
Production of Plant Virus-Derived Hybrid
Nanoparticles Decorated with Different
Nanobodies
Enrique Lozano-Sanchez, José-Antonio Daros̀,* and Fernando Merwaiss*

Cite This: ACS Nano 2024, 18, 33890−33906 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Viral nanoparticles (VNPs) are self-assembled nanometric complexes whose size and shape are similar
to those of the virus from which they are derived. VNPs are arousing great attention due to potential
biotechnological applications in fields like nanomedicine and nanotechnology because they allow the presentation of
polypeptides of choice linked to the virus structural proteins. Starting from tobacco etch virus (TEV), a plant plus-
strand RNA virus that belongs to the genus Potyvirus (family Potyviridae), here we describe the development of
recombinant hybrid VNPs in Nicotiana benthamiana plants able of exposing simultaneously different proteins on
their surface. This system is based on the synergic coinfection of TEV and potato virus X (PVX; Potexvirus), in
which PVX provides a second TEV CP in trans allowing a mixed assembly. We first generated genetically modified
hybrid VNPs simultaneously displaying green and red fluorescent proteins on their surface. A population of
decorated and nondecorated CPs resulting from the insertion of the picornavirus F2A ribosomal escape peptide was
required for viral particle assembly. Correct assembly of the recombinant mosaic VNPs presenting the exogenous
peptides was successfully observed by immunoelectron microscopy. We next achieved the production of hybrid
VNPs expressing a nanobody against SARS-CoV-2 and a fluorescent reporter protein, whose functionality was
demonstrated by ELISA and dot-blot assay. Finally, we engineered the production of hybrid multivalent VNPs
carrying two different nanobodies against distinct epitopes of the same SARS-CoV-2 antigenic protein, emulating a
nanobody cocktail. These plant-produced recombinant mosaic VNPs, which are filamentous and flexuous in shape,
presenting two different fused proteins on the surface, represent a molecular tool with several potential applications
in biotechnology.
KEYWORDS: hybrid viral nanoparticle, plant virus, molecular farming, nanobody, tobacco etch virus, potato virus X

INTRODUCTION
Viral nanoparticles (VNPs) are virus-based assemblies poten-
tially useful in nanotechnology and nanomedicine, in
applications such as antigen presentation, drug delivery and
targeted bioimaging.1−4 VNPs are attracting interest due to their
exceptional structural features and easy functionalization.
Advantages of VNPs comprise self-assembly with specific
stoichiometry, remarkable stability, biocompatibility, and easy
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biodegradation. Engineering the viral genome is the easiest
strategy to display small polypeptides, and viral coat protein
(CP) represents the perfect scaffold to fuse foreign molecules of
interest.5−7

Molecular farming is a biotechnological field that refers to the
recombinant generation of biotechnologically useful products in
plants. Several studies have demonstrated the ability of plants to
produce valuable proteins, including a growing amount of those

Figure 1. Production of TEV-derived hybrid VNPs carrying a mixture of modified CPs by coinfection with a PVX vector. (A) The E tag was
cloned fused to the amino terminal end of CPTEV maintaining the native processing sites of the polyprotein in the TEV infectious clone
(constructs 1 and 2). The CPTEV sequence fused to a Flag tag was cloned in the PVX vector under the endogenous CP subgenomic promoter of
the PVX infectious clone (constructs 3 and 4). (B) A. tumefaciens was transformed with TEV or PVX recombinant vectors and used to
coagroinoculate N. benthamiana plants. Cells coinfected with both viral vectors expressed both CP-fused proteins, potentially allowing the
assembling of hybrid VNPs. (C) Representative pictures at 10 dpi of the upper leaves of plants mock-inoculated (0), inoculated with all the
individual viral clones (1, 2, 3 and 4) and coagroinoculated with clones 2 and 4. (D) The presence of both recombinant viruses in the
corresponding symptomatic upper leaves was analyzed by RT-PCR with primers flanking the insertion sites (shown in A). Amplification
products were separated via electrophoresis in agarose gels (RT-PCR for TEV on the left andRT-PCR for PVX on the right). (E) The expression
of both peptide-fused CPs (E-CP and Flag-CP) was detected by Western blot with the corresponding conjugated antibodies against the fused
peptides (left and middle panels, respectively) and against the CPTEV (right panel). The positions and sizes of the protein standards are
indicated on the left. Black arrows indicate the positions of the respective proteins.
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entering clinical trials, and some even reaching the market as
approved biologics.8−11 This manufacturing process, typically
using Nicotiana benthamiana plants as biofactories, has shown
great potential for expressing proteins due to short development
times and lower regulatory burden.12,13 In particular, the use of
viruses as vectors for expression in plants has been extensively
characterized in biotechnology, particularly to produce heterol-
ogous proteins.14 Moreover, plant-virus-based VNPs, with
different morphologies, have satisfactorily been converted into
scaffolds for the presentation of polypeptides of interest that can
be either encoded in the viral genome or conjugated chemically
to the surface proteins of the virions. Aiming to develop
diagnostic reagents or recombinant vaccines, researchers have
mostly concentrated on VNPs harboring antigenic epitopes
belonging to pathogens.15−17 Following this approach, the
immune response to antigens with low immunogenicity is
improved due to the inherent capability of VNP to elicit
immunity. Some of the plant viruses frequently employed in this
field include cowpea mosaic virus (CPMV),18−20 tobacco
mosaic virus (TMV)21,22 or potato virus X (PVX), representing
icosahedral, rod and flexuous morphologies, respectively.
However, less-explored viruses that might carry larger transgene
cargoes and improve the host range are being studied.15

Tobacco etch virus (TEV) belongs to the genus Potyvirus
within the family Potyviridae. TEV consists of ca. 750 nm-long
filamentous flexuous virions that encapsidate a genomic RNA
molecule of about 9500 nt. Several features make potyviruses
appealing as VNP scaffolds. The elongated shape of the viral
particles permits insertion of larger foreign genetic cargoes,
while the larger surface area of this kind of particles results in
additional positions for functionalization in comparison with
other virion morphologies.23−25 In fact, some potyviruses have
been employed as scaffolds for antigen display, resulting in
higher immunogenicity.26−29 Potyviruses have been successfully
applied as antigen presentation scaffolds either by expressing
chimeric CPs using heterologous systems to produce VLPs or by
infecting host plants with recombinant viruses with CP-fused
foreign peptides.30

We have recently demonstrated the use of potyviruses for the
production of genetically encoded VNPs carrying nanobodies
(VHH, variable heavy chain) against the Spike (receptor
binding domain, RBD) of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2).31,32 Moreover, these VNPs were
able to completely neutralize pseudovirus infection in cell
culture assays, and the neutralizing activity was increased
compared to a recombinant antibody consisting of a divalent
VHH domain. Here, we go a step further with the development
of recombinant hybrid VNPs derived from TEV, in which more
than one molecule of interest is exposed on their surface. This
system is based on TEV and PVX infectious synergism,33,34 in
which this latter virus provides a second TEV CP (CPTEV) in
trans allowing a mixed assembly.

As a first approach, we generated genetically modified TEV-
derived VNPs copresenting two different fluorescent proteins,
green (GFP) and red (mCherry), on their surface. A mixed
population of labeled and unmodified CPTEV resulting from the
addition of picornavirus ribosomal escape peptide F2A was
needed to allow the assembly of the viral particles. The correct
morphology of the recombinant mosaic VNPs presenting the
exogenous peptides was successfully observed by immunoelec-
tron microscopy. We next produced hybrid VNPs decorated
with a nanobody against SARS-CoV-2 and a fluorescent reporter
protein, the functionality of which was demonstrated by

enzyme-linked immunosorbent assay (ELISA) and dot-blot.
Finally, we engineered hybrid multivalent VNPs carrying two
different nanobodies against distinct epitopes of the same
antigenic SARS-CoV-2 protein, emulating a nanobody cocktail.
These plant-produced recombinant TEV-derived nanoparticles,
presenting simultaneously different recombinant proteins on the
surface, may find biotechnological applicability in nano-
technology and nanomedicine.

RESULTS
Production of TEV-Derived Hybrid VNPs by Coinfec-

tion with a PVX Vector. We have recently reported on the use
of TEV-based VNPs as scaffolds for peptide display using a gene-
encoding strategy.32 This technology relies on cloning the
sequence of interest fused to the amino terminal end of the viral
CP. Once expressed in the infected plant cells, the modified CPs
are able to assemble, forming the recombinant VNPs, without
hindering the viral replication or systemic movement. In this
work, we aimed to move further, focusing on the production of
hybrid VNPs by the coexpression of differently modified CPs in
the same host cells. For this goal, we took advantage of the
reported synergistic infectivity of plant viruses belonging to the
genera Potexvirus and Potyvirus.33,34 In particular, we envisioned
a coinfection system in which a PVX-derived vector expresses a
modified CPTEV in trans, which could be assembled together
with the CPTEV produced by TEV in cis.

To set up this system, we designed a proof-of-concept assay in
which the E tag epitope was cloned and fused to the CP amino-
terminal end in the TEV genome. The recombinant clone
(TEV/E-CP) maintained the native processing sites of the
polyprotein. An additional CPTEV sequence was then cloned in a
PVX vector under its endogenous CP subgenomic promoter and
fused to a Flag epitope, also at its amino-terminal end (PVX/
Flag-CPTEV). PVX CP was expressed from a heterologous
promoter (Figure 1A). This second CPTEV sequence was codon-
optimized for N. benthamiana expression in order to avoid the
presence of sequence repetitions between both viral genomes.
We expected that following systemic infection of the plant with
both recombinant viruses, TEV chimeric virions would be
assembled in the upper leaves (Figure 1B). With this aim,
Agrobacterium tumefaciens were transformed with plasmids
containing both recombinant viruses, and N. benthamiana
plants were single or coagroinoculated. Control plants were also
agroinoculated with wild-type viruses as well as mock-
inoculated. At 10 days postinoculation (dpi), all plants, but
the mock-inoculated controls, showed symptoms of infection on
the upper leaves, suggesting the unaltered systemic infection
capacity of both recombinant viruses. Representative pictures
are shown in Figure 1C. To confirm the presence of the
corresponding recombinant viruses in the symptomatic upper
leaves, we used reverse transcription (RT) followed by
polymerase chain reaction (PCR) with primers flanking the
insertion sites. Amplification products were separated via
electrophoresis in agarose gels (Figure 1D). As expected, no
amplification products were obtained in the mock-inoculated
plants, while the plants inoculated with wild-type TEV (TEV-
wt) and PVX (PVX-wt) showed the expected products of 501
and 208 base pairs (bp), respectively. The plants agroinoculated
with TEV/E-CP produced a band of 555 bp, while those
agroinoculated with PVX/Flag-CPTEV showed a band of 1004
bp, in agreement with CPTEV modification. Finally, the plant
coagroinoculated with both recombinant viruses produced 555

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c07066
ACS Nano 2024, 18, 33890−33906

33892

www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and 1004-bp bands in both analyses, confirming the successful
systemic coinfection of both recombinant viruses.

Next, we analyzed the expression of the corresponding
recombinant CPs. To this purpose, we used polyacrylamide gel

Figure 2. Purification and analysis of hybrid VNPs. (A) Symptomatic tissues were harvested at 10 dpi and homogenized in extraction buffer.
VNPs were purified by several ultracentrifugation steps, including a sucrose gradient. (B) Gradient fractions were analyzed by Western blot
against the two different CP-fused tags, and positive fractions for the presence of both recombinant CPs were pooled, dialyzed, and
concentrated. (C) The product was analyzed by SDS-PAGE with Coomassie brilliant blue staining. Lane 1, TEV-wt; lane 2, TEV/E-CP; and
lane 3, TEV/E-CP/Flag-CP. (D) Analysis of assembled hybrid VNPs carrying two different fused-CPs by TEM coimmunostaining. E-CPs and
Flag-CPs were detected with antibodies conjugated to 10 and 20 nm gold spheres, respectively. Representative TEM images of the
coimmunostaining of the TEV-wt (left column), TEV/E-CP (second column), and TEV hybrid VNPs (third and fourth columns). (E) The
presence of both fused-CPs in assembled hybrid VNPs was also demonstrated by coimmunoprecipitation. Hybrid VNPs were pulled-down with
anti-Flag coated agar beads. TEV/E-CP VNPs were used as a negative control. The co-IP input and output were analyzed by Western blot with
anti-E or anti-Flag antibodies.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c07066
ACS Nano 2024, 18, 33890−33906

33893

https://pubs.acs.org/doi/10.1021/acsnano.4c07066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c07066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c07066?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c07066?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 3. Production of TEVderived VNPs decorated with fluorescent proteins. (A)GFP andmCherry cDNAswere cloned fused to the viral CP
with or without the F2A splicing peptide in between, maintaining the native polyprotein processing sites. (B) Pictures of representative upper
leaves from N. benthamiana plants agroinoculated with all the different constructs, including TEV-wt and mock-inoculated controls, at 14 dpi.
(C) Plant tissues were collected at 14 dpi and the presence of recombinant TEV progeny was analyzed by RT-PCR (top) with primers flanking
the insertion site (shown in A) and by Western blot using an antibody against CPTEV (bottom). Lanes 1, mock-inoculated plant; lanes 2 to 6,
plants agroinoculated with TEV-wt, TEV/GFP-CP, TEV/GFP-F2A-CP, TEV/mCherry-CP and TEV/mCherry-F2A-CP, respectively. The
positions and sizes of DNA and protein standards are indicated on the left. Black arrowheads indicate the positions of the CPTEV fusion and free
CPTEV. (D) Stereomicroscope pictures of infected N. benthamiana leaves under visible light, green fluorescence, and red fluorescence
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electrophoresis (PAGE), with denaturing gels that contained
sodium dodecyl sulfate (SDS; SDS-PAGE), to analyze samples
collected from different agroinoculated plants. Three different
Western blots were performed, and each of them was revealed
with a different antibody. The presence of the CP expressed in cis
by the TEV vector was detected with an anti-E antibody while
the expression of the CPTEV produced in trans by the PVX vector
was detected with an anti-Flag antibody (Figure 1E, left and
center). Lastly, the presence of both recombinant CPs was also
confirmed by simultaneous detection using an anti-CPTEV
antibody (Figure 1E, right).

Subsequently, we sought to analyze the correct assembly and
chimeric identity of the recombinant VNPs. Centrifugation in a
sucrose gradient was used to fractionate extracts obtained from
infected tissues (Figure 2A). Fractions analyzed byWestern blot
using both anti-E or anti-Flag antibodies showed efficient
separation of the free CPmonomers (i.e., not assembled) on the
light gradient fractions and the coexistence of presumably
assembled chimeric VNPs in the fractions corresponding to the
heavy part of the gradient (Figure 2B). All the fractions with
VNPs were mixed and subjected to dialysis and centrifugal
concentration employing filter devices. TEV-wt and recombi-
nant TEV/E-CP were also purified from infected tissues as
controls. Finally, purified VNPs were analyzed by SDS-PAGE
and gels were stainedwith Coomassie brilliant blue.We detected
wild-type TEV CP (29.5 kDa), the larger E-CP derivative (31
kDa) and the mix of both derivative species (E-CP and Flag-CP)
in the corresponding plants. The different CP species were
detected by Western blotting employing the antibodies
indicated above (Figure 2C). Next, we used coimmunoelectron
microscopy (co-IEM) to analyze if the purified recombinant
VNPs were correctly assembled and showed a chimeric display
of both recombinant CPs. For this analysis, we performed an
immunostaining using a mix of two primary antibodies (anti-E
and anti-Flag) followed by a mix of two secondary antibodies
(anti-mouse and anti-rabbit) conjugated to gold 10 or 20 nm
spheres, respectively. Images of the TEV-wt negative control are
depicted in Figure 2D (left column) showing no unspecific
signal, while three representative images of TEV/E-CP (second
column) showed staining exclusively with the 10 nm gold
spheres, as expected. Conversely, the 6 representative images
from the hybrid VNPs (third and fourth columns) showed the
presence of gold spheres of both sizes attached to the same
particles. These images showed the characteristic TEV
filamentous virions homogeneously decorated with both types
of gold spheres, which supported the successful generation of
hybrid chimeric VNPs.

To further confirm these results, the presence of both fused-
CPs in assembled hybrid VNPs was also proved by
coimmunoprecipitation. Hybrid VNPs were pulled-down with
anti-Flag coated agar beads, while TEV/E-CP VNPs were
employed as a negative control. Western blot of the
coimmunoprecipitation input and output showed that E-CPs
were specifically pulled down when they were expressed along

the Flag-CPs, supporting the assembly of hybrid VNPs (Figure
2E, top). The same samples were analyzed with an anti-Flag
antibody as a control of the presence of this type of modifiedCPs
only in the corresponding sample (Figure 2E, bottom). These
experiments demonstrate the generation of TEV-based hybrid
VNPs containing two different foreign peptides in N.
benthamiana plants using a synergistic coinfection system.

Production of TEV Derived VNPs Decorated with
Fluorescent Proteins. After proving the production of hybrid
VNPs in which small tags were fused to different CPs, we
intended to produce hybrid VNPs decorated with larger proteins
such as the fluorescent proteins GFP andmCherry (239 and 236
amino acids, respectively). However, we first analyzed whether
TEV-derived VNPs could assemble with GFP or mCherry-fused
CPs individually. With this aim, GFP and mCherry cDNAs were
cloned fused to the amino terminal end of CPTEV. As previously
shown in other works, attempts to present large proteins fused to
all the CP subunits frequently lead to defective particle assembly
or substantially lower yields. However, this problem can be
solved by adding wild-type CP copies to generate mosaic virions.
To achieve this, one possibility is to insert the picornavirus F2A
ribosome skipping domain to split the linked proteins, resulting
in a mix of wild-type and fused proteins.35 Therefore, in order to
anticipate possible limitations on the infectivity of the
recombinant TEV clones (TEV/GFP-CP and TEV/mCherry-
CP), we also built derivative clones in which the F2A sequence
was cloned between the corresponding fluorescent protein and
the CP to generate partially decorated VNPs (TEV/GFP-F2A-
CP and TEV/mCherry-F2A-CP) (Figure 3A). All recombinant
viruses were agroinoculated in N. benthamiana plants including
TEV-wt and mock-inoculated controls. Pictures of representa-
tive upper leaves were taken at 14 dpi (Figure 3B). These images
show that symptoms of infection only developed for the F2A-
carrying viruses, as well as for the positive wild-type controls,
suggesting that the direct fusion of the exogenous proteins
interferes with virus replication. In order to confirm that the
inserted sequences were still present in the progeny of the
recombinant viruses, plant tissues were collected (14 dpi) and
the TEV genomes were analyzed via RT-PCR using primers that
flanked the insertion site. Amplification products separated via
agarose gel electrophoresis showed the presence of bands with
the expected position only for the same samples in which
symptoms were visually observed (Figure 3C, top). We next
analyzed the protein extracts from infected tissues by Western
blot with an antibody against CPTEV. Results showed the
accumulation of free CPTEV (30 kDa) in plants inoculated with
TEV-wt, TEV/GFP-F2A-CP or TEV/mCherry-F2A-CP, while
higher bands, likely corresponding to the fluorescent protein-
CPTEV fusions (60 kDa), were only seen in plants agroinoculated
with TEV/GFP-F2A-CP and TEV/mCherry-F2A-CP (Figure
3C, bottom). In addition to the two expected bands, a third band
corresponding to an intermediate size (approximately 42 kDa)
was also detected, likely arising from degradation of the larger
fused-protein. Hereafter, all virus recombinant clones contained

Figure 3. continued

conditions. Bar: 5mm. (E) VNPs were purified as previously described and the purification product was analyzed by SDS-PAGE andCoomassie
brilliant blue staining (top) and its fluorescence visualized under UV light (bottom). Black arrows indicate the positions of the CPTEV fused
protein and free CPTEV. (F) Purified recombinant VNPswere analyzed by TEMand the presence of GFP ormCherry presented on their surfaces
was detected by IEM. GFP was detected with a primary anti-GFP and a secondary anti-mouse conjugated to 10 nm gold particles. mCherry was
detectedwith a primary anti-mCherry and a secondary anti-rabbit antibody conjugated to 20 nm gold spheres. Three different images are shown
for each VNP purification. Images of a TEV-wt negative control are also included on the left.
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Figure 4. Production of hybrid TEV nanoparticles codecorated with GFP and mCherry. (A)N. benthamiana plants were coagroinoculated with
the TEV/GFP-F2A-CP and a PVX vector expressing the CPTEV cDNA sequence fused to mCherry (PVX/mCherry-F2A-CPTEV). Cells
coinfected with both recombinant viruses express both CPTEV-fused proteins as well as free CPTEV potentially allowing the assembly of hybrid
chimeric particles. (B) Representative stereomicroscope pictures of coinfected N. benthamiana leaves under visible light, green fluorescence
and red fluorescence conditions. The coexpression of GFP andmCherry in the same cells was also confirmed by confocal microscopy. (C) VNPs
were purified as previously described. Sucrose gradient fractions were analyzed by Western blot using an antibody against GFP or an antibody
against mCherry and positive fractions for both recombinant CPs were pooled, dialyzed, and concentrated. (D) Correct assembly of purified
VNPs was observed by TEM negative-staining and the presence of both GFP and mCherry presented on their surface was detected by
coimmunostaining with the same antibodies described in Figure 3, except for the anti-rabbit that was conjugated to 40 nm gold spheres. Six
different representative images are shown. Images of a TEV-wt negative control are also included on the left.
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the F2A skipping peptide between the protein of interest and
viral CP to produce partially decorated VNPs.

The functionality of the fluorescent proteins was also analyzed
by imaging infected N. benthamiana leaves with a fluorescence
stereomicroscope. Pictures taken under conditions to reveal

Figure 5. Hybrid VNPs codecorated with a nanobody against SARS-CoV-2 RBD and a fluorescent reporter protein. (A) N. benthamiana plants
were coagroinoculated with a TEV/αRBD- F2A-CP and a PVX vector expressing the CPTEV cDNA sequence fused to GFP or mCherry. Cells
coinfected with both viruses express both CP-fused proteins as well as free CPTEV potentially allowing the assembly of hybrid chimeric particles.
(B) Plant symptomatic tissues were collected at 14 dpi, and VNPs were purified as previously described. Sucrose gradient fractions were
analyzed byWestern blot using the corresponding antibodies (left panel, anti-GFP, anti-E and anti-CPTEV; right panel, anti-mCherry, anti-E and
anti-CPTEV). The positions and sizes of protein standards are indicated on the left. Black arrowheads indicate the positions of the respective
fused proteins and free CPTEV. (C) Positive fractions for both recombinant CPs were pooled, dialyzed, and concentrated. The purification
products were analyzed by Western blot with an anti-CPTEV. (D) Correct assembly of purified VNPs was observed by TEM negative-staining,
and the presence of both fused proteins presented on their surface was detected by coimmunostaining. Top, hybrid VNPs presenting αRBD and
GFP; αRBD was detected with a primary anti-E and a secondary anti-mouse conjugated to 10 nm gold spheres, while GFP was detected with a
primary anti-GFP and a secondary anti-rabbit antibody conjugated to 20 nm gold spheres. Bottom, hybrid VNPs presenting αRBD and
mCherry. αRBDwas detected with a primary anti-E and a secondary anti-mouse conjugated to 10 nm gold spheres, while mCherry was detected
with a primary anti-mCherry and a secondary anti-rabbit antibody conjugated to 20 nm gold spheres. Four different representative images are
shown for each hybrid VNP. Images of a TEV-wt negative control immunostaining are shown on the left.
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green or red fluorescence showed the expected accumulation of
the corresponding fluorescent protein in each case (Figure 3D).
VNPs were next purified from infected leaves and analyzed, on
the one hand, by Coomassie-stained SDS-PAGE, and on the
other hand, by fluorescence imaging of the purified samples
under UV light. First analysis showed the presence of both free
and fused-CP (Figure 3E, top); second analysis exhibited the
expected fluorescence emission (Figure 3E, bottom). Finally, in

order to demonstrate that the recombinant fluorescent VNPs
were assembled correctly and exposed to the fluorescent
proteins on their surface, purified recombinant VNPs were
analyzed by IEM. GFP was detected using an anti-GFP and a
secondary anti-mouse coupled with gold (10 nm) spheres, while
mCherry was detected using an anti-mCherry and a secondary
anti-rabbit coupled to gold of 20 nm diameter; a TEV-wt
preparation was used as a negative control in both cases. Images

Figure 6. Functionality of hybrid VNPs codecorated with a nanobody against the RBD antigen and a fluorescent reporter protein. (A) Schematic
representation of the ELISA to detect RBD. Plates (96-well) were coated with 100 ng/well of recombinant RBD, incubated with serial dilutions
of TEV-hybrid VNPs as indicated, extensively washed, and finally revealed using an AP-conjugated anti-CPTEV. TEV-wt and TEV/αRBD-CP
VNPs were used as negative and positive control, respectively. Bars represent the means and standard deviations for triplicate samples. Data
were analyzed by two-way ANOVA with Tukey’s posttest (***, P < 0.001). A similar ELISA was performed, but detection was made with an
HRP-conjugated anti-GFP (B) or an HRP-conjugated anti-mCherry (C), in both cases using TEV/αRBD-CP VNPs as negative control. (D)
Hybrid VNPs functionality was also analyzed by dot-blot assay. Serial dilutions of RBD antigen were coated on a nitrocellulose membrane and
incubated with TEV/αRBD-CP, TEV/αRBD-CP/GFP-CP or TEV/αRBD-CP/mCherry-CP VNPs, respectively. Specific interaction was
detected with an AP-conjugated anti-CPTEV as positive control and with a stereomicroscope under green and red fluorescence conditions.
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Figure 7. Production of hybrid VNPs codecorated with two nanobodies against different epitopes of RBD. (A) N. benthamiana plants were
coagroinoculated with a TEV/αRBD1-F2A-CP vector and a PVX vector expressing the CPTEV cDNA sequence fused to αRBD2, which targets a
different epitope of RBD. Cells coinfected with both viral vectors express both CP-fused nanobodies as well as free CPTEV potentially allowing
the assembling of hybrid chimeric particles. (B) Plant symptomatic tissues were collected at 14 dpi, and VNPs were purified as previously
described. Sucrose gradient fractions were analyzed by Western blot using the corresponding antibodies (anti-E for αRBD1-CP, anti-Flag for
αRBD2-CP, and anti-CPTEV for all CPs). The positions and sizes of protein standards are indicated on the right. Black arrowheads indicate the
positions of the respective fused proteins and free CPTEV. (C) Positive fractions for both recombinant CPs were pooled, dialyzed and
concentrated. The purification product was analyzed by SDS-PAGE and Coomassie brilliant blue staining (lane 3), including a purified TEV-wt
and a purified TEV/αRBD1-CP as references (lanes 1 and 2, respectively). (D) The presence of both fused-CPs in assembled hybrid VNPs was
demonstrated by coimmunoprecipitation. Hybrid VNPs were pulled-down with anti-Flag coated agar beads. αRBD1-VNPs were used as a
negative control. The co-IP input and output were analyzed by Western blot with an anti-E. (E) An ELISA was performed to detect RBD with
the single nanobody expressing VNPs or with the hybrid VNPs. Plates (96-well) were coated with 100 ng/well of recombinant RBD, incubated
with serial dilutions of TEV VNPs as indicated, extensively washed, and finally revealed using AP-conjugated anti-CPTEV. TEV-wt was used as
negative control. Bars represent themeans and standard deviations for triplicate samples. Data were analyzed by two-way ANOVAwith Tukey’s
posttest (***, P < 0.001). (F) Correct assembly of purified VNPs was observed by TEM negative-staining, and the presence of both fused
proteins presented on their surface was detected by coimmunostaining. αRBD1 was detected with a primary anti-E and a secondary anti-mouse
conjugated to 10 nm gold particles, while αRBD2 was detected with a primary anti-Flag and a secondary anti-rabbit antibody conjugated to 20
nmgold spheres. Four different representative images are shown for each hybrid VNP. Images of a TEV-wt negative control immunostaining are
shown on the left.
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revealed the characteristic TEV filamentous virions specifically
decorated with their respective gold spheres (Figure 3F). Taken
together, these results demonstrate the feasibility of generating
correctly assembled TEV-derived VNPs exposing fluorescent
proteins on their surfaces.

Production of Hybrid TEV Nanoparticles Codecorated
with GFP and mCherry. To put together the results shown
above, we attempted to produce hybrid particles exposing GFP
and mCherry in the same recombinant TEV-derived VNP.With
this aim,N. benthamiana plants were coagroinoculated following
the same strategy already described, using the TEV/GFP-F2A-
CP and a PVX vector expressing CPTEV fused to mCherry
(PVX/mCherry-F2A-CPTEV) (Figure 4A, left side). Cells
coinfected with both recombinant viruses should express both
CP-fused proteins and free CPTEV potentially allowing the
assembling of hybrid chimeric virions (Figure 4A, right side).
After 14 days, symptoms were visible in upper leaves of
inoculated plants, and both fluorescent proteins accumulated in
infected tissues. Representative stereomicroscope pictures of
coinfected N. benthamiana leaves under white light, and
conditions to reveal green and red fluorescence are shown in
Figure 4B. GFP and mCherry coexpression in the same cells was
also corroborated by confocal microscopy (Figure 4B, merged
magnification scheme on the right). Next, VNPs were purified
by ultracentrifugation on a sucrose gradient. Both CP-fused
fluorescent proteins were observed by Western blot in the same
fractions using the correspondent specific antibodies (Figure
4C). Finally, the effective VNP assembly was corroborated by
transmission electron microscopy (TEM). The occurrence of
both GFP and mCherry presented on their surface was
visualized by co-IEM with the specific antibodies described
above, except for the anti-rabbit that in this case was conjugated
to 40 nm gold spheres, in order to better differentiate sizes
(Figure 4D). Images showed the presence of TEV-like particles
costained with gold spheres of both sizes, which supported that
hybrid VNPs were successfully assembled (TEV/GFP-CP/
mCherry-CP). To further support this notion, we also
developed the reciprocal coagroinoculation system, using a
TEV/mCherry-F2A-CP viral vector and a PVX vector
expressing the CPTEV cDNA sequence fused to GFP (PVX/
GFP-F2A-CPTEV). Following the same steps previously
described, we successfully obtained hybrid particles exposing
both fluorescent proteins that were clearly visualized by co-IEM
(Supplementary Figure S1).

Hybrid VNPs Codecorated with a Nanobody against
SARS-CoV-2 and a Fluorescent Reporter Protein. Next, we
considered combining the expression of a nanobody against
SARS-CoV-2 RBD (αRBD)36 with a fluorescent reporter
protein on the same hybrid nanoparticle, thus generating a
reagent with potential applicability in diagnosis. We coagroino-
culated N. benthamiana with TEV/αRBD-F2A-CP and a PVX-
derivative expressing the CPTEV fused either to GFP or to
mCherry (named generically as FP-CP). Of note, the αRBD
domain was tagged with an E tag in order to follow its
accumulation (Figure 5A). Plant upper symptomatic tissues
were collected at the 14 days postion, and VNPs were purified as
previously described. We analyzed the sucrose fractions via
Western blot using the corresponding antibodies for each fused-
CP combination, and positive fractions for both recombinant
CPs were pooled, dialyzed and concentrated (Figure 5B).
Purified VNPs were analyzed by Western blot with an antibody
against the CPTEV. Three main bands were observed that likely
correspond to wild-type CP, αRBD-CP and FP-CP (Figure 5C).

Purified VNPs were then directly visualized by electron
microscopy, and the occurrence of both fused proteins on the
exterior was confirmed by co-IEM (Figure 5D). These results
indicated that TEV-like virions codecorated with αRBD and
GFP or mCherry were successfully assembled.

We next analyzed the functionality of these hybrid VNPs
coexhibiting a nanobody against RBD and a fluorescent reporter
protein. First, we performed an ELISA against the RBD antigen.
Plates (96 wells) were coated with recombinant RBD (100 ng/
well). Serial dilutions of hybrid VNPs were used to incubate the
plates. After thorough washing, this assay was finally revealed
using an alkaline phosphatase (AP)-conjugated anti-CPTEV
antibody. We used TEV-wt and TEV/αRBD-CP nanoparticles
as negative and positive controls. A schematic representation of
the assay is shown in Figure 6A. Both hybrid VNPs produced a
signal whose intensity was similar to that produced by the
αRBD-decorated TEV positive control. TEV-wt raised no
significant signal at any of the concentrations assayed. This result
supports the idea that the αRBD nanobody is functional in the
context of hybrid VNPs. To demonstrate that these particles
were also carrying a fluorescent protein, a similar ELISA against
RBD was performed, but binding was indirectly detected
through HRP-conjugated anti-GFP (Figure 6B) or HRP-
conjugated anti-mCherry (Figure 6C) antibodies. TEV/
αRBD-CP was used as a negative control in both cases. These
results demonstrate the physical link between αRBD-CP and the
FP-CP.

To take advantage of the fluorescent reporter proteins, the
functionality of the hybrid VNPs was also monitored by dot-blot
assays. For this purpose, serial dilutions of the RBD antigen were
spotted on a nitrocellulose membrane, which was incubated
with preparations of TEV/αRBD-CP, TEV/αRBD-CP/GFP-
CP and TEV/αRBD-CP/mCherry-CP nanoparticles, respec-
tively. Specific interaction was first reveled with an AP-
conjugated anti-CPTEV antibody as a positive control and
subsequently by visualization using a stereomicroscope under
green or red fluorescence conditions, respectively. AP-derived
luminescent signals and fluorescent signals correlated and
decreased, as expected, with VNP dilutions (Figure 6D).
Altogether, these results support the successful generation of
functional hybrid VNPs derived from TEV presenting
simultaneously a nanobody and fluorescent reporter proteins.

Hybrid VNPs Codecorated with Nanobodies against
Different Epitopes of RBD. Finally, we aimed to combine the
expression of two different nanobodies on the same hybrid VNP.
We envisioned that this kind of polyvalent complex could be
equivalent to a nanobody cocktail. In particular, the simulta-
neous use of antibodies targeting distinct regions of the same
viral protein has been proven to be a powerful strategy to
overcome the virus mutational scape. Thus, we chose to present
two different nanobodies against two distinct epitopes of the
RBD antigen that were previously described36,37 (named here
for simplicity, αRBD1 and αRBD2).

Plants were coagroinoculated with TEV/αRBD1-CP, and a
recombinant PVX expressing the CPTEV fused to αRBD2 (PVX/
αRBD2-F2A-CPTEV). Of note, the αRBD1 domain was tagged
with an E tag, while the αRBD2 domain was tagged with a Flag
tag, in order to follow their accumulations (Figure 7A).
Symptomatic tissues were collected at 14 dpi, and VNPs were
purified as previously described. Fractions of the sucrose
gradient were analyzed by Western blot with the specific
antibodies (anti-E for αRBD1-CP, anti-Flag for αRBD2-CP, and
anti-CPTEV to detect all CP forms simultaneously) (Figure 7B).
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Fractions with positive signals for both recombinant CPs were
pooled, dialyzed, and concentrated. The purified products were
visualized by Coomassie staining, including purified TEV-wt and
single-decorated αRBD1-VNPs as controls, and next analyzed
by Western blot against both fused CPs. Bands of the expected
sizes were observed (Figure 7C). The presence of both fused-
CPs in assembled hybrid VNPs was evaluated by coimmuno-
precipitation. Hybrid VNPs were pulled-down with anti-Flag
coated agar beads, and the co-IP inputs and outputs were
analyzed by Western blot with an anti-E. Single-decorated
αRBD1-VNPs were again used as negative control (Figure 7D).
Next, an ELISA was performed to detect RBD with both single
nanobody expressing VNPs or with the hybrid VNPs. Plates
were coated with recombinant RBD (100 ng/well) and
incubated with serial dilutions of VNPs, and the assay was
finally revealed using an AP-conjugated anti-CPTEV. TEV-wt was
used as negative control. The graph depicting the results showed
similar curves for all of the nanobody-carrying VNPs, supporting
that hybrid VNPs are equally functional (Figure 7E). In
addition, correct assembly of purified hybrid VNPs was observed
by co-IEM. αRBD1 was detected using an anti-E followed by a
secondary gold-conjugated (10 nm) anti-mouse, while αRBD2
was detected using an anti-Flag and a secondary anti-rabbit
coupled to gold (20 nm) (Figure 7F, top line). TEV-like
particles decorated with gold spheres of both sizes were
successfully observed, confirming the chimeric identity of the
VNPs. Finally, an inverted coagroinoculation strategy in which
αRBD2 was cloned in the TEV vector and αRBD1-CPTEV in the
PVX vector was also performed, and purified VNPs were also
analyzed by co-IEM, obtaining similar results (Figure 7F,
bottom line).

DISCUSSION
Plant VNPs engineered as scaffolds to expose polypeptides on
their surfaces present some outstanding properties. In contrast
to most synthetic nanoparticles, they are biocompatible and
biodegradable, they self-assemble based on viral CP endogenous
properties, and are amenable for inexpensive large-scale
production.4 Moreover, their particulate nature allows the
development of easy protocols for purification and concen-
tration. Because plant viruses are not pathogenic to humans and
other vertebrates, this kind of VNPs has raised interest in the
sector of nanotechnology.1−4,38,39

Although initial work in the field was based on icosahedral
VNPs,20 isometric viruses exhibit some limitations for peptide
presentation as a consequence of the particle geometry. In
contrast, flexuous filamentous viruses provide nanostructures
with a higher aspect ratio, increasing the potential sites for
functionalization.23,24 Virions of TEV (genus Potyvirus; family
Potyviridae) are made up of approximately 2000 CP subunits
helically arrayed, in which the N-terminal domain is projected
toward the external surface of the particle, while the C-terminal
end is packaged in the lumen.40−43 Potyviruses have been
already engineered into nanoscaffolds for the presentation of
short antigenic peptides exhibiting improved immunogenic-
ity,26−29 and we previously showed generation of genetically
encoded TEV-derived VNPs exposing on their surface nano-
bodies against different targets.31,32 Going a step further in this
work, we demonstrate the possibility of producing hybrid TEV-
derived nanoparticles in N. benthamiana biofactory plants. For
this, we took advantage of the synergy inmixed infections among
PVX and several potyviruses, TEV included.33,44,45 Both
recombinant viruses replicated and spread systemically, reaching

the upper leaves, therefore expressing the mixture of modified
CPs in the same cells. Co-immunoelectron microscopy assay
allows not only to perform a qualitative analysis of VNPs but also
to directly visualize antigens and their relative positions within
the viral particles.46 Using this technique, we confirmed that the
TEV-derived VNPs assembled properly, forming filamentous
particles and, most importantly, that both epitope tags were
simultaneously exposed on the outer surface.

Since E and Flag tags are small polypeptides, we explored the
replacement of these fused tags with two different fluorescent
proteins, GFP andmCherry. We obtained successful results only
after using the picornavirus F2A skipping peptide to produce
partially decorated VNPs. Production of hybrid plant VNPs
displaying two fluorescent proteins as CP fusions was previously
reported. Authors used combinations of expression vectors
derived from PVX and TMV to produce hybrid PVX
nanoparticles.47 They also performed bimolecular fluorescence
complementation (BiFC) assays using a split-mCherry system
fused to different PVXCPs to demonstrate hybrid nanoparticles.
They found that the direct fusion of these large proteins to the
CP impaired particle assembly and thus used the 2A peptide to
produce a so-called hybrid overcoat structure on the PVX
nanoparticles.48−50 These results are consistent with several
other studies showing that only small polypeptides are able to be
expressed linked to the PVX CP N-terminal end, whereas by
employing a 2A peptide, VNPs can display larger polypep-
tides.49,51−55

Successful production of decorated VNPs requires careful
structural study of the fusion partners, including potential
interference on assembly. Some potyviral particles have been
structurally analyzed,41−43 and for turnip mosaic virus (TuMV),
the viability of different functionalized VNPs has been studied
using advanced computational methodologies that include
molecular dynamics.56,57 These works showed how the high
flexibility of the intrinsically disordered region (IDR) compris-
ing the CP N-terminal domain is a key stabilization feature for
virion assembly. Attempts to fuse different proteins with variable
sizes, structures or interaction energies to this domain resulted in
variable results.6 In this context, the use of a picornavirus F2A
skipping peptide contributes to avoid potential disruptive
interactions and therefore improves recombinant VNP stability.
Moreover, computational analysis has shown the capacity to
predict the outcome of recombinant VPNs, which could benefit
future work.57

Due to their small size and structural simplicity, recombinant
VHH or nanobodies are amenable to bioengineering and can be
expressed as fusions with other protein domains producing
bivalent or multivalent molecules with multispecific binding
abilities. Plants hold the potential to produce recombinant
antibodies and vaccines to contribute to the global response to
pandemics, as recently demonstrated in the case of SARS-CoV-
2, based on production speed, scalability, safety, and economic
cost.9,10,13,58−62 We previously developed VNPs presenting
single genetically encoded nanobodies against the RBD (Spike
protein) of SARS-CoV-2.32 These nanobodies, originally named
VHH-72 and Ty1,36,37 are here renamed αRBD1 and αRBD2
for simplicity. In this work, we moved forward by producing
hybrid TEV-derived VNPs that combine αRBD1 and
fluorescent reporter proteins. Both GFP- or mCherry-fused
CPs were successfully mix-assembled with αRBD1-fused CPs, as
could be shown not only by IEM but also by functional assays in
which the interaction of the VNPs with the RBD antigen was
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detected by fluorescence analysis. These chimeric VNPs hold
promise for use as a diagnostic reagent.

Since the beginning of COVID-19 pandemics, circulating
variants of SARS-CoV-2 acquired nucleotide changes that
improved viral transmissibility by facilitating escape from
immune neutralization.63−65 Experiments of in vitro evolution
showed that targeting simultaneously two neutralizing epitopes
significantly hinders the emergence of virus escape mu-
tants.66−68 Multimeric hybrid VNPs displaying several distinct
nanobodies may represent powerful escape-resistant therapeu-
tics. Because αRBD1 and αRBD2 do not recognize the same
RBD epitope,69 we considered them proof of this principle by
generation of multivalent bispecific VNPs. The functionality of
these hybrid VNPs in ELISA was similar to that of the
individually decorated VNPs. Future neutralization assays may
prove potential increased protection against mutational escape
variants.

This work expands the capabilities of plant virus-derived
nanoparticles as multifunctional systems. Because of their
stability, biocompatibility, and customizable surface function-
ality, VNPs are considered potential biotechnological tools for
therapeutics, diagnostics, and imaging applications. Plant
derived VNPs have gained interest in nanomedicine as potential
anticancer biomaterials. To circumvent the side effects of some
systemic drugs, VNPs are considered for targeted therapeutic
approaches with anticancer compounds being directly delivered
to tumor cells.2,70−73 Hybrid VNPs may be engineered with
different nanobodies to selectively target cancer cell receptors,
increasing the specificity and efficacy of therapeutics.71 Addi-
tionally, plant viruses have been shown to enhance the
immunogenicity of peptides through robust presentation to
the immune system. Antigen multimeric presentation is a well-
established approach to induce strong humoral immune
responses.74 Given that immune responses against single
epitopes from pathogens are usually not enough to protect
from infection, simultaneous presentation of various epitopes
may be a good solution for the development of more effective
vaccines.47 In this line, hybrid VNPs presenting two or more
different antigens could widen the range of antibodies induced
by recombinant vaccines.74

Of course, there are still challenges to overcome. Our results
showed that the yields of hybrid VNPs carrying larger proteins
were lower than those of VNPs decorated with small tags. Based
on the intensity of Coomassie brilliant blue-stained protein
bands and comparison with protein standards, yields ranging
from 20 to 100 μg per gram (fresh weight) of plant tissue were
calculated for the different hybrid VNP preparations. The
presence of large fused cargos must limit accumulation of the
recombinant viruses when compared to wild-type counterparts.
In addition, although the synergistic interaction between PVX
and TEV is used here as a platform for the production of hybrid
particles, this dual systemmight also have a negative effect on the
yield. The use of two synergic viruses boosts viral accumulation,
especially that of PVX, but also increases disease symptoms, with
the consequent negative effect on the host plant. It can also be
assumed that the number of coinfected cells is only a fraction of
those singly infected with one or the other virus. Furthermore,
the proportion of functionalized CPs as well as the ratio among
cargoes in the hybrid VNPs is expected to change from batch to
batch. Future work must definitively focus on optimizing hybrid
VNP production. The best ratio among the different A.
tumefaciens clones or even sequential agroinoculation can be
analyzed. Vacuum-based agroinfiltration of the entire plant can

also be considered to increase the rate of coinfected cells. Finally,
purified VNPs can also be used to infect plants in place of
agroinoculation in order to reduce tissue damage or decrease the
host response to inoculation.

Despite the production of foreign proteins in plants still
exhibis some limitations, not only associated with purification or
downstream processing but also with some regulatory issues,
many recombinant proteins have been produced with
demonstrated safety and efficacy in preclinical and clinical
studies.58 However, for VNP biomedical applications, their
interaction with the immune system still requires a deep analysis.
In addition, although some methods such as radiation or
chemical treatments are expected to produce innocuous
nanoparticles, careful evaluation of in vivo toxicity and stability
is still required.75

CONCLUSIONS
In this work, we have reported on the production in N.
benthamiana plants of genetically encoded plant virus-derived
hybrid VNPs, which are used as scaffolds for presenting different
nanobodies simultaneously or to combine nanobodies and
fluorescent proteins. Potyviruses encompass the largest group of
RNA viruses affecting plants, with many species and a
collectively wide host range, which will allow exploring different
plant species as possible host biofactories. This study
contributes to the development of VNPs based on plant viruses
as green bionanomaterials that may be useful tools in
nanotechnology, particularly in nanomedicine. Sustainably
production of biosecure VNPs in plants represents a promising
biotechnology with potential to treat a wide variety of diseases
affecting humans.

METHODS
Plasmid Construction. Plasmid pGTEVa76 (Supplementary

Figure S2) is a pCLEAN-G181-derivative that contains the cDNA of
a TEV sequence variant with GenBank accession number DQ986288,
including two silentmutations (G273A, A1119G). In this plasmid, TEV
cDNA expression is under the control of the 35S promoter and
terminator of cauliflower mosaic virus (CaMV).77 Plasmid pLBPVX
(Supplementary Figure S2) contains a PVX cDNA with GenBank
accession numberMT799816.1. PVX cDNA is also under the control of
the 35S promoter and terminator of CaMV. Starting from pGTEVa and
pLBPVX, derivatives were built using common techniques in molecular
biology, such as PCR amplification using a high-fidelity DNA
polymerase (Phusion; Thermo Scientific), DNA cleavage using
restriction enzymes and DNA joining78 with the NEBuilder HiFi
DNA assembly master mix (New England Biolabs). To prepare TEV
recombinant clones, exogenous cDNAs were inserted at the 5′ side of
CPTEV gene, with or without the picornavirus F2A peptide35 in
between. The three first codons of CPTEV, although with silent
mutations, were repeated to facilitate proteolytic cleavage mediated by
viral NIaPro. To prepare PVX recombinant clones, the exogenous
cDNAs were inserted as an independent ORF after the CPPVX
promoter. In these clones, PVX CP contains a deletion of the 29
codons at the N-terminal end and is expressed through a heterologous
promoter derived from a related potexvirus, bamboo mosaic virus
(BaMV).79 Sequences of all TEV and PVX recombinant clones are in
Supplementary Figures S3 and S4, respectively.

Inoculation of Plants. N. benthamiana was cultivated at 25 °C in
growth chambers with a 16/8 h light/darkness cycle. Plasmids
containing TEV recombinant clones were used to transform the
C58C1 strain of A. tumefaciens. In this case, the strain also contained
pCLEAN-S48 as a helper plasmid.77 After electroporation, A.
tumefaciens were grown in the presence of 50, 50, and 7.5 μg/mL of
kanamycin, rifampicin, and tetracycline, respectively. In the case of
recombinant PVX clones, the A. tumefaciens C58C1 strain was used

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.4c07066
ACS Nano 2024, 18, 33890−33906

33902

https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07066/suppl_file/nn4c07066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07066/suppl_file/nn4c07066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07066/suppl_file/nn4c07066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c07066/suppl_file/nn4c07066_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c07066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with no helper plasmid. After electroporation, A. tumefaciens were
grown in plates containing only 50 μg/mL of each kanamycin and
rifampicin. Selected colonies were grown in liquid media for 24 h at 28
°C to reach 0.5 to 1 optical density at 600 nm (OD600). Bacteria were
centrifuged and resuspended at OD600 of 0.5 in agroinoculation
medium32 (10 mMMES-NaOH [pH 5.6], 10 mM MgCl2, and 150 μM
acetosyringone). The preparation was subjected to induction for 2 h
(28 °C).N. benthamiana plants (4−6 weeks old) were infiltrated in fully
expanded upper leaves with A. tumefaciens cultures harboring PVX or
TEV clones using a needleless syringe. After infiltration,N. benthamiana
plants were grown at 25 °C under a cycle of 16/8-h light/darkness. At
14 dpi, in general, tissues with symptoms were harvested from apical
leaves, as well as similar tissues from controls mock-inoculated. Tissues
were stored frozen at −80 °C.

Analysis of the Viral Progeny via RT-PCR. Leaf tissue aliquots
were treated to purify the RNA with silica columns (Zymo Research).
In the case of PVX analysis, RNA preparations were retrotranscribed
with RevertAid reverse transcriptase (Thermo Scientific) and
oligodeoxynucleotide 5′-CTCTTTAATTGCTGCTGC-3′. RT reac-
tion was followed by PCR amplification using oligodeoxynucleotides
5′-GCCATTGCCGATCTCAAGCCAC-3′ and 5′-GCTACTAT-
GGCACGGGCTGTAC-3′, which flanked the N-terminal end of
CPPVX. In the case of TEV, cDNA synthesis was performed with
oligodeoxynucleotide 5′-TCATAACCCAAGTTCCGTTC-3′. DNA
amplification was carried out using oligodesoxynucleotides 5′-
CATCTGTGCATCAATGATCGAA-3′ and 5′-GTGTGG-
CTCGAGCATTTGACAA-3′, which flanked the N-terminal end of
CPTEV. PCR amplification products were electrophoresed in agarose
gels (1%; w/v). Gels were finally soaked in 1% (w/v) ethidium bromide
for 15 min for staining.

Western-Blot Analysis. Frozen tissues (aliquots of about 50 mg)
were ground (Star-Beater, VWR) with a steel ball (4 mm) for 1 min at a
frequency of 30 s−1 in protein extraction buffer32 (60 mM Tris-HCl
[pH 6.8], 2% [w/v] SDS, 100 mM dithiothreitol [DTT], 10% [v/v]
glycerol, 0.01% [w/v] bromophenol blue) which was added at a 3:1
ratio. After thorough vortexing, samples were incubated (100 °C) for 5
min and subjected to centrifugation for 5 min. SDS-PAGE using 12%
(w/v) polyacrylamide gel was employed to separate the aliquots of the
supernatants. Proteins were next electroblotted for 1 h to poly-
vinylidene difluoride (PVDF) membranes. Membranes were first
subjected to blocking for 1 h in washing buffer32 (10 mMTris-HCl [pH
7.5], 154 mM NaCl, 0.1% [w/v] Nonidet P-40) containing 5% (w/v)
nonfat milk. Membranes were next incubated at 4 °C overnight in
blocking solution with the corresponding antibodies at 1:10,000
dilutions. Detection of CPTEV was done with a polyclonal antibody
(Agdia), which was coupled to AP. Detection of epitopes E and Flag as
well as GFP was done with monoclonal antibodies (Thermo Scientific)
coupled to HRP. mCherry was detected with a specific antibody
(Abcam) followed by a secondary HRP-conjugated antirabbit.
Membranes were washed three times with washing buffer between
primary and secondary antibodies prior to detection. AP and HRP were
revealed using CSPD (Roche) and SuperSignal West Pico PLUS
chemiluminescent (Thermo Scientific) substrates, respectively. An
Amersham ImageQuant 800 (Cytiva) instrument was used to record
the images.

Viral Particle Purification. A Polytron (Kinematica) was used to
grind symptomatic leaf tissue with two volumes of homogenization
buffer32 (50 mM sodium phosphate, 10 mM EDTA, 10% ethanol, pH
7.2). After the homogenate was filtered through Miracloth (Millipore)
and centrifuged (7800 rpm, 20 min) for clarification, the supernatant
was incubated for 1 h in the presence of 10 mM 2-mercaptoethanol and
1% Triton X-100, and subjected again to centrifugation for 20 min at
7800 rpm. After recovering the supernatant, ultracentrifugation was
used to sediment VNPs for 2 h at 130 000g and 4 °C. Sediments
containing VNPs were resuspended in a volume of 1 mL in buffer 50
mM sodium phosphate and 1% Triton X-100. Preparations were
layered on a 10% to 70% sucrose gradient (10 mL). After centrifugation
(130 000g, 4 °C) for 3 h, fractions (1 mL) were recovered and VNPs
were analyzed by Western blot. Those fractions containing VNPs were
combined and subjected to dialysis against a phosphate-buffered saline

(PBS) solution. Preparations were finally concentrated using Centricon
100 kDa filters (Millipore) and stored at 4 °C.

Quantification of Viral Particles. SDS-PAGE was used to
separate purified samples; gels were stained with Coomassie brilliant
blue. A standard curve was obtained using bovine serum albumin (BSA)
to evaluate the VNP amount using ImageJ. Additionally, quantification
of the number of copies of viral genomes was performed by RT-
quantitative PCR (qPCR). To this purpose, VNPs were first denatured
by heating at 98 °C for 5min, and the viral RNAwas subjected to cDNA
synthesis (see above). To perform qPCR, the iTaq Universal SYBR
Green Supermix (Bio-Rad) was used in combination with olidodeox-
ynucleotides 5′-AGTGGCACTGTGGGTGCTGGTGTTG-3′ and 5′-
GTGTGGCTCGAGCATTTGACAA-3′ flanking the CPTEV N-termi-
nal region.

Immunogold Electron Microscopy Staining. First, VNPs (15-
μL aliquots) were adsorbed on carbon film-coated 200 mesh copper
grids (EMS) at room temperature during 15 min. Grids were then
blocked with 15 μL of 1% BSA in PBS. Grids were subsequently
subjected to incubation with 15 μL of one or more of the previously
described antibodies during 2 h (1:50 dilution in blocking buffer). The
grids were subjected to washing twice with PBS and incubation
continued during 1 h with gold-conjugated secondary antibody (10
μL). Grids were washed twice with PBS followed by 4 additional
washing steps of 1 min with H2O. Grids were stained with 10 μL of 2%
(w/v) phosphotungstic acid (PTA; pH 7.0) and dried at room
temperature for 3 min. Finally, a JEM-1400Flash (120 kV) electron
microscope (JEOL) was used to analyze the preparations.

Pull-down Assays. The interaction of different fused-CPs was
evaluated by coimmunoprecipitation assays using anti-DYKDDDDK
tag affinity beads (Abcam) which bind to the Flag sequence, following
the instructions provided by the manufacturer. Affinity beads were
completely resuspended, and a 40 μL suspension was added to a 1.5 mL
Eppendorf tube. After centrifugation for 30 s at 5000g, the sediment was
resuspended with binding buffer (500 μL). This step was repeated
twice. Before the VNPs sample was added to the tube, they were
centrifuged for 60 s at 5000g in order to avoid the sedimentation of
unspecific pre-existing aggregates. Clarified VNPs (200 μL) were added
to the resuspended affinity beads, mixed by gently inverting the tube,
and kept with mixing on a rotator for 2 h. The mixture was centrifuged
for 30 s at 5000g. The sediment was then resuspended in 500 μL of wash
buffer by mixing on a rotator for 10 min. The mixture was centrifuged
again in the same conditions as above, discarding the supernatant. This
step was repeated three times, making sure that all supernatant was
finally removed. Finally, elution was performed by adding 20 μL of 2X
SDS-PAGE loading buffer to the tube, mixing well, and heating at 100
°C for 5 min. After centrifugation for 30 s at 5000g, the supernatant was
recovered and analyzed by Western blot using the corresponding
antibodies.

ELISA. RBD detection using VNPs were done as previously
described.32 Briefly, 96 well plates were loaded with 100 ng/well of
recombinant RBD (Thermo Scientific, RP-87678) in coating buffer (15
mM Na2CO3, 35 mM NaHCO3, pH 9.8). After washing plates twice
with 300 μL of PBS containing 0.1% (v/v) Tween-20 (300 μL/well)
and blocking for 2 h with 200 μL of blocking solution (5% nonfat milk
in PBS-T; 200 μL/well) at room temperature, an incubation with 1:5
serial dilutions of VNPs in blocking solution was performed for 2 h.
Dilutions in a total of 100 μL/well started at 106 VNPs/μL per well
(100 μL). Plates were next washed four times with PBS-T, incubated in
blocking solution containing an AP-conjugated anti-CPTEV and washed
again four times. Finally, after incubation with 100 μL of para-
nitrophenyl phosphate (pNPP, 1 mg/mL), a multiwell plate reader
(TECAN) was employed to measure (405 nm) absorbance. For
detecting GFP and mCherry, a similar protocol was performed, but
incubating with an antibody conjugated to HRP, and using the o-
phenylenediamine dihydrochloride (OPD) as substrate (Sigma-
Aldrich), following manufacturer instructions. In this case, absorbance
(492 nm) was measured with a multiwell plate reader.

Dot Blot Analysis. RBD serial dilutions were directly spotted in 10
μL drops onto a nitrocellulose membrane. Drops were allowed to dry
for 10 min. A blocking step was performed during 1 h in the presence of
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5% (w/v) nonfat milk in washing buffer (see above). Membranes were
incubated next with recombinant VNPs. After washing, VNP binding
was detected directly using a fluorescence stereomicroscope or
indirectly by incubating with an AP-conjugated anti-CPTEV antibody
followed by incubation with the corresponding substrate, as previously
described.
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Fernández, L. Á. Nanobodies Protecting From Lethal SARS-CoV-2
Infection Target Receptor Binding Epitopes Preserved in Virus Variants
Other Than Omicron. Front. Immunol. 2022, 13, 863831.
(64) Harvey, W. T.; Carabelli, A. M.; Jackson, B.; Gupta, R. K.;

Thomson, E. C.; Harrison, E. M.; Ludden, C.; Reeve, R.; Rambaut, A.;
Peacock, S. J.; Robertson, D. L. SARS-CoV-2 Variants, SpikeMutations
and Immune Escape. Nat. Rev. Microbiol. 2021, 19 (7), 409−424.
(65) Chen, R. E.; Zhang, X.; Case, J. B.; Winkler, E. S.; Liu, Y.;

VanBlargan, L. A.; Liu, J.; Errico, J. M.; Xie, X.; Suryadevara, N.;
Gilchuk, P.; Zost, S. J.; Tahan, S.; Droit, L.; Turner, J. S.; Kim, W.;
Schmitz, A. J.; Thapa, M.; Wang, D.; Boon, A. C. M.; Presti, R. M.;
O’Halloran, J. A.; Kim, A. H. J.; Deepak, P.; Pinto, D.; Fremont, D. H.;
Crowe, J. E.; Corti, D.; Virgin, H. W.; Ellebedy, A. H.; Shi, P. Y.;
Diamond, M. S. Resistance of SARS-CoV-2 Variants to Neutralization
by Monoclonal and Serum-Derived Polyclonal Antibodies. Nat. Med.
2021, 27 (4), 717−726.
(66) Koenig, P. A.; Das, H.; Liu, H.; Kümmerer, B. M.; Gohr, F. N.;
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