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Abstract

RNA-based therapeutics have gained traction for the prevention and treatment of a

variety of diseases. However, their fragility and immunogenicity necessitate a drug

carrier. Lipid nanoparticles (LNPs) have emerged as the predominant delivery vehicle

for RNA therapeutics. An important component of LNPs is the ionizable lipid (IL),

which is protonated in the acidic environment of the endosome, prompting cargo

release into the cytosol. Currently, there is growing evidence that the structure of IL

lipid tails significantly impacts the efficacy of LNP-mediated mRNA translation. Here,

we optimized IL tail length for LNP-mediated delivery of three different mRNA car-

gos. Using C12-200, a gold standard IL, as a model, we designed a library of ILs with

varying tail lengths and evaluated their potency in vivo. We demonstrated that small

changes in lipophilicity can drastically increase or decrease mRNA translation. We

identified that LNPs formulated with firefly luciferase mRNA (1929 base pairs) and

C10-200, an IL with shorter tail lengths than C12-200, enhance liver transfection by

over 10-fold. Furthermore, different IL tail lengths were found to be ideal for trans-

fection of LNPs encapsulating mRNA cargos of varying sizes. LNPs formulated with

erythropoietin (EPO), responsible for stimulating red blood cell production, mRNA

(858 base pairs), and the C13-200 IL led to EPO translation at levels similar to the

C12-200 LNP. The LNPs formulated with Cas9 mRNA (4521 base pairs) and the

C9-200 IL induced over three times the quantity of indels compared with the

C12-200 LNP. Our findings suggest that shorter IL tails may lead to higher transfec-

tion of LNPs encapsulating larger mRNAs, and that longer IL tails may be more effica-

cious for delivering smaller mRNA cargos. We envision that the results of this project
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can be utilized as future design criteria for the next generation of LNP delivery sys-

tems for RNA therapeutics.
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1 | INTRODUCTION

Messenger RNA (mRNA) therapeutics have shown immense potential

for a range of applications, including cancer immunotherapy,1–3 vaccine

development,4–7 and gene editing.8–10 However, a significant barrier

for the delivery of these therapeutics is their negative charge and large

size, which prevents them from entering cells and leads to rapid degra-

dation and immune recognition.11 This has necessitated the use of

nanoparticles as delivery vehicles.12–14 Lipid nanoparticles (LNPs) have

emerged as the preeminent delivery vehicle for RNA therapies, most

recently as the carriers for both the Moderna (Spikevax) and Pfizer/

BioNTech (Comirnaty) mRNA COVID-19 vaccines.15–17

LNPs consist of an ionizable lipid (IL), a phospholipid, cholesterol,

and a PEGylated lipid, with the IL playing an essential role in intracel-

lular RNA delivery.18,19 The ionizable nature of ILs allows for encapsu-

lation of mRNA cargo into LNPs.20,21 Furthermore, the hydrophobic

nature of ILs permits their integration into the lipid core of LNPs.22,23

Thus, ILs must strike a balance between ionizability and hydrophobic-

ity for successful encapsulation of mRNA into LNPs. ILs are proton-

ated in the endosome due to its acidic conditions, which prompts

cargo release into the cytosol.24 With endosomal escape being one of

the most consequential barriers to RNA delivery, ILs serve an impor-

tant role in facilitating this process.25–28 Organ tropisms of LNPs are

also guided by ILs due to the formation of protein coronas,29–33 tar-

geted delivery to specific cell types,34,35 and specific uptake path-

ways.36,37 Moreover, certain IL structures enhance the

immunogenicity of mRNA LNP vaccines, further demonstrating their

clinical relevance.38,39 With the important roles ILs play in determining

the success of LNPs, IL structure is of critical significance when

designing new LNPs.

The typical structure of an IL consists of an amine core attached

to alkyl tails. IL cores containing piperazine rings have been widely

used in RNA LNPs.19,38,40,41 The lipid tail of one such core was opti-

mized for siRNA delivery, which identified C12-200 as an ideal IL for

hepatic delivery of siRNA LNPs.42–45 C12-200 has also been success-

fully used to deliver mRNA.46–48 In addition to the IL, it has been

shown that other lipid components also influence LNP transfection.

Different phospholipid structures have been found to be successful

for LNP-mediated delivery of siRNA versus mRNA, indicating that the

most efficacious IL structures may also vary between cargo

types.47,49–51 Furthermore, as mRNA molecules exhibit greater size

variation than siRNA cargos,52,53 it is essential to optimize IL struc-

tures specifically for mRNA delivery.

Here, we aim to investigate IL tail length as it relates to mRNA

size. We synthesized a library of ILs with alkyl tails of varying lengths

based around C12-200. An LNP library was formulated by altering

both the length of the IL tail and the size of the mRNA cargo. It was

found that both the IL tail length and mRNA size influenced the effi-

cacy of the LNPs. The C10-200 LNP formulated with luciferase mRNA

outperformed the other luciferase LNPs, enhancing transfection com-

pared with the C12-200 LNP 3-fold in vitro and 10-fold in vivo. LNPs

formulated with EPO, a smaller mRNA than luciferase mRNA, and

Cas9, a larger mRNA, resulted in varying transfection profiles. The

C13-200 LNP formulated with EPO mRNA led to in vivo EPO produc-

tion at levels similar to the C12-200 LNP, and the C9-200 LNP formu-

lated with Cas9 mRNA led to a 3-fold increase in indels compared

with the C12-200 LNP. Taken together, our results suggest that ILs

with longer tails may be optimal for delivering smaller mRNAs,

whereas ILs with shorter tails may be most efficacious for the delivery

of larger mRNAs.

2 | MATERIALS AND METHODS

2.1 | Materials

LNP lipid excipients, excluding ILs, were purchased from Avanti Polar

Lipids (Alabaster, AL, USA). Cas9, erythropoietin (EPO), and firefly

luciferase (FLuc) mRNA were purchased from TriLink Biotechnologies

(San Diego, CA, USA) and contained 5-methoxyuridine substitutions.

TTR sgRNA, containing the sequence 50-ususasCAGCCAC GUCUA-

CAGCAGUUUUAGA gcuagaaauagc AAGUUAAAAU AAGGCUAGUC

CGUUAUCA acuugaaaaagu ggcaccgagu cggugcusususu-30 , where cap-

ital letters refer to RNA residues, lowercase letters refer to 20-O

methyl residues, and s refers to phosphorothioate backbone modifica-

tions, were synthesized by Axolabs (Kulmbach, Germany).

2-hexyloxirane, 2-octyloxirane, 2-decyloxirane, 2-dodecyloxirane, and

2-tetradecyloxirane were purchased from TCI (Montgomeryville, PA,

USA). 1-nonene and 1-undecene were purchased from AstaTech (Bristol,

PA, USA). N1-(2-(4-(2-aminoethyl)piperazin-1-yl)ethyl)ethane-1,2-diamine

(200) was purchased from Enamine (Kyiv, Ukraine). Chloroform-d was pur-

chased from Acros Organics (Geel, Belgium). All solvents were purchased

from Fisher Scientific (Waltham, MA, USA). All other chemical reagents

were purchased fromMilliporeSigma (St. Louis, MO, USA).

2.2 | Synthesis

Flash chromatography was performed on a Teledyne Isco (Lincoln,

NE, USA) CombiFlash NextGen 300+ with evaporative light
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scattering detection using Redisep Gold® silica gel disposable flash

columns. Solvent removal was performed using a Büchi (New Castle,

DE, USA) Rotavapor® R-300 System Professional. 1H and 13C NMR

spectra were acquired in chloroform-d on a Bruker (Billerica, MA,

USA) Avance Neo 400 MHz spectrometer. Nominal mass accuracy

LC–MS data were obtained using a Waters (Milford, MA, USA)

Acquity UPLC system equipped with a Waters TUV detector (254 nm)

and a Waters SQD single quadrupole mass analyzer with electrospray

ionization. An Acquity UPLC HSS C18, 1.7 μm, 2.1 ! 50 mm column

was used with a 2 min wash followed by a gradient mobile phase from

50% water (1% trifluoroacetic acid) and 50% acetonitrile (1% trifluor-

oacetic acid) to 100% acetonitrile (1% trifluoroacetic acid).

2.2.1 | General procedure “A”: Epoxide synthesis

Epoxide synthesis was conducted by means of alkene epoxidation.

To a 100 mL round bottom flask was added the corresponding

alkene (1.0 equiv.) and dichloromethane (5 mL). The flask was stirred

for 1 min and cooled to 0"C. Then, was added one half of a solution

of meta-chloroperoxybenzoic acid (70% pure, 2.0 equiv.) in dichloro-

methane (25 mL) dropwise. The solution was stirred for 1 h, and the

second half of the solution of meta-chloroperoxybenzoic acid in

dichloromethane was added dropwise. The reaction flask was stirred

at 0"C for 1 h, and then stirred at room temperature for 15 h. The

reaction was quenched by adding 30 mL of a 1:1 solution of sat.

sodium bicarbonate and sat. sodium thiosulfate. The layers were

separated and the organic layer was washed with brine (1 ! 30 mL).

The aqueous layers were combined and extracted with DCM

(3 ! 15 mL). The organic layers were combined, dried with magne-

sium sulfate, filtered, and concentrated in vacuo. The compound was

further purified by flash chromatography using a CombiFlash with a

liquid injection into a 24 g column. The mobile phase consisted of a

gradient of 100% hexanes to 90% hexanes and 10% ethyl acetate

over 18 min using a flow rate of 35 mL/min. The products were iso-

lated as clear oils and characterized using 1H NMR and 13C NMR.

Specific conditions for each reaction and corresponding spectra can

be found in the Data S1.

2.2.2 | General procedure “B”: IL synthesis

IL synthesis was conducted according to a procedure modified from

Love et al.54 To a 1 dram vial was added the polyamine core 200 (1.0

equiv.), the corresponding epoxide (6.0 equiv.), and ethanol (0.3 mL).

The reaction was stirred at 80"C for 48 h. The crude product was

diluted with dichloromethane (0.7 mL) and purified by flash chroma-

tography using a CombiFlash with a liquid injection into a 4 g column.

The mobile phase consisted of a gradient of 95% dichloromethane

and 5% Ultra solution (75% dichloromethane, 22% methanol, and 3%

aqueous ammonium hydroxide by volume) to 80% dichloromethane

and 20% Ultra solution over 35 min with a flow rate of 7 mL/min. The

products were isolated as viscous oils and characterized using 1H

NMR and LC–MS. Specific conditions for each reaction and corre-

sponding spectra can be found in Data S1.

2.3 | IL hydrophobicity calculations

Computational studies were carried out to evaluate the physicochemi-

cal properties for each IL. The octanol–water partition coefficient

(ALogP) was calculated using the Ghose and Crippen's method.55,56

The distribution coefficient (LogD) under pH = 7.4 was calculated

using the pKa of each IL using the method described by Tielker et al.57

2.4 | LNP formulation

The organic phase was prepared by dissolving the corresponding IL,

18:1 Δ9-Cis phosphoethanolamine (DOPE), cholesterol, and 14:0

PEG2000 phosphoethanolamine (C14-PEG2000) in ethanol at a molar

ratio of 35:16:46.5:2.5, respectively. The organic phase for LNP accu-

mulation experiments additionally contained DiR (5 mol %). The aque-

ous phase was prepared by dissolving the corresponding mRNA in

10 mM citrate buffer at pH 3 (Teknova, Hollister, CA, USA). The IL to

mRNA weight ratio for all LNPs was 10:1.50 The two phases were

loaded into separate glass syringes (Hamilton Company, Reno, NV)

and LNPs were formed by chaotic mixing of the organic and aqueous

phases at a 1:3 volume ratio in a microfluidic device using a Pump

33 DDS syringe pump (Harvard Apparatus, Holliston, MA, USA).58

The LNPs were subsequently dialyzed against 1X PBS (Thermo Fisher

Scientific, Walthman, MA, USA) in 20 kDa molecular weight cutoff

dialysis cassettes (Thermo Fisher Scientific) for 2 h and sterile filtered

through 0.22 μm syringe filters (Genesee Scientific, El Cajon, CA).

LNPs were stored at 4"C.

2.5 | LNP characterization

Encapsulated mRNA concentration and encapsulation efficiency of

the LNPs were measured using a Quant-iT RiboGreen assay (Thermo

Fisher Scientific) as previously described.59,60 Each LNP was diluted

100-fold in two microcentrifuge tubes containing either 1X tris-EDTA

(TE) buffer or 1% (v/v) Triton X-100 (Alfa Aesar, Haverhill, MA, USA)

in 1X TE buffer. The Triton X-100 samples were mixed thoroughly

and allowed to incubate for 5 min to achieve lysis of LNPs. LNPs in

1X TE buffer, LNPs in 1% Triton X-100 buffer, and mRNA standards

were placed in quadruplicate in black-walled 96-well plates. Ribo-

Green detection reagent was added to each well per manufacturer

instructions. The plate was shaken on a plate reader in the dark at

200 rpm for 5 min, and then fluorescence intensity was read on an

Infinite 200 Pro plate reader (Tecan, Morrisville, NC, USA) at an exci-

tation wavelength of 480 nm and an emission wavelength of 520 nm.

Encapsulated mRNA concentration was estimated using a standard

curve estimated from a univariate least squared linear regression.

Encapsulation efficiency was calculated as EE¼1$ RTE
RTX

, where RTE is

MRKSICH ET AL. 3
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the measured free RNA content in TE buffer, and RTX is the measured

total RNA content in 0.1% Triton X-100 buffer. Encapsulation effi-

ciencies were reported as mean± standard deviation (n=4 technical

replicates).

The hydrodynamic diameter and polydispersity index (PDI) of

each LNP were measured using a DynaPro Plate Reader III (Wyatt

Technology, Santa Barbara, CA, USA). Each LNP was diluted 10-fold

in 1X PBS and placed in a 384-well Aurora plate (Wyatt Technology).

The plate was centrifuged at 400 g for 5 min and then loaded onto

the plate reader. Hydrodynamic diameter was reported as mean

± standard deviation, where standard deviation was calculated as

STD¼
ffiffiffiffiffiffiffiffi
PDI

p
!diameter (n=3 technical replicates).

The surface ζ-potential of each LNP was measured using a Zetasi-

zer Nano (Malvern Instruments, Malvern, UK). Each LNP was diluted

100-fold in deionized water (Thermo Fisher Scientific) and placed into

a disposable folded capillary cell (Malvern Instruments) before mea-

surements were collected by the instrument. ζ-potential was reported

as mean ± standard deviation (n = 3 technical replicates).

2.6 | In vitro studies

Hep G2 cells were purchased from ATCC (cat. HB-8065, Manassas,

VA, USA) and maintained in Dulbecco's modified Eagle medium with

L-glutamine (DMEM; Gibco, Dublin, Ireland) supplemented with 10%

(v/v) fetal bovine serum (Gibco) and 1% (v/v) penicillin–streptomycin

(Gibco) at 37"C in a humidified incubator with 5% CO2. Cells were

diluted 1:1 in 0.4% Trypan Blue Stain (Thermo Fisher Scientific) and

counted using a Countess 3 Automated Cell Counter (Thermo Fisher

Scientific).

Cells were plated at 20,000 cells per well in 100 μL of DMEM

and left to adhere for 24 h. The media were removed and the cells

were treated with a solution of LNPs formulated with FLuc mRNA in

DMEM at a dose of 20 ng of mRNA per 20,000 cells to evaluate the

in vitro luciferase expression mediated by each LNP. DMEM alone

was used as a negative control, and LNPs formulated with C12-200

were used as a positive control. The LNP-treated cells incubated at

37"C for 24 h. Media were removed and 50 μL of 1X reporter lysis

buffer (Promega, Madison, WI, USA) was added to each well, followed

by 100 μL of luciferase assay substrate (Promega). The plate was

shook on a plate reader in the dark at 200 rpm for 10 min, and an Infi-

nite 200 Pro plate reader (Tecan) was used to quantify luminescence

intensity. Luminescence intensity was normalized by dividing the lumi-

nescence of each well by the average luminescence intensity of the

wells treated with C12-200. Normalized luciferase expression was

reported as mean ± standard deviation (n = 3 biological replicates;

each averaged from n = 4 technical replicates).

The cytotoxicity of the LNPs was measured using the same plat-

ing and treatment methods as described above. After 24 h of incubat-

ing the LNP-treated cells at 37"C, 100 μL of CellTiter-Glo (Promega)

was added to each well. The plate was shook on a plate reader in the

dark at 200 rpm for 10 min, and an Infinite 200 Pro plate reader

(Tecan) was used to quantify luminescence intensity. Luminescence

intensity was normalized by dividing the luminescence of each well by

the average luminescence intensity of the untreated wells. Percent

cell viability was reported as mean ± standard deviation (n = 3 biologi-

cal replicates; each averaged from n = 4 technical replicates).

2.7 | In vivo studies

All animal use was in accordance with the guidelines and approval

from the University of Pennsylvania's Institutional Animal Care and

Use Committee (IACUC; protocol #806540). BALB/cJ (Mus musculus)

female mice (6–8 weeks old, approximately 20 g average weight) were

purchased from Jackson Laboratory (Bar Harbor, ME, USA).

Mice were injected with LNPs formulated with FLuc mRNA at a

dose of 0.1 mg of mRNA per kg of body mass (mg/kg) via the lateral

tail vein. A solution of D-luciferin (Biotium, Fremont, CA, USA) in 1X

PBS was prepared at a concentration of 15 mg/mL. After 6 h, the

mice were injected intraperitoneally with the D-luciferin solution

(0.2 mL, 15 mg/mL). After 5 min, the mice were euthanized with CO2

and the heart, lungs, liver, kidneys, and spleen were removed and

imaged using an in vivo imaging system (IVIS; PerkinElmer, Walthman,

MA, USA). Luminescence flux was quantified with the Living Image

Software (PerkinElmer). For LNP accumulation experiments, fluores-

cence was quantified with the Living Image Software at an excitation/

emission of 750/780 nm. Rectangular regions of interest (ROI) of con-

stant size were placed around the corresponding images of each

organ. Total luminescence flux was reported as mean ± standard devi-

ation (n = 3 biological replicates). Total radiant efficiency was

reported as mean ± standard deviation (n = 3 biological replicates).

Mice were injected with LNPs formulated with EPO mRNA at a

dose of 0.1 mg/kg via the lateral tail vein. After 6 h, blood was col-

lected from the mice via retro-orbital bleeding as described by Jiang

et al.61 Blood collection was repeated at 30 h using the same proce-

dure. Serum was isolated by centrifuging the blood samples in Micro-

tainer blood collection tubes containing serum separatory gel (BD,

Franklin Lakes, NJ, USA) for 10 min at 3500 rpm. Serum EPO levels

were measured using a human erythropoietin ELISA kit (Abcam, Cam-

bridge, UK) according to manufacturer instructions. Plasma EPO level

was reported as mean ± standard deviation (n = 3 biological

replicates).

Mice were injected with LNPs formulated with Cas9 mRNA and

TTR sgRNA at a 4:1 mass ratio at a dose of 0.5 mg/kg via the lateral

tail vein. After 7 days, the mice were euthanized with CO2 and livers

were collected for indel analysis. DNA was extracted from each liver

using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) and

quantified using a nanodrop plate attachment on an Infinite 200 Pro

plate reader (Tecan). Polymerase chain reaction (PCR) amplification of

the TTR target site was carried out using Q5 High-Fidelity DNA Poly-

merase (New England Biolabs, Ipswich, MA, USA) and the primer

sequences mTTR-exon2-F, 50-CGGTTTACTCTGACCCATTTC-30 and

mTTR-exon2-R, 50-GGGCTTTCTACAAGCTTACC-30. Deep sequenc-

ing of the TTR amplicons and determination of the on-target indel fre-

quency was performed according to a procedure modified from Wang

4 MRKSICH ET AL.
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et al., where 150 bp paired-end reads were produced.62 Percent indels

induced was reported as mean ± standard deviation (n = 3 biological

replicates).

2.8 | Statistical analysis

All statistical analysis was performed in GraphPad Prism Version

10.0.2 (GraphPad Software, Inc, La Jolla, USA). All tests of significance

were performed at a significance level of α = 0.05. For all experiments

where multiple technical or biological replicates were performed, one-

way analyses of variance (ANOVAs) with post hoc Student's t-tests

using the Holm-Šídák correction for multiple comparisons were used

to compare responses across treatment groups. All data are presented

as mean ± standard deviation unless otherwise reported.

3 | RESULTS

3.1 | IL library synthesis

ILs can be generated using a one-step reaction between a polyamine

core and epoxides of varying alkyl tail length.63 These reactions have

been commonly performed using epoxides with even alkyl tail lengths,

but epoxides with odd alkyl tail lengths are often not commercially

available. In order to investigate an IL library consisting of a full range

of alkyl tail lengths, we synthesized epoxides with odd alkyl tail

lengths. Alkenes of the corresponding alkyl lengths were converted

into the corresponding epoxides via mCPBA-mediated epoxidation

(Figure 1A). These scheme not only enables the incorporation of odd-

numbered alkyl tail lengths into IL, but also any tail structure for which

a corresponding alkene is available, demonstrating its versatility. Next,

a library of ILs with varying tail lengths was synthesized based on the

structure of C12-200 (Figure 1B). Epoxides ranging in length from

8 to 16 carbons were reacted via an SN2 reaction with the 200 poly-

amine core, creating nine unique ILs with varying yields (Figure 1C,D).

Notably, the C15-200 and C16-200 ILs had the lowest yields of

11.6% and 3.01%, respectively, likely due to low solubility in the sol-

vents used both in the reaction and purification steps.

3.2 | LNP formulation and characterization

The ILs were formulated into LNPs using microfluidic herringbone

mixing devices previously developed by our lab.58 All LNPs were for-

mulated using a standard 35:16:46.5:2.5 molar ratio of the IL, 18:1

Δ9-cis phosphoethanolamine (DOPE), cholesterol, and 14:0 PEG2000

phosphoethanolamine (C14-PEG2000), using a 10:1 weight ratio of

the IL and the corresponding mRNA. Thus, the only difference

between each LNP formulation is the structure of the IL and the

mRNA cargo. Each LNP was named after the corresponding IL. First,

LNPs were formulated with each IL and FLuc mRNA. LNPs were char-

acterized for hydrodynamic diameter, encapsulation efficiency, and ζ-

potential (Figure 2A–C). No differences in hydrodynamic diameter or

ζ-potential were found between the LNPs. All LNPs had sizes ranging

from 50 to 170 nm, and ζ-potentials ranging from $10 to 10 mV. This

range of ζ-potentials is consistent with other findings of a neutral sur-

face charge and is expected considering that the LNPs tested did not

consist of permanently charged lipids.64 The encapsulation efficien-

cies of the LNPs varied as the C10-200 and C12-200 LNPs had

encapsulation efficiencies exceeding 85%, the C13-200 and C14-200

LNPs had encapsulation efficiencies around 75%, and the remaining

F IGURE 1 Overview of
ionizable lipid synthesis.
(A) Synthesis of epoxides via an
mCPBA epoxidation reaction.
(B) Structure of C12-200.
(C) Synthesis of ionizable lipids
(ILs) via an SN2 reaction of the
polyamine core 200 with alkyl
epoxide tails of various lengths.
(D) Nomenclature and yields for
each IL.

MRKSICH ET AL. 5
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LNPs had encapsulation efficiencies below 70%. As IL structure was

the only variable changing between LNP formulations, the hydropho-

bicity of each IL was also quantified (Figure 2D). As expected, the cal-

culations for AlogP and logD demonstrated increasing IL

hydrophobicity with increasing alkyl tail length. Interestingly, changes

in IL hydrophobicity between LNP formulations did not mirror the

observed changes in encapsulation efficiency. Additionally, both LNP

size and ζ-potential remained consistent with varying IL hydrophobic-

ity, suggesting that IL hydrophobicity does not alter LNP physical

properties appreciably for ILs containing the 200 core.

3.3 | LNP-mediated luciferase mRNA delivery
in vitro and in vivo

LNPs formulated with luciferase (FLuc) mRNA, a moderately sized

mRNA that contains 1929 base pairs, were evaluated in both in vitro

and in vivo models. The efficacy of LNP-mediated FLuc mRNA trans-

fection was evaluated in an in vitro HepG2 cell model. Cells were trea-

ted with LNPs at a dose of 20 ng of mRNA per 20,000 cells and

incubated for 24 h. The relative luminescence expression results indi-

cated that LNPs formulated with ILs of varying tail lengths enhanced

transfection. Particularly, the C10-200, C13-200, and C16-200 LNPs

exhibited a significant increase in transfection compared with the

C12-200 control LNP (Figure 3A). When examined for cytotoxicity,

none of the formulations exhibited statistically significant changes in

cell viability compared with the untreated negative control formula-

tion or the C12-200 positive control LNP (Figure 3B). To evaluate

mRNA LNP transfection in vivo, LNPs were administered intrave-

nously into BALB/cJ mice at a dose of 0.1 mg/kg. After 6 h, the mice

were euthanized and the organs were imaged to evaluate lumines-

cence (Figure 3C–E). Similar to the in vitro results, the C10-200 LNP

exhibited a 10-fold increase in liver transfection compared with the

C12-200 control LNP; however, in contrast to the in vitro results,

the C13-200 and C16-200 LNPs did not enhance luminescence flux

relative to the C12-200 LNP (Figure 3D). Additionally, the C9-200,

C11-200, and C13-200 LNPs induced similar luciferase expression in

the liver compared with the C12-200 LNP. The C8-200, C14-200,

and C16-200 LNPs had reduced liver luciferase expression compared

with the C12-200 LNP. Interestingly, the C15-200 LNP did not

enhance liver transfection relative to the PBS negative control. To test

whether the increases in luminescence were due to enhanced LNP

accumulation, the C10-200 and C12-200 LNPs were reformulated

with DiR and administered intravenously into BALB/cJ mice at a dose

of 0.1 mg/kg. No difference in total radiant efficiency was found, indi-

cating similar liver accumulation for both LNPs. Equal LNP accumula-

tion in the spleen was also observed, but this was hypothesized to be

due to vasculature and fenestration in the spleen as spleen lumines-

cence was not observed with either LNP. Since increased translation

and similar accumulation were observed in the liver, it was hypothe-

sized that the variations in translation are due to differences in endo-

somal escape between the two LNPs.25,26

3.4 | In vivo LNP-mediated delivery of
functional mRNA

LNPs formulated with either EPO or Cas9 mRNA, two functional

mRNAs, were evaluated in vivo. EPO is a glycoprotein hormone pro-

duced by the peritubular cells of the kidney to stimulate red blood cell

F IGURE 2 Characterization
of each ionizable lipid (IL) and the
corresponding lipid nanoparticles
(LNP) formulated with FLuc
mRNA. (A) Hydrodynamic
diameter of each LNP, reported
as mean ± standard deviation
where standard deviation was
calculated as
STD¼

ffiffiffiffiffiffiffiffi
PDI

p
!diameter (n=3

technical replicates).
(B) Encapsulation efficiency of
each LNP, reported as mean
± standard deviation (n=4
technical replicates). (C) ζ-
potential of each LNP, reported
as mean± standard deviation
(n=3 technical replicates).
(D) Octanol–water partition
coefficient (AlogP) and
distribution coefficient under
pH=7.4 (logD) of each IL.
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F IGURE 3 In vitro and in vivo luciferase mRNA lipid nanoparticle (LNP) studies demonstrate higher transfection of C10-200 LNP
compared with C12-200 LNP. (A, B) Hep G2 cells were treated with LNPs at a dose of 20 ng of FLuc mRNA per 20,000 cells for 24 h.
Luciferase expression of each treatment group was normalized to the C12-200 group. Luciferase expression (A) is reported as mean ± standard
deviation (n = 3 biological replicates; each averaged from n = 4 technical replicates). Percent cell viability (B) for each treatment group was
normalized to the untreated group and is reported as mean ± standard deviation (n = 3 biological replicates; each averaged from n = 4
technical replicates). One-way ANOVAs with post hoc Student's t-tests using the Holm-Šídák correction for multiple comparisons were used
to compare normalized luciferase expression and percent cell viability across treatment groups. No statistically significant comparisons were
found to the untreated group in the viability study. (C) In vivo FLuc mRNA LNP experiment schedule. (D) Quantification of FLuc mRNA LNP
delivery (0.1 mg/kg) to the liver. One-way ANOVAs with post hoc Student's t-tests using the Holm-Šídák correction for multiple comparisons
were used to compare relative luminescence flux across treatment groups. Data are reported as mean ± standard deviation (n = 3 biological
replicates). (E) In vivo imaging system (IVIS) images of luciferase mRNA LNP delivery to the heart, lungs, liver, kidneys, and spleen. For each
treatment group, representative IVIS images of each organ are shown from the mouse with the liver flux value closest to the mean. *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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production and has been used as a therapeutic for chronic kidney fail-

ure.65,66 EPO mRNA contains 858 base pairs and is thus smaller than

FLuc mRNA. Cas9 mRNA can be used alongside a single-guide RNA

to enable in vivo genome editing and is a larger mRNA that contains

4521 base pairs.67,68 Here, we evaluated LNPs formulated with Cas9

mRNA and a single guide RNA (sgRNA) targeting transthyretin (TTR).

In clinical cases of transthyretin amyloidosis, faulty TTR proteins pro-

duced by the liver can accumulate into fibril proteins and lead to heart

failure. While previous siRNA LNP therapies, including ONPATTRO®,

have required multiple doses to silence TTR translation, the gene edit-

ing approach here only requires a single dose to permanently reduce

TTR levels.

To evaluate the efficacy of LNP-mediated EPO mRNA delivery,

LNPs were administered intravenously into BALB/cJ mice at a dose of

0.1 mg/kg and blood was collected via retro-orbital bleeding for anal-

ysis of EPO serum levels at 6 h, when peak IV concentration has been

observed, and 30 h, due to an interest in examining the kinetics of

EPO mRNA expression (Figure 4A).69 At 6 h, the C9-200 and

C13-200 LNPs induced EPO production similar to the C12-200 LNP,

and the C13-200 LNP induced greater EPO production than all LNPs

other than C9-200 and C14-200 (Figure 4B). At 30 h, the C13-200

LNP induced EPO production as well as C12-200, and enhanced EPO

serum levels compared with C9-200 (Figure 4C). Similar to the 6 h

time point, no difference was found between EPO serum levels in

mice treated with the C13-200 and C14-200 LNPs at 30 h. Addition-

ally, both the C12-200 and C13-200 LNPs demonstrated a 10-fold

decrease in induced EPO production between 6 h and 30 h, consis-

tent with other findings that mRNA concentration following IV

F IGURE 4 In vivo erythropoietin (EPO) and Cas9 mRNA lipid nanoparticles (LNP) studies demonstrate increased EPO transfection with
longer ionizable lipid (IL) tail lengths, and increased Cas9 transfection with shorter IL tail lengths. (A) In vivo EPO mRNA LNP experiment schedule.
(B, C) EPO serum concentration at 6 h (B) and 30 h (C) following EPO mRNA LNP injection (0.1 mg/kg). One-way ANOVAs with post hoc
Student's t-tests using the Holm-Šídák correction for multiple comparisons were used to compare EPO serum concentration across treatment
groups. Data are reported as mean ± standard deviation (n = 3 biological replicates). Statistical annotations displayed without brackets represent
comparisons with the C12-200 treatment group, and statistical annotations displayed with brackets represent comparisons with the C13-200
treatment group. (D) In vivo Cas9 mRNA LNP experiment schedule. (E) Percent indels following Cas9 mRNA LNP injection (0.5 mg/kg). One-way
ANOVAs with post hoc Student's-t tests using the Holm-Šídák correction for multiple comparisons were used to compare indels across treatment
groups. Data are reported as mean ± standard deviation (n = 3 biological replicates). Statistical annotations displayed without brackets represent
comparisons with the C12-200 treatment group, and statistical annotations displayed with brackets represent all significant findings in
comparison with the C9-200 treatment group. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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delivery begins to level out after the initial 6 h peak.69 Interestingly,

there was no difference found in induced EPO levels between mice

treated with the C10-200 and C12-200 LNPs at either timepoint, in

contrast to the increased luciferase transfection induced by the

C10-200 LNP.

LNPs formulated with Cas9 were administered intravenously into

BALB/cJ mice at a dose of 0.5 mg/kg and mouse livers were collected

at day 7 post-injection for indel analysis using next-generation

sequencing (NGS) (Figure 4D). Similar to the EPO study, no difference

was found in indel editing between the C10-200 and C12-200 LNPs

(Figure 4E). Notably, the C9-200 LNP induced 35% indels, whereas

the C12-200 LNP only induced 10% indels. Treatment with the

C9-200 LNP led to greater indels than all formulations other than

the C11-200 LNP. The C12-200 LNP displayed only minor increases

in indels compared with the C8-200, C13-200, and C14-200 LNPs,

which each induced around 5% indels. The C15-200 and C16-200

LNPs both led to less than 2% indels, indicating low transfection.

Taken together, these results demonstrate that the ideal IL tail length

for mRNA delivery changes for the three mRNA cargos tested.

4 | DISCUSSION

We synthesized a library of ILs based around the structure of

C12-200, which varied in terms of IL tail length. Using a simple one-

step synthetic scheme, we were able to generate epoxide tails of vary-

ing lengths, and this epoxide synthesis allowed for the inclusion of ILs

with odd-numbered tail lengths into the library. Since odd-length

epoxides are not commonly available commercially, this synthesis

enabled the investigation of a complete range of IL tail lengths, which

is not typically performed. LNPs formulated with ILs with odd-

numbered tails showed varying levels of efficacy with the three

mRNA cargos evaluated in vivo. Interestingly, LNP performance varied

among neighboring LNPs in the library which were formulated with

ILs containing either one additional or one less carbon in each tail.

Both the C9-200 and C11-200 LNPs formulated with EPO mRNA led

to a 10-fold decrease in EPO serum levels at 6 h compared with the

neighboring C10-200 LNP. In contrast, the C9-200 LNP formulated

with Cas9 mRNA induced 35% indels, whereas the neighboring

C8-200 and C10-200 LNPs induced 4% and 13% indels, respectively.

These results indicate that one-carbon differences in IL tail length can

lead to significant changes in mRNA LNP transfection, underscoring

the importance of our creation of a library consisting of each unique

tail length, both even- and odd-numbered.

Following LNP formulation, FLuc mRNA LNPs were character-

ized. Hydrodynamic diameter and ζ-potential were found to be consis-

tent across formulations, suggesting that neither LNP size nor surface

charge mediates the relationship between IL tail length and LNP effi-

cacy. IL hydrophobicity was quantified using AlogP and logD calcula-

tions, which demonstrated increasing IL hydrophobicity with the

increasing alkyl tail length. As LNP transfection did not follow a similar

trend in any of the three mRNAs evaluated, IL hydrophobicity is likely

not a preeminent determinant factor for LNP efficacy. Encapsulation

efficiency varied across FLuc mRNA LNP formulations, but was not

correlated with IL hydrophobicity, indicating that hydrophobicity

alone did not impact LNP formation. Although encapsulation effi-

ciency varied widely across the LNPs, two FLuc mRNA LNPs with low

encapsulation efficiencies, C9-200 and C13-200, still led to similar

luciferase transfection compared with the C12-200 LNP in vivo.

Given that changing the structure of LNP lipid components can impact

the optimal molar formulation ratio, it is possible that individually opti-

mizing the molar ratio for LNPs formulated with each IL could improve

LNP formation and encapsulation efficiency.50,70,71 This could be

achieved through an orthogonal design of experiments as previously

demonstrated by our previous work.40,70

LNPs were initially formulated with each IL in the library and FLuc

mRNA. FLuc mRNA is one of the most common gene reports used to

screen and validate LNP efficacy in vivo due to its low back-

ground.50,72,73 We found that the C10-200 LNP enhanced liver trans-

fection by over 10-fold compared with the C12-200 LNP. It is

significant that decreasing IL alkyl tail length by just two carbons each

led to such a large increase in liver delivery compared with a gold-

standard IL. Given that C12-200 is commonly used as the IL in FLuc

screening experiments, C10-200 could be used in similar studies to

increase delivery of FLuc mRNA-encapsulated LNPs to the liver.

While LNPs formulated with FLuc mRNA were also evaluated in vitro

in a Hep G2 cell model, it was found that the in vitro luciferase

expression experiment was only minimally predictive of in vivo LNP

transfection. These results indicate that despite using a common liver

cell line, it is difficult to accurately predict in vivo LNP behavior in an

in vitro model. This discrepancy is consistent with other findings, and

is likely due to the many biological factors at play in vivo that cannot

be replicated in an in vitro experimental setup. In addition to the

change in transfection observed when transitioning from an in vitro to

in vivo model, transfection also changed significantly when LNPs were

formulated with mRNA cargos of varying sizes. In addition to the

moderately-sized FLuc mRNA, we investigated a relatively small

mRNA, EPO, and a larger mRNA, Cas9 in vivo. It was found that multi-

ple LNPs formulated with ILs of varying tail lengths performed as well

as or better than the C12-200 LNP across all three mRNA sizes

tested, and the top performers varied depending on the mRNA

cargo used.

Taken together, our findings suggest that shorter IL tails may lead

to higher transfection of LNPs encapsulating larger mRNAs, and that

longer IL tails may be more efficacious for delivering smaller mRNA

cargos. The C9-200 LNP, formulated with an IL containing alkyl tails

of 9 carbons each, led to the highest transfection of LNPs formulated

with Cas9, the largest mRNA we tested. In contrast, EPO serum levels

in mice that were administered the C13-200 LNP were similar to

those of mice administered the C12-200 control LNP at both the 6 h

and 30 h timepoints post-injection. Here, we demonstrated the signif-

icance of IL tail length to LNP transfection for ILs formulated with the

polyamine core 200. While this study focused on examining this spe-

cific core due to its common use in mRNA LNP applications, the

results are limited to LNPs formulated with the polyamine core 200.

We hypothesize that IL tail length could play a significant role for
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LNPs formulated with other cores and aim to further probe the

impacts of adjusting IL tail length in the future using other polyamine

cores. While all three of the mRNAs tested are transcribed in the

cytoplasm, the varying functions of each mRNA necessitate secretion

of the EPO protein from the cell and translocation of the Cas9 protein

to the nucleus.68,74 To determine whether our findings can be fully

attributed to a relationship between IL tail length mRNA size, future

studies should investigate additional mRNAs of each size with differ-

ent functional profiles. Finally, future work should aim to elucidate a

mechanistic approach behind our findings.

5 | CONCLUSION

We explored the relationship between IL tail length and LNP effi-

cacy with three mRNA cargos of different sizes. Provided that ILs

play an important role in determining LNP efficacy, we aimed to

elucidate the influence of IL lipid tail length on LNP-mediated

mRNA delivery. We found that LNPs formulated with C10-200, an

IL in which each alkyl tail is two carbons shorter than the gold

standard IL C12-200, exhibited a 10-fold increase in in vivo liver

delivery of luciferase mRNA, a moderately-sized mRNA, compared

with the C12-200 control LNP. Furthermore, we found that the

relative performance of these two FLuc mRNA LNPs does not

translate to LNP-mediated delivery of different mRNA cargos.

When formulated with EPO mRNA, a smaller cargo, the C13-200

LNP induced EPO production in vivo at levels similar to the

C12-200 LNP. Finally, in vivo evaluation of LNPs formulated with

Cas9 mRNA demonstrated that the C9-200 LNP induced over

three times the quantity of indels compared with the C12-200

LNP. Our results suggest that mRNA size is a determinant factor

for optimizing the alkyl tail length of ILs in LNPs. Future studies

should investigate similar IL libraries using different amine cores in

an effort to elucidate the mechanism behind the observed changes

in LNP efficacy.
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