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A B S T R A C T   

Multiplex electrochemical biosensors have been used for eliminating the matrix effect in complex bodily fluids or 
enabling the detection of two or more bioanalytes, overall resulting in more sensitive assays and accurate di-
agnostics. Many electrochemical biosensors lack reliable and low-cost multiplexing to meet the requirements of 
point-of-care detection due to either limited functional biosensors for multi-electrode detection or incompatible 
readout systems. We developed a new dual electrochemical biosensing unit accompanied by a customized 
potentiostat to address the unmet need for point-of-care multi-electrode electrochemical biosensing. The two- 
working electrode system was developed using screen-printing of a carboxyl-rich nanomaterial containing ink, 
with both working electrodes offering active sites for recognition of bioanalytes. The low-cost bi-potentiostat 
system (~$80) was developed and customized specifically to the bi-electrode design and used for rapid, 
repeatable, and accurate measurement of electrochemical impedance spectroscopy signals from the dual 
biosensor. This binary electrochemical data acquisition (Bi-ECDAQ) system accurately and selectively detected 
SARS-CoV-2 Nucleocapsid protein (N-protein) in both spiked samples and clinical nasopharyngeal swab samples 
of COVID-19 patients within 30 min. The two working electrodes offered the limit of detection of 116 fg/mL and 
150 fg/mL, respectively, with the dynamic detection range of 1–10,000 pg/mL and the sensitivity range of 
2744–2936 Ω mL/pg.mm2 for the detection of N-protein. The potentiostat performed comparable or better than 
commercial Autolab potentiostats while it is significantly lower cost. The open-source Bi-ECDAQ presents a 
customizable and flexible approach towards addressing the need for rapid and accurate point-of-care electro-
chemical biosensors for the rapid detection of various diseases.   
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1. Introduction 

The accuracy, selectivity, and diagnostic value of conventional 
analytical diagnostic technologies focusing on the detection of a single 
analyte are limited for many disease conditions because they provide 
limited sample information for disease diagnosis (He et al., 2017; Jones 
et al., 2019; Kadimisetty et al., 2015). Tests that can be used at the point 
of care/in the field/in the home (POCT) that are rapid, reliable, 
adequately sensitive/specific, cheap, use low sample volume, and can 
simultaneously detect multiple analytes using a single testing assay, 
commonly known as multiplexed detection, are required for a number of 
use cases (Dai et al., 2021; Huang et al., 2020; Timilsina et al., 2021). 

For infectious diseases of clinical, agricultural, environmental, and 
food importance, accurate and low-cost multiplex testing techniques 
and assays yet to be developed to enhance the ability in responding to 
various public health emergencies (Fyfe et al., 2007; Gao et al., 2017; 
Ryu et al., 2013; Sood et al., 2020; Yang et al., 2006a; Zhang et al., 
2021b). Multiplexing, for example for SARS-CoV-2, can provide 
time-dependent information about the dynamic of infection in the in-
dividual and population scales (Lin et al., 2020; Parihar et al., 2020; 
Rosado et al., 2021; Zhu et al., 2020). Antigen markers of the virus are 
present in different biofluids at the onset of the infection, making them 
attractive for early diagnosis of viral infectious (Schildgen et al., 2021). 
Simultaneous detection of viral antigens in a low-cost and accurate 
detection assay can be used to reliably detect the viral infection, inde-
pendent from knowing the onset of the infection (Shan et al., 2021; 
Veyrenche et al., 2021; Zonneveld et al., 2021). Longitudinal monitoring 
of these biomarkers using point-of-care kits can exclusively provide 
personalized information about seroconversion of the infected in-
dividuals regardless of being symptomatic or asymptomatic (Norman 
et al., 2020; Ogata et al., 2020). Moreover, multiplex detection has also 
been used for detecting one biomarker but to further i) suppress the 
matrix effect on sensing signals in complex biofluids, ii) using similar or 
different detection methods for performing self-validation (Roda et al., 
2021; Sun and Liu, 2018; Zhang et al., 2021a), and iii) increasing the 
sensitivity of the testing biosensors. 

Numerous efforts have been devoted to realizing simultaneous 
detection of multi-analytes using a range of multiplex testing technol-
ogies, such as chromatography, mass-spectrometry, multiplex poly-
merase chain reaction, thermal cycling and isothermal amplification 
devices, and metagenomic next-generation sequencing (Gomaa and 
Boye, 2015; Gu et al., 2021; Huang et al., 2012; Neubert et al., 2020; 
Radmard et al., 2019; Reboud et al., 2019; Wang et al. 2021, 2022). 
These analytical methods significantly increase detection efficiency 
primarily in an accredited laboratory and clinical settings. However, 
most are too sophisticated and time- and reagent-consuming to be used 
as POCT devices. Some multiplex PCR assays are available for POCT but 
require instrumentation costing thousands of dollars (e.g. Xpert, Biofire) 
and are not designed to be portable, which limits widespread deploy-
ment at the point of clinical care, in the home or the field. In infectious 
diseases such as SARS-CoV-2 POCT that are not multiplex, PCRs detect 
only one or two analytes plus control and are limited by poor sensitivity 
(Döhla et al., 2020). Multiplex testing immunoassays have also been 
extensively used for the detection of more than one analyte using 
microsphere immunoassays, label-free array technologies, and fluores-
cent protein microarrays but their implementation deals with several 
manual processes which make them complicated for the POCT use 
(Schultz et al., 2021; Wong et al., 2017). 

Biosensing systems are of great interest for multiplex point-of-care 
diagnostics due to their low-cost, high sensitivity, and ease of use (Liu 
et al., 2020; Van Nguyen et al., 2019). The use of immuno-biosensors has 
gained competitive advantages for point of care (POC) detection of 
single or multiple analytes (Khetani et al., 2021; Xue et al., 2020). 
Whereas single-plex optical systems are widely available in the market 
for the detection of various biomarkers, there are currently a few man-
ufacturers that offer multiplex immunoassays for rapid disease 

diagnostics (Davis et al., 2020; Furuya et al., 2019; Harmon et al., 2017; 
Marquette et al., 2012). Optical-based detection of multi-analytes 
mainly utilizes multiple labels such as fluorescent materials and metal 
compounds to tag capture molecules or the corresponding analytes 
(Zanchetta et al., 2021). These methods mostly suffer from a limited 
number of labels, signal overlapping, need for large readout in-
struments, and differing optimal reaction conditions of the labels, 
constantly challenging their wide clinical application in multiplex 
analysis (Asghari et al., 2021; Joshi et al., 2021). Label-free optical 
technologies such as surface plasmon resonance have been developed 
with the aim of addressing the POC multiplexing needs of biosensors, 
however, because of their limited specificity, sensitivity and selectivity, 
the label-free mode has not been widely employed in clinical diagnosis 
(Choi et al., 2020; Hausler et al., 2019; Jebelli et al., 2020; Patil et al., 
2019). 

Alternatively, label-free, accurate, quantitative, and low-cost elec-
trochemical biosensors are appealing for multiplex POC biomarker 
detection and have been practiced by several groups for the detection of 
multiple biomarkers in cancer (Akhavan et al., 2014; Pimalai et al., 
2021), infectious diseases (Wu et al., 2018), and brain injuries (Khetani 
et al., 2021). However, a majority of low-cost electrochemical bio-
sensors can only detect a single analyte or have limited accuracy and 
repeatability (Abdullah et al., 2019; Bianchi et al., 2019; Hoilett et al., 
2020; Pruna et al., 2018; Wu et al., 2018). New multiplex electrode 
designs, electrochemical biosensors, and hand-held potentiostats with 
the capability of low-cost point-of-care detecting of multiple bioanalytes 
in complex clinical samples are needed to address the unmet need of 
multiplex and/or self-validating needs of point-of-care biosensing. 

The design of electrodes has become an important aspect of the 
reliable and stable performance of biosensors. Multi-electrode detection 
needs can be met on the basis of the parallel assembly of three-electrode 
configuration screen printed electrodes (SPEs) (Gao et al., 2017; Sin 
et al., 2013). This strategy is relatively simple, with careful design and 
optimization, preventing cross-contamination and mutual interference 
among different analytes. However, increased reagent and sample vol-
umes and sample addition times are typically required to complete the 
analysis (Arduini et al., 2016). The multi-electrode designs with multi-
ple isolated working electrodes (WEs), known as spatial multiplexing, 
while using the common reference and counter electrodes in one single 
electrochemical sensing unit is an appealing strategy to increase the 
simultaneous detection capacity of the biosensors (Rafi and Zestos, 
2021). To address this need, dual or multiple electrode designs including 
designs with circled, centered, or elliptic WEs have been developed and 
tested for multiplex analyte detection (Eissa and Zourob, 2020; Liu et al., 
2018; Viswanathan et al., 2012) (Eissa and Zourob, 2020; Neves et al., 
2013; Viswanathan et al., 2012). Despite the success of multiplex elec-
trochemical biosensors for detection of small molecules and metabolites 
(e.g. maltose and glucose) in different biofluids, their utility for 
detecting low abundance concentrations of protein analytes in complex 
biofluids has shown to be limited (Jothimuthu et al., 2011; Neves et al., 
2013). 

Highly sensitive detection of protein requires coating of WEs with 
conductive nanomaterials followed by functionalizing the electrodes but 
due to the small size of electrodes and multistep preparation and func-
tionalization steps needed for multiplex electrode designs, the coating 
and functionalization of WEs is a cumbersome process and often deal 
with a limited reproducibility (Parlak et al., 2017; Prakash et al., 2013; 
Salahandish et al. 2018a, 2018b, 2019a, 2019b; Yang et al., 2006b). To 
eliminate these challenges, single-step nanomaterial coating protocols 
and approaches have been exploited to eliminate complex nanomaterial 
coating and improve sensing reproducibility while preserving the 
sensitivity needed for ultrasensitive and quantitative detection of bio-
markers (Khetani et al., 2019; Shu et al., 2015; Sun et al., 2021). 
However, their utility for multiplex biosensing has yet to be explored. 

On the other hand, several groups have developed portable multi-
channel potentiostats but they are still expensive to be used for low-cost 
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point-of-care sensing in settings like detection of COVID-19 outside of a 
laboratory (Alam et al., 2021; Ramfos et al., 2013; Wu et al., 2018). Also, 
the curve-shaped output readings of these potentiostats are not univer-
sally understood, require further data processing and interpretations, 
and complicate the practical implementation of multiplex electro-
chemical immuno-biosensors for POCT applications. We recently 
developed a multiplex μDrop potentiostat readout that enables simul-
taneous detection of up to eight protein biomarkers and demonstrated 
its equivalent performance to the commercial potentiostats (Khetani 
et al., 2021). However, this multiplex potentiostat is still expensive 
(<$1500) and bulky. Also, to record accurate signals from each of the 
sensing electrodes, the signals need to be recorded at each testing fre-
quency for all WEs before switching to the subsequent testing frequency. 
Further miniaturization, parallelization, and lower cost multiplex 
potentiostats (e.g., <$100) are needed to meet the needs of multiplex 
potentiostats for PoC applications. 

In the present work, we developed a binary electrochemical data 
acquisition (Bi-ECDAQ) system with novel electrode designs offering 
multiple specific sensing areas, accompanied by a customized poten-
tiostat to address the unmet need of POC multiplexing for electro-
chemical biosensors. A two-working electrode design was printed using 
a novel carboxyl-rich nanomaterial containing ink, with both working 
electrodes offering active and independent sites for accurate recognition 
of bioanalytes without the need for any functionalization step. Also, a bi- 
potentiostat system (~$80) was developed and customized specifically 
to the bi-electrode design and aimed to perform rapid, repeatable, and 
accurate simultaneous measurement of electrochemical impedance 
spectroscopy signals recorded from both WEs. The combined dual bio-
sensors and potentiostats was then used for measuring SARS-CoV-2 
Nucleocapsid protein (N-protein) in both spiked samples and clinical 
nasopharyngeal swab samples from SARS-CoV-2 infected patients (An 
alpha variant of concern). This Bi-ECDAQ system presents a break-
through, customizable, and flexible approach towards addressing the 
need for multiplex point-of-care electrochemical biosensors. 

2. Materials and methods 

2.1. Electrode design and fabrication 

All technical drawings for the creation of the two-working electrode 
design were sketched using AutoCAD 2021 Version R.47.0.0. The elec-
trode dimensions and lead distances were selected according to the 
commercial connector (Molex, 0472861001), screen-printing 
manufacturing constraints, and the commercially available sensing 
strips in the market. A Graphene@PEDOT:PSS hybrid ink dispersed in 
Dimethylformamide (DMF) (Sigma, USA) was mixed with the carbon ink 
(7102, Dupont, USA) and subject to standard mechanical stirring with 
200 rpm rotational speed. Micro Flatbed Printer (A.W.T. World Trade, 
Inc., USA) was used for printing the electrodes using a polyester mesh. 
The printed electrodes were then cured and dried by an InfraRed curing 
machine (Customized Natgraph Air Force Dryer, Natgraph Ltd, UK). 
Double-sided pressure-sensitive adhesive sheets (ARcare 90106NB, Ad-
hesive Research Inc., USA) were cut using Speedy 360 flex CO2 laser 
engraver machine (Trotec, USA) to produce the insulator masks, acting 
as a dielectric layer for covering the conductive areas of the electrodes, 
leaving only the desired parts in contact with the redox system. 

2.2. Bi-ECDAQ definition and parameters 

The potentiostat unit of the Bi-ECDAQ is a high precision, pro-
grammable, auto-calibrated readout system composed of Impedance 
converter (AD5933), Analog Front End, Memory, Programmable clock, 
and Microcontroller Unit breakout board (SparkFun Pro nRF52840). 
The proposed potentiostat reads the impedance values of the two inte-
grated but independent immuno-biosensors, and transfer the corre-
sponding digital data to the computer or smartphone through wired or 

wireless communication protocols such as Universal Serial Bus (USB) 
and Bluetooth, respectively. The full details of the design and implan-
tation of the custom-made potentiostat of the Bi-ECDAQ are shown in 
the supplementary (Fig. S8 to Fig. S24; Table S3 to Table S7). The mi-
crocontroller receives from the GUI, all the commands to initialize, 
calibrate the system, and request the impedance converter to generate 
the signals to apply to the immuno-biosensors. The impedance recorded 
changes proportion to the concentration of the target analyte. To 
expedite the sensing without compromising the accuracy, the complete 
impedance spectrum is obtained from 7 logarithmically spaced points 
over the frequency range from 1400 Hz to 1 Hz for both working elec-
trodes (WE1 and WE2). 

2.3. Numerical simulation of electrochemical biosensing 

The electrochemical module of COMSOL Multiphysics 5.6 was used 
for 3D simulation of the primary current distribution and the potential 
contour of the four-electrode design. The domain and boundaries of the 
simulated system, the surface of the electrodes, and the boundaries of 
the electrolyte were defined. The primary current distribution interface 
in the electrochemistry module specifies the transport of charged ions in 
an electrolyte of homogeneous composition and current conduction on 
the electrode by Ohm’s law and the charge balance principle. (COMSOL 
user guide module). Ohm’s law is considered in charge transfer inside 
the electrolyte. This modeling considers homogeneous electrolyte and 
equilibrium value of the potential of the electrolyte–electrode interface 
without any significant effect of convection on current density (Ste-
venson et al., 2018). The counter, reference, the two WEs, and the sur-
rounding electrolyte were used to form the geometric model of the 
biosensor. According to the open circuit potential (Eocp), 170 and 0 mV 
potential were provided to the working and counter electrodes, 
respectively, to apply the physics of interest. On the other hand, elec-
trical insulation was applied to the reference via a von Neumann 
boundary condition. The governing equations for this simulation in 
COMSOL Multiphysics were provided in the supplementary (SI-A). 

2.4. Characterization of electrodes and biosensors 

Scanning Electron Microscopy (SEM, JSM-7001FA) was used to 
characterize the morphology of the WEs’ surface. Combining the SME 
data with the simultaneous elemental analysis using the same apparatus, 
through the mapping module, characterized the presence and distribu-
tion of chemical elements on WEs. The microscopy images were ac-
quired under high voltage (7.5 kV) and high vacuum (~10− 3 Pa) 
conditions without any need for pre-coating of the electrode. PGSTAT 
204 Potentiostat/Galvanostat (Metrohm, USA) was utilized as the 
commercial potentiostat for comparing the performance of the portable 
Bi-ECDAQ potentiostat. Electrochemical Impedimetric Spectroscopy 
(EIS) measurements were performed with the signal amplitude of 10 
mV, the single sinusoidal wave type, and the frequency range of 1400 
Hz–1 Hz, with 7 or 50 points as the number of frequencies tested. The 
Eocp was selected to be 170 mV. 

2.5. Immuno-biosensor preparation and testing 

SARS-CoV-2 Nucleocapsid Antibody (GenScript Inc. USA, HC2003, 
#A02039) was diluted from the stock solution to the concentration of 
50 μg/mL in phosphate buffer saline (PBS) (1X, Growcells, USA, pH =
7.4, #MRGF-6230) and drop cast on the surface of both working elec-
trodes using a manual pipette. Electrodes were then incubated for 1 h at 
room temperature followed by overnight incubation at 4 ◦C. Then, the 
immobilized electrodes were rinsed using Milli-Q water three times. As 
for the blocking agent (the passivation step), 0.005% (w/v) bovine 
serum albumin (BSA; ChemCruz, #sc-2323, USA), prepared in PBS, was 
cast coated on WEs and incubated at room temperature for 30 min. 
Various concentrations of SARS-CoV-2 N-protein antigen (GenScript Inc. 
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USA, #Z03488), ranging from 100 fg/mL to 10 ng/mL were prepared by 
serial dilution of the spiked protein in PBS. Nasopharyngeal samples 
positive or negative for SARS-CoV-2 were obtained from the Alberta 
Public Health Laboratory (Alberta Precision Laboratories, Calgary, AB). 
Samples were initially collected in universal/viral transport media for 
clinical diagnosis of COVID-19 and frozen at − 20 ◦C after testing. All 
positive SARS-CoV-2 samples were identified as the Alpha variant of 
concern (B.1.1.7 lineage). The clinical sample testing was performed in a 
Biocontainment Level Class II laboratory at the University of Calgary 
(Ethics ID: REB20-1032), without any prior heat treatment, deactiva-
tion, or other sample preparation steps. BSA, IgG from human serum 
(Sigma, USA, #I4506), and SARS-CoV-2 Spike protein (S1) (Genscript 
Inc., USA, #T80202) were used to assess the specificity of the N-protein 
biosensors. All electrochemical measurements were conducted using a 
PBS solution containing 2.5 mM of potassium hexacyanoferrate (II) 
trihydrate (#33358, Alfa Aesar, Thermo Fisher Scientific., USA) and 2.5 
mM Potassium ferricyanide (III) (#702587, Sigma, USA) as the redox 
couple. Panbio COVID-19 N-protein Ag Rapid Test devices were pur-
chased from Abbott, USA. 

3. Results and discussion 

An electrochemical screen-printed electrode was designed in accor-
dance with the principles of three-working electrode configurations, 
with adding an additional working electrode enabling either the 
detection of two different analytes or recognizing one analyte and its 
matrix effect (Scheme 1). The working electrodes are located at the 
center of the design, surrounded by a continuous counter electrode, 
providing the path for proper current transfer between the two electrode 
types (Scheme 1A). The electrode designs, customized for screen- 
printing using the Carbon/Graphene@PEDOT:PSS hybrid ink, ensure 

the consistent gap of 0.3 mm between the electrodes, printed on a 
flexible polyethylene-terephthalate (PET) layer. Scheme 1B depicts the 
step-by-step modification of the surface of the homemade 2 WEs strip to 
have a specific sensor for the detecting N-protein of SARS-CoV-2. The 
EIS custom-made readout set-up is also shown in Scheme 1C, containing 
the EIS readout, battery, MicroController Unit (MCU), Single Board 
Computer (SBC), Liquid Crystal Display (LCD), and the case. The elec-
trode strip is 6.65 mm × 28.2 mm in size, with each working electrode’s 
surface area to be 2.76 mm2. To avoid the shielding effect, the reference 
electrode is located at an optimal distance from WEs, preserving the 
electrical potential between the counter and WEs (Fig. 1A–C). Also, the 
successful production of the intended design, in terms of final feature 
size and less than 0.5 mm gap between the electrodes, shows that the 
inks were suitably mixed to form a uniform dispersion with no clots and 
possess suitable viscosity for printing and curing. Numerical electro- 
analysis was performed to validate the performance of the design in 
terms of the acceptable distribution of potential and current streamlines. 

3.1. Characterization of the screen-printed electrodes and finite element 
electroanalysis 

Morphological characteristics of the WEs were characterized using 
SEM (Fig. 1D). To provide functional groups needed for biosensing over 
WEs, the base carbon ink was intermixed with Graphene@PEDOT:PSS 
hybrid ink and screen printed on the PET substrate to create the 
continuous and uniform electrode design. The SEM images depict the 
uniform distribution of the base carbon particles and the ink binders. 
The highlighted area in Fig. 1D, i represents the graphene characterized 
in the form of semi-transparent sheets on top of the underlying carbon 
features. The image also indicates a semi-porous surface with frag-
mented structures uniformly attached by the binders. 

Scheme 1. A representation of various 
components of the Binary Elechtrochemcial 
Data Acquisition (Bi-ECDAQ) biosensing 
platform. A) and B) The strip component of 
the Bi-ECDAQ platform is composed of a 
two-working electrode (WE) design screen- 
printed with inks containing adherent 
carboxyl functional groups for covalent 
bonding with the antibody probe. The sur-
face of both WEs is blocked with bovine 
serum albumin (BSA), preventing non- 
specific bindings upon the incubation with 
nasopharyngeal swab samples containing 
SARS-CoV-2 virus particles. C) The custom- 
made bi-potentiostat readout of the Bi- 
ECDAQ extracts the Electrochemical Imped-
ance Spectroscopy (EIS) response (Nyquist 
plots and Charge transfer resistance) of the 
plugged biosensor strip. The extracted data 
are processed through the embedded Mi-
croController Unit (MCU) and Single Board 
Computer (SBC), while represented to the 
user via an in-place Liquid Crystal Display 
(LCD).   
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The elemental analysis performed for the area of interest in the SEM 
image shows the uniform distribution of the chemical elements present 
in the carbon base ink and the added Graphene@PEDOT:PSS hybrid ink. 
The absence of cracks in the printed electrodes, which is considered an 
essential factor for ensuring the integrity of the ink and the cured elec-
trode, confirms that the properties of the final ink mixture were 
compatible with the needs of screen printing processes. Carbon is pre-
sent continuously throughout the imaging zone, represented with red 
color, the high intensity of which can be associated with the carbon- 
based accounting for 80% of the final printing mixture (Fig. 1E, i). 
The high intensity of the oxygen, with green color, is attributed to the 
abundant presence of oxygen in the PEDOT:PSS chemical structure. The 
pattern of the un-merged mapping images confirms the presence of 
sulfur present in the PEDOT:PSS polymeric chain, illustrated with blue 
color. 

Finite element analysis using Electrochemistry Module (Primary 
Current Distribution) in COMSOL Multiphysics was conducted to 
simulate the electrode response in the presence of the electrolyte and 
optimize the electrode design for the improved performance (Fig. S1A). 
Simulations were run to characterize electric field distribution on the 
electrodes and determine the quality of multi-sensing. To assess the 
surface-electrolyte potential difference and charge distribution at the 
electrode-electrolyte interface, a very fine mesh was used to simulate 

surface current density and electrolyte potential. The tetrahedral mesh 
with the high resolution near the WEs and the counter electrode was 
used to divide the model into about 106 finite elements (Fig. S1B). The 
electrolyte potential distribution was simulated at both surfaces of the 
electrodes and the electrolyte volume, through the heat map and con-
tour representations, respectively. The results show that electrolyte 
potential distribution is very strong near the WE1 and WE2 and steadily 
diminished toward zero at the counter electrode (CE) while the contours 
are symmetric in the region of the WEs (Fig. 1F and G). Moreover, the 
vectors of electrolyte current density are shown to be perpendicular to 
the boundaries of the reference electrode (RE), showing that there is no 
current passing through the insulated region of the RE. Additionally, 
current vectors are symmetric due to the position of the electrodes in the 
symmetric design. 

The potential and current density distributions of the electrolyte 
along the cut line (Fig. S1A) were investigated to assess the symmetric 
behavior of the two WEs. The simulation result shows that along the cut 
line, the output potential and current varied from 170 mV to 0 mV and 
260 A/m2 to 0 A/m2, respectively (Figs. S1C and S1D). The potential of 
170 mV and the charge density of 20 A/m2 were obtained between the 
two WEs. The magnitude of the current density between the two WEs 
was 91% less than the maximum current density at the region between 
the working and counter electrodes which implies an enhanced 

Fig. 1. Technical dimensions and physical characterizations of the dual working electrode design. A) A representation of different layers of the electrode including 1) 
printed hybrid ink (Carbon/Graphene@PEDOT:PSS), 2) screen-printing polyethylene terephthalate (PET) substrate, and 3) The lamination layer to reach the desired 
thickness of the strip. B) Technical drawing of the electrode representing the dimensions and tolerances for screen-printing production. C) Real image of the printed 
electrode. D) Scanning Electron Microscopy (SEM) images provided in 7.5 kV and 10-3 Pa (scale bar: 1 μm), with showing semi-transparent graphene sheets (i) and E) 
Elemental analysis (mapping) showing the (i) carbon, (ii) oxygen, and (iii) sulfur contents of the printed electrodes (scale bar: 4 μm). The simulation results for F) 
surface plot of the electrolyte potential, G) contour plot of the electrolyte potential, show the isopotential surfaces within the electrolyte. H) Vector plot showing the 
distribution of current density. 
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electrochemical response for the electrode design. 

3.2. Electrochemical performance of Bi-ECDAQ 

The Bi-ECDAQ potentiostat is a hand-held, portable, and low-cost 
solution to detect and quantify multiple biological molecules based on 
impedance spectroscopy technique. Against commercial potentiostats, 
the custom-made Bi-ECDAQ was programmed to measure the imped-
ance in particular frequencies instead of scanning in a range of fre-
quencies that are routinely used in the benchtop EIS spectroscopies. 
With this capability, the proposed Bi-ECDAQ not only offers the ad-
vantages of a low-cost and handheld impedimetric readout system but 
also tunes the number of measurement frequency points to achieve high 
accuracy without extending the response time. In other words, the 
programmable, handheld, and low-cost Bi-ECDAQ potentiostat offers 
the advantages of higher accuracy in the short response time. The total 
price of this reader is about $80.25 which is significantly cheaper than 
the multiplex Autolab instrument potentiostats (>$6000). A list of ele-
ments used in the Bi-ECDAQ potentiostat reader along with their prices 
is shown in the supplementary (Table S5). The price would be much less 
in mass production of this handheld device. Additionally, the di-
mensions of the hand-held Bi-ECDAQ is 8.3 × 6 × 2.4 cm3 which is 
smaller than the desktop-based Autolab instrument (15 × 26 × 20 cm3). 
The functional tests performed with different concentrations of the 
redox solutions showed the same trend of high impedance values for low 
redox concentrations as well as low impedance for high redox concen-
trations, given that the ions in the electrolyte favor the transfer of 
charge. 

The electrochemical functionality of the Bi-ECDAQ potentiostat was 
compared to the available commercial Autolab Potentiostat/Galvano-
stat (APG) (PGSTAT, Metrohm Autolab) by conducting EIS measure-
ment within the customized frequency range (1400 Hz–1 Hz) for 7-point 
data (Fig. 2; Figs. S20 and S22). This 7-point data was shown to be the 
minimum number of frequency points that the potentiostat can reliably 
detect the impedance without compromising the accuracy. The signals 

of both WEs were extracted by drop-casting the redox solution, [Fe 
(CN)6]3-/4- prepared in 1X PBS, with various concentrations of 2–5 mM 
on top of the four-electrode system to form the electrochemical cell. 
Both WEs were functional within the range of redox probe concentra-
tions tested using the Bi-ECDAQ potentiostat, providing a logarithmic 
correlation between the redox concentration and charge transfer resis-
tance signals (Rct), with R2 of 0.97 for WE1 and 0.99 for WE2 (Fig. 2A). 
Also, the results showed an exponential relationship between Rct values 
measured by APG potentiostat for WE1 and WE2 for all redox concen-
trations (Fig. 2B). The EIS signals for each working electrode measured 
by the Bi-ECDAQ potentiostat were fitted in an exponential correlation 
with the signals obtained using the APG for all redox concentrations in 
the redox range of 2 mM–5 mM, with R2 of 0.99 for both WE1 and WE2 
(Fig. 2C). To evaluate the identical performance of the two WEs and the 
potential difference in the signals obtained, Rct measured with both APG 
and Bi-ECDAQ potentiostats for different redox concentrations were 
plotted for WE1 versus WE2 (Fig. 2D). The curves for the Bi-ECDAQ 
(orange) and APG (purple) were fitted linearly with R2 of 0.99, and 
with 10.76% and 12.17% in relative error percentage deviation from y 
= x line, respectively. For all measurements, the utilized sensors were 
randomly selected from various batches of manufactured electrodes, 
which were maintained in the laboratory environment for over six 
months. The associated error bars in Fig. 2 are attributed to three rep-
licates of these electrodes which depict the high stability of the printed 
sensors over the mentioned time slot. 

3.3. Electrochemical detection of SARS-CoV-2 nucleocapsid (N-) protein 
using Bi-ECDAQ potentiostat 

Standard concentrations of SARS-CoV-2 N-protein, ranging from 0.1 
pg/mL to 10,000 pg/mL, were prepared by serial dilution of the spiked 
protein in PBS. To assess the performance of the immuno-biosensors for 
detecting SARS-CoV-2 N-protein, it was prepared by immobilizing the 
antibody on both WEs and passivating it with BSA (details in section 
2.3). The spiked samples containing the defined concentrations of the 

Fig. 2. Electrochemical comparison of the 
homemade Bi-ECDAQ and commercial 
Autolab potentiostats by measuring EIS sig-
nals for both working electrode (WE1) and 
WE2 drop-casted with different concentra-
tions of [Fe(CN)6]3-/4- redox probe. Mea-
surements for both WEs performed using A) 
Bi-ECDAQ system and B) Autolab Potentio-
stat/Galvanostat (APG). C) Exponential cor-
relation of the signals measured by Bi- 
ECDAQ and APG for both WE1 and WE2. 
D) Evaluating the identical performance of 
WE1 and WE2 in different redox concentra-
tions measured by Bi-ECDAQ and APG 
potentiostats.   
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prepared antigen solution were incubated on the biosensor for 30 min at 
room temperature. EIS testing was carried out in 1X PBS solution con-
taining 2.5 mM [Fe(CN)6]3-/4- redox probe. Both WEs were measured 
simultaneously, using the Bi-ECDAQ reader, with an average measure-
ment time of 120 s per test. Fig. 3A shows the corresponding bar chart of 
Rct variations according to each step of surface modification, from the 
bare electrode to the signal recorded for detecting 1 pg/mL N-protein 
antigen. The addition of antibodies to the surface of both WEs results in a 
rise in their Rct, reaching 76.7 kΩ for WE1 and 76.5 kΩ for WE2, con-
firming the successful immobilization of the bio-capture antibody on 
WEs. Similarly, incubating the antibody-immobilized WEs with BSA 
increased Rct to 120.4 kΩ and 132.4 kΩ for WE1 and WE2, respectively. 
These signals were also obtained using the APG potentiostat where both 
WEs were successful in detecting the deposited layers. The corre-
sponding Nyquist plots were also represented for the stepwise surface 
modification (Fig. S2). Fig. 3B represents the Nyquist plot and the cor-
responding calibration curve for the Bi-ECDAQ measurements for 
different concentrations of N-protein in PBS. The concentration range is 
correlated with the Rct signal based on the logarithmic equation y =
8.1ln(x) + 35.4 for WE1 and y = 7.6ln(x) + 60.4 for WE2. Increasing the 
concentration of the protein increases the charge transfer, confirming 
the formation of a protein layer on the electrode surface which hinders 
the transfer of electrons accordingly. In a similar manner, the Nyquist 
plot and the associated calibration curve for the measurements per-
formed by APG is presented in Fig. 3C. Inconsistencies can be observed 
for higher concentrations of the protein (1000 pg/mL to 10,000 pg/mL) 
for this system, resulting in a lower R2 of 0.67. As shown by the cali-
bration curves, the linear detection range of the biosensor recorded by 
the Bi-ECDAQ potentiostat is determined to be 1 pg/mL to 10,000 pg/ 
mL for detecting SARS-CoV-2 N-protein in PBS, with the limit of 
detection (LoD) of 115 fg/mL for WE1 and 150 fg/mL for WE2, con-
firming the reproducible response of the biosensor and its credential for 
detecting N-proteins in clinical samples at the early stage of the infection 
(Norman et al., 2020), as well as the capacity of electrochemical bio-
sensors for yielding ultra-low limit of detections (Akhavan et al., 2012; 
Rahmati et al., 2021). 

To assess the risk of cross-reactivity between the two working elec-
trodes, the Rct signals were obtained for a condition where WE2 is Ab 
and BSA-free (bare) while WE1 is coated with the antibody and BSA. The 
signals recorded by both Bi-ECDAQ and APG readers measured from 
WE2 show no significant difference among the three states of I; one-way 
ANOVA) uncoated WE1 and uncoated WE2, ii) coated WE1with Ab and 
uncoated WE2, and iii) coated WE1 with Ab/blocked BSA and uncoated 
WE2, wherein in all these three states, WE2 shows the same signal as the 
bare WE2 (Fig. 3D), confirming the independent performance of each 
WEs in the system. 

To evaluate whether the Rct signals measured by the 7-point fre-
quency scan carried out by the Bi-ECDAQ reader have any dependency 
on the number of frequency points, the same immuno-biosensors un-
derwent the EIS measurements with similar conditions (i.e., the fre-
quency range of 1400 Hz–1 Hz and Eocp of 170 mV) but recorded at two 
different numbers of frequency points (7-point frequency and 50-point 
frequency) using the APG potentiostat. Comparing the Rct values 
measured show that there exists a linear correlation between the Rct 
signals obtained using 7-point and 50-point frequency scan numbers for 
each of the WEs (Fig. S3). The linear curve of the 7-point frequency scan 
versus 50-point frequency scan is fitted with the slope of 0.90 and 0.85 
(R2 of 0.99), as compared to the ideal slope of 1 for WE1 and WE2, 
respectively. The analytical performance of the presented biosensor in 
this work in terms of LoD, dynamic range, and potential for multi- 
sensing was compared to the other electrochemical biosensors devel-
oped for the detection of one or multiple SARS-CoV-2 biomarkers 
(Table S1). 

3.4. Selectivity assessment of the immuno-biosensor measured by Bi- 
ECDAQ 

The selective response of the immuno-biosensor to the SARS-CoV-2 
N-protein analyte was evaluated by exposing the biosensor to other 
proteins that may have interaction with the selective antibody, such as 
Immunoglobulin G (IgG) and the SARS-CoV-2 Spike protein (Crescen-
zo-Chaigne et al., 2021; Lee et al., 2021). These proteins are abundantly 

Fig. 3. Analytical performance of the Bi- 
ECDAQ potentiostat reader for measuring 
spiked concentrations of SARS-CoV-2 N- 
protein in PBS using the N-protein immuno- 
biosensor. A) Electrochemical characteriza-
tion (in terms of Rct response) of the step-
wise surface modification of the immuno- 
biosensors on both WEs measured by Bi- 
ECDAD and APG. B) Nyquist plot represen-
tation and calibration curves of the EIS 
measurements performed by Bi-ECDAQ for 
various concentrations of N-protein analyte. 
C) Nyquist plot representation and calibra-
tion curves of EIS response measured by 
Autolab potentiostat for various concentra-
tions of N-protein spiked in PBS. D) Rct 
values representing the independent 
response of WE1 from WE2, when only WE1 
is modified with antibody and BSA while 
WE2 remained bare. The measurements 
were performed using both Bi-ECDAC and 
APG readers.   
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found in NP swab samples of COVID-19 infected patients (Strömer et al., 
2020). The electrode immobilized with 50 μg/mL SARS-CoV-2 Nucleo-
capsid antibodies were incubated with 1 pg/mL of each of the 
non-specific proteins (in PBS for 30 min). The results obtained by 
one-way ANOVA analysis show no significant difference among Rct 
signals of the biosensor for both WEs in the absence and presence of IgG 
or S-protein. The selective response of the immuno-biosensor to N-pro-
tein is confirmed with the increase in the EIS signals of the biosensor for 
both WEs incubated with samples containing N-protein. The difference 
is also not significant in the signals collected from the biosensors for 
samples spiked with both N- and S-proteins compared to the samples 
spiked only with N-protein. The difference is significant in the signal of 
the samples with and without N-protein, confirming high selectivity of 
the immunosensor for detection of N-protein compared to other proteins 
(P value < 0.05) (Fig. S4). 

3.5. Detection of SARS-CoV-2 in NP swab samples from infected patients 
using the point-of-care Bi-ECDAQ system 

The performance of the immuno-biosensor and the Bi-ECDAQ reader 
was evaluated by detecting seven SARA-CoV-2 positive NP swab sam-
ples collected in Universal/Viral Transport Medium (UTM) and seven 
negative controls. These samples were previously detected by real-time 
polymerase chain reaction (RT-PCR) and determined to be the Alpha 
variant (lineage B.1.1.7) SARS-CoV-2 samples. EIS was shown to be 
effective for detecting this variant (Torres et al., 2021). The clinical 
samples were dispensed on both WEs and incubated at room tempera-
ture for 30 min. The electrodes were then rinsed 3 times and plugged 
into the Bi-ECDAQ system, where the EIS measurements were conducted 
using the 2.5 mM [Fe(CN)6]3-/4- redox solution. Fig. 4A shows Rct for 
both WEs for clinical samples. The cycle threshold (Ct) values of the 
RT-PCR test for both patients and controls were compared to the EIS 
results. The biosensor data show that Rct values measured for the UK 
variant patient samples are significantly different from the values ob-
tained for the control groups (P value = 0.043), with the cut-off value of 
247 kΩ. The results of EIS signals measured for the paired WEs (both 
detecting the target N-protein in the same clinical sample; Fig. 4B) show 
the success of both WEs in detecting COVID-19 patients, resulting in the 
highly similar Rct measured by the paired WEs and enabling the 
self-validation of COVID-19 testing using this system. These paired Rct 
data of SARS-CoV-2 positive NP swabs were also compared to the Rct of 
SARS-CoV-2 negative controls where the Ct values of each sample ob-
tained from RT-PCR tests falling within the range of 17–21 is presented. 
The Rct of WEs measured upon exposure to the positive samples con-
taining the target virus increased significantly, indicating the interaction 
of N-proteins with the immobilized N-protein antibodies on the surface 
of the immuno-biosensor. The biosensor and the readout system were 

able to successfully differentiate all positive samples from negative 
controls. The results from the clinical performance of the Bi-ECDAQ 
system were compared to the point-of-care Panbio COVID-19 N-pro-
tein Ag Rapid Tests performed as per the manufacturer’s instructions. 
The Bi-ECDAQ platform was 100% in positive and negative agreement 
with the Panbio tests, demonstrating the clinical utility of the Bi-ECDAQ 
platform for rapid and point-of-care detection of SARS-CoV-2. In addi-
tion to the detection of SARS-CoV-2, the Bi-ECDAQ system presents 
quantitatively and digitally the viral load of the clinical samples, 
something that is not possible to report by the Panbio testing kits. The 
quantification of viral load is clinically important to assess disease 
severity and prognosis, delineate the stage of disease and monitor some 
COVID-19 patients (e.g severely immunocompromised) to assess their 
response to therapeutics and to help determine the length of isolation 
(Pujadas et al., 2020; Song et al., 2021). Further analytical and clinical 
validations with a larger number of samples are needed to determine the 
capability of the Bi-ECDAQ system to the quantitive measurement of 
SARS-CoV-2 viral loads. To evaluate the stability of the immobilized 
sensors at room temperature during the 5-h preparation and measure-
ment time, the Rct signals of the immunosensors associated with EIS 
measurements for eight control samples (four samples in each day) were 
indicated in Fig. S5. The measurements were performed on two different 
days, with each sample tested on the immobilized sensors maintained in 
room temperature and humidity conditions after 3–5 h of placing the 
immobilized electrodes outside of the 4 ◦C refrigerator. Each measure-
ment was conducted in a 30-min timespan for each of the tested clinical 
control samples. Three different electrodes, from different 
manufacturing batches, were used for replications represented in the 
error bars. The signals show that the immunosensors maintain their 
stability at room temperature, with no significant difference between 
the results of the measurements for each of the control samples even 
after 5 h of remaining at room temperature. 

3.6. Intra-reproducibility assessment of Bi-ECDAQ reader 

Three different Bi-ECDAQ readers were used to measure the signals 
of the bare electrodes for evaluating the intra-reproducibility of this 
readout system. The EIS measurements were conducted within the fre-
quency range of 1400 Hz–1 Hz and in the presence of 2.5 mM of redox 
probe solution. The mean value of Rct for each of the readers tested is 
12.2 kΩ for WE1 and 11.2 kΩ for WE2, with Coefficient of Variations 
(CoV) of 6.9% and 8.0%, respectively (Table S2). The accuracy of Bi- 
ECDAQ can be improved in the future, by increasing the number of re-
sistors shown in the impedance range extender block (See Fig. S2). This 
block serves as a self-calibration system. 

Fig. 4. The performance of the Bi-ECDAQ 
sensing platform (combined immuno- 
biosensor and the potentiostat readout) for 
electrochemical detection of SARS-CoV-2 
Alpha variant real-time polymerase chain 
reaction (RT-PCR) positive and negative 
nasopharyngeal (NP) swab samples. A) 
Charge transfer resistance signals measured 
for each of WEs for each sample and control 
groups and their comparison with the cor-
responding cycle threshold (Ct) values of RT- 
PCR. B) The paired WEs generated by the Bi- 
ECDAQ reader, resulting in the self- 
validation of COVID-19 detection per-
formed by the Bi-ECDAQ.   
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3.7. System assembly, software development, and remote communication 

To enable the use of the Bi-ECDAQ system for quantitative and dig-
ital point-of-care detection of SARS-CoV-2, we integrated three com-
ponents: i) the reader’s electronic board (EIS module), ii) 3.5-inch liquid 
crystal display (LCD), and iii) a low-power and low-cost Linux-based 
single-board computer (1x ARM core at 1 GHz). The single-board com-
puter had the built-in wireless capability for communication with the 
Cloud through the internet or the devices in the local area network, 
enabling data gathering, storage, and analysis independently and fully 
automated (Fig. S6). The data gathered was monitored via the admin-
istrator or user panel of the designed telehealth web application. The 
application and all the analysis modules could be updated remotely. One 
charging module and one 18500 battery were also integrated to operate 
it for longer than 8 h. The standard serial port was used to develop the 
communication between the EIS board and the single-board computer. 

The steps of GUI interface are illustrated in Fig. S7 while the oper-
ation procedure of the graphical user interfaces GUI is detailed in 
Figs. S18 and S19. First, the user logs into the device when the device is 
turned on (Fig. S7A). The user ID and a unique device ID (MAC address) 
are used to save data on the Cloud. The hashed MAC address is used for 
the key transfer between the web server and the device to increase 
communication security. Then the sample number is asked for the data 
processing and future data retrieving (Fig. S7B). After inserting the 
sample-incubated biosensor into the device, the start button initiates the 
EIS measurement of the biosensor for the sample tested (Fig. S7C). The 
sample number and its time and date are saved into a table in the 
database. After collecting the EIS data from the readers, the Nyquist plot 
of the complex and the fitted curve are used to find the charge transfer 
resistance Rct (Fig. S7D). In the Nyquist plot, the axis is defined as 
Imaginary (Z′′) versus Real (Z′) with the frequency as a parameter, 
where Z is in kΩ. The semicircle is fitted with a high-frequency intercept 
on the real axis of Solution Resistance (Rs) and the diameter of Rct. 
NumPy and matplotlib libraries in python were used to extract the curve 
fitting algorithm, draw the graph, and develop the computational GUI 
tools. The extracted Rct was used in the exponential relationship to find 
the N-protein concentration in pg/mL (Fig. S7E). The results and raw 
data were also saved in the device and could be manipulated using the 
provided essential tools (Fig. S7F). This system has an option to send 
data to the Cloud (the web-based designed application) or a health 
center for telediagnosis or healthcare data collection or processing. 

4. Conclusion 

In this study, the technological advancements for the realization of 
fast and accurate multiplex electrochemical biosensing using a new Bi- 
ECDAQ biosensing system were explored. For this purpose, new elec-
trode designs and biosensing strips were developed in accordance with 
the governing electrochemical principles, offering two functional 
working electrodes that enable the detection of the Nucleocapsid protein 
of SARS-CoV-2. The electrode design and its carboxyl-rich carbon-based 
ink (Carbon/Graphene@PEDOT:PSS) material, along with the precise 
screen-printing manufacturing technique, ensure high reproducibility of 
the strips, low electrical noise interference, and optimal distribution of 
the current density and electrical potential, as demonstrated by the 
numerical simulation and experimental testing. Also, to address the 
challenge of reading signals from bi-electrode designs using a low-cost 
but accurate reader, a new bi-potentiostat readout system (~$80) was 
developed to record simultaneously the EIS signals from the two adja-
cent working electrodes of the strip in less than 2 min. The high repro-
ducibility of the Bi-ECDAQ bi-potentiostat, along with the repeatable 
response of the fabricated N-protein antigen immuno-biosensors, offers 
a reliable biosensing platform for rapid detection of SARS-CoV-2, 
Nucleocapsid proteins, and quantification of viral loads. Both working 
electrodes functioned independently, depicted a low detection limit 
down to hundreds of fg/mL, and performed in a wide linear detection 

range of 1 pg/mL to 10 ng/mL. The Bi-ECDAQ bi-potentiostat performed 
equivalent or outperformed the commercial Autolab potentiostat, in all 
steps of immunosensing and redox concentration optimization. Each 
subsystem of the Bi-ECDAQ platform was integrated into an all-in-one 
system, including the strips, Bi-ECDAC reader, and data processing 
and transfer unit, therefore it can illustrate the COVID-19 test results to 
the user. The Bi-ECDAQ platform could successfully detect SARS-CoV-2 
in patient samples and perform comparably to the Panbio Antigen Rapid 
Test device. In conclusion, the Bi-ECDAC biosensing platform addresses 
the unmet needs of electrochemical biosensing for clinical diagnostics 
with a high potential for multiplex biosensing. It can be further used for 
rapid and accurate quantification of various protein bioanalytes, 
showcasing promising potentials for electrochemical multiplexing. 
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