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• A split-aptamer mediated regenerable 
temperature-sensitive (SMRT) biosensor 
was built for the first time. 

• The sensitive and specific detection of 
SMMC-7721 exosomes was successful 
implementation. 

• The SMRT biosensor could be regener
ated simply and quickly by adjusting the 
temperature to 37 ◦C in 30 s.  
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A B S T R A C T   

In this paper, a split-aptamer mediated regenerable temperature-sensitive (SMRT) electrochemical biosensor was 
constructed for the detection of exosomes. The split-aptamer used in this SMRT biosensor was composed of two 
fragments, one of which was immobilized on the surface of an electrode via sulfhydryl groups and named split-a 
and the other was labelled with methylene blue and named split-b. The two fragments could form sandwich 
structures at the electrode surface via target-induced self-assembly in the presence of target exosomes at 4 ◦C in 
PBS, and then realizing the detection of exosomes via voltammetry. In addition, due to the temperature sensi
tivity of the split-aptamer, the electrode could be regenerated through temperature-induced disassembly of the 
sandwich structures. Consequently, the SMRT biosensor realized sensitive and specific analysis of target exo
somes with a limit of detection of 1.5 × 106 particles/mL and could be quickly and easily regenerated by washing 
with PBS at 37 ◦C for 30 s without any additives. This is the first study on the construction of a reproducible 
electrochemical biosensor using a split-aptamer for the specific detection of tumour exosomes, and may provide 
an innovative strategy for the economical and efficient design of regenerable electrochemical biosensors.  
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1. Introduction 

Exosomes, which are double-layered vesicles with sizes of 40–160 
nm, are widespread in the supernatants of cell cultures and in multiple 
body fluids [1]. These vesicles possess a variety of biomolecules from 
parental cells, including nucleic acids, proteins and lipids [2], and play 
significant roles in various physiological and pathological processes of 
the body, including tumour proliferation, metastasis, and immune 
modulation [3–5]. Hence, exosomes have become new and valid bio
markers for tumour screening, diagnosis and treatment [6]. However, 
due to their small volume and low content in biofluids at the early 
phases of cancer, realizing highly sensitive and selective detection of 
exosomes remains challenging [7]. 

Recently, numerous methods that are based on employing the sur
face proteins of exosomes as targets have been applied for the analysis of 
exosomes, including fluorescence [8,9], colorimetry [10], surface plas
mon resonance [11], surface-enhanced Raman spectroscopy [12], and 
electrochemical methods [13,14]. Among them, the electrochemical 
method has aroused the interest of researchers due to its various ad
vantages, such as rapid response speed, hypersensitivity, simple device, 
and low cost [15]. However, electrochemical biosensors have poor 
reproducibility and poor stability, which hinders their wide application 
as diagnostic equipment [16]. This is due mainly to discrepancies in the 
modifications of electrodes [17]. To solve this problem, a sensor 
regeneration strategy was proposed, which enables a sensor to repeat
edly perform multiple detections, thereby substantially reducing diver
gence from sensor to sensor [18]. To realize the regeneration of 
electrochemical biosensors, most current strategies require additional 
chemical reagents, such as guanidine chloride [19], glycine [20], and 
urea [21]. Moreover, these strategies not only affect the type and 
dispersion of ions on the biosensor surface but also damage the probes 
that have been modified onto the electrode [22]. Consequently, the 
design of a reliable, gentle, simple, and fast strategy for the regeneration 
of electrochemical biosensors is vital. 

Aptamers, which are single-stranded oligonucleotides with 20–60 
bases that can identify targets with high affinity and specificity, have 
attracted extensive attention in the development of simple and universal 
electrochemical sensors [23–26]. Among them, split-aptamers have 

shown significant advantages in constructing electrochemical sensors 
[27–29]. A split-aptamer originates from one intact aptamer sequence 
that is artificially divided into two or more fragments [30]. They are 
more flexible and easier to design for sensors due to their short se
quences [31,32]. In addition, the split-aptamer fragments can be 
induced to aggregate to form a recognition configuration in the presence 
of the target [33,34]. The recognition configuration is mostly a sand
wich structure, which is very convenient for the construction of elec
trochemical sensors [35–37]. However, building reproducible 
electrochemical biosensors using aptamers or split-aptamers under mild 
conditions remains challenging. 

Recently, our group and Wang’s group explored a few successful 
split-aptamer based probes with temperature sensitivity for the detec
tion of tumour cells or exosomes [8,38]. In this work, we report a spli
t-aptamer mediated regenerable temperature-sensitive (SMRT) 
electrochemical biosensor for the sensitive and selective detection of 
tumour exosomes for the first time. As displayed in Scheme 1, the two 
fragments, namely, split-a and split-b, that originate from an integrated 
aptamer that can specifically recognize the N-glycoprotein on the sur
faces of SMMC-7721 cells [8,39], are used as recognition elements in 
this study. After modification with a sulfhydryl group, split-a can be 
immobilized on a gold electrode surface by Au–S bonds. Redox moiety 
methylene blue is modified onto split-b. In the presence of exosomes at 
4 ◦C, fragments split-a and split-b move close to each other to capture the 
target and form a recognition configuration that can realize the specific 
and sensitive detection of exosomes as the methylene blue approaches 
the electrode, thereby generating a redox signal. The recognition 
configuration that is formed by the split-aptamer and exosomes can be 
destroyed by rinsing the electrode in PBS at 37 ◦C due to the 
split-aptamer losing its recognition ability at higher temperatures. 
Therefore, the electrodes can be regenerated in as little as 30 s and then 
used directly for subsequent testing without any additional 
modifications. 

Scheme 1. Schematic illustration of split-aptamer mediated regenerable temperature-sensitive (SMRT) electrochemical biosensor for the detection of 
tumor exosomes. 
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2. Materials and method 

2.1. Reagents 

6-Mercaptohexanol (MCH) and Tris (2-carboxyethyl) phosphine 
(TCEP), were bought from Sigma. DNA oligonucleotides, RPMI-1640 
and DMEM medium, and Dulbecco’s phosphate buffered saline (D- 
PBS) were obtained from Sangon Biotech Co. Ltd. (Shanghai, China). 
Tris aminomethane hydrochloride (Tris-HCl) was purchased from 
Aladdin Reagents Inc. (Shanghai, China). Fetal Bovine serum (FBS) was 
obtained from System Biosciences (USA), bovine serum albumin (BSA) 
and yeast tRNA were bought from Sinopharm Chemical Reagent Co., 
Ltd. The chemical reagents used in this experiment were analytical 
grades. Milli-Q water (18 MΩ/cm resistivity) was used to prepare 
solutions. 

The reaction buffer was Tris-HCl buffer (10 mM, pH 7.4) including 
10 mM MgCl2 and 500 mM NaCl. Binding buffer was prepared by adding 
glucose (4.5 mg/mL), BSA (2 mg/mL), yeast tRNA (1 mg/mL) and MgCl2 
(5 mg/mL) into D-PBS. 

2.2. Sequences of oligos 

All sequences of oligos were synthesized by Sangon Biotech Co. Ltd. 
(Shanghai, China) and are listed in Table S1. Additional details on the 
aptamer were displayed in Fig. S1. The dissociation constant of the 
splitting of the aptamer was about 5.8 nM, the sequences were as 
follows: 

Split-a: 5′–SH(CH2)6–TTT TTT CGT CAG GTT GAG CTG AAG ATC 
GTA CCG TGA AGT CCG T- 3’ 

Split-b: 5’ -ACG GAC TAC CTG ACG TTT TTT-methylene blue- 3’ 

2.3. Apparatus 

All Electrochemical assays were implemented on CHI-660E electro
chemical workstation (Chenhua Instrument Co. Ltd, Shanghai). The 
experiment was carried out in a three-electrode system, including gold 
working electrode with a diameter of 3 mm, saturated calomel reference 
electrode, and platinum counter electrode. Transmission electron mi
croscopy (FEI-Tecnai G2, USA) and scanning electron microscopy 
(Hitachi SU8000, Japan) were used to characterize the morphology of 
exosomes. Nanoparticle tracking analysis (NanoSight 300, UK) was 
applied to quantify exosomes. Ultracentrifuge (Himac CP100NX, Japan) 
was used to isolate exosomes. 

2.4. Cell culture and exosome purification 

The process of cell culture and exosome purification was carried out 
according to a previous method [40]. SMMC-7721 (human hepatocel
lular cancer) and MCF-7 (human mammary carcinoma) cells were 
seeded in DMEM. Ramos cells (human Burkitt’s lymphoma, B cell line) 
and CCRF-CEM (human acute lymphoblastic leukaemia, T cell line) were 
cultured in RPMI-1640 medium. All culture media were supplemented 
with 10% FBS and penicillin/streptomycin (100 IU/mL). The cells were 
cultured in a sterile incubator with 5% CO2 at 37 ◦C. The cells were 
washed twice with D-PBS when their density reached 70%–80%, after 
which they were cultured in exosome-free FBS medium for 48 h. The 
supernatant of the cells was collected. The collected supernatant was 
centrifuged at 300 g for 10 min, 2000 g for 10 min, and 10000 g for 30 
min in sequence, after which it was filtered through a 0.22 μm filter. 
Finally, the supernatant was precipitated by ultracentrifugation at 
100000 g for 70 min twice to collect exosomes. All centrifugation op
erations were completed at 4 ◦C. The collected exosomes were resus
pended in PBS and stored at − 80 ◦C. 

2.5. Construction of the SMRT biosensor 

The gold electrodes were pretreated according to a previously re
ported method [41]. For the construction of the SMRT biosensor, split-a 
(1 μM) was mixed with 3 mM TCEP in Tris-HCl (10 mM, pH 7.4) at room 
temperature for 1 h to break the disulfide bond. Subsequently, 6 μL of 
split-a (200 nM) was added onto the surfaces of the pre-treated elec
trodes and incubated in the dark overnight at room temperature. Then, 
the modified electrodes were treated with MCH (1 mM) at room tem
perature for 40 min. After that, each electrode was incubated with 6 μL 
of a solution that was composed of 800 nM split-b and one of various 
concentrations of exosomes for 30 min at 4 ◦C. At each step, the elec
trodes were rinsed with D-PBS slowly and carefully. Finally, these 
fabricated electrodes were immersed in D-PBS for electrochemical 
measurements. 

2.6. Electrochemical measurements 

Cyclic voltammetry (CV) and electrochemical impedance spectros
copy (EIS) measurements were performed in PBS that contained [Fe 
(CN)6]3-/4- (5 mM) and KCl (0.1 M). The parameters for the EIS study 
were as follows: frequency: 0.1 Hz–100 kHz and amplitude: 5 mV. Dif
ferential pulse voltammetry (DPV) measurements were conducted in D- 
PBS under the following parameters: potential: − 0.55–0 V; amplitude: 
0.06 V; pulse width: 0.005 s; step potential: 0.004 V; and pulse period: 
0.3 s. 

3. Results and discussion 

3.1. Characterization and quantification of exosomes 

The exosomes used in this study were characterized by transmission 
electron microscopy (TEM) and scanning electron microscopy (SEM). As 
displayed in Fig. 1, the exosomes were spherical vesicles with an average 
diameter of 150 nm. The concentration of exosomes (diluted 100 times) 
was calculated as 2.0 × 109 particles/mL using nanoparticle tracking 
analysis (NTA). The results were consistent with previously reported 
results [42,43]. 

3.2. Characterization of the successfully developed SMRT biosensor 

Firstly, modification processes of the electrode were characterized by 
EIS and CV. Fig. 2A shows Nyquist plots of impedance spectra at elec
trodes in various modification stages. The diameter of the semicircle of 
the EIS curve indicated the electron transfer resistance (RCT) [44,45]. 
The bare gold electrode exhibited a very small semicircle with a low 
impedance value (RCT = 28.81 Ω), whereas the gold electrode that was 
modified with split-a displayed a larger semicircle with an RCT value of 
approximately 1304 Ω because the modified probes on the electrode 
surface hindered the transfer of electrons [46]. The impedance value 
(RCT = 2265 Ω) further increased after the electrode was sealed with 
MCH because MCH blocked the unmodified active sites and caused the 
rate of electron conduction to decrease. When the electrode was incu
bated with the exosomes and the aptamers, the impedance value 
continued to increase (RCT = 3351 Ω), thereby demonstrating that 
exosomes were captured on the electrode by the split-aptamer. The CV 
results were consistent with the EIS results (Fig. 2B), thereby indicating 
that the SMRT biosensor was successfully constructed. 

3.3. Feasibility of the constructed biosensor 

To validate the feasibility of the SMRT biosensor, DPV experiments 
were conducted on various electrodes under the same conditions. A 
preliminary experiment using a complementary sequence to probe split- 
a demonstrated the rationality of the design (Fig. S2). Then, the feasi
bility of the SMRT biosensor was verified using exosomes. As shown in 
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Fig. 3A, after incubation with split-a, split-b and exosomes (4.0 × 108 

particles/mL) on the electrode, an obvious oxidation peak of methylene 
blue was observed at − 0.266 V (curve a). In contrast, only small currents 
were generated in the absence of exosomes (curve b), split-a (curve d) 
and split-b (curve c). To further prove that the signal was generated by 
the split-aptamer recognizing exosomes, a control fragment, namely, 
split-ctrl-b, that was modified with methylene blue was used. As curve e 
shows, only a weak oxidation peak was obtained, which was likely due 
to the nonspecific absorption of split-ctrl-b. These results confirmed that 
the target exosomes could induce the reassembly of the split-aptamer 
into the recognition configuration and further promote the movement 
of the methylene blue that was modified onto split-b closer to the 
electrode to generate signals. Therefore, the constructed SMRT 
biosensor could be used to detect exosomes. 

3.4. Analytical performance of the SMRT biosensor 

To realize the best analysis performance, the experimental condi
tions were optimized by adjusting the molar ratio of split-a to split-b, the 
concentration of split-a, and the incubation time (Fig. S3). Then, the 
performance of the biosensor for the detection of exosomes was explored 
by DPV under optimal experimental conditions (using 200 nM split-a 
and 800 nM split-b, incubated for 30 min). As displayed in Fig. 3B, 
the current was enhanced as the number of target exosomes increased, 
and the DPV intensity showed a linear relationship with the logarithm of 
the exosome concentration in the range from 2.0 × 106 to 4.0 × 108 

particles/mL (Fig. 3C). The linear regression equation was identified as I 
= 207.7 lg C − 1065, with R2 = 0.9974. The limit of detection (LOD) was 

1.5 × 106 particles/mL, which was at the same level as the values in 
most previous reports (Table S2). 

Next, the selectivity of the fabricated biosensor was explored using 
three groups of control exosomes (MCF-7, CEM, and Romas) with equal 
concentrations of 4.0 × 108 particles/mL. The DPV response currents of 
the samples are displayed in Fig. 3D. The current of the SMRT biosensor 
to SMMC-7721 exosomes was approximately 700 nA, and those of the 
other samples were all lower than 200 nA. The higher signal showed that 
the split-aptamer reassembled into a sandwich structure at the surface of 
the electrode in the presence of target SMMC-7721 exosomes, which was 
consistent with previous reports [8]. In summary, the results indicated 
that this strategy has excellent specificity for the detection of target 
exosomes. 

The practicality of the SMRT biosensor in a complex biological 
environment was also tested using binding buffers that contained 10% 
and 20% FBS. As shown in Fig. S4, the current responses to target exo
somes in 10% and 20% FBS were similar to those in PBS buffer solution. 
This result indicated that the SMRT biosensor has anti-interference 
ability and application potential for the assay of exosomes in intricate 
biological environments. 

3.5. Regeneration performance of the SMRT biosensor 

The electrode regeneration process is illustrated in Fig. 4A. In brief, 
the biosensor performed the detection function through exosome- 
induced assembly of the split-aptamer on the electrode surface at 4 ◦C 
and could be regenerated by changing the temperature to 37 ◦C due to 
the disassembly of the split-aptamer at high temperatures [47,48]. First, 

Fig. 1. The characterization of SMMC-7721 cells-derived exosomes. (A) TEM image of exosomes. (B) SEM image of exosomes. (C) Size distribution of exosomes 
analyzed by NTA. 

Fig. 2. (A) EIS and (B) CV responses of different electrodes in PBS containing 5 mM [Fe(CN)6]3-/4-. (a) bare Au, (b) split-a/bare Au, (c) MCH/split-a/bare Au and (d) 
exosomes/split-b/MCH/split-a/bare Au. 
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the temperature sensitivity of the split-aptamer was explored. As shown 
in Fig. 4B, the value of ΔI at 4 ◦C was significantly greater than that at 
37 ◦C. This was because the split-aptamer recognized exosomes effec
tively at 4 ◦C and then prompted target-induced reassembly of split-a 
and split-b to form a sandwich structure at the surface of the elec
trode, thereby resulting in a high current value. In contrast, the 
split-aptamer almost lost the identification ability at 37 ◦C; hence, there 
was no obvious current signal. The concentration of exosomes in this 
process was 4.0 × 108 particles/mL. Next, the regenerative ability of the 
SMRT biosensor was investigated. The time of the electrode regenera
tion was optimized as 30 s (Fig. S5). As shown in Fig. 4C, the electrode 
with a high current value (curve i) was refreshed by rinsing at 37 ◦C in 
PBS for 30 s (curve ii). Then, the refreshed electrode operated again 
when incubated with exosomes and split-b at 4 ◦C in PBS. The results 
indicated that the SMRT biosensor was regenerable. In addition, 
throughout the execution of the regeneration process for 5 cycles, the 
electrochemical biosensor retained its original recognition efficiency 
with a relative standard deviation (RSD) of between 3.0% and 10.6% 
(Fig. 4D, Table S3). Meanwhile, one electrode underwent constant 
regeneration to detect different samples, as indicated in Fig. 4E. The 
biosensor showed a strong signal for target exosomes but no obvious 
signal for control exosomes. This result demonstrated that the SMRT 
biosensor maintained strong binding affinity and high selectivity after 
regeneration. The temperature-controlled regeneration strategy that 
was used in this work was more effective and faster than those in most 
previous works (Table S4). 

4. Conclusions 

We constructed a split-aptamer mediated regenerable temperature- 
sensitive (SMRT) biosensor for the detection of exosomes for the first 
time. The SMRT biosensor was simply and ingeniously designed using 
only a split-aptamer and could detect tumour exosomes sensitively and 
specifically with a low limit of detection of 1.5 × 106 particles/mL. In 
addition, this SMRT biosensor could be regenerated simply and quickly 
by adjusting the temperature to 37 ◦C in 30 s. The main disadvantage of 
the biosensor is its relatively low current value, which could be 
improved by combining amplification strategies using enzyme or DNA 
nanotechnology. As a simple, effective, and reproducible biosensor for 
the specific detection of tumour exosomes, the development of the 
SMRT biosensor may provide an innovative strategy for the economical 
and efficient design of regenerable electrochemical biosensors. 
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Fig. 3. (A) DPV responses of the Au electrode after incubation with (a) split-a/split-b/target exosomes, (b) split-a/split-b, (c) split-a/target exosomes, (d) split-b/ 
target exosomes and (e) split-a/split-ctrl-b/target exosomes. The concentration of exosomes used for this process was 4.0 × 108 particles/mL. (B) DPV responses 
of MB under different concentrations of SMMC-7721 cells-derived exosomes. The concentration of exosomes (from I to Ⅷ) was 0, 2.0 × 106, 4.0 × 106, 2.0 × 107, 
4.0 × 107, 1.0 × 108, 2.0 × 108, and 4.0 × 108 particles/mL. (C) The relationship between current intensity and the logarithm value of SMMC-7721 exosomes 
concentration. (D) The specificity to exosomes isolated from MCF-7 cells, CEM cells and Ramos cells. Error bars: standard deviations from three repeated experiments. 
The concentration of exosomes used for this process was 4.0 × 108 particles/mL. 
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Fig. 4. (A) Schematic diagram of the electrode regeneration process. (B) The temperature sensitivity of the SMRT biosensor. The concentration of exosomes used for 
this process was 4.0 × 108 particles/mL. (C) The reproducibility of SMRT biosensor: (i) detection of target exosomes at 4 ◦C, (ii) regeneration at 37 ◦C for 30s, and 
(iii) re-detection of target exosomes using the regenerated electrode at 4 ◦C. The concentration of exosomes used for this process was 1.0 × 108 particles/mL. (D) 
Regeneration of the SMRT biosensor under stepwise temperature regulation at 4 ◦C and then at 37 ◦C for the detection of SMMC-7721 exosomes over 5 recycles, the 
RSD ranged from 3.0% to 10.6%. The concentration of exosomes used for this process was 1.0 × 108 particles/mL. (E) Selectivity of the regenerated SMRT biosensor 
for exosomes detection. The concentration of exosomes used for this process was 1.0 × 108 particles/mL. Error bars: standard deviations from three repeated 
experiments. 
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