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The need for the early detection of emerging pathogenic viruses and their newer
variants has driven the urgent demand for developing point-of-care diagnostic
tools. Although nucleic acid-based methods such as reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) and loop-mediated
isothermal amplification (LAMP) have been developed, a more facile and
robust platform is still required. To address this need, as a proof-of-principle
study, we engineered a prototype—the versatile, sensitive, rapid, and cost-
effective bioluminescence resonance energy transfer (BRET)-based biosensor
for oligonucleotide detection (BioOD). Specifically, we designed BioODs against
the SARS-CoV-2 parental (Wuhan strain) and B.1.617.2 Delta variant through the
conjugation of specific, fluorescently modified molecular beacons (sensor
module) through a complementary oligonucleotide handle DNA
functionalized with the NanoLuc (NLuc) luciferase protein such that the
dissolution of the molecular beacon loop upon the binding of the viral
oligonucleotide will result in a decrease in BRET efficiency and, thus, a change
in the bioluminescence spectra. Following the assembly of the BioODs, we
determined their kinetics response, affinity for variant-specific
oligonucleotides, and specificity, and found them to be rapid and highly
specific. Furthermore, the decrease in BRET efficiency of the BioODs in the
presence of viral oligonucleotides can be detected as a change in color in cell
phone camera images. We envisage that the BioODs developed here will find
application in detecting viral infections with variant specificity in a point-of-care-
testing format, thus aiding in large-scale viral infection surveillance.
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Introduction

Viruses are a major threat to human health, accounting for ~30% of infections
worldwide, including respiratory diseases, causing serious socioeconomic challenges
every year (Iversen, 2018). Among these, coronaviruses are of significantly greater
concern due to their recurrent emergence as highly virulent pathogenic strains from a
relatively benign human pathogen (Wu et al., 2020). These include the members of the beta
coronavirus family, such as the Middle East respiratory syndrome coronavirus (MERS-
CoV) and severe acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2,
the causative agent of COVID-19 (coronavirus disease 2019) (Feng et al., 2020; Younes
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et al., 2020; Zhu et al., 2020). The later has already caused more than
6 million deaths and more than 700 million infections, as reported
up to March 2024. Importantly, several novel variants of SARS-
CoV-2 have emerged with increased infection potential and
resistance to antibody-mediated neutralization (Tegally et al.,
2021; Torretta et al., 2021; Voloch et al., 2021; Philip et al., 2023)
(https://covid19.who.int/).

One of the key strategies to deal with viral infections, in addition
to the development of effective vaccines such as those targeting the
viral structural proteins and therapeutic approaches such as
pharmacologically inhibiting proteins that play a critical role in
viral replication, is the early detection of the virus (Habli et al., 2020;
Qin et al., 2020). This facilitates the containment of its spread rather
than directly impacting patient survival rates, thereby preventing
further disease transmission and mitigating healthcare expenses. In
this regard, technologies that allow the robust detection of viruses in
patient or environmental samples are critical (Feng et al., 2020).
Antibody-based tests, also known as serological tests, detect the
presence of the antibodies produced by the immune system in
response to infections (viral) (Fox et al., 2022). Antigen tests
detect the presence of specific proteins that are a part of the
virus. Antigen tests are often used for diagnosing active
infections as they can detect the presence of viruses (Grandien,
1996). Nucleic acid-based tests, also known as molecular tests, detect
the presence of specific genetic material, such as DNA or RNA, from
a pathogen such as a virus or bacterium (Guglielmi, 2021; He et al.,
2022; Ju et al., 2022). Although the former two tests can be
implemented in a point-of-care testing (POCT) format, they
often do not possess the sensitivity necessary for identifying
infections with low viral titers. Moreover, there are instances
where the antibodies may not detect antigens, such as the SARS-
CoV-2 spike, which has been reported to mutate frequently in
variants such as Delta, Beta, and Omicron (Li et al., 2020;
Ahmed et al., 2022).

On the other hand, nucleic acid-basedmethods such as real-time
reverse transcription-quantitative polymerase chain reaction (RT-
qPCR), which is considered the industry gold standard, provide
significantly higher sensitivities and specificities (Varlamov et al.,
2020; Torretta et al., 2021; Fang et al., 2022). However, they require
specialized laboratory facilities and costly equipment, making them
less suitable for rapid large-scale deployment in some contexts
(Younes et al., 2020). To circumvent these issues, several
variations of nucleic acid detection techniques have been
developed. For instance, loop-mediated isothermal amplification
(LAMP) (Dao Thi et al., 2020; Wang et al., 2021) is relatively
faster but can lead to false positive results due to non-specific
amplification and primer interactions. On the other hand,
CRISPR-based methods such as those using the RNA-cleaving
Cas13 nuclease (Joung et al., 2020) require relatively expensive,
fluorescently labeled RNA-based reporters and additional
instruments for fluorescence measurements. Alternative strategies
such as PHAsed NASBA-Translation Optical Method
(PHANTOM) based on a DNA toe-hold structure coupled to
in vitro protein translation and detection (Chakravarthy et al.,
2021) require significantly expensive protein synthesis that is in-
built into the assay. Therefore, there is a demand for the
development of biosensing platforms that possess high specificity
and sensitivity, are deployable at a large scale, and are easily

adaptable to constantly evolving viral genomes (Mao et al., 2022;
Van Ngoc et al., 2022; Dong et al., 2023; Nelson-Mora et al., 2023).

In the current study, we developed a biosensor platform,
bioluminescence resonance energy transfer (BRET)-based
biosensor for SARS-CoV-2 oligonucleotide detection (BioOD)
(Figure 1), which combines the benefits of the high signal-to-
noise ratio of BRET-based reporters and the sensitivity and
specificity provided by oligonucleotide binding (Geethakumari
et al., 2022a). BRET relies on the non-radiative resonance energy
transfer from a luciferase donor (emits light by oxidizing its
substrate) to a fluorescent acceptor with suitable spectral overlap
(Biswas et al., 2008; Dale et al., 2019; Ong et al., 2020). Importantly,
BRET efficiency varies inversely with the sixth power of the distance
between the donor and the acceptor, and thus, a small increase in the
distance between the two results in a large decrease in the BRET
efficiency. We successfully used this technique to develop highly
sensitive and specific biosensors (Biswas et al., 2008; Biswas and
Visweswariah, 2011; Biswas and Visweswariah, 2017; Geethakumari
et al., 2022b), including one for monitoring SARS-CoV-2 main
protease activity (Geethakumari et al., 2022a; Moovarkumudalvan
et al., 2022; Jan et al., 2023). For engineering a BRET-based
oligonucleotide detection platform (biosensors) for SARS-CoV-
2 parental and Delta variants, we explored the utilization of both
Gaussia luciferase (GLuc) and NanoLuc (NLuc) luciferase as the
energy donor and utilized NLuc due to its high bioluminescence that
will aid in the utilization of the biosensor in a point-of-care
diagnostics tool. NLuc was then conjugated with SARS-CoV-
2 variant-specific molecular beacon oligonucleotides
functionalized with an appropriate fluorophore. The assembled
BioODs showed rapid response to complementary, specific
oligonucleotides, but not with non-specific oligonucleotides, in a
concentration-dependent manner. Importantly, the change in BRET
efficiency in the form of a shift in the bioluminescence spectra could
be detected through cell phone camera imaging.

Materials and methods

Target sequence of SARS-CoV-2 and Delta
variant analysis

The parental (Wuhan strain) and Delta variant sequences with
accession ID–NC_045512.2 and EPI_ISL_1704637 were
downloaded from the NCBI virus database (https://www.ncbi.
nlm.nih.gov/genome/viruses/) and GISAID (https://gisaid.org/)
database, respectively. For Wuhan/SARS-CoV-2, the
“GTTAATAGTTAATAGCG” nucleotide sequence was chosen as
the target sequence. The Delta variant containing the D950N
(G24410A) mutation in the spike protein region (S2) nucleotide
sequence “GCACTTGGAAAACTTCAAA”was chosen as the target
sequence for designing the BioOD (Zhan et al., 2022). These target
sequences were checked for any internal binding using the
oligonucleotide analyzer tools (https://www.idtdna.com/pages/
tools/oligonucleotideanalyzer) (Owczarzy et al., 2008) and
Oligonucleotide Calc (http://biotools.nubic.northwestern.edu/
OligonucleotideCalc.html) (Kibbe, 2007) and by aligning the
sequences using the alignment tool ClustalW (https://www.ebi.ac.
uk/Tools/msa/clustalo/) (Thompson et al., 1994).
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Mutagenesis, expression, and purification of
GLuc and NLuc luciferase

Two different plasmid constructs were designed for the
expression and purification of SNAP-GLuc-His10 and
NLuc(C166S/G182C)-His10 luciferase proteins. The gene coding
for GLuc and NLuc luciferases was generated in pET22b
expression vectors, with one vector having GLuc fused with the
SNAP-tag on the N-terminal and His-tag toward the C-terminal
(GenScript, Singapore). The other vector contained the NLuc, where
the native cysteine was mutated to serine (C164S) and the glycine
(not a part of NLuc but present after the end of NLuc) was mutated
to cysteine (G182C) for site-specific DNA conjugation using
multisite-directed mutagenesis according to the manufacturer’s
protocol (GenScript, Singapore). The plasmid encoding for GLuc
and the mutated NLuc was subsequently transformed in E. coli
BL21 and cultured in LB medium supplemented with 30 mg/L
ampicillin in a total volume of 500 mL. At OD600 = 0.6, protein
expression was induced by the addition of 100 μM isopropyl β-D-1-
thiogalactopyranoside (IPTG) overnight at 18°C (Biswas et al.,
2015a; Biswas et al., 2015b; Biswas et al., 2016; Biswas and

Groves, 2016; Biswas et al., 2018; Geethakumari et al., 2022a;
Geethakumari et al., 2022b; Guo et al., 2022). Subsequently, the
cells were harvested by centrifugation for 10 min at 10,000 g and
lysed by resuspending the pelleted cells in the protein extraction
reagent. The soluble fraction was obtained by centrifugation for
40 min at 40,000 g. Finally, SNAP-GLuc-His10 and NLuc(C166S/
G182C)-His10 luciferases were purified from the soluble fraction by
Ni2+-affinity chromatography, and the buffer was changed to the
storage buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10%
glycerol (v/v), 1 mM dithiothreitol [DTT], 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), and 0.02% sodium azide
(w/v)].

BioOD design

BioOD is a single-stranded oligonucleotide sequence comprising
the constant handle (5′ GTGATGTAGGTGGTAGAGGAA 3′), anti-
handle (5′ TTCCTCTACCACCTACATCAC 3′), stem sequences (5
bp), and a loop region containing the complementary sequences of the
target SARS-CoV-2 (Wuhan/parental) or the Delta variant (B.1.617.2)

FIGURE 1
Bioluminescence resonance energy transfer (BRET)-based biosensor for viral oligonucleotide detection (BioOD). Schematic representation of the
BRET-based biosensor (BioOD) design for SARS-CoV-2 parental and Delta variant nucleic acid detection. The biosensor consists of a reporter module
(constant DNA handle conjugated to a luciferase protein) and a DNA stem loop-based sensor module (viral strain and variant nucleic acid, RNA in this
case, binding oligonucleotide sequence). Close positioning of the luciferase (NLuc; BRET donor) and fluorophore (BRET acceptor) proteins results in
significant BRET in the absence of a viral oligonucleotide. Binding of the viral oligonucleotidewill result in the dissolution of the loop, leading to a decrease
in BRET.
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(Engelen et al., 2017). The 5′ end of the handle DNA is maleimide-
modified, and is conjugated with the cysteine-modified NLuc protein
(NLuc- C166S/G182C)-His10; BRET donor) (Chen et al., 2017).
Anti-handle DNA is the complementary oligonucleotide sequences
to the handle DNA, which folds as a stem and a loop region having the
target sequence of the parental and Delta variant, while the 3′-end is
conjugated to the fluorophore, which is Alexa Fluor 488 (acceptor) in
the case of the parental and Alexa Fluor 532 (acceptor) for the Delta
variant synthesized (Integrated DNATechnologies [IDT]; Iowa, United
States) (Supplementary Figure S2).

Deprotecting maleimide-conjugated
oligonucleotides

The maleimide-conjugated handle oligonucleotides synthesized
(Integrated DNA Technologies [IDT]; Iowa, United States) were
functionalized by deprotecting them using acetonitrile and toluene
prior to conjugation with the luciferase protein. The deprotection of
the protected maleimide oligonucleotide is a retro Diels–Alder reaction,
which generates the reactive maleimide (Gil Alvaradejo et al., 2018).
Briefly, the oligonucleotides (aqueous solution) were first lyophilized and
again dried by co-evaporation with anhydrous acetonitrile and later co-
evaporated thrice with anhydrous toluene. After drying, the
oligonucleotides were suspended in 2 mL anhydrous toluene and
kept at 90°C for 4 h for complete evaporation (Gobbo and
Workentin, 2012), as per the manufacturer’s protocol (Mattioli et al.,
2015; Paris et al., 2015). Maintaining the anhydrous condition is the key
during the deprotection method because the presence or addition of
water or any significant moisture may lead to incomplete deprotection,
hydrolysis. After the complete evaporation of toluene, the deprotected
oligonucleotides tend to be very unstable, thus demanding the
conjugation of the protein at the earliest (Marchán et al., 2006).

Maleimide–ODN-NLuc(C166S/G182C)-
His10 conjugation

Prior to the protein–DNA conjugation, the cysteine-modified
NLuc protein was purified by PD-10 columns (Sigma-Aldrich) to
remove the reducing agent DTT. The biosensors were assembled by
adding the deprotected maleimide oligonucleotides in PBS (100 mM
sodium phosphate and 150 mM NaCl, pH 7.2) to a final
concentration of 1 mM and adding 3-fold molar excess of
purified cysteine-modified NLuc and incubating it for 2 h at
room temperature for enhanced conjugation.

Maleimide–ODN-NLuc purification

The ODN-NLuc conjugate was purified by Ni2+-affinity
chromatography and using a PD-10 column to remove the excess
handle oligonucleotide and unreacted NLuc, respectively. Briefly, for
Ni2+-affinity chromatography, the reaction mixture was loaded on a
prepacked His-binding resin column, and the excess of handle
oligonucleotide was removed by washing the column with 500 μL
wash buffer (20 mM Tris-HCl, 250 mM NaCl, and 60 mM
imidazole, pH 7.9). A total of 3.5 mL of elution buffer (20 mM

Tris-HCl, 250 mMNaCl, and 500 mM imidazole, pH 7.9) was added
to remove the unreacted NLuc and ODN-NLuc. The elution
fractions were pooled, and the buffer was exchanged to a low-
ionic strength buffer (20 mM Tris-HCl, pH 7.0) using a PD-10
desalting column, and directly unreacted NLuc was eluted by
washing the anion exchange column with a low-ionic strength
buffer (20 mM Tris-HCl and 250 mM NaCl, pH 7.0). Finally,
ODN-NLuc was eluted with a high-ionic strength buffer (20 mM
TrisHCl and 1 M NaCl pH 7.0)

BRET and fluorescence measurements

In vitro BRET-based assays were performed by incubating the
SARS-CoV-2 parental and Delta variant BioOD in Tris-buffered saline
(TBS) for characterizing the proper assembly of the BioOD using a
Tecan SPARK®multimodemicroplate reader. Bioluminescence spectral
scans were performed from wavelengths of 380 to 664 nm with an
acquisition time of 400 ms for eachwavelength to determine the relative
emissions from NLuc (donor) and Alexa Fluor 488 and 532 (acceptor)
and quantify BRET, which is expressed as the ratio of the emissions at
516 to 467 nm for the SARS-CoV-2 parental strain and 566 to 467 nm
for the Delta variant.

In vitro BRET-based assay

In vitro BRET assays were performed by incubating the SARS-
CoV-2 and Delta variant BioODs with their respective
complementary oligonucleotides at different concentrations (10−5

to 10−11 M) in 1 × TBS, and BRET was monitored by acquiring the
bioluminescence spectra of the respective samples. Percentage
changes in BRET were determined after subtracting a
background BRET ratio of 0.2, which was determined similarly
using a recombinantly purified NLuc protein, and the BRET
percentage change was also calculated for all the five different
complementary oligonucleotides of both the SARS-CoV-2 and
the Delta variant (Geethakumari et al., 2022b).

Cell phone camera-based detection of the
viral DNA oligonucleotide

Viral DNA oligonucleotides were detected by incubating the
BioODs with their respective oligonucleotides complementary
to both stems, and the loop of the molecular beacons used
to assemble the BioODs in a 96-wellwhite plate and
bioluminescence images were acquired post-incubation using a
cell phone camera in a dark chamber upon the addition of the
luciferase substrate.

Data analysis and figure preparation

GraphPad Prism (GraphPad Software, La Jolla, CA,
United States; www.graphpad.com), in combination with
Microsoft Excel, was used for data analysis and graph
preparation. Figures were assembled using Adobe Illustrator.
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Results and discussion

BioOD design

In order to engineer SARS-CoV-2 parental and Delta variant-
specific BioODs (Figure 1), we designed sensor modules consisting
of molecular beacons (Kim et al., 2008; Sherrill-Mix et al., 2021),
which are single-oligonucleotide sequences that fold as a stem–loop
structure and can be tuned for specificity and sensitivity by altering
the oligonucleotide length and sequence (Han et al., 2013). Each of
the molecular beacons were functionalized with an organic
fluorophore (BRET acceptor) on one side and a luciferase protein
(BRET donor) through the hybridization of a constant DNA handle
sequence, which was covalently conjugated to the luciferase protein
through thiol–maleimide chemistry, and an anti-handle DNA
sequence that appended to the molecular beacons (Figure 1)
(Dhawan et al., 2022; Zhan et al., 2022). Thus, in the absence of
any target oligonucleotide binding, the stem–loop structure of the
molecular beacon will position the fluorophore (BRET acceptor)
close to the luciferase protein (BRET donor), resulting in a highly
efficient resonance energy transfer, leading to high BRET (Figure 1)
(Severins et al., 2018; Moore et al., 2021). However, upon the binding
of a complementary target oligonucleotide to the molecular beacon,
the stem–loop structure of the molecular beacon in the BioOD will
be disrupted, leading to an increase in the distance between the
fluorophore and the luciferase and a consequent decrease in BRET,
i.e., an increase in blue-light emission (Figure 1).

The molecular beacons used for constructing the BioOD for
both the SARS-CoV-2 parental and Delta variants were designed in
silico. A typical molecular beacon comprises a stem, a loop region, a
fluorophore, and a quencher, and it folds to form a stem–loop
hairpin structure (Tyagi and Kramer, 1996). The loop is a 15–30-bp
region of the molecular beacon, which is complementary to the
target sequence (Monroy-Contreras and Vaca, 2011). In our study,
the loop region of the parental beacons (Supplementary Figure S1A)
has the target sequence (GTTAATAGTTAATAGCG) specific to
SARS-CoV-2, while the BioOD for the Delta variant
(Supplementary Figure S1B) has the loop region containing the
Delta variant target sequence (GCACTTGGAAAACTTCAAA)
with D950N (G24410A) mutation in the spike protein region
(S2). The stem in a molecular beacon is formed of
complementary sequences on both sides of the loop and are
typically 5–7 nucleotides long. For an optimal stem design, it is
crucial to maintain the selectivity and a fast rate of hybridization
(Huang and Martí, 2012). Short stems of 5–6 bp with a free energy
change in hybridization (ΔG) of approximately −1.5 to −2 kcal/mol
and higher GC content of 50%–60% are preferred. Longer stems, on
the other hand, can slow down the response time of the molecular
beacon and fluctuate the stability. We utilized a 5-bp-long stem with
a nucleotide sequence of ACAGC-GCTGT and its complementary
sequence for designing the molecular beacons of both the parental
and Delta variants (Engelen et al., 2017).

Furthermore, the stem and loop nucleotide sequences were
appended to the anti-handle DNA, which is complementary to
the handle DNA covalently conjugated to the NLuc. Finally, the
3′ end of the anti-handle DNA was conjugated with Alexa Fluor
488 in the parental and Alexa Flour 532 in the Delta variant BioOD.

The molecular beacon structures with these components were
predicted using the Mfold web server, a tool specializing in
analyzing DNA and RNA folding (Zuker, 2003). To ensure
accuracy and efficiency, numerous molecular beacon structures
were generated. Structures with low ΔG of −1.5 kcal/mol and
high ΔG values above −4 kcal/mol and those displaying multiple
secondary structures were not considered further. A ΔG value within
this range indicates that the hairpin structure formed by the
molecular beacon is stable enough to exist in its closed
conformation (without the target), yet it is still sensitive to
opening upon target binding. This sensitivity is crucial for the
molecular beacon to efficiently undergo conformational changes
in the presence of its target molecule, leading to a measurable signal
change (Vet and Marras, 2005). Ultimately, beacons with a ΔG value
of −3.07 kcal/mol were selected for both the parental and Delta
variant BioODs (Supplementary Figures S1A and S1B), ensuring
their stability and functionality.

Characterizing the luciferase protein for
BioOD assembly

In order to decide on the better luciferase protein for the
protein–DNA-conjugated BioODs, two luciferase proteins, GLuc
and NLuc, were characterized for their bioluminescence activity
(Azad et al., 2021). Both GLuc and NLuc have been widely used in
many types of BRET assays. GLuc is relatively stable and
compatible with the relatively cheaper luciferase substrate,
coelenterazine-h. On the other hand, NLuc has been reported
to be smaller in size, possesses high luminescence, and displays
high chemical and thermal stability compared to other luciferase
proteins (Altamash et al., 2021). Importantly, it has been shown to
be an efficient BRET donor in a number of BRET-based assays
(Engelen et al., 2017; Besson et al., 2022; Geethakumari et al.,
2022b). To characterize the luciferases, we generated plasmid
constructs expressing SNAP-GLuc and NLuc(C166S/G182C)
(Supplementary Figure S2) (coding gene sequence available in
the Supplementary Material) with a C-terminal His10-tag and
expressed and purified the luciferases using Ni2+-affinity
chromatography, followed by gel filtration chromatography. The
GLuc protein was fused with the SNAP-tag on the N-terminal and
His10-tag on the C-terminal (Figure 2A). The NLuc protein was
cysteine-modified with a C166S mutation to remove the original C
residue and a G182C mutation to insert a C residue for
thiol–maleimide conjugation (Figure 2B) (Engelen et al., 2017).
SDS-PAGE analysis was performed to confirm the purity of both
GLuc and NLuc luciferases. Bioluminescence spectra of the
purified SNAP-GLuc and NLuc(C166S/G182C) proteins were
measured upon adding the luciferase substrate (England et al.,
2016; Geethakumari et al., 2022a). The expected emission peaks at
469 nm and 468 nm for GLuc and NLuc, respectively (Figure 2B),
were observed. However, the total bioluminescence for GLuc was
found to be ~104 counts per second (CPS) (Figure 2B, inset; left
panel), while the total bioluminescence for NLuc was found to be
~107 CPS (Figure 2B, inset; right panel) (Sun et al., 2016; Biswas
et al., 2008). Based on the higher bioluminescence, we selected
NLuc as the BRET donor for assembling the BioODs.
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SARS-CoV-2 parental and Delta variant-
specific BioOD assembly

The first step in the assembly of the BioOD for the parental and
Delta variant of SARS-CoV-2 required the conjugation of the
maleimide-functionalized constant handle DNA oligonucleotide to

the C182 residue in the NLuc(C166S/G182C)-His10 protein through
the thiol–maleimide reaction (see Materials and Methods for details)
(Kabir et al., 2018). The maleimide-functionalized constant handle
DNA and NLuc(C166S/G182C) conjugation was confirmed through
the electrophoretic mobility using the SDS-PAGE analysis (Guo et al.,
2022), which revealed a shift in the electrophoretic mobility of the

FIGURE 2
Comparison of GLuc and NLuc as the BRET donor luciferase in the BioOD. (A and B) Surface and schematic representation of SNAP-GLuc-His10 (left
panel) and NLuc(C166S/G182C)-His10 (right panel) constructs. (B) Graph showing bioluminescence spectra (left panel) of the SNAP-GLuc and
NLuc(C166S/G182C) (right panel) proteins. Insets show the total bioluminescence of the proteins.

FIGURE 3
SDS-PAGE shows NLuc-constant handle DNA oligonucleotide conjugation. (A) SDS-PAGE image showing a shift in the electrophoretic mobility of
the NLuc(C166S/G182C)-His10 protein after handle DNA conjugation. (B) Graph showing line-scan intensity profiles of the lanes in image (A). Numbers
01 and 02 in panels A and B indicate reaction numbers (performed twice).
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conjugated DNA handle-NLuc(C166S/G182C) compared to the non-
conjugated NLuc(C166S/G182C) protein (Figure 3A). We quantified
the level of conjugation using the SDS-PAGE gel image (Figure 3B) and
found the peak for the conjugated DNA handle–NLuc(C166S/G182C)
to be similar to that of the non-conjugated NLuc(C166S/G182C),
suggesting that approximately half of the protein was conjugated.
The conjugated DNA handle–NLuc(C166S/G182C) was further
purified through anion exchange chromatography.

In the second step of BioOD assembly, we incubated the
constant DNA handle-conjugated NLuc(C166S/G182C) (2 µM)
with 4 µM of the SARS-CoV-2 parental and Delta variant-specific

molecular beacons, which contain a region complementary to the
constant DNA handle at 37°C for 1 h. Following the assembly of the
BioODs, we measured their bioluminescence spectra (Figures 4A
and B), which revealed two emission peaks, one corresponding to
NLuc (467 nm) and the other for the fluorophore, AF488 (516 nm;
parental BioOD) or AF532 (566 nm; delta BioOD). The presence of
the second emission peaks corresponding to the respective
fluorophores indicates efficient BRET between NLuc and the
fluorophores and, thus, a close spatial positioning of the two
through the formation of the desired stem–loop structure of the
molecular beacons.

FIGURE 4
Time- and concentration-dependent change in the kinetics and affinity of the BioOD. (A and B) Schematic showing BRET-based parental and Delta
variant BioODs. Data were fit to two Gaussian model reflecting Alexa 488 fluorescence and NLuc bioluminescence peaks (A) and Alexa 532 and NLuc
bioluminescence peaks (B). (C and D)Graphs showing time-dependent decrease in BRET. (E and F) Graphs showing the oligonucleotide concentration-
dependent change in bioluminescence spectra. (G and H) Graphs showing the BRET of parental (G) and Delta variants (H). Data are shown as the
mean ± SD obtained from three independent experiments, with each experiment performed in triplicate.
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BioOD enables fast and high-affinity DNA
oligonucleotide detection

After the assembly of the parental and delta variant BioODs, we
validated them for their specificity using their specific complementary
oligonucleotides (Pardee et al., 2016; Moore et al., 2021). For this, we
designed two complementary DNA oligonucleotide that could bind to
the entire stem–loop structure of the molecular beacons (complete
complementary oligonucleotide) in the parental and Delta variant
BioODs, respectively. The parental and Delta variant BioODs were
incubated with their respective complete complementary
oligonucleotides at a concentration of 0.2 μM at 37°C for 15 min,
and the BRET (ratio of emissions at 516 nm and 467 nm for the
parental BioOD since it contained AF488 as the BRET acceptor and the
ratio of emissions at 566 nm and 467 nm for the Delta variant BioOD
since it contained AF532 as the BRET acceptor) was measured after the
addition of the luciferase substrate. Incubation of the parental andDelta
variant BioODs at 37°C did not result in any discernable changes in the
BRET (Figures 4C and D), suggesting that the BioODs maintain the
stable stem–loop structure of the molecular beacons. In the presence of
the specific, complete complementary oligonucleotides, however, both
the parental and the Delta variant BioODs showed a rapid decrease in
BRET (Figures 4C andD), with t1/2 of 123 s for the parental and 56 s for
the Delta variant BioOD, indicating the suitability of the BioODs for the
rapid detection of viral oligonucleotides.

Upon observing the fast kinetics of the BioOD response to the
sequence-specific complete complementary DNA oligonucleotide, we
determined the concentration-dependent response of the BioODs by
incubating the parental and delta variant-specific BioODs with a range
of concentrations of their respective complete complementary
oligonucleotides and monitoring the bioluminescence spectra and
the BRET ratio. This revealed a concentration-dependent decrease in
the amplitude of the second peak, corresponding to the BRET acceptors,
in the bioluminescence spectra of the BioODs (Figure 4E,F).
Furthermore, fitting the BRET ratios of the BioODs obtained upon
incubation with a range of complementary oligonucleotides to a
sigmoidal dose–response curve revealed EC50 values of 54 ± 11 nM
(2.5 ± 0.7 × 1010 copies/mL) and 41 ± 7 nM (2.5 ± 0.4 × 1010 copies/mL)
for the parental and the Delta variant-specific BioODs, respectively
(Figures 4G,H). Together, these results reveal the fast kinetics and high-
affinity response of the parental and Delta variant-specific BioODs
designed here. While these results show the high sensitivity of the
BioODs, amplification of the viral RNA, such as through the inclusion
of a step of nucleic acid sequence-based amplification (NASBA) (Berard
et al., 2004), can further increase the sensitivity (Abdolahzadeh
et al., 2019).

We then performed an extensive characterization and validation of
both the parental andDelta variant-specific BioODs with respect to their
binding specificities and the extent of complementarity of the target
oligonucleotides for their BRET response (Figure 5; Table 1). For this, we
designed a number of complementary oligonucleotides specific to the
parental (Supplementary Table S1) and Delta variant (Supplementary
Table S2)-specific BioODs; i.e., (i) those complementary to the entire
stem–loop region (including both stems) of the molecular beacons
(Figure 5A), (ii) those that are complementary to the loop and one
of the stem regions (Figure 5D), (iii) those that are complementary to the
loop and half of the loop (Figure 5G), (iv) those that are complementary
to the loop regions only (Figure 5J), and (v) those that are

complementary to only half of the loop regions (Figure 5M). Each of
these complementary oligonucleotides were incubated with both the
parental and the Delta variant-specific BioODs at a range of
concentrations, and the decrease in the BRET ratio was monitored.
As reported in the previous section, both the parental and the Delta
variant-specific BioODs showed a high-affinity interaction with their
respective, completely complementary DNA oligonucleotides, leading to
a large decrease in BRET in each case (Figure 5B,C; left panels; Table 1).
On the other hand, the parental BioOD did not show such a response
with the completely complementary oligonucleotide specific to the Delta
variant BioOD and vice versa, with only some decrease in BRET
observed at the highest oligonucleotide concentration of 1 μM
(Figure 5B,C; right panels; Supplementary Table S3), indicating that
both the parental and the Delta variant-specific BioODs are highly
specific to their complementary oligonucleotides.

Having established the specific and high-affinity interaction of the
BioODs against their respective complete oligonucleotides, we
determined the dose–response curves for the stem–loop
(Figure 5D,E,F), stem + half-loop (Figure 5G,H,I), loop
(Figure 5J,K,L), and half-loop oligonucleotides (Figure 5M,N,O). The
stem + loop, the stem + half-loop, and the loop oligonucleotides specific
to the parental BioODdid cause a reduction in the BRET of the parental
BioOD at higher concentrations, but the BRET response did not lead to
saturation (Figure 5E,H,K; left panels). However, no discernable
decrease in BRET of the parental BioOD was observed in the
presence of the Delta variant-specific oligonucleotides
(Figure 5E,H,K; right panels), suggesting that the parental BioOD
does not interact with these oligonucleotides with a high affinity that
could lead to a disruption of the stem–loop structure of the molecular
beacon. In contrast, all these three oligonucleotides specific to the Delta
variant BioOD caused a concentration-dependent decrease in the BRET
of the Delta variant BioOD, with the BRET response reaching to
saturation (Figure 5F,I,L; left panels), suggesting that the delta
variant BioOD interacts with these oligonucleotides with relatively
high affinity, leading to a loss of the stem–loop structure of the
molecular beacon. However, they failed to cause any decrease in the
BRET of the Delta variant BioOD (Figure 5F,I,L; right panels). Lastly,
the half-loop oligonucleotide specific to the parental BioOD failed to
cause any discernable change in the BRET of the BioOD (Figure 5N; left
panel), while that specific to the Delta variant BioOD did show some
decrease in the BRET at higher concentrations (Figure 5O; left panel),
suggesting an inability of the half-loop oligonucleotide to cause a loss of
the stem–loop structure of the molecular beacons in both the parental
and the Delta variant BioODs.

BioOD enables the cell phone camera-based
detection of the viral DNA oligonucleotide

To extend the utility of the parental and Delta variant BioODs in a
POCT setup, we attempted to determine if the BioOD showed a change
in the bioluminescence spectra upon binding to the oligonucleotides
complementary to their respective molecular beacons. For this, we
incubated the BioODs with their respective oligonucleotides
complementary to both stems and the loop of the molecular
beacons used to assemble the BioODs, and bioluminescence images
were acquired post-incubation using a cell phone camera upon the
addition of the luciferase substrate (Figure 6A) (Hattori et al., 2020;
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Salimiyan rizi, 2022). As shown in Figure 6A, incubation of the BioODs
resulted in a clearly observable change in the bioluminescence spectra
from light blue to deep blue. Separation of the RGB image into blue,
green, and red channels revealed a discernable decrease in the light

intensity in the green and red channels for the BioODs (Figure 6A). This
was further confirmed through quantification of the green-to-blue and
red-to-blue channel intensities, which revealed a significant decrease in
these ratios of both the parental and the Delta variant BioODs

FIGURE 5
Specificity of the BRET response of parental and Delta variant-specific BioODs. (A–O) Schematic diagram showing the binding and the region of
complementarity of complete (A), stem + loop (D), stem + half-loop (G), loop (J), and half-loop (M)Graphs showing the % change in BRET of the parental
(B,E,H,K,N) and Delta variant (C,F,I,L,O) BioODs in the presence of the indicated concentrations of the complete (B and C), stem + loop (E and F), stem +
half-loop (H and I), loop (K,L), and half-loop (N,O) specific to the parental (B,E,H,K,N; left panels) and Delta variant (B,E,H,K,N; right panels) BioODs
and Delta variant (C,F,I,L,O; left panel) and parental (C,F,I,L,O; right panel) BioODs. Data are shown as the mean ± SD from three independent
experiments, with each experiment performed in triplicate.

TABLE 1 Parental and Delta variant complementary oligonucleotides EC50 and maximum percentage BRET change.

Complementary
oligonucleotides

Parental BioOD Delta BioOD

EC50

(mean ± SD) (nM)
Maximum ΔBRET
(mean ± SD) (%)

EC50

(mean ± SD) (nM)
Maximum ΔBRET
(mean ± SD) (%)

Complete 54 ± 11 61 ± 5 40 ± 10 90 ± 10

Stem + loop ND 44 ± 2 53 ± 20 86 ± 5

Stem + half-loop ND 38 ± 6 37 ± 7 86 ± 4

Loop ND 37 ± 3 81 ± 41 76 ± 9

Half-loop ND 0 ND 30 ± 4
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(Figure 6B). The BioODs developed here could be developed further for
the potential utility in a POCT setup in the future.

Conclusion

To conclude, we developed BRET-based biosensors, BioODs, as
a proof-of-principle study that could be utilized for the detection of
SARS-CoV-2 parental and Delta variant nucleic acid in the future.
We achieved this through the combination of highly specific
molecular beacons and the bright and small NLuc luciferase.
Specifically, the use of the NLuc luciferase enabled the detection
of the change in the bioluminescence spectra of the BioODs in the
presence of their cognate DNA oligonucleotides using a regular cell
phone camera, thus highlighting the possibility of using the BioODs
in a POCT setup in future. We believe that the BioODs developed
here may be useful in detecting SARS-CoV-2 and its Delta variant
infections. While we focused on detecting SARS-CoV-

2 oligonucleotides, the BioOD platform developed here can be
adapted for the detection of nucleic acid, either RNA or DNA, of
other viruses and pathogens, in general, through a change in the
molecular beacon sequence specific to the pathogen of choice.
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FIGURE 6
BioOD enables cell phone camera-based detection of the viral
DNA oligonucleotide. (A) Image showing the presence and absence
(control) of the complementary oligonucleotides of parental and Delta
variant in the RGB composite. (B) Graphs showing the parental
BioOD (right panel) and Delta BioOD expressing higher BRET, with
green in the channel with the control, change in the BRET with blue,
and less green in the presence of the complementary
oligonucleotides. Graph showing the intensity ratio of red to blue in
the presence of control and no change in color in the presence of
complementary oligonucleotides. Data shown are the mean ± SD
obtained from three independent experiments.
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