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HIGHLIGHTS GRAPHICAL ABSTRACT
e Sensitive detection of SARS-CoV-2 N
and S antigens from wild-type, Alpha,
Delta, and Omicron variants in artificial SELFIA
saliva.
e Our direct SELFIA assay can be used for
antibody/antigen pair screening. 5 ~ Rapid
o Our competitive SELFIA assay serves as ‘/I\‘ : / a::z":;f:,:;g:"
a precise quantitative diagnostic tool. + \
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nanodiamond (wild-type, Alpha, Delta, detection of
Omicron) multiple variants
ARTICLE INFO ABSTRACT
Keywords: SARS-CoV-2 viruses, responsible for the COVID-19 pandemic, continues to evolve into new mutations, which
COVID-19 pandemic poses a significant threat to public health. Current testing methods have some limitations, such as long turn-
:211,11:51-:0\/-2 around times, high costs, and professional laboratory requirements. In this report, the novel Spin-Enhanced

Fluorescent nanodiamond

Lateral Flow Immunoassay (SELFIA) platform and fluorescent nanodiamond (FND) reporter were utilized for

the rapid detection of SARS-CoV-2 nucleocapsid and spike antigens from different variants, including wild-type
(Wuhan-1), Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron (B.1.1.529). The SARS-CoV-2 antibodies were
conjugated with FND via nonspecific binding, enabling the detection of SARS-CoV-2 antigens via both direct and
competitive SELFIA format. Direct SELFIA was performed by directly adding the SARS-CoV-2 antibodies-con-
jugated FND on the antigens-immobilized nitrocellulose (NC) membrane. Conversely, the SARS-CoV-2 antigen-
containing sample was first incubated with the antibodies-conjugated FND, and then dropped on the antigen-
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immobilized NC membrane to carry out the competitive SELFIA. The results suggested that S44F anti-S IgG
antibody can be efficiently used for the detection of wild-type, Alpha, Delta, and Omicron variants spike anti-
gens. Findings were comparable in direct SELFIA, competitive SELFIA, and ELISA. A detection limit of 1.94, 0.77,
1.14, 1.91, and 1.68 ng/mL can be achieved for SARS-CoV-2 N protein, wild-type, Alpha, Delta, and Omicron S
proteins, respectively, via competitive SELFIA assay. These results suggest that a direct SELFIA assay can be used
for antibody/antigen pair screening in diagnosis development, while the competitive SELFIA assay can serve as
an accurate quantitative diagnostic tool. The simplicity and rapidity of the SELFIA platform were demonstrated,
which can be leveraged in the detection of other infectious diseases in the near future.

1. Introduction

The global spread of SARS-CoV-2 prompted the World Health Or-
ganization (WHO) to declare COVID-19 a pandemic on March 12, 2020
[1,2]. Many countries have been doing social distancing and lockdowns
due to the disease’s rapid transmission. According to the WHO, as of
March 2022, SARS-CoV-2 has infected 480 million people and caused
more than 6 million deaths. The wild-type (Wuhan-1) continues to
evolve into different mutations, such as B.1.1.7 (Alpha), B1.351 (Beta),
P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron) [3-5].
Mostly, a new variant is more contagious than the wild type [6]. Thus,
some of its effects may change, such as how fast the virus spreads and the
effect of vaccinations on new mutations. For example, for the Delta
variant, viral infections occurred at similar rates in unvaccinated and
vaccinated persons, although the duration of viral infection may have
been reduced in vaccinated persons [5].

Testing, tracking infected people, and contact tracing are important
tools for reducing the pandemic’s spread. A diagnostic test should have
sufficient sensitivity and accuracy to ensure rapid treatment decisions
[7]. Several testing methods have been studied and used for SARS-CoV-2
diagnoses, such as nucleic acid amplification tests (Reverse
transcription-polymerase chain reaction, RT-PCR, and the clustered
regularly interspaced short palindromic repeats, CRISPR), the
serology-based tests (enzyme-linked immunosorbent assay (ELISA),
lateral flow immunoassay (LFIA), or other tests (CT scan, Biosensor)
[7-10]. Analytical efficiency, affordability, and ease of use should be
considered in evaluating the application’s ability. The most reliable and
accurate test for COVID-19 is RT-PCR, Reverse transcription
loop-mediated isothermal amplification (RT-LAMP), Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR), and
CRISPR [7,10]. However, these methods are not ideal screening pro-
cedures for mass screening since they are expensive, time-consuming
(~24 h), and require well-equipped laboratories and trained pro-
fessionals [11].

In serological tests, COVID-19 infection can be detected directly
through viral RNA or indirectly with the serum’s host-specific antibodies
(IgG, IgA, IgM) [7]. Several studies used antibodies to detect viruses
directly, but the affinity of most antibodies is not sufficient to detect
small numbers of virus particles [7]. In addition, interferents (inter-
feron, rheumatoid factor, and non-specific IgM) and low sensitivity have
caused problems in immunoassays [7]. IgG and IgM are expressed at
least three days after infection which limits the detection of those an-
tibodies since they can produce false-negative results during the dis-
ease’s early stages [7,11].

On the other hand, the detection of viral antigens can ensure rapid
detection. The SARS-CoV-2 virus consists of four structural proteins: the
N protein (nucleocapsid) holds the RNA genome, the S (spike), M
(membrane), and E (envelop) proteins create the envelope [2,7,12,13].
The S and N proteins are highly immunogenic proteins during infection
and are frequently used in serological assays [7,12-15]. S protein is the
major surface protein antigen of SARS-CoV-2 and is considered the
best-suited antigen for the direct detection of SARS-CoV-2 due to its high
antigenicity and specificity compared to other coronaviruses [16].
However, observed mutations in SARS-CoV-2, which exhibit changes in
the viral nucleic acid and protein sequences, jeopardizes the utility of

certain in vitro diagnostic assays [13,17,18]. Mostly, the S protein un-
dergoes a mutation leading to false-negative results because of weak
binding affinity between the mutants and existing antibodies [13,17]. It
is therefore required to qualify more than one antibody isotype-viral
protein interaction with high sensitivity. Xi et al. indicated that devel-
oping reliable and efficient biosensors are urgent for the detection and
analysis of SARS-CoV-2 variants [13]. Agarwal et al. demonstrated that
the microcantilever-based test for SARS-CoV-2 could identify wild-type
and Alpha variants at a clinically relevant concentration down to 1
ng/mL [19]. Lee et al. found that ACE2-based biosensors were able to
detect S antigens from wild-type, Alpha, and Beta variants with a
detection limit of 10 ng/mL, 0.5 ng/mL, and 10 ng/mL, respectively
[20]. However, there has been a lack of research on the ability of these
methods to identify other COVID variants, such as the currently more
contagious Delta and Omicron variants.

Recently, many antigen-targeted LFIA tests have been developed and
marketed to alleviate the pandemic’s diagnostic burden [11]. Although
they are faster, less expensive, and simpler than RT-PCR, these LFIA tests
are limited in sensitivity and accuracy. Sample enrichment, signal
amplification, and assay optimization have all been mobilized to help
overcome this problem. For example, the RT-LAMP-based LFIA assay of
SARS-CoV-2 can detect the viral RNA in 40 min at a detection limit of 2
copies/pL [21]. However, limitations for these amplification LFIA sys-
tems remain, such as costly reagents and equipment, and multiple steps.
Among those methods, the use of fluorescent nanoparticles with fluo-
rescent readout seems more promising for achieving accurate quanti-
tative and qualitative tests. Fluorescent nanodiamond (FND), with a
high density of negatively charged nitrogen-vacancy (NV™) centers, has
been considered an excellent alternative reporter for LFIA due to the fact
that it is highly stable, non-photobleaching, non-photoblinking, highly
biocompatible, and amenable to surface modification [11,22]. In addi-
tion, FND exhibit a longer lifetime, higher quantum yield, and infinite
photostability compared with organic dyes. As a result, FND is consid-
ered as a highly efficient fluorescent probe [23]. Researchers found that
FNDs with surface functionalization with carboxylic group (-COOH)
have higher absorption properties [24]. Different functional groups on
the surface of FNDs are able to bind with biological molecules such as
proteins, enzymes, virus antigens, antibodies, and nucleic acids [25].

In this work, we developed FND-based Spin Enhanced Lateral Flow
Immunoassay (SELFIA) to detect SARS-CoV-2 nucleocapsid and spike
antigens. Spike proteins from different SARS-CoV-2 variants, including
wild-type, Alpha, Delta, and Omicron, were used to investigate the
antibody/antigen binding affinity. The S44F anti-S IgG antibody
exhibited binding affinity to all three SARS-CoV-2 variants through
direct immunoassays. The competitive SELFIA assay was performed by
mixing antibodies-conjugated FND and known concentrations of SARS-
CoV-2 antigens. Results indicated that the direct SELFIA assay might be
used to evaluate antibody/antigen pairs in the development of early
diagnostics, while the competitive SELFIA assay could be utilized as an
accurate quantitative diagnosis tool, as it exhibited enhanced sensitivity
of SARS-CoV-2 N and S antigens detection compared to direct assays.
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2. Materials and methods
2.1. Materials

FNDs (diameter ~100 nm) were produced using high-energy ion
radiation of synthetic diamond powder (micro + MDA MO0.10), followed
by air oxidation (450 °C), vacuum annealing (800 °C), and acidic wash
in H,SO4-HNO3 (at 100 °C) [26,27]. Bovine serum albumin (BSA) was
obtained from Sigma Aldrich. Spike protein of SARS-CoV-2 from
different variants (Wild-type, Alpha-type, Delta-type, Omicron-type),
SARS-CoV-2 nucleocapsid protein (Wild-type), and SARS-CoV-2 anti--
spike IgG antibody (S44F), anti-chicken SARS-CoV-2 IgG-S8 nucleo-
capsid protein antibody were purchased from Pharmtekx Co. Ltd.
Phosphate-buffered saline (PBS) solution and artificial saliva were pre-
pared in the laboratory. All reagents were used directly without any
further purification.

2.2. FND-antibody conjugates

SARS-CoV-2 S44F and S8-IgG antibodies were conjugated with FND
through nonspecific binding, as described in Fig. S1. Briefly, FND con-
taining solution (1 mg/mL) was first sonicated for 5-10 s. Then, the
antibody solution was mixed with FND at a ratio of 1:5 (w/w) at room
temperature for 20 min. The BSA (3%) in DI water solution was added
and the mixture was then centrifuged for 5 min at 20000 g to remove the
unbound protein. The BSA in PBS (BSA/PBS, 3%) was added to obtain
the stock solution of antibody-conjugated FND at a concentration of 100
ng/pL. The stock solution was stored at 4 °C until use.

2.3. Direct SELFIA assay

To perform the immunoassays, SARS-CoV-2 antigens (1 pL) at
different concentrations were first deposited at the centers of the
nitrocellulose (NC) membrane (Millipore, FF120HP plus) and allowed to
dry at room temperature. The test strip was pre-wetted with 30 pL of 3%
BSA/PBS solution for 5 min. Subsequently, 100 pL of the antibody-
conjugated FND solution (1 ng/pL) was suspended on the sample pad.
The strip was then placed at room temperature for 30 min and dried at
50 °C for 2 min prior to the SELFIA measurement. Artificial saliva and
BSA/PBS solution (3%) were used to dilute the antigen and the
antibody-conjugated FND stock solution, respectively.

2.4. Competitive assay

SARS-CoV-2 antigens were first prepared at different concentrations
in 3% BSA/PBS, including 1 pg/mL, 100 ng/mL, 10 ng/mL, 5 ng/mL, 1
ng/mL, 0.1 ng/mL, 0 ng/mL. After that, 10 pL of the antibody-
conjugated FND solution (10 ng/pL) was incubated with 100 pL of the
antigen solution for 30 min at room temperature. 30 pL of 3% BSA so-
lution in PBS was added to test strips with immobilized SARS-CoV-2
antigen (1 pg) at the centers of the NC membrane and left for 5 min.
Subsequently, 100 pL of the antigen-binding antibody-conjugated FND
mixture solution was suspended on the strip. The strip was then placed
at room temperature for 30 min and dried at 50 °C for 2 min prior to the
SELFIA measurement.

2.5. SELFIA measurement

The SELFIA system was described in our previous report to quantify
the FND captured on the NC membrane of the LFIA strip [28]. The major
component of the system was composed of a lock-in amplifier to drive an
electromagnetic coil and produce an Alternative Current (AC) magnetic
field. The resultant AC magnetic field was operated at the frequency of
102.4 Hz with the field strength of B = 40 mT. The fluorescence signal
from the LFIA strip was modulated by the AC magnetic field and then
analyzed with the lock-in amplifier of SELFIA. Since only the FND
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fluorescence signal can be modulated by the magnetic field, SELFIA
extracted the FND signal from the NC membrane background and
enhanced the detection limit for FND in the LFIA strip.

3. Result and discussion
3.1. SARS-CoV-2 antibodies-conjugated FND

The photoluminescence (PL) spectra of pure FND in deionized water
(1 mg/mL) are shown in Fig. 1a. The FND was excited at 530-560 nm
and exhibited fluorescence signals at ~700 nm without the photo-
blinking and photo-bleaching effects. Hence, a green laser (532 nm)
was used as an incident light on the sample strip to detect the SARS-CoV-
2 antibodies conjugated FNDs captured by antigens in SELFIA. The size
and morphology of FND were observed by UHR-CFE-SEM TE-Driver
(Hitachi High-Technologies and Bruker Corporation) and shown in
Fig. 1b. The average size is about 100 nm.

3.2. Direct SELFIA assay

Direct LIFA is a regularly used test format during the early stages of
assay development for a "full" LFIA [29]. The strip is composed of a NC
membrane and an absorbent pad. Both the NC membrane and the
absorbent pad are 4 mm wide and are bound together on a low fluo-
rescence backing card. 1 pL of the antigen of interest with known con-
centration was immobilized on the center of the NC membrane and dried
at room temperature. To carry out the assay, the NC membrane binding
site was first blocked by pre-wetting with 30 pL of 3% BSA solution in
PBS for 5 min. Subsequently, 100 ng of antibodies-conjugated FND (100
pL) was added into the test cassette sample well. The test liquids can be
driven through the porous network of the NC membrane by capillary
force and are eventually absorbed by the absorbent pad. The test strip
was then dried, and the fluorescent intensity was measured by the
SELFIA platform.

The SELFIA platform provides a continuous laser and lock-in detec-
tion method through magnetic modulation with a photomultiplier tube
as a detector. In this system, a continuous-wave green laser (532 nm, 10
mW) excited the FND present on the NC membrane of the LFIA strip in
the presence of a magnetic field (f = 102.4 Hz, B = 40 mT). The resulting
FND signal was collected using an objective lens, long-pass filter and
detected by a photomultiplier tube [28]. Fig. 2 shows the fluorescent
spectra of the FND captured by the SARS-CoV-2 antigens on the strip.
The anti-chicken anti-N IgG (S8) antibody was used to detect the
SARS-CoV-2 N protein. A distinct peak of FND mass can be observed
when the N protein concentration is at 100 pg/mL (Fig. 2b). The
dose-response curves of the fluorescent integrated intensity of FND
captured on the strip by SARS-CoV-2 N protein concentrations are
shown in Fig. 2c. The experimental data fit with a logistic function.

Similarly, the FND mass intensity could also be observed for the
detection of SARS-CoV-2 S protein from different variants using the
S44F anti-S antibody-conjugated FND (Fig. 3a-d). It is noted that the
S44F antibody could efficiently bind with either wild-type, Alpha, Delta,
or Omicron variants S antigens. The dose-response curves of the fluo-
rescent integrated intensity of FND captured on the strip by different
antigen concentrations are shown in Fig. 3e. The experimental data fit
with a logistic function. It was observed that the fluorescent intensity is
saturated at a high concentration of the antigen (~1000 pg/mL). Ac-
cording to the integrated fluorescence intensity of the whole 4 mm
bands, the binding effectiveness between S44F antibody-conjugated
FND and wild-type or Delta variant proteins on the strip was approxi-
mately 100%. In addition, the results suggest that S44F antibodies have
a greater binding affinity to wild-type and Delta variants’ S antigens
compared with Alpha S antigen. We then compared the binding ability
of the S44F antibody in direct SELFIA with ELISA. The direct ELISA
protocol is described in Supporting Information, and the results are
shown in Fig. S2. It was found that S44F antibody could be efficiently
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Fig. 1. (a) Photoluminescence spectra of pure FND in deionized water (1 mg/mL), and (b) Dark field UHRSTEM of FND.

Fig. 2. Illustration of direct SELFIA assays with FND
reporter (a). In direct SELFIA, antigens were dropped
on the NC membrane and Ab-conjugated FND solu-
tion was dropped on sample pad. As the solution
flowed towards the absorption pad, Ab-conjugated
FND was captured by the antigen dropped on the
NC membrane, generating a fluorescent signal when
measured with the SELFIA platform. FND fluorescent
spectra (b) and calibration curve (c) via direct SELFIA
assays in artificial saliva for SARS-CoV-2 nucleo-
capsid antigen using anti-chicken IgG antibody-
conjugated FND (b). The solid curve is the best fit

(a)
BSA
I - Run on
+ — lateral flow
T ™YY
\ 20 min
P R )
Strip with immobilized antigen
Fluorescent SARS-CoV-2 SARS-CoV-2 antibody- o e et
nanodiamond antibody conjugated FND 9 -
(FND) intensity
(b) 4o © 4o
—— 1000 pg/mL Nucleocapsid protein [
——500 pg/mL E
< 84——100 pg/mL > 81
E —— 50 pg/mlL S
= —— 20 pg/mL = ]
2 61—o 2 6
— [
2 c
= = 4l
g H
[] -
£ s
= o 24
2
£
04

of the experimental data to a logistic function, y = as
+ (a1 + a2)/(1 + (x/X0)"p), where ay, as, Xo, and p are
constants. (n = 3).

Position along the LFIA strip (mm)

captured by wild-type, Alpha, and Delta variants’ S proteins, while only
a small amount of S44F antibody could be captured by Omicron S pro-
tein in ELISA. The difference in Omicron S protein detection between
direct SELFIA and ELISA can be explained due to the non-specific
binding in SELFIA assay or the insufficient capturing of antibodies in
ELISA. To prove no nonspecific binding with other proteins, we subse-
quently conducted direct SELFIA using FND-S44F with immobilized N
protein on the strip. As shown in Fig. S3, no FND signal could be
observed at a very high concentration of N protein (1000 ng/mL),
providing solid evidence for eliminating the doubt of non-specific
binding in direct SELFIA. According to previous studies [30,31], due
to inadequate blocking of the surface of the microplate coated with
antigen, the ELISA might sometimes report false-negative results.
Competitive assay using SELFIA had a very low detection limit,
demonstrating that the technique can provide accurate results, even
with low sample concentrations. We used LFIA strips for the SELFIA
method. LFIA strips are the gold standard. In SELFIA, we use fluores-
cence nanodiamond. To get a fluorescence signal a SELFIA device must
be used. Using SELFIA can also reduce false-negative results, as it is able
to emit a highly-sensitive signal even at very low sample concentrations.

The detection limits (LOD) by direct SELFIA assay for SARS-CoV-2 N
and S proteins are shown in Table 1. The LOD values of SARS-CoV-2 N

0 200 400
Concentration (pg/mL)

600 800 1000

protein, wild-type, Alpha, Delta, and Omicron S proteins in artificial
saliva were 1.5, 0.05, 0.53, 0.04, and 0.09 pg/mL, respectively, deter-
mined as the mean of blank + 3SD. Although the detection of wild-type,
Delta, and Omicron S proteins is the most sensitive, 40-90 ng/mL
(0.20-0.45 nM), among the tested antigens via direct SELFIA, the LOD is
relatively high compared to other LFIA assays coupled with a signal
readout. This is because we used only 1 pL of the sample in our assay,
which suggests that the SELFIA platform can detect up to 40-90 pg of the
S antigen. The rapid and simple nature of the direct SELFIA assay in-
dicates that it can be utilized for antibody/antigen screening. The
SELFIA platform can efficiently determine an antibody/antigen pair
with high binding affinity, which is crucial for accurate diagnosis,
especially in the event of a new infectious disease outbreak. Further
development of the competitive SELFIA assay was carried out to
enhance sensitivity since larger samples can be used in this format.

3.3. Competitive immunoassay SARS-CoV-2

To perform the competitive assay, the antibody-conjugated FND was
incubated with the sample for 30 min, and the mixture was dropped on
the test strip. For samples that contained the analyst antigens, the an-
tigens bound with the antibody-conjugated FND at the incubation step,
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Fig. 3. FND fluorescent spectra via direct SELFIA assays in artificial saliva SARS-CoV-2 spike antigen from (a) wild-type, (b) Alpha, (c) Delta, and (d) Omicron
variants using S44F antibody-conjugated FND. (e) Calibration curve for the detection of SARS-CoV-2 S antigens in artificial saliva. The solid curve is the best fit of the
experimental data to a logistic function, y = az + (a; + a2)/(1 + (x/X0)'p), where a;, as, Xo, and p are constants. (n = 3).

Table 1
Detection limit of direct and competitive SELFIA assay for SARS-CoV-2 antigens.

Analyst Direct SELFIA (pg Competitive assay (ng
mL’l) mL’l)

SARS-CoV-2 Nucleocapsid 1.50 1.94
protein

SARS-CoV-2 Wild-type Spike 0.05 0.77
protein

SARS-CoV-2 Alpha Spike 0.53 1.14
protein

SARS-CoV-2 Delta Spike 0.04 1.91
protein

SARS-CoV-2 Omicron Spike 0.09 1.68
protein

and therefore, the Ab-conjugated FND was not captured by the antigen
immobilized on the strip (Fig. 4a). No signal or less signal intensity can
be observed compared to the blank. For samples that did not contain the
analyst antigens or blank sample, the antibody-conjugated FND was
captured by the antigen immobilized on the strip and therefore gener-
ated high signal intensity. Fig. 4b—c shows the competitive SELFIA re-
sults for SARS-CoV-2 N antigen detection. Without N antigen (0 ng/mL),
a distinct and strong fluorescent peak of FND was observed along the
strip (Fig. 4b). The peak decreased with increasing N antigen concen-
trations and disappeared at 1000 ng/mL of N antigen in the sample. The
normalized intensity is shown in Fig. 4c. The LOD was determined to be
1.94 ng/mL for SARS-CoV-2 N antigen detection.

The competitive SELFIA assays for SARS-CoV-2 S antigen detection
were investigated and are shown in Fig. 5. Similar to N antigen detec-
tion, without the presence of the antigen of interest, the S44F antibody-
conjugated FND was captured on the strip and exhibited a strong fluo-
rescent signal. The FND fluorescent peaks for SARS-CoV-2 wild-type,
Alpha, Delta, and Omicron S antigens are shown in Fig. 5a-d. To
compare the detection of SARS-CoV-2 S antigens from different variants,
the normalized integrated fluorescent intensity was obtained and is
shown in Fig. 5e. The LOD via competitive SELFIA was calculated and is
shown in Table 1. It was found that the LOD values of SARS-CoV-2 wild-

type, Alpha, Delta, and Omicron S proteins were 0.77, 1.14, 1.91, and
1.68 ng/mL, respectively. Compared to the direct format, the sensitivity
of competitive SELFIA was improved 50-fold, which can be attributed to
the use of a larger sample size.

SARS-CoV-2 detection by the SELFIA platform was demonstrated in
both direct and competitive formats. Another format, sandwich assay, is
also frequently used for rapid tests. Many sandwich SARS-CoV-2 tests
have been developed and commercialized [11]. Our work focused on the
SARS-CoV-2 antibody (S44F) that enables the detection of SARS-CoV-2
variants. This is more crucial since the SARS-CoV-2 virus is continually
mutating and affecting diagnosis and treatment outcomes. The finding
of another antibody that can capture many SARS-CoV-2 spike variants at
a different epitope to S44F poses a challenge to the development of
sandwich assays. Perhaps the S44F antibody can be used as a capture
antibody in combination with commercially available antibodies for
specific SARS-CoV-2 variants to enable variant identification. This is
more promising for variant identification and disease surveillance since
the SELFIA platform can provide rapid results compared with the costly
and time-consuming assays of frequently used nucleic acid amplification
tests (NAATSs). Our competitive SELFIA was demonstrated to be very
sensitive, with a LOD of approximately 4.4-11.0 pM for the SARS-CoV-2
spike from different variants. A comparison of LOD between this report
and other studies is presented in Table S1. Apart from that, the
competitive format was reported to provide a wider detection range and
can be effective at the range that the Hook effect occurred [32].

In a recent study, the nitrogen-vacancy (NV) centers in nano-
diamonds (NDs) were used for SARS-CoV-2 RNA detection [33]. The
NDs were first noncovalently coated with polyethyleneimine (PEI), a
polymer capable of forming reversible complexes with viral comple-
mentary DNA sequences, and incorporated with magnetic molecules
(gadolinium, Gd3+) to form the c-DNA-DOTA-Gd>* hybrid. In a positive
sample, the viral RNA forms a complex with the c-DNA-DOTA-Gd>* and
diffuses through the solution, increasing the distance between Gd and
ND. The magnetic noise induced by Gd is reduced, leading to a longer
relaxation time of the NV center. The method was reported to achieve
high sensitivity of a few hundreds of RNA copies with less than a 1%
false-negative fate. However, the preparation of the hybrid is
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Fig. 4. Illustration of competitive SELFIA assays with
FND reporter (a). In competitive SELFIA, samples
were first incubated with antibody-conjugated FND
before being dropped onto the antigen-immobilized
test trip. When the sample contains the target anti-
gen (positive), the antigen will form immunocomplex
with antibodies on the FND surface. The FND parti-
cles will not be captured by the antigen immobilized
on the test strip. When the sample does not contain
the target antigen (negative), the antibody-
conjugated FND will be captured by the antigen
immobilized on the test strip, generating a strong
fluorescent signal. Competitive SELFIA assays (b) and
normalized fluorescent intensity (c) for SARS-CoV-2
nucleocapsid antigen using anti-chicken IgG
antibody-conjugated FND. The solid curve is the best
fit of the experimental data to a logistic function, y =
az + (a1 + a2)/(1 + (x/%x0)"p), where aj, ap, Xo, and p
are constants. (n = 3).
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complicated, and the complex nature of the biological sample may
interfere with the test result since it relies on the distance between Gd
and ND. In comparison, our SELFIA platform is based on the magnetic
modulation of FND to obtain background-free detection. The magnetic
field (f = 102.4 Hz, B = 40 mT) was optimized for FND and is demon-
strated to have no interference with the biological sample [28]. In
addition, the SELFIA assay is simple, cost-effective, and rapid compared
with other commonly used tests such as RT-PCR and ELISA. As shown in
Table S2, an ELISA assay could take up to 2-5 h to process and requires
complex sample preparation, laboratory equipment, and professional
training. In contrast, with buffering and assay optimization, the SELFIA
can be comparable to ELISA in terms of sensitivity and specificity with
the advantages of a rapid test (simple, low-cost).

4. Conclusion

We proposed the SELFIA platform based on the magnetic modulation
of NV~ centers in FND for the detection of SARS-CoV-2 N and S antigens.
The SELFIA assay indicated that the anti-S S44F antibody could effi-
ciently detect S antigens from various SARS-CoV-2 variants (wild-type,
Alpha, Delta, and Omicron). Competitive SELFIA assay enhanced the
sensitivity up to 50-fold with a LOD of 0.77-1.94 ng/mL (4.4-11.0 pM)
compared to the direct format. The present SELFIA platform is simple,
rapid, cost-effective, and scalable. As we have seen, whereas a direct
SELFIA assay could be used for antibody/antigen pair screening in
diagnosis development, the competitive SELFIA assay could be mobi-
lized as an accurate quantitative diagnostic tool. In addition to having
significant implications for the control of the COVID-19 pandemic, these
findings could also help mitigate future disease outbreaks, more
generally.
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