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A B S T R A C T   

The detection of trace tumor-related serum miRNA biomarkers is in great demand for the early diagnosis of 
cancer. Herein, for the first time, an electrochemical sensing platform based on atom transfer radical polymer
ization (ATRP) signal amplification strategy for ultrasensitive determination of the breast and prostate cancer 
marker miRNA-141 has been developed. The hairpin DNAs were immobilized on the benzoic acid modified 
electrode to capture the target miRNA-141, the recognition of miRNA-141 released thiol groups on the end of 
probes, followed by the association of ATRP initiators modified gold nanoparticles with thiol groups, and then 
triggered the polymerization on electrode surface, causing a great number of ferrocene (Fc) signal molecules 
grafted on the sensor interface. As a result, the electrochemical signal intensity of signal molecule has been 
greatly increased. The proposed biosensor has a linear range from 10 pM to 10 aM with a detection limit of 3.23 
aM for miRNA-141, opening a new and promising path for ultrasensitive analysis of tumor-related miRNAs.   

1. Introduction 

MicroRNAs (miRNAs) are single-stranded, short and nonprotein 
coding RNAs with approximately 19–23 nucleotides, and they are 
involved in a great deal of important processes of cell growth. Abnormal 
expression of miRNAs will lead to excessive growth, proliferation and 
differentiation of cells, and finally the occurrence of tumors [1,2]. 
Therefore, the presence of miRNA can be used for early cancer diagnosis 
due to its tumor specificity [3–5]. For instance, the abnormal expression 
of miRNA-141 has been proved to be closely associated with human 
breast and prostate cancers [6,7]. Thus, sensitive and accurate detection 
of miRNAs is very helpful for early detection and monitoring tumor 
biological process. However, due to miRNAs are easy degradation and 
small, it is difficult to make quantitative analysis of miRNAs [8]. 

Up to date, considerable approaches have been implemented to 
analyze miRNAs, such as northern blotting, reverse transcription poly
merase chain reaction (RT-PCR) [1,2]. Unfortunately, these miRNA 
detection techniques have some intrinsic limitations, including low 

sensitivity or tedious sample preparation. Therefore, it is essential to 
develop a miRNA detection method featuring advantages of mild con
ditions, simple preparation, and easily available for clinical cancer 
diagnosis. In recent years, electrochemical method has received exten
sive attention due to its fast detection speed, high sensitivity, easy 
operation, and low cost. A variety of electrochemical sensors have been 
reported to sensitively detect miRNA-141 [9–13]. However, these sen
sors are mainly based on nanomaterials or DNAzyme for signal ampli
fication, the sensitivity of these sensors is still unsatisfactory. 

Recently, as one of the most important polymerization methods of 
controlled free radical polymerization (CRP), atom transfer radical 
polymerization (ATRP) has received extensive attention in the field of 
biosensing due to its advantages of simple operation, high efficiency, 
and low cost [14–17]. In ATRP signal amplification strategy, small 
signal monomer molecules are polymerized. Through chain growth, 
thousands of repeating units are associated, and the signal generated in 
the recognition process of the target biomolecule is amplified hundreds 
of times, realizing highly sensitive analysis of biomolecules. In addition, 
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ATRP has been an ideal choice in biosensing due to its mild reaction 
conditions and good adaptability to functional groups of bio
macromolecules. Although ATRP signal amplification method has made 
significant progress in DNA and protein detection, the reports on miRNA 
biosensing is few [18], and no report on the application of ATRP signal 
amplification technology to electrochemical sensor for miRNA-141 
sensitive detection yet. 

In this paper, an ultrasensitive electrochemical biosensor based on 
ATRP signal amplification strategy for miRNA-141 analysis was estab
lished. Firstly, the hairpin DNAs were immobilized on the benzoic acid 
modified electrode, then the target miRNA-141 can be captured by 
hairpin DNAs. Next, gold nanoparticles (AuNPs) were connected to the 
sulfydryl of the opened hairpin DNAs through the Au–S bond. Subse
quently, the initiators (the disulfide bond has been cleaved) were 
attached on AuNPs via the Au–S bond. Finally, the prepared electrodes 
were put in a solution containing monomer, catalyst and reductant to 
perform the activators generated by electron transfer for ATRP (AGET 
ATRP) reaction and generate a polymer containing a large number of Fc 
signal molecules. Therefore, the Fc electrochemical signal intensity was 
greatly amplified. 

2. Experimental 

2.1. Reagents and apparatus 

The reagents and instruments have been described in detail in the 
supplementary materials. 

2.2. The synthesis of AuNPs 

The synthesis process of AuNPs was referred to the reported litera
ture [19] and described in detail in the supplementary materials. 

2.3. The biosensor preparation and electrochemical detection of miRNA- 
141 

The detection principle was shown in Scheme 1. Firstly, NaNO2 so
lution (10 mM, 10 mL) and p-aminobenzoic acid solution (20 mM, 10 
mL) were prepared with 0.5 M HCL and deoxygenated with N2 for 15 
min, respectively. In an ice-water bath, NaNO2 was slowly dropped into 
the p-aminobenzoic acid solution for diazotization reaction, 15 min 
later, diazonium salt was reduced to the GCE surface by cyclic voltam
metry (CV), thus the benzoic acid modified GCE was prepared. Subse
quently, the modified electrodes were activated by 200 μL EDC/NHS (40 
mM/10 mM, pH 6.0 MES) solution for 30 min. After that, 10 μL hairpin 
DNA (0.1 μM, pH 7.4 PBS) was dropped onto the electrode surface and 
reacted with EDC/NHS at 37 ◦C for 2 h to obtain the hairpin DNA 
modified GCE, then the electrodes were incubated in different concen
trations of miRNA-141 (pH 8.0, PBS buffer) for 2 h at 37 ◦C, the target 
miRNA-141 could be specifically recognized by the base complementary 
pairing and the hairpin DNA was opened. Then AuNPs were grafted to 
the end of hairpin DNAs via Au–S bond for 1 h at 37 ◦C. Next, the di
sulfide bond of ATRP initiator 2-[2-(2-bromo-2-methylpropanoyl)-oxye
thyldisulfanyl]ethyl 2-bromo-2- methylpropanoate ((BiBOE)2S2) (0.5 
mM, dissolved with 15% ethanol) was cleaved with 0.5 M tris-(2-car
boxyethyl)phosphine (TCEP) for 30 min at 37 ◦C, and connected to the 
AuNPs via the Au–S bond for 1 h at 37 ◦C [20]. Then after rinsing with 
15% EtOH and ultrapure water, the electrodes were placed in 150 μL 

Scheme 1. ATRP signal amplification strategy for miRNA-141 detection.  
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ferrocenylmethyl methacrylate (FMMA) monomer (10 mM, dissolved 
with DMF), 25 μL catalyst Cu(II)/Me6TREN (10 mM, prepared by adding 
6 μL Me6TREN into 1 mL CuBr2, dissolved with DMF), 50 μL ascorbic 
acid (AA) reductant (0.5 M, dissolve with Milli-Q water) and 275 μL 
DMF for ATRP reaction 1.5 h at 37 ◦C. Then 15% DMF and ultrapure 
water were used to wash the non-specifically adsorbed electroactive 
molecules on the electrode surface. Finally, the electrochemical 
biosensor was successfully prepared and ready for the square wave 
voltammetry (SWV) test in 0.5 M LiClO4 solution. 

3. Results and discussion 

3.1. The principle of AGET ATRP reaction 

As shown in Scheme 2, (BiBOE)2S2 was used as the initiator for the 
AGET ATRP system, and the Cu(II)/Me6TREN complexes were reduced 
by the AA reductant to generate the activators Cu(I)/Me6TREN com
plexes. Then Cu(I)/Me6TREN could take the Br atom from (BiBOE)2S2 to 
form the high-oxidized metal halide Cu(II)/Me6TREN and (BiBOE)2S2 
was converted into free radical R•. Then R• initiated the polymerization 
of FMMA monomers to form chain growth radical Pn• (active species), 
Pn• can either continue to polymerize with the remaining monomer 
molecules or take Br atoms from Cu(II)/Br to form a temporarily inac
tivated macromolecular halide Pn-X (dormant species). The bromine 

Scheme 2. The mechanism of AGET ATRP.  

Fig. 1. (A) The CV of GCE in benzoic acid diazonium salt solution. (potential range: 0.6 to − 1 V, scanning rate: 100 mV/s) (B) CVs of GCE before and after the 
modification of benzoic acid in a ferricyanide solution. (C) The XPS spectrum and carbon 1s high resolution spectrum (inset) of the benzoic acid modified GCE. 
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atoms on Pn-Br can be taken away by Cu(I)/Me6TREN again to produce 
the active species. Finally, polymers with a large quantity of FMMA can 
be obtained onto GCE surface by repeating the above AGET ATRP pro
cess, and the purpose of signal amplification detection of miRNA-141 
was realized. 

3.2. Ultraviolet–visible spectrum (UV–Vis) and transmission electron 
microscopy (TEM) characterizations of AuNPs 

The AuNPs solution has a narrow ultraviolet–visible absorbance 
peak at 520 nm due to the surface plasmon resonance effect, which 
indicated that the AuNPs exhibited good dispersibility Fig. S1(A). TEM 
could observe the size and shape of the nanoparticles, as can be seen 
from Fig. S1(B), AuNPs were spherical particles with a diameter of about 
15 nm. The particle size of AuNPs was further characterized by a particle 
size analyzer (Fig. S1(C)), which was consistent with the result of TEM 
analysis. 

3.3. CV and XPS characterizations of the modified GCE 

The electrochemical reduction of aryl diazonium salt is the most 
commonly used method for covalent derivatization of GCE surfaces 
[21–24]. As shown in Fig. 1(A), there were two characteristic peaks at 
the first sweep, the reduction peak of 0.16 V was the pre-enrichment 
process of p-carboxylic benzene molecule on the electrode surface, and 
the reduction peak around − 0.26 V was the reduction peak of benzoic 
acid diazonium salt. These two reduction peaks disappeared completely 
in the second cycle, which proved that benzoic acid has been success
fully modified to the GCE surface [25]. 

In Fig. 1(B), using [Fe(CN)6]3-/[Fe(CN)6]4- as redox probes, CV was 

used to investigate the changes before and after benzoic acid modified 
electrode. It can be clearly seen that the oxidation and reduction peaks 
of ferricyanide were almost completely suppressed (blue curve) after the 
bare electrode (red curve) modified with benzoic acid. This strongly 
proved that the successful modification of benzoic acid impeded elec
tron transfer on the surface of GCE. In addition, the surface of benzoic 
acid modified GCE was characterized by X-ray photoelectron spectros
copy. Fig. 1(C) shows the characteristic peaks of carbon 1s and oxygen 
1s at 284 and 532 eV, respectively. The carbon 1s shows a peak at 288.8 
eV, which was a typical characteristic peak of carboxylate group [24]. 

3.4. Feasibility analysis of the signal amplification strategy 

Firstly, the feasibility of the proposed method was studied through 
SWV. It can be seen from Fig. 2(A), the GCE modified with benzoic acid/ 
hairpin DNA/miRNA-141/AuNPs/initiator/FMMA polymer chain 
exhibited a strong oxidation peak at 0.3 V (curve i). This oxidation po
tential of Fc is consistent with the published literature [15]. However, in 
the process of preparing the sensor, GCE unmodified with benzoic acid 
(curve a), EDC/NHS (curve b), hairpin DNA (curve c), miRNA-141 
(curve d), AuNPs (curve e), (BiBOE)2S2 initiator (curve f), reductant 
AA (curve g) and FMMA monomer (curve h) could be observed only very 
weak currents. Such a high signal-to-noise ratio proved the successful 
preparation of miRNA-141 biosensor. These results indicated that this 
signal amplification strategy can be used for highly sensitive electro
chemical analysis of miRNA-141. 

3.5. Electrochemical characterizations 

In addition, the sensor was further characterized by CV. It can be 

Fig. 2. (A) SWV of the benzoic acid/hairpin DNA/miRNA-141/AuNPs/initiator/FMMA polymer chain modified GCE (curve i), in the absence of benzoic acid (curve 
a), EDC/NHS (curve b), Hairpin DNA (curve c), miRNA-141 (curve d), AuNPs (curve e), initiator (curve f), AA (curve g), and FMMA(curve h). (B) CVs of benzoic 
acid/hairpin DNA/miRNA-141/AuNPs/initiator/FMMA polymer chain modified GCE at different scan rates. (C) EIS of the bare GCE (a), GCE modified with benzoic 
acid (b), benzoic acid/Hairpin DNA (c), benzoic acid/Hairpin DNA/miRNA-141 (d), benzoic acid/Hairpin DNA/miRNA-141/AuNPs (e), benzoic acid/hairpin DNA/ 
miRNA-141/AuNPs/initiator (f), benzoic acid/hairpinDNA/miRNA-141/AuNPs/initiator/FMMA polymer chain (g). (D) The SEM image of the GCE surface before 
AGET ATRP reaction. (E) The SEM image of the GCE surface after AGET ATRP reaction. (F) XPS spectra of the electrode surface before and after AGET ATRP reaction. 
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seen from Fig. 2 (B) that as the scan rate increased, the peak currents of 
the oxidation peak and reduction peak increased and decreased, 
respectively. There was a good linear relationship between the peak 
current and the scanning speed, which indicated that the formation 
process of Fc polymer was surface-confined. The linear equations and 
graphs (Fig. S2) were presented in the supplementary materials. 

Electrochemical impedance spectroscopy (EIS) was used to charac
terize the gradual establishment process of electrochemical sensor. It 
can be seen from Fig. 2 (C) that the resistance of bare electrode was small 
(curve a). After modified with benzoic acid, the resistance of the GCE 
was increased due to the low solubility and poor electrical conductivity 
of benzoic acid (curve b). When the hairpin DNAs were immobilized on 
the benzoic acid modified GCE surface through amidation reaction, the 
electronegative phosphate groups of hairpin DNAs had electrostatic 
repulsion to [Fe(CN)6]3− /4− , which made it far away from the electrode 
surface and further increased the resistance (curve c). The target 
miRNA-141 was captured by the hairpin DNA probe, the resistance was 
further increased (curve d). Interestingly, when AuNPs were covalently 
attached to the ends of the hairpin DNAs, the resistance decreased (curve 
e). This may be due to the fact that AuNPs promoted electron transfer to 
some extent. After connected with initiator, the resistance increased 
slightly (curve f). Finally, after the polymerization reaction, the resis
tance significantly increased (curve g), which indicated that a great 
amount of highly hydrophobic polymers was produced on the GCE 
surface to hinder the electron transfer of probe molecules. These results 
also revealed the successful preparation of the sensor. It is important to 

note that although the formed polymer is electroactive (the Fc probe has 
redox activity), due to the electrons on the polymer skeleton are not 
delocalized, the hydrophilic [Fe(CN)6]3− /4− was extruded from the GCE 
surface, resulting in a significant increase of resistance. 

3.6. SEM and XPS characterizations 

In order to better prove the successful preparation of the sensor and 
the polymerization of signal molecules through AGET ATRP reaction. 
SEM and XPS were used to respectively characterize the morphology and 
elemental changes of the electrode surface before and after the poly
merization reaction. Fig. 2(D) is the SEM image of electrode surface 
before AGET ATRP reaction, only small particles of AuNPs were 
observed on the electrode surface. While after AGET ATRP reaction, it 
can be clearly seen from Fig. 2 (E) that polymers were formed on the 
electrode surface. As shown in Fig. 2 (F), the XPS characterization 
explained the element changes before and after AGET ATRP reaction. 
The XPS peak of Fe element was not observed before polymerization, 
while it appeared at 707.6 eV after the AGET ATRP reaction, indicating 
that FMMA monomers were successfully polymerized via AGET ATRP 
reaction. 

3.7. Optimization of experimental conditions 

The experimental conditions which might affect the sensor signal 
have been optimized. As shown in Fig. S3 (A), the optimal dosage of 
FMMA monomer was 150 μL. The function of AA was to reduce the high- 
value metal Cu(II) to the low-value metal catalyst Cu(I), so the dosage of 
the reductant AA has been optimized. Fig. S3 (B) shows the optimal 
dosage of AA was 50 μL. Subsequently, the Me6TREN ligand was used to 
increase the solubility of metal catalysts in the reaction system. The 
result shows (Fig. S3 (C)) the optimal dosage was 6 μL. Finally, the 
growth of the polymer was accompanied by continuous enrichment of 
the electroactive probe on GCE surface. As shown in Fig. S3 (D), the 
oxidation current increased rapidly with the extension of ATRP time and 
tended to be stable after 90 min, so the polymerization time was selected 
at 90 min. 

3.8. Electrochemical detection of miRNA-141 

Under the optimal conditions, the prepared sensors were placed in 
0.5 M LiClO4 for SWV experiment. As shown in Fig. 3(A), as the con
centration of the target miRNA-141 increased, the oxidation peak cur
rent of the signal molecule Fc also increased. The peak current had a 
good linearity with concentration in the range of 10 pM - 10 aM, and the 
linear regression equation was I (μA) = 0.98lgC + 20.09 (R2 = 0.9979). 

Fig. 3. (A) Electrochemical signal intensity measured by SWV at the concentration of target miRNA-141 in the range of 10 aM to 10 pM. (B) Calibration curve of the 
Fc oxidation current intensity versus the logarithm of miRNA-141 concentration. 

Fig. 4. Specificity of the assay for microRNA-141(10 pM) against other miRNAs 
(the concentration of 1-MT, 3-MT and miRNA-155 were 1 nM). 
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The limit of detection (LOD) was estimated to be 3.23 aM (S/N = 3). 
Briefly, the average value of the signal generated by 11 times control 
groups was the noise (N), and then 3 times of N was put into the linear 
equation, the calculated concentration C was LOD. In addition, LODs 
obtained by other sensors for detection of miRNA-141 were listed in 
Table S2. Obviously, compared with other methods, our signal ampli
fication strategy exhibited a higher sensitivity with a lower LOD. 

3.9. Selectivity and stability of the biosensor 

The selectivity of biosensor is an important index to evaluate the 
performance of a sensor. Therefore, in the process of target recognition, 
single base mismatch target (1 MT), three base mismatch target (3 MT) 
and miRNA-155 were used as interferences to replace the target miRNA- 
141 for complementary pairing with the hairpin DNA, and the SWV 
responses of the sensors were measured. As depicted in Fig. 4, the 
electrochemical signal of miRNA-141 was 4.5, 8.8 and 8.7 times higher 
than that of 1 MT, 3 MT and miRNA-155, respectively. These results 
indicated that the prepared biosensor had good specificity for the highly 
sensitive electrochemical detection of miRNA-141. 

In addition, the stability of the sensor was also evaluated. Ten GCE 
electrodes of the same batch were divided into two groups after the same 
treatment. After the ATRR reaction, the first group was subjected to the 
SWV test, the second group was stored in a refrigerator at 4 ◦C and 
performed the SWV test after a week. The experimental results showed 
that the average oxidation peak current of the second group is 9.3% 
lower than that of the first group, which indicated that the electro
chemical sensor had good stability. 

4. Application in serum sample for miRNA-141 analysis 

To evaluate the reliability and application potential of the sensor in 
real serum samples, the prepared sensor was tested by a standard 
addition method for sample analysis. Healthy human serum (purchased 
from Beijing Solarbio Science & Technology Co., Ltd.) was diluted 10 
times. The addition amount of target miRNA-141 was 10 aM, 10 pM and 
10 fM. As seen from Table 1, the sample recovery rate was in the range of 
98–106.9%. The experimental results indicated that the proposed 
biosensor had an excellent potential for clinical analysis of miRNA-141. 

5. Conclusions 

In summary, an electrochemical sensor based on AGET ATRP signal 
amplification for sensitive and selective analysis of miRNA-141 was 
successfully constructed. Different from conventional amplification 
strategies, this method has no requirements for enzymes or complex 
nanomaterials. Results showed that this proposed electrochemical 
biosensor had higher sensitivity than the other ones, and it could realize 
the miRNA-141 analysis in real serum samples and obtain satisfactory 
results. Moreover, this signal amplification method offered a new 
strategy for highly sensitive analysis of other miRNA, which possesses 
great significance in disease diagnosis. 
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