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Development of a broadly adaptable TR-FRET
serological assay for sensitive and specific
detection of infectious disease antibodies in
human sera
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Detecting antibodies (Abs) is essential for assessing acquired immunity to infectious diseases, particularly
following vaccination or prior infection. However, conventional serological tests often suffer from several
limitations, including labor-intensive preparation, the need for specialized biosafety facilities, and lengthy
processing times. Moreover, they provide only qualitative results with limited specificity. While
homogeneous serological assays offer a simpler approach to detect Abs in biological samples, their
sensitivity is often compromised by high background interference. In this study, we present a time-
resolved fluorescence energy transfer (TR-FRET) assay for detecting infectious disease Abs in human sera.
Our assay demonstrates high sensitivity in distinguishing between an antigen and its specific antibody, with
no detectable upper limit of detection or prozone effect. It is universally applicable to various antigen-
antibody complexes including SARS-CoV-2 and influenza, delivers accurate results within 15 minutes, and
effectively mitigates background noise from human specimens. The development of this highly accurate
immunoassay will enhance serological testing, making it faster, more reliable, and suitable for point-of-
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Introduction

Serological tests have been developed to identify antibodies
(Abs) in human fluids, offering insights into an individual's
disease history and assessing their level of acquired
immunity. Moreover, serological tests have gained significant
attention in recent years mainly in part due to the COVID-19
pandemic, as there was a heightened need to detect Abs
against severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Antibody detection for SARS-CoV-2 was
essential for diagnosing infections, tracking close contacts,
and monitoring immunity at both local and national levels
for epidemiological and vaccine efficacy studies.’*
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Various immunoassays have been used for serological
testing and the detection of SARS-CoV-2 Abs in serum. The
plaque reduction neutralization test (PRNT) was considered
the gold standard for detecting neutralizing Abs (nAbs)
during the pandemic.® However, PRNT is slow, requires live
virus, and must be conducted in biosafety level III facilities.”
Alternatively, enzyme-linked immunosorbent assays (ELISAs)
and lateral flow immunoassays (LFIAs) are among the most
commonly used methods for serological testing. ELISA is
quantitative and offers high accuracy and sensitivity.>®
However, it has major drawbacks including a long processing
time, and requires lab infrastructure and personnel to
prepare, process, and read the ELISA plates. On the other
hand, LFIAs are rapid and simple which facilitate their point-
of-care (POC) use, but they are qualitative, can have low
specificity, and their sensitivity varies among different
produc‘cs.7'9 Therefore, the need for a rapid, sensitive,
quantitative, and homogeneous immunoassay is essential for
reliable on-site testing and the effective development of
vaccines against infectious diseases. Moreover, simplifying
and making serological tests faster can pave the road to
point-of-care testing (POCT), which may significantly improve
outcomes by enabling clinical decisions during patient
contact. To accomplish this, the test should be simple to
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perform in a POC environment, results available within 15
minutes, and have quantifiable capabilities. Only a limited
number of homogeneous serological assays for the detection
of Abs against infectious diseases have been developed. An
example is a homogeneous immunoassay that employs a
split-luciferase system.'® However providing reliable results
with high correlation to ELISA, it requires genetic
engineering to incorporate peptide tags for generating
luciferase luminescence. Additionally, fluorescence
polarization (FP) can also be used for a homogeneous
immunoassay, which has been used to detect SARS-CoV-2
Abs."" Although simple, the short-lived fluorophores used in
FP suffer low signal-to-noise ratio due to the high
background fluorescence created by plastic, reagents, or
biological matrices that compromise assay sensitivity. One
possible method to overcome these limitations is an
immunoassay using fluorescence resonance energy transfer
(FRET). FRET is a distance-sensitive technique in which non-
radiative energy is transferred from an excited fluorophore,
referred to as the “donor”, to another fluorophore,
the  “acceptor”,  through long-range  dipole-dipole
interactions."™"* This energy transfer occurs over a range of
10-100 A. The efficiency of transfer is inversely proportional
to the sixth power of the distance between the donor and
acceptor, as described by eqn (1).**

E=1/(1 + R°RY) (1)

R is the distance between donor and acceptor and R, is
Forster distance, the distance at which the efficiency of
energy transfer is 50%.

The Forster distance primarily depends on three factors:
the relative orientation of donor and acceptor fluorophores,
the quantum yield of the donor, and the spectral overlap
between the donor emission and the acceptor excitation

a. Antenna groups

Pyridine 2,2"-Bipyridine 1,10-Phenanthroline

b. Chelating ligands

CN Nig N} @AN/)\@
| |
=N N= =N N/

Bis-pyrazolyl pyrimidine Bis-pyridyl triazole

Biphenyl

View Article Online

Paper

wavelengths. For effective energy transfer, a spectral overlap
of more than 30% is required."® Despite the advantages, FRET
has several drawbacks: a) crosstalk, where the excitation light
excites the acceptor instead of the donor, leading to emission
that is not due to energy transfer; b) bleed-through, where the
overlapping emission spectra of the donor and acceptor
enhance the acceptor's emission; and c¢) background noise
generated by biomolecules and plastics.'® These issues can be
mitigated by time-resolved fluorescence resonance energy
transfer (TR-FRET).'”'® TR-FRET utilizes lanthanides - rare
earth elements - such as europium (Eu) and terbium (Tb) as
“donor” and a fluorophore such as fluorescein, Cy5 or Alexa
Fluor as a complementary acceptor.'® Lanthanides are excited
through an “antenna” in a process called sensitization. The
antenna is a conjugated ligand with an excitation state higher
than that of the lanthanide (Fig. 1a), which absorbs the

incident light and transfers the energy to the lanthanide
16,20

ion. This creates a significant difference between the
excitation wavelength absorbed by the ligand and the
emission wavelength emitted by the lanthanide, thus

overcoming crosstalk. The emission band of the lanthanide
ion is narrow and sharp, significantly reducing bleed-through.
Additionally, lanthanides have long lifetimes (us-ms), which
delays the emission of the acceptor after energy transfer,
making it much longer than the background autofluorescence
(ns).”! TR-FRET has been employed for detecting protein-
protein interactions (PPIs) utilizing lanthanides as donors
with complementary acceptors.”> When protein partners bind,
the donor lanthanide and acceptor fluorophore come into
close proximity, enabling energy transfer and generating a
detectable TR-FRET signal. This method has been employed
previously to screen inhibitors of PPIs in living cells using
green fluorescent protein (GFP) and red fluorescent protein

(RFP)-tagged proteins as donor and acceptor tags,
respectively.*
C.
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O > 700027
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Fig. 1 Chemical structures of antenna groups and chelating ligands for lanthanide-based labeling. a) Examples of n-conjugated (hetero)aromatic
moieties functioning as antennas. Notably, pyridine, 2,2-bipyridine and 1,10-phenanthroline also function as chelators. b) Examples of polydentate
ligands used as chelators. c) Structure of Eu(in) complex (ATBTA-Eu®*) featuring a biphenyl antenna, with the Eu®* stabilized by nine coordination

bonds with terpyridine ligand and polycarboxylate side chain.
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In this study, we developed a homogeneous
immunoassay for the serological detection of SARS-CoV-2
specific IgG immunoglobulins in human serum. The assay
leverages a TR-FRET-based approach whereby
immunoglobulins bound to a europium-labelled antigen are
detected through FRET with recruitment of protein G fused
to a fluorescent acceptor. The robustness of our TR-FRET
assay is demonstrated by detecting Abs against SARS-CoV-2
in serum samples from immunized individuals and
convalescent patients. Furthermore, we demonstrate the
universality of the TR-FRET immunoassay by modifying the
assay to work with europium-labelled influenza A
hemagglutinin (HA) of the H7N9 strain and detection with
monoclonal antibodies (mAbs).

Results and discussion
Immunoassay design

In order to design a robust TR-FRET-based assay, the
choice of the donor and its complementary acceptor
needed to be carefully considered as the excitation and
emission spectra require sufficient separation to allow
independent measurement of each fluorophore emission.
Several lanthanide complexes, particularly Tb** and Eu’,
are commercially available in various chelated forms.
Optimal lanthanide chelates should exhibit high stability
in aqueous media, good solubility, and a high quantum
yield.>**>  Polydentate ligands such as bis-pyrazolyl
pyrimidine, bis-pyridyl triazole, and terpyridine are
examples of multivalent ligands that form stable chelates
with lanthanides (Fig. 1b).>® Terpyridine (2,2:6',2"-
terpyridine) is a tridentate ligand, coordinating the
lanthanide ion through three pyridyl nitrogens.>” The
europium(m) complex, {2,2,2",2"-{[4'-(aminobiphenyl-4-yl)-
2,2":6',2"-terpyridine-6,6"-diyl]bis(methylenenitrilo)}
tetrakis(acetato)} europium(m) (ATBTA-Eu®"), incorporates a
terpyridine ligand alongside four polycarboxylate chains at
the 6,6-positions of the terpyridine scaffold. This
coordinates the central Eu®*" ion in a nonadentate
structure (Fig. 1c), significantly enhancing the complex's
stability and photoluminescence.”® Thus, we utilized
ATBTA-Eu®*" as the donor, which has an excitation and
emission maxima at 340 nm and 615 nm, respectively.
However, we needed to convert it to DTBTA-Eu®**
({2,2",2",2"-{[4'-(3,5-dichloro-2,4,6-triazin-aminobiphenyl-4-y1)-
2,2":6',2"-terpyridine-6,6"-diyl|bis(methylenenitrilo)}tetrakis-
(acetato)} europium(m)) before conjugating it to a protein
of interest (Scheme S1). Alexa Fluor 647 was selected as
the acceptor, which exhibits excitation and emission
maxima at 615 nm and 671 nm, respectively.
Representative excitation and emission scans of DTBTA-
Eu®" and Alexa Fluor 647 conjugated to protein carriers
are shown in Fig. S1. Next, we needed to define optimal
reagents for detection of Abs in a sample. The spike
glycoprotein is a large surface antigen displayed on the
surface of SARS-CoV-2 and is a critical component for
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viral infectivity. More specifically, the region of the spike
protein important for engaging host cells is called the
receptor binding domain (RBD), which interacts with the
host receptor angiotensin converting enzyme 2 (ACE2).*’
Interestingly, more than 90% of nAbs in serum are specific to
the spike RBD as it disrupts binding to ACE2,** which makes
it an ideal choice for detecting humoral immunity levels. The
second aspect for the assay requires an acceptor molecule to
be close in proximity to the donor. In this case we chose
protein G labelled with Alexa Fluor 647 as the acceptor
reagent. Protein G has a high binding affinity for the Fc
region of IgG but not for IgM, IgA, or IgE.*'** However, only
protein G-Alexa Fluor 647 bound to spike RBD IgG will be
close enough to facilitate energy transfer from Eu®'-DTBTA,
enabling detection.

Eu**-DTBTA labeling of Spike RBD (319-591)

Spike RBD containing residues 319-591 (referred to as RBD
hereafter) was cloned into pcDNA3.1 with an N-terminal
synthetic endoplasmic reticulum targeting peptide and a
C-terminal poly-lysine (polyLys) tag followed by a tobacco
etch virus (TEV) cleavable octa-histidine tag, as outlined in
the SI. A polyLys tag was engineered into the C-terminus of
the RBD protein to enhance labeling at a site that is as distal
from the ACE2 and known anti-spike antibody binding sites.
This ensured that there would be minimal, if any,
perturbations to the structure or function of RBD. This form
of the RBD was transfected into Expi293 cells, purified, and
labeled with Eu®*-DTBTA via nucleophilic substitution, after
cyanuric chloride-mediated activation of the antenna's
aromatic amine (Scheme S1).

Unlike organic fluorophores with short lifetimes,
lanthanide luminescence is not subject to concentration
quenching, making multiple labeling advantageous for
enhancing signal intensity.>® The labeling efficiency was
calculated as shown for eqn (2) below:

molar concentration at 335 nm
molar concentration at 595 nm

x100 (2)

The molar concentration of Eu-labeled RBD at A = 335 nm
was calculated using molar absorptivity 31000 cm™ M, as
cited previously for Eu*"-ATBTA.>® The molar concentration
of RBD was determined using the Bradford assay at A = 595
nm. To assess how labeling efficiency affects RBD binding to
anti-spike Abs, we prepared RBD with different labeling levels
(105% and 440%). The variation in labeling did not appear to
impact Eu*"-DTBTA labeled RBD (Eu-RBD) binding to anti-
spike Abs (Fig. S2), and thus we utilized the Eu-RBD with
440% labeling efficiency moving forward.

Immobilized ACE2 can capture Eu-RBD

Next, we wanted to test the functionality of the Eu-RBD, as
this modification could impair the RBD interaction with
ACE2. To do this we conducted a modified version of an
ELISA, but wusing immobilized ACE2 and direct

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sd00102a

Open Access Article. Published on 05 September 2025. Downloaded on 02.03.26 06:14:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

luminescence read-out of Eu-RBD. ACE2 (0.5 pg) was
immobilized on high-binding 96-well black plates, the wells
were blocked, and then were incubated with serial dilutions
of Eu-RBD (starting at 20 pg mL™") for 1 hour. The plate
was then washed, and time-resolved fluorescence (TRF)
intensity of the wells was then measured to determine the
levels of ACE2-dependent captured of Eu-RBD. As seen in
Fig. 2, the fluorescence intensity increased exponentially
with increasing concentrations of Eu-RBD, which represents
increased captured by ACE2. Whereas, a negative control
consisting of a well without ACE2, showed no significant
signal. Together, this indicates that europium labeling of
RBD does not interfere with the binding to ACE2.

Optimization of assay reagents and parameters

Optimizing the concentration of Eu-RBD. To optimize the
optimal concentration of Eu-RBD in the TR-FRET
immunoassay, we leveraged the use of anti-spike (1-3A7) and
anti-nucleocapsid (R019) mAbs as positive and negative
controls, respectively. Eu-RBD was prepared at a starting
concentration of 500 nM and serially diluted to 0.97 nM. A
mixture of anti-spike (1-3A7) or anti-nucleocapsid (R019)
mAbs premixed with protein G-Alexa Fluor 647 at equimolar
concentration (10 nM) were then added to the plate,
incubated for 15 minutes and recorded. The plate was read at
excitation wavelength 340 nm for europium, and emission
wavelengths of 615 nm for Eu**-DTBTA, and 665 nm for Alexa
Fluor 647. The TR-FRET ratio was calculated as show in eqn
(3) below:

signal intensity at 665 nm/signal intensity at 615 nm  (3)

Eu-RBD incubated with anti-spike mAb showed a signal (TR-
FRET ratio) increase within the Eu-RBD concentration range

2]

[=]

o
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Fig. 2 ACE2 effectively captures Eu-RBD. ACE2 was immobilized in a
96-well high binding black plate at 0.5 pg overnight at 4 °C.
Afterwards, serially diluted Eu-RBD starting at 20 ug mL™ was then
added to the plate. After 1 hour incubation and extensive washings,
TRF intensity of captured Eu-RBD was measured at excitation and
emission wavelengths, 340 nm and 615 nm, respectively. Data points
represent the mean of three independent replicates (n = 3) and error
bars are standard deviation (SD).
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of 0.97-31 nM, followed by a gradual decrease from 31-62
nM, and a sharp drop beyond 62 nM (Fig. S3a). This decline
is attributed to the prozone effect,>* where the concentration
of Eu-RBD exceeds the mAb saturation point. In contrast, no
signal change was observed when Eu-RBD was incubated
with the SARS-CoV-2 anti-nucleocapsid mAb (Fig. S3a). Next,
we wanted to identify the optimal Eu-RBD concentration
within the 1-60 nM range that provides the highest detection
sensitivity. To do this, we assayed Eu-RBD at concentrations
of 1, 10, and 60 nM, which were then combined with serially
diluted anti-spike mAb and protein G-Alexa Fluor 647,
starting at an equimolar concentration of 250 nM. The 1 nM
and 10 nM Eu-RBD produced similar signals (TR-FRET ratio),
which were slightly better than the 60 nM concentration at
lower anti-spike mAb concentrations (8-100 nM) (Fig. S3b).
Based on these results, 1 nM Eu-RBD was selected as the
optimal concentration for further experiments.

Optimizing concentration of Alexa Fluor 647 labeled-
protein G. To study the effect of varying the concentration
of protein G-Alexa Fluor 647 relative to mAbs, protein
G-Alexa Fluor 647 at 10 nM or 100 nM was premixed with
constant anti-spike mAb (1-3A7, 100 nM), and the mixture
was serially diluted. Eu-RBD was then added at a constant
concentration of 1 nM, as determined earlier. At 10 nM
protein G-Alexa Fluor 647, which is a 10-fold lower
concentration relative to the anti-spike mAb, the signal
began to decrease at higher concentration of mAb (25 nM)
(Fig. S3c). This indicates that equimolar concentrations of
anti-spike mAb and protein G-Alexa Fluor 647 are necessary
to generate a reliable TR-FRET signal. Thus, we chose to
use 100 nM G-Alexa Fluor 647 and 1 nM Eu-RBD moving
forward with the assay.

Effect of temperature and time on immunoassay
performance. In addition to reagent concentration and
ratios, we also wanted to test the effect of temperature and
time on assay performance. First, the binding of anti-spike
mAb (3-6B1) and anti-nucleocapsid mAb (R019) to Eu-RBD
was tested at room temperature and 37 °C. Equimolar
concentrations of mAb and protein G-Alexa Fluor 647 (100
nM) were serially diluted in wells, followed by the addition
of 1 nM Eu-RBD. Plates were incubated for 15 minutes at
either room temperature or 37 °C. The signal increase for
the anti-spike mAb (3-6B1) at 37 °C exhibited a linear
increase, likely due to the accelerated equilibrium reached
at lower mAb concentrations as a result of the elevated
incubation temperature (Fig. S4a). On the other hand, the
anti-nucleocapsid mAb (R019) did not show a significant
signal increase under either condition (Fig. S4a). Thus, we
moved forward with room temperature as the immunoassay
incubation condition. Next, we tested immunoassay
incubation time by premixing equimolar concentrations
(100 nM) of protein G-Alexa Fluor 647 with anti-spike mAbs
(3-6B1 and 1-3A7) and anti-nucleocapsid mAb (R019),
separately, and added in Eu-RBD (1 nM) then incubated the
plate at different time intervals (5, 15, and 120 minutes).
For the anti-spike mAb 3-6B1, binding equilibrium was
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sd00102a

Open Access Article. Published on 05 September 2025. Downloaded on 02.03.26 06:14:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

achieved within 5 minutes, as the binding signal (TR-FRET
ratio) was similar to that observed after 15 minutes of
incubation (Fig. S4b). In contrast, the anti-spike mAb 1-3A7
reached equilibrium at 15 minutes (Fig. S4c), suggesting
that the time required for equilibrium likely correlates with
binding affinity or location of anti-spike Abs with RBD.
Lastly, after 2 hours of incubation, both 3-6B1 and 1-3A7
showed a linear increase in signal due to enhanced
detection of lower mAb concentrations with prolonged
incubation (Fig. S4b and c), while the varied incubation
times had no effect on the binding of the anti-nucleocapsid
mAb (R019).

The TR-FRET immunoassay using Eu-RBD is specific for anti-
spike antibodies

Now that we had optimized TR-FRET immunoassay
conditions, we wanted to test the specificity of the assay by
evaluating the binding of Eu-RBD to various anti-spike and
anti-nucleocapsid mAbs. Each mAb, starting at a
concentration of 100 nM, was individually premixed with
protein G-Alexa Fluor 647 (100 nM) and serially diluted in a
384-well white plate. Eu-RBD was then added at 1 nM to all
wells, and the plate was incubated for 15 minutes at room
temperature (Fig. 3a). Among the anti-spike mAbs, 3-6B1
showed a ~3-fold increase in the TR-FRET signal, while
1-3A7 and D003 exhibited ~2.8-fold increases (Fig. 3b). The
lowest signal was observed with MMS57, which showed a
~1.5-fold increase at a concentration of 100 nM. The
variation in FRET signals among different anti-spike mAbs
likely reflects binding to distinct motifs on the RBD,
influencing the relative orientation and energy transfer
efficiency between the Eu®" “donor” and Alexa Fluor 647
“acceptor”. Despite these differences between anti-spike
mAbs, the assay conducted with anti-nucleocapsid mAbs
showed negligible increases in the FRET signal (Fig. 3b),
highlighting a high degree of specificity in our immunoassay.

o RBD

TR-FRET Ratio

15 min

R O
log mg/mL

0
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Notably, none of the mAbs exhibited a prozone effect, even at
high concentrations.

Testing serum samples from immunized individuals with
known concentrations of anti-spike antibodies

As our immunoassay showed excellent performance with
standard mAb samples, we wanted to test if it performed equally
as well using real biological serum samples. To do this we
utilized ten serum samples from vaccinated individuals
obtained from BEI resources, whereby the individuals received
different combinations of vaccine manufacturers, and their anti-
spike antibody levels were determined. Pre-mixed Eu-RBD and
protein G-Alexa Fluor 647 were added to the diluted serum,
followed by a 15 minute incubation (Fig. 4a), facilitating a
simplified reagent addition protocol suitable for POC settings.
Serum samples were tested at a 1:40 dilution and evaluated
according to their reported anti-spike antibody titres from BEI
resources, where anti-spike antibody concentrations correlate
with the neutralization potential of ACE2-RBD binding.*> The
highest TR-FRET ratio (1.5) was observed for sample NRH-21761
(Fig. 4b), which had the highest anti-spike Abs concentration
(9342 TU mL™). This was followed by NRH-21765 (7140 TU mL™")
with TR-FRET ratio of 1.1. NRH-21740 (2572 IU mL_l) and NRH-
21747 (2253 TU mL ") exhibited comparable signals, both with a
TR-FRET ratio of 0.7; while other samples, including NRH-21762
(2014 TU mL ™), NRH-20012 (1936 TU mL '), NRH-17846 (1385 IU
mL ), and NRH-17727 (1273 IU mL™"), showed TR-FRET ratios
ranging from 0.6 down to 0.4. The sample with the lowest anti-
spike antibody concentration, NRH-21261 (605 IU mL™),
exhibited the lowest TR-FRET ratio of 0.1. Despite the strong
congruence of increased TR-FRET ratio to anti-spike antibody
levels, sample NRH-21756 (2572 IU mL™") produced a signal that
was inconsistent with its reported antibody concentration;
showing higher TR-FRET ratio signal than other serum samples
of similar reported concentration range of Abs (NRH-21740 &
NRH-21747). This could be due to a higher propensity of anti-

No prozone
clidl | Anti-spike
i f -+ 6-3B1
34 -+ D003
o - 1-3A7
5, o MM57
-
w
& . :
E .- Anti-nucleocapsid
-=- RO19
- - MMO03
0 O i e S GG Ut |
I I 1 I 1
-5 -4 -3 -2 -1
log mg/mL

Fig. 3 Procedure and specificity of the TR-FRET immunoassay. a) Schematic illustration of the TR-FRET immunoassay of Eu-RBD with anti-spike
mAbs. mAbs at starting concentration 0.015 mg mL™ were premixed, separately, with 100 nM G-Alexa Fluor 647 and serially diluted in 384-well
plate. Eu-RBD was added at 1 nM and the plate was incubated for 15 minutes. b) Concentration-dependent FRET signal increase of different anti-
spike (6-3B1, D003, 1-3A7, and MM57) and anti-nucleocapsid (R019 and MM03) mAbs. Concentrations are final concentrations in wells. Data points
represent the mean of three independent replicates (n = 3) and error bars are SD.
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Fig. 4 The TR-FRET ratio correlates with anti-spike antibody levels in a sample. a) Schematic illustration of testing human sera utilizing the TR-FRET
immunoassay; serum was dispensed in 384-well plate at 1:40 dilution, then mixture of protein G-Alexa Fluor 647 (100 nM) and Eu-RBD (1 nM) was
added, and the plate was read after 15 minute incubation. b) TR-FRET of immunized serum samples; n = 3 for all samples except NRH-21765 (n = 2).
Numbers in bars indicate anti-spike antibody concentrations (IU mL™). Serum sample NRH-21261 with the lowest concentration of anti-spike antibodies
(605 1U mL™) served as the reference sample for significance testing. c) Serum samples tested as positive (P1-P10) and negative (N1-N10) to COVID-19;
n =5 for all serum samples except N4, P9 (n = 3) and N10 (n = 2). NAvg represents the mean of serum samples N1-N10 and was used as the negative
control for significance testing of positive serum samples. All data were normalized by subtracting the TR-FRET ratio of the blank represented as the
zero line. Concentrations are final concentrations in wells. Bar graphs represent the mean from independent replicates and error bars are SD. Statistics
performed by one-way ANOVA, *p < 0.05, ***p < 0.001, ****p < 0.0001, ns = not significant.

spike Abs that bind a specific epitope on RBD that allows fora ~ COVID-19 positive patients. For this we utilized our same
more robust or sustained FRET (i.e. closer proximity). In fact, we ~ optimized immunoassay conditions, but with serum samples
would expect there to be some outliers as individual immune  collected from patients testing positive for SARS-CoV-2 at the
responses can be biased towards certain antigen epitopes. This ~ beginning of the COVID-19 pandemic (March 2020), or from
has been previously observed in COVID-19 patients displaying  healthy individuals before the pandemic. Each serum sample
altered antibody epitope mapping on spike glycoprotein  was diluted at 1:40 into the assay reaction and the TR-FRET
depending on disease severity.’® Moreover, our results are  ratio was determined (Fig. 4c). This reflects the relative
congruent with a previous study testing the same immunized  concentration of RBD-specific Abs in each sample, varied
serum samples using a semi-quantitative LFIA. Mahmud et al. across the samples, where the blank sample containing Eu-
showed that serum samples NRH-21740, -21747, 21756, -21761, ~ RBD and protein G-Alexa Fluor 647 (with no serum)
and -21765 could completely neutralize RBD binding to ACE2 on  represents the zero line. COVID-19 positive samples P2, P5,
a lateral flow paper fluidic substrate.*” P9, and P7 exhibited the highest TR-FRET ratio signals of 0.6,

0.7, 0.8, and 1.0, respectively, indicating relatively high anti-
Testing serum samples from healthy or convalescent individuals spike antibody concentrations. Whereas COVID-19 positive
with unknown concentrations of anti-spike antibodies sample P4 showed a moderate signal of 0.3. Furthermore,

lower signals were observed for COVID-19 positive samples
Now that we established the validity of our TR-FRET  P1, P3, and P10 (TR-FRET ratios of 0.1) and P6 (0.03). Sample
immunoassay using serum samples from immunized P8 exhibited a poor signal, suggesting a scarcity of anti-spike
individuals, we wanted to further test its applicability to  Abs. The variations in TR-FRET signal among COVID-19
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positive sera are likely influenced by multiple factors
affecting antibody production during and after infection.
These factors may include individual differences such as age,
underlying chronic diseases, use of immunosuppressants or
glucocorticoids, and the severity or duration of infection.*®*°
Our findings are highly correlated with the results of testing
the exact same convalescent patient serum samples using the
semi-quantitative LFIA with immobilized ACE2 by Mahmud
et al. where samples P2, P4, P5, P7, P9, and P10 were able to
completely neutralize ACE2 capture of RBD on a paper fluidic
substrate. As shown in Fig. 4c, we also observed the strongest
TR-FRET ratio with samples P2, P4, P5, P7, and P9. Moreover,
P8 showed the lowest signal in the TR-FRET immunoassay,
which also was the lowest anti-spike antibody containing
serum sample observed in the semi-quantitative LFIA.*’
Further supporting the specificity of our TR-FRET assay,
serum from healthy individuals, samples N1-10, showed little
to no TR-FRET ratio in line with the fact they had not been
exposed to SARS-CoV-2.

Assessing the upper detection limit of the TR-FRET
immunoassay

To evaluate the upper detection limit and test the prozone
effect at higher concentrations, we serially diluted the anti-
spike mAb (6-3B1), starting at 0.5 mg mL™" (which covers the
typical prozone effect range), after premixing it with 100 nM
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protein G-Alexa Fluor 647. We then added 1 nM Eu-RBD and
incubated the plate for 1 hour. The TR-FRET ratio exhibited a
slight increase, indicating that the assay had reached the
plateau phase without displaying a prozone effect (Fig. 5a).
To determine the upper limit of detection for anti-spike Abs
in serum, we then selected two immunized serum samples
with the highest antibody concentration (NRH-21761 and
NRH-21765). Each serum sample was premixed separately
with 100 nM protein G-Alexa Fluor 647, starting at 2000 IU
mL ", serially diluted and incubated with 1 nM Eu-RBD for 1
hour. Both samples demonstrated a proportional increase in
the TR-FRET ratio with increasing serum concentrations,
without showing a prozone effect at high anti-spike antibody
levels (Fig. 5b). In contrast, the TR-FRET assay developed by
Yue et al exhibited a prozone effect at high IgG
concentrations, requiring a 1:150 serum dilution to prevent
false negatives.”* In their study, Yue et al. used secondary Abs
for anti-spike antibody detection, with terbium as the
“donor” and “BODIPY FL” as the acceptor. To determine
whether the use of secondary Abs instead of protein G
contributed to the prozone effect in their assay, we premixed
NRH-21761 with 100 nM of either anti-human IgG Alexa
Fluor 647 or protein G-Alexa Fluor 647 and then serially
diluted the mixture without prior dilution. Afterwards, 1 nM
Eu-RBD was added, and the mixture was incubated for 1
hour. The use of protein G-Alexa Fluor 647 generated a
slightly stronger signal than anti-human IgG Alexa Fluor 647,

1.0 -o- NRH-21761
a5 -# NRH-21765
0.6
0.4+
0.2+
0.0 1

0 4

log IU/mL

- G-Alexa Fluor 647
-o- Anti-human 647

Fig. 5 The upper detection limit of the TR-FRET assay does not depend on anti-spike antibody concentration nor choice of IgG binding partner.
a) Anti-spike 6-3B1 starting at 0.5 mg mL™ (n = 3), b) immunized serum samples (NRH-21761 and NRH-21765) starting at 2000 IU mL™ (n = 2), and
c) NRH-21761 starting at 1:2 dilution (n = 2), were tested for upper detection limit. Protein G-Alexa Fluor 647 or anti-human IgG Alexa Fluor 647
was premixed with sample at 100 nM before serial dilution. Eu-RBD (1 nM) was added and the readings were recorded after 1 hour incubation.
Data points represent the mean of independent replicates and error bars are SD.
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particularly at high anti-spike antibody concentrations
(Fig. 5¢). However, in both cases, the signal did not decrease
at high antibody levels. This suggests that the use of a
secondary antibody did not impact the upper detection limit
and that the false-negative signals observed in the assay from
Yue et al. may have resulted from using a different donor-
acceptor pair or other unidentified factors.

Evaluating the versatility of the developed TR-FRET assay
across various antigen-antibody detection systems

Lastly, we wanted to test if our TR-FRET immunoassay
principle could be extended to other viral pathogens that
induce an immune response through a key viral antigen
required for host attachment or viral infectivity. For this we
chose influenza virus as a good candidate for expanding our
assay as it uses hemagglutinin (HA) to attach to host cells,
which is also the main source of immunity through
vaccination. Thus, we obtained the HA protein of influenza A
virus (H7N9) and labeled it with Eu**-DTBTA just as we did
with RBD, with an efficiency of 182%. Europium labeled HA
(Eu-HA) was then tested against two mAbs specific for H7N9
(NR-51191 and NR-51193) and one mAb not specific for
H7N9 but rather for H5N1 (NR-15697). Each mAb was
premixed separately with protein G-Alexa Fluor 647 at
equimolar concentration and serially diluted. Afterwards, Eu-
HA was added at a constant concentration of 1 nM,
incubated, and analyzed. The immunoassay showed a
representative increase in TR-FRET ratio with increasing
amount of H7N9-specific Abs. NR-51193 showed higher levels
than NR-51191 (Fig. 6). These differences could be based on
multiple factors, such as binding to different HA epitopes,
which affects the relative orientation and energy transfer
efficiency between the Eu®" “donor” and Alexa Fluor 647
“acceptor”. Alternatively, it could be attributed to variations
in the binding affinity of the two mAbs to HA. Despite these
differences, the mAb specific for HA from H5N1 strain
showed little to no increase in TR-FRET ratio (Fig. 6), further
supporting that the immunoassay for Eu-HA also has high
specificity.

0.6 H7N9 H5N1
I -# NR-51193 -4 NR-15697

S o4 -o- NR-51191
s
-
&
& o021
[+ 4
L -

0.0 b . — B: o 1

' Bt L T C 4 -3

log (mg/mL)

Fig. 6 TR-FRET assay of Eu-labeled hemagglutinin (HA) from influenza
A (H7N9) with anti-HA specific for H7N9 (NR-51191 and NR-51193) or
H5N1 (NR-15697). Anti-HA mAbs were premixed with 100 nM protein
G-Alexa Fluor 647 and serially diluted starting at 100 nM (0.015 mg
mL™). Eu-HA was added at 1 nM and the plate was incubated for 15
minutes before reading. Data points represent the mean of three
independent replicates (n = 3) and error bars are SD.
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Conclusions

Herein, we have developed a robust homogeneous serological
assay for the specific detection of infectious disease Abs in
human sera. Our TR-FRET assay utilizes the lanthanide
europium (Eu) for its time-resolved luminescence properties,
which help minimize background noise from biological
specimens, enhancing detection sensitivity. To achieve this,
we labeled the target antigens spike RBD and influenza A
(H7N9) hemagglutinin with Eu. These labeled antigens were
used to detect their corresponding Abs. Additionally, we
employed protein G conjugated to Alexa Fluor 647, which
binds to the Fc region of IgG. Given that FRET efficiency is
distance-dependent, only protein G-Alexa Fluor 647 bound to
antigen-specific Abs energy transfer from Eu,
ensuring highly specific detection. We validated the assay by
detecting SARS-CoV-2 anti-spike Abs in human sera from
both healthy individuals and COVID-19-positive patients.
Furthermore, we assessed its sensitivity using sera from
immunized individuals with known anti-spike antibody
concentrations. Notably, the assay does not exhibit an upper
detection limit or a prozone effect at high antibody levels,
thereby preventing false negatives and provides robust results
within 15 minutes. This simple but innovative TR-FRET assay
enhances serological testing by providing a faster, more
reliable, and widely accessible approach, that could
ultimately improve immune monitoring, disease control
strategies, and public health decision-making in the future.
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