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SARS-CoV-2 Nucleocapsid Protein
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Abstract—SARS-CoV-2 nucleocapsid protein-based
COVID-19 diagnosis is a promising alternative to the high-
priced, time-consuming, and labor-intensive RT-PCR tests.
Here, we developed a rapid, dip-type, wash-free plasmonic
fiber optic absorbance biosensor (P-FAB) strategy for the
point-of-care detection of SARS-CoV-2 N-protein, expressed
abundantly during the infection. P-FAB involves a sandwich
assay with plasmonic labels on the surface of a U-bent
fiber optic sensor probe with a high evanescent wave
absorbance (EWA) sensitivity. The SARS-CoV-2 N-protein
is quantified in terms of the change in the intensity of the
light propagating through the U-bent sensor probe coupled
to a green LED and a photodetector. Firstly, the optical fiber
material (silica vs. polymeric optical fiber), was evaluated to
realize a sensitive sensor platform. The optimal size of AuNP
labels (20, 40, and 60 nm) to achieve high sensitivity and a
lower limit of detection (LoD) was investigated. Following the
P-FAB strategy, fused silica/glass optical fiber (GOF) U-bent
senor probe and citrate-capped AuNP labels (size ∼40 nm)
gave rise to an LoD down to ∼2.5 ng/mL within 10 mins of
read-out time. Further, studies on development and validation of a point of care (PoC) read-out device, and preclinical
studies are in progress.

Index Terms— Biosensors, medical diagnosis, nanoparticles, nanophotonics, optical fiber sensor, COVID-19, SARS-
CoV-2, N-protein, plasmonic fiberoptic absorbance biosensor.

I. INTRODUCTION

THE coronavirus disease-2019 (COVID-19), a highly
transmissible respiratory viral infection caused by severe
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acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
caused a public health emergency worldwide since the first
case reported from Wuhan, China, in December 2019 [1].
WHO recommends mass screening to identify infected people
(with or without symptoms), tracking of infected individ-
uals, and tracing their contacts to effectively reduce and
break the spread of the viral infection. Several methods are
being developed to diagnose the COVID-19 either directly
by detecting the viral RNA or antigens or indirectly by
measuring the antibodies against the virus in the infected
host [2]. The reverse transcription-polymerase chain reaction
(RT-PCR) based nucleic acid detection is widely used to
detect SARS-CoV-2 infection, although it is labor-intensive
and requires numerous reagents and specialized infrastruc-
ture, and time-consuming. In addition, the RT-PCR assays
amplify specific target loci, and the sample without the target
locus will be reported negative. It is found that the dele-
tion, insertion or recombination, and interchange are recurrent
in coronaviruses [3], [4]. Hence, even a single nucleotide
polymorphism at the probe binding site or primer could
result as negative irrespective of the active viral infection.
As an alternative, several rapid diagnostic tests are being
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developed to enable mass screening, and some of them
have received conditional approval under emergency use
authorization (EUA) [2].

During the initial stages of the COVID-19 pandemic, lat-
eral flow assay (LFA) based serological (serum antibodies
against the SARS-CoV-2 antigens) tests have been deployed
in some countries as an alternative to RT-PCR, at least in
the resource-poor settings, including India, due to the lack of
PCR equipment and reagents. This alternative was tried with
an anticipation to quickly trace the affected individuals and
control the spread, mainly for emergency use [5]. However,
antibody-based tests have failed to serve the purpose as it can
take 2-3 weeks for the host to produce viral-specific antibodies,
and false-positive due to interfering antibodies present in the
serum because of prior COVID-like illness.

Among the SARS-CoV-2 proteins, the spike glycopro-
tein [6], [7] and the nucleocapsid protein (N-protein) in
particular have gained attention as disease-specific antigens.
SARS-CoV-2 N-protein, a structural protein that binds to the
viral genome, is the preferred biomarker over the S-protein
that facilitates viral attachment to the host cells and is known
to be mutagenic [8]. Also, the S-protein of SARS-CoV-2 is
92% identical to that of SARS-CoV and therefore, may cause
interference towards the specific diagnosis of COVID-19 [9].
Recently, ELISA and Simoa immunoassays based diagnostics
are reported for the detection of the SARS-CoV-2 antigens,
especially N-protein. However, these methods involve a mul-
tistep time-consuming (3-4 hr of incubation time) process,
which needs to be performed in a laboratory setup and
hence limiting their use, and thus not suitable for large-
scale testing. Several other rapid detection strategies are being
developed targeting the viral N-protein in biofluids, such as
serum and saliva [8], [10]–[13]. Fabiani et. al., developed an
electrochemical immunosensor that could detect recombinant
SARS-CoV-2 N-protein in saliva at a concentration as low as
8 ng/mL [14]. Shao et. al., developed a sensitive field effect
transistor-based sensor which could detect the recombinant
SARS-CoV-2 N-protein down to 0.016 fg/mL in buffer solu-
tions [15]. On the other hand, several lateral flow assay (LFA)
based kits were developed, which are known to be simple and
affordable for detecting the N-protein down to 0.65 ng/mL [8],
[16], [17]. While the specificity of the LFA is acceptable, their
utility is limited due to poor sensitivity (<85%) with reference
to RT-PCR [10]. Therefore, alternate point-of-care (PoC) diag-
nostic technologies with high sensitivity and the potential of
quantifying N-protein concentrations in a saliva/swab sample
are in high demand.

Recently, our research group has demonstrated a plas-
monic fiberoptic absorbance biosensor (P-FAB) strategy for
the detection of a urinary tuberculosis biomarker, i.e. mannose-
lipoarabinomannan (manLAM), at sub-femtomolar concentra-
tion [18]. P-FAB works on the principle of the realization of a
sandwich immunoassay with gold nanoparticle (AuNP) labels
on a U-bent multimode fiber optic probe surface. The high
evanescent wave absorbance sensitivity of the probes enables
the detection of a small number of plasmonic labels, known to
possess a high optical extinction coefficient. The light passing
through the U-bent region of the probe is absorbed by the
AuNP labels in proportion to the concentration of the analytes

present in a sample. Given that the probes are made of a mul-
timode fiber, these optical intensity measurements can easily
be carried out with the help of a portable and inexpensive
set-up consisting of a pair of a green light emitting diode
(LED), a photodetector, and bare fiber adaptors [19]. Here,
we report the development of a P-FAB for the detection of
SARS CoV-2 N-protein. This study investigates the influence
of optical fiber material, in particular the plastic optical fiber
(POF) vis-à-vis the glass optical fiber (GOF), the physisorption
vis-à-vis covalent immobilization of antibodies, and the AuNP
label size towards the realization of COVID-19 diagnostic
assay.

II. METHODOLOGY

A. Materials
Super EskaTM plastic optical fibers (POF) of core diameter

500 μm (SK 20) were procured from Mitsubishi Rayon Co.,
Ltd., Japan. Fused silica optical fibers (GOF) of core diameter
200 μm were obtained from CeramOptec GmbH. The biore-
agents including mouse anti-SARS-CoV-2 Nucleocapsid pro-
tein monoclonal antibody IgG1 (capture antibody), and mouse
anti-SARS-CoV-2 Nucleocapsid protein monoclonal anti-
body IgG2 (detector antibody) were purchased from Merid-
ian Life Sciences, Inc., USA. SARS-CoV-2 N-protein was
received from GenScript, USA. Gold(III) chloride (HAuCl4)
Phosphate-buffered saline (PBS) tablets, (3-aminopropyl)
trimethoxysilane (APTMS), ethyl(dimethylaminopropyl) car-
bodiimide (EDC), N-hydroxysuccinimide (NHS), poly (eth-
ylene glycol) methyl ether thiol (6000 Da), hexamethylene
diamine (HMDA), bovine serum albumin (BSA), sodium
chloride, potassium chloride, boric acid, sodium tetraborate
and sodium potassium monobasic were procured from Sigma-
Aldrich (Merck, India). Gold nanoparticles of varying sizes
with optical density (OD = 1) were obtained from BBI
Solutions, UK. Sulphuric acid (98%), aqueous glutaraldehyde
solution (25%), hydrogen peroxide (30%) were procured from
Fisher Chemical (Fisher Scientific, USA). All chemicals used
were of analytical grade.

B. Fabrication of U-Bent Fiber Optic Probes
1) Plastic Optical Fiber (POF) Probes: The plastic opti-

cal fiber consists of polymethylmethacrylate (PMMA) core
and fluorinated polymer cladding with refractive indices
of 1.49 and 1.41, respectively. The POF of 0.5 mm core
diameter was bent into a U-shape with a bend ratio (bend
diameter/core diameter) of 3 using glass capillary based ther-
mal treatment method as reported earlier from our group [20].
Briefly, a 22 cm long POF is bent manually to bring the two
ends close to each other and pushed into a glass capillary
having an optimal inner diameter (Fig. S1A). Subsequently,
the glass capillary loaded with POF was placed in a hot air
oven and heated at 100◦C for 10 min in order to obtain a
permanent deformation into a U-shape. Thereafter, the U-bent
region of the probe was dipped in ethyl acetate for 2 min
to remove the cladding over a length of 5 mm as shown in
Fig. S1A. Then, the decladded sensing portion of the probe
was wiped with a lint-free tissue to remove the flakes over the
bent portion and cleaned thoroughly with DI water.
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2) Fused Silica Optical Fiber (GOF) Probes: The GOF con-
sists of a fused silica core surrounded by a silica clad, and a
polymer buffer layer. U-bent GOF probes with optimal bend
diameter were made using a customized CO2 laser bending
machine (Fig. S1B). Briefly, a 20 cm long piece of GOF
with a 200 μm core diameter was subjected to the bending
process with the help of a built-in-house fiber bending machine
(Fig. S2), which is equipped with a CO2 laser and motors
capable of performing buffer ablation followed by bending of
a straight portion of the fiber with the desired bend diameter.
Thereafter, the bent fiber probes were sonicated and wiped
with acetone to remove the black char and debris due to
the ablation process. The U-bent region of the fiber probes
was dipped into 40% HF solution for 5 minutes to remove
the fused silica clad. (Note: The 5 minutes of etching time
was optimized by microscopic examination of the diameter
of fiber probes every few min of etching. The fiber diameter
was measured after every minute until it reduced to 200 μm
or lower to ensure complete etching of fluorinated silica clad
layer). Then, the decladded probes were washed with DI water
and sonicated in acetone for 2 to 5 mins.

C. Functionalization of U-Bent Sensor Probes
The U-bent sensor probes were treated with suitable

chemical agents to generate a functional surface for the
immobilization of capture antibody molecules (anti-SARS
CoV-2 N-protein IgG1).

1) POF Sensor Probes: The POF sensor probes were
modified using three different chemical treatment strategies,
including (i) acid hydrolysis, (ii) acid-hydrolysis followed
by EDC/NHC treatment, and (iii) acid hydrolysis followed
by HMDA treatment. Briefly, in acid hydrolysis, the U-bent
POF sensor probes were treated with 1 M H2SO4 for 1 hr
followed by incubation in methanol:HCl (1:1) for 1 hr at
room temperature (RT) to generate hydroxyl (-OH) groups
on the surface. Later, the acid treated sensor probes were
directly utilized for the immobilization of capture antibodies.
In the second strategy, the sensor probes were incubated in
methanol:HCl (1:1) for 1 hr at RT (anticipating generation
of carboxyl groups) followed by a freshly prepared mixture
of EDC (100 mM) and NHS (200 mM) (prepared in 0.1 M
MES buffer in 0.9% NaCl, pH 6) for another 1 hr [21]. Then,
they were heated in a hot air oven at 60◦C for 20 mins and
subsequently washed in MES buffer. In the third strategy, i.e.
acid hydrolysis followed by HMDA treatment [20], the sensor
probes were dipped in 1 M H2SO4 for 5 mins at RT to
generate hydroxyl groups on the sensor probe surface. Then,
the probes were incubated in 10% v/v HMDA (in 100 mM
borate buffer) for 2 h and washed in borate buffer before
condensation at 60◦C for 15 mins. Further, the aminated sensor
probes were incubated in 2.5% glutaraldehyde for 30 mins
at RT to generate aldehyde functional groups. for covalent
immobilization of capture antibodies.

2) GOF Sensor Probes: The U-bent silica fiber probes were
cleaned by sonication in acetone (15 min, 1000 Watt, 28 kHz).
The cleaned U-bent sensing region of the fiber probes was
further cleaned with piranha solution (20 min, 60◦C) to oxidize
and remove any organic contamination as well as generate
hydroxyl groups on the sensor surface. Thereafter, the fiber

probes were washed with DI water and followed by heat
treatment for 1 hr at 115◦C for dehydration of the sensor
surface. For amino-silanization, the fiber probes were dipped
in a 1% solution of APTMS in a 5:2 (v/v) mixture of ethanol
and acetic acid (5 min). This was followed by three-times
washing of the fiber probes with ethanol and sonication
(15 min) and hot air drying (100◦C, 1 h). Then, the silanized
sensor probes were incubated into 1% glutaraldehyde solution
for 30 mins to generate the aldehyde functional groups for
covalent immobilization of the capture antibodies.

D. Capture Antibody Immobilization
The functionalized POF and GOF sensor probes were

immobilized with anti-SARS CoV-2 N-protein IgG1, referred
as capture antibody. Briefly, the functionalized U-bent fiber
optic sensor probes were incubated in 50 μL of 50 μg/mL of
capture antibody solution overnight at 4◦C. Then, the antibody
immobilized sensor probes were washed thrice in PBST (PBS,
0.01% Tween-20, pH 7.4) and dipped in 50 μL of 5 mg/mL
of BSA solution for 15 – 20 mins in order to block the
free functional groups (-OH and -CHO) on the sensor probe
surface.

E. Synthesis of AuNPs and Bioconjugation
The gold nanoparticles were synthesized by citrate-mediated

reduction of gold chloride [22]. Briefly, 1 mL of 12.7 mM
HAuCl4 was added to 38 mL of DI water and heated to
boil and followed by the addition of an aqueous solution
of trisodium citrate dihydrate (0.349 mM, 1 mL) (citrate to
gold molar ratio = 1.1). The heating was continued until the
solution color turns pale pink, indicating the formation of
AuNPs. Thereafter, the solution was allowed to cool to RT
and then stored at 4◦C. The colloidal solution of AuNP was
characterized using UV-visible spectroscopy and transmission
electron microscopy (TEM) for its optical absorption char-
acteristics and their size and shape distribution, respectively.
UV-vis spectroscopic analysis showed a strong absorption
peak at 530 nm. TEM analysis revealed the presence of
asymmetric AuNPs (elliptical) of size ∼40 nm. The number of
nanoparticles present in the colloidal solution was calculated
as per the method described in section S1 in supporting
information.

The plasmonic AuNP labels were prepared by utilizing the
affinity of amine and thiol groups on the detection antibodies
towards the gold nanoparticles. Commercial AuNPs of sizes
20, 40, and 60 nm (BBI solutions, UK) were also used as
labels. For each nanoparticle label, the amount of antibodies
required to saturate the AuNP surface was estimated by calcu-
lating the surface area of the nanoparticles and the foot-print
area of the IgG antibody [23]. The optimal concentration of
detector antibodies required to obtain stable conjugates was
determined by the NaCl salt test. Briefly, 100 μl of AuNP
solution (OD 1) was adjusted to pH 8.5 and then mixed with
anti-SARS CoV-2 N-protein IgG2 antibody of varying quantity
(0.125, 0.25, and 0.5 μg). The reaction mixture was incubated
for 15 mins at RT and followed by the addition of 5 μL of
10% NaCl solution. After establishing the optimal antibody
concentration for each AuNP size distribution, a larger volume
(1 mL) of stable AuNP-antibody bioconjugates were prepared
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Fig. 1. Schematic representation of plasmonic fiberoptic absorbance biosensor (P-FAB) strategy for the detection of SARS-CoV-2 N-protein,
photographic image oof GOF and POF sensor probes, and the LED-PD based experimental set-up used for the optical absorbance measurement.

as described below. Briefly, an optimum quantity of the anti-
SARS CoV-2 N-protein IgG 2 solution was added to the
respective AuNP size distributions (1 mL, ∼1 OD, pH 8.5)
and incubated for 15 mins at RT. Thereafter, 80 μL of 320 μM
of SH-PEG was added and incubated for 15 mins. Then, the
reaction mixture was centrifuged at a suitable RPM depending
on the size of the AuNP (11000 rpm for 20 nm size; 8500 rpm
for 40 nm, 60 nm and citrate-capped 40 nm) for 20 mins at
4◦C to remove any unbound and loosely bound antibodies.
The clear supernatant was discarded and the AuNP labels were
resuspended in 100 μL of resuspension buffer containing BSA,
sodium salts, sucrose, trehalose, Tween-20, and sodium azide
(Voxtur Bio Pvt., Ltd., Mumbai) to obtain 10× concentration
of AuNP conjugates.

F. Optical Absorbance Measurements
The optical set-up for P-FAB involves a pair of simple LED

and a photodetector. The capture antibody immobilized sensor
probe was coupled to a green LED light source (525 nm
wavelength, built-in-house) and a photodetector (S150C, Thor-
labs Inc., USA) at either side using bare fiber adaptors. The
intensity of the light propagating through (at a particular
wavelength of choice, 530 nm) the sensor probe was monitored
in real-time and recorded in a PC through PM 100 console
(Thorlabs Inc., USA). Any change in the optical intensity aris-
ing due to the formation of the immunocomplex on the sensor
probe surface was recorded. Later, an absorbance response
was derived from the temporal sensor response by taking the
logarithmic ratio of initial intensity and final intensity, mainly
to appreciate small changes in the optical intensity.

G. Plasmonic Fiberoptic Absorbance Biosensor (P-FAB)
Strategy

The P-FAB strategy involves the realization of a plasmonic
sandwich immunoassay using AuNP labels on a U-bent fiber
optic sensor probe, as depicted in Fig. 1. Firstly, the sample
solution containing the analyte molecules was homogeneously
mixed with the plasmonic AuNP label reagent, each of 25 μL

volume. The sample-reagent mixture was kept undisturbed
for 10 mins at RT to facilitate the capturing of analyte
molecules by the plasmonic labels leading to the formation of
AuNP-IgG2-SARS CoV-2 N-protein complex. After the incu-
bation time, the sensor probe connected to the optical setup
is dipped into the sample-reagent mixture containing the
AuNP-IgG2-SARS CoV-2 N-protein complex. A sand-
wich immunocomplex (AuNP-IgG2-SARS CoV-2 N-protein-
IgG1 complex) is formed on the fiber probe surface. The
drop in optical intensity as a result of the formation of
the immunocomplex to the sensor probe was monitored in
real-time and recorded using the optical set-up. After estab-
lishing the proof-of-concept to detect SARS-CoV-2 N-protein,
the specificity of the antibodies and the selectivity test were
done using SARS-CoV-2 S-protein at varying concentrations.
In addition, the non-specific binding (NSB) was evaluated
using the sensor probe immobilized with goat anti-human
immunoglobin G (GaHIgG) as capture antibody.

III. RESULTS AND DISCUSSION

A. Realization of P-FAB for SARS-CoV-2 N-Protein
Detection

P-FAB relies on the use of U-bent fiber optic probes either
POF or GOF. Given the recent attention gained by POFs as an
alternative to the GOFs. This study investigated the potential
of U-bent POF probes as a possible candidate in addition to
the conventional GOF with an established surface modification
technique.

1) U-Bent POF Probes and Surface Modification Strategies:
In order to realize U-bent POF probe-based P-FAB for SARS-
CoV-2 N-protein detection, optimum conditions for antibody
immobilization on POF probe surface were investigated. Cap-
ture antibodies were immobilized on U-bent POF probes
by following four different methods including (i) simple
physisorption of antibodies without any surface pre-treatment,
(ii) direct immobilization over the H2SO4 acid-treated POF
probes, (iii) EDC/NHS treated POF probes possessing
amine-reactive NHS-ester surface groups and (iv) covalent
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Fig. 2. Dose-response curve obtained from POF sensor probes with
capture antibody (Anti-SARS-CoV-2 N-protein IgG1) immobilized by
means of physisorption, Acid-treatment, HMDA, and EDC/NHS based
covalent binding methodology using a green LED-photodetector setup
due to binding of immunocomplex with AuNP labels (40 nm, 10×)
conjugated with anti-SARS CoV-2 -N-protein IgG2 (n = 3).

immobilization over HMDA/glutaraldehyde treated POF
probes. The sandwich assay was performed for each of the
above-mentioned biofunctionalized POF probes.

The P-FAB absorbance response for different concentrations
(0.1, 10, 100, and 10000 ng/mL) of SARS-CoV-2 N-protein
spiked in PBS buffer (pH 7.4) was recorded as shown in
Fig. 2 and S3. Fig. S3 shows the temporal response over
a duration of 10 mins from the U-bent POF probes obtained
from physisorption and HMDA based covalent immobiliza-
tion of antibodies. The dose-response curves for each of the
modification methods were compared in Fig. 2. We observed
that physisorption and acid treatment derived biofunctionalized
probes resulted in a lower response even at higher analyte
concentrations, i.e. 1000 ng/mL and 10000 ng/mL. In addition,
for both approaches, the standard deviation (n = 3) was
found to be relatively higher in comparison to the covalent
immobilization strategies involving HMDA/glutaraldehyde or
EDC/NHS based antibody binding. The sensitivities of the
HMDA and EDC/NHS-based strategies, within the range
of 0.1 to 100 ng/mL, were found to be 0.0087 A530nm/(log
ng/mL) and 0.0079 A530nm/(log ng/mL) with R-square values
0.98 and 0.98, respectively. Multiple effects such as steric
hindrance, lower surface coverage of antibodies, and random
orientation of capture antibodies are known to contribute to the
high standard deviation in the sensor response. The relatively
poor performance for the antibody immobilization by means of
physisorption and a high standard deviation may be attributed
to the lack of sufficient number of surface functional groups on
the PMMA due to its chemical inertness [24], [25]. To obtain
the maximum possible sensitivity, HMDA based covalent
antibody immobilization was chosen in the subsequent studies.

2) Comparison of P-FAB Response From POF and GOF
Probes: The absorbance response of HMDA functionalized
POF and GOF sensor probes with covalent immobilization
of antibodies were compared in order to identify the sen-
sor probe with higher sensitivity to realize the detection of
SARS-CoV-2 N-protein. The sensitivities of the POF and

Fig. 3. Absorbance response obtained for a range of SARS-
CoV-2 N-protein concentrations from POF and GOF sensor probes
chemisorbed with anti-SARS-CoV-2 -N-protein IgG1 with the help of a
green LED-photodetector setup due to binding of immunocomplex with
AuNP labels (40 nm, 10×) conjugated with anti-SARS CoV-2 -N-protein
IgG2 (n = 3). The width of the control band represents the standard
deviation of respective POF and GOF sensor probes (n = 3).

GOF sensor probes within the concentration range of inter-
est between 0.1 ng/mL and100 ng/mL were found to be
0.0072 A530nm/(log ng/mL) and 0.0079 A530 nm/(log ng/mL)
with an R-square value of 0.80 and 0.99, respectively
(Fig. 3 and S4).

The detection limits of POF and GOF probes were calcu-
lated using 3σ /S (where σ and S refer to the standard devi-
ation in the control response and the sensitivity, respectively)
give rise to 17.78 ng/mL and 5.62 ng/mL (Fig. S4). The
GOF sensor response was found to be repeatable and with
a lesser standard deviation. Also, the POF probes were not
able to differentiate between 0.1 ng/mL and 1 ng/mL. Hence,
GOF sensor probes were identified as the optimum probe
for the P-FAB strategy to realize SARS-CoV-2-N-protein
detection. The improved sensitivity of the GOF sensor probes
in comparison to POF sensor probes is in agreement with the
previous study on the detection of Mycobacterium tuberculosis
lipoarabinomannan (M.TB LAM) in urinary samples [18].

B. The Optimal Size of AuNP Labels for P-FAB
The sensitivity of the P-FAB-based sensing strategy origi-

nates from the unique ability of the U-bent optical fiber probes
to measure the absorbance due to the plasmonic AuNP labels
binding at the sensing region. The influence of AuNP label size
on the P-FAB response is multi-faceted. The parameters that
influence the P-FAB response include (i) the optical extinction
property of the AuNP labels, which enables the ultra-low
analyte detection limits, is highly dependent on their size and
shape [18], [23], (ii) the number of active detector antibodies
bound to the AuNP labels and the accessibility of their binding
sites for the analyte molecules and (iii) the concentration of the
AuNP labels (bioconjugates) that determines the availability
of a sufficient number of bioconjugates towards the efficient
capturing of analytes and the diffusion of the immunocomplex
in the solution phase towards the probe surface. Here, AuNP
labels of four different distributions were highly uniform and
narrow size range around 20, 40, and 60 nm (procured from
BBI solutions, UK) as well as asymmetric AuNP with a wider
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Fig. 4. (A) Photographic images of AuNP conjugates of varying sizes subjected to NaCl stability test. Stable conjugates remain pink, while the AuNP
labels with insufficient surface coverage agglomerates and turns violet or colorless. (B) Schematic representation showing the possible orientation
of IgG on the AuNP surface. (C) Absorbance spectra of AuNP labels for varying sizes obtained using USB 4000 spectrometer. A broader full-width
half maxima of the citrate-capped AuNPs indicates a 30-40% wider size distribution in comparison to 40 nm AuNP.

distribution (citrate-capped AuNP labels) prepared-in-house
were investigated.

1) Theoretical Estimate for Antibody Conjugation to AuNP:
Evaluation of an optimum size of AuNP as plasmonic labels
for the P-FAB with the highest sensitivity requires preparation
of stable nanobioconjugates. Given that the optical density at
the peak plasmonic wavelength of the AuNP of different sizes
equal to unity is taken as reference, the optimum concentra-
tion of detector antibody (anti-SARS-CoV-2 N-protein IgG2)
required to obtain stable conjugates with saturated surface
coverage was theoretically estimated (Table S1). In general,
the antibodies may be bound to the AuNP surface with one
of the possible orientations, including Fc-end, Fab-end, side-
on or flat-on (Fig 4B), depending on the pH used during
the conjugation process [26]. The antibodies with Fc-end
orientation offer a greater number of accessible binding sites.
Subsequently, the antibody concentration required to achieve
the saturated surface coverage for the chosen AuNP size
distributions was estimated based on the surface area of
nanoparticles and the footprint area of detector antibodies as
91 nm2.

Experimental investigations were carried out to verify the
optimum antibody concentration required for the conjugation
of the chosen AuNP size distributions. Fig. 4A shows the
photographic images of 100 μL of AuNPs conjugated with
0.125, 0.25, 0.5 μg of detector antibody and subsequently
subjected to 10% NaCl solution. The AuNP conjugates with
incomplete surface coverage tend to agglomerate, while the
conjugates with complete or saturated surface coverage remain
stable. Theoretically estimated minimum antibody concentra-
tion values correlate well with the experimental observations,
where 20 nm, 40 nm, and citrate-capped 40 nm AuNPs require

more antibodies (∼0.25 μg, containing 1000 × 109 nos.) while
60 nm requires relatively less concentration (0.125 μg contain-
ing 500 × 109 antibodies) for saturated surface coverage. The
absorbance spectra of these bioconjugates of different AuNP
sizes are compared with that of the respective bare AuNP
(Fig. S5). No significant plateau around 600 nm was observed,
confirming the absence of AuNP agglomeration and hence
suggesting good stability at the saturated surface coverage of
antibodies (Fig. 4C).

2) Optimum AuNP Label Size for N-Protein Detection: The
P-FAB response to various concentrations of SARS-CoV-2 N-
protein for each of the four AuNP distributions was obtained
Fig. S6. The representative temporal absorbance response
curves for citrate-capped asymmetric AuNP prepared in-house
are shown in Fig. 5A. Fig. 5B depicts the dose-response
curves obtained for each of the AuNP size distributions.
We observe that AuNP 20 nm labels gave rise to relatively
a poor sensitivity towards the analyte detection at all concen-
tration levels in comparison to the 40 and 60 nm AuNP labels.
This could be attributed to the lower extinction coefficient
of 20 nm size AuNP, which is the sum of absorption coefficient
and scattering coefficient. These results corroborated with our
previous study on IgG analyte detection [18].

Interestingly, the citrate-capped 40 nm AuNP labels show
approximately 2-fold higher sensitivity in comparison to the
size-controlled distributions in the range of 40 and 60 nm
size AuNP. The improved sensitivity could be attributed to
the asymmetric spherical shape of AuNP, which facilitates
more accessibility of binding sites of detector antibodies by
reducing the steric hindrance and a higher extinction coeffi-
cient. A detailed understanding of the phenomenon requires
a more elaborate investigation, which is outside the scope of
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Fig. 5. (A) Representative temporal absorbance response and (B) dose-response curves obtained for a range of SARS-CoV-2 N-protein
concentrations from GOF sensor probes chemisorbed with anti-SARS-CoV-2-N-protein IgG1 with the help of the optical experimental setup due to
binding of immunocomplex with AuNP labels varying sizes and 10× concentration conjugated with anti-SARS CoV-2 -N-protein IgG2 (n = 3). Inset:
TEM images of citrate reduced AuNPs prepared in-house.

TABLE I
BIOSENSORS STRATEGIES REPORTED FOR

SARS-COV-2 N PROTEIN DETECTION

this study. Overall, the sensitivity of the GOF sensor probes
for SARS-CoV-2 N-protein detection using the citrate-capped
labels within the range of interest between 0.1 ng/mL and
100 ng/mL was found to be 0.0151 A530nm/(log ng/mL) with
an R-square value of 0.99. The detection limit calculated
using 3σ/S gives rise to ∼2.5 ng/mL (Fig. S7). Furthermore,
P-FAB was realized using a standard reference sample for
N-protein as a simulated analyte, provided by the Indian Coun-
cil of Medical Research (ICMR) to validate antigen-based
diagnostic kits (Courtesy: Voxtur Bio Ltd, Mumbai, India).
Under the optimum conditions using U-bent GOF probes and
lab-prepared citrate-capped 40 nm AuNP labels, the P-FAB
response for various dilutions of N-protein reference sample
down to 80× (in PBS) was obtained as shown in Fig. S8.

Table I showcases the summary of the relevant
biosensing schemes reported in the literature to detect
SARS-CoV-2 N-protein in buffer or serum matrix and the
respective LoD values. The LoD of P-FAB was found to be
comparable to the LFA-based system [8], [16], [17]. However,
the LOD was slightly inferior to some of the electrochemical
and FET based sensing strategies [15], [27], [28].

It is interesting to note that the sensitivity and limit of
detection values obtained here are inferior to our previous
reports, where P-FAB is demonstrated to detect analytes down
to sub-femtomolar concentration [30]. This could be attributed
to the analyte molecular weight and the binding affinities of the
antibodies used in this study [31]–[33]. It may also be noted
that the results obtained in this study utilize a recombinant
N-protein, which may not precisely corroborate with the native
N-protein of SARS-CoV-2 [8]. Hence, we anticipate a better
sensitivity using N-protein derived from SARS-CoV-2 and
clinical samples, which is in progress. Given the advantages
of P-FAB including ease in scalability for mass production,
quantitative measurement, and simplicity in use it could be a
viable alternative for lateral flow assay kits.

C. Antibody Selectivity Study
In continuation to the optimization and realization of the

P-FAB strategy to detect SARS-CoV-2 N-protein, the anti-
body specificity and selectivity studies were carried out using
SARS-CoV-2 S-protein as a negative control (Fig. 6 and S9).
Firstly, to evaluate the non-specific binding (NSB) of anti-
SARS-CoV-2 N-protein IgG2 conjugated AuNP labels to the
sensor surface, the assay was performed using GOF sen-
sor probes immobilized with GaHIgG antibodies, which are
non-specific for the SARS CoV-2 N-protein (Fig. S9). In the
absence of a specific analyte, the absorbance response was
found to be negligible and consistent even with sensor probes
immobilized with anti-SARS CoV-2 N-protein IgG1 (con-
trol = 0 ng/mL). To appreciate the selectivity and specificity
of the sensor probe, the absorbance response obtained from
each probe is normalized by taking the ratio of the difference
in the absorbance value between the test probe and control
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Fig. 6. Normalized absorbance response obtained from U-bent
GOF sensor probes immobilized with anti-SARS CoV-2 IgG1 and ∗goat
anti-HIgG due to specific and non-specific binding (NSB) of anti-SARS
CoV-2 N-protein IgG2-AuNP labels with at varying concentrations (n = 3),
respectively. A (C) refers to the average absorbance response obtained
from the control experiments for NSB, while A (T) refers to the absorbance
response obtained from each of the analyte concentrations (specific or
non-specific).

probe (0 ng/mL) to the average response obtained from the
control (0 ng/mL). The normalized sensor response obtained
from GOF sensor probe immobilized with anti-SARS-CoV-2
N-protein IgG1 and anti-SARS-CoV-2 N-protein IgG2 as
AuNP labels using SARS-CoV-2 S-protein as analyte (Fig. S9)
shows no or negligible change in the absorbance even at high
concentration (1000 ng/mL) of SARS-CoV-2 S-protein. This
suggests the high selectivity of the capture and detector anti-
bodies towards the SARS CoV-2 N-protein (Fig. 6). Further,
the GOF sensor probes were subjected to a sample containing
an equal amount of SARS-CoV-2 N-protein (specific analyte)
and S-protein (non-specific analyte) to investigate any potential
interference during the assay. The normalized results show a
small drop of about 14% in the response due to the specific
analyte binding even in the presence of interfering S-protein at
a concentration as high as 1000 ng/mL (Fig. 6) in comparison
to the SARS-CoV-2 N-protein alone. This could be due to
limited diffusion in the presence of high protein concentration.
However, such high analyte concentrations may fall outside the
range of clinical relevance.

IV. CONCLUSION

P-FAB strategy for the detection of SARS-CoV-2 N-protein
is optimized with respect to the type of optical fiber probe,
and AuNP size to obtain an optimal sensitivity. The com-
bination of fused silica sensor probes along with AuNP
labels of irregular spheres (citrate-capped 40 nm AuNPs) and
non-uniform distribution was found to be optimal to have
maximum sensitivity and detection limits. A proof-of-concept
for the detection of SARS-CoV-2 N-protein using the P-FAB
strategy is realized with a detection limit of about ∼2.5 ng/mL
spiked in PBS buffer within 10 mins of the read-out time.
Further studies are in progress to improve the sensitivity of
the SARS-CoV-2 N-protein detection through analysing the
binding affinity of the antibodies. In addition, development of
a portable readout device, and its validation is in progress.
These preliminary results established that the P-FAB strategy
could be used to realize an affordable and rapid diagnostic
device for mass-screening of COVID-19.
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