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Detection of SARS-CoV-2 in COVID-19 Patient
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Abstract—This work presents an opto-electrical method that
measures the viral nucleocapsid protein and anti-N antibody inter-
actions to differentiate between SARS-CoV-2 negative and positive
nasal swab samples. Upon light exposure of the patient nasal swab
sample mixed with the anti-N antibody, charge transfer (CT) tran-
sitions within the altered protein folds are initiated between the
charged amino acids side chain moieties and the peptide backbone
that play the role of donor and acceptor groups. A Figure of Merit
(FOM) was introduced to correlate the relative variations of the
samples with and without antibody at two different voltages. Em-
pirically, SARS-CoV-2 in patient nasal swab samples was detected
within two minutes, if an extracted FOM threshold of >1 was
achieved; otherwise, the sample was considered negative.

Index Terms—COVID-19, light intensity, nucleocapsid protein,
optical detection, SARS-CoV-2.

I. INTRODUCTION

THE CORONAVIRUS disease 2019 (COVID-19) has rav-
aged the global population since the end of 2019 [1]. As
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of December 23, 2021, over 275 million cases and >5.3 million
deaths have been reported worldwide [2]. This pandemic has
caused massive social and economic disruptions in nearly every
country and therefore global research and development efforts
are being geared towards development of vaccines and thera-
peutics for the prevention and treatment of COVID-19, in order
to normalize the situation. The novel severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) that causes COVID-19
enters the susceptible cells primarily via endocytosis using its
spike (S) protein [3]–[5]. The viral S protein is a homotrimer that
protrudes from the virion surface [6] and is responsible for entry
into susceptible cells by binding to the human angiotensin con-
verting enzyme 2 (ACE2) protein [3]–[5]. Once internalized, the
virus starts to replicate within the cell [7]. The nucleocapsid (N)
protein of SARS-CoV-2, is the largest structural protein of the
virus which coats its large genomic RNA and is responsible for
creating its helical structure [8]. Compared to the viral S protein,
the N protein is much more conserved (∼90%), is expressed at
high levels during infection, and is highly immunogenic [8].

Currently, there are two main strategies for the detection
of COVID-19. The first is a real time reverse transcriptase
(RT) quantitative polymerase chain reaction (RT-qPCR)-based
strategy that detects the viral nucleic acid in patient samples
(presence of the viral RNA). The second strategy, is an im-
munological assay that detects viral protein antigens or serum
antibodies produced as a result of the body’s immune response to
the viral infection [9]–[11]. The two strategies complement each
other, with the PCR strategy detecting the virus during its active
phase, while the immunological assay identifies individuals who
have developed antibodies to fight the disease.

RT-qPCR is considered the gold standard for performing clin-
ical diagnostics within which the RNA sequences are amplified
[12]. Nevertheless, there is an urgent demand for platforms that
are rapid, accurate, simple, and portable. Several researchers
have tried to come up with less time-consuming PCR-based
alternative solutions. A reverse transcriptase loop-mediated
isothermal amplification (RT-LAMP) nucleic acid-based detec-
tion of SARS-CoV-2 with an additively manufactured cartridge
has been proposed [13]. RT LAMP is still a time consuming
assay that does not require an RNA extraction kit. Recently, a
fast one-pot nano PCR with RT-PCR technology for COVID-19
diagnostics has been developed [14]. The viral detection time has
been reduced to 15 minutes. The system incorporates plasmonic
thermo cycling with fluorescent signal detection in a single
device. This PCR-based method is a relatively expensive and
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time-consuming technique that needs an expert technician. In
addition to PCR, the emerging gene editing-based CRISPR
(clustered regularly interspaced short palindromic repeats)/Cas
technologies are promising to provide faster, more sensitive, and
cheaper alternatives to SARS-CoV-2 biomolecular diagnostics.
The current CRISPR/Cas tests approved for emergency use still
need an amplification step, but improvements are being intro-
duced that should reduce the number of steps to achieve detection
[15]–[18]. These tests are portable and use fluorescence-based
detection that are coupled to smartphones to produce rapid
results within 15-60 minutes. On the other hand, several re-
searchers have tried to explore the use of biosensor devices [19],
[20]. Biosensors interact with biomolecules and transduce their
readings into measurable outputs, such as optical, electrical and
enzymatic. A COVID-19 field-effect transistor-based (FET) sen-
sor incorporating a graphene sheet at the sensing area has been
developed [21]. The FET-based sensors require functionaliza-
tion of high concentration of antibodies to have a highly respon-
sive detection of the SARS-CoV-2 virus in clinical samples. The
measurement setup is not portable and requires a calibration pro-
cedure and highly skilled personnel to run it. Another approach
has been to use the dual-functional plasmonic biosensor to pro-
vide an alternative and promising solution in improving the ac-
curacy for clinical COVID-19 diagnosis [22]. Nevertheless, the
proposed technique demands surface functionalization and viral
sequence detection which requires sophisticated and complex
sample preparation and handling. Furthermore, the utilization
of membrane-engineered mammalian cells bearing the human
chimeric spike S1 antibody and the possibility for the attachment
of the protein to the membrane-bound antibodies has been
proposed [23]. No actual clinical validation of the assay using
patient samples has been provided. The use of electro-insertion
of tens of thousands of the SARS-CoV-2 spike S1 antibody into
the cell membrane makes this method not a practical solution
and requires sample processing and preparation. Biosensors
can provide label-free, real-time detection and curtailment of
non-specific binding. However, they also face the challenge
of efficient immobilization of biomolecules on the sensing
surface [24].

Recent reports have found distinctive UV-visible light spectra
in the range of 250–800 nm for proteins rich in charged amino
acids that are in monomeric form and devoid of aromatic amino
acids [25]–[29]. Prasad et al. have shown that the protein charge
transfer spectra (ProCharTS) band comprises of facile photo
induced peptide backbone to side chain charge transfer and side
chain to side chain charge transfer transitions in charged amino
acids such as lysine (Lys) and glutamate (Glu) [28]. In fact,
all naturally occurring charged amino acids can be identified
as either electron donor (D), bridge (B), or electron acceptor
(A) units. Within protein folds, the charged side chains of these
amino acids (e.g., Lys amino or Glu carboxyl groups), and the
peptide backbone play the role of D and A groups, while the
aliphatic (non-polar) part of the side chain or the intervening
protein/solvent medium forms the B component of the D−B−A
units. While CT transitions for charged amino acid monomers
are expected to be in the deep UV (below 250 nm), strong

inter-residue electronic couplings imposed by protein folds can
shift such transitions dramatically to the visible end. Previous
molecular dynamics (MD) and electronic structure analysis
revealed three specific factors which primarily determine the
ProCharTS absorption range: (1) distance between the side
chains of charged amino acids (which could be in the range
of 2–10 A or more), (2) the charge complementarity of the
interacting side chains and (3) the medium pH [29]. Solvation
and conformations of the amino acid side chains and the peptide
backbone were also shown to modulate the spectral range of the
CT transitions to a lesser extent [28].

Several fast detection assays for coronavirus RNA or pro-
teins have been reported in literature. One of the earliest such
assays was based on colorimetric detection of oligonucleotide
sequences that bypasses the need for RNA amplification [30].
The assay exploited the electrostatic adsorption of single versus
double-stranded DNA molecules on gold nanoparticles (NPs).
Detection was apparent in about 5 minutes by a change in color
due to NP aggregation caused by the hybridization reaction.
Although the assay provides fast detection using unmodified
commercially available materials, its use of NPs increases the
cost of the assay. A dual-functional plasmonic biosensor that
uses both localized surface plasmon resonance sensing transduc-
tion and the plasmonic photothermal effect showed a detection
time of approximately 14 minutes [22]. However, the assay
demands surface functionalization and viral sequence detection
which requires sophisticated and complex sample preparation
and handling. An optical detection assay that uses the princi-
ple of fluorescence and detects presence of the nucleocapsid
protein of SARS-CoV-2 in urine and nasopharyngeal swabs
has been proposed [31]. It comprises immunochromatographic
strip with a sample well. A diluted patient specimen is added
to the well and after 10 minutes, the strip is loaded into an
immunofluorescence analyzer, which automatically determines
the results based on a reference fluorescence value determined
previously. The challenge of this assay is that it requires a
skilled professional to operate the immunofluorescence ana-
lyzer. An immunosensor utilizing a sensitive graphene Field
Effect Transistor has recently been proposed that can identify
and detect the SAR-CoV-2 spike protein in about 2 minutes
[32]. Electrical detection of the antibody-antigen interaction is
used as the sensing mechanism whereby the slightly positively
charged S1 protein hybridizes with the spike S1 subunit protein
antibody immobilized on the graphene electrode, affecting its
conductance/resistance via field effect. The limitation of this
assay is that it requires complex preparation of the electrodes and
its effectiveness depends largely on the immobilization of spike
S1 subunit protein antibody on the electrodes. Most recently,
a rapid, label-free assay based on electrochemical impedance
detection in under 5 minutes has been proposed [33]. The assay
employs an impedance sensing platform with wells that contain
electrodes coated with SARS-CoV-2 receptor binding domain
of the spike protein. COVID-19 positive and negative samples
are differentiated by the variation in spikes of impedance mea-
surements. Although the assay provides a simple protocol for
testing the impedance sensing platform, it is quite costly.
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Fig. 1. Schematic illustration of SARS-CoV-2 N protein with anti-N binding. (a), (b) are the cells without and with electrical biasing, respectively.

Electrostatic analysis has been used previously to study pro-
tein interactions at a structural level. For example, it was ob-
served that the protein surface of ACE2 shows negative electro-
static potential, while the S proteins of the SARS-CoV/SARS-
CoV-2 exhibit positive potential [34]. Additionally, it was found
that SARS-CoV-2 S protein is slightly more positively charged
than that of SARS-CoV, giving it a higher affinity to bind to
negatively charged regions of the ACE2 (30% higher binding
energy [7]). Similarly, the SARS-CoV-2 N protein has three
distinct but highly conserved parts: the N-terminal RNA-binding
domain (NTD) which is responsible for RNA binding via its
distinct basic (positively charged) finger and palm regions: a
C-terminal dimerization domain (CTD) which is responsible
for oligomerization, and intrinsically disordered central Ser/Arg
(SR)-rich linker which is responsible for linker for primary phos-
phorylation, respectively [35]. Thus, in this study, we exploited
the higher positive electrostatic potential of SARS-CoV-2 N
protein and its antibody to develop an opto-electrical assay to
successfully detect virus infection in nasal swabs from SARS-
CoV-2-infected individuals.

II. STUDY RATIONALE AND ASSAY DESIGN

It has been shown that antibody to the N protein of SARS-
CoV-2 is more sensitive than S protein antibody for detect-
ing early infection [36]. Typically, antibody binding surfaces
are largely negatively charged [37]. The N antibody-antigen
complex is formed by electrostatic interactions between the
positively charged RNA binding site of the N protein and the
oppositely charged surfaces of the antibody. Generally, high
affinity antibodies as well as the rigid parts of the proteins have
higher and stronger electrostatic interactions [38]. Moreover,
an antibody can be introduced into the cell by electro-insertion
that allows antibodies to penetrate the cell or cell content to be
expressed out of the cell. The infected cell physiology with and
without the application of electric field is illustrated in Fig. 1(a)
and (b), respectively. The cell is assumed to be suspended in the
aqueous transport medium of a nasopharyngeal swab along with
anti-N antibodies (anti-N). When the electrical pulse is applied,
the cell opens up by the formation of pores in the cell membrane.
The pores only stay open for the duration of the applied constant
field or its time domain variation. The anti-N antibody penetrates
the cell through these pores and binds with the N protein of

SARS-CoV-2 virus that is expressed during infection [8]. This
interaction or binding could be used as a reliable marker for
the presence of infection and of virus replication as the protein-
antigen binding of the infected cell should create a change in the
electric properties of the cell that can be measured. Thus, in this
assay, the binding between N protein and anti-N was enabled
electrically and detected optically. The optical intensities for the
nasal samples with antibodies were measured at zero and one
volt with time. The experimental setup utilized in this study is
shown in Fig. 2(a), incorporating a mini spectrometer and a smart
mobile phone that was employed as a light source with its power
spectrum exhibiting maximum power at a wavelength of 623 nm
[39]. The mini-spectrometer C11708MA (Hamamatsu/Japan)
was used to measure the light intensity as it passed through test
samples with spectral response ranging from 590 nm to 1100
nm [40]. The sample under test was placed between the mobile
light source and the mini-spectrometer, as shown in Fig. 2(a).
The distances between the light source, the spectrometer, and
the sample holder were adjusted to eliminate any possible inter-
ference and to stabilize the spectrometer performance.

The portable photospectrometer was aligned with the light
source and sample cuvette to achieve a straight path of light. The
0.4 cm-gap micropulser electroporation cuvettes from Bio-Rad
were used for the electrical analysis [41]. The cuvette incorpo-
rates aluminum electrodes plates with an area of 1 cm by 0.8 cm.
Its outer dimensions are 12.5 × 12.5 × 45 mm (W × D × H)
with a path length of 10 mm and a functional volume between
50–1,500 µl. The biasing voltage required was applied using the
Gamry 3000 instrument [42].

Fig. 2(b) shows the nasal swab buffer optical light density
measurements versus wavelength from 590 nm to 1100 nm.
The corresponding smart mobile power spectrum is depicted
in Fig. 2(c). As can be seen, the maximum optical power
was emitted at a wavelength of 623 nm; therefore, this wave-
length was chosen for further experimentation. At 623 nm, the
sensitivity of the measurements was higher than at any other
wavelength, showing the reproducibility of the results. Initial
test of this experimental setup revealed that it had one major
drawback, that is, when samples were loaded into the cuvette,
the angle and position of the cuvette changed which affected the
results obtained. To ensure that the results were reproducible,
the measurements for the same sample were conducted over
different days and on each day, the setup was standardized since
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Fig. 2. The proposed concept of optical detection and the experimental design: (a) Optical measurement setup is shown consisting of a smart phone as a light
source and the mini-spectrometer utilized to collect the light waves passing through the sample kept in the holder. (b) Light intensity of the buffer of the nasal swab
and (c) power intensity of the used smart phone.

the position of the mobile phone, spectrometer and samples
could vary. To overcome this caveat and have more consistent
measurements without constant standardization, the ability of
the spectrometer to provide light intensity measurements over
time, was taken advantage of the optico-electrical response in the
form of a change in light intensity at different electrical biases
was recorded for all tests over time.

To test the proof-of-principle, nasal swab samples from pa-
tients with known negative or positive COVID-19 results were
tested using our experimental design. The patient results were
confirmed using real time RT-qPCR assay. Two specimens of
150 µl each were taken from the nasal swabs suspended in
the viral transport media (VTM). The first specimen was left
as purely the patient sample, while 150 µl of anti-N antibody
with a concentration of 1 μg/mL was added to the second
specimen. The samples were loaded in the Bio-Rad cuvettes
which were then characterized for their optical properties with
time in the absence or presence of one volt of electrical bias
using the apparatus described in Fig. 2(a).

III. RESULTS AND ANALYSIS

Fig. 3(a) and (b) show the measured optical light intensity
versus time for these samples either alone or in the presence of
anti-N antibody under zero and one volt voltage bias conditions.

As can be observed for the individual negative and positive
samples in the absence of the anti-N antibody (blue curves),
the light intensity exhibited a somewhat linear behavior where
it slowly increased with increasing time of observation at zero
voltage bias. This trend remained the same at one volt bias for the
negative sample (Fig. 3(a)), while the curve became nearly flat
for the COVID-19(+) sample in the presence of the one volt bias
(Fig. 3(b)). Overall, the behavior of light did not change much
between the zero and one volt bias for the negative samples
alone. In contrast, the slope of both the COVID-19 negative
and positive samples changed noticeably in the presence of
the anti-N antibody between the zero and one volt conditions,
depicting a stable linear behavior in the downward direction
(Fig. 3(a) & (b)). The changes in the sample profiles at one
volt bias in the presence of anti-N antibodies are interpreted to
reflect the binding between the antibodies and the N proteins in
the COVID-19(+) cells. As the binding interactions start, the
corresponding optical profiles descend incrementally due to the
increase in binding events, releasing more energy photons [43].

The current detection approach starts with normalizing the
measured intensities, each to its corresponding y-intercept, to
unify the scales and allow determination of the variations clearly.
It is worth mentioning that the level of the light intensity was
influenced by insertion of the cuvette and its cable connections.
Therefore, normalization with respect to the y-intercept levels
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Fig. 3. Measured optical light intensity versus time for: (a) a representative COVID-19 negative nasal swab sample alone or in the presence of anti-N antibody
(Ab) under zero and one volt DC bias. (b) The measured optical light intensity versus time for a representative COVID-19 positive nasal swab sample alone or in
the presence of anti-N antibody under zero and one volt bias. The specimen and the antibody volumes were the same at 150 µl each. The anti-N antibody was used
for the detection of SARS-CoV-2 N protein which can detect 4 ng of free peptide at a concentration of 1 µg/mL.

Fig. 4. Normalized measured light intensities versus time, each to its corre-
sponding y-intercept.

helps to overcome this issue. The normalized graphs are shown
in Fig. 4. Both negative samples (with and without the anti-N
antibodies) exhibited more linear responses than the positive
samples. The normalized curves also confirm interactions be-
tween antibodies and the coronavirus in the positive sample
(see the green curve), which represents the normalized positive
sample with anti-N antibodies. The slopes of the entire time
intervals before applying bias were measured. The slopes of the
negative and positive samples in Fig. 4 were extracted through
the process of linear regression during “0” and “1 V” bias. It is
recommended to have minimum periods of 100 secs to guarantee
that an interaction has occurred that would be reflected in the
measured profile. To analyze the behavior of the samples further,
the slopes of the corresponding sample normalized profiles
were extracted and have been summarized in Table I from ten
COVID-19(−) and ten COVID-19(+) individuals.

TABLE I
RATE OF CHANGE IN THE NORMALIZED MEASURED LIGHT INTENSITY OF

NASAL SWAB SAMPLES FROM COVID-19 (−) AND TEN COVID (+) SAMPLES

EACH

Fig. 5(a) depicts the relative difference in the measured profile
slopes with and without voltage bias. This figure reveals that the
absolute extracted slopes for the positive samples in the presence
of anti-N antibodies was approximately two times higher than
the extracted slopes for the negative samples in the presence of
the anti-N antibodies. Therefore, the slope variation above 10%
was set as the threshold of detection of a COVID-19 patient with
low accuracy.

To have a successful higher accuracy value, the following
Figure of Merit (FOM) is proposed:

FOM = (SA− S) |1V / (SA− S) |0V (1)

where SA and S are the samples with antibody and the same
sample alone, respectively.

The FOM represents the relative variation of the sample with
and without antibody at two different voltages. The correspond-
ing extracted FOM is listed in the last column of Table I. As
illustrated in Fig. 5(b), the accuracy of prediction was improved



AHMAD et al.: DETECTION OF SARS-CoV-2 IN COVID-19 PATIENT NASAL SWAB SAMPLES USING SIGNAL PROCESSING 169

Fig. 5. Analysis of slope variation observed in test samples. (a) The extracted slopes for the negative and positive samples tested in the presence of the anti-N
antibody. (b) The extracted Figure of Merit (FOM) of the same samples analyzed as in panel a. The error bars represent the standard deviation from 10 samples
from the COVID-19(−) and (+) samples. The red dashed line represents the threshold of successful detection of a negative from a positive COVID-19 sample.

Fig. 6. Measured optical binding profile of N protein with its antibody versus
time under free binding conditions without the application of any biasing voltage.

dramatically. Based on the results obtained from ten negative and
positive nasal swab samples each, an FOM of above 1 should
be able to successfully predict the COVID-19 status of a patient
with 100% accuracy using this approach. For rapid and quick
detection, the nasal swab can be split into four specimens and
the four required tests (sample at zero and one volt, sample with
anti-N Ab at zero and one volts) can be run simultaneously to
collect the corresponding optical profiles for 100 seconds. The
data can then be processed to extract the slopes and the FOM to
have the results.

A. Assay Validation

To validate our results that the molecular interactions being
observed by the opto-electrical was really detecting SARS-CoV-
2-antibody interactions in nasal swab samples, we conducted
the following experiment. The binding behavior of a solution
of SARS-CoV-2 N protein in the presence of its antibody was
analyzed under visible light in the range of 623 nm in a test tube.
Fig. 6 shows the measured binding profile of the N protein with
its antibody versus time under free binding conditions without
the application of any biasing voltage. As can be seen, a nice

“hump” was observed (as an increase in arbitrary units (a.u.)
with time) which is a direct indication of the binding reaction
occurring at 623 nm wavelength. Based on these observations,
we believe that a “hump or spike” in light intensity is observed
when a specific molecular interaction takes place between two
proteins. This is mainly due to the physio-chemical properties of
the proteins that relates to binding affinity in the contact surface
area and incorporates the association/dissociation process [44].
As revealed from the corresponding binding measured light
intensity profiles, such interactions exhibit Gaussian-like peaks.
Wang et al. have demonstrated that molecular binding at a single
molecule level displays such a peak [45]. Interestingly, Kozono
et al. monitored the real-time Brownian motion and fitted it with
Gaussian function [46]. The fitting parameters of the distribu-
tions can provide many features of the binding interactions [47].
This could provide a quantitative signature or characterization of
a specific antigen binding to a specific antibody such as intrinsic
specificity and binding rate. It has also been shown that the
probability of the binding free energy has a Gaussian distribution
near the mean and exponential-like distribution in the tail [48].
As described in Fig. 6, the time slot denoted by (i) represents
the time just before the interaction occurs. As the interaction
starts, the corresponding optical profile ascends incrementally as
indicated by (ii) due to the increase in binding events which affect
the protein folding and increase the CT transitions, releasing
more energy photon. The peak pointed by (iii) occurs at the
maximum event of binding between the antigen and the antibody.
The height of the peak indicates stronger interactions and vice
versa. The profile then descends till the end as the binding events
becomes less and no further interactions occur at the end, as
illustrated by (iv). The distance in time to maximum peak reflects
the speed of the binding interactions; thus, the earlier the peak
appears, the faster the binding interaction takes place.

B. Determination of Applied DC Pulse

To study the effect of DC biasing on a protein solution, the
anti-N antibody was suspended in a buffer and loaded in an
electroporation cuvette that incorporates two electrodes with a
volume of 0.5 mL and a separation distance of 0.4 cm. The



170 IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL PROCESSING, VOL. 16, NO. 2, FEBRUARY 2022

Fig. 7. Measured anti-N antibody optical response versus time at different DC
bias voltages.

optical response versus time at different DC bias voltages was
recorded and depicted in Fig. 7. As can be seen, Fig. 7 reveals that
the optical response decayed slowly with the application of DC
bias between 0 and 2V. However, by 3 volts DC bias, the optical
response dropped with a considerable step and we believe that
increasing the DC bias further essentially burns the suspension
and destroys it. Thus, an applied bias should result in induction of
a current across the suspension and if this current is high enough,
it should have the potential to destroy the protein physiology
and functionality, resulting in the loss of specific protein-protein
interactions. Therefore, we conclude that 1V DC bias was an
optimum value that promoted the entry of the anti-N antibody
into cells without changing the configuration and physiology of
the viral nucleocapsid protein, the cells, buffer, or antibodies.

IV. DISCUSSION

In comparison to these expensive and cumbersome assays
discussed in the literature review, our study provides proof-of-
concept for an opto-electrical assay used to detect SARS-CoV-2
in patient nasal swab samples by combining measured optical
light intensity under the application of electrical bias within 2
minutes. The principle was established by testing protein-protein
interactions of both positive and negative patient samples indi-
vidually, as well as in combination with anti-N antibody under
0V and 1V serially applied bias voltages. The applied bias volt-
age was limited to 1V voltage bias because beyond about 3V DC,
the electric field becomes too intense for the cells to recover their
membrane and cell functions [49]. The electroporated antibody
and intracellular N antigen bind and their binding interactions
can then be optically detected as a change in the light intensity
measured by the mini photo spectrometer. For the pure samples
(the negative only and positive only samples, respectively), the
light intensity increased on application of the 1V bias volt-
age. The extraction of FOM removed any systematic errors,
background noise and discrepancies due to system calibration.
It also provided a clearer picture of the analyte response for
comparison. We further verified that the change in light intensity
was mainly due to change in protein folding that occurs inside
the cell as a result of applying 1V to allow them to enter the

cell. These changes reflect alterations in hydrogen bonding and
charge transfer between amino acid charged side chains and the
polypeptide backbone due to the interaction of the N antibody
with N proteins These results are in line with previous studies
which have shown that addition/electro-insertion of an antibody
into a cell that selectively binds to a protein can be used as a
means to distinguish the electrical signature of analytes [23],
[50].

Thus, our assay is based on the principle that the aggregation
of protein chains containing both secondary and tertiary struc-
ture of protein upon N protein interaction with its antibodies
could allow CT transitions as illustrated in Fig. 8. Fig. 8(a) shows
the SARS-CoV-2 nucleocapsid proteins approaching anti-N an-
tibodies. Fig. 8(b), shows the two proteins getting closer to each
other and as they do that, some changes in the proteins 2D
and 3 D structure are initiated due to electrostatic interactions
between charged side chains and/or hydrogen bonding and other
intermolecular forces. Fig. 8(c) shows the binding between the
two proteins through electrostatic interactions, H-bonding and
other intermolecular forces; upon light irradiation, charge trans-
fer transitions between amino acids with charged side chains and
polypeptide backbone take place. This is illustrated more clearly
in Fig. 8(d), which shows charge transfer transitions between the
charged side groups of amino acids, Arg and Asp as examples,
and the polypeptide backbone. These charge transfer transitions
are thought to occur between electronic donor amino acids in the
interacting proteins with charged side chains and electron accep-
tors amino acids upon UV-Vis irradiation. While CT transitions
for charged amino acid monomers are expected to be in the
deep UV (below 250 nm) range, strong inter-residue electronic
couplings imposed by protein folds can shift such transitions
dramatically to the visible range [25], [27]. The photoelectric
effect theory combines kinetic, binding and photon energies,
all three of which are correlated through the theoretical physics
fundamentals and principles [51]. Hence, if the generated photon
energy due to the binding interactions is sufficient, it could give
rise to light intensity at a specific wavelength [43]. Wang et al.
have discussed the enhancement of receptor binding of SARS-
CoV-2 through networks of hydrogen-bonding and hydrophobic
interactions [52]. They have provided explanations to better
understand the structural and energetic details responsible for
protein–protein interactions. Their simulations reveal that both
electrostatic complementarity and hydrophobic interactions are
critical to enhance receptor binding and escape antibody recog-
nition by the receptor binding domain (RBD) of SARS-CoV-2.
Furthermore, Dahal et al. have demonstrated that binding prob-
ability increases with antibody concentration and the stability
of protein [53]. Grisanti et al. relate the optical properties of the
folded proteins to electron driven proton transfer along hydrogen
bonds in γ and β protein turns [54]. Charged amino acids such
as Lys, Arg, His and Glu that are integral constituents of DNA
and RNA binding proteins, glycoproteins and estrogen binding
proteins, respectively, have been found to possess unique char-
acteristic absorption features extending beyond 320 nm due to
charge transfer transitions involving the amino (-NH3

+) and car-
boxyl (-COO−) groups of their side chains and the polypeptide
backbone [28].
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Fig. 8. Illustration of protein charge transfer transitions that take place between SARS-CoV-2 nucleocapsid protein and anti-N antibodies. Panel (a) shows the two
proteins apart, (b) shows the two proteins getting closer, and (c) shows the binding between the two proteins through hydrogen bonding and other intermolecular
forces. Panel (d) Illustration of how upon light irradiation, charge transfer transitions between amino acids with charged side chains and polypeptide backbone
takes place.

The performance of diagnostic tests can be gauged depending
upon a number of metrics. Commonly used are sensitivity and
specificity. Sensitivity refers to the ability of the test in question
to correctly identify the proportion of samples that are genuinely
positive, such as detecting a disease, whereas specificity refers
to the ability of the test in question to correctly identify the
proportion of samples that are truly negative such as patients that
do not have the disease. The World Health Organization (WHO)
recommends a minimum of 80% sensitivity and 97% specificity
for the rapid antigen test [55]. The proposed opto-electrical
method exhibited a sensitivity of 90.91% and a specificity of
90.91%. These results are based on comparison of our results
with the clinically-validated real time RT-qPCR test that was
used for clinical detection of SARS-CoV-2 initially.

Our proposed assay is compared with other detection as-
says/instruments from a number of perspectives, including need
for sample preparation, test duration, operational difficulties,
and other factors [14], [17], [21], [22], [56]–[65] as shown in
Table II.

The opto-electrical assay described in this study can be
practically functionalized by creating a compact sensing and
control unit linked to a smart phone mobile application, mak-
ing it portable and highly efficient. The unit will comprise
a custom-built, electrode-embedded well that will act as the
sample holder and sensing element. The patient sample (VTM

from the nasopharyngeal swab) and N protein antibody solution
will be added to the well via a teardrop pipette. Once light from
a smart phone camera is incident on the well, the electrode will
deliver up to 1V voltage bias to the solution under test. The
microelectronic circuitry within the unit will processes the signal
transduced by the sensor and communicate the data wirelessly
via Bluetooth or any other suitable wireless protocol to the
mobile application installed on the smart phone. To allow for
portability, the sensing unit will have an inbuilt battery that can
be charged using a power cable connected to a power charging
port. The calculated cost of such a test would be less than $3,
which is the cheapest ever one can have compared to existing
tests. This approach can be further developed to accommodate
mass screening that should provide fast and accurate positive
or negative test results in the field without the need for any
sample processing or analysis. If the results are positive, the
results could be validated by the more conventional techniques
for further verification.

V. CONCLUSION

A novel proof-of-concept biosensor for the detection of
SARS-CoV-2 is presented. The detection method utilizes elec-
troporation and opto-electrical detection of viral nucleocapsid
protein and anti-N antibody interactions. A FOM was derived
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TABLE II
COMPARISON OF PROPOSED ASSAY WITH OTHER DETECTION TECHNIQUES IN THE LITERATURE

∗Determined by the amount of plastic material, gloves, gowns and other personal protection equipment (PPE) and biomedical waste per test.

that allows for clear distinction between positive and negative
nasal swab samples with a threshold value >1 indicating a
positive sample and a threshold value <1 indicating a negative
value, respectively. The assay uses simple instrumentation that
allows for scaling, either for portability or for mass screening.
It provides an easy to implement, label-free and low cost di-
agnostic platform for early detection of COVID-19 within two
minutes.

APPENDIX

A. Optical Mini-Spectrometers

Optical Mini-Spectrometers C11708MA from Hama-
matsu/Japan [40] was used to convert the variable attenuation
of light waves as they passed from end-to-end or reflect off
substances into signals with spectral response ranging from 640
to 1010 nm. The wavelength reproducibility ranged between
−0.5 to 0.5 nm and had a maximum of 20 nm FWHM spectra,
under constant light conditions. The measurements were
conducted with the room lights on. The distance between the
light source, the spectrometer, and the sample holder were
adjusted to eliminate any possible interference and to stabilize
the spectrometer performance. Furthermore, the spectrometer
was aligned with the light source and sample cuvette to achieve
a straight path of light.

B. Light Source

A smartphone light source was used as the main light source.
The mobile light emits light with the spectral range from 380 to
740 nm. The maximum optical power was emitted at a wave-
length of 623 nm [39]. In this work, iPhone 8 was employed,
though any smart phone can be used [66].

C. Electroporation Cuvette

The MicroPulser Electroporation Cuvettes (0.4 cm-gap) from
Bio-Rad were used for the electrical analysis [67]. This a high-
quality cuvette which is compatible with most electroporation
systems. The cuvette incorporates aluminum electrodes plates
with an area of 1 cm by 0.8 cm. Its outer dimensions are 12.5 x
12.5 x 45 mm (W x D x H) with a path length of 10 mm and a
functional volume between 50–1,500 µl.

D. Gamry Reference 3000TM

It is a high-performance electrical analyzer that was used to
apply the biasing voltage required in this work [42]. The Gamry
analyzer exhibits a high-current, high-performance potentiostat,
fully equipped to perform impedance spectroscopy up to 1 MHz.
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E. Patient Samples

Ten selected positive and 10 negative patient samples were
used for this study. They were extracted from the upper respira-
tory tract by nasopharyngeal swabs suspended in viral transport
media (VTM). The specimen were confirmed clinically for their
virus status by the Al Ain Hospital, Al Ain using real-time
RT-qPCR identification of SARS-CoV-2 RNA, following
all relevant guidelines and regulations (cobas 6800, P/N
09175431190). All procedures were given ethical ap-
proval by the Abu Dhabi Department of Health reference
DOH/CVDC/2020/872 issued on May 6, 2020.

F. SARS-CoV-2 Nucleocapsid Antibody

SARS-CoV-2 nucleocapsid antibody (rabbit polyclonal
anti-N antibody at a stock concentration of 1 mg/ml) from (Sino
Biologicals Cat no. 40588-T62) [68] was used for the affinity
binding experiments. The lyophilized protein was resuspended
at a stock concentration of 0.25 mg/ml according to the manu-
facturer’s instruction in sterile water.

G. SARS-CoV-2 Nucleocapsid Protein

SARS-CoV-2 nucleocapsid protein from (Sino Biologicals,
Cat no. 40588-V08B) [68] was used for the binding affinity
experiments. The lyophilized protein was resuspended at a stock
concentration of 0.25 mg/ml according to the manufacturer’s
instruction in sterile water.
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