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Abstract

MRNA-loaded lipid nanoparticles (MRNA-LNPs) hold great potential for disease treatment
and prevention. LNPs are normally made from four lipids including ionizable lipid, helper lipid,
cholesterol, and PEGylated lipid (PEG-lipid). Although PEG-lipid has the lowest content, it
plays a crucial role in the effective delivery of mMRNA-LNPs. However, previous studies have
yet to elucidate the key factors of PEG-lipid that influence the properties of LNPs. This study
reported how PEG-lipid content, lipid tail length, and chemical linkage between PEG and lipid
affected in vitro and in vivo properties of MRNA-LNPs. Forty-eight LNP formulations were
prepared and characterized. The results revealed that a PEG-lipid molar content exceeding 3.0 %
significantly reduced the encapsulation efficiency of mMRNA in LNPs via manual mixing. An
increased PEG-lipid content also significantly decreased mRNA translation efficiency.
Although the chemical linkage had minimal impact, the lipid tail length of PEG-lipid
significantly affected the properties of mMRNA-LNPs, irrespective of whether the LNPs were
prepared using manual or microfluidic mixing. mMRNA-LNPs made from ALC-0159 with C14
lipid tails, which is used in Pfizer/BioNTech COVID-19 mRNA vaccines, or C16-Ceramide-
PEG preferably accumulated in the liver, while mRNA-LNPs prepared from C8-Ceramide-
PEG were largely found in the lymph nodes. In a mouse SARS-CoV-2 Delta variant spike
protein-encoded mMRNA vaccine model, mMRNA-LNPs made from either C8-Ceramide-PEG or
C16-Ceramide-PEG vyielded comparable vaccination efficacy to mRNA-LNPs made from
ALC-0159, while mRNA-LNPs formulated with DSPE-PEG with C18 lipid tails mediated
lower vaccination efficacy. C16-Ceramide-PEG LNPs and DSPE-PEG LNPs induced higher
anti-PEG antibody response than C8-Ceramide-PEG and ALC-0159 LNPs. All the LNPs tested
did not cause significant toxicity in mice. These results offer valuable insights into the use of
PEG-lipid in LNP formulations and suggest that C8-Ceramide-PEG holds potential for use in

the formulation of MRNA vaccine-loaded LNPs.
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Highlights

e The lipid tail length of PEG-lipid played a crucial role in mMRNA-LNPs delivery

e PEG-lipid molar ratio significantly affected mRNA encapsulation and translation

e Chemical linkage between PEG and lipid had minimal impact on mRNA translation

e LNPs’ fabrication technique and mMRNA size influenced the properties of MRNA-LNPs
e (CB8-Ceramide-PEG had similar immune responses to ALC-0159 mRNA-LNPs by s.c.

injection



1. Introduction

Lipid nanoparticles (LNPs) have great potential for the delivery of therapeutic nucleic acids,
including messenger RNA (mRNA), small interfering RNA (siRNA), and antisense
oligonucleotides (ASO) [1, 2]. In 2018, the Food and Drug Administration (FDA) approved
Onpattro® (Patisiran), the first siRNA-loaded LNPs, for the treatment of hereditary
transthyretin mediated amyloidosis (hRATTR) [3, 4]. With the global outbreak of coronavirus
disease 2019 (COVID-19), tremendous effort has been made to develop mMRNA vaccines using
LNP technology. In 2020, the FDA and European Medicines Agency (EMA) granted
emergency use authorization to Pfizer/BioNTech’s (BNT162b2) and Moderna’s (MRNA-1273)
MRNA vaccines. These vaccines, which demonstrated high efficacy and safety, have been
pivotal in the fight against COVID-19, and have spurred ongoing research in mRNA-loaded
LNPs (MRNA-LNPs) platforms for gene therapy [5-7]. Beyond COVID-19, mRNA vaccines
are being explored for other infectious diseases nowadays, including influenza, Zika virus, and

cytomegalovirus, with several already advancing into clinical trials [8].

Compared to traditional vaccines such as live attenuated or replicating vaccines, mRNA
vaccines offer several advantages including rapid development, robust immune response,
lower cost, and adaptable mMRNA size [9-11]. LNPs can be modified to target specific cells or
organs, enhancing their effectiveness in treating various diseases [1, 12, 13]. Typically, LNPs
consist of four lipid components: ionizable lipid, helper lipid, cholesterol, and PEGylated lipid
(PEG-lipid) [14]. lonizable lipid plays a key role by facilitating mRNA binding during
formulation and mRNA release into the cytosol to exert therapeutic effects [15]. The widely
used ionizable lipids include DLin-MC3-DMA, ALC-0315, SM-102, C12-200, and L319 [15,
16]. Helper lipid enhances the stability and promotes membrane fusion. Cholesterol modulates

the rigidity and integrity, thereby enhancing the stability of LNPs. PEG-lipid prevents



aggregation and prolongs the blood circulation time of LNPs by reducing the uptake by the

reticuloendothelial system (RES) [14, 17, 18].

In the structure of LNPs, the lipid moiety of PEG-lipid integrates into the lipid matrix, whereas
the PEG moiety extends outward on the surface of LNPs [19]. While increasing the in vivo
circulation time, the PEG-lipid in LNPs impedes cellular uptake and endosomal escape,
creating a “PEG dilemma” [20]. Moreover, although at the lowest molar ratio among the four
lipid components, PEG-lipid significantly influences the characteristics and performance of
MRNA-LNPs through factors including PEG chain length, lipid tail length, molar ratio, and
chemical linkage between PEG and lipid moieties [17, 21]. Lowering the molar ratio of PEG-
lipid in LNPs enhanced the translation efficiency of MRNA-LNPs [22]. FDA-approved LNPs
used DMG-PEG and ALC-0159 with C14 lipid tails for rapid detachment from LNPs’ surface
to enhance cellular uptake and mRNA release [23]. In comparison, DSPE-PEG with longer
lipid tails (C18) has a longer blood half-life and was more commonly used in liposomes
designed for the delivery of small-molecule anticancer drugs [24-26]. Additionally, PEG-lipid
could also contribute to the side effects of LNPs. It has been reported that the lipid tails of
PEG-lipid affected the production of anti-PEG antibodies, highlighting PEG-lipids’ impact on

the immunological response of LNPs [19].

However, the key factors of PEG-lipid that determine the performance of LNPs remain unclear.
Most current studies have focused on specific aspects of how PEG-lipid influences nuclear acid
delivery via LNPs, examining in vitro properties [27], in vivo protein expression [28], or anti-
PEG antibody production [19]. A comprehensive evaluation of the role of PEG-lipid in mMRNA-
LNPs, encompassing both in vitro transfection and in vivo immunogenicity for vaccination,

has yet to be reported. Meanwhile, studies on the effects of lipid carbon tail length of PEG-



lipid in mRNA delivery via LNPs have primarily compared C14 (DMG-PEG) and C18 (DSG-
PEG) PEG-lipids with ester bond linkage, neglecting a broader range of lipid tail lengths and
other chemical linkages between PEG and lipid moieties [28, 29]. This narrow focus constrains
our understanding of the full potential of these variables. Addressing these research gaps could
yield valuable insights into the broader impact of PEG-lipid on mRNA-LNPs, enhancing their

utility for both vaccination and other therapeutic applications.

In this study, we aim to investigate the crucial factors of PEG-lipid that influence
physiochemical properties and biological functions of MRNA-LNPs for vaccination, focusing
on the evaluation of molar ratios, lipid tail length, and chemical linkages between PEG and
lipid (Figure 1). Libraries of mMRNA-LNPs were made from different PEG-lipids at varying
molar ratios in combination with the ionizable lipid ALC-0315, the helper lipid DSPC, and
cholesterol by using both manual- and microfluidic-mixing techniques [13]. ALC-0159 in
Pfizer/BioNTech mRNA vaccines was evaluated alongside other PEG-lipids featuring diverse
lipid tail lengths: C8, C14, C16, and C18 carbon tails. Furthermore, PEG-lipids with different
chemical linkages between PEG and lipid moieties, including ester, carbamate, ceramide, and
anionic phosphate linkers, were employed to assess their influences on mMRNA-LNPs for
vaccination. Specifically, Firefly luciferase (FLuc) mMRNA-LNPs fabricated with different
PEG-lipids at varying molar contents were characterized for particle size, polydispersity index,
zeta potential, in vitro mRNA translation, and in vivo biodistribution after subcutaneous
administration (s.c.). mMRNA encoding the spike protein of the SARS-CoV-2 Delta variant was
loaded into optimal LNP formulations, which were subsequently used to immunize mice with
two doses via s.c. injection (Figure 2). Anti-spike IgG and neutralizing antibody responses
were evaluated, and the effect of PEG-lipid on anti-PEG antibody response was investigated.

In addition, the safety profiles of mMRNA-LNPs were examined in mice.



2. Materials and methods

2.1 Reagents and materials

All the reagents and solvent used were of analytical grade unless stated. The ionizable lipid, 6-
((2-hexyldecanoyl)oxy)-N-(6-((2-hexyldecanoyl)oxy)hexyl)-N-(4-hydroxybutyl)hexan-1-
aminium  (ALC-0315), methoxypolyethyleneglycoloxy(2000)-N,N-ditetradecylacetamide
(ALC-0159), 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG),
1,2-distearoyl-sn-glycero-3-methoxypolyethylene  glycol-2000 (DMG-C-PEG), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), and cholesterol were purchased from
MedChemExpress  (Monmouth  Junction, NJ, USA). N-octanoyl-sphingosine-1-
succinyl[methoxy(polyethylene glycol)2000] (C8-Ceramide-PEG), 1,2-Dimyristoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] ammonium
(DMPE-PEG), N-palmitoyl-sphingosine-1-succinyl[methoxy(polyethylene  glycol)2000]
(C16-Ceramide-PEG), 1,2-distearoyl-rac-glycero-3-methylpolyoxyethylene (DSG-PEG),
sodium phosphate, sodium borate, sodium citrate, sodium chloride, and 6-(p-toluidino)-2-
naphthalenesulfonic acid sodium (TNS) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). 2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-
2000 (DSPE-PEG) was purchased from Biopharma PEG Scientific Inc. (Watertown, MA,

USA). Tri-EDTA (TE) buffer, Quant-it™ RiboGreen RNA Assay Kit, Dulbecco’s Modified
Eagle's Medium (DMEM), fetal bovine serum (FBS), Penicillin/Streptomycin antibiotics,

Pierce™ firefly luciferase glow assay kit, Hoechst 33342, and LysoTracker™ Green DND-26
were purchased from Thermo Fisher Scientific (Waltham, MA, USA). CleanCap® Firefly
Luciferase mRNA (FLuc) was purchased from Trilink Biotechnologies (San Diego, CA, USA).
Cyb5-labeled firefly luciferase (Cy5) mRNA was purchased from APExBIO Technology LLC
(Houston, TX, USA). cPass™ SARS-CoV-2 neutralization antibody detection kit and Delta

variant SARS-CoV-2 spike protein were purchased from GenScript Biotech (Piscataway, NJ,



USA). SARS-CoV-2 Spike RBD Protein Sandwich Elisa Kit was purchased from GeneTex,
Inc. (Irvine, CA, USA). VivoGlo™ Luciferin, In Vivo Grade was purchased from Promega
(Madison, WI, USA). Goat anti-mouse 1gG-Fc fragment antibody-HRP conjugate (Catalog No.:
A90-131P) and goat anti-mouse IgM antibody-HRP conjugate (Catalog No.: A90-101P) were
purchased from Bethyl Laboratories (Montgomery, TX, USA). KPL SureBlue Reserve™ 1-
Component TMB Microwell Peroxidase Substrate and TMB stop solution were purchased

from SeraCare Life Sciences Inc. (Milford, MA, USA).

2.2 mRNA synthesis

For the synthesis of MRNA encoded for the spike protein of the SARS-CoV-2 Delta variant,
0.5-1 mg linearized plasmids were used as template for RNA synthesis using HiScribe T7 High
Yield RNA synthesis kit (NEB) with following modifications: CleanCap AG (3° OMe)
(Trilink-7413) was added to a final concentration of 4 mM and N1-Methylpseudouridine-5'-
Triphosphate (m1y) (Trilink N1081) was fully substituted for UTP. Reactions were incubated
at 37 °C for 2 h and in vitro transcription (IVT) templates were subsequently degraded with 2
mL DNase | (Thermo Fisher Scientific, MA, USA) per IVT reaction for 30 min at 37°C. The
remaining RNA is then column purified. After column clean up, these RNA samples were
further purified using POROSTM Oligo (dT)25 affinity resin (Thermo Fisher Scientific, MA,

USA) according to the manufacturer's instructions.

2.3 Preparation of mMRNA-LNPs

The mRNA-LNPs were formulated by rapid mixing of an aqueous phase and an organic phase.
The aqueous contained diluted mRNA with 1 mM sodium acetate buffer at pH 5.2. The organic
phase comprised lipids dissolved in ethanol solution. The lipid mixture comprised ALC-0315:

DSPC: cholesterol: respective PEG-lipid at a molar ratio of 46.3:9.4:(44.3-X) : X, where X



ranged from 0.5 to 10. The N/P ratio was fixed at 6. The volume ratio of the aqueous phase to

the organic phase was set at 3.

For manual mixing, FLuc mRNA was used in the agueous phase. The two phases were rapidly
mixed by a pipette and then placed at room temperature for 20 min to allow for self-assembly.
The LNPs were subjected to buffer dilution to solidify the LNPs by decreasing ethanol
concentration [30]. For microfluidic mixing, FLuc mRNA, Cy5 mRNA, and mRNA encoded
for the spike protein of the SARS-CoV-2 Delta variant were dispersed in the aqueous phase,
respectively. The aqueous phase and organic phase were mixed at a total flow rate of 12
mL/min through a NanoAssemblr Benchtop (Precision Nanosystems, Vancouver, Canada).
The flow rate ratio of the aqueous phase to the organic phase was 3. The resulting LNPs were
diluted 40 times with phosphate-buffered saline (PBS), concentrated by ultracentrifugation
tubes with a molecular weight cut-off of 30,000 Da at 1500 g and 4 °C to less than 1 mL, and

stored at 4 °C for future use.

2.4 Characterization of mMRNA-LNPs

Dynamic light scattering (DLS) was utilized to measure the Z-average size, polydispersity
index (PDI), and zeta potential of mMRNA-LNPs using Malvern Zetaszier Ultra (Malvern, UK).
10 pL of mMRNA-LNPs’ suspension was diluted to 1 mL with PBS and measured in triplicate
at 25 °C. The encapsulation efficiency (EE) of mMRNA in LNPs was quantified with Quant-it™
RiboGreen RNA Assay Kit. The calibration curve was prepared with serial dilution of mMRNA
standards. 10 pL of mRNA standard or diluted mRNA-LNPs were added to a 96-well black
plate. 90 pL of 200-fold diluted Ribogreen reagent in TE buffer with or without 0.5 % Triton

X-100 was added and incubated for 20 min at 37 °C. The fluorescence intensity was read by a



microplate reader (Tecan, Switzerland) at the excitation wavelength of 485 nm and emission
wavelength of 535 nm. The EE of mRNA in LNPs was calculated by the following equation:

EEY% = mRNAwith Triton — mRNAwithout Triton % 100%
mRNAWith Triton

where mRNA,itn rriton 1S the MRNA concentration measured with Triton X-100, and

MRNA,,ith Triton 1S the MRNA concentration measured without TritonX-100.
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Figure 1. Investigation of influences of PEG-lipid on the in vitro and in vivo performance of
MRNA-LNPs vaccines. (A) A diverse library of ionizable lipid, DSPC, cholesterol, and PEG-
lipid used for the preparation of MRNA-LNPs. (B) Molar compositions of LNPs made from
the four lipid components. (C) Schematic of preparation of MRNA-LNPs formulated via
manual- or microfluidic-mixing. (D) Optimal LNPs selected from in vitro screening for in vivo
evaluation via s.c injection.
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Figure 2. Schematic of in vitro and in vivo evaluation of mMRNA-LNPs. (A) P‘re:périation of
MRNA-LNPs formulated via manual- or microfluidic-mixing. (B) Optimal LNPs selected from
in vitro screening for in vivo evaluation via s.c injection.

2.5 Hemolysis assay

The hemolysis assay was conducted with the freshly collected mouse red blood cells (RBCs)
[31]. The RBCs were washed with saline three times and diluted to 2.0 x 10® cells/mL. The
LNPs were diluted with PBS under different pH to the total lipids’ concentration of 60 pM.
250 pL of diluted LNPs were mixed with 250 pL of RBCs and incubated at 37 °C for 30 min.
The mixture was centrifuged at 1000 rcf and 4 °C for 5 min. Then 100 pL of supernatant was
transferred to a 96-well plate and the absorbance (ABS) was read at 576 nm by a microplate

reader (Tecan, Switzerland). Saline was used as the negative control and 0.5% Triton-X100

was used as the positive control. The hemolysis rate was calculated by the following equation:

Hemolysis% =ABStreated sample‘ABSnegative control X 100%

ABSpositve control _ABSnegative control

where ABS.,cqteq sampie 1S the absorbance of the treated sample group, ABS,,.gative controt 1S
the absorbance of the negative control group, and ABS,ysitive contror 1S the absorbance of the

positive control group.
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2.6 Apparent pKa measurement

The apparent acid dissociation constant (pKa) of LNPs was determined with 300 uM TNS
reagent dissolved in dimethylsulfoxide (DMSQO). A buffer solution of 10 mM sodium
phosphate, 10 mM sodium borate, 10 mM of sodium citrate, and 150 mM sodium chloride was
prepared, and pH was adjusted from pH 3 to 10 in increments of 0.5 pH with 0.1 M sodium
hydroxide or hydrochloric acid. In a 96-well black plate, 90 puL of each buffer solution was
mixed with 3.26 puL of mMRNA-LNPs and 2 pL of TNS solution. The fluorescence was
measured immediately with an excitation wavelength of 321 nm and an emission wavelength
of 445 nm. The actual pH of each well was verified by a micro pH electrode (Mettler Toledo,
Melbourne, Australia). The apparent pKa of LNPs was calculated as the pH value at 50 % of

the fluorescence intensity on fluorescence intensity versus pH curve.

2.7 Stability of mMRNA-LNPs in the presence of serum

The mMRNA-LNPs were diluted with PBS to the final MRNA concentration of 70 ng/uL. Then
the MRNA-LNPs’ suspension was mixed with an equal volume of 20 % FBS to reach 10 %
FBS. The mixture was incubated at 37 °C under gentle shaking. At time points of 0.5, 1, 2, 4,
24, and 48 h, 20 pL of the mixture was diluted to 1 mL with PBS. The size, PDI, and zeta

potential of MRNA-LNPs were measured by DLS, as described in Section 2.4.

2.8 Cell culture

Human hepatoblastoma carcinoma (HepG2) and adenocarcinoma alveolar basal epithelial
(A549) cell lines (ATCC, USA) were maintained in a DMEM medium supplemented with 10 %
FBS and 1 % penicillin/streptomycin. The cells were cultured in an incubator maintained at

37 °C in a humid atmosphere containing 5 % CO..
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2.9 Cell viability

For FLuc mRNA-loaded LNPs, 10,000 cells per well (100 pL) were seeded onto a 96-well
black plate with a transparent bottom and incubated overnight. The medium was replaced with
cell culture medium containing LNPs at a dose of 100 ng mRNA per well for 48 h. For the
LNPs loaded with mRNA encoding SARS-CoV-2 Delta variant spike protein, 100,000 cells

per well (1 mL) were seeded onto a 12-well plate and treated similarly.

After mRNA-LNPs treatment, the fresh medium containing 10 % (V/V) Alamar Blue reagent
was replaced and incubated for another 2 hours. The fluorescence intensity was measured with
the microplate reader (Tecan, Switzerland) at an excitation wavelength of 570 nm and an
emission wavelength of 600 nm. The cell viability of each treated group was compared to the

untreated group.

2.10 In vitro mRNA translation assay

For FLuc mRNA-loaded LNPs, the cells were seeded onto a 96-well plate (a white plate with
a transparent bottom). After 48 h treatment as mentioned above, the cell culture medium was
removed, and the luminescence intensity was measured with Pierce™ firefly luciferase glow
assay Kit. 50 pL of cell lysis buffer and 50 puL of D-luciferin (60 mg/mL) in the firefly glow
assay buffer were added. After 10 min incubation at 37 °C, the luminescence intensity was
measured via the microplate reader (Tecan, Switzerland) with an exposure time of 1000 ms.
The protein amount was quantified via Pierce™ BCA assay protein kit. The normalized

translation efficiency of mMRNA was expressed as the relative light unit (RLU) per mg of protein.
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For the LNPs loaded with mRNA-encoded spike protein of SARS-CoV-2 Delta variant, the
cell culture medium was collected and centrifuged at 1,500 rpm for 10 min at 4 °C after 48 h
treatment. The spike protein concentration in the cell culture supernatant was tested with

GeneTex SARS-CoV-2 Spike RBD Protein Sandwich Elisa Kit.

2.11 Confocal live cell imaging

To visualize the cellular uptake and the localization of mMRNA-loaded LNPs, the 10,000 cells
were seeded onto an 8-well Nunc™ Lab-Tek™ Chamber Slide™ system. After attachment
overnight, the cells were dosed with 1 mL of cell culture medium containing Cy5 mRNA-
loaded LNPs at a dose of 2 ug mRNA per well and incubated for 6 h. The cells were washed
with PBS two times and incubated with 500 nM LysoTracker™ Green DND-26 staining
solution for 1 h to stain the lysosomes. After washing with PBS three times, the cells were
further incubated with 10 pg/mL Hoechst 33342 for 10 min to stain the nuclei. The images
were obtained by an FV3000 confocal laser scanning microscopy (Olympus, Tokyo, Japan).

The fluorescent images were analyzed by Image J.

2.12 In vivo bioluminescence study

All the animal studies were conducted under the Institutional Animal Care and Use Committee
(IACUC) of the Singapore Biological Center with the protocol number 221681. Female
BALB/c mice aged 5 to 6 weeks were obtained from InVivos (Singapore). The mice were
housed in a pathogen-free animal facility at standard conditions such as humidity of 60-70 %,
temperature of 22 + 1 °C, 12 h light/dark cycle, and free access to food and water. The mice
were injected with FLuc mRNA-LNPs subcutaneously in the hind leg at a dose of 1 ug of
MRNA per mouse. At different time points, 200 pL of VivoGlo D-luciferin (15 mg/mL) was

injected intraperitoneally. Imaging was performed with an IVIS Spectrum imaging system
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(PerkinElmer, Waltham, MA, USA) after 10 min. At the end of in vivo imaging, the tissues
including the heart, liver, spleen, lung, kidney, inguinal lymph node, and skin were collected
for ex vivo imaging immediately. The total luminescence of the region of interest was

quantified with the Living Imaging software (PerkinElmer, Waltham, MA, USA).

2.13 In vivo immunization study

The female BALB/c mice were subcutaneously immunized with LNPs loaded with mRNA
encoding for the spike protein of SARS-CoV-2 Delta variant in the hind leg at the dose of 500
ng mMRNA per mouse with a prime-boost strategy. The two doses were injected at an interval
of 3 weeks. The blood was collected every week by cheek bleeding to obtain serum by
centrifugation. The serum was stored at - 80 °C for different antibody tests. The body weight
was recorded every week as well. The whole experiment ended at week 11 by euthanasia with
CO.. The serum was collected for biochemistry analysis including albumin, alkaline
phosphatase (ALP), alanine aminotransferase (ALT), creatine kinase-MB (CK-MB), creatinine,

total proteins, and urea.

2.14 ACE2-RBD binding inhibition ELISA and anti-spike 1gG antibody response

The serum was collected to evaluate the antibody response triggered by mRNA-LNPs. The
level of total neutralizing antibodies to block the interaction between the SARS-CoV-2 RBD
domain and human angiotensin-covering enzyme 2 (ACE2) receptors on host cells was tested
by the SARS-CoV-2 Surrogate Virus Neutralization Test Kit. The serum was diluted 10 times.
The assay was performed according to the instructions of the manufacturer. The percentage of

inhibition was considered positive when higher than 30 %.
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To assess the anti-spike 1gG titer, the spike protein of the SARS-CoV-2 Delta variant was
diluted with carbonate buffer (pH 9.6) to 250 ng/mL. 100 pL of diluted protein solution was
coated on MaxiSorp 96-well plates (Thermo Fisher Scientific, MA, USA) overnight at 4 °C,
followed by washing 2 times with 1 % (W/W) bovine serum albumin (BSA) in PBS twice. The
plates were blocked with 4 % BSA in PBS for 2 h at 37 °C. 100 uL of diluted serum samples
were added at 1:5 serial dilution factor in 1 % BSA at a starting dilution factor of 200 times for
2 h at 25 °C. After washing with 1% BSA in PBS 3 times, goat anti-mouse IgG-Fc fragment
antibody-HRP conjugate was added at 1:8000 dilutions for 1 h. Then the plates were washed
with PBS 5 times. 100 puL of TMB substrate was added to each well and incubated for 15 min
in the dark. The color reaction was stopped by adding TMB stop solution. Finally, the
absorbance of the plates was read at 450 nm by the microplate reader (Tecan, Switzerland).
The endpoint titer was calculated as the dilution gives a signal at least 3 times higher than the

mean signal background.

2.15 Anti-PEG antibody response

For the detection of anti-PEG antibodies, 50 pL of NH2-PEG3sk-NH2 (200 pg/mL) was coated
onto the MaxiSorp plates overnight at 4 °C [32]. The serum samples were added at 1:2 serial
dilution factor in 1 % BSA at a starting dilution factor of 10 times for 2 h at 25 °C. The goat
anti-mouse IgM antibody-HRP conjugate and goat anti-mouse 1gG-Fc fragment antibody-HRP
conjugate were added, respectively, at 1:3000 dilutions for the detection of anti-PEG IgM and

IgG antibodies.

2.16 Statistics

All the data were reported as mean + standard deviation (SD) otherwise indicated. One-way or

Two-way analysis of variance (ANOVA) with the Tukey test was used for multiple group
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comparison. Data analysis was performed with GraphPad Prism 10 software (GraphPad
Software, San Diego, CA, USA). The significant difference was defined when p < 0.05 (* p <
0.05, ** p < 0.01, and *** p < 0.001). N.S. represented no significant difference between or

among the tested groups.

3. Results

3.1 Physicochemical properties of FLuc mRNA-LNPs prepared via manual mixing

The lipid components (ALC-0315, DSPC, cholesterol, and ALC-0159) of Pfizer/BioNTech
(BNT162b2) were used as the “standard” formulation. Figure 3 shows the physicochemical
characterization of mMRNA-LNPs with different PEG-lipids via manual mixing. The average
size of the “standard” formulation at 1.6 % ALC-0159 was 183.3 + 1.5 nm. Increasing the
molar content of PEG-lipids from 0.5 to 10.0 % resulted in a decreasing trend in the average
size of LNPs, indicating more compact LNPs formed at high molar contents of PEG-lipids
(Figure 3A). However, DSPE-PEG, which possessed the longest lipid tails among the tested
PEG-lipids and a negative charge, showed a distinct behavior compared to other PEG-lipids in
the formulation of LNPs. The average size increased from 165.1+ 1.5 at 0.5 % DSPE-PEG to
277.7+31.6 and 446.3 £ 44.2 nm at 5 % and 10% DSPE-PEG, respectively, indicating changes
in packing of LNPs. A similar trend was observed in PDI for LNPs formed from most PEG-
lipids, except those containing negatively charged PEG-lipids (DMPE-PEG and DSPE-PEG)
(Figure 3B). LNPs formed with 5 % and 10 % DMPE-PEG or DSPE-PEG exhibited
significantly higher PDI than those prepared with lower molar contents of these PEG-lipids
likely due to charge repulsion hindering the efficient packing of the LNPs. The surface of all
MRNA-LNPs in the LNP library exhibited zeta potential values within a range of £10 mV
(Figure 3C). The encapsulation efficiency of mRNA in most LNP formulations was around

80% at 0.5-1.6% of PEG-lipids, but it dramatically decreased when 3-10% of PEG-lipids were
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used (Figure 3D). Therefore, these results indicated that at 0.5-3.0% of PEG-lipids, neither the
chemical linker between PEG and lipid tails nor the lipid tail length significantly affected the
average size and PDI of mMRNA-LNPs, while at 5% and 10% of PEG-lipids, the average size
and PDI increased for mMRNA-LNPs formed from the PEG-lipids with the phosphate linker. In
addition, the encapsulation efficiency of mMRNA in LNPs was primarily influenced by the molar

content of PEG-lipids.
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Figure 3. Physicochemical properties of FLuc mRNA-LNPs prepared with different PEG-
lipids at varying molar contents via manual mixing, including size (A), PDI (B), zeta potential
(C), and encapsulation efficiency (D). (n = 2-3 per group).

3.2 In vitro cytocompatibility and translation of FLuc mRNA-LNPs prepared via manual
mixing

Figure 4 shows that HepG2 and A549 cells had viability higher than 90 % after incubating

with the mRNA-LNPs across the library, indicating their high cytocompatibility. mRNA
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translation efficiency is cell-type dependent. It also showed a notable correlation to the molar
content of PEG-lipid in mRNA-LNPs. Compared to the “standard” mRNA-LNPs prepared
with 1.6 % ALC-0159, reducing ALC-0159 to 0.5 % increased the luminescence intensity to
2.54-fold, while increasing ALC-0159 to 10.0 % decreased the luminescence intensity to 0.22-
fold in HepG2 cells (Figure 4). The rest PEG-lipids exhibited a similar trend; the higher PEG
molar contents resulted in lower luminescence intensity. Although some variations were

observed in A549 cells, the general trend was in agreement with HepG2 cells (Figure 4).

When evaluating the effect of lipid tail length in the normalized luminescence intensity of
MRNA-LNPs, the PEG-lipids with shorter lipid tail lengths yielded significantly higher
luminescence intensity in HepG2 cells: at 1.6 %, C8-Ceramide-PEG vs. C16-Ceramide-PEG,
6.21-fold; DMG-PEG vs. DSG-PEG, 20.57-fold; DMPE-PEG vs. DSPE-PEG, 49.25-fold
(Figure S1A). The luminescence intensity in A549 cells further confirmed the trend (Figures

4 & S1B).

Unlike the lipid tail length and molar content of PEG-lipid, the chemical linker between PEG
and lipid tails showed limited influences on the translation efficiency of mMRNA-LNPs. As
shown in Figure S2, the normalized luminescence intensity of mMRNA-LNPs formed from 1.6 %
DMG-C-PEG with the carbamate linker was 1.70-fold and 1.25-fold to that of mMRNA-LNPs
formed from 1.6 % DMG-PEG in HepG2 and A549 cells, respectively. The limited changes in
normalized luminescence intensity were also observed for mMRNA-LNPs formed from 1.6 %
DMG-PEG and DMPE-PEG with the phosphate linker. The mRNA-LNPs formulated with 1.
6 % DMG-PEG exhibited 1.35-fold and 1.14-fold higher translation efficiency to those mMRNA-
LNPs formed from 1.6 % DMPE-PEG in HepG2 and A549 cells, respectively. Our results

underlined the lipid tail length and molar content of PEG-lipid had a more significant influence
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on mRNA translation efficiency than the chemical linker between PEG and lipid tails,
especially the lipid tail length of PEG-lipid.
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Figure 4. Cytocompatibility and normalized translation efficiency of FLuc mRNA-LNPs
prepared with different PEG-lipids at varying molar contents via manual mixing in HepG2 (A)
and A549 (B) cells. (n = 4-5 per group).

3.3 Physicochemical properties and in vitro translation efficiency of mMRNA-LNPs prepared
via microfluidic mixing

FLuc mRNA-LNPs were further prepared via microfluidic mixing as it can produce LNPs with
well-controlled particle size and reproducibility for animal study [33]. A 1.6 % molar content
of PEG-lipid was utilized as it gave high mRNA encapsulation efficiency (Figure 3) and
translation efficiency (Figure 4). In addition, it is consistent with Pfizer-BioNTech’s COVID-

19 mRNA vaccine formulation [24]. The size of mMRNA-LNPs formulated by microfluidic

mixing was much smaller than those by manual mixing, all below 75 nm except for DSPE-
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PEG (92.8 nm) (Figure 5A). All LNPs were highly monodisperse with PDI values below 0.2
and C8-Ceramide-PEG with the shortest lipid tails showed the largest PDI. Similar to mRNA-
LNPs prepared via manual mixing, the chemical linker (DMG-PEG vs. DMG-C-PEG, DMG-
PEG vs. DMPE-PEG) had a minimal effect on particle size and PDI (Figure 5B). However,
the lipid tail length significantly influenced particle size and PDI. Comparing C8-Ceramide-
PEG with C16-Ceramide-PEG having a longer lipid tail, C16-Ceramide-PEG yielded LNPs
with significantly lower PDI. On the other hand, DMPE-PEG with shorter lipid tails formed
LNPs with smaller size and lower PDI than DSPE-PEG LNPs. The zeta potential values of all
MRNA-LNPs were within a range of £10 mV (Figure 5C), suitable for in vivo application.
The encapsulation efficiency of most LNP formulations prepared by microfluidic mixing was

around 80 % (Figure 5D).
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Figure 5. Physicochemical properties of FLuc mRNA-LNPs prepared with different PEG-
lipids at 1.6 % molar content via microfluidic mixing, including size (A), PDI (B), zeta
potential (C), and encapsulation efficiency (D). (n = 2-3 per group).

Similar to the mRNA-LNPs made via manual mixing, the treatment with the mRNA-LNPs
prepared via microfluidic mixing led to comparable viability of both HepG2 and A549 cells,
more than 70 % (Figure 6). In contrast to manual mixing, the mRNA translation efficiency
increased to 9.36-fold in HepG2 cells and 4.92-fold in A549 cells when delivered by LNPs
formed with 1.6 % of ALC-0159 via microfluidic mixing (Figure 6). In general, MRNA-LNPs
made from PEG-lipids with different chemical linkers between PEG and lipid tails (DMG-PEG
vs. DMG-C-PEG, DSG-PEG vs. DSPE-PEG) via microfluidic mixing exhibited limited mRNA

translation efficiency variations in both cell lines as manual mixing. However, mMRNA-LNPs
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made from PEG-lipids with C18 lipid tails mediated significantly lower mRNA translation
efficiency than those made from PEG-lipids with C14 lipid tails (DMG-PEG vs. DSG-PEG,
DMPE-PEG vs. DSPE-PEG) in both cell lines. Interestingly, unlike manual mixing, mRNA-
LNPs made from C8-Ceramide-PEG with a shorter lipid tail via microfluidic mixing exhibited
a lower luciferase translation efficiency than those prepared with C16-Ceramide-PEG. These
findings suggested the preparation method of mMRNA-LNPs could influence the performance
of LNPs, and most PEG-lipids led to comparable mRNA translation efficiency as ALC-0159

except for PEG-lipids with C18 lipid tails and C8-Ceramide-PEG via microfluidic mixing.

From the in vitro results, lipid tail length was a crucial factor influencing the performance of
MRNA-LNPs. Therefore, four PEG-lipids with different lipid tail lengths (C8 to C18) were
selected to prepare LNPs for further studies. C8-Ceramide-PEG and C16-Ceramide-PEG were
selected as they have different lipid tail lengths while the same chemical linker between PEG
and lipid tails. DSPE-PEG was selected as it led to the lowest translation efficiency in both cell
lines tested, and it would be interesting to further study the corresponding in vitro and in vivo

behavior. ALC-0159 was chosen as a positive control.
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Figure 6. Cytocompatibility and normalized translation efficiency of FLuc mRNA-LNPs
prepared with different PEG-lipids at 1.6% molar content via microfluidic mixing in HepG2
(A) and A549 (B) cells. (n =5 per group).

3.4 Membrane fusion of mMRNA-LNPs

The RBCs hemolysis assay was employed to investigate the membrane fusion activity of
MRNA-LNPs at endosomal pH (5.5 and 6.5) due to the lipid bilayer similarities between RBCs
and endosomes [34]. We also assessed the hemolytic activity of the mRNA-LNPs at
physiological pH (pH 7.4) to study their compatibility with RBCs. As shown in Figure 7A, the
hemolysis rate of the mMRNA-LNPs at pH 7.4 was below 2.5 %, indicating good compatibility
of the LNPs with the RBCs. This result aligns with the observed cytotoxicity profiles in the

tested cell lines (Figures 4, 6 & 10). A similar phenomenon was also observed for mMRNA-
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LNPs at pH 6.5. However, the hemolysis rate under pH 5.5 was significantly higher. LNPs
formulated with C8-Ceramide-PEG showed the highest hemolysis rate, which was 65.8 + 1.0 %.
LNPs formulated with ALC-0159, or C16-Ceramide-PEG showed moderate hemolysis rates,
both of which were around 25 %. In contrast, LNPs formulated with DSPE-PEG showed the
lowest hemolysis rate, which was 15.9 £+ 0.3 % under pH 5.5. These results indicated that the
LNPs formulated with C8-Ceramide-PEG had the highest capability to destabilize and escape
endosomes through membrane fusion while LNPs formulated with DSPE-PEG had the lowest

capability.

3.5 Surface ionization property and serum stability of mMRNA-LNPs

The apparent pKa value of LNPs formulated with C8-Ceramide-PEG, ALC-0159, and C16-
Ceramide-PEG was comparable, ranging from 6.16 to 6.13. The pKa value (5.94) of LNPs
formulated with DSPE-PEG was lower, especially when compared with the LNPs prepared
from C8-Ceramide-PEG (Figures 7B & 7C). The relatively lower pKa value of DSPE-PEG

LNPs might be a reason for the lower mMRNA translation efficiency (Figure 6).

When the LNPs were incubated with 10 % FBS, the size of LNPs formulated with ALC-0159,
C16-Ceramide-PEG, and DSPE-PEG was stable during the period of 48 h (Figures 7D & 7E).
However, the size of LNPs formulated with C8-Ceramide-PEG increased from 70.6 £ 0.5 nm
to 113.3 £ 0.8 nm. The PDI and zeta potential of the four mMRNA-LNPs remained relatively
stable during the incubation of 48 h (Figure S3). These results indicated that C8-Ceramide-

PEG with a shorter lipid tail affect the serum stability of mMRNA-LNPs.

25



>

1001 m.#
= 80 o L e I pH5.5
("]
s | pH 6.5
% 60 M pH7.4
E 40
z
20+ 1
0 T T T
L &L L
g o Q b
.\60 V(, _\bﬁ G_)QQ’
@6\ A &é‘ Q
[ [
=3 <
&) 0\
6.5 — !
_=N"S‘_‘
g 6.3 -
o i e T
£ 617[*= . T
g .
S 59
% 5.71 .
5.5 T T
E 8 <&
b ) Q ;3
.\e,e' VO .\"-‘ 5_3(0
@6\ M @6\
o [
@ <
E C8-Ceramide-PEG ALC-0159
16 — oh 16 — oh
< 12 — 48h s 12 — 48h
z z
G 8 ® 8
8 8
£ 4 £ 4
0 0
10" 102 103 10" 102 103
Size (d.nm) Size (d.nm)

Size (d.nm)

Intensity (%)

-=- C8-Ceramide-PEG
-~ ALC-0159

-# C16-Ceramide-PEG
- DSPE-PEG

3 4 5 6 7 8 9 10

Measured pH

120 .
-#- CB-Ceramide-PEG
-+ ALC-0159

100 - C16-Ceramide-PEG
-=- DSPE-PEG

80 =

60+

0 10 20 30 40 50
Time (h)

C16-Ceramide-PEG DSPE-PEG
16 — 0h 16 — oh
— — 48 h
12 48h T 12
8 2 s
c
2
4 £ 4
0 0
10" 102 10° 100 102 102
Size (d.nm) Size (d.nm)

Figure 7. Hemolysis, pKa, and serum stability of mRNA-LNPs. (A) Hemolysis activity of
MRNA-LNPs under different pH conditions. (B) Representative TNS binding assay curves. (C)
apparent pKa values of mMRNA-LNPs tested by the TNS binding assay. (D) Size changes and
(E) Size distribution profiles of mMRNA-LNPs incubated in PBS containing 10% FBS at

different time points. (n = 3-4 per group).

3.6 In vitro cellular uptake and endosomal escape of mMRNA-LNPs

Mechanistic insights into mRNA delivery were explored through confocal live cell imaging in

HepG2 cells (Figure 8). The cellular uptake of ALC-0159 and C16-Ceramide-PEG LNPs was

higher than that of C8-Ceramide-PEG and DSPE-PEG LNPs. The lower cellular uptake of C8-
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Ceramide-PEG LNPs was likely attributed to their reduced stability in the presence of serum
as shown in Figure 7D & 7E. In addition, DSPE-PEG LNPs exhibited lower endosomal escape
efficiency than ALC-0159 and C16-Ceramide-PEG LNPs, which was consistent with
membrane fusion results shown in Figure 7A. However, C8-Ceramide-PEG LNPs showed
lower endosomal escape efficiency, which contradicted the membrane fusion results. One
possible explanation for the discrepancy is the absence of serum in the membrane fusion study.
The aggregation of C8-Ceramide-PEG LNPs in the presence of serum might compromise their
endosomal escape. The lower cellular uptake and endosomal escape efficiency of C8-
Ceramide-PEG and DSPE-PEG LNPs contributed to lower mRNA translation efficiency in

cells (Figure 6).
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Figure 8. Study of cellular uptake and endosomal release of Cy5-labeled mMRNA-LNPs after 6
h of incubation with HepG2 cells. (A). Representative confocal laser scanning microscopic
images. Blue, green, and red fluorescent regions indicate nuclei, endo-lysosomes of cells, and
Cy5-labeled mRNA-LNPs, respectively. The scale bar represents 50 um. (B) Percentage of
Cyb-labeled mRNA-LNPs escaped from the endo-lysosomes, calculated using Image J
software. (n =5 per group).

3.7 In vivo protein expression of FLuc mRNA-LNPs
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The in vivo protein expression study was performed using Fluc mRNA-LNPs made from the
selected PEG-lipids via microfluidic mixing to investigate their impact on in vivo behavior of
MRNA-LNPs. At 6 h post-injection, strong bioluminescence signal was seen in the injection
area (skin), liver, and lymph nodes (overlapping or distinct signal sites around the injection
area) from the whole body images (Figure 9A-9C), indicating all mMRNA-LNPs successfully
mediated in vivo mMRNA transfection. The mRNA-LNPs made from C8-Ceramide-PEG were
mainly accumulated in the injection site and lymph node with minimal accumulation in the
liver, whereas mMRNA-LNPs prepared from ALC-0159 and C16-Ceramide-PEG were largely
accumulated in the liver and skin. Among all LNPs tested, the mMRNA-LNPs made from DSPE-
PEG with the longest lipid tails yielded the lowest in vivo transfection efficiency at 6 h. This
finding is in agreement with the in vitro results (Figure 6). The signal declined at 24 h post-

injection.

From the ex vivo images of the collected organs/tissues (Figure S4), all LNPs tested had
comparable luciferase expression. The primary signal accumulation was observed in the liver,
lymph node, and skin (Figures 9D & S4C). No significant difference in the signal of lymph
node was observed across the four LNPs-treated groups. C8-Ceramide-PEG LNPs induced
significantly lower luciferase expression in the liver than C16-Ceramide-PEG LNPs (Figure
9D). ALC-0159 LNPs yielded significantly higher luciferase expression in the skin, i.e., 16.37-,
18.55-, and 8.93-fold as compared to C8-Ceramide-PEG, C16-Ceramide-PEG, and DSPE-PEG
LNPs, respectively. From the analysis of organ/tissue specificity (Figure 9E), mMRNA-loaded
C16-Ceramide-PEG LNPs showed the highest liver specificity while C8-Ceramide-LNPs
showed the lowest liver specificity compared to the rest organs/tissues. The accumulation of
MRNA-loaded ALC-0159 LNPs in the liver, lymph node, and skin was comparable. DSPE-

PEG LNPs demonstrated a higher lymph node specificity than ALC-0159 and C16-Ceramide-
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PEG LNPs, comparable to C8-Ceramide-PEG LNPs (Figure 9E). Therefore, the lipid tail
length of PEG-lipids significantly affected the protein expression of subcutaneously

administered MRNA-LNPs, particularly at the liver, injection area, and lymph node.
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Figure 9. In vivo protein expression of FLuc mMRNA-LNPs formulated via microfluidic mixing.
(A) Bioluminescence images of BALB/c mice at 6 and 24 h after s.c. administration of Fluc
MRNA-LNPs. (B) Total flux of the whole body quantified from the bioluminescence images
at 6 and 24 h after s.c. adminstration. (C) Total flux of the liver quantified from the
bioluminescence images at 6 and 24 h after s.c. administration. (D&E) Ex vivo total flux of
each collected organ/tissue (D) and tissue specificity (E) at 24 h post administration. (n = 2-5
per group).

3.8 In vitro study of LNPs loaded with mRNA encoding spike protein of SARS-CoV-2 Delta

variant
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Furthermore, mMRNA encoding the spike protein of SARS-CoV-2 Delta variant was loaded into
the LNPs via microfluidic mixing. The average size of resulting LNPs is slightly larger than
FLuc mRNA-LNPs (Figures 5 & S5), which was likely attributed to the difference in mMRNA
length (MRNA encoding spike protein of SARS-CoV-2 Delta variant: close to 4000 nucleotides;
FLuc mRNA: 1922 nucleotides). LNPs formulated with C8-Ceramide-PEG and ALC-0159
had an average size of around 80 nm, whereas the size of LNPs with C16-Ceramide-PEG and
DSPE-PEG were 90.1 + 1.0 and 111.2 £+ 0.3 nm, respectively (Figure S5). The encapsulation
efficiency of LNPs loaded with SARS-CoV-2 Delta spike protein encoded mRNA was
relatively higher than that of LNPs loaded with FLuc mRNA, whereas their PDI and zeta

potential were comparable (Figures 5 & S5).

All LNPs loaded with mRNA encoding spike protein of SARS-CoV-2 Delta variant showed
negligible cytotoxicity towards both HepG2 and A549 cells with cell viability higher than 90 %
(Figure 10A & 10B). The spike protein expression mediated by mRNA-LNPs was cell type-
dependent, being higher in A549 cells (Figure 10A & 10B). Among all LNPs, mMRNA-loaded
ALC-0159 LNPs yielded the highest spike protein expression, while the lowest spike protein
expression was induced by mRNA-loaded DSPE-PEG LNPs especially in HepG2 cells. There
was no significant difference in the spike protein expression between LNPs formulated with

C8-Ceramide-PEG and C16-Ceramide-PEG in both cell lines.
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Figure 10. Cytocompatibility of and spike protein expression mediated by LNPs loaded with
MRNA encoding spike protein of SARS-CoV-2 Delta variant, prepared with different PEG-
lipids at 1.6% molar content via microfluidic mixing in HepG2 (A) and A549 (B) cells. (n = 3-
4 per group).

3.9 In vivo immunogenicity of LNPs loaded with mRNA encoding spike protein of SARS-CoV-
2 Delta variant

To evaluate their immunogenicity, LNPs loaded with mRNA encoded for Delta variant spike
protein were administrated into mice subcutaneously (Figure 11A). Throughout the

experiment, no sign of weight loss was observed, indicating the safety of the LNPs (Figure

11B). After the 1% dose, LNPs formulated with DSPE-PEG showed significantly lower ability
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to block RBD-ACE?2 interaction, suggesting less production of neutralizing antibodies than
other LNPs. This is in agreement with the in vitro results (Figure 10). The trend maintained
until week 3, with only 29.9 + 10.8% inhibition (Figure 11C). In contrast, the other three
treated groups had inhibition of around 60 % from week 1 to 3, with no significant difference
among them. One week after the 2" dose, the inhibition of the four treated groups dramatically

increased to > 90 % and maintained high until week 11.

The treated mice also produced notable levels of IgG antibodies against spike protein (Figure
11D), following a similar trend with the results of RBD-ACE?2 interaction blocking. However,
at the endpoint, mMRNA-LNPs formulated with DSPE-PEG displayed significantly lower anti-
spike IgG endpoint titer than those prepared with ALC-0159. No significant difference was
observed among the groups treated with mMRNA-LNPs made from C8-Ceramide-PEG, C16-
Ceramide-PEG, and ALC-0159, respectively. These results indicated that LNPs formulated
with these PEG-lipids were able to induce immunogenicity in mice. However, mMRNA-LNPs
made from DSPE-PEG showed lower production of neutralizing and anti-spike 1gG antibodies
than mMRNA-LNPs prepared from the other PEG-lipids, and the anti-spike IgG antibody
generated by mRNA-LNPs made from DSPE-PEG declined faster than mRNA-LNPs made
from ALC-0159. The production of IgG antibodies against spike protein and effective RBD-

ACE?2 interaction blocking proves activation of B cells.

The production of anti-PEG antibody was investigated after vaccination as well. The mRNA-
LNPs formulated with DSPE-PEG showed a peak anti-PEG IgM level at week 1 post-1% dose,
followed by a gradual decrease until week 3 (Figure 11E). A second peak was observed one
week after the boost dose, then gradually decreased again to a comparable level with the Mock

group. In addition, LNPs formulated with C16-Ceramide-PEG induced anti-PEG antibody
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response at one week after the boost dose, while LNPs formulated with C8-Ceramide-PEG or
ALC-0159 maintained anti-PEG IgM levels comparable to the Mock group throughout the
experiment. In contrast, the anti-PEG IgG levels in all treated groups were much lower than
anti-PEG IgM levels throughout the experiment (Figure 11F). The LNPs formulated with
DSPE-PEG only showed a slightly higher anti-PEG 1gG level than the other LNPs and no
significant difference observed. Therefore, these results showed that the lipid tail length in
PEG-lipid significantly affected the induction of anti-PEG antibody by mRNA-LNPs. With
C8-Ceramide-PEG and ALC-0159 used in mRNA-LNPs, the levels of anti-PEG antibody

induced were negligible.
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Figure 11. In vivo immunogenicity activity of LNPs loaded with mRNA encoded for SARS-
CoV-2 Ddelta variant spike protein in BALB/c mice. (A) Timeline and treatment course of the
immunogenicity study. (B) Body weight change of all groups throughout the experimental
period. (C) ACE2-RBD binding inhibition of the sera from each group during the whole
experiment period. (D-F) Anti-spike 1gG titers (D), anti-PEG IgM titers (E), and anti-PEG IgG
titers (F) of the sera from each group during the experimental period. The arrows indicated
prime and boost injection of the LNPs. (n =5 per group; N.S., no significant difference; * p <
0.05; ** p < 0.01; and *** p < 0.001 between two indicated groups or the DSPE-PEG treated
group with the rest three treated groups).

The treatment with the mMRNA-LNPs showed no significant alteration in toxicity markers for

the liver (albumin, ALP, ALT, and total protein), heart (CK-MB), and kidney (creatinine and
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urea) [35] compared to the Mock group (Figure 12), further demonstrating the safety profile
of LNPs. Nevertheless, the quantification of creatinine level in LNPs prepared with C16-
Ceramide-PEG and DSPE-PEG was higher than that in LNPs prepared with C8-Ceramide-
PEG and ALC-0159. The results suggest that the treatment with the mRNA-LNPs formulated
with C8-Ceramide-PEG, ALC-0159, C16-Ceramide-PEG, or DSPE-PEG did not induce

obvious hepatic-, renal-, or cardio- toxicity in the treated mice.
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Figure 12. Blood biochemical analysis including albumin (A), ALP (B), ALT (C), CK-MB
(D), creatinine (E), total protein (F), and urea (G) in BALB/c mice treated with LNPs loaded
with mRNA encoded for SARS-CoV-2 Delta variant spike protein at the endpoint of in vivo
immunogenicity experiment. (n = 4-5 per group; The outliers were determined using Grubb’s
test and removed from the data analysis).

4. Discussion

In this study, different parameters of PEG-lipid including molar content, chemical linkage
between PEG and lipid tails, lipid tail length, LNP preparation techniques, and mRNA size
were investigated to explore the impact of PEG-lipid on the performance of mMRNA-LNPs.
PEG-lipid with a PEG molecular weight of 2000 Da showed the best equilibrium between anti-
opsonization and in vivo delivery efficacy [36]. Longer PEG chains were associated with higher

allergic risk [21]. Taken together, PEG-lipids with PEG of 2000 Da were chosen in this study.
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The size of MRNA-LNPs influences vaccine delivery efficacy. For viruses including SARS-
CoV-2, influenza A, and HIV, the size of nanoparticulate vaccines of around 100 nm is optimal
for high immunogenicity [37]. One study reported that increasing the PEG molar ratio from
1.0 to 5.0 % reduced the average size while keeping the PDI below 0.2 [14]. A similar trend
was observed in our study for mMRNA-LNPs made from most of the PEG-lipids. However,
unlike the other PEG-lipids tested in this study, increasing the content of DSPE-PEG with C18
lipid tails led to mMRNA-LNPs with significantly larger particles and higher PDI (Figures
3A&3B). The exact reason behind this phenomenon is unclear, but it might be related to
interactions between the lipid tails of PEG-lipid and shell-forming lipids, and the packing
dynamics of the four lipids. Longer alkyl chains in PEG-lipid may contribute to higher
hydrophobic interactions, possibly resulting in more compact LNPs. This phenomenon was not
observed in this study. The larger sizes of DSPE-PEG and C16-Ceramide-PEG LNPs
compared to their shorter-tailed counterparts (DMPE-PEG and C8-Ceramide-PEG,
respectively) may result from differences in the packing dynamics of the four lipids during the
self-assembly process. This suggests that factors beyond hydrophobic interactions, such as
lipid packing behavior and overall structural organization, play a role in determining LNP size.
Microfluidic mixing produced mRNA-LNPs had sizes below or around 100 nm, smaller than
those prepared via manual mixing (Figure 5A). The size decrease of LNPs from manual
mixing to microfluidic mixing was also observed previously [38]. The reason was that
microfluidic mixing gave more time and offered more homogenous mixing for the lipids and
MRNA to self-assemble into more compact mMRNA-LNPs. mRNA with a bigger size formed
slightly larger LNPs especially for DSPE-PEG likely because more ionizable lipids were

needed to condense the MRNA into LNPs, increasing particle size.
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Cholesterol was in a crystalline form on the surface of LNPs to increase the membrane rigidity,
preventing the leakage of payload from the core [39, 40]. However, increasing the PEG-lipid
content reduces the cholesterol content in the LNP formulation, potentially compromising the
membrane rigidity and cargo retention. This reduction in structural integrity leads to a decline
in encapsulation efficiency. Specifically, the encapsulation efficiency of mRNA dropped
significantly below 50 % when PEG-lipid molar content exceeded 3.0 % (Figure 3D). The
variations in the size and encapsulation efficiency indicated that achieving the desired
properties of LNPs depended on the lipid tail length of PEG-lipid, PEG-lipid molar ratio, and

the preparation technique.

PEG-lipid also affected mRNA translation efficiency in vitro. The chemical linker between
PEG and lipid tail showed limited influences in mRNA translation efficiency (Figure 4).
However, increasing the content of PEG-lipid greatly reduced the translation efficiency in both
HepG2 and A549 cell lines. This trend was consistent with another study reported previously
due to the inhibition of endosomal release of MRNA and interference with cellular uptake at
high molar ratios of PEG-lipid [41]. In addition, the length of lipid tail in PEG-lipid played a
crucial role in mediating mMRNA translation. DSG-PEG and DSPE-PEG with C18 lipid tails
induced significantly lower translation efficiency than their counterpart (DMG-PEG and
DMPE-PEG, respectively), while a reversed trend was observed for C8-Ceramide-PEG and
C16-Ceramide-PEG LNPs formulated via microfluidic mixing (Figure 6). Previous studies
demonstrated that LNPs prepared using PEG-lipids containing longer carbon tails exhibited
lower in vitro mMRNA translation efficiency compared to those with shorter carbon tails, even
using a different ionizable lipid such as DLin-MC3-DMA [28]. These findings further
confirmed the effect of lipid carbon length of PEG-lipids on the delivery potency of LNPs,

regardless of the specific ionizable lipid employed.
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Moreover, the size of mMRNA payload is another factor that influences in vitro mRNA
transfection. When mRNA encoded for SARS-CoV-2 Delta variant spike protein with a larger
size was used, there was no significant difference in the translation efficiency between LNPs
formulated with C8-Ceramide-PEG and C16-Ceramide-PEG in both HepG2 and A549 cell
lines (Figure 10). Additionally, ALC-0159 yielded significantly greater translation efficiency
than C16-Ceramide-PEG, while such a trend was not observed when FLuc mRNA with a
smaller size was employed. The impact of mMRNA size on the protein translation efficiency of
MRNA-LNPs was also reported by K. Mrksich et al. [42]. Furthermore, the preparation method
also affected translation efficiency. When the microfluidic technique was used to fabricate
FLuc mRNA-loaded LNPs, the transfection efficiency was higher than those prepared by
manual mixing, especially for ALC-0159 LNPs (Figures 4 & 6). This might be because
sufficient mixing time and homogenous mixing produced well-assembled LNPs, which
potentially facilitated fusion with endosomal membrane and endosomal release. Since the
preparation method affected packing of lipids, it changed the trends that we observed especially

for C8-Ceramide-PEG and C16-Ceramide-PEG.

The pKa value of LNPs is crucial to high transfection efficiency, with an ideal pKa range of
6.2 to 6.5 for MRNA-LNPs [43]. SM-102 and ALC-0315 lipids exhibited pKa value of 6.68
and 6.09, respectively [44]. The apparent pKa value of ALC-0315 LNPs made from DMG-
PEG was reported to be 6.27 at N/P 5 [45], indicating that the apparent pKa of LNPs is different
from that of the ionizable lipid and affected by the packing. Although mRNA-LNPs made with
C8-Ceramide-PEG, C16-Ceramide-PEG, or DSPE-PEG have a comparable pKa value as those
made with ALC-0159 (Figures 7B & 7C), the use of C8-Ceramide-PEG or DSPE-PEG yielded

significantly lower mRNA translation efficiency (Figures 6A & 6B). This reduction is
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attributed to the lower cellular uptake and endosomal release efficiency of C8-Ceramide-PEG

or DSPE-PEG LNPs (Figure 8).

For effective vaccination, delivering mRNA to lymph nodes is crucial because they are
command centers of the immune response, housing T cells, B cells, and antigen-presenting
cells (APCs) [46]. LNPs smaller than 200 nm could be drained to lymph nodes via lymphatics
at the site of injection [47, 48]. Previous research has shown that decreasing PEG content
increased the total flux of FLuc mMRNA-LNPs in mice, highlighting the impact of PEG-lipid
on in vivo mRNA delivery [22, 28]. Subcutaneous injection typically results in slow absorption
and the signal at the injection site could last several days due to relatively low irrigation
(vascular density) [49, 50]. Thus, it is not surprising that the signal of FLuc mMRNA-LNPs was
observed at the injection site after 6 h of injection. After subcutaneous injection, partial LNPs

can migrate to the nearest draining lymph node, where immunization occurs [46].

The adsorption of apolipoprotein E (ApoE) on circulating LNPs upon PEG-lipid shedding
could drive the LNPs to hepatocytes, resulting in a high bioluminescence signal in the liver
[40]. Once LNPs enter blood circulation, PEG-lipids on the surface of LNPs begin to shed.
Previous studies have shown that PEG-lipids with longer carbon alkyl tails tend to shed more
slowly than those with shorter tails [29]. For example, a pharmacokinetics study revealed that
the shedding rates for C14, C16, and C18 PEG-lipids at the molar ratio of 1.5 % were 45 %,
1.3 %, and 0.2 % per hour, respectively, regardless of the chemical linkage type between PEG
and lipids moieties [51]. This shedding behavior was consistent across various formulations,
including siRNA-LNPs and PLGA nanoparticles [19, 52]. Based on these findings, C8-
Ceramide-PEG is expected to shed faster than ALC-0159 from the surface of LNPs. This is

supported by another pharmacokinetics study where C8-Ceramide-PEG liposomes exhibited
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the fastest clearance from blood circulation compared with C14- to C20-Ceramide-PEG
liposomes when administrated via tail vein injection [53]. Rapid clearance and poor stability
of C8-Ceramide-PEG LNPs in a serum-containing medium likely reduce liver accumulation,
as seen in our study (Figure 9), in contrast to LNPs containing ALC-0159, C16-Ceramide-
PEG, or DSPE-PEG. However, C8-Ceramide-PEG LNPs may follow a different
biodistribution pattern upon subcutaneous administration, potentially draining via lymphatics
to lymph nodes upon subcutaneous injection [48] as suggested by Figure 9. The lower
bioluminescence signal in the liver, mediated by LNPs formulated with DSPE-PEG compared
to C16-Ceramide-PEG at 6 h (Figure 9C) could be caused by the lower mRNA translation

efficiency (Figure 6).

Although a previous study demonstrated that PEG-lipids with lipid tail length shorter than C12
exhibited negligible efficacy compared to C13 to C15 in lipid-siRNA formulations[54], our
results suggest that the mRNA-LNPs formulated with C8-Ceramide-PEG achieve comparable
RBD-ACE2 interaction inhibition, and notable anti-spike 1gG titer levels, comparable to those
mediated by the mMRNA-LNPs formulated with ALC-0159 (Figure 11). While C8-Ceramide-
PEG LNPs showed lower in vitro mRNA translation efficiency than ALC-0159 LNPs (Figure
10), the comparable vaccination efficacy observed in vivo could be attributed to the enhanced
lymph node targeting of C8-Ceramide-PEG LNPs (Figure 9). Furthermore, the reduced liver
accumulation of C8-Ceramide-PEG LNPs indicates a potentially lower risk of hepatotoxicity
of the LNPs. This property could offer significant advantages for high-dose or repeated-dose
administrations [55], which is a common scenario for mMRNA vaccine delivery. Thus, while the
improved lymph node targeting did not translate to a dramatic enhancement in vaccine efficacy
compared to ALC-0159, C8-Ceramide-PEG LNPs provide a promising alternative with a

potentially favorable safety profile.

40



PEGylation of LNPs is known to trigger the generation of anti-PEG antibodies, leading to the
accelerated blood clearance (ABC) effect [56]. The produced anti-PEG antibodies could also
trigger the complement activation-related pseudoallergy (CARPA), leading to adverse effects
[57]. Due to these concerns, the US FDA recommends monitoring anti-PEG antibodies to
ensure the safety of PEGylated products [57]. Studies have shown PEG-lipids with slower
shedding rates were associated with higher production of anti-PEG IgM antibodies. In this
study, the production of anti-PEG IgM level showed a positive correlation with the length of
the lipid tail in PEG-lipid, which was agreeable with a previous study despite differences in
the payload and formulation [19]. This is likely attributed to the slow shedding rate of DSPE-
PEG and C16-Ceramide-PEG, due to their long alkyl chains. This prolonged retention of
DSPE-PEG and C16-Ceramide-PEG on the LNP surface might lead to extended circulation
and increased exposure to splenic marginal zone B cells, which are responsible for producing
anti-PEG antibodies. The variation of anti-PEG IgM level demonstrated a minimum two-week
dose interval may be necessary for LNPs formulated with PEG-lipid containing intermediate
or long lipid tails (e.g., C16 and C18) as the level of anti-PEG antibodies dropped back to the
baseline 2-3 weeks post-1% vaccination dose. The negligible anti-PEG IgM level after the
treatment with the mRNA-LNPs formulated with C8-Ceramide-PEG and ALC-0159 could be
explained by the relatively low dose of mMRNA-LNPs applied and the administration route

(Figure 11E) [58, 59].

5. Conclusions
Our study revealed chemical linkages between PEG and lipid tails of PEG-lipid such as
carbamate and phosphate had a limited impact on physicochemical properties and translation

efficiency of mMRNA-LNPs, while PEG-lipid molar content and lipid tail length played crucial
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roles. An increased PEG-lipid molar content led to a reduction in particle size, encapsulation
efficiency, and mRNA translation efficiency for the majority of the PEG-lipids studied.
However, for DSPE-PEG with C18 lipid tails, an increased PEG content yielded larger particle
size and wider size distribution. DSG-PEG and DSPE-PEG with C18 lipid tails led to
significantly lower in vitro mRNA translation efficiency than DMG-PEG and DMPE-PEG
with C14 tails, respectively. However, when compared with C8-Ceramide-PEG, C16-
Ceramide-PEG with a longer tail produced FLuc mRNA-LNPs with greater in vitro translation
efficiency when microfluidic mixing was employed. The FLuc mMRNA-LNPs formulated with
C8-Ceramide-PEG showed lower liver accumulation but comparable protein expression at the
lymph nodes when compared with those formulated with ALC-0159 or C16-Ceramide-PEG.
In a mouse model, the SARS-CoV-2 Delta variant spike protein-encoded mRNA-LNPs
prepared with C8-Ceramide-PEG or C16-Ceramide-PEG achieved comparable vaccination
efficacy to ALC-0159, while the mRNA-LNPs prepared from DSPE-PEG with C18 tails
induced lower vaccination efficacy. In addition, C16-Ceramide-PEG and DSPE-PEG LNPs
mediated higher anti-PEG IgM titers in mice than C8-Ceramide-PEG and ALC-0159 LNPs.
The use of these PEG-lipids in mMRNA-LNPs did not cause any significant toxicity in mice.
These findings provide insights into the utilization of PEG-lipids in LNP formulation for
MRNA vaccine delivery. With their ability to target lymph nodes, low risk of hepatotoxicity,
high vaccination efficacy and negligible anti-PEG antibody response, C8-Ceramide-PEG

LNPs emerge as a promising alternative for mRNA vaccine delivery.
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Figure S1. Effect of lipid tail length of PEG-lipid on cytocompatibility and normalized
translation efficiency of FLuc mRNA-LNPs prepared with different PEG-lipids at 1.6% molar
content via manual mixing in HepG2 (A) and A549 (B) cells. (n =5 per group).
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Figure S2. Effect of the chemical linker between PEG and lipid tails in PEG-lipid on
cytocompatibility and normalized translation efficiency of FLuc mMRNA-LNPs prepared with
different PEG-lipids at 1.6% molar content via manual mixing in HepG2 (A) and A549 (B)

cells. (n =5 per group).
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Figure S3. PDI (A) and zeta potential (B) changes of mMRNA-LNPs incubated in PBS
containing 10% FBS at 37 °C within 48 h. (n = 3 per group).
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Figure S4. Ex vivo translated luciferase of mMRNA-LNPs formulated via microfluidic mixing
after subcutaneous administration. (A) Ex vivo total flux of collected organs at 24 h
quantified by bioluminescence imaging. (B) Ex vivo organ bioluminescence imaging map of
Balb/c mice injected with different Fluc mMRNA-LNPs. (C) Ex vivo bioluminescence images
of Balb/c mice injected with different Fluc mMRNA-LNPs at 24 h post administration. (n = 2-5

per group).
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Figure S5. Physicochemical properties of LNPs loaded with mMRNA encoding spike protein of
SARS-CoV-2 Delta variant prepared with different PEG-lipids at 1.6% molar content via
microfluidic mixing, including size (A), PDI (B), zeta potential (C), and encapsulation
efficiency (D). (n = 2-3 per group).
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