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The development of a FRET-based sensor for detecting the Spike surface antigen of SARS-CoV-2 in bio-
logical fluids is described here, exploiting the fluorescence properties of Green Fluorescent Protein (GFP).
Our design strategy combines experimental and molecular modeling and simulations to build a smart

modular architecture, allowing for future optimization and versatile applications. The prototype structure

incorporates two reporter elements at the N-terminus and C-terminus, with two interaction elements

mediating their separation. This design supports two fluorescence measurement methods: direct

measurement and the molecular beacon approach. The former detects changes in GFP fluorescence

intensity due to interactions with the Spike protein, while the latter involves an organic quencher that
restores GFP fluorescence upon Spike protein binding. In silico design of linkers, using molecular
dynamics (MD) simulations, ensured optimal flexibility and stability. The AAASSGGGASGAGG linker was
selected for its balance between flexibility and stability, while the LEAPAPA linker was chosen for its

minimal structural impact on the interaction elements. Fluorophores’ behavior was analyzed, showing

stable FRET efficiency, essential for reliable detection. Quenching efficiency calculations, based on

Forster energy transfer theory, validated the sensor’s sensitivity. Further, MD simulations assessed GFP

stability, confirming minimal unfolding tendencies, which explains the sensor functioning mechanism.
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1. Introduction

Viral infections, especially acute respiratory ones, pose a major
global health threat, causing around 15 million deaths
annually." The emergence of the novel coronavirus SARS-CoV-2
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The sensor was successfully produced in E. coli, and functional validation demonstrated its ability to
detect the Spike protein, with fluorescence recovery proportional to protein concentration, while the
modular computer aided design allowed for sensitivity optimization. The developed biosensor prototype
offers a promising tool for rapid and precise viral detection in clinical settings.

since 2020 has profoundly impacted public health, leading to
widespread disruptions and a new crisis.> This situation has
highlighted the critical need for reliable, swift diagnostic
methods. Accurately measuring viral load, or titre, is essential
for diagnosing infections, tracking disease progression, and
evaluating treatment effectiveness.

Traditional diagnostic methods typically involve detecting
viral RNA using polymerase chain reaction (QRT-PCR) or rely
upon identifying antibodies against the virus in serum
samples obtained from a patient by ELISA-like immunoassays.
These methods offer several advantages in terms of sensitivity
(QRT-PCR) and affordability (immunoassays). However, viral
RNA presence does not always indicate infectivity, and
immunoassays are characterized by a significant fraction of
false negatives.®> Moreover, these techniques are slow, in that
antibodies appear days after symptoms, and PCR results take
several hours, needing specialized labs and personnel.*

In this context, Forster Resonance Energy Transfer (FRET)-
based biosensors offer promise due to their high sensitivity.
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FRET sensors exploit the energy transfer between two fluoro-
phores, a donor and an acceptor, when they are in close proxi-
mity, detecting changes within 1-10 nanometers.® This
method quantitatively correlates changes in fluorescence with
the presence of the target molecule, being therefore ideal for
assessing viral titer of clinical samples.” Accordingly, it rep-
resents a promising technology for the development of a high-
performance biosensor capable of assessing viral titer directly
from clinical samples.

FRET-based molecular assays have been proposed for
detecting SARS-CoV-2’s spike protein receptor-binding domain
(S-RBD) by means of a “molecular beacon” architecture, and
making use of Total Internal Reflection Fluorescence (TIRF)
microscopy as read-out.® These molecular beacons, containing
two oligopeptides forming a heterodimer, namely an S-RBD
ligand and fluorophore-quencher pair, reveal S-RBD presence
by an increase of fluorescence, which stems from the confor-
mationally-driven separation of the two coiled-coil oligopep-
tides triggered by S-RBD binding. Yet, these sensors do not
rely on a specific binding displacement, allegedly depressing
the sensor’s specificity. Additionally, the reliance on TIRF
microscopy for fluorescence signal detection limits the pro-
posed method large-scale deployment.®

Here, we propose a much more versatile technology that in
principle may be not limited to the detection of the sole
SARS-CoV-2 in biological fluids. The biosensor prototype is a
recombinant protein designed through rational modification
of the Green Fluorescent Protein (GFP) sequence. The native
GFP protein, naturally produced by the jellyfish Aequorea
Victoria, consists of 238 amino acids and has a molecular
weight of 27 kDa. It generates green fluorescence by converting
blue light from the UV-visible spectrum.’ Studies have shown
that GFP retains its optical properties when produced in bio-
logical systems other than Aequorea Victoria. Moreover, it can
be engineered and modified to alter its fluorescence emission
in response to specific parameters of interest, effectively
serving as a fluorescence sensor for those parameters.'® To
date, several GFP-based fluorescent sensors have been devel-
oped for detecting ions (such as Ca®>" and Cl7), pH levels, and
molecular interactions. These sensors have primarily been
used in basic research, as well as in preclinical in vitro and
in vivo studies.’ Recent research has also explored the potential
of GFP-based sensors for detecting environmental* and clini-
cal parameters.'® In line with these approaches, the prototype
biosensor here proposed is designed with the aid of molecular
dynamics and molecular modeling and analysis techniques to
detect the presence of the Spike surface antigen of the
SARS-CoV-2 virus by modifying GFP’s fluorescence emission.

2. Experimental

2.1. Construction of the molecular model: the FRET probe
building blocks

In this section, we present the design and construction of a
FRET-based sensor for detecting SARS-CoV-2 in biological
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fluids. The sensor integrates various molecular components
engineered to interact with the virus receptor-binding domain
(RBD). Key elements of this design, illustrated in Fig. 1,
include:

1. Reporter 1: a peptide sequence Gly(His)s, which consists
of six histidine residues preceded by glycine. This sequence is
essential for the biochemical purification of the sensor and
can also be covalently conjugated to an organic quencher,
exploiting a reaction recently reported in the literature™ (see
Fig. S77).

2. Interaction element 1: the receptor-binding motif (RBM)
of SARS-CoV-2, a portion of the Spike protein that binds to the
human ACE2 protein, facilitating viral entry into cells*® (see
Fig. S1%).

3. Interaction element 2: a sequence called LCB1, designed
to mimic the two alpha helices of the N-terminal end of ACE2,
which are responsible for interacting with the RBM of
SARS-CoV-2. This sequence was recently reported in the
literature.'>

4. Reporter 2: Enhanced Green Fluorescent Protein (EGFP),
a bright variant of GFP, which provides the fluorescent signal.'®

The sensor components, namely LCB1, RBM, EGFP, and a
quencher, are connected via specific linkers to ensure proper
function and stability. Through extensive molecular dynamics
(MD) simulations, we optimized these components for high
sensitivity and specificity in detecting viral presence. Below, we
detail the construction and optimization process for each com-
ponent of this FRET sensor.

Quencher and linker 1. The quencher consists of the Dabcyl
molecules and a linker, which is covalently linked to the
N-terminal end of LCB1 via a flexible protein linker
(GHH-HHHHGTAPAPAS), linker 1 in Fig. 1. The non-optimized
3D starting structure of the quencher was obtained with Open
Babel.”> Next, we employed the PyRED server'® to obtain the
optimized 3D structure of the quencher (Fig. S21) and the
partial charges for its atoms. Specifically, a Gaussian geometry
optimization (Gaussian16_C.01)"” was employed and the
RESP-A1 charges were calculated at the HF/6-31G(d) theory
level,® compatible with the CHARMM force fields."® Using the
CGenFF web server’® we generated the CHARMM-compatible
bonded parameters for the quencher, and manually added the
charges obtained from the PyRED calculations. Finally, we used
scripts provided by CHARMM developers to obtain compatible
force field files for performing MD simulations with GROMACS.

LCB1-RBM complex. Cao et al®' designed stable mini-
protein inhibitors using computer-generated scaffolds built
around a human ACE2 helix that interacts with the Spike RBD of
SARS-CoV-2. The LCB1 mini-protein sequence, obtained via de
novo design, achieved binding affinities with SARS-CoV-2 RBD
comparable to monoclonal antibodies. In this work, LCB1 was
used as the sensor recognition unit capable of interacting with
the RBD of SARS-CoV-2 (Interaction element 1 in Fig. 1). The
LCB1-RBD complex Cryo-EM structure was obtained from PDB
7JZU. Residues with missing atoms were fixed using PyMOL’s
Mutagenesis tool.>> Given the crucial role of the interface
between LCB1 and the viral spike protein in the functioning of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic picture of the sensor prototype. Reporter 1: peptide Gly(His)e, a sequence of 7 amino acids consisting of a traditional His tag pre-
ceded by the amino acid Glycine. Interaction element 1: RBD or RBM domains of SARS-CoV-2. These are portions of the SARS-CoV-2 Spike protein
that correspond to the amino acid sequence involved in binding with the human ACE2 protein, which the virus uses as an entry channel to infect
cells. Interaction element 2: RBM interaction domain. It is a sequence called LCB1, recently reported in the literature.'? Reporter 2: EGFP, a particu-
larly bright variant of the green fluorescent protein GFP.* On the top-left: closed conformation (GFP-OFF) of the sensor, induced by the close
contact of interaction elements 1 and 2 bringing the two reporter elements in proximity; on the top-right: open conformation (GFP-ON) of the
sensor, induced by the binding of the SARS-CoV-2 spike protein and separating the two reporter elements.

the FRET sensor, we used atomistic simulations to optimize the
interaction between Interaction Element 1 and Interaction
Element 2. For Interaction Element 2, we considered both the
entire RBD and a reduced version, the RBM (Interaction element
2 in Fig. 1). The RBM is a lower-molecular-weight version of the
RBD (see Fig. S1f), consisting of only the 72 amino acids
involved in ACE2 recognition (i.e., the LCB1 interface residues).
Specifically, the RBD includes the entire domain with both the
structural framework and the key binding region (RBM), while
the RBM is the critical motif within the RBD responsible for
binding to the ACE2 receptor. The stability of the LCB1-RBM was
assessed by MD simulations and validated by experiments, as
discussed in the next sections.

Linker 2. The Interaction Element 1 and 2 units were con-
nected by a linker, which was optimized with 500 ns MD simu-
lations. We compared linker candidates (Gly-Gly-Gly)7 and
(Gly-Gly-Ser)7  with ~ the  experimentally  suggested
AAASSGGGASGASGGAGG, referred to as linker 2 (see Fig. 1).
Results are reported in ESI, Fig. S2.1

GFP. The donor-acceptor FRET pair at the root of sensor
functioning is composed of a GFP and a quencher. One of the
constructive goals for the sensor is to associate the presence of
SARS-CoV-2 in the sample to be tested with a change in their
FRET signal between the fluorophores (i.e., a change in their
respective distance). The GFP structure was obtained by
Homology Modeling with SWISS-MODEL>® using the PDB
1QYO0** as template. The homology model thus obtained was
then relaxed with a 50 ns MD simulation (Fig. S3+).

Linker 3. Two linkers, namely the LEGASA and LEAPAPA
sequences were compared. These were tested to connect GFP

This journal is © The Royal Society of Chemistry 2025

either with RBD or RBM. To get qualitative information about
the GFP influence on the rest of the sensor with both linkers,
we performed 250 ns MD simulations of each complex: LCB1-
linker-RBD-LEGASA-GFP and LCB1-linker-RBD-LEAPAPA-GFP.
Results are reported in ESI, Fig. S2.t

The different protein linkers between LCB1-RBD and
GFP-RBD were created with the MAESTRO and PyMOL>* soft-
ware. The final optimized system, reported in Fig. 1 and experi-
mentally tested, is composed of the quencher (Dabcyl mole-
cule including linker), LCB1, AAASSGGGGGASGASGGAGG
linker, RBM, LEAPAPA linker, and GFP. The complete FRET
sensor system was simulated with a 500 ns MD to verify that
RBM did not unfold due to the residue removal and that its
interaction with LCB1 remained sufficiently stable.

2.2 Molecular dynamics (MD) simulations and calculation of
the quenching efficiencies

Classical MD simulations in explicit water solvent were carried
out using GROMACS 2020.1 software,”® with CHARMM36 +
TIP3P as force field and water model.*® All MD simulations
were carried out using periodic boundary conditions in cubic
boxes. After solvation, ions were added to obtain neutral
systems, considering a neutral protonation state for HIS resi-
dues. The entire system was minimized using the steepest
descent algorithm to remove van der Waals contacts of high
potential energy, with the maximum force threshold value was
set at 1000 k] mol™" nm™. Minimization was followed by a
100 ps relaxation of the solvent around the position-restrained
protein and a 100 ps NPT equilibration with isotropic
Berendsen pressure coupling at 1 bar.”” The temperature was

Nanoscale, 2025,17, 8803-8815 | 8805
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kept at 300 K using a velocity rescaling thermostat.>® The pro-
duction run MD of the systems was performed using the leap-
frog algorithm with a 2 fs time step, the Verlet cutoff scheme
for van der Waals interactions, and the Particle Mesh Ewald
(PME) method for the treatment of electrostatic interactions
with 1.0 nm cutoff. The temperature coupling method used
was velocity rescale, with 0.1 ps of time coupling constant. We
used an isotropic Berendsen barostat with 1 bar of reference
pressure and 1 ps of time constant. Covalent bonds involving
hydrogen atoms were constrained using the LINCS algorithm.
Positions and coordinates were saved every 20 ps. Standard
structural analysis on the MD trajectories as RMSD and RMSF
was performed using GROMACS 2020.1. Trajectories and struc-
tures were visualized using VMD?® and PyMOL.>* In Fig. 2 we
computed the distance between the Dabcyl N2 atom and the
Tyrosine Ca in the TYG sequence involved in the GFP fluo-
rescence for each trajectory frame using the “compute_dis-
tance” function of the Python package MDTraj version 1.9.4.%°
The analysis plots in Fig. 2 have been created using in-house
Python codes.

The collected trajectories from MD simulations were used
to calculate the quenching efficiency E according to the Forster
energy transfer theory

1
E=—11"3%
1+ (R/Ro)

(1)

with R, a characteristic quenching distance depending on
several parameters:

. 2.07

2
Ro = Togmongmt 0% (2)
V'

Besides the obvious symbols (Avogadro number, N,, and
refractive index n), this formula includes the quantum yield of
the donor (in this case the GFP) Qp, which is measured, and
two quantities, the overlap integral J between the GFP emis-
sion and quencher adsorption, and the geometric correction &
which can depend on the conformation of the system and can

Distance (nm)

0 100 200 300
Simulation time (ns)
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be evaluated from the simulation. In particular x is a geo-
metric factor depending on the orientation of the transition
dipoles of donor and acceptor of the photon where all involved
vectors are unitary. This is a purely geometrical factor directly
evaluable from the simulations once the directions and posi-
tions of transition dipoles are established (red and pink bars).

k= fip X fiy — 3(R X fiy) (fip X R) 3)
If the system is rotationally free, this factor is (2/3)"/% The
transition dipole directions of the GFP chromophore and of
the diazobenzene optically active moiety of the quencher are
known from previous experimental®’ and theoretical studies,*?
and roughly oriented along the main axes of the molecules
(see Fig. S51). The non geometrical part of the R, depends on
the superposition integral of emission spectrum of donor
(GFP) and adsorption spectrum of acceptor (quencher), that
we estimated to 4.8 nm (see Fig. S67 for details).

2.3. Molecular cloning of the FRET sensor

The nucleotide sequences coding for the modular structure
(Reporter Element 1) - (linkerl) - (Interacting Elementl) -
(linker2) - (Interacting Element 2) - (linker 3) - (Reporter
Element 2) were designed in silico and then purchased already
inserted into a cloning plasmid (ThermoFisher, GeneArt-Gene
Synthesis). These sequences were obtained in two forms, con-
taining either the RBM or the RBD as Interacting Element 2
sequence. The RBD portion consists of approximately 220
amino acids (aa); the RBM portion, which is the part of the
RBD most involved in recognition, contains 72 aa. To avoid
folding problems, we included 3 aa upstream and downstream
of the two ends of the RBM, resulting in a total of 78 aa.
Importantly, we used the codon optimization tool of the
GeneArt software to ensure optimal expression in the E. coli
host. Subsequently, the two sequences were expanded and sub-
cloned into the pET11a vector (Novagen) using the KpnI/Xhol
restriction sites. Positive clones were screened by restriction
analysis, and the full-length construct sequence was always ver-

400 500

Fig. 2 Analysis of the FRET sensor performance. (A) Distance between the Dabcyl N2 atom and the Tyrosine Ca in the TYG sequence involved in
the GFP fluorescence during the 500 ns MD trajectory of the complete FRET sensor system. The red line shows the running average with a
100-frame window. Snapshots of the systems at 0 ns, 200 ns, and 500 ns are reported on the plot. (B) Positions of the Dabcyl N2 atom (purple
spheres) and the Tyrosine TYG Ca atom (green spheres) during the 500 ns MD simulation.

8806 | Nanoscale, 2025, 17, 8803-8815

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05040a

Open Access Article. Published on 11 March 2025. Downloaded on 4/4/2026 12:41:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

ified by DNA sequencing before proceeding with the
experiment.

2.4. FRET sensor expression and purification

BL21(DE3) E. coli (Thermo Fisher) were transformed with the
two constructs in pET11a plasmid, and protein expression was
induced with 1 mM of isopropyl-p-thio-galactoside (IPTG).
After overnight incubation at 30 °C, the bacteria were collected
by centrifugation (6500g, 30 min at 4 °C), and the pellet was
resuspended with 5 ml of Lysis Buffer per pellet gram (20 mM
Tris pH8, 300 mM NaCl and 10 mM Imidazole), 0.5%
TritonX-100, and a complete EDTA free protease inhibitors
tablet (Roche). The suspension was incubated at room temp-
erature for 1 h, and then sonicated on ice (30" pulse followed
by 60" stop, repeated 6 times). The lysate was subjected to clar-
ification (10 000 g, 30 min at 4 °C) to collect the supernatant,
which contained the induced protein. The supernatant was
then mixed with a Ni** ion functionalized agarose resin
(NiNTA, cat. no. 30120, Qiagen). This resin was previously equi-
librated in Buffer A (20 mM Tris pHS8, 300 mM NaCl and
10 mM Imidazole) and then packed into a gravity-flow column
(cat. no. 34964, Qiagen). Under these conditions the resin was
capable of complexing the histidine residues present in the
His-Tag fragment at the N terminus of the protein. The resin
was extensively washed (three washes with 10 column volumes
of Buffer A) to remove undesired proteins. The protein was
then eluted from the resin by adding increasing concen-
trations of Buffer B (20 mM Tris pH8, 300 mM NaCl and
250 mM Imidazole). Specifically, we performed a 4-step elution
in 10 column volumes per step, with Buffer B concentrations
progressively increased to 10%, 25%, 50% and 100%, respect-
ively. A total of 12 fractions was collected. The fractions were
subsequently checked by SDS-PAGE followed by Coomassie
staining. Fractions containing a satisfactory amount of puri-
fied protein at the correct molecular weight were pooled and
subjected to dialysis to replace the buffer with Storage Buffer
(20 mM Tris pH7.5, 200 mM NacCl). The dialyzed protein was
concentrated using an Amicon ultrafiltration membrane with
10 kDa cut-off (Merck-Millipore) and stored at -80 °C.
Typically, a purification from one liter culture yielded
500-700 pl of a 10-40 pM concentration of protein, with an
estimated purity degree of about 40%.

2.5. Click-chemistry conjugation of Dabcyl quencher to the
FRET sensor

We used a labeling approach via click chemistry reaction to
attach a Dabcyl quencher molecule (Thermo Fisher, cat. no.
D2245) to the first residue of the Gly-His tag present in the
RBM version of the FRET probe (named S probe). We adopted
a recently described procedure,’* with some modifications.
Briefly, the methoxyphenyl ester containing an N3 azide group
was first synthesized, following protocol steps previously
described.' The protein labeling reaction was carried out fol-
lowing 3 steps:

1. Synthesis of Dabcyl-DBCO: 25 mg of Dabcyl-NHS ester
(Thermo Fisher) was reacted with an excess of the NH,-DBCO

This journal is © The Royal Society of Chemistry 2025
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crosslinker (Sigma Aldrich). The reaction was monitored by
TLC, and the product was precipitated by the addition of ice.

2. Preparation of the clickable quencher: 100 pL of 10 mM
Dabcyl-DBCO was reacted with an equimolar amount of the
methoxyphenyl ester containing an Nj; azide group'* for
1 hour at room temperature, to obtain the final clickable
quencher (Q);

3. Conjugation of the quencher to the S probe: 20 to 40
equivalents of Q were reacted with the S probe in acetonitrile
solvent, for one to two overnights at 4 °C, respectively, obtain-
ing the quenched biosensor, called SQ.

SQ preparations were subsequently dialyzed in Storage
Buffer for 24 hours at 4 °C and concentrated. The final concen-
tration was then estimated as previously described. The
efficacy and stoichiometry of the conjugation was verified by
performing a mass spectrometry proteomic analysis of the
unconjugated versus conjugated versions of the S sensor.

2.6 Fluorescence intensity measurements and fitting

The S probe was first tested to determine its minimum detect-
able concentration in a biological fluid sample. For this
purpose, a plate assay was set up in which the fluorescence
intensity was evaluated following the addition of different S
probe concentrations to a saliva sample, and measured using
an EnSight multiplate reader (PerkinElmer). 5 mL of saliva was
collected in a 50 mL test tube approximately 12 hours before
the experiment and stored at 4 °C. Particular precautions for
the collection were adopted:

() Avoiding the consumption of alcohol, nicotine and
caffeine by donors at least in the two hours before the collec-
tion and at least one hour after consuming the meal.

(II) Ensuring the sample was taken before daily dental
hygiene.

On the morning of the experiment, the biological fluid was
centrifuged at 1200 rpm for 5 minutes and the supernatant
was collected and distributed into the wells.

Assay setup. serial dilutions starting from a 200x concen-
trated S were prepared in Storage Buffer and mixed directly
with saliva to achieve final S concentrations of 0.05, 0.1, 0.5, 1,
5, 10, 100 nM in a final volume of 100 pL.

Fluorescence measurements. The volume was transferred in
a black 96-well plate (PerkinElmer) suitable for fluorescence
intensity measurement. The measurement was performed in
well-scan mode (5 reads per well), using 100 flashes at
maximum power of excitation at 488 nm wavelength, collecting
light at 510 nm emission wavelength.

Quenching effectiveness. A similar fluorescence intensity
measurement was used to prove effective quenching of the
sensor in the SQ compared to the S configuration. 10 or 100
nM of purified S or SQ were diluted in PBS, and fluorescence
intensity measured using the same assay as above described.

Biosensor sensitivity and specificity. to demonstrate the bio-
sensor’s sensitivity to the Spike protein (Sp) and, possibly, to
the SARS-CoV-2 virus in a biological fluid, we set up an assay
in which the fluorescence intensity of S was evaluated follow-
ing the addition of increasing concentrations of the purified

Nanoscale, 2025, 17, 8803-8815 | 8807
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Spike protein (Sp, 40589-VO8H4, Sino Biological) or BSA
protein (Sigma-Aldrich, A2153-50G), used as a control.
Furthermore, the specificity of the S and SQ probes in recog-
nizing Sp was evaluated by comparing the fluorescence inten-
sities of S with those purified EGFP alone in the presence of
Sp. The proteins were mixed directly in the well, in Storage
Buffer and incubated for different times (0, 30 and
60 minutes) at 37 °C. Fluorescence intensity was measured as
described above. Data were normalized to the value of S, SQ or
EGFP, in the absence of the Sp. The limit of detection (LOD)
and limit of quantification (LOQ) were determined according
to TUPAC recommendations.®® Briefly, a working curve was
determined by measuring the response of 10 nM S or SQ
sensor to the incubation of standard solutions, with 2.5, 5, 10,
25, 50, 75, or 100 nM Spike protein diluted in Storage Buffer.
The range of the obtained curve, which could be linearly fitted
(reported in Fig. S107), was used to determine the LOD and
LOQ values, by multiplying the standard deviation of S and SQ
blank values (samples devoid of Spike) for 3 and 10, respect-
ively, and then extrapolating the corresponding Spike
concentration.

Fluorescence value fitting. Raw fluorescence measurements,
subtracted of the buffer and Spike analyte contribution, were
fitted to a hyperbolic function that describes the single-site
dissociation equilibrium of the sensor as characterized by the
dissociation constant Ky :

[S]

F = (Fw—Fo)m

+ Fo (4)
In eqn (4), F, and F,, represent the initial fluorescence (i.e.
zero Spike concentration) and the maximum fluorescence
when the sensor is fully saturated by the Spike, respectively.
Data fitting to eqn (4) affords the Ky value. For the estimation
of the dynamic range of the sensor, i.e. (F,, — Fy), in order to
exclude F, fluctuations due to different S and SQ preparations,
eqn (4) was applied to normalized data as reported in Fig. 6.

3. Results and discussion
3.1 Rational design of the sensor

The sensor has been developed aiming at detecting the Spike
surface antigen of the SARS-CoV-2 virus by using the fluo-
rescence properties of Green Fluorescent Protein (GFP). The
sensor was designed with modular architecture to facilitate
future optimization and versatile applications. The prototype
structure incorporates two “Reporter” elements, strategically posi-
tioned at the N-terminus and C-terminus of the protein, with
two “interaction elements” mediating the reporter proximity sep-
aration (Fig. 1). This design allows for compatibility with two dis-
tinct fluorescence measurement methods, both potentially
exploitable for detecting SARS-CoV-2 in biological fluids:

Direct measurement. This involves detecting changes in
GFP fluorescence intensity caused by the interaction of the
“Interaction Element 2” with the Spike protein. The binding
likely alters the GFP fluorophore’s environment, potentially
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changing its fluorescence emission, such as its response to
excitation with linearly polarized light.

Molecular beacon approach. This requires functionalizing
“Reporter Element 1” with an organic quencher that absorbs
GFP radiation. The interaction between “Interaction Elements
1” and “2” allows GFP and the quencher to come close enough
for non-radiative energy transfer, resulting in the GFP’s OFF
state. The presence of the Spike protein in the biological fluid
would displace “Interaction Element 1”, removing the
quencher and restoring the GFP to its ON state. Thus, the
recovery of GFP fluorescence intensity indicates the presence
of the virus (Fig. 1).

In silico linkers design. The selection of appropriate linkers
between various components of the sensor is crucial for its
functional integrity. MD simulations were employed to assess
the behavior of different protein linkers.

RBD-LCB1 interaction. The sensor’s function depends on
the LCB1 mini-protein binding to the viral Spike protein
portion and detaching in the presence of new Spike proteins
in the test sample. The interaction must be stable enough to
maintain a consistent distance between the LCB1-bound
quencher and GFP for a baseline FRET efficiency, yet unstable
enough to allow LCB1 detachment when new Spike proteins
are present. Initial 500 ns MD simulations showed that LCB1
repeatedly detached and reattached to RBD, reflecting the high
affinity between the two proteins (48 pM). Testing different
linkers, we found that the flexibility and dynamics of the
AAASSGGGASGAGG linker were comparable to the (Gly-Gly-
Ser), linker, whereas the (Gly-Gly-Gly), linker was more rigid.
Further simulations indicated that the presence of GFP
increased the linker fluctuations, particularly at the RBD-
bound end, but the linker remained stably bound to RBD
(Fig. S4A and Bf). Hence, the AAASSGGGASGAGG linker was
chosen for the experimental FRET sensor, as optimal for main-
taining stability while allowing necessary flexibility, particu-
larly between GFP and the viral sensor protein. This linker was
chosen based on its ability to accommodate GFP without indu-
cing significant structural perturbations in the viral protein,
ensuring a stable configuration conducive to reliable FRET
signal generation.

GFP-RBD interaction. The size of GFP was a critical factor in
selecting the linker to join it to the sensor’s Spike protein, as a
large GFP could disrupt the sensor core if the GFP-RBD inter-
action was too strong. Simulations using the LEGASA linker
showed that GFP approached and bound to RBD before 100 ns
and remained attached, but the RBD partially unfolded and
stayed in this state, as shown in Fig. S4.1 The unfolding was
attributed to the LEGASA linker being insufficiently long and
flexible to screen RBD from GFP’s size effect. In contrast, simu-
lations with the LCB1-linker-RBD-LEAPAPA-GFP system
showed that this linker did not induce significant structural
changes in RBD while keeping GFP stably bound. This
suggested choosing LEAPAPA for the experimental realization.
Results are reported in ESI, Fig. S2C,D and S4.f

General sensor dynamics. Snapshots of the complete FRET
sensor system at various simulation times (Fig. 2A) showed
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that the RBM remained stable and did not unfold. Due to its
lower molecular weight (72 amino acids compared to RBD’s
220 amino acids), the GFP and quencher could get closer,
reducing the average distance from 6.81 nm with RBD to
5.14 nm with RBM. To predict the fluorophores’ behavior in
the real FRET system, we computed their distance during the
MD simulation (Fig. 2A and B). After an initial relaxation
period, the GFP approached and remained anchored to the
RBM until the end of the simulation. Similarly, the quencher
bound to LCB1 stabilized around LCB1 starting from 200 ns
(Fig. 2B). This stable distance between the two fluorophores
suggests a baseline FRET efficiency that should enable reliable
detection of the transition from the “closed” state to the
“open” state in the presence of the S protein in the test
sample.

3.2 Calculation of quenching efficiency

We explored thoroughly the sensor functioning by calculating
the quenching efficiency according to the Forster energy trans-
fer theory, incorporating parameters such as the distance
between GFP and the quencher, quantum yield of GFP, and
geometric factors derived from MD simulations. Fig. 3A-D
shows the quenching efficiency calculated along the simulated
trajectories on four possible variants of the sensor including
RBM/RBD and LEGASA/LEAPAPA (structures in expanded form
reported in each panel). The quenching efficiency calculated
according to eqn. (1) with (black curves) or without (magenta)
the correct geometric factor evaluated as in (3) are reported in
the upper plots. It is apparent that the combinations with
RBM show a larger dynamical range of efficiency, while those
with RBD display low efficiencies. The reason is shown by the
images under the plots, representing in purple the volumes
spanned by the quencher bearing extremity around the GFP
(in green) during the simulation. It is clear that in the RBD
combinations (C and D) the quencher extremity spans a
spherical shell around the GFP, at quite a large distance that
maintains the efficiency low, without being able to get nearer
to the GFP. Conversely in the RBM combinations (A and B) the
construct is flexible enough to allow more compact configur-
ations, allowing the quencher to efficiently act on GFP and
exploring a large dynamical range of efficiencies. Without the
geometric correction (magenta lines) LEGASA (B) linker seems
to work slightly better, allowing a closer conformation with
respect to LEAPAPA, but as the geometric correction is added
(black) the efficiency turns out on average lower or comparable
to LEGASA (A). These observations point to the choice of RBM
as preferred for the design with the quencher.

To explore other intrinsic quenching mechanisms, we also
analyzed the internal fluctuations of the GFP in the four simu-
lations. These, specifically the root mean squared deviation
with respect to the starting configuration (RMSD) are reported
along the trajectories in panel E. The combinations with RBD
(black and grey) produce less internal fluctuations than those
with RBM (shades of magenta). This is consistent with the fact
that with RBD the open structures are favored: the internal
fluctuations of the GFP are due to the disturbance produced
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by the other elements of the construct as they close and bind
to its surface. This effect is stronger with RBM, which allows
closed and compact structures. We also observe that the differ-
ence RBM/RBD is larger with the LEGASA linker. In fact, the
combination RBD-LEGASA displays RMSD as low as the one of
the GFP alone evaluated on a reference simulation (blue). The
connection of this behavior with the sensor functioning is
understood by looking at the fluctuations averaged in time
and evaluated along the chain of the GFP, namely the Root
Mean Square Fluctuations (RMSF) (panel F). These are in
agreement with previous similar analysis in the literature,**
with peaks on the loops and lower fluctuations in the strands,
but with a noticeable exception: the area round the chromo-
phore (residues 60-70 according to the standard numbering in
GFP, highlighted in yellow) are normally little fluctuating,
because the GFP structure is optimized to maintain rigid its
chromophore to favor fluorescence.>® This is the case in the
RBD-LEGASA combination, in which the GFP is almost always
“unbound”. In the other cases, conversely, the dynamical for-
mation of compact states greatly enhances the fluctuations in
the chromophore regions. This indicates that quenching may
occur even in absence of a quencher at the extremity, due to
the formation of compact closed states of the GFP with the
other elements. Again, the combinations with RBM enhance
this intrinsic quenching effect.

These calculations provided insights into the sensor’s per-
formance under varying conditions, validating its potential for
sensitive and specific detection of SARS-CoV-2 antigens.

3.3 Production of the designed sensor in E. coli

The sensor design was successfully translated into practical
applications through cloning and expression in Escherichia
coli. The two versions of the designed sensor (S), differing for
the presence of the RBM (RBM-S) and RBD (RBD-S) domains
as Interacting Element 1, were cloned in a prokaryotic
expression system and produced in BL21DE3 E. coli strain. As
shown in Fig. 4A, both proteins can be produced following
IPTG induction. After overnight (ON) growth, the bacteria were
pelleted, lysed, and the cell lysate was clarified. Notably, only
the RBM extract retained EGFP spectral properties, whereas
the RBD extract did not show these characteristics (Fig. 4B and
C). Based on these results, we decided to proceed with the
purification of the RBM-S sensor only. This decision is also
supported by the simulations, which indicate an enhanced
propensity for the RBD to unfold compared to the more stable
RBM when embedded within the sensor architecture, as far as
a larger dynamical range for quenching efficiency and an
enhanced intrinsic quenching mechanism in the RBM simu-
lated constructs compared to those with RBD.

3.4 Conjugation of the designed sensor to the Dabcyl
quencher probe

To enhance the detection sensitivity, the sensor was stoichio-
metrically labelled with a Dabeyl quencher probe (Fig. S7AT),
by using a reported protocol of click-chemistry conjugation.**
We decided to prove the efficacy and stoichiometry of conju-
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Fig. 3 MD simulations of the molecular constructs. Panels (A-D) reports the four molecular constructs used in simulations, as per legends. The
structures are sketched on the top, with the GFP in green, the quencher in purple, the LCB in blue, RBM/RBD in red, LEAPAPA/LEGASA in black and
other linkers in white. The four plots are divided in two parts, the lower one reporting the geometrical factor « along the trajectory (in black) and its
average value (in magenta), the upper one the quenching efficiency E (egn (1) and (3), with Ry = 4.74 nm), either using the average value (magenta)
or the actual value of « (black line). Under the plots the space distribution of the quencher around the GFP is reported as an iso-surface of the
volume density of the quencher mediated over the trajectories. Panel (E) reports the root mean squared deviation of the GFP structure in time, in the
four simulations (in black and magenta shades, as per legend) compared to the unbound GFP (blue). Panel (F) reports the root mean squared fluctu-
ations of GFP residues along the chain, in each simulation as per legends. The chromophore region is highlighted in yellow in the plot and in the
structure reported therein.
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Fig. 4 Expression in E. coli and purification of the RBM-S/RBD-S protein. (A) SDS-PAGE showing the time-course of RBM-S and RBD-S production.
1 ml of E. coli growth were pelleted at time O, 1 h, 2 h and overnight after IPTG induction, denatured in Laemmli buffer and loaded in different wells
of the gel. The gel was stained using Coomassie blue reagent. (B) Representative picture of the clarified lysates of RBM-S and RBD-S transformed
E. coli obtained from a bacteria growth after an overnight of IPTG protein expression induction. (C) Fluorescence intensity quantification of the
RBM-S and RBD-S lysates. Results are represented as mean + SEM of three independent experiments and statistical analysis was performed by
Student’s t-test: ** p < 0.01. (D) SDS-PAGE showing the purification of RBM-S. The gel was stained using Coomassie blue reagent. Load: fraction of
the extract loaded on the column; FT: flowthrough of the loaded column; W1-3: washes of the loaded column; El1-11: fractions eluted from the
column at increasing concentrations of Imidazole. The red square represents the band of interest and the respective eluted fractions were pooled
and dialyzed. (E) SDS-PAGE showing quantification of the purified RBM protein by comparison with known amounts of purified BSA loaded in the
same gel as reference.

gation by performing a mass spectrometry proteomic analysis
of the unconjugated (RBM-S) versus conjugated (RBM-SQ) ver-
sions of the RBM-S protein (Fig. 5A). Theoretical evaluation of
the MW of the unconjugated and conjugated proteins revealed
that the conjugation should add ~610.7 Dalton to the MW of
the protein, estimated to be 46 652 Dalton. The MALDI spectra
of proteins preliminarily run on RP-HPLC revealed the pres-

ence of proteins with MW compatible with the aforementioned
ones. However, the main peak of RBM-S was compatible with a
protein displaying ~15 amino acids less than the theoretical
sequence, probably due to the loss of the last residues in the
GFP protein (Fig. S87). Nevertheless, as reported in Fig. 4B and
C, this phenomenon did not lead to significant loss in the
intrinsic emission capacity of the EGFP protein. Furthermore,
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I > c 100
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Fig. 5 Validation of the conjugation of RBM-S with a quencher molecule. (A) MALDI spectra of RBM-S before (top) and after (bottom) conjugation
to the quencher group. (B) Graphs reporting the results of two independent measures of SQ versus S fluorescence intensity, where SQ was produced
using strong (left) and mild (right) conjugation conditions. Data are reported as mean + SD of two or three different replicas.
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RBM-SQ displayed a MW compatible with the introduction of
two rather than one quencher groups. Aware of the presence of
other possible residues accessible in the protein for quencher
conjugation, we thereafter adopted a milder protocol of conju-
gation using a lower amount of reacting quencher. Thereafter,
we evaluated the fluorescence intensity of EGFP before and
after conjugation with the quencher (Fig. 5B). Notably, a sig-
nificant reduction in fluorescence in the SQ protein was
observed for both mild and strong protocols, providing evi-
dence that the click-chemistry approach provides effective
quenching of EGFP. Overall, these data helped us in the optim-
ization of the subsequent labelling reactions.

3.5 Test RBM-S and RBM-SQ fluorescence recovery in the
presence of Spike protein

Functional validation assay was performed to demonstrate the
sensor ability to recover fluorescence in the presence of Spike
protein, indicative of its utility in detecting SARS-CoV-2 anti-
gens (Fig. 6A and B). S or SQ were incubated with increasing
amounts of Spike purified protein, or with BSA as a control.
The study was conducted at a 10 nM concentration, because at
this concentration the probe was detectable also in saliva bio-
logical fluid (Fig. S9t). The proteins were mixed directly in the
well, in PBS buffer, and were incubated for 30 minutes, then
fluorescence intensity was measured with a multi plate fluo-
rescence reader. Fluorescence intensity was normalized to the
value of 10 nM S or SQ devoid of any protein addition.
Notably, results showed that a recovery of fluorescence could
be appreciated for both S and SQ proteins, incubated with a 5
and 10 molar excess of Spike, but not of BSA protein used as a
control. These data suggest that S and SQ probes may be
efficient in recognizing Spike protein, at selected concen-
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trations, and this may in turn result in a de-quenching of
EGFP fluorescence, which corresponds to the opening of the
molecular beacon.

According to experimental data, the analytical parameters
were determined. To calculate LOD and determine the sensi-
tivity of biosensor, a linear correlation was established with
Spike protein concentrations, up to 75 nM for S probe and to
50 nM for SQ probe. Thus, for the S probe, LOD and LOQ
resulted in 4.5 and 29.7 nM, respectively. For the SQ probe,
LOD and LOQ were 3.2 and 4.2 nM, respectively. Furthermore,
by means of eqn (4), we found K4 = 25.0 = 6.2 nM and K4 = 9.7
+ 3.5 nM (mean * SD) for S and SQ, respectively. While this
mechanism can be expected for SQ protein, the reason why
this occurs also for S protein is less obvious, but coherent with
the reported simulations. As explained in section 3.3, the
closed conformations of the construct display larger fluctu-
ations especially in the region of the GFP chromophore, which
is likely to lead to fluorescence loss opening the way to non-
radiative paths for the ground state recovery alternative to
photon emission. The normal fluorescence can be recovered
once the Spike binding leads to the open conformation. In any
case, the Spike-induced recovery in fluorescence turned out to
be more statistically robust for S than for SQ protein (F,, — Fy =

+ 0.4 and F,, — Fy = 3.6 = 2.6 (mean + SD) for S and SQ
respectively and Fig. 6A and B), although the former was less
in absolute fold-change with respect to the control than the
latter. This behavior is also coherent with the simulations:
although the dynamic range spanned by the quenching
efficiency is potentially very large (panels A and B in Fig. 3),
simulations also show that maximum effect requires that the
closed conformation occurs with a specific orientation, which
may not be always achieved. Conversely, the intrinsic quench-
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Fig. 6 Functionality assays of RBM-S against SARS-CoV-2 Spike protein. Graphs reporting the results of S (A) versus SQ (B) fluorescence intensity in
a multi-well format, obtained by incubating 10 nM S and SQ with 10, 50 and 100 nM of Spike (Sp) and BSA proteins. Data are reported as mean +
SEM of the values pooled from 3 independent experiments performed on two different batches of S and SQ preparations. The plotted fluorescence
intensity has been subtracted from the contribution of buffer and Spike or BSA proteins and normalized to the S or SQ fluorescence. **p < 0.01, *p <
0.05, according to a One-Way ANOVA with Dunnett’'s multiple comparison of means.
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ing only due to the disturbance of the chromophore region in
closed conformation does not require specific closed struc-
tures and is therefore statistically more robust.

Another possibility is that this might be due to the lower
stability displayed in solution by the SQ probe when compared
to the S counterpart. Indeed, once prepared and stored at 4 °C,
SQ could be used for no more than 1-2 weeks, to avoid protein
precipitation occurring and interfere with the assay. An optim-
ization of SQ preparations, in terms of both higher purity
degree and monovalent labelling of the quencher at N-term
position, may help to fully exploit the potential of the pro-
posed diagnostic tool.

4. Conclusions

This study presents the design, construction, and validation of
a novel FRET-based sensor for detecting the Spike surface
antigen of SARS-CoV-2 in biological fluids. The novelty of our
biosensor lies in the proposed workflow, which was carefully
developed following criteria defined by molecular dynamics
(MD) simulations. This approach ensured that the sensor
could be effectively produced in E. coli, demonstrating its prac-
tical applicability. By harnessing the fluorescence properties of
GFP, entirely genetically encoded, we have created a sensor
that offers versatile, modular architecture. This structure
allows for future optimization and customization for a variety
of diagnostic applications.

The modularity of the sensor is one of its key advantages. It
incorporates two reporter elements and two interaction
elements, offering flexibility and scalability for a range of diag-
nostic needs. Additionally, our design supports two distinct
fluorescence measurement approaches: direct GFP fluo-
rescence intensity measurements and a molecular beacon
method utilizing an organic quencher. This dual approach
enhances the sensor’s versatility and sensitivity.

Furthermore, both measurement methods can be easily
adapted to widely available multi-plate fluorescence readers, as
well as sensor chip formats, or cell-based assays which are
commonly found in both research and healthcare settings.
This versatility makes the sensor practical for widespread
deployment in diverse environments, further enhancing its
value for current and future diagnostic and therapeutic
applications.

Molecular dynamics simulations were crucial in selecting
optimal linkers that balance flexibility and stability, ensuring
the functional integrity of the sensor. The AAASSGGGASGAGG
and LEAPAPA linkers were identified as the best choices for
maintaining stable configurations conducive to reliable FRET
signal generation. In particular, calculations based on Forster
energy transfer theory validated the sensor’s quenching
efficiency, providing insights into its performance under
various conditions and indicating as the RBM the optimal
portion of Spike domain for the construct to function. An
alternative mechanism for intrinsic quenching due to the dis-
turbance of the GFP chromophore region in close confor-
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mation is of the MD
simulations.

Following the criteria defined by MD simulations, the
sensor was effectively produced in E. coli, demonstrating its
practical applicability. Functional validation assays confirmed
the sensor ability to recover fluorescence in the presence of the
Spike protein, indicative of its potential for sensitive and
specific detection of SARS-CoV-2 antigens. To increase sensi-
tivity, the sensor was also stoichiometrically labeled with a
Dabcyl quencher probe, as confirmed by mass spectrometry.
Although variations in conjugation stoichiometry were
observed depending on the click-chemistry protocol, a pro-
cedure for the putative 1:1 Dabcyl: GFP conjugation was
identified. The performance of the SQ probe turned out to be
promising, but also highlighted areas for refinement.
Addressing SQ stability challenges and optimizing linker
designs will be essential for improving the sensor robustness
and longevity. Future work should focus on enhancing the
purity and stability of the quenched probe to fully exploit the
sensor diagnostic potential.

In summary, this study demonstrates the feasibility and
potential of a GFP-based FRET sensor for SARS-CoV-2 detec-
tion. The sensor modular design, combined with in silico
optimization prodromal to practical validation, lays a strong
foundation for developing reliable, sensitive, and specific diag-
nostic tools for current and future pandemic preparedness.
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