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Abstract
Monitoring of cerebrospinal fluid (CSF) microRNAs (miRs) offers a promising option for the diagnosis and management 
of patients with central nervous system tumors. However, the sensitive detection of miRs in clinical CSF samples has been 
hindered by the ultra-low abundance of target miRs. Here, we report an electrochemical biosensor for the highly sensitive 
label-free detection of CSF miR-21 relying on target-induced redox signal amplification (eTIRSA). The biosensor was devel-
oped by covalently assembling the capture stands partially complementary to miR-21 on the gold nanoparticle-coated glassy 
carbon electrode. In the presence of miR-21, the short capture stand hybridized with the partial bases of miR-21, allowing 
the rest sequence of the target molecule to further bind with a long guanine-rich sequence which could specifically adsorb 
a number of methylene blue indicators, thus generating an amplified electrochemical redox signal, typically at a working 
potential of − 0.19 V (vs. SCE). The response of the surface-bound methylene blue indicators was positively correlated to 
the concentration of miR-21, providing a dynamic range of 0.5–80 pM and a limit of detection down to 56 fM. Moreover, 
the eTIRSA biosensor had high specificity with single-base resolution and exhibited good performance for label-free quan-
tification of miR-21 in medulloblastoma cell extracts and clinical CSF samples and for accurate discrimination of medul-
loblastoma against non-cancer controls, indicating its potential application in CSF miR-based liquid biopsy of brain cancers.

Keywords  Electrochemical biosensor · MicroRNA · Cerebrospinal fluid · Medulloblastoma · Target-induced signal 
amplification

Introduction

Central nervous system (CNS) tumors are the most prevalent 
solid tumor malignancy in children [1]. Despite substantial 
advances in diagnosis and treatment [2], these diseases remain 
the leading cause of cancer death and severe functional deficits 

in children [3, 4]. Timely diagnosis is critical to an improved 
clinical outcome of patients with CNS tumors [5, 6]. Although 
neuroimaging and tissue biopsy have been used for the diagno-
sis of CNS tumors, these techniques suffer from either insuffi-
cient sensitivity or invasiveness [7]. Furthermore, tissue biopsy 
may subject to sampling bias due to the intratumor heterogene-
ity [7, 8]. Thus, reliable noninvasive methods are desirable to 
diagnose and monitor the cause of CNS tumors.

The liquid biopsy of cerebrospinal fluid (CSF) offers an 
attractive alternative for the management of CNS tumors by 
analyzing circulating tumor-associated molecular clues in a 
minimally invasive manner [9–11]. CSF interacts directly 
with brain malignancies and has been proven to contain mul-
tiple circulating biomarkers in the occurrence and progress 
of CNS tumors [12, 13]. Accumulating evidence implicates 
that the abnormal levels of CSF microRNAs (miRNAs) 
are associated with malignant CNS tumors [14–16]. The 
molecular profile of CSF miRNAs has been demonstrated to 
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possess multiple abilities for distinguishing different types of 
brain cancers [14, 17], tracking disease status [18], and eval-
uating drug resistance [19]. In addition, abnormal miRNA 
expression is often an early event in tumorigenesis; the quan-
titative analysis of their abundance in clinical CSF is, there-
fore, beneficial to the early cancer diagnostic. However, the 
reliable and sensitive detection of miRNAs in complex bio-
fluids such as CSF remains challenging because of their low 
concentration, short sequence length, and high homology 
[20]. The “gold standard” reverse transcription polymerase 
chain reaction (RT-PCR) and sequencing tests for miRNA 
are accurate [21] but are costly and need elaborate sample 
processing [22]. Alternatively, the microarray analysis has 
an insufficient selectivity and narrow dynamic range [23, 
24]. To circumvent these limitations, several PCR-free bio-
sensors have been developed for in vitro and in vivo miRNA 
detection with improved sensitivity, although at the expense 
of sophisticated probe design and fabrication (e.g., use of 
multiple primers [25] or enzymes [26–28], synthesis of 
ultrasensitive nanoprobes [29–33]).

Electrochemical biosensors hold promise for clinical 
miRNA detection because of the merits of low cost, simple 
operation, and fast response [34–36]. The typical analysis 
of miRNAs associates with the measurement of the change 
in electrochemical signal resulting from the binding of the 
miRNA target on the biosensing interface. To evaluate 
hybridization between the target miRNA and the comple-
mentary probe strand, either a labeling or label-free strat-
egy is commonly used. In contrast to the labeling-based 
detection, the label-free electrochemical assay of miRNAs 
directly detects the hybridization process on an electrode 
surface by using a suitable electrochemical redox indicator 
such as methylene blue [37]. As a kind of phenothiazine, 
methylene blue interacts strongly with the unbound guanine 
(G) bases mainly through the noncovalent intercalation due 
to its planer structure [38]. However, most reported elec-
trochemical miRNA biosensors employ methylene blue to 
directly bind to the formed double-stranded oligonucleo-
tides after target capture [39]. The short sequence length 
and limited numbers of guanine bases (both dependent on 
the sequence of the target miRNA) inevitably cause an insuf-
ficient binding of the indicator; additional electrode modi-
fications are thereby needed to enhance the signal readout.

In this work, we present a simple yet efficient miRNA 
electrochemical biosensor capable of highly sensitive 
detection of miRNA-21 in CSF of patients with medullo-
blastoma (MB) based on a target-induced electrochemical 
redox amplification (eTIRSA) mechanism. MB is the most 
common and malignant pediatric brain tumor [40, 41]. The 
up-regulation of miRNA-21 has been found both in human 
primary MB and in MB cell lines [42]. Here, we used a 
short partial complemented probe DNA to capture the target 
miRNA-21 and a 50-nt guanine-rich single-stranded DNA 

to boost the adsorption of the methylene blue indicator on 
the electrode surface, thus to improve the assay sensitivity. 
As shown, only in the presence of miRNA-21, an intense 
and amplified electrochemical redox signal of methylene 
blue was recorded. Our eTIRSA-based biosensing scaffold 
provides the ability to specifically recognize miRNA-21 at 
the femtomolar level and single-base resolution, to reliably 
quantify the circulating miRNA-21 in clinical CSF, and to 
discriminate MB from the non-cancer control based on the 
CSF miRNA signature.

Experimental

Chemicals and materials

The DNA sequences and miRNAs were synthesized 
and provided by Sangon Biotech (Shanghai, China). 
All oligonucleotides were purified by HPLC, and their 
sequences were listed in Table  s1. Fetal bovine serum 
(FBS), penicillin–streptomycin solution, Minimum Essen-
tial Medium (MEM), and Dulbecco’s Modified Eagle 
Medium (DMEM) were purchased from Gibco (Carlsbad, 
CA). Tetrachloroauric(III) acid tetrahydrate chloroauric 
acid (HAuCl4·4H2O), potassium dihydrogen phosphate 
(KH2PO4), disodium hydrogen phosphate (K2HPO4), sodium 
chloride (NaCl), potassium chloride (KCl), potassium nitra-
tion (KNO3), potassium ferricyanide (K3Fe(CN)6), and 
potassium ferrocyanide trihydrate (K4Fe(CN)6·3H2O) were 
purchased from Sinopharm (Shanghai, China). Diethylpy-
rocarbonate (DEPC) was purchased from Merck (Shanghai, 
China). All aqueous solutions were prepared with Milli-Q 
water (18.2 MΩ cm) and treated with DEPC to minimize the 
effect of RNases. For the same purpose, all the sample tubes, 
microchips, and glassware were autoclaved before use.

Apparatus and measurements

A CHI1240C electrochemical analyzer (Chen Hua Instru-
ment, Shanghai) with a three-electrode system was employed 
for the cyclic voltammetric (CV) and differential pulse vol-
tammetric (DPV) measurements. A bare or gold nanoparti-
cle-coated glassy carbon electrode (GCE, Ø = 3.0 mm) was 
used as the working electrode, a platinum wire was used as 
the auxiliary electrode, and a saturated calomel electrode 
(SCE) was used as the reference electrode. All potentials 
were referenced to SCE. CV was carried out at a potential 
window of − 0.2 to 0.6 V with a scan rate of 100 mV/s. DPV 
was performed in 10 mM PBS (pH 7.4) using a potential 
range from − 0.6 V to 0.2 V, pulse amplitude 0.05 V, pulse 
width 0.05 s, and sample interval 0.002 s. Electrochemi-
cal impedance spectroscopy (EIS) was performed using a 
PGSTAT 302 N system (Metrohm Autolab, Switzerland) at 
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a potential of 0.2 V vs SCE over the frequency range from 
0.1 Hz to 100 kHz. A solution mixture containing 5.0 mM 
[Fe(CN)6]3−/4− and 0.1 M KCl was used as the supporting 
electrolyte.

Polyacrylamide gel electrophoresis

The hybridization process was analyzed on 10% native 
PAGE gel. Initially, the capture probe (Cp) and auxiliary 
strand were dissolved in 10 mM PBS solution (pH 7.4, 1 M 
NaCl), respectively. Subsequently, the capture strand solu-
tion was mixed with miR-21 and incubated at 37 ℃ for 1 h. 
After that, the auxiliary strand was added to the solution 
mixture and incubated at 37 ℃ for another 1 h. The gel was 
run in 1 × TAE (Tris–acetic acid-EDTA) buffer at 115 V for 
90 min. After electrophoresis on a Tanon VE-180C vertical 
electrophoresis system (Tanon, Inc., China), the gels were 
visualized with 3 × GelRed stain and scanned by a Chemi 
DocTM Touch imaging system (Bio-Rad Laboratories, 
USA).

eTIRSA biosensor for miR‑21 detection

The GCE surface was first polished with 0.5 and 0.05 μm 
alumina slurries and washed successively with ethanol and 
water. Then, the GCE was immersed in 0.1% HAuCl4 solu-
tion containing 0.1 M KNO3. AuNPs were electrodepos-
ited on the GCE electrode by applying a fixed potential 
at − 0.2 V for 90 s. Subsequently, 10 μL capture strand solu-
tion (0.1 μM) was dropped onto the electrode followed by 
incubation overnight at room temperature. The electrode was 
further incubated in 1% BSA for 1 h to block the nonspecific 
binding sites. Then, the electrode was incubated with 10 
μL of the miR-21 solution at 37 ℃ for 1 h. After thorough 
washing, 10 μL auxiliary DNA solution (0.1 μM) was added 
on the electrode, followed by incubation at 37 °C for 1 h 
and triplet washing with 10 mM PBS solution. Finally, 8 
μL methylene blue aqueous solution (1 mM) was dropped 
on the electrode surface for 1 h to allow sufficient binding. 
After thorough washing with PBS, the electrode was sub-
jected to electrochemical analysis at the conditions described 
above. The current values acquired at a working potential 
of − 0.19 V (vs SCE) were plotted against the miR-21 con-
centrations to build the calibration curve.

Cell culture

The human microglial cells (HMC3) were purchased from 
FuHeng Biology Co., Ltd (Shanghai, China). The DAOY 
cells were purchased from the Shanghai Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China). The 
DAOY cells were cultured in DMEM high-glucose medium 
supplemented with 10% FBS, 1% sodium pyruvate, and 

penicillin–streptomycin. The HMC3 cells were cultured 
in MEM. Cells were maintained at 37 °C in a humidified 
atmosphere containing 5% CO2. For the cellular RNA 
extraction, the DAOY cells and HMC3 cells were plated in 
6-well-plate for 48 h. Then, total RNA was then extracted 
using TRIzol™ reagent (Takara, Dalian, China) in accord-
ance with the manufacturer’s protocol.

Clinical CSF sample collection, processing, 
and detection

CSF samples of MB patients and hydrocephalus patients 
(non-cancer controls) were collected at Xinhua Hospital, 
Shanghai Jiao Tong University School of Medicine, which 
was approved by the Ethics Committee of the hospital 
(XHEC-D-2021–087). The detail information of patients 
was summarized in Table s2. Written informed consent was 
obtained from all the participants before sample acquisition. 
Freshly collected CSF samples were centrifuged at 1000 g 
for 10 min, then divided into aliquots, and stored immedi-
ately at − 80 °C before use. For the detection of miR-21, 
1 μl of cerebrospinal fluid was diluted 40-fold with 10 mM 
PBS. Then, 10 μL of the diluted sample was subjected to 
analysis with above procedures. Again, the DPV signal at 
the working potential of − 0.19 V (vs SCE) was extracted 
and analyzed.

Results and discussion

Working principle of the eTIRSA biosensor

Scheme 1 illustrates the working principle of the eTIRSA 
biosensor for highly sensitive detection of miR-21 in clinical 
CSF. Initially, a thiol-terminated short single-strand DNA 
(11 nt) serving as the Cp was immobilized on the AuNPs-
coated GCE surface. In the presence of miR-21 (22 nt), the 
Cp hybridized with partial bases of the target miR-21 and 
allowed the rest sequence of miR-21 to bind a long gua-
nine-rich auxiliary DNA strand (50 nt) through base stack-
ing hybridization. It has been proved that the guanine-rich 
sequence has a favored binding with methylene blue, an 
electrochemical redox-active phenothiazine dye, and this 
may contribute to the formation of tetramolecular G-quad-
ruplex structure.43 An intense electrochemical response can 
therefore be observed at the electrode surface owing to redox 
of the large quantities of adsorbed methylene blue indicators. 
In contrast, when miR-21 is absent, the specific hybridiza-
tion does not execute, thereby the electrochemical signal is 
fairly weak. Compared with conventional DNA biosensors 
using an oligonucleotide sequence labeled with a single dye 
(e.g., methylene blue) as the signal reporter, our eTIRSA 
sensor, once activated by the target miRNA, leverages a long 
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DNA sequence capable of specifically adsorbing many meth-
ylene blue molecules, which largely amplifies the detection 
signal (Fig. s1).

Design of the eTIRSA biosensor

To prove the above assembly mechanism (Fig. 1a), we first 
carried out a PAGE experiment to analyze the hybridization 
for different combinations of the three oligonucleotides. As 
shown in Fig. 1b, only the simultaneous presence of the 

target miR-21, the Cp, and the auxiliary strand resulted in an 
oligonucleotide assembly with the most slowly electropho-
retic mobility. DPV tests were then performed to character-
ize the property of the electrode following stepwise interfa-
cial engineering. As displayed in Fig. s2, a significant DPV 
signal of methylene blue appeared when Cp and miR-21 
(curve ii) were applied on AuNPs/GCE because the methyl-
ene blue molecules were strongly adsorbed by the guanine 
units on the exposed Cp and miR-21. When auxiliary DNA 
was immobilized on the miR-21/BSA/Cp/AuNPs/GCE, the 

Scheme 1   Schematic diagram 
of a target-induced redox signal 
amplification (TIRSA)-based 
electrochemical (eTIRSA) 
biosensor for the detection of 
circulating CSF miR-21

Fig. 1   a Target miR-21-induced 
ligation of the capture strands 
and the auxiliary strands via 
complementary base pairing. b 
Gel electrophoresis image of the 
capture strand-miR-21-auxiliary 
strand assembly and the cor-
responding different sequence 
combinations: lane 1, marker; 
lane 2, capture strand + miR-
21 + auxiliary strand; lane 3, 
miR-21 + auxiliary strand; 
lane 4, auxiliary strand; lane 5, 
capture strand. c CV and d EIS 
curves measured after stepwise 
modification of the electrode 
surface: i, bare GCE; ii, AuNPs/
GCE; iii, Cp/AuNPs/GCE; iv 
BSA/Cp/AuNPs/GCE; v, miR-
21/ BSA/Cp/AuNPs/GCE; and 
vi, auxiliary strand/ miR-21/ 
BSA/Cp/AuNPs/GCE. Insert 
showing the detail of the curves 
ii and iii
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partial hybridization of auxiliary DNA and miR-21 led to an 
obvious increase of DPV response of methylene blue (curve 
iv), which was about 2 times higher than that of the Cp/
AuNPs/GCE, indicating remarkable signal amplification of 
the hybridization reaction.

Feasibility characterization of the electrochemical 
biosensor

The biosensor was then characterized by electrochemical 
CV measurements, which provided more prolific informa-
tion about the change of interface property of the micro-
RNA modified electrode since the decrease of redox peak 
was equal to the increase of the interfacial electrons trans-
fer resistance. Figure 1c shows the CV obtained in 0.1 mM 
Fe(CN)6

3−/4− solution containing 0.1 M KCl at different 
electrodes. AuNPs modified GCE electrode exhibited a 
higher current redox peak of Fe(CN)6

3−/4− (curve ii) with 
an enhanced electron transfer than bare GCE (curve i). After 
the thiolated Cp was self-assembled onto the electrode sur-
face, the current redox peak of Fe(CN)6

3−/4− decreased sig-
nificantly (curve iii). When the electrode was treated with 
1% BSA to block the non-specific adsorption sites and then 
immersed in 0.1 μM miR-21, the current voltammogram 
redox peak of Fe(CN)6

3−/4− further decreased (curves iv and 
v) due to the steric hindrance of electron transfer after miR-
21 was hybridized with Cp. When auxiliary DNA hybrid-
ized with miR-21, the current voltammogram redox peak of 
Fe(CN)6

3−/4− further decreased (curve vi).

The detailed change in electron-transfer resistance (Ret) 
can be further detected by EIS. Figure 1d shows the imped-
ance spectra of the interfaces recorded after each modifica-
tion step. Due to the good electric charge transferability, the 
AuNPs modified GCE (curve ii) displayed an almost straight 
line in the Nyquist plot, exhibiting a lower Ret than the bare 
GCE (curve i). It was clear that the diameter of the semi-
circles successively increased with the sequential assembly 
of Cp (curve iii), BSA (curve iv), miR-21 (curve v), and 
auxiliary DNA (curve vi), indicating a gradual increase in 
the Ret step by step. These results were well consistent with 
the phenomena in CVs, confirming the successful prepara-
tion of the biosensor.

Detection performance of the eTIRSA biosensor

Under the optimized conditions (Fig. s4), we next evalu-
ated the assay performance of the proposed eTIRSA sensor 
by detecting miR-21 in 10 mM PBS with DPV. Figure 2a 
shows the DPV curves of solutions containing varied 
concentrations of miR-21 from 0 to 100 pM. The signal 
increased monotonically along with the rising concentra-
tion of miR-21(Fig. 2b). The corresponding calibration 
plot of the current change (ΔI) against the logarithm of 
miR21 concentrations exhibited a good linearity with a 
dynamic range from 0.5 to 80 pM (Fig. 2c). The associated 
linear regression equation was ΔI = 1.39 lg C + 15.188 
with a correlation coefficient (R2) of 0.991. The limit of 
detection was estimated to be 56 fM (signal-to-noise ratio, 

Fig. 2   a DPV curves deter-
mined from different concentra-
tions of miR-21. b Changes of 
the redox current values (ΔI) as 
a function of different concen-
trations of miR-21 from 0.1 pM 
to 100 pM. c Linear correlation 
between ΔI and the logarithm 
of target concentrations. d 
Response of the eTIRSA sensor 
to miR-21, miR-141, miR-9, 
miR-320a, single-mismatched 
sequence, three-mismatched 
sequence, and mixture of miR-
21 and the above miRNAs. 
The concentration of miR21 
is 0.01 nM and that of other 
sequecens is 1 nM
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SNR = 3). Moreover, compared to other reported methods 
leveraging enzymatic catalysis or advanced nanomaterials 
to boost the electrochemical signal (Table s3), the pro-
posed biosensor showed a comparable detection perfor-
mance for miR-21 but was more cost-effective and user-
friendly, which could be attributed to the target-induced 
binding and enrichment of methylene blue to the G-rich 
strands with an enhanced redox response.

We next evaluated the selectivity of the eTIRSA bio-
sensor by measuring the response current of solutions 
containing the fully matched (miR-21), single-base mis-
matched (SM-miR-21), three-base mismatched (TM-
miR-21), and random microRNA (miR-14) sequences, 
respectively (Fig. 2d). The current change (ΔI) gener-
ated by SM, TM, and miR141, miR-9, and miR-320a 
(0.1 nM) was 19.5%, 8.6%, and 5.6%, 9.7%, and 16.3% 
of that generated by the target miR-21 (10 pM). In addi-
tion, no apparent difference in the ΔI value was observed 
for miR-21 detection with and without the presence of 
the other sequences. This result clearly indicated that the 
eTIRSA biosensor had good selectivity to recognize the 
target microRNA with single-based resolution.

To evaluate the accuracy of the proposed biosensor for 
miR-21 detection, we next performed recovery experi-
ments by adding miR-21 standards to three clinical CSF 
samples from patients with hydrocephalus (Table  s4). 
The calculated percentage of recovery was observed in 
the range from 90.7 to 109.7% with the relative standard 
variation values ranging from 2.1 to 4.5%, implying that 
this biosensor had a high accuracy for the quantification of 
miR-21 levels in complex biofluids (e.g., CSF).

Cellular miR‑21 detection

Having demonstrated the assay performance of the pro-
posed biosensor for miR-21, we then turned our attention 
to its bioanalytical applications. To this end, we cultured 
the MB DAOY cells, extracted the total cellular RNAs, and 
analyzed the miR-21 concentration using the eTIRSA sen-
sor. For comparison, the miR-21 concentration in HMC3 
was also measured (Fig. 3a). The detected level of miR-21 
extracted from the DAOY cells was discernably greater than 
that from the HMC3 cells (Fig. 3b), consistent with literature 
reports that the expression level of miR-21 was up-regulated 
in MB [18].

Detection of miR‑21 in CSF of MB patients

Finally, we applied the eTIRSA sensor to detect miR-21 in 
CSF of MB patients (n = 5). CSF samples from patients with 
hydrocephalus were collected as a non-cancer negative con-
trol (NCC, n = 5). Figure 4a shows that the electrochemical 
signal in response to the CSF of MB patients was apparently 
higher than that of NCCs, indicating the elevated expression 
of CSF miR-21 in cancer patients. Figure 4b further demon-
strates that there was a statistical difference in the expres-
sion levels of circulating CSF miR-21 between MB patients 
and NCCs; the patient samples could be well-distinguished 
from the non-cancerous ones (p < 0.05). This pre-clinical 
analysis not only confirmed that CSF miR-21 could serve 
as a potential cancer biomarker but also suggested that our 
eTIRSA sensor was a promising tool to enable liquid biopsy 
for non-invasive detection of malignant brain tumors.

Fig. 3   a Schematic diagram of 
the detection of miR-21 from 
the MB Daoy cells and HMC3 
cells. b Significant expression 
difference of miR-21 levels 
between the Daoy and HMC3 
cells (p < 0.001)
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Conclusion

In conclusion, we designed a simple yet highly sensitive 
electrochemical biosensor for the quantitative assay of cir-
culating miR levels in clinical CSF samples based on the 
target-induced signal amplification (eTIRSA) mechanism. 
Although no other complex signal amplification strategies, 
such as rolling circle amplification and strand displace-
ment amplification, were involved, our eTIRSA sensor 
was capable of detecting the miR target at low femtomolar 
levels with single-base resolution. Such a high sensitivity 
and specificity of the eTIRSA sensor allowed us to reli-
ably measure the expression level of miR-21 in complex 
cell extracts, and more importantly, in clinical CSF sam-
ples of MB patients, offering a promising non-invasive 
technique tool to accurately distinguish MB patients and 
non-cancer controls. Future research will focus on further 
improvement of the detection limit by minimizing nonspe-
cific adsorption events. In addition, by the combination of 
probe engineering and electrode modification, we expect 
that the eTIRSA biosensor can be further generalized for 
sensing other CSF miRs and be used in molecular detec-
tion and monitoring of brain cancers like MB by multi-
plexed CSF miR biopsy.
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