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Nasal Delivery of mRNA Using Thermoresponsive Gellable

Aqueous Biphasic Systems

Bojan Kopilovic, Nabila Laroui, Jodo A.P. Coutinho, Chantal Pichon, and Mara G. Freire*

Messenger ribonucleic acid (MRNA) emerged as a versatile therapeutic for the
prevention and treatment of various diseases, being widely used in the
“third-generation vaccines.” Innovative delivery vehicles, including lipid
nanoparticles and liposomes, were developed to preserve mRNA and allow
efficient delivery. On the other hand, nasal vaccination has demonstrated to
be effective against respiratory infections. Nevertheless, mRNA’s vulnerability
to enzymatic degradation, low nasal permeability, and rapid clearance are still
critical challenges. Liposomal hydrogels enable bioadhesion and localized
drug release; however, these may exhibit cytotoxicity due to the required
cross-linking agents. To overcome these drawbacks, a gellable aqueous
biphasic system (ABS), composed of water, poly(ethylene) glycol, and gelatin
is proposed, as a promising approach for mRNA nasal delivery. This
approach, using a gellable biopolymer, eliminates the need for chemical
cross-linkers. The developed liposomal hydrogels enables localized and safe
mRNA release without associated cytotoxicity toward upper airway epithelial
cells. Validation through scanning electron and fluorescence microscopies
reveal efficient mRNA entrapment, with a prolonged delivery of up to 30 min.
Additionally, by entrapping nanoparticles within hydrogels, a significant
reduction in toxicity is demonstrated. The formulated liposomal hydrogels
demonstrate comparable transfection efficiency to commercial alternatives,
showcasing their potential for safe and effective nasal gene delivery.

achieving effective in vivo concentrations.!"’
Accordingly, alternative strategies have
been investigated, including gene-based
therapies that employ messenger ribonu-
cleic acid (mRNA) to introduce therapeutic
genes into target cells.??] Among the
several available gene-based therapies,
mRNA has attracted extensive interest
from researchers and biopharmaceuti-
cal companies.**! mRNA offers several
advantages over other gene-based thera-
peutics, including a low risk of genomic
mutagenesis, natural degradation through
cellular pathways, and the ability to bypass
nuclear membrane transport. Additionally,
it enables transient and rapid protein ex-
pression in the cell cytoplasm, making it a
promising candidate for the development
of antiviral and anti-tumor vaccines.[*¢-8]
However, naked or free mRNA is easily de-
graded by RNase and cannot pass through
the cell membrane.®! Therefore, a delivery
vehicle is required to transport mRNA
into cells and express the coded protein.

Vaccine development has been acceler-
ated with the production of high-quality
nucleic acids using in vitro transcribed
messenger ribonucleic acid (IVI-mRNA),

1. Introduction

Modulating protein expression offers a powerful approach to pre-
vent and treat a wide range of diseases. While protein therapeu-
tics hold promise, their direct clinical application is often hin-
dered by high production costs, instability, and challenges in

commonly described as “third-generation vaccines.”®] These
advances also facilitated the development of delivery vehi-
cles, including lipid nanoparticles, liposomes, lipoplexes, and
lipopolyplexes, which play a crucial role in the endocyto-
sis and stability preservation of the gene delivery agent
— mRNA.I>¢I
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Vaccines delivered via the conventional intramuscular route
predominantly induce a systemic immune response, by the pro-
duction of serum immunoglobulin G (IgG) antibodies. Neverthe-
less, this approach typically does not provoke a significant mu-
cosal immune response that allows an effective memory immune
response.l?l This drawback can be overcome by the nasal admin-
istration of vaccines, being shown to be an effective approach to
tackle respiratory infections, including those derived from SARS-
CoV-2 and respiratory syncytial virus and influenza.*1% This
route of vaccination offers the advantage of producing secretory
immunoglobulin A antibodies, which block pathogens in mucus
during early infection stages while generating long-lasting resi-
dent memory T cells in mucosal tissues for future protection.?]
Mucosal administration of nucleic acid vaccines to sites such as
the nasal and pulmonary mucosa enables them to reach draining
mucosal lymph nodes via the lymphatic systems underlying the
airway epithelium.[*11]

Despite their relevance, effective nasal delivery strategies are
still required due to the delicate nature of mRNA, which is vul-
nerable to degradation, exhibits low permeability across the nasal
epithelium, and is rapidly cleared from the nasal mucosa.?1?]
The causes of stability loss are often related to the process condi-
tions and may include extreme temperatures and pH values, or
the presence of organic solvents, often required in encapsulation
strategies.314 As a result of instability, the immunogenicity of
aggregated or degraded mRNA is becoming increasingly impor-
tant, being essential to develop stable and effective formulations
for nasal delivery.['>1]

The efficacy of liposomal drug delivery systems has been de-
bated due to their potential for accumulation in healthy tis-
sues upon intravenous administration, leading to adverse side
effects and reduced therapeutic outcomes.['”! Nonetheless, a
promising solution has emerged through the integration of li-
posomes into hydrogel matrices, which not only enhance the
mechanical attributes of liposome formulations but also en-
able a localized and sustained drug release.®! These hydrogels
are usually prepared using polymers, providing a robust plat-
form for innovative therapeutic approaches.l”*l Natural stimuli-
responsive biomaterials, such as gelatin, are often studied for
drug delivery and tissue engineering due to their high biocom-
patibility and adjustable mechanical properties.!?’! Gelatin pro-
vides integrin-binding arginylglycylaspartic acid motifs and met-
alloprotease cleavage sites, which facilitate tissue adhesion and
integration.[?!l Furthermore, gelatin hydrogels can swell and
hold a large amount of water while maintaining their struc-
ture. This property allows for the controlled release of bioactive
molecules.[?]

Schwabe et al.[?2] developed a gelatin hydrogel loaded with
lipopolyplexes to control the release of small interfering RNA
(siRNA).[22] In this work, oligomeric cross-linkers were used to
tailor the properties of the hydrogels, with the cross-linking den-
sity of the hydrogel influencing the rate of the siRNA release.
Similarly, Furst et al.[?3] incorporated poly(ethylene) glycol (PEG)-
modified lipoplexes into hydrogels prepared of hydroxyethyl cel-
lulose for the target delivery of siRNA to the vaginal mucosa.
Chen et al.,l?*] on the other hand, developed scaffolds and studied
transfection efficiencies using (green fluorescent protein) GFP-
mRNA lipoplexes-loaded hydrogel systems. These scaffolds were
implanted in animals, demonstrating that the loaded hydrogels
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outperformed both naked mRNA delivery from the scaffolds and
subcutaneous injections of lipoplexes. Despite the promising
results, some prepared hydrogels resorted to the use of cross-
linking agents, which may raise cytotoxicity concerns.[?! Some of
these studies did not incorporate bio-derived cross-linkers, which
could enhance both sustainability and reduce toxicity, nor did fo-
cus on the development of simple, ready-to-use hydrogels to im-
prove clinical feasibility.

To ensure biocompatibility and to minimize the use of poten-
tially harmful cross-linkers, herein we propose a novel strategy
based on gellable aqueous biphasic systems (ABS).[?!] ABS are
here used to create hydrogels, with one of the ABS components
being stimuli-sensitive leading to gel formation, while mimick-
ing the characteristics of a water-in-water (W/W) emulsion. De-
spite their relevance, ABS composed of non-gellable polymers
have been majorly investigatedas liquid-liquid systems to purify
biomolecules,?®! including biopharmaceuticals.?”?8] Gellable
ABS reported herein are composed of water, poly(ethylene) gly-
col, and gelatin as the gellable polymer, allowing to have ther-
moresponsive ABS in which changes from liquid-liquid to gel-
liquid systems occur by changes in temperature. The compo-
nents for these systems were chosen based on their innate bio-
compatibility and ability to interact well with mRNA-carrying
vehicles. These interactions are critical for successfully entrap-
ping mRNA delivery vehicles within the hydrogel matrix. Fur-
thermore, in nasal formulation development, increased quanti-
ties of PEGylated lipids or PEG polymers are a frequent method
to improve particle transition through the mucosa.?’ These com-
pounds were carefully selected to additionally offer tissue bio
adhesivity, invisibility to the immune system, and prolonged
drug delivery. The studied thermoresponsive ABS can be tai-
lored to produce microspheres or block hydrogel shapes, effec-
tively functioning as reservoir systems, enclosing mRNA-loaded
liposomes within their matrices. By finely tuning the formula-
tion parameters such as component concentration, PEG molec-
ular weight, mixing speed, and temperature, we controlled the
phase separation process, resulting in different sphere sizes
and hydrogels with distinct characteristics. In comparison to
reported literature,[2224 we avoid the use of cross-linkers to
improve biodegradability and reduce health and environmen-
tal risks by employing a gellable biopolymer. Moreover, the de-
veloped one-pot or ready-to-use hydrogel system simplifies the
overall preparation process and facilitates usability, while offer-
ing a prolonged alternative for nasal delivery. The developed hy-
drogels exhibited controlled degradation rates while maintaining
biopharmaceutical stability. In summary, the studied hydrogels
demonstrated efficient mRNA delivery, with negligible cytotoxi-
city and effective therapeutic efficacy in upper airway epithelial
cells.

2. Results and Discussion

2.1. Gellable ABS Preparation and Characterization

Figure 1 shows the workflow of mRNA-loaded liposome hydro-
gel formulation, characterization, and application. It highlights
key steps, including the formation of gellable ABS, its thermore-
sponsive properties, and its potential for controlled drug delivery.
Specifically, Figure 1A depicts the formulation and optimization
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Figure 1. Preparation and characterization workflow of mRNA-loaded liposome hydrogel. A) Formulation of gellable ABS as hydrogels, including future
delivery perspectives. Illustration of the thermoresponsive behavior of engineered ABS implemented in hydrogel formulation. B) Gellable ABS composi-
tion. C) Representation of mRNA-loaded liposomes within the hydrogel matrix. D) Representation of the upper airway epithelial cell transfection assays

with mRNA-loaded liposome hydrogels.

process for developing ABS as hydrogels of adaptable shapes,
while Figure 1B identifies the ABS continuous and dispersed
phases. Figure 1C shows the mRNA-loaded liposomes entrapped
within the hydrogel matrix, being crucial for the stability mainte-
nance and controlled release of mRNA. Figure 1D presents how
the transfection assays on upper airway epithelial cells covered in
mucin were performed, allowing to address the cytocompatibility
of the mRNA-loaded hydrogels and their delivery efficacy.

Understanding and optimizing ABS ensures that the resulting
delivery devices possess the desired characteristics for effective
mRNA delivery. Accordingly, the phase diagrams for the gellable
ABS composed of water, gelatin, and PEG of different molecular
weights (2 000, 4 000, 6 000, 8 000, 10 000, and 20 000 g mol~!)
were determined at 40 °C, a temperature at which the gelatin is
soluble in water (the gelation temperature of the used gelatin is
32 °C).3% The obtained phase diagrams, in which the binodal
curves separating the monophasic from the biphasic regime are
provided, are given in Tables S1,S2 and Figure S1 (Supporting
Information). In general, the liquid-liquid demixing ability in-
creases with the increase of the PEG molecular weight. This trend
is justified by the higher hydrophobicity of PEGs with longer alkyl
chains, requiring lower amounts of gelatin to undergo phase sep-
aration. The obtained phase diagrams, illustrated in Figure S1
(Supporting Information), are in close agreement with some that
have been previously reported.3!]

With the previously discussed data on the ABS phase dia-
grams, we then carefully selected appropriate mixture points to
enhance the overall biocompatibility of the aimed mRNA deliv-
ery platform, particularly by increasing the water content and de-
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creasing the PEG and gelatin concentrations. Lower PEG con-
centrations reduce the likelihood of cytotoxicity associated with
high PEG concentrations,3?! while reducing gelatin concentra-
tion can minimize the potential for adverse immune reactions,
thereby improving the biocompatibility of the system.[*}] Hydro-
gels or microspheres can be formed at temperatures below the
gelation temperature of gelatin, resulting from the reorganiza-
tion of random coil structures into helices stabilized by hydrogen
bonds established between the amino acid residues of adjacent
chains.**

Gelatin-rich microsphere creation was first attempted under
continuous mixing of the gellable ABS for 15 min, followed by
a 5 min period of mixing with the sample placed over an ice
water bath (4 °C), which due to the immiscibility of the phases
results in the formation of gelatin-rich spheres in a continu-
ous PEG-rich phase. For the preparation of hydrogels, an ad-
ditional centrifugation step at 4 °C was then performed. The
gelatin microsphere size was evaluated by varying different pa-
rameters, namely the PEG molecular weight, temperature, and
mixing speed. The average size of the obtained microspheres
(in ethanol 95% (v/v) to prevent swelling) for each set of mixing
speeds and PEG molecular weights is shown in Figure 2, while
the histograms of the respective microspheres are presented in
Figure S2 (Supporting Information). The temperature influence
on the microsphere size is shown in Figure 2B, provided in Sup-
porting Information). In general, the mixing speed and PEG
molecular weight have a significant impact on the microsphere
size, with average sizes ranging from 2 to 34 ym. The average
microsphere size increases as the mixing speed increases, in
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Figure 2. Characterization of gellable ABS. A) Influence of the PEG molecular weight on the size of gelatin microspheres produced from 5 wt.% gelatin +
10 wt.% PEG ABS at 40 °C and various mixing speeds — measured using Image] software. B) Influence of temperature on the size of gelatin microspheres
produced from 5 wt.% gelatin + 10 wt.% PEG 20 000 at 500 RPM — measured using Image] software. C) Gelation time of the gellable ABS produced
from 5 wt.% gelatin + 10 wt.% PEG, verified by the D) Inverted tube test of the gelatin-rich hydrogel.

accordance with previous studies.?!! However, this trend was not
visible in the most viscous system containing PEG 20 000, mean-
ing that the high-viscous systems cannot be tailored in this re-
gard. A similar phenomenon was observed previously by Butler
et al.,® who noticed higher droplet coalescence at lower shear
rates and attributed this to be the cause of the accelerated coarsen-
ing of gelatin microspheres.!*] These trends are also supported
by (Figure S2, Supporting Information) the observed polydisper-
sity increase in the less viscous systems with the increase in the
mixing speeds. On the other hand, a mixing speed of 700 RPM
consistently produced the smallest microspheres in all studied
systems. However, it should be noted that a particle size analyzer
should be used to confirm the hydrodynamic radius of the ob-
tained microspheres.

Figures 2B and S2B (Supporting Information) illustrate the
influence of temperature in modulating the microsphere size
within the PEG 20 000 + gelatin ABS. Overall, the higher the tem-
perature, the lower the microsphere size. This trend is due to the
reduction in the viscosity of the emulsified phase at higher tem-
peratures. As observed by Butler et al.,[**! droplet coalescence be-
comes more pronounced at higher temperatures due to the lower
viscosity of the system, explaining the larger error bar observed
for the system at 55 °C in Figure 2B.

As previously highlighted, gelatin also enables hydrogel for-
mation by changes in temperature, thus not requiring the ad-
dition of cross-linkers or other compounds. Figure 2D shows
the inverted tube test of a system containing 5 wt.% gelatin
+ 10 wt.% PEG 20 000 + 85 wt.% water, whereas Figure 2C il-
lustrates the influence of the PEG molecular weight on the gela-
tion time of the studied system following the inverted tube test.
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It is evident that as the molecular size of PEG increases, the time
required for the hydrogel formation also increases. As we have
a gelatin-rich phase also comprising some PEG, this trend may
result from steric effects, with the PEG molecular weight influ-
encing the gelatin’s ability to form a helical structure.

To confirm the presence of spheres in the gelatin-rich phase
in the hydrogel form, the hydrogel and its cross-section mor-
phology were evaluated by scanning electron microscopy (SEM)
using chosen emulsification conditions. Figure 3 shows that
gelatin microspheres are large non-homogeneous polymeric
structures with a porous morphology, retained in a PEG ma-
trix (Figure 3Al), consisting of a cluster of several intercon-
nected spherical gelatin particles (Figure 3A2) typical of gelatin
structures.[**’] Figure 3-A3,A4 represent cross-sections of the
prepared hydrogels, where the hollow middle and porous particle
wall structure of the gelatin microspheres can be confirmed.[3¢37]
The size of the gelatin spheres in the hydrogel is generally con-
sistent with the microscopic measurements, though they may be
slightly larger than those determined by microscopy. This dis-
crepancy can be attributed to differences in the SEM sample
preparation method, as the hydrogel preparation process likely
leads to sphere coalescence during centrifugation, resulting in
spheres of up to 100 um.

2.2. Characterization of the mRNA-Carrying Liposomes Loaded in
the Gellable ABS

As summarized in Figure 1, after developing and characterizing
the gellable ABS, mRNA-loaded liposomes were loaded into the
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Figure 3. SEM images showing the dispersed gelatin-rich ABS phase corresponding to the obtained hydrogels A1,A2) and their cross-section views
A3,A4). Gelatin-rich hydrogels were produced from 5 wt.% gelatin + 10 wt.% PEG + 85 wt.% water.

hydrogel matrix. The successfully loaded hydrogels were charac-
terized through fluorescence microscopy, fluorimetry, and hydro-
gel degradation assays. Additionally, the mRNA delivery perfor-
mance was assessed using upper airway epithelial cells, the stud-
ied cell line for nasal delivery.

The gene delivery performance of the developed gellable sys-
tem was addressed by using lipoplexes containing mRNA en-
capsulated by liposomes — commercial Lipofectamine (LFM)
and an in-house prepared liposome (lip).[*®! Figure 4A,B shows
brightfield and fluorescent microscopic images of gelatin mi-
crospheres and a liposome-loaded hydrogel containing gelatin
microspheres, respectively, formed using an ABS comprised
of 5 wt.% gelatin + 10 wt.% PEG 20 000 + 85 wt% wa-
ter. This system contained liposomes complexed with fluo-
rescein isothiocyanate (FITC)-labeled mRNA, enabling the vi-
sualization of the gene delivery cargo as bright green spots.
Since gelatin slightly interfered with the fluorescent mi-
croscopy imaging, evident as faded green spheres in the back-
ground, additional fluorometric experiments of the loaded
microspheres were performed at A, = 495 nm and A,
= 520 nm. At the specific excitation and emission wave-
lengths of FITC, the influence of gelatin is less significant
(Figure 4C).

The drug carrier degradability is a crucial factor influencing
the effectiveness, safety, and long-term therapeutic outcome. The
degradation rate of the gelatin-based hydrogels was studied in
PBS at 37 °C, with samples collected at various time points (1 to
60 min), followed by protein quantification. The observed degra-
dation of the gelatin-rich hydrogel above its gelling temperature
(32 °C) results in the gradual disruption of the gelatin helical
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matrix, enabling the controlled release of mRNA-carrying vehi-
cles. As shown in Figure 4D, the developed hydrogels ensure
prolonged contact with mucosal surfaces, with the complete hy-
drogel degradation occurring after 30 min, and therefore hav-
ing the potential to resist mucociliary clearance. This resistance
to clearance not only enhances drug delivery but also optimizes
therapeutic effectiveness. Moreover, to ensure the stability of the
gelatin hydrogel during storage, it is recommended to maintain
conditions below its gelation temperature, preferably in a cold
environment, and using its hydrogel form and not an aqueous
solution.

The successful loading of anti-reverse cap analog (ARCA)-
capped GFP mRNA at RNA/liposome charge ratio of 1:1.5 within
the gelatin microspheres is confirmed by the results shown in
Figure 4E, while also proving the stability of the mRNA after
gelation and release. In phosphate buffer, liposomes containing
an ionizable lipid have a minor positive charge, while mRNA ex-
hibits a slight negative charge due to its phosphate group back-
bone. This difference in charge polarities facilitates the associa-
tion and complexation of the positively charged liposomes with
the negatively charged mRNA. This electrostatically ruled envi-
ronment extends to the gelatin microspheres, which possess a
slight negative charge within the range of pH 6 to 9.4 (isoelec-
tric point, pI).*"] Consequently, the microspheres attract and in-
teract with the positively charged liposomes, further enhancing
the loading of the mRNA visible as a dark band in Figure 4E.
However, the interaction of mRNA and gelatin should not be en-
tirely ruled out. Moreover, it is evident that the mRNA is preferen-
tially partitioned to the gelatin-rich phase and is stable even after
release.
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Figure 4. Characterization and biological evaluation of the mRNA-loaded gelatin-rich hydrogel comprising 5 wt.% gelatin + 10 wt.% PEG 20 000
+ 85 wt.% water. A) Fluorescent microscopic image (20 x magnification) of gelatin microspheres entrapping FITC-labelled mRNA. The gelatin mi-
crospheres comprised 0.1 ww% FITC-mRNA, enabling the visualization of the gene delivery cargo as bright green spots. B) Fluorescence spectra of
gelatin microspheres and FITC-mRNA-loaded microspheres in an aqueous solution of pH = 7.4 at 37 °C. C) The degradation profile of the gelatin-
rich hydrogel studied in PBS at 37 °C, up to 60 min, obtained by protein quantification assay. D) Evaluation of lipoplex formation and partitioning by
agarose gel electrophoresis. mMRNA complexation: all samples were prepared comprising 200 ng of mRNA, except the hydrogel loaded with lipoplex
which contained 500 ng of mRNA, at RNA/liposome charge ratio of 1:1.5. Positive control was the studied lipoplex.

2.3. Biological Evaluation of the mRNA-Carrying Liposomes
Loaded in the Gellable ABS

As shown earlier, the gellable ABS containing anti-reverse cap
analog (ARCA)-capped mRNA-loaded liposomes is thermore-
versible. Thus, when exposed to temperatures exceeding the gela-
tion temperature of gelatin (above 32 °C), the hydrogel under-
goes a conformational change, leading to the loss of its helical
structure and the disintegration of the gel network. This dis-
ruption of the hydrogel matrix results in the controlled release
of mRNA-carrying liposomes, as the electrostatic interactions
between gelatin and the liposomes weaken, allowing the mRNA-
loaded vehicles to be released from the matrix into the sur-
rounding environment. To evaluate the ability of the devel-
oped hydrogel to deliver mRNA into cells and express en-
coded proteins, hydrogel loaded with GFP mRNA was deliv-
ered to human upper airway epithelial cells covered in a mucin
layer.

The encapsulation efficiency of mRNA within the lipo-
somes was determined to be 89.9%, by the Ribogreen as-
say. Figure 5A displays the survival rate of H292 cells, mea-
sured 24 h after mRNA delivery. The survival rate of the
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cells was assessed using flow cytometry, to evaluate the cy-
totoxicity of the conventional and proposed gelatin-based hy-
drogel delivery systems (Figure 5A). The results indicate that
the gelatin-based hydrogels delivering mRNA in LFM and lip
exhibit minimal cytotoxicity — 96% and 97% of cell viability,
respectively.

Overall, these findings emphasize the safety advantages of uti-
lizing the gelatin-rich hydrogel, making it a promising candidate
for applications involving nasal delivery. Furthermore, a success-
ful delivery of the genetic material required for protein produc-
tion was achieved within the studied cell line, enabling the ex-
pression of GFP (Figure 5B). In terms of cell transfection, the
results show that both LFM and lip entrapped in the hydrogel
have similar levels of cell transfection (66% and 60%, respec-
tively). However, the transfection efficiency of the lipoplexes re-
leased from the hydrogel is lower compared to the conventionally
delivered LFM and liposome formulations, with the same apply-
ing to the mean fluorescence intensity (MFI) of the expressed
GFP. Still, the developed delivery platform exhibits remarkable
cytocompatibility and effective cell transfection, while showing
favorable GFP expression in the case of the commercial formu-
lation (LFM). The developed hydrogels formed by gellable ABS
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Figure 5. Biological evaluation of the mRNA-loaded gelatin-rich hydrogel comprising 5 wt.% gelatin + 10 wt.% PEG 20 000 + 85 wt.% water. A) Viability
of H292 upper airway epithelial cells 24 h after mRNA-loaded hydrogel exposure. Hydrogels were prepared with commercial lipofectamine and in-house
liposome formulations containing 0.5 ug of anti-reverse cap analog (ARCA)-capped mRNA at an RNA/liposome charge ratio of 1:1.5. B) Percentage of
cell transfection (bars) and mean fluorescence intensity (MFI) (scatter chart) were measured 24 h after treatment of cells with lipoplexes comprising
0.5 pg of MRNA at an RNA/liposome charge ratio of 1:1.5. Data are expressed as percentage of GFP positive cells. Data are presented as mean + SD of

experiments performed in triplicates (n = 3).

have strong potential for achieving high protein expression and
expanding therapeutic applications, opening the door to a safer
mRNA nasal delivery platform. However, it should be remarked
that the performance of these systems can be influenced by the
properties of gelatin, such as gelling strength, melting point, and
allergenicity, which vary depending on the gelatin source.

3. Conclusions

Conventional needle-based mRNA delivery methods often face
limitations, including safety concerns, pain, and the requirement
of trained professionals, in addition to logistical challenges such
as the need for cold chain storage. To overcome these challenges,
we developed a novel approach for mRNA delivery, via nasal de-
livery using gelatin-based thermoresponsive ABS. These gellable
systems, composed of gelatin, PEG, and water have the abil-
ity to modulate hydrogel properties through variations in for-
mulation parameters, allowing to tailor drug delivery profiles.
With minimal cytotoxicity toward upper airway epithelial cells,
transfection efficiency of 60%, prolonged mRNA release (up to
30 min), and noninvasivenoninvasive route of administration,
gelatin-based thermoresponsive ABS holds high potential in the
field of mRNA delivery. Future studies should focus on evaluat-
ing the therapeutic efficacy and safety of the ABS system through
in vivo experiments to further validate its potential for clinical
applications. With the potential for further optimization, includ-
ing improved protein expression and targeted delivery, gellable
ABS show promise for advancing mRNA-based vaccines and
therapies.

4. Experimental Section
Chemicals:  Porcine gelatin was purchased from Sigma-Aldrich. PEGs
of average molecular weight 2 000, 4 000, 6 000, 8 000, 10 000 and

20 000 g mol~" (abbreviated as, e.g., PEG 2 000 etc.) were supplied
by Sigma—Aldrich and used as received. The water used was double
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distilled, passed across a reverse osmosis system, and further treated
with a Milli-Q plus 185 water purification apparatus. O,O-dioleyl-N-[3N-
(N-methylimidazolium iodide)propylene] phosphoramidate (KLN25),
0,0-dioleyl-N-histamine phosphoramidate (MM27), 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(PEG)] (DMPE-PEG) and
cholesterol were purchased from Avanti Polar Lipids (Alabaster, USA).
Lipofectamine Messenger Max (LFM) was purchased from Invitrogen.
Lyophilized mucin from bovine submaxillary glands was purchased
from Sigma—Aldrich. Phosphate-buffered saline (PBS) containing was
purchased from Sigma-Aldrich.

In vitro Transcription of GFP-mRNA:  Anti-reverse cap analog (ARCA)-
capped RNA with a poly(A) tail coding the reporter gene GFP (Enhanced
Green Fluorescent Protein) was produced by in vitro transcription using
the T7 mMessage mMachine Ultra kit. The mRNA concentration was de-
termined by absorbance at 260 nm; mRNA had 260:280 ratios > 2 and was
stored at —80 °C in small aliquots.

Determination of the Liquid—Liquid Phase Diagrams: The phase dia-
grams of the ternary systems composed of each PEG, gelatin, and wa-
ter were determined at 40 °C. The temperature was maintained at the de-
sired value using a windowed bath with a precision of +0.01 °C (ME-18 V
Visco-Thermostat, Julabo). For the binodal curve determination, the cloud-
point method was employed. To a gelatin aqueous solution at 30 wt.%, an
aqueous solution of PEG (at concentrations ranging from 40 to 50 wt %
depending on the MW) was added drop by drop and under constant ag-
itation until a cloudy mixture was identified. This point indicates that a
biphasic regime was reached. Afterward, the addition of pure water drop
by drop and under constant agitation was performed until the solution
turned limpid. At this stage, a monophasic region was reached. Following
the addition of the PEG solution or water, the ternary mixture composi-
tions were gravimetrically determined within +10* g and at 25 °C.

Gellable ABS Characterization: ~Each PEG + gelatin + water system was
prepared in a 5 mL glass vial at room temperature. To obtain gelatin mi-
crospheres, the vial was heated up until 40 °C and the solution was un-
der constant magnetic stirring (Heidolph MR Hei-Tec Magnetic Stirrer)
for 15 min at a chosen mixing speed. Following this, the vial was promptly
cooled in an ice bath (4 °C) for 5 min to induce gelation under constant
mixing, obtaining gelatin microspheres. While to obtain a hydrogel, the re-
sulting cold solution was transferred into a centrifuge tube, which under-
went centrifugation at 4 °C and 5 000 RPM for 15 min using a refrigerated
centrifuge machine (Heraeus Multifuge X1R, Thermo Scientific). The su-
pernatant was then removed, leaving the pellet as a gelatin-rich hydrogel.
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The size and polydispersity of gelatin microspheres were determined
in ethanol (95%, v/v) to prevent gelatin from swelling in solution. Before
size analysis, the samples underwent ultrasonication in an ultrasonic bath
Elmasonic S300 with the sample being incubated in an ice bath to prevent
overheating. The total dispersion time was 5 min, with 10 s intervals off for
every 20 s of operation. For visualizing the microspheres, an inverted mi-
croscope (Axiolmager 2, Zeiss) was used, under brightfield illumination
or fluorescent mode. The size of the microspheres was measured using
Image] software with at least 100 microsphere measurements per sam-
ple. Gelation time was evaluated using the inverted tube test, following
the methodology outlined elsewhere.[*°] Initially, 1 mL of gellable ABS so-
lutions were incubated for 1 h at 40 °C in 5 mL glass vials. The test was
carried out using the studied PEG polymers, at the same weight percent-
age (wt.%) for all the systems. Subsequently, the vials were placed in an
ice bath, and the sol-gel transition time was determined by horizontally
inverting the vials every 30 s. The point at which the gel exhibited no flow
was documented as the gelation time.

Degradation Rate: The degradation rate of the hydrogels in PBS was
studied following the same preparation procedure as for the gelation time
assay. First, samples of 1 mL of gellable ABS solutions were incubated for
1hat40°Cin 5 mL glass vials. Subsequently, the vials were placed in an
ice bath until gel formation. Following this, the hydrogel mass was noted,
and it was placed in the release media stirring at 37 °C at 100 RPM for
60 min. During this time, samples were removed from media at selected
time points (1, 2, 5, 10, 15, 30 and 60 min). The degradation rate of the
gelatin-rich hydrogel was determined by protein quantification, using the
Pierce BCA Protein Assay Kit by Thermo Scientific.

Scanning Electron Microscopy: Scanning electron microscopy (SEM)
was performed using a high-resolution field emission SEM (HR-FESEM)
Hitachi SU70 microscope operated at an accelerating voltage of 15 kV.
Samples for microscopy analysis were prepared by freeze-drying and de-
positing a thin carbon film immediately prior to the sample analysis to
ensure sample conductivity.

Liposomes Preparation: The liposome formulation was prepared
by dissolving 20 wv% O,O-dioleyl-N-[3N-(N-methylimidazolium io-
dide)propylene] phosphoramidate (KLN25), 40 wv% O,O-dioleyl-N-
histamine phosphoramidate (MM27), 1.5 wv% 1,2-dimyristoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(PEG)] (DMPE-PEG) and 38.5 wv%
cholesterol in ethanol to achieve a concentration of 21.6 mm. The lipo-
somes were prepared using PBS, with a volume ratio of 1:3 between the
ethanol phase and the aqueous phase. These two phases were mixed
rapidly at a total flow rate of 12 mL mi~"n using a NanoAssemblr Ignite
microfluidic chip (NxGen microfluidics, Precision NanoSystems, Canada).
The resulting products were dialyzed against PBS at 4 °C for 6 h using dial-
ysis tubing with a cellulose membrane (MWCO: 12.4 kDa).

Encapsulation Efficiency: The encapsulation efficiency of mRNA in li-
posomes was assessed using the Ribogreen assay. Briefly, samples of
lipoplex, along with mRNA concentration standards, were prepared in Tris-
EDTA (TE) buffer with and without Triton X-100. These were added to a
black 96-well plate, followed by the addition of Ribogreen dye, which flu-
oresces upon binding to RNA. Fluorescence was measured using a plate
reader (deg: 485 nm, A.,: 528 nm). The percentage of mRNA encapsula-
tion was calculated as the ratio of the average fluorescence intensity in
TE buffer to the average fluorescence intensity in TE buffer with Triton
X-100.

Lipoplex Preparation and Hydrogel Loading: The GFP mRNA-loaded
lipoplexes were prepared by mixing GFP mRNA and liposomes in a charge
ratio of 1:1.5 and leaving them to form for 15 min at room temperature.
The hydrogels used in the bioassays were formulated to contain 0.1 wt.%
of mRNA-loaded lipoplexes. To ensure their homogeneous distribution
within the system, the preparation was carried out at 37 °C, above the
gelation temperature of the biopolymer. This process facilitated the uni-
form entrapment of mRNA-loaded liposomes within the gelatin-rich mi-
crospheres during hydrogel formation. LFM lipoplexes were prepared fol-
lowing the manufacturer’s instructions.

Electrophoretic Gel Retardation Assay: mRNA complexation with lipo-
somes was monitored by electrophoresis to assess lipoplex formation
and partitioning at mRNA/liposome charge ratio of 1:1.5 through 0.6%
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agarose gel containing 0.02% of Ribogreen (ThermoFisher, France). Naked
mRNA and positive control (lipoplex) were prepared containing 200 ng of
mRNA per well, while the gellable ABS was prepared containing lipoplexes
with 500 ng of mRNA and then the gelatin-rich hydrogel was separated and
injected into separate wells. To isolate and analyze mRNA from liposomes,
a 1% v/v Triton X-100 solution in TE buffer was added to the release me-
dia liposome samples and incubated on ice. Gels were imaged using a
GelDocXR+ Imager (Biorad, Hercules, CA, USA).

Preparation of Mucin Samples: To prepare a 0.5 wv% mucin solution,
50 mg of lyophilized mucin from bovine sub-maxillary glands (Merck,
France) were dissolved in 10 mL of PBS. The resulting mixture was vor-
texed at 25 °C until the mucin was fully dissolved. The air-way mucin hy-
drogel was created by dissolving mucins in PBS buffer at a concentration
of 2.5 wv% at 25 °C. The solution was stirred for 1 h before being used.

Cell Culture:  NCI-H292 airway epithelial cells line was obtained from
Professor Didier Betbeder (Vaxinano, Lille, France). The cells were cultured
in Roswell Park Memorial Institute medium (RPMI 1640, Thermo Fisher
Scientific) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 100 U mL~" penicillin, 100 mg mL~" streptomycin, and 1 w% |-
glutamine (Thermo Fisher Scientific) at 37 °C in a 5% CO2 humidified at-
mosphere. Cells were myco-plasma-free as evidenced by MycoAlert Myco-
plasma Detection Kit (Lonza, Levallois Perret, France).

Transfection and Flow Cytometry: Cells were seeded at a density of
1,2 x 10° cells per well in 24-well plates 24 h prior to the treatment.
The cells were exposed to mucin and then treated with the lipoplex-
loaded hydrogel containing 0.5 ug of GFP-mRNA per well (nanoparti-
cle:mucin ratio of 1:5 (v/v)) in well inserts (Corning, UK). Media was
replaced after 4 h with a fresh one containing 10% FBS. Transfection
efficiency was evaluated at 24 h after treatment. Cells were then har-
vested using trypsin (Thermo Fisher Scientific), collected by centrifuga-
tion (1500 RPM, 5 min), and diluted in PBS. Just before fluorescence
measurement, cells were shortly vortexed and propidium iodide (Pl) was
added to reach a final concentration of 0.01 mg mL™". The cell-associated
fluorescence intensity was measured with a flow cytometer (FORTESSA
X20; Becton Dickinson, Franklin Lakes, NJ, USA) with A, = 488 nm;
Aem = 530 + 30 nm and A, = 537 nm; A, = 618 nm for PI. The flu-
orescence intensity was expressed as the mean fluorescence intensity of
10000 events.

Statistical Analysis: Data were presented as mean + standard devia-
tion (SD). Statistical comparisons between groups were conducted using
one-way ANOVA, followed by Tukey’s post-hoc test. A significance level of
p < 0.05 was considered statistically significant for all tests. To perform
the analysis of the quantitative data, the program IBM SPSS Statistics was
used.
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