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Ganglioside-incorporating lipid nanoparticles as a
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Incorporation of polyethylene glycol (PEG) is widely used in lipid nanoparticle (LNP) formulation in order
to achieve adequate stability due to its stealth properties. However, studies have detected the presence of
anti-PEG neutralizing antibodies after PEGylated LNP treatment, which are associated with anaphylaxis,
accelerated LNP clearance and premature release of cargo. Here, we report the development of LNPs
incorporating ganglioside, a naturally occurring stealth lipid, as a PEG-free alternative. Physicochemical
characterization showed that ganglioside-LNPs exhibited superior stability throughout prolonged cold
storage compared to stealth-free LNPs, preventing particle aggregation. Additionally, there was no signifi-
cant change in particle size after serum incubation, indicating the ability of ganglioside to prevent
unwanted serum protein adsorption. These results exemplify the effective stealth properties of ganglio-
side. Furthermore, ganglioside-LNPs exhibited significantly higher mRNA transfection in vivo after intrave-
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nous administration compared to stealth-free LNPs. The ability of ganglioside to confer excellent stealth
properties to LNPs while still enabling in vivo mRNA expression makes it a promising candidate as a
natural substitute for immunogenic PEG in mRNA-LNP delivery platforms, contributing to the future
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1. Introduction

mRNA-based therapy has become an impressive tool in clinical
applications, providing a blueprint for functional protein pro-
duction inside the human body. However, due to the presence
of physiological barriers that inhibit the functionality of
mRNA," a delivery vehicle that can protect mRNA and
enhance its uptake is needed. Lipid nanoparticles (LNPs) have
been reported to encapsulate mRNA, thereby protecting it
from degradation."® The standard components of LNPs
include ionizable cationic lipids, helper phospholipids, chole-
sterol, and polyethylene glycol (PEG)-anchored lipids.”® LNPs
have emerged as cutting-edge technology for delivering mRNA
vaccines in response to the COVID-19 pandemic.’™
Additionally, LNP research has been expanded to a broad
range of protein replacement therapy applications, such as vas-
cular endothelial growth factor A (VEGFA), interleukin 12
(IL-12), and p53.">™* Furthermore, LNPs have been shown to
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mediate the delivery of CRISPR-Cas9 mRNA, enabling the treat-
ment of various genetic disorders.'>"®

PEG-anchored lipids play a vital role in conferring stealth
properties to LNPs. The hydrophilic PEG forms a steric barrier
surrounding each particle, which repels neighboring particles,
thereby preventing aggregation."” Additionally, the barrier also
works against serum proteins, thus reducing particle clearance
and prolonging circulation time.'®>° It is rarely discussed that
our cell membranes are also equipped with natural stabilizing
molecules, i.e. glycolipids. One of the most abundant glyco-
lipids is ganglioside, which is predominantly found in the
brain, where it plays a pivotal role in cell-cell recognition and
in initiating cell communication.”*** Ganglioside is an
amphiphilic molecule containing a hydrophobic ceramide tail
and a hydrophilic glycan headgroup connected through a gly-
cosidic linkage.** Its hydrophobic property allows it to partici-
pate in van der Waals interactions with other lipids, stabilizing
ganglioside within lipid membranes.** Its hydrophilic chain
extends outward, exposing the sialic acid moiety that underlies
the role of ganglioside in cell communication.*” The outward
localization of the hydrophilic group also creates a hydrophilic
steric barrier, suggesting the potential of ganglioside to confer
stealth properties.”® The utilization of ganglioside to confer
stealth characteristics to nanoparticles has been explored.
Studies on the pharmacokinetics of liposomes demonstrated
prolonged biodistribution with ganglioside incorporation in a
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comparable manner to PEGylated liposomes.>®*® On top of
that, ganglioside incorporation was reported to lower the
adsorption of serum proteins, particularly complement C3
protein, supporting the role of ganglioside in decreasing
complement activation.?” Additionally, incubation of calcein-
loaded liposomes with human plasma demonstrated a
reduction of free calcein after ganglioside incorporation,
which implies that gangliosides inhibit the premature release
of cargo.”® Altogether, ganglioside incorporation in nano-
particles has immense potential to provide stealth properties.

In this study, we develop ganglioside-incorporating LNPs
(ganglioside-LNPs) as a PEG-free mRNA delivery system.
Optimization of the LNP formulation process and composition
is conducted based on the analysis of physicochemical pro-
perties and in vitro transfection efficiency. Size characterization
of the optimized ganglioside-LNPs upon cold storage shows
that ganglioside incorporation prevented particle aggregation,
demonstrating comparable stability to conventional PEG-LNPs.
In order to simulate in vivo stability, we also assess changes in
particle size after incubation in serum, showing that ganglio-
side incorporation inhibits serum protein adsorption. Finally,
we evaluate the in vivo transfection efficiency of ganglioside-
LNPs after intravenous administration, reporting a greater
than 3-fold increase compared to stealth-free LNPs.
Collectively, the incorporation of ganglioside as an alternative
for PEG in mRNA-LNPs is a promising approach to maintain
particle stability and stealth properties while still facilitating
mRNA transfection.

2. Experimental section

2.1. Materials

Firefly luciferase (fLuc) pDNA was obtained from De Novo
Biotherapeutics (Seoul, Republic of Korea). Ionizable lipid
(62,92,282,31Z)-heptatriaconta-6,9,28,31-tetraen-19-yl 4-(di-
methylamino)butanoate (DLin-MC3-DMA, MC3) was pur-
chased from MedChemExpress (Princeton, NJ). 1,2-Distearoyl-
sn-glycero-3-phosphocholine (DSPC), cholesterol, ganglioside-
total (porcine brain), and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG,;) were all pur-
chased from Avanti Polar Lipids (Alabaster, AL). Deionized
water was obtained using a Millipore Milli-Q system (Merck
Millipore, Darmstadt, Germany). Ethyl alcohol (HPLC/spectro-
photometric grade), p-(+)-glucose (>99.5%), 1x phosphate-
buffered saline (PBS), sodium citrate tribasic dihydrate (ACS
reagent, >99.0%), and citric acid (ACS reagent, >99.5%) were
purchased from Sigma-Aldrich (Poole, UK).

2.2. Invitro transcription of fLuc mRNA

Prior to transcription, fLuc pDNA was linearized using BbsI-HF
in rCutSmart buffer (New England Biolabs, MA). After a 2-hour
incubation, the linearized pDNA was purified using the
QIAquick PCR purification kit (Qiagen, NC). Firefly luciferase
mRNA was synthesized using the HiScribe™ T7 mRNA kit with
CleanCap® Reagent AG (New England Biolabs). In order to
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decrease the immunogenicity of the mRNA, we used N1-
methyl-pseudo-UTP (Jena Bioscience, Jena, UK) as a substitute
for UTP. After a 3-hour incubation at 37 °C, mRNA was purified
using the Monarch® RNA Cleanup Kit (New England Biolabs).
All purified mRNA was then stored at —80 °C.

2.3. Preparation of LNPs

An organic phase was first prepared by mixing the lipids, MC3,
DSPC, cholesterol, and ganglioside. The solvent was then evap-
orated through two hours of desiccation to generate a lipid
film. The film was then rehydrated with ethanol to a lipid con-
centration of 1 mg mL™" and sonicated for 30 seconds. An
aqueous phase was prepared by diluting mRNA in 50 mM
citrate buffer. The aqueous phase and organic phase were then
rapidly mixed via pipetting at a volume ratio (A/O) of 3:1. The
mixture was then incubated for 10 minutes at room tempera-
ture (RT) to allow for the self-assembly of all components into
LNPs. In order to remove the ethanol, the mixture was then
dialyzed using SnakeSkin™ dialysis tubing (10 kDa molecular
weight cutoff, 16 mm; Thermo Fisher Scientific,
Loughborough, UK) for six hours. The dialysis was performed
at 4 °C with stirring. LNP preparation also included the formu-
lation of stealth-free LNPs and PEG-LNPs. Stealth-free LNPs
were composed of MC3, DSPC, and cholesterol at a molar ratio
of 50:10:40. PEG-LNPs were composed of MC3, DSPC, chole-
sterol, and DMG-PEG,, at a molar ratio of 50:10: 38.5:1.5.%%

2.4. Characterization of LNPs

After dialysis, the hydrodynamic diameter and polydispersity
index (PDI) of LNPs were measured using Malvern Nano
Zetasizer (Malvern Instruments Ltd, Malvern, U.K.). This
instrument was also used to measure the zeta-potential of
LNPs at physiological pH. Prior to zeta-potential measurement,
20 pL of the samples were diluted in 800 pL of 0.1x PBS (pH
7.4). Encapsulation efficiency was determined using the
Quant-iT™ RiboGreen™ RNA assay kit (Thermo Fisher
Scientific). LNPs were diluted to approximately 650 ng mL™" of
mRNA in 1x TE buffer. The dilution was also performed in the
presence of 0.5% Triton X-100 (Sigma Aldrich), which disrupts
lipid membranes, making all mRNA unencapsulated. 100 pL
of each solution was then pipetted into a 96-well black plate.
Afterwards, 100 pL of 1x RiboGreen™ reagent, which quan-
tifies unencapsulated mRNA, was pipetted into each well, fol-
lowed by the measurement of fluorescence intensity
(SpectraMax Gemini™, Molecular Devices) at excitation and
emission wavelengths of 485 nm and 525 nm, respectively.
Calibration curves of fluorescence intensity versus mRNA con-
centration in TE buffer and Triton X-100 solution were
recorded using a serial dilution of mRNA concentrations. The
encapsulation efficiency (EE) of the samples was calculated as
follows:

_ CTX - C'TE
Crx

EE

(1)

where Crx and Crg are the RNA concentrations in Triton X-100
and TE buffer, respectively.
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2.5. Characterization of LNPs upon cold storage and
incubation in serum

The diameter of optimized ganglioside-LNPs upon cold
storage was measured in order to evaluate the stability of LNPs
conferred by ganglioside. Samples were stored at 4 °C, and dia-
meter measurements were conducted on days 2, 3, 5, 7, and
14. An increase in diameter indicates the aggregation of par-
ticles. Stealth-free LNPs and PEG-LNPs were also evaluated as
controls. In addition, the measurement of particle size upon
incubation in serum was performed to demonstrate the stabi-
lity of particles during in vivo circulation. The serum solution
was prepared by diluting fetal bovine serum (FBS, HyClone™,
Logan, UT) to a concentration of 10% in pH 7.4 PBS.
Ganglioside-LNPs were added to the serum solution at a
volume ratio of 1:5, which demonstrates the dilution of
sample upon treatment. Immediately following dilution, the
diameter of particles was assessed. The LNPs in serum were
then stored at 37 °C. Particle diameter was measured again at
2, 4, 6, and 24 hours after particle dilution. Stealth-free LNPs
and PEG-LNPs were also evaluated as controls.

2.6. Cell culture and in vitro luciferase expression

Human embryonic kidney 293T (HEK293T, ATCC) cells were
grown in Dulbecco’s modified Eagle’s medium (HyClone™)
supplemented with 10% FBS (HyClone™) and 2x penicillin-
streptomycin (HyClone™) at 37 °C in a 5% CO, environment.
The cells were passaged using Gibco™ trypsin-EDTA (Thermo
Fisher Scientific). For transfection experiments, the cells were
seeded at 14 000 cells per well in a black flat-bottom 96-well
plate and allowed to grow for 24 h prior to transfection.
Ganglioside-LNPs were added to the cells at a final mRNA dose
of 60 ng per well. After 48 h, the medium was removed to leave
a final volume of 50 pL and reconstituted Bio-Glo™ luciferase
assay substrate (Madison, WI) was added at a 1: 1 volume ratio
to each well. Following 5 minutes of RT incubation, lumine-
scence from each well was recorded using an IVIS Lumina
system (PerkinElmer, Waltham, MA). Stealth-free LNPs and
PEG-LNPs were also treated as controls. Results were quanti-
fied as total flux (photons per s) and shown as mean + stan-
dard deviation of three replicates.

2.7. Animals

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Korea
Advanced Institute of Science and Technology (KAIST) and
approved by the Institutional Animal Care and Use Committee
(IACUC) (approval no. KA2021-117). Healthy, 7-week-old female
C57BL/6 mice (N = 3) were obtained from KOATECH
(Gyeonggi-do, Republic of Korea). All mice were acclimated to
the animal facility for 1 week prior to use in experiments.

2.8. Invivo luciferase mRNA delivery

Following sedation by intramuscular injection of Zoletil™,
ganglioside-LNPs at a concentration of 40 pg mL™" were admi-
nistered intravenously to mice via retroorbital injection at a
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dose of 4 pg fLuc mRNA. After 24 h, 100 puL of reconstituted
luciferase assay substrate (In Vivo-Glo™) was administered
intraperitoneally. Bioluminescence from the whole body and
harvested organs (lungs, heart, spleen, kidneys, and liver) was
imaged within 10-25 minutes following substrate adminis-
tration using the IVIS Lumina system (PerkinElmer). Stealth-
free LNPs and PEG-LNPs were also injected as controls. The
luminescence results were calibrated as total flux (photons per
s) and shown as mean + standard deviation.

2.9. Data analysis

All statistical analysis was conducted using GraphPad Prism 8
software. Error bars represent one standard deviation. To
compare two groups, an unpaired ¢-test was performed, assum-
ing Gaussian distribution. Groups of three or more were com-
pared by one-way ANOVA. To compare responses generated at
different time points, two-way ANOVA was performed.
Statistical significance is indicated by *p < 0.05, **p < 0.01,
and ***p < 0.0001.

3. Results and discussion

3.1. Adaptation of the standard LNP formulation procedure
for ganglioside-LNPs

Incorporation of ganglioside into LNP formulations using the
standard protocol resulted in particle aggregation at multiple
steps. Therefore, we first sought to optimize the parameters of
LNP formulation for ganglioside-LNP preparation. According
to DLVO theory, which demonstrates the stabilization of a col-
loidal system, there are several approaches for improving par-
ticle stability (ESIt), including increasing the surface potential
of the particles and decreasing the ion concentration of the
solvent.*® Citrate buffer with pH 4 is commonly used for the
aqueous phase to dilute the mRNA prior to mixing with the
lipids. Reducing the buffer pH to 3 generates more stable
ganglioside-LNPs due to the increased particle surface poten-
tial, resulting in stronger repulsive interactions with adjacent
particles (Fig. 1a). After formulation, LNPs are typically dia-
lyzed in 1x PBS. Using deionized water as the dialyzing fluid
prevents the aggregation of ganglioside-LNPs, owing to the
absence of any ions and the consequent decrease in charge
shielding (Fig. 1b). However, prior to administration into bio-
logical systems, additional dilution in an isotonic solution
should be performed. Dilution of ganglioside-LNPs in the
standard solvent 1x PBS remarkably enlarged the particles,
although the diameter still met the criteria of sterile-filtration
(less than 215 nm) (Fig. 1c). In contrast, dilution of ganglio-
side-LNPs in 5% dextrose in water (D5W) avoids considerable
particle swelling due to the absence of electrolytes (Fig. 1c).
Moreover, an in vitro luciferase assay using HEK293T cells
showed that D5W-diluted ganglioside-LNP treatment exhibited
a 1.75-fold improvement in transfection efficiency compared to
particles diluted in PBS (Fig. 1d). Taken together, substitution
of pH 3 citrate buffer, deionized water, and D5W for the
aqueous phase solution, dialyzing fluid, and intravenous fluid,
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Fig. 1 Adjustment of LNP formulation parameters for ganglioside-LNP preparation. (a) Effect of the pH of citrate buffer on the diameter of ganglio-
side-LNPs after mixing the lipids and mRNA. (b) Effect of dialyzing fluid on the diameter of ganglioside-LNPs after dialysis. (c and d) Effect of final
isotonic solvent on the diameter (c) and the transfection efficiency (d) of ganglioside-LNPs (N = 3). (e) Scheme of the ganglioside-LNP preparation
protocol. Lipids were mixed, desiccated to generate a lipid film and then dissolved in pure ethanol. In parallel, mRNA was diluted in a 50 mM citrate
buffer with a pH of 3. LNP formulation was performed by rapid mixing of the two phases, followed by RT incubation for 10 minutes to allow for self-
assembly of all the components. Particles were then dialyzed in deionized (DI) water at 8 °C with constant stirring in order to remove the ethanol.
Finally, LNPs were diluted in 5% dextrose (D5W) to generate an injectable solution with the same osmolarity as blood.

respectively, was adopted for future formulations of ganglio-
side-LNPs. The preparation of ganglioside-LNPs is illustrated
in Fig. 1e.

3.2. Invitro optimization of ganglioside-LNP composition

Ganglioside-LNPs were optimized in vitro to identify the com-
position with superior characteristics. In addition to enabling
the greatest transfection efficiency, all formulations should
meet several criteria for physicochemical properties: (1) the
diameter of particles should be less than 215 nm in order to
allow sterile filtration,>® (2) the polydispersity index (PDI)
should not exceed 0.2 to indicate monodisperse nano-
particles,®® and (3) the encapsulation efficiency should be at
least 80% to enable sufficient mRNA delivery.>>

For the first phase of optimization, the ganglioside content
was varied by attempting several mole percentages. While
fixing the lipid molar ratios of MC3 and DSPC to 50% and
10%, respectively, the remaining 40% was divided between
cholesterol and ganglioside. The incorporation of 50% MC3
was found to confer suitable mRNA encapsulation as well as
the greatest transfection efficiency in ganglioside-LNPs (ESI
Fig. 11). A broad range of ganglioside concentrations were first
assessed, covering 0.016-1.5 mol%. There was an inverse corre-
lation between ganglioside incorporation and the resulting
particle zeta-potential (ESI Fig. 2at). While all formulations
met the criteria for diameter (<215 nm) and PDI (<0.2) (ESI
Fig. 2b and cf}), the encapsulation efficiency fell under the
threshold (80%) after ganglioside incorporation was reduced

This journal is © The Royal Society of Chemistry 2025

below 0.125% (ESI Fig. 2d¥). For the second phase, the groups
were expanded over a narrower range of ganglioside concen-
trations, covering 0.25-1.5%, and evaluated to determine the
optimal concentration of ganglioside. Consistent with the pre-
vious measurements (ESI Fig. 2df), all formulations with
0.25-1.5% ganglioside meet the criteria for diameter
(<215 nm), PDI (<0.2), and encapsulation efficiency (>80%)
(Fig. 2a—c). Treatment of LNPs in vitro revealed that LNPs with
0.25% ganglioside exhibited the highest transfection
efficiency, which gradually decreased with increasing concen-
trations of ganglioside (Fig. 2d). It is important to note that
while stealth-lipid incorporation is necessary to prevent par-
ticle agglomeration and serum protein adsorption, high con-
centrations of stealth-lipid hinder cellular internalization.'”
This is because, at higher surface densities, the polymer
chains become more tightly packed and adopt a straight,
brush-like arrangement, forming a stronger hydrophilic
barrier that reduces interaction with the cellular membrane.
The previous study also demonstrated that increasing PEG-
lipid concentrations beyond 1.5% gradually reduced mRNA
transfection efficiency in vitro.>* Therefore, an intermediate
molar ratio of ganglioside, particularly 0.25% incorporation,
mediates optimal transfection efficiencies. Taken together, the
two-phase screening identified 0.25% as the optimal ganglio-
side concentration, which was adopted for all future
formulations.

Afterwards, the molar ratio between the ionizable lipid
amine groups and the nucleotide phosphate groups (N/P ratio)

Biomater. Sci,, 2025, 13,1222-1232 | 1225
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Fig. 2 Characterization of ganglioside-LNP formulations with varying mol percentages of ganglioside. (a) Particle size was measured using dynamic
light scattering (DLS). The horizontal line at 215 nm indicates the cutoff for sterile filtration. (b) PDI was measured using DLS. The horizontal line at
0.2 indicates the cutoff for polydispersity. (c) mMRNA encapsulation efficiencies (EE) of candidate LNPs. The horizontal line at 80% EE indicates the
cutoff for insufficient MRNA encapsulation. (d) In vitro transfection efficiency of candidate LNPs in HEK293T cells. Bioluminescence data were quan-

tified as total flux (photons per s) (N = 3). As a control, cells were treated with the 5% dextrose (D5W) solution.

was optimized. The molar percentages of all components were
fixed at 50%, 10%, 39.75%, and 0.25% for MC3, DSPC, chole-
sterol, and ganglioside, respectively. All formulations met the
criteria for PDI (<0.2), indicating a narrow distribution of par-
ticle size (Fig. 3b). However, particles formulated with an N/P
ratio of 1:1 had sizes exceeding the threshold (215 nm)
(Fig. 3a). This could be attributed to increased interactions of
lipids with nucleotides at lower N/P ratios, resulting in a
greater number of mRNA copies encapsulated per particle. In
addition to increased size, the formulation with an N/P ratio of
1:1 failed to encapsulate acceptable amounts of mRNA
(Fig. 3c). In line with the poor encapsulation efficiency, LNPs
with an N/P ratio of 1:1 exhibited a relatively low transfection
efficiency (Fig. 3d). Considering the requirement for a
sufficient amount of lipids to properly encapsulate mRNA,
increasing the N/P ratio to 3 : 1 dramatically lowered the size of
ganglioside-LNPs, enhanced the encapsulation efficiency, and
exhibited the highest transfection efficiency (Fig. 3a-d). The
diameter continuously declined with the increase in the N/P
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ratio, indicating a smaller amount of encapsulated mRNA per
particle (Fig. 3a). Interestingly, a downward trend was also
observed in the transfection efficiency of formulations with an
N/P ratio higher than 3 (Fig. 3d). A possible explanation could
be that increasing the N/P ratio generates a greater number of
particles but with a lower density of mRNA, resulting in a com-
petition between the particles to be endocytosed, reducing the
total amount of internalized mRNA. Taken together, the LNPs
with an N/P ratio of 3:1 demonstrated both satisfactory size
and mRNA encapsulation, as well as optimal transfection
efficiency, leading to its selection as the optimized N/P ratio
for ganglioside-LNP formulation.

The optimized composition of ganglioside-LNPs consists of
MC3, DSPC, cholesterol, and ganglioside with molar ratios of
50%, 10%, 39.75%, and 0.25%, respectively, and an N/P ratio
of 3:1. The ganglioside-LNPs were compared to two controls:
PEGylated LNPs as a positive control and stealth-free LNPs,
which do not contain PEG-lipid nor ganglioside. All formu-
lations exhibited similar physicochemical properties, includ-
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Fig. 3 Characterization of ganglioside-LNP formulations with varying N/P ratios. (a) Particle size was measured using dynamic light scattering (DLS).
The horizontal line at 215 nm indicates the cutoff for sterile filtration. (b) PDI was measured using DLS. The horizontal line at 0.2 indicates the cutoff
for polydispersity. (c) mRNA encapsulation efficiencies (EE) of candidate LNPs. The horizontal line at 80% EE indicates the cutoff for insufficient
mRNA encapsulation. (d) In vitro transfection efficiency of candidate LNPs in HEK293T cells. Bioluminescence data were quantified as total flux
(photons per s) (N = 3). As a control, cells were treated with the 5% dextrose (D5W) solution.
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ing a narrow size distribution ranging from 100 to 110 nm, a
slightly negative zeta-potential, and acceptable mRNA encapsu-
lation efficiency (Table 1). This uniformity between LNP com-
positions reduces the confounding influence of physico-
chemical properties that could potentially affect the transfec-
tion efficiency.

Ganglioside incorporation enhanced the in vitro transfec-
tion efficiency of stealth-free LNPs (Fig. 4). More importantly,
the treatment of optimized ganglioside-LNPs exhibits a 1.3-
fold improvement in in vitro mRNA transfection efficiency in
comparison with PEG-LNPs (Fig. 4). This finding is in line
with the finding that longer hydrophilic chains inhibit the
uptake by the targeted cells as well as interaction with the
endosomal membrane.** PEG chains have longer hydrophilic
chains, making them more likely to hinder the cellular uptake
of the LNPs. Additionally, these longer hydrophilic chains can
reduce the ability of the nanoparticle to disrupt or penetrate
the endosomal membrane due to their repelling, water-attract-
ing properties. Meanwhile, ganglioside, which has a shorter
hydrophilic chain, is suggested to have a closer interaction

Table 1 Diameter, polydispersity index (PDI), zeta-potential, and
encapsulation efficiency (EE) of PEG-LNPs, stealth-free LNPs, and opti-
mized ganglioside-LNPs

Parameter PEG-LNP Stealth-free LNP Ganglioside-LNP
Diameter (nm) 103.03 106.70 106.10
PDI 0.090 0.136 0.126
Zeta-potential —1.48 -3.35 —2.90
(mV); inpH 7.4
EE (%) 94.67 83.33 84.57
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Fig. 4 In vitro transfection efficiency of optimized ganglioside-LNPs.

Transfection efficiency was assessed in HEK293T cells. Bioluminescence
data were quantified as total flux (photons per s) (N = 3). PEG-LNPs and
stealth-free LNPs were treated as controls (N = 3). Significance was
determined using one-way ANOVA. Note: *: p < 0.05.
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with the cell and endosomal membrane, thereby enhancing
the therapeutic efficacy of the delivery system.

3.3. Particle characterization upon prolonged cold storage
and incubation in serum

In order to demonstrate the stealth properties conferred by
ganglioside, particle size measurements were performed upon
prolonged cold storage and incubation in serum. The formation
of a steric barrier by stealth-lipids allows each particle to repel
adjacent particles, thus preventing particle aggregation and
enhancing the stability over time. Additionally, the external
barrier prevents the adsorption of serum proteins, leading to
reduced particle clearance and extended biodistribution.'**°

Due to the tendency of biochemical agents to undergo
accelerated degradation at higher temperatures, all biopharma-
ceuticals, particularly those containing mRNA, should be
stored at low temperatures.** Additionally, in order to main-
tain the morphology of LNPs, storage under conditions below
the phase transition temperature is required. Therefore,
storage in a cold environment (4 °C) was chosen for the
characterization of particles over time. Size measurements
were conducted periodically over the span of two weeks.
Results showed that while stealth-free LNPs exhibited a
notable size increase (18.5 + 1.0 nm), ganglioside incorpor-
ation was able to significantly attenuate this enlargement, with
only a slight increase (6.6 + 0.4 nm) (Fig. 5a and b). Moreover,
no difference in diameter changes between PEG-LNPs and
ganglioside-LNPs was observed (Fig. 5b).

Due to the abundance of serum proteins in the blood, par-
ticle characterization following serum incubation can help
predict their fate during in vivo systemic circulation. This study
utilized 10% fetal bovine serum (FBS) as a model to evaluate
particle stability in a serum environment. Size measurements
showed that FBS has an average diameter of 14 nm, which
remained unchanged over 24 hours, implying that serum pro-
teins do not interfere with the measurement of particle dia-
meter (ESI Fig. 31). Interestingly, the exposure of PEG-LNPs to
FBS resulted in a decrease in diameter over time (Fig. 5c).
These results may reflect the occurrence of PEG shedding, in
which PEG lipids are removed from the particle surface by
exchanging with serum proteins. This is consistent with pre-
vious reports stating that PEG shedding is an important
mechanism for diminishing steric shielding and consequently
facilitating enhanced cellular uptake and endosomal
escape.’>*® Additionally, our data showed that the particle size
decreased within 2 hours, which aligns with another study
that demonstrated PEG desorption within 30 minutes.’” On
the other hand, stealth-free LNPs exhibited a significant
increase in diameter incubation in serum,
suggesting the adsorption of serum proteins on the surface
(Fig. 5¢). Due to the absence of clearance mechanisms such as
phagocytosis in the in vitro setting, the binding of serum pro-
teins would not significantly affect the transfection efficiency
of stealth-free LNPs. However, due to the reticuloendothelial
system in the in vivo environment, association with serum pro-
teins is likely to result in the rapid elimination of stealth-free
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Biomater. Sci,, 2025, 13,1222-1232 | 1227


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01360c

Open Access Article. Published on 07 January 2025. Downloaded on 4/11/2026 1:15:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Biomaterials Science
ns
(a)150- (b) 25-
. | % %
=1 £
= ™ 20
P — = = (=
= = £ il
c 100+ o
=~ £ 15+
g 5
o 10+
S 50~ 2
T £
8 5+
T
0- T 1T 1T 1T 1 1 0- T
timepoint(day) 0 2 3 5 714 0 2 3 5714 0 2 3 5 7 14 0 £ @
L ] L J [ J QQ, K‘ 'Oé\
PEG Stealth-free  0.25% ganglioside S &
2 &
o\o
(c) Incubation in 10% FBS 2
% %k
150 = [ —)—
* ns S TG i L
] | =
g 1 -
c 100-
=
:
S 50+
o
0- T 1 1 1 11
timepoint(hour) (-« 0 2 4 6 24 () 0 2 4 6 24 () 0 2 4 6 24
PEG Stealth-free 0.25% ganglioside

Fig. 5 Particle characterization upon cold storage and serum incubation. (a) Size measurement of PEG-LNPs, stealth-free LNPs, and optimized
ganglioside-LNPs over 14 days of storage at 4 °C (N = 3). (b) Diameter change of particles after 14 days. Significance was determined using multiple
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(FBS) (N = 3). Significance was determined using two-way ANOVA. Notes: (-): in the absence of serum; ns: nonsignificant; *: p < 0.05; ***: p <

0.0001.

LNPs, inhibiting effective delivery of mRNA to target tissues.
Meanwhile, the incubation of ganglioside-LNPs in serum did
not significantly alter the diameter, demonstrating the stealth
properties conferred by ganglioside. This observation is in line
with a previous study showing lower serum protein binding on
the surface of ganglioside-incorporating liposomes.”” In con-
clusion, ganglioside incorporation enables the formation of a
steric barrier against adjacent particles and serum proteins,
thereby enhancing particle stability and prolonging in vivo
circulation.

3.4. Evaluation of in vivo transfection efficiency

Since the improvement in transfection efficiency was not sig-
nificantly observed in comparison with stealth-free LNPs
in vitro, the transfection efficiency of ganglioside-LNPs was
then assessed in vivo. LNPs loaded with fLuc mRNA were sys-
temically administered in a C57BL/6 mouse model via retroor-

1228 | Biomater. Sci, 2025, 13, 1222-1232

bital injection. After 24 h, bioluminescence from the whole
body and harvested organs (lungs, heart, spleen, kidneys, and
liver) was imaged within 10-25 minutes following substrate
administration. Systemic administration of ganglioside-LNPs
exhibited enhanced transfection efficiencies in comparison
with that of stealth-free LNPs, with a 3.3-fold increase observed
in the whole body and with 3.2-fold and 3.5-fold increases in
the harvested liver and spleen, respectively (Fig. 6a-d, and ESI
Fig. 41). This finding is in line with the particle characteriz-
ation data obtained upon incubation in serum, in which
ganglioside incorporation was demonstrated to inhibit serum
protein adsorption, preventing the rapid clearance of particles
(Fig. 5c). Although the transfection efficiency of ganglioside-
LNPs in the liver was lower than that of PEG-LNPs (ESI
Fig. 5%), these results demonstrate the potential of ganglio-
side-LNPs as an in vivo PEG-free mRNA delivery platform.
Additionally, the improvement conferred by ganglioside could

This journal is © The Royal Society of Chemistry 2025
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24 h after retroorbital injection of LNPs. (b) Quantification of the bioluminescence signal observed in the whole body in (a), (c and d) Quantification
of the bioluminescence signal observed in ex vivo liver (c) and spleen (d) (N = 3). Bioluminescence data were quantified as total flux (photons per s).
Stealth-free LNPs were treated as a control. Significance was determined using unpaired t-test. Note: *: p < 0.05; **: p < 0.01.

be attributed to its terminal units: sialic acid and galactose.
Sialic acid is a ligand of CD169, a marker of macrophages in
the marginal zone of the spleen.’® The incorporation of sialic
acid-containing glycolipids into liposomes was found to
mediate specific uptake by CD169-expressing macrophages.*”
Galactose is a ligand of the asialoglycoprotein receptor
(ASGPR), which is primarily expressed on hepatocytes.’® The
galactosylation of nanoparticles was observed to augment gene
delivery into hepatocytes mediated by the ASGPR.*! Therefore,
the sialic acid and galactose units of ganglioside could be
responsible for the increased transfection in the spleen and
liver through receptor-mediated endocytosis, respectively.
Previous studies have utilized PEG substitutes with pro-
perties similar to ganglioside, such as hydrophilic and

anionic.*>™**

Hydrophilic surfaces attract and retain a layer of
water molecules, forming a physical barrier that prevents pro-
teins from coming into direct contact with the nanoparticle
surface.*®> Additionally, anions can create repulsive electrostatic
forces against the similarly charged regions of proteins, redu-
cing the likelihood of protein adsorption.*” Reduced protein
adsorption helps maintain the physicochemical stability of
nanoparticles, ensuring that they retain their intended size
and charge, thereby improving their therapeutic potential.*®
This study suggests that the hydrophilic and anionic properties
of ganglioside play an important role in conferring stealth pro-
perties to LNPs by reducing serum protein adsorption and
improving the stability of LNPs, thereby enhancing the in vivo
transfection efficiency compared to stealth-free LNPs.

This study suggests the utilization of glycolipids to stabilize
LNPs for the effective delivery of mRNA. Other glycolipids, e.g.

This journal is © The Royal Society of Chemistry 2025

galactolipids, cerebrosides, and globosides, could be explored
in future works to discover other potential endogenous mole-
cules that can confer stealth properties on LNPs. With a view
to further improve the functionality of ganglioside-LNPs, gly-
coengineering of ganglioside could be conducted in the
future. Engineering of the carbohydrate chains can modify the
properties of ganglioside, including its pharmacokinetics and
pharmacodynamics.”” One potential approach could be to
modify the length of the hydrophilic chain of ganglioside in
order to control the steric barrier on the nanoparticles.
Another approach is to glycoengineer the terminal residue of
ganglioside with a targeting ligand in order to mediate organ-
or cell type-specific tropism.

4. Conclusion

Nanoparticle stability is one of the most important aspects in
developing an effective mRNA delivery platform. Instead of
synthetic polyethylene glycol, glycolipids, as natural molecules
in our cell membrane, can be utilized to impart stealth pro-
perties to nanoparticles. Several reports demonstrated an
enhanced pharmacokinetic profile of liposomes incorporating
ganglioside, which is attributed to the presence of a hydro-
philic moiety akin to the PEG chain. Therefore, ganglioside
has been considered as a potential substitute for PEG in con-
ferring stealth characteristics to LNPs. In vitro screening
resulted in an optimized ganglioside-LNP composition of 50%,
10%, 39.25%, and 0.25% of MC3, helper lipid DSPC, chole-
sterol, and ganglioside, respectively, and an N/P ratio of 3:1.
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This formulation satisfied all criteria of physicochemical
characteristics and elicited a 1.3-fold improvement in transfec-
tion efficiency in HEK293T cells compared to PEG-LNPs. In
addition, the optimized composition conferred stealth pro-
perties, preventing particle aggregation, as demonstrated by
particle characterization upon cold storage. Moreover, the
evaluation of particle diameter following incubation in serum
indicated that ganglioside incorporation inhibited serum
protein adsorption, suggesting reduced susceptibility to par-
ticle clearance during systemic circulation. This finding is con-
sistent with the in vivo assessment, where ganglioside-LNP
treatment exhibited 3.3-, 3.2-, and 3.5-fold enhancements of
transfection efficiencies in the whole body, liver, and spleen,
respectively, compared to stealth-free LNPs. In conclusion, this
study showcases the use of ganglioside for providing stealth
properties to LNPs, reducing particle aggregation and inter-
action with serum proteins, thereby facilitating the in vivo
delivery of mRNA. This study also highlights the potential of
glycolipids as endogenous molecules offering an alternative to
synthetic PEG-lipids to confer stability to nanoparticles.
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