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ABSTRACT: Cowpea mosaic virus (CPMV) is a potent immunogenic adjuvant and epitope display platform for the development
of vaccines against cancers and infectious diseases, including coronavirus disease 2019. However, the proteinaceous CPMV
nanoparticles are rapidly degraded in vivo. Multiple doses are therefore required to ensure long-lasting immunity, which is not ideal
for global mass vaccination campaigns. Therefore, we formulated CPMV nanoparticles in injectable hydrogels to achieve slow
particle release and prolonged immunostimulation. Liquid formulations were prepared from chitosan and glycerophosphate (GP)
before homogenization with CPMV particles at room temperature. The formulations containing high-molecular-weight chitosan and
0−4.5 mg mL−1 CPMV gelled rapidly at 37 °C (5−8 min) and slowly released cyanine 5-CPMV particles in vitro and in vivo.
Importantly, when a hydrogel containing CPMV displaying severe acute respiratory syndrome coronavirus 2 spike protein epitope
826 (amino acid 809−826) was administered to mice as a single subcutaneous injection, it elicited an antibody response that was
sustained over 20 weeks, with an associated shift from Th1 to Th2 bias. Antibody titers were improved at later time points (weeks 16
and 20) comparing the hydrogel versus soluble vaccine candidates; furthermore, the soluble vaccine candidates retained Th1 bias.
We conclude that CPMV nanoparticles can be formulated effectively in chitosan/GP hydrogels and are released as intact particles for
several months with conserved immunotherapeutic efficacy. The injectable hydrogel containing epitope-labeled CPMV offers a
promising single-dose vaccine platform for the prevention of future pandemics as well as a strategy to develop long-lasting plant
virus-based nanomedicines.

■ INTRODUCTION

The pandemic of coronavirus disease 2019 (COVID-19) is an
unprecedented global public health challenge due to the
transmissibility, morbidity, and mortality associated with
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). There were more than 83 million positive cases and 3
million deaths in the first year following the initial outbreak in
December 2019.1−3 Several multidose vaccines were rapidly
developed and approved, including the Pfizer-BioNTech
BNT162b2,4 Oxford-AstraZeneca,5 and Moderna vaccines.6

However, despite global mass vaccination campaigns beginning
in December 2020, the number of positive cases had risen to
more than 281 million by the end of 2021, with ∼5 million
deaths.7 These data indicate that global morbidity increased

2.4-fold during the vaccination period,3 whereas the mortality
rate decreased.7 In part, these figures represent the contrast
between the exponential spread of the virus and the logistical
and supply-chain issues facing the distribution of vaccines,8

including the requirement for cold chain continuity for some of
the products9 and the choice between prioritizing first dose
coverage and the completion of two-dose schedules according
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to clinical guidelines.10−13 In this context, a long-acting single-
dose vaccine would be an ideal alternative, providing wider
coverage while ensuring complete protection by eliciting
sustained immunological responses.
During the pandemic, the emergence of more contagious

SARS-CoV-2 variants14−17 that can overcome prior immun-
ity18 has highlighted the potential for reinfection and loss of
vaccine efficacy.19 This can be addressed by updating vaccines
to maintain protection,20,21 but an alternative solution is the
development of vaccines that elicit broadly neutralizing
antibodies. At the end of 2021, there were 23 COVID-19
vaccines already approved for emergency use in humans and
329 vaccine candidates undergoing clinical (111) or preclinical
(218) tests.22 These represented a range of conventional and
novel vaccine platforms including inactivated whole viruses
(e.g., CoronaVac and Covaxin), mRNA-loaded liposomes (e.g.,
BNT162b2 and mRNA-1273), adenovirus vectors (e.g.,
ChAdOx1 nCoV-19, CTII-nCoV, and Sputnik V), and virus-
like particles (e.g., NVX-CoV2373).23 These vaccines elicit a
neutralizing antibody response against the SARS-CoV-2 spike
(S) protein and achieved 65−96% protective efficacy against
morbidity and mortality in phase 3 trials.4,5,24−28 The vaccines
are effective because the S protein protrudes from the virus
surface and is recognized by angiotensin-converting enzyme 2
on the host cell surface, which facilitates the uptake of viral
particles.29 However, the efficacy of vaccines targeting the S
protein declines due to the rapid evolution of variants that
accumulate mutations.30−33 Mutations occur in the N-terminal
domain, including L18F, D80A, D215G, and Δ242-244; the
receptor-binding domain (RBD), including K417N, E484K,
and N501Y; and other regions that maintain spike stability and
functionality, including D614G and P681R.34−37 It may be
more appropriate to select broadly conserved epitopes for the
development of vaccines rather than using the entire S protein.
The RBD is the binding site for most neutralizing antibodies

against SARS-CoV-2.38 We recently demonstrated that three
B-cell epitopes (peptide sequences 553−570, 625−636, and
809−826), which are common to many SARS-CoV-2 variants,
are suitable for the development of effective pan-specific
vaccines against SARS-CoV-2.39 To enhance the immune
response, these peptide epitopes were attached to cowpea
mosaic virus (CPMV) or virus-like particles derived from
bacteriophage Qβ, which function as a combined adjuvant and
epitope nanocarrier, promoting trafficking across draining
lymph nodes and interactions with antigen-presenting
cells.40,41 CPMV has a bipartite RNA genome encapsulated
in a 30 nm icosahedral capsid consisting of 60 asymmetrical
copies of small (24 kDa) and large (41 kDa) coat protein (CP)
subunits.42 Both the capsid and RNA are immunostimulatory,
therefore rendering CPMV a potent adjuvant. For example, the
strong immunogenicity of native CPMV44,45 makes it an
effective in situ vaccine against various tumors in mouse
models41,46,47 and canine patients.48 It also serves as a delivery
platform and multiple copies of the SARS-CoV-2 peptide
epitopes can be displayed via chemical bioconjugation.43 When
tested as soluble prime-boost formulations, microneedle
patches, or slow-release poly(lactic-co-glycolic acid) (PLGA)
implants, the CPMV- and Qβ-based COVID-19 vaccine
candidate formulations elicited neutralizing antibodies against
SARS-CoV-2, and the soluble prime-boost vaccine (CPMV
conjugated to the epitope sequence 809−826) elicited a
neutralization titer comparable to Moderna’s mRNA-1273
vaccine.39 The Qβ formulation maintained efficacy when

formulated as a PLGA implant, but in a previous study with a
similar approach against SARS-CoV, the efficacy of CPMV-
based vaccines declined significantly in this format when
administered as a single dose.43 This reflected the lower
immunostimulatory response caused by the loss of CPMV
RNA during freeze-drying, as required for implant formula-
tion.49 The efficacy of a CPMV-based vaccine displaying the
809−826 epitope sequence (826-CPMV) could perhaps be
improved by investigating alternative single-dose formulations,
such as those based on the natural biopolymer chitosan.
Chitosan is a polysaccharide produced by the deacetylation

of chitin.57 It is generally regarded as safe as an excipient and is
therefore considered to be biocompatible, nonimmunogenic,
and biodegradable.50,51 It is already approved for products such
as BST-CarGel for the regeneration of cartilage.52 Many
studies have reported excellent immune-enhancing capability
of chitosan as a vaccine adjuvant for nasal,53 parenteral,54 and
subcutaneous administrations.55 Chitosan-based hydrogels are
produced by mixing chitosan with β-glycerophosphate (GP) to
yield liquid formulations that are fluid at room temperature but
form a gel at body temperature. This thermo-responsive
behavior is driven by the interactions between GP and the
polar backbone of chitosan, which prevents polymer
precipitation, balances the pH, and triggers gelation when
heated.56−58 Such thermo-responsive hydrogels are advanta-
geous because they are simple to prepare and inject.59,60

Chitosan/GP hydrogels have been extensively used for drug
delivery,61,62 tissue regeneration/repair,63,64 and the slow
release of nanoparticles.65,66

Here, we report the development of an in situ forming
chitosan/GP hydrogel loaded with 826-CPMV as a single-dose
vaccine against COVID-19. We initially prepared chitosan/GP
hydrogels containing native CPMV particles for formulation
design and optimization before testing CPMV labeled with the
fluorophore sulfo-cyanine 5 (Cy5) as a cargo model for the
characterization of in vitro/in vivo release profiles by
fluorescence analysis. We then prepared 826-CPMV particles
formulated as chitosan/GP hydrogels and immunized BALB/c
mice subcutaneously. We monitored the antibody response for
20 weeks, comparing the hydrogel to soluble formulations in
terms of antibody titers and subtypes.

■ EXPERIMENTAL SECTION
Preparation of CPMV Nanoparticles. Preparation of Native

CPMV. CMPV was propagated in and extracted from the leaves of
black-eyed pea plants (Vigna unguiculata) as previously described.67,68

The frozen leaf tissue (100 g) was homogenized in 300 mL of 0.1 M
potassium phosphate (KP) buffer (pH 7.0) and then filtered and
centrifuged (18 500g, 20 min, 4 °C) to remove plant debris. The
supernatant was extracted with 1:1 chloroform:1-butanol, and the
aqueous phase was mixed with 0.2 M NaCl and 8% PEG 8000 for
CPMV precipitation. The mixture was centrifuged (30 000g, 15 min,
4 °C), and the pellet was resuspended in 0.01 M KP buffer. After a
further round of centrifugation (13 500g, 15 min, 4 °C) to remove
aggregates, the supernatant was purified on a 10−40% sucrose
gradient. The bright bands were isolated and purified by ultra-
centrifugation (42 000 rpm, 2.5 h, 4 °C) using an Optima L-90K
centrifuge with rotor type 50.2 Ti (Beckman Coulter, Brea, CA,
USA). CPMV particles were dispersed in 0.1 M KP buffer, and the CP
concentration was determined using a NanoDrop 2000 UV/visible
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
at 260 nm using a molar extinction coefficient (ε260 nm) of 8.1 mg−1

mL cm−1.
Conjugation of CPMV to Sulfo-Cy5. We prepared Cy5-CPMV

particles by conjugating CPMV lysine residues to the N-
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hydroxysuccinimide (NHS)-activated ester of Cy5 (Lumiprobe, Hunt
Valley, MD, USA). Covalent attachment was achieved by reacting 25
μL of 50 mg mL−1 NHS-Cy5 (5 equiv per CP) with 10 mg of CPMV
in 0.01 M KP buffer on an orbital shaker for 2 h at room temperature.
The Cy5-CPMV conjugate was continuously purified using a 100 kDa
molecular weight cutoff (MWCO) centrifugal filter (500g, 5 min,
room temperature) until a clear filtrate was obtained. The
concentration of Cy5-CPMV particles was determined by UV−vis
spectrophotometry as described above, and the Cy5 absorption at 647
nm (ε647 nm = 271 000 L mol−1 cm−1) was used to estimate the dye
loading per particle.
Conjugation of CPMV to Epitope 826. CPMV particles were

labeled with the bifunctional PEGylated cross-linker SM(PEG)4
(Thermo Fisher Scientific) using a reactive NHS-activated ester
that targets lysine residues. The reaction was performed by mixing
2000-fold molar excess of SM(PEG)4 with 2 mg of CPMV particles in
0.01 M KP buffer for 2.5 h at room temperature. The PEGylated
intermediate was purified using a 100 kDa MWCO centrifugal filter
(16 000g, 5 min, 4 °C). The maleimide handles of the PEGylated
intermediate were then reacted with the cysteine residue of epitope
826 (GenScript Biotech, Piscataway, NJ, USA) by mixing 2 mg of
PEGylated CPMV with 0.2 mL of 20% Pluronic F-127 (Millipor-
eSigma, Burlington, MA, USA) in DMSO69 and then adding 0.12 mL
of 20 mg mL−1 epitope 826 in DMSO and stirring overnight. The
826-CPMV conjugate was purified by centrifugation on a 0.1 mL 40%
sucrose cushion (50 000 rpm, 1 h, 4 °C) and dialysis against 0.01 M
KP buffer for 24 h at room temperature. The 826-CPMV particles
were concentrated using a 100 kDa MWCO centrifugal filter (8000g,
5 min, 4 °C) and quantified by UV−vis spectrophotometry as
described above. They were also visualized by transmission electron
microscopy (TEM) on a Tecnai F30 instrument (FEI Company,
Hillsboro, OR, USA) after staining with 2% uranyl acetate.
Characterization of CPMV Nanoparticles. Size Exclusion

Chromatography. We loaded 200 μg of CPMV particles onto a
Superose6 column in the ÄKTA Explorer chromatography system
(GE Healthcare, Chicago, IL, USA) and eluted them with 0.1 M KP
buffer (pH 7.0) at a flow rate of 0.5 mL min−1. The capsid protein,
viral RNA, and conjugated Cy5 dye were detected at 260, 280, and
647 nm, respectively.
Dynamic Light Scattering. We determined the hydrodynamic

diameter, polydispersity index (PDI), and zeta potential of the
particles using a Zetasizer Nano ZSP Zen5600 instrument (Malvern
Panalytical, Malvern, UK). Triplicate measurements were acquired
over 3−5 min at room temperature with a scattering angle of 90°.
Native Gel Electrophoresis. Particles (10−20 μg) suspended in

Tris/Borate/ethylenediaminetetraacetic acid (EDTA) (TBE) buffer
(45 mM Tris, 45 mM boric acid, 1.25 mM EDTA in Milli-Q water)
were loaded onto 1.2% agarose gels and fractionated for 30 min at 120
V and 400 mA. The gels were documented on an AlphaImager
(Protein Simple, San Jose, CA, USA) under UV, red, and white light
before and after staining with Coomassie brilliant blue (CBB).
Sodium Dodecylsulfate Polyacrylamide Gel Electrophoresis.

Protein samples (10 μg) were analyzed side by side with SeeBlue
Plus2 prestained protein standards (Thermo Fisher Scientific) on 4−
12 or 12% NuPAGE polyacrylamide gels using 1× MOPS elution
buffer (Invitrogen, Thermo Fisher Scientific) at 200 V and 120 mA
for 40 min. Gel images were documented on the AlphaImager system
under red and white light before and after CBB staining.
Hydrogel Formulation and Characterization. Preparation of

Chitosan/GP Formulations. Liquid formulations were prepared by
mixing the chitosan and GP solutions and vortexing the mixture with
the CPMV, Cy5-CPMV, or 826-CPMV particles. The chitosan
solution was prepared by dispersing 4 g of chitosan powder (Chem-
Impex International, Wood Dale, IL, USA) in 180 mL of 0.1 M HCl
for 2 h, followed by autoclaving for 20 min at 121 °C and
homogenization by stirring overnight at room temperature.70 We
prepared chitosan solutions of low molecular weight (LMW, 250
kDa), medium molecular weight (MMW, 1250 kDa), and high
molecular weight (HMW, 1500 kDa). The GP solution was prepared
by dissolving 5.60 g of β-glycerophosphoric acid disodium salt

(MilliporeSigma) in 10 mL of deionized water and passing the
solution through a 0.22 μm filter. The chitosan and GP solutions were
mixed at a 5:1 (v/v) ratio,63 and different amounts of CPMV in
phosphate-buffered saline (PBS) were dispersed by vortexing to yield
0 (blank), 2.25 (0.225%), and 4.5 mg mL−1 (0.450%) CPMV
nanoparticles in the final formulations (Table 1). Minitab v13

(Minitab, Coventry, UK) was used for the factorial design of nine
different formulations for evaluation against gelation time. CPMV
0.45% was duly selected, and the Cy5-CPMV formulations were
prepared as follows: chitosan/GP solutions were vortexed with 15 mg
mL−1 Cy5-CPMV at a 7:3 (v/v) ratio yielding 0.45% formulations
denoted F1, F2, and F3 representing the LMW, MMW, and HMW
chitosan, respectively. Formulation F3 based on HMW chitosan
achieved the shortest gelation time and prolonged release profiles and
was therefore used to encapsulate 826-CPMV as described for Cy5-
CPMV. Blank hydrogels were prepared under the same conditions
using PBS-lacking CPMV particles.

Viscosity Measurements. Viscosity was measured using a parallel
plate ARG2 rheometer (TA Instruments, New Castle, DE, USA). We
pipetted 200 μL of each sample into the center of the parallel plate
geometry, which was set at 25 °C with a gap height of 500 μm
(ensuring the liquid covered the entire gap between the plates).

Determination of the Gelation Time Using the Tube Inversion
Method. We incubated 1 mL of each sample (in a 1.5 mL Eppendorf
tube) at 37 °C and inverted the tube every 60 s. The gelation time
point was recorded when the formulation no longer flowed in the
inverted tube after 30 s65

Hydrogel Swelling and Degradation In Vitro. We incubated 0.5
mL of each hydrogel sample containing Cy5-CPMV (in a 1.5 mL
Eppendorf tube) at 37 °C for 45 min to ensure complete gelation.
The initial height of the gel was measured before carefully adding 1
mL of PBS and agitating the tubes at 200 rpm. At predefined time
intervals, the liquid phase was removed and set aside for Cy5-CPMV
characterization. We added the same amount of fresh PBS and
recorded the height of gel to calculate the swelling ratio (the height at
any time divided by the initial height × 100).65 Following this
longitudinal incubation in PBS, exhausted gels (and fresh gels) were
freeze-dried and imaged by scanning electron microscopy (SEM)
using a Quanta 600 ESEM (FEI Company) operating at 10 kV.

Characterization of Cy5-CPMV Released from Hydrogels In
Vitro. The liquid phase set aside from the previous step was compared
to a defined amount of Cy5-CPMV in PBS as a control. Fluorescence
measurements were recorded on a microplate reader (Tecan,
Man̈nedorf, Switzerland) to quantify Cy5 (λEx = 600 nm, λEm =
665 nm) and estimate Cy5-CPMV release profiles.66 The particles
were separated by sodium dodecylsulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) to confirm the molecular stability of the Cy5-
CPMV CP conjugates. The intactness of the particles was confirmed
by native gel electrophoresis and TEM as described above.

Animal Experiments. Ethical Statements. Animal procedures
were carried out according to the guidelines of the Institutional
Animal Care and Use Committee of the University of California San
Diego (UCSD) following the protocols approved by the Animal
Ethics committee of UCSD. For all animal experiments, we used
healthy BALB/c female mice (7−8 weeks old) purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) and hosted at the UCSD
Moores Cancer Center with unlimited food and water.

Characterization of Cy5-CPMV Released from Hydrogels In Vivo.
Hydrogel formulations F1−F3 (100 μL, containing 450 μg of Cy5-

Table 1. Formulation Parameters for the Design of CPMV/
Chitosan/GP Hydrogels

level
chitosan molecular weight

(MW)
final CPMV concentration, mg mL−1

(%)

1 low MW (250 kDa) 0 (0%)
2 medium MW (1250 kDa) 2.25 (0.225%)
3 high MW (1500 kDa) 4.5 (0.45%)
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CPMV) or soluble Cy5-CPMV (450 μg in 100 μL of PBS) were
administered as single subcutaneous injections behind the neck of
shaved mice on day 0 (five mice per group). Animals were maintained
on an alfalfa-free diet 1 week before the experiment and throughout
the study to prevent tissue autofluorescence. The injection site was
imaged at different time points under a Xenogen IVIS 200 Optical
Imaging System (Caliper Life Sciences, Hopkinton, MA, USA). IVIS
software was used to determine the fluorescence intensity within a
region of interest (ROI) and thus evaluate the persistence of
fluorescence as a marker of slow release. The F3 formulation (200 μg
single subcutaneous injection) was then selected for comparison to 2
× 100 μg doses of soluble Cy5-CPMV.
Immunization Procedure. BALB/c female mice (four mice per

group) were assigned to one of the following treatment groups, with
all treatments involving subcutaneous injections behind the neck: (i)
group 100 = prime-boost (week 0 and week 2) injections of 100 μg of
soluble 826-CPMV in 150 μL of PBS; (ii) group 200 = single
injection of 200 μg of soluble 826-CPMV in 150 μL of PBS; (iii)
group F3 = single injection of the F3 formulation containing 200 μg
of 826-CPMV; and (iv) group blank F3 = single injection of the F3
formulation without 826-CPMV. Blood samples were collected by
retro-orbital bleeding before injection (week 0) and on weeks 2, 4, 8,
12, 16, and 20. Blood samples were centrifuged (2000g, 10 min, 4
°C), and the plasma was kept at −80 °C for antibody screening.
Enzyme-Linked Immunosorbent Assay. Anti-826 antibodies

were detected by enzyme-linked immunosorbent assay (ELISA) as
previously reported.39 Pierce maleimide-activated 96-well plates
(Thermo Fisher Scientific) were rinsed three times with 200 μL per
well of PBS containing 0.05% (v/v) Tween-20 (PBST), and the same
washing procedure was used between all subsequent steps. The
washed plates were coated with peptide epitope 826 (20 μg mL−1,
100 μL per well) in binding buffer (0.1 M sodium phosphate, 0.15 M
sodium chloride, 0.01 M EDTA, pH 7.2) overnight at 4 °C. After
discarding the coating solution and washing the plates, each well was

blocked with 100 μL of 10 μg mL−1 cysteine in binding buffer, and
the plates were incubated at room temperature for 1 h. Following the
blocking step, the plasma from immunized animals was added in PBS
(100 μL per well) using dilution factors of 200, 400, 800, 1600, 3200,
6400, 12,800, 25,600, 51,200, 102,400, and 204,800. After incubating
for 1 h at room temperature and washing, we added the horseradish
peroxidase (HRP)-conjugated goat antimouse IgG Fc-specific
secondary antibody (Invitrogen, diluted 1:5000) in PBST and
incubated the plates again for 1 h at room temperature. Following
another wash, we added 100 μL per well of the 1-Step Ultra TMB-
ELISA substrate (Thermo Fisher Scientific) and allowed the plates to
develop for 5 min at room temperature before stopping the reaction
with 100 μL per well of 2 N H2SO4 and reading the optical density at
450 nm on a Tecan microplate reader.

Antibody Isotyping. The ELISA protocol for anti-826 antibody
screening was slightly modified for the isotyping experiment. Instead
of serial dilutions, samples from weeks 4 and 12 were diluted 1:1000
in binding buffer. As secondary antibodies, we used HRP-conjugated
goat anti-mouse IgG1 (Invitrogen PA174421, 1:5000), IgG2a
(Invitrogen A-10685, 1:1000), IgG2b (Abcam, Cambridge, UK,
ab97250, 1:5000), IgG2c (Abcam ab9168, 1:5000), IgG3 (Abcam
ab98708, 1:5000), IgE (Invitrogen PA184764, 1:1000), and IgM
(Abcam ab97230, 1:5000). The IgG1/IgG2a ratio was calculated,
with values < 1 considered indicative of a Th1 response and values >
1 considered indicative of a Th2 response.

Statistical Analysis. Graphical data were processed and analyzed
using GraphPad Prism v9.0.2 (GraphPad Software, San Diego, CA,
USA), unless otherwise indicated. Depending on the datasets, data
were statistically compared by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test or two-way ANOVA
using pairwise multiple comparison followed by a posttest Holm−
Šidaḱ correction. Asterisks in figures indicate significant differences
between groups (*p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001).

Figure 1. Characterization of CPMV and Cy5-CPMV. (A) Bioconjugation reaction, labeling of CPMV with sulfo-Cy5 using NHS chemistry. Black
dots on the CPMV surface represent lysine residues. (B) SDS-PAGE comparing CPMV wild-type and Cy5-conjugated CPs, demonstrating similar
electrophoretic profiles and thus successful covalent attachment. (C) Native agarose gel electrophoresis demonstrating the similar electrophoretic
mobility of CPMV/Cy5-CPMV (viral proteins, RNA, and Cy5 fluorophore), suggesting that the particles are intact. (D) DLS measurements
indicating the nanoparticulate nature of CPMV/Cy5-CPMV samples. (E) Size-exclusion chromatography confirming the CPMV/Cy5-CPMV
particle integrity by the coelution of all viral components in the same peak. The black dashed curve represents viral CP absorbance at λ = 260 nm,
the blue solid curve is the RNA signal at λ = 280 nm, and the red solid line is Cy5 detected at λ = 647 nm.
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■ RESULTS AND DISCUSSION

Preparation and Labeling of CPMV Particles. CPMV
was purified from infected black-eyed pea plants yielding 0.55
mg per gram of leaf tissue. The 260/280 nm absorbance ratio
was 1.75, well within the 1.7−1.8 range anticipated for pure
particles.68 Surface-exposed lysine side chains were conjugated
to Cy5 using NHS chemistry (Figure 1A). Five equivalents of
NHS-sulfo-Cy5 per CP achieved a loading efficiency of 19 Cy5

molecules per particle, which is acceptable for fluorescence
imaging.71 SDS-PAGE and native agarose gel electrophoresis
confirmed the attachment of Cy5 (Figure 1B,C). Illumination
of the polyacrylamide gels with red light revealed fluorescent
bands matching the small and large CP bands on gels stained
with CBB, indicating that Cy5 was covalently linked to both
polypeptides. Illumination of the native agarose gels under red
light showed a fluorescent band matching the UV band (RNA
signal) and the protein band on gels stained with CBB (intact

Figure 2. Preparation and characterization of hydrogels. (A) CPMV particles were dispersed in chitosan/GP hydrogels. (B) Design-of-experiment
plots (from Minitab software) showing the impact of two formulation variables (chitosan molecular weight and CPMV concentration) on gelation
time. (C) Rheological properties of liquid formulations, showing variations in relative viscosity at 25 °C. (D) Gel height variations measured at
different time points following hydrogel incubation in PBS at 37 °C (n = 3). (E) Experimental setting used for in vitro gel swelling/degradation and
release analysis, showing the homogeneous dispersion of Cy5-CPMV in hydrogel F3 vs PBS. (F) Full data set showing in vitro Cy5-CPMV release
from hydrogels vs soluble Cy5-CPMV/PBS at 37 °C (n = 3). (G) Release data excerpt showing the difference between the three hydrogel
formulations. Asterisks indicate significant differences between groups (*p < 0.05; **p < 0.01).
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particles), thus confirming that the particles were intact
following bioconjugation. This was consistent with size analysis
by dynamic light scattering (DLS), which showed the presence
of nanometer-scale particles in the CPMV and Cy5-CPMV
samples (Figure 1D). Particle integrity was verified by the
single elution peak during size-exclusion chromatography:
proteins were detected at 260 nm, RNA at 280 nm, and Cy5-
CPMV at 647 nm (Figure 1E). The latter also confirmed the
absence of aggregates, broken particles, free proteins, or free
dye molecules.
Preparation and Characterization of Hydrogels

Loaded with CPMV/Cy5-CPMV. Gel Formation. Chitosan
is soluble in acids due to the electrostatic repulsion between its
positively charged amine-protonated chains. The addition of
GP neutralizes the solution (pH = 6.5−7.3) without inducing
immediate precipitation or aggregation because GP deproto-
nates some of chitosan’s positively charged amine groups
(−NH3

+), allowing electrostatic attraction between the GP
backbone and chitosan’s remaining −NH3

+ groups, in turn
exposing the glycerol moiety of GP to neighboring chitosan
chains and enhancing their solubility when the temperature is
below ∼23 °C.56,72 Higher temperatures trigger the transfer of
protons from chitosan’s −NH3

+ groups to the GP backbone,
reducing the charge density of chitosan and favoring
hydrophobic interchain interactions and hydrogen bonding
between chitosan chains, resulting in the formation of a
gel.57,58,72,73

We investigated the gelling behavior of chitosan/GP
mixtures featuring three different molecular weights of chitosan
(LMW = 250 kDa, MMW = 1250 kDa, and HMW = 1500
kDa) and various concentrations of CPMV (0−4.5 mg mL−1)
at 37 °C. The gelation time was assessed by the flow and
turbidity of each mixture following tube inversion (Figure 2A).
The gelation time decreased with increasing chitosan
molecular weight, but the concentration of CPMV was also
relevant (Figure 2B and Table S2). This is consistent with
previous studies demonstrating that solution-to-gel transition is
influenced by many formulation parameters, including chitosan
molecular weight and cargo loading.74 Blank formulations
gelled much faster than those containing CPMV, supporting
previous observations that nanoparticles occupy the space
between chitosan chains and slow gelation.66 The shortest
gelling time was observed for the formulations containing
HMW chitosan (5−8 min). We selected the formulations with
the highest load of CPMV (4.5 mg mL−1) for further
characterization because this allows the maximum dosage
with the smallest volume of the excipient. The formulations
containing 4.5 mg mL−1 CPMV dispersed in LMW, MMW,
and HMW chitosans were named F1, F2, and F3, respectively.
The liquid formulation F3 was the most viscous (0.482 Pa·s),
2.4-fold more viscous than F2 (0.202 Pa·s) and 4.8-fold more
than F1 (0.099 Pa·s). The viscosity modulus of F1 (and to
some degree F2) decreased abruptly as the shear rate
increased, whereas the viscosity modulus of F3 declined
gradually (Figure 2C). This indicates much better shear-
thinning and self-healing behavior,62 reflecting the presence of
stronger interchain interactions as would be anticipated from
the short gelation time.
Gel Swelling, Degradation, and In Vitro Release Profiles.

Next, we assessed gel swelling and degradation, as well as the
Cy5-CPMV release profile over 21 days in PBS at 37 °C.
Although hydrogel F1 initially showed some fluctuations
(Figure 2D), all formulations ultimately showed no significant

change in the gel height (Figure 2E). The apparent volume of
the gel therefore remained constant regardless of the
composition (loaded with Cy5-CPMV particles or blank).
This agrees with one earlier report,65 but in another case, the
authors observed significant height fluctuations.75 The
constant apparent volume of our gel suggests that the rates
of gel swelling and degradation are comparable, which implies
a robustness that may interfere with cargo release. However,
SEM revealed that the microstructure of fresh (nonincubated)
hydrogels comprised a bulky but porous matrix, which would
encourage cargo release even without degradation (Figure S1).
SEM images of the exhausted gels (after incubation in PBS)
included abundant salt crystals, which made it difficult to
determine the matrix structure (data not shown). Despite these
results, the slow-release capability of the hydrogels was
confirmed directly by measuring the quantity of Cy5-CPMV
particles in the liquid phase (Figure 2E). The gels remained
stable throughout the 21 days of testing, but we observed the
gradual release of Cy5-CPMV nanoparticles from all
formulations, suggesting that the particles can diffuse through
the pores identified above (Figure 2F,G). The slowest release
profile was observed for F3, consistent with its rapid gelation
and high viscosity, followed by F1 and then F2. This suggests
that the release profile is not directly related to the molecular
weight of the chitosan. We found that a free suspension of
Cy5-CPMV released 100% of the particles after incubation in
PBS for 10 days, which was anticipated because the particles
can move freely due to Brownian motion. In contrast, only
10−12% of the particles were released from the hydrogels after
21 days, reflecting a combination of physical obstruction and
chemical interactions within the gel matrix.76,77

Characterization of Cy5-CPMV Released from the Hydro-
gels In Vitro. Having established the potential for intermo-
lecular interactions within the hydrogel, we investigated
whether the chemical reactivity of the matrix had a negative
impact on nanoparticle stability. Cy5-CPMV particles released
from the hydrogels on days 7 and 14 were characterized by
native agarose gel electrophoresis, SDS-PAGE, and TEM. The
illumination of agarose gels with red light revealed Cy5 bands
that matched the RNA signal under UV light and the protein
bands under white light following staining with CBB (Figure
S2A). This confirmed the presence of intact particles
containing all three components. Some particles remained in
the loading wells, which may reflect particle aggregation or
interactions with positively charged chitosan molecules
affecting electrophoretic migration toward the anode. The
chemical stability of the Cy5-CP conjugates was confirmed by
SDS-PAGE, which showed that the protein bands correspond-
ing to the small and large CPs after staining with CBB
appeared at the same positions as the fluorescent bands
representing Cy5 (Figure S2B). This confirmed that the
covalent linkage between Cy5 and the particles remained stable
after 14 days in the hydrogel matrix. Finally, the structural
integrity of the Cy5-CPMV particles eluted from hydrogels was
confirmed by TEM (Figure 3). Taken together, these
observations suggest that chemically modified CPMV nano-
particles are likely to maintain their particulate and molecular
integrity following encapsulation within and release from the
chitosan/GP hydrogels.

In Vivo Retention and Release Profiles. Cy5-CPMV-loaded
formulations F1, F2, and F3 were injected subcutaneously
behind the neck of shaved BALB/c mice to determine the
retention and release profiles in vivo. Cy5-CPMV in PBS was
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injected as a control. The local retention of Cy5-CPMV was
assessed over 21 days by fluorescence imaging of the injection
site and ROI analysis. The signals from the single dose of
soluble Cy5-CPMV decayed rapidly compared to those from
the hydrogel formulations, disappearing almost completely by
day 12 postinjection due to fast diffusion and clearance62

(Figure 4A). The signals from F1 and F2 lasted until day 18,
and the signal from F3 was still present at the end of the
experiment, indicating depot formation in situ followed by the

slower diffusion of Cy5-CPMV from the injection site.
Although the hydrogel significantly increased the residence
time of CPMV, the excellent tissue residence time of the
soluble formulation is also notable, probably reflecting the high
stability of the CPMV nanoparticles. Quantitative fluorescence
intensity analysis revealed that F3 was the only formulation
that differed significantly from free Cy5-CPMV in terms of
fluorescence decay (Figure 4B). This agrees with the observed
ability of F3 to outperform the other formulations in vitro (e.g.,
the shortest gelation time and slower release). We also
compared Cy5-CPMV local retention following subcutaneous
injections of F3 (200 μg single dose) versus soluble Cy5-
CPMV (100 μg every 14 days), and the outcome was
intriguing. Bright fluorescence at the injection site was
observed in both groups on day 15 but only in the F3 group
on day 28, confirming the prolonged tissue residence due to
depot formation (Figure 4C). Although the reliability of
fluorescence signals is limited by the potential for quenching or
particle aggregation (especially in the confined subcutaneous
injection site), the results nevertheless allowed us to compare

Figure 3. TEM images of Cy5-CPMV released in vitro from
hydrogels following incubation in PBS for 14 days, confirming the
integrity and stability of Cy5-CPMV particles within the hydrogel
matrix.

Figure 4. In vivo retention/release of Cy5-CPMV from hydrogels (F1, F2, and F3) vs soluble Cy5-CPMV. (A) Fluorescence images and (B)
fluorescence intensity at the injection site in female BALB/c mice (n = 5 per group) following a single subcutaneous injection of F1, F2, or F3 (450
μg of Cy5-CPMV) or soluble Cy5-CPMV (450 μg) on day 0. Asterisks indicate significant differences between F3 and Cy5-CPMV (*p < 0.05).
(C) Comparing local retention of a single subcutaneous dose of hydrogel F3 (containing 200 μg of Cy5-CPMV) vs two doses of soluble Cy5-
CPMV (100 μg injected at days 0 and 14) in female BALB/c mice. Fluorescence images demonstrating the extended tissue residence of the F3
hydrogel compared to that of the soluble Cy5-CPMV.
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the rate of Cy5-CPMV particle clearance when using soluble
and slow-release formulations, supporting the enhanced local
retention achieved by the administration of Cy5-CPMV in
chitosan/GP hydrogels.78

Efficacy of 826-CPMV-Loaded Hydrogel as a Single-
Dose Vaccine. Bioconjugation of Peptide Epitope 826 to
CPMV. We conjugated the B-cell epitope 826 (peptide
sequence 809−826 of the SARS-CoV-2 S protein) to CPMV
using our two-step protocol as previously described.39 This
peptide is highly conserved and is not affected by the
mutations that generated the Delta and Omicron variants of
SARS-CoV-2 (Figure S3). We used NHS chemistry to attach
the cross-linker SM(PEG)4 to lysine side chains on CPMV
(Figure 5A). The resulting maleimide handles were quickly

conjugated to the cysteine residues of peptide 826 in the
presence of the polymer Pluronic F127, a surfactant used for
peptide solubilization.69 The 826-CPMV particles were
purified by ultracentrifugation and characterized by SDS-
PAGE, native agarose gel electrophoresis, and TEM. SDS-
PAGE revealed the presence of new CP bands with higher
molecular weights than those of the native small and large CPs,
reflecting the conjugation of the additional peptide (Figure
5B). Quantitative analysis by densitometry indicated that each
nanoparticle displayed ∼60 peptide epitopes, which is in
agreement with our previous study.39 Native agarose gel
electrophoresis indicated that the 826-CPMV particles had a
lower electrophoretic mobility than native CPMV, which can
be attributed to the higher molecular weight and increase in

hydrodynamic diameter (Figure 5C). The presence of a
higher-mobility band that appeared to be free RNA (stained
with GelRed but not with CBB) may indicate the release of
RNA under the reaction conditions, in agreement with our
previous work on the 826-CPMV formulation.69 While some
RNA is lost during the conjugation procedure, a significant
amount of the RNA is retained within the formulation.
Importantly, RNA is not lost during hydrogel formulation (see
Figure S2). The structural integrity of the 826-CPMV
nanoparticles was confirmed by TEM, which revealed
homogeneous icosahedral particles of ∼30 nm (Figure 5D).
Collectively, these data confirmed the synthesis of stable 826-
CPMV nanoparticles for immunization studies.

Immunogenicity of Hydrogel F3 Containing 826-CPMV
Particles. The immunogenicity of 826-CPMV formulated in
chitosan/GP hydrogel F3 was evaluated in female BALB/c
mice. Based on the previously reported dosing schedule for
826-CPMV,39 a single dose of liquid formulation F3 containing
200 μg of 826-CPMV particles was compared with the soluble
particles in PBS administered as a single subcutaneous dose of
200 μg or prime-boost doses of 100 μg at the beginning of
weeks 0 and 2 (Figure 6A). Blood samples were collected by
retro-orbital bleeding over 20 weeks and sera were screened for
antibodies against epitope 826 by ELISA (Figure 6B). The
control group (F3 hydrogel without 826-CPMV particles) did
not elicit antibodies, whereas all study groups produced anti-
826 IgG (Figure 6C). The injectable hydrogel formulation of
826-CPMV improved the antibody titers at later time points
(between weeks 12 and 20) compared to the soluble
formulation (Figure 6D). Significantly high antibody concen-
trations were still apparent at week 20 following the
administration of 826-CPMV particles in hydrogel F3.
Differences in antibody titers were apparent at later time
points with higher titers observed in animals immunized with
the 826-CPMV particles released from the F3 hydrogel versus
single administration of 200 μg of 826-CPMV particles or
prime-boost with 100 μg of 826-CPMV particles (Figure
6C,D). This is consistent with the prolonged tissue residence
time and slow release of CPMV from the injectable hydrogel
compared to the faster clearance of the soluble CPMV
formulation (Figure 4). The data provide further evidence that
intact and biologically active CPMV nanoparticles released
from the hydrogel retained their biological properties,
supporting the in vitro stability data (Figures 3 and S2). The
chitosan/GP slow-release technology is therefore highly
compatible with plant virus nanotechnology. Our results are
important because many nations have now initiated repeat
vaccinations with shorter intervals in an attempt to control
COVID-19, whereas a slow-release formulation could provide
long-lasting immunity by creating a depot that releases vaccine
antigens over a period of several months. The use of such
formulations would therefore alleviate some of the burden on
global health systems by reducing the number of vaccination
appointments needed to achieve population-wide protection.

Antibody Isotyping. Finally, we analyzed the Ig isotypes and
IgG subclasses in plasma from weeks 4 and 12 and thus reveal
whether hydrogel vaccine F3 induced a Th1-biased response
(IgG1/IgG2a ratio < 1) or a Th2-biased response (IgG1/
IgG2a ratio > 1). Th1 cells produce cytokines such as
interferon γ that instruct B cells to produce opsonizing
antibodies (IgG2a/b) and stimulate macrophages for phag-
ocytic activity against intracellular pathogens (e.g., viruses). In
contrast, Th2 cells produce interleukin 4 (IL-4) that instructs

Figure 5. Conjugation of the B-cell peptide epitope 826 to CPMV.
(A) Two-step synthesis of 826-CPMV conjugates. (B) SDS-PAGE
analysis comparing the CPs from wild-type and modified CPMV
particles. (C) Agarose gel showing the colocalization of viral RNA
(under UV light) with CP (revealed by staining with CBB). (D) TEM
images confirming particle integrity following the bioconjugation
reaction. Scale bar = 100 nm.
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B cells to secrete neutralizing antibodies (IgG1) for humoral
protection against pathogens or toxins in the extracellular
environment.40 We observed comparable Ig isotype profiles in
all groups at week 4 but evident differences at week 12 due to
IgG1 becoming exclusively prominent in the F3 group (red
arrows in Figure 7A). Based on the IgG1/IgG2a ratio, we
found that F3 induced a Th1-biased response at week 4 but
shifted to a Th2-biased response at week 12, while the immune
response for the soluble 826-CPMV groups remained Th1-
biased throughout the experiment (Figure 7B). CPMV-based
vaccines were previously shown to induce Th1-biased
responses against cancers,41,79,80 but Th2-biased responses at

later time points have been reported for other shared epitopes
from SARS-CoV and the SARS-CoV-2 S protein, reflecting a
shift from Th1 typically after the second boost injection.43 The
Th1/2 response was deemed to be dependent on the SARS-
CoV2 S protein epitope.39,43 With regard to epitope 826, we
and others39 observed only Th1-biased responses for soluble
826-CPMV administered using the prime-boost schedule,
which implies that the observed shifting bias in the F3 group
from Th1 to Th2 is possibly due to the immune-enhancing
adjuvant capability of chitosan53−55,81 and/or the slow-release
characteristics of the hydrogel F3. The first CPMV nano-
particles released from the gel can diffuse through lymph vessel

Figure 6. Antibody response following the immunization of BALB/c mice (n = 4 per group). (A) Mice were subcutaneously injected once with
hydrogel F3 (containing 200 μg of 826-CPMV) or 200 μg of soluble 826-CPMV in PBS or with 2 × 100 μg of soluble 826-CPMV in PBS as a
prime-boost regimen. Blood samples were withdrawn by retro-orbital bleeding according to the schedule as shown. (B) ELISA detecting IgG (from
immunized mouse serum) binding to epitope 826. (C) ELISA data curves showing IgG titers of immunized mice against epitope 826 from weeks 2
to 20. (D) Longitudinal IgG titers over 20 weeks indicating that the F3 group continuously differed from the control blank group to a much greater
extent than the soluble particle (with p values included for weeks 16 and 20 to show the differences). Asterisks indicate significant differences
between the study group and control blank group (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001), with green color referring to the soluble
826 CPMV 100 (x2) group, blue to the 826 CPMV 200 group, and red to the F3 group.
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pores and find their way to the lymph node, where they
interact directly with B cells to induce immediate IgG2a
production (Th1 bias) without prior interactions with T
cells.40,82 However, longitudinal and delayed release may
induce more Th2 bias because the particles are likely to
interact with antigen-presenting cells due to their prominent
recognition by pre-existing opsonizing antibodies.46 The
comparative release profiles of soluble particles versus
hydrogels may help to determine whether CPMV-based
vaccines are inherently Th1-mediated adjuvants or whether
the nature of the epitope is the main determinant of Th1/2
bias.
Vaccine efficacy and safety are important design parameters,

and while Th2 bias is desired to elicit neutralizing IgG1
antibodies for humoral protection against viruses prior to cell
entry and establishment of infection, reports highlight the risk
of antibody-dependent enhancement (ADE) with the SARS
and Middle East Respiratory Syndrome coronavirus vaccine
candidates.83,84 Some reports suspected similar risk of ADE for
SARS-CoV-2 vaccines;85,86 nevertheless, the rationale design
and choice of target epitope may provide greater safety
compared to subunit vaccines containing RBD or the full-
length S protein.

■ CONCLUSIONS

We have formulated an injectable hydrogel containing CPMV
conjugated to B-cell epitope 826 as a single-dose vaccine
candidate for COVID-19. CPMV hydrogel formulations were
prepared using chitosan and GP solutions to yield a liquid
mixture that was homogenized with CPMV particles at room

temperature. HMW chitosan formulations (F3) containing 0−
4.5 mg mL−1 CPMV achieved a relatively fast transition from
liquid solutions to gels at 37 °C (gelation time 5−8 min) and
slowly released Cy5-CPMV particles in vitro and in vivo. Most
importantly, F3 containing CPMV labeled with epitope 826
from the SARS-CoV-2 S protein induced high antibody titers
over 20 weeks, with an associated shift from Th1-biased to
Th2-biased profiles. Our findings suggest that CPMV nano-
particles can be effectively formulated in chitosan/GP
hydrogels and are released over several months as intact and
biologically active particles with conserved immunotherapeutic
efficacy. The proposed formulation not only represents a
promising single-dose vaccine candidate to address future
pandemics but may also facilitate the development of long-
lasting plant virus-based nanomedicines for diseases that
require long-term treatment.
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