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Lipid nanoparticles (LNPs) have emerged as effective carriers for mRNA delivery in vaccine and thera-
peutic applications, attracting substantial attention since the COVID-19 pandemic. Continued efforts are
crucial to optimize LNP composition for improved delivery efficacy and to elucidate the underlying
mechanisms driving differences in protein expression. This study systematically screened PEGylated lipids
for intramuscular mRNA delivery, followed by optimization of the formulation composition, physico-
chemical characterization, and investigation of the structure—activity relationship (SAR). Using a model
ionizable lipid, we initially evaluated twenty-nine PEGylated lipids from four lipid families (glyceride, phos-
phoethanolamine (PE), cholesterol, and ceramide), each varying in linker chemistries, tail structures, or
glycol - 5000
(DMG-PEG5k) was identified as a promising candidate from this screening. Using a design of experiments

PEG molecular weights. 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene
(DoE) approach, we further optimized the formulation to increase in vivo transfection efficacy, achieving
an increase in protein expression over the DMG-PEG2k benchmark. To explore the SAR of the DoE for-
mulations, advanced physicochemical characterization was conducted including Laurdan assay, SAXS,
Cryo-TEM, and QCM-D, alongside standard LNP analysis. Among the key factors examined, high mRNA
encapsulation efficiency, LNP membrane integrity (especially under acidic conditions), and ordered
internal structures were identified as the critical parameters for transfection efficiency. mRNA encapsula-
tion efficiency increased with a lower PEG-lipid fraction. LNP membrane integrity, assessed by the gener-
alized polarization (GP) ratio at pH 7.5 and 4.5 from the Laurdan assay, was strongly affected by the ioniz-
able lipid ratio and, to a lesser extent, the cholesterol ratio. A lower GP,5/GP,4 5 ratio correlated with
enhanced protein expression, primarily driven by a higher GP4 5 observed with lower ionizable lipid and
higher cholesterol fractions. Overall, balancing the ratios of all LNP components is critical for maximizing
LNP functionality. This study presents a systematic evaluation and characterization of LNPs with different
PEG-lipid moieties, deepens SAR understanding, and provides valuable guidelines for rationally designing
more effective next-generation LNPs.

commercial mRNA-LNP COVID-19 vaccines developed by
Pfizer/BioNTech and Moderna, respectively, in response to the

Lipid nanoparticles (LNPs), one of the most clinically
advanced messenger ribonucleic acid (mRNA) delivery plat-
forms, have gained tremendous attention over the past
years."™ The FDA approval of Comirnaty® and Spikevax®, two

mRNA Center of Excellence, Sanofi, Waltham, MA 02451, USA.
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tElectronic supplementary information (ESI) available: LNP characterization,
correlations between protein expression and formulation parameters, overlaid
Laurdan spectra, cryo-TEM images, SAXS diffractograms at different pH, formu-
lation stability profile. See DOI: https://doi.org/10.1039/d5nr00433k
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global SARS-CoV-2 pandemic, has truly underscored the sig-
nificance of mRNA-LNP technologies in public health."* The
LNP platform not only protects the nucleic acid cargo from
degradation and greatly enhances delivery efficacy, but also
offers unique advantages over other platforms, including rapid
developability, scalability due to the synthetic nature of its
components, and safety as a nonviral delivery vehicle. Such
advantages accelerate the development of mRNA-LNPs as next-
generation nucleic acid-based drug modalities and open new
avenues for developing novel vaccines and therapeutics. The
wide-ranging applications include disease prevention, gene
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editing, cancer therapy, and rare disease treatment, all
through the expression of functional proteins.>'® As such,
extensive efforts and contributions have been made by both
industrial and academic research groups, from various per-
spectives, to improve mRNA-LNP drug products and elucidate
the veiled mechanisms behind LNP-mediated mRNA
delivery.'"'?

LNP formulations typically consist of four components:
ionizable lipid, phospholipid, sterol, and PEGylated lipid
(PEG-lipid). Each component plays a crucial role in maintain-
ing nanoparticle integrity and enabling effective mRNA
delivery."*'* For instance, ionizable lipids are neutral at phys-
iological pH, which improves tolerability for safe systemic
delivery, and become protonated in acidic environments,
which ensures mRNA encapsulation and facilitates endosomal
escape by destabilizing the endosome membrane to release
mRNA into the cytoplasm for protein translation.'
Phospholipids are used to form the lipid bilayer structure,
facilitate membrane fusion, and aid in the bilayer disruption
process during endosomal escape.'® Cholesterol enhances
LNP integrity and membrane fluidity by intercalating between
lipids. PEGylated lipids, located on the outer layer of nano-
particle surfaces, play a crucial role in preventing particle
aggregation, controlling particle size, and affecting surface
properties of LNPs. The ‘PEG layer’ through steric hindrance
and hydration, not only reduces opsonization in the blood,
yielding longer systemic circulation, but also provides particle
stability in the vial.">"”

Although many research groups have focused on developing
new ionizable lipids for LNPs to improve mRNA delivery,'®"°
the PEG-lipid, despite being the least abundant component in
LNPs, provides an optimization palette worth investigating.
For example, Spikevax uses PEG 2000 with dimyristoyl glycerol
(DMG-PEG2k) for the ionizable lipid SM-102, whereas
Comirnaty uses PEG 2000 with ditetradecylacetamide
(ALC-0159) for ionizable lipid ALC-0315. However, reports
describing the impact of PEG-lipid features, such as PEG mole-
cular weight, linker and lipid tail structures, and percentage,
on intramuscular (IM) mRNA delivery are still rare. Many pre-
vious studies on PEG screening or formulation improvement
have focused on delivering small interfering RNA (siRNA), anti-
sense oligonucleotide (ASO), or mRNA intravenously (IV) or
in vitro. For example, increasing the PEG-lipid molar ratio
from 1.6 to 2.5% was shown to reduce particle size and
increase ornithine transcarbamylase expression in the nonhu-
man primate liver by ~8 folds when intravenously administer-
ing mRNA-LNPs.”° The impact of the alkyl chain length and
molar percentage of PEG-lipids in LNPs was studied for the IV
delivery of siRNA and hepatic gene silencing in mice.”" A
library of ASO-LNP formulations, encompassing 18 PEG-lipids
and 3 distinct lipid molar ratios, was assessed for neuronal
gene silencing efficacy in vitro and analyzed for structure-
activity relationship using small-angle X-ray scattering
(SAXS).>*>* A nanoparticle tracking analysis method was devel-
oped to study the physicochemical behavior of the siRNA-con-
taining LNPs made from five PEG-lipids with different lipid
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anchors upon contact with serum to predict the biological
gene knockdown behavior in vitro.>*

In this study, we conducted a comprehensive investigation
into the impact of PEGylated lipids on LNP formulations and
mRNA delivery efficacy when intramuscularly administering
the mRNA-LNPs. A panel of 29 PEG-lipids from four distinct
lipid families was screened for protein expression in mice.
With one of the top identified PEG-lipid “hits”, we further opti-
mized the formulations by systematically varying the molar
percentages of the four lipid components, facilitated by a
design of experiments (DoE) approach. Furthermore, the DoE
formulations were comprehensively characterized to reveal
structure-activity relationships. Investigating and gaining
enhanced knowledge of how the composition and various
structural features of LNPs affect mRNA delivery efficacy is
crucial for designing more effective next-generation LNPs.

Materials and methods
Materials

All glyceride PEG-lipids, including 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol (DMG-PEG), 1,2-dipalmitoyl-rac-
glycero-3-methylpolyoxyethylene (DPG-PEG), 1,2-distearoyl-rac-
glycero-3-methylpolyoxyethylene (DSG-PEG), 1,2-dioleoyl-rac-gly-
cerol-3-methoxypolyethylene glycol (DOG-PEG), with the PEG
molecular weight of 2000 and 5000, were purchased from NOF
Corporation (Tokyo). The phosphoethanolamine (PE) PEG-lipids,
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-methoxy
(polyethylene glycol) (DMPE-PEG) with the PEG molecular
weight of 750, 1000, 2000, 3000, and 5000, were obtained from
Avanti Polar Lipids (Alabaster, AL). 1,2-Dioleoyl-sn-glycero-3-phos-
phoethanolamine-methoxy( polyethylene glycol)-5000
(DLPE-PEG5Kk) and 1,2-dimyristoyl-sn-glycero-3-phosphoethanola-
mine-N-(polyethylene glycol) 5000-carboxyl acid
(DMPE-PEG-COOH5k) were obtained from BiochemPEG
(Watertown, MA). Other PE PEG-lipids, including 1,2-dipalmi-
toyl-sn-glycero-3-phosphoethanolamine-N-methoxy( polyethylene
glycol) (DPPE-PEG), 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-methoxy( polyethylene glycol) (DSPE-PEG), and 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-methoxy( polyethylene
glycol) (DOPE-PEG), with the PEG molecular weight of 2000 and
5000, were also obtained from BiochemPEG. The asymmetric
ceramide PEG-lipids, N-octanoyl-sphingosine-1-succinyl[methoxy
(polyethylene glycol)] (C8 PEG750, C8 PEG2k, C8 PEG5k) and
N-palmitoyl-sphingosine-1-{succinyl[methoxy( polyethylene
glycol)750]} (C16 PEG750) were purchased from Avanti. The
cholesterol PEG lipids (chol-PEG), with PEG molecular weight of
600, 1000, 2000, and 5000, were obtained from BiochemPEG.

The ionizable lipid OF-02 used in this study (Fig. 1) was pro-
vided internally by Sanofi. 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE) was obtained from Avanti.
Cholesterol was purchased from Sigma-Aldrich. All other
chemicals and reagents were commercially available and used
without further purification. Human erythropoietin (hEPO)
encoding reporter mRNA was obtained internally.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration of the overall study. (a) Structures of the ionizable lipid and PEGylated lipids used in this work. (b) Timeline of the
in vivo studies. (c) PEG-lipid screening, LNP composition optimization, and structure—activity relationship (SAR) investigation with advanced charac-

terization techniques.

Preparation of LNPs

The mRNA-encapsulating LNP formulations were prepared as
described earlier.> Briefly, an ethanolic mixture of PEG-lipid,
ionizable lipid, cholesterol, and DOPE was vigorously mixed
with an aqueous solution of mRNA in an acidic buffer, with a
fixed nitrogen/phosphate (N/P) ratio and under controlled con-
ditions, to yield a suspension of LNPs. After dialysis, ultrafil-
tration and diafiltration into a suitable diluent system, the sus-
pension was filtered, diluted to final concentrations, and
stored at —80 °C until use. For screening of PEGylated lipids,
the molar composition was as follows: 1.5:40:28.5:30 of
PEG-lipid : ionizable lipid : cholesterol : DOPE. In cases where

This journal is © The Royal Society of Chemistry 2025

the PEG-lipid percentage was varied, the cholesterol percen-
tage was adjusted to maintain a combined total of 30%. For
composition optimization, JMP software was utilized to run a
DoE that varied the fractions of all four lipids in the formu-
lation, resulting in 20 different formulations for production.

Particle size and zeta potential

The particle size, polydispersity index (PDI), and zeta potential
of the LNPs were characterized using a Dynamic Light
Scattering (DLS) Zetasizer (Malvern, UK). The particle size was
measured as the intensity-weighted mean hydrodynamic dia-
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meter. The zeta potential was determined in a potassium
chloride (KCl) solution.

mRNA encapsulation

Quant-iT RiboGreen RNA Assay Kit (invitrogen) was used to
assess mMRNA encapsulation efficiency following the manufac-
turer’s instructions. The mRNA encapsulation efficiency (EE)
was calculated using the following equation:

Encapsulation efficiency (EE) (% )

__totalMRNA (mg mL™") — free mRNA (mg mL™")
- total MRNA (mg mL~1)

x100%

Laurdan assay

Formulations were diluted to a theoretical lipid concentration
of 3.12 mM with 10% trehalose solution. This solution was
then added to a series of Mcllvaine buffers with different pH
values (pH 4.5, 5.5, 6.0, 6.5, 7.5) and gently inverted. After
mixing, Laurdan dye (dissolved in DMSO at 0.2 mg mL™") was
added to the formulation in buffer solution, giving a final
Laurdan concentration of 1.13 uM. The molar ratio of total
lipid : Laurdan in the final test solution was 592:1 and the
volumetric fraction of DMSO was 0.2%. Solutions were allowed
to sit at room temperature, protected from light, for three
hours. Samples were then analyzed using a SpectraMax
M5 multi-mode microplate reader (Molecular Devices, San
Jose, CA). Laurdan fluorescence spectra with emission wave-
length from 400 to 520 nm were recorded under a fluorescence
excitation wavelength of 340 nm. Generalized polarization (GP)
values were calculated using the following equation:

GP = (L340 — T490)/(T1a0 + La90)

where I, is the fluorescent intensity at 440 nm and I, is the
intensity at 490 nm.

TNS assay

The apparent acid dissociation constant (pk,) of each LNP for-
mulation was evaluated using the 2-(p-toluidino)-6-naphtha-
lene sulfonic acid (TNS) assay according to a standard proto-
col. Briefly, LNP formulations were added to a series of buffers
with pH values ranging from 3.0 to 9.0. The TNS solution in
DMSO was then incubated with LNPs in different pH buffers.
The fluorescence intensity was recorded at excitation and
emission wavelengths of 320 and 430 nm, respectively, using a
spectrophotometer. The half-maximal inhibitory pH level
(IC50) of the titration curve was reported as the apparent pK,
of the LNPs.

QCM-D characterization

The gold-coated quartz crystal microbalance with dissipation
(QCM-D) sensors (QSX301, Biolin Scientific) with a fundamen-
tal resonance frequency of 4.95 MHz were initially cleaned in a
solution of water, ammonium hydroxide (25%), and hydrogen
peroxide (30%) (5:1:1, v/v/v) for 5 minutes at 75 °C. Following
thorough rinsing with water, the sensors were dried using
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nitrogen and subjected to UV/ozone cleaning for 10 minutes.
The sensors were then installed in the flow module of QSense
Pro (Q-Sense Inc., Gothenburg, Sweden). Shifts in resonance
frequency (AF) and dissipation (AD) for odd overtones (n = 1,
3,..., 13) were recorded. All solutions were introduced using a
peristaltic pump (IPC N-4, Ismatec). Experiments were per-
formed at 37 °C.

Apolipoprotein E (ApoE) was deposited onto the sensors by
injecting 0.1 mg mL ™" ApoE in PBS at 30 uL min~" over the
crystals. After 20 minutes of adsorption, the ApoE layers were
rinsed with PBS at 40 pL. min~" until equilibrium was reached
(approximately 10 minutes). Interactions between the LNP for-
mulations and ApoE were investigated by flowing 50 pg mL ™"
LNPs in PBS over the ApoE layers at a flow rate of 40 pL min~"
for 90 minutes. PBS buffer was continuously pumped over the
surfaces afterwards.

PEG surface density

The surface density of PEG [I'], defined as the number of PEG
molecules per 100 nm* of LNP surface, was determined follow-
ing previous reports>*®>” by the equation:

Mprg X 6.02 x 102 D\?
) ==—=¢ g +4n(—> x100 (1)
W /dne/ 37(3) 2

where Mpgg (mole) is the total amount of PEG, Wyp (g) is the
total mass of LNPs, dyp (g mL™") is the LNP density, and D
(nm) is the particle diameter.

The full surface mushroom coverage [I'*], defined as the
number of unconstrained PEG molecules per 100 nm? of par-
ticle surface, was calculated using the following equations:

&=0.76m°° (2)
100

[rﬂ = 2 (3)
x(3)

where ¢ (A) is the diameter of the surface area occupied by an
unconstrained single PEG chain assuming random-walk stat-
istics, and m is the molecular weight of the PEG chain. [I'¥]
was determined to be 11.0 for PEG,y, and 4.4 for PEGsggo,
respectively.

Cryo-TEM

All mRNA-LNPs were buffer-exchanged into nuclease-free water
(Millipore Sigma), vitrified by plunge-freezing, and imaged
using brightfield cryogenic transmission electron microscopy
(Cryo-TEM). TEM grids (Quantifoil GmbH) were glow-dis-
charged for 25 seconds in rarefied room air using a Pelco
EasiGlow (Ted Pella). Samples were applied to grids in the
chamber of a Vitrobot Mk IV system (ThermoFisher) at 95%
relative humidity and 22 °C, blotted, and then plunged into
liquid ethane for vitrification. Each sample was vitrified on
Quantifoil R2/1 200 mesh grids, both with and without a con-
tinuous carbon film of 2 nm nominal thickness. Imaging was
performed either on a Talos Arctica transmission electron
microscope (FEI Company) with a K2 direct electron detector

This journal is © The Royal Society of Chemistry 2025
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(Gatan) controlled by SerialEM software at 49 000x and
130 000x nominal magnification, or on a Tundra transmission
electron microscope (ThermoFisher) controlled by EPU soft-
ware at 69 000x and 110 000x nominal magnification. Images
were collected from grids showing optimal ice thickness and
low contamination. Regions of interest in the images display-
ing supramolecular structures were identified. Fast Fourier
transform (FFT) and d-spacing determination were conducted
using the Fiji distribution of Image]J.

SAXS

SAXS measurements were performed using a Xeuss 3.0 SAXS/
WAXS system (Xenocs Inc, Holyoke, MA) equipped with a
Genix 3D Cu microfocus source (Cu Ka 4 = 1.5418 A) and a
movable Eiger 1M detector (Dectris). Samples were loaded into
the BioCube sample environment using the robotic sample
loader. The sample cell was maintained at 25 °C during
measurements. Two-dimensional images were azimuthally
averaged using XSACT. One-dimensional scattering profiles
were then averaged and buffer-subtracted in XSACT. All
samples were kept frozen and thawed to room temperature
prior to measurement.

In vivo protein expression

Animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC). The LNPs containing 0.1 pg
of hEPO mRNA were intramuscularly injected into the right
gastrocnemius muscle of female BALB/c mice (6-8 weeks old).
Six hours post-injection, blood samples were collected from
the mice, and hEPO levels in the sera were measured using
enzyme-linked immunosorbent assay (ELISA), following the
manufacturer’s instructions.

Correlation analysis

To explore the relationships between variables in our dataset,
we conducted a correlation analysis using R’s corrplot package
and calculated Pearson correlation coefficients. The correlation
matrix was visually represented using the corrplot function,
which offers a variety of visualization methods, including
circle and color-coded heatmaps, to effectively display the
strength and direction of the correlations between variables.

Results and discussion

We first formulated LNPs with a variety of PEG-lipids and eval-
uated hEPO expression in vivo. A total of 29 PEG-lipids were
assessed from four lipid families - glyceride PEG, phos-
phoethanolamine (PE) PEG, cholesterol PEG, and ceramide
PEG - each with different linker or tail structures and PEG
molecular weights ranging from 600 to 5000. The structures of
the ionizable lipid and all PEG-lipids screened in this work are
illustrated in Fig. 1a. The process and timeline of the animal
experiments, along with the overall design of the work
described in this paper, are shown in Fig. 1b and c. The model
ionizable lipid OF-02 features a cyclic lysine dipeptide core

This journal is © The Royal Society of Chemistry 2025
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and four hydrophobic tails, each with 2 unsaturated bonds in
its 18-carbon chain.?®

Eight glyceride PEG-lipids, with glyceride serving as the
linker between the PEG head and two acyl lipid tails, were for-
mulated, characterized, and evaluated for potency. In this
study, all protein expression data was normalized to the levels
from the DMG-PEG2k formulation, which exhibited an
average 6 h-hEPO expression of approximately 30 ng mL™". It
was observed that as the acyl carbon chain length increased
from 14 to 18, protein expression significantly decreased
(Fig. 2a). Among the eight tested glyceride PEG-lipids, only
the DMG-PEG5k formulation demonstrated comparable
protein expression (slightly higher, ~20%, than the
DMG-PEG2k benchmark). Compared to PEG2k, PEG5k formu-
lations showed smaller particle sizes (Fig. 2b). The PDI for all
formulations was less than 0.2, with PEG5k LNPs showing a
slight increase (Fig. 2c). The mRNA encapsulation efficiency
(EE%) was close to or above 90% for all formulations,
although PEG5k formulations exhibited slightly lower values
(Fig. 2d). Decreased protein expression by DPG-, DSG-, and
DOG-PEG formulations may be explained by different rates of
PEG shedding from LNPs upon contact with complex media.
PEG-lipids with shorter lipid tails shed faster than those with
longer tails, promoting the formation of protein corona and
enhancing cellular uptake.”**° Additionally, PEG5k formu-
lations with long acyl carbon chains (C16 to C18) exhibited
decreased potency compared to their PEG2k counterparts,
which could be attributed to reduced protein adsorption on
higher molecular weight PEG on LNP surfaces. Notably,
DMG-PEG, with its C14 tail, is the only lipid in this study
where the PEG5k formulation demonstrated protein
expression comparable to that of PEG2k. All other lipid tails
tested, including the PE and ceramide PEG lipids discussed
below, showed reduced potency of PEG5k formulations com-
pared to their PEG2k counterparts.

Thirteen PE PEG-lipids being studied use glycero-3-phos-
phoethanolamine as the linker between the PEG head group
and two lipid tails. As shown in Fig. 2f, LNPs made from
DMPE-PEG2k, DMPE-PEG3k, and DPPE-PEG2k exhibited
similar protein expression levels compared to the DMG-PEG2k
control. DLPE (C12), DMPE (C14) with PEG750 and PEG1ik,
DPPE (C16) with PEG5k, DSPE (C18), and DOPE (C18: 1) PEG-
lipids all showed lower protein expression than the bench-
mark. A similar trend to that observed with the glyceride PEG-
lipids was noted: PEG5k formulations generally demonstrated
smaller particle sizes, slightly increased PDI, slightly lower
EE%, and less protein expression compared to the respective
PEG2k formulations (Fig. 2f-i). For the DMPE-PEG lipids,
PEG750 and PEG1k formulations had much larger particle size
of 196 and 161 nm, respectively, compared to the PEG2k to 5k
formulations which had sizes around 100 nm. This difference
in size may explain the low protein expression of the two for-
mulations. Additionally, it was observed that as the molecular
weight of PEG increased, the zeta potential of LNPs decreased
(Fig. 2e and j). Notice that in most literature, the final buffer
for LNPs is PBS (pH 7.4), typically resulting in zeta potentials

Nanoscale, 2025, 17, 1329-11344 | 11333
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Fig. 2 Protein expression, particle size, PDI, mRNA encapsulation efficiency, and zeta potential of LNPs formulated with glyceride PEG (a—e), phos-
phoethanolamine (PE) PEG (f-j), and ceramide PEG (k—n) lipids. Mice were injected with hEPO mRNA-loaded LNPs at an IM dose of 0.1 pg, and
protein levels in the sera were measured 6 h post-injection (n > 4 per group).

near zero. In this work, a trehalose solution (pH ~5) was used
as the final buffer for LNPs, intended for -cryostorage.
Therefore, the LNPs exhibited higher zeta potentials.
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Since the DMG-PEG5k formulation showed promising
protein expression, we decided to further investigate different

molar ratios of DMPE-PEG5k from 1.5 to 5%. These formu-
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lations, however, did not show improved potency (Fig. S17).
Particle size across the samples remained at approximately
96 nm, and the zeta potential was consistently around
17.5 mV. Interestingly, as the PEG-lipid content increased from
1.5% to 5%, there was a noticeable increase in the PDI from
0.1 to 0.2. This may be attributed to the polarity of PEG, with
which a high ratio of PEGylated lipid in the lipid mixture and
higher PEG molecular weight could lead to heterogeneous
mixing and phase separation. A similar phenomenon has been
reported by others.>® As the mol% of DMPE-PEG5k increased,
the EE% decreased (Fig. S1t). This reduction is likely due to
the steric hindrance caused by excessive PEG molecules, which
can limit the accessibility of ionizable lipids and interfere with
lipid-mRNA interactions. When the mol% of DMPE-PEG5k
reached 4% or higher, the EE% fell below 80%, and protein
expression was significantly compromised.

Next, we investigated four ceramide PEG-lipids, with cera-
mide (8 or 16 acyl carbons) as the lipid anchor (Fig. 2k-n).
LNPs formulated with two of these lipids (C8 PEG750, C16
PEG750) had diameters exceeding 200 nm and hence, not suit-
able for sterile filtration and further in vivo evaluation. The
remaining two lipids (C8 PEG2k, C8 PEG5k) both exhibited
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much lower protein expression compared to the DMG-PEG2k
control, although C8 PEG2k showed higher protein levels than
C8 PEG5k.

Given cholesterol’s role in membrane fluidity, we explored
the cholesterol PEG-lipid (chol-PEG) family, where cholesterol
serves as the anchor in the membrane. Notably, chol-PEG
lipids have only one lipid tail. As depicted in Fig. 3a, nearly all
chol-PEG lipids at the tested molar ratios exhibited lower
expression than the DMG-PEG2k control, except for 5 mol%
chol-PEG1k. The size of LNPs decreased as either the PEG
molecular weight or PEG molar ratio increased (Fig. 3b).
Further, chol-PEG LNPs were larger than those from other
PEG-lipid families with the same PEG molecular weight. For
instance, at 1.5 mol% of PEG2k and PEG5Kk, chol-PEG formu-
lations had particle diameters around 200 nm and 150 nm,
respectively, whereas glyceride, PE, and ceramide PEGs with
equivalent PEG molecular weights resulted in particle dia-
meters of less than 130 nm. Additionally, higher PEG mole-
cular weights slightly increased PDI (Fig. 3c), consistent with
observations from other PEG-lipid families (Fig. 2c and h). An
increase in PEG molecular weight and molar ratio generally
led to a reduction in mRNA encapsulation efficiency (Fig. 3d).
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(a) Protein expression, (b) particle size, (c) PDI, and (d) mRNA encapsulation efficiency of LNPs formulated with cholesterol-PEG lipids. Mice

received an IM dose of 0.1 pg hEPO mRNA-LNPs. Protein levels were measured 6 h post-injection (n > 4 per group ).
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When the PEG molecular weight was 2k or lower, greater
protein expression was observed at higher PEG molar ratios,
likely due to the larger particle sizes when both PEG molecular
weight and mol% were low (Fig. 3b). In contrast, with a PEG
molecular weight of 5k, maximal protein expression was seen
at intermediate PEG molar ratios, probably attributed to the
large particle size at low PEG molar ratios (Fig. 3b) and
reduced EE% and protein binding at high PEG ratios (Fig. 3d).
Lower PEG percentages in mRNA-LNPs are generally associated
with higher protein expression.'® Interestingly, this study
found that reduced chol-PEG content resulted
expression.

Among the 29 PEG-lipids and approximately 50 compositions
screened, the DMG-PEG5k formulation was the only one that
demonstrated improved biological potency compared to the

in lower

(a)

View Article Online

Nanoscale

DMG-PEG2k control. Given that PEG5k is more hydrophilic than
PEG2k and provides additional ethylene glycol coverage even at
lower molar ratios, which could impart distinct LNP properties,
we decided to further investigate and optimize formulations
with DMG-PEG5k, as well as explore their structure-activity
relationship. It was observed that DMG-PEG5k did not fully dis-
solve in isopropanol (IPA) unless water was added whereas
DMG-PEG2k exhibited good solubility in IPA (data not shown).
For composition optimization, JMP software was used to
conduct a DoE that varied the fractions of all four lipids in the
formulation, resulting in 20 different formulations (Fig. 4a). The
ranges of DMG-PEG5Kk, OF-02, cholesterol, and DOPE were set at
1-4, 20-60, 10-45, and 10-50 mol%, respectively.

As shown in Fig. 4b, the twenty formulations with varying
compositions yielded a broad range of protein expression,
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(a) Composition design of LNPs made with DMG-PEG5k via DoE and (b) relative protein expression compared to the DMG-PEG2k bench-

mark. (c) and (d) Show correlation between protein expression and the fractions of lipid components. (e) Shows a strong correlation between protein
expression and mRNA encapsulation efficiency. (f) Shows EE% correlates closely with the DMG-PEG5k fraction. Mice received an IM dose of 0.1 pg
hEPO mRNA-LNPs. Protein levels were measured 6 h post-injection (n > 4 per group).
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from 0.1 to 1.3 times that of the DMG-PEG2k control (Std1).
These expression values were then fed back into JMP software,
which predicted an optimal composition (OPT) that achieved a
1.5-fold increase in protein expression compared to Std1. The
physicochemical properties of the 20 DoE formulations, along
with those of the OPT and DMG-PEG5k standard (Std2) com-
positions, are detailed in Table 1. The hydrodynamic particle
diameter, PDI, and EE% of these LNPs ranged from 90 to
128 nm, 0.05 to 0.17, and 64% to 95%, respectively.

We next investigated how LNP composition and character-
istics influence their biological potency. Protein expression
showed a strong negative correlation with the fractions of ioniz-
able lipid (Fig. 4c) and PEG-lipid (Fig. 4d), while correlations
with DOPE% and cholesterol% were considerably weaker
(Fig. S2a and bt). Importantly, there was a very strong positive
correlation between protein expression and mRNA encapsula-
tion efficiency, with an R value of 0.84 (Fig. 4e), whereas the
correlation with particle size was weak, and no correlation was
found with PDI (Fig. S2c and df). Lower PEG ratios led to
higher zeta potential (Fig. S2gt), which in turn increased EE%
due to stronger electrostatic interactions with mRNA (Fig. S2ht
and Fig. 4f). Since mRNA molecules encapsulated within LNPs
are delivered into cells much more efficiently than free mRNA,
high EE% at low PEG fractions and high zeta potential resulted
in elevated protein expression (Fig. 4d, e and Fig. S2et).
Additionally, it was observed that as the ionizable lipid fraction
increased, the pK, of LNPs also increased, which negatively
impacted protein expression (Fig. S2f, if and Fig. 4c).

To explore the structure-activity relationship, all DoE, Std1,
Std2, and OPT formulations were thoroughly characterized
using the Laurdan assay to gain a fundamental understanding
of lipid packing. Laurdan is a fluorescent dye that penetrates
lipid layers and is widely used to probe the packing and
hydration of lipid membranes. Upon transition of lipid layers

View Article Online
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from a gel phase to a fluid phase, Laurdan spectra exhibit a
red shift. Generalized polarization (GP), a normalized differ-
ence between Laurdan fluorescence intensities at 440 nm and
490 nm, is a commonly used parameter for analyzing Laurdan
fluorescent spectra. Lower GP values indicate a more dis-
ordered or less tightly packed lipid bilayer.**

Laurdan spectra were measured at various pH values (7.5,
7.0, 6.5, 5.5, and 4.5) to simulate endosome maturation, which
involves a decrease in pH following cellular uptake of LNPs. As
shown in Fig. S3,f Laurdan spectra all shifted to higher wave-
lengths as the pH decreased, although the extent of this red
shift varied significantly across different formulations. The GP
values at each pH level along with the protein expression for
all tested formulations are plotted in a heat map (Fig. 5a). GP
values decreased with decreasing pH, indicating a more dis-
ordered lipid bilayer in acidic environments. Notably, the two
formulations with the highest protein expression, OPT and
DOE14, had the highest GP values at pH 4.5. The ratio of GP
values at pH 7.5 to pH 4.5 (GP, 5/GP, 5) was then calculated for
all formulations, and Laurdan spectra were categorized into
five groups accordingly (Fig. S371). In fact, a smaller GP; 5/GP, 5
ratio corresponds to a smaller red shift in Laurdan spectra,
whereas a larger ratio indicates a greater shift. Interestingly, a
general trend was observed where higher protein expression
was associated with smaller GP; 5/GP, 5 ratio (Fig. S4at), with a
negative Pearson correlation coefficient of —0.6. Outliers with
large deviations from the trendline were found to have poor
encapsulation efficiency. When including only LNPs with EE >
80%, a strong negative correlation (R = —0.9) was observed
between protein expression and GP,s/GP,5 (Fig. 5b). This
finding explains why some formulations had high mRNA
encapsulation but poor protein expression. For example,
although DOE8 and DOE4 had high mRNA EE of 86% and
88%, respectively, their protein expression was only 37% and

Table 1 Composition and physicochemical properties of DMG-PEG5k DoE formulations

D DMG- PEG5k%  OF-02% Chol% DOPE% Diameter (nm) PDI EE% ZP(mV) pK, GP,5/GP,s [I] [y«
DOEO1 1.1 40.3 14.9 43.7 125 0.067 89 21 6.5 1.60 13.9 3.1
DOE 02 1.0 29.0 21.7 48.3 119 0.111 91 20 6.2 1.33 13.8 3.1
DOE 03 1.7 56.5 31.8 10.0 117 0.068 65 17 6.5 1.91 19.1 4.3
DOE04 1.1 52.7 28.7 17.5 125 0.049 88 19 6.5 1.80 14.3 3.2
DOEO5 1.1 34.9 16.3 47.7 119 0.093 91 19 6.4 1.51 14.5 3.3
DOE 06 2.9 59.9 20.2 17.0 100 0.083 70 15 6.6 1.90 251 5.7
DOE 07 3.6 20.4 42.1 33.9 93 0.139 76 14 6.3 1.12 386 8.7
DOE 08 2.0 54.8 10.1 33.1 110 0.077 86 18 6.7 2.03 19.5 4.4
DOE09 2.5 39.7 27.3 30.6 99 0.117 85 17 6.7 1.56 25.2 5.7
DOE 10 3.8 49.1 33.4 13.7 98 0.119 66 16 6.6 1.76 343 7.8
DOE11 1.1 38.6 44.4 15.9 115 0.055 94 19 6.5 1.38 14.6 3.3
DOE12 1.0 40.7 26.1 32.2 128 0.107 95 20 6.7 1.64 14.0 3.2
DOE 13 2.5 39.7 27.3 30.6 92 0.079 84 17 6.7 1.55 23.5 5.3
DOE 14 1.8 23.1 41.4 33.7 93 0.113 90 19 6.2 1.16 20.8 4.7
DOE 15 2.7 30.6 21.7 45.0 92 0.138 76 17 6.6 1.36 26.0 5.9
DOE16 3.0 54.4 32.4 10.2 102 0.084 64 17 6.6 1.84 281 64
DOE 17 3.2 40.3 20.9 35.6 95 0.079 74 18 6.6 1.63 289 6.5
DOE 18 3.8 39.1 44.4 12.6 97 0.084 73 15 6.6 1.32 380 8.6
DOE19 4.0 22.5 33.8 39.7 90 0.167 70 12 6.5 1.21 384 8.7
DOE 20 3.2 25.6 22.7 48.5 96 0.161 71 16 6.5 1.26 323 7.3
OPT 1 25.5 45 28.5 120 0.111 91 19 6.0 1.16 15.5 3.5
Std2 1.5 40 28.5 30 112 0.104 90 20 6.6 1.52 18.1 4.1
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0.05 indicating a significant deviation of the slope from zero.

67% of the Std1 benchmark. This arises from their high GP; s/
GP, 5 ratios of 2 and 1.8, which are primarily related to lower
indicating poor membrane
Conversely, DOE7, despite having the smallest GP; 5/GP, 5 ratio
of 1.1 among all formulations, showed protein expression com-
parable to Std1, likely attributed to its reduced EE of 76%.
Note that for the three standard and optimized formulations,
GP; 5/GP, 5 follows the order OPT < Std2 < Std1, with EE values

GP4.57
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integrity at low pH.

all above 90%, with protein expression exhibiting the opposite
ranking, which agrees with the hypothesis. Overall, the
Laurdan results suggest that both mRNA encapsulation
efficiency and LNP membrane integrity, especially in acidic
environments, are critical factors in determining protein
expression.

We next delved deeper to gain insights into how each LNP
component affects GP values at the molecular level. GP values

This journal is © The Royal Society of Chemistry 2025
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at individual pHs and GP; s/GP, s were plotted against the frac-
tion of each lipid. The results show that GP correlates strongly
with the ionizable lipid ratio at both high and low pHs,
whereas for cholesterol, dependence is seen only at pH of 5.5
and below, and for DOPE, dependence is evident only at pH
6.0 and above (Fig. 5c-€). No correlation was found between
GP values and PEG fraction (Fig. S4bf), which is expected
since PEG-lipids are primarily located on the surface of the
LNPs. Notably, a very strong correlation was observed between
GP, 5/GP, s and the ionizable lipid ratio with an R value of 0.96
(Fig. 5f), whereas the correlations with cholesterol and DOPE
ratios were weaker (Fig. 5g and 5h), and no correlation was
found with the PEG ratio (Fig. S4ct). The acidic environment
enhances electrostatic repulsion among protonated ionizable
lipid molecules, leading to decreased lipid packing within
LNPs (Fig. 5i) and increased membrane hydration, which in
turn decreases GP, 5 and increases the GP,5/GP, 5 ratio. The
trend in GP value changes caused by cholesterol may be
explained as follows: Incorporating cholesterol into the
charged lipid bilayer promotes close packing of lipid mole-
cules. At lower pHs (pH 4.5 and pH 5.5), ionizable lipids are
protonated and repel each other. The addition of cholesterol
brings these lipids closer together and decreases membrane
fluidity, thereby enhancing GP and reducing GP;5/GP,s.
DOPE lipid possesses an intrinsic negative curvature.
Increased DOPE content in LNPs promotes the formation of
inverted hexagonal structures and induces curvature
stress,**** resulting in more voids between lipid tails (ie.,
reduced lipid packing) and consequently lower GP values.
Overall, the proportions of all LNP components must be
balanced to maximize the biological potency of the LNPs. In
our formulations, low ratios of ionizable and PEGylated lipids,
combined with high ratios of cholesterol and DOPE, appear to
be optimal. Consistent with our findings, previous research
has shown that the lowest molar ratio of DOTAP to cholesterol
in liposomes resulted in the highest mRNA transfection
efficiency."

When administered in vivo, LNP surfaces interact with
various proteins, leading to the formation of a protein corona
that affects the cellular uptake and biodistribution of the par-
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ticles.*® The interactions between three mRNA-LNP formu-
lations (Std1, Std2, and OPT) and Apolipoprotein E (ApoE)
were studied using QCM-D. ApoE was chosen for this study
due to its significant role in the clearance of LNPs and their
targeting to the liver.>> QCM-D is a highly sensitive technique
that monitors in situ changes in interfacial mass uptake and
viscoelastic properties by detecting shifts in the frequency and
dissipation of an oscillating quartz crystal sensor. Larger nega-
tive frequency shifts typically indicate a higher coupled mass.
For simplicity, only the frequency and dissipation shift of the
third overtone are presented here, though similar conclusions
can be drawn from all measured overtones.

ApoE was first deposited onto the gold-coated sensor, fol-
lowed by the introduction of LNPs over the pre-adsorbed ApoE
layers for 90 minutes. The Std1, Std2, and OPT formulations
exhibited irreversible adsorption on the protein layer, with fre-
quency shifts of —470, —100, and —150 Hz, respectively (Fig. 6).
The greater frequency shift observed for the Std1 formulation
with 1.5% PEG2k indicates a higher degree of ApoE adsorption
compared to Std2 formulated with 1.5% PEG5k and OPT for-
mulated with 1% PEG5k. This suggests that LNPs formulated
with lower molecular weight PEG-lipid exhibit stronger inter-
actions with proteins than those with higher molecular weight
PEG-lipid, which correlates well with the zeta potentials of
Std1, Std2, and OPT, measured at 30, 20, and 19 mV, respect-
ively (Table 1). Additionally, the PEG2k LNPs demonstrated a
larger dissipation shift than the two PEG5k LNPs, indicating
that the PEG2k LNPs formed a softer layer (Fig. 6).

PEG surface density [I'] denotes the number of PEG mole-
cules per 100 nm* of LNP surface, whereas [I'*] represents the
number of unconstrained PEG molecules within the same
area. The ratio of [I']/[I"*] reflects the packing density of PEG
chains on the LNP surface and is used to assess the chain con-
formation. Typically, a ratio of <1 indicates a low PEG density
with a mushroom conformation; a ratio between 1 and 2 indi-
cates a brush conformation; and a ratio >2 suggests a dense
brush conformation."'”>*® In this study, the [I'] values for the
Std1, Std2, and OPT formulations are similar, at 19.3, 18.1,
and 15.5, respectively (Table 1). The [I']/[T*] ratio for the Std1
formulation is 1.8, indicating a brush conformation, whereas
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Fig. 6 The frequency shift (a) and dissipation shift (b) of ApoE-LNP interactions measured by QCM-D.
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the ratios for the Std2 and OPT formulations are 4.1 and 3.5
respectively, suggesting a dense brush conformation. Notice
that the Comirnaty mRNA-LNP also exhibited a dense PEG
brush-like conformation."””> The dense brush conformation
results in a thicker hydrophilic surface barrier layer, leading to
reduced nonspecific protein adsorption, hence smaller fre-
quency shifts observed for the Std2 and OPT formulations.
Although the OPT formulation showed significantly less
protein adsorption than Std1, it achieved much higher protein
expression, indicating that protein adsorption alone is not the
sole determinant of biological potency. Additional critical
factors including lipid packing, LNP structure, PEG shedding
and others, all play a role in delivery efficacy.

Peaks and shifts in SAXS spectra provide valuable insights
into the internal structures and phase transitions within LNPs.
The SAXS profiles of OPT, Std2, and Std1 mRNA-LNP formu-
lations were first characterized at a total mRNA concentration
of 0.5 mg mL™" in 10% trehalose (Fig. 7a). Two distinct Bragg
peaks in the spectra — one at a scattering vector ¢, ~ 0.13 A
and another at g, ~ 0.16 A™ - indicate the presence of two
different internal structures (Fig. 7b). This was confirmed by
Cryo-TEM images, which clearly revealed multilamellar and
inverted hexagonal structures across all three formulations
(Fig. 7c and Fig. S51). The regions of interest were subjected to
fast Fourier transform (FFT), yielding reciprocal lattices from
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which the repeating distances (i.e., d-spacings) of the struc-
tures were determined. The d-spacings for the multilamellar
and inverted hexagonal structures of the OPT formulation
were approximately 4.2 and 5.5 nm, respectively (Fig. 7c).
Hence, peak 1 in the SAXS spectra at lower g corresponds to
the inverted hexagonal structure, while peak 2 at higher ¢
corresponds to the multilamellar phase, as the scattering
vector is inversely proportional to the lattice spacing.
Compared to Std1 and Std2, the OPT formulation exhibited a
narrower and higher peak, yet a smaller peak area for the
lamellar phase relative to the hexagonal peak (Fig. 7b). The
lattice spacing d of the OPT formulation, calculated from ¢
values of the SAXS spectra (d = 2nn/q), was 4.0 and 4.9 nm for
the multilamellar and inverted hexagonal phases, respectively,
consistent with the values derived from Cryo-TEM.

The pH-dependent phase behavior of the three formu-
lations was subsequently evaluated using SAXS to investigate
structural changes during endosomal maturation (Fig. 7d-g).
The formulations were mixed in a 1:1 ratio with citrate-phos-
phate buffers at pH levels of 7.5, 6.5, 5.5, or 4.5. At pH 7.5, the
OPT formulation exhibited two strong peaks, whereas Std2
and Std1 showed weaker peaks, particularly for the multilamel-
lar phase (Fig. 7g). As the pH decreased, the Bragg peaks of
Std2 and Std1 became more pronounced, suggesting a trans-
formation of their internal structures from a disordered state
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Fig. 7 SAXS diffractograms (a) and peak features (b) of the OPT, Std 2, and Std 1 formulations in 10% Trehalose. (c) Shows Cryo-TEM image, FFT
profiles, and d-spacing of the multilamellar (purple box) and inverted hexagonal (green box) structures of the OPT formulation. SAXS diffractograms
(d—q) of the OPT, Std 2, and Std 1 formulations mixed with citrate-phosphate buffers at different pH values.
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toward more ordered multilamellar and inverted hexagonal
phases. This observation aligns with a previous study reporting
the mesophase transition of LNPs from an amorphous state to
lamellar and subsequently to inverted hexagonal phases upon
acidification during endosomal maturation.”” Notably, the
OPT formulation had the most pronounced inverted hexagonal
peak at pH 4.5 compared to the other two formulations
(Fig. 7d). The inverted hexagonal phase of LNPs is known to
exhibit greater transfection efficiency compared to the lamellar
structure.?” Although all three formulations showed significant
laminar peaks at pH 4.5 (Fig. 7d), and the laminar phase could
transition to the inverted hexagonal phase upon interaction
with endosomal membrane-mimicking vesicles, the pre-pro-
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gramed inverted hexagonal phase facilitated a more efficient
one-step delivery mechanism by bypassing this transition.*?
Additionally, the SAXS peaks shifted to the left as the pH was
lowered (Fig. S61), which is consistent with an increase in
d-spacing likely due to increased water content in the LNPs.
We further examined the inter-relationships among protein
expression, LNP composition, and physicochemical properties.
Pearson correlation coefficients were used to assess the linear
correlations between all pairs of variables, as shown in the
matrix in Fig. 8a. These coefficients range from —1 to 1, where
1 indicates a perfect positive linear relationship, —1 indicates a
perfect negative linear relationship, and 0 indicates no linear
relationship. Red and blue circles represent positive and nega-
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(a) Heat map illustrating inter-relationships among hEPO expression, fractions of lipid components, and LNP physicochemical characteristics.

Notice that both the size and opacity of the circles correspond to the Pearson coefficient values. Blank boxes indicate a non-existent (i.e., R = 0)
relationship, whereas faint and small circles indicate weak relationship. (b) Schematic representation illustrating the importance of post-endocytosis
particle membrane integrity for LNPs with high versus low transfection efficiency.
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tive relationships, respectively. The hEPO expression was
found to correlate most strongly with two LNP characteristics:
mRNA encapsulation efficiency and GP;5/GP, 5. While mRNA
encapsulation largely depends on the PEG fraction, GP;s/
GP, 5, an index for lipid packing, is primarily impacted by the
ratio of OF-02, followed by the ratios of cholesterol and DOPE.

A lower GP,5/GP,5 ratio resulted in higher protein
expression, with the ratio being more strongly influenced by
GP, 5 (Fig. 8a). Thus, a larger GP,5 is desirable to enhance
protein expression, underscoring the significance of mem-
brane integrity at lower pH. Following endocytosis, LNPs
encounter a highly acidic environment as endosomes mature.
LNPs with poor lipid packing and compromised membrane
integrity are more prone to suffer significant mRNA degra-
dation under such acidic conditions. In contrast, LNPs with
superior membrane integrity are more likely to fuse with endo-
some membrane, promoting endosomal escape and mRNA
release, thereby improving transfection efficiency (Fig. 8b).
Additionally, LNPs with more ordered internal structures may
further enhance endosomal escape and exhibit even greater
potency in such scenarios.

Conclusions

Screening a library of PEGylated lipids and optimizing the for-
mulations using DoE resulted in the development of an
optimal DMG-PEG5k mRNA-LNP formulation, which demon-
strated improved transfection efficiency compared to the
DMG-PEG2k benchmark. A series of advanced physico-
chemical characterizations were conducted to elucidate the
structure-activity relationship. Among all the factors tested,
mRNA encapsulation efficiency, lipid packing and membrane
integrity (particularly at low pH), and the internal structure of
the LNPs were identified as the three most critical factors
influencing the transfection efficiency of mRNA-LNPs. High
EE, enhanced membrane integrity as indicated by a low GP; s/
GP,s ratio, and more ordered internal phases, achieved
through balanced ratios of lipid components, closely corre-
lated with improved in vivo potency. With screening of novel
PEG lipids and optimization of formulation compositions, this
study offers a fundamental understanding of LNP structure-
activity relationships for intramuscular route of administration
and provides valuable guidelines and characterization tech-
niques for the rational design, optimization, and application
of mMRNA-LNPs.

Abbreviations

LNP Lipid nanoparticles

mRNA Messenger ribonucleic acid
SAR Structure-activity relationship
DOE Design of Experiments

M Intramuscular

v Intravenous
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SiRNA Small interfering RNA
ASO Antisense oligonucleotide
PEG Polyethylene glycol
DMG-PEG2k PEG 2000 with dimyristoyl glycerol
DMG-PEG5k PEG 5000 with dimyristoyl glycerol
chol-PEG Cholesterol PEG
DOPE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
hEPO Human erythropoietin

PE Phosphoethanolamine

Cryo-TEM Cryogenic transmission electron microscopy
SAXS Small angle X-ray scattering

QCM-D Quartz crystal microbalance with dissipation
GP Generalized polarization

DLS Dynamic light scattering

PDI Polydispersity index

EE mRNA encapsulation efficiency

pPK, Apparent acid dissociation constant

TNS 2-(p-Toluidino)-6-naphthalene sulfonic acid
FFT Fast Fourier transform

ELISA Enzyme-linked immunosorbent assay

ApoE Apolipoprotein E
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