Journal Pre-proof

Paper-Based Electrochemical Biosensor for Diagnosing COVID-19: Detection of
SARS-CoV-2 Antibodies and Antigen

Abdulhadee Yakoh, Umaporn Pimpitak, Sirirat Rengpipat, Nattiya Hirankarn, Orawon
Chailapakul, Sudkate Chaiyo

Pl S0956-5663(20)30897-6
DOI: https://doi.org/10.1016/j.bios.2020.112912
Reference: BIOS 112912

To appearin:  Biosensors and Bioelectronics

Received Date: 3 November 2020
Revised Date: 10 December 2020
Accepted Date: 15 December 2020

Please cite this article as: Yakoh, A., Pimpitak, U., Rengpipat, S., Hirankarn, N., Chailapakul, O., Chaiyo,
S., Paper-Based Electrochemical Biosensor for Diagnosing COVID-19: Detection of SARS-CoV-2
Antibodies and Antigen Biosensors and Bioelectronics, https://doi.org/10.1016/j.bios.2020.112912.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Elsevier B.V. All rights reserved.


https://doi.org/10.1016/j.bios.2020.112912
https://doi.org/10.1016/j.bios.2020.112912

CRediT author statement

Abdulhadee Y akoh: Conceptualization, Methodology, Investigation, Writing - Original
Draft, Visualization

Umaporn Pimpitak: Investigation

Sirirat Rengpipat: Resources, Writing - Review & Editing, Supervision

Nattiya Hirankarn: Validation, Formal analysis, Resources, Writing - Review & Editing
Orawon Chailapakul: Resources, Writing - Review & Editing

Sudkate Chaiyo: Conceptualization, Writing - Review & Editing, Supervision, Project

administration, Funding acquisition



Paper-Based Electrochemical Biosensor for Diagnosing COVID-19:

Detection of SARS-CoV-2 Antibodies and Antigen

Abdulhadee Yakdh Umaporn Pimpitak Sirirat Rengpipdf, Nattiya Hirankarfi® Orawon

Chailapakul Sudkate Chaiyd*

& Institute of Biotechnology and Genetic Engineeri@ipulalongkorn University, Bangkok

10330, Thailand

b Department of Microbiology, Faculty of Science, uitfongkorn University, Bangkok

10330, Thailand

¢ Qualified Diagnostic Development Center, Chulakorg University, Bangkok 10330,

Thailand

d Department of Microbiology, Faculty of Medicineh@alongkorn University, Bangkok

10330, Thailand

® Center of Excellence in Immunology and Immune-ratsti Diseases, Chulalongkorn
University, Bangkok 10330, Thailand

" Electrochemistry and Optical Spectroscopy CentdExzellence (EOSCE), Department of

Chemistry, Faculty of Science, Chulalongkorn Unsitgr Bangkok 10330, Thailand

Corresponding author at

E-mail address: sudkate.c@chula.ac.th (S. Chaiyo)

KEYWORDS: Paper-based sensors, Electrochemicattate COVID-19, SARS-CoV-2



Abstract

Coronavirus disease 2019 (COVID-19) caused by seaeute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is emerging as a glopahdemic outbreak. To date,
approximately one million deaths and over 32 millezases have been reported. This ongoing
pandemic urgently requires an accurate testingcdetiat can be used in the field in a fast
manner. Serological assays to detect antibodies been proven to be a great complement to
the standard method of reverse transcription-potgsee chain reaction (RT-PCR),
particularly after the second week of infection. Waeve developed a specific and sensitive
immunosensor for immunoglobulin detection produegdinst SARS-CoV-2. Unlike other
lateral flow-based assays (LFASs) involving theiméition of multiple antibodies, we have
reported a label-free paper-based electrochemiadbpm targeting SARS-CoV-2 antibodies
without the specific requirement of an antibodyeTpresence of SARS-CoV-2 antibodies
will interrupt the redox conversion of the redoxirator, resulting in a decreased current
response. This electrochemical sensor was proveatige in real clinical sera from patients
with satisfactory results. In addition, the propbdermat was also extended to antigen
detection (the spike protein of SARS-CoV-2), whighesents new possibilities for

diagnosing COVID-19.



1. Introduction

In late 2019, severe acute respiratory syndromenawirus 2 (SARS-CoV-2) was
first discovered and quickly transmitted via humém&umans (World Health Organization
2019). Subsequently, the World Health Organizatf@vorld Health Organization 2020)
classified this coronavirus disease 2019 (COVID-d49fpbreak as a global pandemic. As of
now, over 32 million infected cases with approxiematl million deaths worldwide have
been reported (The New York Times 2020). Unfortalyatthere is no specific vaccine or
drug yet available for this ongoing pandemic; tfenes massive diagnostic devices or
biosensors are needed among the international comymto reduce the number of
undetected cases (2019; Dincer et al. 2019; P€20; Xu 2016; Xu et al. 2019). Therefore,
the early and prompt diagnosis can play a cruckd m making a proper decision for the
isolation of infected patients, thus slowing theesyl of this infectious disease (Morales-
Narvaez and Dincer 2020).

Conventionally, the reverse transcription-polymerabain reaction (RT-PCR)-based
test for viral RNA detection is considered the gsldndard method for diagnosing COVID-
19. However, the RT-PCR method might not be proynatlailable or affordable in many
countries, as it is generally tested in a centedlilaboratory/hospital by skilled personnel. In
Thailand, the RT-PCR test was selectively offereduspected individuals with strict criteria
during the initial phase of the pandemic (Nopsopobml. 2020) due to a paucity of testing
supplies (for example, extraction kits and reagemnis addition, limiting factors from RT-
PCR (time, cost, sampling errors, specialized hagdand transportation, false-negative
results in patients with unapparent clinical sympgp and false-positive results in recovered
patients) have also been raised in a recent stdddya{es-Narvaez and Dincer 2020).

To complement the detection of viral RNA, a fewodp have demonstrated lateral

flow immunoassay (LFA) platforms with optical deiea (colorimetry/fluorescence) for



targeting immunoglobulins (IgG, IgM, or IgA) thategproduced in response to SARS-CoV-2
during the onset of disease (day four and beyondlyfd and day seven and beyond for IgG
(Liu et al. 2020)) (Chen et al. 2020; Lin et al.2B). Serological assays to detect these
antibodies have proven to be a great compleme®RTd’CR, particularly in or after the
second week of infection. In addition, serologieamsays will help assess the immune
response to natural infection as well as to vadicinan a population. Although these devices
offer a user-friendly and rapid platform, they oftexhibit limited sensitivity and require at
least two antibodies for detection. To overcomeaghssues, an electrochemical approach has
become an especially well-suited technique to de®B8RS-CoV-2 antibodies. This
technique offers an excellent capability to disinate small changes from the recognition
event on the electrode surface, thus enabling Habeldetection with no need for a single
antibody. Technically, such binding events betweemolecules affect the ability of the
redox indicator (usually [Fe(CBf’™) to reach the electrode surface and consequestly i
redox conversion (Mayorga-Martinez et al. 2015 egi these properties, this technique can
significantly reduce the cost (from multiple antilyorequirements) and time (from labeling
procedures). Nevertheless, an electrochemical sdns@dSARS-CoV-2 antibody detection
has rarely been mentioned or explored thus far.oktngly, we sought to design and
fabricate a biosensor for diagnosing COVID-19 basedn electrochemical approach.

The present study demonstrates a paper-basetbelemmical platform as a screening
tool to detect SARS-CoV-2 immunoglobulins (représdnby IgG and IgM). Paper, as a
substrate material, was primarily used in this waskit has many advantages (such as low
cost, natural abundance, and portability) (Yakolalet2019). Furthermore, the paper itself
can be safely disposed of by incineration after, msaking it more suitable for infectious
disease testing. Herein, the electrochemical pbpsed analytical device for diagnosing

COVID-19 (COVID-19 ePAD) comprises three parts (kg ePAD, counter ePAD, and



closing ePAD), which have different functions. larfcular, in the test zone of the working
ePAD, the SARS-CoV-2 spike protein containing régepinding domain (SP RBD) is

immobilized to capture incoming SARS-CoV-2 antilexli For the diagnostic step, the
electrochemical response is monitored using tharegwave voltammetry (SWV) technique.
In this regard, the SWV response is decreased uporunocomplex formation. Notably, a
series of assays was also performed in real pasierat (both SARS-CoV-2-infected and -
uninfected patients), and the results were comparngll a commercial standard ELISA
method to demonstrate the potential effectivendsth® approach in real-world sample
testing. Finally, the proposed platform was add#ity extended to the detection of antigen
(SARS-CoV-2), exhibiting excellent sensing adapigbior COVID-19 point-of-care (PoC)

testing.

2. Materialsand Methods
2.1. Chemicals and Apparatus
Details of the chemical and apparatus are presemtie supporting information.
2.2. Fabrication of the COVID-19 ePAD
The device was designed using Adobe lllustrator (BGobe Systems, USA) and
printed using a wax printer (Carrilho et al. 208@koh et al. 2020). The printed pattern was
heated in an oven at 150 °C for 2 mins to creatlkree-dimensional wax barrier. In this
work, a single sheet of the COVID-19 ePAD consiét8 folding layers: a working ePAD, a
counter ePAD and a closing ePAD ($egure 1A). The hydrophilic center of each zone was
limited by a wax barrier, where the solution coflddv through to the test zone at the bottom.
Three electrodes were then screen printed at ttle dfethe device and dried in an oven at 55
°C for 30 min. In particular, the working electro&E) was printed on the working ePAD,

covering the test zone, while the counter electr(€e) and the reference electrode (RE)



were printed on the counter ePAD following the agufation shown inFigure 1A (back
view). The circle center of the counter ePAD wasqured as a hole to allow direct
penetration of a solution to the test zone (oneaddox solution was dropped). Double-sided
adhesive (DA) tape (rectangular-shaped with a ldrchole) was attached on both sides of
the counter ePAD (front and back) to tighten thaclstd layers without requiring an
additional PDMS lid. For closing ePAD, it was desd to encapsulate the biohazard sample
within the device and prevent it from being expo&ethe environment after use.

To prepare the COVID-19 ePAD for SARS-CoV-2 antijpatktection, the spike
protein receptor-binding domain (SP RBD) of SARSYED was immobilized on the test
zone of the working ePAD (front side) (Seigure 1B) following the literature (Yakoh et al.
2019). Briefly, the graphene oxide (GO) solutionsveanbedded in a porous structure of a
test zone of the working ePAD and allowed to driR@t After washing with Milli-Q water, a
carboxylic group (—-COOH) of GO was activated withraM EDC/40 mM NHS for 1 hr and
coupled with the SARS-CoV-2 SP RBD for 1 hr. Afeewashing step with 0.01 M PBS (pH
7.4), the test zone was blocked using skim milk3dmin at RT. The device was stored in
the fridge at 4 °C until use. At this point, thevide was ready to use.

To prepare a COVID-19 ePAD for SARS-CoV-2 spiketpmo detection, a similar
procedure, as indicated in a previous section, widzed, with a change from SARS-CoV-2

(SP RBD) immobilization to SARS-CoV-2 IgM immobigéton.
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Figure 1. Schematic illustration of the (A) device componefB detection principle and

(C) detection procedure of the COVID-19 ePAD.

2.3. Detection Procedure of the COVID-19 ePAD
For the diagnostic stegrigure 1C), 10 uL of a human serum sample containing

targeted antibodies is applied to the test zontefvorking ePAD and incubated at RT. (



After reaction completed, the test zone is gentighed with 0.01 M PBS (pH 7.4) to remove
unbound antibodies. Then, the plastic cover of teslded adhesive tape attached on both
sides of the counter ePAD was detached to enalgerdalding. The counter ePAD was
manually folded to the working ePAD and stackedwiite closing ePAD for further analysis
(i1). Notably, this configuration can minimize dirembntact with biohazardous fluid and
prevent exposure to the environment. For electroeted detection i(i), a solution of the
redox indicator ([Fe(CN)*"*) will be applied to the closing ePAD. Subsequentlye
electrochemical response will be monitored using $guare-wave voltammetry (SWV)
technique.

Notably, a similar procedure was applied to theecksdn of the SARS-CoV-2 spike
protein (unless stated otherwise).

2.4. Electrochemical Measurements

Details of the electrochemical measurement are epted in the supporting

information.
2.5. SARS-CoV-2 Antibody Detection in Real Human Sera

Seventeen clinical sera (7 positive samples andetfative samples) were obtained
from the Faculty of Medicine, Chulalongkorn UnivérsThailand. All serum samples were
clinically confirmed with a commercial ELISA tesit ko assess the IgA and IgG antibodies.
The optical density (OD) ratio cutoff for a poséivesult was 1.1 for IgA and 0.8 for IgG
(Kowitdamrong et al. 2020). Four of the negativatool samples tested were reactive with
anti-hepatitis B surface antigen (anti-HBsAQ), dmpatitis C virus (anti-HCV), anti-Epstein
Barr virus (anti-EBV), anti-Rubella, and anti-cytegalovirus (anti-CMV), which will be
further used for specificity assessment in thisdgtuThe study was approved by the
Institutional Review Board of the Faculty of Medtiei (IRB number 242/63) and the National

Blood Center, Thai Red Cross Society (COA No. NB{030).Experiments were



performed in the Chemical and Biological Sectianshie Qualified Diagnostic Development

Center, Chulalongkorn University by well-traine@d$afety practice researchers.

3. Resultsand Discussion

3.1. Design and Characterization of the COVID-19 ePAD Platform

In this section, the conceptual design and chaiaateon of the electrochemical

detection of SARS-CoV-2 antibodies (representedidly and IgM) are described. The
folding paper device comprises three main partaoeing ePAD, a counter ePAD, and a
closing ePAD. SP RBD, which binds selectively toREsACoV-2 antibodies (both IgG and
IgM), was immobilized on the hydrophilic paper zooé the working ePAD through
embedded graphene oxide (GO)-EDC/NHS chemistry.ik&nlother electrochemical
immunosensors, where GO is directly drop-castedhensurface of the working electrode
(WE) (Boonkaew et al. 2020; Jampasa et al. 201@a®and Sezgintiirk 2016), a layer of
film peeling off is usually observed once the scefés rehydrated (by buffers in the system).
This observation could be due to the strongly orgged and hydrophilic nature of the GO
film. Thus, its stability and reproducibility wesgnificantly reduced. Here, we reported a
reversed electrode architectufadure 1A) where the GO film was tightly embedded in a
front-porous network of the working zone of cellkggpaper (note that the WE was printed at
the back of the device). This observation was bedrito the presence of hydroxyl groups
exhibited by both paper and GO, which permittedwlager-based GO to integrate into the
paper network via hydrogen bonding (plus physisorpt and form a stable structure
(Cheeveewattanagul et al. 2017). At this stagec#énbBoxylic (—~COOH) termination of GO is
ready to activate (via EDC/NHS) and serve as anasite for SP RBD immobilization. We
further characterized the morphologies of the psegostructure using SEM, as shown in

Figure 2A. An unmodified paper device exhibited a porousvoet of cellulose fibers (panel



i), whereas the GO nanosheet was distinctivelyspread within the porous structure of the
GO-embedded device (panel ii). Additionally, thess-sectional SEM image (panel iii)
clearly exhibited the reversed configuration, whitwe screen-printed graphene electrode was
found at the bottom part of the paper while GO wasregnated over the underlying layer of
the graphene working electrode. Additional charaaéon results from SEM, TEM and
laser scanning confocal microscopy techniques @septed irFigures S1-S3.

Next, the electrochemical behavior of each fabiocatstep was studied by
complementary electroanalytical techniques (eletiemical impedance spectroscopy, EIS
and cyclic voltammetry, CV). For EIS data interpt&n, real and imaginary impedance
components are plotted against one another in tfygiisk plot. It should be noted that each
point on the Nyquist plot is the impedance at arguency, where low-frequency data are on
the right side of the plot, and higher frequenaieson the left. The whole of the Nyquist plot
contains two parts: the straight diagonal line avdr frequencies indicates a typical
diffusion-controlled redox behavior at the plandectode; the semicircle part at higher
frequencies indicates the efficiency of electroansfer from the electrode surface to the
redox couple solution (or charge transfer resigaiis). For the EIS Nyquist plot shown
Figure 2A, it was observed that the bare paper electrode (bie) possessed a small charge
transfer resistance (small semicircle), which iatks a small obstruction toward redox
conversion. When the WE was embedded with GO (gie®), the R; increased. This
observation suggests that GO behaves as an insuldtich impedes electron transfer at the
interface due to its disruptedsponding network (Hu et al. 2011). After the SP RB&@s
immobilized on the activated GO-embedded paper ceeviyellow line), continued
enlargement of the Rwas observed, implying accomplished immobilizatafinthe spike
protein, which acts as an obstacle at the interfacuilar electrochemical behavior was also

observed when the electrode was blocked with skiik ($KI) to prevent nonspecific



adsorption (orange line). Last, once SARS-CoV-2 \g&3 captured with the immobilized SP
RBD (red line), the rigidified structure of the m@n-antibody complex substantially forbids
the charge transfer of the redox probe, resultmthe largest semicircle. In addition, these
results are consistent with the experimental CViltesas indicated ifigure 2C, whereby a

gradual decrease in the peak heights (both oxidatiad reduction directions) in each step

was observed, suggesting a continued decline irgehteansfer kinetics.
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Figure 2. (A) SEM images of the bare paper (i), the GO modifieghgp (ii), and its
corresponding cross-sectional image (iii). Charazdaéion results of each fabrication step
using the EIS (B) and CV (C) techniques. Note #lBEIS Nyquist plots were fitted with the

Randles equivalent circuit.

3.2. Assay Optimization
In the present work, several parameters impactegperformance of COVID-19
ePAD (including the GO concentration, SP RBD cotregion, SKI concentration and
incubation time) were studied to obtain the maximeemsing efficiency. An optimum

concentration for GO, SP RBD, and SKI was 0.4 mg/hQ pg/mL, and 5% (w/v),



respectively, with an incubation period of 30 mibetails of the assay optimization are
presented ifrigure $4.
3.3. SARS-CoV-2 Antibodies Detection Using the COVID-19 ePAD

In this regard, the COVID-19 ePAD is intended floe gualitative screening of total
SARS-CoV-2 antibodies against the viral proteirfedtion with SARS-CoV-2 will initiate
an immune response producing circulating immunaglaobantibodies (both IgG and IgM).
Hence, both IgG and IgM were examined individuatlyhis study. Fronfigure 3A andB,
both antibodies can be captured by the SP RBD amdodstrate similar performance.
Nevertheless, IgM testing revealed a higher seitsitihan IgG testingKigure 3C), which
could be ascribed to a larger IgM antibody size.pidally, IgM is the largest
immunoglobulin, with pentamer units and ten antigerding sites (~900 kDa), whereas IgG
is @ monomer unit with two antigen-binding sited56 kDa), which is lighter and smaller
(Burrell et al. 2017; Casali 1998; Nezlin 1998).ushthe more considerable hindrance from
IgM (compared with 1gG) toward the redox mediatould undoubtedly be observed, as
illustrated in the SWV voltammograms. This elech@wmical immunosensor exhibited a
sensitive response to the presence of SARS-CoV4ithaales, where theAcurrent
proportionally increased with logarithmic concetitras of SARS-CoV-2 IgG and IgM in the
range from 1 to 1000 ng/mL {R> 0.99). From this logarithmic response, the lirft
detection (LOD) values of SARS-CoV-2 IgG and IgMrev¢3SDan/slope) 0.96 and 0.14
ng/mL, respectively. Therefore, we estimated theeru response based on the LOD and
starting point of the calibration plot (~ 1 ng/mias the cutoff threshold for further
experiments. Reproducibility evaluated in termshef % relative standard deviation (RSD)
from different ePADs (n=3) was 4.2% for 1gG (1009/mL) and 3.3% for IgM (1000
ng/mL). In addition, we further compared the parfance of this COVID-19 ePAD with an

in-house colorimetric LFA device prepared using siaene batch of immobilized SP RBD



(Figure 4). Details of the colorimetric LFA fabrication andetection procedures are
presented in the supporting information. Image @ssmg (ImageJ software) was utilized to
monitor the color change from the gold nanopasicl&uNPs). In this regard, the
colorimetric LFA platform exhibited the lowest detien limit that could be distinguished by
the naked eye at 1 pg/mL for both antibodiggiire 4B andC) and was inferior to that of
the COVID-19 ePAD. Clearly, a sensitivity enhancaimef the COVID-19 ePAD over the
traditional LFA was achieved due to the sensititecteochemical technique and the
graphene-based materials utilized in this worlshibuld be noted that AUNPs 20 nm in size
were used for the goat anti-human IgM conjugatwhile AUNPs 40 nm in size were used
for the goat anti-human IgG conjugation, therelwrgj different colors on the T and C lines.
Notably, the rigid requirement of multiple antibesli in this colorimetric LFA device
significantly amplifies the considerable advantaijethe label-free COVID-19 ePAD, in
which no antibodies are required for the electragbal system, thus reducing the overall
number of steps (labeling and fabrication steps) emst of the device. Additionally, the
comparison of the analytical performance betweeis #PAD and other sensors for
serological detection of SARS-CoV-2 antibodies @itdd thus far is summarized Trable
SL.

The aspect of ePAD stability, which is defined las tetention within 95-105% of
the initial response, was also evaluated. By keppie paper device in the refrigerator at 4
°C before use, the results demonstrated that th&/I0@9 ePAD could retain its
performance for up to 14 days, indicating satisfactstability Eigure S5). All things
considered, then it could denote the potential ionality of the proposed platform for the

rapid screening of SARS-CoV-2 antibodies.
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SARS-CoV-2 IgG (A) and SARS-CoV-2 IgM (B) in theesence of 5 mM [Fe(Ch}*. (C)

A linear relationship betweetcurrent vs logarithmic concentration of SARS-CoWg& and
IgM and its corresponding relationship betweemrrent and concentration of SARS-CoV-2
IgG and IgM. The threshold line was estimated base@n LOD (3Skandslope) and the

starting point of the calibration plots.
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3.4. Cross-reactivity

Cross-reactivity was initially carried out to intigate any cross-reaction of other
antibodies against viral antigens. Four negativérots, which are reactive for anti-HBsAQ,
anti-HCV, anti-EBV, anti-Rubella, and anti-CMV, veetested with the proposed COVID-19
ePAD, and the results were also compared to throse & commercial ELISA test kit. The
cutoff value of theAcurrent was approximately set from the LOD andtisigupoint of the
working range (~ 1 ng/mL). This means that the tiegacontrol, which had a current
difference below the threshold of the LOD, will iderred as having “no cross-reactivity”.
From the experiment, it was found that the presefc®mntargeted antibodies does not affect

the response of the sensdrble S2). Therefore, it can be concluded that no crosstrnaty



from nontargeted antibodies was observed, indigatime excellent specificity of the
developed sensor.
3.5. Clinical Samples Testing

Finally, to demonstrate the practicality of this @D-19 ePAD, real clinical serum
samples were tested with the prepared ePAD. Indfidy, 17 serum samples were tested
with the ePAD system, in which 7 of these sera veargirmed to be infected with SARS-
CoV-2 by a commercial ELISA test kit (the gold stard method for protein detection). The
cutoff value was defined by the same threshold oeetl above. A sample that had a
relative current difference above the LOD threshels identified as a positive sample. As
shown in Table 1, 7 human sera from 7 ELISA-confirmed samples wpositive.
Additionally, 9 serum samples tested to be negaiiwehe ELISA test kit correspondingly
tested to be negative by the COVID-19 ePAD, whemas tested negative control sample
was positive by our proposed sensor. This positgelt is likely due to the possible SARS-
CoV-2 IgM present in the sample, which cannot beeced by ELISA (ELISA responds to
only IgA and 1gG). Nevertheless, the COVID-19 ePA&an capture all of the
immunoglobulins present in the sample (IgG, IgMd dgA); thus, it may result in a more
sensitive response. The statistical Kappa test alss performed to analyze the interrater
reliability of qualitative measurements. The analydata showed a coefficient of 0.775,
implying substantial agreement ¢ 0.61). In addition, the sensitivity and spedificof the
developed COVID-19 ePAD were calculated to be 1G0% 90%, respectively (Carvajal
and Rowe 2010). Considering all the results desdribbove, it certainly supports the
conclusion that the developed COVID-19 ePAD for $keological detection of SARS-CoV-
2 antibodies demonstrates potential applicabilty §ualitative screening of antibodies
against SARS-CoV-2. Several advantages, including ¢mall sample volume (10 uL), (i)

no requirements of an antibody, which substantigtuced the overall number of steps and



cost, (iii) no tedious labeling procedures (e.@ldeconjugated antibody), due to the label-
free detection, (iv) a compact device that enaibliesbe remotely used outside the realm of a
laboratory, and (v) an encapsulated paper configurahat allows it to be safely disposed

and prevents exposure to the environment.

Table 1. Statistical comparisons between the COVID-19 eP#&id commercial ELISA

techniques.
Commercial EL1SA
+ - Total
+ 7 1 8
COVID-19 ePAD = 0 9 9
Total 7 10 17

ELISA: enzyme-linked immunosorbent assay, +: pesitesult, -: negative result.

3.6. SARS-CoV-2 Spike Protein Detection and assay Optimization
From the advanced capability of the proposed COVBDePAD system, the scope of
the device can be further expanded for direct \arglgen detection. It has been reported in
the previous literature that SARS-CoV-2 encodesr fpwoteins, including the spike,
envelope, matrix and nucleocapsid proteins. Amdmgse structural proteins, the spike
protein is an abundant transmembrane protein o¥itlus and exhibits high immunogenicity
(Seo et al. 2020). Furthermore, the amino acid esecpi of this protein possesses diversity

from other coronaviruses (Lu et al. 2020), makiha isuitable antigen for the selective



identification of SARS-CoV-2. Hence, we selected Hpike protein as a model antigen for
further testing with the COVID-19 ePAD.

Initially, the effect of the concentration of immbbed antibody (SARS-CoV-2 IgM)
and incubation time were studied to maximize tleetebchemical response (degure S6).
Within the studied range of antibody concentratigds, 1, 10, 20, and 50 pg/mL), the
highestAcurrent was obtained when the IgM concentratio®fug/mL was immobilized
(Figure S6A). Likewise, the influence of incubation time ftiet SARS-CoV-2 spike protein
was also investigated from 10 to 60 min. The resitiwed that the incubation period of 45
min offered the best sensitivity and was then chdsefurther experimentd={gure S6B).

Next, the performance of the electrochemical sefsoidetecting the SARS-CoV-2
spike protein was evaluated by the SWV techniquezofding to the SWV voltammogram
presented ifFigure 5A, the sensor also exhibited a sensitive respontigetpresence of the
SARS-CoV-2 spike protein, where the current respopsoportionally decreased to the
concentration of the SARS-CoV-2 SP RBD. A lineanayic response toward spike protein
sensing was constructed in the range of 1 to 1a§énln with an LOD of 0.11 ng/mL
(3SDyiandslope). Considering this LOD, it is not sufficietat detect the antigen in human
nasopharyngeal swab specimens (down to pg/mL). Meryvéhe progressive development of
SARS-CoV-2 biosensor is achieved among limited @enthat are currently available.

In summary, it can be concluded that the develogledtrochemical sensor shows
excellent promise for use as a supplementary deteabdicator for suspected cases. In
addition, using this ePAD format can be extended bwoad application range, allowing for
the future development of a point-of-care (POCydastic device for different analytes of

interest.
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Figure5. (A) SWV responses of the COVID-19 ePAD tested wiifferent concentrations of
the SARS-CoV-2 spike protein in the presence of\s fRe(CN)]*"*. (B) The relationship
betweenAcurrent and concentration of SARS-CoV-2 spike pmptéhe inset shows its
corresponding calibration plotted between Noeirrent and logarithmic concentration of the

SARS-CoV-2 spike protein.

4. Conclusions
Conclusively, we have demonstrated an advantagpapser-based electrochemical
platform for diagnosing COVID-19. The sensing schewlies on the disruption of the redox

conversion ([Fe (CN)*"

) triggered by immunocomplex formation between tagtured
immunoglobulins produced in response to SARS-CoM-humans with the immobilized
spike protein of SARS-CoV-2. Unlike other laterédw immunoassay (LFA) platforms
where multiple antibodies are exploited in charfjéhe reporter, no antibodies are required
in this work as a consequence of the label-freetrelehemical system. The fast (30 min) and
sensitive detection of SARS-CoV-2 antibodies wasorged with a detection limit of 1

ng/mL, which is more sensitive (3 orders of magtafuthan the colorimetric LFA. In

addition, this paper-based device is capable cfatiey targeted antibodies in clinical sera



from patients and has an acceptable sensitivityspedificity (100% and 90%, respectively).
We further expanded the functionality of the papased electrochemical platform for the
direct detection of the spike protein antigen oRFACoV-2. Although the detection limit of
this electrochemical sensor for SARS-CoV-2 deteatiom has not yet achieved the
detection level in real nasal swab specimens gptibgent stage of this study, the progressive
development of the point-of-care sensor for detgc8ARS-CoV-2 is accomplished among
limited sensors that are currently available. Femtiore, we believe that the developed rapid
serology testing coupled with specific immunoglobulletermination would provide more
informative results, thus allowing for better mamagnt and treatment in an infected

population.
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Highlights
- Electrochemical sensor for COVID-19 diagnostic
- Serological assay for SARS-CoV-2 antibodies was demonstrated
- Senditivity enhancement compared to the traditional LFA devices

- Applicableto rea clinical serawith satisfactory results
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