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A B S T R A C T

Ionizable lipids are widely recognized as the crucial component of lipid nanoparticles (LNPs). They enable mRNA
encapsulation, shield it from enzymatic degradation, facilitate cellular uptake, and foster its cytosolic release for
subsequent translation into proteins. In addition, PEGylated lipids are added to stabilize the particles in storage
and in vivo. In this study, we investigate the potency of LNPs prepared using commonly adopted ionizable and
pegylated lipids in vitro (using HEK293 cells) and in vivo (mouse studies) to consider the impact of structure on
potency. LNPs were prepared using a fixed molar ratio of DSPC: Cholesterol: ionizable/cationic lipid: PEG lipid
(10:38.5:50:1.5 mol%). All LNP formulations exhibited similar critical quality attributes (CQAs), including
particle size <100 nm, low PDI (<0.2), near-neutral zeta potential, and high encapsulation efficiency (>90%).
However, the potency of these LNPs, as measured by in vitro mRNA expression and in vivo expression following
intramuscular injection in mice varied significantly. LNPs formulated with SM-102 exhibited the highest
expression in vitro, whilst in vivo SM-102 and ALC-0315 LNPs showed significantly higher mRNA expression than
DLin-MC3-DMA (MC3), DODAP and DOTAP LNPs. We also investigated the effect of PEG lipid choice (ALC-0159,
DMG-PEG2k, and DSPE-PEG2k), which did not impact LNP CQAs, nor their clearance from the injection site.
However, PEG lipid choice significantly influenced mRNA expression with the incorporation of DSPE-PEG2k
reducing expression. This work contributes valuable insights to the evolving landscape of mRNA research,
emphasizing that CQAs are a marker of the quality of the LNP production process, but not discriminatory
regarding LNP potency. Similarly, standard in vitro studies do not provide insights into in vivo potency. These
results further emphasize the intricacies of formulation design and the importance of bridging gaps between
experimental outcomes in different settings.

1. Introduction

The recent development of messenger RNA (mRNA)-based vaccines
has presented a highly encouraging approach to the rapid development
of vaccines. The success of mRNA vaccines relies on using lipid nano-
particles (LNPs) by encapsulating mRNA in a lipid shell. Naked mRNA is
a polyanionic macromolecule rapidly degraded by extracellular RNases,
and cannot traverse cell membranes due to electrostatic repulsion. The

encapsulation of mRNA into lipid vesicles enhances mRNA stability,
facilitates cellular entry via endocytosis and improves expression
compared to naked mRNA [1]. Moreover, LNPs have the potential to act
as an adjuvant by augmenting the immune response [2]. Indeed, whilst
LNP-induced inflammation present a challenge for therapeutic in-
dications, this can be exploited for vaccine formulation [3]. It has been
shown that the inflammatory response from mRNA-LNPs provides a
basis for adjuvant activity, and ionizable lipids are likely responsible for
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this due to their amine headgroups mediating pro-inflammatory cyto-
kine release by activating pattern recognition receptors on the cell
membrane [4]. Furthermore, results suggest that this adjuvant effect is
influenced by the administration route of the LNPs [5].

LNPs are typically composed of four key types of lipids: an ionizable
lipid, a PEGylated lipid, a phospholipid (often referred to as a helper
lipid), and cholesterol. Helper lipids facilitate vesicle formation whilst
reducing the ionizable lipid concentration to a level that allows for
effective mRNA encapsulation [6]. Distearoylphosphatidylcholine
(DSPC) is a commonly used phospholipid in nucleotide delivery; it en-
hances LNP stability due to its saturated carbon tail and high melting
point. Dioleoylphosphatidylethanolamine (DOPE) is another phospho-
lipid considered for the formulation of LNPs. It has a double bond in the
acyl chains, making for a bulky tail and smaller head group compared to
DSPC, creating a cone-shaped structure [7,8]. This structural feature
improves intracellular nucleotide delivery by promoting the Hii phase
but can also decrease LNP stability. Cholesterol is also commonly used in
LNPs for particle formation and stability, bridging the gap between
lipids in the LNP structure and facilitating endosomal release [9].
Currently, all approved mRNA-LNP products contain DSPC and choles-
terol, albeit with differing ionizable and PEG lipids [10].

Early nucleic acid delivery systems relied on permanently cationic-
charged lipids, but their use was limited by cytotoxicity concerns,
mainly as they activate several cellular pathways, such as pro-apoptotic
and pro-inflammatory cascades [11]. This led to the development of
ionizable lipids, which switch from a positive charge in acidic pH
(favouring their interaction with negatively charged mRNA) to neutral
in physiological pH. Therefore, LNPs are formed at an acidic pH and
then subjected to buffer exchange to achieve a pH of 7.4. Upon
administration, LNPs are endocytosed, and the tertiary amine of the
ionizable lipids is protonated to form a quaternary ammonium ion in the
acidic environment of the endosome (pH ~4). Protonated ionizable
lipids interact with anionic lipids of the endosome membrane, and this
electrostatic interaction disrupts the endosomal membrane, releasing

mRNA into the cytosol. The effectiveness of ionizable lipids is often
linked to their pKa and 3D structural properties (Fig. 1). The pKa of LNPs
should be sufficiently high to achieve protonation in acidic environ-
ments and sufficiently low to carry a smaller positive surface charge at
physiological pH, minimizing toxicity [12]. The optimal pKa range of
ionizable lipids to elicit an adaptive immune response via the intra-
muscular route has been reported as 6.6–6.9; however, this decreased to
6.2–6.6 for optimum protein expression following intravenous injection
[13]. Another critical factor dictating lipid efficacy in LNPs is the mo-
lecular shape of ionizable lipids. Including branched tails within the
ionizable lipid structure may lead to a cone-shaped geometry, thereby
promoting endosomal escape [14].

Inclusion of PEGylated lipids within the LNP formulations offers
steric stability to LNPs, which is crucial for particle integrity. Typically,
1.5 mol% of PEG lipid is used in clinically approved LNPs [15–17]. The
PEG lipid content can affect LNP characteristics, such as the number of
mRNA copies per LNP [18]. The length of the lipid tail of the PEG lipid
also dictates the expression profile by affecting the desorption rate of the
PEG chain [19,20]. After LNPs enter the body, it is proposed that the
PEG chain needs to be released (via desorption) from the LNPs so that the
LNPs can be internalized into the cells. The number and length of hy-
drophobic chains in the molecule drive the desorption rate of the PEG
chains, and shorter PEG lipids such as DMG-PEG2k are commonly used
[20]. Given the impact of these changes in formulation and the link to
LNP function, our study aimed to investigate how the choice of
commonly adopted ionizable and PEGylated lipids alters LNP physico-
chemical characteristics, in vitro efficacy and in vivo potency.

2. Materials and methods

2.1. Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-3-
trimethylammoniumpropane (chloride salt) (DOTAP), 1,2-distearoyl-

Fig. 1. The structures of the a) ionizable & cationic lipids and b) pegylated lipids used within this study. The structures were drawn using (Reaxys). The pKa for SM-
102, ALC-0315 and MC3 are from [10] and for DODAP [21].
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sn-glycero-3-phosphoethanolamine-N-[carbonyl-methoxy(polyethylene
glycol)-2000] (sodium salt) (DSPE-PEG(2000)), 1,2-dimyristoyl-rac-
glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000), (1,2-
dioleoyl-3-dimethylammonium propane) (DODAP), Polyadenylic acid
(PolyA), Sodium citrate dihydrate, citric acid, Amicon® 10 kDa Ultra 15
mL Centrifugal Filters, dialysis membrane MWCO 12,000–14,000 Da,
Cholesterol, Methoxypolyethyleneglycoloxy(2000)-N,N-ditetradecyla
cetamide (ALC-0159) were purchased from Merck (Gillingham, UK).
8-[(2-hydroxyethyl)[6-oxo-6-(undecyloxy)hexyl]amino]-octanoic acid,
1-octylnonyl ester (SM-102) was purchased from ABP Biosciences
(Maryland, USA). 4 Hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-
hexyldecanoate (ALC-0315) was purchased from MedChem Express
(MedChemtronica AB, Sollentuna, Sweden). O-(Z,Z,Z,Z-heptatriaconta-
6,9,26,29-tetraen-19-yl)-4-(N,N-dimethylamino) (DLin-MC3-DMA
(MC3)) was bought from Biorbyt (Cambridge, UK). EZ Cap™ Firefly
Luciferase mRNA was obtained from APExBIO Technology (Stratech
Scientific Ltd., Cambridge, UK). Minimum Essential Medium (MEM),
Sodium Pyruvate (100 mM), UltraPure™ DNase/RNase-Free Distilled
Water were purchased from Gibco™ (Paisley, UK). ONE-Glo™ Lucif-
erase Assay System and VivoGlo luciferin were purchased from Promega
(Southampton, UK). DiIC18(7) (1,1’-Dioctadecyl-3,3,3′,3’-Tetramethy-
lindotricarbocyanine Iodide (DiR), Quant-it™ RiboGreen RNA Assay
Kit, TrypLE™ Express Enzyme (1×), PBS - Phosphate-Buffered Saline
(10×) pH 7.4 RNase-free were bought from ThermoFisher Scientific
(Paisley, UK). BD Medical™ BD Micro-Fine™ Insulin Syringe was
bought from Fisher Scientific (Loughborough, UK).

2.2. Preparation of lipid nanoparticles

Lipid nanoparticles (LNPs) were prepared using a staggered
herringbone micromixer in the NanoAssemblr® Benchtop from Preci-
sion NanoSystems Inc. (Vancouver, BC, Canada). LNPs were prepared at
an N/P ratio of 6 (the molar ratio of amine groups (N) of the ionizable
lipid to that of phosphate groups (P) of mRNA). The lipid phase was
composed of DSPC:Chol:cationic/ionizable: PEG lipid (10:38.5:50:1.5
mol%), and the aqueous phase was prepared with Fluc mRNA in citrate
buffer pH 4. In the effect of ionizable lipid study, cationic LNPs were
prepared with DOTAP and ionizable LNPs were prepared with ALC-
0315, SM-102, MC3, or DODAP, whilst DMG-PEG2k was the PEGy-
lated lipid (Table 1). When testing the PEG lipids, ALC-0159, DMG-
PEG2k or DSPE-PEG2k were used as PEGylated lipids combined with
ALC-0315, SM-102 or MC3 (Table 1). Lipids were dissolved in ethanol
and mixed to the desired lipid ratio concentration. In the in vivo
expression studies, DiR (1% molar of total lipid content), a lipophilic
dye, was included in the lipid phase to track retention at the injection
site, using a DIR filter at an excitation level spectrum of 754 nm and
emission spectrum of 778 nm. Fluc mRNA was dissolved in 50 mM cit-
rate buffer (pH 4) and 100 mM citrate buffer (pH 6) for ionizable LNPs
and cationic LNPs (DOTAP), respectively. Lipids dissolved in ethanol
and aqueous phase containing Fluc mRNA were injected simultaneously
in the micromixer at a 3:1 aqueous:organic flow rate ratio (FRR) and a
12 mL/min total flow rate (TFR). Initial and final waste volumes were
set at 0.15 and 0.05 mL, respectively.

2.3. Down-stream processing of LNPs

Dialysis (for cationic LNPs) or centrifugal filtration (for ionizable
LNPs) was used to remove ethanol and adjust the formulation to pH 7.4.
LNPs were dialyzed (MWCO 14 kDa) against PBS (pH 7.4) for one hour
at ambient temperature under magnetic stirring. LNPs were diluted with
PBS 40-fold and centrifuged (2000 ×g acceleration:9 deceleration:9) at
4 ◦C in the centrifugal filter unit (10 kDa MWCO) until re-concentrating
LNPs to the required volume.

2.4. LNP characterization using dynamic light scattering

Following purification, particle size (z-average hydrodynamic
diameter), polydispersity index (PDI) and zeta potential were measured
by dynamic light scattering in Zetasizer Ultra (Malvern Panalytical Ltd.,
Worcestershire, UK), equipped with a 633 nm laser and a detection
angle of 173o. Samples were diluted with PBS to a final lipid concen-
tration of 0.1 mg/mL to measure particle size and polydispersity index
(PDI). The same dilution with ultrapure water was used to measure zeta
potential using electrophoretic mobility. Mean particle size, PDI, and
zeta potential are expressed as the mean ± SD.

2.5. Entrapment efficiency and mRNA concentration within LNP
formulations

The encapsulation efficiency (EE%) and mass balance (MB%) of
LNPs were determined using the Quant-iT™ RiboGreen® RNA quanti-
fication kit, referring to the percentage of the encapsulated mRNA in the
LNPs and total mRNA in the LNPs sample, respectively. 50 μL of the
diluted sample (3 μg/mL of total mRNA LNPs with TE buffer) was
incubated at 37 ◦C for 15 min with TE and 2% Triton X-100 (extracting
encapsulated mRNA by bursting LNPs) to measure the amount of
unencapsulated and total mRNA, respectively. 100 μL of Ribogreen
fluorescent dye at 200 × and 500 × dilutions were added to the wells
prepared with and without Triton X (only TE buffer), respectively.
Fluorescence intensities were measured at excitation and emission
wavelengths of 480 nm/520 nm using the GloMax®Discover Microplate
Reader. EE% and mass balance% were calculated according to the
standard curves prepared with naked mRNA in the absence and presence
of Triton X.

2.6. In vitro cell viability and mRNA expression studies

HEK293 cells were cultivated in Minimum Essential Medium (MEM,
Gibco) supplemented with 10% FBS, 1 mM sodium pyruvate, 50 U/mL
penicillin-streptomycin at 37 ◦C in an environment containing 5% CO2.
HEK293 cells were sub-cultured at a density of 10,000 cells/well and
incubated for 48 h at 37 ◦C, 5% CO2. For all in vitro studies, mRNA-LNPs
were diluted with cell growth media to 1, 0.5 or 0.25 μg/mL (100, 50 or
25 ng mRNA /100 μL). To measure cell viability, 100 μL of each LNP
formulation was added to the wells (quadruplicate) and incubated for
24 h at 37 ◦C. The following day, 10 μL of Alamar blue was added to each
well. Then, the plate was incubated for 4 h, and the fluorescence

Table 1
Corresponding mRNA-LNP compositions used in this study, equivalent to 5 μg Fluc mRNA/50 μL.

LNPs DSPC (μg) CHOL (μg) Ionizable Lipids (μg) PEG lipid (μg) mRNA (μg)

ALC-0315 13.9 26.3 67.6 6.5 5
SM-102 13.9 26.3 62.7 6.6 5
MC3 13.9 26.2 56.7 6.6 5
DODAP 13.9 26.3 57.2 6.6 5
DOTAP 14.0 26.3 61.6 6.7 5
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intensity was measured (λem = 530–560 nm, λex = 590 nm) using a
fluorimeter (Polarstar Omega, BMG Labtech). To measure mRNA
expression, HEK293 cells were treated with a serial dilution of mRNA-
LNPs, as mentioned above. After 24 h of incubation, One-Glo substrate
(100 μL) was added, and luciferase expression was detected using a plate
reader (Polarstar Omega, BMG Labtech) as luminescence.

2.7. In vivo LNP retention at the injection site and mRNA expression

All animals were handled in accordance with the UK Home Office
Animals Scientific Procedures Act of 1986 (UK project license number
PP1650440/ personal license number I52241434) and in accordance
with an internal ethics board. Groups of female 8–10 week old BALB/c
mice (n = 5) were supplied by the Biological Procedure Unit at the
University of Strathclyde, Glasgow. Preclinical imaging was performed
using an in vivo imaging system (IVIS Spectrum, Perkin Elmer) and
Living Image software ® 4.7.3 was used for image capture and data
analysis. Mice were injected with 5 μg of DiR-labelled Fluc mRNA LNPs
per leg via intramuscular (IM) injection and 6 h later, they were
anaesthetized with 3% isoflurane and maintained at an isoflurane level
of 2% in the IVIS chamber. Mice were imaged using the DiR filter
(excitation/emission: 754/778 nm) to examine the biodistribution
profile of DiR-labelled mRNA-LNPs. All mice subsequently received an
intraperitoneal (IP) injection of d-luciferin at 150 mg/kg. Following IP
injection (20 min), bioluminescence imaging was performed in an open
filter using auto-exposure settings. DiR intensity and bioluminescence
were measured at 6 h, 24 h, 48 h and 192 h post-IM injection of LNPs.
Images and data were exported using Living Image software ® 4.7.3.
Average radiant efficiency and total flux were determined by region of
interest tools for fluorescence and bioluminescence signals by normal-
izing according to the control mice. Average radiant efficiency and total
flux were calculated for the fluorescence intensity and bioluminescence
measurements and expressed mean ± SEM.

2.8. Statistical analysis

Data are represented as a mean ± SD (phyisco-chemical properties)
or SEM (in vitro expression, cell toxicity, in vivo biodistribution and in
vivo expression). Graphpad Prism was used to perform statistical anal-
ysis by performing ANOVA with post-hoc analysis wherever applicable.
P-value <0.05 was considered statistically significant.

3. Results

3.1. The effect of ionizable lipids on LNP phyisco-chemical properties

LNPs were prepared by mixing the lipid composition of DSPC: Chol:
ionizable/cationic lipids: DMG-PEG2k (10:38.5:50:1.5 mol%) with Fluc
mRNA at NP6 (Table 1), using a staggered herringbone micromixer and
followed by purification with PBS. All LNPs were < 100 nm in diameter,

with low PDI (<0.2) and near neutral zeta potential (Table 2). Irre-
spective of the choice of ionizable (SM-102, ALC-0315, MC3 or DODAP)
or cationic (DOTAP) lipid, mRNA encapsulation was >90%, and mRNA
mass balance (total mRNA content) was high (>85%) (Table 2). The
seven-day stability profile of these LNPs at storage temperature (2–8 ◦C)
is shown in Table 2. LNPs prepared with ionizable lipids showed a stable
profile, while the size of DOTAP-LNPs increased by approximately 15
nm (Table 2). The zeta potential of LNPs did not change significantly,
nor did the encapsulation efficiency and mRNA mass balance (which
remained >90% and 85%, respectively, for all formulations; Table 2),
confirming their short-term stability and suitability for in vitro and in
vivo studies.

3.2. The effect of ionisable lipid composition on in vitro mRNA-LNP
expression

To investigate in vitro efficacy, HEK293 cells were treated with Fluc-
mRNA-LNPs for 24 h. Subsequently, cell viability and mRNA (luciferase)
expression were also measured (Fig. 2). Across all test concentrations, no
notable impact on cell viability was observed (Fig. 2a–e). Regarding
mRNA expression (Fig. 2f–j), expression levels were variable, with SM-
102 levels approx. 13-fold higher than MC3-LNPs, and approx. 300-
fold higher than ALC-0315. Notably, mRNA expression for DODAP
and DOTAP was low (approx. 1500 and 500 fold lower than SM-102,
respectively; Fig. 2f–j).

3.3. The effect of ionizable lipid composition on in vivo mRNA-LNP
retention

To consider the in vivo expression and LNP retention at the injection
site, BALB/c mice were intramuscularly injected in both hind legs with
Fluc 5 μg mRNA formulated in the 5 different DiR-labelled LNPs (Fig. 3).
DiR-labelling of the LNPs is a commonly adopted protocol to allow
tracking of LNPs (e.g. [22–25]), and we used it to consider whether
expression profiles at the injection site were linked to LNP clearance.
The phyisco-chemical characteristics of the mRNA-LNPs with DiR are
shown in Table S1. The results show that DiR-retention was only
detected at the injection site, as detecting the fluorescence intensity in
internal organs with IVIS without organ extraction is difficult due to
limited penetration depth in tissue (Fig. 3a). Interestingly, whilst all
mice received the same dose of DiR-labelled LNPs, after 6 h the fluo-
rescent intensity at the injection site was higher for three out of the four
ionizable LNPs (ALC-0315, SM-102 and MC3), whilst DODAP and
DOTAP LNP DiR levels remained low (and remained low across the
timescale of the study (Fig. 3b). After 6 h, SM-102 LNPs were cleared
from the injection site more rapidly than LNPs containing either ALC-
0315 or MC3 as the ionizable lipid (Figs. 3a and b). The difference in
clearance rates from the injection site is exemplified in the AUC
(Fig. 3c), with LNPs composed of ALC-0315 and MC3 having similar
AUC and significantly higher (p < 0.05) than SM-102 LNPs. Similarly,

Table 2
The physicochemical properties of LNPs prepared with various ionizable/cationic lipids. LNPs comprised DSPC: Chol: ionizable/cationic lipid: DMG-PEG2k
(10:38.5:50:1.5 M ratio) and encapsulated Fluc mRNA at NP6. Ionizable lipids are ALC-0315, SM-102, MC3 (DLin-MC3-DMA) and DODAP, while the cationic lipid
is DOTAP. LNPs were stored in the fridge (2–8 oC). Characteristics were measured at 0 and 7 days. Results represent mean ± SD, n = 3 independent batches.

Cationic/Ionizable lipids Day Diameter (nm) PDI Zeta potential (mV) EE (%) Mass balance (%)

SM-102 0 64.9 ± 5.3 0.04 ± 0.03 − 1.0 ± 0.9 97 ± 1 85 ± 16
7 67.9 ± 6.8 0.03 ± 0.01 − 1.5 ± 0.9 96 ± 0 84 ± 14

ALC-0315 0 55.2 ± 0.5 0.11 ± 0.02 − 2.1 ± 1.1 93 ± 2 93 ± 11
7 56.3 ± 1.0 0.12 ± 0.02 − 3.7 ± 2.3 95 ± 1 100 ± 1

MC3 0 60.8 ± 1.3 0.11 ± 0.02 − 1.6 ± 1.6 93 ± 2 93 ± 5
7 60.6 ± 2.0 0.10 ± 0.02 − 2.2 ± 0.5 93 ± 1 93 ± 6

DODAP 0 69.0 ± 2.8 0.04 ± 0.02 − 1.4 ± 1.3 91 ± 1 97 ± 6
7 66.1 ± 7.5 0.06 ± 0.02 − 1.4 ± 1.0 87 ± 2 94 ± 2

DOTAP 0 49.8 ± 5.9 0.24 ± 0.04 2.4 ± 1.9 99 ± 0 89 ± 10
7 68.7 ± 10.9 0.29 ± 0.03 4.8 ± 1.2 99 ± 1 87 ± 8
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Fig. 2. Toxicity profile and in vitro transfection efficiency of Fluc mRNA LNPs. HEK293 cells were transfected with Fluc mRNA LNPs at mRNA of 25 ng, 50 ng, or 100
ng for all the formulations. 24-h post LNPs incubation a-e) HEK293 cell biocompatibility using Alamar blue, f-j) luminescence intensity was measured. LNPs
comprised DSPC: Chol: ionizable/cationic lipid:DMG-PEG2k (10:38.5:50:1.5 M ratio) and encapsulated Fluc mRNA at NP6. Ionizable lipids are ALC-0315, SM-102,
MC3, and DODAP, while cationic lipid is DOTAP. Results represent mean ± SEM (n = 3) of three independent experiments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. LNP retention at the injection site. Female BALB/c mice were intramuscularly injected with DiR-labelled Fluc mRNA-LNPs, and the fluorescence intensity was
measured at various time points (6–144 h). The injected mRNA dose was 5 μg mRNA encapsulated in LNPs composed of DSPC: Chol: ionizable/cationic lipids: DMG-
PEG2k. The ionizable lipids are ALC-0315, SM-102, MC3, and DODAP, while the cationic lipid is DOTAP. a) Representative IVIS images at selected time points after
DiR-labelled mRNA-LNP injection. b) Fluorescence signal at the injection site over 144 h and c) the Area Under the Curve (AUC). Results represent mean ± SEM (5
mice, 1 injection per hind leg; 10 data points). Connecting lines are for presentation purposes only.
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DODAP and DOTAP LNPs have a significantly lower (p< 0.05) AUC than
SM-102. These results suggest that the choice of ionizable/cationic lipids
in LNPs rather than their CQAs affects their clearance rate from the in-
jection site.

3.4. The effect of ionizable lipid composition on in vivo mRNA-LNP
expression

The same mice were simultaneously analyzed for mRNA protein
(luciferase) expression (Fig. 4). The results show distinct patterns over
time and across different LNPs. At 6 h post-injection, the highest lucif-
erase expression occurred at the injection site and liver (Fig. 4). The
potency ranking for luciferase expression at the injection site for the
LNPs was ALC-0315 ≈ SM-102 >> MC3 >> DOTAP ≥ DODAP (Fig. 4b).
LNPs prepared using ALC-0315 and SM-102 showed comparable
expression levels, with levels approximately 8-fold higher than MC3-
LNPs and 180-fold higher compared to DODAP and DOTAP LNPs
(which had similar levels of expression) (Fig. 4b). Luciferase expression
can also be seen in the liver for SM-102 and ALC-0315 LNPs (Fig. 4c).
When considering the balance between expression at the injection site
and the liver, ALC-0315 LNPs demonstrated significantly (p < 0.05)
higher liver expression than SM-102 LNPs (Fig. 4d). These findings
further indicate that the selection of ionizable or cationic lipids in LNP
formulations significantly influences the distribution of mRNA expres-
sion, even when all LNPs share comparable critical quality attributes
(CQAs).

3.5. The impact of pegylated lipids on Fluc-mRNA LNP characteristics
and potency

Given the effect of ionizable lipids in vitro and in vivo, we selected

ALC-0315, SM-102 and MC3 as lead lipids and tested these lipids com-
bined with three different PEG types used in the marketed products.
These PEGylated lipids were ALC-0159, DMG-PEG2k and DSPE-PEG2k,
which are used in Comirnaty®, Spikevax® and Doxil®, respectively.
DSPC and cholesterol were included, as reported in Table 1. All LNPs
had a diameter < 100 nm, a low PDI (<0.2), a neutral surface charge,
and > 90% mRNA entrapment efficiency and mass balance. (Table 3).

ALC-0315 and SM-102 LNPs were then tested in HEK293 cells for
their mRNA expression potency by measuring luciferase expression
(Fig. 5). Again, we see the same trend with LNPs prepared with SM-102
promoting significantly higher (p < 0.05) expression than ALC-0315
LNPs when comparing between each of the PEG lipid coutnerparts
(Fig. 5). However, we also demonstrate that using ALC-0159 PEG lipid
significantly (p < 0.05) increased expression in comparison to DMG-
PEG2k (Fig. 5). Indeed, using ALC-0159 instead of DMG-PEG2k at the
same 1.5% ratio within the formulations enhanced the mRNA expression
9-fold and 4-fold for ALC-0315 and SM-102-based LNPs, respectively
(Fig. 5).

3.6. The effect of PEGylated lipid choice on in vivo mRNA-LNP
distribution and expression

To consider the impact of the choice of PEGylated lipid within the
LNPs on the biodistribution and potency in vivo, BALB/c mice were
injected with 5 μg of DiR-labelled LNPs encapsulated Fluc mRNA pre-
pared with SM-102 (Fig. 6), ALC-0315 (Fig. 7) or MC3 (Fig. 8) as the
ionizable lipid. Our results demonstrate that the choice of PEGylated
lipid (DSPE-PEG2k vs DMG-PEG2k vs ALC-0159) has no notable impact
on SM-102 LNP retention at the injection site (Figs. 6a and b) nor the
calculated AUC (Fig. 6c). However, the choice of PEGylated lipid has a
major impact on protein expression (Fig. 6d), with the use of DSPE-

Fig. 4. Comparison of mRNA-encoded luciferase expression when formulated in different LNPs. The female BALB/c mice from Fig. 3 were also imaged for luciferase
expression. Mice were intramuscularly injected with DiR-labelled mRNA-LNPs, and the flux was measured at various time points (6–144 h). The injected mRNA dose
was 5 μg mRNA encapsulated in LNPs composed of DSPC: Chol: ionizable/cationic lipids: DMG-PEG2k. The ionizable lipids are ALC-0315, SM-102, MC3, and
DODAP, while the cationic lipid is DOTAP. a) Representative IVIS images at selected time points b) Luminescence signal per injection site over 144 h, c) Lumi-
nescence signal per liver over 144 h, and d) ratio of total flux in liver/injection site (both legs). Results represent mean ± SEM (5 mice, 1 injection per hind leg; 10
data points).
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PEG2k within the LNPs significantly (P < 0.05) reducing expression
compared to LNPs prepared with ALC-0159 or DMG-PEG2k (which are
not significantly different) both at the injection site (Fig. 6e and f) and
the liver (Fig. 6g and h). Therefore, the different expression levels
measured at the injection site do not result from differences in clearance.

In the case of ALC-0315 LNPs (Fig. 7), the choice of pegylated lipid
again had no impact on LNPs clearance (Fig. 7a) from the injection site,
with similar LNP retention for ALC-0315 LNPs prepared with DSPE-
PEG2k, DMG-PEG2k and ALC-0159 (Fig. 7b and c). Again similar to
SM-102, Fluc protein expression was significantly (p < 0.05) lower for
LNPs prepared with DSPE-PEG2k both at the injection site (Fig. 7d, e and
f) and liver (Fig. 7d, g and h) compared to LNPs prepared with ALC-0159
and DMG-PEG2k. However, unlike the SM-102 LNPs, LNPs prepared
with the ionizable lipid ALC-0315 in combination with the pegylated
lipid ALC-0159 gave significantly (p < 0.05) higher expression both at
the injection site (Fig. 7e and f) and the liver (Fig. 7g and h) than LNPs
prepared with DMG-PEG2k.

When we combined MC3 ionizable lipid with these PEG lipids
(Fig. 8), again we see a similar trend, with choice of PEG lipid having no
significant impact on retention profile at the injection site (Fig. 8a and b)
or the calculated AUC (Fig. 8c). Also again the mRNA Fluc expression is
significantly lower for LNPs prepared with DSPE-PEG2k (p < 0.05) both
at the injection site (Fig. 8d, e and f) and the liver (Fig. 8d, g and h) in
comparison to LNPs PEGylated with ALC-0159 and DMG-PEG2k.
Overall, from these results, we see that irrespective of the ionizable
lipid used, using DSPE-PEG reduces the mRNA expression profile of the
LNPs, and this is not linked to their clearance from the injection site.

4. Discussion

This study compared mRNA-LNPs formulated from five commonly
used ionizable/cationic lipids and three PEGylated lipids to investigate
how these lipids alter LNP physico-chemical characteristics, in vitro ef-
ficacy, in vivo expression, and retention at the injection site. All formu-
lations had a fixed molar ratio of DSPC: Chol: Ionizable/cationic lipid:
PEG lipid (10:38.5:50:1.5%).

The physico-chemical characteristics measured within our studies
are often monitored as CQAs, and here we demonstrated that the choice
of ionizable or cationic lipids (Table 2) had no notable impact on these
CQAs. All LNPs prepared with the various ionizable lipids were consis-
tently <100 nm in size, with a low polydispersity (<0.2 PDI), a near-
neutral zeta potential, high (>90%) encapsulation efficiency and mass
balance (Table 2). Despite these similarities in CQA, the LNPs showed
different potencies in both in vitro and in vivo and potency in vitro and in
vivo did not correlate (Figs. 2 to 4). This lack of in vitro-invivo correlation
has also been noted in other studies [26–28] and suggests alternative
cell lines should be explored.

The ionizable lipid is generally considered the most essential
component in the LNPs, with the structure of the ionizable lipid influ-
encing the expression profile of LNPs (e.g. [14,29]). Within our studies,
SM-102 LNPs were the most effective in vitro, and the two most effective
LNP formulations in vivo contained SM-102 and ALC-0315. These two
lipids contain an amino-alcohol head group with pKas of 6.68 and 6.09,
respectively (Fig. 1). It has been reported that the optimum pKa for an
mRNA vaccine is 6.6–6.9 [13]. Whilst this link to pKa could be used to

Table 3
Physicochemical properties of LNPs prepared with different PEGylated lipids. The LNPs comprised DSPC: Chol: ionizable lipid: PEG lipid (10:38.5:50:1.5 M ratio) and
encapsulated Fluc mRNA at NP6. Ionizable lipids are ALC-0315, SM-102 and MC3, while PEG lipids are ALC-0159, DMG-PEG2k and DSPE-PEG2k. They were
manufactured using microfluidics at a 3:1 FRR and 12 mL/min TFR and purified by a spin column. After purification, average diameter, PDI and zeta potential were
measured using DLS. Encapsulation efficiency and mass balance were measured using a Ribogreen kit.

Ionizable lipid Pegylated lipid Diameter (nm) PDI Zeta potential (mV) EE (%) Mass balance (%)

SM-102 ALC-0159 73.5 ± 2.5 0.05 ± 0.03 − 1.7 ± 1.1 94 ± 3 91 ± 11
DMG-PEG2k 66.4 ± 2.7 0.08 ± 0.01 − 2.4 ± 0.7 91 ± 5 86 ± 12
DSPE-PEG2k 63.4 ± 0.1 0.04 ± 0.02 − 2.3 ± 2.2 97 92

ALC-0315 ALC-0159 74.5 ± 5.1 0.08 ± 0.03 − 2.8 ± 1.1 92 ± 4 96 ± 8
DMG-PEG2k 57.3 ± 3.0 0.11 ± 0.03 − 3.0 ± 1.5 93 ± 2 92 ± 11
DSPE-PEG2k 57.4 ± 0.4 0.04 ± 0.01 − 2.5 ± 2.2 95 100

MC3 ALC-0159 77.0 ± 0.7 0.10 ± 0.07 − 5.6 ± 0.5 99 98
DMG-PEG2k 70.1 ± 0.3 0.09 ± 0.02 − 11.1 ± 1.1 98 91
DSPE-PEG2k 69.2 ± 0.6 0.07 ± 0.02 − 6.3 ± 1.4 99 85

Fig. 5. The effect of PEGylated lipids on in vitro expression efficiency. HEK293 cells were transfected with Fluc mRNA LNPs at mRNA levels of 25 ng, 50 ng, and 100
ng for all the formulations. 24-h post LNPs incubation luminescence intensity was measured. The LNPs comprised DSPC: Chol: ionizable: PEG lipid (10:38.5:50:1.5 M
ratio) and encapsulated Fluc mRNA at NP6. Ionizable lipids are a) SM-102 with ALC-0159 or DMG-PEG2k and b) ALC-0315 with ALC-0159 or DMG-PEG2k. Results
represent mean ± SEM, n = 3 independent batches.

B. Binici et al. Journal of Controlled Release 377 (2025) 162–173 

168 



explain the lower expression from MC3-based LNPs, this conflicts with
the high expression seen with in vivo ALC-0315 (which has a pKa of 6.09;
Fig. 1). This suggests that the pKa of the ionizable lipid is not the only
driving force for effective mRNA expression. When considering the
molecular geometry, SM-102 and ALC-0315 have branched hydrocar-
bon lipid tails that may create a more cone-shaped structure than MC3,
DODAP and DOTAP, and this has been reported to improve expression
by enhancing endosomal release [14,30–33]. This supports the
improved efficacy of SM-102 and ALC-0315 LNPs seen in our in vivo
studies (Figs. 3 and 4). However it remains unclear why ALC-0315 LNPs
do not perform well in vitro.

mRNA expression at both the injection site and the liver after
intrasmuscular injection is seen in our studies here and elsewhere [34].
In both our studies, as well as in those of Mancino et al., protein
expression was observed in the liver despite the absence of detectable
fluorescence, which could stem from the localized uptake of LNPs into

the bloodstream following intramuscular administration. Once in cir-
culation, LNPs are rapidly transported to the liver (a pattern well-
documented for IV administration), where they are taken up by hepa-
tocytes, leading to protein translation [34]. The hepatic tropism of ALC-
0315 LNPs compared with SM-102 LNPs after i.m. injection shown in
our studies has also been demonstrated by Zhang et al investigating the
expression kinetics of LNPs [28]. Similarly, it has been shown that ALC-
0315 exhibits a higher expression profile in the liver compared to MC3,
which is specifically designed to target hepatocytes for the knockdown
of transthyretin [35]. Unlike MC3, both SM-102 and ALC-0315 contain
biodegradable linkages, which are reported to improve their pharma-
cokinetics properties and reduce toxicities [36,37]. Differences in the
ratio of expression between the injection site and the liver for LNPs and
nanoparticles, in general, could be related to 1) LNP physico-chemical
characteristics, which in turn affect clearance to the liver, 2) particle
uptake and metabolism in the liver, and/or 3) immune responses

Fig. 6. Biodistribution and expression profile of SM-102 Fluc mRNA-LNPs labelled with DiR prepared with three different PEGylated lipids (ALC-0159, DMG-PEG2k
and DSPE-PEG2k), a) IVIS image representing the biodistribution profile of DiR labelled LNPs and b) the quantification of DIR intensity from the injection site over
the time and c) the Area Under the Curve (AUC). d) Representative IVIS image of the expression profile of the LNPs formulated with Fluc mRNA and quantification of
the luminescence signal as the light emitted from e) the injection site and corresponding f) Area Under the Curve (AUC) g) liver and corresponding the Area Under the
Curve (AUC). The LNPs comprised DSPC: Chol: SM-102: PEG lipid (10:38.5:50:1.5 M ratio) and encapsulated Fluc mRNA at NP6. PEG lipids are ALC-0159, DMG-
PEG2k and DSPE-PEG2k. Female BALB/c mice were injected with 5 μg of Fluc mRNA-LNPs. Results represent mean ± SEM (5 mice, 1 injection per hind leg; 10
data points).
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triggered by LNPs. Given the similarities in the LNP physico-chemical
attributes (Table 2), this suggests that the physico-chemical attributes
are not a key driving factor. Indeed, it has been shown that the design of
the branched tails of ionizable lipids within the LNPs, and not the CQA of
the LNPs, drives the distribution of LNPs [38]. This suggests differences
in metabolism and/or immunogenicity of the ionizable lipids drive these
differences and given that in vitro studies lacking metabolic and immune
functionality, they do not adequately predict in vivo performance [27].
This highlights that the CQAs generally reported for LNPs are a good
indicator of quality (and hence valuable critical quality attributes when
considering manufacturing) but are not necessarily potency-indicating.

We further considered the impact of the choice of PEGylated lipid
used within the formulation and selected SM-102, ALC-0315 and MC3
based LNPs. Again, physico-chemically, the particles were similar
(Table 3), and SM-102 LNPs outperformed ALC-0315 LNPs in HEK293
cells, irrespective of the PEGylated lipid used (ALC-0159 vs DMG-

PEG2k). However, with both ionizable lipids, using ALC-0159 in the
LNP composition rather than DMG-PEG2k resulted in higher in vitro
expression (Fig. 5). These LNPs were then tested in vivo and along with
the addition of MC3 as a third ionizable lipid and DSPE-PEG2k as an
additional PEG lipid. DSPE-PEG2k is used to sterically stabilize DOXIL
liposomes in vivo and has an 18‑carbon tail compared to ALC-0159 and
DMG-PEG2k (which have 14 carbon tails). While the choice of PEG-lipid
did not influence clearance from the injection site, luciferase expression
was impacted, with the use of DSPE-PEG2k reducing the luciferase
expression from SM-102 LNPs (Fig. 6), ALC-0315 LNPs (Fig. 7) and MC3
LNPs (Fig. 8).

PEGylated lipids are incorporated into LNP formulations to provide
stability through steric stabilization both in the vial and within the
biological milieu. The length of the lipid tail of these PEGylated lipids
plays a crucial role in determining the fate of LNPs in vivo. Specifically,
C18 acyl chains exhibit efficient anchoring in the membrane. On the

Fig. 7. Biodistribution and expression profile of ALC-0315 Fluc mRNA-LNPs labelled with DiR prepared with three different PEGylated lipids (ALC-0159, DMG-
PEG2k and DSPE-PEG2k), a) IVIS image representing the biodistribution profile of DiR labelled LNPs and b) the quantification of DIR intensity from the injec-
tion site over the time and c) the Area Under the Curve (AUC). d) Representative IVIS image of the expression profile of the LNPs formulated with Fluc mRNAand
quantification of the luminescence signal as the light emitted from e) the injection site and g) corresponding Area Under the Curve (AUC) g) liver and corresponding
h) the Area Under the Curve (AUC). The LNPs comprised DSPC: Chol: ALC-0315: PEG lipid (10:38.5:50:1.5 M ratio) and encapsulated Fluc mRNA at NP6. PEG lipids
are ALC-0159, DMG-PEG2k and DSPE-PEG2k. Female BALB/c mice were injected with 5 μg of Fluc mRNA-LNPs. Results represent mean ± SEM (5 mice, 1 injection
per hind leg; 10 data points).
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other hand, shorter C14 lipids tend to rapidly desorb, leading to their
replacement by a protein corona. This protein corona significantly in-
fluences the subsequent destiny of the LNPs, resulting in a distinctly
different outcome [39]. For example, Mui et al. examined the desorption
rate of various PEGylated lipids having 3-different alkyl chains after IV
injection. They showed PEG-lipid loss from LNPs in vivo to occur at
>45%/hour, 1.3%/hour, and 0.2%/hour for C14, C16, and C18,
respectively [20]. Thus, the steric barrier presented by C18 PEG-lipids
could be considered permanent and confirms our finding, which
shows DSPE-PEG reduces mRNA-LNP potency (Figs. 6–8). However, the
interaction between the ionizable lipid and the PEG-lipid must also be
considered. Indeed, it has been shown that PEG desorption rates may be
linked to the choice of ionizable lipids, as SM-102 LNPs were shown to
lose their PEG lipids more quickly compared to other ionizable lipids
[39]. This underpins why the combination of lipids must be considered
in the design of LNPs.

5. Conclusions

Overall, our studies confirm that for the development of mRNA LNP
formulations, physico-chemical characteristics are indicative of the
manufacturing process product quality but not potency indicating, and
the prudent selection of in vitro and in vivo models is a pivotal factor in
bridging the translation gap even within preclinical studies. In vitro,
transfection efficiency exhibited a potency order of SM-102 > MC3 >

DOTAP ≈ ALC-0315 > DODAP, whilst in vivo expression in BALB/c mice
showed ALC-0315 LNPs displaying comparable potency to SM-102.
While the choice of PEGylated lipid did not affect LNP clearance from
the injection site, it significantly impacted potency. Specifically, longer-
chain PEG lipids (C18) should be avoided, as they reduce efficacy.
Moreover, there is a complex interaction between ionizable and PEGy-
lated lipids, with the combination of ALC-0315 as the ionizable lipid and
ALC-0159 as the PEGylated lipid yielding the highest protein expression.
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Fig. 8. Biodistribution and expression profile of MC3 Fluc mRNA-LNPs labelled with DiR prepared with three different PEGylated lipids (ALC-0159, DMG-PEG2k and
DSPE-PEG2k), a) IVIS image representing the biodistribution profile of DiR labelled LNPs and b) the quantification of DIR intensity from the injection site over the
time and c) the Area Under the Curve (AUC). d) Representative IVIS image of the expression profile of the LNPs formulated with Fluc mRNA and quantification of the
luminescence signal as the light emitted from e) the injection site and g) corresponding Area Under the Curve (AUC) g) liver and corresponding h) the Area Under the
Curve (AUC). The LNPs comprised DSPC: Chol: DLin-MC3-DMA (MC3): PEG lipid (10:38.5:50:1.5 M ratio) and encapsulated Fluc mRNA at NP6. PEG lipids are ALC-
0159, DMG-PEG2k and DSPE-PEG2k. Female BALB/c mice were injected with 5 μg of Fluc mRNA-LNPs. Results represent mean ± SEM (5 mice, 1 injection per hind
leg; 10 data points).
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K. Tam, F. Krammer, K. Karikó, P. Polacino, L.C. Eisenlohr, T.D. Madden, M.
J. Hope, M.G. Lewis, K.K. Lee, S.-L. Hu, S.E. Hensley, M.P. Cancro, B.F. Haynes,
D. Weissman, Nucleoside-modified mRNA vaccines induce potent T follicular
helper and germinal center B cell responses, J. Exp. Med. 215 (2018) 1571–1588,
https://doi.org/10.1084/jem.20171450.

[2] M.D. Buschmann, M.J. Carrasco, S. Alishetty, M. Paige, M.G. Alameh, D. Weissman,
Nanomaterial delivery systems for mrna vaccines, Vaccines (Basel) 9 (2021) 1–30,
https://doi.org/10.3390/vaccines9010065.

[3] P. Sharma, D. Breier, D. Peer, Immunogenic amines on lipid nanoparticles, Nat.
Biomed. Eng. (2024), https://doi.org/10.1038/s41551-024-01265-9.

[4] N. Chaudhary, L.N. Kasiewicz, A.N. Newby, M.L. Arral, S.S. Yerneni, J.R. Melamed,
S.T. LoPresti, K.C. Fein, D.M. Strelkova Petersen, S. Kumar, R. Purwar, K.
A. Whitehead, Amine headgroups in ionizable lipids drive immune responses to

lipid nanoparticles by binding to the receptors TLR4 and CD1d, Nat, Biomed. Eng.
(2024), https://doi.org/10.1038/s41551-024-01256-w.

[5] S. Ndeupen, Z. Qin, S. Jacobsen, A. Bouteau, H. Estanbouli, B.Z. Igyártó, The
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