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ABSTRACT: Respiratory viruses such as SARS-CoV-2, influenza,
and respiratory syncytial virus (RSV) represent pressing health
risks. Rapid diagnostic tests for these viruses detect single antigens
or nucleic acids, which do not necessarily correlate with the
amount of the intact virus. Instead, specific detection of intact
respiratory virus particles may be more effective at assessing the
contagiousness of a patient. Here, we report GLOVID, a modular
biosensor platform to detect intact virions against a background of
“free” viral proteins in solution. Our approach harnesses the
multivalent display of distinct proteins on the surface of a viral
particle to template the reconstitution of a split luciferase, allowing
specific, single-step detection of intact influenza A and RSV virions
corresponding to 0.1−0.3 fM of genomic units. The protein ligation system used to assemble GLOVID sensors is compatible with a
broad range of binding domains, including nanobodies, scFv fragments, and cyclic peptides, which allows straightforward adjustment
of the sensor platform to target different viruses.
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Respiratory viruses represent a continuous challenge to
healthcare systems and a potential source of new

pandemics.1,2 Influenza A virus (IAV) is under constant
evolutionary pressure to escape recognition by the human
immune system and has a long history of pandemics in healthy
populations, whereas RSV is another clinically relevant
respiratory virus that causes severe illness in infants and the
elderly. Testing individuals at the front line is essential during a
virus outbreak as it can prevent uncontrolled virus spread and
prevent healthcare system overload. Current point-of-need
tests measure nucleic acids or protein antigens.3,4 However,
these virus components do not necessarily correlate with the
amount of infectious virus particles in a sample.5,6 Therefore,
we aimed to develop a sensor platform that allows sensitive
and specific detection of intact virus particles, where the
challenge is to translate the presence of intact virus particles
into a sensitive optical signal that can be readily detected in the
sample of interest.6,7

The GLOVID (GLOwing VIrus Detection) sensor platform
presented here harnesses the multivalent display of distinct
proteins on the surface of a viral particle to template the
reconstitution of a split luciferase. Homogeneous biolumines-
cent assays based on proximity-driven complementation of a
split luciferase have several advantages for point-of-need assays,
including an intrinsic high dynamic range (100- to 1000-fold
increase in signal) and straightforward sensor design.8,9 Since

bioluminescence does not require excitation, such assays
typically have very low background and can be conducted
directly in complex samples, using a simple digital camera or
smartphone for detection.10,11 A recent example of a
proximity-driven split luciferase sensor platform is RAPPID,
a homogeneous sandwich immunoassay format for detecting
protein biomarkers that uses the split luciferase NanoBiT.12 In
NanoBiT, complementation of a large (LgBiT) and a small
(SmBiT) subunit is required to form an active luciferase
complex.13

A prerequisite for GLOVID is modularity so that binding
domains can be easily exchanged to adapt to the rapid
evolution of new viral strains. Here, we show that the recently
described DogTag/DogCatcher protein ligation system14

enables straightforward construction of NanoBiT-based sensor
components. The DogTag peptide forms a spontaneous
isopeptide bond with DogCatcher upon mixing, allowing the
assembly of DogTagged binders and split sensors with
(multiple) DogCatcher domains into branched protein
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structures. Since many viral surface proteins are present as
multimers, the GLOVID platform was designed to enable the
functionalization of the LgBiT and SmBiT components with
either one or three binding domains. Post-translational binder
conjugation using the DogTag/DogCatcher allows efficient
synthesis of multivalent binders and is shown to be compatible
with a broad range of binders, including nanobodies, single-
chain variable fragments (scFv) domains, and synthetic cyclic
peptides.

The modularity of the GLOVID platform enables a broad
range of assay formats, ranging from the detection of single
proteins and protein trimers to the specific detection of intact
viruses by targeting two different proteins on the viral surface
(Figure 1A). The latter format allows the specific detection of
intact virus particles only.

■ RESULTS
Design of the GLOVID Platform. We aimed to create a

versatile bioluminescent immunodiagnostics platform that
allows the attachment of various binders, including nano-
bodies, scFvs, and synthetic peptides. The affinity of these
binders to their targets is a crucial determinant of the
platform’s sensitivity. Since many viral proteins are present as

homotrimers on the viral surface, the possibility of
incorporating three binding domains was included to enhance
avidity (Figure 1A). However, the recombinant expression of
fusion proteins with multiple copies of a binding domain is not
trivial for disulfide-containing binding domains such as
nanobodies and scFvs. In addition, genetic fusions to the N-
and C-termini of the binding domains, which is inevitable in
genetic fusions, can affect their binding properties. We
therefore chose a modular strategy in which binders are
expressed and purified as individual domains, followed by
posttranslational conjugation to LgBiT and SmBiT using the
DogCatcher/DogTag system (Figure 1A). The platform is
constructed by the genetic fusion of LgBiT and SmBiT
domains to one or three DogCatcher domains that can in turn
be labeled with DogTagged binders (Figure 1B). We chose the
SmBiT101 variant, as its low binding affinity to LgBiT (KD =
2.5 μM) should minimize background signal at low nM sensor
concentrations. We selected the DogTag/DogCatcher system
over the SpyTag/SpyCatcher system as the former works in a
broader range of protein ligation scenarios,14 e.g., in cases
where the DogTag needs to be inserted in a loop region of a
binder because one or both termini of the binder are very close
to the binding site.15 The DogCatcher domains were

Figure 1. Concept and assembly of the GLOVID platform. (A) Sensor platform designs. The split luciferase NanoBiT is fused to specific binders
that target viral surface proteins via monovalent or multivalent interactions. Complementation of the split system is required to generate a signal.
Conceptually, targeting two different surface proteins makes the output signal dependent on intact virions, while targeting one surface protein may
also lead to the detection of soluble proteins. (B) Toolbox to combine NanoBiT with antigen-specific binders. The NanoBiT components LgBiT
and SmBiT that, upon complementation, form an active luciferase are fused to DogCatcher (gray circle), whereas target-specific binders are fused
to DogTag (gray oval). (C) SDS-PAGEs showing successful assembly of monovalent and trivalent sensor components, exemplified for DogTagged
nanobody SD36 (red). Upon mixing, DogTag spontaneously forms an isopeptide bond with DogCatcher present in LgBiT-Dog1, SmBiT-Dog1,
LgBiT-Dog3 and SmBiT-Dog3, leading to stably connected fusion proteins with a higher molecular weight. Monovalent systems were mixed in an
equimolar ratio, whereas trivalent systems were mixed in a 4:1 DogTag:DogCatcher ratio to achieve complete conversion of DogCatcher.
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connected by 42 amino acid long threonine-proline linkers
(TP)21. These linkers are inspired by natural linkers16,17 and
were selected because they are flexible enough to adapt to
different multivalent protein architectures, while their semi-
flexible nature also allows them to effectively bridge distances
between neighboring epitopes.18,19

GLOVID Allows Sensitive Detection of Soluble IAV
Hemagglutinin. As a first application to test the performance
of the GLOVID platform, we chose the IAV hemagglutinin
(HA)-trimer protein as a target. This HA-trimer is abundantly
present on the IAV surface but can also be expressed as a
soluble trimeric protein by fusion of the HA sequence to a
GCN4 trimerization domain.20 Several well-characterized HA-
binders have been reported, two of which were chosen here:

SD36 and HSB2.A. SD36 is a nanobody that targets a
conserved epitope in the HA stem region of IAV group 2
strains and binds A/Hongkong/1/1968/H3N2 HA (H3HK)
with a high monovalent affinity (KD = 2.4 nM).21 HSB2.A is a
small and stable de novo designed binding domain that targets
the receptor binding site on the head region of IAV H3HK.22

Notably, it has been reported that the monovalent affinity of
HSB2 is relatively weak (KD > 50 nM) but can be substantially
enhanced by trimerization.22

Both the SD36 and HSB2.A fused with DogTags and the
four GLOVID scaffold domains (LgBiT-Dog1, LgBiT-Dog3,
SmBiT-Dog1, and SmBiT-Dog3) were obtained in good yields
following recombinant expression in E. coli and purified using
Ni-NTA and/or streptactin affinity chromatography. Next,

Figure 2. GLOVID titrations with H3HK hemagglutinin. (A) Assay with SD36-functionalized, monovalent sensor components. (B) Assay with
SD36-functionalized, trivalent sensor components. (C) Assay with HSB2.A-functionalized, monovalent sensor components. (D) Assay with
HSB2.A-functionalized, trivalent sensor components. (E) Assays with monovalent combinations of SD36 (stem binder) and HSB2.A (head
binder). (F) Assay with a combination of trivalent SD36-SmBiT and trivalent HSB2.A-LgBiT. Experimental conditions: (A) Final concentration of
GLOVID parts 1 nM, 1×PBS + 1 mg/mL BSA, final NanoGlo dilution of 1:2000, 1 h incubation at 22 °C. (C, E) As in (A) but with 16 h
incubation at 4 °C. (B, D, F) As in (A) but with a final concentration of GLOVID parts of 2 nM for 16 h incubation at 4 °C. Error bars correspond
to the standard deviation of n = 3 replicates. Lines are used to connect the points for better visualization.
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GLOVID sensors were obtained by overnight incubation at 22
°C of the LgBiT-Dog1/SmBiT-Dog1 and LgBiT-Dog3/
SmBiT-Dog3 with 1 and 4 equiv of DogTagged binding
domains, respectively. SDS-PAGE analysis confirmed complete
functionalization of the monovalent and trivalent scaffold
proteins (Figure 1C), demonstrating the efficient formation of
the isopeptide bond between DogTag and DogCatcher. The
ligation products were used in subsequent assays without
further purification as no unreacted scaffold domains were
present.

First, we tested the performance of an assay in which SD36
was conjugated to both LgBiT-Dog1 and SmBiT-Dog1 (Figure
2A). Titration of trimeric H3HK protein to a mixture of 1 nM
of each sensor component showed an 1100-fold increase of
bioluminescent signal over a broad concentration range
between 1 pM and 10 nM, corresponding to a limit of
detection (LoD) of 3.7 pM (Figure 2A). Very low background
bioluminescence was observed when no binders were attached
to the GLOVID components (Figure S1). A “hook” effect was
observed for higher target concentration, corresponding to a
lower probability of simultaneous binding of SmBiT and
LgBiT components to one trivalent target. The large increase
in luminescence over a broad concentration range represents a
substantial improvement compared to a recently reported
single-component Dark-LUX bioluminescent sensor protein
based on the same SD36-binding domains, which displayed a
5-fold increase in bioluminescent intensity and a LoD of 80
pM.23 The GLOVID assay using trivalent SD36-functionalized
sensor components showed 3 orders of magnitude reduced
sensitivity (LoD = 3.3 nM) compared to the monovalent
version and a reduced dynamic range of bioluminescent signal
(DR 49-fold) (Figure 2B). This result is expected, as binding
of one of the trivalent sensor components to the three binding
sites on an HA trimer would effectively block binding of the
complementary sensor component to the same target. The
observation that complementation is observed only at high
concentrations of H3HK could be explained by the formation
of complexes containing two HAs.

GLOVID sensors containing the head-binding HSB2.A-
domain showed no (monovalent system; Figure 2C) or only a
very minor (trivalent; Figure 2D) increase in luminescent
signal upon addition of H3HK. The nonresponsiveness of the
monovalent system can be explained by the low affinity of the
monovalent HSB2.A:H3HK interaction, being too weak to
support sensor complementation at the H3HK head region.
This interaction is expected to be enhanced for the trivalent
system, but since the complementary sensor components
target the same trivalent binding site, complementation is still
largely prevented here as well.

Finally, we tested a GLOVID setup in which the LgBiT and
SmBiT domains were conjugated to different binding domains.
The monovalent system (i.e., LgBiT bound to SD36 and
SmBiT bound to HSB2.A or vice versa) showed only a very
minor increase in luminescence intensity, which can be
explained by the low affinity of the monovalent HSB2.A
interaction (Figure 2E). Consistent with this, a combination of
trivalent HSB2.A fused to LB and trivalent SD36 fused to SB
resulted in a much higher dynamic range (285-fold) and better
sensitivity (LoD < 200 pM) than the corresponding
monovalent setup (Figure 2F). The latter result demonstrates
the advantage of sensor formats that allow for trivalent
interactions for low-affinity binders such as HSB2.A.

GLOVID, a Generic Sensor Platform for Viral Protein
Detection. Having established the performance of the
GLOVID platform for the detection of the IAV HA-trimer,
we next explored the modularity of the platform for the
detection of several other viral proteins from IAV and RSV
using different types of binding domains. First, we tested two
other high-affinity nanobody binders: SD38, which binds to
the stem region of HA trimers of a different IAV group�such
as A/Solomon Islands/3/2006 (H1Sol)21�and F-VHH-4,
which binds to the RSV-F trimer protein in its prefusion
conformation.24 In both cases, monovalent sensor formats
showed very high dynamic ranges (300−1600-fold increase in
bioluminescence intensity between 1 pM and 10 nM of target),
with LoDs in the low pM range (Figure 3A). As expected and
also observed for the SD36-based detection of H3HK, sensor
formats using trivalent binders proved to be much less effective
(Figure S2). These results show that−if high affinity
nanobodies are used−GLOVID can be easily adapted to
target viral proteins of different virus strains without
compromising sensitivity.

The DogCatcher/DogTag ligation system also offers the
opportunity to use binders that cannot be produced by using
recombinant expression systems. In recent years, several high-
throughput display systems have been developed that allow the
screening of peptides incorporating non-natural amino acids
and non-natural peptide backbones. Using such systems,
Pascha and co-workers reported the development of the
high-affinity peptide macrocycle S5 (KD = 5 nM) that inhibits
H1 and H5 IAV infection by binding to a conserved epitope in
the stem region of HA in its prefusion conformation.25 To
allow the use of S5 with the GLOVID platform, we used
automated Fmoc solid-phase peptide synthesis (SPPS) to
synthesize S5 and DogTag peptides containing azide and
alkyne functionalities, respectively. The S5 and DogTag
peptides were coupled via a copper-catalyzed cycloaddition
reaction, purified via HPLC and subsequently ligated to
LgBiT-Dog1 and SmBiT-Dog1 proteins. Titration experiments
with the H1 hemagglutinin trimer protein (H1Sol) showed a
robust, 380-fold increase in bioluminescence intensity between
1 pM and 10 nM H1Sol (Figure 3B), similar to the results
obtained with nanobody binders. As expected,25 the GLOVID
sensor based on S5 was specific for H1, as no increase in
bioluminescence was observed upon titration with the H3-
derived H3HK protein (Figure S3).

A third class of important binding domains is single-chain
variable fragments (scFv), which, unlike full-sized antibodies,
can be recombinantly expressed in E. coli or yeast expression
systems. Here we created Dog-tagged scFvs derived from
antibodies binding to the tetrameric IAV neuraminidase
protein (NA) and antibodies binding to different epitopes of
the monomeric RSV-G glycoprotein. For targeting tetrameric
IAV NA, we selected 1GO126 due to its broad NA target
binding and AS4C as an N2-specific NA-binding antibody.23

For anti-RSV-G binders, we chose antibody templates 3G1227

and 2D1028 as they were described to target slightly different
RSV-G epitopes. This was considered necessary for binder
characterization as soluble RSV-G is monomeric�in contrast
to membrane-bound RSV-G which is oligomeric29�and two
nonoverlapping binding sites are required for NanoBiT
complementation. All scFv designs were fused to DogTag
and expressed in yeast (Pichia pastoris) to enable the correct
formation of disulfide bonds. Microscale thermophoresis
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(MST) experiments confirmed the binding of purified scFvs to
their targets with KDs in the nM range (Figure S4).

After successful conjugation of the scFv-DogTag fusion
proteins to LgBiT-Dog1 and SmBiT-Dog1, various titration
experiments were performed using the NA-tetramer and RSV-
G monomer as target proteins. While functional sensors were
obtained in all cases (Figure 3C and D, Figure S5), the sensor
performance of many of the scFv-derived GLOVID sensors
was less impressive than that of the nanobody and peptide-
derived sensors. The monovalent GLOVID assay that used
1GO1 scFv to detect tetrameric N1/09 (A/CA/07/2009)

showed a 39-fold increase in bioluminescence but a low overall
bioluminescent signal, indicating that a large portion of
conjugated 1GO1 was inactive (Figure S5). Titration experi-
ments with AS4C-LB and AS4C-SB with tetrameric NA (N2/
16 (A/NL/354/16)) showed a high bioluminescent signal but
also a high background, resulting in a relatively low dynamic
range of ∼10-fold (Figure 3C). A similar high background
luminescence was observed for an assay that combined 3G12-
LgBiT with 2D10-SmBiT to detect RSV-G A2, which resulted
in a relatively modest 16-fold dynamic range and a LoD of 2
nM (Figure 3D). A possible explanation for the high
background could be the formation of scFv heterooligomers,
where even minor amounts of such oligomers would result in a
high background signal. The performance of the 3G12-LgBiT/
2D10-SmBiT pair was also found to strongly depend on the
affinity of the scFvs, where 3G12 and 2D10 scFvs showed
higher affinities toward RSV-G from strain A2 (KD, app = 8 and
17 nM) than RSV-G from strain B1 (KD,app = 28 and 300 nM,
Figure S4). When RSV-G B1 was used as the target, no
increase in bioluminescence was observed up to 6.2 μM of
RSV-G B1 (Figure S6). Unexpectedly, a control assay that
used only 2D10 as binder (2D10-LgBiT/2D10-SmBiT) still
showed a small increase in bioluminescence at high
concentrations of RSV-G from strain A2 (LoD = 8 nM, DR
6-fold), suggesting the presence of some RSV-G oligomers
(Figure S7).29

GLOVID Detection of Intact Influenza A Virus. The
success of GLOVID in detecting viral surface proteins with
high sensitivity encouraged us to explore the potential of the
platform for the specific detection of intact respiratory virus
particles. To avoid detection bias by the presence of “free”
surface proteins, we rendered luciferase complementation
dependent on the presence of two different viral surface
proteins as present on the surface of intact virions (Figure 1A).
H1N2 swine influenza virus (A/swine/Italy/150383−1/2014,
provided by the European Virus Archive) was chosen as a
target, using the monovalent S5 peptide to target HA (fused to
LB-Dog1) and the AS4C scFv (fused to SB-Dog1 and SB-
Dog3) to target the N2 NA. The number of viral genomes in
this preparation was determined by quantitative reverse-
transcription droplet digital PCR (RT-ddPCR) targeting the
M gene of H1N2, which revealed ∼4.6 × 108 RNA copies per
milliliter of stock solution. Viral RNA in the viral stock is
considered stable inside the virions, whereas viral transcripts
(mRNA) and transcription intermediates (cRNA) are prone to
degradation by RNases present in the cell lysate.30,31

Considering that the majority of intact virions contains a
single copy of the M gene,31 in this case the concentration of
genomic units of 760 fM is likely to be similar to the amount of
virus particles.

Titration experiments showed a 20-fold increase in bio-
luminescent intensity with a very low LoD of 0.14 fM of
genomic units (5σ criterium) (Figure 4A), which corresponds
to a RT-qPCR Ct value of ∼29 (Figure S8). Surprisingly, no
further increase in bioluminescence was observed above a
concentration of 0.5 fM genomic units. As a control, a
GLOVID assay with a combination of the two H1 binders
SD38 and S5 was used, which resulted in a similar increase in
bioluminescent signal up until ≈0.4−0.6 fM; however, in this
case the signal increased further with increasing virus
concentration (Figure 4B). The difference in the sensor
response observed for higher virion concentrations is puzzling.
It suggests that complex formation involving different surface

Figure 3. GLOVID assays with different binder classes. (A) Assays
with nanobody-functionalized monovalent sensor components,
targeting IAV H1Sol using SD38 (left) and targeting RSV-F using
F-VHH-4 (right). Experimental conditions: 1 nM GLOVID
components, 1×PBS + 1 mg/mL BSA, final NanoGlo dilution
1:2000, 1 h incubation at 22 °C. LoD RSV mono: 3 pM, DR = 326.
LoD SD38: 2 pM, DR = 1592. (B) Assay with monovalent sensor
components functionalized with macrocyclic peptide S5, targeting
IAV H1Sol (2 nM LgBiT, 6 nM SmBiT, 1×PBS, 1 h incubation at 22
°C, 1:1000 diluted NanoGlo). (C, D) Assays with scFv-functionalized
monovalent sensor components, targeting IAV N2/16 using AS4C
(C, final GLOVID component concentration 2 nM, 1×PBS + 1 mg/
mL BSA, 16 h incubation at 4 °C, final NanoGlo dilution 1:2000) and
RSV-G A2 (D, 16 nM 2D10-SmBiT, 4 nM 3G12-LgBiT, other
conditions as in C). Error bars correspond to the standard deviation
of n = 3 replicates. Lines connecting the points are added for better
visualization.
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proteins is more sensitive to sensor dilution than complex
formation targeting homotrimeric proteins, possibly because of
the higher effective concentrations in the latter. Control
titration experiments using 1:1 mixtures of free HA and NA
did not show an increase in bioluminescence, proving that
complementation of the S5/AS4C pair occurs exclusively on
the virion surface and is not sensitive to the presence of free
protein (Figure 4C). The LoD of 0.14 fM for direct,
amplification-free in-solution detection of intact H1N2 virions
is lower than the average RNA load of respiratory virus in oral
fluid (7 × 106 copies/mL or 11.6 fM32) and consistent with
the 106 copies/mL (1.6 fM) required for established IAV
antigen tests.33 The ability to detect such low concentrations of
virus even at relatively high sensor concentrations (2−6 nM) is
enabled by the presence of multiple copies of target protein per
virion (e.g., ≈300−500 HAs34) and the high dynamic range
(low background) of the GLOVID assay (Figure S1).
GLOVID Detection of Respiratory Syncytial Virus

Particles. To establish the general applicability of the
GLOVID platform, we also tested its performance on a
laboratory strain of RSV, RSV-A2.35 The concentration of
matrix protein-coding RNA in the stock, as assessed via RT-
ddPCR, was determined to be 6.7 × 109 cp/mL, corresponding
to a concentration of 11 pM of genomic units. CryoTEM
studies have shown that RSV virus particles can vary
substantially in shape and size, and typically contain multiple

genomic copies (between 1 and 9), which means that the
number of virus particles is probably lower than the amount of
genomic units.36 The infectivity of the RSV-A2 stock
preparation was also assessed in a plaque staining assay on
Vero cells, showing a concentration of 8.1 × 108 plaque
forming units (PFU) per milliliter, which is 12% of the amount
of genomic units. However, the amount of plaque forming
units can also underestimate the amount of virus particles. We
therefore decided to use the concentration of genomic units in
our titration experiments..

As with IAV, purified RSV-A2 samples may contain “free”,
soluble viral proteins, so we targeted two distinct surface
proteins to make the bioluminescent signal dependent on the
presence of intact RSV particles. Therefore, anti-RSV-G scFv
2D10 was conjugated to LgBiT-Dog1, and prefusion-RSV-F-
specific F-VHH-4 was conjugated to SmBiT-Dog1 and SmBiT-
Dog3. Titrations with RSV-A2 showed an increase in
bioluminescent signal with increasing virus concentration for
both sensor configurations, resulting in LoDs of 1.4−3 fM (5σ
criterium) (Figure 4D), which corresponds to a Ct value of
∼23 (Figure S8). A control experiment with no binders
attached to the GLOVID components showed no significant
increase in the signal above the background (Figure 4E).
Titration experiments where either only RSV-F or only RSV-G
were targeted gave similar results as for the heterobivalent
assay, with LoDs of ∼1.4−3 fM of genomic units for the F-

Figure 4. Direct detection of intact virions using GLOVID. (A) GLOVID assay targeting H1N2 via S5-LgBiT and monovalent AS4C-SmBiT
(black circles) and S5-LgBiT and trivalent AS4C-SmBiT (pink triangles). (B) GLOVID assay targeting H1N2 via SD38-LgBiT and S5-SmBiT
(both HA specific). Experimental conditions in (A) and (B): 2 nM LgBiT, 6 nM SmBiT, 1×PBS, final NanoGlo dilution 1:2000, 1 h incubation at
22 °C. (C) Response of an assay containing 2 nM S5-LgBiT and 6 nM AS4C-SmBiT to an equimolar mixture of H1Sol and N2/16 proteins.
Experimental conditions: 1×PBS, incubation 1 h 22 °C, 1:2000 diluted NanoGlo substrate. (D) GLOVID assays targeting RSV-A2 via 2D10-
LgBiT/F-VHH-4-SmBiT (monovalent or trivalent). Experimental conditions: 4 nM final GLOVID component concentration, 1×PBS, final
NanoGlo dilution 1:2000, 2 h incubation 22 °C. (E) Control experiment for GLOVID on RSV A2 virus sample where no binders were conjugated
to LgBiT-Dog3 and SmBiT-Dog1. Experimental conditions: 4 nM LgBiT-Dog3 and SmBiT-Dog1, 1×PBS, final NanoGlo dilution 1:1000, 2 h
incubation at 22 °C. (F) Experiment in which additional RSV-F was spiked into samples that contained 37 fM RSV-A2, followed by testing with
GLOVID assemblies F-VHH-4-LgBiT/F-VHH-4-SmBiT (black circles) or 2D10-LgBiT/F-VHH-4-SmBiT (blue squares). (−) refers to the buffer
control and (+) refers to 37 fM of added RSV-A2 particles as the basis for the spiking experiment. Experimental conditions: 2 nM LgBiT, 6 nM
SmBiT, 1×PBS, final NanoGlo dilution 1:1000, 1 h incubation at 22 °C. Error bars represent the standard deviation of n = 3 replicates. Lines are
used to connect data points for better visualization. Please note that all concentrations in (A), (B), (D) and (E) are based on RT-ddPCR and
reflect the concentration of genomic units, which can be either higher or lower than the concentration of virus particles.
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VHH-4 based assay and 1.2 fM of genomic units for an 2D10-
and 3G12-based, monovalent sandwich assay (Figure S9). The
latter results suggest that the used RSV-A2 stock contained
little to no impurities of free surface proteins but mainly intact
virions. To confirm that the heterobivalent GLOVID is
insensitive to the presence of free surface proteins, we also
titrated purified, prefusion-stabilized RSV-F into samples with
a constant amount of RSV-A2 (37 fM of genomic units). An
additional signal increase was only observed in case both
sensor components targeted RSV-F, and not in case RSV-F and
RSV-G were targeted (Figure 4F). In fact, at high
concentrations of spiked RSV-F protein, the signal from the
heterobivalent GLOVID decreased slightly, in line with free
RSV-F outcompeting RSV-A2 for F-VHH-4 binding.

We also explored the possibility of using GLOVID to detect
RSV in clinical nasal swab samples taken from patients, but
preliminary experiments were unsuccessful. To check if the
matrix complexity caused issues, we spiked purified RSV-A2
virions into different matrices, including FastAmp (Intact
Genomics) and an RSV-negative nasal swab sample diluted to
15% (Figure S10). While the GLOVID assay showed an
increase in bioluminescence upon the addition of RSV-A2 to
an RSV-negative nasal swab sample, the assay’s sensitivity was
found to be considerably reduced, mainly due to a higher
background signal. In addition, the anti-RSV binders used in
our assay may have a lower affinity for currently circulating
RSV strains than for laboratory strain RSV-A2, which would
further lower the sensitivity of the GLOVID assay.

■ DISCUSSION
In this study, we developed a modular bioluminescent sensor
platform for intact virion detection using the DogTag/
DogCatcher system to fuse split luciferase domains to a wide
variety of binding moieties. We confirmed that the reaction
between DogCatcher and DogTag is spontaneous and efficient,
proceeding to apparent completion irrespective of the binder
attached to the DogTag.14 Using high-affinity binders, purified
viral surface proteins were detected with LoDs in the low pM
range. The trivalent display of the low-affinity, computationally
designed H3HK head binder HSB2.A rendered it “functional”
and allowed detection of H3HK by combining it in a sandwich
with the high-affinity nanobody binder SD36. Finally, ultra-
sensitive detection of intact H1N2 IAV was achieved against a
background of “free” HA proteins by combining the anti-H1
macrocyclic peptide S5 with the anti-N2 scFv AS4C created
from an existing IgG antibody (Figure 4A). Intact RSV-A2
detection with anti-F protein and anti-G protein binders was
successful for all combinations of binders (Figure 4C, Figure
S9).

GLOVID enables fast and ultrasensitive quantification of
respiratory viruses by directly detecting intact virions at a limit
of detection in the low fM range. The GLOVID platform thus
offers distinct advantages compared with current homoge-
neous, bioluminescent assays that directly detect viral proteins.
The analytical performance of GLOVID is similar to that of
RAPPID,12,37 but GLOVID allows a much broader range of
binders and enables affinity enhancement through multivalent
interactions. In a recent study, an unusual pseudoluciferase
activity of SARS-CoV-2 S trimer that leads to oxidation of
Cypridina luciferin allowed swift and accurate detection of the
viral surface protein. However, the detection limit was only ∼2
nM and the detection mechanism is likely to be restricted to
SARS-CoV-2.38 Hunt and co-workers recently reported a

single protein sensor (FUS231-P12) that uses trivalent binding
to the SARS-CoV-2 S trimer to increase BRET between a
luciferase and an acceptor fluorescent domain. This sensor was
sensitive with a LoD of 11 pM,39 but in its current form was
not specific to intact virus. Our group recently reported a
similar type of single protein sensors where multivalent binding
of the sensor to trivalent viral surface proteins induces a
conformational switch that allows intramolecular complemen-
tation of split NanoLuc.23 However, even the most optimized
versions of these Dark-LUX sensor proteins were 10-fold less
sensitive compared to the corresponding GLOVID sensor
when targeting the same surface protein and using the same
binding domains (e.g., 3.7 pM vs 40 pM for H3HK
detection).23 The Dark-LUX sensors also did not distinguish
between free viral proteins and intact virus.

Although our first effort to detect RSV in clinical samples
failed, we anticipate that this can be remedied by using high-
affinity binders for currently circulating virus strains, or by
including a low affinity autoinhibitor domain in the sensor
design to prevent high background signal.40 Notably, the
modularity of the GLOVID platform allows straightforward
screening for optimal binder pairs with high affinity and low
background interactions. More elaborate protein architectures
based on both DogCatcher/DogTag and SpyCatcher/SpyTag
variants can also be envisioned,41 e.g. by fusing one of the
NanoBiT domains to multiple binders that target different
epitopes to achieve increased target affinity and selectivity.

While GLOVID can distinguish virions from free proteins, it
does not necessarily indicate whether the detected virions are
infectious. The correlation between virus amount and
infectivity is highly complex and varies between different
viruses and strains,42,43 as we also observed in this study for
RSV when comparing the ddPCR and PFUmL values.
Infectivity may also depend on surface protein conformations
(e.g., RSV-F with pre- and postfusion state). It therefore
remains to be established whether the GLOVID assay is a good
proxy for infectivity and, if so, how this depends on the type of
virus. Nonetheless, we believe that GLOVID may provide an
attractive future alternative for the laborious cell-based assays
that are currently used to assess the infectivity of (pseudo-
)viruses.44,45

■ MATERIAL AND METHODS
Cloning. DNA oligonucleotides and gblocks or gene fragments

were purchased from IDT or Twist Biosciences, and both cloning and
plasmid amplification was performed in Escherichia coli TOP10.
gblocks or gene fragments were inserted into pET28a(+) vectors via
restriction and ligation with T4 Ligase (NEB). Specifically, for
construction of trivalent GLOVID scaffolds LgBiT-3x-DogCatcher
and 3xDogCatcher-SmBiT, three separate DogCatcher gene frag-
ments−two of which contained (TP)21 linkers with scrambled
codons46 were ligated to pET28a(+) containing LgBiT and Strep-
tag II or SmBiT110 and 6xHis-Tag, respectively.

Construction of plasmids containing SD36-DogTag, SD38-
DogTag, HSB2.A-DogTag and AS4C-HL-DogTag was described
previously.23 All scFvs were designed in heavy chain-light chain
configuration (HL) and cloned to pPICZalphaB using pPICZalphaB-
SapL3 (addgene plasmid #78171) as a template. Genomic integration
of scFv constructs into P. pastoris and subsequent purification was
performed as described previously for AS4C-HL-DogTag.23

Protein Purification of Genetically Encoded GLOVID
Components. HSB2.A and the GLOVID scaffolds with DogCatch-
ers were produced in E. coli BL21 (DE3), whereas nanobodies
(VHHs) were produced in E. coli Shuffle T7 (NEB). The bacteria
were transformed with the corresponding pET28a(+) plasmids and
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grown in LB medium supplemented with 50 μg/mL kanamycin at 37
°C at 180 rpm in a shaking incubator. Large cultures (0.5−2 l) in 2 or
5 L baffled flasks were inoculated with corresponding overnight
cultures and induced with IPTG at OD600 0.6−0.8. Proteins were
expressed overnight at 18 °C. Harvested cells were lysed with
BugBuster reagent (Novagen) supplemented with Benzonase and
cOmplete protease inhibitor tablets, and proteins were purified
according to their tags (see protein sequences) with Ni-NTA
chromatography or Strep-Tactin XT (IBA) using gravity flow
columns. For SD36-DogTag and SD38-DogTag, an additional size
exclusion step was performed as described in.23 Protein purity was
confirmed by reducing SDS-PAGE and concentrations were
calculated using A280 Nanodrop measurements using the correspond-
ing theoretical extinction coefficients (based on protein sequence).
Proteins were aliquoted, flash frozen in liquid N2 and stored at −70
°C.
Protein Purification of Viral Surface Proteins. RSV-G A2 and

RSV-G B1 proteins were purchased from Sino Biological. Hemag-
glutinins H1Sol and H3HK from A/Solomon Islands/3/2006
(H1N1) and A/Hong Kong/1/1968 (H3N2), and neuraminidase
N2/16 (A/NL/354/16) were purified from HEK293 cell culture
supernatants as described previously.20,23 N1/09 (A/CA/07/2009)
was a kind gift from Pramila Rijal and Alan Townsend.47

Synthesis and Purification of Macrocyclic Peptide S5.
Peptides were prepared using standard Fmoc solid phase peptide
synthesis on a Chorus synthesizer (Gyros protein technologies,
Sweden) on tentagel XV RAM resin (Iris biotechnology, Germany) at
a 25 μmol scale. Resin was swelled in 3 mL of dimethylformamide
(DMF) for 30 min, and then coupling cycles were carried out with
cycles of deprotection (20% piperidine with 0.1 M oxyma, 3 mL, at 80
°C for 90 s), washing (three times, 3 mL of DMF), coupling (5 eq.
amino acid with 10 equiv of DIC and 5 equiv of oxyma, 3 mL, at 55
°C for 15 min), capping (2 M acetic anhydride and 2 M pyridine in
DMF, 3 mL, 5 min at room temp), and washing (three times, 3 mL
DMF). No final deprotection was carried out. After synthesis, resin
was washed with dichloromethane (three times, 3 mL each) and then
dried by vacuum for 30 min. Dried resin was then swelled in 1.5 mL
of cleavage solution (90% trifluoroacetic acid with 5% water, 2.5%
triisopropyl silane, 2.5% 2,2-(ethylenedioxy)diethanethiol as scav-
engers) and incubated at room temperature with gentle shaking for 3
h. Peptide was precipitated by addition of cleavage solution into 30
mL of ice cold diethyl ether, which was then pelleted by centrifugation
at 5,000 rcf for 5 min. The pellet was washed by resuspending in 10
mL of diethyl ether and repelleting as before for a total of 3 cycles.
The final pellet was then air-dried and dissolved in 2 mL of dimethyl
sulfoxide. HA S5 peptide was cyclized in solution by addition of circa
250 μL of N,N-diisopropylethylamine (5 drops) and allowing to stand
at room temperature until LC-MS analysis indicated reaction was
complete. The reaction was then quenched by addition of circa 250
μL (5 drops) of trifluoroacetic acid, and both peptides were purified
by RP-HPLC (C18 column, elution gradient from 10 to 70% v/v
acetonitrile in water with 0.1% trifluoroacetic acid).

Sequence for HA S525 GGS azide:

(Chloroacetic acid) YVLFRWDHGTLATHWVCGGSGGS

(azidohomoalanine) G NH2

Sequence for alkyne dog tag:

(4 Pentynoic acid)

GGDIPATYEFTDGKHYITNEPIPPKG NH2

Click conjugation of the two peptides was carried out at 500 nmol
scale, with a slight excess of S5 peptide (650 nmol, 1.3 equiv). CuSO4
(5 μmol, 10 equiv) was first mixed with THPTA ligand (7.5 μmol, 15
equiv) whereupon the color became a deep blue, and then reduced to
CuI by addition of sodium ascorbate (25 μmol, 50 equiv) with change
in color to pale yellow. To this was then added a premixed solution of
Tris buffer at pH 8.5 (250 mM final concentration), dimethyl

sulfoxide (final concentration 50% v/v), and each of the two peptides
from stock solutions in dimethyl sulfoxide, in a final reaction volume
of 75 μL. The reaction was allowed to proceed at room temperature,
and then stored at −20 °C after 2.5 h before final purification again by
RP-HPLC after addition of trifluoroacetic acid until acidic (Figures
S11, S12). The purified product was freeze-dried, and the
concentration of the stock solution determined using a calculated
extinction coefficient at 280 nm of 15470 M−1cm−1.
Virus Strains. A preparation of Swine influenza A/swine/Italy/

114922/2014 (H1N2) with an HA titer of 64 was obtained via the
European Virus Archive Global (EVAg): https://www.european-
virus-archive.com/virus/swine-influenza-aswineitaly1149222014-
h1n2. The RSV-A2 stock, an A subtype of RSV (ATCC, VR-1540,
Rockville), was prepared as previously described.24 Briefly, the virus
was propagated on HEp-2 cells, purified using PEG precipitation and
quantified on Vero cells by plaque assay using goat anti-RSV serum
(AB1128, Chemicon International). No unexpected or unusually high
safety hazards were encountered.
Sensor Assembly. DogCatcher/DogTag ligations for monovalent

GLOVID variants was performed by mixing DogCatcher parts and
DogTag parts at equimolar concentration, at least at 0.75 μM, usually
at 5 μM each. Protein ligations for trivalent variants were performed
at a molar ratio of 1:4 to guarantee complete conversion of all added
DogCatcher parts into conjugated sensor components. Each assembly
reaction was shortly spun down after mixing and incubated overnight
at room temperature (22 °C) followed by storage at 4 °C. For each
GLOVID assay, new assemblies were prepared if the last assemblies
were older than 3 days. Reactions were performed in a final volume of
50 μL and with 1×PBS as buffer. Assembly success was routinely
confirmed via reducing SDS-PAGE.
Titrations. Titrations were performed as described previously in

ref 40. Unless stated otherwise, titrations were performed in low
protein binding tubes in 1×PBS supplemented with 1 mg/mL bovine
serum albumin (BSA). NanoGlo substrate (furimazine, Promega) was
added from a freshly prepared 10x stock after incubation (1 h at 22 °C
unless stated otherwise) directly before the measurement to obtain
the final volume and concentrations. Unless stated otherwise, the final
NanoGlo dilution during the measurements was 1:2000. Assays were
performed in white 364-well plates (flat bottom) and a total volume
of 20 μL with n = 3 technical replicates. Unless stated otherwise,
shown bioluminescence values were determined from total bio-
luminescence (integration time 100 ms) measured at 22 °C in a
TECAN Spark 10M. The dynamic range (DR) of each measurement
was calculated via

=DR
Max Min

Min

with Max being the signal at saturated sensor (mean of n = 3) and
Min the signal in absence of the target (mean of n = 3). DR
uncertainties were propagated from the standard deviation of Max and
Min, s(Max) and s(Min), respectively, using48

· + ·s s1
Min

(Max (Min)) (Min (Max))2
2 2

The limit of detection (LoD) of each sensor was calculated by
applying the 5σ rule (mean of blank plus 5 times its standard
deviation) similar to previous studies.40
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