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Abstract

This work presents the development of a diagnostic device for pancreatic cancer, one of the
deadliest malignancies worldwide. The circulating pancreatic cancer biomarker miRNA-
196a was utilized for the development of an electrochemical genosensor due to its stability
in biological fluids. Immobilized single-stranded DNA conjugated with gold nanoparticles
establishes a sensitive platform for the electrochemical detection of miRNA-196a. The
sensor performance was evaluated for probe DNA-miRNA hybridization at optimum
temperature (55 °C) using cyclic voltammetry and chronocoulometric techniques, achieving
sensitivities of 51.10 uA pg* mL cm™? and 18.28 uC pg! mL cm?, respectively. The device
exhibited a wide linear detection range of miRNA-196a from 14.9 aM to 14.9 nM. To the
best of our knowledge, for already developed PDAC biosensors using a single biomarker or
a panel of biomarkers, the widest detection range for miRNA-196a was reported as 0.05 fM
to 50 pM by Guo et al. in 2018. Hence, the developed genosensor, having a detection limit
of 14.9 aM and a wide detection range, may prove to be a promising tool in detecting
pancreatic cancer at an early stage, and hence improve patient outcomes.
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Introduction

Micro ribonucleic acid (miRNA) is a small, highly conserved, and non-coding RNA with 18 to 25
nucleotides, responsible for the regulation of several cellular functions. Their importance in cancer
was highlighted in 2002 when Dr. Croce’s group [1] demonstrated the involvement of miRNA in
chronic lymphocytic leukaemia (CLL). They confirmed that during B-cell chronic lymphocytic
leukaemia (B-CLL), miR-15 and miR-16 were downregulated due to the deletion of the 13q14 region
of the chromosome, where both miRNAs were located [1]. Several studies also exhibited miRNA's role
in the inhibition of tumour suppressor genes and genes that induce apoptosis during cancer [2,3]. The
expression levels of miRNAs during cancer could be utilized for diagnostic, as well as prognostic,
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disease-related miRNA biomarkers [4]. Body fluids such as blood, saliva, urine, tears, peritoneal
fluid, colostrum, etc., with circulating miRNAs are considered useful biomarkers due to their stability
and easy accessibility [2].

The expression level of miRNA-196a can discriminate between normal, chronic pancreatitis, benign
pancreatic tumours, and pancreatic adenocarcinoma (PDAC) [5,6]. It was also reported that its
expression levels are significantly higher in unresectable pancreatic cancer in stages lll and IV com-
pared to resectable instances in early stages | and Il [7]. When compared to healthy individuals during
the early stages of PDAC/pancreatic cancer, the plasma level was also found to be higher [8]. Besides
this, miRNA-196a also regulates the genes responsible for its growth, invasion, and metastasis [2].

miR-196a has also been found to be upregulated in other cancers like gastric cancer [9], non-small
cell lung cancer (NSCLC) [10], cervical cancer [11], breast cancer [12], liver cancer [13], esophageal
squamous cell carcinoma (ESCC) [14], colorectal cancer [15], head and neck cancer [16], oral can-
cer [17], acute myeloid leukaemia [18] with the exception of renal cell carcinoma [19] and melano-
ma [20] where its expression is downregulated. However, its expression level is also elevated in seve-
ral diseases, such as cerebral ischemia [21], Huntington’s disease (HD) [22], and Crohn’s disease [23],
whereas it is low during Alzheimer’s disease [24] and chronic hepatitis C infection (CHC) [25].

The current gold standard for pancreatic cancer diagnosis is endoscopic ultrasound-guided fine
needle aspiration biopsy (EUS-FNAB) [26,27], although other techniques like computed tomogra-
phy (CT) scan, magnetic resonance imaging (MRI), ultrasound, reverse transcription polymerase chain
reaction (RT-PCR), next-generation sequencing (NGS) and microarrays have also been used. However,
these techniques are costly, time-consuming, require sample pre-processing, and ample amounts of
sample [28,29]. To address these constraints and enhance diagnostic effectiveness, electrochemical
biosensors are considered as an alternative diagnostic platform [30]. They offer several advantages,
including non-invasiveness, low cost, on-site analysis, small size, the ability to detect low amounts of
circulating biomarkers, ease of handling, rapid response, and high sensitivity [31,32]. This genosensor
generates a measurable electrical signal through the specific hybridization between the target nucleic
acid present in the biological sample and a complementary synthetic probe designed against it. Such
sensors could also be applied for detecting infectious diseases, genetic disorders, pathogens, etc. [32].
The nanomaterials, like metallic nanoparticles (gold, silver, copper, platinum, palladium, etc.) are used
alone or in combination with some other metals and conducting polymers [33]. Thus, polyaniline,
poly(phenylenevinylene), polypyrrole, poly(para-phenylene), and polythiophene are used in fabri-
cating stable and sensitive devices that could detect markers at very low concentrations [34].

Several recent studies have demonstrated the effectiveness of sensors for detecting pancreatic
cancer-related miRNAs and a panel of miRNA biomarkers. Al-Fandi and his team [35] developed a
nanosensor using multi-walled carbon nanotubes and gold nanoparticles to detect miR-21 with a
lower limit of detection of 3.68 femtomolar (fM). Chen and co-workers in 2020 [36] designed a poly-
dopamine-gold composite and dual signal amplification strategy for the detection of miR-196b with a
lower detection limit of 0.26 pM. Mi and his group [37] employed a DNA tetrahedral nanostructure to
simultaneously detect multiple miRNAs-miR-155, miR-21, miR-196a and miR-210 from serum samples
against pancreatic cancer. They detected these markers with a sensitivity of 10 fM [37]. In another
study, Xiong with his team [38] developed a nanochannel-based biosensor to detect pancreatic
cancer-specific miRNAs, i.e. miR-21, miR-155 and miR-196a on a single platform. Joshi and Wagh-
mode [39] developed a sensor to detect the p16 gene with a detection ability of 0.10 pM.

In this study, we report the preparation and analytical properties of a highly sensitive electro-
chemical genosensor for the detection of miR-196a, with a detection limit as low as attomolar (aM)
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levels. The high sensitivity of the developed genosensor, achieved through the integration of nano-
materials and a screen-printed electrode, along with a probe immobilization strategy, enhances its
analytical performance, making it a promising tool for the early diagnosis and prognosis of PDAC.

Experimental

Chemicals

Oligonucleotides miRNA 196a and amino-labeled single-stranded DNA (ss-DNA probe 196a) were
synthesized and purchased from Sigma-Aldrich. The sequences ssDNA probe and its complementary
target miRNA-196a are:

Probe ssDNA (pr miR-196a) — 5’ [AmCs] CCCAACAACATGAAACTACCTA3’

miRNA-196a - 5 UAGGUAGUUUCAUGUUGUUGGG 3’

Mismatch 1 (M1) - 5 UAGGUAAUUUCAUGUUGUUGGG 3’

Mismatch 2 (M2) - 5" UAGGUAACUCAUGUUGUUGGG 3’

Lyophilized solutions of these oligonucleotides (100 uM) were resuspended in TE Buffer (0.01 M
Tris-EDTA, pH 7.8) and stored at -20 °C (ssDNA) and -80 °C (miR-196a). Tetrachloroauric acid
(HAuCl4-3H,0), cysteamine hydrochloride (CysHCl) (HSCH,CH:NH,-HCl), and trisodium citrate
dihydrate (CsHsNa307-2H,0) were procured from Sigma-Aldrich. Potassium ferrocyanide [KaFe(CN)s],
potassium ferricyanide [KsFe(CN)g], tris-(hydroxymethyl) aminomethane (Tris), and ethylenediamine-
tetraacetic acid (EDTA), were purchased from Himedia Laboratories Pvt. Ltd. Sodium dihydrogen
phosphate (NaH;PO4), disodium hydrogen phosphate (Na;HPOa), gelatin, and Tween 20 were
purchased from CDH Chemicals. MilliQ water (18 MQ cm™) was used to prepare all buffer solutions.

Instrumentation

All electrochemical experiments were carried out on an electrochemical workstation, CHI604E (CH
Instruments Inc., USA). The optical characterization of the synthesized gold nanoparticles was perfor-
med using a UV/Vis spectrophotometer (Jenway). The size and shape of the nanoparticles were deter-
mined using transmission electron microscopy (TALOS HR-TEM, AIIMS Delhi). Screen-printed electrodes
(gold) were purchased from DTech Solutions, Kanpur. The working and counter electrodes were gold,
and Ag/AgCl was used as a reference electrode. The working electrode diameter was 3 mm, 50 mm
height and 13 mm width, defining the geometrical area of the working electrode as 0.0707 cm?.

Synthesis of spherical gold nanoparticles

Citrate-capped gold nanoparticles were synthesized using the Turkevich method [40]. 3 mL of 100
mM trisodium citrate was added dropwise (0.1 mL min') into a solution of 5 mM (2 mL) trichloroauric
acid prepared in 100 mL of boiling water. The reaction mixture was maintained at boiling conditions
and continuously stirred using a magnetic stirrer. The formation of gold nanoparticles appeared
gradually through the colour change from pale yellow to red. The colloidal solution was quenched by
quickly placing it on the ice. The obtained solution was centrifuged after sonication at 9000 rpm for
15 min. The obtained nanoparticle pellets were resuspended in 100 pL Milli-Q water.

Fabrication of genosensor

The working surface of the screen-printed gold electrode (SPGE) was modified to develop a
miRNA-based electrochemical biosensor. Firstly, the electrode was cleaned by using 70 % ethanol
to remove impurities, followed by rinsing it with Milli-Q water 3-4 times. The monolayer of
cysteamine hydrochloride was formed after the addition of 5 puL of 2 mg mL* over the working
surface, after providing incubation for 1 hr under dark conditions. Then, the prepared SPGE/CysHClI
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was washed and dried, and 5 pL of gold nanoparticles(optical density 1.0) were added over the
CysHCl layer and again incubated for 1 hr under ambient conditions, forming SPGE/CysHCI/AuNPs.
Furthermore, 0.5 pg of amino-labelled ssDNA probe, prepared in TE buffer (pH 7.8), was immobilized
over the previously formed nanoparticle layer and further incubated for 1 h at room temperature.
After this step, the exposed surface of SPGE/CysHCI/AuNPs/DNA electrode was blocked by using
gelatine prepared in 0.1 % Tween 20, with phosphate buffer (PB) (0.01 M, pH 7.4) as a blocking
agent, giving the final genosensor electrode, SPGE/CysHCI/AuNPs/DNA/gelatine. The layers formed
over the electrode after each modification step form a covalent linkage with each other to provide
stability. Cyclic voltammetry (CV) was performed after each step of modification.

Optimization of hybridization temperature

After the fabrication of SPGE/CysHCI/AuNPs/DNA/gelatine, the hybridization temperature was
optimized to attain high binding efficiency. The optimum temperature was obtained after incubating
5 ng mL*! of complementary miRNA-196a at different temperatures, 37, 45, 50, 55 and 60 °C. The
melting temperature of miR-196a is 60.3 °C. The cyclic voltammetry was performed to obtain the
change in current response before and after hybridization. Different electrodes for the various
temperatures were evaluated after 2 minutes (120 seconds) of incubation.

Electrochemical measurements

The fabricated electrode was characterized by performing cyclic voltammetry scanning from -0.8 to
+0.8 V at a rate of 0.1 V s after each modification step. The response of the genosensor, SPGE/CysHCI/
/AuNPs/DNA/gelatine, was tested after incubating different concentrations of miRNA-196a (0.0001,
0.05, 0.1, 50, 100, 50,000 and 100,000 pg mL™) at the optimum temperature by cyclic voltammetry (CV)
and chronocoulometric (CC) methods. The chronocoulometric response was obtained in two steps and
carried out from -0.8 to +0.8 V, with a pulse width of 0.25 s. All electrochemical measurements were
taken with a 5 mM ferri-ferrocyanide solution in 0.1 M KCl prepared in 0.1 M phosphate buffer (pH 7.4).

The sensitivity of the developed genosensor was calculated using Equation (1):

- slope of the linear region
Sensitivity = . (1)
area of working electrode

Results and discussion

Characterization of spherical gold nanoparticles

The synthesis of colloidal gold nanoparticles was verified by UV-visible spectrum (Amax =521 nm),

which was further confirmed by TEM, as shown in Figure 1.
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Figure 1. Characterization of gold nanoparticles: (a) UV-visible spectrum; (b) TEM image
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Electrochemical characterization of modified screen-printed gold electrode

The screen-printed gold electrode (SPGE) after various steps of modification was electro-
chemically characterized by cyclic voltammetry (CV) performed in 0.1 M KCI/0.1 M phosphate buffer
(pH 7.4), containing 5 mM of Fe(CN)s]3/* redox couple. Different modification steps of SPGE were
identified through changes in potential and current values (Figure 2).
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Figure 2. Characterization of a fabricated SPGE at different (i-v) steps of modification in 0.1 M KCl/0.1 M
phosphate buffer (pH 7.4) with 5 mM of Fe(CN)s]*/*: (a) cyclic voltammograms (0.1 V s)
from -0.8 to +0.8 V and (b) enlarged CVs from -0.4 to 0.2 V

The formation of a self-assembled monolayer of CysHCl over the working surface of the bare
electrode was confirmed through the slight shift of anodic peak potential (Epa) from 0.100 to 0.092 V
and an increase in anodic peak current (/pa) from 102.69 to 117.49 pA (red curve on Figure 2.). This is
due to the positive charges provided by the terminal amine groups of CysHCI (HSCH,CH2NH,-HCI) over
the surface of the electrode, allowing the unhindered movement of [Fe(CN)s]3/**ions to the electrode
surface. The decrease in anodic peak potential (Epa) from 0.092 to 0.077 V and anodic peak current
(/pa) from 117.49 to 107.32 pA (blue curve) was observed after the electrode was functionalized by
citrate-capped gold nanoparticles. This may be due to the carboxyl groups of nanoparticles reacting
to form covalent bonding with the amine groups of CysHCI. Further, the immobilization of the single-
stranded DNA probe was accomplished by the formation of a covalent bond with the carboxyl group
of nanoparticles and confirmed through a change in anodic peak potential from 0.077 to 0.073 V
and anodic peak current from 107.32 to 101.95 pA (green curve). The upright ssDNA configuration
is now allowed to bind with its complementary miRNA-196a. The exposed surface of the working
electrode was blocked to avoid non-specific interactions by using a blocking buffer. The blocking of
the surface was validated through the change in anodic peak potential from 0.073 to -0.152 V and
anodic peak current from 101.95 to 59.51 pA (purple curve).

Optimization of hybridization temperature

The binding efficiency of the single-stranded DNA (ssDNA) probe towards its complementary target
miRNA-196a was analysed after incubation at different temperatures, 37, 45, 50, 55 and 60 °C. As
shown in Figure 3, the maximum change in the cathodic current response after hybridization of
5 ng mL* target miRNA-196a with probe DNA at modified SPGE was recorded at 55 °C. Therefore, to
check the analytical response of the genosensor, hybridization (DNA-miRNA196a) at the optimum
temperature of 55°C and incubation time of 120 s was used in all cyclic voltammetric and chrono-
coulometric experiments. This showed that at higher temperatures, the target miRNA unfolds and
binds with the DNA probe, providing higher hybridization efficiency. Flechsig and Reske [41] have
found an enhanced signal after hybridization at 50 °C when compared to 23 °C.
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Figure 3. Influence of temperature of miRNA-196a hybridization with DNA probe on the change of cathodic
peak current (Al;), where Al. is cathodic current after DNA-miRNA196a hybridization —cathodic current
before addition of miR196a sample

Electrochemical response of the genosensor

CV response of the fabricated genosensor electrode, SPGE/CysHCI/AuNPs/DNA/gelatine, was
obtained after hybridizing the probe (ssDNA) with its target miR-196a at 55 °C for 120 s. The efficient
binding after hybridization over the electrode surface was analysed through current response with
increasing concentrations (0.0001 to 100,000 pg mL?) of miRNA-196a (Figure 4(a)). The decrease in
oxidation and reduction peak current after probe DNA-miRNA196a hybridization and shifts in peak
potentials (reduction and oxidation) with increasing concentrations of miR-196a were observed.
These might be due to the accumulation of negative charges over the electrode surface after nucleic
acid hybridization. The accumulated negative charges over the electrode surface hinder the electron
transfer of redox species to the electrode, thus reducing the current response. The linear relation-
ship of cathodic or reduction current (/c) was obtained. The calibration plot was plotted as reduction
current at potential 0.23 V against the logarithm of miR-196a concentrations, as shown in
Figure 4(b). The linear regression equation obtained was y = 3.61x - 68.40 with the correlation
coefficient (R?) of 0.97, where x is the logarithm concentration of miRNA-196a (log C).
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Figure 4. (a) Cyclic voltammograms (0.1 V s) of the fabricated genosensor electrode after incubating at 55
°Cin 0.1 M KCI /0.1 M phosphate buffer (pH 7.4) with 5 mM of Fe(CN)s]*** and increasing concentrations of
miR-196a (0.0001 to 100,000 pg mL2); b) calibration plot of cathodic current at 0.23 V
as a function of log (Cmir-196a)
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The linear range was found to be 0.0001 to 100,000 pg mL-1 (14.9 aM to 14.9 nM) for miR-196a,
with the sensitivity of 51.10 pA pg* mL cm™, which was calculated using equation (1). The detection
limit obtained was 14.9 aM. Similarly, Guo et al. [42] developed a biosensor against miR-196a, which
exhibited a linear range from 0.05 fM to 50 pM, with a detection limit of 15 aM. Another study by
Chen and co-workers [36] on miRNA-196b, a pancreatic biomarker, showed a detection limit of
0.26 pM, which is higher than that obtained from our developed genosensor.

Chronocoulometric (CC) measurements were also performed at the optimum temperature to
analyse and quantify the charge response after hybridization. CC curves displayed a decrease in charge
with increasing concentrations of miRNA-196a (0.0001 to 100,000 pg mL?) as depicted in Figure 5(a).
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Figure 5. (a) Chronocoulometric curves showing change in charge after hybridization with increasing
concentrations of miR 196a (0.0001 to 100,000 pg mL™) after incubating at 55 °C, (b) enlarged CC curves
fromt=0.10to 0.25 s, (c) calibration plot

The magnified CC curve from 0.10 to 0.25 s is displayed in Figure 5(b). The value of the change in
the charge with increasing miR-196a concentrations was calculated at t = 0.25 s. The calibration plot
was plotted as charge (Q) against logarithmic concentration of miR-196a. The linear regression
equation was determined as y = 1.29x + 174.68 with R? = 0.93. The linear range was obtained from
0.0001 to 100,000 pg mL? (14.9 aM to 14.9 nM) for miR-196a with a sensitivity of 18.28 uC pg™* mL cm"
2 The detection limit obtained was 14.9 aM (Figure 5(c)).
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Specificity of genosensor

To examine the specificity of the developed genosensor, its response was evaluated against a
single-base mismatch sequence (M1) and a double-base mismatch sequence (M2), as illustrated in
Figure 6. Cyclic voltammetry was used to analyse the sensor's ability to discriminate between fully
complementary and mismatched sequences. Hybridization with non-complementary sequences
showed signal interference of 19.4 % from M1 and 22 % from M2, demonstrating minimal hybridi-
zation. The observed interference percentages fall within or near the internationally accepted
threshold range of 15 to 20 %, demonstrating reliable sequence selectivity of the genosensor [43].

100 4
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20 4

-

miR-196a M1 M2

Figure 6. Comparison of interferences obtained from M1 (single base mismatch), M2 (double-base mismatch) against
the complementary miR-196a

Conclusions

In this study, we developed a non-invasive electrochemical genosensor for detecting miRNA-
196a, a marker for pancreatic cancer. Electrochemical measurements through cyclic voltammetry
provide a sensitivity of 51.10 pA pgt mLcm2and 18.28 uC pg! mL cm2 through chronocoulometric
analysis, at 55 °C. The genosensor achieved a low limit of detection (LOD) of 14.9 aM, indicating its
capability to detect low levels of miRNA-196a. These findings highlight the potential of sensors as a
rapid, low-cost, and highly sensitive diagnostic platform for the early detection. The non-invasive
nature of the device made it a valuable tool for screening and point-of-care applications. Such
advancements could contribute significantly to improved early diagnosis, better patient outcomes,
and more effective management of pancreatic and other miRNA-associated cancers.
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