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Nanoparticles derived from plant viruses play an important role in nanomedicine due to their biocompatibility,
self-assembly and easily-modifiable surface. In this study, we developed a novel platform for increasing antibody
sensing using viral nanoparticles derived from turnip mosaic virus (TuMV) functionalized with SARS-CoV-2
receptor binding domain (RBD) through three different methods: chemical conjugation, gene fusion and the
SpyTag/SpyCatcher technology. Even though gene fusion turned out to be unsuccessful, the other two constructs

were proven to significantly increase antibody sensing when tested with saliva of patients with different infection
and vaccination status to SARS-CoV-2. Our findings show the high potential of TuMV nanoparticles in the fields
of diagnostics and immunodetection, being especially attractive for the development of novel antibody sensing

devices.

1. Introduction

Plant viral nanoparticles (VNP) have become very popular in
biomedicine [1-5] due to their biosafety and their straightforward,
cost-effective production. One example of this are VNPs derived from
turnip mosaic virus (TuMV), a well-studied potyvirus with a great
biotechnological potential [6,7]. The structure of TuMV VNPs consists of
a flexuous, elongated capsid composed of approximately 2,000 copies of
one capsid protein (CP; ~ 33 kDa) helically assembled. There are two
types of TuMV VNPs: virions, with capsid and genomic RNA; and empty
virus-like particles (eVLP), formed only by self-assembled CPs and
without the ability to infect. The structure and arrangement of the TuMV
CP as well as the architecture of its capsid have been analyzed in detail
through advanced computational methodologies and CryoEM [8-10].
All this knowledge has allowed the straightforward functionalization of
TuMV VNPs via chemical conjugation [11-15], genetic engineering [16,
17] and the SpyTag/SpyCatcher technology [18]. In this study, we
aimed at the functionalization of TuMV VNPs with the receptor-binding
domain (RBD) of SARS-CoV-2 through the three different aforemen-
tioned strategies in order to develop a nanotool for increased IgA
detection in saliva.

SARS-CoV-2 is a highly transmissible coronavirus that caused the
largest pandemic in the 21st century [19]. Infection and vaccination
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against SARS-CoV-2 generate specific neutralizing antibodies against
the RBD of the spike (S) protein [20,21] following the same pattern as
with other viruses. Immunoglobulin M (IgM) is the first to be produced,
whereas IgG and IgA become more present as levels of IgM decrease.
While IgGs are predominant in plasma, IgAs are secreted mainly in the
mucous membranes to prevent the entry of the virus into the body [22,
23]. In saliva, the production of IgA after vaccination alone is not as
strong as after infection [24]. The immune status of a patient can be
analyzed using either serum or saliva, given the strong correlation be-
tween RBD-specific immunoglobulins in both fluids [25]. Moreover,
saliva, unlike serum, is easier to sample and gives also a view about
mucosal immune response [26] although the concentration of Igs are
lower than in serum, making necessary the improvement of antibody
sensing [27].

Several functionalized VNPs for signal amplification have been
developed during the last decades [28-32]. Nanotools derived from
plant VNPs, have also been described for increased antigen sensing [33,
34] but, to our knowledge, only TuMV has been functionalized to in-
crease antibody sensing. We demonstrated that TuMV VNPs are good
candidates for that when functionalized with the appropriate epitope
[35,17,36]. In this case, we propose the chemical conjugation of TuMV
virions, and both genetic engineering and the SpyTag/SpyCatcher
technology applied to eVLPs to compare three different alternatives to
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obtain nanoparticles functionalized with the RBD of SARS-CoV-2. We
hypothesized that RBD would increase its effective concentration when
conjugated to TuMV nanoparticles, thus enhancing anti-RBD IgA sensing
in saliva. To that end, we tested the viable constructs for IgA sensing
using saliva of volunteers with different infection and vaccination status.

2. Material and methods
2.1. Chemical conjugation construct

In this experiment, we used purified TuMV virions and commercial
RBD of SARS-CoV-2 (Agrenvec, Spain). This recombinant RBD protein
(11.1 kDa) was produced by transient expression in non-transgenic
plants. For this chemical conjugation, Staudinger reaction was used as
described elsewhere [15] using NHS-phosphine and NHS-azide (Thermo
Scientific, Germany) as linkers (Fig. S1).

To select the most effective chemical conjugation, two combinations
were performed in parallel: TuMV-NHS-phosphine + RBD-NHS-azide
and TuMV-NHS-azide + RBD-NHS-phosphine. First, the linkers were
conjugated in a 5-fold molar excess with respect to TuMV CP and RBD.
Then, TuMV-linker was bound to a 3-fold molar excess of RBD-linker.
The excess of linker for RBD-linker was removed by centrifugal filters
(Amicon ® Ultra — 0,5 mL Centrifugal Units 3 kDa, Merck Millipore,
Germany) while the rest of excess were removed by ultracentrifugation
(70,000 x g for 2 hours at 4°C). All samples were resuspended in 100 uL
10 mM HEPES buffer.

We performed an indirect enzyme-linked immunosorbent assay
(ELISA) to check the correct conjugation and its efficiency. We coated
high binding plates (Fisher Scientific, USA) with 5 pL of each construct
(=~ 5 ug of TuMV-RBD) and 195 pL of 50 mM sodium carbonate buffer,
pH 9.6. Serial dilutions of commercial free RBD in the same carbonate
buffer were used as a reference to estimate the efficiency of the conju-
gation. After an overnight incubation at 4°C, we blocked with BSA 0.2 %
in 50 mM sodium carbonate buffer, pH 9.6 for 1 h at 37°C. Then, samples
were incubated with a 1:200 dilution of anti-POTY (Agdia, USA) or a
1:500 dilution of anti-RBD (R&D Systems, USA). The secondary anti-
body was a 1:500 dilution of anti-mouse conjugated to alkaline phos-
phatase (Agdia, USA) in both cases. All antibodies were diluted in PBS,
0.05 % Tween 20, 2 % PVP-40, 2 mg/mL BSA; and incubations took
place for 1 h at 37°C. Alkaline phosphatase activity was observed using
nitrophenylphosphate, and samples were measured at 405 nm (SPEC-
TROstar Nano®; BMG Labtech, Germany).

2.2. Genetic fusion and SpyTag/SpyCatcher constructs

2.2.1. Cloning in expression vectors and infiltration in plants

Five different synthetic genes were designed (Fig. S2) and ordered
from GenArt (Thermo Fisher Scientific, Germany). In all cases, the
sequence of the RBD belonged to the original SARS-CoV-2 strain from
Wuhan (WH-Human-1, GenBank accession number: NC_045512). All
synthetic genes were cloned in the pEAQ-HT-DEST1 vector [37] and
Escherichia coli top 10 cells (Thermo Fisher Scientific, Germany) to
eventually transform cultures of Agrobacterium tumefaciens LBA4404
strains. Each construct was transiently expressed by agroinfiltration of
Nicotiana benthamiana plants following a protocol described elsewhere
[18].

2.2.2. Protein extraction and eVLP characterization

All agroinfiltrated leaves were harvested at 6 dpi. Crude extracts
were obtained by mixing = 75 mg of agroinfiltrated tissue with 250 uL of
protein extraction buffer (50 mM Tris-HCl, pH 7.25; 150 mM NaCl; 2
mM EDTA; 0.1 % (v/v) Triton-X-100 and 1x SIGMAFAST™ protease
inhibitor) using a tissue grinder. Aliquots of crude extracts were
immediately frozen in liquid nitrogen and stored at -80°C until used.

To confirm the production of eVLPs via genetic fusion, we performed
the same ELISA protocol as with the chemical conjugated construct. In
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the case of the SpyTag/SpyCatcher constructs, TEM was applied to check
the binding of RBD to the eVLPs. To that end, 400 mesh copper-carbon-
coated electron microscopy grids were floated with 10 uL of crude
extract at RT for 10 min. Then, the grids were washed with five drops of
distilled H,O for 5 min each and incubated, for 10 min, with a 1:1000
dilution of anti-POTY (Agdia, USA) or anti-RBD (R&D Systems, USA) in
50 mM borate buffer, pH 8.1. After that, the grids were washed in
distilled HoO and incubated with 10 uL of a 1:50 dilution of 5 nm gold-
labelled anti-mouse antibody (Sigma, USA) in 50 mM borate buffer, pH
8.1 for 10 min. Finally, all the grids were rinsed five times with distilled
H50 and stained with 2 % (w/v) uranyl acetate for 3 min. Grids were
eventually examined on a transmission electron microscope (JEM JEOL
1400, Tokyo, Japan) in an external service (TEM, ICTS-CNME, Madrid,
Spain).

2.3. Antibody detection in saliva by ELISA

Saliva samples of four volunteers (Table 1) were centrifuged at 2,700
x g for 10 min and diluted 1:16 in PBS. We coated high binding plates
(Fisher Scientific, USA) with 5 uL of each construct and 195 pL of 50 mM
sodium carbonate buffer, pH 9.6. The positive control consisted of 15
ug/well of free commercial RBD, a sufficient amount to saturate the well
(Fig. S3). A negative control of crude extract from a non-agroinfiltrated
Nicotiana benthamiana leaf was added in the ELISA of SpyTag/Spy-
Catcher construct. Coating was carried out for 2 h at 37°C. After 3
washes with PBS-Tween, we blocked the wells using 50 uL of BSA 2 % in
50 mM sodium carbonate buffer, pH 9.6 for 1 h at 37°C. After 3 washes
with PBS-Tween, 50 pL of the 1:16 dilution of saliva was added to each
well, incubating overnight at 4°C. Then, we washed the plate 6 times
with PBS-Tween and samples were incubated with a 1:20,000 dilution of
anti-human IgA conjugated to HRP (Invitrogen, UK) for 1 h at 37°C.
Finally, the plate was washed 3 times with PBS-Tween and HRP activity
was detected using 50 pL of TMB (Ultra-TMB, Thermo Scientific, Ger-
many). Reaction was stopped after 5 min using 50 uL of HCl 2 N.
Absorbance at 450 nm was measured in a microplate reader (SPEC-
TROstar Nano®; BMG Labtech, Germany).

A second ELISA was performed to discard false positives with the
SpyTag/SpyCatcher construct. We also re-checked the saliva of those
subjects who were unexpectedly positive in the first ELISA, four months
afterwards. We added three extra negative controls: crude extract from a
leaf agroinfiltrated with non-functionalized eVLP and two saliva sam-
ples taken in February 2019, prior to the COVID-19 pandemic onset.
Samples and data from patients included in this study were provided by
the Biobank Biobanco Hospital Universitario de La Princesa (Madrid)
(ISCIII B.0000763) and they were processed following standard oper-
ating procedures with the appropriate approval of the Ethics and Sci-
entific Committees.

3. Results
3.1. Chemical conjugation construct
Indirect ELISA incubated with anti-RBD revealed that only the

TuMV-phosphine + RBD-azide construct was successfully functionalized
(Fig. 1A), in which a RBD concentration of 5.33 pM was estimated.

Table 1
Information about the four volunteers whose saliva was analyzed in this study.

Subject  Testing dates Last dose of SARS-CoV-2  Last SARS-CoV-2
vaccine infection
1 May 2023 February 2022 April 2023
2 May 2023 March 2023 October 2022
3 May 2023 October 2022 November 2022
4 May and December August 2021 Not known
2023
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Fig. 1. (A) Indirect ELISA results to check for the correct functionalization of TuMV virions with RBD by chemical conjugation. The lower graph shows the results
with anti-potyvirus as primary antibody; the upper graph shows the results using anti-RBD. The orange horizontal line indicates the threshold at which a positive
absorbance is considered, which was set at three times the value of the negative control. All samples were analyzed in triplicate. The error bars show the standard
deviation. (B) RBD standard line obtained through an indirect ELISA and serial dilutions of the free protein. The value of the sample TuMV-phosphine + RBD-azide is
highlighted. Az: NHS-azide linker; phos: NHS-phosphine linker; TuMV: turnip mosaic virus; RBD: SARS-CoV-2 receptor-binding domain; Excess (1): supernatant of
the ultracentrifugation of the TuMV-phosphine + RBD-azide combination; Excess (2): supernatant of the ultracentrifugation of the TuMV-azide + RBD-phosphine
combination. C) Indirect ELISA results to check for correct functionalization by gene fusion. The upper graph shows the results with anti-potyvirus; the lower
graph shows the results with anti-RBD. The orange horizontal line indicates the threshold, which was set at three times the value of the negative control. The error
bars show the 95% confidence interval for the absorbance values. CP: turnip mosaic virus capsid protein; RBD: SARS-CoV-2 receptor-binding domain.

Considering that a TuMV virion has approximately 2,000 CPs, it means
that ~ 360 RBD molecules per virion were conjugated (Fig. 1B). As the
molecular weight of RBD was 11.1 kDa, it was thus estimated that 5 pL of
conjugated TuMV-RBD contained approximately 0.3 pg of RBD.

3.2. Genetic fusion and SpyTag/SpyCatcher constructs

The indirect ELISA showed a negative result for the production of the
genetic fusion construct (Fig. 1C).

For both SpyTag/SpyCatcher constructs, we observed assembled
eVLPs in TEM micrographs. However, only the SpyCatcher-CP -+

SpyTag-RBD construct eVLPs were decorated with colloidal gold,
showing a successful functionalization with RBD (Fig. 2). Therefore, we
selected only this construct for the IgA detection by ELISA.

3.3. Antibody detection in saliva by ELISA

Both constructs (chemical conjugation and SpyTag/SpyCatcher)
outperformed the positive control containing the same amount of free
RBD as the estimated for the chemical conjugation. However, the Spy-
Tag/Spy Catcher construct resulted more sensitive than the chemical
conjugation. These differences were higher in subject 1 (most recently
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Fig. 2. TEM micrographs of functionalized VLP-RBD obtained through the SpyTag/SpyCatcher technology. (A) Functionalized VLP without decoration (Control); (B)
SpyCatcher-RBD + SpyTag-CP; (C) SpyCatcher-CP + SpyTag-RBD. Red arrows highlight some of the distinguishable colloidal gold molecules.

infected by SARS-CoV-2), followed by subject 4 (no known infection).
Subjects 2 and 3, who were infected by SARS-CoV-2 more than 6 months
prior to the analysis, showed the lowest absorbance values (Fig. 3).

Focusing on the ELISA of the SpyTag/SpyCatcher construct, absor-
bance values were significantly higher than the free RBD positive control
in saturation. All negative controls showed lower absorbances than the
construct (Figs. 4 and S4).
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4. Discussion

Currently, immunity status against SARS-CoV-2 is assessed primarily
through antibody titers in serum. Nevertheless, we developed func-
tionalized TuMV nanoparticles that could be alternatively used to
develop a platform for antibody sensing in saliva, a less invasive method
for the patient.

The use of VNPs for antibody sensing was not as popular as other
applications in nanomedicine such as antigen detection [38,29-32,39].
Although plant viruses have also been successfully functionalized to
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Fig. 3. Indirect ELISA results for the detection of anti-RBD IgA in saliva by the functionalized TuUMV nanoparticles analyzed in this study. Yellow bars represent the
positive control containing the same amount of free RBD as the estimated for the chemical conjugation (0.3 pg). Blue bars show the detection when coating with the
chemically conjugated TuMV-RBD virions. Pink bars show the detection when coating with the eVLPs functionalized with RBD via SpyTag/SpyCatcher technology.
Orange bars are the negative control with no coating. The error bars show the 95% confidence interval for the absorbance values.
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Fig. 4. Box-and-whisker plot with the results of the indirect ELISA carried out to check the different IgA detection capacity in saliva between the SpyTag/SpyCatcher
construct and free commercial RBD. The saliva of the four volunteers analyzed in this study (subjects 1, 2, 3 and 4) was used as the primary antibody. A negative
control consisting in the crude extract of a non-agroinfiltrated leaf was used to rule out a false positive due to possible peroxidase activity present in Nicotiana
benthamiana leaves. C-: negative control with no coating. The results were compared by a t-test (* p < 0.05; ** p < 0.01; *** p < 0.001).

increase the detection of antigens [33,34], we proved that TuMV
nanoparticles were especially convenient to increase antibody sensing
given their capsid architecture [35,17,36].

We first tested whether the way in which the TuMV nanoparticles
were functionalized might influence the sensitivity in IgA detection.
Genetic fusion resulted unsuccessful as we could not confirm the pro-
duction of eVLPs in the plant. The same outcome was reported before for
TuMV eVLPs when this functionalization technique was tested with the
vasoactive intestinal peptide (VIP) [15]. Advanced computational ana-
lyses revealed that the composition of VIP and its interactions with the
CP in the fusion protein hampered the mobility of the N-terminal arm, a
key element for VNPs assembly [9]. Such analyses have not been per-
formed for RBD, but it is highly likely that this peptide interferes
somehow with the structural intrinsic disorder of the CP N-terminal arm,
thus abolishing the formation of eVLPs. However, the two constructs
that we successfully obtained resulted more sensitive to detect anti-RBD
IgAs in saliva than the free antigen. It was remarkable that only 5 uL of
crude extract with the SpyTag/SpyCatcher construct were significantly
more sensitive than free RBD in saturation. These results are in line with
those shown in previous studies using TuMV functionalized with small
peptides. In those cases, coating with the functionalized TuMV

nanoparticles also enhanced antibody detection compared to coating
with the same amount of free peptide [35,17]. Therefore, this study
supports the application of functionalized TuMV nanoparticles to in-
crease antibody sensing in saliva as well. This increased antibody
sensing could be explained by the multimeric display of the antigen in a
potyvirus scaffold, which creates a dense and repetitive arrangement of
the peptide recognized by the antibodies that cannot be matched when
the peptide is free in solution.

Regarding the SpyTag/SpyCatcher eVLPs, we demonstrated the
correct assembly in both cases, although we could not observe a suc-
cessful functionalization with SpyCather-RBD. Generally, when all
possible combinations between SpyTag and SpyCatcher are tested with
the CP and the protein of interest, there is always one functionalization
that occurs in a minor way or not at all [40,18]. In our study, perhaps
SpyCatcher-RBD was produced in a low quantity and was not easily
detectable or the construct might have been degraded by plant pro-
teases. Either way, the alternative construct with SpyTag-RBD turned
out to be the most sensitive one. This result may be explained because
chemical conjugation is not as efficient in some cases [15]. According to
our estimation, only 18 % of the CPs of the virions would have been
functionalized with a RBD molecule, being this the possible reason why



C. Medrano-Arranz et al.

this construct was not as sensitive as the alternative. These outcomes
suggest that the SpyTag/SpyCatcher technology was the best option to
functionalize the TuMV nanoparticles with RBD for antibody sensing.
This technology, based on the isopeptide bond that occurs spontane-
ously between the peptides SpyTag and SpyCatcher [41], turned out to
be the best approach when chemical conjugation was not very efficient
and genetic fusion was not viable [18]. However, its major drawback is
the lack of a purification protocol for flexuous eVLPs. This leads to the
use of crude extracts for the analyses, giving high background absor-
bance levels due to undesired interactions between proteins. Neverthe-
less, the sensitivity of only 5 uL of crude extract was significantly higher
than the positive control saturated with RBD.

Our results also revealed a good reliability of the detection, as the
highest readings corresponded to the subject with a recent infection and
the lowest readings to those who passed the COVID more than 3 months
prior to the analysis, which is in line with previous analysis [25,27,42].
The case of subject 4, with no known SARS-CoV-2 infection, may be
explained by an asymptomatic infection that went undetected. This is
supported by the fact that, four months later, the saliva from this subject
was still positive to IgA against RBD while all negative controls ruled out
the possibility of false positives. Also, it is highly unlikely to observe
such high IgA levels in saliva more than one year after the second dose of
mRNA vaccine [24]. Thus, we show that the functionalized nano-
particles we developed were also able to assess the immune status of
patients who may have had an asymptomatic infection and do not know
whether they still have enough antibodies against the virus.

A limitation of our approach in its current stage of development is the
use of plant extracts instead of purified nanoparticles, due to the absence
of good available purification protocols for plant flexuous elongated
VLPs. This may lead to non-specific interactions in the ELISA with the
consequence of the need of a large number of negative controls to
monitor them. Another characteristic of this study was the low number
of patients tested. Considering its proof-of-concept posing, the study has
shown the high potential of the VLP approach. For the future then, the
development of devices based on TuMV nanoparticles for the detection
of antibodies in saliva should focus on establishing VLP purification
protocols, and the number of patients tested should be sufficient to cover
all possible immunological situations.

5. Conclusion

Functionalized TuMV VNPs are a promising nanotool for IgA
detection in saliva. They showed increased antibody sensing and were
able to detect IgAs even in cases of low antibody titers, where the free
antigen failed. This together with their low-cost production and their
straightforward functionalization with antigens make them attractive
for the development of devices for rapid antibody detection in saliva or
other biofluids with low antibody titers.
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