-based techniques.
Taking these into account, we exploited AS1411 as the aptamer
for recognizing a novel protein marker i.e. ‘nucleolin’ present
on the surface of HL-60 cell-derived exosomes. The AS1411
aptamer has high affinity to nucleolin which was identified to
be expressed on the surface of leukemia-derived exosomes
from the results of the mass spectrum and flow cytometry
(Fig. S1†). The schematic diagram of a dual signal amplifica-
tion-based platform for the detection of exosomes is shown in
Fig. 1. Firstly, the exosomes were captured by MB-CD63, target-
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ing CD63, a surface marker of exosomes. After magnetic separ-
ation, a DNA primer (RCA primer + AS1411 aptamer) was used
to recognize the exosomes. Subsequently, the padlock was
added into the above-mentioned complex and ligation was per-
formed by adding the 10 U T4 DNA ligase. Under the con-
ditions of RCA, the DNA primer could be elongated with many
repeat sequences. To produce the detection signal, GNP–DNA–
FAM conjugates were hybridized with RCA products to form
the recognition sites of Nb·BbvCI. Before releasing, the fluo-
rescence of FAM could be quenched by GNPs due to its
specific optical effect. Then, Nb·BbvCI would nick the reco-
gnition site and repeatedly release the FAM from the surface of
GNPs, resulting in the enhanced fluorescence signal.
Consequently, the fluorescence signal demonstrated a good
linear relationship with the concentration of exosomes, and
the sensitivity of this method was improved 180 fold as com-
pared to the sensitivity observed without amplification
(Fig. S2†). The result of Fig. S2† was obtained by detecting the
exosomes without the second round of the signal amplifica-
tion step. Briefly, the RCA reaction was induced on the surface
of exosomes which were captured by MB-CD63. Then, the
DNA–FAM was hybridized with the RCA product to produce
the fluorescence signal.

Characterization and quantification of exosomes

Exosomes derived from HL-60 cells were firstly isolated from
the cell culture supernatant by ultracentrifugation. TEM ana-
lysis revealed a cup-shaped morphology of the exosomes
(Fig. 2A) as has been reported previously.15 An average dia-
meter (∼150 nm) of purified exosomes also corresponds to
the reported distribution range.29 Here, in order to further
confirm the successful isolation of exosomes, the expression
of CD63 was also analyzed by western blotting. The presence
of specific bands on the western blot confirmed that CD63
protein is present both in the cells and exosome lysates
(Fig. 2B). In addition, the average size and number of purified
exosomes were measured by NTA. The result showed that the
concentration was 2.8 × 108 particles per μL with the size dis-
tribution at approximately 164 nm (Fig. 2C). We found that
nucleolin was present in several leukemia cell line-derived
exosomes by mass spectrum analysis (data not shown), indi-
cating that nucleolin could be used as a potential target for
exosome detection. In order to further confirm the presence

of nucleolin on the surface of leukemia cell-derived exo-
somes, fluorescence activated cell sorting (FACS) was used to
characterize the exosomes. 293 T cell-derived exosomes and
the isotype of the antibody were used as controls. The result
indicated that leukemia cell-derived exosomes contain this
protein (Fig. S1†).

Characterization of dual-signal amplification

In this system, the RCA and Nb·BbvCI based reaction is a key
step for signal amplification. Therefore, the products of the
RCA and Nb·BbvCI-based reaction in the reaction mixture were
analyzed by agarose gel electrophoresis. As shown in Fig. 3A,
the presence of the DNA band in lane 4 with some retardation
indicates that the designed DNA primer (lane 2, primer only)
had hybridized with the padlock (lane 3, padlock only), and
the DNA band in lane 5 represents the product of RCA with
high molecular weight. In lane 8, the band of DNA–FAM
shifted more quickly than lane 6, indicating that DNA–FAM
have hybridized with the RCA product and then released by
Nb·BbvCI. In addition, we accomplished the analysis of exo-
somes with a dual signal amplification platform. The result
showed that the signal of exosome detection was dramatically
increased due to the enormous repeat sequences produced by
RCA for the nicking endonuclease-based signal amplification
(Fig. 3B). The signal of the biosensor without RCA and nicking
endonuclease-based signal amplification only showed lower
fluorescence. These results indicated that this dual signal
amplification platform could be successfully used to detect
exosomes.

Optimization of experimental conditions

To achieve the optimal performance of a biosensor for
exosome detection, RCA time, Nb·BbvCI nicking time and the
concentrations of DNA–FAM conjugated on the GNPs were
optimized. The RCA time was important for the amplification
of the detection signal. Theoretically, along with the extension
of the RCA time, the primer could be prolonged with more
repeat sequences resulting in the production of more reco-
gnition sites for Nb·BbvCI to amplify the signal. However, the

Fig. 2 The characterization of HL-60 cell-derived exosomes isolated
from the culture supernatant by ultracentrifugation. (A) TEM image of
exosomes. Scale bar: 200 nm. (B) Western blotting image of β-actin and
CD63 proteins from HL-60 cells and exosome lysates. (C) Nanoparticle
tracking analysis (NTA) of exosomes.

Fig. 3 The confirmation of RCA products and signal amplification. (A)
Agarose gel electrophoresis analysis of RCA products. Lane 1: marker;
Lane 2: primer; Lane 3: padlock; Lane 4: primer + padlock; Lane 5: RCA
products; Lane 6: DNA–FAM; Lane 7: RCA products + DNA–FAM; Lane
8: RCA products + DNA–FAM + Nb·BbvCI. (B) Fluorescence intensity of
biosensing with and without signal amplification.
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maximum fluorescence intensity was achieved at 60 min, after
that there was no increase in fluorescence (Fig. 4A). This may
be caused by the steric hindrance for the hybridization of
GNP–DNA–FAM with the longer RCA products, or the inacti-
vation of the Phi29 DNA polymerase.30 Here, another impor-
tant factor is the nicking time of Nb·BbvCI for the release of
FAM from GNP–DNA–FAM conjugates. As shown in Fig. 4B,
the fluorescence intensity had been increasing with the
increasing nicking time of Nb·BbvCI and reached a plateau
after 60 min. This result indicated that the optimum sensing
response was obtained at 60 min and a further increase in the
reaction time did not improve the sensing response. Therefore,
the optimal nicking time of Nb·BbvCI for signal generation
was chosen as 60 min. The concentration of DNA–FAM
attached on the GNP was optimized to achieve a stronger
sensing signal. Fig. 4C shows the agarose gel electrophoresis
analysis of GNPs with different ratios of DNA–FAM, and the
different migration of the GNPs indicates that the DNA–FAM
has been successfully conjugated on the GNP with different
numbers. TEM analysis of GNP–DNA–FAM conjugates showed
a halo around GNP which also indicates that DNA–FAM had
been modified on the GNP (Fig. 4C, inset image).
Furthermore, the maximum signal was achieved at a ratio of
1 : 500 (GNP : DNA–FAM) (Fig. 4D), and thus this concentration
(∼55 molecules per particle) was adopted for further research.
In addition, we also image the exosomes after the RCA reaction
and GNP–DNA–FAM hybridization by TEM. As shown in
Fig. 4D (inset image), we can see that many GNPs (black
sphere) have been successfully assembled on the exosomes by
the RCA products.

Analytical performance of fluorescent biosensor

To evaluate the analytical performance of a RCA-based bio-
sensor, HL-60 cell-derived exosomes with different concen-
trations were added to the reaction system to determine the
detection range and sensitivity under the optimized conditions.
As shown in Fig. 5A, the fluorescence intensity of the sensor
gradually increased with the increasing concentration of exo-
somes. Based on the response of the fluorescence signal, a cali-
bration curve with a good linear relationship in the range from
103 to 105 particles per μL was obtained with a correlation
coefficient (R2) of 0.998 (Fig. 5B). In addition, the limit of detec-
tion as low as 1 × 102 particles per μL was determined based on
the 3σ method (where σ is the standard deviation of a blank
solution, n = 10), which was 10 000 times lower than the com-
mercial kit (Immunoassays from Exosome Antibodies, Array &
ELISA Kits, System Biosciences). This improved the sensing per-
formance that may have resulted from RCA and nicking endo-
nuclease-assisted signal amplification.

To further investigate the feasibility of our method, we
assessed the specificity of the method using exosomes derived
from 293 T cells and HL-60 cells. Flow cytometric analysis
showed that there were fewer number of nucleolin proteins on
the exosome derived from 293 T cells as compared to that
from the HL-60 cells (Fig. S1†). According to the principle of
this method, RCA could only be produced on the surface of
nucleolin-positive exosomes with the induction of nicking
endonuclease-based signal amplification. Thus, we analyzed
the fluorescence intensity of our biosensor with appropriate
controls such as the nucleolin positive HL-60 cell-derived exo-
somes (positive control) and nucleolin negative 293 T cell-
derived exosomes (negative control). As shown in Fig. 6A, the
signal was dramatically increased in the presence of HL-60
cell-derived exosomes, whereas the 293 T cell-derived exo-
somes could not induce a high signal response as compared to
the blank group. This result also suggested that more nucleo-
lin proteins were present on cancerous exosomes as compared
to those on noncancerous exosomes. We also evaluated the
selectivity of the primer probe with the response of a sensor
for exosomes lacking the AS1411 aptamer sequence in the
primer probe. The results showed that the fluorescence inten-
sity was almost the same as that in the blank control which
conferred no false signal amplification (Fig. 6A).

Fig. 5 (A) The fluorescence response of the biosensor for exosomes at
different concentrations. (B) Standard curve of the fluorescence inten-
sity versus the concentration of exosomes (particles per μL).

Fig. 4 Optimization of (A) RCA reaction time and (B) the time for
nicking by Nb·BbvCI. (C) Agarose gel electrophoresis analysis of GNP
with different ratios of DNA–FAM. GNP : DNA–FAM = 1 : 0, 1 : 10, 1 : 50,
1 : 100, 1 : 200, 1 : 500, 1 : 750 and 1 : 1000 (Line 1–8). The inserted image
is the transmission electron microscopy (TEM) results of the GNP
without or with DNA–FAM modification. (D) The fluorescence biosen-
sing with different ratios of GNP and DNA–FAM. The inserted image is
the TEM image of the GNP assembly on the exosome by RCA products.
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Furthermore, exosomes spiked in the serum sample at
different concentrations were also analyzed to determine the
sample matrix effect. Firstly, exosomes with a known concen-
tration were spiked into 50% EV-depleted FBS, and then the
signal response of the exosomes in serum was analyzed. The
result showed that the signal of the exosomes spiked in FBS
was almost the same as that in PBS (Fig. 6B). The results indi-
cated that there was no sample matrix effect and therefore, the
proposed method can work well in complex biological samples
and holds great potential for future use in clinical samples
with high sensitivity and specificity.

Conclusions

In this work, we proposed a dual-signal amplification method to
detect leukemia derived nanosized exosomes with the combined
use of aptamer recognition, magnetic enrichment and rolling
cycle amplification. The method features high selectivity and
sensitivity with a detection limit as low as 1 × 102 exosomes per
μL and avoids the sampling of bone marrow. The protocol could
provide an extraordinary option for the non-invasive liquid
biopsy and be promising for the early diagnosis of leukemia.
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