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The efficacy of messenger RNA (mRNA)-based vaccines or therapies relies on delivery vehicles that can
transport them into the cytosol of cells. Lipid nanoparticles (LNPs) are the most clinically advanced
carrier for mRNA. The chemical structure of an ionizable lipid is critical for the delivery efficiency of the
LNPs. Herein, we synthesize a new ionizable lipid containing fluorinated alkyl chains (F-L319) and
evaluate its mRNA delivery efficiency compared to its hydrocarbon counterpart (L319). While LNPs
formulated with F-L319 alone showed decreased mRNA encapsulation and delivery efficiencies in
comparison to the L319-LNP, we found that combining the appropriate ratios of F-L319 and L319 as
hybrid ionizable lipids in LNPs (hybrid-LNPs) greatly enhanced mRNA delivery efficiency both in vitro and
in vivo. Upon intravenous injection, the hybrid-LNP showed targeted mRNA expression in the spleen.
Mechanistic studies indicate that the enhanced mRNA delivery of the hybrid-LNP is attributed to both
improved mRNA encapsulation and cellular uptake. Collectively, fluorination of ionizable lipids
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Introduction

Messenger RNA (mRNA) is an important part of the central
dogma of molecular biology.! Once exogenous mRNA is deliv-
ered into the cytosol of cells, mRNA can express encoded
proteins that can serve as therapeutics or vaccines.”™ There
has long been interest in developing mRNA-based drugs. How-
ever, the physiochemical and biological properties of mRNA
create great challenges for its translation. mRNA cannot pass
through the cell membrane due to its negative charge, hydro-
philicity, and large molecular weight. Additionally, naked
mRNA is rapidly degraded by enzymes in biological media.’
Therefore, mRNA requires delivery vehicles to transport it into
cells and improve its stability.® Among different classes of
delivery vehicles, lipid nanoparticles (LNPs) are currently the
only carrier for mRNA that receives regulatory approval.” The
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represents a promising strategy to improve the delivery efficiency of LNPs.

two coronavirus 2019 (COVID-19) mRNA vaccines manufac-
tured by both Moderna and Pfizer/BioNTech used LNPs as
carriers and have demonstrated great efficacy and good safety
profiles in clinics.®>™°

LNPs are formulated with an ionizable lipid, a helper lipid,
cholesterol, and a polyethylene glycol (PEG)-lipid. Among these
components, the chemical structure of ionizable lipids signifi-
cantly affects the delivery efficiency of mRNA.'"'? Ionizable
lipids are composed of hydrophobic alkyl tails and one or
several amino head groups that have an acid dissociation
constant (pK,) of less than 7."* Ionizable lipids are positively
charged in the acidic buffer to interact with negatively charged
mRNA to form LNPs, then turn into uncharged at physiological
pH to avoid rapid clearance in the systemic circulation, and
finally turn into positively charged in the endosome of cells to
facilitate mRNA release. The development of ionizable lipids
alleviates the toxicity and unwanted interactions with cellular
components of cationic lipids. A variety of ionizable lipids have
been developed and shown good efficiency in delivering
mRNA." Despite this progress, new ionizable lipids with
improved delivery efficiency are still very much needed to
reduce the toxicity and immunogenicity associated with mRNA
and LNPs.

Fluorinated lipids, polymers, and dendrimers showed
enhanced delivery efficiency compared to non-fluorinated
materials for a variety of biologics including DNA, RNA, pro-
teins, etc.'®* Such an enhanced delivery efficiency was attrib-
uted to the unique properties of fluorocarbons. Fluorocarbons
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are both hydrophobic and lipophobic, more surface active,
stable, and prone to self-assembly compared to hydro-
carbons.>**® Several studies demonstrated that fluorinated
lipids or polymers form more stable nanoparticles, thus pre-
venting the degradation of encapsulated biologics and extend-
ing the blood circulation time.”””*® Therefore, we hypothesized
that fluorination of ionizable lipids could be a promising
strategy to improve the mRNA delivery efficiency of LNPs.

Herein, we synthesize a new ionizable lipid with highly
fluorinated alkyl tails. We found that combining the appro-
priate ratios of the fluorinated ionizable lipid and its hydro-
carbon counterparts in LNPs greatly enhanced mRNA delivery
efficiency compared to LNPs that were formulated with only the
nonfluorinated ionizable lipid. Mechanistic studies indicate
that such an enhanced delivery efficiency was attributed to
improved mRNA encapsulation and cellular uptake. Upon
intravenous injections in mice, LNPs containing fluorinated
lipids showed effective mRNA expression in the spleen.

Materials and methods
Materials and instruments

Chemicals were purchased from Beijing Innochem Science &
Technology unless noted specifically. 1,2-Distearoyl-sn-glycero-
3-phosphocholine (DSPC) and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG 2000) were pur-
chased from Avanti Polar Lipids. Cholesterol was purchased
from Sigma-Aldrich. mRNA encoding firefly luciferase (mLuc)
was purchased from ApexBio. Di((Z)-non-2-en-1-yl)-9-((4-
(dimethylamino)butanoyl)oxy)heptadecanedioate (L319) was
purchased from WuXi AppTec. Nuclear magnetic resonance
(NMR) spectra were recorded using a Bruker Advance II
400 MHz NMR spectrometer with deuterated chloroform
(CDCl;) and dimethyl sulfoxide-dg (DMSO-dg) as solvents with
tetramethylsilane (TMS) as the internal standard. Electrospray
ionization high-resolution mass spectrometry (ESI-HRMS)
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measurements were carried out using an Agilent Infinity Lab
LC/MSD time-of-flight mass spectrometer.

Synthesis of nonadeca-1,18-dien-10-ol (2)

Magnesium powder (14.4 g, 0.6 mol, 3 eq.) was added to a
vacuum flame-dried 500 mL three-necked flask equipped with a
Teflon-coated magnetic stir bar. A 100 mL addition funnel and
a condenser were equipped and the whole apparatus was
exchanged with nitrogen for three times. 100 mL of anhydrous
tetrahydrofuran (THF) was injected into the flask and a solution
of 9-bromonon-1-ene (42 g, 0.204 mol, 1 eq.) in THF (50 mL)
was injected into the addition funnel. The reaction mixture was
stirred and heated slowly to 60 °C. 1 mL of iodine (~10 mg) in
THF was injected into the system. 9-Bromonon-1-ene in THF
was added dropwise at a rate of ~1 drop per second. After the
addition of 9-bromonon-1-ene, the reaction was refluxed for
12 h. After cooling with water (~20 °C), a solution of ethyl
formate (HCOOE; 7.4 g, 0.09 mol, 0.9 eq.) in THF (50 mL) was
injected to the addition funnel and was then added dropwise to
the system. The reaction solution was then refluxed for 12 h.
After cooling to room temperature (r. t.), the reaction was
quenched by 100 mL of saturated ammonium chloride (NH,ClI)
solution and then filtered. The filtrate was evaporated in vacuo
to remove THF and the residual aqueous solution was extracted
twice with ethyl acetate (EtOAc; 200 mL) and then twice with
petroleum ether (PE; 200 mL). The organic phase was combined
and dried over anhydrous Na,SO,. After the removal of the
solvent in vacuo, the residue was dissolved in 30 mL of THF
where 30 mL of 40% NaOH was added. The whole system was
stirred at 70 °C for 3 h to saponify the esterified product. After
cooling to r. t., the reaction system was extracted with EtOAc
(30 mL) for three times. The organic phase was collected and
dried in vacuo. The residue was purified by vacuum distillation
to obtain nonadeca-1,18-dien-10-ol at 178-180 °C (2 mmHg
using a vacuum gauge) as a sticky oil which soon solidified to a
white solid (16.5 g) in 65.4% yield, m.p. 38 °C, R = 0.38
(PE:EtOAc = 9:1, v/v). "H NMR (400 MHz, CDCl;) ¢ 5.83 (ddt,
J=16.8,10.2, 6.8 Hz, 2H), 5.08-4.88 (m, 4H), 3.60 (m, 1H), 2.17-
1.96 (m, 4H), 1.56-1.19 (m, 24H). ">*C NMR (101 MHz, CDCl;) §
139.2, 114.1, 72.0, 37.5, 33.8, 29.7, 29.5, 29.1, 28.9, 25.7.

Synthesis of nonadeca-1,18-dien-10-yl 4-bromobutanoate (3)

A flame-vacuum dried 250 mL three-necked flask was charged
with a magnetic stir bar and a 25 mL addition funnel. The
whole apparatus was evacuated and refilled with nitrogen for
three times. Nonadeca-1,18-dien-10-ol (16.50 g, 58.82 mmol,
1 eq.) was dissolved in 100 mL of dichloromethane (CH,Cl,)
which was then injected into the flask along with 4 mL of
triethylamine (Et3N). 4-Bromobutyryl chloride (14.54 mlL,
118 mmol, 2 eq.) was injected into the addition funnel and
the whole solution was then added dropwise to the reaction
mixture (2 drops per second) in an ice-water bath. After the
addition, the reaction system was stirred at r. t. (~20 °C) for
8 h. The organic phase was washed twice with saturated sodium
bicarbonate solution (NaHCO3, 100 mL). The organic phase was
collected and dried over anhydrous Na,SO,. After removing the

This journal is © The Royal Society of Chemistry 2023
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solvent in vacuo, the residue was purified by column chromato-
graphy with gradient elution (pure PE to PE:EtOAc = 30:1),
yielding 18.202 g of light yellow o0il, 72.0%, R¢= 0.52 (PE/EtOAc =
9:1, v/v). 'H NMR (400 MHz, CDCl;) § 5.83 (ddt, J = 16.8, 10.2,
6.8 Hz, 2H), 5.01 (dq, J = 16.8, 1.6 Hz, 2H), 4.94 (ddt, J = 10.2,
1.6, 2.4 Hz, 2H), 4.89 (p, ] = 6.4 Hz, 1H), 3.49 (t, J = 6.8 Hz, 2H),
2.51 (t, ] = 7.2 Hz, 2H), 2.19 (quint, J = 6.8 Hz, 2H), 2.06 (q, ] =
6.8 Hz, 4H), 1.56-1.19 (m, 24H). *C NMR (101 MHz, CDCl;) ¢
172.3, 139.2, 114.2, 74.7, 34.6, 33.7, 32.8, 32.7, 29.9, 29.4, 29.0,
28.9, 27.9, 25.3.

Synthesis of 9-((4-bromobutanoyl)oxy)heptadecanedioic
acid (4)

Nonadeca-1,18-dien-10-yl 4-bromobutanoate (1.00 g, 2.33 mmol,
1 eq.), 40 mL of CH,Cl,, 40 mL of acetonitrile (CH;CN), and
ruthenium trichloride trihydrate (RuCl;-3H,0; 30 mg,
0.0233 mmol, 1 mol%) were added to a 250 mL flask. Sodium
periodate (NaIOg4; 4.98 g, 23.3 mmol, 10 eq.) was dissolved in 50
mL of deionized water which was added dropwise (1 drop
per second) to the system through an addition funnel in a
cold-water bath (0-10 °C). The reaction system was stirred at
0-10 °C until the reactant was consumed by the trace of TLC
(~4h). The reaction system was washed with saturated sodium
thiosulfate solution (Na,S,03; 80 mL) for three times until the
color of the aqueous phase changed from dark green to almost
colorless. The organic phase was collected and dried over
anhydrous Na,SO,, and the solvent was removed in vacuo to
obtain the crude 9-((4-bromobutanoyl)oxy)heptadecanedioic
acid as a black oil which could be used directly for the next
step without further purification, 0.962 g, 85.6%. Ry = 0.62
(DCM:MeOH = 20: 1, v/v). "H NMR (400 MHz, DMSO-d¢) 6 11.61
(m, 2H), 4.80 (quint, J = 6.4 Hz, 1H), 3.53 (t, ] = 6.4 Hz, 2H), 2.44
(t,J = 7.2 Hz, 2H), 2.18 (t, ] = 7.2 Hz, 4H), 2.05 (p, ] = 6.4 Hz, 2H),
1.48 (m, 8H), 1.24 (br s, 16H). *>*C NMR (101 MHz, DMSO-dg) &
174.9, 172.2, 74.0, 34.3, 34.1, 34.0, 32.7, 29.2, 29.1, 29.0, 28.2,
25.2, 25.0.

Synthesis of 9-((4-(dimethylamino)butanoyl)oxy)heptadecanedioic
acid (5)

9-((4-Bromobutyryl)oxy)heptadecanedioic acid (465.43 mg,
1 mmol, 1 eq.), dimethylamine tetrahydrofuran (2 M; 5 mL,
10 mmol), and potassium carbonate (K,COjz; 304.05 mg,
2.2 mmol, 2.2 eq.) were added to a pressure tube. The reaction
mixture was heated at 50 °C for 8 h. A white precipitate was
observed in the pressure tube. After cooling to r. t., acetic acid
or HCI (1 M) was added dropwise until the white precipitate
dissolved (pH 6-7). 5 mL of water was added before extraction
with CH,Cl, (10 mL) for three times. The organic phase was
combined and then washed with saturated brine solution
(10 mL). The organic phase was collected and dried over
anhydrous Na,SO,. After removing the solvent in vacuo,
the crude 9-((4-(dimethylamino)butanoyl)oxy)heptadecanedioic
acid was obtained as a yellowish oil which could be used
directly for the next step without any further purification,
356 mg, 82.9%. R¢ = 0.21 (DCM:MeOH = 10:1, v/v).

This journal is © The Royal Society of Chemistry 2023
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Synthesis of bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluo-
rononyl) 9-((4-(dimethylamino)butanoyl)oxy)heptadecane-
dioate (F-L319)

9-((4-(Dimethylamino)butanoyl)oxy)heptadecanedioic acid
(42.96 mg, 0.1 mmol, 1 eq.), CH,Cl, (5 mL), and 4-(N,N-
dimethylamino)pyridine (DMAP; 6.11 mg, 0.05 mmol, 0.5 eq.)
were added to a 25 mL flask. The reaction mixture was stirred at
r. t. for 30 min, followed by the addition of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI; 42.17
mg, 0.22 mmol, 2.2 eq.). The reaction system was stirred for
15 min. 1H,1H,9H-hexadecafluorononanol (95.06 mg, 0.22 mmol,
2.2 eq.) was added and the whole system was stirred at r. t.
overnight (~10 h). The reaction system was sequentially washed
with NH,CI (5 mL), deionized water (5 mL), and saturated brine
(5 mL). The organic phase was collected and dried over anhydrous
Na,SO,. After removing the solvent in vacuo, the residue was purified
by column chromatography (DCM:MeOH:Et;N = 100:10: 1, v/v) to
yield yellow oil, 38 mg, 30%, R = 0.86 (DCM). "H NMR (400 MHz,
CDCl,) d 6.27-5.92 (m, 2H), 4.86 (quint, J = 6.4 Hz, 1H), 4.61 (t, ] =
13.6 Hz, 4H), 2.93 (m, 2H), 2.68 (s, 6H), 2.43 (m, 6H), 2.10 (quint, J =
6.8 Hz, 2H), 1.65 (m, 4H), 1.39-1.28 (m, 20H). '°F NMR (377 MHz,
CDCly) & —119.48, —121.94, —123.29, —129.27, —136.97. [M + HJ,
exact mass: 1258.2971, found mass: 1258.2991.

Cell culture

Murine dendritic cells (DC2.4) and mouse macrophage 264.7
cell line (RAW264.7) were cultured in the Roswell Park Memor-
ial Institute (RPMI) 1640 medium (Gibco) supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin
(Gibco) at 37 °C in the presence of 5% CO,.

Synthesis of LNPs

LNPs were synthesized by mixing the lipids and mLuc in a
microfluidic chip. Briefly, ionizable lipids (F-L319, L319, and
combined), DSPC, cholesterol, and DMG-PEG2000 at a molar
ratio of 50:10:38.5:1.5, respectively, were dissolved in the
ethanol phase. mLuc or cyanine-5 (Cy5)-labeled oligonucleotide
(5’-GCTATTAGGAGGAGTCTTT-Cy5-3") was dissolved in 50 mM
citrate buffer (pH = 4). The ratio of nitrogen on ionizable lipids
to the phosphate of mRNA is 5.67:1. The ethanol phase and
aqueous phase were mixed with a volume ratio of 3:1 using
syringe pumps (Harvard Apparatus). The mixture was dialyzed
(MWCO = 12 k-14 kDa, Biorigin) against phosphate-buffered
saline (PBS) at r. t. for over 4 h. The hydrodynamic diameter
and polydispersity index (PDI) of LNPs were measured at 25 °C
using a Zetasizer Nano ZSP (Malvern Instruments). The encapsu-
lation efficiency was measured using Quant-iT RiboGreen RNA
assay (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The pK, of LNP was measured using the 6-(p-
toluidino)-2-napthalenesulfonic acid sodium salt (TNS, Sigma-
Aldrich) assay following a previously published method.*

In vitro transfection of lipid nanoparticles

To evaluate the mRNA delivery efficiency in vitro, DC2.4 cells or
RAW?264.7 cells were seeded at a density of 2 x 10* cells per well
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in a Corning™ Costar™ 96-well plate. After incubation at 37 °C
overnight, LNPs containing 100 ng of mRNA were added to each
well. After incubation at 37 °C for 12 h or 24 h, a One-lite
Luciferase Assay substrate in 100 pL of lysis buffer was added to
each well. The luminescence was then read using a BioTek
Synergy H1 multimode microplate reader (Agilent). To study
the cellular uptake of LNPs, LNPs encapsulating Cy5-DNA were
incubated with DC2.4 cells at 37 °C for 3 h. Cells were then
digested with 0.25% trypsin, washed three times with PBS, and
analyzed using a CytoFLEX flow cytometer (Beckman Coulter).
For confocal analysis, cells were washed twice with 1x PBS after
incubating with LNPs. To label the cell nucleus, the cells were
further incubated with Hoechst for 15 min. Cells were washed
twice with 1x PBS before being fixed with 4% paraformalde-
hyde for 15 minutes. The fixed cells were then imaged by
confocal laser scanning microscopy (CLSM).

In vitro cytotoxicity assay

DC 2.4 cells were incubated with LNPs with different concen-
trations of mRNA for 12 h. The medium containing LNPs was
then replaced with a culture medium. The cell viability was
measured using the cell counting kit-8 (CCK-8) assay according
to the manufacturer’s instructions (Vazyme). The results were
measured using a microplate reader (BioTek Synergy H1) at
450 nm.

In vivo delivery efficiency of LNPs

All animal experiments reported here were performed accord-
ing to a protocol approved by the Peking University Institu-
tional Animal Care and Use Committee. 6-8 Weeks C57BL/6
female mice were intravenously administered with LNPs at a
dose of 2 pug of mLuc per mouse through the tail vein. Mice were
anesthetized using isoflurane and 200 pL of potassium (S)-2-(6-
hydroxybenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylate
(Bidepharm, 20 mg mL~") was administered through intraper-
itoneal injections. The mice were then imaged using an in vivo
imaging system (IVIS Spectrum, PerkinElmer) to quantify
bioluminescence signals. At 24 h post-injection of LNPs, the
major organs of mice were excised and imaged by IVIS to
determine the biodistribution of mRNA expression.

Hemolysis of red blood cells

The hemolysis of red blood cells (RBCs) was performed accord-
ing to a previously published method.*® Briefly, mouse RBCs
were isolated from mouse blood by centrifugation at 300 x g for
5 min. RBCs were washed three times with PBS and suspended
in PBS at a pH of 5.5 or 7.4. 200 pL of RBC solution was added
to each well of a 96-well plate. LNPs containing 200 ng of mRNA
or 0.1% Triton-X100 were added to each well and incubated at
37 °C for 1 h. The plate was centrifuged at 300 x g at 4 °C for
5 min. 100 pL of aliquot from each well was transferred to a
transparent 96-well plate. The absorbance at 540 nm of each
well was measured using a BioTek Synergy H1 multimode
microplate reader (Agilent).
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Results and discussion

Synthesis of bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9-hexadecafluo-
rononyl) 9-((4-(dimethylamino)butanoyl)oxy)heptadecane-
dioate (F-L319)

Dlin-MC3-DMA (MC-3) is a potent ionizable lipid that has
gained regulatory approval in the first clinically approved small
interfering RNA drug (patisiran by Alnylam).*" A biodegradable
version of MC-3 termed as L319 bearing an ester group on each
alkyl chain was then developed.*” To test our hypothesis, we
synthesized fluorinated L319 as an ionizable lipid (F-L319) and
compared its mRNA delivery efficiency with nonfluorinated
L319. F-L319 was synthesized in 5 steps as shown in Fig. 1A
under modified reaction conditions compared to the published
synthetic method of L319.*> The lengths of the lipid tails of
L319 and F-L319 are the same. Each of the intermediates was
characterized by "H NMR and '*C NMR spectroscopies (Fig. S1-
S3, ESIt). During the last step of the synthesis, 1H,1H,9H-
hexadecafluorononanol instead of non-2-en-1-ol was reacted
with 9-((4-(dimethylamino)butanoyl)oxy)heptadecanedioic acid
(compound 5) to yield F-L319. The overall yield of F-L319 is
~10% after 5 steps. '"H NMR, "°F NMR, and Fourier-transform
infrared (FT-IR) spectroscopies and high-resolution mass spec-
trometry demonstrated the successful synthesis of F-L319 with
high purity (Fig. 1B, C and Fig. S4, S5, ESIY).

Synthesis and characterization of LNPs

To test whether F-L319 could form LNPs with non-fluorinated
helper lipids, we used the same formulation as the COVID-19
mRNA vaccine by Moderna. F-L319, 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), cholesterol, and 1,2-dimyristoyl-rac-
glycero-3-methoxy(polyethylene glycol-2000) (DMG-PEG2000) at
a molar ratio of 50:10:38.5:1.5, respectively, were formulated
with firefly luciferase mRNA (mLuc) through a microfluidic
device to yield the F-L319-LNP (Fig. 2A). The same LNP for-
mulation with L319 as the ionizable lipid was also synthesized
as a control (L319-LNP). Dynamic light scattering (DLS) mea-
surements show that the hydrodynamic diameter (D) and
polydispersity index (PDI) of F-L319-LNP are ~245 nm and
~0.19 (Fig. 2B and C), respectively, which are both higher than
those of L319-LNP (~219 nm and ~ 0.14, respectively). F-L319-
LNP also exhibits a decreased mRNA encapsulation efficiency
(~21.8%) compared to L319-LNP (~57.1%, Fig. 2D). These
results suggest that the lipophobicity of F-L319 may affect its
assembly with non-fluorinated helper lipids, resulting in poor
mRNA encapsulation. Therefore, we decreased the amount of
F-L319 and prepared LNPs formulated with hybrid ionizable
lipids of both L319 and F-L319 (hybrid-LNP). Two ratios of
L319:F-L319 were tested as shown in Table 1. Hybrid-LNPs
show decreased Dj, and enhanced mRNA encapsulation com-
pared to L319-LNP (Fig. 2B and D). Additionally, higher
amounts of F-L319 in hybrid-LNP yield smaller Dy, and narrower
PDI (Fig. 2B and C). The surface potentials of hybrid-LNPs are
higher than those of L319-LNP and F-L319-LNP (Fig. 2E). The
overall negative charges of L319-LNP (~—10 mV) and F-L319-
LNP (~—11 mV) are likely because of the high amount of free

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (A) Synthesis of F-L319. The chemical structure of L319 is shown in the dotted box. The *H NMR spectrum (B) and high-resolution mass spectrum
(C) of F-L319 (exact mass for C41HagFzoNOg"™ M + HI*: 1258.2971, found: 1258.2991).
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Fig. 2 (A) Schematic view of hybrid-LNPs. The hydrodynamic diameter (B), polydispersity index (C), mRNA encapsulation efficiency (D), and zeta potential (E)
of LNPs (n = 3). (F) Determination of pK, of LNPs using the TNS fluorescence assay. (G) Transfection efficiency of the LNPs after 12 h incubation in DC2.4 cells
(n = 3). The statistical significance was calculated by one-way ANOVA: *p < 0.05, **p < 0.01, ****p < 0.001, ns represents not statistically significant.
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Table 1 Composition of LNPs. Numbers represent the percentage of
molar ratios

Formulations L319 F-L319 DSPC Cholesterol DMG-PEG2000
L319-LNP 50 0 10 38.5 1.5
F-L319-LNP 0 50 10 38.5 1.5
Hybrid-LNP1 33.3 16.7 10 38.5 1.5
Hybrid-LNPZ 25 25 10 38.5 1.5

mRNA in the solution due to the poor encapsulation efficiency.
The hybrid-LNP2 bearing higher amounts of F-L319 exhibits
only slightly higher surface potential than hybrid-LNP1.
Hybrid-LNP1 showed a spherical morphology as shown in the
transmission electron microscopy image (Fig. S6, ESIt). Collec-
tively, these data showed that hybrid-LNPs have smaller sizes,
narrower PDI, and higher mRNA encapsulation efficiency than
L319-LNP, suggesting that hybrid-LNPs could be more effective
in delivering mRNA.

The pK, of LNP is critical for its delivery efficiency (vide
supra). We next tested the pK, of all LNPs using a 2-(p-toluidino)
naphthalene-6-sulfonic acid (TNS) assay according to a pre-
viously published protocol.>® As shown in Fig. 2F, L319-LNP has
a pK, of ~6.25, which is consistent with the previously pub-
lished results.** Hybrid-LNP1 and -LNP2 have pK, values of 6.06
and 6.02, respectively, indicating that F-L319 decreases the pK,
of LNPs. Such an observation is reasonable because the strong
electron-withdrawing effect of fluorine could increase the acid-
ity of tertiary amine on adjacent ionizable lipids. Nonetheless,
the pK, values of hybrid LNPs are still within the optimal range
for mRNA delivery.*® F-L319-LNP has the lowest pK,, value (5.73)
among all LNPs. Collectively, these data suggest that all LNPs
maintained the ideal pK, for efficient mRNA delivery.

In vitro and in vivo delivery efficiencies of LNPs

We next evaluated the in vitro delivery efficiency of LNPs. LNPs
encapsulating mLuc were incubated with DC2.4 cells for 12 h
before measuring luciferase activity. L319-LNP treatment shows
low luciferase signals suggesting the ineffective delivery of
mRNA (Fig. 2G), which is consistent with published results.**
In contrast, both hybrid-LNPs exhibit enhanced luciferase
expressions than L319-LNP. Hybrid-LNP1 shows a ~2.2-fold
higher mRNA expression than L319-LNP. Hybrid-LNP2 shows
the highest mRNA expression, which is ~11.7-fold and ~5.4-
fold higher than that of L319-LNP and hybrid-LNP1, respec-
tively, suggesting that higher amounts of F-L319 contributed to
the increased delivery efficiency of mRNA. F-L319-LNP has the
lowest luciferase signal, probably due to the poor mRNA
encapsulation efficacy. Similar results were observed when
LNPs were incubated with cells for 24 h (Fig. S7, ESIY).

We next validated the enhanced delivery efficiency of hybrid-
LNPs in vivo. We first tested the cytotoxicity of LNPs before
injecting LNPs in mice. L319 is the biodegradable derivative of
MC-3, which is already approved for the clinical use. Therefore,
we do not anticipate the significant toxicity of L319 or F-L319.
Indeed, all LNPs did not show apparent toxicity at all tested
concentrations (Fig. S8, ESIt). After demonstrating the safety
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profiles, LNPs encapsulating mLuc were intravenously admi-
nistered into female C57BL/6 mice at a dose of 2 pg of mRNA
per mouse. The mice were then imaged at different time points
post-injection using an in vivo live imaging system. As shown in
Fig. 3A, L319-LNP and hybrid LNPs show rapid mRNA expres-
sion with strong luminescence signals at 4 h post-injection. The
luminescence signal decreases gradually from 4 h to 24 h
indicating the transient expression of mRNA (Fig. S9, ESIT).
Even though hybrid-LNP2 has significantly higher mRNA
expression than hybrid-LNP1 in vitro, in vivo imaging shows
that both hybrid-LNPs exhibit comparable luminescence sig-
nals, which are both higher than L319-LNP and F-L319-LNP at
all tested time points. These results further support the notion
that in vitro results are poor predictors of the in vivo delivery
efficacy of LNPs.” The differences between mRNA expression
in vitro and in vivo could be due to different mRNA expressions
in different cells. We observed similar in vitro delivery efficacy
of hybrid-LNP1 and hybrid-LNP2 using a mouse macrophage
264.7 cell line (Fig. S10, ESIT). F-L319-LNP barely exhibits any
mRNA expression in vivo. Quantification analysis shows that
hybrid-LNP2 produces stronger luciferase signals than hybrid-
LNP1 at 4 h post-injection. However, the luminescence of
hybrid-LNP2 declines more rapidly than that of hybrid-LNP1
(Fig. 3B). Such an observation could be due to the decreased
colloidal stability of hybrid-LNP2, which has a higher amount
of F-L319 than that of hybrid-LNP1. Collectively, these results
demonstrated that hybrid-LNPs exhibit significantly higher
mRNA delivery efficiency than L319-LNP in vivo.

To further evaluate mRNA expression in different organs,
mice were euthanized at 24 h post-injection for ex vivo imaging.
Fig. 3C shows that hybrid-LNPs and L319-LNP exhibit similar
profiles with the most mRNA expression in the spleen. Much
weaker mRNA expression in the liver and nearly no expression
in other major organs were observed from in vivo and ex vivo
imaging results. The majority of the previously published LNPs
showed the strongest mRNA expression in the liver after
intravenous injections. Interestingly, L-319-LNP and F-L319-
LNP showed targeted expression in the spleen. Siegwart et al.
recently found that negatively charged LNPs showed the spleen-
targeted mRNA expression.'® As shown in Fig. 2E, hybrid-LNPs
and L319-LNP all exhibit overall negative charges, which could
be the reason for their targeted mRNA expression in the spleen.
However, the mechanism of the unique distribution profile of
hybrid-LNPs requires further investigation. Collectively, these
results demonstrate that incorporating F-L319 in LNPs
enhances mRNA delivery efficiency in vivo. Hybrid-LNPs
showed targeted mRNA expression in the spleen. Completely
replacing L319 with F-L319 in LNPs results in poor encapsula-
tion and delivery efficiencies.

Cellular uptake of LNPs

Previous studies showed that fluorinated lipids or polymers
enhanced the cellular uptake of their hydrocarbon counter-
parts."®' To explore the mechanism of the enhanced delivery
efficiency of hybrid-LNPs, we first studied their ability to enter
cells. A Cyanine 5-labeled oligonucleotide strand (Cy5-DNA) was

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) Representative IVIS images of mice at 4 h, 12 h, and 24 h post intravenous injection of LNPs (2 png of mLuc per mouse). (B) Quantification of

bioluminescence signals of mice (n = 5 biologically independent samples). The statistical significance was calculated by one-way ANOVA: *p < 0.05, **p < 0.01.
(C) Ex vivo images of major organs from mice treated with LNPs (n = 5 biologically independent samples). Mice were euthanized at 24 h post injection of LNPs.

encapsulated in LNPs to enable the quantification of LNPs in cells.
DC2.4 cells were incubated with LNPs for 3 h before flow cytometry
analysis. Free Cy5-DNA was used as a control. All LNPs show greatly
enhanced cellular uptake than free Cy5-DNA as shown in Fig. 4A
and B. Hybrid-LNPs are internalized by cells at nearly identical
amounts, which are ~1.4-fold higher than L319-LNP. F-L319-LNP
shows lower cellular uptake than L319-LNP, possibly due to the
poor encapsulation efficiency. Confocal laser scanning microscopy
further confirms the enhanced cellular uptake of hybrid-LNPs. As
shown in Fig. 4C and Fig. S11 (ESIY), hybrid-LNPs produce much
stronger fluorescence signals in the cytosol of cells than L319-LNP.
Collectively, these results indicate that hybrid-LNPs have better
cellular uptake ability than L319-LNP, which contributes to their
improved mRNA delivery efficiency.

Hemolysis induced by LNPs

In addition to cellular uptake, endosomal escape is another
important parameter that determines the mRNA delivery

This journal is © The Royal Society of Chemistry 2023

efficiency. The efficacy of endosomal escape is partially
correlated to the membrane fusion of LNPs.*>** To investi-
gate the membrane fusion of LNPs, we incubated LNPs with
red blood cells (RBCs) of mice at acidic and neutral pHs.
Non-treated RBCs and 0.1% Triton X-100 were used as the
negative and positive controls. The hemolysis of RBCs is
positively correlated to the membrane fusion of LNPs. All
LNPs show nearly no hemolysis at pH 7.4 because ionizable
lipids are not protonated (Fig. 5). At pH 5.5, which is below
the pK, of all LNPs, L319-LNP exhibits significantly higher
hemolytic ability than hybrid-LNPs. F-L319-LNP shows the
lowest fusion with RBCs. These results indicate that F-L319
has lower membrane fusion ability than L319. The incorpora-
tion of F-L319 into L319-LNP decreases its membrane
fusion ability. This is reasonable because the lipophobicity
of F-L319 inhibits its interaction with alkyl lipids on the
cell membrane. Collectively, the enhanced encapsulation
and cellular uptake of hybrid-LNPs compensated for their
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Fig. 5 Hemolysis of RBCs after incubation with LNPs at pH 5.5 or 7.4 (n =
3). The statistical significance was calculated by Student's t test or one-way
ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, ns represents not
statistically significant.

decreased membrane fusion, resulting in overall enhanced
mRNA delivery efficiency.

Conclusions

We synthesized a new ionizable lipid containing fluorinated
alkyl chains termed F-L319 and evaluated its efficiency in
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delivering mRNA. LNPs formulated with F-L319 by itself as
the ionizable lipid showed reduced encapsulation and delivery
efficiencies. Such an observation is due to the poor co-assembly
between F-L319 and helper lipids that bear alkyl chains. To
alleviate this incompatibility between F-L319 and helper lipids,
we formulated hybrid LNPs containing both F-L319 and L319 as
ionizable lipids. It is found that hybrid-LNPs significantly
enhanced mRNA delivery efficiency compared to the L319-
LNP both in vitro and in vivo. Hybrid-LNPs did not alter the
biodistribution profile of the L319-LNP among different organs,
with >90% of expression in the spleen after intravenous
injection. The mechanistic study showed that the incorporation
of F-L319 significantly enhanced the cellular uptake of LNPs,
which partially contributed to the overall enhanced mRNA
delivery. The present study suggests that modifying the alkyl
chains of ionizable lipids with fluorine is a promising strategy
to improve the overall mRNA delivery efficiency of LNPs.
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