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A B S T R A C T

The detection of exosomal microRNAs (miRNAs) derived from cancer cells with sensitive and selective methods
has stimulated increasing interest due to its potential utility in the application of tumor diagnosis. Here, we
developed a ratiometric electrochemical DNA biosensor based on a locked nucleic acid (LNA)-modified “Y”
shape-like structure for the detection of exosomal miRNA-21 (miR-21). When miR-21 is present, the LNA-as-
sisted strand displacement reaction on the “Y” shape-like structure is activated, leading to a structure change and
augmentation of the signal ratio, which reflects the different distances between the electrode surface and two
electroactive molecules labeled on the “Y” shape-like structure. With this dual signal ratiometric method, the
biosensor shows high accuracy and sensitivity with a limit of detection as low as 2.3 fM. Moreover, because of
the logarithm of the signal ratio displays a linear relationship with the logarithm of the miR-21 concentration,
the biosensor is stable enough to be used in the detection of miR-21 in MCF-7 cell-derived exosomes. In addition,
the biosensor shows good selectivity even in the detection of even a single base-mismatched target due to the
LNA-assisted strand displacement reaction. Notably, the sensor is both regenerative and robust. In brief, the high
sensitivity and selectivity, combined with the low cost of the glassy carbon electrode, make this biosensor a
promising tool for the development of point-of-care testing in cancer.

1. Introduction

Exosomes are microvesicles with a diameter of 50–200 nm derived
from multivesicular body pathways [1,2], that are involved in many
physiological and pathological processes [3–5]. Importantly, a large
amount of the cargo of exosomes, such as proteins [6], lipids [7], mi-
croRNAs (miRNAs) [8,9] and mRNAs [10], play crucial roles in exo-
somes functions. Particularly, miRNAs, a collection of endogenous non-
coding single-stranded RNAs of 19–23 nucleotides, can affect gene ex-
pression by inhibiting translation or cleavage upon binding to the 3′
untranslated regions or open reading frames of the target mRNAs
[11,12]. Recently, exosomal miRNAs (eg. miR-21, miR-146, miR-203)
were reported to be highly specific in tumorigenesis, tumor progression
and metastasis [13–16]. The lipid bilayer of exosomes effectively pro-
tects miRNAs from enzymes degradation, increasing their stability and
abundance. Thus, exosomal miRNAs have great potential to serve as

tumor biomarkers for clinical diagnosis, treatment and prognosis. An
important endeavor involves the development of a simple, reliable and
sensitive method for detecting the level of specific exosomal miRNAs.
Conventional miRNA detection methods include northern blotting

[17], reverse transcription-polymerasechain reaction (RT-PCR) [18],
and microarray analysis [19]. These methods have been successfully
used for miRNA quantification, while some issues, such as those in-
volving the complex preprocessing pipeline and relatively high labor
costs, have hindered their further application. In recent years, a mul-
titude of approaches based on microfluidic [20], localized surface
plasmon resonance [21], surface-enhanced Raman scattering [22,23],
and fluorescence [24–26] have been devoted to detecting exosomal
miRNAs by means of individual superiorities. Additionally, a few
electrochemical biosensors have been used due to the advantages of
simple operation, high sensitivity, fast analysis speed, low cost and easy
miniaturization [27–29]. For instance, Pang et al. have constructed a
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visible light-driven self-powered device for the quantification of serum-
derived exosomal miRNA [30]; Boriachek et al. have proposed an am-
plification-free electrochemical approach for the detection of cancer-
derived exosomal miR-21 [31]; and Tavallaie et al. have designed ra-
tional nucleic acid hybridization methods based on an electrically re-
configurable network of gold-coated magnetic nanoparticles, achieving
miRNA detection of blood exosomes [32]. However, these electro-
chemical methods only involve single signals, which could easily be
subject to experimentally- and environmentally-associated signal
drifting. Notably, some electrochemical biosensors have been combined
with ratiometric methods [33,34] to impact a self-referencing/calibra-
tion property, which helps reduce the false-positive/negative signal.
Benefiting from the ratiometric readout, in our previous study, our
group developed a ratiometric electrochemical DNA biosensor based on
the signal cascade amplification of DNA for exosomal miR-21 detection
with high accuracy and sensitivity [35]. Though this method greatly
improved the detection of exosomal miRNA, its practicality was limited
in that it still involved multiple DNA probes and a relatively compli-
cated strand displacement process.
Herein, we describe our development of an amplification-free ra-

tiometric electrochemical biosensor based on simple transformation of
a “Y” shape-like structure mediated by a locked nucleic acid (LNA)-
assisted strand displacement reaction (LSDR) for exosomal miR-21 de-
tection. In the presence of miR-21, the LSDR occurred, and the “Y”
shape-like structure transformed into a hairpin structure, which turned
the methylene blue (MB) signal on and ferrocene (Fc) signal off.
Through the change in the current ratio of MB and Fc, sensitive elec-
trochemical detection for exosomal miR-21 with a limit of detection
(LOD) of 2.3 fM was realized. Furthermore, the modification of the LNA
increased the stability and efficiency of the strand displacement reac-
tion by increasing the melting temperature of the DNA duplex, which
enhanced the differentiation ability of base mismatching [36]. The
electrochemical biosensor together with the ratiometric readout has
excellent analytical performance with good reproducibility and high
sensitivity and reliability, suggesting future promise for the develop-
ment of point-of-care testing in cancer.

2. Experimental methods

2.1. Reagents and apparatus

HPLC-purified miRNAs and all DNA oligonucleotides were synthe-
sized by Takara Biotechnology Co., Ltd. (Dalian, China), and their base
sequences are shown in Table S1. Fetal bovine serum (FBS), Roswell
Park Memorial Institute medium (RPMI), phosphate buffer solution
(PBS) and penicillin-streptomycin solution were purchased from Hy-
clone. Exosomal protein lysis buffer was purchased from Weihui Bio-
technology Co., Ltd (Beijing, China). Radio immunoprecipitation assay
(RIPA) lysis buffer was purchased from Beyotime Biotechnology Co.,
Ltd. The Bicinchoninic Acid (BCA) Protein Assay Kit was purchased
from Thermo Fisher Scientific. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel preparation kit, paraformaldehyde
and glutaraldehyde were purchased from Solarbio Sciences & Tech-
nology Co., Ltd (Beijing, China). Polyvinylidene fluoride membranes
(PVDF) were purchased from Dingguo Changsheng Biotechnology Co.,
Ltd (Beijing, China). Tris buffered saline (TBS) and Tween 20 were
purchased from Sangon Biotech Co., Ltd (Shanghai, China). Ago2 an-
tibody, TSG101 antibody, CD63 antibody and secondary antibody were
purchased from Abcam. Exosomes antibodies, array & enzyme-linked
immunosorbent assay (ELISA) kit were purchased from System Bios-
ciences (SBI). TRIzol was purchased from Beyotime Biotechnology Co.,
Ltd. MiScript II RT Kit and miScript SYBR Green PCR Kit were pur-
chased from Qiagen. 1-ethyl-3-(3- dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were analytical
grade and were purchased from Sigma. All the other chemicals were
analytical grade and purchased from Sinopharm Chemical Reagent Co.,

Ltd (Shanghai, China). All aqueous solutions were prepared with Milli-
Q water (18MΩ). Human breast cancer cell line MCF-7 was purchased
from China Center for Type Culture Collection in Shanghai.
The ultracentrifuge was Beckman Optima XPN-100 (Beckman,

USA). Transmission electron microscopy (TEM) images were visualized
on a JEM-2010 microscope (JEOL Ltd., Japan). The dynamic light
scattering (DLS) was carried out by Litesizer 500 (Anton Paar, Austria).
The images of proteins were collected by the Bio-Rad ECL detection
system (Bio-Rad, USA). RT-qPCR was implemented and analyzed with
MxPro-MX3000P software (Agilent Technologies, USA). Differential
pulse voltammetry (DPV) and electrochemical impedance spectroscopy
(EIS) measurements were assessed on a CHI660E analyzer (Shanghai
Chenhua Instrument Co., Ltd, China).

2.2. Cell culture and exosomes isolation

MCF-7 cells were cultured in RPMI containing 10% FBS, 1% peni-
cillin and streptomycin. MCF-7 cells (1× 108 cells) were cultured in
FBS-free RPMI for 48 h before exosomes isolation. Then exosomes were
isolated from the cell culture supernatants by ultracentrifugation.
Briefly, the cell culture medium was firstly centrifuged at 300 g for
10min and then 2000 g for 15min to remove intact cells, dead cells and
cell debris. Finally, the supernatant was centrifuged at 100,000 g for
70min to acquire exosomes, which were then washed, resuspended in
PBS and stored for later use at −80 °C.

2.3. Exosomes quantification by ELISA

Firstly, the isolated exosomes were added into the microtiter plate
provided in Exosomes antibodies, array & ELISA kit, and incubated at
37 °C overnight. After three rinses, specific rabbit anti-human CD63
antibody (System Biosciences) was added and the plates were incubated
for 1 h at room temperature. Then, the plates were washed and in-
cubated with HRP-conjugated goat anti-rabbit antibody (SBI) for 1 h.
After a final wash, a reaction was performed with sensitive 3, 3′, 5, 5′-
tetramethylbenzidine (TMB) substrate followed by blocking with a stop
buffer. Finally, the optical densities were recorded at 450 nm using a
Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific,
U.S.A.).

2.4. Transmission electron microscopy

Five microliters of an equal volume mixture of purified exosomes in
PBS and 4% paraformaldehyde were placed onto the surface of a copper
mesh for 20min. Then, exosomes were fixed in 4% glutaraldehyde for
5min, and washed three times with deionized water. Filter paper was
used to blot excess water, and the exosomes were stained for 5min with
1% uranyl acetate. After drying at room temperature, the samples were
observed on a JEM-2010 microscope (JEOL Ltd., Japan).

2.5. Dynamic light scattering

The effective hydrodynamic diameters of exosomes derived from
MCF-7 cells were measured with a Litesizer 500 (Anton Paar, Austria)
equipped with a 35mW laser diode light (λ= 658 nm), and the scat-
tered light at an angle of 90° was measured. Samples were diluted with
filtered PBS to 1mL, and then they were transferred to solvent-resistant
cuvettes for light scattered measurement at a fixed position. The target
temperature was controlled at 25 °C.

2.6. Western blotting analysis of exosomal proteins

The proteins of MCF-7 cells and exosomes were extracted in RIPA
lysis buffer and exosomal proteins lysis buffer, respectively. Then a BCA
Protein Assay Kit was used to quantify the total proteins concentration.
Firstly, a mixture of the proteins and the loading buffer was boiled at
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95 °C for 5 min. Then, the exosomal proteins were separated by 12%
SDS-PAGE at 80 V for 30 min and 100 V for 1 h. Subsequently, the
proteins were transferred to PVDF pre-activated by methanol in transfer
buffer (25 mM Tris, 192 mM glycine, 20% methanol) at 300 mA for 1 h.
After blocking for 2 h with 5% non-fat powdered milk dissolved in TBST
(TBS + Tween 20) buffer, the PVDF membranes were incubated with
200 μL of Ago2 antibody, TSG101 antibody or CD63 antibody solution
overnight at 4 °C. Next, the blots were incubated with secondary anti-
body (Abcam, USA) for 1 h at room temperature. Finally, the immune-
reactive bands were visualized with an enhanced chemiluminescence
reagent (Thermo Fisher Scientific, USA), and the images were obtained
from an ECL detection system (Bio-Rad, USA).

2.7. RT-qPCR analysis of miR-21

Firstly, total RNA derived from exosomes (3.42× 1011 particles/
mL) was extracted in TRIzol reagent according to the manufacturer's
protocol and quantified on a NanoDrop ND-2000 (Thermo Scientific).
Then, total RNA was converted to cDNA using a miScript II RT Kit. The
reactions were carried out at 37 °C for 1 h, and then 95 °C for 5min.
Next, PCR was performed using the miScript SYBR Green PCR Kit. The
protocol for the thermocycler was as follows: 95 °C for 15min, followed
by 50 cycles of 94 °C for 15 s, 55 °C for 30 s, and 70 °C for 30 s. The PCR
reaction was carried out with U6 as an internal reference on an
Mx3000P machine (Agilent Technologies, USA), and threshold cycle
(Ct) data were collected with MxPro-Mx3000P software.

2.8. Electrode pretreatment and probe assembly

The glassy carbon electrode (GCE) was firstly polished with 0.3 μm
and 0.05 μm Al2O3 water solution and then ultrasonically cleaned with
ethanol and distilled water for 5min each. Next, the surface of the
electrode was dipped in 5mM [Fe(CN)6]3- (containing 0.01M KCl),
rinsed with deionized water, and dried with flowing nitrogen. The
electrode was then dipped in 0.2M PBS containing 0.01M lysine for
modification of the polylysine membrane (PLLy/GCE) by cyclic vol-
tammetry essentially as described [37]. The conditions were as follows:
a voltage range of −1.0- +2.4 V, a scanning rate of 100 mV/s, and 14
scan cycles. Subsequently, 20 μL of coupling activator (5 mM EDC and
8 mM NHS in phosphate buffer, pH 7.4) were added to the surface of
the modified electrode for 60 min at room temperature, and the elec-
trode was rinsed with deionized water, and dried with flowing nitrogen.
Finally, 10 μL mixed solution of MB-modified Y1 DNA probe (MB-Y1)
and Fc-modified Y2 DNA probe (Fc-H2) was dropped on the surface of
the above-activated electrode. After being rinsed and dried, the probe-

assembled electrode of MB-Y1/Fc-Y2/PLLy/GCE was set aside for later
use.

2.9. Electrochemical detection of miR-21

MiR-21 solutions (10 μL) of different concentrations were firstly
dispensed onto the surface of MB-Y1/Fc-Y2/PLLy/GCE for 90min at
room temperature, rinsed with ultrapure water and blown dry with
flowing nitrogen. Then, the electrodes were placed in EIS detection
buffer (containing 0.02MK4Fe(CN)6, 0.02MK3Fe(CN)6, 10mM Tris
and 0.1M KCl, pH 7.0) to measure the impedance of the differently
modified electrodes. The EIS parameters were set as follows: an initial
potential of 0.21 V (versus Ag/AgCl), an amplitude width of 0.005 V
and a frequency range of 0.1 Hz–105 Hz. DPV curves were scanned in
PBS solution. The conditions of measurement were as follows: a sweep
potential range of −0.4 V to +0.6 V, a potential increment of 0.005 V,
an amplitude width of 0.025 V and a frequency of 10 Hz.

3. Results and discussion

3.1. Detection mechanism of the ratiometric electrochemical biosensor

The ratiometric electrochemical DNA biosensor was constructed
and applied to the detection of exosomal miR-21. As shown in Fig. 1,
firstly, a layer of PLLy was electropolymerized on the GCE surface,
forming PLLy/GCE and providing abundant bonding sites for carboxyl.
Next, a mixture solution of MB-Y1 modified with MB and amino group
and Fc-Y2 modified with Fc and LNA was dropped on the PLLy/GCE. In
the mixture solution, MB-Y1 was firstly hybridized with Fc-Y2 to form a
“Y” shape-like DNA structure, and then the structure was immobilized
on PLLy/GCE through the amido linkage. Here, the MB was far away
from the electrode interface and the Fc was introduced to the electrode
interface, generating a weak current signal of MB (IMB) and an obvious
current signal of Fc (IFc). According to our design, miR-21 could hy-
bridize complementarily with the Fc-Y2 DNA probe via a LSDR. Con-
sequently, the Fc-Y2 DNA probe would dissociate from the MB-Y1
chain, causing MB-Y1 to fold into a hairpin structure. Thus, Fc would be
released from the electrode interface and MB would be close to the
electrode interface, which would induce a decrease in IFc and an in-
crease in IMB. Conversely, when miR-21 was absent, there would be no
structural transformation on the electrode interface, accompanied by a
weak signal of MB and a strong signal of Fc. Finally, sensitive detection
of exosomal miR-21 would be achieved by recording the ratio changes
of the two indicator current signals before and after the addition of
exosomal miR-21.

Fig. 1. Schematic illustration of the ratiometric electrochemical biosensor for exosomal miR-21 detection.
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3.2. Feasibility characterization of the biosensor

The electrode assembly process was firstly characterized by EIS.
After measurement, the EIS equivalent circuit was simulated using the
randle method (Fig. 2A Inset). And then, a Nyquist plot of the circuit
was fitted with ZIm versus ZRe. As depicted in Fig. 2A, the Nyquist plot
of the modified glassy carbon electrode (PLLy/GCE, curve a) had a wide
linear range and a small semicircle diameter with an electron transfer
resistance (Rct) of 50 Ω, indicating a very fast electron transfer process
controlled by the diffusion effect. After the Y1 DNA probe was as-
sembled to the electrode surface (Y1/PLLy/GCE, curve b), the Rct in-
creased to 197Ω because of a repelling effect between the negatively
charged [Fe(CN)6]3−/4−and the phosphoric acid skeletons. Upon the
addition of Y1 and Y2 DNA probes (Y2-Y1/PLLy/GCE, curve c), the Rct
persistently increased to 306Ω. Because the number of DNA phosphate
skeletons on the electrode surface increased, the repulsion force to [Fe
(CN)6]3−/4− was enhanced, and the resistance of electrons transfer
increased. In the presence of miR-21 (miR-21 + Y2/Y1/PLLY/GCE,
curve d), Rct was significantly reduced to 216 Ω owing to the complete
complementary pairing of miR-21 with the Y2 probe, which led to a
decrease in the number of DNA phosphate skeletons with a negative
charge on the electrode surface, weakened the repulsion force of [Fe
(CN)6]3−/4− and reduced Rct. When the Y2 probe was continuously
added (d + Y2, curve e), Rct increased to the vicinity (314 Ω) of the
curve c, indicating that Y1 could continue to hybridize with Y2 to form
a “Y” shape-like structure. The EIS results support the assembly process
of the electrode. Importantly, the combination of curve c, d, and e in-
dicate that the biosensor was reproducible.
Next, the electrode assembly process was further characterized by

DPV. The results are shown in Fig. 2B. After the immobilization of the
“Y” shape-like structure on the electrode surface, the electrode signal of
the MB site was weak at the negative potential and the electrode signal
of the Fc site was strong at the positive potential (black curve, a). When
buffer as a blank control was added to the surface of the assembled
electrode, the pattern of DPV (red dotted curve, b) was consistent with
curve a. After miR-21 solution was added, the MB signal at the negative
potential of the electrode signal was enhanced and the Fc signal at the
positive potential was weakened (green curve, c). Finally, when re-
adding Fc-Y2 in the above electrode surface (c + Fc-Y2), the “Y” shape-
like structure reformed, leading to a weakened signal of MB and an
enhanced signal of Fc (blue curve, d). The above results are in ac-
cordance with those of EIS, further confirming the feasibility of this
biosensor.

3.3. Optimization of experimental conditions

In order to achieve a better performance, experimental conditions
(such as the MB-Y1 concentration, pH and reaction time) affecting the

whole sensing procedure were optimized. Firstly, the MB-Y1 con-
centration was examined as shown in Fig. S1A. In the range of 1–10 μM,
the IMB/IFc value increased with increasing Y1 concentration and
reached a maximum at a concentration of 5 μM. Next, the pH of the
buffer was varied as shown in Fig. S1B. As the pH value increased, the
IMB/IFc value firstly increased gradually before decreasing and reached
a maximum at pH 8. The reaction time of miR-21 and Y2-Y1/PLLy/GCE
was also examined as shown in Fig. S1C. The IMB/IFc value firstly in-
creased with increasing reaction time, reaching a maximum at 1.5 h and
then remaining steady. Finally, the optimum concentration of the MB-
Y1 probe was 5 μM, the optimum pH was 8.0 and the optimum reaction
time was 1.5 h.

3.4. The sensitivity of the biosensor

Using the above optimal experimental conditions, electrodes were
inserted into a series of miR-21 solutions with different concentrations.
Then, the DPV responses of the two electrochemical signals from the
electrodes were scanned and the IMB/IFc value was used to evaluate the
sensitivity. The results are shown in Fig. 3A and Fig. 3B, respectively.
When the concentration of miR-21 increased, the IMB gradually in-
creased at the negative potential and the IFc gradually decreased at the
positive potential. As seen in Fig. 3C, in the range of 10–70 fM, the
logarithm of IMB/IFc showed a good linear relationship with the loga-
rithm of the miR-21 concentration, which is better than the result
measured by square wave voltammetry (SWV) (Fig. S2). The linear
regression equation was log (IMB/IFc)= 2.7769LogCmiR-21-3.7825, with
a correlation coefficient (r) of 0.9944 and a LOD of 2.3 fM. When
compared with most of amplification-free methods for the detection of
exosomal miRNAs (Table S2), our biosensor has comparable or higher
sensitivity. Though its sensitivity is not as good as some microfluidic,
SERS, and signal amplification strategy-based methods (Table S2), our
biosensor is simpler, more cost-effective, and more compact. The de-
termination of 50 fM miR-21 was repeated 8 times, and the results show
that the relative standard deviation (RSD) was 2.15%, indicating that
the sensor has good reproducibility.

3.5. The specificity of the biosensor

In order to examine the specificity of the sensor, miR-21, single base
mismatch, double base mismatch, or complete mismatch sequence at
the same concentration or a blank control were added to analyze
changes in current values by the DPV method. As shown in Fig. 4A, the
highest MB signal and lowest Fc signal were observed after adding miR-
21 (curve a), but there were low MB signals and high Fc signals from
the single base mismatch (curve b), double base mismatch (curve c),
complete mismatch (curve d) and the blank control (curve e). In
Fig. 4B, the IMB/IFc was highest after adding miR-21, while the other

Fig. 2. A. Electrochemical impedance
spectroscopy (EIS) of different modified
glassy carbon electrodes. a) PLLY/GCE;
b) Y1/PLLY/GCE; c) Y2-Y1/PLLY/GCE;
d) miR-21 + Y2/Y1/PLLY/GCE; e)
d + Y2. Inset: the EIS equivalent circuit
plot. B. Differential pulse voltammetry
curves of “Y” probe-modified glassy
carbon electrodes (a) and after the ad-
dition of buffer (b) or miR-21(c) and
regeneration (d).
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signals were almost negligible, indicating that the biosensor demon-
strated good selectivity.

3.6. The reproducibility of the biosensor

In order to compare the reproducibility of the ratiometric electro-
chemical biosensor and the non-ratiometric electrochemical biosensor,
10 samples were detected with the signal on or off sensor, and analysis
of variance was conducted. As shown in Fig. 5, the response values had
large variations in the single-signal on (Fig. 5A, ΔIMB) or single-signal
off (Fig. 5A, ΔIFc) biosensor, and the variances were 0.401 and 0.262,

respectively. However, the ratio change of the IMB/IFc based biosensor
(Fig. 5B) had a significantly reduced signal amplitude and the variance
was only 0.147. Therefore, the ratiometric electrochemical biosensor
has higher reproducibility. Furthermore, the ratiometric electro-
chemical biosensor has simultaneous “signal-on” (MB) and “signal-off”
(Fc) readings, with better stability, reliability and accuracy [33,38].

3.7. Detection of exosomal miR-21 derived from MCF-7

To investigate whether the ratiometric electrochemical biosensor can
be used to detect exosomal miR-21, we analyzed the miR-21 level in

Fig. 3. A. Differential pulse voltam-
metry curves of “Y” probe-modified
glassy carbon electrodes upon addition
of miR-21 at different concentrations.
B. Current values of “Y” probe-modified
glassy carbon electrodes upon addition
of miR-21 at different concentrations.
C. Calibration plot of Log (IMB/IFc)
versus the logarithm of the miR-21
concentration. MiR-21 concentration
(a~h/fM): 10, 15, 20, 25, 30, 40, 50,
70.

Fig. 4. A. Differential pulse voltam-
metry curves of “Y” probe-modified
glassy carbon electrodes upon addition
of miR-21 (a), single base mismatched
sequence (b); two base mismatched
sequence (c), completely mismatched
sequence (d) and the blank control (e).
All miRNAs were applied at a 60 fM
concentration for the assay. B. IMB/IFc
value of “Y” probe-modified glassy
carbon electrodes upon addition of
different miRNAs.
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exosomes derived from breast cancer (MCF-7) cells. According to the
International Society for Extracellular Vesicles (ISEV) guidelines [39],
exosomes isolated from the supernatant of MCF-7 cells by ultra-
centrifugation were characterized. Firstly, the morphology and size of the
exosomes were characterized by TEM and DLS. The TEM imaging result
(Fig. 6A inset) showed that the exosomes were cup-like structure with a
particle diameter range of approximately 90–130 nm. Additionally, the
DLS result (Fig. 6A) indicated a slightly larger diameter range than that
of TEM. This phenomenon can be explained by the fact that the hydro-
dynamic diameter of DLS was measured in solution and the exosomes
observed by in TEM were likely to have shrunk during the preparation
process. Both the results of TEM and DLS agreed with the characteristics
of exosomes described in previous literature [26,40]. Then, the exosomal

maker proteins Ago2, TSG101 and CD63 were analyzed by western
blotting. The obvious bandings in Fig. 6B further confirm the presence of
exosomes [41,42]. Next, we extracted miRNA from the exosomes, and
analyzed the level of exosomal miR-21 by RT-PCR. As shown in Fig. 6C,
the Ct value of miR-21 and U6 snRNA in exosomes were 30.79 and
31.01, respectively, which was similar to those observed in a previous
report [43]. Finally, we used our method to determine the content of
miR-21 in exosomes, with RT-PCR as a comparison. The detection value
of the miR-21 showed no significant difference between two methods
(Fig. 6D), indicating that this ratiometric electrochemical biosensor has
comparable utility and potential prospects for practical application for
the detection of exosomal miR-21.

Fig. 5. A. Variance analysis of single-signal on and single-signal off biosensors. B. Variance analysis of the ratiometric biosensor.

Fig. 6. A. DLS characterization of MCF-
7 cell-derived exosomes. Inset: TEM
characterization of MCF-7 cell-derived
exosomes. B. Western blotting analysis
of MCF-7 cell-derivd exosomal proteins.
C. Ct values of miR-21 and U6 in MCF-7
cell-derived exosomes. D. Exosomal
miR-21 detection by the ratiometric
electrochemical biosensor and PCR
method.
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4. Conclusion

In summary, a biosensor was developed that has merits of electro-
chemistry, ratiometric readout and simple DNA structural transforma-
tion for the sensitive detection of exosomal miR-21 with a LOD as low
as 2.3 fM. Compared with single-signal electrochemical sensors, the
ratiometric electrochemical biosensor has the advantages of greater
stability, reliability and repeatability. Briefly, it has the following fea-
tures: (1) the application of a “Y” shape-like structure enables the probe
to be more stably fixed on the electrode interface; (2) the modification
of LNA endows the biosensor with good specificity; and (3) compared
with single-signal on and off methods, the dual-signal ratiometric
strategy can obtain reliable experimental results, which are less sus-
ceptible to the surface state of the electrode, the packing density of the
probe, the environment and artificial factors. While the labeled ratio-
metric electrochemical method requires relatively complicated and
high-cost labeling techniques, the construction of a new DNA nanos-
tructure is underway to introduce label-free method for an easier and
higher-quality ratiometric electrochemical strategy, even for detecting
multiple miRNA markers. Meanwhile, the modification site and quan-
tities of LNA should be optimized for better selectivity and stability of
the biosensor. All these endeavors will improve the promising practical
application value of the biosensor.
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