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Synthetic messenger RNA (mRNA) formulated in lipid nano-
particles (mRNA-LNPs) is a promising candidate for next-
generation gene therapy and genetic vaccines. However,
mRNA-LNP formulations require low-temperature storage
to ensure proper transport and distribution. Here, we intro-
duce a lipid self-assembling nanoparticle (SANP) technology
to address the stability challenges of mRNA-based therapeu-
tics. SANP formulations can be prepared by simply mixing
the components immediately before use, allowing mRNA vac-
cines to be stored and transported at 4°C without freezing,
thereby enhancing their stability. SANPs loaded with mRNA
(mRNA-SANPs) exhibited a sub-200 nm size, high mRNA
encapsulation efficiency, colloidal stability post-assembly
and in human plasma, and low hemolytic activity. Intramus-
cular (IM) and intravenous (IV) administration of mRNA-
SANPs encoding a reporter gene in mice resulted in high levels
of transgene expression, with no observed renal or hepatic
toxicity and no release of pro-inflammatory cytokines. Addi-
tionally, protein fingerprint analysis of mRNA-SANPs in
serum identified specific nanoparticle-protein interactions
that correlated with in vivo biodistribution. Finally, mRNA-
SANPs encoding the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) spike protein elicited a significant
immune response in mice following both IM and IV adminis-
tration.

INTRODUCTION

The recent severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic outbreak has led to the development of highly effi-
cacious genetic vaccines based on synthetic messenger RNA
(mRNA) encoding the full-length spike protein of the SARS-CoV-
2 virus (Gene ID: 1489668)."> mRNA-based vaccines offer several
advantages over conventional vaccine platforms: they can be rapidly

designed and produced at large scale, are not associated with the risk
of infection or insertional mutagenesis,” and can be re-administered
multiple times. Furthermore, the mRNA sequence can be designed
to ensure the production of complex antigens, such as transmem-
brane or multimeric proteins, and it is possible to use mRNAs encod-
ing different antigens within a single formulation.* These features
make mRNA technology highly attractive for the development of
prophylactic vaccines against infectious diseases and cancer.”’
Beyond genetic vaccines, mRNA is also emerging as a valuable tool
for gene replacement therapies and genome editing applications
(e.g., Cas9).°

However, mRNA is highly susceptible to nuclease-mediated degra-
dation, both in vitro and in vivo, and cannot cross the cell membrane,
thus requiring nanocarriers for protection and cellular delivery.”
Several non-viral nanocarriers have been proposed, among which
lipid nanoparticles (LNPs) represent the most successful example,
particularly following the approval of two LNP-formulated SARS-
CoV-2 mRNA vaccinesl‘z). Despite their success, mRNA-LNPs
exhibit limited stability at temperatures > 4°C and require storage
and transport at temperatures below —20°C,*’ significantly
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increasing cold-chain costs and the risk of vaccine spoilage and mis-
handling by non-experienced users. To overcome this issue, alterna-
tive strategies are being explored, including the lyophilization of
mRNA-LNPs,'” the spray-drying of small interfering RNA
(siRNA)-LNPs,''* and the design of formulations with enhanced
thermal stability."

A promising strategy to circumvent the stability limitations of
mRNA formulations involves loading the mRNA into the nanocar-
rier immediately before administration. Lipoplexes, which are ob-
tained by mixing cationic liposomes with mRNA in defined ratios,
are an example of this approach. While originally devised as
in vitro transfection agents,'* lipoplexes are currently under inves-
tigation in several clinical trials as anti-cancer mRNA vaccines.'
Core-shell lipid-based nanoparticles (NPs) can also be proposed
as an alternative platform for in vivo mRNA delivery. These nano-
particles typically comprise a core material, which encapsulates the
payload, and a lipid shell. Core materials include polypeptides, hy-
aluronic acid, chitosan, calcium phosphate (CaP), and synthetic
polymers.'® Among these, CaP cores are particularly appealing
due to ease of synthesis, low cytotoxicity, strong electrostatic inter-
action with negatively charged molecules (i.e., nucleic acids), and
pH responsiveness, which enables payload release following disso-
lution of the CaP core in the acidic environment of cellular
endosomes.'”

We previously developed hybrid lipid self-assembling nanoparticles
(SANPs) with a CaP core for the encapsulation of bisphosphonates,
which have been successfully tested in vivo for the treatment of pros-
tate cancer'®'” and glioblastoma.”® This formulation has also
received the Orphan Drug Designation from the European Medi-
cines Agency (EMA) and Food and Drug Administration (FDA)
(29/08/2016-EU/3/16/1735) for the treatment of high-grade glioma,
which supports its potential for broader clinical applications. More
recently, we have demonstrated the ability of SANPs to deliver mi-
croRNA (miRNA)?! and siRNA** to the mouse brain for the treat-
ment of glioblastoma. SANP formulations exhibit several advan-
tages, such as good biocompatibility, high efficiency of RNA
encapsulation, and intracellular delivery. Importantly, the SANP
technology is based on the in situ mixing of its components (i.e.,
CaP NPs, cationic liposomes, and mRNA) immediately prior to
use. This modular approach enables storage and transport of the
mRNA in lyophilized form, which ensures improved stability against
degradation compared to freezing. As such, lipid SANPs may repre-
sent a viable platform for the formulation of next-generation syn-
thetic mRNA-based therapeutics.

To evaluate the feasibility of the SANP technology for the in vivo
delivery of large synthetic in vitro transcribed (IVT) mRNA, we
developed SANP formulations encapsulating mRNA upon compo-
nent mixing at room temperature. These formulations were
comprehensively characterized for their physicochemical proper-
ties, mRNA encapsulation efficiency, colloidal stability, stability
against aggregation in human plasma, hemolytic activity, and
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in vitro transfection ability. We then assessed both organ-specific
and systemic inflammatory responses following mRNA-SANP
administration in mice. The expression kinetics of mRNA encoding
reporter genes were evaluated following intravenous (IV) or intra-
muscular (IM) injection. To gain further insights into the in vivo
behavior of mRNA-SANPs, we characterized the SANP protein
corona (PC) composition and correlated these findings with in vivo
biodistribution data. Finally, we demonstrated that mRNA-SANP
formulations encoding the SARS-CoV-2 spike protein could elicit
potent T cell responses, as well as significant humoral immunity,
in mice.

RESULTS

Development and characterization of mMRNA-SANP formulations
The formulation of SANPs requires the use of cationic lipids able to
interact with the CaP core encapsulating the anionic mRNA. Here,
we chose 1,2-dioleoyl-3-trimethylammonium-propane chloride
(DOTAP) as the cationic lipid for SANP formulations; this lipid has
been extensively investigated for the formulation of cationic LNPs.
Its chemical structure comprises two unsaturated alkyl chains con-
nected to a trimethylammonium-propane head group via hydrolyz-
able ester bonds, which make this lipid biodegradable. DOTAP-based
SANP formulations outperformed those based on other cationic lipids
in terms of stability against aggregation in human plasma, hemolytic
activity, and intracellular miRNA uptake in glioblastoma cells.”’
Furthermore, DOTAP-containing liposomes have been shown to
have an immunostimulatory effect on dendritic cells, both in vitro
and in vivo, which may be advantageous for genetic vaccine applica-
tions.”»** To enhance nanoparticle stability against aggregation in
complex biological fluids, such as serum, we enriched the SANP
formulation with a PEGylated lipid, i.e., N-palmitoyl-sphingosine-1-
{succinyl[methoxy(polyethylene glycol)2000]}(Cer;sPEGa000)-

mRNA-loaded SANPs (nRNA-SANPs) were assembled by mixing
the mRNA solution, the CaP NPs, and the cationic liposomes in
appropriate ratios (Figure 1A). Here, we prepared mRNA-loaded
SANPs with an N/P = 9 and a final mRNA concentration of
200 pg/mL. To explore the flexibility of this approach and investigate
the influence of mRNA length on the colloidal characteristics of
SANP formulations, we used two clinically relevant mRNA con-
structs of different lengths: one encoding the full-length coronavirus
disease 2019 (COVID-19) spike protein (spike; 4,150 nucleotides
long) and one encoding the receptor-binding domain (RBD) of the
spike protein (1,047 nucleotides long). The two mRNAs were synthe-
sized by T7-mediated in vitro transcription using CAP1 and N1-
methyl-pseudouridine triphosphate and included a segmented
100-nucleotide-long poly(A) tail. Following in vitro transcription,
the integrity and identity of the mRNA were confirmed by capillary
electrophoresis (Figure S1).

We used dynamic light scattering (DLS) to determine the z-average
diameter, polydispersity index (PDI), and zeta potential of the
mRNA-SANPs, while the mRNA encapsulation efficiency was
measured by the RiboGreen assay. We observed minimal changes
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Figure 1. Physicochemical properties of mMRNA-SANPs

(A) Assembly of MRNA-loaded SANP formulations, achieved by mixing mRNA, CaP NPs, and cationic liposomes. Part of the schematic was created with Servier Medical Art.
Z-average diameter and PDI (B), zeta potential (C), and mRNA encapsulation efficiency (D) were measured for cationic liposomes, blank SANPs, and SANPs encapsulating
mRNA encoding either the RBD or the spike protein. The colloidal stability of SANP formulations encapsulating mRNA encoding GFP was measured up to 14 days post-
assembly at 4 °C in terms of z-average diameter and PDI (E), zeta potential (F), and mRNA encapsulation efficiency (G). The final concentration of formulated mRNA was
200 pg/mL, with an N/P = 9. Data are shown as mean + SD of N = 3 independent batches.

in z-average diameter and PDI of mRNA-loaded SANPs compared
to liposomes and blank SANPs, regardless of the mRNA length
(Figure 1B). We detected a reduction in the zeta potential for

SANP formulations compared to the starting liposomes, suggesting
lipid reorganization during assembly and the presence of mRNA
molecules on the SANP surface (Figure 1C). The mRNA
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Figure 2. Colloidal and hemolytic properties of mMRNA-SANPs
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(A) Colloidal stability of mMRNA-SANPs diluted to 20 pg/mL in either PBS or 1% v/v human plasma. The formulations were incubated at 37 °C, and the mean hydrodynamic
diameter was measured immediately after dilution, as well as at 30 min, 1, 3, and 24 h post-dilution. Measurements were carried out in triplicate. (B) Schematic of the
hemolysis assay and hemolytic activity of mMRNA-SANP formulations. Part of the schematic was created with Servier Medical Art. Data are shown as mean = SD of N = 3

independent experiments, with n > 2 technical replicates.

encapsulation efficiency was higher than 98% for both mRNA mol-
ecules, whose length did not affect the colloidal properties of the final
nanoparticles (Figure 1D). Preliminary cryogenic transmission elec-
tron microscopy (cryo-TEM) experiments (Figure S2) revealed that
SANPs encapsulating mRNA exhibit a double bilayer structure, in
analogy to what has been previously observed for SANPs loaded
with zoledronic acid.®> More complex, multilayered structures
were also present in the sample. Despite SANP being a technology
designed for extemporaneous preparation in a hospital pharmacy,
future studies will be needed to determine the complexation effi-
ciency of the CaP NPs and the cationic liposomes in the presence
of mRNA for quality assessment of the formulations prior to clinical
studies. Small-angle neutron and X-ray scattering studies will be car-
ried out in the future to precisely unravel the structure of the mRNA-
SANP formulations.

To gain insights into the colloidal stability of mRNA-SANP formu-
lations upon storage at 4°C, we probed the z-average diameter, PDI,
zeta potential, and mRNA encapsulation efficiency at 7 and 14 days
post-assembly. We observed minimal changes in size, surface charge,
and mRNA encapsulation efficiency of mRNA-SANPs over this time
frame (Figures 1E-1G), suggesting that mRNA-SANPs can also be
assembled and stored at 4 °C for up to 14 days without compro-
mising their physicochemical features.

As previously stated, the main aim of this study was to investigate the
ability of SANP formulations to deliver large synthetic mRNAs into
the cytoplasm of eukaryotic cells to allow translation. We therefore
assessed the ability of SANPs to transduce a reporter gene mRNA
(i.e., mRNA encoding enhanced green fluorescent protein [eGFP])
in vitro in 80% confluent HeLa cells, either immediately after formu-
lation (T0) or after 7 and 14 days of storage at 4°C (Figure S3). Lip-
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ofectamine 3000 was used as a positive control for the assay. Twenty-
four hours post-transfection, cells were detached and analyzed for
fluorescence by flow cytometry. Both Lipofectamine 3000 and
SANP formulations showed a similar percentage of eGFP-positive
cells at TO. To further evaluate the stability of SANPs, freshly seeded
HeLa cells were transfected with SANPs stored for 7 and 14 days at
4°G; flow cytometry analysis revealed that SANP activity at 7 days re-
mained relatively stable compared to as-prepared formulations (74%
vs. 65% eGFP-positive cells). However, although the percentage of
eGFP-positive cells remained relatively high (~60%), SANP activity
was significantly compromised after 14 days of storage at 4°C
(Figure S3).

As a preliminary evaluation of the suitability of mRNA-SANPs for
in vivo administration, we assessed the colloidal stability of
mRNA-SANPs against aggregation in the presence of human
plasma. The formulations were diluted in 1% v/v human plasma or
phosphate-buffered saline (PBS) as a control, and their mean hydro-
dynamic diameter was determined immediately after dilution, as
well as 30 min, 1, 3, and 24 h post-dilution at 37°C. Minimal changes
in the hydrodynamic diameter of mRNA-SANPs were detected over
the investigated time frame in human plasma, suggesting that
the formulations are colloidally stable under these conditions
(Figure 2A). In this work, a preliminary stability assessment was car-
ried out in 1% v/v human plasma; future studies of the physicochem-
ical stability of mRNA-SANP formulations in 50% v/v or full plasma
will provide additional insights into the behavior of the nanoparticles
in biologically relevant environments.

When designing nanoparticle formulations for intravenous adminis-
tration, it is crucial to assess their hemolytic properties. The hemo-
lysis assay established by the American Society for Testing and
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(A) Transfection efficiency of eGFP mRNA formulated with SANPs or Lipofectamine 3000. Monolayers of HelLa cells were transfected with either 200 ng/mL of mRNA eGFP-
SANPs or 200 ng/mL of eGFP-Lipofectamine 3000. Cells were analyzed by fluorescent microscopy 24 h post-transfection. Mock-transfected cells were used as a negative
control (untreated). (B) Cell viability upon incubation with varying concentrations of MRNA-SANPs. Non-statistically significant differences in toxicity were observed for cells
transfected with 200 and 500 ng/mL (ns). Data are shown as mean + SD of N = 3 independent replicates.

Materials (ASTM) measures hemoglobin content released from red
blood cells upon nanoparticle-induced lysis. This assay is widely
used due to its good reproducibility and low cost.”® According to
the ASTM standard, a hemolytic activity < 2% or between 2% and
5% can be regarded as non-toxic or mildly toxic, respectively.
mRNA-SANPs exhibited a hemolytic activity of 1.22 (0.2) %, sup-
porting their suitability for intravenous administration (Figure 2B).

SANP-mediated in vitro transfection

We further investigated the aforementioned mRNA eGFP-SANP
platform in vitro using fluorescence/brightfield microscopy and a
cytotoxicity assay. After assembly, 200 ng/mL of mRNA eGFP-
SANP was used to transfect a monolayer of adherent HeLa cells in
the presence of 10% fetal bovine serum (FBS). Lipofectamine
3000-eGFP mRNA and non-transfected cells served as controls.
High transfection efficiency was achieved upon cell incubation
with mRNA eGFP-SANP (Figure 3A), which is in good agreement
with the fluorescence-activated cell sorting (FACS) analysis results
shown in Figure S3. We next assessed SANP cytotoxicity at three
different doses—200, 500, and 1000 ng/mL—by measuring cell
viability using the GUAVA ViaCount assay on a Cytek Guava
Muse Cell Analyzer. No dose-limiting toxicity was observed at 200
and 500 ng/mL; even the 1000 ng/mL dosage did not reach statistical
significance, although it approached it, with a p value of 0.054
(Figure 3B). These results demonstrate that SANP formulations effi-
ciently transduced large synthetic nRNA molecules in cultured cells
without toxicity at physiological dosages, enabling in vivo testing of
protein expression.

SANP-mediated mRNA transduction in vivo

We next investigated the in vivo transduction efficiency of mRNA-
SANPs by IM and IV administration in mice using secreted embry-
onic alkaline phosphatase (SEAP) as a reporter gene. Sera from in-
jected mice were collected after 3, 7, and 10 days, while a group of
PBS-injected mice was used as a control. Potent SEAP translation
was measured on day 3 for both IM- and IV-injected mice, followed
by a gradual decrease in expression on days 7 and 10 (Figure 4).

Scratching, piloerection, and weight loss were monitored for up to
3 weeks, with no signs of toxicity observed in treated mice. To further
assess the safety profile, plasma was collected 72 h and 7 days after IM
and IV injections. Blood levels of glutamate oxaloacetate transami-
nase (GOT) and glutamate pyruvate transaminase (GPT) were
measured as liver injury markers, while creatinine levels were as-
sessed as a renal toxicity marker; PBS-treated mice served as controls
(Figures 5A-5C). Notably, no increase in liver or renal injury
markers was detected following either IV or IM administration of
mRNA-SANPs. Additionally, no increase in the expression of in-
flammatory cytokines (interleukin-6 (IL-6) and tumor necrosis fac-
tor-alpha (TNF-a)) in serum was detected by ELISA 3 days post-in-
jection (Figures 5D and 5E). Collectively, these data suggest that
mRNA-SANP formulations are safe and do not induce systemic
toxicity.

Analysis of mMRNA-SANP PC and in vivo biodistribution

The in vivo administration of nanoparticles leads to the adsorption of
serum proteins on their surface, forming the so-called PC, which
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well known that the PC influences nanoparticle colloidal stability
in biological fluids, circulation half-life, and biodistribution. In
turn, this can affect the nanoparticle ability to effectively deliver its
payload and its toxicity.”” To gain insights into the in vivo behavior
of mRNA-SANP formulations, we carried out a compositional anal-
ysis of the mRNA-SANP PC. mRNA-SANPs were incubated with
mouse sera for 1 h, as a plateau in protein-nanoparticle interactions
is typically reached within this time frame. The PC was analyzed by
mass spectrometry, as reported in the materials and methods section.

A total of 1,692 proteins were identified in the mRNA-SANP PC. In
particular, proteins with a molecular weight between 30 and 70 kDa
represented the most abundant fraction, comprising about 45% of
the total PC. Proteins in the 1-30 kDa and 70-150 kDa ranges
were equally enriched on SANPs, while interactors with a molecular
weight over 150 kDa were the least represented, with only 107 pro-
teins detected (Figures 6A and 6B). The top 30 enriched proteins
on the mRNA-SANP surface are reported in Table SI. The SANP
PC was enriched with specific serum proteins, suggesting the occur-
rence of well-defined interactions between SANPs and serum pro-
teins. As an example, in Balb/c mice, albumin comprises between
46% and 58% of total serum protein,’® whereas the top proteins
present in the SANP PC are apolipoprotein C-III, a member of the
apolipoprotein family responsible for lipid transport in circulation,’
vitronectin, serum paraoxonase/arylesterase 1, albumin, and apoli-
poprotein AI (Table SI).

To understand how the PC determines the ultimate fate of SANPs
in vivo, we carried out a biodistribution experiment. Briefly,
mRNA encoding firefly luciferase was produced and encapsulated
into SANPs; 10 pg of SANP-encapsulated luciferase mRNA were
then injected in mice via the IM or IV route. The day after adminis-
tration, the in vivo imaging system (IVIS) was used to measure lucif-
erase expression in mice. We observed luciferase expression at the in-
jection site in mice that received mRNA-SANPs via the IM route,

6 Molecular Therapy: Nucleic Acids Vol. 37 March 2026

administered mRNA-SANPs via IV injection (Figure 6C). Ex vivo
imaging of organs (i.e., liver, heart, lung, kidney, and muscle)
demonstrated NP accumulation in the lungs and complete exclusion
from the liver (Figure S4).

Genetic vaccination with mRNA-SANP

We then evaluated the potential of mMRNA-SANPs as a genetic vac-
cine delivery platform using the SARS-CoV-2 spike protein as a
model antigen®® and explored both the IM and IV routes for vacci-
nation. Six-week-old female BALB/c mice were immunized with
mRNA Spike-SANPs using a homologous prime-boost regimen,
receiving two injections of 10 pg each at 0 and 4 weeks. The B and
T cell immune responses were measured 10 days after the boost
dose. The T cell response was assessed using an interferon (IFN)-y
ELISpot assay following ex vivo pulsing of splenocytes with two sepa-
rate peptide pools covering the entire spike protein: subunit 1 (SI:
amino acids 1-686) and subunit 2 (S2: amino acids 687-1273).
Both the IM and IV administration routes were equally effective,
with all mice developing a potent T cell response, averaging approx-
imately 500 spot-forming cells per million splenocytes. Consistent
with previous reports for this mouse strain, the response to the S1
pool was higher than the response to the S2 pool (Figure 7).** The
humoral response to the vaccine was analyzed using an anti-Spike
ELISA. Interestingly, a statistically significant difference was
observed between the two delivery routes, with IV vaccination
inducing consistently higher antibody titers compared to IM vacci-
nation (Figure 8).

DISCUSSION

The success of COVID-19 mRNA genetic vaccines has renewed inter-
estin developing mRNA formulated into lipid-based nanoparticles as
vectors for anti-infectious and anti-cancer immunotherapies, as well
as gene therapy applications. However, current mRNA formulations
suffer from poor stability during long-term storage, highlighting the
need for alternative approaches. In this context, the development of
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Figure 5. Assessment of systemic toxicity of mMRNA-SANPs

Liver and renal toxicity were assessed by measuring the GOT (A), GPT (B), and creatinine (C) levels. Dashed lines indicate the reference values for healthy mice. Untreated
mice (n = 3); mRNA-SANPs IM (n = 5); mMRNA-SANPs IV (n = 5). Squares represent values for individual mice on day 3, and circles represent values on day 7. No statistically
significant differences were reported. IL-6 (D) and TNF-alpha (E) were also assessed at day 3 post-injection. Each square represents the value for a single mouse. Untreated
mice (n = 3); MRNA-SANPs IM (n = 3); mRNA-SANPs IV (n = 3). No statistically significant differences were reported.

mRNA-based formulations that can be assembled at the point of care
may be a viable strategy. Recent work from Tanaka et al. introduced a
post-encapsulation method to load mRNA into pre-formed LNPs,
which induced mRNA expression in vitro and in vivo.”* Whilst very
elegant, the method reported by Tanaka et al. has some limitations,
mainly associated with poor flexibility in terms of lipid composition
and the need to use high N/P ratios (e.g., 16).

We previously developed a nanoparticle platform technology, referred
to as SANP, consisting of three main components: CaP NPs, RNA ol-
igonucleotides, and cationic liposomes with varying lipid composi-
tion. These components can be stored at 4°C and mixed immediately
before use in clinical settings. In this work, we tailored the SANP tech-
nology for the formulation of large synthetic mRNA, leveraging its
simplicity of preparation and long-term stability at 4°C, with potential
clinical applications in genetic vaccination, gene replacement, and

gene editing using exogenous molecular scissors, such as Cas9. We
successfully generated mRNA-loaded SANPs with hydrodynamic di-
ameters below 200 nm, low PDI, positive surface charges, mRNA
encapsulation efficiencies exceeding 98%, good colloidal stability
post-assembly and in human plasma, and low hemolytic activity.

SANPs encapsulating reporter genes mRNAs efficiently transduced
cells and tissues in vitro without signs of cytotoxicity. In particular,
SANPs exhibited a similar transfection efficacy to Lipofectamine,
which is encouraging given that Lipofectamine 3000 is a gold-stan-
dard reagent for in vitro transfection studies, whereas SANPs are pri-
marily designed for in vivo applications. The transfection efficacy of
SANPs stored at 4 °C was retained after 7 days, while a 20% reduc-
tion was observed after 14 days. This decrease in transfection ability
may be due to mRNA degradation rather than to changes in SANP
formulation, as the colloidal properties remained unchanged over
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Figure 6. mRNA-SANP protein corona characterization and in vivo biodistribution
mRNA SEAP-SANPs were incubated with mouse serum, and the protein corona was evaluated by mass spectrometry. (A) Distribution of protein corona composition
according to protein molecular weight. (B) Pie chart reporting the data from (A) as percentage composition. (C) In vivo biodistribution of mRNA luciferase-SANPs, determined

16 h post-injection in n = 3 mice for the IM group and n = 3 mice for the IV group.

this time frame. It is worth mentioning that the SANP platform has
been devised as a “just-before-use” formulation, with its components
to be mixed at the point of care before administration. We then
probed the in vivo transduction efficiency of mRNA-SANPs in
mice using SEAP as a reporter gene. Following both IM and IV
administration in mice, translation of SANP-encapsulated SEAP
mRNA was sustained for up to 7 days, with no liver or renal toxicity
or systemic inflammatory response.

A compositional analysis of the PC adsorbed onto the surface of
mRNA-SANPs after serum incubation identified a subset of serum
proteins that preferentially accumulated on the nanoparticle surface,
including members of the apolipoprotein family, vitronectin, and al-
bumin. Interestingly, the preferential adsorption of apolipoprotein
C-III on the surface of cationic LNPs has been recently shown to
improve nanoparticle uptake by mouse bone marrow-derived mast
cells,”® suggesting potential future applications of SANP technology
in specific clinical settings. The abundance of vitronectin in the
mRNA-SANP PC was not surprising, given the presence of cationic
lipids in the nanoparticle composition,”” while the presence of albu-
min and apolipoprotein AI among the 10 most abundant proteins
could be explained by their abundance in serum.”® We corroborated
the PC data with biodistribution studies on SANPs loaded with lucif-
erase-encoding mRNA following IM and IV administration. While
mRNA expression was localized at the injection site for mRNA-
SANPs administered via the IM route, SANP-mediated luciferase
expression was observed predominantly in the lungs when the IV
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route was used. This phenomenon may be ascribed to the abundance
of vitronectin in the PC of SANPs, which mediates lung targeting due
to the expression of vitronectin receptors by lung endothelial cells.”

As a proof of concept for the clinical application of mRNA-SANP
technology, we evaluated its ability to induce an immune response
against the SARS-CoV-2 spike protein following IM or IV adminis-
tration in mice. Both routes of administration elicited strong anti-
gen-specific T and B cell immune responses, with IV vaccination
yielding a significantly stronger humoral response than IM vaccina-
tion. Overall, we successfully developed a novel lipid-based nanopar-
ticle formulation for mRNA delivery, offering potential for rapid
clinical translation due to its straightforward assembly, convenient
storage stability, favorable safety profile, and significant in vivo trans-
duction efficiency. Future studies will focus on expanding the appli-
cability of the mRNA-SANP platform for therapeutic anti-cancer
vaccines and gene replacement therapies.

MATERIALS AND METHODS

Materials

Calcium chloride (CaCl,), sodium chloride (NaCl), and sodium
phosphate dibasic (Na,HPO,) were purchased from Merk Life Sci-
ence S.r.l. (Milan, Italy). DOTAP was kindly provided by Lipoid
GmbH (Ludwigshafen, Germany) while Cer;4-PEG,009 Was pur-
chased from Avanti Polar Lipids (Alabaster, USA). Regenerated cel-
lulose syringe filters with a 0.2 pm pore size were purchased from
Exacta+Optech Labcenter SpA (San Prospero, Italy). The Quant-iT
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Figure 7. Anti-spike T cell immune response

(A) Timeline of treatment. Mice were immunized on day 0 and day 30 with 10 pg mRNA Spike-SANP following a prime-boost regimen. Spleens were collected on day 40,
10 days after the boost injection. SFC/10 © splenocytes was calculated by ELISPOT assay. The sum of anti-S1 and anti-S2 T cell response is shown in (B). Separate S1 or S2
responses are shown in (C) and (D), respectively. Each dot represents an independent mouse. Untreated n = 7, Spike-SANPs IM n = 9, Spike-SANPs IV n = 9. Statistical
analyses were reported as ** for p < 0.005 and *** for p < 0.0005. Part of the figure was created using Biorender.

RiboGreen RNA Assay was purchased from Thermo Fisher Scientific
(Milan, Italy). Maxiprep of IVT plasmid were performed using the
EndoFree Plasmid Maxi Kit ( Quiagen, Hilden, Germany). The
IVT plasmid was linearized with Lgul (Sapl), purchased from
Thermo Fisher Scientific (Milan, Italy). In vitro transcription was
performed using the T7 Flashscribe Kit from CellScript (Post Rd,
Madison, USA) in the presence of CleanCap Reagent (3’ OMe) AG
CAP1 and N1-Methylpseudouridine-5'-triphosphate from TriLink
(San Diego, USA). IVT mRNA was purified by affinity chromatog-
raphy using POROS Oligo(dT)25 Affinity Resin purchased from
Thermo Fisher Scientific (Milan, Italy). Water and acetonitrile
(liquid chromatography-mass spectrometry [LC-MS] grade, LiChro-
solv) were purchased from Merck KGaA (Darmstadt, Germany).
Ammonium bicarbonate (NH,HCO;), DL-dithiothreitol (DTT),
and iodoacetamide (IAA) and trypsin (porcine pancreas-derived)
were purchased from Sigma-Aldrich (Buchs, Switzerland). Tri-
fluoroacetic acid (TFA) was obtained from Honeywell SC (Seeelze,
Germany). Formic acid (FA, LiChropur) was purchased from Merck

KGaA (Darmstadt, Germany). Pierce HeLa protein digest standard
was obtained from Thermo Fisher Scientific (Waltham, MA, USA),
and the MMI-L low-concentration tuning mix was purchased from
Agilent Technologies (Santa Clara, CA, USA).

Methods

CaP NPs preparation

CaP NPs were prepared by dropwise mixing equal volumes of
Na,HPO, (10.8 mM, pH 9.5) and CaCl, (18 mM, pH 9.5) aqueous
solutions in a 1:1 (v/v) ratio under stirring at 1400 rpm. The resulting
suspension was stirred for an additional 10 min and filtered through
0.22 pm pore-sized polycarbonate filters. The CaP NPs were stored at
4°C until further use.

Liposome formulation

Liposomes (DOTAP:Cer cPEG;p = 94:6 mol%) were prepared us-
ing the thin-film hydration method followed by extrusion. DOTAP
and CersPEG,go were dissolved in a chloroform:methanol mixture
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Figure 8. B cell response against the spike protein

Antibody titers were calculated in the sera of immunized mice, with each dot rep-
resenting an individual mouse. Untreated group n = 3; IM- and IV-injected groups
n = 6 each. Statistical analysis was performed by comparing line-matched groups
using the Student’s ¢ test. ** for p < 0.005.

(2:1 v/v) and transferred to a 50 mL round-bottom flask. The organic
solvent was removed by rotary evaporation (Laborata 4010 digital,
Heidolph, Schwabach, Germany), and the resulting lipid film was hy-
drated with RN Ase-free water for 2 h at 65°C. The vesicle suspension
was extruded through pore-sized polycarbonate membranes (Nucle-
opore Track-Etched, 25 mm, Whatman, Brentford, UK) using a
thermobarrel extruder (Lipex Extruder, Evonik, Essen, Germany)
operated at 65°C. The liposomes were sequentially extruded through
400 nm membranes (3 passages), 200 nm membranes (3 passages),
and 100 nm membranes (5 passages). The liposomes were stored
at 4°C until further use.

mRNA-SANP preparation

mRNA-loaded SANP formulations were prepared by mixing IVT
mRNA in aqueous solution (1 mg/mL) with an aqueous NaCl solu-
tion and CaP NPs at a 1:1.2 (v/v) ratios. The suspension was vortexed
at 800 rpm for 5 s and incubated at room temperature for 10 min.
The resulting CaP-mRNA complexes were then combined with lipo-
somes at a 1:1.3 (v/v) ratio (N/P = 9) and incubated at room temper-
ature for 25 min. The final mRNA concentration in the formulation
was 200 pg/mL, while the NaCl concentration was 150 mM. The con-
centration of formulated mRNA was determined by measuring the
amount of unencapsulated mRNA via the Quant-iT RiboGreen
RNA Assay and a mRNA standard curve (R* = 0.99). The mRNA
encapsulation efficiency was determined as:

[mRNALotal - [mRNA]buﬁ’er

[MRNA],1

Encapsulation efficiency = * 100,

(Equation 1)
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where [mRNA] o is the total mRNA concentration in the formula-
tion and [mRNA]p.p- is the concentration of unencapsulated
mRNA.

NP physicochemical characterization

Formulations were characterized in terms of colloidal dimensions,
PDI, and surface charge using DLS (Zetasizer Nano Z, Malvern,
UK). For each formulation, the z-average diameter, PDI, and zeta po-
tential were calculated as mean + standard deviation from measure-
ments obtained from three independent batches.

Stability of mRNA-SANP in biological media

The colloidal stability of mRNA-SANP formulations against aggre-
gation upon dilution in human plasma was measured via DLS.
Whole blood was centrifuged at 2000 rpm for 15 min (MIKRO 20;
Hettich, Tuttlingen, Germany) to separate erythrocytes from plasma.
The collected plasma was diluted to 1% in phosphate buffer (136 mM
NaCl, 27 mM KCl, 8 mM Na,HPO,, 2 mM KH,PO,, 1 x PBS) at pH
7.4. mRNA-SANP formulations were incubated in a 1% plasma so-
lution at 37°C at a final mRNA concentration of 20 pg/mL, and
the mean hydrodynamic diameter of the formulations was measured
at various time points by DLS. mRNA-SANPs incubated in PBS were
used as controls.

Hemolysis assay
Hemolysis assays on mRNA-SANPs were performed on fresh blood
according to a previously published protocol.”’ Erythrocytes were
isolated from plasma by centrifugation at 2000 rpm for 15 min
(MIKRO 20; Hettich, Tuttlingen, Germany) and resuspended in a
150 mM NaCl solution. The resuspended erythrocytes were sub-
jected to three additional centrifugation and reconstitution steps to
remove residual plasma; they were then diluted 1:10 (v/v) in
150 mM NaCl. mRNA-SANP formulations were added to the eryth-
rocytes at 0.2% (w/v) and incubated for 4 h at 37°C. The samples
were placed on ice for 2 min to stop erythrocytes lysis and centri-
fuged twice (3000 rpm, 5 min) to retrieve the supernatant. The
free hemoglobin content was determined by measuring the absor-
bance of the supernatants at 540 nm (Thermo Fisher Scientific,
1510 Multiskan Go). Erythrocytes diluted in 150 mM NaCl or water
were used as the 0% and 100% hemolysis controls, respectively. The
hemolysis percentage was calculated using the following formula:
(Abssample — Ahso%)

Hemolysis % = 100,
emoyszs (1] (Absmo% — Abso%) *

(Equation 2)

where Absqpl. is the absorbance of the sample, Absgy, is the absor-
bance at 0% hemolysis, and Absjgg, is the absorbance at 100%
hemolysis.

Cryogenic TEM

To obtain images of the colloidal structures, mRNA-SANPs were
freshly prepared at a concentration of 200 pg/mL as described above.
Ultrathin carbon films mounted on Cu 200 mesh grids
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(Agar Scientific, UK) served as substrates for sample deposition. The
grids were first plasma-treated at 230 V under a 0.15 mbar vacuum
for 5 s. A 4 pL aliquot of the sample was then pipetted onto the front
side of the prepared grids. The blotting chamber was preconditioned
to 21°C and 90% humidity. Samples were plunge-frozen using a Vi-
trobot (FEI, USA). Following a 30 s rest in the chamber, excess liquid
was automatically blotted away using two strips of filter paper with a
blot time of 1 x 1.5 s, and the grids were immediately plunge-frozen
into liquid ethane maintained at —180°C. The prepared grids were
stored in liquid nitrogen until TEM analysis. Low-dose electron
diffraction studies were performed using an FEI Tecnai Spirit F20
electron microscope (FEI, USA) operated at 80 kV, and images
were recorded with an FEI Eagle CCD camera (FEI, USA).

In vitro transcription of mMRNA

The coding sequences for eGFP, SEAP, firefly luciferase, and SARS-
CoV-2 spike were mouse codon optimized. Templates for in vitro
transcription were generated by cloning synthetic double-stranded
DNA (dsDNA) strings into the pMA7 plasmid downstream of the
T7 AGG promoter and upstream of the 3’ untranslated region
(UTR) comprising Tle5 and mtRNR UTRs. A co-transcriptional
poly(A) tail was ensured by incorporating into the template DNA
a segmented 100-nt poly(A) stretch upstream of the Lgul restriction
site. Briefly, after plasmid DNA was linearized, 1 pg of template was
transcribed according to the T7 Flash Scribe kit manufacturer’s in-
structions. Uridine was 100% replaced with N1-methylpseudouri-
dine-5'-triphosphate. The in vitro transcription reaction was incu-
bated for 2 h at 37°C. DNase was then added and incubated for
15 min. The resulting IVT mRNA was purified by affinity chroma-
tography using oligo(dT) resin, according to manufacturer’s instruc-
tions. RNA purity and a monodispersed peak were confirmed by
capillary electrophoresis (TapeStation), and quantification was per-
formed using Qubit.

MRNA-SANP in vitro activity

FACS analysis was performed at the CEINGE in-house facility as
previously reported.*” A total of 1.10 x 10° HeLa cells were seeded
in a 12 multi-well plate and, 24 h later, transfected with eGFP
mRNA formulated with either Lipofectamine or SANPs, as described
in the mRNA-SANP preparation section. After 24 h, cells were de-
tached using PBS containing 5 mM EDTA and washed three times
with PBS. eGFP expression was assessed and monitored using a Bec-
ton Dickinson FACSAria cell sorter. To assess cell viability, the
Guava ViaCount reagent was used to differentiate viable and non-
viable cells, utilizing two DNA-binding dyes with distinct perme-
ability properties. One dye selectively stains nucleated cells, while
the other highlights dying cells. This unique dye combination allows
Guava ViaCount to effectively distinguish viable, apoptotic, and
dead cells. Stained cells were analyzed using a Cytek Guava Muse
Cell Analyzer according to the manufacturer’s instructions.

mRNA-SANP in vivo activity
All animal studies were approved by Italian ministry of health
(n® 589/2024-PR). Six-week-old female BALB/c mice were used for

in vivo experiments. Total volumes of 50 and 100 pL were used for
IM and IV injection of mRNA-SANP formulations, respectively.
To monitor the activity of the SEAP reporter gene, mice received
10 pg of mRNA SEAP-SANPs via IM or tail vein injection. Sera
were collected at the indicated time points, and SEAP expression
was assessed using the Tropix Phospha-Light assay, as previously re-
ported.*' In order to investigate the anti-spike immune response,
mice were administered 10 ug of mRNA Spike-SANPs in a prime-
boost regimen (0 and 30 days after the first injection) via IM or IV
injection.

The biochemical analysis of mouse sera was performed using the
BT3500 analyzer (Biotecnica Instruments S.p.A.) with the following
reagents, according to the manufacturer’s instructions: GOT-AST
UV IFCC (product reference: ASSL-0430, Elitech), GPT-ALT UV
IFCC (product reference: ALSL-0430, Elitech), UREA assay (product
reference: URSL- 0427, Elitech), and creatinine assay (product refer-
ence: BT164L SGM). IL-6 and TNF-a were measured in mouse sera
using ELISA kits (IL-6 product reference: M6000B-1, R&D Systems
Inc; TNF-a product reference: MTA00B-1, R&D Systems Inc.), ac-
cording to the manufacturer’s instructions. Biodistribution
experiments were performed by administering 10 pg of mRNA
luciferase-SANPs via IM or IV injection in mice. Sixteen hours
post-injection, mice received D-luciferin substrate, and in vivo biolu-
minescence imaging was performed using an IVIS Spectrum system

under anesthesia.

The T and B cell response were measured using ELISpot and ELISA
assays, respectively, as previously reported.*>** Briefly, T cell re-
sponses were assessed using the ELISpot assay. MultiScreen HTS Im-
mobilon-P 96-well plates (product reference: MSIPS4510, Merck
Life Science S.r.l.) were coated with 10 pg/mL of anti-mouse IFN-y
antibody (product reference: CT665-C, U-CyTech biosciences) and
incubated overnight at 4°C. After washing and blocking the plates,
lymphocytes freshly isolated from mouse spleens were plated in
duplicate at two cell densities (2.5 x 10° and 5 x 10° cells) and stim-
ulated for 18 h at 37°C with 5% CO, using peptides. S1 or S2 (prod-
uct reference: JPT PepMix; JPT Peptide Technologies GmbH)
15-mer peptide pools, overlapping by 11 amino acid residues and
covering the entire SARS-CoV-2 spike protein, were used at a final
concentration of 1 pg/mL. Dimethyl sulfoxide (DMSO, product
reference: D2650, Merck Life Science S.r..) and concanavalin A
(ConA, product reference: C5275, Merck Life Science S.r.l.) were
used as negative and positive controls, respectively. Cells were
then washed away, and the plates were incubated with biotinylated
anti-mouse IFN-y antibody (dilution 1:100, product reference:
CT665-C, U-CyTech biosciences), followed by streptavidin-alkaline
phosphatase (dilution 1:2500, product reference: 554065, BD Biosci-
ences), and treated with a 5-bromo-4-chloro-3-indoyl-phosphate/
nitro blue tetrazolium 1-Step solution (BCIP/NBT, product refer-
ence: 34042, Thermo Fisher Scientific). The addition of an insoluble
alkaline phosphatase substrate resulted in the appearance of dark
spots in the wells at the sites where the cells were located, with the
one spot representing each T cell that secreted IFN-y. The number
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of spots per well could be directly related to the precursor frequency
of antigen-specific T cells. Plates were counted and analyzed using a
CTL ImmunoSpot reader (ImmunoSpot, OH, USA). ELISpot data
responses were expressed as cytokine IFN-y spot forming cells
(SFCs) per million splenocytes, after subtraction of the DMSO
background.

Sera were analyzed by ELISA; a custom SARS-CoV-2 ELISA was
developed using His-tagged protein immobilized on Ni-NTA
His-Sorb strips or plates (product reference: 15162, Qiagen).
This assay employed a His-tagged full-length SARS-CoV-2
spike protein produced in baculovirus (product reference:
40589-VO08B1, Sino Biological). An optimized protein concentra-
tion (1 pg/mL for the full-length Spike) in a 100 pL volume was
applied to Ni-NTA plates or strips and incubated for 1 h at
25°C with shaking. Diluted sera were then added and incubated
for 2 h at 25°C with continuous agitation. Binding was detected
using alkaline phosphatase-conjugated secondary antibodies,
including anti-mouse total immunoglobulinG (IgG) (product
reference: A3562, Merck Life Science S.r.l.), along with anti-mouse
IgGl (product reference: 550878, BD Biosciences) and IgG2a
(product reference: 553501, BD Biosciences). The alkaline phos-
phatase substrate was prepared by dissolving SigmaFast tablets
(product reference: S0942, Merck Life Science S.r.l.) in sterile
distilled water (product reference: 15230-147, Gibco). Absorbance
readings were taken at 405 and 620 nm using an EnSight multi-
mode plate reader (PerkinElmer, Waltham, MA, USA).

PC formation

PCs were obtained as previously described.***” Briefly, SANPs
(1 mg/mL lipid concentration) were incubated with mouse serum
(6-week-old female BALB/c) at a 1:1 v/v ratio at 37°C for 1 h under
constant agitation (500 rpm) (Eppendorf ThermoMixer C, Sigma-
Aldrich, St. Louis, MO, USA). After incubation, SANPs were cen-
trifugated for 30 min at 14,000 rpm and 10°C. The resulting pellet
was washed three times with 200 pL of ice-cold PBS to remove the
soft corona. The PC was then eluted from the NPs using a denatur-
ation buffer (8 M urea and 50 mM NH,HCQO3). Proteins within the
corona were quantified by Bradford assay (Bio-Rad, Segrate (MI),
Italy) using bovine serum albumin at known concentrations to
build 5-point standard curve (R? = 0.99). PCs were stored at
—20°C until mass spectrometry analysis. Prior to incubation with
SANP, serum was centrifuged at 14000 x g to remove potential
protein aggregates, and the collected supernatant was used for
PC formation.

Mass spectrometry analysis

For sample preparation, NP extracts were prepared using S-trap TM
Micro spin columns (Protifi) according to the manufacturer’s in-
structions, with slight adjustments.”® Tris-phosphate was used in
place of triethylammonium bicarbonate (TEAB) buffer both in the
sodium dodecyl sulfate (SDS) lysis buffer (10% SDS, 100 mM tris-
phosphate, pH 8.5) and in the binding buffer (90% aqueous meth-
anol with a final concentration of 100 mM tris-phosphate, pH
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7.55), while NH,HCO; was used as the digestion buffer (50 mM
NH,HCO:3). Briefly, 22 pg of SANPs were diluted with an equal vol-
ume of lysis buffer. Disulphide bonds were then reduced using
20 mM DTT for 45 min at 56°C and alkylated with 40 mM IAA
for 30 min in the dark. Aqueous phosphoric acid was added to a final
concentration of 1.2%, followed by the binding buffer at a 1:6 (v/v)
ratio. The mixture was loaded into the micro-column for protein
trapping and trypsinization (2.2 pg per sample) following the man-
ufacturer’s protocol. After overnight incubation at 37°C, peptides
were eluted by centrifugation at 4,000 x g with 40 pL of 50 mM
NH,HCO;, ollowed by 40 pL of 0.2% FA. Hydrophobic peptides
were recovered with 40 pL of 50% acetonitrile. The pooled eluates
of each sample were dried and resuspended in 25 pL of 0.1% FA.
Peptide content was quantified using a Nanodrop spectrophotom-
eter (NanoDrop OneC, Thermo Fisher Scientific, Wilmington,
DE, USA).

LC-MS/MS analysis

Digests were injected into an Evosep One (Evosep Biosystems,
Odense, Denmark) LC system coupled online with a timsTOF
fleXTM (Bruker Daltonics, Bremen, Germany) mass spectrometer,
as reported in the literature, with some modifications.”” Peptides
were loaded onto a disposable trap column, Evotip PureTM (Evo-
sep Biosystems, Odense, Denmark), following the manufacturer’s
protocol. Desalted and concentrated peptides were separated on
an analytical 8 cm column (PepSep C18, 8 cm Performance col-
umn, particle size 1.5 pm, internal diameter 150 pm) at 40°C. A
gradient of solvent A (0.1% FA) and solvent B (acetonitrile
(ACN), LC-MS grade, LiChrosolv, + 0.1% FA) was applied over
21 min (60 sample per day (SPD)) for the separation. The eluted
peptides were ionized using a nanoBoosterCaptiveSpray (Bruker
Daltonics). The mass spectrometer was operated in DIA (data inde-
pendent acquisition)-PASEF (parallel accumulation-serial fragmen-
tation) mode. Ions were scanned in positive mode over an m/z
range of 100-1700, with an energy ramping mobility range of
0.85-1.30 V-s/cm’. The dry gas flow was 3.0 L/min at 180°C,
and the capillary voltage was 1,400 V. For tandem mass PASEF
analysis, clusters of mono-charged ions were excluded to reduce
the complexity of tandem mass spectrometry (MS2) spectra using
the following parameters: m/z 348.1-973.1 Da and 0.80-1.22
1/K0. The estimated cycle time for each PASEF analysis was
1.17 s, with a total of 10 cycles using DIA windows of 25 Da.
The mass spectrometer was calibrated for mass and ion mobility
accuracy using a mixture of ten standards with known masses
(MMI-L Low Concentration Tuning Mix, Agilent Technologies,
Santa Clara, CA, USA). For calibration on the nano-source, three
specific lock masses (622.0290 m/z, 922.0098 m/z, and 1221.9906
m/z) were applied through a filter. Raw data were processed using
SpectronautTM (v.18.1, https://biognosys.com) following a library-
free processing method based on the Mus Musculus (Swissprot,
downloaded on 12-05-2023, 17155 entries) database. The parame-
ters were set as follows: trypsin as the enzyme, carbamidomethyl
(C) as a fixed modifications, and acetylation (protein N-term)
and oxidation (M) as variable modifications, with 1% false
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discovery rate (FDR) at the precursor and protein levels. Abun-
dance values were automatically cross-run normalized. Proteins
were considered identified only if they had at least one unique sig-
nificant peptide.

Statistical analysis

Assuming that all samples and replicates were normally distributed,
the Student’s ¢ test was used as a statistical method to determine
whether there was a significant difference between the means of
two groups. Statistical significance was shown as * for p < 0.05 and
** for p < 0.005. NS means not significant (p > 0.05).

DATA AND CODE AVAILABILITY

Data will be available upon request from the corresponding authors.
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