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Protein Nanoparticles for Targeted SARS-CoV-2 Trapping
and Neutralization

Marc Fornt-Suñé, Maria C. Puertas, Javier Martinez-Picado, Javier García-Pardo,*
and Salvador Ventura*

The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), continues to
challenge global health despite widespread vaccination efforts, underscoring
the need for innovative strategies to combat emerging infectious diseases
effectively. Herein, LCB1-NPs and LCB3-NPs are engineered as a novel class
of protein-only nanoparticles formed through coiled coil-driven self-assembly
and tailored to interact specifically with the SARS-CoV-2 spike protein. The
multivalency of LCB1-NPs and LCB3-NPs offers a strategy for efficiently
targeting and neutralizing SARS-CoV-2 both in solution and when
immobilized on surfaces. It is demonstrated that LCB1-NPs and LCB3-NPs
bind to the SARS-CoV-2 spike protein’s receptor-binding domain (RBD) with
high affinity, effectively blocking the entry of SARS-CoV-2 virus-like particles
into angiotensin-converting enzyme 2 (ACE2)-coated human cells. The
cost-effectiveness, scalability, and straightforward production process of these
protein nanoparticles make them suitable for developing novel anti-viral
materials. Accordingly, it is shown how these nanostructures can be packed
into columns to build up economic and highly potent trapping devices for
SARS-CoV-2 adsorption.
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1. Introduction

The coronavirus disease 2019 (COVID-19)
pandemic caused by the severe acute res-
piratory syndrome coronavirus 2 (SARS-
CoV-2) infected over 775 million people and
caused more than 7 million deaths world-
wide by April 2024.[1] The rapid spread
of this emerging acute respiratory disease
caught the health system and the scien-
tific community off guard, resulting in
devastating human, health, and economic
consequences.[2–5] After a substantial sci-
entific effort, vaccination was able to mit-
igate the massive and uncontrolled trans-
mission of SARS-CoV-2,[6] but far from
having disappeared, periodic outbreaks of
the virus persist, and it may become
a new cycling and seasonal pathogen.[7]

Indeed, emerging sub-variants such as
the JN.1, derived from the SARS-CoV-
2 omicron strain, are currently spread-
ing worldwide.[8,9] Altogether, the COVID-
19 pandemic has warned of the dangers
and consequences of emerging infectious
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Figure 1. Graphical representation of the self-assembly and function of LCB1/LCB3-NPs. The fusion proteins ZapB-mCherry-LCB1 and ZapB-mCherry-
LCB3 are separately overexpressed in Escherichia coli and intracellularly self-assemble into LCB1-NPs or LCB3-NPs as the protein monomers accumulate
in the cytoplasm. Such protein nanoparticles are sustained by intermolecular coiled-coil interactions between the ZapB moieties of the different polypep-
tides. The preassembled protein nanoparticles, which can be easily and rapidly purified from the insoluble cell fraction, are red-fluorescent and display a
high density of surface-exposed LCB1 and LCB3 domains that endow them with the capacity to bind the RBD of the SARS-CoV-2 spike protein specifically,
thus capturing and neutralizing the viruses.

diseases and highlighted the need for new tools to combat them
effectively and rapidly.

We have now acquired a comprehensive knowledge of
the physiopathology and the molecular determinants that
mediate SARS-CoV-2 infection of human cells.[10] The
SARS-CoV-2 life cycle begins with host cell recognition
through the interaction between the viral spike protein’s re-
ceptor binding domain (RBD) and the human cell surface
receptor angiotensin-converting enzyme 2 (ACE2). This highly
specific interaction precedes the internalization of the virus
and, therefore, is mandatory for SARS-CoV-2 replication in
the target human cells.[11–14] Although ACE2 receptors on the
ciliated cells of nasal epithelium and upper bronchial epithelia
constitute the primary targets for SARS-CoV-2 during the early
stages of infection, the presence of ACE2 receptors in other
non-respiratory tissues such as small intestine, colon, kidney,
heart muscle, testis, and thyroid gland has been associated
with some complications arising from COVID-19.[2,11,15–18]

Therefore, developing new agents capable of inhibiting the
interaction between the spike protein and the ACE2 receptor
has become a promising strategy to prevent and treat COVID-
19.

Indeed, the SARS-CoV-2 spike protein is the main target
for developing SARS-CoV-2 neutralizing antibodies (NAbs).[19]

For instance, camelid-derived single-chain NAbs have been
developed targeting the RBD domain of this trimeric protein.[20]

Besides NAbs, a reduced number of nanostructured materials
have also been designed to target specifically SARS-CoV-2 (Table
S1, Supporting Information).[21–28]

In this study, we have engineered a new SARS-CoV-2
capturing material consisting of fluorescent protein-only
nanoparticles that target the SARS-CoV-2 spike protein and
block its interaction with the human ACE2 receptor. To generate

this nanomaterial, we followed a modular approach that lever-
ages the self-assembling properties of the protein ZapB. ZapB
is a small 81-residue protein whose 3D structure comprises
two 𝛼-helical polypeptide chains arranged in an anti-parallel
orientation, forming a dimeric coiled-coil with a length of 116 Å.
These ZapB dimers can further self-assemble into supramolec-
ular structures, driven by a network of inter-dimer interactions
near the 𝛼-helices termini.[29–32] In particular, we designed two
tripartite fusion proteins (namely ZapB-mCherry-LCB1 and
ZapB-mCherry-LCB3) consisting of ZapB as the self-assembling
scaffolding module, the red fluorescent protein mCherry as a
reporter, and either LCB1 or LCB3 proteins as the SARS-CoV-2
capturing moieties. LCB1 and LCB3 are two small (<8 kDa)
proteins that bind to the RBD of the SARS-CoV-2 spike protein
with picomolar affinity.[33,34] The contacts they establish are
highly specific for SARS-CoV-2 since these domains do not
recognize the related MERS-CoV S1S2 and SARS-CoV-1 S1S2
viruses.[35] Both LCB1 and LCB3 proteins were engineered
from scratch using computer-assisted de novo design and they
fold into a similar three-helix bundle.[34] We demonstrate that
the recombinant expression of the ZapB-mCherry-LCB1 and
ZapB-mCherry-LCB3 fusion proteins in microbial cell facto-
ries renders nanostructured protein nanoparticles, hereafter
referred to as LCB1-NPs and LCB3-NPs, that exhibit red fluores-
cence and display LCB1 or LCB3 moieties at high density, thus
having viral neutralizing activity (Figure 1). Importantly, the
LCB1/LCB3-NPs can be easily and rapidly produced with high
yields (>250 mg protein / L culture). As proof of concept, we
show that LCB1/LCB3-NPs can be easily packed into columns
that function as potent virus-capturing devices, highlighting
the potential applicability of these protein nanoparticles in
generating novel materials with SARS-CoV-2 antiviral proper-
ties.
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2. Results and Discussion

2.1. Pre-Assembled LCB1-NPs and LCB3-NPs are Stable
Fluorescent Protein Particles of Regular Round Shape and
Submicrometric Size

Antibodies are one of the most efficient strategies for SARS-
CoV-2 binding and neutralization. However, their development
is typically complex, resource-intensive, and costly. In this study,
we aimed to design and produce cost-effective protein-based
nanoparticles that can target, capture, and neutralize SARS-CoV-
2 viruses. These nanostructures constitute a versatile platform
for the generation of novel antiviral materials. In this context,
we have engineered ZapB-mCherry-LCB1 and ZapB-mCherry-
LCB3 fusion proteins that were individually overexpressed in Es-
cherichia coli (E. coli). As the recombinant proteins reach the bac-
terial cytoplasm, ZapB drives their spontaneous assembly into
LCB1-NPs and LCB3-NPs through coiled coil-mediated inter-
molecular interactions. Because mCherry and LCB1/LCB3 are
sequentially linked to ZapB in the fusion proteins, these func-
tional globular domains will also be integrated into the 𝛼-helical
coiled coil-based scaffolds, providing red-fluorescent nanoparti-
cles with a high density of surface-exposed SARS-CoV-2 captur-
ing moieties. While the red fluorescence emitted by mCherry is
useful for particle tracking, the LCB1 and LCB3 moieties should
confer the nanoparticles the ability to target the RBD of the SARS-
CoV-2 spike protein. As shown in Figure S1 (Supporting Infor-
mation), pre-assembled LCB1-NPs and LCB3-NPs were success-
fully purified from the insoluble cell fractions following a fast and
straightforward procedure.

Pure samples of LCB1-NPs and LCB3-NPs were analyzed us-
ing Scanning Electron Microscopy (SEM) to observe the nanopar-
ticle morphology. As shown in Figures 2a and 3a, both LCB1-NPs
and LCB3-NPs exhibited a regular rounded morphology and a
submicrometric size. We performed a size distribution analysis
by measuring the nanoparticles spotted in different SEM micro-
graphs, rendering average sizes of 739.03 ± 42.74 and 731.52 ±
49.32 nm for LCB1-NPs and LCB3-NPs, respectively (Figure S5,
Supporting Information). The size range observed in the SEM
micrographs is consistent with Dynamic Light Scattering (DLS)
measurements of the same LCB1-NPs and LCB3-NPs dispersed
in a buffered solution, which reported a hydrodynamic diameter
of 722.6 ± 168.5 and 746.4 ± 139.2 nm, respectively (Figures 2b
and 3b).

The proper folding of the different globular domains in the
modular protein nanoparticles is a fundamental requirement for
preserving their functionality. LCB1-NPs and LCB3-NPs are es-
sentially sustained by native 𝛼-helical coiled-coil interactions that
should not alter the conformation of their constituent globu-
lar proteins.[36] Supporting this, LCB1-NPs and LCB3-NPs ex-
hibit intense red fluorescence, with excitation and emission spec-
tra matching those of native mCherry (Figures 2c,d and 3c,d).
Furthermore, secondary structure analysis by Fourier Transform
Infrared Spectroscopy (FTIR) revealed a predominant band at
1650 cm−1 for both LCB1-NPs and LCB3-NPs assignable to the
native 𝛼-helical folds of the ZapB, LCB1, and LCB3 domains
(Figures 2e and 3e).

To further support the native arrangement of the different
domains in the tripartite fusions, we conducted structural pre-

dictions for both the ZapB-mCherry-LCB1 and ZapB-mCherry-
LCB3 proteins using AlphaFold 2. As depicted in Figure S2 (Sup-
porting Information), ZapB moieties are predicted to form 𝛼-
helical domains, with high confidence, reinforcing the hypothe-
sis that the nanoparticles are stabilized by native 𝛼-helical coiled-
coil interactions between these domains during self-assembly.
Additionally, LCB1 and LCB3 were predicted to form small glob-
ular 𝛼-helical domains, which aligns well with the FTIR data. As
expected, the modeled structures in both cases indicated that the
mCherry fluorescent moiety retains its typical beta-barrel struc-
ture in the fusion.

As a control, we also produced and purified protein nanopar-
ticles consisting of the ZapB-mCherry modules but lacking
the SARS-CoV-2 capturing moieties (hereafter CTL-NPs). Their
biophysical characterization by SEM, DLS, Fluorescence Spec-
troscopy, and FTIR revealed comparable traits with respect to
LCB1-NPs and LCB3-NPs (Figure S3, Supporting Information).

Before engaging in functional assays, we monitored the sta-
bility of LCB1-NPs, LCB3-NPs, and CTL-NPs under the specific
solution conditions required for these assays. We incubated the
nanoparticles at a concentration of 2.5 μm in 50 mm Tris-HCl, pH
7.4, containing 100 mm NaCl at 25 °C with constant agitation for
five days. During this period, we monitored the particles size us-
ing DLS (Figure S4a–c, Supporting Information). No significant
changes in the size of LCB1-NPs, LCB3-NPs, or CTL-NPs were
observed, indicating that the nanoparticles remain colloidally sta-
ble under these conditions. Additionally, we collected aliquots of
the nanoparticles daily for analysis by SDS-PAGE. The results
showed that the different nanoparticles remained unaltered over
time, showing no signs of proteolysis (Figure S4d, Supporting
Information).

2.2. LCB1-NPs and LCB3-NPs Bind to the SARS-CoV-2 Spike
Protein RBD

Next, we have evaluated the ability of LCB1/LCB3-NPs to bind to
the SARS-CoV-2 spike protein RBD. First, we dispersed LCB1-
NPs, LCB3-NPs, and CTL-NPs in a physiological buffer and in-
cubated them in suspension with recombinantly expressed RBD
of the SARS-CoV-2 spike protein tagged with the yellow fluo-
rescent protein (YFP-RBD). Then, binding was evaluated using
confocal microscopy and fluorescence spectroscopy. As shown
in Figure 4a, confocal microscopy images revealed that sam-
ples containing LCB1-NPs and LCB3-NPs showed colocalized red
fluorescence from mCherry and yellow fluorescence from YFP,
indicative of YFP-RBD binding. In contrast, CTL-NPs, lacking
the SARS-CoV-2 capturing moieties, showed only red fluores-
cence, thus ruling out any possible non-specific binding of YFP-
RBD to the protein nanoparticles scaffold. To further explore the
co-localization of LCB1-NPs and LCB3-NPs with YFP-RBD, we
performed intensity profile analyses of high-magnification im-
ages, examining the fluorescence intensity across regions of in-
terest (ROI) for both the RBD signal (YFP in green) and the
LCB1/LCB3-NPs (mCherry in red) (Figure 4b). While LCB1 and
LCB3-NPs are entirely composed of ZapB-mCherry-LCB1/LCB3
fusion proteins, only the surface-exposed domains are readily
accessible and capable of capturing YFP-RBD. Consequently,
YFP fluorescence from the captured RBD is predominantly de-
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Figure 2. Biophysical characterization of LCB1-NPs. a) Scanning Electron Microscopy image of an individual LCB1-NP. b) Size distribution of a sus-
pension of LCB1-NPs determined by Dynamic Light Scattering. c) Fluorescence excitation (yellow) and emission (red) spectra of LCB1-NPs recorded
by Fluorescence Spectroscopy. d) Image of LCB1-NPs dispersed in a buffered solution and emitting red fluorescence when exposed to UV light. e)
Secondary structure determination of LCB1-NPs by Fourier Transform Infrared Spectroscopy.

tected at the nanoparticle surfaces, while red fluorescence is
more evenly distributed within the nanoparticles. This fluores-
cence pattern reflects the spatial distribution of the functional
domains, with the RBD-binding activity localized primarily at
the surface of the NP, as expected. Again, no co-localization pat-
tern was evident for CTL-NPs devoid of LCB1/LCB3 domains.
These observations are in good agreement with fluorescence
spectroscopy analysis of the same samples (Figure 4c), which
showed that LCB1-NPs and LCB3-NPs exhibited both mCherry
and YFP signals. As expected, CTL-NPs showed only mCherry
fluorescence.

2.3. Nitrocellulose-Immobilized LCB1-NPs and LCB3-NPs Bind
to the SARS-CoV-2 Spike Protein RBD

As demonstrated above, the LCB1-NPs and LCB3-NPs dispersed
in a buffered solution can bind to the SARS-CoV-2 spike pro-
tein RBD. We further evaluated whether their binding activity
remains intact when immobilized on a surface using dot blot
assays. We deposited increasing amounts of LCB1-NPs, LCB3-
NPs, and CTL-NPs onto nitrocellulose membranes that were fur-
ther incubated with a solution containing YFP-RBD. After wash-
ing out unbound YFP-RBD, the membranes were imaged for

Adv. Healthcare Mater. 2024, 2402744 2402744 (4 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Biophysical characterization of LCB3-NPs. a) Scanning Electron Microscopy image of an individual LCB3-NP. b) Size distribution of a sus-
pension of LCB3-NPs determined by Dynamic Light Scattering. c) Fluorescence excitation (yellow) and emission (red) spectra of LCB3-NPs recorded
by Fluorescence Spectroscopy. d) Image of LCB3-NPs dispersed in a buffered solution and emitting red fluorescence when exposed to UV light. e)
Secondary structure determination of LCB3-NPs by Fourier Transform Infrared Spectroscopy.

mCherry and YFP fluorescent signals. As shown in Figure 5a,
both LCB1-NPs and LCB3-NPs efficiently captured the YFP-RBD
protein, as evidenced by the colocalization of the mCherry and
YFP fluorescence. Conversely, CTL-NPs presented only red fluo-
rescence from mCherry, which ultimately demonstrates the lack
of unspecific binding of YFP-RBD to the nanoparticles’ protein
scaffold.

Additionally, we quantified fluorescent signals from the dot
blot membranes and observed that LCB1-NPs and LCB3-NPs ex-
hibit a clear concentration-dependent increase in the YFP-RBD
fluorescence (Figure 5b,c). Notably, the YFP-RBD fluorescence

showed a linear correlation with the amount of LCB1-NPs or
LCB3-NPs immobilized on the surface. Next, the affinity of LCB1-
NPs and LCB3-NPs for the YFP-RBD protein was quantitatively
evaluated. We deposited a constant quantity of LCB1-NPs, LCB3-
NPs, and CTL-NPs on different nitrocellulose membranes and
incubated them with growing concentrations of YFP-RBD pro-
tein. As shown in Figure 5d–f, again, a dose-dependent increase
in the YFP-RBD fluorescence was observed for both the LCB1-
NPs and LCB3-NPs, with characteristic saturation curves and es-
timated half maximal effective concentration (EC50) values of
58.9 ± 17.0 and 129.5 ± 49.4 nm, respectively.

Adv. Healthcare Mater. 2024, 2402744 2402744 (5 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Binding of YFP-RBD protein to LCB1-NPs, LCB3-NPs, and CTL-NPs. a) Confocal Microscopy images of LCB1-NPs (up), LCB3-NPs (middle),
and CTL-NPs (bottom) after incubation with a solution of YFP-RBD protein. The left panels show the mCherry fluorescence (in red) corresponding to
the nanoparticles. The central panels show the YFP fluorescence (in green) attributed to the particle-bound YFP-RBD. The right panels show the merge
of both mCherry and YPF-RBD fluorescence channels (in yellow). The insets show a magnification of the merged images. The regions of interest (ROI)
used for further co-localization analyses are shown as white dashed lines. b) Intensity profile analyses of the ROI shown in (a) as white dashed lines.
These results are representative of three independent measurements. c) Fluorescence spectroscopy emission spectra of the same samples containing
LCB1-NPs (blue), LCB3-NPs (red), and CTL NPs (green), after incubation with a solution of YFP-RBD protein. The YFP fluorescence emission spectra
can be observed between 520 and 560 nm. The mCherry fluorescence emission spectra can be observed between 570 and 625 nm.

2.4. LCB1-NPs and LCB3-NPs Efficiently Block the Binding of the
SARS-CoV-2 Spike Protein to the Human ACE2 Receptor

The initial stage of SARS-CoV-2 entry into host cells involves the
binding of its trimeric spike proteins to the human ACE2 recep-
tor. We evaluated the ability of LCB1-NPs and LCB3-NPs to com-
pete and interfere with the interaction between the RBD of the
SARS-CoV-2 spike protein and the human ACE2 receptor. We
used a bioluminescent immunoassay (see Figure 6a and Materi-
als and Methods section for details), which quantifies the levels of
spike RBD-ACE2 receptor interaction using a luciferase reporter

system. In the presence of neutralizing entities, the luminescent
signal diminishes in a manner that is proportional to the potency
of the RBD binder, since it competes with the RBD-ACE2 inter-
action, thereby hindering the reconstitution of luciferase.

As shown in Figure 6b, LCB1-NPs and LCB3-NPs efficiently
inhibited the interaction between the RBD of the SARS-CoV-2
spike protein and the human ACE2 receptor, with calculated half
maximal inhibitory concentrations (IC50) of 26.06 and 54.06 nm
respectively. Remarkably, no inhibitory effect was observed for
CTL-NPs lacking the SARS-CoV-2 capturing moieties, underscor-
ing the specificity of the LCB1-NPs and LCB3-NPs.

Adv. Healthcare Mater. 2024, 2402744 2402744 (6 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Binding of YFP-RBD protein to LCB1-NPs, LCB3-NPs, and CTL-NPs immobilized on nitrocellulose membranes. a) Dot blots showing the bind-
ing of YFP-RBD to surface-immobilized LCB1-NPs, LCB3-NPs, and CTL-NPs. The top panel shows the mCherry fluorescence (mCherry) corresponding
to the protein nanoparticles. The central panel shows the YFP-RBD fluorescence (YFP) corresponding to the captured YFP-RBD protein. The bottom
panel shows the merge of both mCherry and YFP-RBD fluorescent signals (blue). b,c) Dose-response curves corresponding to the YFP fluorescence
captured by increasing amounts of surface-immobilized LCB1-NPs (b) and LCB3-NPs (c). The data were obtained by analyzing the fluorescence inten-
sities from panel a. d) Dot blot membranes with a fixed quantity of immobilized LCB1-NPs, LCB3-NPs, and CTL-NPs after incubation with increasing
concentrations of YFP-RBD. e,f) Dose-response curves obtained from the quantification of the YFP fluorescent signals displayed by the YFP-RBD protein
captured by immobilized LCB1-NPs (e) or LCB3-NPs (f) from the dot blot membranes in panel d. The assays corresponding to panels a-c and d-f have
been performed in triplicate (n = 3). Data is shown as mean ± standard deviation.

All in all, our results indicated that LCB1-NPs and LCB3-NPs
can block the binding of SARS-CoV-2 spike RBD to its receptor.
This opens new possibilities for utilizing these protein nanoparti-
cles in material applications, including surface functionalization,
diagnostic assays, and as active components of viral adsorption
systems.

2.5. LCB1-NPs and LCB3-NPs Inhibit the Entry of SARS-CoV-2
Virus-Like Particles into ACE2-Coated Human Cells

In previous sections, we demonstrated that LCB1-NPs and LCB3-
NPs effectively capture the spike protein’s RBD. More impor-
tantly, we have shown that LCB1-NPs and LCB3-NPs can block

Adv. Healthcare Mater. 2024, 2402744 2402744 (7 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Inhibition of the SARS-CoV-2 Spike RBD-ACE2 receptor interaction by LCB1-NPs and LCB3-NPs. a) Schematic illustration of the principle of
the implemented bioluminescent immunoassay Lumit. b) Inhibition of the RBD-ACE2 interaction by increasing amounts of LCB1-NPs, LCB3-NPs, and
CTL-NPs. Each concentration was assayed in at least duplicate (n = 2). Data is presented as mean ± standard deviation.

the interaction between the spike protein RBD and the human
ACE2 receptor with high potency. It is widely accepted that block-
ing this interaction would exert a viral neutralizing effect.

To demonstrate the performance of LCB1-NPs and LCB3-
NPs as SARS-CoV-2 neutralizing agents, we employed the Hi-
BiT luminescence assay.[37,38] This recently developed technology
uses non-infectious SARS-CoV-2 pseudotyped virus-like particles
(SC2-VLPs) containing the HiBiT fragment and engineered hu-
man ACE2-HEK293T cells that stably express ACE2 receptors at
its surface and the LgBiT fragment in their cytosol. Upon spike-
ACE2 interaction, the SC2-VLPs fuse with the cellular mem-
brane, releasing HiBiT into target cells. This causes the bind-
ing of the HiBiT moiety to LgBiT, which generates a strong lu-
minescent signal in the presence of its specific substrate.[38] As
illustrated in Figure 7a, the active molecules that interfere with
SARS-CoV-2 entry to host cells block the entry/fusion processes
of SC2-VLPs, thereby preventing HiBiT-LgBiT complementation
and luminescence production.

Consistent with the above-described data, when increasing
concentrations of the LCB1-NPs and LCB3-NPs were used, we
observed a concentration-dependent decrease in the measured
luminescent signal. This indicates that LCB1-NPs and LCB3-NPs

effectively neutralize the SC2-VLPs and block their cellular inter-
nalization with a calculated IC50 of 1.12 and 1.75 nm, respec-
tively (Figure 7b). It is worth mentioning that the VLPs used in
this approach contain the full-length SARS-CoV-2 spike protein
(i.e., the G614 variant). This demonstrates that the LCB1-NPs
and LCB3-NPs bind to the RBD domain and effectively block the
binding of the SARS-CoV-2 spike protein to its receptor, with an
IC50 much lower than that reported for other SARS-CoV-2 neu-
tralizing nanomaterials, like cellular nanosponges[21] or chitosan-
based nanoparticles[22] (see, also Table S1, Supporting Informa-
tion).

Furthermore, a direct comparison of the IC50 values obtained
for the LCB1-NPs and LCB3-NPs in the in vitro Lumit assays
(Figure 6) and the VLPs neutralization assays (Figure 7), reveals
that both protein nanoparticles are significantly more efficient
in blocking internalization into host cells as compared to the in
vitro RBD binding inhibition. Indeed, a 23-fold and 30-fold in-
crease was observed for LCB1-NPs and LCB3-NPs, respectively.
This enhanced efficiency can be explained by the multivalent
nature of LCB1-NPs and LCB3-NPs, which are designed to dis-
play a high density of spike-capturing moieties on their surfaces.
Consequently, each nanoparticle can concurrently bind multi-
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Figure 7. Inhibition of viral infection of human cells by LCB1-NPs and LCB3-NPs. a) Schematic illustration of the principle of the implemented cellular
assay. b) Inhibition of viral infection of human cells by increasing amounts of LCB1-NPs, LCB3-NPs, and CTL-NPs. Data is shown as mean ± standard
deviation (n = 4).

ple spike proteins, especially when assayed with VLPs that are
densely coated with SARS-CoV-2 spike proteins.

2.6. SARS-CoV-2-Trap Columns Engineered with LCB1-NPs and
LCB3-NPs Capture High Viral Loads

A crucial aspect of the fight against a pandemic is delivering a
rapid response; thus, preformulated tools to speedily develop ef-
ficient viral adsorbing materials can be transformative in curb-
ing virus transmission, particularly in a context where wastew-
ater and sewage from COVID-19 patients’ secretions and excre-
tions have been found to contain substantial quantities of infec-
tive SARS-CoV-2 particles,[39] which can remain viable for up to
7 days in solution and contribute to viral spread.[40]

We envisioned that packing the LCB1/LCB3-NPs into chro-
matography columns could provide a potent SARS-CoV-2 cap-
turing device (Figure 8). When designing the different fusion

proteins that constitute the LCB1/LCB3-NPs, a histidine tag was
incorporated at the end of each sequence. Leveraging this fea-
ture, we conducted a proof of concept by mixing 1.75 mg of
histidine-tagged LCB1-NPs, LCB3-NPs, or CTL-NPs with NTA-
Ni agarose beads as a matrix. The mixture was then packed into
polypropylene chromatography columns and washed extensively
with sterile PBS (Figure S6, Supporting Information). An addi-
tional mock column containing the NTA-Ni agarose matrix but
no nanoparticles was also prepared. This negative control was
used to demonstrate that the matrix itself cannot retain SARS-
CoV-2 viruses. To gauge the functionality of these trapping de-
vices, high loads of replication-competent SARS-CoV-2 virus,
equivalent to those found in nasopharyngeal swabs from acutely
infected patients, were flowed through the columns. The reten-
tion capacity of the engineered SARS-CoV-2-capturing columns
was assessed by performing q-PCR analysis and infectivity as-
says on the eluate (Figure 8a). We used the SARS-CoV-2 reference
strain BavPat1/2020 expanded and titrated in Vero E6 cells.

Adv. Healthcare Mater. 2024, 2402744 2402744 (9 of 15) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 8. Retention of replication-competent SARS-CoV-2 virus by the filtering devices engineered with LCB1-NPs and LCB3-NPs. a) Schematic depiction
of the experimental pipeline. A high SARS-CoV-2 viral titer is loaded into a filtering device functionalized with LCB1-NPs or LCB3-NPs. Then, the sample
that exits the column is analyzed by q-PCR and infectivity assays. b) Levels of viral RNA in the samples eluted from the columns as quantified by qPCR.
Data is shown as mean± standard deviation (n = 2 independent qPCR measurements, see Experimental Section for details). ****p <0.0001. Statistical
analysis was performed using ordinary one-way ANOVA and post hoc multiple comparisons analysis using the Tukey test. c) Infectivity of the samples
eluted from the columns tested in VeroE6 cell cultures. d) Percentage of SARS-CoV-2 virus retained in the filtration devices calculated from the infectivity
assays (orange) and from the qPCR analysis (green).

According to q-PCR analysis, columns functionalized with
LCB1-NPs and LCB3-NPs significantly reduced the amount of
viral RNA in the samples, capturing 80% and 55% of the loaded
virus, respectively (Figure 8b,d). In contrast, neither the mock
columns nor those containing CTL-NPs were effective, with com-
parable levels of SARS-CoV-2 RNA in the samples before and
after passage through these columns (Figure 8b). In excellent
agreement, we observed a reduction in viral infectivity on Vero
E6 cells by 4.3-fold and 2.9-fold, corresponding to SARS-CoV-2
retention values of 77% and 65% for LCB1-NPs and LCB3-NPs,
respectively (Figure 8c,d).

There have been several previous attempts to develop SARS-
CoV-2 capturing devices, including ultrafiltration systems, which
are well suited to isolate and concentrate viral particles from liq-

uid samples.[41] However, this approach is not specific and of-
ten requires high operational pressures and sophisticated equip-
ment. Magnetic particles, conjugated with an anti-Coronavirus
spike antibody, are also used for SARS-CoV-2 immunoprecipita-
tion from body fluids and in vitro expression systems. While this
is a rapid and reliable approach for viral enrichment, its applica-
tion is limited to micro-scale systems due to both the cost of pro-
duction and the limited availability of specific antibodies. More
recently, SARS-CoV-2 adsorbing columns have been developed
by immobilizing a peptide designed based on the sequence of
hACE2 on Toray fiber.[42] This technology, however, is expensive
and time-consuming, as it requires the use of non-natural amino
acids, post-synthesis PEGylation of the peptides, and a chemical
reaction to link the peptide to the support covalently. Consider-
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ing this, LCB1-NPs and LCB3-NPs represent a very promising
protein-only anti-SARS-CoV-2 nanomaterial system. This system
is broadly applicable for both micro- and macro-scale preparation
and can be used for viral removal and/or concentration from wa-
ter sources and/or biologically relevant samples.

3. Conclusion

In this research, we have engineered LCB1-NPs and LCB3-NPs,
a novel self-assembling material consisting of regular, round-
shaped, submicrometric, and fluorescent protein nanoparticles
capable of specifically binding and neutralizing SARS-CoV-2
viruses. These protein nanoparticles are constructed from ZapB-
mCherry-LCB1 and ZapB-mCherry-LCB3 tripartite fusion pro-
teins. The ZapB protein drives their spontaneous self-assembly
through coiled-coil interactions to build protein nanoparticles
that are functionalized with a fluorescent tracer and SARS-CoV-2
capturing moieties.

The various SARS-CoV-2 neutralizing materials developed
thus far (Table S1, Supporting Information) exhibit significant
differences in composition, size, and neutralizing potency. These
variations do not necessarily make one material superior to an-
other but rather indicate that they are suitable for different ap-
plications. For instance, different functional nanostructured ma-
terials and their derived technologies, such as polymer-based
nanocomposites, have been applied for the development of face
masks with high particulate filtration and rapid inactivation of
SARS-CoV-2.[28] These systems are specifically designed to block
and inactivate viruses on surfaces and rely primarily on the an-
tiviral properties of synthetic polymers and/or metals.

Among the advantages of our new nanostructured material, we
highlight its easy, fast, and high-yield production and purification
process. LCB1-NPs and LCB3-NPs spontaneously self-assemble
when the respective fusion proteins are expressed in E. coli and
their purification from the insoluble fraction of the cells only re-
quires successive detergent washes. In addition to the simplicity
and potential scalability of this process, it is highly cost-effective.
For instance, producing nanoparticles sufficient for 10 SARS-
CoV-2-trap columns, as those described in the previous section,
costs less than 1 euro, including all necessary reagents for pro-
duction and purification.

Significantly, LCB1-NPs and LCB3-NPs demonstrate efficient
viral neutralization, making them promising nanomaterials for
developing SARS-CoV-2 diagnostic assays, surface functionaliza-
tion, or fabrication of viral adsorbing devices. We have demon-
strated the high affinity and specificity of LCB1-NPs and LCB3-
NPs for the SARS-CoV-2 virus, showing that they can be de-
posited onto a surface or packed into columns while preserving
their virus-capturing properties. As each LCB1-NPs and LCB3-
NPs is composed of many copies of their respective fusion pro-
tein, they are fully coated with SARS-CoV-2 binders, resulting
in a high density of SARS-CoV-2 binding sites per particle. This
multivalency, provides the nanoparticles with increased avidity in
comparison to other formulations containing only a single recog-
nition module per molecule, thus making LCB1-NPs and LCB3-
NPs exceptionally potent SARS-CoV-2 binders.

Our design of LCB1-NPs and LCB3-NPs employs a genetically
encoded modular protein engineering approach, allowing for
easy addition or removal of functional modules to customize the

nanoparticles’ function for diverse applications. This flexibility
enables the material to be re-engineered to target other pathogens
by integrating the appropriate recognition module into the fu-
sion protein. This provides a robust framework for the generation
of new materials to combat potential future emerging infectious
diseases effectively and rapidly, particularly when leveraged with
recent advancements in de novo protein design.[43,44]

4. Experimental Section
Production and Purification of the Protein Nanoparticles: ZapB-

mCherry-LCB1, ZapB-mCherry-LCB3, and ZapB-mCherry DNA sequences
were cloned separately into pET-28a(+) vectors. For the obtention of LCB1-
NPs, LCB3-NPs, and CTL-NPs, Escherichia coli BL21 (DE3) (Invitrogen,
Waltham, USA) competent cells were transformed respectively with the
different DNA constructs and the cells were grown in 20 mL of Luria-
Bertani broth supplemented with 50 μg mL−1 kanamycin. The cultures
were maintained at 37 °C under constant agitation 250 rpm until reach-
ing an optical density at 600 nm of 0.6 a.u. Then, protein expression was
induced with 1 mm Isopropyl 𝛽-D-1-thiogalactopyranoside (ITPG, Thermo
Fisher Scientific, USA) for 6 h under agitation at 250 rpm and 30 °C. After-
ward, the cells were recovered by centrifuging the cultures at 2500 rcf for
20 min at 4 °C. The samples were frozen and stored at −80 °C until use.

For the purification of LCB1-NPs, LCB3-NPs, and CTL-NPs, the cell pel-
lets were defrosted and resuspended in 1 mL of buffer A (50 mm Tris-HCl,
100 mm NaCl, pH 7.4) supplemented with 1 mm phenylmethylsulpho-
nyl fluoride (PMSF, Sigma-Aldrich Corporation, USA) and 150 μg mL−1

lysozyme (Sigma–Aldrich Corporation, USA). The cell suspension was in-
cubated for 1 h under agitation at 37 °C, and subsequently sonicated using
a Branson digital sonifier 450 (Branson Ultrasonics Corporation, USA) for
3 min at 15% amplitude and 1 s cycles while kept cold on ice. Then, 10 μL of
Nonidet P40 Substitute (Sigma–Aldrich Corporation, USA) were added to
the cell lysate and incubated for 1 h under agitation at 4 °C. Next, the mix-
ture was supplemented with 30 μL of 1 m MgSO4 and 25 μL of 1 mg mL−1

DNAse I (Sigma–Aldrich Corporation, USA) and was incubated for 1 h un-
der agitation at 37 °C. Afterward, the sample was centrifuged for 20 min
at 15 000 rcf and 4 °C. The resulting protein nanoparticle-containing pellet
was washed thrice with 500 μL of buffer A containing 0.5% Triton X-100
and one additional washing step was performed with 500 μL of buffer A
containing 2% Triton X-100. Finally, the last washing step was performed
with buffer A to remove remnants of detergent. After centrifugation, the
samples were resuspended in buffer A to obtain pure LCB1-NPs, LCB3-
NPs, and CTL-NPs. The final protein concentration was determined by
measuring the absorbance at 280 nm of the final purified nanoparticles
prepared in 6 m guanidine hydrochloride using a Specord 200 Plus Spec-
trophotometer (Analytik Jena, Jena, Germany).

Dynamic Light Scattering (DLS): Size determination of LCB1-NPs,
LCB3-NPs, and CTL-NPs was performed by DLS using a Zetasizer Nano
S90 (Malvern Panalytical, Malvern, UK). The protein nanoparticles were
prepared at a concentration of 25 μm in 50 mm Tris-HCl, pH 7.4, con-
taining 100 mm NaCl. For each sample, a set of 12 repeated measures
was recorded at 25 °C. As for tracking the size of the protein nanopar-
ticles over-time, aliquots of 2.5 μm LCB1-NPs, LCB3-NPs, and CTL-NPs
were prepared in 50 mm Tris-HCl, pH 7.4, containing 100 mm NaCl and
0.01% sodium azide. They were incubated for 5 days at 25 °C under con-
stant agitation in a rotating wheel. The mean hydrodynamic diameter of
the nanoparticles was measured every 24 h by DLS using a Zetasizer Nano
S90 (Malvern Panalytical, Malvern, UK). Additionally, an aliquot of each
sample was taken daily for an SDS-PAGE analysis of the nanoparticles over
time.

Scanning Electron Microscopy (SEM): The morphology of LCB1-NPs,
LCB3-NPs, and CTL-NPs was analyzed by SEM. The protein nanoparticles
were suspended in 50 mm Tris-HCl, pH 7.4, containing 100 mm NaCl. The
samples were deposited on silicon chip specimen supports for SEM view-
ing (Ted Pella Inc., Redding, USA), and subsequently dried with N2 flow.
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All the samples were observed in a Field Emission Merlin Scanning Elec-
tron Microscope (Zeiss Merlin, Oberkochen, Germany) operating at an
acceleration voltage of 1 kV and employing the in lens secondary electron
detector.

The diameter of 36 protein nanoparticles identified in each set of SEM
micrographs corresponding to LCB1-NPs and LCB3-NPs were measured
using the ImageJ software[45] and used to perform size distribution anal-
ysis.

Fourier Transform Infrared Spectroscopy (FTIR): The secondary struc-
ture of LCB1-NPs, LCB3-NPs, and CTL-NPs was assessed by FTIR using
a Bruker Tensor 27 FTIR (Bruker Optics, Billerica, USA) supplied with a
Specac Golden Gate MKII ATR accessory. The protein nanoparticles were
diluted in 50 mm Tris-HCl, pH 7.4 buffer with 100 mm NaCl and were
placed on the ATR crystal. The samples were completely dried with a N2
flow. Each acquired spectrum comprised 32 scans measured at a reso-
lution of 1 cm−1 within the 1800–1500 cm−1 range. The spectral data
were processed and normalized using the OPUS MIR Tensor 27 software
(Bruker Optics, Billerica, USA), and fitted and deconvoluted using PeakFit
Software (Systat Software).

Confocal Microscopy: For confocal microscopy experiments, three sus-
pensions containing 150 μL of 5 μm LCB1-NPs, LCB3-NPs, and CTL-NPs
were separately incubated with 25 nm YFP-RBD protein for 1 h at room
temperature. During the incubation time, the samples were resuspended
every 10 min to allow an efficient particle-ligand interaction. Next, the three
samples were centrifuged at 15 000 rcf and 4 °C for 20 min, and the pellets
were resuspended in 150 μL of 50 mm Tris-HCl, pH 7.4, containing 100 mm
NaCl to remove the unbound YFP-RBD. After a second centrifugation step,
the samples were resuspended in 50 μL of 50 mm Tris-HCl, pH 7.4 buffer,
containing 100 mm NaCl. Afterward, 5 μL of each sample were placed on
top of a microscopy glass slide, covered with a coverslip, and confocal mi-
croscopy images were obtained with Leica SP5 confocal microscope (Leica
Microsystems, Germany) at the excitation/emission wavelengths for both
YFP and mCherry. The fluorescent signals from the YFP present in the YFP-
RBD protein and from the mCherry present in the protein nanoparticles
were imaged using the Imaris software (Oxford Instruments, UK). The in-
tensity profile analyses reporting on the fluorescence intensity across the
indicated regions of interest (ROI) in the high-resolution magnification in-
sets were performed using ImageJ software.[45]

Fluorescence Spectroscopy: The samples prepared for confocal mi-
croscopy imaging were also analyzed by fluorescence spectroscopy. As
described above for confocal microscopy experiments, LCB1-NPs, LCB3-
NPs, and CTL-NPs were incubated with a YFP-RBD solution and washed
to remove unbound YFP-RBD. Next, aliquots of the different samples were
analyzed in a Jasco FP-8200 fluorescence spectrofluorometer (Jasco Cor-
poration, Japan). The samples were excited at 505 nm and the resulting
fluorescence emission spectra were recorded from 520 to 620 nm acquir-
ing three accumulations at medium sensitivity. The emission and excita-
tion bandwidths were set at 5 nm, data interval at 0.5 nm, response at 0.5
s, and scan speed at 1000 nm min−1.

For measuring the fluorescence excitation and emission spectra of
mCherry present in the protein nanoparticles, 50 μL samples of 25 μm
LCB1-NPs, LCB3-NPs, and CTL-NPs were separately prepared in buffer A
(50 mm Tris pH 7.4 and 100 mm NaCl). Next, the samples were measured
in a Jasco FP-8200 fluorescence spectrofluorometer (Jasco Corporation,
Japan) using the following settings: high sensitivity, excitation and emis-
sion bandwidths at 5 nm, response at 0.5 s, data interval at 0.5 nm, scan
speed at 1000 nm min−1, and 5 accumulations. The measurement range
was 480−680 nm for excitation spectra (excitation mode and emission
wavelength: 690 nm) and 580−690 nm for emission spectra (emission
mode and excitation wavelength: 570 nm).

Dot Blot Analysis: For the initial dose-response experiments, the fol-
lowing amounts of LCB1-NPs, LCB3-NPs, and CTL-NPs were deposited
on a nitrocellulose membrane. The samples were placed on three sepa-
rate rows of evenly spaced dots containing increasing nanoparticle con-
centrations (i.e., 0, 0.02, 0.1, 0.2, 0.5, 1, and 2 μg). The different spots
were prepared by adding a total volume of 6 μL to each spot. Three dif-
ferent replicate membranes were prepared. After the spots were dried, the
membranes were blocked with a 5% bovine serum albumin (BSA) solution

for 1 h. The membranes were washed with PBS containing 0.1% Tween 20
for 15 min. Afterward, the membranes were incubated in a PBS solution
containing 25 nm of SARS-CoV-2 spike RBD protein labeled with yellow
fluorescent protein (YFP-RBD) for 1 h. The purified YFP-RBD protein was
obtained as described by Behbahanipour et al., 2023.[37] Finally, the mem-
branes were washed in PBS containing 0.1% Tween 20 for 15 min to elimi-
nate remnants of non-captured YFP-RBD. All incubations were performed
at room temperature and under mild agitation.

For the saturation experiments eight nitrocellulose membranes con-
taining three dots of 2 μg of LCB1-NPs, LCB3-NPs, and CTL-NPs were pre-
pared similarly as described above. Briefly, the membranes were blocked
in a 5% bovine serum albumin (BSA) solution for 1 h and washed in PBS
containing 0.1% Tween 20 for 15 min. The membranes were incubated
with different YFP-RBD solutions containing increasing ligand concentra-
tions. (i.e., 0, 0.25, 1, 5, 10, 25, 50, and 100 nm). After incubation, the
membranes were washed in PBS containing 0.1% Tween 20 for 15 min to
eliminate remnants of non-captured YFP-RBD. All incubations were per-
formed at room temperature and under mild agitation to allow an op-
timal ligand interaction. All the resulting dot blot membranes were im-
aged using a ChemiDoc MP Imaging System (Bio-Rad Laboratories Inc.,
Hercules, USA) set for multiplex fluorescence detection system. The ac-
quired images were analyzed with Image Lab Software (Bio-Rad Laborato-
ries Inc., Hercules, USA). Volume analysis and local background subtrac-
tion method were implemented to quantify the signal coming from each
dot and build dose-response and saturation curves. All the experiments
were performed in triplicate.

Lumit SARS-CoV-2 Spike RBD: hACE2 Immunoassay: To evaluate the
capacity of LCB1-NPs, LCB3-NPs, and CTL-NPs to block the in vitro in-
teraction between the RBD of the SARS-CoV-2 Spike protein and its hu-
man receptor hACE2, the Lumit Bioluminescent Immunoassay (Promega,
Madison, USA) was performed following the instructions provided by
the supplier.[38] In essence, this immunoassay implements a SARS-CoV-2
spike RBD protein fused to the constant Fc region of a rabbit antibody (r-
RBD), a human ACE2 receptor fused to the constant Fc region of a mouse
antibody (m-ACE2), and a couple of anti-rabbit and anti-mouse secondary
antibodies that are each one fused to one half of a truncated biolumines-
cent enzyme (Figure 6). Under normal conditions, the viral RBD protein
and the human ACE2 receptor interact, which allows that the anti-rabbit
and anti-mouse secondary antibodies respectively bind to the Fc regions
of r-RBD and m-ACE2 and the two halves of the truncated enzyme are
brought close together enough to reconstitute the fully functional enzyme
that will emit a luminescent signal in the presence of its substrate. How-
ever, in the presence of blocking particles, they compete with the binding of
m-ACE2 to r-RBD and thus disrupt the RBD-ACE2 interaction, resulting in a
decrease of the detected luminescent signal. To perform the experiments,
growing concentrations of LCB1-NPs, LCB3-NPs, and CTL-NPs (0.3, 3,
9.48, 30, 94.86, 300, and 3000 nm) were incubated with SARS-CoV-2 Spike
RBD protein for 30 min in a 96 well MaxiSorp microwell plate (436 110,
Thermo Fisher Scientific, USA). Then, the human receptor hACE2 and the
Lumit antibody mix were added to the mixture and incubated for 1 h. Fi-
nally, the Lumit detection reagent was added and incubated for 30 min to
generate a bioluminescent signal that is directly proportional to the lev-
els of interaction between the RBD of the SARS-CoV-2 Spike protein and
its human receptor hACE2 in each well of the plate. These biolumines-
cent signals were measured in a Spark plate reader (Tecan, Männedorf,
Switzerland) set to luminescence mode. All the mentioned incubations
were performed at room temperature and three replicate assays were per-
formed simultaneously for each analyzed protein nanoparticle concentra-
tion. The obtained relative luminescence data were normalized to 100%
and converted into their complementary counterpart, which is the % of
inhibition of the interaction between the SARS-CoV-2 Spike RBD and the
human ACE2 receptor.

SARS-CoV-2 HiBiT-PsVLP Viral Neutralization Assay: To evaluate the
capacity of LCB1-NPs, LCB3-NPs, and CTL-NPs to neutralize the infec-
tion of SARS-CoV-2 spike-coated pseudotyped virus-like particles to hu-
man cells presenting ACE2 receptors on the membrane, the SARS-CoV-
2 HiBiT-PsVLP Assay (Promega, Madison, USA) was performed follow-
ing the instructions provided by the supplier.[38] First, growing concen-
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trations of LCB1-NPs, LCB3-NPs, and CTL-NPs (0.01, 0.1, 1, 10, 31.62,
100, 316.22, and 1000 nm) were incubated with SARS-CoV-2 spike-coated
pseudotyped virus-like particles for 30 min in a 96 well cell culture plate
(83.3924, SARSTEDT, Germany). Next, HEK293T(LgBiT) cells coated with
hACE2 receptors were incubated in DMEM supplemented with FBS and
DrkBiT peptide for 15 min and then were added to mixture and incubated
for 3 h. Finally, the Nano-Glo live cell reagent was added and incubated for
15 min to generate a luminescent signal that is directly proportional to the
levels of viral infection to the human HEK293T (LgBiT) cells that are found
in each well of the plate. These luminescent signals were measured in a
Spark plate reader (Tecan, Männedorf, Switzerland) set to luminescence
mode. All the incubations were performed at 37 °C in a CO2 incubator
and three replicates of each condition were performed. The resultant lu-
minescence data was normalized and converted into % of inhibition of
viral infection compared to control condition.

Preparation of SARS-CoV-2-Trap Columns: LCB1-NPs, LCB3-NPs, and
CTL-NPs were dispersed in buffer A (50 mm Tris pH 7.4 and 100 mm
NaCl) at a final concentration of 10 μg μL−1. Afterward, 1.75 mg of each
nanoparticle suspension was separately mixed with Ni-NTA agarose beads
as scaffolding matrix (Ref. R90115, ThermoFisher Scientific, USA) to a fi-
nal volume of 1 mL. The final samples (1 mL each) were packed into 2 mL
Polyprep Chromatography Columns (Ref. 7 311 550, BioRad, USA). One
mock column was also prepared by packing 1 mL of Ni-NTA agarose beads
devoid of any protein nanoparticles. The columns were placed vertically,
and the nanoparticle-containing resin was left to settle by gravity for 1 h
at room temperature. The four virus filtering devices were equilibrated by
flowing 10 mL of PBS through each of the columns by gravity. The whole
process was performed in a laminar airflow cabinet to ensure sterility.
All the utilized material was sterile under and pyrogen free. Additionally,
the protein nanoparticle suspensions and the empty polypropylene chro-
matography columns were initially irradiated under a UV light source. All
the utilized buffers were sterilized by filtration with 0.22 μm filters.

SARS-CoV-2 Trapping Assay: SARS-CoV-2 reference strain Bav-
Pat1/2020 was obtained from Universitätsmedizin Berlin (CUB) via EVAg
network. The viral isolate was then expanded and titrated in Vero E6 cells
(ATCC, CRL-1586).

Five volumes of culture media (DMEM-HPA Capricorn Scientific, sup-
plemented with 100 U mL−1 penicillin and 100 mg mL−1 streptomycin)
was used to equilibrate the columns before addition of the virus. The viral
stock was diluted 1/20 in culture media (to a final concentration of 8×105
SARS-Cov-2 E-gene RNA copies/μL) just before filtration. Each column was
charged with 3 mL of the resulting SARS-CoV-2 suspension and filtered by
gravity. The first 1.1 mL of the eluted fraction, which contain the equilibra-
tion media, were discarded and the next 2 mL were collected for further
analysis.

To measure the retention ability of the columns, the concentration of
virus in the resulting eluates was measured by qPCR. After RNA isolation
using the QIAamp Viral RNA Mini Kit (Qiagen), the E_Assay Fist Line
Screening (IDT) and TaqManTM Fast Virus 1-Step Master Mix (Applied
Biosystems, 4 444 434) was used to quantify the number of SARS-CoV-
2 genomes by qPCR on the 7500 RealTime System (Applied Biosystems)
as previously described.[46] Serial dilutions of the 2019-nCoV_E Positive
Control (IDT) were included in the qPCR assay to infer the number of viral
genomes in the samples. Data is shown as mean± standard deviation (n
= 2 independent qPCR measurements/experiments). Statistical analysis
was conducted using GraphPad Prism 10 software (GraphPad Software
Inc.), performing an ordinary one-way ANOVA test followed by post hoc
multiple comparisons analysis using the Tukey test. p < 0.01 was consid-
ered statistically significant.

To measure the infectivity potential remaining at the column elu-
ates, their infection capacity were monitored by an endpoint dilution
assay in Vero E6 cells. Briefly, Vero E6 cells were seeded at 20.000
cells per well in a 96-well plate. The day later, 100 μL of each elu-
ate, and six further serial dilutions 1/5, all of them prepared in cul-
ture media, were used to infect Vero E6 cultures in triplicate. After
48 h, cytopathic effect was directly visualized in the cell cultures and
infectious units per mL calculated based on the Reed and Muench
method.[47]

Statistical Analysis: All experiments were performed at least in tripli-
cate, with the exception of Figure 8b,c, where a different number of repli-
cates was analyzed, as indicated. Please note that in the qPCR analyses,
n = 2 was used. In this experiment, two different controls were included:
control nanoparticles (CNT-NPs) and a mock column without nanopar-
ticles. Additionally, two SARS-CoV-2 virus-trapping nanoparticle systems
were evaluated (LCB1-NPs and LCB3-NPs). In all cases, data are presented
as mean ± standard deviation (SD). Plotting and statistical analysis were
performed using GraphPad Prism 10 software (GraphPad Software Inc.).
The statistical analysis for Figure 8b was conducted using one-way ANOVA
followed by post hoc multiple comparisons using the Tukey test. *p < 0.01
was considered statistically significant, and ****p < 0.0001.
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