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Abstract:

COVID-19 outbreak, caused by the SARS-CoV-2 RNA virus, elevates the need for a rapid, reliable,
inexpensive, and easily accessible disease diagnostic tool. The present go-to approach for SARS-
CoV-2 RNA detection is the real-time reverse transcriptase polymerase chain reaction (RT-PCR) test
which despite being the most reliable method has few drawbacks including being lengthy and
laborious. Approaching the diagnosis from an electrochemistry pathway is a relatively economical,
decentralized and yet highly sensitive route. This work aims to construct an electrochemical
(bio)sensor with 2-electrode geometry with a transition metal oxide (TMO) based sensing layer. We
have fabricated a series of TiO2-V20s (TVO) nanocomposites to probe their electrochemical
performance and attain a highly sensitive dual-electrode electrochemical sensor (DEES) compared
to the pristine V20s. The XRD analysis of the electrodes confirmed the formation of nanocomposite
while the XPS analysis correlated the formation of oxygen vacancies with improved electrical
conduction measured via EIS and I-V characterization. The optimized electrode was then utilized to
electrochemically detect end-point LAMP readout for 10! — 10* copies of plasmid DNA and in vitro
transcribed SARS-CoV-2 RdRp RNA in an aqueous solution. Additionally, the DEES was also
applied to detect in situ LAMP performed on SARS-CoV-2 plasmid and RNA magneto-extracted
from a) aqueous solution; b) sample spiked with excess human genomic DNA, and c) a viral transport
medium (VTM)-mimic sample. The DEES results were compared with real-time fluorescence and
commercially available screen-printed electrodes (SPE). Our device was able to successfully detect
magneto-extracted plasmid DNA and in vitro transcribed SARS-CoV-2 RNA to the limit of detection
of 2.5 copies/pL.
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Introduction:

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been declared a pandemic by
the WHO on 11" March 2020, within a few months after the reported first case.! The virus has an
enormous socio-economic impact worldwide. The SARS-CoV-2 is the etiological agent of
coronavirus disease (COVID-19), which has infected around 25,69,66,237 people including
51,51,643 deaths, as of 22 November 2021 (according to WHO).2 Hence, Covid-19 diagnostics have
been a major priority among healthcare agencies facing challenges like assay quantity, ease in data
handling, reagents cost, and process time being the key points of concern.® Presently, real-time
reverse transcription polymerase chain reaction (RT-PCR) has been employed as the gold standard
of detection owing to its accuracy, and specificity 3*. However, this approach is time-intensive,
demanding a specialized laboratory with high-priced instruments and trained personnel for
nasopharyngeal/ oropharyngeal (NP/OP) sample collection 4. These downsides of real-time RT-
PCR have spurred the advancement of various isothermal nucleic acid amplification techniques (i-
NAATSs) such as recombinase polymerase amplification (RPA)”®, rolling circle amplification
(RCA)*® and loop-mediated isothermal amplification (LAMP)**3. Among these, loop-mediated
isothermal amplification (LAMP) has remained the most utilized technique in terms of NCBI
PubMed entries. Using 4 — 6 primers and a strand displacement polymerase, LAMP could generate
a considerable amount of DNA concatemer amplicon within 30 — 45 min with analytical sensitivities
in the order of 10 copies . Besides optical methods such as real-time fluorescence, colourimetry,
turbidimetry, surface plasmon readouts *>-%7, the detection of LAMP amplicons can be executed using
an electrochemical biosensor (ECB) as well. In terms of NAAT molecular diagnostics in resource-
limited settings, this opens a route for rapid detection and would be a valuable asset in outbreak
regions or remote zones where centralized facilities are unavailable. In terms of electrochemical
detection of SARS-CoV-2, i-NAATS such as RCA as well as antigen-based techniques have been
employed that detects the pathogen with a limit of detection (LOD) in the order 10 — 10° copies 8.
However, despite the advantage of LAMP and proven amenability to electrochemical NAAT, it has

surprisingly not been utilized in the biosensing of SARS-CoV-2 RNA.

ECBs are beneficial for sensing a biological analyte due to their specificity, sensitivity and
straightforward data interpretation °. Traditionally, an ECB is comprised of 3-electrodes, namely,

working, counter, and reference electrodes. Among published reports, gold-based electrodes have



remained the predominantly used working electrode in the electrochemical biosensing of nucleic
acids 221, Along with its very high sensitivity, gold electrode-based biosensing offer many attractive
and flexible sensing options including the highly useful thiol-based surface monolayer
immobilization of probe DNA 22, Very recent work for the detection of SARS-CoV-2 was reported
where nCovid-19 monoclonal antibody was immobilized over gold nanoparticle decorated FTO glass
surface 2. Although the amount of deposited gold in such electrodes was significantly low per
electrode (e.g., a 3 mm circular gold electrode with 1 mm thickness would require 0.5 mg gold), the
batch processing and scaling up of the electrode preparation would require significant investment.
Besides the working electrodes, the reference electrode is usually a noble metal (Pt or Ag) based
electrode that also adds up to the cost of the sensor. We speculated that these could in principle
increase the associated cost of electrochemical nucleic acid detection and may reduce their
commercialization potential. Another common electrode of choice in biosensing assays is a
commercially available screen-printed electrode (SPE) or modified SPE 1227 However, the SPEs
also predominantly utilized either gold-based or carbon-based working electrodes. Interestingly,
electrode configurations comprising of transition metal oxides (TMOs) as sensing layer are
surprisingly rare in their application towards NAAT detection, and in general in biosensing. This is
despite the fact that, unlike noble metals or carbon-based electrodes, TMOs offer significant
versatility in terms of tuning their electrochemical properties. These properties can in principle be
tuned using factors involving (but not limited to) introducing oxygen vacancies, adjusting isoelectric
points, the coexistence of various oxidation states, improving electrical conductivity etc. In fact, the
application of these diverse properties has been widely reported in areas such as catalysis®, fuel
cell?®, supercapacitor®®, and gas sensing®"*2 among others. Besides the straightforward application of
TMOs or SPEs as sensors, surface modification and doping induced generation of nanocomposites
is another underexplored area that holds significant promise in biosensing. For instance, Lucian
Rotariu et al. conclusively reported a major improvement in the nicotinamide adenine dinucleotide
detection thanks to the poly(allylamine hydrochloride) (PAH) modified SPE. A research work by
Hao Cai et al. reports the improved sensing performance of MoOz-1n203 solid solution towards NO-
gas sensing as compared to pure In20s, due to enhanced electrochemical activity to the cathodic
reaction.®? These reports suggested that sensor functionality can be tuned by modifying the surface
of the working electrode by nano-structuring®, nanocomposite?®, doping®*, surface functionalization®

etc.



We have recently investigated the end-point detection of pathogen nucleic acid with electrochemical
NAATS utilizing an oxygen-vacancy modulated MnO; electrode in a two-electrode electrochemical
device®. Contrary to traditional three-electrode geometry, a 2-electrode device geometry with a
working and pseudo- or quasi-reference counter electrode (QRCE) has the following advantages, (i)
simplification of the sensor structure, (ii) lowering of the ohmic resistance effect, (iii) elimination of
liquid junction potential, and (iv) avoids contamination of the target solution by the solvent molecules
(or ions) of a conventional reference electrode . By analyzing I-V characteristics and using
methylene blue (MB) as the redox mediator *°, the electrode successfully detected electrochemical
RCA (using a pre-synthesized circular DNA as the template and a dengue virus sequence-bearing
primer as target) and polymerase chain reaction (PCR, using Staphylococcus aureus vraR gene as
target) with LODs in the order of 10° copies. However, the work utilizes already purified genomic
DNA or synthetic DNA as the target. It did not explore how the analytical sensitivity or selectivity
of the assay would be affected in a real-life sample, potentially containing host nucleic acid or
complex biofluid. In principle, a pre-concentration of analyte nucleic acid (either through electrode
surface immobilization or through the utilization of magnetic beads) is expected to help improve the
selectivity. However, the compatibility of such measures remains uninvestigated for two-electrode
geometry devices as well as TMO based biosensors. While the work investigated the electroanalytical
behavior of oxygen vacancy modulated MnO; (isoelectric point or IEP 4-5%7), aspects such as surface
interactions or effect of doping were not studied. These aspects, to the best of our knowledge, remain
unexplored in terms of NAAT electrochemical assays or in general for electroanalytical biosensor

development as well.

We hypothesized that the surface of the TMO electrode can be made negatively charged by selecting
a material with lower IEP than the electrolyte solution of MB, pH 7.5 8.5 (utilized in NAAT assays),
to attract the positively charged methylene blue which impacts the electron transfer and enhance the
assay sensitivity. Also, the fabrication of metal oxide nanocomposites can improve electronic
conduction and is expected to further benefit assay performance. In addition, we also hypothesized
that a magnetic pre-concentration of target nucleic acid from a real-life mimic sample (containing
host nucleic acid and complex biofluid) followed by electrochemical i-NAAT (LAMP in this case)
would improve assay selectivity and be compatible with these electrode modifications. In this work,
these hypotheses were tested by designing a dual-electrode electrochemical sensor (DEES) with a
working and QRCE electrode for end-point NAAT detection of SARS-CoV-2 nucleic acid (RdRp
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plasmid DNA and in vitro transcribed RNA). The working electrode was a fluorine-doped tin oxide
(FTO) surface modified by titanium oxide- vanadium oxide (TiO2-V20s) binary metal oxide
nanocomposite that forms the sensing layer. V20s was chosen to tune the surface charge interaction
between the MB and electrode. The fabrication was done by a simple and low-cost technique called
sol-gel spin coating, where TiO2-V20s (TVO) thin films were spin-coated on FTO from a stable
mixture of vanadium and titanium oxide precursor solution. The Ti concentration in V20s was
optimized in terms of the electrical and electrochemical response of the electrode. The DEES was
then utilized to electrochemically detect end-point LAMP readout for SARS-CoV-2 RdRp plasmid
DNA and in vitro transcribed RNA in an aqueous solution. Additionally, the sensing device was also
applied to detect LAMP performed on magneto-extracted SARS-CoV-2 plasmid and RNA from a)
aqueous solution; b) sample spiked with excess human genomic DNA, and c) a viral transport
medium (VTM)-mimic sample. The DEES results were compared with gold-standard real-time PCR
fluorescence readout and electrochemical assays performed on commercially available screen-
printed electrodes (SPE).

Experimental Details
Chemicals and Instrumentation

Vanadyl (acetylacetonate) (VO(acac)z) (CioH140sV), 1-butanol (C4HoOH), and benzyl alcohol
(CséHsCH20OH) were procured from SRL chemical, India for the preparation of V2Os precursor
solution. Titanium tetraisopropoxide (TTIP) (Ti{OCH(CHs)2}4), and isopropyl alcohol (IPA) were
purchased from GLR Innovations and SRL chemicals, India, respectively, for the preparation of TiO>
precursor solution. Silicone Elastomer Kit, SYLGARD 184, comprised of base and curing agent was
purchased from Dow Corning Corporation to prepare Polydimethylsiloxane (PDMS) polymer layer.
All chemicals were analytical reagent (AR) grade and used as received without further refinement.
Fluorine-doped tin oxide (FTO) deposited glass, and 99.99% pure silver wire were procured from

commercial sources and further cleaned with IPA prior to use.

The plasmid construct with RNA dependent RNA polymerase (RdRp) gene with T7 RNA
polymerase promoter (4538 bp) was procured from Addgene (plasmid #14567,
https://www.addgene.org/145671/). The Bst 2.0 polymerase, RTx enzyme, dNTP, and SnaBI were
purchased from NEB, USA. The SYBR | (10,000X concentrated) was purchased from Invitrogen,

USA. Molecular biology grade water was purchased from HiMedia, India. The RNase inhibitor was


https://www.addgene.org/145671/

purchased from Takara. Streptavidin quoted magnetic beads were purchased from Sigma or
Invitrogen (Dynabeads M-280). 5’-biotinylated probe b (5’-[BIO]-
AAAAAAAAAACGAGCAAGAACAAGTGAGGCCATAATTC, HPLC purified) was purchased
from Sigma. Primer oligonucleotides (desalting purified) were purchased from Eurofins or Sigma.
The electrochemical studies such as current-voltage measurements were performed at room
temperature using Keysight technologies b2901a precision source/measure unit (SMU) controlled by
Quick 1V Measurement software. The electrochemical impedance spectroscopy (EIS), square-wave
voltammetry (SWV), and chronoamperometry (CA) were performed using Metrohm Autolab
PGSTAT302N electrochemical workstation. The film thickness was evaluated using the Alpha-Step
D-300 stylus profiler. The crystal structures were analyzed using Bruker D8-Advanced X-ray
diffraction (XRD). Surface morphology was studied using field-emission scanning electron
microscope (FESEM) Nova NanoSEM 450 (FEI). To analyze surface oxidation state X-ray
photoelectron spectroscopy (XPS) was performed using Thermo Fisher NEXSA surface analyzer

(supplied with Al monochromatic X-ray source, 1486.6 eV).

Electrode fabrication:

The TiO2-V20s (TVO) nanocomposite thin films were fabricated by the sol-gel spin coating
technique. The V20s precursor solution was prepared by mixing 1-butanol (C4HsOH), and benzyl
alcohol (CsHsCH20H) solvents in the volume ratio of 1:9 and gradually adding 1 wt% of VO(acac):
salt into the mixture.® The solution was kept overnight stirring at 45°C with a rotation of 350 RPM.
The solution colour turns a bottle green after the salt was dissolved.®® For the synthesis of TiO;
solution, liquid TTIP precursor was dissolved in IPA to achieve an equimolar solution as of V20s
precursor. The TVO precursor was prepared by adding 0, 10, 20, 30, 40, and 50 mol% of TiO in the

V705 solution.

The thin film was deposited on the conductive FTO coated glass. Before deposition, FTO was cleaned
using IPA and subsequently treated with UV-Ozone to remove any surface contamination and make

the surface more hydrophilic and suitable for deposition.

Spin coating was performed in two steps, initially at 1000 RPM for 30 sec followed by 2000 RPM
for 180 sec. During deposition, FTO/glass substrate was partially covered using a physical mask to
make electrical contact directly on FTO. The film was then pre-annealed at 110°C for 10 min. This

process was repeated thrice to get the optimized film thickness. Further, the dried film was annealed
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in the air using a muffle furnace at 450°C for 1 hour with a heating rate of 8°C/minute. The films with
0, 10, 20, 30, 40, and 50 mol% of TiO- are addressed as 0%-TVO, 10%-TVO, 20%-TVO, 30%-TVO,
40%-TVO, and 50%-TVO hereafter in this manuscript, respectively.

Electrode Modification and Assembly:

Post-annealing of electrodes, electrical contacts were fabricated using newly peeled copper wire and
silver conducting paste. A thin, transparent, and flexible layer of PDMS was integrated onto the
electrode that functions as an electrolyte holding cavity. The cavity serves the bi-fold purpose of
providing a uniform contact area for every measurement and preventing evaporation during the
testing of the samples. The PDMS layer was created by mixing 10:1 ratio of SYLGARD 184 base
and curing agent, respectively in a flat bottom glass plate. The PDMS was degassed using a desiccator
for 5-10 minutes and cured at 70°C for 30 minutes. After cooling at room temperature, the moulded
2 mm thick PDMS was edged in a 2 x 2.5 cm? rectangular piece and separate circular cavities of

diameter 0.25 cm were punched using a hole punch plier.

Preparation of methylene blue solutions

The methylene blue solutions were prepared in 10 mM Tris-HCI buffer pH 7.5. The buffer itself was
prepared in double-autoclaved non-DEPC treated ultrapure Milli-Q type | water. It was observed that
DEPC treated water results in undesirable redox peaks in electroanalytical experiments. The
concentrated methylene blue solution was serially diluted to lower concentrations (e.g., 100, 50, 25,

12.5 pM) using the same buffer as the diluent.

Electrochemical measurements:

The present device has been tested with a modified electrochemically active TiO2:V20s
nanocomposite sensing layer. The electroanalytical signals were recorded using cyclic I-V
measurement (-1 to +1 V and back; scan rate= 40 mV/s), and square-wave voltammetry (0 to -1 V;

scan rate= 50 mV/s) for multiple cycles.

Primer optimization, fluorescence, and electrochemical LAMP assays

The experiments concerning the LAMP primer optimization and assays have been described in detail
in a separate manuscript from our groups currently undergoing peer review (uploaded with this

manuscript*®). Briefly, the LAMP assay involved 0.4 uM outer primers, 0.332 pM forward and



backward inner primer, 1 uM forward loop primers and 0.4 uM back loop primers in their final
concentration “(sequences, F3: CGA TAA GTA TGT CCG CAA TT, B3: GCT TCA GAC ATA AAA

ACATTGT, FIP: ATG CGT AAA ACT CAT TCA CAA AGT CCA ACA CAGACT TTATGA GTG TC,
BIP: TGATAC TCT CTG ACGATG CTG TTT AAAGTT CTTTAT GCT AGC CAC, Loop F: TGT GTC

AAC ATC TCT ATT TCT ATA G, Loop B: TCA ATA GCA CTT ATG CAT CTC AAG G). A 25 uL
LAMP assay also contained the following components in their respective final concentrations: 1x
Bst 2.0 DNA polymerase reaction buffer [20 mM Tris-HCI, 50 mM KCI, 10 mM (NH4)2SOa4, 2 mM
MgSOQOs, 0.1% Tween-20, pH 8.8], dNTPs (1.4 mM), SYBR | (1x diluted from 10,000X stock), 8 U
of Bst 20 DNA polymerase, MgSOs (6 mM), template (plasmid #14567,

https://www.addgene.org/145671/ or in vitro transcribed RNA, 1 uL) or magneto-extracted nucleic

acid on beads (2 pL). For electrochemical LAMP, the SYBR | was replaced with MB (final
concentration 50 uM). For reverse transcription LAMP (RT-LAMP), the reaction was also added
with 7U (0.25 pL) of reverse transcriptase RTx. The fluorescence LAMP and electrochemical LAMP
were conducted in real-time PCR (64°C for 1 h, with fluorescence monitoring every 1 min, followed

by melting curve analysis) or thermal cycler (64°C for 1 h followed by 85°C for 20 min), respectively.

In vitro transcription of SARS-CoV-2 RdRp RNA from plasmid and concentration
assessment

The experiments involving the in vitro transcription of SARS-CoV-2 RdRp RNA from plasmid and
its concentration assessment is described in detail in a separate manuscript from our groups currently

undergoing peer review (uploaded with this manuscript*®). Briefly, the RdRp sequence bearing
plasmid (#14567, https://www.addgene.org/145671/) was linearized using the restriction enzyme

SnaBI. The linearized plasmid was then treated with in vitro transcription Kit, resulting in the
generation of RARp RNA. The RNA was subjected to cDNA formation. Simultaneously, the plasmid
was utilized in generating a concentration vs C; (cycle threshold) standard curve generated using real-
time PCR assays (forward primer: ACACAATGGCAGACCTCGTC and reverse primer:
CAAAGCTTGGCGTACACGTT). The standard curve was then applied to assess the concentration
of the cDNA, and in turn, the in vitro transcribed RNA.

Magnetocapture of SARS-CoV-2 RdRp plasmid DNA and RNA

In a separate manuscript from our groups currently undergoing peer review (uploaded with this

manuscript*®), we have demonstrated the utility of the indirect magnetocapture over the direct
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magnetocapture in terms of assay performance. The working scheme of the indirect magnetocapture,
the one utilized in this manuscript has been illustrated in Figure 8. Briefly, 100 — 1000 copies of
target nucleic acid present in a 40 puL aqueous solution, an aqueous solution containing 1 ng human
genomic DNA (extracted from MCF-7 cells) or 5% (for RNA magnetocapture) — 10% (for plasmid
DNA magnetocapture) v/v fetal bovine serum was incubated with a 5'-biotinylated probe nucleic
acid. After heating (65°C 2 min) and incubation in ice (15 min, for RNA) or room temperature (15
min, for plasmid DNA), the solution was incubated with 10 pL streptavidin magnetic beads (15 min).
After magnetic decantation wash (buffer composition 5 mM Tris-HCI, 0.5 mM EDTA, 1 M NaCl,
pH 7.5, 200 pL, 3 washes), 2 uL of the beads were subjected to LAMP assays as described above.

Result and Discussion
Design and concept:
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Figure 1 Electrode geometry and concept. (a) Dual electrode electrochemical sensor (DEES) schematic. (b) Charge transport
kinetics (QRCE: quasi-reference counter electrode, uL-C: microliter cavity SL: sensing layer, CC: current collector).

The key factors responsible for the electrochemical activity of transition metal oxides (TMOs) are
the electrode-electrolyte interface (e-e interface), electronic conductivity, and ionic diffusion. The
TMOs can be tailored to achieve the desired electrochemical performance via various approaches
one of which is combining two metal oxides to form a nanocomposite. The metal oxide
nanocomposite (MO-NC) can effectively provide more active sites on the electrode surface, improve

electronic conduction, and enhance the interfacial surface area.*> We conceptualize a binary MO-NC
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TiO2:V20s sensing layer for efficacious detection of nucleic acid by sensing the change in the ionic
concentration of the reporter probe (methylene blue) as a result of nucleic acid amplification. We
hypothesize that incorporating TiO. into the V.Os host matrix will improve the electrical
conductivity of V20s. The higher conductivity improves the charge transfer rate in the sensing layer,
resulting in better sensitivity. The proposed device, utilizing a MO-NC, would thus measure minute
changes in the electric transport through the system which is a combination of electronic and ionic

charge transport.

In addition to the nanocomposite, we sought to explore the effect of surface charge on the electron
transfer, and by extension, towards NAAT biosensing. When the working electrode was immersed
in the electrolyte, depending on the surface isoelectric point (IEP) and solution pH, an electric double
layer (EDL) is formed. For V-Os the IEP is reported to be 1.5-2.3*, in our case the electrolyte pH
was 8.8 causing the cations to accumulate at the V2Os surface. The reduced and oxidized species of
the electrolyte were in equilibrium and no current was passed.** On changing the potential, charge
imbalance was caused across the interface and therefore, causing the ions inside the electrolyte
solution to rearrange themselves to achieve a new equilibrium position, thereby initiating ionic
conduction. To validate the effect of interaction between IEP and electrolyte pH as well as to
nanocomposite fabrication, a dual-electrode TMO based electrochemical readout system is designed
for the nucleic acid amplification tests (NAATS) at low cost, minimal processing and with a handy
user interface. The sensor design has been discussed in our earlier reported work and schematically
represented in Figure 1a *°. An advantage of using the proposed DEES in comparison to commercial
SPE electrodes is that for every test sample to be evaluated a separate SPE unit would be needed.
Therefore, a bundle of SPEs would be required to perform any series measurements or to have a
statistical dataset for any nucleic acid amplification. Whereas we fabricate 2.5 x 2.5 cm working
electrode in the proposed DEES with around 30 individual PDMS test cavities. This could be utilized
to perform 30 measurements on a single fabricated electrode. Overall, the proposed DEES bi-
electrode geometry provides a biosensor assay for implementing multiple measurements on a single

working electrode.

Consequently, the high current was rushed through the system (EDL charging current) and an intense
current was recorded in the first cycle of every electroanalytical data measurement. During the

voltage sweep, at a certain voltage when it was thermodynamically or kinetically favourable, electron
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migrates through the localized states across the e-e interface and an intense current peak (Faradaic
current) was observed (Figure 1b).*>% The Faradaic current is limited by the electronic conductivity
of the electrode and the electrochemical activity of the surface. SI Figure 1 (20%-TVO, red curve)
presents two Faradaic peaks corresponding to reduction (-0.4 V) and oxidation (-0.07 V) of the redox
probe (MB). The redox couple of MB is shown in SI Figure 2. Therefore, the net current density (/,,)
through the system is the combination of ionic (J;)and electronic (J,) current density,*°

0ni
Ji = qnyuE — qD; %
on,

¢ ox

Je = qneuE +qD

Where, g, n, i, E, and D represents the charge carriers, number of charge carriers, mobility, applied
electric field, and coefficient of diffusion, respectively. When amplicon is present in the solution, the
MB instead binds to the DNA using charge and intercalation. As a result, the electron transfer to the
electrode is affected, causing a drop in current. This aspect could be utilized to quantitatively probe

the concentration of the amplicon and in extension that of the target nucleic acid.

13



Structural and compositional analysis

X-ray diffraction study:

Figure 2 X-ray diffraction pattern. (a) XRD complete scan for bare FTO, and 0-50%-TVO. (b-e) Deconvolution of 26.5° peak into
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FTO, V, and Ti peaks for bare FTO, 0, 20, 50%-TVO, respectively.

Next, the as-fabricated electrodes were probed with various characterization tools such as XRD, XPS,
SEM, electrical and electrochemical techniques to examine and optimize the electrode for biosensing
applications. The crystallinity of the sensing layer was investigated by X-ray diffraction (XRD) for
a 20 range of 10-90° with 0.02° step size. The analysis was done in grazing incidence mode (6 ~0.5°)

so that the crystal structure of the deposited thin film (~20nm) could be investigated. Figure 2a
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presents XRD patterns for 0% to 50%-TVO along with bare FTO (for reference). The peaks at 26.7°,
33.9°, and 37.95° are characteristic peaks of FTO (JCPDS #077-0452) corresponding to (110), (101),
and (200) orientations, respectively.*” The peaks labelled in Figure 2a with their respective indices
belongs to orthorhombic V20s XRD pattern (JCPDS #001-0359)* and characteristic peaks
corresponding to any other phases are not observed. This suggests the absence of any secondary
vanadium oxide phase within the XRD detection limit. The average crystallite size was calculated
with the most intense V,0s peak (010) using Debye Scherrer equation*® and found to be 0.205 +
0.022 nm (2.05 A) (SI Table 1). The peak around 26.5° was observed to be a result of multiple peak
overlapping, therefore the peak was separately analysed in Figure 2b-e for the case of bare FTO, 0,
20, and 50%-TVO (refer Sl Figure 3 for 10, 30, and 40%-TVO electrodes). The bare FTO consists
of asingle peak relating to FTO (110) orientation whereas a second peak corresponding to Vanadium
(V) (101) orientation was observed for 0%-TVO (Figure 2b, ¢). For 10%-TVO a shoulder peak was
detected relating to the signature peak of the tetragonal (anatase) TiO, phase (JCPDF # 021-1276).
The peak becomes more prominent with the increasing Ti concentration and a separate TiO, peak
can be observed for 40, and 50%-TVO (Figure 2a) as indicated by the (*) symbol. This shows the
gradual incorporation of TiO: in the parent matrix of V2Os. The presence of two separate crystalline
phases for V.05 and TiO: for all the TiO2 concentrations confirm the formation of metal oxide

composite.
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X-ray photoelectron spectroscopy (XPS) analysis:
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Figure 3 X-ray photoelectron spectroscopy analysis. (a-c) V 2p3/2, (d-f) O 1s, (g-i) Ti 2p for 0, 20, and 50%-TVO electrodes,
respectively.

To examine the surface composition and oxidation state of the sensing layer X-ray photoelectron
spectroscopy (XPS) was performed. The high-resolution XPS spectra for 0, 20, and 50%-TVO are
presented in Figure 3 (refer to SI Figure 4 for XPS spectra of 10, 30, and 40%-TVO). All the spectral
data were fitted using Lorentzian-Gaussian curves following Shirley-type background subtraction.
The binding energy (BE) values and percent proportion (6 (%)) of various peaks are presented in

Table 1.
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Table 1 Binding energy (B.E.) and percent portion (6 (%)) of the V2p3/2, Ols, Ti2p peaks for the titanium oxide-vanadium oxide
(TVO) nanocomposite films with different Ti mol%. (6 (%) =peak area*100/total curve area; the area was considered after
background subtraction).

V 2psi2 O 1s Ti2p
( >§ V (IV) V (V) Olat Ooads Ti (111)
X%-
TvO) | BE 54 BE 5, BE | &, BE 5, |_2p» A
V) | (%) | (V) | (%) | (V) | (%) | (V) | (%) | 2ps 2p
0% | 515.68 | 46.01 | 516.98 | 53.99 | 530.08 | 65.68 | 530.98 | 1531 | -
464.08
10% | 516.28 | 4151 | 517.28 | 5849 | 530.08 | 64.69 | 530.88 | 18.78 [—————— 56
464.28
20% | 516.18 | 6115 | 517.28 | 38.85 [ 530.18 | 63.19 | 530.78 | 24.87 [——~-"— 57
464.38
30% | 516.28 | 58.90 | 517.48 | 41.10 | 530.18 | 60.83 | 530.88 | 2058 [— "~ 5.7
464.18
40% | 51578 | 58.26 | 516.98 | 41.74 | 520.98 | 69.49 | 530.88 | 2262 [—_—-—| 58
464.18
50% | 516.08 | 6161 | 517.18 | 38.38 | 530.08 | 68.83 | 53088 | 2122 [—————| 5.7

Figure 3a-c shows vanadium 2ps» peak deconvoluted into two peaks at ~516.05 and ~517.2 eV
corresponding to V** and V" oxidation state®°2°3, respectively, this confirmed the presence of
mixed oxides of vanadium VO; and V20s. At ambient atmosphere, oxygen gets readily absorbed on
the surface leading to higher VV°* contribution (~54%) in 0%-TVO (table 1). After Ti incorporation,
oxidation of V was prevented and the contributions V°* component was therefore reduced to ~39%
for 20%-TVO and similar for higher Ti concentration (table 1). The presence of the VO> phase was
not detected in the XRD analysis. Figure 3d-f shows oxygen 1s peak deconvoluted into three peaks
at ~530.09, ~530.9 and ~532.3 eV corresponding to lattice oxygen (Oiat), adsorbed oxygen (Oads),
and V-OH, respectively >1°354 |t was complex to assign lattice oxygen peak to V-O species or Ti-O
species as both peaks have the BE values in the same range of BE °2. Various experimental
observations have suggested that the amount of adsorbed oxygen species is directly proportional to
the amount of oxygen vacant sites (Ovac) >>°°. A DFT study predicted that the Oags Species coupled
with Ovac may possibly be modified to O °". Therefore, a higher concentration of Oags Species results
in higher electronic concentration that causes improved conduction. From Table 1, 20%-TVO has
the highest Oags component (24.87%) and must therefore possess optimum electrical conduction.

Figure 3g-1 shows Ti 2p peaks (except for 0%-TVO) deconvoluted into three peaks at BE of ~458.5,

17



~464.2, and ~460.12 eV corresponding to Ti*" 2psp, Ti** 2p1e, and Ti* 2p1se, respectively.®* The
spin-orbit parameter (A,,) equals to that of TiO2 (Arjp,~5.7 €V) and not to Ti-metal (Ap,erq =6.1
eV) this confirmed that the Ti is present in its oxide form (Ti**, dominantly).>® Also, the shoulder

peak of Ti®" indicates the presence of Ti2Os.

Surface morphological analysis and film-substrate junction electrical analysis:
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Figure 4 Morphological and electrical characterisation of the fabricated electrode. (a-d) FE-SEM images of bare FTO, 0, 20, and
50%-TVO, respectively. (e) I-V characteristics of FTO-TVO junction for all fabricated electrodes

Next, we investigated the surface morphology of the electrodes using FE-SEM measurements. Figure
4 (a-d) shows the top view FE-SEM image of bare FTO, 0, 20, and 50%-TVO, respectively. The
surface morphology of FTO (Figure 4a) appears compact and covers the entire glass surface. Most
grains are irregularly shaped and can be predominantly categorized in grain sizes of ~200 and ~450
nm. Note that this is the standard morphology for the FTO layer over a glass substrate.>®% The as-
fabricated 0%-TVO film appears featureless, but as the Ti content increased to 10 mol% (Figure 4b
and Sl Figure 5a) a random pattern was visible along with a few “nanostrips™ like structures. As the
content increased to 20 mol%-Ti (Figure 4c) the “nanostrips” structure became more prominent
having an approximate length of 126 nm. The nanostructured electrode improves the electrochemical
reaction rate owing to its increased surface-to-volume ratio, thus increasing the electrode surface
active sites to the analyte.® Further, with an increase in the Ti content from 30 to 50 mol% (Figure

4d and Sl Figure 5b-d), the surface morphology appears to be more granular. The layer thickness was
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evaluated using the surface profilometer and the corresponding surface profiles and thickness values
are presented in SI Figure 6 and Sl Table 1, respectively. It was observed that the layer thickness
increased very marginally with Ti content and the average thickness was 19.88 nm with a very slight
deviation of + 2.09 nm from the mean value. This implies that any electrical or electrochemical

characteristics of the deposited layer would not be a consequence of its thickness.

To study the impact of increasing Ti content on the electrical character of the sensing layer, current-
voltage (1-V) characteristics of TVO/FTO junction were recorded for all the variants using SMU
(Figure 4e). The voltage was swept in the range of -1 to +1 V and the measured current value
presented was averaged over n = 3 replicates. The slope of the I-V curves was observed to be
increasing as the electrode composition is varied from pristine V205 (0%-TVO) to 20 mol% Ti-
content V205 (20%-TVO), and again reduced to a lower value for higher Ti mol%. The curves are
all nearly linear throughout excluding a small range from -0.35 to +0.35 V. The calculated contact
resistance (Rc) values on either side of +0.35 V are distinct, with the R value reducing at higher
voltage (Figure 4e (inset plot)). This indicates the presence of an interfacial Schottky barrier at the
TVO/FTO junction that required 0.35 V to overcome. The curve for 20%-TVO shows a nearly-ohmic
behaviour with an Rc value nearly equal on either side of +0.35 V. This suggests that optimal
electrical conduction has been achieved with 20 mol% Ti as suggested by the XPS results. This could
be the result of an interplay between the Ti acceptor lowering the number of charge carriers and Ovyac
introducing donors into the lattice matrix. As reported by XPS data 20%-TVO had the highest Oags
percent proportion implying the highest content of Oy, (table 1). Overall, the electrical conductivity
analysis was in agreement with the XPS analysis.
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Electrode optimization:

Electrochemical impedance spectroscopy (EIS) study:
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Figure 5 Electrode optimisation. (a) Electrochemical impedance spectroscopy measured (EIS) study using 100uM MB (a.1) Nyquist
plot, (a.2) Schematic representation of charge transfer at the electrode-electrolyte interface and its equivalent electrical circuit
diagram. (b) I-V characteristics (baseline corrected) evaluating the performance of 0% to 50% TVO devices for 100 uM MB (arrows
indicates the direction of the voltage scan). (c) I-V characteristics (baseline corrected) showing the response of 20%-TVO towards
various MB concentrations, each curve is an average of n=5 cycles (inset: calibration curve showing MB concentration vs. peak

height (Hp)).
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Table 2 Equivalent circuit parameters for 0 to 50%-TVO electrodes according to the EIS spectra shown in Figure 5a.

Element Parameter 0% 10% 20% 30% 40% 50%
R () R 440.24 | 609.15 | 307.06 | 619.03 | 499.51 | 529.87
Cy WF) C 3.12 7.34 4.24 5.60 6.14 7.15
R, () R 917 858 352 430 677 760
w Y, (uS+st?) | 7.84 21.1 44.4 26.1 16.2 32.6
Q, Y, (puS *s™) 39.2 48.3 54.1 34.0 55.3 56.3
n 0.50 0.52 0.53 0.57 0.49 0.45
R, (k2) R 9.343 1.233 0.59 1.152 1.403 1.243
x 0.012 0.006 0.016 0.006 0.044 | 0.008

Electrochemical impedance spectroscopy (EIS) was performed to electrically map the sensor
geometry using passive circuit elements to facilitate analysis of various phases of charge transfer that
responds at different AC frequencies. Considering the entire system, intrinsic resistance (Rs) of the
electrolyte, double-layer capacitance (Ca)) resulting from the passive ions that alters the surface
charge distribution, and Faradaic impedance (Zf) encountered by the active ions during charge
exchange at the e-e interface were anticipated. Figure 5(a.1) shows EIS data (Nyquist plot) for all the
six electrodes fitted to an equivalent electrical circuit (EEC) presented in Figure 5(a.2). As shown in
the EEC, Faradaic impedance (Zr) is mapped using a series combination of charge transfer resistance
(Rct) and Warburg impedance (W). The EEC is the modified version of the well-known Randles
circuit with an additional time constant to model the sensing layer.52%2 Since the sensing layer was
semiconducting in nature, it contributed a considerable layer resistance. It has been observed that
only after incorporating the layer/film impedance, the experimental data and the fit could reach a
good agreement. The layer/film impedance consists of a parallel combination of resistance (Rr) and
a constant phase element (Qs). The Qr accounted for surface inhomogeneity and roughness of the
sensing layer. All the fitting parameter values have been presented in Table 2 for electrodes with
various Ti content. The R, for all electrode variants, contributes only a small portion to the total
resistance, while the layer resistance (Rf) dominantly defines the final resistance to charge exchange.
The lowest Rt value for 20%-TVO (590 Q) indicates the highest conductivity and easier charge
transfer at the e-e interface. The admittance (o) value for both W and Qs are highest for 20%-TVO,
supporting good conductivity. The average n-value of Qs for all the electrodes is 0.51 (+ 0.045) that

shows an equal resistive and capacitive component in the characteristics of a Qf supporting its
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inevitability. The fitting applicability and a lower x? value (Table 2) validates the chosen EEC. The
Bode plots for all the electrodes are shown in SI Figure 7, demonstrating good agreement between
the experimental and fitted data. The impedance value indicated by the curve is consistent with that

observed by the Nyquist plot having the lowest value for 20%-TVO.

Electroanalytical response (I-V characteristics):

Next, all the fabricated electrodes with varying Ti content were tested for their electroanalytical
performance towards MB reduction. 1-V measurements were performed using SMU by sweeping a
voltage from -1 V to +1V and back for 6 consecutive cycles and the average current values for 5
cycles is plotted. The first cycle was not considered because of high current intensity dominantly due
to electric double layer (EDL) charging. Figure 5b shows I-V characteristics of 0% to 50% TVO for
100uM MB after subtracting a baseline connecting the two extremes of the reduction peak around -
0.36 V. The peak intensity was lowest for pristine V205 (0%-TVO), and it increased linearly to its
maximum value for 20%-TVO and again gradually decreased for higher Ti content. This was in
continuation of the same trend observed for electrical conductivity and EIS measurements. The
superior electrochemical activity of 20%-TVO was plausibly due to the optimum electronic
conductivity of the electrode that aided the efficient charge transfer at the e-e interface. Based on the
excellent structural, electrical, and electroanalytical properties of 20%-TVO, this electrode was

selected to be utilized in (bio)sensing applications.

Probe validation:

To evaluate the electrochemical interaction of methylene blue (MB) with 20%-TVO I-V
characteristics (Figure 5c) and chronoamperometry (CA) (SI Figure 8a) were recorded for various
concentrations of MB (100, 50, 25, and 12.5 uM). For |-V characteristics, the cathodic current peak
was considered for analysis and the corresponding voltage value was applied for recording CA for
300 sec. The high probe concentration enhances the ionic conductivity of the system which therefore
yields a higher current signal (-10.78 pA for 100 uM MB) (Figure5c). The peak current intensity
reduces linearly with probe dilution to -1.053 pA for 12.5 uM MB. The inset Figure5c is a plot of
absolute peak current value versus MB concentration including trendline and R-squared value (R? =
0.99) suggesting linear relation over the complete concentration range. it was also supported by the
linearity of the calibration curve (Sl Figure 8b) obtained from CA data (R? = 0.98). Analyzing the I-
V characteristics of 20%-TVO for MB (100uM), and buffer alone solution revealed the presence of
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considerable electrical double layer (EDL) capacitance (non-Faradaic current) as shown in Sl fig 9
%3, To reduce the contribution of this charging current and to improve Faradaic current sensitivity

towards probe concentration, we opted for square wave voltammetry (SWV) for NAATS detection®,

Next, the electroanalytical response of the proposed 20%-TVO electrode was compared with that of
our previously reported MnO; bi-electrode system®. As mentioned earlier, the lower 1EP (1.5 —2.3%)
of the TVO layer should attract more positively charged MB from the electrolyte (pH 7.5 for buffer
and pH 8.8 for amplification) compared to the MnO2 system (IEP 4 — 5%'). In principle, this should
cause a higher current signal for the former. To validate this hypothesis, we compared the
electroanalytical response (I-V characteristics) of 20%-TVO with our previously reported MnO>
electrode (FM550) for 100uM concentration of MB (SI Figure 10). The experiment demonstrated
that the MB reduction peak intensity of FM550 was merely 43% of that of 20%-TVO, thus clearly
validating our hypothesis about the enhanced electrochemical activity of the present electrode over

the previous MnO2 based electrode.
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NAATS detection of LAMP products
Electrochemical read-out using fabricated TVO electrode

a.1) Loop-mediated isothermal a.2) Electrochemical a.3) Sensing Principle
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Figure 6 NAATSs detection of LAMP products (a) Schematic representation of LAMP, electrochemical and standard testing of LAMP
products, and the detector sensing principle. (b) SWV (baseline corrected) for NTC and TC (DNA, and RNA) for LAMP reaction (MB
concentration 50uM, initial nucleic acid concentration 10° copies) averaged over n=3 replicates. (c) Statistical data showing %
change before and after amplification for 5 different devices for LMAP reactions averaged over n=3 replicates on each device.

After characterization and optimization, the 20%-TVO electrode was used for electrochemical
detection of SARS-CoV-2 RdRp plasmid DNA and in vitro transcribed RNA in an aqueous solution
using isothermal amplification (LAMP). The LAMP primer optimization, in vitro transcription, and
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RNA concentration determination has been described briefly in the materials and methods section
and in more detail in a separate manuscript focusing on the magnetocapture aspect of the project
(currently undergoing peer review, uploaded with this manuscript*®). Figure 6a schematically
represents (1) the LAMP amplification, (2) the tools used for detecting the amplification, and (3) the
sensing principle. In the case of no template control (NTC, negative control), the amplicon
concentration was very limited due to the absence of a template. The high redox current so obtained
was generated due to the rapid diffusion of free MB molecules at the electrode surface. For the case
of template control (TC, i.e., positive control) sample, millions of amplicons were produced after
amplification that interacts with MB molecules via intercalation into amplicon, hydrogen bonding®,
and electrostatic interactions between the cationic MB molecule and negatively charged phosphate
DNA backbone®®. Thus, the amplicon sequestered the available MB which consequently reduces the
current signal. Figure 6b presents the sensor response for NTC and TC reaction products with the
initial concentration of 103 target copies for both DNA and RNA. The electrochemical amplification
response was gauged based on absolute current magnitude for the target analyte and NTC sample as
shown in Figure 6b. The significant change in cathodic peak current (Al) was observed for both DNA
(1.87 pA) and RNA (2.56 pA), the data points and the error bars represent the average of 3
consecutive cycles and the corresponding standard deviation, respectively. For the current change-
based detection, we have defined a sensing signal S(I) to calculate percent change in the magnitude

of current after amplification,

sy = 2 I_O b 100 %
Where, I, and I; denotes peak current value for NTC and TC, respectively. The signal S(I) and
absolute current response (for a target analyte and NTC) were hence used to evaluate sensor
capability for NAATs as well as a qualitative measure of the degree of amplification. The NAAT
was performed on 5 separate sensing devices for DNA and RNA each (with 20%-TVO as a working
electrode) for statistical analysis (Figure 6¢). For the case of DNA amplification, the average %-
change (S(I)) was observed to be 26.67% (+7.77) whereas, it was 45.71% (+6.04) for RNA
amplification. The coefficient of variation was 13.2% and 29.1% for RNA and DNA LAMP
detection, respectively. Another approach for NAAT is using chronoamperometry (CA, Sl Figure

11), where the Al value calculated for 100 seconds after the current reached its saturation value for
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NTC and TC (with plasmid DNA) was 394 nA. While the Al from CA can also be used as a measure

for detection, it was not further explored in the present work.

Limit of detection (LOD) study:
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Figure 7 Limit of detection (LOD) study for electrochemical LAMP on pure10® — 10# copies of SARS-CoV-2 RdRp plasmid DNA and
RNA. (a, d) Tested on 20%-TVO, (b, e) Tested on SPE, (c, f) real-time fluorescence measurement for LOD using LAMP and RT-LAMP,
respectively. Error bars represent standard deviation.

The device sensitivity for the end-point measurement was tested for a range of 101 — 10* initial
target copy number of SARS-CoV-2 RdRp plasmid DNA and in vitro transcribed RNA. It should be
noted that the SPE and real-time fluorescence measurement data in this manuscript has been
simultaneously but independently obtained with our other manuscript current undergoing peer review
(uploaded with this manuscript 4°). The sensing response for SWV measurement employing the 20%-
TVO electrode was then compared with that of a commercially purchased screen-printed electrode
(SPE) and real-time fluorescence (Figure 7). At the same time, the S(I) (%-change) of the current
signal (with respect to NTC) was evaluated for the 20%-TVO electrode and SPE (Sl Table 2). In
general, the current response for the TVO electrode was less than that for SPE electrodes for the same
concentration of nucleic acid. This could possibly be due to the semiconducting nature of the TVO
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electrode as opposed to conductive carbon electrodes present in SPE. It was also observed that the
absolute current decreases with increasing initial target copies while the %-change increases at the
same time. As the amplification efficiency is directly correlated to initial target concentration,
increasing initial target copies would increase amplicon concentration that in turn would bind and
reduce free MB in solution, decreasing the electron transfer and resulting current, and in turn
increasing S(I) with respect to NTC (SI Table 2). Despite the lesser current signal for the TVO
electrode, the S(I) was similar for both TVO and SPE electrodes, indicating comparable performance.
The sensing response of 20%-TVO and SPE was comparable for plasmid DNA and in vitro
transcribed SARS-CoV-2 RdRp RNA both (Figure 7 and Sl Table 2). We have defined the limit of
detection (LOD) as the lowest initial target copies for which the %-change in the peak height is at
least 10%. Therefore, the LOD of 20%-TVO for SARS-CoV-2 RdRp plasmid DNA was 102 copies
(25 copies/uL) whereas for in-vitro transcribed RNA was 10 copies (2.5 copies/uL).

Selectivity and specificity studies using pre-concentration method and comparison with a
standard detection technique

a. Magneto-capture-Extracted Nucleic Acid b. Electrochemical
and Standard Testing
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Figure 8 Indirect magnetocapture method. a). Step 1, 5’-biotinylated probe oligonucleotides incubated with a solution containing
target nucleic acid as well as host nucleic acid and polymerase inhibitor results in a probe-target complex. Step 2, incubation with
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streptavidin magnetic bead causes immobilization of the probe-target complex on it. Step 3, magnetic decantation wash rids the assay
of polymerase inhibitors and host nucleic acid. Step 4, in situ LAMP or in situ RT-LAMP generates amplicon. b). LAMP amplicon
detection using electrochemistry or real-time PCR based fluorescence readout depending on the amplification mastermix composition.

Next, we investigated the amenability of our 20%-TVO electrodes with a magneto-extraction
mediated pre-concentration of target SARS-CoV-2 nucleic acid. So far our device platform has
demonstrated analytical sensitivity of 10 and 10? copies for plasmid DNA and in-vitro transcribed
RNA, respectively, using pure nucleic acid as a template and has comparable performance as that of
commercial SPE as well as real-time fluorescence. However, a real-life sample is unlikely to contain
pure nucleic acid alone and usually remains present with polymerase inhibitor biomolecules and host
nucleic acid, the latter affecting the detection specificity. While traditional real-time PCR NAAT
assays circumvent these factors using prior nucleic acid extraction and sequence-specific TagMan
probes, both add to the cost of the experiment. To investigate the applicability of 20%-TVO
electrodes in biosensing NAAT of real-life mimicking sample containing polymerase inhibitors and
host nucleic acid, the device was used in detecting a sequence-specific magnetic preconcentration of
target nucleic acid followed by in situ electrochemical LAMP. A sequence-specific preconcentration
of a target nucleic acid could be direct and indirect in nature . In an indirect magnetocapture (Figure
8), the biotinylated probe oligonucleotide anneals to the target nucleic acid which was then
immobilized on a streptavidin magnetic bead ”. A direct magnetocapture, on the other hand, utilizes
a bead-immobilized oligonucleotide probe to capture target nucleic acid®®. In both cases, a magnetic
decantation wash would then remove the polymerase inhibitors and host nucleic acid from the
solution. In a separate associated manuscript focusing on the magnetocapture aspect of the project
(currently undergoing peer review*?), we have demonstrated the superiority of an indirect sequence-
specific magnetocapture preconcentration (illustrated in Figure 8) over that of a direct
magnetocapture. In combination with an in situ real-time fluorescence LAMP and SPE-based
electrochemical in situ LAMP end point readout, it was able to detect 100 and 1000 copies of target
SARS-CoV-2 RdRp plasmid DNA. In the current study, the end-point SWV measurements of
electrochemical in situ LAMP performed on magneto-extracted SARS-CoV-2 plasmid and RNA
were performed on 20%-TVO and SPE to see its compatibility with the 20%-TVO. The studies
(shown in Figure 9b-c and Figure 10b-c) are presented with a simultaneous but independently
obtained dataset that is separate from our associated manuscript focusing on the magnetocpature
aspect of the project.
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The grouped column bar graph for the peak current (shown in Figure 9 (a-b) and Figure 10 (a — b))
illustrated that the electrochemical response of magneto-extracted SARS-CoV-2 plasmid and RNA
from i) aqueous solution; ii) sample spiked with excess human genomic DNA; and iii) a viral
transport medium (VTM)-mimic sample (serum) using 20%-TVO and SPE, respectively. At the same
time, the S(I) percentage change of the current signal, with respect to NTC, corresponding to every
variant was evaluated for 20%-TVO electrode and SPE (SI Table 3). For each variant, two
concentrations of 102 and 103 target copies were tested along with non-magneto-extracted LAMP
TC sample with 103 copies. As the absence of a template led to the non-existence of amplicon in the
NTC samples, the peak current was the highest. Similarly, a significant presence of LAMP amplicon
in non-magneto-extracted (i.e., pure) TC samples led to the sequestration of free MB, decreasing the
peak current for all cases. The experiments also demonstrated that the current signal, as was in the

case of pure nucleic acid-based LAMP assays, was generally lower for 20%-TVO compared to SPE.
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Ideally, a test sample with more initial target copies was anticipated to produce a higher amplicon
and therefore would have a lower value of peak current. Accordingly, NTC should have the highest
current followed by 103and 10% copies. The peak current, for both SPE and 20%-TVO, while
consistently lower than NTC, however, were within the error limit of each other for the
magnetocapture detection of 102 and 103 copies. In addition, the mean current response for magneto-
extracted 10% — 102 copies (Figure 9a-b and 10a-b). This result indicated that the magneto-extraction
did not significantly affect the current response (compared to pure nucleic acid templates). While
SPE current signal response was consistently higher than that of the 20%-TVO, it was also unable to
differentiate between magneto-extracted 10? — 10° copies. Also, when compared in terms of signal
S(1) (SI Table 3) the performance of 20%-TVO and SPE was equivalent. While having similar
analytical sensitivity as that of SPE electrodes, the S(I) for magneto-extracted 10? — 102 copies were
also within error limits of each other. The bi-electrode assembly was thus able to detect pure as well
as magneto-extracted 100 to 1000 copies of target SARS-CoV-2 RdRp DNA and RNA, therefore
conclusively differentiating a positive from a negative sample. However, the experiments indicated
that it will be unable to compute the nucleic acid quantity, at least for low copy numbers, and
therefore would unlikely be able to detect the viral load in a potential clinical assay. Interestingly, a
similar non-differentiable signal response was present for the SPE electrodes as well as for the
fluorescence readout presented in terms of cycle threshold or C; values. This indicated that this
probably was not due to inefficient current sensing at the 20%-TVO electrode and may be an aspect
of the magnetocapture assay itself or due to utilization of home-made LAMP mastermix. Overall, the
experiments demonstrated that the sensing response of 20%-TVO and SPE was analogous to each
other with LOD in the order of 100 copies (2.5 copies/uL) and the presence of human genomic DNA

or serum did not hinder the sensing response of TVO.

Conclusion

In this study, we have built a highly sensitive dual-electrode electrochemical sensor (DEES) coupled
with LAMP for the specific detection of SARS-CoV-2. The working electrode of DEES included a
transition metal oxide (TMO) sensing layer, which is a rather underexplored class of material for
NAAT application. The properties of TMO based sensing layer were modulated by forming a binary
metal oxide nanocomposite of titanium dioxide and vanadium oxide (TiO2:V20s) with various Ti

content to facilitate sensitive detection. While choosing TiO2:V20s as the sensing layer, the MB
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electron transfer performance as a function of sensing layer IEP was also probed. Next, the
performance of the electrode was assessed in biosensing and compared against commercially
available screen-printed electrodes (SPE) as well as standard real-time fluorescence measurements.
The highly sensitive LAMP assay combined with the 20%-TVO enabled electrochemical approach
helped detect pure 10 — 10* copies of SARS-CoV-2 RdRp plasmid DNA and in-vitro transcribed
RNA in an aqueous solution. The DEES analytical sensitivity was in the order of 10° copies for
plasmid DNA and 102 copies for in-vitro transcribed SARS-CoV-2 RdRp RNA and was equivalent
to that of the SPE and real-time fluorescence assays performed in real time-PCR instruments.

The device possesses excellent repeatability as suggested by the statistical data set and a low (13.2
to 29.1%) coefficient of variation. The implication of DEES suggested excellent selectivity and
adoptability when tested for LAMP performed on magneto-extracted SARS-CoV-2 plasmid and
RNA with 102 — 10° copies of target nucleic acid from a) aqueous solution; b) sample spiked with
excess human genomic DNA, and c) a viral transport medium (VTM)-mimic sample. The
performance of DEES was found to be juxtaposed against that of the standard real-time fluorescence
and SPEs. These experiments demonstrated that DEES, a novel class of device, by itself or in
combination with a preconcentration technique, was capable of efficacious detection of low copies
of target nucleic acid in pure form as well as from a real-life mimic sample. Such performance and

selectivity would be critical for future studies to be conducted on clinical samples.
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Supporting information contains crystallite size and film thickness values, signal %-change for
electrochemical detection, electroanalytical data of 100uM MB for FTO alone and 20%-TVO
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diffraction patterns, X-ray photoelectron spectroscopy analysis, and FE-SEM micrographs.
Measured thickness profiles, Bode plot, chronoamperometry measurements, 1-V characteristics of
20%-TVO collected for 100uM MB and buffer alone, current signal comparison of 20%-TVO
electrode and MnO: electrode, and chronoamperometry of NTC and plasmid DNA LAMP.
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