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ABSTRACT: The current rapid advancement in ribonucleic acid
(RNA) therapeutics research depends on innovations in drug delivery,
especially the development of a lipid-nanoparticle (LNP)-based system.
The conventional LNP formulation typically contains four components,
including an ionizable cationic lipid, a phospholipid, cholesterol or a
cholesterol derivative, and poly(ethylene glycol) (PEG)-lipid, with each
contributing to the formulation’s overall stability and effectiveness.
Among these four types of lipids, the phospholipid component is often
known to provide structural support for the nanoparticles but is also a
class of bioactive molecules with strong cell signaling potential. This
study explores the possibility of incorporating some known structurally related bioactive phospholipids as the fifth component of a
conventional four-component LNP formulation and assesses the impacts of such an approach on the physicochemical properties and
biological functions of the mRNA LNP formulation. We screened a library of mRNA LNP formulations containing 7 different
structurally related bioactive phospholipids at molar concentrations of 5%, 15% and 30% in addition to a conventional four-
component LNP formulation (base). We observed differences in physicochemical properties between the mRNA LNP formulations
that could be attributed to both the types of phospholipids examined and the molar concentrations used. Cryo-EM analysis revealed
structural similarity between the Base formulation and the other formulations. We also characterized the protein expression level in
HeLa cells and picked up a distinct cytokine panel signature for each formulation in human peripheral blood mononuclear cells
(hPBMCs). Further immunophenotyping analysis showed that most cells that were transfected were CD4+ T cells, and the addition
of the different bioactive phospholipids slightly altered cellular tropism. This exploratory study illustrates how adding the bioactive
phospholipid can be used to modulate the LNP function, further expanding the design space for RNA LNP formulations and
potentiating LNPs for use as RNA therapeutics.
KEYWORDS: Lipid nanoparticles, Bioactive phospholipids, RNA therapeutics, Phosphatidic acid, Lysophosphatidic acid,
Lysophosphatidylcholine, Phosphatidylserine

1. INTRODUCTION
The current advancement in ribonucleic acid (RNA)
therapeutics research, represented by the approval of
therapeutics including Onpattro1 and Coronavirus disease
2019 (COVID-19) RNA vaccines and the mRNA-based
respiratory syncytial virus (RSV) vaccine from Moderna,2−4

relies on breakthroughs in the field of drug delivery, especially
the development of lipid-nanoparticle (LNP)-based formula-
tion. RNA is a vulnerable, anionic molecule that requires LNPs
to protect them from extracellular degradation and to ensure
their delivery to the cells. The conventional clinically approved
LNP formulations typically contain four types of lipids,
including an ionizable cationic lipid, phospholipid, cholesterol
or a cholesterol derivative, and poly(ethylene glycol) (PEG)
lipid, with each component contributing to the overall stability

and effectiveness of LNPs.5−7 Briefly, the ionizable lipid is
responsible for complexing the anionic RNA and the pH
sensitivity facilitates the endosomal escape of the RNA.5 The
phospholipid stabilizes the structure of the LNPs during the
particle formation process and may also have a role in
endosomal escape.5,6 The cholesterol, or its derivatives,
stabilizes the particles by modulating the membrane integrity
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and rigidity;5 and the PEGylated lipid prolongs the circulation
time of the LNPs, reduces their size and prevents aggregation.6

Besides their structural function in LNPs, each of the four
components has an immunomodulatory role that may help
improve the overall effectiveness of LNPs,7 although the exact
underlying mechanisms have not been fully elucidated. While
the ionizable lipid component and the PEG-lipid component
have been studied more extensively for their roles in eliciting
the inflammatory response, including the antibody response
associated with the LNPs, the immunomodulatory effects of
the phospholipid and cholesterol in the context of LNPs have
remained largely unexplored.7 Some studies have demon-
strated that varying the phospholipid type or adding another
bioactive phospholipid (phosphatidylserine in most cases)
component to the standard four-component formulation may
enhance transfection efficiency in vitro, as well as enhance
certain organ-targeting capabilities or even change the
biodistribution in vivo,8−13 presenting the possibility of
incorporating other bioactive phospholipid candidates to
modulate the functionalities of RNA LNP formulations.
Since many phospholipids have immunomodulatory func-
tions,14 we hypothesized that incorporating different bioactive
phospholipid candidates at various molar concentrations into a
standard four-component LNP formulation could modulate
the functionality of mRNA LNP formulations.

Previous literature has also demonstrated that structural
differences in lipid molecules can influence their immunomo-
dulatory effects. For example, Miao et al. showed that the
empty LNPs (eLNPs, LNPs without any RNA cargo)
formulated with a heterocyclic ionizable cationic lipid
upregulated certain immune activation markers such as
CD40 and MHCII in mouse bone-marrow-derived dendritic
cells as compared to eLNPs formulated with a linear ionizable
cationic lipid.15 Nguyen et al. showed that only lyso-PS
nanoparticles were able to induce oral tolerance in mice as
compared to double-chain-PS nanoparticles.16 Similarly,
Pizzuto et al. showed that the degree of saturation of acyl
chain of cardiolipin impacts its ability to elicit proinflammatory
cytokines including TNF-α and IL-1β.17

Herein, we screened a library of mRNA LNP formulations
containing 7 different bioactive phospholipids at molar
concentrations of 5%, 15% and 30%. These phospholipids
were chosen based on their immunomodulatory potential
previously documented in the literature,17−20 with variations in
the structure (e.g., the headgroup) to better understand the
effect of phospholipid structure on LNP function. We aimed to
determine how incorporating these bioactive phospholipids
into the Base formulation, which is a standard 4-component
LNP formulation derived from an optimized formulation
developed by our group before21 at various molar concen-
trations, impacts the physicochemical properties of the mRNA
LNP formulations and their biological functions. We observed
differences in physicochemical properties between the mRNA
LNP formulations that could be attributed to both the types of
phospholipids examined and the molar concentrations used.
Furthermore, we characterized the level of protein expression
in HeLa cells and the distinct cytokine panel signature, as well
as the types of the immune cells transfected, for each
formulation in human peripheral blood mononuclear cells
(hPBMCs).

2. MATERIALS AND METHODS

2.1. mRNA Synthesis
2.1.1. pDNA Linearization. The mRNA plasmid DNA (pDNA)

encoded enhanced green fluorescent protein (eGFP) with tobacco
mosaic virus (TMV) 5′ and 3′ UTRs. The pDNA was transformed
into Escherichia coli, cultured overnight in 100 mL of LB broth with 50
μg/mL carbenicillin (Thermo Fisher Scientific). The pDNA was
isolated and purified using the QIAGEN Plasmid Plus Maxi Kit
(QIAGEN), according to the manufacturer’s protocols. The pDNA
concentration was measured using NanoDrop. 2.5 μg of the pDNA
was linearized with 2 μL of AscI per 20 μL reaction, incubated at 37
°C for 2 h, and the reaction was heat inactivated by incubating at 80
°C for 20 min.
2.1.2. In Vitro Transcription, Capping, and Purification of

eGFP mRNA. A reaction including 1 μg of the linearized eGFP
mRNA pDNA was used to synthesize mRNA via in vitro transcription
per 20 μL reaction with 40 mM Tris-HCL (pH 8.0, Thermo
Scientific) and 10 mM dithiothreitol (DTT, Thermo Scientific), 42
mM magnesium acetate (Sigma-Aldrich), 2 mM spermidine (Thermo
Scientific), 7.78 mM ATP, GTP and CTP (Thermo Scientific NTP
Set, Thermo Scientific), 7.78 mM N1-methyl-pseudo UTP (Hongene
Biotech), 4 U T7 RNA polymerase (NEB), 1 U murine RNase
inhibitor (NEB), 0.002 U inorganic pyrophosphatase from yeast
(Hongene Biotech), and ultrapure DNase/RNase free distilled water
(Thermo Fisher Scientific). The reaction was incubated at 37 °C for 2
h. The resulting mRNA was purified by the lithium chloride
purification method, which involved adding an equal volume of
lithium chloride (LiCl) precipitation solution (AM9480, Thermo
Fisher Scientific) and incubating overnight at −20 °C. The yielded
mRNA was pelleted by centrifugation at 13,000g at 4 °C, and the
pellets were washed with 70% ethanol, dried at room temperature,
and hydrated with nuclease-free water. The uncapped mRNA
concentration was measured using NanoDrop.

Post-transcriptional capping reactions were carried out using the
ScriptCap Cap 1 Capping System (CELLSCRIPT) per the
manufacturer’s instructions. After incubation, the capped mRNA
was purified again by the lithium chloride purification method, as
described above. The purified capped mRNA was resuspended in
nuclease-free water, with the concentration being measured by
NanoDrop and stored at −70 °C until use.

2.2. mRNA LNP Formulation and Storage
2.2.1. Lipid Component Stock Solution Preparation. ALC-

0315 (BroadPharm, Catalog. BP-25498) was solubilized in 100%
ethanol at 40 mg/mL, 18:1 (Δ9-Cis) PE (DOPE) (Avanti Polar
Lipids, 850725P), plant cholesterol (Caymen Chemical Company,
39448), DMG-PEG 2000 (Avanti Polar Lipids, 880151P), and
lysophosphatidylcholine (lyso PC) 18:1 (Avanti Polar Lipids,
845875P) were solubilized in 100% ethanol at 20 mg/mL. Cardiolipin
(CL) 18:1 (Avanti Polar Lipids, 710335P) was solubilized in 100%
ethanol at 13.3 mg/mL. Lysophosphatidic acid (lyso PA) 18:1
(Avanti Polar Lipids, 857130P) was solubilized in 50% ethanol
(ethanol: water 1:1 v/v) at 20 mg/mL. Phosphatidic acid (PA) 18:1
(Avanti Polar Lipids, 840875P) was solubilized in a mixture of
tetrahydrofuran (THF, Thermo Fisher Scientific, 348451000) and
ethanol (THF: EtOH 3:2, v/v) at 20 mg/mL. Phosphatidylserine
(PS) 18:1 (DOPS, Avanti Polar Lipids, 840035P) was solubilized in a
mixture of THF and ethanol (THF: EtOH 4:1, v/v) at 20 mg/mL.
Cardiolipin 18:0 (Avanti Polar Lipids, 710334P) was solubilized in
100% ethanol at 1 mg/mL and PA 18:0 (Avanti Polar Lipids,
830865P) was solubilized in 100% methanol at 1 mg/mL. The stock
solutions were stored at −20 °C until use.
2.2.2. mRNA LNP Formulation. We employed a full factorial

design of experiment (DoE) approach to construct our library of LNP
formulations, varying the phospholipid types and their molar
concentrations in the formulation. The molar percentage of each
component of LNP formulation varies according to Table 1.

The organic phase was prepared at a concentration of 19.5 mM for
the Base formulation and all the formulations containing lyso PC
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18:1, cardiolipin 18:1, lyso PA 18:1, PA 18:1, and PS 18:1. For the
formulations containing cardiolipin 18:0 and PA 18:0, the organic
phase was prepared at a concentration of 5 mM, and a Base
formulation was also prepared at a concentration of 5 mM as a
reference. Note that for the formulations containing cardiolipin 18:0,
only 5% cardiolipin 18:0 formulation was possible; for the
formulations containing PA 18:0, only 5% and 15% PA 18:0
formulations were possible. This is due to their low soluble
concentration in the stock solution (1 mg/mL). The organic phase
for each concentration was prepared by mixing the lipid component
stock solutions while maintaining a homogeneous solution. The
aqueous phase was prepared by diluting the stock eGFP mRNA in 25
mM sodium acetate at pH 4.

The mRNA LNPs were formulated by microfluidic mixing via a T-
tube.8,21 The organic and the aqueous phases were combined at a N:P
ratio of 10:1 between the ionizable lipid and RNA, and a flow rate of
1:3, respectively, using a total flow rate of 16 mL/min. Immediately
after the mixing, the mRNA LNPs were diluted 10-fold using 1× PBS
(pH 7.4, Thermo Fisher Scientific), and were concentrated and
purified using sterilized MWCO 10 kDa centrifugal filters (Amicon,
Millipore Sigma) at 4 °C and 2200g until the total volume was
reduced ∼20−40-fold to between 0.2 and 1.5 mL. For each
formulation, an aliquot of fresh LNPs was used for dynamic light
scattering (DLS), electrophoretic light scattering (ELS) and Ribo-
Green analysis; the remaining were aliquoted and stored in 10%
sucrose PBS solution at −20 °C until ready to use.
2.3. Characterization of mRNA LNP Physicochemical
Properties
2.3.1. DLS and ELS Analysis. LNP size, polydispersity index

(PDI) and zeta potential were measured using the Zetasizer Nano
(Malvern Instruments) and Zetasizer 7.12 software (Malvern) as
described previously.21 mRNA LNPs were diluted up to 200-fold in
PBS before the analysis.
2.3.2. LNP Encapsulation Efficiency. The RiboGreen assay was

conducted using a Quant-iT Ribogreen RNA Assay Kit (Invitrogen,
Thermo Fisher Scientific) to determine the encapsulation efficiencies
of LNP formulations. The assay was carried out as per instruction and
as described previously.21 The encapsulation efficiency (EE) was
calculated based on the following:

= ×EE%
mass of encapsulated mRNA

total mass of mRNA detected in the sample
100%

The mRNA LNP concentrations were based on the calculated
encapsulated mRNA.
2.3.3. Cryo-EM. The thawed LNPs were concentrated to

approximately 20 mg/mL total lipid concentration and applied (3−
5 μL) to glow-discharged copper grids. These grids were plunge-
frozen in vitreous ice using an FEI Mark IV Vitrobot (FEI, Hillsboro,
USA). Subsequently, grids were transferred to a Gatan 70° cryotilt
holder, pre-equilibrated to at least −180 °C, and loaded into the
microscope. Imaging was conducted on an FEI LaB6 G2 TEM (FEI,
Hillsboro, OR), operating at 200 kV under low-dose conditions with
an FEI Eagle 4 K CCD camera. All samples were captured at a
magnification of 55,000× with a nominal under-focus of 1−2 μm to
improve contrast. Sample preparation and imaging were carried out
by the UBC Bioimaging Facility (Vancouver, BC).

2.4. HeLa Cell Culture, Passage, and Transfection
HeLa cells were maintained in completed Dulbecco’s Modified Eagle
Medium (C-DMEM) containing DMEM (Gibco, Thermo Fisher
Scientific, 11960069), with 1% glutaMAX (Gibco, Thermo Fisher
Scientific, 35050061), 1% penicillin-streptomycin (Gibco, Thermo
Fisher Scientific, 15070063) and 10% fetal bovine serum (FBS, Gibco,
Thermo Fisher Scientific, 12483020).

For the transfection efficiency test, HeLa cells were seeded at 6-well
TC-treated plates at 300,000 cells/well density in 2 mL of C-DMEM.
After ∼24 h of seeding, the old media was removed and replaced with
1.6 mL of Opti-MEM media (Gibco, Thermo Fisher Scientific,
11058021). The mRNA LNP formulations were thawed, with 5 μg of
mRNA diluting in 400 μL of Opti-MEM media. The Opti-MEM-LNP
mixtures were then added to the wells. Flow cytometry was performed
∼24 h post-transfection to assess the transfection efficiency, using a
viability dye (LIVE/DEAD Fixable Far Red Dead Cell Stain Kit, for
633 or 635 nm excitation, Invitrogen, Thermo Fisher Scientific,
L34974).

2.5. Human Peripheral Blood Mononuclear Cell Isolation
and LNP Transfection
All hPBMC studies were conducted following the University of British
Columbia human ethical protocol H22−00584. Bags of four-donor-
pooled residual buffy coats were ordered from the Canadian Blood
Services (Vancouver, BC). For the cytokine response analysis, the
product was composed of three males and one female, ages 24 to 70.
For the immunophenotyping analysis, the product was composed of
two males and two females, ages 19 to 60. The fresh hPBMCs were
isolated by density gradient centrifugation using Lymphoprep
(STEMCELL Technologies, 07581). After two washes with DPBS
containing 2% FBS, the red blood cells were lysed using ammonium
chloride solution (STEMCELL Technologies, 07850) and the
platelets were reduced by low-speed centrifugation without a brake
(120g). The freshly isolated hPBMCs were cultured in 6-well TC-
treated plates at ∼7 M cells/well density in 3 mL completed RPMI-
1640 media containing RPMI 1640 (no glutamine, Gibco, Thermo
Fisher Scientific, 21870092), with 1% glutaMAX (Gibco, Thermo
Fisher Scientific, 35050061), 1% penicillin-streptomycin (Gibco,
Thermo Fisher Scientific, 15070063) and 10% fetal bovine serum
(FBS, Gibco, Thermo Fisher Scientific, 12483020).

After the overnight culture, the old media was replaced with 1.6 mL
of Opti-MEM media (Gibco, Thermo Fisher Scientific, 11058021).
The mRNA LNP formulations were thawed, with 0.5 μg of mRNA
diluting in 400 μL of Opti-MEM media per well of transfection. The
Opti-MEM-LNP mixtures were then added to the wells.

For the immunophenotyping purpose, 100 μL of the LNP-mRNA
of each formulation in a final concentration of ∼0.156 μM were
stained using SYTO 13 Green Fluorescent Nucleic Acid Stain
(Invitrogen, Thermo Scientific, S7575) in a final concentration of 1.7
μM. After direct mixing with the dye and incubating at 4 °C for 40
min, the mRNA LNP formulations were diluted 10-fold using 1× PBS
(pH 7.4, Thermo Fisher Scientific), and were washed using sterilized
MWCO 10 kDa centrifugal filters (Amicon, Millipore Sigma) at 4 °C
and 2200g until the total volume was similar to the original starting
volume (e.g., 100 μL). A 0.5 μg equivalent of each stained mRNA
LNP formulation was used to validate the binding of the dye to the
encapsulated RNA by measuring the fluorescence intensities at an
excitation wavelength of 485 nm and emission wavelength of 535 nm.
After the validation, similar steps were followed for transfecting the
hPBMCs (0.5 μg of mRNA diluting in 400 μL of Opti-MEM media
per well of transfection).

2.6. Cytokine Analysis
After ∼20 h post-transfection, the hPBMC supernatant was collected
and stored at −70 °C for the downstream cytokine analysis. The
Meso Scale Discovery (MSD) U-PLEX custom human biomarker
assays (K15067M-1) and the U-PLEX human TGF-β combo assays
(K15241K-1) were used to assess the various cytokine levels in
response to the mRNA LNP transfection per manufacturer’s
instructions. The cytokines under investigation include IFN-γ, IL-

Table 1. Molar Percentage of mRNA LNP Formulations

Base
5% Bioactive
Phospholipid

15% Bioactive
Phospholipid

30% Bioactive
Phospholipid

ALC-0315 45% 42.75% 38.25% 31.5%
DOPE 17.5% 16.62% 14.88% 12.25%
Cholesterol 36.25% 34.44% 30.81% 25.37%
DMG-PEG
2000

1.25% 1.19% 1.06% 0.87%

Bioactive
Phospholipid

N/A 5% 15% 30.01%
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1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p40, IL-13, IL-17A, IP-
10, TNF-α, TGF-β1, and TGF-β2.
2.7. Immunophenotyping
After ∼15−20 h post-transfection, the hPBMCs were harvested, with
the adherent portion being harvested using 5 mM ice-cold EDTA,
incubating on ice for at least 30 min, and extensive pipetting. Both the
suspension and the adherent portion of the hPBMCs were
resuspended in a total of 1 mL of FACS buffer (1× PBS and 2%
FBS). Cell densities were determined, and ∼1 M cells from each
sample were aliquoted for downstream antibody staining. These cells
were resuspended in 100 μL of FACS buffer and were treated with
Human TruStain FcX (BioLegend, 422302) to avoid unspecific
bindings before applying the antibody cocktail staining, following the
manufacturer’s recommendations. The cells were stained using the
antibody cocktail (Table S1) in the dark for 30 min at 4 °C, washed
twice using 1X FACS buffer and analyzed using a CytoFLEX LX
cytometer (Beckman Coulter) and Flowjo software (version 10.10.0).

2.8. Statistical Analysis
All of the DoE-relevant statistical analysis was performed using JMP
(version 18.0.1). In brief, a full factorial DoE design option was
selected with 2 input factors (bioactive lipids including all the 18:1

phospholipids and molar percentage at 0%, 5%, 15% and 30%) and 4
output factors (size, PDI, zeta-potential, and EE). A predictor
screening was then utilized to evaluate how the different types of
bioactive phospholipid incorporated and the various levels of
incorporated molar percentages (the “predictor”) impact the
physicochemical property parameters assessed (the “response”).
Other statistical analysis was performed using GraphPad Prism
10.2.3. The statistical tests used were specified in the figure legends.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Property Assessment of Bioactive
Phospholipid mRNA LNP Formulations via a
Design-of-Experiment (DoE) Approach

As illustrated in Figure 1a, our library of mRNA LNP
formulations was constructed by incorporating 7 different
bioactive phospholipids into the Base LNP formulation (Base),
respectively, at molar concentrations of 5%, 15%, and 30%.
This is a full-factorial design of experiment approach to
construct the library, which would provide a rationale for
future design if any trend could be observed between the

Figure 1. Schematic of bioactive phospholipid LNP library construction. (a) The LNP formulation library was constructed by adding 1 of the 7
bioactive phospholipids into the Base formulation at molar concentrations of 5%, 15%, and 30%. (b) Chemical structures of the bioactive
phospholipid used in this study.
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incorporated phospholipid type, the molar concentration, and
the resulting physicochemical properties. The quality of
mRNA was validated before formulation (Figure S1). The
Base represented a conventional four-component LNP
formulation, which had molar percentages of ALC-0315:
DOPE: Cholesterol: PEG-2000 at 45:17.5:36.25:1.25, and is a
formulation derived from an optimized formulation developed
by Ly et al. previously from our group,21 that has achieved
optimal Critical Quality Attributes (CQAs). The 7 bioactive
phospholipids under investigation were CL 18:0, CL 18:1, PA
18:0, PA 18:1, lysoPA 18:1, PS 18:1, and lysoPC 18:1 (Figure
1b). We studied the effects of incorporating different molar
percentages of these bioactive phospholipids on the
physicochemical properties of the resulting mRNA LNP
formulations, including size, polydisperse index (PDI), zeta-
potential, and encapsulation efficiency. Due to solubility
limitations, we could not formulate CL 18:0 into the 15%

and 30% formulations and PA 18:0 into the 30% formulation.
Therefore, we prepared 18 LNP formulations, as listed in
Table S2.

By performing dynamic light scattering (DLS) analysis, we
observed that the particle sizes for all the formulations, except
the 15% PA 18:0 formulation, ranged from 70−120 nm. The
15% PA 18:0 formulation resulted in large particles with an
average diameter of ∼350 nm. Particles increased in size as the
molar concentration of the incorporated bioactive phospholi-
pid increased (Figure 2a), irrespective of the incorporated
bioactive phospholipid type. All of the formulations, except the
15% PA 18:0 formulation, had a PDI of less than 0.2,
indicating that the particle size for each formulation was
relatively uniform. As a general trend, the PDI also increased as
the molar concentration of the incorporated bioactive
phospholipid increased (Figure 2b), which was irrespective
of the incorporated phospholipid type. These observed

Figure 2. Physicochemical property assessment of all of the formulations in the library. The Base formulation was prepared as the control (0%
bioactive phospholipid). (a) Heatmap illustrating the particle size of the formulations measured by DLS analysis. (b) Heatmap illustrating the
polydisperse index of the formulations measured by DLS analysis. (c) Heatmap illustrating the zeta potential measured by ELS analysis. (d)
Heatmap illustrating the EE measured by RiboGreen assay. Note that only formulations that demonstrated EE > 80% were included for the
biological function test next. (e) Heatmap showing the predictor screening analysis result from JMP that determines how incorporating different
kinds of bioactive lipids at different molar concentrations impacts the physicochemical properties of the particles including size, PDI, zeta potential
and EE. Statistical analysis was conducted using the 2-way ANOVA test followed by Tukey’s multiple comparison test. Heatmap squares represent
means for n = 3 replicates. Level of significance compared to the Base formulation (0%): *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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phenomena might be partly attributed to the reduced molar
concentration of the DMG-PEG component used in the
formulation, in response to the increased molar percentages of
the incorporated bioactive phospholipids, as literature has
reported decreased particle size with increased PEG content22

and PEG content is known to impact the dispersity of particle
population.23 The large PDI (∼0.3) from the 15% PA 18:0
formulation is probably related to the poor solubility of PA
18:0 in ethanol. The phospholipid did not remain in solution
after mixing of the organic phase and the aqueous phase,
resulting in the formation of aggregates.

By performing electrophoretic light scattering (ELS)
analysis, the zeta potential was determined for each
formulation. The zeta potential for the formulations ranged
from near neutral (∼-2 mV) to slightly negative (∼-10 mV)
with no clear trend observed (Figure 2c).

The encapsulation efficiency (EE) for each formulation was
determined by a RiboGreen assay. All the formulations had an
EE of at least 80% except the 30% PA 18:1 formulation, the
30% CL 18:1 formulation, the 30% lyso PA 18:1 formulation
and the 15% PA 18:0 formulation, which had no mRNA
encapsulated at all (Figure 2d). Thus, at the 30% molar
concentration level, only the PS 18:1 and lyso PC 18:1
formulations had encapsulated mRNA. This observation might
be partly attributed to charges carried by the different bioactive
phospholipids. PA 18:1, lyso PA 18:1, PA 18:0 and CL 18:1 all
have only negatively charged head groups while PS 18:1 and
lyso PC 18:1 have positively charged moieties in addition to
the negatively charged moieties in their head groups (Figure
1b). It is possible that negatively charged phospholipids
compete with the mRNA molecules for binding to the
ionizable cationic lipid. At the 30% molar concentration level
for the bioactive phospholipid, the molar concentration for the
ionizable cationic lipid is at 31.5% (Table 1), this almost 1:1
ratio might have saturated all the ionizable cationic lipid for
binding the negatively charged bioactive phospholipids and
impaired mRNA binding. On the other hand, because of the
positively charged moieties, the head groups from PS 18:1 and
lyso PC 18:1 could provide additional complexation with
mRNA, enabling adequate encapsulation.

We also performed a predictor screening analysis using JMP
18 to determine how the different types of bioactive
phospholipid incorporated and the various levels of incorpo-
rated molar percentages (the “predictor”) impact the
physicochemical property parameters assessed (the “re-
sponse”) (Figure 2e). The particle size was equally affected
by the type of phospholipid incorporated and the molar
percentage incorporated. On the other hand, the PDI and EE
were more impacted by the molar percentage incorporated.
The zeta potential was more affected by the type of
phospholipid incorporated.

Since 4 formulations did not meet the CQA for mRNA
encapsulation (>80%), they were excluded from further
analysis. The remaining 14 formulations (Table 2) proceeded
to be tested further. Cryo-EM analysis of the formulations
revealed that these formulations largely resembled structural
similarity to the Base formulation, with observable “bleb”
structures (Figure S2),24 which are understood as aqueous
compartments where the nucleic acid cargo could potentially
reside and might be a desired feature associated with improved
transfection potency.25 Note that 5% and 15% lyso PC 18:1
formulations have larger “blebs” as compared to the Base
formulation (Figure S2a, n, and o).

3.2. Transfection Efficiency and eGFP Protein Expression
Test in HeLa Cells
We tested the capacity of the mRNA LNP formulations to
deliver RNA by transfecting HeLa cells and performed a flow
cytometry analysis of the cellular eGFP expression level. All 14
formulations transfected the HeLa cells at a similar level
(∼90%) compared to the Base formulation (Figure 3a). The
5% PA 18:0 formulation had the lowest level of viable eGFP-
positive cells (∼88.3%) among all the formulations but the
highest level of both the total dead cell frequency and the
eGFP-positive dead cell frequency (Figure S3a, b), suggesting
that there is mild cytotoxicity associated with this formulation.
This is expected as literature has demonstrated that PA 18:0
could mediate lipotoxicity through accumulating in the cell ER
and inducing ER stress.26 In contrast, 5% and 15% lyso PA
18:1 formulations both had lower total dead cell frequencies
than the media-only control (“UT”, untransfected), which
might be explained by the intrinsic capacity of lyso PA to
induce cell proliferation, especially in epithelial cancer cell lines
as documented.27,28

Despite similar levels of HeLa cell transfection between the
formulations, we observed some differences in the protein
expression (Figure 3b). We observed a ∼ 2-fold increase in
MFI in the 15% and 30% PS 18:1 formulations, consistent with
the existing literature that reports that PS nanoparticles can
induce higher protein expression in other human epithelial cell
lines including 1HAEo8 and Huh-7.29 However, no MFI fold
increase could be observed for the 5% PS 18:1 formulation,
suggesting that the effect is dependent on the bioactive
phospholipid molar percentage. Besides the 15% and 30% PS
18:1 formulations, the 15% lyso PA 18:1, and 5% and 15% lyso
PC 18:1 formulations resulted in an ∼1.6-fold increase in MFI,
while the 5% PA 18:0 and 15% PA 18:1 formulations could
result in ∼1.4-fold increase in MFI (Figure 3b). On the other
hand, both 5% lyso PA 18:1 and 30% lyso PC 18:1
formulations resulted in MFI that was ∼40% lower than the
Base formulation, emphasizing again that cellular protein
expression of the transfected mRNA LNP formulations
depends on both the incorporated bioactive phospholipid
type and the molar percentage incorporated. The enhanced
protein expression observed with the 5% and 15% lyso PC 18:1
formulations might be associated with their seemly larger size
of the “bleb” structures as compared to the Base formulation
(Figure S2a, n, and o).

Table 2. 14 Formulations with Sufficient CQAs Used for
Biological Assays

Bioactive Phospholipid Molar Percentage

PA 18:1 5%
15%

PS 18:1 5%
15%
30%

CL 18:1 5%
15%

Lyso PA 18:1 5%
15%

Lyso PC 18:1 5%
15%
30%

CL 18:0 5%
PA 18:0 5%
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3.3. Immunomodulatory Effect Assessment via Cytokine
Response Analysis and Immunophenotyping Analysis in
Human PBMCs
We assessed the immunomodulatory effects associated with
the 14 formulations by performing cytokine analysis using
Meso Scale Discovery (MSD) U-plex kits on the supernatants
from transfected human PBMCs. We analyzed 15 cytokines
including IFN-γ, IL-10, IL-12/IL-23p40, IL-13, IL-17A, IL-1α,
IL-1β, IL-2, IL-4, IL-5, IL-6, IP-10, TNF-α, TGF-β1 and TGF-
β2. These cytokines were chosen based on their implications in
LNP-related studies, as well as in the relevant bioactive
phospholipid-related studies.17−20,30−35

In general, we observed that transfecting the human PBMCs
with any mRNA LNP formulations, regardless of the standard
4-component or the 5-component ones, increased the release
of TGF-β1 (Figures 4a, S4o). TGF-β signaling has been
speculated to activate fatty acid synthesis and might also
influence lipid droplet content in certain myeloid cells.36 Since
we are providing the cells with more lipids by transfecting
them with LNPs, it is within the expectation that the

downstream pathways that are relevant to lipid metabolism
will be upregulated. In terms of its immunomodulatory effects,
TGF-β signaling is multifaceted, especially in combination with
other cytokines including IL-2 and IL-6, which have been
shown to influence T cell population differentiation and
composition (e.g., Treg vs Th17) and thus the general immune
outcomes (e.g., immunosuppressive vs autoimmune).37

We also observed that transfecting the cells with
formulations with incorporated bioactive phospholipids further
increased the release of TGF-β1, which varied between the
different formulations (Figures 4a, S4o). In addition to TGF-
β1, transfecting the cells with the bioactive phospholipid-
incorporated formulations increased the release of IL-12/IL-
23p40 (a surrogate IL-12), as well as IL-6, TNF-α, TGF-β2,
IFN-γ, IL-10 and IL-1β (Figures 4a, S4b−d, h, l, n, and p).
This is a mixed list of “pro”- and “anti-inflammatory”
cytokines,37,38 therefore, the immune outcome is formula-
tion-dependent. For example, the release of IL-6 is often tied
to the sensing of the ionizable lipid39 while IL-10 exerts its
anti-inflammatory effects through a lipid-metabolism-related
mechanism,40 which would make the immune outcome
unpredictable. Another example would be, PS formulation
has been shown to have anti-inflammatory effects by inducing
both IL-10 and TGF-β release and inhibiting IL-6 and IL-17
release;35 however, with the current study, there is an elevated
level of IL-6 associated with 30% PS formulation, the highest
PS formulation among the three (Figure S4l). The mixed list of
cytokines further illustrates the need to tailor formulations for
different applications.

By examining each formulation more closely, we observed a
dosage-dependent response for the release of IL-10, IL-17A,
IP-10, TNF-α (for lyso PC 18:1 formulations only), and TGF-
β1(except for PS 18:1 formulations) (Figures 4a, S4c, f, m−o),
suggesting a more direct relationship between the bioactive
phospholipids incorporated and the cytokines released. For
example, the literature suggests that unsaturated CLs are
inhibitors of TLR4, which will lead to the reduced release of
proinflammatory cytokines such as TNF-α and IP-10.41 This is
consistent with what we observed with 5% and 15% CL 18:1
formulations; there was a decrease in both IP-10 and TNF-α
production as the molar percentage of CL 18:1 increased
(Figure S4m, n). In addition, we observed an increase in both
IL-10 and TGF-β1 production and a decrease in IL-17A
production (Figure S4c, f, o) as the molar percentage
increased, further suggesting the immunosuppressive potential
of this bioactive phospholipid. However, we did not observe
the opposite effect from the saturated CL (CL 18:0)17 in our
study, indicating that there are other factors at play. For
example, cholesterol metabolism has been shown to impact the
expression of TLR4 and lead to increased TNF-α and IL-6,42

which might interfere with the results to clearly distinguish the
functions between CL 18:1 and CL 18:0. For lyso PA 18:1, the
literature demonstrated a reduced release of TNF-α,19 which
was not observed in the current study (Figure S4n). However,
we observed a positive correlation between both IL-10 and
TGF-β1 and the molar percentage of lyso PA 18:1 (Figure S4c,
o), which also showed the immunosuppressive potential of the
phospholipid. Lyso PC has more diverse functions such as
influencing both the conventional T cell function and the
regulatory T cell function;18 therefore, it would be desirable to
induce immunomodulation. In our current study, we observed
a decrease in the production of IL-10, IP-10, TNF-α, IL-17A
and TGF-β1 as the molar percentage of lyso PC 18:1 increased

Figure 3. Hela cell transfection of all 14 formulations (5 μg of mRNA
LNP eGFP) that showed >80% EE. The Base formulation was
included as a control. (a) Transfection efficiency as determined by the
viable eGFP+ cell frequency from flow cytometry. Statistical analysis
was conducted using the Kruskal−Wallis test followed by Dunn’s
multiple comparisons test. Bars represent means ± SD, n = 3. (b)
Mean fluorescence intensity of cellular eGFP expression normalized
against the eGFP expression level from the Base formulation
transfection. Up to an ∼2-fold increase could be observed. Statistical
analysis was conducted using the ordinary one-way ANOVA test
followed by Dunnett’s multiple comparison test. Bars represent means
± SD for n = 3. Level of significance compared to the Base
formulation: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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(Figure S4c, f, m−o), which suggested that a specific
immunomodulatory aim could be achieved by altering the
molar concentration of lyso PC 18:1.

We also inspected the formulation performance by head-
group differences (Figure 4b−e). No clear trend could be
observed, except that CL-related lipid formulations (both CL
18:0 and CL 18:1) are stronger inducers of TGF-β1 as
compared to other formulations. Lyso PA formulations inhibit

the release of IL-13 and IL-17A, with the literature clearly
describing the involvement of lyso PA in IL-13 signaling.43−45

Taken together, each formulation induces differential levels of
cytokines, which creates a unique signature for each of them
and thus presents opportunities for using LNPs for vaccination
or therapeutic applications.

In the follow-up immunophenotyping analysis, we trans-
fected hPBMCs with all of the mRNA LNP formulations from

Figure 4. Heatmap of cytokine response from human PBMC transfection of all 14 formulations (0.5 μg of mRNA LNP eGFP) using Meso Scale
Discovery human U-plex kits. Fifteen cytokines were measured. The Base formulation was included as a control. All of the values are normalized
against the untransfected condition (UT). (a) Heatmap of cytokine response from all the formulations. (b−e) Heatmap of cytokine response split
by formulations that share a similar headgroup such that other structural variations and different molar concentrations could be better compared.
(b) Heatmap of cytokine response from all the CL formulations as compared to the Base. (c) Heatmap of cytokine response from all the PA
formulations as compared to the Base. (d) Heatmap of cytokine response from all the lyso PC formulations as compared to the Base. (e) Heatmap
of cytokine response from all the PS formulations as compared to the Base. Statistical analysis was conducted when possible using the 2-way
ANOVA test followed by Tukey’s multiple comparison test. Heatmap squares represent means for n = 3 for all of the cytokines except IL-6 and
IFN-γ when only singlet samples after dilution were within the detection range.
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Figure 5. Immunophenotyping of LNP+ hPBMCs of all 14 formulations (0.5 μg of SYTO 13 stained mRNA LNP eGFP). (a) LNP+ hPBMCs
composition breakdown after the Base formulation transfection. (b) LNP+ hPBMCs CD8+ T cell proportion change under transfection using
different formulations, with 15% PA 18:1 as an example. (c) LNP+ hPBMCs CD19+ B cell proportion change under transfection using different
formulations, with 15% PS 18:1 as an example. (d) LNP+ hPBMCs monocyte-derived dendritic cell (Mo-DCs, CD11B+ CD14+ CD11C+ HLA-
DR+) proportion change under transfection using different formulations, with 15% lyso PA 18:1 as an example. (b−d) Statistical analysis was
conducted using the ordinary one-way ANOVA test followed by Tukey’s multiple comparison test. All of the bars represent means ± SD, n = 3.
Level of significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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the library. Note that these formulations were stained using
SYTO 13, a dye that can penetrate LNP membranes and stains
for the encapsulated RNA, as the intrinsic eGFP protein
expression level within PBMCs was not sufficient for such an
analysis (Figure S6b). We validated the hPBMC composition
(Figure S6a) and determined the identities of the cells that
took up the LNPs using the gating strategies outlined (Figure
S5a, b). The composition generally aligned with our expect-
ations of hPBMCs.46 Note that the culturing and transfection
steps may cause population loss for some cell types (Figure
S6a), a limitation with our protocol; however, all of the main
populations could still be detected with the relative abundance
retained (Figure S6a).

Analysis of the LNP+ cells revealed that the majority of the
identifiable cells were CD4+ T cells, followed by the CD8+ T
cells and the CD19+ B cells, with the CD56+ natural killer
(NK) cells being one of the least transfected cell types (Figure
5a). This observation could partly explain the changes
associated with those T-cell-affiliated cytokines, such as IL-17
and IL-13, from the previous cytokine response analysis
(Figure 4a), further validating the data. Compared to the Base
formulation transfection, other formulations demonstrated the
potential to slightly change the cellular tropism. For example,
both 5% and 15% lyso PA 18:1 formulations enhance LNP
uptake in the CD8+ T cells, monocyte-derived dendritic cells
(Mo-DCs) and potentially the CD19+ B cells (Figure 5b−d).
This aligns with the lyso PA activities associated with both the
CD8+ T cells and dendritic cells described in the
literature,47,48 further demonstrating the immunomodulatory
potential of the formulations. Similarly, the various PS
formulations enhance LNP uptake in the CD8+ T cells,
CD19+ B cells, Mo-DCs, other types of monocytes, and
potentially even the CD56+ NK cells (Figures 5b−d, S6c).
Note that some studies from the literature have reported the
mechanistic interactions of PS and NK cells and follow-up
technologies to modulate NK cell functions through PS,49,50

thus further demonstrating the immunomodulatory potential
of the PS formulations. Overall, the immunophenotyping study
data supplements the cytokine response data to delineate, in
greater detail, the potential application areas for the
formulations contained in the library.

4. CONCLUSIONS
In conclusion, our study explores the potential of incorporating
various levels of different bioactive phospholipids into the
current conventional 4-component mRNA LNP formulation
and demonstrates the feasibility of such a formulation
technique, further expanding the design space of mRNA
LNP formulation. These findings further emphasize the critical
role of phospholipid in the formulation, not only for structural
support of the nanoparticles but also for the biological
function-impacting role. Cryo-EM images confirmed the
structural similarity between the conventional formulation
and the other 5-component formulations. By exploring their
potential immunomodulatory effects via cytokine response
analysis and immunophenotyping analysis, our work suggests
potential novel formulation strategies for RNA therapeutics for
altering both the cytokine response and the cellular tropism. As
suggested in our previous review,7 and further enhanced by the
data presented here, the lipid components of the LNP
formulation could be sensed individually by the cells, which
might alter the immune outcomes through direct (e.g., uptake
cell identity) and indirect mechanisms (e.g., cytokine release),

thus creating an abundant space for immunoengineering
design.
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