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ABSTRACT

The COVID-19 pandemic has significantly highlighted the successful application of lipid
nanoparticles (LNPs) as an advanced platform for mRNA vaccine delivery. lonizable lipid
is the main component for complexing the mRNA in LNP formulation and in vivo

: delivery. In the first step of this study, we used the native safflower oil seed to prepare
¢ dilinoleyl alcohol. Then the cationic lipid DLin-MC3-DMA (MC3) was synthesized by
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mixing the alcohol with dimethylamino butyric acid. Safflower-derived MC3 was applied
: to formulate an LNP vector with standard composition. The efficiency of the synthetic

cationic lipid was evaluated for delivering an mRNA-based vaccine encoding the

¢ receptor-binding domain (RBD) of SARS-CoV-2. The produced mRNA-LNP vaccine
: candidate was evaluated in size, morphology, mRNA encapsulation efficiency, apparent
: pKa, and stability for nucleic acid delivery. Cellular uptake was determined by measuring
: the percentage of GFP expression, and cytotoxicity was assayed using MTT. The MC3
: formation was confirmed by the NMR spectra and used as a cationic lipid in LNP
¢ formulation. The obtained LNPs had positively charged and appropriate particle sizes
: (~80 nm) to confer proper encapsulation efficiency for MRNA delivery and stability. The
= LNPs were shown to be effective in the transfection of mMRNA transcripts into HEK293T
: cells. A high level (72.34%) of cellular uptake was determined by measuring the
: percentage of GFP expression. The cytotoxicity assay using MTT showed that both LNP
: and mRNA-LNP were non-toxic to cells. These data demonstrate the potential of the
: proposed safflower-derived cationic lipid in the formulation of LNP. The carrier provides
: apromising platform for the efficient delivery of mMRNA in vitro. Further evaluations of its
: potential for in vivo delivery are needed.
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1. Introduction

Lipid-based nanoparticles (LNPs) have constituted a pivotal
element in the evolution of vaccine technology, with their
origins tracing back to the initial description of liposomes in
1961. In the 1980s, significant advancements were made in
the traditional forms of LNPs, resulting in enhanced
accumulation at target cells. Subsequent developments
resulted in the creation of multi-component formulations
that were specifically designed to deliver oligonucleotides
to targeted tissues (1, 2). A significant milestone was
achieved in 2018 with the advent of SiRNA-LNPs
(Onpattro®), targeting polyneuropathy in transthyretin-
mediated hereditary amyloidosis (3).

The recent coronavirus pandemic has brought mRNA-
based vaccines into the spotlight, with praise being directed
towards them for their stability, safety, and efficacy in
eliciting both B and T cell immune responses. The concept
of mRNA vaccines, which involves the transfer of genetic
information from DNA in the nucleus to the cytoplasm of a
cell in the form of mMRNA, originated as a theoretical idea in
1961 and was subsequently demonstrated as a practical
application in animal models by 1990 (4-6). A pivotal
moment in this journey was the successful demonstration
by Wolff et al. of mMRNA expression in mouse skeletal
muscle cells (7). Since then, significant strides have been
made in overcoming the inherent limitations of MRNA
structures, enhancing their therapeutic potential. These
improvements include the incorporation of modified
nucleosides, such as N1-methylpseudouridine, to enhance
molecular stability; the optimization of mMRNA capping
modalities and UTR selection for improved translation
efficiency and intracellular stability; codon optimization;
and the addition of poly(A) sequences to mitigate RNA
exonuclease degradation (8-11).

Nevertheless, successful formulation and in vivo delivery
of mRNA are beset with challenges like high negative
charge density and enzymatic instability in biological
fluids. Owing the problems, necessitate meticulous
optimization to ensure vaccine efficacy, stability, and non-
toxicity. LNPs, especially those composed of ionized lipids
such as DLin-MC3-DMA (referred to as MC3), PEG-
lipids, Distearoylphosphatidylcholine  (DSPC), and
cholesterol, have been instrumental in this context (12).
lonizable cationic lipids are critical in MRNA-LNP
formulation because of the strong electrostatic interaction
with the encapsulated RNA. They form electrostatic
complexes with negatively charged nucleic acids,
enhancing the electric charge of nanoparticle surfaces and
facilitating MRNA endocytosis, while also safeguarding the
encapsulated mRNA from ribonucleases (13-15).

In our study, we focus on the MC3 lipid, notable for its
FDA approval in RNA therapies and its efficacy in mRNA-
LNP formulations. From a chemical perspective, MC3
contains two C18 linoleic acid tails that contributed to an
increase in the transfection efficiency of LNPs. The lipid
was synthesized by combination of dilinoleyl alcohol with
dimethylamino butyric acid in the presence of 1-Ethyl-3-(3-

dimethylaminopropyl) ~ Carbodiimide ~ Hydrochloride
(EDCIHCI) (16-17). From a chemical perspective, MC3
contains two C18 linoleic acid tails that could increase the
transfection efficiency of LNPs. Safflower edible oil is
composed a high level of linoleic acids with a mean value
of 70.66% (1). We first synthesized MC3 from safflower
oil through a multi-step process, then prepared an LNP-
encapsulated mRNA of SARS-CoV2. We used the RBD-
dimer mRNA according to SARS-CoV-2 Delta (B.1.617.2)
and Omicron (B.1.1.529) variants. The particle size
polydispersity index, zeta potential, encapsulation
efficiency, and in vitro cytoxicity of the mRNA-LNPs were
evaluated to ascertain their potential in vaccine applications.

2. Materials and Methods
2.1. Extraction and Purification of Safflower Qil

Safflower (Carthamus tinctorius L..) is an annual crop
belonaina to the Asteraceae family; native to the Middle
East, parts of Asia and Africa. Safflower seeds were
provided from the National Aaricultural Research Institute,
Isfahan. Iran. The seeds were around into powder and
subiected to hexane extraction in a Soxhlet apparatus
(Juhaimi FA. Uslu N). The extracted oil was then purified
throuah a series of steps: deaummina with water and
phosphoric acid, bleaching with hydrated aluminum
silicate, and final refinement.

2.2. Preparation of Linoleyl Alcohol

Fatty acids, including oleic, linoleic, and linolenic acids,
were isolated from the safflower oil triglvcerides throuah
saponification (Fiaure 1). This process involved heatina
1.25 L of alvcerin with 200 a of potassium hydroxide until
dissolution, followed by the addition of 500 ml of heated
safflower oil. The mixture was stirred at 100°C and treated
with 750 ml of 25% sulfuric acid and 1 L of hot water until
the oil phase clarified. The aqueous phase was then
discarded. and the oil phase was washed and heated to
130°C. The composition of the fatty acids and functional
aroups was analvzed usina Gas Chromatoaraphy-Mass
Spectrometry (GC-MS) and Fourier Transform Infrared
Spectroscopy (FTIR).

2.3. Synthesis of Dimethylamino Butyric Acid

Dimethvlamino butvric acid salt was svnthesized from a
mixture of 1.98 a N-methvl-2-pyrrolidone, 12 ml distilled
water, and 2.3 ml sodium hvdroxide. The mixture was
refluxed for 10 h at a pH adiusted to 8 usina 10% HCI.
After solvent evaporation, 6 ml formic acid and 5 ml
formalin were added, and the mixture was refluxed for an
additional 8 h. Upon completion. 3 ml HCI was added. the
solvent was evaporated, and the product was washed with
acetic acid. The functional aroups of the svnthesized
dimethylamino butyric acid were identified using FTIR.
2.4. Formation of MC3

To form MC3 (C43H79NO2), 144 a of the dilinolevl
alcohol were dissolved in 1 L dichloromethane.
Subsequently, 55 g dimethylamino butyric acid salt, 70 ml
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Figure 1. Flowchart of dilinoleyl alcohol synthesis from linolenic acid

diisopropvl ethvlamine, and 4 a of dimethvlaminopvridine
were added and stirred for a period of five minutes at room
temperature. Then, 80 a of EDCI.HCI was introduced, and
the reaction mixture was stirred for 24 hours at room
temperature. The resultina mixture was diluted with 500
mL of dichloromethane and subiected to seaquential
washina with saturated sodium carbonate. water, saturated
saltwater solution, and drvina over sodium sulfate. The
prepared MC3 was subjected to nuclear magnetic
resonance (NMR) spectroscopy analysis.

2.5. RBD Plasmid and In Vitro mRNA Transcription
2.5.1. Gene Synthesis and Cloning

The aene seauence encodina the heterodimeric receptor
bindina domain (RBD) of the SARS-CoV-2 Delta and
Omicron variants (Accession No. PP084047) (19) was
svynthesized and subseauently cloned into the pVAX1
expression vector (Invitrogen™, Cat# V26020). This vector
was selected for itscapability to produce functional mMRNA,
which contains a T7 RNA polymerase-recoanized
upstream promoter, the eGFP reporter aene bordered by 5'
UTR, cDNA encoding the RBD dimer, 3' UTR, a poly (A)
tail, and restriction sites for EcoRI and Bglll enzymes.

2.5.2. In Vitro Transcription (IVT)

Linearized plasmid DNA was subjected to I\VVT using the
T7 ULTRA Transcription Kit (Invitrogen™, Cat#
AM1345), according to the manufacturer's instructions.
This process resulted in the generation of the capped and
tailed mRNA., which was subseauentlv purified usina the
GenElute™ mRNA Miniprep Kit (Invitrogen™, Cat#
K0503). The intearity of mRNA was determined using an
acarose oel containina the nucleic acid bindina dve durina
the IVT reaction procedure. The mRNA samples were kept
in RNAlater Stabilization Solution (Invitrogen™, Cat#
AM7020) and run on 2% aaarose ael containing GelRed™
Nucleic Acid Gel Stain (Biotium, Cat# 41003) at 120 V for
1 h usina the ssRNA ladder (New Enaland Biolabs, Cat#
NO0362S). The purified mMRNA concentration was measured
by Nanodrop 2000c (Thermo Fisher Scientific). Purified
MRNA was kept at -70°C until further use.

2.6. MRNA-LNP Preparation

A lipid-ethanol cocktail was prepared with a total lipid
concentration of 50 mM. comprisina the svnthesized MC3,
1.2-distearovl-sn-alvcero-3-phosphocholine (DSPC; Cat#
850365P), cholesterol (Cat# C8667), and DMG-PEG2000
(Cat#t 880151P). Each lipid was dissolved in ethanol to
achieve molar ratios of 50:10:38.5:1.5. Concurrently, the

purified RBD dimer mRNA was dissolved in 25 mM
sodium citrate buffer (bH=4) and iniected aently under
vigorous shakina into the lipid-ethanol solution
correspondina to N:P charoe ratio of 4.0. The
concentrations and volumes of the components used in
LNP preparation are shown in Table 1. The solution was
subiected to dialvsis against PBS without Ca?* and Mo%*
(pH=7.5) for 6h at 4°C to remove ethanol and un-loaded
mRNA. All chemicals were purchased from Sigma-
Aldrich.

2.7. mMRNA-LNP Characterization

The particle size. zeta potential. encansulation efficiency.
morpholoay. and stability of the LNPs and mRNA-LNP
were carefully evaluated. 100 uL of mRNA-LNPs were
diluted in in 900 uL PBS (pH=7.4) for the measurement of
the z-averace diameter and polvdispersity index (PDI)
usina dvnamic liaht scatterina measured on a Malvern
Zetasizer Nano-ZS (Malvern Instruments Ltd.. UK)
followina material refractive index of 1.4. absorbance of
0.01, dispersant viscosity of 0.8872 cP, refractive index of
1.330. and dielectric constant of 79 settina at 25°C. The
percentage of encapsulated mRNA was determined using
the Quant-iT RiboGreen RNA Reagent Kit (Invitrogen™,
Cat# R11490). The mRNA-LNP suspension was diluted
with 1x TE buffer with and without 0.1% (v/v) Triton X-
100 (Sioma Aldrich, Cat# T8787). vortexed briefly, and
incubated for 10 min at 37°C to release the encapsulated
mRNA. The samples were incubated with Riboareen
reagent at 37 °C for 15 min. Then fluorescence of pre-lysis
and post-lysis of LNPs was measured at Ex: 485/Em: 530
nm to determine the encapsulation efficiency percent
(EE%) by % EE=(lysed LNP — not lysed LNP)lysed
LNPx100 equation. Morpholoay of the dialvzed mRNA-
LNPs was detected by transmission electron microscope
(TEM) (Zeiss-EM10C-100 KV, Germany). The LNP
sample film was stained with a 2% uranyl acetate solution
and visualized using an acceleration voltage of 80 kV.

2.8. Surface Acid Dissociation Constant (pKa)
Measurement

The pKa of the LNPs was assessed usina the 2-(p-
toluidinyl) naphthalene-6-sulfonic acid (TNS) assay in a
96-well microplate. Buffered solution of 10 mM HEPES
(Cat# H4034). 130 mM NaCl. 10 mM NH40Ac. 10 mM
MES (Cat# 69889) was titrated to pH values ranaina from
3 to 10 with 0.5 pH unit increments. Then 186 ul of the
buffer was mixed with 12 ul LNP solution (0.5 mM total
lipid) and 2 pl TNS (Cat# 195243) for a final concentration
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Table 1. The formulation scheme for mRNA-LNP preparation

Component Concentration (mg/ml) Volume (pl)
MC3 1 125
DSPC 0.5 16.9
Ethanolic phase Cholesterol 1 3.1
DMG-PEG2000 0.5 13.6
Ethanol - 125
mRNA 1 25
Aqueous phase Citrate buffer - 1225
PBS 250

of 20 uM of LNP and 6 uM of TNS in each well. The
fluorescence intensity of the TNS was quantified at Ex:
321/Em: 445 nm. The pKa was determined as the pH value
correspondina to 50% LNP protonation at 50% of maximal
fluorescence intensity. The chemicals were purchased from
Sigma-Aldrich.

2.9. Stability of mMRNA-LNP

Samples of the mMRNA-LNPs were stored at 4 °C and
checked for stability by analyzina the particle size, DPI.
zeta potential, and encapsulation rate changes at one-week
intervals until 4 weeks.

2.10. In Vitro mRNA Transfection

Human embrvonic kidney (HEK) 293T cells were
maintained in complete Dulbecco’s Modified Eagle’s
Medium (cDMEM; Gibco™) supplemented with 10%
FBS (Gibco™) and 1% penicillin/streptomycin solution
(Gibco™) at 37 °C in a humidified atmosphere containina
5% CO.. Usina the transfection reacent Lipofectamine
2000 (Thermo Fisher Scientific), mRNA was transfected
into the cells according to the manufacturer’s instruction.
The transfection mixture was prepared by the addition of 2
ul Lipofectamine 2000 and 1.5 ng mRNA to 500 ul Opti-
MEM | reduced serum media (Gibco™) and incubation for
15 min at room temperature. Cells were seeded at 3x10°
concentration per well of a 6-well plate. The transfection
complexes were added to the cells and incubated at 37°C
and 5% CO, for 4 h, then the medium was replaced with
cDMEM. Cells were harvested 48 h after transfection and
examined for transfection efficiency using BD Accuri™
C6 Plus flow cvtometer at the excitation/emission
wavelengths of 488/533 nm and 488/585 nm, respectively.

2.11. Cellular Uptake and Cytotoxicity Measurements

In parallel, the mMRNA-LNPs at a final mRNA
concentration of 1.25 ng/ul were directly inoculated to
HEK?293T cells cultured in cDMEM containina FBS and
antibiotic solution, and incubated at the same conditions.
After 12, 24, and 48 h of transfection. cells were washed
three times with PBS to remove non-internalized particles,
then resuspended in 250 ul of fresh cDMEM. The mRNA-
LNP uptake was determined by measuring the percentage

of GFP expression usina flow cytometry. Cvtotoxicity
followina mRNA-LNP transfection was assaved usina
MTT (3-(4.5-dimethvlthiazol-2-vI)-2.5-diphenvltetrazolium
bromide) assav. Brieflv, HEK293T cells were cultured into
96-well microplate at a concentration of 1x10* cells/well
and allowed to attach for 24 h. The cells were transfected
with mRNA-LNP for 72 h. After washina the cells, MTT
(Sioma-Aldrich, Cat# M5655) solution at a final
concentration of 5 ma/ml was added to each well. Cells
were incubated for an additional 4 h then absorbance was
measured at 570 nm. The experiment was done in
duplicates. The percentaae of cell viability was determined
bv dividina the absorbance of the transfected cells by the
average absorbance of mock cells.

2.12. Statistical Analyses

Statistical analyses of the data were performed usina one-
wavy ANOVA and shown as + mean standard deviation
(SD). P<0.05 was considered statistically sianificant. All
data are representative of three independent experiments.

3. Results

The GC was used to provide a detailed quantitative analysis
of the fattvy acid composition of the purified safflower oil.
The GC analysis demonstrated a hiah content of oleic acid
and linoleic acid, which collectively formed the majority of
the oil's fatty acid profile (Fiaure 2). The domination of
these specific fatty acids in safflower oil emphasizes its
suitability as a raw material in the synthesis process.
Chanaes that occurred in functional aroups participating in
the dilinoleyl alcohol synthesized from linolenic acid and
dimethylaminobutyric acid formation reactions were
identified by FTIR. The FTIR spectra revealed sianificant
findinas. A broad peak at 3433 cm”-1 attributed to
hvdroxyl (-OH) aroups was prominent in the ricinoleic acid
molecule. Additionally, a peak at 1662 cn™-1 indicative of
C=C double bond stretchina became more pronounced
with an increasina mole ratio of methylaminohexane
(MAH) in the reaction. This was especiallv noticeable at a
CO:MAH molar ratio of 1:2, suaaestina a heiahtened level
of ester aroup attachment to the safflower oil molecule
chains. Notably, the absence of cyclic anhydride peaks at
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Figure 2. Fatty acid compositions of the safflower oil using GC-MS

Figure 3. FTIR spectra of (a) linoleic acid, (b) dilinoleyl alcohol, and (c) dimethylaminobutyric acid.

(d) *H NMR spectrum of MC3
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1779 and 1849 cm”-1 indicated that most of the MAH had
reacted with the safflower oil. The MC3 formation is also
confirmed by the NMR spectra (Fiaure 3). which displaved
distinct peaks in the carbonvl redion: C1 of free fatty acids
at 174176 ppm, C1 in the 1.3-sn position of
triacvlalvcerols at 173.26 ppm. and C1 in the sn-2 position
of triacvlalvcerols at 172.81 pom. These peaks were crucial
in verifvina the successful synthesis of MC3, as thev
corresponded precisely with the anticipated chemical
structures.

The mRNA was transcribed from a linearized DNA
template followed by cappina. polv(A) tailina. and a DNase
treatment. Electrophoresis of the mRNA samples on
aoarose ael confirmed the intearity. size. and presence of
the polv(A) tail durina the IVT procedure (Fiaure 4). The
concentration of mMRNA was estimated 2.88 g/l of IVT
reaction.

Figure 4. GelRed pre-stained gel shows the integrity of
RBD mRNA. Lane 1: RNA size marker; lane 2: mRNA
post-1IVT; lane 3: mRNA post capping; lane 4: mRNA
tailing resulted in a poly (A) tail of about 140 bases.

Subseauently., we assessed the suitability of the
svnthesized MC3 as a cationic lipid in LNP formulations.
The size, surface charae, encapsulation efficiency. and pKa
of the resultant mMRNA-LNPs were evaluated (Figure 5).
Accordina to the phvsical properties data, the mRNA-LNP
demonstrated an averaae hydrodynamic size of 81.716+1.6
nm with a PDI of 0.064+0.030. and the averace zeta
potential of -5.834+1.518 mV when formulated at N:P ratio
of 4. An efficient mMRNA encapsulation rate of 68.73% was
determined throuah the Riboareen assay. The
representative TEM imace shows the spherically shaped
LNPs with a size around 80 nm, in aareement with the DLS
results. The pKa value was determined by fluorescence

titration of the LNPs from pH 3.0 to 10.0 and found to be
around 6.48.

The phvysical stability of the mMRNA-LNP was monitored
over four weeks, with assessments of size, PDI. zeta
potential. and mMRNA entrapment detailed in Table 2. The
averaae size and PDI of the mRNA-LNP suspension either
sliahtly increased or remained unchanaed. Durina the first
two weeks, the zeta potential and encapsulation efficacy of
the mMRNA-LNPs were retained and chanaed after that.
Notably, there was an increase in zeta potential at the end of
the storace period compared to immediatelvy post-synthesis
(week 0). The decrease in EE% suaaested a potential loss
in mMRNA intearity after storage at 4°C. However, these
chanaes in the phvsicochemical properties of the mMRNA-
LNPs were not statisticallv sianificant (P<0.05).

The final phase involved in vitro validation of mMRNA-
LNP deliverv into HEK-293T cells compared to
Lipofectamine as the aold standard of transfection. Cellular
uptake was studied bv flow cvtometrv. The ability of the
LNP in the cellular deliverv of mRNA was further assaved
bv determinina transfection levels represented by the GFP
expression in the cell population. As the positive control,
93.74% of the viable HEK293T cells transfected with
MmRNA usina Lipofectamine 2000 showed GFP
expression. The LNPs also exhibited 72.34% deliverv of
mRNA into the cell line (Figure 6). The expression of the
GFP was preserved for 48h.

A crucial aspect of LNPs' efficacy in mRNA carao
transfection is their safety profile. The cvtotoxic effect of
the prepared LNPs was studied for up to 72 h post-
transfection and showcased only a non-sianificant slight
decrease in the cell populations (Fiqure 6). The LNPs
exhibited a minor effect on HEK293T cells with over 80%
viability indicatina low cvtotoxicity. Bv 48 h. exposure of
MRNA-LNPs at an N:P charae ratio of 4.0 resulted in low
toxicity with cell viability hiaher than 80%. Similar to the
untreated cells, a decline in viability was detected in
MRNA-LNP-exposed cells at 72 h, which is a normal
process in the cell cycle. Viabilities of the transfected cells
showed no significant difference compared with the
untreated cells.

4. Discussion

The efficacy of LNPs as a sophisticated delivery platform
for mMRNA has been extensively documented in the context
of the COVID-19 pandemic caused by various variants of
SARS-CoV-2 (20). While the transfection efficiency of a
variety of RNAs has been successfully achieved, the risk of
cytotoxicity and hemotoxicity represents a significant
challenge associated with the use of cationic lipids in LNP
formulations (21). As an alternative, plant-derived lipids
offer a non-toxic profile and the potential to develop
effective vaccines and/or therapeutics. Safflower oil
contains a high proportion of oleic and linoleic acids, as
well as a high stability index, which collectively make it an
ideal carrier for use in drug delivery systems (18).
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Figure 5. Lipid-based nanoparticle physicochemical characterization: (a) dynamic light scattering data
represents hydrodynamic size in the range of 81.72 nm; (b) nanoparticle surface charges in terms of potential
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Table 2. Changes in the physicochemical properties of the mMRNA-LNPs during storage period

Storage time (week) Size DPI Zeta potential EE%
0 81.72 0.074 -5.83 68.73
1 81.62 0.074 -5.27 68.00
2 82.15 0.072 -2.41 66.26
3 83.44 0.070 0.66* 64.14
4 84.83 0.070 7.15* 63.32

Data are the average values of three replicates corresponding to each storage time. The significant difference
(P<0.05) shown with asterisk.
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treated with mRNA-Lipofectamine 2000 and (right) treated with mRNA-LNP.
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In this study, we have focused on the synthesis of a
linoleic acid- and charge, ester linker, and linoleyl ftail
components. Generally, the head group of FDA-approved
ionizable lipids is protonated under acidic conditions to
facilitate RNA loading into LNPs. The hydrocarbon chains
of the head groups are connected through chemically stable
ester groups or linkers to improve the biodegradation rate of
the lipids after mRNA delivery. Finally, the saturation rate
and the cis-double bonds of the tails greatly influence the
fluidity and enhance membrane disruption leading to
increased efficiency of mRNA delivery (22, 23). The
branched tails determine the ability of different cationic
lipids to deliver RNA cargo into targeted cells. MC3
contains two linoleic acid-derived tails, each of which
includes di-double bonds (22). It has been shown that SM-
102 ionized lipid used in Moderna’s and ACL-315 used in
BioNTech/Pfizer mRNA vaccines have three and four
branched tails, respectively corresponding to enhanced
MRNA delivery efficiency (24).

Subsequently, the MC3 was utilized in the preparation of
LNPs with an optimized molar ratio of 50:10:38.5:1.5,
followed by an ethanol injection. The LNPs exhibited
diameters of 79-85 nm and narrow distributions (PDI <
0.1). A review of the literature on LNP injection indicates
that smaller particles are more readily transported from the
injection site, resulting in efficient lymphatic drainage and
cellular interactions. The derived MC3 and used it to
generate an LNP with mRNA delivery efficacy. The
primary chemical analysis indicates linoleic acid is the
major fatty acid in the prepared safflower oil. Linoleic acid
is a carboxylic acid with an 18-carbon chain and two cis-
double bonds at positions 9 and 12. lonizable lipids share
common structure features comprising the head group
responsible for the pKa value mRNA-LNPs, which are
sized between 80 and 100 nm, are preferentially taken up
by antigen-presenting cells (APCs), elicit antigen
expression, and generate an immune response. The cellular
uptake and distribution of mMRNA-LNPs are contingent
upon the electrostatic interaction between the positively
charged head of the ionizable lipid and the negatively
charged mRNA (25). Moreover, the branched tail of the
lipid may facilitate mMRNA release to the cytosol (22, 23). In
this study, the mRNA-LNPs exhibited a lower zeta
potential than the unloaded LNP, which can be attributed to
the negative charge of the mRNA and the strong
electrostatic adsorption with the LNPs. This surface charge
facilitates the targeted delivery of the loaded mRNA to
specific cells. Moreover, the LNP formulation with the
prepared MC3 lipid demonstrated effective mMRNA
encapsulation.

The pivotal feature of the ionizable lipids necessary for
potent delivery is the pKa value because the lipid should be
ionizing rapidly to release the mRNA cargo in an adequate
site (26). The surface pKa values 6.44 for DLin-MC3-
DMA, 6.75 for SM-102, and 6.09 for ACL-315 have been
estimated (27), which means easier binding to RNA and
optimal delivery. In our study, the pKa value was estimated

at 6.48, which is the optimum range for intramuscular
delivery of the mRNA-LNPs. These data indicate the
synthesized MC3 lipid as a key component of LNP
formulations could affect the intracellular delivery of
mRNA. At this point, the transfection efficiency of the
formulated mMRNA-LNPs was monitored by using
fluorescent in HEK293T cells. The kinetics of GFP
expression in the MRNA-LNPs-transfected HEK293T cells
showed a high transfection level indicating the success of
MC3-based LNPs as a delivery vehicle. Maximizing
cellular uptake and enabling an efficient release of mMRNA
from the endosome are key performance criteria for an
LNP delivery system (23). Cationic lipids have the
responsibility of driving cellular uptake and endosomal
escape rendering the mRNA available in the cytosol.
Despite including several cationic lipids in the composition
of approved medicines, the efficient escape and cytosolic
delivery of cargo, and the long tissue half-life of these lipids
that lead to adverse side effects such as liver accumulation
and anaphylactic shock (24, 25) remain a major challenge.
Therefore, the effective entrapment of LNPs at anionic
membranes of endosomes to facilitate MRNA release
necessitates the use of an ionizable lipid with enhanced
delivery efficiency, minimal toxicity, and rapid in vivo
metabolic properties.

Lipids are a significant component of edible plants,
serving as carriers for intercellular transport and cellular
uptake. Cationic lipids derived from edible plants may have
significant potential for application in this field. Given that
the human immune system is adapted to edible plant
stimuli, lipids of their origin are devoid of any discernible
toxicity or immunogenicity, thereby promoting the LNP
formulations toward low cytotoxicity. In this study, we
synthesized a cationic lipid derived from safflower,
analyzed the physicochemical properties necessary for
mMRNA delivery using LNP, and introduced an effective
mRNA delivery platform with reduced cytotoxicity. The
efficacy of the system should be evaluated in terms of its
capacity for delivering the desired cargo to mesenchymal
cells, its ability to induce an immune response, its impact
on cytokine production, and its safety and tolerability in
animal models.
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