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Abstract
This study correlated and quantified the expression of microRNA-155 with breast cancer to determine breast cancer pro-
gression. The target microRNA-155 sequence was identified by complementation on a capture-probe sequence-immobilized 
interdigitated dual electrode surface. The sensitivity was found to be 1 fM, and the limit of detection fell between 1 and 10 
fM. The specific sequence selectivity with single mismatches, triple mismatches, and noncomplementary bases failed to 
complement the capture-probe sequence. The obtained results demonstrate the selective determination of the microRNA-155 
sequence and can help to diagnose breast cancer.
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Introduction

Breast cancer is one of the most common cancers, resulting 
in unlimited cell proliferation in breast tissue, and is the 
leading cause of death every year, with >5,000,000 cases 
worldwide (Zheng et al. 2018). After skin cancer, breast 
cancer was found to be the most common cancer among 
women in the United States. The evidence for neoplasias in 
the past decade showed an increasing trend of breast cancer 

cases, starting at 9.69 and reaching 14.97 per 100,000 young 
women during the years

l rates of breast cancer patients are similar when con-
sidering patients at the same stage of cancer progression. 
Usually, 90% of breast cancer patients live for 5 years; how-
ever, this percentage and survival period can be improved 
by proper diagnosis. The mortality rate of breast cancer 
is increasing due to the lack of detection at earlier stages, 
which leads to less effective chemotherapy (Huerta-Nuñez 
et al. 2019). Ultrasound scanning, X-ray mammography, and 
magnetic resonance imaging are generally used to diagnose 
breast cancer (Brooks et al. 2009; Dromain et al. 2013; Rod-
ríguez-Ruiz et al. 2019). However, these techniques often 
have lower sensitivity, poor cost-effectiveness, and difficulty 
diagnosing at earlier stages (Selwyna et al. 2013). In particu-
lar, the common mammography technique is not suitable for 
women with dense breasts (Brooks et al. 2009). Thus, it is 
mandatory to develop a sensitive and user-friendly biomo-
lecular diagnostic method for breast cancer with a suitable 
biomarker (Chang et al. 2014; Cui et al. 2017; Sountharrajan 
et al. 2017).

Various blood-based biomarkers, such as estrogen 
receptor (ER), the hormone receptor HER2, progesterone 
receptors, BRCA1 protein, and circulating tumor DNA, 
have been shown by researchers to facilitate breast cancer 
diagnosis (James et al. 2007; Zhang et al. 2011; Duffy 
et al. 2017, 2018; Salahandish et al. 2018). Among such 
biomarkers, microRNA-based detection has received 
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great attraction from researchers due to its high sensitiv-
ity and selective detection for various diseases including 
breast cancer (Svoboda et al. 2012; Wang and Luo 2015). 
MicroRNA is a single-stranded RNA that functions as a 
negative regulator of posttranscriptional modification in 
most biological processes. MicroRNA expression under 
abnormal conditions is highly correlated with different 
types of cancers including breast cancer (Cardoso et al. 
2016; Zhang et al. 2018). In particular, studies on tumor 
suppression microRNA and oncogenic microRNA have 
been more focused for diagnostic purposes. More specifi-
cally, microRNA-155 is abnormally expressed in patients 
with breast cancer (Jiang et al. 2010; Mattiske et al. 2012). 
Based on an earlier study by Zheng et al. (2012), the rela-
tive median expression of miR-155 (2−ΔΔCt) was 0.360 
in breast tumor samples, and the nontumor control had a 
value of 0.135, showing threefold differences in miRNA-
155 expression between normal and tumor cells. On the 
other hand, recently, Zhang et al. (2019) revealed that miR-
155-3p was upregulated in breast cancer cells but normally 
expressed in breast MCF 10A cells. However, the mRNA 
and protein levels of cell adhesion molecule 1 displayed a 
different pattern with opposite expression, as miR-155-3p 
negatively regulated cell adhesion molecule 1 expression 
(in MCF-7 breast cancer cells). In addition, miR-155-3p 
expression enhanced tumorigenesis and cell prolifera-
tion and repressed cell apoptosis. Therefore, developing a 
simple and rapid diagnostic method for microRNA-155 is 
beneficial for identifying breast cancer at its initial stage. 
In this research, the target microRNA-155 was detected 
by a suitable capture probe on an interdigitated electrode 
(IDE) sensing surface.

Special attention has been paid to breast cancer research 
by incorporating a nanotechnological approach, especially 
with biodegradable polymeric nanoparticles, which has led 
to several improvements, as stated by Ahmad and colleagues. 
The biodegradable polymeric nanoparticles acts as drug car-
riers, as suggested by in vitro and in vivo studies (Alam et al. 
2016; Ahmad et al. 2018a,b, 2019). In the current research, 
different nanotechnological approaches have been used for 
in vitro analysis with a nanoscale IDE, which was fabricated 
and efficiently used to detect the target microRNA-155. The 
capture probe was immobilized on the IDE surface by using 
a biotin–streptavidin complex, and the target microRNA-155 
was determined (Lv et al. 2019). IDE sensors have been well 
established with transducers and are widely accepted in vari-
ous applications including chemical and biological sensors. 
Due to the relatively easy fabrication steps, high sensitivity, 
ease of use, and low cost, IDEs are attractive in the field of 
biosensors and can be potentially used to identify biologi-
cal ligands such as RNA, DNA, aptamers, antibodies, and 
proteins (Cheen et al. 2017; Letchumanan et al. 2019a,b; 
Ramanathan et al. 2019). A unique probe, microRNA, was 

used in the present investigation to make further progress in 
the diagnosis of breast cancer biomarkers.

Materials and methods

Reagents and biomolecules

Phosphate-buffered saline (PBS), streptavidin, and (3-gly-
cidyloxypropyl)trimethoxy silane (GOPTS) were purchased 
from Sigma-Aldrich (USA). Ethanolamine was purchased 
from Fisher Scientific, UK. Biotinylated capture probes and 
targets were synthesized commercially and received from 
the local supplier as follows: 5′-ACC​CCU​AUC​ACG​AUU​
AGC​AUUAA-A24-3′ [capture-probe]; 5′-UUA​AUG​CUA​
AUC​GUG​AUA​GGGGU-3′ [target]; 5′-AAU​UAC​GAU​UAG​
CAC​UAU​CCCCA-3′ [noncomplementary]; 5′-UUA​AUG​
CUA​AAC​GUG​AUA​GGGGU-3′ [single-mismatch]; 5′-UUA​
AUG​CUU​UAC​GUG​AUA​GGGGU-3′ [triple-mismatch]; 
and 5′-biotinylated-dT20 (for surface immobilization). All 
these oligos were designed based on previous research 
(Hakimian et al. 2018).

Pattern design on a chrome mask

Initially, the pattern of the dielectric sensor was designed 
using AutoCAD software. The pattern was printed on a 
blank photomask and pasted on the surface of chrome glass. 
This chrome glass was fixed under a UV exposure system 
for the pattern transferring procedure. A silicon dioxide 
substrate with an aluminum thin film deposited on it was 
placed in the opposite direction against the chrome glass and 
exposed to UV light for 10 s. The pattern was transferred 
followed by a developing process using the resist developer.

Fabrication of the interdigitated electrode (IDE)

The surface electrode was produced via a conventional 
microelectronic fabrication process with the following steps 
(Letchumanan et al. 2019b): (i) A 4-in. wafer with exist-
ing native oxide was prepared; (ii) the wafer was cleaned 
using buffered oxide etch (BOE) and piranha solution to 
remove the native oxide and inorganic contaminants; (iii) 
a 2800 Å-thick oxide layer was grown on the surface via 
an hour of wet thermal oxidation at 1000°C; (iv) the oxide 
layer-coated wafer was cut into four pieces for better han-
dling; (v) a metal layer of aluminum was deposited as an 
adhesion layer for the conductive layer, and the aluminum 
layer (40 nm), which was produced via a thermal evapora-
tor-based physical deposition method, was 3 cm long and 
0.5 mm in diameter; (vi) a layer of positive photoresist was 
spin-coated on the substrate; (vii) the wafer was soft-baked 
at 90°C for 60 s; (viii) the wafer was aligned with a chrome 
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mask and exposed to UV light for 10 s; (ix) the wafer was 
rinsed in RD6 developer solution within 15 s to remove the 
unexposed area, resulting in an oxide IDE pattern; (x) the 
wafer was hard-baked at 90°C for 120 s; (xi) the wafer was 
etched using aqua regia to remove the exposed area of both 
layers and finally, (xii) the surface pattern was produced, and 
the remaining photoresist was washed away using acetone. 
3D nanoprofilometry (Hawk 3D-profilometry, USA) analy-
sis was carried out to observe the clear-cut image of gaps 
between the electrodes. Current measurements (A) were 
performed using a Keithley 6487 picoammeter with a linear 
sweep of 0–2 V at a step of 0.1 V (at 20 s).

Capture‑probe immobilization on the IDE sensor

The capture probe was immobilized on the IDE surface by 
biotin–streptavidin complex formation. Initially, the IDE 
sensing surface was modified with GOPTS by adding a 
diluted GOPTS solution dropwise and incubating for 1 h. 
After incubation, the surface was washed with PBS buffer 
to remove the unbound free GOPTS. Then, 200 nM strepta-
vidin was added to the GOPTS-modified surface for 1 h, and 
the surface was subsequently blocked by 1 M ethanolamine 
for 30 min at room temperature. Next, 1 µM biotinylated 
capture probe was added to the surface and incubated for 
10 min at room temperature. The capture-probe-immobilized 
IDE was utilized to quantify the target microRNA-155.

Detection of microRNA‑155 complementation 
on the capture‑probe‑immobilized IDE surface

The capture-probe-modified IDE was utilized to determine 
the complementation of target microRNA-155. The current 
was noted at this point. Then, the target at 10 pM was added 
to the surface and allowed to stand for 15 min for comple-
mentation on the capture probe. After washing the surface, 
the current was noted again, and the changes in current 
before and after target complementation were considered 
as representing the real interaction for the complementation 
between the target and capture probe.

Limit of detection on complementation 
by microRNA‑155

To estimate the detection limit with microRNA-155, target 
concentrations from 1 fM to 10 pM were prepared by tenfold 
dilutions and added (as 10 µl aliquots) to the capture-probe-
modified IDE surface. After 10 min of reaction, the surface 
was washed thoroughly with PBS to remove the unbound 
molecules. The changes in current before and after addi-
tion of the target were noted for comparison. The difference 
in current was calculated and plotted by Excel software to 
obtain the limit of detection by linear regression.

Control experiments for microRNA‑155 target 
complementation

Control experiments were carried out to evaluate the spe-
cific detection of the target molecule, microRNA-155. The 
single-mismatch, triple-mismatch, and complementary oli-
gonucleotides of target sequences at a concentration of 10 
fM were independently added on the capture-probe-modified 
IDE surfaces, and the changes in current were compared 
with the current observed for the specific complementation 
of the target sequence.

Results and discussion

In this research, the breast cancer biomarker microRNA-155 
was detected by an immobilized capture probe on an inter-
digitated electrode (IDE) sensor. Figure 1 depicts the sche-
matic representation of microRNA-155 detection on the 
IDE sensor. The fabricated surface was observed via 3D 
nanoprofilometry, and the observed image clearly showed 
the presence of gap and finger regions along the electrode 
(Fig. 2a). The image reflects the original dimensions of the 
IDE: 7500 µm length; 4100 µm width; 20 finger-gap pairs; 
85 µm gap size; 100 µm electrode size; 40 nm electrode 
thickness; and 4000 µm finger length. The IDE comprises a 
silica surface on which an aluminum electrode was depos-
ited. This setup operates based on the dipole moment on the 
surface; upon binding of molecules, there will be variation 
in the dipole moment with the concomitant alternation in the 
current (Fig. 2a, inset). The capture probe was immobilized 
on IDE through the biotin–streptavidin strategy. A 5′-bioti-
nylated polyT (biotin-dT20) oligo was synthesized separately 
and duplexed with the capture probe extended by polyA 
(A24) [5′-ACC​CCU​AUC​ACG​AUU​AGC​AUUAA-A24-3′]. A 
four-base spacer was created between this complementation 
and the sequences of the capture probe to create flexibility. 
This complex was attached to a streptavidin-immobilized 
IDE sensing surface through the chemical linker GOPTS. 
This tetravalent binding strategy helps increase the number 
of capture probes on the sensing surface (Duan et al. 2012). 
Amine groups on streptavidin can interact with epoxy mol-
ecules originating from GOPTS. The target microRNA-155 
was complemented with the complexed capture probe on the 
modified IDE surface.

Capture‑probe immobilization on the IDE 
through a biotin–streptavidin strategy

Figure 2b shows the current change from each modification 
step while immobilizing the capture probe. The current of 
the GOPTS-modified IDE surface was noted as 5.70E−08 A, 
and after the surface modification with streptavidin, the 
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value increased to 7.47E−06 A. These changes in current 
confirm streptavidin attachment on the IDE sensing surface. 
Subsequently, the current of the biotinylated capture probe 
on the streptavidin-modified surface drastically decreased 
to 1.44E−08 A. These results show a different trend due 

to the charge differences of the molecules attached on the 
surface. These current changes occurred due to the chemi-
cal interaction of streptavidin with the GOPTS surface. This 
process confirms the immobilization of the capture probe on 
the GOPTS-modified IDE surface (Fig. 2b, c).

Fig. 1   Schematic representa-
tion of the detection strategy. 
Capture DNA was attached to 
an IDE through a biotin–strepta-
vidin strategy. Streptavidin 
was immobilized through a 
GOPTS chemical linker. Then, 
a biotinylated capture probe was 
added and complemented by the 
target microRNA-155

Fig. 2   a Surface profile of the IDE under 3D profilometry. Gap, 
finger and electrode regions are shown. A mechanism of the dipole 
moment is shown. b Capture-probe immobilization on the IDE sen-
sor. Clear current changes were noted after each immobilization pro-
cess, indicating the successful attachment of the capture probe on 

the IDE surface. The enlarged portion is shown as the figure inset. c 
Changes in current for each immobilization step. Ethanolamine shows 
a smaller current change due to less space availability on the GOPTS 
surface
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Complementation of microRNA‑155 
on the capture‑probe‑modified IDE surface

The target microRNA-155 sequence [5′-UUA​AUG​CUA​
AUC​GUG​AUA​GGGGU-3′] was detected by complementa-
tion on a capture-probe-modified IDE surface. Before detec-
tion, to avoid biofouling, after the surface was modified with 
the capture probe, the excess GOPTS surface was covered 
with ethanolamine. As shown in Fig. 2c, after adding etha-
nolamine, the current was increased slightly to 1.79E−09 A. 
This slight change occurred because the GOPTS surface was 
nearly completely occupied by streptavidin, so ethanolamine 
could bind to the small remaining area of the GOPTS-modi-
fied surface. After the surface was blocked by ethanolamine, 
the target at a concenteration of 10 pM was complemented 
on the surface, and the current was drastically increased to 
1.01E−06 A (Fig. 3a). This current change clearly indicates 
the complemetation of the target with the capture probe 
immobilized on the IDE surface. The changes in the cur-
rent direction are based on the charge on the surface of the 
biomolecule. For example, a single-stranded probe possesses 
a phosphate backbone with a negative charge and shows a 
decreasing trend from that of streptavidin. However, when 
a duplex forms, the above trend is reversed due to the mask-
ing effect of the phosphate backbone by the second strand.

Limit of detection for complementing 
microRNA‑155

The limit of detection with microRNA-155 target sequence 
complementation was estimated by carrying out an experi-
ment with different concentrations of target complemented 

with the capture probe. The target at concentrations of 
100 aM, 1 fM, 10 fM, 100 fM, 1 pM, and 10 pM was dropped 
individually on the capture-probe-modified surfaces, and 
then, the changes in current were observed (Fig. 3b). When 
100 aM target sequence was added, the current increased 
from 1.79E−08 to 2.45E−08 A. This increased current 
indicates the complementation of the target and capture 
probe. Further, when the target concentration was increased 
to 1 fM, the current increased to 2.9E−08 A. With 10 fM 
target sequence, the current was drastically increased to 
6.35E−07 A. With further increases in the concentration 
of the target sequence, the current gradually increased. At 
concentrations of 100 fM, 1 pM, and 10 pM, the current 
levels were 6.25, 8.25, and 9.37E−07 A, respectively. As 
seen until 1 fM, only smaller changes in current were noted; 
from 10 fM, the current increased drastically, and there was 
not much difference with the concentrations of 1 pM and 
10 pM, indicating a close approach to the saturation point 
(Fig. 4a). The difference in current was plotted by a linear 
regression graph, and the limit of detection was calculated 
(S/N = 3:1; LOD = standard deviation of the baseline + 3σ) 
in the range between 1 and 10 fM. Further, the sensitivity 
was found to be 1 fM (Fig. 4b).

Control experiments for specific complementation 
of microRNA‑155

Control experiments were carried out with three dif-
ferent control sequences, namely single-mismatch, 
triple-mismatch, and complementary target sequences 
5′-UUA​AUG​CUA​AAC​GUG​AUA​GGGGU-3′ [single-
mismatch]; 5′-UUA​AUG​CUU​UAC​GUG​AUA​GGGGU-3′ 

Fig. 3   a Target microRNA-155 detection. The current was drasti-
cally increased with 10 pM of target and capture complementation. b 
MicroRNA-155 titration on the capture probe. Target concentrations 

from 100 aM to 10 pM were complemented on the IDE-capture sur-
face, and the current levels were increased depending on the target 
concentration. The enlarged portion is shown as the figure inset
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[triple-mismatch]; 5′-AAU​UAC​GAU​UAG​CAC​UAU​
CCCCA-3′ [noncomplementary]. These three sequences 
at concentrations of 10 fM were complemented indepen-
dently with the capture probe and compared with target 
capture-probe complementation. As shown in Fig. 5a, 
none of these control sequences yielded significant 
changes in the current, while the target sequence showed 
a great change in the current. These results supported the 
conclusion that the IDE system demonstrated in this study 
specifically detects microRNA-155 with a higher discrimi-
nation than that against other molecules. To prove the high 
performance, the variations among different devices and 
the obtained average values are displayed in Fig. 5b.

Different sensing strategies have been recently demon-
strated for the detection of breast cancer, including optical, 
electrochemical, and microwave-based detection approaches 
(Liu et al. 2019; Aldhaeebi et al. 2020; An et al. 2020; Kim 
et al. 2020; Loyez et al. 2020). Among these sensing strat-
egies, microwave-based detection is totally different from 
imaging analysis. Other studies mentioned above use unique 
biomarkers, as in the current study, to reveal the different 
sensing approaches. The uniqueness is from the detection 
of exosomal proteins, exosomal miRNAs, and aptamers as 
probes against cancer cells. Considering these methods by 
comparison with the current study, there is similarity in 
terms of the performance, with the differences ranging from 

Fig. 4   a Graph of the current with the target from 100 aM to 
10  pM. With increasing target concentrations, the current gradually 
increased. From 1 fM, the current increased. b Difference in current 

with target concentrations. Concentrations from 100 aM to 10  pM 
were plotted in an Excel file, and the limit of target detection was cal-
culated by linear regression analysis

Fig. 5   High-performance analysis. a Control experiments for the 
selective complementation of microRNA-155. Single-mismatch, 
triple-mismatch and noncomplementary target sequences were com-
plemented on the IDE capture-probe surface, and the current changes 

were recorded. No significant changes were noted with the control 
sequences compared to the specific target. b Reproducibility on the 
sensing surface. The averaged data from different devices are shown.
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~10- to 100-fold. However, the present study shows other 
advantages including lower sample consumption, lower 
operating current, and lower cost. Further, this study uses 
nanomaterials to compete with current cutting-edge tech-
nologies, which are lacking in other previously developed 
sensors.

Conclusion

Diagnosing breast cancer at the initial stage is mandatory 
to avoid metastasis of the cancer cells to other tissues. 
microRNA-155 is a suitable biomarker to diganose breast 
cancer. The present research focused on identifying the 
microRNA-155 target sequence by using a capture probe on 
an interdigitated electrode sensor. The capture probe was 
linked on the IDE sensor by the chemical linker GOPTS and 
complemented by the target sequence. It was observed that 
with increasing target sequence concentrations, the current 
changes gradually increased. The detection limit was found 
to be in the range between 1 and 10 fM, with a sensitivity 
of 1 fM. Moreover, controls with single-mismatch, triple-
mismatch and noncomplementary sequences did not signifi-
cantly increase the current levels, indicating the selective 
complementation of microRNA-155. This detection strat-
egy helps to diagnose breast cancer and is comparable to 
currently available sensor approaches, albeit with several 
advantages.
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