
 
Highlights: 
 

 Fabricated an inexpensive bi-electrode electrochemical sensor for nucleic acid 

amplification detection with a user-friendly interface in a short detection time. 

 Electronic conduction of the metal oxide sensing layer was successfully optimised by 

manipulating the concentration of oxygen vacancies. 

 The sensing layer was annealed at various temperatures and optimised by testing 

their electrical, optical, and chemical properties. 

 The fabricated device was able to detect dengue virus sequence DNA and 

Staphylococcus aureus genomic DNA with clinically relevant limit of detection.  
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Abstract: 

DNA amplification detection is typically a lengthy and sophisticated procedure involving high-end 

instrumentation. Electrochemical detection has recently opened a relatively low budget, a 

straightforward and speedy method for detection with the aid of an electrochemically active 

redox probe. However, electrochemical sensors of nucleic acid amplification characteristically 

employ a tri-electrode geometry involving standard reference electrode usually made up of a 

noble metal that adds up the cost of detection. This work proposes a sensitive and rapid approach 

for detecting the endpoint of nucleic acid amplification test using a novel bi-electrode sensing 

geometry. The sensing layer of the electrode was comprised of a transition metal oxide to tune its 

electronic state for regulating its electrochemical response. The fabricated device was then used 

to detect dengue virus sequence DNA (using rolling circle amplification) and Staphylococcus 

aureus genomic DNA (using polymerase chain reaction) with the limit of detection in the order of 

103 target DNA copies.  

Keywords: DNA amplification; Electrochemical biosensor; Methylene blue; Oxygen vacancy; Metal 

oxide 
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1. Introduction: 

Nucleic acid amplification tests (NAATs) are routine biological processes with applications in 

pathogen detection, identifying food and water contamination, diagnosing genetic diseases, and 

biowarfare prevention. It is an essential step in the biomedical analysis as the amount of DNA 

found in numerous biological samples is at a concentration low enough that direct detection is not 

possible.[1] It, therefore, necessitates the intervention of NAATs to make millions to billions of 

copies of the target nucleic acid followed by quantitative detection. Several methods are practised 

for nucleic acid amplification amongst which polymerase chain reaction (PCR) has remained the 

most preferred technique. However, it involves a sophisticated sequence of thermal steps and 

precise temperature control.[2],[3] These requirements of PCR have spurred the advancement of 

various isothermal amplification techniques such as loop-mediated isothermal amplification 

(LAMP), recombinase polymerase amplification (RPA), and rolling circle amplification (RCA).[4]  

Currently, the quantification of NAATs is usually done using a fluorescent DNA binding dye or 

sequence-specific probe technique.[5 7] The dye (e.g. SYBR green) binds to the minor grooves of 

double-stranded DNA only and emits fluorescence in the bound state with an intensity of > 1000 

folds compared to its unbound states.[8] The intensity of the fluorescence is proportional to the 

amplified product.[5] In the probe-based technique, an amplicon sequence-complementary 

nucleic acid probe carrying 

is utilized. In real-time PCR, Taq DNA polymerase then cleaves the nucleic acid probe to generate 

fluorescence to quantify the amount of DNA amplified using NAAT.[9] Alternatively, a molecular 

beacon with complementarity to the amplicon sequence and carrying a fluorescence/quencher 
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pair could also be utilized.[10,11] Such fluorometric methods, though accurate and used as a 

standard practice, are laborious, lengthy, and expensive. They also require trained hands for 

operations and real-time. An attractive alternative to optical detection has been proposed based 

on the electrochemistry of the DNA-binding redox probes.[12] Advantageously, electrochemical 

techniques are sensitive to electrochemically responsive species (redox probes) irrespective of 

background light and sample colour as in the case of fluorometric methods.[13 15] At the same 

time, such measurements could be carried out in electrochemical workstations that are 

significantly inexpensive compared to real-time PCR instruments.  

An electrochemical biosensor is a transducer of oxidation (or reduction) of an electroactive 

species to an electrical current signal. The electrochemical activity of DNA is not adequate for 

direct detection, therefore a redox indicator is employed for the purpose.[16] The device senses 

the redox probe concentration and the variation in mass transfer to the working electrode. Since 

DNA has a strong affinity for redox probe, the binding significantly reduces probe 

concentration in the electrolyte. After DNA amplification high concentration of amplicons (i.e., 

replicated DNA) are produced that captures a greater number of probe molecules which in turn 

reduces the electrochemical signal.[16 18] Commonly used redox probes are transition metal 

complexes (e.g. ruthenium (Ru) complexes[19 21]) and organic dyes (e.g. methylene blue (MB), a 

thiazine class probe with the molecular formula C16H18N3SCl [17,18,22],[23]). Jiong Zhang[21] et al. 

employed ruthenium hexamine for the amplified detection of BRCA-1 mutant DNA, whereas 

Naoki Nagatani[17] et al. and Kuangwen Hsieh[18] et al. used MB for electrochemical monitoring 

of influenza virus RNA and quantitative detection of pathogenic DNA, respectively. In the present 
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work, MB is employed as a redox probe as shown in SI Figure 1. It binds to the DNA 

electrostatically as well as intercalates into the DNA structure.[24] 

The electrochemical biosensors of nucleic acid and NAAT detection reported to date commonly 

uses 3-electrode assembly with platinum (Pt) and/or silver/silver chloride (Ag/AgCl) as standard 

reference and counter electrode, and gold (Au) or commercially available screen-printed carbon 

electrode as a working electrode.[18,22],[25],[26] Despite their inexpensive nature and possibility 

of electronic state modulation, the utility of the transition metal oxides in sensing nucleic acids 

and NAATs has remained surprisingly underexplored. This work aims to present an inexpensive 

and novel modus operandi for amplified detection of DNA with a user-friendly interface in a short 

detection time. We have fabricated an electrochemical bi-electrode sensing device (EBSD) 

consisting of a thin layer of transition metal oxide (TMO) deposited on FTO coated glass as a 

working electrode and silver wire as a quasi-reference counter electrode (QRCE) (Figure 1a).  

Several manganese oxides such as MnO, MnO2, and Mn2O3 are popularly used as electrode 

materials in electrochemical sensing .[27 29] MnO2 is one of the most common manganese 

oxides with a wide range of applications in molecular adsorption, energy storage, biosensing, and 

memory devices.[29 34] It has excellent biocompatible properties which makes it a popular 

candidate in biosensing. We hypothesized that creating oxygen vacancies in the MnO2 sensing 

layer will improve its conduction state and thus enhances the sensitivity of our device towards 

detecting any minute change in the concentration of DNA binding redox probe. Hence, sol-gel 

spin-coated MnO2 is used as the sensing electrode and its electronic conduction states are 

manipulated by annealing at various temperatures. To prevent rapid evaporation of electrolyte 

and ensure uniform contact area among various electrodes, a PDMS micro-cavity is integrated 
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onto them. For testing, 5  of sample amount is loaded in the PDMS cavity that in turn cut down 

the cost of reagents. The device was then utilized in detecting dengue virus (DENV) serotype-2 

sequence (using rolling circle amplification or RCA) and vancomycin resistance-associated 

regulator gene (vraR) gene in Staphylococcus aureus (S. aureus) genomic DNA (using PCR) and 

tested on the EBSD. The EBSD results are then compared with standard fluorescence readout 

employing RT-PCR instrument. 

2. Experimental details: 

2.1. Materials: 

All chemicals were analytical reagent (AR) grade and used without further purification. 

Manganese acetate Mn (CH3COO)2  4H2O, ethoxyethanol (C4H10O2), spermidine, dithiothreitol 

(DTT), methylene blue (MB), and monoethanolamine (MEA) (C2H7NO) were purchased from SRL 

chemicals. Polyethylene glycol (PEG) (C2nH4n+2On+1) was purchased from CDH chemicals. Fluorine-

doped tin oxide (FTO) deposited glass, and 99.99% pure silver wire were purchased from 

commercial sources and cleaned with isopropyl alcohol (IPA) before use. Silicone Elastomer Kit 

comprised of Base/Curing Agent was purchased from SYLGARD 184 to formulate 

Polydimethylsiloxane (PDMS) layer. Oligonucleotides were purchased from either Eurofin or 

T4 polynucleotide kinase (PNK) enzyme, T4 DNA ligase enzyme, adenosine triphosphate (ATP), 

dNTP, BSA and Phi29 buffer were procured from New England Biolab, USA. 

Acid Gel Stain 10,000X was purchased from Invitrogen. PCR mix (with and without SYBR Green I) 
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was purchased from HiMedia, India. Ultrapure water dispensed from a Millipore Milli-Q Type I 

water purification system, which was then double autoclaved was utilized in preparing all 

solutions and dilutions. Phosphorylation, annealing, and ligation reactions were performed in an 

Eppendorf Mastercycler Nexus system. Real-time RCA studies were carried out in Bio-Rad CFX96 

qRT-PCR and analysed using CFX Maestro software. 

2.2. Method: 

2.2.1. Preparation of MnO2 thin film: 

MnO2 sensing layer was coated onto FTO substrate using the sol-gel spin coating method. The 

solution was prepared by dissolving Mn(CH3COO)2 2O metal salt in a mixture of ethoxyethanol 

solvent, MEA and PEG, where MEA acts as a stabiliser and PEG is used as a binder.[35] A 0.5 M of 

precursor solution was prepared and stirred at room temperature (RT) for 30 min on a magnetic 

stirrer. When the salt is completely dissolved, it is filtered using a 0.22-micron pore size syringe 

filter and kept aside for ageing for at least 12 hrs at room temperature. The obtained solution was 

spin-coated onto FTO coated glass substrate. 

FTO substrate was partially covered with a physical mask to prevent the deposition of the sensing 

layer onto the substrate to make electrical contact. The rotation speed and deposition time were 

optimised to achieve uniform deposition, the schematic presentation of the deposition method is 

shown in SI Figure 2. The deposited films were dried at  for 10 min on a hot plate followed 

by the annealing at the temperatures of , respectively. MnO2 deposited FTO 

electrodes annealed at and  are referred to as FM350, FM450, and FM550, 

respectively. 
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2.2.2. Preparation of PDMS layer: 

PDMS patches were fabricated by mixing the base and curing agent in a ratio of 10:1, respectively 

in a glass petri dish. The dish was desiccated for 5 min to burst any air bubbles inside the mixture 

and baked for 30 minutes at . After ambient cooling, the resulting 2 mm thick PDMS was cut 

in a rectangular piece of 2  2.5 cm2 dimensions and individual cavities of 0.25 cm diameter were 

made using a hole punch plier.  

2.2.3. Assembling the device: 

The PDMS patch and the as-prepared electrode was cleaned using IPA, the patch was adhered 

onto the sample by activating the PDMS using a UV ozone activator. The holes were filled with 

L of the desired electrolyte using a micropipette. A silver (Ag) QRCE was immersed in the micro-

cavity to complete the bi-electrode geometry. The real-time assembled EBSD sensor is shown in SI 

Figure 3. 

2.2.4. Preparation of methylene blue solutions 

The methylene blue solutions were prepared in 10 mM Tris-HCl buffer pH 7.5. The buffer itself 

was made in non-DEPC treated ultrapure Milli-Q type I water (double-autoclaved). It was noted 

that DEPC treated water led to unwanted redox peaks in I-V experiments. The dilutions of 

methylene blue (e.g., 100, 50, 25, 12.5 M) were carried out using serial dilution using the same 

buffer as diluent.  
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2.2.5. Electrode characterisation:  

The structural, electrical, compositional, and optical properties of the fabricated films are probed 

by various characterisation tools. The optical band gap was obtained using an Ocean Optics UV-vis 

spectrophotometer within the wavelength range of 200-900 nm. The oxidation state of as-

synthesized MnO2 was examined by X-ray photoelectron spectroscopy (XPS) (Physical Electronics, 

PHI 5000 VersaProbe III) in the energy range of 0-1200 eV using the Al monochromatic X-ray 

source. The sample surface morphology was studied by Field-Emission Based Scanning Electron 

Microscope (FESEM) (FEI Quanta 200 F) at 20kV. Electrochemical impedance spectroscopy (EIS) 

measurements were performed using Metrohm Autolab Potentiostat/Galvanostat (Model 

Autolab PGSTAT302N). All the current-voltage measurements were recorded using Keysight 

B2912A source measurement unit (SMU). 

2.2.6. Preparation of circular DNA 

2.2.6.1. 5 -Phosphorylation: 

Precursor ssDNA oligonucleo -GTC GCT TTT AGA GTA GAT GAG TGC AAG CCT TTA GCG ACG 

TCC AGT CCG CGA ACC ACA TCA TCC CTA AGT CCA CTA CAC CAT GCG TAC CTC AGC TTT GGA CTG 

GAC-

dumbbell shape, t - -termini adjacent to each other and allowing a self-

annealing ligation. The oligonucleotide solution was snap-cooled (5 minutes heating at 95 C 

immediately followed by 5 minutes incubation on ice) to linearize the DNA for improving the 

phosphorylation efficiency. The 5 -phosphorylation was carried on the oligonucleotides (final 

concentration 4 M) in presence of T4 PNK (0.375 Units L-1), ATP (1 mM), ligase buffer (50 mM 
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Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM ATP, 10 mM DTT), DTT (5 

The addition of all the reagents was performed on ice. The solution was incubated at 37 C for 3 

hours followed by annealing by slow (1 h) cooling from 95 C to 4 C (this step also inactivated the 

T4 PNK).  

2.2.6.2. Ligation:  

Circularization of the annealed 5 -phosphorylated DNA (concentration 3.2 M for self-annealing 

precursor, 1.6 M for sticky-end precursors and 3.2 M for the padlock) was carried out in 

presence of T4 DNA ligase (8 Cohesive End Units L-1), ATP (1 mM), and T4 DNA ligase buffer (50 

mM Tris-HCl pH 7.5, 10 mM MgCl2, 1 mM ATP, 10 mM DTT). The addition of all the reagents was 

done on ice. The ligation mixture was then incubated at 16 C for 16 hours followed by enzyme 

inactivation at 75 C for 20 min. The ligation efficiency was checked in 13% denaturing PAGE gel. 

The actual concentration of the circularized oligonucleotide was calculated using the unligated 

linear oligonucleotide loaded in the same gel as the reference.   

2.2.6.3. Exonuclease treatment:  

The ligated sample was snap-cooled as described in the phosphorylation section. The exonuclease 

digestion was carried out in 25 L reaction volume as described below.  Both exonuclease I (2.4 

-1) and III (12 units L-1) were added in 1X exonuclease III buffer (10 mM Bis-Tris-Propane-

HCl pH 7, 10 mM MgCl2, 1 mM DTT). The reagents were added while keeping the centrifuge tubes 

on ice. The solutions were incubated at 37 C for 4 hours, followed by enzyme inactivation at 85 C 

for 20 minutes and then stepwise annealing from 85 C to 4 C to generate the desired secondary 

structure.  
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2.2.7. Real-time (fluorescence) and electrochemical rolling-circle amplification (RCA) of DNA: 

-TAC GCA TGG TGT AGT GGA CT-

sequence from DENV serotype- -GCG AAC CAC ATC 

ATC-

primer) were first incubated at 30 C for 30 min in 50 mM Tris-HCl (pH 8) and 50 mM NaCl. For 

hyperbranched RCA or HRCA reactions, an additional HRCA primer was also added to the above 

mix. The real-time-RCA reactions was carried out in 25 L volume in presence of circular DNA 

(0.02 µM), primer (concentration  2 fM  0.02 nM), HRCA primer (0.2 µM, present only for HRCA 

reactions), dNTPs (1.0 mM), BSA (0.2 g uL-1), phi29 buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 

10 mM (NH4)2SO4, 4 mM DTT), 0.4X SYBR Green I, and phi29 DNA polymerase (0.2 units µL-1). All 

the reagents except circular DNA, primer, HRCA primer, Tris-HCl (50 mM, pH 8.5), and NaCl (50 

mM) were added as a mastermix. The reactions were incubated for 2 h at 30 C and fluorescence 

intensities were recorded in 2 min intervals. For the electrochemical RCA, the SYBR was replaced 

with MB (100 , and the experiment was incubated for 2 hrs at  followed by inactivation 

at  for 20 min in an Eppendorf MastercyclerR nexus system. For measurement of 

electrochemical endpoint, the completed reaction was transferred to ice and immediately 

subjected to measurement on the EBSD. In these experiments, NTC refers to no-target control, 

where the LRCA or HRCA reaction was carried out only in presence of circular DNA alone (as well 

as HRCA primer for HRCA conditions) but in the absence of primer. TC refers to target control, 

where both circular DNA and primer (as well as HRCA primer for HRCA conditions) was present.  
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2.2.8. Genomic DNA isolation from S. aureus: 

1 mL of an overnight S. aureus (N315) culture in tryptic soya broth (HiMedia) was taken into a 1.5 

mL microcentrifuge tube and centrifuged for 2 minutes at 5000  g to pellet the bacteria. The 

pellet was re- -

HCl, pH 7.5; 10 mM EDTA). After incubating at 37°C for at least thirty minutes, proteinase K 

Phenol:chloroform:isoamyl alcohol (SRL) was added to the culture at a ratio of 1:1 followed by 

centrifugation at max speed ( 12,000 - 13,000  g) for 10 minutes. The aqueous top layer was 

transferred to a new microcentrifuge tube and NaCl was added to a final concentration of 200 

mM. 100% isopropanol (Merck) was added to the culture at a ratio of 1:1 and incubated at -

for 30 minutes and centrifuged at maximum speed ( 12,000 - 13,000  g) for 10 minutes 

followed by removal of supernatant carefully. 1 mL of ice-cold 70% ethanol was added and again 

centrifuged at maximum speed ( 12,000 - 13,000  g) for 10 minutes and the supernatant was 

discarded. After air drying, the transparent pellet was re-  

2.2.9. Real-time and electrochemical PCR amplification  

In each case, the assay was performed in 25 solution. The stated concentration of genomic DNA 

was added to 1X real-time PCR mix containing Taq DNA polymerase, 0.4 mM dNTP, SYBR Green I 

(or 50 M MB for electrochemical PCR), and 1X Taq buffer (10 mM Tris-HCl, 50 mM KCl, 1.5 mM 

MgCl2, (pH 8.3 at 25°C)), 0.4 M forward and reverse primer against vraR -

CCATGAGTTGAAGCCAGATTT- -CCTGCATCTAATGCACGATA-

grade water. All reagents except the template DNA (S. aureus genomic DNA) was added as a 

mastermix. PCR was set at the following settings: 95°C for 180 seconds, then 39 cycles of 95°C for 
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10 seconds, 52°C for 10 seconds, and 72°C for 30 seconds. For real-time PCR, this was followed by 

melt curve analysis. For measurement of electrochemical endpoint, the completed reaction was 

transferred to ice and immediately subjected to measurement on the EBSD. 

3. Result and Discussion:  

3.1. Design and concept: 

The working principle of the proposed device relied on the dynamic electrochemistry at the 

interface of the sensing material and the electrolyte. The device was composed of three 

components: a working electrode, an ionic conductor (electrolyte), and a quasi-reference counter 

silver electrode (QRCE) as shown in Figure 1a. The working electrode was comprised of a 

conducting substrate (FTO), employed as a current collector, coated with metal-oxide 

semiconductor (MnO2) film act as a sensing layer. The EBSD picked up electrochemical signal by 

recording the current-voltage (I-V) characteristics under the sweeping voltage of -1 to +1 V and 

back. We hypothesized that the optimal modulation of the electronic conduction states of the 

sensing layer would result in the sensitive detection of any electrical change at the electrode-

electrolyte interface (e-e interface). This in turn would help detect the ionic current arising out of 

concentration variation of the DNA-binding redox dye. Oxygen vacancies ( ) were thus 

introduced into the metal-oxide sensing layer to manipulate their conducting states via annealing 

at various temperatures (Figure 1b).[36]  

During the formation of , lattice oxygen ( ) was converted to oxygen gas ( ) and led to the 

generation of  free electrons ( ) as per the equation given below[37]: 
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These additional electrons would thus magnify the electronic conductivity of the sensing layer. 

These newly generated electrons caused disorder in the lattice and produced new localised 

energy levels near the conduction band minima.[38,39] The extended conduction band was 

directly reflected in the optical absorption onset in the Tauc plot for the MnO2 electrodes (SI 

Figure 4).  It demonstrated a reduction in optical band gap (SI Figure 4 (inset)) with increased 

annealing temperature to the lowest value of 3.33 eV[40],[41] for FM550. The observed results 

were in consonance with the results  reported for ZnO, TiO2, and SnO2.[38,39,42,43] 

The proposed device measured the change in total current density ( ) which is the sum of the 

contribution from ionic (  and electronic ) current densities. The electron transfer took 

place through the localised states to the ions in the electrolyte at the e-e interface. The rate of 

electron transfer was higher than their rate of diffusion in the bulk of the ionic liquid as a result an 

electric field was established in the bulk electrolyte. Consequently, the ions drifted to neutralize 

the field and to negate the corresponding variation of their electrochemical potential (Figure 1c). 

Ultimately, the electrolyte would carry out the ionic conduction, and the localised states at the e-

e interface would be responsible for the electronic conduction. The current density for ionic and 

electronic charge carriers is described (in 1-D) by the following equations,[44] 
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Where, q, , , , and are the electric charge, the number of charge carriers, carrier mobility, 

applied electric field and diffusion coefficient, respectively. 

Figure 1 Electrode geometry, concept, and characterization including morphology and electrical measurements. (a) Electrochemical 

Bi-electrode sensing device (EBSD) schematic. (b) Schematic showing increase in oxygen vacancies with temperature. (c) Charge 

transport kinetics (TE-top electrode, IL-ionic liquid, SL-sensing layer, CC-current collector). (d-f) SEM images of FM350-FM550 
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surface and FM550 cross-section displaying the film thickness, respectively. (g) DC conductivity of FM350-FM550 device (inset 

shows electrical connections for the measurement). (h) AC conductivity for FM350 and FM550 at 0 V and 0.4 V.                                                                                         

3.2. Characterisation of as-fabricated sensing electrode: 

3.2.1. Morphological study and Film-substrate junction electrical analysis: 

The surface morphology of the electrodes was studied using FESEM, while the current-voltage (I-

V) characteristic was recorded to study the electrical behaviour of the film and substrate 

interface. Figure 1d and 1e show the surface morphology of FM450, and FM550 electrodes and 

Figure 1f depicts a cross-sectional image of FM550 film revealing the film thickness to be 300 nm, 

respectively. For FM450 film strewn micro-rods structure with an approximate average length of 5 

m along with distributed micro-flower structures were observed. On the other hand, a structural 

transformation from micro-rod to micro-flowers was observed for FM550. This could be due to 

the crystalline phase transition of MnO2 to Mn2O3 or the co-existence of more than one phase of 

manganese oxide. In the case of FM550, micro-flowers of 0.5 m diameter was found to be 

uniformly distributed across the surface.  

The current-voltage (I-V) characteristics of FTO/MnO2 junction is performed for FM350, FM450, 

and FM550 electrodes between -0.9 to +0.9 V using 100 M MB and found to be demonstrating 

weak rectifying behaviour (Figure 1g) similar behaviour was reported for WO3 film deposited on 

FTO coated glass.[45] The current is limited by the contact resistance comprising of the series 

resistance of metal oxide film and junction resistance. The contact resistance calculated for a 

linear region above + 0.25V for FM350, FM450, and FM550 is presented in SI Table 1 with FM550 

having the lowest contact resistance. Thus, the electrical property of the electrodes improved 
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with increasing annealing temperature due to the presence of higher oxygen vacancy 

concentration which was independently confirmed using XPS results discussed later in the 

manuscript. Next, the AC conductivity of FM350, and FM550 was measured using electrochemical 

impedance spectroscopy at DC voltages of 0 and +0.4 V over a frequency range of 1Hz to 1MHz, 

respectively. The corresponding Nyquist plots (-Zim vs. Zre) (Figure 1h) were fitted with an 

equivalent electric circuit (EEC) having resistance in series (Rs) to a parallel combination of film 

resistance (Rf) and constant phase element (Qf) as shown in SI Figure 5. The n-value of all the four 

f (SI Table 2).  A sharp decline in the 

Rf and rise of Cf value with increased annealing temperature indicated receding solid-state 

interface layer resistance of FTO/MnO2 that have originated due to higher concentration of 

oxygen vacancies.  
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3.2.2. XPS analysis of MnO2 sensing layer:

Figure 2 XPS spectra for (a, d) Mn 2p3/2; (b, e) Mn 3s; (c, f) O 1s of FM450 and FM550, respectively.

The oxidation state of Mn was evaluated using highly-surface-specific XPS technique for FM450 

and FM550 films. The XPS pattern results were fitted with Gaussian-Lorentzian peak (G-L peak)

and are presented in Figure 2 following subtraction of the Shirley background. The peak of Mn 

2p3/2 (Figure 2a, d) was deconvoluted into two G-L peaks at the binding energy (B.E.) values of

638.8 and 640.8 eV,    corresponding to Mn3+ and Mn4+ for FM450 and at 639.2 and 640.45 eV for 

FM550, respectively.[34,46] The peak separation denoted by in Mn 3s spectra (Figure 2b, e)

for FM450 is 4.77 eV[47,48] whereas it is 5.35 eV for FM550 revealing the dominance of MnO2

over Mn2O3 in FM450 then in FM550. The surface average oxidation state (AOS) of Mn was 

calculated using the formula: .[49,50] The AOS value reduced 
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significantly from 3.58 to 2.94 suggesting the creation of more oxygen vacancies on the sample 

surface due to the heat treatment of the sample at elevated temperature. 

The O1s (Figure 2c and 2f) core-level spectra is deconvoluted into P1, P2, and P3 peaks at 527.15, 

528.65, a

-O- -O-H and H-O-H, 

 peaks for the two films, 

a greater hydroxide (OH-) concentration was observed in FM550. The superior OH- content results 

in a highly active surface area that ensures efficient conduction across the interface.[51] Thus, the 

XPS results conclusively assures improved conduction and sensing response of FM550. 

3.3. Electrode optimisation: 

3.3.1. Electrochemical impedance measurement:  

To understand the conduction mechanism of sensing electrodes, all three devices in the presence 

-MB electrolyte are tested under the oscillating potential of 10 mV at DC voltage of -

0.45 V over the frequency range of 1 MHz to 1 Hz (Figure 3a). The EIS data were analysed by 

fitting an EEC to the FTO-MnO2-electrolyte system (Figure 3b). The familiar Randles circuit was 

modified by introducing an additional time constant and used as an EEC. Here  represents the 

ohmic solution resistance of the electrolyte, the electric double-layer capacitance is substituted by 

a constant phase element   considering film inhomogeneity,  is the 

charge transfer resistance, and   at  is the 

Warburg resistance that models the linear ionic charge diffusion towards the electrode. The 

additional time constant is used to model the FTO-MnO2 interface since charge carriers primarily 
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travel through the film before interacting with the substrate. It consists of a parallel combination 

of a capacitor ( ) and a resistance ( ).[52,53] All the values of equivalent circuit elements are 

compiled in Table 1. The average value of  for all the devices is obtained to be . The 

carrier lifetime ( ) for any interface represented by an RC-circuit can be calculated from the well-

known relation, , where R and C are the resistance and capacitance value in the circuit 

(Table 1).  A decrease in  value from FM350 to FM550 is correlated with increased conductivity. 

The n-value of the  for FM350 is 0.68 that portrays capacitive nature of the electrode, whereas 

FM550 is more resistive in nature with an n-value of 0.59. 

The FM550 device has a higher slope in the linear section of the Nyquist plot and shorter 

projection on the real axis as compared to other devices, this suggests lower Warburg resistance 

and thus faster ion diffusion at the e-e interface.[54]  
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Figure 3 Electroanalytical results comparing the performance of FM350, FM450, and FM550 electrodes using EIS and I-V 

characteristics. (a) EIS Nyquist plots of FM350, FM450, and FM550 dev -HCl buffer (10 

mM, pH 7.5). (b) Electrode-electrolyte interface with equivalent electrical circuit used to fit impedance spectra for Nyquist plots (c) 

and I-V  characteristics (baseline corrected) comparing the -MB 

concentrations. (d) and I-V  characteristics (baseline corrected) showing the impact of various MB concentrations on the 

performance of FM550 [Inset: MB concentration vs. Log10(peak height) with error bar for n=7 cycles].

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



22 
 

Table 1 Summary of parameters obtained by fitting EIS Nyquist plot 

Element Parameter FM350 FM450 FM550 

Solution resistance (Rs\ ) R 346.54 504.37 482.9 

Film resistance (Rf\ ) R 11.50 9.7 5.4 

Film capacitance (Cf\ ) C 0.7 0.75 0.88 

Time constant ( \ms) Rf * Cf 8.05 7.03 4.95 

Charge-transfer resistance (Rct\ ) R 66 5.7 2.53 

Double-layer constant phase element 
(Qdl) 

Y0 ( ) 3.5 0.105 6.68 

 0.68 0.665 0.595 

Warburg impedance (W) Y0 ( ) 6.50 1.28 1.19 

 

3.3.2. Current-voltage measurements:  

I-V characteristics of the EBSD with sensing electrodes FM350, FM450, and FM550 were 

compared to optimise the working electrode. The external applied voltage was swept from an 

initial voltage (-1 V) to a final voltage (+1 V) and back for multiple cycles and the average value is 

presented. The baseline correction was applied by subtracting a straight line connecting the two 

extremes of the reduction peak. The peak height (HP) values for FM350, FM450, and FM550 are -

2.68 A, -3.51 A and -4.52 A, respectively. The I-V measurements for each electrode have been 

repeated 3-times and are represented in Figure 3c.  Superior electrocatalytic activity of FM550 

device was observed plausibly due to large surface area of micro-flower structure and enhanced 

electron-transfer ability due to the higher accessible area, and therefore shorter charge diffusion 

path.[55],[54] Increased electrical conductivity of FM550 results in shifting of reduction peak 

voltage (-0.35 V) towards more anodic potential compared to FM450 (-0.4 V) and FM350 (-0.54 V) 
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electrodes which suggest easier electron transfer across the interface. After the superiority of the 

FM550 electrode has been established, it is therefore utilized for further studies in this work. 

3.4. Validation of Redox Probe and NAAT Detection with Electrochemical Readout: 

To understand electrochemical behaviour, the FM550 device was tested under varied 

concentrations of MB ranging as 100, 50, 25, 12.5, and 6 M, respectively (Figure 3d). The 

reduction peak intensity was found to be decreasing with lower MB concentration due to the 

reduced amount of electron transfer at the e-e interface resulted from lower ionic conductivity of 

MB. The concentration versus peak height (Hp) was plotted in the inset of Figure 3d, suggested a 

linear range from 25-100 M that was used further for device application. The I-V measurements 

were also performed at different scan rates on FM550 using 100 M MB solution (SI figure 6a). It 

shows a quasi-reversible behaviour of the reaction with current directly proportional to scan rate 

suggesting a current response for surface absorbed analyte (SI section- 6).  

Also, to establish the importance of MnO2 in the device geometry and on the sensing signal, I-V 

measurements were performed with FTO without MnO2 coating and with MnO2 coating as a 

working electrode and comparatively presented in SI Figure 6b. It is observed that the analytical 

signal is 10 times more intense due to the presence of MnO2. In this case, the iso-electric point 

(IEP) of MnO2 (IEP = 4-5)[56] is higher than the pH value of the electrolyte solution (pH = 7.5). As a 

result, the surface of MnO2 is charged negatively that enhances surface adsorption of MB 

molecule due to its intrinsic positive charge. 

Dengue virus infections affect 390 million globally and 0.15 million in India.[57,58] There exist four 

different DENV serotypes that are difficult to distinguish except NAAT reactions or ELISA assays 
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involving costly antibodies.[59] Moreover, cross-infection with different serotypes has also been 

linked with severe dengue.[57] Therefore, an ultrasensitive NAAT assay that can be carried out at 

near ambient temperature without using real-time PCR would be invaluable towards sequence-

specific detection of DENV serotypes at limited-resource settings. With this intended application, 

we designed a primer and complementary circular DNA where the latter was synthesized using 

self-annealing ligation. The primer carried a DENV serotype-2 sequence that would anneal to the 

complementary region in the circular DNA and trigger rolling circle amplification (RCA), an 

isothermal amplification reaction doable at 30 C. The redox probe MB would bind to the DNA 

electrostatically as well as intercalation into the DNA ladder structure ( -stacking).[24]  For no-

target control (NTC) samples, a large amount of free MB was available (due to the absence of any 

amplicon) and responsible for higher charge transfer at electrolyte/FM550 electrode interface 

resulting in a higher magnitude of reduced peak current. Post amplification for samples containing 

the primer (target control or TC samples), a larger concentration of amplicons (i.e., replicated 

DNA) were generated that interacts with MB and consequently decreased the effective MB in the 

electrolyte solution. Hence, the reduction peak current would drop significantly and enable the 

detection of DNA amplified samples (Figure 4a and b).  

Figure 4c depicts the endpoint (i.e., after the completion) I-V response of RCA reaction products 

(primer concentration 20 nM, MB concentration 100 M, LRCA reaction) averaged over  

replicates. Both the experiments (RCA as well as electrochemical measurement) have been 

performed at ambient temperature. Therefore, the electrochemical RCA, if successful and 

sensitive enough, would be highly utilitarian in detecting DENV and its serotypes in limited-

resource settings. Our EBSD test results for electrochemical end-point RCA have been in 
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agreement with the aforementioned explanation, where the peak current magnitude for NTC 

samples was 3 times higher than that of TC samples with a change in peak current ( ) of 6.31 

A (Figure 4c). The EIS measurements have been performed on endpoint LRCA reaction products 

as shown in Figure 4d. The inset of Figure 4d shows the EEC diagram. The semicircular section in 

the high-frequency region corresponds to electron transfer limited process and subsequent 

charge transfer resistance (Rct) equals the semicircular diameter. The Rct -value for TC sample is 

observed three times higher than that of the NTC sample (SI Table 3) which implied that the 

a very low amount is available for charge 

transfer. These results are in synchronization with our hypothesis.  

20 nM primer concentration 

(1010 initial target copies) -devices are found to be 

more than 35% which assured good sensitivity and reproducibility of the devices. The signal s  of 

our device is calculated as , where  and  are the magnitude of 

reduction peak current for NTC and TC samples, respectively. This method of quantification has 

also been formerly adapted in DNA amplification detection by M. Tsaloglou et al. in 

electrochemical detection of RPA amplified product, and by Won et al. in the detection of real-

time electrochemical PCR.[13,19,60] It has also been noticed that the electrode holds consistent 

performance over the storage duration of at least 6 months. 
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Figure 4 Electroanalytical results for NTC and TC in LRCA reaction and sensing principle. (a, b) Schematic representation of the 

electrochemical DNA detection approach. (c) I-V characteristics (baseline corrected) for NTC and TC in LRCA reaction (MB 

concentration 100 M, primer concentration 20 nM) averaged over n=5 replicates. (d) EIS Nyquist plots for NC and PC for LRCA 

reaction (MB concentration 100 M, primer concentration 20 nM; Inset shows the equivalent circuit diagram). (e) Statistical data 

showing % change before and after amplification for 7 different devices for LRCA reactions averaged over n=5 replicates on each 

device.
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3.5. Limit of Detection Study for End-point Electrochemical HRCA and PCR: 

The sensitivity of the EBSD using FM550 electrode was evaluated for end-point electrochemical 

HRCA and compared with those obtained from real-time PCR instrument-based fluorescence 

endpoint readout. For endpoint HRCA, the primer carrying the DENV sequence was varied 

between 2 fM to 20 pM with 100 M of MB as the redox probe concentration. Percentage change 

in peak current is computed with respect to NTC and the signal  for all DNA concentrations of 

EBSD (Figure 5a) was compared with relative end-fluorescence with respect to NTC (Figure 5b). 

The data presented in Figure 5a was replicated with six separate devices (EBSD 1  6) for each 

initial target (primer) concentration. Also, the peak current for target copies 0, 2 fM, 0.2 pM, and 

20 pM were presented in SI Figure 7a. Approximate 40% current change has been obtained for 

the lowest concentration of 2 fM, while 55  60% change was detected for 20 fM. The results 

demonstrate a similar degree of change in peak current for all the devices across the tested 

concentrations, implying a high degree of reproducibility (Figure 5a).  When compared with end-

point fluorescence measurement (Figure 5b), our device showed comparable sensing ability. 

Conclusively, EBSD has achieved a detection limit of 2 fM (1.2 x 103 copies/ L) of DENV sequence 

DNA for end-point RCA reaction products. The analytical sensitivity of our device was similar to 

published electrochemical RCA platforms employing methylene blue as the redox probe used for 

sensing DNA methylation (LoD 1 fM, differential pulse voltammetry)[61] or for Pseudomonas 

aeruginosa 16S rRNA detection (LoD 10 fM, differential pulse voltammetry).[62] 

Next, the analytical sensitivity of the device was tested for detecting the vancomycin resistance-

associated regulator gene (vraR) gene in S. aureus[63]. S. aureus is an opportunistic pathogen that 
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is responsible for over 1,20,000 infections and 20,000 deaths in 2017 in the United States 

alone.[64] Moreover, multi-drug resistant S. aureus (MRSA, e.g., N315 stain used for genomic DNA 

isolation in this study) accounted for 25% of all S. aureus infections in European countries.[65] 

Therefore, we anticipated that a sensitive electrochemical PCR enabling the detection of vraR 

gene from the MRSA N315 strain genomic DNA would provide a valuable molecular diagnosis tool 

in S. aureus induced bacteraemia prevention. In our experiment, the electrochemical PCR 

conducted for detecting S. aureus genomic DNA on 101  104 copies for vraR gene were compared 

with the change in cycle threshold values ( Ct) obtained from real-time PCR experiments (Figure 

5c and 5d). Conventionally, Ct value in real-time PCR is defined as the cycle at which the 

amplification-derived fluorescence crosses a baseline threshold. We observed that our device was 

able to detect as low as 103 copies with a 12% current change compared to NTC (Figure 5c). The 

analytical sensitivity of the method was comparable to published reports of electrochemical PCR 

nucleic acid-sensing employing methylene blue as the redox mediator such as detection of 

Lambda phage DNA using a microfluidic flow-through device (489 bp, LoD 2 x 104 copies, 

measurement using square wave voltammetry)[66] or Chlamydia trachomatis DNA templates 

(612 bp, LoD 103 copies, measurement using square wave voltammetry).[60] Overall, the limit of 

detection study conducted on isothermal amplification and conventional PCR indicated that the 

device has similar analytical sensitivity as that of the real-time fluorescence measurement. 
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Figure 5 Limit of detection study of RCA and RT-PCR reactions comparing EBSD performance with standard detection methods. (a) 

Plot of signal s, the % change in the peak current for different target DNA concentrations (0.002 to 20 pM) w.r.t. NTC from the I-V 

measurement on FM550 electrode for RCA reaction products for n=6 EBSD. (b) Relative fluorescence of RCA reaction products w.r.t. 

NTC for n=5 samples. (c) Plot of signal s, the % change in the peak current for different target DNA concentrations (0.002 to 20 pM) 

w.r.t. NTC from the I-V measurement on FM550 electrode for RT-PCR reaction products for n=6 EBSD. t value of RT-PCR 

reaction products w.r.t. NTC for n=3 samples.

4. Conclusion:

Detection of pathogen nucleic acid sequences through NAAT or isothermal NAAT is of utmost

importance in molecular diagnosis. However, such bioanalytical assays are typically carried out 

using real-time PCR which predominantly remains confined to centralized labs. Adoption of 

electrochemical methods of analysing NAATs, on other hand, would decentralize the assays due 

to the low cost of the instruments involved (i.e., a conventional thermal cycler and 
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electrochemical workstation). In this regard, most of the assays concerning electrochemical 

readout of NAATs have utilized electrodes made of novel metals that are costly and not 

commonly available for in-house fabrication. Any electrode materials based out of transition 

metal oxides would in turn be inexpensive with a wide range of tunability owing to their versatile 

electronic states.  

The current work shows that the electronic state of MnO2 can be successfully tailored by creating 

O2 vacancies through annealing at various elevated temperatures. This principle was utilized in 

fabricating an affordable, speedy, and user-friendly DNA amplicon detection device. This device 

utilizes bi-electrode geometry to read out a change in current signals resulted from the 

interaction of DNA with cationic dye MB in amplified samples. Finally, the electrodes were utilized 

in detecting dengue virus DNA sequence (using electrochemical RCA conducted at 30 C) and S. 

aureus genomic DNA (using electrochemical PCR). Along with 4  5 orders of dynamic range, the 

analytical sensitivity of the device was in the order of 103 copies/ L for RCA and 103 copies for 

PCR and was comparable to real-time fluorescence measurement assays carried out in RT-PCR 

instruments.  

Supplementary Information: 

Redox couple for Methylene blue (MB), Schematic for spin coating deposition method, Picture of 

the fabricated electrochemical bi-electrode sensing device (EBSD), UV-Visible spectroscopy 

results, Equivalent circuit diagram for AC conductivity measurements, Electroanalytical results of 

FM550 device, Peak current curves of limit of detection study for (a) RCA reaction. (b) RT-PCR 

reaction. 
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