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Abstract

We present a low-cost electrochemical DNA biosensor based on printed circuit
board (PCB) electrodes for wastewater monitoring using portable PCR in-
struments, such as miniPCR®), without the requirement for PCR reagents.
PCB electrodes are attractive candidates for low-cost and sensitive DNA
biosensors of relevance in a pandemic such as COVID-19, and facilitate
the opportunity to map disease spread in Low-Middle Income Countries

(LMICs) through monitoring of environmental samples such as wastewater.
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The biosensor reported in this work is capable of detecting PCR amplicons
through the intercalation of methylene blue (MB) with DNA, which increases
the voltammogram peak current at the redox potential of MB. We describe
how these changes are likely to result from the adsorption of MB-DNA com-
plex on the electrode surface. The electrodes are reusable, easy to clean, do
not undergo any surface modification and represent a cost-effective solution
with long shelf-life. We also explore the impact that MB concentration and
DNA length have upon our biosensor performance and provide insights use-
ful to other investigators in the field. The sensor reported here is capable
of detecting SARS-CoV-2 nucleocapsid gene amplicons at concentrations as
low as 10 pg/nl (approximately 1.7 fM) and can detect nucleotides amplified
after 10 PCR cycles. Furthermore, using the PCB electrode and approaches
described here, SARS-CoV-2 amplicons were detected in simulated wastew-
ater sample, by spiking wastewater collected from a sewage treatment plant
in Mumbai, India with SARS-CoV-2 RNA.

Keywords: Methylene blue, DNA biosensor, PCB electrode, SARS-CoV-2,

Wastewater epidemiology

1. Introduction

The COVID-19 pandemic has negatively impacted economies and com-
munities globally since its spread in early 2020. One of the most effective
ways to minimize and control the spread of the SARS-CoV-2 virus has been
to limit close human contact and therefore social activity [1, 2]. Whilst this
approach has been highly effective in reducing levels of spread, the overall

economic and societal impact is extremely high. Furthermore, these measures
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are difficult to meaningfully implement in many low-middle income countries
(LMICs) where large proportions of the population are dependent upon in-
formal labour for income and survival [3]. Another challenge in many LMICs
is that the advanced laboratory facilities and skilled workforce required to
achieve mass human testing cannot be implemented in the short timescales
required to support contact tracing and thus reduce spread whilst allowing
restrictions on person to person economic activities to take place. An alter-
native to molecular testing is the use of rapid, lateral flow immunochemistry
testing, but these tests have lower sensitivity and specificity than gold stan-
dard qPCR testing [4, 5]. On the other hand, testing of wastewater for the
presence of SARS-CoV-2 nucleic acid could be used as a surveillance tool to
identify areas where the case numbers are likely to be increasing and there-
fore allow more targeted action to be taken to limit viral spread in specific
regions.

Wastewater epidemiology has been widely recognized and researched as
a tool for surveillance and management of the spread of SARS-CoV-2 [6-
14]. Over the last year, several groups have used gold standard qPCR-based
techniques in order to pilot surveillance methods globally including in India,
Italy, and North America [15-18]. One potential problem is that qPCR still
requires expensive laboratory infrastructure and skilled scientists or techni-
cians to complete the assay. Furthermore, if resources are limited, testing of
human samples would most likely take precedence over wastewater epidemi-
ology surveillance. Therefore, lower cost, alternative approaches are required
in order to support wastewater surveillance for SARS-CoV-2 in LMICs, thus

supporting widespread adoption of a further tool in the fight against the
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virus. One way to support this would be through the use of low-cost nucleic
acid biosensors. In addition to serving as tools for data collection from popu-
lations which lack adequate access to healthcare and diagnostic testing, such
technologies could potentially also serve as more accurate indicators of the
scale of infection by including asymptomatic cases and recovered individuals
not accounted in clinical tests, that continue to shed virions in feces.

The field of biosensors for nucleic acid and in particular DNA is well es-
tablished (see [19] for a detailed review). Methylene Blue (MB) is a redox
mediator that can be transduced with an clectrochemical sensor. The inter-
calating properties of MB with DNA have resulted in its widespread use as a
redox mediator in a range of electrochemical DNA sensor approaches [20-24].
These systems conventionally employ electrodes to immobilize the MB-DNA
complex [24-28] or probe the DNA concentration in homogenous solution di-
rectly [29-33]. A common feature of all these studies is the prevention of DNA
adsorption onto the electrode surface. In the case of gold electrodes, this
has been achieved using an alkanethiol layer, such as 6-mercapto-1-heaxanol
(MCH) [24, 34]. However, electrode modifications such as this can lead to
more onerous electrode storage requirements prior to use. Also, the use of
modification processes increases the complexity and thus production costs
of the electrode. An alternative approach, is to use the ability of DNA to
adsorb to the clectrode surface as the basis for identification of PCR product.

The use of printed circuit boards (PCBs) conventionally used in the elec-
tronics manufacturing industry has been explored for Micro Total Analysis
Systems (pTAS) platforms since early-1990s, however the focus for a large

part of the previous three decades has been on demonstration of proof-of-
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concept PCB based lab-on-chips, and not particularly on integration strate-
gies and manufacturability. In recent times the cost of pTAS platforms has
emerged as a significant technology driver, and therefore lab-on-PCB plat-
forms are seeing renewed interest in the broad biosensors community [35-42].
Despite this, the technology is not as commonly adopted as screen printed
electrodes, mainly due to challenges associated with impact of gold surface
roughness on biorecognition element immobilization and the need for ad-
ditional processing steps to ensure reliability due to the use of copper in
PCBs, which is susceptible to corrosion and hampers electrochemical analy-
sis [43, 44]. With suitable development, PCB electrode based electrochemical
DNA sensors could be of great relevance in the COVID-19 pandemic [45] e.g.
for mapping disease spread through monitoring of wastewater. In this paper,
we build on the benefits of PCB based technologies and present a low-cost
PCB electrode based electrochemical sensor for detection of SARS-CoV-2
PCR amplicons. The transduction mechanism is based on intercalation of
MB with DNA, and change in current through voltammetry measurements
resulting from adsorption of MB-DNA complex on the clectrode surface. The
PCB electrodes are manufactured using the conventional electroless nickel
immersion gold (ENIG) process and do not undergo any surface modifica-
tion. The electrodes thus present a cost-effective solution with long shelf-life,
as they do not require any specific low-temperature storage conditions for
normal operation, unlike electrodes with DNA immobilization or hybridiza-
tion. The system design and approach can thus be implemented at very
low cost with minimal resources, and provides a basis for a future low cost

SARS-CoV-2 wastewater surveillance system (as illustrated in Figure 1(a)).
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Figure 1: (a) SARS-CoV-2 nucleic acid detection workflow. RNA extracted from wastew-
ater is amplified usinbg a low cost thermo cycler and then placed onto PCB electrodes.
(b) Illustration of major protein coding genes of the SARS-CoV-2 coronavirus genome.
The 943 bp N1-N2 fragment produced using N1 forward and N2 reverse primers used in

this present study is also shown.
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2. Materials and methods

2.1. Preparation of target amplicons

Control plasmid containing complete nucleocapsid (N) gene from SARS-
CoV-2 isolate Wuhan-Hu-1 (GenBank: NC 045512.2; 2019-nCoV _N_Positive
Control from IDT, supplied as 2 x 10° copies/jl) was used as template (10%-
10° copies per reaction) for amplifying the target fragment using mini8 PCR
machine (miniPCR®)) with the US CDC-recommended N1 and N2 forward
and reverse primers (IDT). Fragments amplified included the N1 fragment (72
bp), and N1-N2 fragment (943 bp, using N1 forward and N2 reverse primers),
as illustrated in Figure 1(b). In some instances, PCR reactions were stopped
after fewer cycles (5, 10, 20, and 30 cycles) followed by a final extension of
10min at 72°C. The concentration of the PCR-amplified products was es-
timated using a Nanodrop spectrophotometer. For some measurements, the
products were diluted (in Milli-Q water) to final concentrations of 10 pg/yl,
20 pg/nl, 50 pg/nl, 100 pg/ul, 150 pg/nl and 200 pg/pl. The template concen-
tration chosen for amplification is 107 copies/pl unless otherwise mentioned.
For measurements performed with DNA-MB complex, desired concentration
of MB (5uM, 10pM, 50 pM or 100 pM) were added to the PCR product.
The DNA-MB samples were incubated at room temperature for 1h before

performing measurements, to allow sufficient time for intercalation [21].

2.1.1. Generation of amplicons using different template concentrations
PCR using different template concentrations was performed to evaluate
lower limit of sensing using PCB electrodes. 2019-nCoV _N_Positive Control

from IDT was used as a template (102-10° copies per reaction) for amplifying
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the target fragment using the mini8 thermal cycler (40 cycles) with CDC-
recommended N1 forward and N2 reverse primers (IDT). The amplicons were

visualized by agarose gel electrophoresis and ethidium bromide staining.

2.1.2. Preparation of intermediate PCR amplicons

2019-nCoV _N _Positive Control diluted to 10° copies/nl is used as template
for PCR to amplify the 943bp N product. The PCR reactions are stopped
after 5, 10, 20, 30 and 40 cycles. Products obtained with <40 cycles undergo
a final extension of 10min at 72°C in dry bath. The final amplified product
(40 cycles) is left in mini8 for final extension. To verify the presence of PCR
products, a 4 pl volume of each sample was electrophoresed on a 1% agarose

gel.

2.1.8. Generation of simulated wastewater sample for detection of SARS-
CoV-2 amplicons

200 ml of grab wastewater samples were collected from a sewage treat-
ment plant in Mumbai, India. The samples were heat-inactivated by incu-
bating at 60 °C for 90 min, and the virus particles were concentrated using
aluminum hydroxide adsorption method reported by Randazzo et al. [46].
Briefly, sample pH was adjusted to 6.0 before the addition of AlCl; solu-
tion. The pH was readjusted to 6.0 and the samples were incubated on a
shaker at 150 rpm for 15 min at room temperature followed by centrifugation
at 1700 g for 20 min to concentrate the viruses. The pellet was resuspended
in 3% beef extract and mixed slowly using a shaker at 150 rpm for 10 min at
room temperature. The samples were then centrifuged at 1900 g for 30 min,

and the pellet was resuspended in 1ml of PBS. Total viral RNA was ex-
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tracted from 150 ul of the resuspended pellet using the AllPrep PowerViral
DNA/RNA kit (Qiagen, Germany) as per the manufacturer’s instructions.
RNA eluted in nuclease-free water was stored as aliquots at —80°C. The
presence of SARS-CoV-2 RNA was checked by performing RT-PCR, with
CDC-recommended N1 and N2 primers (IDT). As the sample did not con-
tain any SARS-CoV-2 RNA, a simulated sample was generated by mixing the
isolated total RNA with approximately 4.73 x 10% copies of the SARS-CoV-2
genomic RNA (VR-1986DTM, ATCC™). The RNA was reverse transcribed
using a ¢cDNA kit (Genetix Biotech Asia Pvt. Ltd., India) to amplify the
72bp long N1 fragment.

2.2. Electrochemical biosensor

The PCB electrodes (Figure 2(a)) were designed using Autodesk EA-
GLE software and manufactured in conventional ENIG plating process (Cir-
cuit Systems (India) Ltd.). The manufacturing cost per electrode is ap-
proximately USD $0.55 (i.e. approximately INR %40). The electrodes were
cleaned with an isopropyl alcohol (IPA) soaked lint-free wipe before each
measurement. During each measurement, 5nl of the sample to be tested
was dispensed on the electrode. The electrode was then cleaned with a
lint-free wipe dampened with ITPA before dispensing the next sample. The
voltammetry measurements were performed using Palmsens EmStat3 Blue
potentiostat. The potentiostat configuration and data acquisition are per-
formed using PSTrace software. Differential pulse voltammetry (DPV) mea-
surements were performed using following settings: equilibration time = 8,
voltage step = 3mV, pulse voltage = 25mV, pulse duration = 50 ms and

scan rate = 20mV /s. The potential (voltage) range is set as desired for each

9
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measurement. Cyclic voltammetry (CV) measurements were performed at
various scan rates using following settings: equilibration time = 8 s and volt-
age step = 3mV. The voltage range and scan rate were set as desired for
each measurement. The equilibration time is the time during which the first
potential of the measurement is applied to the electrochemical cell without
recording the current. This is done in order to exclude initial capacitive cur-
rent from interfering with the Faradaic current to be measured. Peak heights
for DPV peak current and cathodic peak current in CV voltammograms were
obtained using PSTrace software. The values for peak height obtained from
PSTrace software were used for preparation of graphs wherever peak current

values are discussed.

3. Results and discussion

3.1. PCB electrodes can be reused multiple times after cleaning with IPA-wipe

The gold electrodes on the PCB were formed through an industry stan-
dard ENIG plating process, that results in a thin (<100nm) gold layer on
top of a thicker nickel layer (the nickel layer is designed to prevent diffu-
sion of copper and gold layers). The nickel and copper layers underncath
the gold are susceptible to corrosion and therefore incompatible with con-
ventional gold electrode cleaning methods such as sulfuric acid potential cy-
cling or piranha clean [47]. Since the samples to be measured comprise of
organic compounds (MB and DNA), we clean the PCB electrodes with lint-
free wipe dampened with IPA. Repeat measurements of 100 pM MB using
this approach show that consistent peak DPV currents are observed (Fig-

ure 2(b)). Following measurements with 100 pM MB, no DPV peaks were

10
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Figure 2: (a) Left - photograph of the PCB electrode used in this work. Right - optical
micrograph of the PCB electrode showing reference electrode (RE), working electrode
(WE), and counter electrode (CE), all formed with ENIG finish gold pads on the PCB.
(b) The efficacy of cleaning process of the electrode is illustrated by measuring 10 mM
PBS and 100 pM methylene blue (MB) successively in the order indicated in the figure
legend, by wiping the electrode with IPA dampened wipe after each measurement. The
first PBS measurement is performed to ensure there is no contamination on the electrode.
No DPV peaks are seen in the third measurement performed with PBS, indicating that
any MB adsorbed on the electrode is wiped away. (c) The peak current is proportional
to the concentration of MB independent of the order of addition of MB solutions with
different concentration (20 nM, 30 pM and /-i(ipl\rl) on three electrodes (E1, E2, E3; order

in which samples are dispensed is indicated in plot legend).
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seen in the measurements performed with only PBS. This indicates that any
residual MB on the electrode is wiped away through the cleaning process
and provides confidence that the cleaning approach adopted does not nega-
tively affect the thin gold layer on the electrode surface. DPV measurements
were performed with various concentrations of MB (Figure 2(c)) on three
electrodes, with samples dispensed sequentially in arbitrary order on each
electrode (20 pM—30 uM—40 pM on electrode 1, 40 ptM—30 pM—20 pM on
electrode 2, and 20 pM—40 pM—30 pM on electrode 3). Overall, these re-
sults show that cleaning the electrodes with an IPA dampened wipe after
measuring each sample is effective, based on the measurement repeatability
seen on the three electrodes. Although the magnitude of the current was
consistent across electrodes, it was found that the peak potential was not
stable and varied across measurements (Figure 1 in Supplementary Informa-
tion). The changes in the peak potential are likely to be caused by a number
of issues, including the ratio of oxidized and reduced MB present, the subtle
differences in dissolved species (solutes) between different samples, impuri-
ties on the surface of the reference clectrode, and the use of gold reference
electrode on the PCB instead of a stable reference such as Ag/AgCl. The
electrode-to-electrode variation indicates that one cannot rely on a universal
calibration curve when using multiple electrodes, and each electrode must be

calibrated separately before use.

3.2. Longer DNA fragments result in peak current changes proportional to

the concentration of DNA present

DPV voltammograms were obtained on PCB electrode for various DNA

concentrations ranging from 10pg/pl to 200 pg/ul complexed with 10 pM

12
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MB. When the longer N1-N2 DNA amplicon (943bp) was measured, we
found that the peak DPV current increases with increasing DNA concen-
tration, whereas the peak current for the shorter N1 fragment (72bp) does
not show any distinct trend (Figure 3(a)). To explore this further, DPV
measurements were performed with 5 electrodes each for N1-N2 and N1 am-
plicons at different concentrations (Figure 3(b)). Linear regression shows
that the longer N1-N2 fragment has larger sensitivity (0.605nA /pg/nl) and
better linearity (R? = 0.88) than the shorter N1 fragment (0.27 nA/pg/pl,
R? = 0.19), indicating that the length of the DNA fragment has significant
impact on sensor performance.

These results reveal that the amplicon length has a profound impact upon
the linearity and therefore utility of the measurements performed. We believe
these are attributed to intercalation of MB into the DNA and adsorption
of the DNA onto the electrode surface. Other investigators have previously
shown that the size of the oligonucleotide has a large impact on the adsorption
at solid electrodes [48, 49]. The dependence of DNA-MB intercalation on
DNA length and sequence has been reported previously [25, 50-52]. The
intercalation of MB into the DNA base stack results in increase in current
with increasing DNA concentration, since the DNA serves as a scaffold to
bring the redox-active MB molecules into direct contact with the electrode
surface, but does not participate directly in the electron-transfer event [53,
54]. The longer DNA fragments intercalate a greater quantity of MB and
this in turn adsorbs to the unmodified gold electrode surface, resulting in
a greater unit concentration of MB at the electrode surface compared to

shorter DNA fragments.
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Figure 3: (a) DPV voltammograms obtained on PCB electrode for DNA-MB complex for
various DNA concentrations complexed with 10 uM MB. Left - 943 bp PCR product (N1-
N2); Right - 72bp PCR product. (b) Linear regression of DPV measurements obtained
with 5 electrodes each for N1-N2 and N1 indicate more linear sensor response for the

longer N1-N2 fragment.
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3.8. CV measurements indicate adsorption of DNA-MB complex at the elec-
trode surface

Focusing upon the N1-N2 amplicon, we analyzed the electrochemical re-
sponse of different samples to establish the role of DNA adsorption to the
electrode surface. Firstly, we performed CV measurements at different scan
rates for 50 pM MB (no DNA), and 100 pg/pl DNA (N1-N2) complexed with
50 uM MB (DNA-+MB) (Figure 4(a)). As described above, the cathodic peak
potential varies for both samples due to the use of gold reference electrode
on the PCB instead of a stable reference such as Ag/AgCl. The cathodic
and anodic peak currents increase with increasing scan rate as expected.
When the logarithm of the cathodic peak current (expressed in nA) is ex-
amined with respect to the logarithm of the scan rate (expressed in mV/s),
we observe a slope of approximately 1 (1.07and 0.966 for MB and DNA-
MB complex respectively). The linear trend is also clearly established with
R? > 0.98 for MB and DNA-MB complex (Figure 4(b)). Electrochemically
reversible electron transfer involving freely diffusing redox species correspond
to 7, o< V%% (i.e. slope = 0.5 in log(i,) — log(v) plot), where 4, and v denote
cathodic peak current and scan rate respectively. In contrast, a slope of 1
(i.e. i, o< v) indicates that the current response is due to electrode-adsorbed
species [55, 56, and thus points to adsorption of MB and DNA-MB complex
on the gold electrodes. Adsorption of DNA-MB complex on the electrode
leads to higher DPV current for higher DNA and MB concentrations.

3.4. Higher MB concentrations increase electrode sensitivity

To fully optimize the sensor performance, we explored the role MB con-

centration has upon the peak DPV current in response to changes in the

15
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Figure 4: Electrochemical response of the sensor as a function of MB concentration. (a) Ex-
ample CV measurements obtained at different scan rates for 50 tM MB only, and 100 pg/1l
DNA (N1-N2) complex with 50 pM MB (DNA+MB). (b) Peak cathodic current variation
with scan rate for MB only and DNA-MB complex displayed in log-log plot. The logarithm
of peak cathodic current shows linear trend of variation with logarithm of scan rate, with
slope = 1, indicating that the current response is due to adsorption of MB and DNA-MB
complex on the electrode surface. (¢) DPV measurements obtained on PCB electrode for
DNA(N1-N2)-MB complex for various concentrations of MB (5uM, 10 pM, 50 M) and
DNA (ranging from 10 pg/pl to 200 pg/nl). (d) Linear regression of DPV measurements
obtained with 5 electrodes each for 5 M, 10 pM and 50 pM MB indicate that the sensor

response is more linear for higher concentration of MB.
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concentration of the N1-N2 amplicon. We performed DPV measurements
on DNA-MB complexes with different concentrations of MB (5 pM, 10 uM,
50uM) and DNA. The DNA concentration was varied from 10 pg/ul (approx-
imately 1.7 fM, equivalent to 10'% copies/nl) to 200 pg/nl (Figure 4(c)). We
also performed linear regression using DPV peak currents obtained with 5
electrodes each for 5 uM, 10 pM and 50 pM MB intercalated with DNA (Fig-
ure 4(d)). These results show that the sensitivity and linearity improve with
increasing concentrations of MB (slope [nA/pg/ul] = 2.68, 0.689 and 0.26
for 50 pM, 10 pM and 5pM MB respectively; R? = 0.97, 0.73 and 0.52 for
50 M, 10uM and 5 pM MB respectively). These results show that for our
sensor design, the linearity and sensitivity are affected by the MB concentra-
tion. This has important implications for future studies and suggests that
wide range of MB concentrations should be explored during the optimization

stage of sensor development.

3.5. Long fragment PCR product is detectable after 10 cycles with PCD elec-

trodes

Amplified products obtained using various template concentrations were
visualized using agarose gel electrophoresis (Figure 5(a)). We found that
the N1-N2 fragment (943 bp) is only visible for template concentrations of
10* and 10° copies/nul. After optimizing the PCB electrodes with respect
to DNA length and MB concentration, we then explored the performance
of the electrodes during PCR cycles. PCR product was visualized using
agarose gel electrophoresis after 5, 10, 20, 30 and 40 cycles (Figure 5(b)).
For intermediate PCR, amplicons obtained with 10° copies/nl template, the

amplified product is visible in agarose gel only beyond 20 cycles of PCR. In

17



(@)

Template concentration (copies/l) (b) Number of PCR cycles
—
M NTC 100 1k 10k 100k M NTC 5 10 20 30 40

(s

1000 bp 1000 bp - . oib '
500 bp 500 bp =
(C) : 20, [—— 5 cycles
3 Slope = 31.45 nAlcycle
s 18 R*=0.93 e
)
_ 1 § 1.2 o
g | S50 %
E E o 0 2
3¢

Scan rate = 100m\is
100uM MB

-0.4 03 02 0.1 0.0

Figure 5: PCB electrode performace during intermediate PCR cycles. (a) Agarose gel
showing the 2019-nCoV_N_Positive Control after 40 PCR cycles using the N1-N2 primers.
The N1-N2 fragment is only visible with starting template concentrations of 10¢ and
105 copies/nl (M - Marker, NTC - Negative Control). (b) Agarose gel of PCR product
following amplification of 10° copies template after fewer cycles. The amplified product is
visible in agarose gel only beyond 20 cycles of PCR. (¢) CV voltammograms obtained at
100 mV /s scan rate after adding 100 pM MB to the PCR products, showing that current

response is proportional to the number of cycles.
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contrast, the change in electrochemical sensor signal is clearly seen in the
CV voltammogram performed at 100mV /s scan rate after adding 100 pM
MB to the PCR products (Figure 5(c)). Furthermore these results show
a linear trend for variation in peak cathodic current with number of PCR
cycles. The PCB electrodes are thus capable of discerning intermediate PCR
products for as low as 10 PCR cycles (i.e. approximately 108 copies/nl), that

are not visible in the agarose gel.

3.6. SARS-CoV-2 RNA can be isolated from wastewater and electrochemi-
cally detected using a low cost PCR machine and PCB electrode

We explored the utility of the system developed here with wastewater
samples spiked with ATCC™ SARS-CoV-2 genomic RNA. While longer frag-
ment amplicons appear to be better for MB intercalation and electrochemical
detection, amplification efficiency of long fragments of SARS-CoV-2 RNA
isolated from heterogeneous samples such as wastewater is challenging be-
cause RNA is prone to shearing and degradation during isolation. Impor-
tantly, we found that products longer than 500bp could not be amplified
efficiently. Considering these practical challenges associated with RNA iso-
lation from heterogenous samples, PCR amplification and electrochemical
sensing, it emerges that a multi-parameter optimization study is required to
engineer a robust testing protocol. Though attempts were made to amplify
the 943 bp N1-N2 fragment, we opted to focus upon the shorter 72bp N1 re-
gion as this can be amplified more efficiently from wastewater (Figure 6(a)).
It should be noted that when we work with heterogeneous environmental
samples such as wastewater, it is possible that there may be non-specific am-

plification [57]. The band at approximately 20 bp in lanes NTC (no template
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Figure 6: Detection of SARS-CoV-2 RNA spiked into wastewater using PCB electrodes.
(a) Agarose gel showing PCR amplicons from a simulated wastewater sample containing
SARS-CoV-2 RNA (M - Marker, NTC - Negative Control, PC - Positive Control, Test -
Test Sample, SARS-CoV-2 RNA negative wastewater spiked with ATCC™ SARS-CoV-2
RNA as detailed in section 2.1.3). In addition to the expected band at 72 bp, we also found
a band at approximately 50 bp in the positive control and sample. (b) (Left) Example CV
voltammograms obtained on electrode 1, with 50 uM MB added to RT-PCR products.
(Right) CV cathodic peak currents measured on 4 separate PCB electrodes. While there
is large electrode-to-electrode variation, the PCB electrodes produce larger peak currents

for test sample and PC than NTC.
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control), PC (positive control), and Test corresponds to excess primers. Af-
ter confirmation of PCR amplicons, we performed CV measurements using
the PCB electrodes and found that a change in the peak current could be
observed when the amplicons were present in the sample (Figure 6(b)). The
negative control (NTC) also induces clectrochemical sensor response due to
adsorption of MB on the electrode, and therefore each electrode must be
separately calibrated with NTC and PC samples in order to distinguish false
positives from true positives. These results suggest that, with further devel-
opment, the electrode system could be used in the field for determination of

SARS-CoV-2 amplicons.

4. Conclusion

In this paper, we characterize a low-cost detection system for the iden-
tification of SARS-CoV-2 nucleic acid in wastewater. Our approach takes
advantage of existing primer sets, and uses a commercially available low-cost
thermocycler to reverse transcribe and amplify key regions. Using this sensor
system, we report that it is possible to identify the presence of SARS-CoV-2
in wastewater. We showed that the peak DPV current is proportional to
the DNA concentration due to the adsorption of DNA-MB complex on the
electrode. We also show that the electrochemical sensitivity is strongly de-
termined by concentration of MB and the length of the DNA fragment. The
platform presented in this work is a cost-effective electrochemical sensing
solution, with manufacturing costing as low as USD $0.55 (INR %40) per
electrode for quantities of 100. Unlike real-time PCR (qPCR) techniques,

this platform does not require expensive reagents or instrumentation, thus
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further boosting the cost-effectiveness of this solution. The electrodes are also
easily cleaned using a lint-free wipe dampened with TPA and are reusable.
Furthermore, the electrodes do not undergo any surface modification and
thus have long shelf-life. Our future work will focus upon identifying optimal
primers for both PCR amplification and electrochemical sensing, integrating
this assay with on-board thermocycling and electrochemical measurement,
and exploring methods for enhanced stability of the reference electrode to

achieve redox peaks at consistent potentials.
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