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Abstract

Respiratory viral infections, such as influenza and coronavirus, are major threats to
humankind. Injectable vaccines for SARS-CoV-2 protect against severe disease but fail
to induce immunity in the upper airway mucosa, the virus entry site, thus not preventing
infection and transmission. This highlights the urgent need for mucosal-targeted
vaccination systems. While intranasal immunization holds promise, achieving local
antigen delivery for mucosal immunity remains challenging. To address this, we
designed an innovative nanoparticle system to deliver intranasal vaccines, using the
receptor-binding domain (RBD) and multiple T-cell epitopes of SARS-CoV-2 antigens.
Nonporous silica-based nanoparticles (SiNP) functionalized with a mucoadhesive
cyclodextrin polymer (MaP) were selected as a delivery vehicle capable of adhering to
and penetrating mucus. In a 3-dose regimen, the nanovaccine induced and sustained
high systemic and neutralizing antibody levels for at least one year, with robust cellular
responses, as well as IgA secretion in the oral and nasal cavities, providing strong
protection against SARS-CoV-2 and substantially reducing viral loads in both upper and
lower respiratory tracts. Our findings provide evidence that an intranasal vaccination
platform combining two distinct nanoscale strategies might be crucial for inducing lasting
and broad systemic and upper airway immunity, potentially controlling SARS-CoV-2
infection and transmission.

Keywords: SARS-CoV-2. Nasal vaccine. Nanoparticle delivery system. Adjuvanted-
subunit nanovaccine. Respiratory mucosal immunity.

Introduction

Respiratory pathogens of zoonotic origin remain a major global health threat [1],
with the COVID-19 pandemic exemplifying how respiratory infections can reshape
society [2]. SARS-CoV-2 infects host cells via the spike receptor-binding domain (RBD)
binding to the angiotensin-converting enzyme 2 (ACE2), predominantly expressed in the
respiratory mucosa [3-5]. Although intramuscular vaccines effectively reduce severe
disease and mortality [6], they offer only transient protection against viral replication and
transmission, especially with emerging variants. Breakthrough infections often show
nasopharyngeal viral loads comparable to those of unvaccinated individuals, reflecting
limited mucosal protection [7]. This limitation stems from their poor induction of secretory
IgA (slgA) at mucosal surfaces, the primary site of infection [8]. Since nasal slgA
inversely correlates with viral load and disease severity [9], next-generation vaccines
must induce both local and systemic immunity [10]. Intranasal vaccination offers a
promising strategy to achieve this, providing needle-free delivery, better compliance, and
scalability for pandemic use [11]. Current intranasal platforms using unmodified mRNA,
live-attenuated viruses, or adenoviral vectors show inconsistent mucosal IgA responses
[12—-14], while anti-vector immunity [15,16] and safety concerns limit their applicability—
highlighting the need for new, versatile mucosal vaccine systems.

In light of this, we developed a nanovaccine based on a hybrid system composed
of nonporous (solid) silica mucus-penetrating nanoparticles (SiNPs) functionalized with
the mucoadhesive semi-synthetic polymer 2-hydroxypropyl-p-cyclodextrin (HP-B-CD,



referred to as MaP) for intranasal delivery of SARS-CoV-2 antigens. SiNPs are widely
used in biomedical formulations due to their tunable physicochemical properties,
stability, and high biocompatibility [17-21]. These nanoparticles are under clinical
investigation for immunotherapies and vaccine applications [20—22], and their favorable
safety profile [23—-26] is recognized by multiple regulatory agencies [27,28]. SINPs are
recognized for their ability to stabilize and deliver biomolecules, while promoting antigen
cross-presentation confers intrinsic adjuvant potential [17,19]. Complementarily, MaP—
a semi-synthetic, FDA- and EMA-approved cyclodextrin derivative widely used in nasal
formulations [29,30]—enhances antigen stability and mucosal retention through
hydrogen bonding with mucins [31-34], transiently modulates epithelial tight junctions to
facilitate paracellular transport [34,35], and improves antigen uptake by immune cells
[31,36,37]. MaP-containing formulations may prevent respiratory viral infections by
blocking virus-host interactions [37]. Its safety and lack of ciliotoxicity or epithelial
disruption have been extensively documented [38,39]. Thus, its multifunctionality
establishes MaP as a strategic excipient for innovative intranasal nanoformulations [31].
Additionally, the vaccine cargo consists of the recombinant SARS-CoV-2 Spike RBD—
key for neutralizing antibody induction [40]—combined with synthetic peptides containing
sarbecovirus conserved CD4" and CD8" T-cell epitopes broadly recognized among
convalescent individuals, ensuring broad HLA coverage [41]. The formulation includes
the mucosal adjuvant poly(inosine:cytidine) [poly(I:C)], a Toll-like receptor 3 (TLR3)
agonist that enhances both mucosal and systemic immunity [42,43]. Together, these
components elicit a coordinated immune response with balanced slgA and IgG
production, hallmarks of protection against respiratory pathogens.

Mechanistically, = MaP-functionalized SiNPs integrate  structural and
immunostimulatory features to optimize mucosal vaccine performance. Upon intranasal
instillation, MaP forms a hydrated gel that prolongs residence time and promotes
nanoparticle adhesion to the mucosa [31-33], enabling sustained SINP release and
epithelial penetration for efficient antigen uptake by antigen-presenting cells (APCs) in
the nasal-associated lymphoid tissue (NALT) [31,44-46]. Ultrafine non-porous SiNPs
(<20 nm) evade mucociliary clearance, are internalized by APCs, and activate the
NLRP3 inflammasome via lysosomal destabilization, inducing IL-1B secretion and
enhancing antigen presentation [47]. Their physicochemical features also favor antigen
cross-presentation on MHC-I, driving CD8" T-cell priming and Thl-biased immunity [48—
50]. Concurrently, HP-B-CD transiently extracts membrane cholesterol, increasing
epithelial fluidity and paracellular permeability to enhance antigen transport across the
mucosal barrier [34—36], while also acting as an innate immune modulator that triggers
DAMP-mediated TBK1 and MyD88 signaling, promoting immune cell recruitment and
local inflammation [31,51]. Together, SiNPs and HP--CD synergize to ensure prolonged
mucosal retention, efficient antigen delivery, and potent innate immune activation,
maximizing vaccine efficacy [44].

This cyclodextrin-polymer-modified silica nanoparticle platform offers distinctive
advantages over existing vaccine technologies. Antigens adsorbed on the surface of
non-porous SiNPs enable synchronized co-delivery of components to the same APCs
[52]. The nanoscale size (<200 nm) allows passage through the nasal ciliary mesh
without entrapment [53], while HP-B-CD enhances epithelial permeability and immune



cell recruitment [34—-36]. Moreover, interactions between the nanovaccine and the nasal
microbiome may enhance local immune readiness via TLR signaling and polymeric
immunoglobulin receptor (plgR) upregulation, promoting sIgA transcytosis into mucus
[54]. This local stimulation, together with pro-inflammatory cues in the nasal mucosa,
primes the mucosal environment for slgA secretion and frontline protection [55,56].
Collectively, these mechanisms establish SINP-MaP as a next-generation mucosal
nanoplatform capable of overcoming key limitations of current vaccines against SARS-
CoV-2 and other respiratory pathogens.

Results

Construction of the combined mucoadhesive and mucopenetrant SARS-CoV-2
nanovaccine system as a viable pharmaceutical product

Characterization of nanoparticles by transmission electron microscopy (TEM)
revealed that silica nanoparticles (SINPs) exhibited a uniform spherical morphology,
regular in shape and monodisperse distribution (Figure 1a). Upon incorporation of the
antigen—adjuvant complex (Ag—Adjv) and the mucoadhesive polymer (MaP), the SiNPs
are surrounded by small electron-dense spheres, confirming the formation of the
complete SINP-MaP nanovaccine (Figure 1b). A schematic representation of the final
formulation is illustrated in Figure 1c. Also, we determined the adsorption efficiency of
each immunogenic component onto the SINPs by chromatography (Supplementary
Figure la—d), detecting the RBD (Supplementary Figure 1b), the eight synthetic
peptides (Supplementary Figure 1c), and poly(l:C) (Supplementary Figure 1d), but
not of the MaP excipient, due to the absence of UV-visible chromophores. Analysis of
the supernatants from centrifuged formulations revealed distinct adsorption profiles. The
chromatogram monitored at 214 nm (Figure 1d) showed only minimal residual peaks for
peptides P1, P3, and P5. In contrast, a strong signal detected between 5 and 15 minutes,
at both 214 nm (Figure 1d) and 263 nm (Supplementary Figure 1e), corresponded to
unbound poly(l:C), demonstrating poor adsorption of this adjuvant, which was further
confirmed by the calibration curve (Supplementary Figure 1f). These results confirm
that the antigens were efficiently adsorbed onto SiNPs, while poly(l:C) appeared largely
unbound under the tested conditions. Nonetheless, the increase in systemic 1gG
(Supplementary Figure 2a) and IgA (Supplementary Figure 2b) responses observed
after the second intranasal dose—particularly in adjuvanted formulation—suggests that
poly(l:C) was functionally incorporated into the nanovaccine, despite its high detectability
by the quantification method.

The hydrodynamic size of SiINPs measured by DLS showed an average particle
diameter of 21 nm (Figure 1e), while maintaining a low polydispersity index (0.07)
(Figure 1f). However, after incorporation of the active vaccine components, the SiNP
size slightly increased by a factor of 1.31, indicating efficient adsorption of antigen—
adjuvant complexes (Ag-Adjv) onto the SiNPs, and by a factor of 1.35 when the SiNP-
Ag-Adjv system was further functionalized with the polymer (SiNP-MaP), reaching a final
average diameter of 37.4 nm (Figure 1e). The small polydispersity index of SINP-MaP
(0.13) indicated a narrow and favorable particle size distribution (PDI < 0.3), as well as
the formation of a single predominant particle population representative of the



nanovaccine (Figure 1f). The changes shown in Figure 1g reflect the layer-by-layer
(LbL) assembly of the SiNPs and provide insight into the surface chemistry and biological
behavior of the final nanovaccine. The initial SiINPs exhibited a zeta potential of —20.8
mV, consistent with negatively charged silanol (Si-OH) groups at neutral pH. As
successive layers were added, the potential became slightly less negative (=15, —16.5,
and —-16.1 mV), indicating successful LbL assembly in which each coating partially
neutralized the underlying charge. The particles remained globally anionic, confirming
controlled surface modification rather than charge inversion. In addition, this modest
reduction indicates that surface modification did not compromise nanoparticle stability,
as corroborated by the consistent hydrodynamic size and low polydispersity index
(Figure 1le,f). These findings indicate that the engineered SiNP-MaP nanovaccine
exhibits a uniform and monodisperse structure, efficient antigen adsorption and
functional adjuvant incorporation, and physicochemical characteristics suitable for nasal
distribution.

The combined mucoadhesive and mucopenetrant SARS-CoV-2 nanovaccine
delivery system increases the residence time of the antigen in the nasal cavity and
biodistribution

Given the importance of increased nasal residence time for enhancing nasal
immune responses, we evaluated the residence time of the RBD protein, both alone and
within distinct nanoparticle formulations, using an IVIS spectrum in vivo imaging system
(Figure 2a). We confirmed the antigen labeling in the formulations (Supplementary
Figure 3a) and recorded maximum fluorescence intensity in the control (water, 2.25 x
107) and test formulations (1.13 to 2.62 x 108) (Supplementary Figure 3b). To delineate
the fluorescence intensity emitted, we used naive animals (n = 2/group, total n = 8). The
formulations containing only RBD/Cy.5 (Ag), and this incorporated into MaP, SiNP, and
SINP-MaP, were instilled into the nostrils of animals (5 pL/nostril, n = 7/group) and
analyzed immediately (TO) and at 3, 6, and 24 hours (T3, T6, and T24).

Immediately after instillation (TO), strong fluorescence was detected in the nasal
region of mice receiving Ag and SiNP, whereas the MaP and SiNP-MaP groups
exhibited significantly lower signal intensity (Figure 2b). At 3 h post-administration (T3),
a marked decrease in fluorescence was observed in all groups (Supplementary Figure
3c); however, MaP and SiNP-MaP maintained a significantly higher fluorescence
intensity than Ag alone and/or SiNP-associated (Figure 2c), and this difference persisted
at 6 h (T6) (Figure 2d). After 24 h (T24), fluorescence was markedly reduced across all
groups (Supplementary Figure 3c), yet detectable levels remained in the SINP-MaP
group (Figure 2e). The efficacy of nanovaccines is well known to depend critically on
their in vivo distribution. To this end, we excised the major organs and evaluated the
biodistribution of the formulated and unformulated vaccine antigen (Figure 2a,f). Despite
the predominant fluorescence detected in the kidneys (K) of all animals immunized with
the different formulations 3 hours after nasal instillation (Supplementary Figure 3d-i),
fluorescent signals were also observed in the lungs (LG) of mice that received RBD/Cy.5
alone or incorporated into SINP and SiNP-MaP (Supplementary Figure 3e), and in the
liver (LV) and brain (B) of animals administered with RBD/Cy.5 associated with SiNP
(Supplementary Figure 3f,i), while no fluorescence was detected in the hearts (H) or



spleens (S) of any group (Supplementary Figure 3a,g). However, 24 hours after
instillation, fluorescence corresponding to free RBD/Cy.5 or to that incorporated into the
different nanovaccine formulations was no longer detectable in any of the analyzed
organs (Figure 2f). These findings suggest that the mucoadhesive polymer coating is
essential for prolonged antigen retention in the nasal cavity and indicate efficient antigen
clearance within 24 hours, with no evidence of undesired systemic accumulation.

Intranasal instillation of the innovative combination of mucus-penetrating and
mucoadhesive nanomaterial presents a favorable histopathological profile, with
no evidence of significant alterations

Histopathological analysis was performed on lung, spleen, liver, kidney, brain, and
heart tissues collected one day after intranasal instillation of the different nanoparticulate
formulations (Figure 3a-l). In the lungs, all immunized animals exhibited mild septal
thickening consistent with local immune activation, whereas discrete pneumonitis and
bronchiolar hyperplasia were observed in the MaP and SiNP groups (100%) (Figure
3a,b), suggesting adaptive epithelial repair. Accordingly, SiNP-MaP elicited mild and
localized pulmonary reactivity (Figure 3a,b), reflecting the intranasal route and local
immune stimulation. In the spleen, discrete germinal center hyperplasia was detected
(100% in MaP and SiNP-MaP, 30% in SiNP), indicative of immunological activation
without evidence of excessive systemic inflammation or splenic toxicity (Figure 3c,d).
The liver showed mild Kupffer cell activation (70% in MaP and SiNP-MaP, 40% in SiNP)
(Figure 3e,f), possibly related to particle phagocytosis. The kidneys exhibited mild
vascular congestion across all intranasally treated groups, with no evidence of relevant
renal toxicity (Figure 3g,h). In the brain, all immunized groups displayed discrete
reactive microgliosis (70% in MaP and SiNP-MaP, 60% in SiNP) and absence of
meningoencephalitis or neuronal necrosis, suggesting a transient response to intranasal
administration; mild vascular congestion was also noted in MaP and SiNP groups (30%
each) (Figure 3i,j). The heart maintained intact myocardial architecture without
degeneration, with only mild vascular congestion in SiINP-MaP and MaP (30% each)
(Figure 3Kk,l). Both immunized and control animals exhibited mild inflammatory infiltrates
in all analyzed organs, with congestion and hemorrhage limited to the lungs and spleen.
No splenic or hepatic congestion, intracytoplasmic material in the spleen, or necrosis or
hemorrhage in the liver, kidneys, brain, or heart was detected (Figure 3). Collectively,
these findings indicate that the hybrid SINP-MaP system—combining mucoadhesive and
mucus-penetrating properties—preserves the structural integrity of major organs and
does not induce systemic toxicity, exhibiting only mild alterations associated with local
immune responses elicited by the intranasal route.

Intranasal immunization with the combined mucoadhesive and mucopenetrant
SARS-CoV-2 nanovaccine induces robust and durable systemic antibody
responses

Anticipating further preclinical assessment, we evaluated the optimal intranasal
immunization regimens with RBD and poly(l:C) adjuvant carried in silica-based
nanoparticles functionalized with mucoadhesive polymer (SINP-MaP vaccine)
(Supplementary Figure 4), where an intermediate interval between doses (14 days)



was capable of robustly inducing high-specificity serum antibody responses
(Supplementary Figure 4a) and a high capacity to generate neutralizing antibodies
starting from the 2" immunization (Supplementary Figure 4b). Additionally, we also
assessed the range of concentrations of the recombinant RBD antigen to be carried by
the SINP-MaP vaccine, for which systemic humoral IgG and IgA responses
(Supplementary Figure 5a,b) and mucosal IgA (Supplementary Figure 5c-e) were
optimal, establishing 20 ug RBD antigen/animal as the optimal dose. We then observed
the effect of the addition of synthetic peptides encoding CD4* and CD8* T-cell epitopes
to the SINP-MaP vaccine on the immunogenicity readouts. The addition of synthetic
peptides to the SiNP-MaP vaccine significantly increased the anti-RBD and anti-peptide
cellular immune responses starting at the 2" immunization and boosted at the 3™
immunization (Supplementary Figure 6a,b), with no enhancing effect on serum
neutralizing antibody and binding IgG and IgA anti-RBD antibodies (Supplementary
Figure 6¢-e) or mucosal IgA anti-RBD responses (Supplementary Figure 6f-h). From
this point on, we added the conjugated CD4+ and CD8+ peptides to all the vaccines in
all subsequent experiments. To evaluate the systemic humoral immunity elicited by
candidate nanoparticulate formulations, C57BL/6 mice (n = 6 to 8/group) were
immunized two weeks apart with a 3-dose regimen of the vaccine, with antigen and
adjuvant either 1) carried in mucus-penetrating silica nanoparticles (SiNP vaccine), 2)
functionalized with a mucoadhesive polymer (MaP vaccine), or 3) carried in silica-based
nanoparticle system functionalized with a mucoadhesive polymer (SiNP-MaP vaccine)
by intranasal instillation (DO, D14 and D28), and 4) for comparison purposes, a group of
mice was immunized by intranasal instillation with the free active vaccine components,
antigens and adjuvant (without nanoparticles, Ag-Adjv). Immunogenicity was assessed
one day before the second and third immunizations (D13 and D27) and two weeks (D42),
as well as six months and one year (D200 and D400) after the third immunization (Figure
4a). The IgG1, 1gG2b, IgG2c, and IgA antibody responses were measured by ELISA,
and the titers of serum neutralizing antibodies were measured using a pseudovirus
assay.

The SiNP-MaP vaccine elicited anti-RBD IgG responses starting after the prime
immunization, with an increase starting from the 2" immunization, which was robustly
increased after the 3 immunization (Figure 4b). These anti-RBD IgG levels were
maintained for at least one year after the 3" intranasal dose (Figure 4c). The SiNP
vaccine was able to induce detectable levels of anti-RBD serum IgG only after the 3
immunization, while the Ag-Adjv and MaP vaccine groups failed to elicit serum anti-RBD
IgG throughout the protocol (Figure 4b). Since serum IgG2c synthesis is directed by Thl
cytokines, while IgG1 production correlates with high levels of Th2 cytokines [57], we
analyzed the profile of IgG isotypes in the sera of mice after the third immunization. As
depicted in Figures 4d to 4f, mice immunized with the SINP-MaP vaccine elicited a
specific IgG1 (Figure 4d), IgG2b (Figure 4e), and IgG2c (Figure 4f) response to RBD,
significantly higher than the other groups analyzed. Our findings imply that intranasal
instillation of the vaccine carried in SINP and functionalized with MaP directed both Thl
and Th2 responses. The SiINP-MaP vaccine induced RBD-specific serum IgA antibodies
starting from the 2" intranasal immunization in some animals, with the magnitude of the
response found to be superior to the other groups analyzed (Figure 4q); this response
lasted less than 6 months after the 3@ immunization (Figure 4h). On the other hand, the



SiNP vaccine induced low titers of serum IgA, where few animals seroconverted after
the 3™ immunization, and the Ag-Adjv and MaP vaccine groups failed to induce
detectable levels of anti-RBD IgA at the evaluated times (Figure 4g). In addition to
specific RBD binding titers, serum neutralizing antibody responses were also evaluated
(Figures 4i,j). The SiINP-MaP vaccine induced neutralizing antibody responses against
the Wuhan ancestral strain pseudovirus starting from the 2" intranasal dose, significantly
superior to the other formulations tested, and such responses were further increased
after the 3 immunization (Figure 4i), with neutralizing antibody detection lasting for at
least 1 year after the 3@ immunization (Figure 4j). The Ag-Adjv and MaP vaccine groups
failed to induce detectable neutralizing antibody levels (Figure 4i). The data shown
above indicate that intranasal sensitization with a nanovaccine combining muco-
penetrating and mucoadhesive strategies is associated with short-lived serum IgA
responses and the induction of superior and long-lasting serum IgG and neutralizing
antibody responses compared to the other vaccines.

The combined mucoadhesive and mucopenetrant intranasal SARS-CoV-2
nanovaccine induces IgA mucosal antibody responses in the upper respiratory
tract

To assess the RBD-specific IgA and IgG humoral responses in the respiratory
mucosa, oral (saliva), nasal (nasal lavage, NAS), and pulmonary (bronchoalveolar
lavage, BALF) fluids from C57BL/6 mice (n = 8/group) intranasally immunized with a 3-
dose regimen with 14-day intervals between each dose were collected two weeks after
both the 2" and 3" intranasal immunizations and analyzed by ELISA (Figure 5a). The
SiNP-MaP combination vaccine elicited anti-RBD binding IgA antibody titers in saliva
(Figure 5b) and nasal lavage fluid (Figure 5d) starting from the second intranasal
immunization, which were increased after the 3 immunization; such mucosal fluid IgA
antibodies were undetectable in the Ag-Adjv, MaP vaccine, and SiNP vaccine groups.
However, IgA anti-RBD binding antibodies in BALF were poorly induced after the 3™
immunization with the SiNP-MaP combination vaccine. Such antibodies were
undetectable in the other groups analyzed (Figure 5f). Interestingly, while RBD-specific
lgG antibodies after the 3 intranasal immunization were not detectable in the saliva of
the evaluated groups (Figure 5c), immunization with intranasal nanoparticulate
formulations SiNP or SiNP-MaP, but not MaP, induced IgG titers in the NAS (Figure 5e)
and BALF (Figure 5g), where the combined SINP-MaP strategy was significantly
superior to the other groups tested. In addition, NAS and BALF neutralizing antibody
responses were evaluated (Figure 5h). The SiNP-MaP vaccine induced neutralizing
antibody responses against the Wuhan ancestral strain pseudovirus starting from the 2"
intranasal dose in NAS and after the 3 intranasal dose in BALF samples, significantly
superior to the other formulations tested, and such responses were increased with the
3" intranasal dose (Figure 5h). These data indicate that intranasal sensitization with a
nanovaccine combining muco-penetrating and mucoadhesive strategies induced an
upper airway mucosal IgA response and a lower airway mucosal IgG response, as well
as a neutralizing antibody response against the Wuhan ancestral strain pseudovirus in
both airway compartments.

Intranasal instillation of the innovative combination of mucus-penetrating and



mucoadhesive nanomaterials containing the Wuhan RBD antigen reduces
neutralization of the Omicron XBB.1.5 variant

The functionality of the antibodies was evaluated using pseudovirus neutralization
assays against the ancestral SARS-CoV-2 Wuhan strain and the Omicron XBB.1.5
variant after two (Figure 6a,c,e) and three (Figure 6b,d,f) rounds of intranasal
immunization. Serum (Figure 6a,b), NAS (Figure 6c¢,d), and BALF (Figure 6e,f)
samples were collected from animals (n = 8) immunized with the SINP-MaP vaccine on
days 27 and 42 (Figure 4a,5a). Animals immunized with the SINP-MaP vaccine exhibited
lower neutralization titers against the Omicron XBB.1.5 variant compared with the
corresponding IC50 values for the Wuhan strain after the second and third doses in
serum (Figure 6a,b) and in NAS (Figure 6c¢,d), and after the third dose in BALF (Figure
6e,f). However, it can be observed that while serum neutralizing antibody titers after the
third nasal instillation are 2.34 log10 lower for XBB1.5 than for the Wuhan strain (Figure
6b), nasal neutralizing antibodies are on average less than one log10 (0.675) lower for
XBB1.5 compared to Wuhan (Figure 6d). These data indicate that although intranasal
instillation with the nanovaccine combining mucus-penetrating and mucoadhesive
strategies containing the ancestral Wuhan RBD antigen efficiently neutralized upper and
lower airways as well as the systemic compartment, it showed a significantly reduced
neutralization capacity against Omicron XBB.1.5.

The combined mucoadhesive and mucopenetrant nasal SARS-CoV-2 nanovaccine
induces a systemic cell-mediated immune response

To assess whether nasal mucosa vaccination could elicit a systemic cellular
immune response after two and three rounds of intranasal immunization, spleens were
collected from animals (n = 8/group) immunized with the nanoformulations under study
on days 27 and 42 (Figure 5a). Splenocytes were isolated and stimulated with RBD
protein (Figure 7a,b) and a pool of peptides encoding SARS-CoV-2 CD4* and CD8* T-
cell epitopes (Figure 7c,d) to assess whether local instillation at the mucosal site could
activate a cell-mediated immune response. Antigen-specific IFN-y-secreting cells were
guantified using the ELISpot assay, with representative ELISpot wells shown in Figure
7a,c and quantified IFN-y ELISpot results in Figure 7b,d. All animals immunized
intranasally with the SiNP-MaP vaccine developed detectable splenic antigen-specific
IFN-y-secreting cells after stimulation with RBD protein (Figure 7a,b) or a pool of
synthetic peptides containing conjugated CD4+ and CD8+ T cell epitopes (Figure 7c,d)
since the 2"¥ immunization; the magnitude of response was greatly expanded after the
3" immunization. This response was superior to the other groups analyzed; SiNP
vaccine-immunized mice showed a low response to RBD stimulus after the 3
immunization, while Adj-Adv and MaP vaccines failed to induce IFN-y-secreting cells to
any stimulus. Importantly, the presence of peptides encoding T cell epitopes of SARS-
CoV-2 in the SINP-MaP vaccine formulation was crucial for achieving amplification of
cellular responses to RBD protein, which was 14-fold higher than immunization without
the conjugated CD4+ and CD8+ peptides (Supplementary Figure 6b). In contrast,
animals immunized with the SINP vaccine developed a low number of splenic IFN-y-
secreting cells, detected in only a few animals after stimulation with RBD after the 3™
intranasal immunization, but superior to the Ag-Adjv and MaP vaccine groups (Figure



7a). The data above indicate that the SINP-MaP strategy based on the combination of
mucoadhesive and mucus-penetrating nanosystems is able to present T-cell epitopes
from both RBD protein and synthetic peptides, activating a strong cell-mediated immune
response mediated by IFN-y-secreting cells starting from the 2" intranasal
immunization.

The combined mucoadhesive, mucopenetrant intranasal nanovaccine induces
upper airway and pulmonary protection against SARS-CoV-2 challenge in K18-
hACE2 humanized mice while substantially reducing viral loads

Since intranasal immunization with the SiNP-MaP vaccine against COVID-19
elicited robust local and systemic immune responses, we subsequently assessed
whether immunization with the SiNP-MaP vaccine provided protection against infectious
challenge with the ancestral Wuhan strain of SARS-CoV-2 in a highly susceptible K18-
hACE2 mouse model [58] (Figure 8). The animals (n = 8/group) were immunized with
the SINP-MaP vaccine intranasally in a 3-dose regimen (every two weeks), and as
controls, naive (non-immunized and non-infected, n = 8) and placebo (immunized with
SiINP-MaP without antigens and infected, n = 8) groups were used (Figure 8a). K18-
hACE2 mice were intranasally infected 2 weeks after the 3@ immunization and monitored
for 7 days post-infection (dpi). Oropharyngeal swabs were collected at 3, 5, and 7 dpi,
and lungs were collected at the time of euthanasia (Figure 8a). Placebo-treated animals
succumbed rapidly to SARS-CoV-2 infection, exhibiting significant body weight loss as
early as the 15t dpi (Figure 8b and Supplementary Figure 7a), reaching 19% weight
loss on the 6™ dpi (Figure 8b). This group consistently displayed greater weight
reduction than all other groups at every time point (Supplementary Figure 7b-f).
Furthermore, clinical symptoms started by the 2" dpi and were markedly more severe
than in the other groups throughout the observation period (Supplementary Figure 7h—
), reaching maximum clinical scores on the 6 dpi (Figure 8c), at which all animals in
the placebo group died (Figure 8d). In contrast, mice immunized with the SINP-MaP
vaccine exhibited minimal body weight loss, limited to 1% at the 7" dpi (Figure 8b), with
significant differences compared with the naive group from the 6" dpi onward
(Supplementary Figure 7f,g). Vaccinated animals developed mild clinical symptoms
from the 4™ to the 6™ dpi, with full recovery by the 7" dpi (Figure 8c and Supplementary
Figure 7h-l), and were protected from mortality (Figure 8d).

Viral load in oropharyngeal swabs of K18-hACE2 mice intranasally immunized with
the SINP-MaP vaccine was 20-fold lower than that in the placebo group at both 3 and 5
dpi. Significantly, oropharyngeal viral loads were below detection levels in 3 and 4
immunized mice at the analyzed time points, respectively (Figure 8e). Viral loads in the
lungs of SINP-MaP-immunized mice were approximately 100-fold lower than in the
placebo group; significantly, the viral load was undetectable in 5 animals immunized with
the intranasal nanoparticle vaccine (Figure 8f). Pulmonary histopathology was analyzed
at 4 to 7 dpi and classified according to the frequency of histopathological changes
(Figure 8g,h). As expected, pulmonary lesions in placebo mice were severe and
determined the cause of death. Immunization with the SiNP-MaP vaccine induced
protection against pneumonia, vasculitis, and bronchiolitis caused by infection with the
ancestral Wuhan strain of SARS-CoV-2, with minimal focal histopathological changes



(Figure 8g). Edema and alveolar damage were the most frequent findings in the placebo
group (100%), followed by vasculitis and pneumonia (60%) and bronchiolitis (50%)
(Figure 8h). Corroborating with our findings regarding the viral load detected in the lungs
of some animals immunized with the SINP-MaP vaccine (Figure 8f), edema and alveolar
damage were present in 20% of these lung biopsies (Figure 8h). This could be attributed
to tissue damage generated at the time of collection; however, it occurred at a lower
frequency than in the placebo group. We observed that within the SINP-MaP vaccinated
group, lung edema and alveolar damage were only noticed in animals who had
detectable lung SARS-CoV-2 RNA (Figure 8i). The above data indicate that intranasal
immunization with the SINP-MaP nanovaccine drastically lowered, and in some animals
abolished—SARS-CoV-2 RNA at the oropharyngeal and pulmonary sites while providing
protection against pneumonia, bronchiolitis, and vasculitis.

Discussion

In this study, we demonstrate that the combination of mucus-penetrating and
mucoadhesive nanostructures within a hybrid intranasal platform successfully
overcomes mucosal barriers, enhancing antigen immunogenicity in a murine model. The
SINP-MaP system elicited mucosal immune responses in the upper respiratory tract as
well as durable systemic immunity against SARS-CoV-2, resulting in substantial
protection upon viral challenge by limiting viral load at both the entry site and in the lungs.
By integrating silica nanoparticles (SiNP) with the mucoadhesive polymer HP-B3-CD
(MaP), we developed a vaccine delivery system (SiNP-MaP) capable of prolonging
antigen retention in the nasal cavity, improving mucosal uptake, and inducing long-
lasting neutralizing antibody and cellular responses.

The rational design of the SiINP-MaP nanovaccine integrates physicochemical
parameters that collectively explain its subsequent biological performance. The system
displayed a narrow size distribution (~37 nm, PDI 0.13) and a moderately negative
surface charge (=16 mV), features that ensure colloidal stability and efficient transport
across the nasal mucosa, preventing rapid clearance or aggregation [59]. This slightly
negative charge range (-10 to —-25 mV) reflects an optimal balance between
mucoadhesion and mucopenetration, promoting antigen retention and efficient access
to inductive immune sites such as the NALT [60,61]. It is worth noting that although SiNP-
Ag exhibited higher polydispersity, likely due to electrostatic interactions between the
negatively charged SiNP surface and oppositely charged residues on the antigens, the
addition of the anionic adjuvant poly(l:C) stabilized the formulation. Despite its low
adsorption efficiency, poly(I:C) maintained its biological activity, suggesting that
perimucosal interaction—rather than complete adsorption—is sufficient to trigger innate
activation and enhance antigen uptake. Altogether, these characteristics ensure
structural stability, antigen accessibility, and adjuvant functionality, supporting its
translational viability as an intranasal vaccine platform.

The dual mucoadhesive—mucus-penetrating architecture of the SiNP-MaP
nanovaccine increased antigen availability within the nasal cavity, ensuring sustained
contact with the mucosal epithelium and the NALT [44,59,61,62]. Although MaP
promoted local antigen retention, we speculate that its inability to traverse the



mucociliary layer and reach the underlying epithelium limited effective immune
activation, as reflected in our findings. Similarly, although SiNPs exhibit high stability and
adsorption capacity [59], these particles elicited weak or absent mucosal and systemic
immune responses, underscoring that both mucoadhesion and mucopenetration are
essential for optimal antigen delivery. In contrast, SINP-MaP effectively combined
intimate mucus contact with penetration into mucosal surfaces, promoting prolonged
antigen availability and enhanced local uptake. In the SINP-MaP system, excipients such
as cyclodextrins likely contributed to initial retention [33,35,63], whereas the
physicochemical features of the nanoparticles, spherical shape, and size (~30—40 nm)
facilitated diffusion through mucus and controlled biodistribution [48,64].

After intranasal administration, both the isolated and combined nanoformulations
were cleared via the mucociliary pathway and excreted within 24 hours, indicating
efficient renal clearance and consistency with previous reports [65,66]. The transient
pulmonary accumulation observed in SINP and SiNP-MaP 3 hours after instillation
reflects short-term retention in the highly vascularized and permeable lungs, followed by
complete elimination within 24 hours through cellular degradation, lymphatic drainage,
or phagocytosis by resident immune cells [67]. The minimal and temporary brain
accumulation detected only for SiNP, with no persistence after 24 hours, indicates
minimal translocation, consistent with the behavior of biodegradable nanoparticles with
low surface charge and ~30 nm diameter, such as SiNP-MaP, which tend to remain
localized and present a low risk of retrograde transport [68—70]. This contrasts with the
risks of reversion, reactogenicity, and neuroinvasion through the olfactory pathways
associated with live attenuated intranasal vaccines, factors that limited the use of FluMist
[71] and led to the withdrawal of vaccines such as NasalFlu, associated with Bell’s palsy
[72]. The reversible hepatic presence and the absence of signal in the heart and spleen
further support a restricted systemic biodistribution. Histopathology corroborated this
safety profile, showing only mild local pulmonary alterations, along with discrete splenic
hyperplasia indicative of immunological activation, and no degenerative lesions or
toxicity in vital organs. This behavior differs from lipid-based or viral platforms, which
may induce systemic dissemination or local inflammation [13,73], as well as polymeric
or liposomal systems that may induce dose-dependent local toxicity, epithelial disruption,
or chronic inflammation [63,74]. Altogether, SiNP-MaP instillation resulted in
predominantly localized and transient biodistribution with minimal systemic and neural
exposure, reinforcing its safety and the viability of the nanoplatform for intranasal
immunization.

The physicochemical properties of the SINP-MaP platform contribute to the efficient
uptake of antigens by dendritic cells and M cells in the airways, promoting localized
immune activation in the NALT [61,62], as well as intracellular antigen processing that
ultimately leads to cellular activation and the induction of systemic and mucosal humoral
responses [75]. In accordance with this mechanism, RBD-specific IgA was detected in
nasal and salivary secretions after three doses, confirming NALT activation and
validating the capacity of the intranasal route to induce localized mucosal immunity. The
low levels of IgA detected in bronchoalveolar lavage fluid (BALF) likely reflect the small
inoculation volume (5 pL per nostril) [76] and the mucoadhesive and mucus-penetrating
nature of SINP-MaP, which favors antigen retention and capture by local APCs rather



than deep lung deposition [59,77]. Nevertheless, the marked reduction in pulmonary viral
load observed with SiNP-MaP suggests that naso/oropharyngeal IgA, with broad
neutralizing activity, is sufficient to limit viral dissemination into the lower airways. This is
consistent with the well-established ability of secretory IgA, even at low absolute levels,
to block viral adhesion, invasion, and replication directly at epithelial surfaces [56,78]. In
contrast, the anti-RBD 1gG detected in BALF appears to be a plasma transudate [79],
consistent with previous observations that circulating antibodies can reach the lower
respiratory epithelium but not the olfactory compartment [80] and, in agreement with our
findings, also do not reach the salivary environment. Thus, SiINP-MaP conferred robust
protection against lethal challenge, likely reflecting enhanced NALT priming and
secondary dissemination of mucosal effector cells to the lungs.

Systemically, SiNP-MaP induced robust and long-lasting 1IgG and IgA responses,
as well as balanced IgG1/1gG2 profiles indicative of a mixed Th1/Th2 polarization [57],
in addition to long-lasting neutralizing antibodies maintained for at least 12 months after
the third dose. Concomitantly, an amplification of RBD- and peptide-specific IFN-y
responses was observed. Although the neutralizing activity against the Omicron XBB.1.5
variant induced by SiINP-MaP was reduced, which is consistent with the immune evasion
of this lineage [81], the partial preservation of cross-neutralization suggests the
recognition of conserved epitopes and reinforces the adaptability of the SINP-MaP
platform for future antigenic updates, an essential feature for next-generation intranasal
vaccines against COVID-19. Notably, cross-neutralization of the XBB.1.5 variant was
more pronounced in nasal fluids than in serum, in line with previous reports showing that
slgA in mucosal secretions exhibits superior variant cross-binding capacity compared
with serum 1gG neutralizing antibodies [82].

Among the limitations of this study, we acknowledge that only pseudovirus-based
neutralization was performed, although the strong concordance with live-virus assays is
well documented [83]. The IFN-y ELISpot assay does not analyze specific T-cell subsets,
such as tissue-resident memory T-cell (TRM) populations in the nasal mucosa and lungs,
which justifies future investigations. Only female mice were used in the study, which
typically exhibit stronger immune responses in mucosal vaccination models, but sex-
based differences, which may influence the outcomes [84], should be addressed in
subsequent studies. In addition, although poly(l:C) is not clinically approved [85], it was
employed here as a well-established mucosal adjuvant for proof-of-concept studies,
given its safety at low doses [86] and its proven ability to induce complementary immune
responses in intranasal subunit vaccines [42,43]. Future work will evaluate alternative
adjuvants, such as CpG, and will examine the potential of intranasal SINP-MaP to block
viral transmission. Preliminary evidence from our group indicates that two intranasal
booster doses administered after primary immunization with the BNT162b2 mRNA
vaccine (Pfizer-BioNTech) generate levels of mucosal and systemic immunity
comparable to three intranasal doses. Antigens from current SARS-CoV-2 variants, as
well as other respiratory pathogens, are being evaluated to explore the modularity of the
nanoplatform.

Despite these limitations, SINP-MaP demonstrated high immunogenicity and
suitability for nasal administration. The nasal route already has regulatory precedents



(e.g., FluMist, Nasovac), including nanoparticle-based vaccines with well-defined safety
profiles [87]. The next translational steps will follow the World Health Organization
(WHO) guidelines for intranasal vaccine development [88], encompassing studies on
local toxicity, biodistribution, and stability. Human dose extrapolation will consider body
surface area normalization [89], processes will be aligned with Good Manufacturing
Practices (GMP) [90], and formulation parameters will be optimized for human nasal
anatomy. The availability of a lyophilized, cold-chain-independent product further
supports global implementation. In conclusion, the SiINP-MaP nanoplatform represents
a safe, adaptable, and highly immunogenic intranasal vaccine that directly overcomes
key biological and translational limitations of current mucosal SARS-CoV-2 vaccines and
provides a practical pathway for next-generation respiratory vaccines.

Methods
Non-porous silica-based nanoparticle (SiNP) synthesis

Silica nanoparticles were synthesized using the Stbber method [91]. Briefly, the
synthesis was carried out in a biphasic system comprising an aqueous phase containing
ammonium hydroxide as a catalyst and an organic phase composed of 100 mL of
cyclohexane and 100 mL of tetraethyl orthosilicate (TEOS). One liter of the aqueous
phase, at a concentration of 0.02 mol/L, was heated and maintained at 85°C ina 2 L
glass reactor under constant stirring. Following temperature stabilization, the organic
phase was added to the aqueous medium, generating a biphasic reaction system. The
mixture was stirred continuously at a constant temperature for 12 hours. Upon
completion of the reaction, the silica nanoparticle suspension was obtained by
separating the organic phase from the aqueous phase, which contained the synthesized
nanoparticles. The organic phase was reused in subsequent syntheses without
compromising the quality of the resulting nanopatrticle batches.

Antigen production

The monomeric recombinant RBD protein from the ancestral sequence (residues 319-
537, pCAGGS vector, GenBank: MN908947) with a C-terminal 6x-histidine tag (SEQ ID
NO: 47, with signal sequence of human IgE to ensure protein would be secreted in the
medium) [92,93] was transfected into Expi293F™ cells (#A14527, Thermo Fisher) as
previously described [93]. Protein purification was carried out using gravity-flow
chromatography with Ni Sepharose™ 6 Fast Flow (#GE17-5318-06, Sigma-Aldrich) [94].
In addition to the recombinant RBD protein, the vaccine also includes 8 synthetic
peptides, each encoding one CD4" and one CD8" T-cell epitope from SARS-CoV-2, to
broaden T-cell responses (Supplementary Table 1). These peptides were selected from
the SARS-CoV-2 proteome regions conserved among sarbecoviruses and among
SARS-CoV-2 variants of concern, across 10 different SARS-CoV-2 proteins. Selected
CD4* T-cell epitopes were the most promiscuous and had ample HLA class Il coverage,
while CD8" T-cell epitopes were selected that collectively bound to the 10 most frequent
HLA class | molecules worldwide. The combination of the 8 selected CD4" and 8 selected
CD8" T cell epitopes was recognized by T cells from >95% of COVID-19 convalescent
subjects, as previously described [41]. The conjugated CD4+ and CD8+ peptides (31 to



35-mer) (SEQ ID NO.: 48, 51, 52, 53, and 56 to 59, which present 90% HLA coverage)
contained an N-terminal lysine to increase interaction with the negatively charged silica
nanoparticle, followed by one CD4* T-cell epitope, a linker sequence (GPGPG), and one
CD8* T-cell epitope, and were synthesized by Watsonbio (Houston, USA) with greater
than 90% purity and no amino-terminal modification.

Nanovaccine construction

The SARS-CoV-2 nanovaccine formulations were prepared via non-covalent adsorption
of the active immunogenic components onto a non-porous silica nanoparticle (SiNP)
matrix. To achieve this, a suspension of SiNPs (11 mg/mL) was added under stirring to
a HEPES-buffered saline solution (5 mM HEPES, 15 mM NaCl) containing recombinant
RBD protein (0.5 mg/mL), CD4* and CD8" conjugated peptides (25 mg/mL), and
poly(I:C) (1 mg/mL; #P1530, Sigma-Aldrich), a synthetic TLR-3 agonist used as an
adjuvant. These components were functionalized with a 10% (w/v) aqueous solution of
the neutral hydrophilic polymer 2-hydroxypropyl-B-cyclodextrin (HP-B-CD; #332593,
Sigma-Aldrich; MW ~1.38 kDa), which possesses a hydrophobic cavity. The pH of the
final formulation was adjusted to 7.0 using 0.1 M NaOH.

Transmission electron microscopy

The morphology of the SINP nanoparticles and SiNP-MaP vaccine was determined by
transmission electron microscopy (TEM). Samples were prepared by adding 2 pL of a
silica nanoparticle suspension (0.02 mg/mL in PBS, pH 7.4 £ 0.2) containing RBD (0.001
mg/mL), CD4* and CD8* conjugated peptides (0.05 mg/mL), poly(l:C) (0.002 mg/mL),
and mucoadhesive polymer (10% w/v) onto a 400-mesh copper grid functionalized with
an ultrathin carbon film (#01822-F, TED PELLA, USA). Excess liquid was removed from
the grid after 10 minutes using filter paper. To improve visualization of the organic
components (antigen and adjuvant), uranyl acetate was used as a contrast agent.
Images were taken using the Jeol JEM-2100 equipment operating at an acceleration
voltage of 200 kV.

Loading efficiency of active components

The loading efficiency of the active components—RBD (319-537), eight peptides, and
the adjuvant poly(l:C)—was determined by reverse-phase high-performance liquid
chromatography (RP-HPLC). After centrifugation of the formulations at 21,000 x g, the
supernatant was collected and analyzed to quantify the non-incorporated fractions, and
the amount adsorbed onto the silica nanoparticles was calculated by subtraction. Each
component was analyzed individually. 2-hydroxypropyl-B-cyclodextrin was not quantified
due to the absence of chromophoric groups detectable by UV-visible
spectrophotometry. Non-adsorbed poly(I:C) was quantified using a standard curve
constructed with known amounts (41.55, 83.1, and 166.2 pg), integrating the peak areas
between retention times of 5-15 min. Chromatographic conditions: Waters C18 column
(5 um, 300 A, 150 x 3.9 mm 1.D.); mobile phase A: 0.1% trifluoroacetic acid (TFA) in
water; mobile phase B: 60% acetonitrile (ACN) in 0.1% aqueous TFA; flow rate: 1
mL/min; gradient elution from 5% to 95% B over 30 min, followed by 100% B for 10 min.



Detection was set at 214 nm for the RBD protein and peptides and at 263 nm for
poly(I:C).

Particle size, diameter, and zeta potential determination

Silica nanopatrticles alone (SiNP), antigen-loaded SiNPs (SiINP-Ag), adjuvanted antigen-
loaded SiNPs (SiINP-Ag-Adjv), and this system coated with the mucoadhesive polymer
(SINP-Ag-Adjv-MaP) were prepared at a concentration of 0.1 mg/mL in 0.05 mM
phosphate buffer including 300 mM NacCl (pH 7.0). Dynamic light scattering (DLS) was
measured on a Zetasizer Nano ZS90 (Malvern Panalytical, UK) equipped with a 4 mW
He-Ne laser. All the DLS measurements were performed at 4.0°C + 0.1°C and a
scattering angle of 90°. The particle size distribution, apparent z-average hydrodynamic
diameter, and polydispersity index (PDI) were calculated using the Dispersion
Technology Software provided by Malvern. All readings were performed in triplicate at
different time intervals. The average of three readings was reported as the actual particle
size.

Virus, biosafety, and bioethics statements

The SARS-CoV-2/SP02/human/2020/BRA ancestral wild-type virus strain was kindly
provided by Dr. E.L. Durigon from the Instituto de Ciéncias Biomédicas at Universidade
de S&o Paulo, Brazil. The virus was cultured in vitro as previously described [95]. All
experiments involving SARS-CoV-2 were conducted under protocols approved by the
Institutional Animal Care and Use Committee (protocol number 8733111121) and
followed standard rules approved by the laboratory biosafety guidelines required for the
novel coronavirus (2019-nCoV) by the World Health Organization (WHO) [96] at the
BSL3 facilities under the supervision of Dr. C. Wrenger from the Instituto de Ciéncias
Biomédicas at Universidade de S&o Paulo, Brazil.

All proposed experiments involving mice in this project were conducted in accordance
with the recommendations of the Federal Law 11.794 (2008), the Guide for the Care and
Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation
(CONCEA), and the ARRIVE guidelines (https://arriveguidelines.org) and approved by
the Institutional Animal Care and Use Committee (IACUC) of the Faculdade de Medicina
at Universidade de S&o Paulo, Brazil (protocol numbers 1510/2020 and 1718/2021).

Mouse strains

SPF (specific pathogen-free) female C57BL/6 mice and K18-hACE2 transgenic mice
(The Jackson Laboratory), aged six to eight weeks, obtained from the central animal
facility of FMUSP, were used for vaccine immunogenicity and efficacy assays,
respectively. The animals had ad libitum access to water and food provided with a 12-
hour light/dark cycle at a temperature of 20-26°C.

Residence time of nanovaccine formulations in the nasal cavity and antigen
biodistribution

C57BL/6 mice were lightly anesthetized at each reading with ketamine-xylazine



intraperitoneally and immunized with a single dose of the different vaccine formulations
[RBD alone (Ag), RBD functionalized with MaP (Ag-MaP), RBD entrapped in SiNP
(SINP-Ag), and RBD carried in SINP and functionalized with MaP (SiNP-Ag-MaP)] by
nasal instillation (5 pL/nostril), where the RBD protein was labeled with Alexa Fluor 647
dye (Cy.5) (#A20006, Invitrogen). After cleaning the animals' nostrils with a paper towel,
they were immediately scanned with a real-time, in vivo imaging system, IVIS Spectrum
from PerkinElmer. Scans were performed immediately after nasal instillation (T0), as well
as at 3 (T3), 6 (T6), and 24 hours (T24) post intranasal instillation, using the Cy.5 filter
to detect the fluorescence of the labeled protein. Between scans, mice were returned to
their cages to recover from anesthesia. Regions of interest in different organs (heart,
lung, liver, spleen, kidneys, and brain) were detected and quantified at 24 hours after
nasal instillation. The fluorescence intensity was quantified as the average radiant
efficiency (total flux per ROI area, photons/s/cm?) to normalize for region size.

Animal immunization

Mice were immunized intranasally with monomeric RBD (20 pg/animal/dose), conjugated
CD4* and CD8* peptides (5 pg/animal/dose), and poly(l:C) (20 pg/animal/dose). These
components were functionalized with the mucoadhesive polymer (MaP) or carried in a
mucopenetrating nonporous silica-based nanoparticulate system (SiNP) or even
entrapped in SINP, and this system functionalized with MaP (SiNP-MaP). The simple
mixture of active components (Ag-Adjv) without nanoparticulate carriers was instilled
intranasally for comparison. Immunizations were performed in a volume of 5 pL/nostril
for intranasal delivery, thrice at 14-day intervals. All experiments were conducted with
placebo groups receiving empty SiNP-MaP (without antigens - placebo) serving as
negative controls, but these were excluded from the results due to the absence of
detectable immune responses, ensuring greater clarity in the data. Details of the vaccine
content are provided in Table 1.

Table 1 - Components of the intranasal formulations

Formulation
Vaccine MaP SiNP SiNP-MaP

component Placebo Ag-Adjv vaccine vaccine vaccine Purpose

RBD X V4 V4 V4 V4 Recombinant antigen
Peptides X J J V4 J Multi-epitope antigen
Poly(l:C) V4 V4 V4 V4 V4 TLR3 adjuvant

SINP v X X V4 v Silica nanocarrier

MaP V4 X V4 X V4 Polymeric excipient

Ag — antigens; Adjv — adjuvant; SINP — silica-based nanoparticle; MaP — mucoadhesive
polymer; RBD — receptor binding domain; poly(l:C) — poly(inosine:cytidine); TLR3 — Toll-
like receptor 3.

Biological sample collection



At 14 days post-second and post-third dose immunization, as well as 6 months and 1
year after the third dose, blood samples were collected from the submandibular vein.
Mucosal samples were collected 14 days after the second dose and after the third dose.
For saliva collection, mice received 100 pL of pilocarpine hydrochloride (#P6503, Sigma-
Aldrich) at 5 mg/mL (500 pg/animal) via intraperitoneal injection. To collect nasal-
associated secretion (NAS) and bronchoalveolar lavage fluid (BALF) samples, the mice
were anesthetized with 200 pL of ketamine (100 mg/kg, Dopalen — Ceva) and xylazine
(10 mg/kg, Anasedan — Ceva) intraperitoneally, and a catheter was inserted into the
mice’s trachea, and 500 pL of saline solution was instilled into the bronchioles and 200
WL into the nasal cavity. Protease inhibitor (#P9599, Sigma-Aldrich) was added to the
samples at 1:10 (v/v, saliva and NAS) and 1:100 (v/v, BALF). Finally, the spleen was
aseptically harvested 14 days post-second and post-third dose immunization.

SARS-CoV-2 challenge

After three intranasal doses of the SiNP-MaP vaccine, K18-hACEZ2 transgenic mice (n =
8) were lightly sedated with isoflurane administration and intranasally challenged with
10° PFU (plaque-forming units) of the ancestral Wuhan live SARS-CoV-2 strain in a
volume of 10 pL/nostril and observed for 7 days post-infection with daily measurements
of body weight and clinical scores. The experiment was conducted with naive (non-
immunized and non-infected) and placebo (immunized with SINP-MaP without antigens
and infected) groups serving as positive and negative controls, respectively.
Oropharyngeal swabs were collected on days 3, 5, and 7. On day 7 post-infection (7
dpi), surviving animals were euthanized, and lungs were collected. The clinical score
was assessed for behavioral changes (lethargy, difficulty breathing, hunched posture,
piloerection, eye closure, and death) and recorded based on symptom severity, with
scores ranging from 0 to 4, where 0 indicates the absence of clinical signs and 4 indicates
severe signs. Pain signs were monitored according to the Grimace Scale for mice [97].
A humane endpoint was established using criteria such as weight loss exceeding 20%,
inactivity, or unresponsiveness to external stimuli.

Measurement of SARS-CoV-2 RBD-specific antibodies

Ninety-six-well high-binding plates (#44-2404-21, Thermo Scientific) were functionalized
with 200 ng/50 pL/well (for serum IgG, IgG isotypes, and IgA) or 1 pug/50 pL/well (for
saliva, nasal, and bronchoalveolar lavages IgA and IgG) recombinant SARS-CoV-2 RBD
antigen diluted in 0.05 M carbonate-bicarbonate buffer (pH 9.6) per well and incubated
at 4 °C overnight. Plates were blocked for 1 hour at 37°C with PBS containing 0.25%
(w/v) gelatin and 0.05% Tween-20 (v/v) (PBS-T-G). Samples were serially diluted from
1:100 (serum IgG and IgG isotypes), 1:5 (serum IgA), or 1:2 (saliva, nasal, and
bronchoalveolar lavages IgA and IgG), starting the dilution in a 2-fold series, and applied
to each well for 2 hours at 37°C. IgG, 1gG isotypes, and IgA antibody levels were detected
using the appropriate horseradish peroxidase (HRP)-conjugated anti-mouse IgG, IgG1,
IgG2b, and IgG2c (1:8000, #1030-05, #1070-05, #1090-05, and #1079-05, Southern
Biotech, respectively) or anti-mouse IgA (1:4000, #1040-05, Southern Biotech) for 1 hour
at 37°C. Between the aforementioned steps, the plates were washed four times with PBS
containing 0.05% Tween-20 (v/v) (PBS-T). Plates were developed for 10 minutes using



o-phenylenediamine (OPD, #P8787, Sigma Aldrich), followed by the addition of 2 M
H2SO4 to stop the reaction, and optical density (O.D.) was read at 490 nm using an
ELISA plate reader for final data acquisition. Endpoint titers were defined as the
maximum dilution that gave an absorbance reading above the mean of the placebo
sample.

IFN-y ELISpot assay

ELISpot assays were performed using the Mouse Interferon-y (IFN-y) ELISpot Pair Kit
(#551881, BD Biosciences). Under aseptic conditions, pre-coated 96-well ELISpot plates
with capture antibody were blocked with R-10 [RPMI 1640 (#31800-022, Gibco)
supplemented with 10% fetal bovine serum (#12657-029, Gibco), 2 mM L-glutamine
(#25030-081, Gibco), 1 mM sodium pyruvate (#11360-070, Gibco), 1% vol/vol essential
amino acid solution (#M7145, Sigma-Aldrich), 1% vol/vol vitamin solution (#11120-052,
Gibco), and 5 x 10°° M 2-mercaptoethanol (#21985-023, Gibco)] for 2 hours at room
temperature. A total of 3 x 10° cells per well from C57BL/6 mouse spleen were plated in
each well and stimulated for 14 hours at 37°C with either recombinant SARS-CoV-2
Spike RBD domain protein (10 ug/mL) or pooled peptides containing SARS-CoV-2 CD4*
and CD8* T-cell epitopes (10 ug/mL). R10 was used as a negative control, and PMA (50
ng/mL; #P8139, Sigma) and ionomycin (1 ug/mL; #13909, Sigma) were used as positive
controls. The spots were developed according to the manufacturer’s instructions. The
spots were scanned and quantified using an AID ELISpot reader (Autoimmun
Diagnostika GmbH, Germany). Spot-forming units (SFUs)/10° cells were calculated by
subtracting the negative control wells.

Neutralization assay of pseudovirus infection

The pseudovirus neutralization was demonstrated in a previous study [98]. Briefly, the
wild-type and Omicron XBB.1.5 pSARS-CoV-2 S and pNL4-3 AEnv-NanoLuc, carrying
the optimized SARS-CoV-2 S gene and a backbone of the human immunodeficiency
virus type 1, were used. At 48 hours post-transfection, viral supernatant was collected
and frozen at -80°C. Serially diluted serum (5-fold dilution factor, starting at 1:50), NAS
(2-fold dilution factor at 1:10), and BALF (1.5-fold dilution factor at 1:4) samples were
incubated with the SARS-CoV-2 pseudovirus at 37°C for 1 hour. The sample-virus
mixture was then added to a pre-seeded monolayer of HT1080-hACE2 cells. After 48
hours, the infected cells were lysed with 5x Luciferase Cell Culture Lysis reagent
(#£1500, Promega), and luciferase activity was measured using the Nano-Glo system
(#N1110, Promega) in a luminometer (GloMax® Navigator Microplate Luminometer).
The 50% inhibitory concentration (IC50) of each sample was calculated using nonlinear
regression to reflect the anti-SARS-CoV-2 potency (GraphPad Prism 8.0).

SARS-CoV-2 RNA quantification in mice oropharyngeal swab samples and lung
biopsies

Total RNA from oropharyngeal swabs and lung biopsies was extracted using the RNeasy
Mini kit (#74106 and #74136, Qiagen, respectively) and followed by direct amplification
of the SARS-CoV-2 nucleocapsid gene and Mus musculus Gapdh using the Direct One-



Step RT-gPCR kit (#PCR-518L, Jena BioSciences) for swabs. For lung samples, reverse
transcription of total RNA was performed using random primers (#48190011, Invitrogen)
and SuperScript IV reverse transcriptase (#18090010, ThermoFisher) according to the
manufacturer’s instructions. Both direct duplex RT-gPCR and duplex gPCR were
performed in triplicate with total RNA (oropharyngeal samples) or cDNA (lung biopsies)
and master mix containing TagMan probes for Gapdh VIC-MGB (#Mm99999915 g1,
ThermoFisher) and SARS-CoV-2_N_gene FAM-MGB (#Vi07918637, ThermoFisher).
For oropharyngeal samples, the mix included direct enzyme mix and direct reaction
buffer, while for lung samples, the universal TagMan master mix (#4440040, Applied
Biosystems) was used. The cycle threshold (CT) values of the SARS-CoV-2 N gene
were normalized using the CT of Gapdh with the following formula: 2 x 2ACT, where
ACT = average CT of Gapdh minus average CT of SARS-CoV-2_N_gene [99].

Histopathological analysis

Tissues collected at necropsy were fixed in 10% neutral buffered formalin. Sections were
evaluated blindly for histopathological processing. They were dehydrated in a graded
alcohol bath, embedded in paraffin, sectioned (5 pm), and stained with hematoxylin and
eosin (H&E) for examination under light microscopy.

Statistical analysis

Tests were performed at least in duplicate and analyzed using GraphPad Prism 8.0
software. Experimental values were transformed into log10 for a normal distribution.
One-way or two-way ANOVA followed by Tukey's post-test was used for multiple group
comparisons, Student’s t-test was applied for comparison between two groups, and the
Wilcoxon test was used for paired samples to compare repeated measurements in a
single sample. The survival curve was analyzed using log-rank statistics. Data are
expressed as mean or mean * SD. Values of p < 0.05 were considered statistically
significant. (*) P < 0.05, (**) P <0.01, (***) P < 0.001, and (****) P < 0.0001.
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Figure 1. Characterization of SARS-CoV-2 nanoparticulate formulations.
Transmission electron microscopy images of (a) silica mucus-penetrating nanoparticles
(SINP) and (b) these systems loaded with active components and functionalized with a
mucoadhesive polymer (SiNP-MaP vaccine). (c) Schematic representation of the SiNP-
MaP vaccine created in BioRender. Liberato, R. (2025) https://BioRender.com/elpgkmg.
(d) Chromatographic profile of the supernatant from the SiINP-Ag-Adjv nanoformulation
at 214 nm, and * represents a contaminant present in the solvent system. The
representative (e) particle size, (f) polydispersity index, and (g) zeta potential, as
determined by dynamic light scattering (DLS), of mucus-penetrating empty silica-based
nanoparticles (SiNP), antigens loaded into SINP (SiNP-Ag), adjuvant incorporated into
SINP-Ag (SiNP-Ag-Adjv), and SIiNP-Ag-Adjv functionalized with a mucoadhesive
polymer (SiNP-Ag-Adjv-MaP). Data are presented as mean + SD. Adjv — adjuvant; Ag —




RBD antigen; SINP — silica-based nanopatrticle; MaP — mucoadhesive polymer.
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Figure 2. Nanovaccine
biodistribution. (a) In vivo fluorescence images of RBD biodistribution, comparing mice

(n = 7-8/group) nasally instilled (10 pL) with a dose of 1) antigen alone (Ag, 20 pg/dose),

residence time

in the nasal cavity and antigen



2) mucoadhesive polymer-coated Ag (MaP), 3) silica nanoparticle-carried Ag (SiNP), and
4) Ag loaded onto SiNP and functionalized by MaP (SiNP-MaP), along with control
animals (non-immunized). The corresponding fluorescence intensity (FI) was measured
in the animals at (b) 0 (TO), (c) 3 (T3), (d) 6 (T6), and (e) 24 hours (T24) post-instillation,
and (f) in the different organs, including heart (H), lung (LG), liver (LV), spleen (S), kidney
(K), and brain (B), at 24 hours post-nasal instillation. Data in (b-f) were represented as
mean values + SD and represent results from a single experiment. Differences between
tested groups per time point or per organ were assessed using ANOVA followed by
Tukey’s multiple comparison test (three or more groups) or Student’s t-test (two groups).
P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, **P < 0.001, and
****P < (0.0001. The * without an indicator means the group's difference in relation to all
others. Ag — RBD antigen; SiNP - silica-based nanoparticle; MaP — mucoadhesive
polymer; s — second.
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Figure 3. Histopathological analysis of target organs following intranasal
instillation of the innovative mucoadhesive—-mucopenetrating nanoparticulate
system. One day after intranasal instillation (10 uL/dose) of (1) MaP vaccine, (2) SiINP
vaccine, or (3) SINP-MaP vaccine (n = 7/group), along with unimmunized control mice
(n = 8), histopathological analyses were performed on different organs: (a,b) lung, (c,d)
spleen, (e,f) liver, (g,h) kidney, (i,j) brain, and (k,I) heart. Panels (a,c,e,g,i,k) show the
histopathological findings, while (b,d,f,h,j,I) display representative histopathological
images highlighting the mild alterations observed in the control and SiNP-MaP groups,
as the individual SINP and MaP formulations exhibited similar histological features. Data
in (a,c,e,0,i,k) are presented as mean values and represent results from a single
experiment. Scale bar = 100 um. SiNP - silica-based nanoparticle; MaP — mucoadhesive
polymer.
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Figure 4. Systemic humoral immune responses after intranasal vaccination. (a)
Wild-type (WT) mice (n = 8/group) were intranasally immunized with three doses (DO,
D14, and D28, 10 pL/dose) of RBD protein (20 pg/dose) and peptides (5 pg/dose) plus



poly(l:C) adjuvant (20 pg/dose) without a nanoparticulate delivery system (Ag-Adjv), or
functionalized with mucoadhesive polymer (MaP vaccine), or carried on mucus-
penetrating silica-based nanoparticles (SiNP vaccine), or even the combination of these
two delivery strategies (SiNP-MaP vaccine). Blood was collected and subjected to
antibody response analysis (b,d,e,g,i) one day before and 14 days after the 3™
immunization, as well as (c,f,h,j) 6 months and 1 year after the 3" dose with the SiNP-
MaP vaccine. (b,c) RBD-specific IgG titer, (d-f) RBD-specific 1gG isotypes, including
IgG1, 1gG2b, and IgG2c, and (g,h) RBD-specific IgA titer were determined by ELISA.
Also, (i,j) neutralization of 50% inhibitory concentration (IC50) values was determined
against wild-type SARS-CoV-2 pseudovirus (PSV) infection of 293T-hACE2 cells. Data
representative of two independent experiments. Differences in antibody levels between
animal groups per dose were assessed using one-way ANOVA followed by Tukey’s
multiple comparisons test (three or more groups) or Student’s t-test (two groups). Data
are expressed as mean £ SD. P < 0.05 was considered statistically significant. *P < 0.05,
**P < 0.01, **P < 0.001, and ****P < 0.0001. * represents the difference between the
second and third immunizations, ##P < 0.001. DO — day zero; D14 — day 14; D28 — day
28; D42 — day 42; D200 — day 200; D400 — day 400. WT - wild type; Ag — antigens; Adjv
— adjuvant; SINP — silica-based nanoparticle; MaP — mucoadhesive polymer.
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Figure 5. Mucosal humoral immune responses after intranasal immunization. (a)
C57BL/6 female mice were immunized with two doses (D14, n = 8) or three doses (D28,
n = 8) (10 uL/dose) of RBD protein (20 pL/dose) and peptides (5 pg/dose) plus poly(l:C)
adjuvant (20 pg/dose) without a nanoparticulate system (Ag-Adjv), or coated with a
mucoadhesive polymer (MaP vaccine), or carried on mucus-penetrating nanoparticles
(SINP vaccine), or even the combination of two delivery strategies (SiNP-MaP vaccine).
Animals were anesthetized, and mucosal samples were collected on days 28 and 42.
RBD-specific (b,d,f) IgA titers and (c,e,g) IgG titers were determined by ELISA in (b,c)
saliva, (d,e) nasal-associated secretion (NAS), and (f,g) bronchoalveolar lavage fluid
(BALF). Also, (h) neutralization of 50% inhibitory concentration (IC50) values was
determined against wild-type SARS-CoV-2 pseudovirus (PSV) infection of 293T-hACE2
cells in NAS and BALF samples. Data representative of two independent experiments.
Differences in antibody levels between animal groups per dose were assessed using
one-way ANOVA followed by Tukey’s multiple comparisons test (three or more groups)
or Student’s t-test (two groups). Data are expressed as mean + SD. P < 0.05 was
considered statistically significant. **P < 0.01, ***P < 0.001, and ****P < 0.0001. #
represents the difference between second and third immunization, *P < 0.05, #P < 0.01,
and ##p < 0.0001. DO — day zero; D14 — day 14; D28 — day 28; D42 — day 42; WT —
wild type; Ag — antigens; Adjv — adjuvant; SINP — silica-based nanopatrticle; MaP —
mucoadhesive polymer.
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Figure 6. Variant-specific neutralizing antibody responses induced by intranasal
SiINP-MaP vaccination. Neutralizing titers against SARS-CoV-2 pseudoviruses were
measured in (a,b) serum, (c,d) nasal secretions (NAS), and (e,f) bronchoalveolar lavage
fluid (BALF) from animals immunized with the SiNP-MaP vaccine collected after the
(a,c,e) second and (b,d,f) third intranasal doses as depicted in Figures 4a and 5a.
Samples were pre-incubated with pseudoviruses expressing the Wuhan or Omicron
XBB.1.5 S protein and transferred to ACE2-expressing HT1080 cells. The half-maximal
inhibitory concentration (IC50) was defined as the reciprocal dilution yielding a 50%



reduction in relative light units (RLU) versus virus control wells. Statistical analysis was
performed using the Wilcoxon test for paired samples. Data are expressed as mean +
SD. P < 0.05 was considered statistically significant. *P < 0.05, ***P < 0.001, and ns —
non significant. SINP — silica-based nanoparticle; MaP — mucoadhesive polymer.
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Figure 7. Cellular immune responses after intranasal immunization. Animals were
immunized as depicted in Figure 4a (n = 8) with the same formulations previously tested.
RBD protein and peptides plus poly(l:C) adjuvant without a nanoparticulate system (Ag-
Adjv), or coated with a mucoadhesive polymer (MaP), or carried on mucus-penetrating
nanoparticles (SiNP), or even the combination of two delivery strategies (SiINP-MaP).
Animal spleens were collected, and splenocytes were isolated on days 28 and 42. IFN-
y-producing splenocytes (per 3 x 10° cells) induced by stimulation with 10 pg/mL of (a,b)
protein RBD and (c,d) peptide pool were detected by ELISPOT. (a,c) Images displaying
representative results near the average value are presented in the left panels. The dotted
line indicates the lower limit of detection (7.23 and 8.27 SFU/10° cells for RBD and
peptide pool stimuli, respectively). Data representative of two independent experiments.
Differences in antibody levels between animal groups per dose were assessed using
one-way ANOVA followed by Tukey’s multiple comparisons test (three or more groups)
or Student’s t-test (two groups), where **P < 0.01 and ***P < 0.0001. # represents the
difference between second and third immunization, #P < 0.01, and ##P < 0.0001. Data
are expressed as mean = SD. Ag — antigens; Adjv — adjuvant; SINP — silica-based
nanoparticle; MaP — mucoadhesive polymer.
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Figure 8. Protective efficacy of SARS-CoV-2 intranasal SiNP-MaP nanovaccine
against wild-type SARS-CoV-2 infection in hACE2-transduced mice. (a) The SiNP-
MaP vaccine was administered intranasally in a 3-dose regimen (D-42, D-28, and D-14,
10 pL/dose) to K18-hACEZ2 transgenic mice (n = 8/group). For comparison, a naive group
(non-immunized and non-infected) and a placebo group (immunized with SiNP-MaP
without antigens and infected) were included. Animals were intranasally challenged with
1 x 10° PFU (lethal dose, 10 pL/dose) of live wild-type SARS-CoV-2 on day 0, and health
monitoring was observed for 7 days post-infection, at which point the surviving animals
were euthanized and the lungs collected. Oropharyngeal swabs (days 3, 5, and 7 post-
infection) were collected. Changes in (b) body weight, (c) clinical score, and (d) survival
were observed from day 0 to 7. Viral load in oropharyngeal swabs on (e) 3 dpi and 5 dpi
and (f) lungs was analyzed. (g) Pathological changes in the lungs of animals after
challenge by histological analysis, and (h,i) frequency of histopathological findings at 4-
7 dpi comparing (h) all tested groups and (i) viral load positive and negative SiNP-MaP
animals. Data in (b,c,e,f) were represented as mean + SD, and (d,h,i) as mean values.
All data are representative results from a single experiment. Differences between the
animal groups were assessed using Tukey’s multiple comparisons test (three or more
groups) or Student’s t-test (two groups). Values of P < 0.05 were considered statistically
significant. *P < 0.05, **P < 0.01, **P < 0.001. D-42 — day minus 42; D-28 — day minus
28; D-14 — day minus 14; D-1 — day minus 1; DO — day 0; D3 — day 3; D5 — day 5; D7 —
day 7; WT — wild type; SINP — silica-based nanoparticle; MaP — mucoadhesive polymer;
dpi — days post-infection.



