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Abstract—Recently, several methods for SARS-CoV-2 COVID-19 DIAGNOSTICS
detection have been developed to obtain rapid, portable, SAMPLECOLLKCTION  TARGETDETECTION  DETECTION METHOD
cheap, and easy-to-use diagnostic tools. This review paper N TR Y T Y h
summarizes and discusses studies on the development of SR iyttt | B seed
point-of-care devices for SARS-CoV-2 diagnosis with compar- o P Y et
isons between them from several aspects. Various detection saliva . - Poentiosat
methods of the recently developed portable COVID-19 biosen- iy *+ Blectrochemical
sor will be presented in this review. The discussion is divided roseme 'ﬁ* —— )
into four major classifications based on the target biomarkers , , Blood © oo -+ optics
of SARS-CoV-2, such as antibodies, nucleic acids, antigens, \ compornds vocs) | | + Prsmoics
and metabolic products. An overview of the potential devel- ' I D )
opment for future study is also provided. Moreover, basic T e ¢ ‘ L )

knowledge of biosensors is also explained for tutoring the

implementation of theory into the research of COVID-19 biosensors. This review paper is aimed to provide a tutorial by
collecting the information on the development of a point-of-care device for SARS-CoV-2 detection to provide information
for further research and propose the new COVID-19 portable diagnostic tool.
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nucleic acid-based tests, electronic nose, electronic tongue.

|. INTRODUCTION

ORONA VlIrus Disease 2019 or COVID-19, is an infec-
tious disease caused by a novel human coronavirus, the
SARS-CoV-2. SARS-CoV-2 is an abbreviation of the severe
acute respiratory syndrome coronavirus 2. The COVID-19
patient was firstly announced in Wuhan, China, in early
December 2019. The World Health Organization (WHO) then
declared COVID-19 as a global pandemic after the infection
spread to other countries around the world [1], [2].
SARS-CoV-2 comes from the family Coronaviridae with
genus Betacoronavirus, similar to other coronaviruses, includ-
ing MERS-CoV and SARS-CoV having an enveloped and
positive-sense single-stranded RNA virus. It has approximately
30.000 bases of RNA length sequence. There are four main
protein structures of SARS-CoV-2 (Fig. 1), such as crown-
like spike (S-) glycoprotein, membrane (M-) glycoprotein,
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Fig. 1. Schematic of the SARS-CoV-2 virus structure. Adapted from the
concept presented by [5].

envelope (E-) protein on the viral surface, and nucleocapsid
(N-) protein. M- and E- proteins protect RNA gene core by
forming a ball, where N-protein wraps RNA genetic core [3].
The capability of SARS-CoV-2 entering the target cell is
facilitated by S-protein. It forms protrusions to be able to have
bindings with target cell receptors for infections and obtaining
a crown-like shape for the virus [4].

SARS-CoV-2 is considered to cause more deadly symptoms
than the 2009 swine influenza and has high transmissibility.
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Fig. 2. lllustration of a COVID-19 biosensor structure. IgG = immunoglobulin G; IgM = immunoglobulin M; S-protein = spike protein;

N-protein = nucleocapsid protein; E- protein = envelope protein; M- protein = membrane a protein; RNA = ribonucleic acid.

The detection of SARS-CoV-2 infection is extremely impor-
tant to trace cases and as prevention against the spread of
SARS-CoV-2 [6], [7].

Nowadays, there have been four main methods of
SARS-CoV-2 detection, namely nucleic acid (NA)-based test-
ing, computed tomography (CT) chest scan, antibody-based
testing, and antigen based-testing. CT chest scan possesses
relatively high sensitivity (67-100%) but low specificity
(25-80%) [8]. The outcomes of CT chest scans are not able
to distinguish pneumonia caused by SARS-CoV-2 from other
types of viral pneumonia. Antibody-based and antigen-based
testing are currently used as rapid detection and will be
discussed in more detail below. Whereas NA-based test-
ing, such as quantitative reverse transcription polymerase
chain reaction (RT-qPCR) method is the gold standard
for SARS-CoV-2 detection since RT-qPCR is very reliable,
it offers high sensitivity and specificity [3], [6]-[10]. Yet, most
current PCR-based methods do not support rapid and point-of-
care diagnosis. However, some recent studies have started to
report development of ultrafast PCR systems, including to be
used for COVID-19 detection [11]-[13]. Moreover, In 2020,
You’s group had performed the nucleic acid amplification in a
nano-localized environment to significantly increase the ther-
mocycling rate [11]. Nevertheless, these recent developments
have not been widely implemented.

Recently, other new technologies for SARS-CoV-2 detection
have been developed. Biosensor for SARS-CoV-2 detection
offers a new alternative for reliable, economical, and sensitive
detection. Biosensors are defined as devices that have a
coupling between biological sensing elements, i.e., recogni-
tion molecules, to a detector system that uses a transducer.
Biosensors have finer performance in terms of sensitivity
and selectivity than other diagnostic devices [14]. Biosensors
contain two main parts, a bioelement and a transducer. Bioele-
ment is biological elements (nucleic acid, antigen, antibody,
etc.) that recognize the target analyte. A transducer is a
physicochemical detector element that converts the recognition
event into measurable signals (Fig. 2). The variation of the
biosensor functions depends on the biochemical specificity of
the biologically active materials [15].

Recently, colorimetric method is commonly used for rapid
COVID-19 tests. However, it has low sensitivity since the
result is qualitative and the perception of interpreting color
change might be different from one person to another [16].
Other methods, such as piezoelectric and optical methods, have
complex setup and are relatively expensive.

Therefore, an electrochemical method is favorable for
portable diagnostic due to its cost-effectiveness, high sen-
sitivity, rapid response, ease of use, and possible minia-
turization [17]. Electrochemical biosensors are capable of
generating conductometric, potentiometric, amperometric, and
impedimetric signals [18]. Those signals can be measured by
the corresponding output signal analysis, such as differential
pulse voltammetry (DPV), cyclic voltammetry (CV), square
wave voltammetry (SWV), and electrochemical impedance
spectroscopy (EIS) [19].

Recently, there have been several reviews on COVID-19
diagnostics: In 2020, Bhalla ef al., reviewed the challenges
and potential bio/chemical sensors [20]. In addition, Leichle,
Nicu and Alava explained the possible role of MEMS biosen-
sor for COVID-19 test in general [21]. In the same year,
Asif et al., discussed several physicochemical transducers of
biosensor for COVID-19 test with emphasis in antigen tar-
get [22]. In 2021, the discussion of COVID-19 diagnostics
have been more expansive by reviewing molecular-based,
serological-based, and radiology-based diagnostics [23]-[25].
In this review, the discussion will be focused more towards
COVID-19 diagnostics with better portability, lower cost, and
shorter time response, yet enough sensitivity for field or point
of care applications. Therefore, detection time and detection
limit will be the main two parameters being compared from
various reported methods. In addition, we also mention a new
emerging approach of surrogate-biomarker-based diagnostic
combined with artificial intelligence analysis. Perspective on
new designs for COVID-19 portable diagnostic tools will also
be discussed. Finally, in this review, the protocol of sample
collection, related to the progression of the disease will also
be discussed, since this is very much related to the accuracy
of the diagnosis. So far, very few reviews had discussed this
matter.
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Fig. 3. Specific binding between antibody and antigen. Reprinted with
permission from [27]. Copyright © 2016 American chemical society.

Il. FIGURE OF MERIT

To assess the implementation of a specific type of biosensor
for particular application, including for SARS-CoV-2 detec-
tion, its performance can be judged by several properties, such
as specificity or selectivity, limit of detection (LOD), sensitiv-
ity and accuracy. Specificity or selectivity is the ability of the
sensor to recognize a single interest analyte [26]. Fig. 3 shows
how the specificity or selectivity of the biosensor was acquired.
In this case, a highly specific or selective sensor is obtained
by involving antibody as a specific bioelement recognition for
antigen detection, antibody has specific information about a
single antigen. Therefore, each antibody is only able to bind
to the corresponding antigen with no cross-reactivity [27].

During a clinical trial, a biosensor is assessed using sam-
ples collected from positive COVID-19 patients and healthy
subjects (confirmed by RT-qPCR test). The results are then
grouped based on four probabilities, True Negative (TN), True
Positive (TP), False Positive (FP), and False Negative (FN)
[25]-[27]. The selectivity or specificity of the sensor can thus
be calculated using the formula below:

Selectivity or Specificity = x 100% (1)

TN+ FP

Limit of detection (LOD) is the minimum detectable level
of the target analyte that can be distinguished from zero [31].
Seo et al. [32] determined the LOD of their COVID-19
biosensor by comparing the output response from various
concentrations of SARS-CoV-2 spike antigen. The biosen-
sor was still able to respond to the concentration as low
as 1.6 x 10! pfu/mL and not able to respond below than
1.6 x 10" pfu/mL. Thus 1.6 x 10! pfu/mL was considered as
the LOD of this sensor.

Sensitivity defines the alteration in the sensor output per
unit change in the sensor input [17]. Sensitivity is related to
LOD, with improved sensitivity indicated by a significantly
lower value of LOD [17], [31], [33].

The sensitivity of COVID-19 biosensors is mostly deter-
mined using clinical samples. The methods are similar like
determining selectivity and specificity. However, the formula
is different [28], [29], [34].

Sensitivity = x 100% 2)

TP
TP+ FN
Accuracy is characterized by how close the sensor output
value is to the reference diagnostic output value (acceptable
value) [35]. Accuracy of the COVID-19 biosensors is also
commonly assessed using clinical samples by applying meth-
ods that are the same as the methods for finding sensitivity

and specificity or selectivity. However, the formula used for
accuracy calculation is as follows [29], [36], [30], [34]:
TN+TP
TN+TP~+FN+FP

To date, the reference diagnostic method for SARS-CoV-2
infection still relies on RT-qPCR [37].

Portable COVID-19 diagnostic tools can be broadly divided
into four main categories based on the detected ana-
Iyte: nucleic acid-based, antibody-based, antigen-based, and
surrogate-based tests (Fig. 4).

Accuracy = x 100% 3)

I1l. NUCLEIC ACID-BASED TEST

To date, there have been several studies on the development
of portable COVID-19 diagnostics using nucleic acid (see
Table. I). The nucleic acid-based testing of SARS-CoV-2 gen-
erally consists of four main steps: sample collection, RNA
extraction, amplification, and signal detection [6].

A. Non-Isothermal Amplification-Based Tests

Non-isothermal amplification requires various temperature
levels in the process. Polymerase chain reaction (PCR) is
one of the techniques that use a non-isothermal amplification
method. PCR is a technique commonly used in molecular
biology to amplify DNA samples. Generally, there are three
steps in PCR method: (1) denaturation, using a high tempera-
ture of 90°C-95°C to separate double-stranded DNA into two
single stranded DNA chains. (2) Annealing, using the suitable
primer that possesses a specific nucleotide sequence with the
denatured single-stranded DNA. (3) Extension, utilizes a DNA
polymerase to generate a new strand of DNA according to
the complementary nucleotide of the single-stranded DNA
sequence with a setting temperature of 72°C [38]. Since
SARS-CoV-2 contains single-stranded RNA, reverse transcrip-
tion is involved to reverse transcribe the RNA into complemen-
tary DNA (cDNA) strands, then amplification of specific gene
is quantified, thus the device is called as quantitative reverse
transcription polymerase chain reaction (RT-qPCR) [3], [39].
RT-qPCR enables direct detection of nucleic acid and allows
the amplification of genomic material even if the presence
of viral RNA in the biological sample is incredibly low. The
analytical LOD of RT-qPCR is 1 copy/uL [40]. RT-qPCR
offers early, sensitive, and specific viral detection. Therefore,
RT-qPCR is the gold standard for COVID-19 diagnostic to
date. However, RT-qPCR still requires the involvement of
manual operations; it is time-consuming, and requires a cen-
tralized laboratory. Sample collection is also invasive, and
requires critical consumable supplies, e.g. nasal swabs and
RNA extraction columns [3], [6], [7], [9].

There have been several studies that utilized non-isothermal
amplification techniques for developing portable COVID-19
diagnostics. Rapid and ultrasensitive biosensors using elec-
trochemical detection techniques have been developed by
Alafeef et al. [17]. The target of their biosensor was nucleo-
capsid phosphoprotein (N-gene) of SARS-CoV-2 since N-gene
is recently recommended for screening test of SARS-CoV-2.
The ultrasensitivity was achieved by involving thiol-modified
ssDNA-capped gold nanoparticles (AuNPs) on top of a gold
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Fig. 4. Classification of portable COVID-19 diagnostic tools. RT-LAMP = reverse transcription loop-mediated isothermal amplification; RPA = recom-
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fiber-optic absorbance.

electrode. The time it took to get the result was within 5 min.
The biosensor applied gold nanoparticles (AuNPs) attached

Graphene-ssDNA-AuNPs platform

Sample collection Viral RNA extraction

to the antisense oligonucleotides (ssDNA) to recognize viral - i
nucleocapsid phosphoprotein (N-gene). The brief steps are , ,
shown in Fig. 5. Step A: The sample from infected peo-
ple was obtained using nasal swabs or saliva. Step B: The
SARS-CoV-2 RNA was extracted from the swab sample.
Step C: The viral RNA will be applied onto the top of Al
the graphene-ssDNA-AuNP platform. Step D: Incubation for i:l:,i |l
5 min. Step E: The result will be recorded by the digital I Aupa =
electrochemical method. Au: AuNPs E
P1: ssDNA probe | E———
e P2: ssDNAprobe2
B. Isothermal Amplification-Based Tests P3: ssDNAprobe3 | |
P . . P4: ssDNA probe 4 Real-time monitoring of Addition of the viral RNA
Isothermal amplification provides methods to amplify positive COVID-19 cases
nucleic acid sequences by utilizing a single-temperature ) ) o
level [41] Fig. 5. Schematic of the operation principle of SARS-CoV-2 elec-
. . trochemical sensing device. Adapted with permission from [17].
Several studies have attempted to develop portable Copyright © 2020 American chemical society.

SARS-CoV-2 detection using isothermal amplification-based,
such as reverse transcription loop-mediated isothermal ampli-
fication (RT-LAMP). Recently, the study of RT-LAMP has
been proposed for SARS-CoV-2 detection. RT-LAMP only
requires one constant temperature (usually 65°C), thus it
eliminates sophisticated instrumentation in RT-qPCR setup.
The combination of reverse transcription (RT) and LAMP can
shorten the reaction time significantly without the need for
DNA purification step from RT [42]. Two-step LAMP reaction
enhanced the sensitivity of the RT-LAMP and was comparable
to qPCR [43]. RT-LAMP is also feasible to be integrated

with other technologies, such as semiconductor technology.
With this technology, the sensitivity and specificity of the
sensor were 91% and 100%, respectively. Interestingly, this
device was integrated into a smartphone to show visualization
and geolocation, therefore it is possible to obtain real-time
identification and epidemiological surveillance [44].

Another alternative for portable nucleic acid detection is
recombinase polymerase amplification (RPA). RPA offers
a simpler, inexpensive, accurate, convenient, and portable
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TABLE |
NUCLEIC ACID-BASED TEST

Ref Substrate / Detection Det_ectlon LOD
Approach tools time

[42] RI-LAMP

Colorimetry l1h -

[102]  One-step RT- Colorimetry 20 min 80
LAMP copies/ml

[103] RT-LAMP Colorimetry 20 min 100 copies/

uL

[104]  One-step RT- Colorimetry 30 min 1000
LAMP copies/ml

(5 copies)

[105] RT-LAMP Colorimetry 40 min -

[106] RT-LAMP Fluorescent >15 min 1x10'-

1 x 10% cop
ies/reaction

[107] RT-LAMP Colorimetry 30 min 10%copies

[108] RT-LAMP Colorimetry, >lh 59

spectrophoto copies/reac
metry, and tion

real time

fluorescence

[109] RT-LAMP Colorimetry 45 min 200

virions/ pL

[110]  Isothermal rolling Portable >2h 1 copy/uL
circle potentiostat
amplification
(RCA)

[17] Thiol-modified Simple signal >5 min 6.9
ssDNA-capped conditioning copies/uL
AuNPs, paper- circuit
based

[111]  Supersandwich- EIS - 200 copies/
type recognition mL
strategy (clinics)

[47] CRISPR-based Fluorescent >1 hour 2 aM
SHERLOCK and

colorimetric
readout

[46] Recombinase LightMix®M - -
polymerase odular
amplification
(RPA)

[49] Combined fluorescence- <40 min 10 copies
isothermal based readout per pl
amplification with
CRISPR-Cas12
DETECTR
technology

[102]  One-step RT- Colorimetry 20 min 80
LAMP copies/m

[112]  Two-step RT- fluorescence- 25 min 2 copies
LAMP based readout per pl

[44] RT-LAMP assay Electrochemic ~ >20min 10
on semiconductor al copies/reac
technology tion

RT-LAMP = reverse transcription loop-mediated isothermal amplification,
ssDNA = single-stranded DNA, AuNPs = gold nanoparticles, CRISPR =
clustered regularly interspaced short palindromic repeats, SHERLOCK =
Specific High Sensitivity Enzymatic Reporter Unlocking, DETECTR =
DNA Endonuclease-Targeted CRISPR Trans Reporter.

diagnostic. Generally, the steps required in the RPA are as
follow: (1) binding of the recombinase to primers and scanning
of the double-stranded DNA (dsDNA) for complementary

sequences, (2) insertion of primers by recombinase via
strand exchange, (3) binding of the displaced strand to
single-stranded binding proteins (SSB) and stabilization of
the primer bond, (4) polymerization initiation by Bacillus
subtilis (Bsu) polymerase, (5) displacement of the parental
strand and continuation of the elongation, (6) generation
of two new duplexes [45]. The study that used RPA for
SARS-CoV-2 detection incorporated several steps: the design
of efficient primers and probes to be applied for isothermal
amplification of the S1, ORF3, and ORF8 SARS-CoV-2 region
names; RNA extraction; RPA assay optimization for isother-
mal amplification of the named SARS-CoV-2 regions; detec-
tion process; and finally, validation. For the RPA assay
optimization, TwistAmp® nfo Kit (TANFOO2KIT; TwistDX,
Maidenhead, UK) was used to undertake the final reactions.
The result was reported to have excellent sensitivity of 93%
and a specificity of 100% [46]. Nonetheless, the requirement
of RPA assay optimization to each SARS-CoV-2 region and
the inability to typically distinguish the differences of single
base pair in target sequences were the limitations of the
recombinase polymerase amplification (RPA) technique [47].

C. Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)

Currently, enzymes from the CRISPR-Cas system have also
been utilized for rapid, sensitive, specific, and portable sensing
of nucleic acids. There are several types of Cas proteins
that can be programmed with a CRISPR RNA (crRNA) for
diagnostic purposes, such as Cas 12 and Casl3. Casl2 binds
specifically to the complementary single and double-stranded
DNA targets, while Casl3 binds to RNAs instead of
DNAs [48] which makes it possible to be implemented in
SARS-CoV-2 RNA detection. CRISPR-based tests identify a
sequence of viral SARS-CoV-2 RNA and cut apart any nearby
single-stranded RNA. Those cuts become fluorescent particles
in the test solution. When a burst of laser light hits the sample,
the fluorescent particles light up and show the presence of the
viral genetic material [10].

There has been a study that used CRISPR-based
SHERLOCK (Specific High Sensitivity Enzymatic Reporter
UnLOCKing) technique for SARS-CoV-2 detection. Four
main processes were used that include reagent prepara-
tion, sample extraction, isothermal target nucleic acid pre-
amplification, and CRISPR-Casl13 nucleic acid detection.
SHERLOCK is very sensitive, relatively low-cost, and has
rapid turnaround time [47]. Nevertheless, SHERLOCK still
requires a multi-step nucleic acid amplification process, which
may affect precise target quantification [10].

Another study by Broughton et al. developed a CRISPR-
Casl2-based assay to detect SARS-CoV-2 from an RNA
patient sample, called SARS-CoV-2 DNA Endonuclease-
Targeted CRISPR Trans Reporter (DETECTR) [33]. In this
study, they combined CRISPR-Cas12 DETECTR technol-
ogy and RT-LAMP. Predefined coronavirus sequences were
obtained by Casl2 detection, followed by the cleavage of a
reporter molecule to verify the virus detection. The primers
were modified to be suitable for LAMP, and Casl2 guide
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RNAs (gRNAs) were designed to recognize SARS-like coro-
naviruses. The accuracy of this approach was comparable to
RT-qPCR. Moreover, with this approach, thermocycling was
not required thus offering faster turnaround time, with single
nucleotide target specificity, accessible integration, ease of use,
and portability [49], [50].

In comparison to RT-qPCR which requires multiple temper-
atures to amplify the nucleic acid, RT-LAMP only requires
constant temperature for nucleic acid amplification which
results in cost-efficient detection [10]. However, RT-LAMP
uses complex primer designs and strand-displacing DNA poly-
merases for amplification. Whereas RPA requires forward and
reverse primers like those used in PCR, but RPA enables
amplification at a single temperature similar to RT-LAMP
due to the use of DNA polymerases. DNA polymerases do
not rely on elevated temperatures like in PCR since they
enzymatically separates the DNA strands [51]. CRISPR-based
tests, on the other hand, combine the isothermal technique and
amplification techniques with specific DNA or RNA targeting
ability of crRNA and Casl2 or Casl3 enzymes [52].

IV. ANTIBODY-BASED TEST

Serological-based antibody tests rely on the binding toward
SARS-CoV-2 specific antibodies [53]. Every pathogen enter-
ing the body will be specifically detected by immunoglobu-
lin G (IgG) and immunoglobulin M (IgM) in blood since IgM
and IgG work as the first line of defense during infection.
These antibodies can be the specific SARS-CoV-2 antibod-
ies and can be detected by serological tests to determine
SARS-CoV-2-infected and non-infected people [54], [55]. The
advantages of serological tests over PCR are faster time to
result, high throughput, and less workload [56]. There have
been several studies on this test with different approaches
having different performances (see Table II).

Serological testing based on Enzyme-Linked Immunosor-
bent Assay (ELISA) is an alternative diagnostic method for
SARS-CoV-2. To obtain rapid, simple, and inexpensive diag-
nostic tools for SARS-CoV-2, paper-based technology has
been developed as a substrate material of the diagnostic
tools. Kasetsirikul ef al. [57] proposed paper-based ELISA
for SARS-CoV-2 detection. A proof-of-concept was reported
by modifying a specific antigen immunological complex on
the paper to capture the specific SARS-CoV-2 antibody. The
colorimetric assay was used in this technology to acquire color
changes due to the presence of target biomolecules conjugated
with horseradish peroxidase (HRP) in the reaction between 3,
3/,5,5' -tetramethylbenzidine substrate and horseradish peroxi-
dase (TMB/HRP). In their study, the fabrication of paper-based
ELISA for SARS-CoV-2 was started by cutting Whatman
chromatography (CHR) filter paper with a diameter of 5 cm
and placed at the center between two laminate films with a
4 mm diameter hole. The sandwich layer of laminate films
and CHR paper (L-CHR) were laminated using a laminator
at speed of 10 mm s~! at 103°C. Afterwards, recombinant
SARS-CoV-2 nucleocapsid was immobilized on the L-CHR.
The surface of L-CHR was washed by the washing solution
0.01 M PBS (pH 7.4)Blotting paper was added at the bottom to
absorb the excess reagents. PBS was dropped twice to flow out

TABLE Il
SEROLOGICAL ANTIBODY-BASED

Ref. Substrate / Detection Det_ectlon LOD
Approach tools time
[57] L-CHR (ELISA Colorimetric 30 min 9ng pL!
paper-based) reaction,
camera-
image
processing
Matlab
[58]  Nanoluciferase battery- 5 min
(NanoLuc) supported
portable
luminometer
[60]  Graphene oxide, Square-wave 30 min 1 ng/mL
paper-based voltammetry
[62]  Surface plasmon A portable 15 min 1 pug/mL
resonance (SPR) SPR
instrument
[113 PSS, AuNPs, Colorimetric <10 min 1.3 pg
] paper-based reaction, mL"!
smartphone
app
[66]  Photonic crystal PRAM 15 min 26.7+7.7
digital pgmL™
[59]  Reciprocasting- Colorimetric ~ 4-5 min -
flowing (RF) reaction,
immunobinding image
(RF-ELISA chip)  software
[65] Opto-microfludic ~ Reflection ~ 30 min ~0.08
chip probe ng/mL
(LSPR-
based)
[64]  Non-faradaic Electrochemi  <5min -
capacitive cal
immunosensing impedance
spectroscopy
(EIS)

ELISA = enzyme-linked immunosorbent assay, PSS = polystyrene
sulfonate, AuNPs = gold nanoparticles, L-CHR = the sandwich paper
(whatman chromatography filter paper + laminated films),PRAM =
photonic resonator microscopy, LSPR= localized surface plasmon.

the unbounded antigen. L-CHR was placed in the incubator for
10 min and put at room temperature for storage. This method
has the potential to be developed further for SARS-CoV-2
clinical screening (Fig. 6). However, colorimetric methods in
some cases have lower sensitivity since the reflection of wet
surface hindered proper result observation and it also required
relatively high immunoagent level to provide an analyzable
result [16].

Another approach for detecting SARS-CoV-2 antibodies
was proposed by using split luciferase (spLUC) antibody
biosensor. Split Nanoluciferase (NanoLuc) fragments, SmBiT
and LgBiT, were fused to SARS-CoV-2 protein antigens to
fabricate anti-SARS-CoV-2 antibody biosensor. In comparison
to ELISA, ELISA assay consumes more than 2 hours to obtain
serological data and requires multiple wash and incubation
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Fig. 6. Fabrication process of the paper-based ELISA for SARS-CoV-2
antibody detection. Adapted from [57] with permission from the royal
society of chemistry.

steps, while spLUC assay only takes < 30 min without
requiring washing steps. The performance of this biosen-
sor was considerably good with sensitivity and specificity
reached > 98% and > 99%, respectively [58].

Reciprocating-flowing immunobinding (RF-immunobind-
ing) on a chip was presented to be an alternative method for
the COVID-19 biosensor. In this approach, the reciprocating-
flowing ELISA (RF-ELISA) chip was developed to solve the
time-consuming ELISA protocols. By using the RF method,
the sample fluid is allowed to flow through the detection
site multiple times to enable repeatable contact between
immobilized-antigen and antibodies in the sample [59].

Another study was conducted by Yakoh er al. [60] which
involved a smartphone and paper-based biosensor. They stud-
ied a paper-based electrochemical device (ePAD) to detect [gM
and IgG SARS-CoV-2 immunoglobulins. This ePAD consists
of working, counter, and closing ePAD. SARS-CoV-2 antibod-
ies in the sample were captured by a receptor-binding domain
contained at SARS-CoV-2 spike protein that was immobilized
on the working ePAD. Counter and reference electrodes were
on counter ePAD, while closing ePAD was used to encapsulate
the biohazard sample from the environment. The result of
this method was also being compared to traditional lateral
flow immunoassay (LFA). This method has higher sensitivity
than traditional LFA since this study used an electrochemical
technique that is capable of detecting small changes from the
event of interest on the electrode surface and used graphene
as material. It has relatively high sensitivity and specificity of
100% and 90%, respectively.

Plasmonics is one of the potential label-free detection
techniques for SARS-CoV-2 sensing. It tends to provide
good resolution even though ultrasensitive performance that
comes along with excellent limit detection was still a chal-
lenge [61]. Surface plasmon resonance (SPR) sensor has
potential to overcome the limitation of ELISA performance.
Dijaileb er al. [62] reported that SPR offered portability, short
turnaround time, and label-free testing for antibodies. In this
approach, a peptide monolayer was coated onto the SPR sen-
sor and SARS-CoV-2 nucleocapsid recombinant protein was
immobilized onto the SPR sensor surface to obtain specific
binding to anti-SARS-CoV-2 antibodies [63].

Paper-based electrochemical platform targeting SARS-
CoV-2 has been reported to have a finer LOD of 1 ng/mL.
Electrochemical approach is able to distinguish small changes
from the recognition event on the electrode surface, thus it is
suitable for SARS-CoV-2 detection [60]. The electrochemical
impedance-based sensing (EIS) was also being considered
due to its relatively low-cost, typically label free, and high
precision detection. A capacitive sensor for the COVID-19
biosensor was proposed with the interdigitated electrodes
design fused to polyethylene terephthalate. This capacitive
sensor was successfully able to detect all positive clinical
samples from the negative control. In comparison to ELISA,
measured impedance values were consistent [64].

Finer performance of the COVID-19 biosensor was
achieved by using opto-microfluidic biosensor. The LOD
was 0.08 ng/mL. The binding between antibody-antigen
shifted the wavelength of the localized surface plasmon res-
onance (LSPR) peak of the gold nanostructure in microflu-
idic. Opto-microfluidic chip was successfully demonstrated
with high sensitivity and selectivity, without labeling agent.
However, this approach has to be improved in the future for
producing a larger shift in the LSPR peak and for increasing
signal-to-noise ratio [65].

However, the sensitivity of the detection limit in ng/mL is
relatively low. Photonic crystal (PC)-based biosensors have
higher sensitivity, low-cost, simple, and short turnaround
time. Zhao et al. [66] studied the “Active Capture + Digital
Counting (AC+DC)” assay method. PC biosensor was coated
with recombinant COVID-19 spike protein as a surface for
the formation of sandwich immunocomplex through specific
antigen-antibody binding. The sensitivity of this approach
was higher than ELISA and more than 50 times more sen-
sitive than the commercial pGOLD High Accuracy 1gG/IgM
Assay Kit.

Commercially available antibody tests have been evaluated,
including Abbott, Roche, and DiaSorin, the sensitivity of those
were 62%, 64%, and 42%, respectively, at 7-14 days after
symptom onset [67].

However, the antibodies produced depend on the antibody
responses during infection [56]. For general antibody tests,
the detection of combined IgG and IgM has a maximum
sensitivity of 96% at 22-35 days after the onset of symptom.
The maximum sensitivity decreased with IgG-alone detection,
which was 88.2% at 15-21 after symptom onset. For the
specificity, all types of antibody tests showed 98% specificity
from 35 out of 54 studies [68].

Even though antibody detection is not reliable for early
detection, antibody—based testing is equally as important as
nucleic acid-based and antigen-based testing since it is able to
identify false negative results as viral load tends to decrease
at the late stage of infection. Moreover, antibodies are more
stable than RNA [65].

V. ANTIGEN-BASED TEST
The antigen-based test can be considered for earlier detec-
tion of SARS-CoV-2 as an alternative to antibody-based tests.
Recently, the antigen test is more commonly used as a rapid
test since it is less laborious and requires only a few minutes to
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TABLE Il
ANTIGEN-BASED
Ref. Substrate / Detection Det.ectlon LOD
Approach tools time

[70] LFIA-based, using  Portable LFIA  >20 min 2.5%x10%p
scFv-Fc fusion reader (N- fu/reaction
antibodies antigen)

[32] Field-effect 2634B - 1.6 x
transistor -based semiconducto 10" pfu/mL

r analyzer (S- (culture

antigen) medium)
242 x 10?
copies/mL(
clinical
sample)

[72] P-FAB U-bend fiber 15 min 10-18 M

probe optics
(N-antigen)

[61] Co-TNTs-based Potentiostat ~30s 14 to 1400
electrochemical (S antigen) nM (nano
sensor molar)

[73] Nanozyme CCD or 16 min 0.1 ng/mL
chemiluminescenc  smartphone (S
e paper-based antigen)

[114]  Engineered quartz crystal - -
surfaces based on microbalance
SAMs (QCM) (S-

antigen)

[115]  Dielectric FET sensor(S - -
modulated FET protein and
biosensor DNA protein)

[71] Membrane Customized 3 min 1 fg/mL
engineering multichannel

potentiometer
(S antigen)

[76] Molecularly Portable +45 min 15 t™M
imprinted potentiostats
polymers (MIPs) (N-antigen)

[116]  Screen printed CV analysis 1 min 1.68 x 10~
electrode tool 2 pgmL!
electrochemical
diagnostic kit

[74] Nanoplasmonic Microplate 15 min 370 vp/mL
sensor chip reader (S-

antigen)

[75] Field-induced Potentiostat 5 min 4000
transport of a (S antigen) copies/mL
sensor complex

[63] Toroidal THz ~80 min ~4.2 fmol
plasmonic metasensors
metasensor (S antigen)

LFIA = lateral flow immunoassay, FET = field-effect transistor, P-FAB =
plasmonic fiber-optic absorbance sensor, ssDNA = single-stranded
DNA, AuNPs = gold nanoparticle, THz = Terahertz, Co-TNTs = cobalt-
functionalized TiO, nanotubes, CCD = charge-coupled device, SAMs =
self-assembled monolayers, QCM = quartz crystal microbalance, CV =
cyclic voltammetry

result [69]. Therefore, several approaches have been proposed
(see Table III).

Recently, a new study was developed with a specific
biosensor utilizing lateral flow immunoassay (LFIA). The

LFIA-based biosensor was reported to have good sensitivity
and specificity, without cross-reactivity with protein from
another virus. Phage display technology was utilized to pro-
duce four nucleocapsid proteins (N-antigen) of SARS-CoV-2 -
specific single-chain variable fragment crystallizable fragment
(scFv-Fc) fusion antibodies. The specific binding was obtained
between the scFv-Fc antibodies and nucleocapsid protein
(N-gene) of SARS-CoV-2. The detection probe was designed
using a cellulose nanobead (CNB) since it is more sensitive
and stable than gold nanoparticles (AuNPs) [70].

A field-effect transistor-based biosensor for SARS-CoV-2
detection has been proposed by Seo et al. [32]. In this study,
graphene was added to a SiO»/Si substrate. Then, on the
graphene layer, Au/Cr electrode layer was created to immo-
bilize antibody that is specific toward SARS-CoV-2 spike
protein on 1-pyrenebutyric acid N-hydroxysuccinimide ester
(PBASE)-modified graphene surface. This approach offers
high sensitivity and instantaneous measurements using small
amounts of analytes. However, the set-up for measurement was
expensive with low-throughput instrumentation, and required
high antibody concentration for immobilization.

Another study reported the solution for the aforememtioned
drawbacks by membrane engineering approach. A selective
and sensitive biosensor was utilized in membrane-engineered
mammalian cells to detect SARS-CoV-2 S1 spike. The mem-
brane of the kidney cell was engineered by the electro inser-
tion of the SARS-CoV-2 Spike S1 antibody into the cell
membrane. Then, the membrane-engineered cells were added
onto each of the eight gold screen-printed electrodes on the
well of the polydimethylsiloxane (PDMS) layer. Measurable
membrane potential was produced by the binding between
the electro-inserted receptor molecules and analyte anions.
This potential was recorded using a customized multichannel
potentiometer [71]. However, viability of the cell is the most
critical issue in this approach and cost-efficient operation for
routine mass-screening application has not been proven yet.
In another work, plasmonic fiber-optic absorbance (P-FAB)
biosensor was proposed based on a U-bent optical fiber probe
for one-step, wash-free detection of SARS-CoV-2 virus. In this
study, the detection principle was optical power loss in the
light (change in absorbance/intensity count). The recognition
interaction at the bio-immobilized U-bent sensing region of the
fiber probe tends to modulate the effective refractive index
(RI) or wave absorbance at the biosensor as a function of
sample concentration. It was reported to have high sensitivity
and potential to be early and rapid COVID-19 diagnostic
tools [72].

Enzymatic chemiluminescence analysis (CLIA) offers
higher sensitivity in immunodiagnostic even though the tradi-
tional chemiluminescence detection needed centralized clinical
laboratories due to the use of expensive precision instruments.
Moreover, CLIA required horseradish peroxidase (HRP) or
alkaline phosphatase (ALP) with complex preparation steps
and low storage stability. To solve this problem, a study
had proposed a combination of nanozyme chemiluminescence
with paper tests for SARS-CoV-2 spike antigen detection.
Nanozymes are nanomaterials possessing intrinsic enzyme-
mimicking activity. The first step was to form sandwich
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spike protein

increasing hydrodynamic drag force

Fig. 7. Complex sensor binding to the SARS-CoV-2 viral particles.
Reprinted with permission from [75]. Copyright © 2021 American chem-
ical society.

immunocomplexes on paper by labeling antibody receptor
binding domain of the SARS-CoV-2 spike protein (S-dAb) to
Co-Fe@hemin nanozyme chemiluminescence probes. Then,
nanozyme probe CLIAs would produce the chemilumines-
cence signals.. This signal was detected by CCD or smart-
phone camera and then Image-Pro Plus software was utilized
to analyze the signal [73]. Surface plasmon resonance (SPR)
was also reported to detect SARS-CoV-2 antigen based on
Kretschmann configuration incorporating layers of Silicon and
BaTiOs3 on the top of a metal layer (Ag). Ag was used as the
substrate layer to enhance the sensitivity due to its higher SPR
ratio. Thus, with this architecture for SARS-CoV-2 detection,
the SPR sensor achieved 7.6 times higher sensitivity than the
basic Kretschmann configuration [61].

Nevertheless, SPR is not affordable to most research and
clinical institutions, thus SPR is rarely implemented in clinical
and point-of-care applications. As an alternative to this, a low-
cost nanoplasmonic sensor was developed for the COVID-19
biosensor. Nanostructure design allowed the removal of any
external coupling optics. Intensity changes and plasmon reso-
nance wavelength change since the recognition events can be
simply observed by transmission light spectroscopy or imag-
ing. With this approach, the detection time was within 15 min
and the detectability limit of 370 viral particles/mL was
achieved [74].

Still utilizing the photonics architectures, terahertz (THz)
plasmonic biosensor, detecting SARS-CoV-2 spike protein
based on toroidal dipole-resonant metamolecules that has
extreme sensitivity, has also been reported [63]. Toroidal
dipole-resonant metasurfaces allow low-radiative losses, low
mode volumes, and ultranarrow spectral line shapes through
strong electromagnetic field confinement.

Electrochemical and reagent-free detection approach has
been studied by utilizing the field-induced transport of a sensor
complex on electrodes and the modulation of the kinetics
of transport by the binding of viral components. The sensor
will obtain a large change in hydrodynamic diameter in the
presence of the spike protein and a viral particle. This change
tends to affect the time required for the sensor to contact

the surface of the electrode (Fig. 7). The sensor complex is
made from the S-protein specific antibody bound to double-
strand DNA with redox probe ferrocene. The electric field
force between the electrode and the complex is opposed by
the hydrodynamic drag. The kinetic is measured as change of
current versus time in a chronoamperometry setup [75].

However, SARS-CoV-2 diagnostic tools which rely on
biological recognition elements tend to decrease sensor shelf
life and increase the cost. One of the potential approaches
to replace biological recognition is the use of molecularly
imprinted polymers (MIPs) — materials mimicking antibod-
ies’ability to bind among molecules. Gold-based thin-film
electrodes (Au-TFE) were modified with MIP-endowed selec-
tivity for SARS-CoV-2 nucleoprotein (ncovNP-MIP) film as
a recognition element in the ncovNP sensor. This sensor
was examined as having excellent long-term stability. On the
other hand, the presence of other proteins of SARS-CoV-2 in
COVID-19 positive sample might disturb the response ability
of the sensor towards ncovNP. Moreover, the sample needs to
be vortexed for 30 min before testing [76].

Several commercially available rapid antigen tests have been
evaluated, including BIOCREDIT COVID-19 Ag test. The
sensitivity of this was 30.2%, which is 105 fold less sensitive
than RT-qPCR [77]. Other rapid antigen tests showed slightly
higher sensitivity, such as Panbio™ COVID-19 AG rapid
test evaluation showed an overall sensitivity of 73.3% [78].
The STANDARD™ F COVID-19 Ag FIA had an over-
all sensitivity of 45% and selectivity of 97.8% and the
SARS-CoV-2 Rapid Antigen Test obtained sensitivity and
selectivity of 50.3% and 97.7%, respectively [79].

Nevertheless, SARS-CoV-2 detection using antigen-based
tests could be done most reliably within 1-3 days before
symptom onset and 7 days after the onset of the symptoms [80]
and might not be able to detect SARS-CoV-2 afterwards. The
antibody-based test result can be considered at least two weeks
after the onset of symptoms [68]. Nucleic acid-based tests,
such as RT-LAMP, have the same sensitivity as RT-qPCR
within 9 days after symptoms onset [81]. Whereas RT-qPCR
can even detect the SARS-CoV-2 before development of
symptoms [82] (Fig. 8).

The time progression of SARS-CoV-2 cases may have
different periods among people. Generally, the incubation
period takes 4 to 6 days after exposure for most cases, but
it can be up to 14 days. The incubation period defines the
time duration from being infected by the virus until the onset
of symptoms. Whereas the infectious period may start 1 to
3 days before and the first 7 days after the symptoms appear.
The infectious period is the range of times during which the
infected people may spread the virus to someone else. The
symptoms, such as fever, fatigue, and cough appear mostly
for about 9 to 10 days but it could be longer. Then, if the
COVID-19 patients have no symptoms for 3 days, it means
they are no longer infectious (Fig. 8) [83].

V1. OTHER APPROACHES
Nucleic acid-based, antigen-based, antibody-based, and
CT-scan are relatively expensive. Another promising approach,
therefore, was developed by relying on gaseous molecules

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 04,2022 at 01:28:55 UTC from IEEE Xplore. Restrictions apply.



23746 IEEE SENSORS JOURNAL, VOL. 21, NO. 21, NOVEMBER 1, 2021
| | |
Icubat | | |
neubation | Illness | 3 daysno |
period | | ) |
more
| | symptoms |
I Infectious I Recovery
| period |Antib0dy—basedtest ® e
Symptoms| | ?a
onset | Antigen-based test |
i | !
| Nucleic acid-basedtest | |
| (RT-LAMP) | |
| RT- QPCR | |
I I |
1 2 3
Week(s)
Fig. 8.  Coronavirus progression in majority of cases and recommended diagnostic tools in general cases, adapted from the concept

presented in [83].

called volatile organic compounds (VOCs). Pathological
processes alter the metabolites’ composition in the body
and produce VOCs as a degradation product of metabolic
processes. These VOCs can then be surrogate biomarkers
that indicate the infection of SARS-CoV-2. Electronic nose
(e-nose) that can detect these VOCs surrogate biomarkers
have been reported [84]. It consists of three micro hotplate
metal-oxide sensors, such as carbon monoxide (AS-MLC),
nitrogen dioxide (AS-MLN), and VOC (AS-MLX) sensors.
The participants were required to breathe for 5 min through a
disposable mouthpiece consisting of a carbon filter and a high-
efficiency particulate air (HEPA) filter to avoid contamination
of the internal tubing. The breath analysis was assessed
to discriminate COVID-19-positive participants by artificial
intelligence (AI). They reported that this electronic nose has a
sensitivity of 0.86. However, so far the electronic nose has only
been utilized as a screening tool, and further RT-qPCR test is
required to confirm the positive prediction. Moreover, alcohol
in the vicinity of the device interferes with the sensor, thus
generating uninterpretable data [84]. In Indonesia, an elec-
tronic nose, called GeNose, was also developed as an alter-
native to screening people who are infected by SARS-CoV-2
(Fig. 9). Interestingly, GeNose showed high accuracy of 97%
obtained from testing 600 sample data and has been now made
available in some public areas for screening purposes [85].
The application of AI has been explored in another
COVID-19 diagnosis method, such as lung detection images,
including computerized tomography (CT) images, X-ray
images, and ultrasound images which can visualize pneu-
monia. The image of the lung can show the patient with
suspected SARS-CoV-2 infection. CT Al-assisted screening is
demanded by the radiologists who are less expertise in chest
imaging. Al systems will improve the accuracy of the clinical
diagnosis. However, in some cases, COVID-19 patients still
have normal lung images even though they have been infected
by SARS-CoV-2 already. Therefore, the negative predictive
value of the lung image is limited and does not clearly

Fig. 9.

Photograph of GeNose device. Reprinted from [117] with
permission from Gadjah Mada university press.

indicate infection. Consequently, the accuracy of single Al
diagnostics is still challenged. Thus, multiple AI algorithms
are required to combine chest imaging or lung imaging with
clinical symptoms, exposure history, and laboratory tests in
the diagnosis of COVID-19 [86].

VII. SAMPLE COLLECTION TECHNIQUES

Sampling technique is also important for SARS-CoV-2
detection. The sample type used for the biosensor determines
the sampling method and protocol for the COVID-19 biosensor
(see Table IV). Detection of virus in sputum samples, obtained
by nasal swabs is an ideal technique in the first 14 days
after onset, whereas throat swabs might lead to false-result
8 days after the onset of symptom [3]. While saliva samples
are effective to be used before 10 days after onset (see
Table V) [87].

Priya and Prabakaran [88] conducted a study to detect
SARS-CoV-2 from different sites, such as blood, urine,
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TABLE IV

DIAGNOSTIC TECHNIQUES

Ref. Sample used Diagnostic technique Target
[57] Blood ELISA Antibody
[116] Blood and Electrochemical detection  Spike
Saliva glycoprotein
[65] Blood Optical detection Spike protein
antibody
[64] Serum sample EIS Antibodies
[103] Pharyngeal RT-LAMP Colorimetry ORF8 and N
swab SARS-CoV-2
genes
[105] Nasopharyngeal =~ RT-LAMP Colorimetry S-gene and
(NP) swabs NA-dependent
RNA
polymerase
(RdRP) of
SARS-CoV-2
[108] Saliva RT-LAMP Colorimetry, Nucleocapsid

spectrophotometry, and
real time fluorescence

(Gene N) and
Orflab regions

DPV = Differential pulse voltammetry; OCP-EIS =open circuit potential-
electrochemical impedance spectroscopy

TABLE V
COMPARISON VIRAL LOAD PEAK AT DIFFERENT SERIAL SAMPLES

Viral load effective

Ref. Serial samples
measurement

Target

[118]
[119]

Sputum Nucleic acid <15 days post-symptom
onset (peak at 5-6 days

post-symptom onset)

[118]
[119]

Throat swab Nucleic acid <8 days post- symptom
onset (peak at 5-6 days

post-symptom onset)

[119] Nasal swab Nucleic acid <14 days post-symptom

onset

[80] Nasal swab Antigen 1-3 days pre-symptom
onset and 5-7 days post-

symptom onset

[87], Saliva Nucleic acid <10 days post-symptom

[120] onset

[68] Blood Antibody >14 days post-symptom
onset

[121] Urine Nucleic acid At day 12 and day 24 post-
symptom onset

[122] Feces Nucleic acid 11 (7-13) days post-

symptom onset

sputum, feces, and nasal samples. The result revealed that
bronchoalveolar lavage fluid has the highest virus load, fol-
lowed by sputum, nasal swab, fibrobronchoscope brush biopsy,

pharyngeal swabs, feces, and blood. However, the timeline for
positivity of urine samples is varying among the reports [89].
Another study revealed that antibody was low or undetectable
in the early infection. However, antibodies load may increase
with time, while virus molecular load may decrease [90].

VIIl. FUTURE PERSPECTIVE

The latest reports reported that ageusia (loss of taste) is one
of the early symptoms of COVID-19. Saliva plays a major
role in the oral chemosensory perception of taste sensation.
Saliva is a complex isotonic substance. It consists of 99%
water and 1% other constituents [91]. The constituents are
proteins, inorganic constituents, enzymes, hormones along
with salivary flow rate, and pH playing an important role in
taste perception. Salivary constituents are possibly changed
due to SARS-CoV-2 infection which might be associated with
ageusia [92]. One of the potential approaches to detect the
changes of constituents in saliva was electronic tongue. This
approach offers low-cost and convenient detection of surro-
gate biomarkers associated with COVID-19-related ageusia.
Electronic tongue (ET) consists of multiple sensors (sensor
arrays). Most electronic tongues were designed of macro-
scopic solid supports coated with nanostructured firms [93] or
membranes [94]. The analytical methods of ET mostly used
potentiometry and impedance spectroscopy [95]. ET has to be
able to analyze the output from each sensor which is then being
classified using machine learning [96]. Each sensor will detect
the alteration of each constituent. The salivary constituents
that might alter due to SARS-CoV-2 infection have already
been discussed in reference [92]. The study of ET on detecting
bacteria possessed an accuracy of 98.8% [97].

Several studies have developed COVID-19 biosensors
using paper as a substrate, offering cheap and sustainable
devices. However, there are some disadvantages of paper-
based devices, such as poor delivery capability because of low
retention in the channels, decreasing mechanical strength of
the paper as aqueous solution wet the channels and could lead
to damage by the excess solution. To overcome the aforemen-
tioned limitation, cotton cloth can be used as an alternative
to paper since it provides excellent absorbing properties and
better physical and chemical properties [16], [17], [98], [99].

Microfluidic fabric-based electronic tongue has potential to
recognize SARS-CoV-2 infection, the application of microflu-
idics will allow the use of small sample volume [100].
To assess the constituents, membrane can be coated on the
microfluidic fabric-based device [94]. Then the outputs of the
sensors array can be controlled by a multiplexer to enter a
measurement technique, such as EIS [100].

Another possibility of developing a portable COVID-19
biosensor with high specificity is by utilizing pyrrolidinyl
peptide nucleic acid (acpcPNA) as a probe. It provides
antiparallel/parallel binding to the target and a low tendency
for self-hybridization. It could reach an LOD of 1.24 nM for
Mycobacterium tuberculosis (MTB) detection [101].

IX. CONCLUSION

There have been various approaches to develop portable,
low-cost, and non-invasive COVID-19 biosensors based on
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the nucleic acid, antibody, antigen, and metabolic products
related to SARS-CoV-2. However, detecting the low viral load
amount, non-invasively, without amplification is still a major
challenge. The accuracy and sensitivity of these solutions

also

depend a lot on the correct protocol related to the

time progression of SARS-CoV-2 viral infection. A promising
approach for portable, sensitive and non-invasive sensor would
be antigen-based electrochemical detection. However, the cost
is high and the versatility is limited due to the need of specific
antibody production for the specific variant antigen. Another
alternative would be to use biomimetic binding molecule to
replace the expensive antibody. Finally, an emerging solution
based on the combination of non-selective sensing array and
artificial intelligence algorithm has been presented. This last
option may be increasingly developed in the future with the
increasing power of computation.
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