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Abstract
Oral cancer presents substantial challenges to global health due to its elevated mortality rates. Approximately 90% 
of these malignancies are oral squamous cell carcinoma (OSCC). A significant contributor to the prevalence of oral 
cancer is the difficulty in detecting cancerous biomarkers, further exacerbated by socioeconomic disadvantages 
and late-stage diagnoses. Given the critical nature of oral cancer, the early detection of biomarkers is essential 
for reducing mortality rates. This study investigates the application of microRNA-31 (miRNA-31) as a biomarker 
for the electrochemical detection of oral cancer, recognizing the considerable potential that microRNAs have 
demonstrated in cancer screening and diagnosis. The methodology employed includes the use of a glassy 
carbon electrode modified with graphene and a molecular tethering agent designed to enhance sensitivity and 
specificity. The biosensor exhibited a limit of detection of 10− 11 M (70 pg/mL or 6.022 × 106 copies/µL) in buffer 
and 10− 10 M (700 pg/mL or 6.022 × 107 copies/µL) in diluted serum for the complementary target miRNA-31 using 
the Six Sigma method. The efficacy of this biosensor was further validated through specificity studies utilizing a 
non-complementary miRNA in both buffer and human serum samples. The electrochemical biosensor displayed 
exceptional performance and high sensitivity in detecting miRNA-31, confirming its role as an innovative sensor for 
the non-invasive diagnosis of oral cancer. Furthermore, the proposed biosensor demonstrates several advantages 
over current methodologies, including reduced detection time, and cost-effective reagents.
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Introduction
Oral cancer represents approximately 3% of all cancer 
diagnoses in the United States and remains one of the 
most prevalent cancers globally [1]. According to the 2023 
Global Cancer Observatory, lip and oral cancers account 
for 4,000 new cases and 100,000 deaths worldwide [2]. 
Oral squamous cell carcinoma (OSCC), constituting 
nearly 90% of oral cancers, is particularly aggressive and 
prone to metastasis, making early detection crucial. OSCC 
accounts for 40% of head and neck cancers and commonly 
affects the tongue, lips, floor of the mouth, buccal mucosa, 
and gums [3, 4]. Key risk factors for OSCC include tobacco 
use, alcohol consumption, betel quid chewing, and human 
papillomavirus (HPV) [5–7]. The delayed diagnosis of 
OSCC often results in poor outcomes, with many cases 
identified at advanced stages, leading to reduced treat-
ment options and survival rates. Early detection has been 
shown to significantly reduce mortality in high-risk indi-
viduals, such as tobacco and alcohol users [8]. Recognizing 
symptoms such as erythematous or leukoplakic patches, 
ulcers, atypical hemorrhaging, or neoplasms within the 
oral cavity is essential for a prompt diagnosis. Timely 
intervention can elevate the survival rate to over 80%, thus 
ensuring an enhanced quality of life for patients.

Biomarkers are specific molecules that indicate 
the presence or progression of cancer. A variety of 

biomarkers, including microRNAs (miRNAs), cytokines, 
and proteins, have demonstrated substantial potential 
in improving the early diagnosis and monitoring of dis-
ease progression in oral cancer [6, 8]. These biomarkers 
hold immense potential for advancing patient outcomes 
and facilitating personalized medical care. Among them, 
miRNAs have emerged as promising candidates for can-
cer screening and clinical diagnostics. Recent studies 
have identified the presence of miRNAs in various bodily 
fluids, thereby establishing their significance as valuable 
diagnostic and prognostic indicators [9]. These small 
molecules serve as non-invasive markers for the screen-
ing and early detection of oral cancer and pre-malignant 
conditions, where the dysregulation of miRNAs is closely 
linked to the development of malignancy.

Specifically, certain miRNAs have proven instrumental 
in identifying and monitoring OSCC progression [10]. 
Osan et al. discussed the potential of miRNAs as bio-
markers for early detection, development and therapeutic 
targets in oral cancer and reported several key miRNAs 
including miRNA-21, miRNA-24, miRNA-31, miRNA-
145, miRNA-196b, etc [11]. Yu et al. highlighted the criti-
cal role of miRNA-21 in promoting perineural invasion 
associated with poor survival rate in oral cancer patients 
[12]. He et al. also reported that the salivary exosomal 
biomarker miRNA-24 promoted the proliferation of 
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OSCC cells [13]. Similarly, miRNA-31 is upregulated in 
oral leukoplakia and OSCC, emphasizing its significance 
in these pathological conditions. Lu et al. identified circu-
lating miRNA-31-5p as a potential biomarker and thera-
peutic target for oral cancer [14]. miRNA-31 functions as 
an oncogenic factor in the progression of OSCC and is 
significantly upregulated in the saliva, serum, and tumor 
tissue of OSCC patients. An increase in this biomarker 
has been reported in both saliva [15, 16] and serum sam-
ples when examined in the head and neck areas [17–19]. 
Serum presents elevated concentrations of cancer bio-
markers as it captures systemic biomarkers that reflect 
physiological changes throughout the body, particularly 
at low levels [19]. Towle et al. reported the expression 
of miRNAs in the serum samples of patients to identify 
high-risk oral lesions prior to their clinical manifesta-
tion [20]. This makes serum an invaluable medium for 
the early diagnosis and monitoring conditions that may 
not be localized to a specific site. The consistent upregu-
lation of miRNA-31 across various biological samples, 
especially serum, underscores its potential as a reliable 
biomarker for non-invasive diagnostics in oral cancer 
[21]. Therefore, an early screening test for miRNA-31 
could serve as a preliminary indicator of oral cancer and 
assist in determining the necessity for further validation 
through established diagnostic methods.

The existing methodologies employed for detecting 
miRNAs as biomarkers for cancer include reverse tran-
scriptase quantitative polymerase chain reaction (RT-
qPCR), droplet digital PCR (ddPCR), and next-generation 
sequencing [14, 22]. However, these techniques require 
considerable labor, time, and expensive instruments [22–
25]. In recent years, isothermal nucleic acid amplifica-
tions techniques (NAATs) have emerged as alternatives, 
allowing for rapid detection without thermal cycling. 
However, they often require complex primer design, and 
expensive reagents. Moreover, improper primer design 
can lead to non-specific binding, resulting in unintended 
amplification and reduced assay specificity [26–29]. In 
contrast, biosensors offer a more advantageous alterna-
tive, providing reduced costs, enhanced sensitivity, and 
expedited results. These biosensors facilitate the detec-
tion of miRNAs with greater precision and swiftness, 
aligning with the demand for more efficient and timely 
cancer diagnostics [30, 31].

Biosensors have emerged as crucial instruments in the 
detection of miRNAs, which serve as significant bio-
markers for various types of cancer, including oral cancer, 
particularly at low concentrations that are vital for early 
diagnosis [32–34]. Electrochemical biosensors offer a 
rapid, sensitive, and cost-effective method for the iden-
tification of miRNAs in biological fluids such as serum, 
thereby facilitating non-invasive cancer screening. This 
approach holds the potential to substantially reduce 

mortality rates associated with oral cancer by enabling 
prompt diagnosis and intervention, thus rendering it 
exceptionally valuable in the realm of early clinical diag-
nostics [35].

Electrochemical Impedance Spectroscopy (EIS) is 
a highly sensitive technique for analyzing interfacial 
responses on electrode surfaces. It measures changes 
in electrochemical responses and provides informa-
tion such as ohmic resistance of the electrolyte (RS); the 
charge transfer resistance (RCT), inversely related to the 
efficiency of electron transfer at the interface; a double-
layer capacitance (CDL) for surface properties of the elec-
trode, such as the formation of an electrical double layer 
and Warburg impedance (ZW) for ions diffusing from the 
bulk solution to the surface of the electrode in a Nyquist 
plot. EIS can detect miRNAs without labeling, reducing 
cost and time and allowing testing in portable and afford-
able settings. EIS has been previously used to detect dif-
ferent miRNAs as well [36–40].

This paper presents an electrochemical biosensor spe-
cifically developed for the detection of miRNA-31. The 
principal component of the biosensor consists of a glassy 
carbon electrode, where graphene serves as the funda-
mental nanomaterial andsingle-stranded deoxyribonu-
cleic acid (ssDNA) serves as the biorecognition element 
within the system. By employing this electrochemical 
biosensor platform, we propose an innovative electro-
chemical approach for the identification of miRNA-31 as 
a potential biomarker for oral cancer through EIS.

Experimental section
Materials
Graphene (X and Y Dimensions: > 2  μm and aver-
age thickness: 8–15  nm) from Cheap Tubes Incor-
poration, ethylenediamine tetraacetic acid (EDTA), 
potassium chloride (KCl), potassium dihydrogen 
phosphate (KH2PO4), and sodium phosphate mono-
basic anhydrous (NaH2PO4) from BDH®, potas-
sium ferrocyanide (K4[Fe(CN)6]) and magnesium 
chloride hexahydrate (MgCl2.6H2O) from MP Biomedi-
cals; dimethylformamide (DMF) from Acros; potas-
sium ferricyanide (K3[Fe(CN)6]) from AMRESCO Inc.; 
1-pyrenebutanoic acid succinimidyl ester (PBSE), and 
ethanolamine (EA) from Sigma-Aldrich; sodium phos-
phate dibasic anhydrous (Na2HPO4) and sodium chloride 
(NaCl) from EMD chemicals.

Milli-Q Millipore ultrapure deionized water (DI) with 
a resistivity value of 18 MΩ·cm was used for prepar-
ing all buffer solutions. The DNA and ribonucleic acid 
(RNA) oligonucleotides were purchased from Sigma 
Aldrich, and the stock solutions (100 µM) were prepared 
in DNase-RNase-free molecular grade water (Corn-
ing) and stored at -80 oC. The working solution of DNA 
was prepared from the stock solutions, stored at -20 
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oC, and used during experiments to avoid any freeze/
thaw cycle. DNase and RNase free filter pipette tips 
and microtubes were obtained from Olympus Plastics. 
All surfaces, including desiccators, were cleaned with 
70% ethanol solution followed by RNaseZap solution to 
decontaminate any DNase or RNase residues. The follow-
ing sequences of specific DNA and RNA oligonucleotides 
were used for the experiment:

ssDNA (probe DNA) 5′-NH2-C6- AGC TAT GCC AGC 
ATC TTG CCT − 3′.

Target miRNA-31 5′- AGG CAA GAU GCU GGC AUA 
GCU − 3′.

Non-complementary miRNA-25 5′- AGG CGG AGA 
CUU GGG CAA UUG − 3′.

Various buffers used throughout the experiments are as 
follows: A 10 mM Na2HPO4/NaH2PO4 phosphate buffer 
(PB) at a pH of 7.4 was used to wash the electrodes. An 
immobilization buffer (IB) containing 10 mM Na2HPO4/
NaH2PO4 and 0.15 M NaCl was prepared to immobilize 
the ssDNA. Finally, a hybridization buffer (HB) was pre-
pared by combining 10 mM PB, 1 M NaCl, and 20 mM 
MgCl2 to hybridize miRNA on the electrode.

Electrochemical characterization
Electrochemical characterization was carried out using 
1010E Interface (Gamry Instruments, Warminster, PA, 
USA). A three-electrode setup was implemented for the 
experiments. A 3  mm glassy carbon electrode (GCE), a 
platinum wire electrode, and 3  M Ag/AgCl were used 
as working, counter, and reference electrodes, and were 
purchased from CH Instruments Inc., Austin, TX, USA. 
All experiments were performed at room temperature 
using a 0.1  M KCl solution as an electrolyte containing 
5 mM Fe(CN)6

3−/4−solution in a 1:1 ratio. Cyclic voltam-
metry (CV) was performed between − 0.2  V and 0.6  V 
and 20 mV/s as the scanning rate. An AC amplitude of 
5 mV between 1  Hz and 100  kHz was used in EIS. The 
resulting measurements are presented as ΔRCT and ΔRCT 
(%) and copy number where NA is Avogadro’s number 
(6.023 × 1023 mol-1) and molecular weight of miRNA-31 is 
approximately 6890 g/mol:

 

∆ RCT = RCT (after hybridization)
− RCT (before hybridization)

 
∆ RCT (%) =

RCT (after hybridization)
− RCT (before hybridization)
RCT (before hybridization)

× 100%

 
Copy Number = Concentration*NA

Molecular Weight (g/mol)

Fabrication of the electrode
A GCE was polished using 0.05 μm alumina powder for 
5 min, and then the electrode was sonicated for 5 min in 
DI water to remove any residues of the polishing pow-
der. The electrode was then thoroughly rinsed with DI 
water, dried in an oven at 70 °C for 45 min, and allowed 
to cool to room temperature. Simultaneously, a gra-
phene solution was made by adding 1 mg of graphene to 
10 mL DMF. The mixture was ultrasonicated using the 
ultra sonicator (Omni Sonic Ruptor 250, Omni Interna-
tional, Kennesaw, GA, USA) at 40 W for 30 min to form a 
homogenous dispersion. 2 µL of the graphene dispersion 
was dropped on the GCE surface and dried for an hour at 
room temperature to form a thin film as shown in Fig. 1. 
The advantage of drying at room temperature is that it 
prevents quick evaporation of the DMF and forms a more 
uniform coating.

Immobilizing ssDNA with a crosslinker
PBSE was used as the crosslinker to immobilize the 
ssDNA on a nanostructured electrode [41, 42]. 4 µL of 
10 mM PBSE in DMF was incubated on the graphene-
modified electrode for 15 min to allow the non-covalent 
binding between the graphene sheet and the aromatic 
pyrene rings of PBSE. The electrode was washed with 
DMF and PB sequentially to remove any unreacted PBSE 
molecules. A ssDNA electrode was developed by drop-
ping 25 µL of DNA solution (2 µM in IB) and incubated 
for an hour at room temperature. The electrode was fur-
ther treated with ethanolamine solution (10 mM in PB) 
for 30  min at room temperature to reduce non-specific 
sites and, lastly rinsed with PB to remove any unreacted 
DNA strands.

Hybridization with miRNAs
The electrode was rinsed once with the washing buffer, 
followed by a hybridization buffer to facilitate hybridiza-
tion between the miRNA and ssDNA. 25 µL of miRNA-
31 solution was deposited on the fabricated DNA 
immobilized electrode. The hybridizing time was set 
to an hour, and the electrode was rinsed with HB once 
and twice with PB to remove the non-hybridized miR-
NAs. The sensitivity was studied using different con-
centrations of miRNA-31 in buffer and two-fold diluted 
serum samples. A similar procedure was applied to non-
complementary miRNA-25 to test the specificity of the 
biosensor in buffer and human serum samples. The spec-
ificity was tested using two-fold diluted serum samples 
and spiked with miRNA-31 and miRNA-25 [43–45]. All 
electrode modifications were analyzed using EIS analysis.
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Results and discussion
Design and fabrication of the biosensor
The schematic diagram in Fig. 1 provides a detailed rep-
resentation of the sequential steps in fabricating the 
electrochemical biosensor. The GCE served as the fun-
damental base platform and was modified with gra-
phene through the physical adsorption method. The use 
of graphene as a nanomaterial serves to improve elec-
tronic properties while providing a larger surface area 
that accelerates electrode kinetics. This, in turn, helps 
in achieving a linear detection range and lower limit of 
detection (LOD) [46]. Additionally, the functionalization 
of graphene with biomolecules such as enzymes, anti-
bodies, and DNA allows selective recognition of specific 
targets, which is essential for medical diagnostics [47]. 
PBSE was used as a covalent crosslinker for immobilizing 
ssDNA on the graphene-modified electrode, which has 
been previously reported by our research group [41, 42]. 
PBSE is highly effective because of π–π stacking interac-
tions with graphene, which enables strong non-covalent 
interactions between the crosslinker and graphene-mod-
ified electrode, thereby preserving the high conductiv-
ity and surface properties of graphene [48, 49]. Other 
crosslinkers like 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC) / N-hydroxysuccinimide (NHS) form 
covalent bonds, altering or reducing the surface prop-
erties, thereby affecting the overall performance of the 

biosensor. In addition, PBSE forms stable covalent bonds 
with the amine groups of the DNA. The ester group 
reacts with the amine group on the ssDNA, providing a 
stronger and more stable attachment and enhancing the 
stability of the biosensor. Furthermore, the extensive use 
of PBSE in biosensors ensures that the DNA remains 
active and effectively binds to the target analyte [50].

Characterization of the electrochemical miRNA biosensor
The surface modification of the electrode with graphene 
and PBSE, as well as the immobilization of ssDNA and 
hybridization reactions, were evaluated by EIS and CV in 
a redox couple solution consisting of 5 mM [Fe (CN)6]3/4 
in 1:1 ratio in 0.1 M KCl. EIS was used to investigate the 
charge transfer properties of the developed electrode. 
Figure  2 shows the impedance spectra collected after 
each successive modification, presented as Nyquist plots. 
These Nyquist plots represent a semi-circular region at 
high frequencies, which indicates the electron trans-
fer limiting processes at the electrode interface and a 
diffusion-controlled electrochemical process at lower 
frequencies. The EIS data were modeled using a Randles 
equivalent circuit. The interfacial electron transfer char-
acteristics of the electrode were provided by RCT values, 
estimated by measuring the diameter of the semi-circle 
in the Nyquist plot.ZVIEW software (Scribner LLC, South-
ern Pines, NC) was used to calculate the value of the 

Fig. 1 The schematic representation of the fabrication principles for the developed biosensor
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equivalent circuit parameters. As shown in Fig.  2, the 
Nyquist plot shows a small semi-circle for the bare GCE; 
however, when the electrode was coated with graphene, 
the diameter of the semi-circle decreased. This phenom-
enon can be attributed to the conductive properties of 
graphene, which facilitate electron transfer and subse-
quently decrease RCT.

As the electrode was further modified with PBSE, the 
RCT increased due to the insulating properties of PBSE. 
The attachment of the ssDNA further increased the RCT 
since the negatively charged DNA hinders the move-
ment of the redox species [51]. Finally, the RCT enlarges 
when the miRNA hybridizes with the ssDNA, reflecting 
the miRNA-31 binding to the DNA electrode surface. 
Furthermore, the stepwise CV results are depicted in 
Supplementary Fig. 1. The unmodified GCE displayed a 
reversible redox peak with a peak-to-peak separation of 
120 mV, confirming an active and clean electrode surface. 
Incorporating graphene increased peak current density 
due to its high surface area and conductivity. Activating 
PBSE reduced current density because its hydrophobic 
nature hindered electron transfer. Immobilizing DNA 
further decreased current density and caused peak 
potential shifts, while successful miRNA binding through 
hybridization lowered the peak current.

Optimization of experimental conditions
Numerous critical parameters were rigorously evalu-
ated to enhance the performance of the fabricated bio-
sensor. Initially, to investigate the influence of graphene 
loading on the efficacy of the electrochemical biosensor, 
the working glassy carbon electrode was systematically 
modified with various concentrations of graphene solu-
tion. The electrochemical signal was recorded for each 
graphene loading to ascertain the required amount. The 

results indicated a corresponding decline in the hybrid-
ization signal with increased graphene loading. This 
inverse relationship can be attributed to an excessive 
amount of graphene, which disrupts the sp²-hybridized 
carbon networks, thereby diminishing the overall con-
ductivity of the electrode.

Furthermore, the presence of oxygen-containing func-
tional groups at elevated concentrations of graphene may 
impede electron transfer processes, consequently reduc-
ing the sensitivity of the biosensor. Figure 3A illustrates 
the variation in signal responses corresponding to dif-
ferent graphene loadings. It is apparent that surpassing 
a certain threshold does not enhance and may indeed 
impair the performance of the sensor. Thus, an optimized 
graphene loading mass of 56 µg/cm² was determined to 
achieve an optimal balance between sufficient conductive 
pathways and minimal interference from oxygen func-
tional groups. This optimization ensures the biosensor 
maintains high sensitivity and reliability in microRNA 
detection.

Various concentrations of DNA loading were evaluated 
to enhance the immobilization of ssDNA on the fabri-
cated electrode. This optimization process is critical, as 
inadequate DNA loading may lead to incomplete hybrid-
ization of DNA strands, while excessive loading can satu-
rate the electrode surface, thereby hindering the specific 
binding of microRNA targets [52]. Moreover, overloading 
can result in false-positive signals, diminishing sensitiv-
ity and compromising detection accuracy. DNA concen-
trations ranging from 0.1 µM to 3 µM were analyzed in 
this investigation. The electrodes were hybridized with 
a target DNA concentration of 0.5 µM for an hour. Fig-
ure  3B illustrates the impedimetric measurements cor-
responding to different loadings of DNA. The optimal 
signal intensity was observed at a concentration of 2 µM. 
As a result, a DNA concentration of 2 µM was designated 
as the optimal concentration for the biosensor platform. 
An optimal concentration of DNA is vital, as it facilitates 
the efficient capture of target molecules while minimiz-
ing steric hindrance and maintaining accessibility [53]. 
This balance enhances both the sensitivity and specificity 
of the biosensor. The chosen concentration of 2 µM has 
shown significant potential in achieving controlled DNA 
densities, thus optimizing the performance of the elec-
trochemical DNA biosensor.

To comprehensively evaluate the effects of hybridiza-
tion time on the performance of the biosensor, a series 
of timed tests were performed at intervals of 30  min, 
45 min, 60 min, and 90 min. As illustrated in Fig. 3C, the 
impedimetric response, which quantifies the ability of 
the biosensor to detect miRNA, increased from 30  min 
to 60  min, indicating an improvement in hybridiza-
tion efficiency. It is noteworthy that the signal began to 
decline following the 60-minute mark, with a substantial 

Fig. 2 Nyquist plots of different modified electrode surfaces performed 
in 0.1 M KCl with 5.0 mM [Fe (CN)6]3−/4−. The inset shows the equivalent 
circuit used for fitting
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decrease recorded at 120 min. This decline can be attrib-
uted to the degradation of miRNA over time, which ham-
pers its ability to bind effectively to the receptor on the 
biosensor surface. The degradation likely stems from 
enzymatic activity or thermal instability, which under-
mines the integrity of the miRNA, consequently reducing 
the hybridization signal [54]. Thus, based on the analyzed 
data, the optimal hybridization time is 60 min. This dura-
tion achieves a balance between maximal signal detection 
and the minimization of adverse effects due to miRNA 
degradation, thereby ensuring reliable and reproducible 
results for subsequent experiments.

The temperature plays a critical role in the hybridiza-
tion process between miRNA and ssDNA molecules. To 
evaluate the influence of temperature on this hybrid-
ization reaction, experiments were conducted at four 
distinct temperatures: 4 °C, 25 °C, 37 °C, and 50 °C. Fig-
ure  3D illustrates the resulting hybridization signals, 
as determined by the variations in RCT. As depicted in 
Fig.  3D, the RCT values exhibited a progressive increase 
from 4  °C to 37  °C, signifying an enhancement in 

hybridization efficiency within this temperature range. 
This observation suggests that elevated temperatures 
facilitate the kinetic processes underlying hybridization, 
likely by increasing the molecular mobility and interac-
tion rates of both miRNA and ssDNA molecules. Con-
versely, beyond 37 °C, a reduction in the RCT values was 
observed, with a significant decrease noted at 50 °C. This 
decline can be attributed to the degradation of miRNA 
and the destabilization of the thermodynamic proper-
ties of the hybridized complex at elevated temperatures 
[55]. The instability associated with higher temperatures 
prompts the dissociation of the ssDNA-miRNA com-
plex, diminishing the hybridization signal. It is notewor-
thy that the signal variation between 25 °C and 37 °C was 
minimal, indicating a stable hybridization environment 
within this temperature range. However, a slight decrease 
was observed, potentially due to partial destabilization 
at the upper end of this range. Based on these findings, 
25 °C is the optimal temperature for hybridization exper-
iments. This temperature strikes an equilibrium between 
efficient hybridization kinetics and the stability of the 

Fig. 3 Electrochemical impedance response for various optimization steps on the developed glassy carbon electrode. Graphene loading on the bare 
electrode and its effect in DRCT (A). DNA concentration and its effect in DRCT (B). RNA hybridization time and its impact in DRCT (C). RNA hybridization 
temperature and its effect in DRCT (D)

 



Page 8 of 12Nagdeve et al. Journal of Biological Engineering           (2025) 19:24 

miRNA-ssDNA complex, thereby ensuring reliable and 
reproducible results without significant degradation or 
dissociation [56]. Moreover, the overall detection time 
is under 5 min, making it faster than isothermal NAATs 
and other existing methods [26, 27].

Sensitivity of the biosensor
In conducting sensitivity studies, the analytical per-
formance of the biosensors was assessed using varying 
concentrations of miRNA-31 under optimized condi-
tions. Figures 4 and 5 presents the calibration curve, con-
structed on the average of ΔRCT (%) plotted against the 
logarithmic values of miRNA-31 concentrations in buffer 
and diluted serum respectively. The performance of the 
developed biosensor was compared with previously pub-
lished miRNA detection studies, which are summarized 

in Table  1. In addition, this data was compared with 
other target and sensing methods used for oral cancer 
detection as in shown in Table  2. Furthermore, the lin-
ear range of detection is comparable to other biosensors 
reported in the literature. The calibration curve indicated 
a linear relationship within the concentration range of 
10− 11 M to 10− 6 M in buffer and 10− 11 M to 10− 7 M in 
diluted serum. The detection limit was determined to 
be 10− 11 M in buffer (70 pg/mL or 6.022 × 106 copies/
µL), 10− 10 M in diluted serum (700 pg/mL or 6.022 × 107 
copies/µL) and 10− 8 M in undiluted serum (0.07 pg/mL 
or 6.022 × 109 copies/µL) for the complementary target 
miRNA-31 using the Six Sigma method [57, 58]. Addi-
tionally, the resulting linear equation is represented as 
ΔRCT (%) = 7.185 log CmiRNA−31 + 83.356 in buffer, accom-
panied by a correlation coefficient of 0.9823 and ΔRCT 
(%) = 18.799 log CmiRNA−31 + 209.11 in serum, accom-
panied by a correlation coefficient of 0.985. The limit 
of detection was found to be 2.6 × 10− 12 M (18.2 pg/mL 
or 1.56 × 109 copies/µL) in buffer and 0.7 × 10− 12 M (4.9 
pg/mL or 4 × 108 copies/µL) in diluted serum using the 
regression equation: 3.3 × SD / s (where SD is the stan-
dard deviation of the intercept and s is the slope of the 
calibration curve). To date, the modified glassy carbon 
electrode-based electrochemical biosensor has not been 
documented for the sensitive detection of oral cancer 
utilizing miRNA-31 as a potential biomarker. Thus, the 
developed biosensor demonstrates significant advantages 
in terms of sensitivity. The LOD indicates that the cur-
rent biosensor offers a broad linear range while provid-
ing several practical benefits in design and usability. This 
further enhances its potential for detecting miRNA-31 
as a potential biomarker for oral cancer, facilitating early 
diagnosis and aiding in additional confirmation in clinical 
decision-making.

Specificity of the biosensor
The electrochemical biosensor exhibits remarkable sensi-
tivity for the detection of miRNA-31. However, a critical 
analysis is required to enhance the specificity of the bio-
sensor, allowing for the differentiation of miRNA-31 from 
other related biomolecules. To verify the specificity of the 
biosensor, miRNA-25, a non-complementary nucleo-
tide, was employed to conduct a hybridization reaction 
and was subsequently compared to the complementary 
miRNA-31 at a concentration of 10− 7 M. Despite their 
mutual association with cancer, the developed biosensor 
strategically leverages the distinctions between miRNA-
31 and miRNA-25. As illustrated in Fig.  6, a significant 
increase was recorded in the RCT value between miRNA-
25 and miRNA-31 across two distinct samples. The 
complementary miRNA demonstrated an increase in 
impedance of 59% in buffer and 82% in serum compared 
to the non-complementary strand, thereby confirming 

Fig. 5 The sensitivity calibration curve is based on the relationship be-
tween ΔRCT (%) and the logarithmic concentration of miRNA-31 in diluted 
serum

 

Fig. 4 The sensitivity calibration curve is based on the relationship be-
tween ΔRCT (%) and the logarithmic concentration of miRNA-31 in buffer. 
The inset shows the full calibration curve of the concentration range
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the sequence-specific binding between ssDNA and 
miRNA-31. Furthermore, established clinical protocols 
and assays for serum make it a consistent and standard-
ized option for early detection and monitoring of oral 
cancers [59, 60]. The pronounced dissimilarities between 
miRNA-31 and miRNA-25 facilitate precise detection in 
both serum and buffer analytes, thereby enhancing the 
accuracy of the developed biosensor in identifying OSCC 
biomarkers. These findings substantiate the predicted 
level of specificity of the biosensor while also indicating 
potential areas for improvement, such as reducing the 
non-specific adsorption on the ssDNA.

Time stability of the biosensor
The electrochemical stability of the biosensor was sys-
tematically evaluated subsequent to the preparation of 
the electrode. PBS was utilized to store the PBSE-modi-
fied immobilized electrodes at 4 °C for varying durations, 
specifically 1 h, 24 h, 3 days, 7 days, and 10 days. Follow-
ing each storage interval, impedance measurements were 
taken at a concentration of 10− 7 M in triplicate alongside 
impedance measurements. The RCT value was quanti-
fied, and the ΔRCT was calculated to the response mea-
sured after an hour. As illustrated in Fig. 7, the biosensor 
demonstrated stability after 3 days, exhibiting only a 70% 
reduction in signal relative to the response recorded an 
hour post-preparation. A low error value suggests that 
the performance of the sensor is repeatable after a week. 
After 10 days, the reduction in the signal was 60% with 

Table 1 A comparative analysis of the fabricated MiRNA biosensor in relation to other documented electrochemical biosensors for 
MiRNA detection
Electrode Recognition element Target Signaling element Electrochemical 

technique
LOD Ref-

er-
ences

Pencil graphite MWCNTs miRNA-125 [Fe(CN)6]3−/4− EIS 10 pM  [61]
Glassy carbon MoS2/Thi/AuNPs miRNA-21 Thionine SWV 0.26 pM  [62]
Glassy carbon Graphene/PBSE miRNA-21 [Fe(CN)6]3−/4− EIS 3 fM  [41]
FTO SWCNTs den-Au miRNA-21 [Fe(CN)6]3−/4− DPV 0.01 fM  [63]
HRCA-strip platform (StrepMBs) with biotin-

modified DNA probes
miRNA-31 [Fe(CN)6]3−/4− - 3.21 fM  [64]

Gold MCH miRNA-21 [Fe(CN)6]3−/4− DPV/EIS 0.6 pM  [65]
Paper AuNPs/rGO miRNA-21 [Fe(CN)6]3−/4− DPV 12 nM  [66]
Paper AuNPs/rGO miRNA-155 [Fe(CN)6]3−/4− DPV 25.7 nM  [66]
Glassy carbon Graphene miRNA-31 [Fe(CN)6]3−/4− EIS 10 pM (buffer)

100 pM (serum)
This 
work

MWCNTs, multi walled carbon nanotubes; EIS, electrochemical impedance spectroscopy; MoS2, Molybdenum disulfide; Thi, thionine; AuNPs, gold nanoparticles; 
SWV, square-wave voltammetry; PBSE, 1-pyrenebutyric acid-N-hydroxysuccinimide ester; FTO, fluorine-doped tin oxide; SWCNTs, single walled carbon nanotubes, 
den-Au, dendritic gold; DPV, differential pulse voltammetry; HRCA, hyper-branched rolling circle amplification; StrepMBs, Group B Streptococcus magnetic beads; 
MCH, Melanin-concentrating hormone; rGO, reduced graphene oxide

Table 2 A comparison table of various targets with different 
sensing methods for the detection of oral cancer biomarkers
Biomarker Method Analyte Detection 

limit
Refer-
ences

IL-8 CV/EIS Human 
Serum and 
Saliva

3.3 fg/mL  [67]

IL-6 Amperometry Human 
serum

0.5 pg/mL  [68]

MMP-7 Amperometry Human 
serum

1 ng/mL  [69]

ORAOV1 CV/DPV Artificial 
saliva

3 fg/mL  [70]

miRNA-200a Chronoam-
perometry

Artificial 
saliva

2.2 × 10−19 
M

 [71]

HIF-1α, Amperometry Human saliva 76 pg/mL  [72]
miRNA-31 EIS Buffer

Human 
serum

70 pg/mL
700 pg/mL

This 
work

Abbreviations IL-8 – Interleukin-8, IL-6 – Interleukin-6, MMP-7 - Matrix 
Metalloproteinase-7, ORAOV1 - Oral cancer overexpressed 1, HIF-1α - Hypoxia-
inducible factor 1-alpha, CV – Cyclic Voltammetry, EIS – Electrochemical 
Impedance Spectroscopy, DPV – Differential Pulse Voltammetry

Fig. 6 Specificity studies of the target miRNA-31 and non-complementa-
ry miRNA-25 in buffer and diluted serum. The asterisks indicate statistical 
significance (* p < 0.05, and *** p < 0.001 using a two-tailed test)
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± 7% error margin. The signals exhibit a marked decline 
beyond 10 days, indicating that they may become less 
stable and inaccurate.

Conclusions
The application of miRNA-31 as a non-invasive poten-
tial biomarker for the early detection of oral cancer has 
been developed and evaluated using an ultra-sensitive 
biosensor platform. This biosensor has enhanced sensi-
tivity and specificity through meticulous optimization of 
graphene loading on the electrode surface, DNA concen-
tration, hybridization duration, and hybridization tem-
perature. Comprehensive optimization procedures have 
significantly enhanced the LOD while minimizing non-
specific interactions, thereby ensuring reliable and accu-
rate detection outcomes. It has been demonstrated that 
the biosensor can detect the target analyte with a limit 
of detection of 10− 11 M (70 pg/mL or 6.022 × 106 copies/
µL) in buffer and 10− 10 M (700 pg/mL or 6.022 × 107 cop-
ies/µL) in diluted serum for the complementary target 
miRNA-31 using the Six Sigma method. Furthermore, 
the biosensor exhibits a high degree of specificity toward 
complementary miRNA-31 and demonstrates remark-
able stability and applicability in serum samples. In addi-
tion, the biosensor offers key advantages over existing 
technologies, such as shorter detection time and use of 
inexpensive reagents. The performance of the biosensor 
may be influenced by various factors, including fluctua-
tions in incubation temperature throughout the hybrid-
ization process and the degradation of bioreceptors over 
time. Therefore, a critical analysis indicates a necessity 
for further investigation into the long-term stability of 

the biosensor to address potential challenges associ-
ated with real-world applications. Future research could 
involve assessing the biosensor’s performance with real 
samples, further enhancing point-of-care diagnostics and 
personalized treatment strategies for individuals with 
oral cancer. Its early detection capability may serve as 
an initial screening tool, offering a reliable and sensitive 
confirmation. For a comprehensive diagnosis, established 
methods like qPCR could be used as additional validation 
tools, complementing the biosensor’s detection capability 
and improving overall diagnostic accuracy.

Abbreviations
CDL  Double-layer Capacitance
CV  Cyclic Voltammetry
DdPCR  Droplet Digital Polymerase Chain Reaction
DI  Deionized Water
DNA  Deoxyribonucleic Acid
EDC  1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
EIS  Electrochemical Impedance Spectroscopy
GCE  Glassy Carbon Electrode
HB  Hybridization Buffer
HPV  Human Papillomavirus
IB  Immobilization Buffer
LOD  Limit of Detection
miRNA  microRNA
NAATs  Nucleic Acid Amplification Techniques
NHS  N-hydroxysuccinimide
OSCC  Oral Squamous Cell Carcinoma
PB  Phosphate Buffer
PBSE  1-Pyrenebutyric acid N-hydroxysuccinimide ester
RCT  Charge Transfer Resistance
RNA  Ribonucleic Acid
RS  Solution Resistance
RT-qPCR  Reverse Transcription Quantitative Polymerase Chain Reaction
ssDNA  Single Stranded Deoxyribonucleic Acid
ZW  Warburg Resistance
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