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Abstract  
A poly(n-butyl acrylate)-gold-MXene quantum dots (PBA-Au-MXene QD) nanocomposite-based biosensor is presented that 
is modified by unique antisense single-stranded DNA (ssDNA) and uses the electrochemical detection methods of DPV, CV, 
and EIS to early detect miR-122 as a breast cancer biomarker in real clinical samples. This fabrication method is based on 
advanced nanotechnology, at which a poly(n-butyl acrylate) (PBA) as a non-conductive polymer transforms into a conduc-
tive composite by incorporating Au-MXene QD. This biosensor had a limit of detection (LOD) of 0.8 zM and a linear range 
from 0.001 aM to 1000 nM, making it capable of detecting the low concentrations of miR-122 in patient samples. Moreover, 
it allows approximately 100% sensitivity and 100% specificity for miR-122 without extraction. The synthesis and detection 
characteristics were evaluated by different complementary tests such as AFM, FTIR, TEM, and FESEM. This new biosensor 
can have a high potential in clinical applications to detect breast cancer early and hence improve patient outcomes.

Keywords PBA-Au-MXene QD · Biosensor · Differential pulse voltammetry · Cyclic voltammetry · EIS · Cancer diagnosis · 
Breast cancer · miR-122

Introduction

The capability to identify the extremely low tiers of cir-
culation miRNAs (microRNA) in the blood is critical for 
creating liquid biopsies that can identify disease progres-
sion, like cancer or resistance to therapy before it appears 
on an image scan. Besides the advantages of rapid and 
readily reproducible testing, liquid biopsies might be 

utilized to detect cancer signals earlier, before symptoms 
occur. This has the potential to significantly impact how 
we approach and remedy cancer [1, 2]. For example, Saleh 
et al. [3] showed that miR-122 (miRNA-122) is significant 
as a diagnostic marker in the screening, diagnosis, and 
therapy analyses of breast cancer (BC). The magnitude 
of the circulation miR-122 level is an efficient technique 
for forecasting metastases in BC patients; it also deter-
mines the choice of therapeutic methods employed. High 
miR-122 levels in the blood have been associated with 
metastases in BC patients. For the cancer patient, a blood 
test to measure circulation miR-122 levels would allow 
researchers to track the effectiveness of the treatment [4].

The current gold standard methods for detecting miR-
NAs lean on real-time polymerase chain reaction (RT-
qPCR). While it is not consistent with detecting miRNA 
effectively in the whole circulation, the ability of RT-qPCR 
is its specificity and selectivity. RNAs must be extracted 
and purified before RT-qPCR analysis of samples, and 
cDNA must be synthesized to evaluate miRNA expression. 
However very dependable, this approach is a time-consum-
ing and complicated labor operation. Specific assessment 
of clinical specimens would reduce specimen damage while 
offering a faster and more flexible diagnostic test [5].
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Direct analysis procedures are significant because they 
can minimize bias in the population of extracted RNA 
sequences induced by factors such as poor extraction 
integrity owing to RNA disintegration during separation. 
As a result, it is necessary to develop point-of-care tech-
nologies that can directly detect miRNAs [5].

Since molecular detection methods are limited, developing 
innovative diagnostic procedures, like biosensors, is neces-
sary to detect early diseases. As a consequence, biochemical 
approaches could help the early detection based on the bio-
marker diagnosis and quantification [6]. In this regard, elec-
trochemical biosensors have many advantages such as instru-
mentation, flexibility, sensitivity, simplicity, transportability, 
low cost, integration ease, downsizing, and signal stability [7].

Various nanoparticles such as gold, carbon nanotubes, 
noble metal nanoparticles, graphene, and MXene have been 
used to improve the wide linear range, and the limit of detec-
tion (LOD) of the electrochemical biosensors through their 
high surface-to-volume ratio, biomedical suitability, and 
resistance to unfavorable environments [8, 9]. For example, 
Ebrahimi et al. [10] designed an electrochemical biosensor 
utilizing gold nanorod and graphene oxide (GO) nanocompos-
ite design to detect miRNA-199a-5p as a BC biomarker. The 
detection linear range of this biosensor was from 15 fM to 148 
pM with an LOD of 4.5 fM. In another study, Liu et al. [11] 
designed an electrochemical biosensor based on molybdenum 
disulfide  (MoS2)@Au nanocomposite to detect miRNA-155 
with a linear range from 1 fM to 10 nM and a LOD of 0.32 
fM. They showed that controlling their morphology and thick-
ness is critical to achieving hypersensitive detection signals.

miR-122 has been used for BC identification in previous 
studies [12, 13]; however, attaining a wide linear range and a 
lower LOD is still a challenge to increase detection efficiency. 
To this goal, this study concentrated on the construction of 
a new free-label electrochemical biosensor based on Au-
MXene QD nanocomposite for miR-122 detection as a bio-
marker for BC, to direct diagnosis in serum samples without 
the requirement for extraction. Moreover, using basic nano-
technology methods, PBA as a non-conductive polymer was 
improved into a conductive nanocomposite with Au-MXene 
QD for BC detection. The initial phase of the process was 
the one-step synthesis of Au nanostructures on the MXene 
surface. The second phase was the electrochemical synthesis 
of the PBA-Au-MXene QD nanocomposite. Then the ssDNA 
probe oligonucleotide sequences were linked to gold nano-
particles such that miR-122 could be easily hybridized with 
the ssDNA probe. To test the biosensor’s performance, dif-
ferent electrochemical methods including electrochemical 
impedance spectroscopy (EIS), cycle voltammetry (CV), and 
differential pulse voltammetry (DPV) were utilized. Finally, a 
comparison was made between the selectivity and sensitivity 
of the suggested miR-122 biosensor in serum samples with-
out pretreatment and an RT-qPCR analysis.

Section of experimental

Instruments and reagents

The supplementary file includes detailed descriptions of the 
chemicals and apparatus.

MXene QD synthesis

Synthesis of MXene QD is explained in the supplemental file.

Au‑MXene QD preparation

The one-step method used to create Au-MXene QD is 
explained in the supplemental file.

PBA‑Au‑MXene QD preparation and sensing 
platform design

In the first stage, the glassy carbon electrode (GCE) was 
polished with a 0.3 µm alumina slurry, followed by sonica-
tion in a mixture of ethanol and water of equal volume. The 
PBA-Au-MXene QD composite was electrodeposited on 
the GCE at the potential of − 1.15 V for 300 s according to 
the chronoamperometry approach [14]. To do this, 5 mL of 
water-based electrolyte including 2 M nBA (monomer), 0.01 
M HDDA (inhibitor), 8000 ppm Au-MXene QD (inhibitor), 
and 0.04 M HEMA (crosslinker) was used, and the pH of the 
resultant solution was fixed to 6 by adding solid NaOH. The 
electrolyte was purged with  N2 for 15 min before electro-
deposition to make an oxygen-free state. After that, 6 µL of 
thiolated ssDNA as the probe, with a 500 nM concentration, 
prepared in 0.05 M PBS (comprising 0.1 M NaCl, pH 7.4), 
was dropped on the surface of PBA-Au-MXene QD/GCE for 
7 h to stabilize the ssDNA probe. To remove the unbonded 
ssDNA probe, PBA-Au-MXene QD/GCE was rinsed with 
PBS (0.2 M). Finally, the non-proprietary binding site was 
blocked with 6 µL of BSA (1% wt) for 30 min and then 
rinsed with PBS. The FTIR, TEM, FESEM, and EDX analy-
ses were used to investigate the chemical characteristics, 
chemical bonding, and morphology of the synthesized 
MXene QD, n-BA monomer, and PBA-Au-MXene QD.

Electrochemical detection and measurement 
of miR‑122

The hybridization process of the ssDNA/PBA-Au-MXene 
QD/GCE with miR-122 was performed by incubation for 1 h 
in PBS solution (0.05 M, pH 7.4) containing 0.1 M NaCl and 
different miR-122 concentrations. To detect miR-122, 5 mM 
ferricyanide comprising 0.1 M KCl (as an electrolyte) was 
used as an electrochemical indicator in this study. The drop 
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in ferrocyanide peak current after hybridization is caused by 
the electrostatic expulsion process of the DNA/RNA duplex 
and redox couple in this assay.

The redox DPV signal was conducted at − 0.2 to 0.4 V in 
ferrocyanide solutions with a scan rate of 50  mVs−1, modu-
lation time of 50 ms, and a pulse amplitude of 50 mV. EIS 
and CV were used to examine the electrochemical properties 
in 5 mM ferrocyanide comprising 0.1 M KCl. EIS meas-
urements were taken with an amplitude of 10 mV and a 
frequency range of 0.01 Hz to 100 kHz. Voltammograms of 
CV were recorded between − 600 and + 600 mV at a scan 
rate of 150  mVs−1.

Extraction of miRNA, cDNA synthesis, and RT‑qPCR 
analysis

To perusal and approval of the biosensor method for real 
specimens, 30 serum specimens (collected from an estab-
lished bank at Qaim Hospital, Mashhad, Iran, dependent 
on the research projects approved by the MUMs ethics 
committee, and affirmed by RT-qPCR and mammog-
raphy). The supplemental file describes the extraction 

of miRNA, the synthesis of cDNA, and the RT-qPCR 
method.

A reliable technique for extracting and amplifying miR-
NAs from specimens was recently described without the 
need for complicated extraction methods, time-consuming 
processes, solvent stage separations, and costly and haz-
ardous chaotropic chemicals [15]. For the analysis of 30 
serum specimens, 10 µL of proteinase K (20 g.L−1) and 
1 mg of  CaCl2 were added to 490 µL of serum, followed 
by incubation for 10 min at 50 ℃ before analysis [15, 16]. 
Scheme 1 depicts the preparation of an offered biosensor 
for the identification of real samples from BC patients. The 
biosensor was compared to RT-qPCR analysis in extracted 
and non-extracted samples.

The investigation’s subsequent trials focused on the bio-
sensor’s capabilities. The biosensor’s ability to detect diluted 
miRNA extracted from clinical samples was evaluated for 
this reason. The ssDNA/PBA-Au-MXene QD/GCE hybridi-
zation procedure was carried out by incubating for 1 h in 
0.05 M PBS solution (pH 7.4) containing 0.1 M NaCl at a 
dilution of 1:1012 (1 pM) of without/with extracted miRNA 
samples.

Scheme1  The preparation of a biosensor for the identification of real samples from BC and the comparison between RT-qPCR analysis and bio-
sensor in extracted and non-extracted samples
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Results and discussion

The biosensor’s chemical and physical 
characteristics

The FTIR spectra of MXene QD are shown in Fig. 1A (curve 
a). As seen, tensile vibrational bonds of 3185, 3615, and 
3733  cm−1 are mostly connected to hydroxyl groups [17, 18], 
and the vibrational bonds 2294 and 2829  cm−1 are associated 

with the O and H groups, respectively. Aside from the C = O 
bond at 2252 and 2337  cm−1, the flexural vibrational has a 
bond at 1575  cm−1 owing to the existence of OH (molecular 
water), which is absorbed by external water owing to the 
hydrophilic character of MXene QD [17, 18]. Cations of 
 Ti+4 can be related to the vibration states of the separate 
hydroxyl groups [17, 19]. The bond at 919  cm−1 shows Ti-C 
out-plate vibrations (twisting or shaking) [20]. The highest 
absorption of  TiO2 is 474  cm−1 [20].

Fig. 1  A FTIR spectra of (a) MXene QD (b) nBA monomer (c)PBA-
Au-MXene QD, B and C FESEM image of MAX phase and MXene 
QD (magnification 200 nm), D and E EDX of MAX phase and 

MXene QD, F TEM of MXene QD (magnification 50 nm), G plot of 
MXene QD particle size distribution, and H and I FESEM image of 
Au-MXene QD with concentration 2 mM and 0.2 mM
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Figure 1B and C show a FESEM illustration of  Ti3AlC2’s 
blocky morphology as the result of effective MAX phase 
exfoliating. The EDX analysis findings also demonstrate that 
the Al element has been eliminated and that Ti and C ele-
ments are present in the MXene QD nanostructure (Fig. 1D 
and E). From the TEM imaging in Fig. 1F, nanostructured 
MXene QD is clear, indicating that the structure is narrow. 
The produced MXene QD nanostructures are around 5.19 
nm in size (Fig. 1G) which shows that MXene is a quantum 
dot. Figure 1H reveals that morphologies of flowers were 
formed for Au (2 mM concentration) on MXene QD, but at 
low concentrations of Au (0.2 mM), no flower morphologies 
were generated (Fig. 1I)

The FTIR spectra of monomer and PBA-Au-MXene 
QD nanocomposite are displayed in Fig.  1A with the 
assignment of their characterized adsorption bonds. On 
the spectrum of the n-BA monomer (Fig. 1A curve b), we 
observed the O–H at 3438  cm−1 [21] and C-H stretching 
vibration of  CH2 and  CH3 between 2875 and 2962  cm−1, 
C = C vinyl carbons vibration between 1409–1467 and 810 
 cm−1, and vibrations of ester group in 1070–1193  cm−1 
were beheld [22]. When acrylate suspension is exposed to 
constant voltage in the attendance of an electrochemical 
initiator, free radical polymerization occurs rapidly, result-
ing in polymer networks. Figure 1A curve c illustrates the 
FTIR spectra of PBA-Au-MXene QD. The bond at 3423 
 cm−1 indicates the presence of the O–H group [21]. C-H 
stretching vibration at 2900  cm−1 and bending vibrations 
in the C-H plane 1315 and 1438  cm−1 are attributed to 
 CH2 and  CH3, respectively. Stretching vibrations in the 
C = O group were observed at 1631  cm−1, and the bond 
at 1035–1128  cm−1 confirmed the C-O group’s presence 
[21, 23]. In addition, a reduction in intensity was observed 
in C–C stretching vibrations at 1625  cm−1 and CH out-
of-plane bending mode at 738  cm−1. Removing multiple 
acrylate bonds 1637, 1618, 1409, 985, and 810  cm−1 con-
firmed complete polymerization [21, 24].

The original and modified GCE morphology was studied 
using FESEM in the second stage. FESEM imaging compar-
ing GCE and PBA-Au-MXene QD (Fig. S1A and B) reveals 
that an electrosynthesis layer of PBA-Au-MXene QD com-
posite produced on the GCE area was effectively built. The 
mapping study provided additional confirmation of the PBA-
Au-MXene QD biosensing platform, as shown in Fig. S1C, 
1D, 1E, and 1F. They equally dispersed the C, Au, O, and Ti 
elements over the GCE area.

AFM was utilized to investigate changes in the GCE area 
following modification by PBA-Au-MXene QD, probe, and 
hybridization. Fig. S2 depicts the tap method of 3D AFM 
topographical characteristics as well as the 2D phases of the 
AFM’s GCE and modified GCEs. The Ra (average rough-
ness) and Rq (root square roughness) of GCE (Fig. S2A) 
and PBA-Au-MXene QD/GCE (Fig.  S2B) decreased 

significantly, from 165.27 to 26.28 nm and 206.68 to 35.28 
nm, respectively. GCE has uneven depressions and fossa, 
and most of the depressions and fossa are filled and sensible 
by a revised PBA-Au-MXene QD [25].

Following the probe’s stabilization, the surface mor-
phology has been altered by amounts of  Ra 59.21 nm and 
 Rq 74.02 nm (Fig. S2C), and by having to add thiolated 
ssDNA to the surface, it has become rougher, confirming 
the achievement of covalent bonds among -S probe groups 
and Au [26]. After incubating the probe with miR-122 to 
generate a dsDNA that completely covers the functionalized 
GCE area, Ra and Rq levels were enhanced to 128.52 nm and 
165.17 nm, respectively (Fig. S2D).

Electrochemical analysis

The entire DNA biosensor platform manufacturing process was 
validated using CV and EIS methods with a reversible redox 
probe off 5 mM [Fe(CN6)]3−/4− solution comprising 0.1 M KCl. 
Using a tantamount Randles circuit, the impedance spectra of 
all stages were examined. Nyquist is made up of two segments: 
semicircular and linear. Resistance transfer charges (Rct), the 
semicircular segment diameter representing the span transi-
tions, control the GCE area in the high-frequency span [27].

When PBA-Au-MXene QD was electrodeposited 
on GCE (Rct = 59.23 ± 0.001 kΩ) (Fig. 2A and B curve 
a), there was a considerable increment in redox current 
(Fig. 2A, curve b) and a decrease in Rct to 0.78 ± 0.006 kΩ 
(Fig. 2B, curve b), indicating that the electron process of 
transition had already been enabled because of the active 
surface area of the electrode and enhanced permeability. 
The redox current was reduced (Fig. 2A, curve c) and the 
Rct amount gained to 0.90 ± 0.002 kΩ whenever the oppo-
sitely charged phosphate scaffold of the probe was bound 
on the PBA-Au-MXene QD/GCE area, and the electron 
transfer was constrained due to electrostatic interaction 
(Fig. 2B, curve c). The redox current was dramatically 
decreased after hybridization between the miR-122 and 
the probe (Fig. 2A, curve d). The Rct value increased to 
4.65 ± 0.005 kΩ (Fig. 2B, curve d) as a result of negative 
charge limiting components and reduced charge species 
accessibility to the biosensing system area [28]. Both the 
EIS and CV approaches revealed that the miR-122 sensor 
platform was successfully manufactured.

A series of CV measurements with varied scan speeds 
(10 to 150 mV.s−1, a reversible redox probe off 1 mM 
[Fe(CN6)]3−/4− solution comprising 0.1 M KCl) was done 
to evaluate the effective surface area quantity of different 
electrodes using the Randles–Sevcik Eq. (29) . Both GCE 
and PBA-Au-MXene QD/GCE electrodes displayed a lin-
ear solidarity between the resultant peak currents of anodic 
and scan rate square roots (Fig. S1G), confirming that the 
electrochemical reaction is by diffusion rein [29]. Utilizing 
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the Randles-Sevich formula, the effective surface areas of 
GCE and PBA-Au-MXene QD/GCE were calculated to be 
0.013 ± 0.00021  cm2 and 0.040 ± 0.00078  cm2, respectively. 
The results are consistent with those shown in Fig. S1G and 
demonstrate that PBA-Au-MXene QD has significantly 
increased the electrode’s effective surface area for immobi-
lizing probes for eventual diagnosis. Parameter n is an iden-
tification valid for the uniformity of the double layer acquired 
utilizing the EIS approach, and it can range from 0 to 1 [30], 
indicating material morphology. n for GCE, PBA-Au-MXene 
QD/GCE, ssDNA/PBA-Au-MXene QD/GCE, and dsDNA/
PBA-Au-MXene QD/GCE are equal to 0.8, 0.99, 0.95, and 
0.94, respectively which is compatible with the AFM study.

In addition, to assess the stability of the binding between 
PBA-Au-MXene QD and GCE, the modified GCE was 
subjected to 40 consecutive scans with CVs at a rate of 50 
mV.s−1. The results indicate that there were no significant 
changes in either oxidation/reduction potential or current 
for the PBA-Au-MXene QD-modified GCE (Fig. 2C). This 
suggests that the interface between PBA-Au-MXene QD and 
GCE is highly stable, which is advantageous for the develop-
ment of electrochemical biosensor.

Optimizing experimentation conditions

To develop a biosensor with excellent sensitivity and selec-
tivity several affecting elements, including MXene QD con-
centration, electrodeposition time, prob concentration and 
time stability, temperature, pH, time hybridization, and so 
on were explored.

Based on the results presented in Fig. S3A, there was 
no significant difference between the miRNA-122 syn-
thetic sample and serum samples treated with proteinase 
K (without complete extraction of miRNA). Therefore, the 
optimized steps were carried out using the treated serum. 
This was because the proposed sensor was able to effectively 
detect the treated serum in real conditions. The impacts 

of essential agents, such as MXene QD concentrations 
(Fig. S3B) and electrodeposition durations (Fig. S3C) were 
tested and optimized for biosensor platform development. 
According to the presented results in the supplemental file, 
the optimal conditions are 8000 mg/mL of MXene QD and 
300 s of electrodeposition time.

The thickness of the PBA-Au-MXene QD layer, which is 
the same as the diffusion length (L), can be obtained from 
the following Eq. (1) [31]:

In the above equation, ω is characteristic of diffusion in a 
finite layer, and D is the diffusion coefficient. Accordingly, 
the L value was calculated to be 0.00032 ± 0.000001 cm.

The probe concentrations were optimized after the GCE 
was modified using PBA-Au-MXene QD nanocompos-
ites. The effect of probe concentration on detection was 
investigated, with concentrations ranging from 1 to 1000 
nM in 5 mM [Fe(CN6)]3−/4− solution comprising 0.1 M 
KCl (Fig. S3D). A weak response signal at concentrations 
less than 500 nM may be due to an insufficient amount of 
immobilized probe on the GCE, whereas a reduction in 
response signal at concentrations greater than 500 nM may 
be due to the impact of the additional mass of immobilized 
probe. As a result, 500 nM was chosen as the best probe 
concentration [32].

The probe’s immobilized period on the modified GCE 
was measured between 1 and 15 h. The DPV answer 
increased with an immobilization time of up to 9 h. After, 
there was no substantial increase in the signal’s responsive-
ness ((Fig. S3E). As a result, a 9 h immobilization duration 
was chosen to ensure optimal probe immobilization in the 
modified GCE.

Fig. S3F and G show the pH influence on probe immo-
bilization and the hybridization process on biosensor per-
formance, respectively. At a pH less than 7.4, the ssDNA 

(1)ω =
D

L2

Fig. 2  A CVs and B EISs of the different electrodes (a) GCE, (b) 
PBA-Au-MXene QD/GCE, (c) ssDNA/PBA-Au-MXene QD/GCE, 
(d) dsDNA/PBA-Au-MXene QD/ and C CVs of PBA-Au-MXene 

QD/GCE following a series of scans for 40 cycles GCE (5mM 
[Fe(CN)6]3−/4− containing 0.1 M KCl)
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phosphodiesterase chain protonated, lowering the solubiliza-
tion of ssDNA molecules and thus the DNA hybridization 
process. At a pH of more than 7.4, the buffer denatured the 
dsDNA helical structure by breaking the weak hydrogen 
bonds between the nucleobases. As a result, the ideal pH 
for biosensing was confirmed to be 7.4.

The relevance of hybridized time in biosensing 
instances for detection accuracy is understood. The 
optimum miR-122 hybridized time on ssDNA/PBA-Au-
MXene QD/GCE varied from 30 to 180 min. According 
to Fig. S3H, the DPV peak current peaked at 60 min. The 
DPV answer was not significantly changed by developing 
hybridized time.

The hybrid temperature was investigated between 10 and 
55 °C. The response signal dropped with a continual rise 
in hybrid temperature after just a hybrid temperature of 25 
°C (Fig. S3I). Increasing temperatures reduce hybrid effi-
ciency. As a result, in the next experiments, 25 °C was used 
to hybridize the probe with miR-122. Therefore, the results 
obtained from the optimization process were used to con-
tinue with the subsequent steps.

The biosensor’s selectivity, stability, repeatability, 
approach, and sensitivity

To analyze the selectivity of the biosensor, DPV responses 
were evaluated after the hybridization of the ssDNA 
probe with different types of sequences at a concentration 
of 1 pM. These sequences included the complementary 
sequence, as well as sequences with 2, 5, and 9 base mis-
matches and non-complementary. The results of Fig. 3A 
revealed that the biosensor had the highest response to the 
complementary sequence and its response decreased as the 
number of mismatched bases increased. Interestingly, the 
response to the non-complementary sequence was simi-
lar to that of a blank sample without any miR-122. Fur-
thermore, there was no significant difference in response 
among the synthetic miR-122 sample and serum, which 
were obtained without complete extraction of miRNA.

The stability of the biosensor was also evaluated over 
a longer time. To do so, a group of fabricated biosensors 
was stored at 4 °C for up to 42 days. After each step of 
hybridization and detection, dsDNA hybrid structures of 

Fig. 3  A The sensitivity of the biosensor for non-complementary, 
9, 5, 2-mismatch, and miR-122 sequences, B the biosensor’s stabil-
ity after being stored for 42 days; C Biosensor reproducibility evalu-
ation with four-time measurement at 1 pM concentration in miRNA 
synthesized and extracted samples (n = 3), D DPV signals at a 5mM 
[Fe(CN)6]3−/4− containing 0.1 M KCl for different miR-122 concen-

trations, and E the corresponding calibration curves for log C (aM) 
vs. DPV responses in the wide range of 0.001 aM to 1000 nM (the 
error bars indicate the standard deviation estimated by three inde-
pendent measurements). (Inset: the DPV reply of the biosensor 
among − 0.2 to 0.4, where the scan rate was 50 mV.s−1 in a 5 mM 
[Fe(CN)6]3−/4− a solution containing 0.1 M KCl, n = 3)
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dsDNA/PBA-Au-MXene QD/GCE were denaturized in 
a 0.5 M NaOH solution, followed by room-temperature 
drying. Finally, new serum samples were detected with 
biosensors. According to Fig. 3B, the biosensors remained 
stable throughout the 42 days. After 42 days, the biosen-
sors maintained 94.26% of their initial response. These 
findings suggest that the offered biosensor has promis-
ing stability. Based on these results, it can be concluded 
that the reversibility of the biosensor is 11 times. These 
findings suggest that the offered biosensor has promising 
stability and reversibility.

A repeatability study was performed to determine the 
closeness between the results measured by the biosensor 
at a concentration of 1 pM miRNA-122 (synthesized and 
extracted) with three replicates (n = 3). Based on the bar 
graph, there was no significant difference in the ΔI value of 
the two separate sets under test (Fig. 3C). The biosensor’s 
repeatability, with a standard deviation (%RSD) in the range 
of 1.27–1.70%, indicates its high repeatability.

Finally, the designed biosensor was analyzed by hybrid-
izing with different concentrations of synthesized miR-
122 in standard solution as shown in Fig. 3D. The current 
changes (ΔI), which is the difference among the peak height 
of the ssDNA/PBA-Au-MXene QD/GCE and the reaction 
of hybridizing, increased with the target concentration. 
This change showed acceptable linear dependence with 
the target concentration logarithm in the wide range from 
0.001 aM to 1000 nM (Fig. 3E). The linear equation and 
LOD for this response was ΔI = 1.059 log C + 5.673 and 
0.00081 ± 0.000105 aM (0.8 zM). LOD was calculated based 
on the 3SD/m equation.

To assess the biosensor’s sensitivity, 500 nM of the 
ssDNA probe was immobilized on the PBA-Au-MXene 
QD/GCE, and the biosensor assessed miR-122 at different 
concentrations ranging from 0.001 aM to 1000 nM. Using 
the following formula, the biosensor’s sensitivity was 
determined.

Based on the calibration plots shown in Fig. 3E, the 
biosensor’s sensitivity was determined to be 26.47 
μAaM−1cm−2. The very sensitive miR-122 assay is 
linked to the miR-122 biosensor based on R2 values and 
sensitivity.

Table.S2 provides a comparison of the effectiveness of 
different methods for detecting miR-122. The results pre-
sented in this table demonstrate that the introduced bio-
sensor in the study has a broader linear range and superior 
LOD compared to other biosensors developed for quantify-
ing miR-122.

sensivity =
slpoe of calibration plot

(
�AaM−1

)

active surface area
(
cm2

)

Determination of the binding affinity 
between miR‑122 and Fe‑cDNA immobilization

A fundamental presumption of cDNA probe-based bio-
sensors is that a stable structure forms when the probe 
interacts with the target. Nevertheless, the strength of 
the interaction between the probe and the target is poorly 
understood, particularly when the reaction occurs on a 
GCE surface composed of multiple layers. In this part, 
a Langmuir model is utilized to calculate the binding 
constant between probe cDNA and miR-122. Figure 4A 
displays the correlation among ΔI and miR-122 concen-
trations across a broad concentration span. The initial 
rise in ΔI is steep, but it eventually levels off a compara-
tively constant amount at higher concentrations. If the 
cDNA-miR-122 hybridization conforms to the criteria of 
the Langmuir isotherm model, the binding affinity (also 
known as the equilibrium constant Kb) can be formulated 
as (Eqs. 2 and 3) [33]:

The terms [Fe-cDNA• miR-122│modif ied-GCE], 
[Fe-cDNA│modified-GCE], and [miR-122] refer to the level 
of concentration of the cDNA-miR-122 hybridization on 
the modified-GCE, the concentration of the probe Fe-
cDNA (Fe symbols is [Fe(CN6)]3−/4− solution comprising 
0.1 M KCl and cDNA symbol is ssDNA probe) immobili-
zation on the modified-GCE, and the miR-122 concentra-
tion, respectively. As a result, the correlation among ΔI, 
the ΔImax (maximum ΔI) that corresponds to the highest 
miR-122 concentration at saturant hybridization, the miR-
122 concentration [miR-122], and Kb (binding constant) 
can be represented as follows (Eq. 4):

It is possible to reorganize this formula to obtain Eq. 5:

The value of parameter n relates to the distribution of 
level energy [34]. When using the Langmuir isotherm 
model, n nears 1, indicating a homogeneous surface.

Through nonlinear fitting of the experimental data, it 
is demonstrated that the Langmuir model (Eq. 4, n = 1) 
could be used in this instance (Fig. 4A) to provide the fol-
lowing values (Fig. 4B): ΔImax = 18.62, Kb = 1.79 ×  10−9 

(2)

Fe − cDNA|modif ied − GCE + miR

− 122 ↔ Fe − cDNA ∙ miR − 122|modif ied − GCE

(3)Kb =
[Fe − cDNA ∙ miR − 122|modif ied − GCE]

[Fe − cDNA|modif ied − GCE][miR − 122]

(4)ΔI = ΔImax ×
kb[miR − 122]n

1 + kb[miR − 122]n

(5)
[miR − 122]n

ΔI
=

1

kb.ΔImax
+

[miR − 122]n

ΔImax
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 aM−1, and n = 1. Equation (5) indicates that the ratio of 
[miR-122]n. The intercept of this relationship is plotted with 
n = 1, which was determined through nonlinear fitting in 
a previous analysis. The results from this plot match well 
with those gained from Fig. 4B, confirming the validity of 
the calculated ΔImax and Kb amounts. The significant  Kb 
amount of 1.79 ×  10−9  aM−1 or 1.79 ×  109  M−1 indicates that 
the surface-bound probe cDNA can attach firmly to the 22 
mer miR-122 in the given experimental situation. This firm 
binding is likely due to the biosensor’s lower LOD and a 
broad range of detectable quantities.

Biosensing approach in clinical testing

The effectiveness of using biosensors for clinical trials 
was evaluated by conducting tests on 30 miRNA sam-
ples, with and without extraction, from serum samples. 
The samples were taken from 15 negative and 15 positive 
BC samples. All 15 positive samples showed a significant 
response (ΔI > 7.96 and 7.93 µA for serum and extracted 
miRNA, respectively). While, the response of all 15 nega-
tive samples was relatively low (ΔI < 4.75 and 4.65 µA for 
serum and extracted miRNA, respectively), showing that 
the serum’s miRNA concentrations were normal (Fig. 5A).

According to Fig. 5B, D, and E, the findings of 30 sample 
analyses were recorded in a box diagram for further investiga-
tion. A t-test was also performed to ascertain the significance 
of the difference between the negative and positive catego-
ries. When comparing the data, differences of significance 
were seen for three approaches between the two groups (p 
about 0.0001). Additionally, ROC curves (“receptor operat-
ing characteristics”) were utilized to evaluate the capabil-
ity of distinguishing the suggested approach and compare it 
with RT-qPCR (as shown in Fig. 5C, D, and E). The IUPAC 
way [35] was utilized to establish the cutoff values for the 
identified threshold values of the suggested biosensor for 
both miRNAs with and without extraction, as well as for 
RT-qPCR. These cutoff values were ΔI > 5.711, ΔI > 6.517, 
and ΔCt <  − 4.856, respectively. As a result, for the biosensor 

technique, an ΔI value greater than 5.711 and 6.517 was des-
ignated as indicating BC patients for miRNA detection with 
and without extraction, respectively, whereas an ΔI value 
less than these thresholds was indicative of healthy Persons. 
On the other hand, for the RT-qPCR technique, a ∆Ct value 
greater than − 4.856 was indicative of healthy individuals, 
whereas a value less than this threshold was persons of BC 
patients. Based on the ROC curve-derived cutoffs, the bio-
sensor method did not produce any false results, while the 
RT-qPCR technique had three false positives and three false 
negatives. Hence, the findings validate the accuracy of the 
diagnosis ability of the biosensor even in real serum samples.

The AUC (area under the curve) was calculated using 
three different approaches, and it demonstrates the outstand-
ing specificity and precision of the provided biosensor to 
discriminate between samples with and without BC. The 
created biosensor has 100% sensitivity, 100% specificity, 
and an AUC of 1, and it can detect real clinical samples 
both with and without miR-122 extraction. The diagnostic 
usefulness of miR-122 in distinguishing between the control 
and case groups was also demonstrated by RT-qPCR diag-
nosis, which had 80% sensitivity, 80% specificity, and an 
AUC of 0.81 (Fig. S4A, B, and C). As a consequence, the 
finding demonstrates that the biosensor approach has greater 
specificity and sensitivity than the RT-qPCR method.

The novel aspect of this research was the development 
of a biosensor utilizing Au-MXene QD nanoparticles that 
enabled the conversion of a non-conductive polymer into a 
conductive composite via the electrodeposition method. The 
study’s findings revealed that the presence of any interfering 
species in the matrices without extracted miRNA did not 
significantly affect the accuracy of miR-122 detection using 
the proposed biosensor. This suggests that the biosensor can 
reliably diagnose miR-122 in various real samples without 
requiring extraction and separate processing. Moreover, the 
biosensor could accurately differentiate between patient and 
healthy specimens.

The proposed biosensor offers several inherent benefits 
over other biosensors developed for detecting BC. Firstly, 

Fig. 4  Langmuir isotherms 
are generated by interactions 
between the miR-122 biosen-
sor and different concentrations 
of miR-122. A The Langmuir 
isotherm model’s nonlinear fit 
of the experimental data and B 
the Langmuir isotherm model 
provide a linear fit to the experi-
mental data
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the biosensor is capable of detecting miR-122 with low 
expression levels quantitatively, with a limit of detection at 
the zM level for both synthetic and real samples. Secondly, 
the designed biosensor demonstrated a meaningful differ-
ence between the control and case categories with 100% 
sensitivity and 100% specificity. Finally, the developed bio-
sensor was able to quantify miR-122 even in the presence of 
invasive species in the matrices without the need for extrac-
tion of miRNA.

Conclusion

This miR-122 biosensor was manufactured using PBA-Au-
MXene QD nanocomposite. This method could be applied to 
PBA as a non-conductive polymer transformed into a conduc-
tive composite by incorporating Au-MXene QD. Then the 
thiolated ssDNA probe was covalently fixed to the nanocom-
posite surface with thiol-Au bonds. This study describes the 
development of an ultrasensitive biosensor for detecting miR-
122, a biomarker for breast cancer. The biosensor detected 
miR-122 with high sensitivity, low LOD, and a wide linear 

diagnosis range. Comparing miR-122 detection with and 
without miR-122 extraction and RT-qPCR in 30 clinical sam-
ples demonstrated the biosensor’s accuracy and reproducibil-
ity. This innovative biosensor showed high potential for breast 
cancer diagnosis and improved health outcomes. This was 
due to its ability to diagnose very low miR-122 levels with-
out complicated pretreatment steps. In addition, the technol-
ogy presented has potential for application to microfluidics, 
wearable biosensors, and portable electronics, which enhance 
point-of-care sensing. This research presents a significant step 
toward developing rapid, accurate, and noninvasive clinical 
tools for breast cancer diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00604- 023- 06062-w.
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