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Tumor-derived exosomes as a liquid biopsy marker hold great promising for the accurate tumor diagnosis.
However, the visual exosomes detection method with high sensitivity and convenience is still a challenge and
highly valuable in the clinical application. Herein, we fabricated a colorimetric biosensor that could visually
detect leukemia-derived exosomes, and dual amplified the signal based on the rolling circle amplification (RCA)
assisted platform. To avoid the interference of components in serum, trigger-aptamer complex was firstly
modified on the magnetic beads (MBs) to recognize exosomes, and then release trigger probe to initiate RCA
reaction. Therefore, the trigger probe could produce long repeated sequences and hybridized with numerous
signal probe. After that, GNPs-HRP (HRP modified gold nanoparticles) bound with signal probe and induced
dramatic color change of TMB to achieve the sensing of exosomes. Benefiting from the RCA assisted dual signal
amplification, the presented method showed a limit of detection as low as 100 particles/pL. Moreover, this
method exhibited good specificity to distinguish healthy and leukemia patients, suggesting its great potential for

clinical diagnosis.

1. Introduction

Leukemia is a kind of heterogeneous hematologic malignancy with a
high incidence rate and mortality rate. Although the early diagnosis and
cancer surveillance is beneficial to improve the five-year survival or
overall survival rate, the current diagnosis method mainly relies on bone
marrow aspiration which is insensitive and invasive [1]. In contrast,
liquid biopsy demonstrated great potential for leukemia diagnosis with
noninvasiveness and high sensitivity features through analyzing bio-
markers in body fluid, such as circulating tumor DNA (ctDNA) [2], CTC
(circulating tumor cell) [3], cell-free nucleic acids (cfNAs) [4], exosomes
[5] and so on [6]. So, it is very important to establish a diagnostic
method based on liquid biopsy biomarkers for leukemia diagnosis.

Exosomes, as nanoscale extracellular vesicles with the diameter of
30-150 nm, are secreted by most all cells [7]. Based on the mechanism
of exosomes formation, biological molecules of parental cells (proteins,
RNA, DNA, amino acids, and metabolites) could specifically be pack-
aged into exosomes and play an important role by transferring them into
recipient cells [8]. In addition, those components could also predict the
state of parental cells [9,10]. So, exosomes have been considered as an
important biomarker for liquid biopsy of tumor. Compared with other
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biomarkers, exosomes also demonstrated many advantages, such as high
concentration, good specificity and stability in the liquid body [11].
However, the concentration of exosomes in the early stage of disease is
very low. Thus, the sensitivity of method for exosomes detection is very
important for early diagnosis of tumor.

In the recent years, several components of exosomes have been
shown to have potential as diagnostic disease markers, such as protein
[12], miRNA [13], DNA [14] and metabolites [15]. Thus, numerous
methods have also been developed to detection exosomes by targeting
different markers in exosomes [16-18]. Among them, the detection of
miRNA, DNA and metabolites usually need to damage exosomes, and
thus resulting in the poor accuracy of exosomes detection [19]. In
contrast, the detection of exosomal protein could avoid the damage for
exosomes due to it is located on the surface of exosomes. Thus, protein
demonstrates better feasibility as marker on exosomes. For the quanti-
fication of protein on exosomes, the present methods usually utilize
Western blot, mass spectrometry, enzyme-linked immunosorbent assay,
flow cytometry and immuno-electron microscopic. However, those
methods with low sensitivity and specificity are time-consuming and
expensive [20]. Recently, although the microfluidic platform [21],
surface plasmon resonance [22], surface enhanced Raman scattering
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[23], electrochemistry [24] and fluorescence [25] have also been used
to enhance analytical performance of exosomes, it is still needed to
develop a more convenient and sensitive method for the exosomes
detection in clinical application.

Herein, we constructed a dual signal amplified colorimetric biosensor
for exosomes detection through integrated RCA and gold nanoparticles. In
this work, nucleolin as a biomarker found on the leukemia cells derived
exosomes in our previous work was used as target to achieve the sensing of
leukemia-derived exosomes [25]. Firstly, the magnetic beads (MBs) were
utilized to immobilize the complex of trigger probe and aptamer probe.
Thus, the magnetic separation could efficiently avoid the interference of
other components in the following steps. In the presence of exosomes,
trigger probe could be released through the strong affinity of aptamer with
nucleolin, and triggered RCA reaction on the magnetic beads, and then
produced numerous repeated sequences to hybridize with signal probe.
Lastly, GNPs-HRP bound to the signal probe induced the color change of
TMB. Therefore, highly sensitive visual exosomes detection could be
achieved through utilizing RCA and GNPs-HRP to induce dramatic color
change of TMB. Moreover, the biosensor also displayed a good antijam-
ming capability and performance for the analysis of clinical samples, and
showed great potential for the liquid biopsies of leukemia.

2. Experimental section
2.1. Materials and reagents

Human leukemia cell line HL-60 was purchased from the Cell Bank,
Chinese Academy of Sciences (Shanghai, China). Chloroauric acid
(HAuCly-3H20) and Tris (2-carboxyethy) phosphine hydrochloride (TCEP)
were purchased from Sigma-Aldrich (StLouis, MO, USA). Sodium citrate and
streptavidin-HRP were obtained from Sangon Biotech (Shanghai, China).
The oligonucleotide used in this study were synthesized and purified by
Sangon Biotech (Shanghai, China), and the sequences are as follows:

Aptamer probe: 5'-CGATGGGTGGTGGTGGTTGTGGTGGTGGTGGT-
3.

Trigger probe: 5'bio-TTTTTACCACAACCACCACCACCCATCG-3.

Padlock 1: 5phosphate-TGGTGGTGGTATGTCCATCAAACTTCT
TCCTTGCTGAGGTGTCCGATGGG-3.

Padlock 2: 5'phosphate-GGTGGTGGTATGTCCATCAAACTTCTT
CCTTGCTGAGGTGTCCGATG-3.

Signal probe: 5'bio-TTTTTTTTTTTCCATCAAACTTCTTCCTTGC.

2.2. Cell culture and exosomes isolation

HL-60 cells were cultured in RPMI with 10% fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin at 37 °C under a 5% CO2
atmosphere. HEK293T cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) with high-glucose, and other conditions are same
with HL-60 cells. For the collection of exosomes, the culture medium of
cells was replaced with fresh RPMI or DMEM containing exosomes-free
FBS after cells grew up to 70% confluency. For another 48 h, the su-
pernatant of cells medium was collected and processed as following step.
Firstly, the culture supernatant was centrifuged at 1000 g for 5 min to
remove the intact cells. Then, the cell debris and large vesicles were
removed by 2000 g for 10 min and 10 000 g for 30 min, respectively. The
exosomes were obtained by centrifugation at 100 000 g for 120 min.
Finally, exosomes were obtained by ultra-centrifuged at 120 000 g at
4 °C for 120 min.

2.3. The characterization of exosomes

After isolation, the size distribution and concentration of exosomes
were firstly detected by nanoparticle tracking analysis (NTA, NanoSight
NS300). Then, the markers (CD63 and TSG101) and shape of exosomes
were detected by WB and Transmission electron microscopy (TEM),
respectively.
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Scheme 1. Schematic illustration of RCA induced dual signal amplification
platform for exosomes detection.

2.4. The preparation and characterization of streptavidin-HRP modified
gold nanoparticles (GNPs-HRP)

To achieve streptavidin-HRP modified gold nanoparticles, the GNPs
were firstly prepared by a previous method, and the detailed steps as
follows. After heated to boil, 1% sodium citrate (1 mL) was rapidly
added into 0.01% HAuCl, (50 mL) under strong stirring. To ensure the
size of GNPs is uniform, the mixture should further be stirred for another
5 min after the solution become into red. Following, streptavidin-HRP
was added to 1 mL GNPs solution for 1 h at 37 °C, and continue incu-
bated for another 1h with 10% BSA (100 pl). Lastly, the solution was
centrifuged at 10 000 g for 10 min, and then resuspend in 100 pl PBS.

2.5. Exosome detection

For exosmes detection, 10 pl trigger probe (2 pM) was firstly added
into 5 pl magnetic beads and incubated in 100 pl PBS buffer for 30 min at
room temperature. Then, 10 pul aptamer probe (2 pM) was used to hy-
bridize with trigger probe on magnetic beads after blocking with 100 pL
PBS containing 2% BSA and 10 pmoles biotin. To achieve sensing,
exosomes with different concentrations were added and reacted for 30
min at room temperature. After incubation, the supernatant was dis-
carded through magnetic separation and washed 3 times with PBS. Next,
100 pl T4 buffer containing padlock probe (10 pl, 2 pM) and T4 DNA
ligase (10 U) were added into the above-mentioned magnetic beads for
60 min at room temperature. Following, RCA was performed by adding
Phi 29 DNA polymerase (20 U) and 0.5 mM dNTPs in 1 x RCA buffer for
60 min at room temperature. After that, signal probe was added to hy-
bridize with RCA products, and GNPs-HRP was further used to bind with
signal probe. In order to produce sensing signal, TMB and H,0; solution
was added to achieve color change, and the absorbance value was
measured at the wavelength of 650 nm.

2.6. Clinical sample analysis

Human plasma samples from five leukemia patients and five healthy
donors were provided by the First Affiliated Hospital of Anhui Medical
University (Hefei, China). All experiments were performed in compli-
ance with the relevant laws and institutional guidelines (Biomedical
Ethics Committee of Anhui Medical University, China), and informed
consent was obtained for any experimentation with human subjects. In
order to remove excess large vesicles, the plasma samples were firstly
centrifuged at 10 000 g for 10 min. Then, the obtained supernatant (40
pl) was detected according to the above procedure.

3. Results and discussion
3.1. The detection principle of the presented biosensor
The mechanism of the colorimetric biosensor for exosomes detection

was illustrated in Scheme 1. In this work, nucleolin protein highly
expressed on the HL-60 cells derived exosomes was used as our target.
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Fig. 1. The characterization of exosomes. (A) TEM image of exosomes derived from HL-60 cells. (B) Nanoparticle tracking analysis (NTA) of purified exosomes. (C)
Western blotting image of TSG-101 and CD63 proteins for the HL-60 cells and exosomes lysates.
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Fig. 2. The characterization of GNPs-HRP. (A) TEM image of GNPs and GNPs-
HRP. (B) The UV-vis absorption spectra of GNPs and GNPs-HRP. (C) Agarose
gel electrophoresis analysis of GNPs and GNPs-HRP. (D) The color intensity of
TMB induced by GNPs and GNPs-HRP in the presence of H,O,, (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

So, the trigger probe was firstly functionalized on the MBs by the
interaction of streptavidin and biotin, and then hybridized with aptamer
of nucleolin to form complexes. In the presence of exosomes, aptamer
bound with exosomes, and then released trigger probe due to the high
affinity between aptamers and exosomal nucleolin protein. Therefore,
the trigger probe can be further hybridized with padlock probe and
extended to form numerous repeated sequences through RCA reaction.
After magnetic separation, signal probe modified with biotin at the 5’
end hybridized with RCA products to form double strands, and thus
binding with HRP functionalized GNPs to cause a dramatic color change
in the presence of TMB and H0,. Finally, UV-vis absorption of above
solution was monitored with a UV-spectrophotometer. According to the
relationship between absorption value and exosomes concentration, a
visual biosensor can be obtained for the convenient and sensitive exo-
somes detection.

3.2. Characterization of exosomes and HRP functionalized gold
nanoparticles (GNPs-HRP)

To obtain the standard samples of leukemia-derived exosomes,
multistep differential ultracentrifugation was used to isolation the exo-
somes derived from the cell culture supernatant of HL-60 cells. After-
wards, the exosomes were analyzed by TEM, WB, and NTA. As shown in
Fig. 1A, the shape of exosomes demonstrated typical “cup-shaped” with
the size in the range of 100-200 nm. Simultaneously, we also employed
NTA to analyze the size distribution and concentrations of exosomes. The
result demonstrated the average size was about 152 nm, and the con-
centration was about 2 x 10° particles/mL (Fig. 1B). To further prove the
successful isolation of exosomes, the exosome markers, such as CD63 and
TSG-101 protein, have also been detected by WB (Fig. 1C). Therefore,
these results suggested that we have successfully obtained exosomes.

To enhance the detection signal of exosomes, we used HRP func-
tionalized GNPs through the interactions between GNPs and mercapto
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Fig. 4. Optimization of the experimental conditions.
(A) The color intensity of exosomes detection induced
by different padlock. (B) The signal to noise ratio of
color intensity corresponding to Fig. 4A, Mean =+ S.
D., n = 3. (C) Agarose gel electrophoresis of RCA
products with different reaction time. (D) UV-vis
absorption spectrum of color signal with different
RCA reaction time. (For interpretation of the refer-
ences to color in this figure legend, the reader is
- referred to the Web version of this article.)
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(Au-HS) or primary amine groups (electrostatic) of HRP [29]. Thus, we
firstly examined the size and homogeneity of GNPs through TEM and
UV-vis absorption spectra. As shown in Fig. 2A, the GNPs possess uni-
form spherical morphology with an average diameter of 18 nm, and the
surface of GNPs-HRP showed a halo indicating the successful modifi-
cation of HRP. In addition, the red shift of UV-vis absorption spectra
(Fig. 2B) and the different migration rates of GNPs in agarose electro-
phoresis (Fig. 2C) also showed the similar results. After the modification
of GNPs with HRP, the GNPs-HRP could obtain the catalytic ability to
TMB. Thus, TMB and H30, were further used to verify the catalytic
activity of GNPs-HRP complex. As shown in Fig. 2D, the obvious color
change can be observed in GNPs-HRP group and GNPs group showed
negligible color change, suggesting the successful functionalization of
HRP on the GNPs.

3.3. Feasibility verification of the biosensor for exosomes detection

To test the feasibility of our method, the probes used in this biosensor
were firstly tested by native polyacrylamide gel electrophoresis (PAGE).
As shown in Fig. 3A, the complex of trigger-aptamer was stable and
could not be separated by padlock probe. Simultaneously, the analysis of
RCA product also suggested padlock probe could not separate the
trigger-aptamer complex (figure S1). Thus, we used the HL-60 cells
derived exosomes to further verify the feasibility of the detection prin-
ciple. According to the working principle, the trigger probe only can be
released in the presence of exosomes, and then triggering the following
RCA to produce color change based on the binding of GNPs-HRP.
Therefore, we tested color change of TMB under the different condi-
tion. As shown in Fig. 3B, there is no color signal in the absence of
exosomes (black curve), and the obvious color signal can be obtained in
the presence of exosomes. In addition, the color change in the GNPs-HRP
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Fig. 5. (A) UV-vis absorption spectrum in the presence of different exosomes concentrations. (B) Standard curve of the UV-vis absorbance value versus the con-
centration of exosomes (Insert is the photo of color intensity with different exosomes concentrations), Mean + S.D., n = 3. (C) The specificity of this method for
leukemia cells derived exosomes detection. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Comparison of the LOD of current methods for exosomes detection.
No. Method LOD (particles/puL) Ref.
1 Surface plasmon resonance 1 x 10* [22]
2 Electrochemical method 149 [24]
3 Fluorescence method 400 [25]
4 Colorimetric method 2.2 x 10° [26]
5 Colorimetric method 160 [27]
6 Colorimetric method 340 [28]
7 Colorimetric method 100 This work

group (blue curve) was more strongly than the SA-HRP (streptavidin-
HRP) group (red curve), indicating the successful signal amplification by
using GNPs-HRP.

3.4. Optimization of experimental conditions

To obtain the best sensing performance, the key experimental con-
ditions, including the sequences of padlock and RCA reaction time, were
optimized. Firstly, the sequences of padlock probe with different com-
plementary base to trigger probe was optimized to reduce the back-
ground signal. As shown in Fig. 4A, the padlock probe 2 demonstrated
lower background signal than padlock probe 1, indicating more com-
plementary base between padlock probe and trigger probe is unfavor-
able to high signal noise ratio. So, we chose padlock probe 2 to induce
RCA reaction. Next, we explored the effect of RCA time to the final
detection signal, and find that the color intensity increased to the
maximum when the RCA time was 50 min (Fig. 4D). The result of
agarose electrophoresis also suggested the RCA products have reached a
plateau at 50 min (Fig. 4C). Thus, the optimized RCA time of 50 min was
used for the exosome detection in subsequent assays.

3.5. The detection performance of the method

Under the optimal experimental conditions, the capability of this
method for quantitative exosomes analysis was evaluated. In the pres-
ence of exosomes derived from HL-60 cells, the color intensity of solu-
tion gradually increases with the increasing exosomes (Fig. 5A). The
calibration curve (y = 0.012x + 0.072, R? = 0.9944) with good linear
relationship could also be obtained between color signals of TMB against
the concentration of exosomes (Fig. 5B), and the limit of detection (LOD)
of this biosensor in PBS solution was calculated to be 100 particles/pL
based on the 30 method (¢ was the standard deviation of color intensity
for 10 blank samples). Compared to previous reported methods, this
biosensor had a lower LOD (Table 1). In addition, the agarose gel elec-
trophoresis of RCA product also increased with the increasing exosomes
(figure S2).

The specificity was also utilized to assess the performance of this
biosensor. Thus, HEK293T cells derived exosomes with no nucleolin
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expressed were used as control to explore the capability of this method
in discriminating the exosomes derived from HL-60 cells. As shown in
Fig. 5C, the color signals of HL-60 cells derived exosomes was signifi-
cantly higher than HEK293T cells derived exosomes, indicating the
proposed biosensor had an excellent selectivity for HL-60 cells derived
exosomes.

3.6. The detection performance of biosensor for complex biological
samples

To validate the clinical applicability of the designed biosensor, the
anti-interference ability of this method for the exosomes detection in
FBS was firstly investigated. As shown in Fig. 6A, the color intensity of
exosomes spiked in 80% FBS showed no significant difference compared
with that in PBS under the same concentration. Thus, we further eval-
uated the performance of our proposed method in clinical serum sam-
ples. The plasma samples from five leukemia patients and five healthy
individuals were firstly collected and centrifuged to remove the cells and
large vesicles. Then, 40 pl clinical samples were added into the detection
system according to the protocol. The results showed that the signals
could be directly observed by naked eye visualization (Fig. 6B), and
successfully distinguished the leukemia patients with healthy people (p
< 0.01), indicating this method possess promising potential for clinical
application by sensing the nucleolin on the exosomes.

4. Conclusion

In conclusion, we constructed a colorimetric biosensor based on RCA
induced dual signal amplification platform for visual analysis of
leukemia-derived exosomes. Due to the using of aptamer, magnetic
beads and dual signal amplification strategy, this method demonstrated
high sensitivity (LOD, 100 particles/pL), good linearity (R? = 0.9944)
and selectivity, low signal noise ratio and small sample volume (40 pL).
Importantly, this biosensor could acquire the result through the naked
eye visualization, without using large and complex instruments. Addi-
tionally, it could successfully distinguish the health and leukemia pa-
tients through the observation of color change, indicating a promising
clinical application of this method in liquid biopsy of leukemia.
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