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The essential homeostatic process of dead cell clearance (efferocytosis) is used by viruses in an act of apoptotic
mimicry. Among others, virions leverage phosphatidylserine (PS) as an essential “eat me” signal in viral enve-
lopes to increase their infectivity. In a virus-inspired biomimetic approach, we demonstrate that PS can be
incorporated into non-viral lipid nanoparticle (LNP) pDNA/mRNA constructs to enhance cellular transfection.
The inclusion of the bioactive PS leads to an increased ability of LNPs to deliver nucleic acids in vitro to cultured
HuH-7 hepatocellular carcinoma cells resulting in a 6-fold enhanced expression of a transgene. Optimal PS
concentrations are in the range of 2.5 to 5% of total lipids. PS-decorated mRNA-LNPs show a 5.2-fold
enhancement of in vivo transfection efficiency as compared to mRNA-LNPs devoid of PS. Effects were less pro-
nounced for PS-decorated pDNA-LNPs (3.2-fold increase). Incorporation of small, defined amounts of PS into
gene delivery vectors opens new avenues for efficient gene therapy and can be easily extended to other thera-
peutic systems.

systemic toxicity and poor pharmacokinetic properties of permanently
charged cationic LNPs [3,4], current clinically translated LNP therapies
are based on ionizable lipids. The chemical nature of ionizable lipids

1. Introduction

There is a growing interest in solid lipid nanoparticles (LNPs) as a

drug delivery system for nucleic acids. The FDA approval in 2018 of the
first LNP based siRNA drug (Patisiran) and the worldwide approval of
COVID-19 mRNA LNP based vaccines were the first clinical applications
of LNPs for non-viral nucleic acid therapy [1,2]. Classic LNP formula-
tions are composed of charged lipids and lipid-like adjuvants. Cationic
lipids bind and condense the negatively charged nucleic acids. This is a
prerequisite to enable cellular uptake and subsequently their release
from the endosomal compartment to the cytoplasm. Due to the high

with a pK, around 6.7 (i.e. 1,2-dioleyloxy-3-(dimethylamino)propane
(DODMA)) can be leveraged to formulate pH-responsive LNPs [5,6].
In this regard, extensive chemical optimization of ionizable lipids has
been conducted to improve the delivery efficiency of LNPs [7,8]. Besides
charged lipids, additional “helper lipids” are needed for the formation of
solid nanoparticles. Altering the helper lipid composition of LNP for-
mulations reduces their cytotoxicity and leads to increased potencies in
vitro and in vivo [9-15]. For example, it has been shown that the

Abbreviations: CLSM, confocal laser scanning microscopy; Dy, hydrodynamic diameter; DLS, dynamic light scattering; DODMA, 1,2-dioleyloxy-3-(dimethylamino)
propane; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOTAP, 2,3-dioleoyloxy-propyl-trimethylammoniumchlorid; DMPE-PEG2000, 1,2-dimyristoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000; EE, encapsulation efficiency; EGFP, enhanced green fluorescent protein; i.v, intravenous; hpi,
hours post injection; LNP, lipid nanoparticle; mRNA, messenger RNA; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium; N/P, lipid-nitrogen (N) to oligonucleotide-phosphate (P) ratio; PDI, polydispersity index; pDNA, plasmid DNA; PEG, polyethylene glycol; PS,
L-a-phosphatidylserine; TE, transfection efficiency, number of EGFP positive cells; TP, transfection potency, mean EGFP signal intensity expressed as single-cell

relative fluorescence units; ZFE, zebrafish embryo.
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implementation of specific polyethylene glycol-functionalized (PEG)
lipids can control the circulation time and influence LNP biodistribution
[9,10]. The replacement of the classical cholesterol with bioactive
phytosterols has been proven to alter the morphology, the internaliza-
tion mechanisms, and the subcellular trafficking of LNPs [11-14].
Similarly, with the substitution of the helper lipid 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) with 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) or 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC), a notable increase in LNP effectiveness has been achieved
[13,14]. Furthermore, the substitution of DSPC by unsaturated PCs had
a strong impact on transfection efficiency and toxicity of LNPs although
effects were different for LNP-siRNA and LNP-pDNA systems [13].
Despite all of these efforts, the efficiency of LNP based formulations
is still suboptimal and not comparable to the one of viral vectors. Unlike
LNPs, viral envelopes have complex lipidomic compositions [16]. In the
present study, we introduce a new strategy to improve the LNP efficacy
that is inspired by virus envelopes. In particular, we focus on the
bioactive phospholipid phosphatidylserine (PS) [17], which affects
cellular internalization and intracellular processing. We selected PS as it
represents an essential co-factor during the infection process of several
viral types [18-20], including the Ebola, Epstein Barr, and Hepatitis B
virus [21]. By inclusion of PS in their membranes, virions camouflage
themselves as dead cells in an act referred to as apoptotic cell mimicry
[21]. In mammalian cells, PS is actively kept on the inner leaflet of the
cellular membrane by the flippase enzyme family. However, through the
induction of apoptosis or necrosis, PS gets gradually exposed to the outer
leaflet. This in turn induces PS recognition and apoptotic cell clearance.
This process called efferocytosis is highly evolutionarily conserved due
to the constant turnover of cells [22,23]. Efferocytosis is performed by
both professional (i.e. macrophages) and non-professional phagocytes
(i.e. tissue cells) [22,24,25]. The key receptor families to which PS has
been reported to bind include G-protein-coupled TIM (TIM1, TIM3,
TIM4) and TAM (Gas6, ProS) receptors [26]. Surface presentation of PS
and interaction with TIM receptors is also exploited by other parasitic
organisms [27] and is an essential bioactive molecule in the entry of
exosomes [28-30]. Furthermore, PS bearing liposomes were previously
demonstrated to effectively alter subcellular trafficking of liposomes to
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the endoplasmic reticulum of non-phagocytic cells in a viral-like manner
[31].

It was therefore the aim of the present study to explore whether the
decoration of LNPs with PS increases transfection. We incorporated PS
in both cationic and ionizable LNPs. Using optimized lipid-nitrogen to
oligonucleotide-phosphate (N/P) ratios, we used a screening approach
to design PS-decorated LNPs with desired physico-chemical properties
such as particle size and size distribution, surface charge, and nucleic
acid condensation efficiency. Mechanistic studies were used to investi-
gate the impact of PS on transfection efficiency (TE) as well as trans-
fection potency (TP), cellular LNP uptake, viability, and subcellular
trafficking of LNPs. Uptake and cellular processing of both pDNA and
mRNA encoding for an enhanced green fluorescent protein transgene
(EGFP) were studied. Lead PS-LNPs formulations were tested with
respect to TP and TE in vivo in a vertebrate zebrafish embryo (ZFE)
model (Fig. 1).

2. Material and methods
2.1. Materials and chemicals

1,2-dioleyloxy-3-dimethylaminopropane (DODMA), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), L-a-phosphatidylserine (brain
derived PS), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DMPE-PEG200) were purchased
from Avanti Polar Lipids (Alabaster, AL). 2,3-dioleoyloxy-propyl-trime-
thylammoniumchlorid (DOTAP) was purchased from Corden Pharma
(Frankfurt am Main, Germany). Cholesterol, Dil, Hoechst 33342 and 7-
Aminoactinomycin D (7-AAD) were obtained from Sigma Aldrich
(Schaffhausen, Switzerland). SYBR Gold Nucleic Acid Gel Stain (SYBR
gold reagent), DiO, Chloropromazine, Polyinosinic acid (Poly I),
Colchicine, Nystatin and Dynasore were acquired by Thermo Fisher
Scienctific (Zug, Switzerland). AnnexinV was purchased from Biolegend
(San Diego, CA), Label IT Cy5 Kit from Mirus Bio (Madison, WI) and
Chol-PEG-FITC-5k from Nanocs (New York, NY). The minicircle plasmid
DNA encoding for EGFP under the control of a liver-specific p3 promoter
[32] was kindly provided by the University Children’s Hospital Zurich.

Phosphatidylserine (PS)
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Fig. 1. Design and evaluation of lipid nanoparticles (LNPs) equipped with phosphatidylserine (PS). LNPs were formulated with PS, DOPC, and cholesterol as helper
lipids and DOTAP or DODMA as cationic or ionizable nucleic acid condensation agents, respectively. PS-LNPs had a defined hydrodynamic diameter and {-potential.
Cellular uptake, transfection potency, and transfection efficiency of PS-LNPs were evaluated in vitro (i.e., HuH-7 hepatic carcinoma cell line) as well as in vivo (i.e.,
zebrafish embryo). EGFP: enhanced green fluorescent protein transgene. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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NTC9385R (3xCpG)-CAG EGFP-CpG free BGH pA nanovector plasmid
DNA was obtained from Nature Technology Corp (Lincoln, NE). Mini-
circle plasmid DNA used for in vitro experiments and nanovector plasmid
DNA used for in vivo experiments are referred to as pDNA. 5’ capped
CleanCap EGFP mRNA was purchased from TriLink Biotechnologies
(San Diego, CA). Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (4500 mg L) was obtained from Sigma Aldrich and supple-
mented with 10% FCS (BioConcept, Allschwil, Switzerland), penicillin
(100 units mL’l), and streptomycin (100 pg mL ) (Sigma Aldrich).
Trypsin/EDTA (0.25%) was purchased from Gibco. FACS bulffer,
composed of DPBS (Sigma Aldrich), was supplemented with 1% FCS,
2.5 mM EDTA, 0.05% NaNs.

2.2. Preparation of LNPs

Lipid nanoparticles used for in vitro experiments were prepared using
a bulk mixing method as described elsewhere [32]. Briefly, lipid solu-
tions (DODMA/DOTAP, Cholesterol, DOPC and PS at molar ratios of
50:40:10:0, 50:40:9.5:0.5, 50:40:9:1, 50:40:7.5:2.5, 50:40:5:5 and
50:30:20:10) were solved in CHCl3, taken to dryness by rotational
evaporation under reduced pressure for 1 h and rehydrated using 5%
glucose, 20 mM sodium acetate, pH 4 (LNP sample buffer). The final
lipid concentration was 0.8 mM. Liposomes were extruded 13 times
using a manual mini extruder (Avanti Polar Lipids) and polycarbonate
membranes (Nucleopore, Whatman, North Bend, OH) with a pore size of
100 nm. For LNP complexation with pDNA or mRNA, LNPs were com-
bined at the desired N/P ratio with nucleic acids solved in LNP sample
buffer. They were incubated at 22 °C for 30 min at 300 rpm. For in vivo
experiments, LNPs containing PEGylated lipids were used. The lipid
composition was DODMA:Cholesterol:DOPC:DMPE-PEG2000
50:39:10:1. Where indicated, DOPC was partially substituted with PS to
reach the indicated final percentage of this lipid. The total amount of
DOPC and PS was 10% of total lipids. The dry film was rehydrated at
70 °C using methanol:ethanol = 20:80. The lipid solution (organic
phase) was combined with the nucleic acids solved in LNP sample buffer
(aqueous phase) at the desired N/P ratio by microfluidics (Nano-
Assemblr; Precision Nanosystems, San Jose, CA). Flow rate was 20 mL
min~! with an organic:aqueous phase ratio of 1:3. Buffer was exchanged
at 4 °C to 0.9% NacCl, 1 mM HEPES, at pH 7.4 (in vivo sample buffer) by
dialysis (Millipore, 12,000-14,000 molecular weight cut-off). Dialyzed
samples were collected and characterized by a nucleic acid exclusion
assay using SYBR gold reagent. Where indicated, LNPs were labeled with
fluorescent dyes. No particle aggregation was observed upon storage at
4 °C for at least one week. For all experiments, only freshly prepared
LNPs were used. All formulations showed colloidal stability.

2.3. LNP size, size distribution and {-potential

PS-LNP size distribution and {-potential were determined by dy-
namic light scattering using a Zetasizer Ultra (Malvern Panalytical,
Volketswil, Switzerland). For {-potential measurement: PS-LNPs were
diluted 1:40 in either LNP sample buffer or 5% glucose/10 mM HEPES,
pH 7.4.

2.4. Evaluation of nucleic acid encapsulation efficiency

The encapsulation efficiency (EE) of the particles was determined by
a nucleic acid exclusion assay using SYBR gold reagent. Briefly, 190 uL
diluted fluorescent dye was added to 10 uL LNP solution in the presence
or absence of 0.2% (w/v) Triton-X100 and incubated for 5 min. A linear
calibration curve was obtained for each of the tested nucleic acids.
Fluorescence was measured at Aex = 485 nm, Aepy, = 530 nm and Acygoff =
515 nm.
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2.5. Cell culture

HuH-7 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA) and cultured in DMEM (55 cm? dishes, 37 °C, 5%
CO,, saturated humidity). The cells were harvested at 80% confluency.

2.6. Flow cytometry

2 x 10% HuH-7 cells were seeded onto Collagen (Collagen I, rat tail)
coated 24-well plates and allowed to adhere overnight. Cell medium was
removed, cells were trypsinized for 5 min and further uptake was
blocked by addition of 300 pL FACS buffer containing 7-AAD (2 pug
mL™1) at least 20 min prior use. Samples were kept on ice until analyzed.
Experiments were analyzed by flow cytometry using a FACS Canto II (BD
Bioscience, San Jose, CA). Doublets were excluded using FSC-A and SSC-
A detectors. The apoptotic cells were excluded using FL2-A (695/40). A
total of 10’000 single cells for each sample were analyzed and data were
processed using Flow Jo VX software (TreeStar, Ashland, OR).

2.7. Invitro transfection experiments

In these experiments, “transfection efficiency” (TE) refers to the
number of transfected cells. “Transfection potency” (TP) refers to the
mean signal intensity of the whole cell population expressed in terms of
relative fluorescent units. Cells were incubated with 100 uL PS-LNPs for
48 h for pDNA and 24 h for mRNA in 500 uL. DMEM at the indicated final
nucleic acid concentrations/well (0.28 pg mL ! or 0.83 ug mL™ Y. TE
and EGFP signal intensity in cells were analyzed using flow cytometry. A
TE value of 100% thereby would indicate that 100% (number) of target
cells were transfected. Furthermore, a normalized signal intensity value
of 100% refers to the highest observed median EGFP signal in a given
experiment.

2.8. Time dependent uptake

100 pL PS-LNPs condensing a mixture of 1:4 Cy5-labeled nucleic
acid:non-labeled nucleic acid were added to HuH-7 cells at a final
nucleic acid concentration of 0.034 pg mL~!, incubated for 4 h, and
washed three times with DPBS. Cells were analyzed by flow cytometry.
A normalized signal intensity of 100% thereby refers to the highest
observed median Cy5 signal in an individual experiment.

2.9. Inhibition study

Inhibitors were used to block endocytosis pathways and were added
prior 100 pL 0.1 mol% DiO PS-LNP (0.28 ug mRNA mL™!) addition
(Chloropromazine (10 pg mL™?) for 30 min, Poly I (10 pg mL™1) for 30
min, Colchicine (10 pg mL™!) for 2 h, Nystatin (50 pg mL ™) for 15 min
and Dynasore (80 pM) for 30 min). PS-LNPs were incubated for 4 h and
washed three times with DPBS. Signal intensity of DiO expression in cells
were analyzed by flow cytometry. Change in uptake was measured as a
DiO signal intensity reduction of samples compared to non-inhibited
median DiO signal intensity.

2.10. Cell viability assay

3.3 x 10% HuH-7 cells were platted onto Collagen (Collagen I, rat
tail) pre-treated clear bottom 96-multiwell plates 24 h prior trans-
fection. An adjusted amount of sample volume compared to TE experi-
ment with nucleic acid concentrations of 0.28 pg mL ™! and 0.83 pg mL™?
were added to the cells. Terfenadine (50-1 nM) was used as a negative
control. After 48 h or 24 h depending on the used nucleic acid, 20 pL
MTS [3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] reagent was added to each well and was
incubated for 1 h at 37 °C and 5% CO». The absorbance was measured at
490 nm whereby the obtained results were normalized according to the
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untreated cells which were defined as 100% viable.
2.11. Confocal laser scanning microscopy

CLSM was performed using an Olympus FV 1000 inverted micro-
scope (Olympus Ltd, Tokyo, Japan) equipped with a 60x UPlanFLN oil
immersion objective (numerical aperture 1.40). To minimize spectral
cross talk, the samples were scanned using sequential mode. For
confocal fluorescence and live cell imaging, HuH-7 cells were seeded
into microscopy microslides (Ibidi GmbH, Grafelfing, Germany; coated
with rat tail collagen I). HuH-7 cells were incubated with LNP com-
plexed nucleic acid at a concentration of 0.28 pg mL~". Cells nuclei were
post-stained with Hoechst 33342 (2.5 ug mL ! in PBS, for 5 min). Live-
Images were acquired at a controlled temperature of 37 °C using DMEM.
Images were visualized by IMARIS software (Bitplane, Belfast, United
Kingdom). Single-particle track speeds were analyzed using the IMARIS
Tracking and Statistic Module. Spot detection was set to 0.5 um and
tracking parameters were set to autoregressive motion, max. distance =
5 pm, max gap = 3 and track duration = 120 s.

2.12. Zebrafish embryo (ZFE) experiments

For ZFE experiments, PEGylated LNPs were produced using the
microfluidics protocol. LNPs were concentrated using an Amicon Ultra-4
centrifugal filter (10'000 molecular weight cut-off; Merck Millipore).
Eggs of wildtype (abc/Tiibingen) and Tg(kdrl:EGFP) adult zebrafish
were collected and raised at 28 °C in 30 pg mL ™! 1-phenyl-2-thiourea
(PTU) added zebrafish culture medium. 36 h post-fertilization, ZFE
were manually dechorionated and embedded in ethyl-3-aminobenzoate
methanesulfonate (MS-222, Tricaine) and PTU containing 0.3% agarose.
2 x 3 nL of 75 pg mL~! mRNA or 150 pg mL~! pDNA coding for EGFP
and complexed with PEGylated LNPs were intravenously injected into
the Duct of Cuvier by using a micromanipulator (Wagner Instru-
mentenbau, Schoffengrund, Germany), a pneumatic Pico Pump PV830
(WPI, Sarasota, FL) and a Leica S8APO microscope (Leica, Wetzlar,
Germany). Successfully injected ZFE were transferred into 28 °C PTU
containing zebrafish culture medium. Injected ZFE were imaged be-
tween 30 and 62 h post-injection (hpi) using an Olympus FV 1000
inverted laser scanning microscope (Olympus, Tokyo, Japan) equipped
with a 30x objective (UPIanSApo, 1.05NA). ZFE images were stitched
using the Grid-collection stitching plug-in semi-quantitative analysis
was done using a threshold in Fiji 2.1.0/1.53c software. Fluorescent
signals were analyzed in the tail region of the ZFE to monitor circulating
particles only [33,34]. Image were assembled in OMERO software
5.4.10 (University of Dundee & Open Microscopy Environment). To
reduce intraexperimental variability, comparative experiments were
performed during the same day by the same operator and using the same
stage. Reproducibility was verified by repeating series of experiments on
at least three different days. For each condition of each series of ex-
periments at least 9 ZFE were used (n = 9). For the preparation of
Figures and the corresponding semi-quantitative analysis, data from one
representative series of experiments were used [34].

For biodistribution studies, 2 x 3 nL of 75 pg mL ™! pDNA coding for
EGFP Dil fluorescent labelled LNPs were injected into wild type ZFE and
imaged from 2 to 11 hpi with a time interval of 1 h. For vasculature
localization studies, Tg(kdrl:EGFP) were injected with 2 x 3 nL of 75 pg
mL~! mRNA Dil fluorescently labelled LNPs and were imaged 4 hpi. To
determine Dil PS-LNP — vasculature association, the IMARIS manual
surface, measurement point and statistic modules was used. Dil PS-LNP
signal within a distance of 0.5 ym and —6 pm to the EGFP vasculature
signal, was defined to be associated with it.

2.13. Statistical analysis

If not otherwise indicated, data values are means + SD, n = 3 in-
dependent sets of experiments. Groups were compared by ANOVA

137

European Journal of Pharmaceutics and Biopharmaceutics 172 (2022) 134-143

followed by Tukey post-hoc test. Analyses were performed with Ori-
ginPro 2021 software (OriginLab, Northampton, MA).

3. Results and discussion
3.1. Physico-chemical characterization of PS-LNPs

During the initial step of PS-LNP development and in vitro evaluation,
we incorporated PS into first and second-generation LNPs by changing
the lipid composition of LNPs. First generation LNPs were formulated
using the permanently charged lipid DOTAP (Dioleoyl-3-trimethy-
lammonium-propane), while the second-generation LNPs contained the
ionizable lipid DODMA (1,2-dioleyloxy-3-(dimethylamino)propane),
which is characterized by a pK, of 7.0 [5]. We tested different helper
lipid compositions (PS, DOPC (1,2-dioleoyl-sn-glycerol-3-phosphocho-
line) and Cholesterol) while using a constant amount (50 mol%) of
either DOTAP or DODMA. These lipid formulations served to condense
both plasmid DNA (pDNA) and messenger RNA (mRNA) encoding for
enhanced green fluorescence protein (EGFP). Formulations were pre-
pared by a time-efficient bulk mixing method, which is amendable to
formulation screening [32]. However, our protocol does not support the
use of PEGylated lipids and was therefore applied for in vitro screening
experiments only. It was the aim of these screening experiments to
identify the most promising formulations. One cell line was used (HuH-
7) and loading efficiency was verified to be in the range of 50% to 100%,
which was sufficient for decision making during the screening process. A
total of 36 formulations were thus characterized by a combination of
dynamic light scattering and {-potential measurements. Data for N/P 6
(DOTAP) and N/P 10 (DODMA) are shown in Table 1. Since PS carries a
net negative charge, we were interested in its effects on nucleic acid
condensation [35,36]. At N/P 6, LNPs formulated with the permanently
charged lipid DOTAP condensed nucleic acids in presence of up to 10%
PS. LNPs formulated with DODMA required an increased N/P ratio of 10
to reach encapsulation efficiencies (EE) of above 50% at all tested PS
concentrations. Of note, mRNA EE seemed to be lower as compared to
PDNA EE, which can be attributed to different nucleic acid topologies
[37]. The latter study suggests that surface potentials of DNA or RNA
differ, leading to a different binding and surface distribution of ions.

Our results demonstrate that PS containing LNPs with defined
physico-chemical properties can be prepared using a simple bulk mixing
protocol. LNPs used in the present study had a monodisperse size dis-
tribution (PDI < 0.2) and a Dy in the range of 120 to 170 nm, regardless
of the encapsulated nucleic acid. This is important since in vitro and in
vivo interactions of nanoparticles with biological systems critically
depend on particle size. Clathrin-mediated endocytosis is typically
observed for particles with a size of 120-150 nm and an upper size limit
of 200 nm [38]. Extravasation of macromolecules and nanoparticles
through, for example, the sinusoids of the liver into the space of Disse is
limited by the size of the endothelial fenestrae of 100 to 175 nm [39].
Mechanisms of cellular uptake are discussed below. A slight but not
significant increase in Dy distribution was obtained when LNPs were
incubated with fetal calf serum (Supplementary Fig. 1). This can be
attributed to the previously described interaction of non-PEG LNPs with
serum proteins [40]. However, no detrimental agglomeration and for-
mation of large particles (>1 um) did occur.

The apparent surface charge or {-potential of particles is of similar
importance for internalization. A positive charge of particles favors
adsorptive mediated endocytosis but leads to unspecific cell interactions
and a high plasma clearance and volume of distribution in vivo [38].
Whereas neutral to slightly negatively charged particles lead to an
increased circulation half-live. Furthermore, they are expected to be less
toxic as well as more stable compared to their positively charged
counterparts [41,42].

{-potential measurements were performed at pH 4 (i.e., a pH smaller
than the pKa of the ionizable lipid DODMA) and at physiological pH. As
expected, at pH 7.4, a significant reduction in surface charge was



Claudia. Lotter et al. European Journal of Pharmaceutics and Biopharmaceutics 172 (2022) 134-143

Table 1

LNP screening and physico-chemical characterization. LNPs were prepared by bulk mixing and contained DOPC, Cholesterol, DOTAP or DODMA nucleic acid
condensing lipids, nucleic acids at different N/P ratios, and different amounts of incorporated PS. pDNA: plasmid DNA, mRNA: 5' capped messenger RNA. Values are
means + SD, n > 3.

Formulation % PS N/P PDNA mRNA
Dy [nm]™ PDIY {-potential [mv]® Dy [nm]? pDI” C-potential [mV]®
DOTAP 0 6 138 £1 0.06 £+ 0.01 55+8 122 +1 0.09 £+ 0.01 10+ 3
0.5 6 129 £ 2 0.05 £ 0.02 49+ 3 120+ 1 0.11 £ 0.01 13+£5
1 6 122 + 2 0.04 £ 0.03 47 + 4 125+ 0 0.06 + 0.02 12+1
2.5 6 137 £ 3 0.06 £ 0.02 39+9 122 +1 0.10 £+ 0.01 7+1
5 6 130 +£1 0.07 £ 0.01 28+ 2 134+1 0.06 £+ 0.01 3+1
10 6 150 £1 0.13 £ 0.01 35+1 147 +1 0.10 £ 0.01 8+1
DODMA 0 10 126 £1 0.10 £ 0.02 21 +1 134+ 0 0.11 £ 0.01 10+1
0.5 10 141 +£3 0.15 £ 0.01 -3+2 136 £1 0.16 £+ 0.02 5+1
1 10 150 +£1 0.13 £0.01 —-17 £3 138 +1 0.14 £+ 0.02 -9+0
2.5 10 136 £ 2 0.13 £ 0.02 -3+0 128 +1 0.13 £ 0.01 -13+1
5 10 170 +£ 3 0.11 £ 0.01 —-4+1 135+1 0.13 £ 0.01 -3+1
10 10 144 £ 2 0.11 £ 0.02 —6+2 132+1 0.13 £ 0.01 -10+1

@ Hydrodynamic diameter.
Y polydispersity index.
9 ¢-potential at pH 7.4.

a pDNA c pDNA mRNA
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Fig. 2. Cellular transfection of PS-LNPs in vitro. Transfection efficiency (TE) and transfection potency (TP, expressed as normalized EGFP signal intensity) of HuH-7
cells treated with DODMA LNPs containing increasing amounts of incorporated PS at N/P 10. a) 0.28 ug pDNA mL™'. 48 h incubation. b) 0.28 yg mRNA mL~'. 24 h
incubation. Values are means + SD, n = 3. Level of significance compared to 0% PS-LNPs: *: p < 0.05, **: p < 0.01, ***: p < 0.001; Black stars: TE. Green stars:
normalized EGFP signal intensity. c) Representative CLSM images of untreated control HuH-7 cells and cells treated with DODMA LNPs with 0%, 2.5%, and 5%
incorporated PS. 0.28 ug nucleic acid mL~". Left row: pDNA and 48 h incubation. Right row: mRNA and 24 h incubation. Green signal: EGFP. Cyan signal: Hoechst
33342 nuclear stain. Scale bar: 50 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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observed for DODMA based formulations. The addition of PS, which has
a net charge of —1 per molecule at pH 7.4, had a direct influence on the
surface charge of DODMA LNPs but no effect on nucleic acid conden-
sation or colloidal stability. This is in contrast to previous reports using
systems with different lipid compositions devoid of PS [35,36]. In
presence of PS, DODMA LNPs condensing pDNA at N/P 10 a reduction
from 21 + 1 mV for 0% PS to —4 + 1 mV for 5% PS was observed. In
comparison to DODMA, DOTAP is characterized by a tertiary amine and
holds a higher charge density due to its non-ionizable nature. As a
consequence, an N/P ratio of 6 was sufficient to condensate nucleic
acids. The (-potential of DOTAP LNPs with incorporated PS also
decreased up to 30 mV. The resulting {-potentials for DOTAP PS-LNPs
were still highly positive. Overall, for DODMA-based LNPs, a clear
trend towards negative {-potentials upon addition of PS was observed. In
contrast, this trend was not observed for the -potential of DOTAP LNPs.
At pH 4, regardless of the type of lipid, the {-potential was positive and
approximately 30 mV (data not shown).

3.2. Invitro cell transfection and cell viability

Integration of PS into LNPs enhanced their ability to transfect cells in
vitro. HuH-7 liver-derived cells were used as a cell culture model. HuH-7
cells have previously been reported to express high levels of TIM/TAM
receptors and were used to study the role of PS as an apoptotic mimicry
strategy of enveloped dengue and EBOLA viruses [20,43,44]. For the in
vitro screening, EGFP encoding pDNA LNP formulations were added to
cells at a final nucleic acid concentration of 0.28 pg mL™" or 0.83 pg
mL~! and were analyzed by flow cytometry for LNP effectiveness i.e.,
transfection efficiency (TE; i.e., number of EGFP positive cells) and
transfection potency (TP; i.e., mean EGFP signal intensity expressed as
single-cell relative fluorescence units). While DODMA LNPs were used at
an N/P ratio of 10, DOTAP LNPs had an N/P ratio of 6 due to their
enhanced EE as mentioned before. These experiments revealed a strong
effect of incorporated PS on the transfection ability of LNPs formulated
with DODMA as well DOTAP (Fig. 2 and Supplementary Fig. 2).

These results can be summarized as follows:

First, the TE of DODMA LNPs is considerably higher than the one of
DOTAP LNPs confirming previous studies [45]. In absence of PS, DOTAP
containing LNPs with up to 0.83 pg mL™! pDNA cannot be used to
transfect cells. This is in contrast to DODMA containing LNPs with 0.28
pg mL ™! pDNA, where a high number of cells were transfected (i.e., high
TE) albeit TP were low. Using mRNA complexed LNPs with mRNA
concentration of 0.28 g mL ™! for DODMA and 0.83 pg mL ! for DOTAP
containing LNPs showed high TE values. However, EGFP signal in-
tensities were again low in both cases. Due to the poor performance of
DOTAP LNPs, it was therefore decided to focus for the subsequent ex-
periments on DODMA LNP formulations only.

Second, the TP of LNPs can be enhanced considerably using defined
amounts of PS. Optimal results were obtained using 1 to 5% PS. Lower
PS concentrations had no effect. Excessive concentrations of PS (i.e. PS
content > 5%) had no or even detrimental effects as observed by a sharp
decrease in TE for pDNA containing PS-LNPs. This can be attributed to
the negative charge of PS interfering with pDNA condensation. With
respect to DOTAP containing PS-LNPs complexed with 0.83 pg mL™!
PDNA, cells could now be transfected using 1% PS (Supplementary
Fig. 2b). However, despite the 3-fold increase of TE as well as the
increased EGFP signal intensity, TP was still much weaker as compared
to the DODMA containing LNPs. With respect to DODMA containing PS-
LNPs, EGFP signal intensities could be considerably enhanced by a
factor of three (PS-LNPs with mRNA) to six (PS-LNPs with pDNA)
(Fig. 2a and b). It should be noted that TE values of DODMA mRNA-LNPs
had already reached saturation, thus preventing a further increase in
presence of PS. The increase in TP when incorporating PS into DODMA
containing LNPs was visualized and confirmed by confocal scanning
microscopy (Fig. 2c). Furthermore, as a general trend, overall TE is
higher for mRNA since only the delivery to the cytoplasm is needed in
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contrast to pDNA, where the additive permeability barrier of the nuclear
membrane has to be overcome. We conclude that PS at concentrations
between 1 and 5% potentiate EGFP expression in target cells. Optimal PS
concentrations to be used depend on the used nucleic acids and may vary
depending on the experimental conditions.

Third, it is important to note that incorporation of PS into LNPs had
no effect on cell viability as determined by the MTS assay (Supple-
mentary Fig. 3). Of note, relatively low concentrations of all LNPs were
used in the present study. We therefore observed high cell viability
despite the three-fold higher concentrations and the higher {-potential
of the DOTAP based LNPs. However, concentration dependent toxicity
was not further evaluated since the focus of our attention shifted to the
more promising DODMA based formulations during the course of the
project.

3.3. Cellular uptake of PS-LNPs

Since PS promotes receptor interactions of viral and exosomal par-
ticles, we investigated if the increased TP of PS-LNPs is a consequence of
enhanced cellular uptake. Therefore, PS-LNPs condensing either fluo-
rescently labeled Cy5-pDNA or Cy5-mRNA were incubated with HuH-7
cells at a final nucleic acid concentration of 0.034 ug mL™! and were
analyzed by flow cytometry (Fig. 3a and b). For pDNA LNPs 4 h post-
incubation, only slight changes regarding the amount of Cy5 + cells
were observed (>10%). Nevertheless, an almost 1.6- respectively 1.3-
fold increased Cy5 signal intensity was observed for formulations with
2.5% PS and 5% PS as compared to the 0% PS formulation. A similar
trend was observed using mRNA PS-LNPs. Again, Cy5 + cells could be
increased by 13% using 2.5% PS-LNPs compared to 0% PS formulations,
whereas 5% PS-LNPs lead to 15% fewer Cy5 + cells. Furthermore, Cy5
signal intensity increased 1.6-fold for 2.5% PS formulation, and again no
significant difference for 5% PS formulations compared to 0% PS was
observed. In these experiments, the amount of Cy5 + cells was lower
using mRNA LNPs compared to LNPs condensing pDNA. This could be
due to faster processing of mRNA LNPs since first EGFP signals were
already observed after 4 h of incubation and were significantly higher
for 2.5% PS compared to the other formulations. Overall it can be
summarized that a well-defined amount of PS (i.e., 2.5 to 5% PS) was
needed to induce cellular uptake confirming previous results.

To analyze the intracellular fate of PS-LNPs, we applied a combina-
tion of confocal laser scanning microscopy and differential interference
contrast (DIC) live-cell microscopy (Fig. 3¢) using fluorescently labeled
PS-LNPs. Intracellular tracking of PS-LNPs reveals considerable differ-
ences between PS-LNPs and LNPs devoid of PS. Tracking of > 120 single
particles containing 2.5 to 5% PS revealed a median particle speed of
0.11 + 0.04 um s~ ! for 2.5% PS and 0.09 + 0.06 pm s~ ' for 5% PS,
respectively. These median speeds were significantly higher than those
of LNPs without PS (0.06 + 0.05 um s™!) (Supplementary Figure 4).
While cellular uptake of the latter lead to their accumulation at the cell
periphery, a clear accumulation in the perinuclear region of PS-LNPs is
observed. It remains to be elucidated if PS has a beneficial effect on
intracellular processing and cytosolic liberation of nucleic acids.

Our findings thus suggest that PS-LNPs interact with target cells in a
highly specific manner. To elucidate mechanisms of cellular uptake and
intracellular processing in the presence and absence of PS, we conducted
a series of cellular uptake inhibition experiments (Supplementary
Fig. 5). An arbitrary threshold of at least 50% inhibition was considered
to be significant. Uptake of PS-LNPs (in contrast to LNPs) was specif-
ically inhibited by Annexin V (which was previously demonstrated to
bind to PS and therefore blocks the uptake of apoptotic cells [46]) and
by Chlorpromazine (a known clathrin-mediated endocytosis inhibitor).
Uptake of both PS-LNPs and LNPs was specifically inhibited by Colchi-
cine (inhibitor of tubulin polymerization), Dynasore (inhibition of
clathrin-mediated endocytosis), and Poly I:C (a synthetic single-
stranded RNA that can competitively bind to the scavenger receptor
SR-A [47]). Remarkably, Poly I:C inhibited cellular uptake of LNPs by
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Fig. 3. Cellular uptake of PS-LNPs. HuH-7 cells were incubated with fluorescently labeled PS-LNPs (0 to 5% PS). Quantitation of cellular uptake of PS-LNPs
condensing fluorescently labeled a) Cy5-pDNA or b) Cy5-mRNA at a final nucleic acid concentration of 0.034 pg mL~! by flow cytometry (N/P 10, 4 h incuba-
tion). Values are means + SD, n = 3. Level of significance compared to 0% PS-LNPs: *: p < 0.05, **: p < 0.01, ***: p < 0.001; Black stars: Cy5 + cells. Blue stars:
normalized Cy5 signal intensity. ) Representative CLSM images of Dil-PS-LNP tracking analysis (N/P 10, 0.28 ug pDNA mL ™). Particle tracks are heat-mapped from
blue (6 min) to red (26 min). Scale Bar: 10 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

50% but almost completely blocked the uptake of PS-LNPs.

These experiments indicate that LNPs and PS-LNPs share cellular
uptake pathways such as clathrin-mediated endocytosis, a process that
depends on microtubules [48]. In addition, PS-LNPs activate PS-specific
uptake mechanisms, as demonstrated by the inhibitory action of
Annexin V. Our studies with Annexin V suggest that this effect con-
tributes by 50% to the total observed cellular uptake. Interestingly, PS
seems to potentiate the inhibitory effect of Poly I:C, suggesting a strong
involvement of the scavenger receptor SR-A. This receptor acts as a
pathogen sensor of extracellular dsRNA and recognizes a range of li-
gands including low density lipoproteins and nucleic acids [47,49]. Our
results seem to suggest that SR-A facilitates cellular entry of LNPs and
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that PS facilitates this process.

3.4. In vivo evaluation of PS-LNPs

The increased ability of PS-LNP to transfect cells observed in vitro
was verified in vivo using the developing zebrafish embryo (ZFE) as an in
vivo vertebrate screening model [50]. Formulations were injected
intravenously into the Duct of Cuvier of ZFE 36 h post-fertilization. In
these experiments (and in contrast to the in vitro experiments), PS-LNPs
were modified with PEGylated phospholipids (i.e., DMPE-PEG2000).
This modification is necessary to suppress opsonization and agglomer-
ation in presence of plasma protein. In addition, immune interactions
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can be suppressed such as inflammatory reactions or recognition of LNPs
by cells of the mononuclear phagocyte system [51]. Since PEGylation
interferes with the condensation of nucleic acids, these LNPs were pre-
pared using a microfluidics protocol [52] and not bulk mixing. PEGy-
lated LNPs were characterized by a mean Dy of approximately 105 nm
and a monodisperse PDI of 0.15 (Supplementary Table 1). PEGylated
LNPs have a slightly lower surface charge at physiological pH as
compared to their non-PEGylated counterparts with values in the range
of —3 mV to —12 mV. This is indicative of the shielding of the negative
charge of PS by DMPE-PEG2000. The EE was in the range of 87-100%
for pDNA and 54-78% for mRNA. For all in vivo studies, the same
amounts of nucleic acids were administered (i.e., 6 nL injection volume,
75 pug mL~! mRNA, 150 yg mL~! pDNA).

In vivo experiments in ZFE confirmed our in vitro results (Fig. 4). In
our study, we have focused on an analysis of the ZFE tail region in the
vicinity of the caudal vein since this tissue, but not the teleost liver,
harbors macrophages, and scavenger endothelial cells. It can therefore
be considered to have the same functionality as the mammalian liver
sinusoids [53]. Furthermore, the head region of the ZFE was excluded
from analysis since passive trapping of particles within the ocular
vasculature cannot be excluded. As expected and in agreement with
previous in vitro results, free nucleic acids or LNPs devoid of PS show
minimal activity 42 h post-injection (hpi). The addition of PS to pDNA-
LNPs led to 1.3-fold enhanced EGFP expression in the tail region of the
ZFE compared to 0% PS formulation. In contrast, the addition of PS to
mRNA-LNPs resulted in a strong and widely distributed EGFP signal
throughout the ZFE, leading to a 3.7-fold increased TP (Fig. 4b). A semi-
quantitative analysis of the tail region of the ZFE revealed 3.2-fold
versus 5.2-fold increase in TE between pDNA PS-LNP and mRNA PS-
LNP treated ZFE compared to 0% PS formulations. It can be concluded
that PS enhances TE for both types of LNPs, however, to a higher extent

a PS-LNP Injection 1 Sh_ 42 EGFP Signal
([ B —’pl : :
PS-LNPs
b pDNA mRNA
Control
Free
Nucleic Acid
0% PS
2.5% PS
5% PS
c

Dil PS-LNP
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for mRNA-LNPs as compared to pDNA-LNP. Even though the evaluation
of TP reveals less pronounced differences, the same trends are observed.
Concerning the biodistribution of LNPs, we observed an increased EGFP
signal in the tail region for PS containing LNP formulations. This dis-
tribution pattern is indicative of PS-LNP deposition in the ZFE tail
vasculature which could be localized starting from 4 to 8 hpi. Semi-
quantitative image analysis of confocal image stacks revealed
enhanced extravasation and penetration of PS-LNPs into tissues sur-
rounding the vasculature (Fig. 4c). In these experiments, 62% + 4% of
Dil PS-LNP signal was associated with the ZFE vasculature. This is in
contrast to LNPs devoid of PS (Supplementary Fig. 6), which were
retained to a higher degree within the vasculature (46% =+ 9% associa-
tion). These interactions with the vasculature are similar to the previ-
ously reported biodistribution of PS marked exosomes and negatively
charged liposomes [54]. Overall no toxic effects were observed in ZFE
after LNP administration.

4. Conclusion

In the present study, we could demonstrate that the biomimetic
incorporation of PS into LNPs enhances transfection efficiency and
transfection potency in vitro as well as in vivo. Furthermore, PS-LNPs
have a distinct intracellular mobility, which is similar to enveloped vi-
ruses, exosomes, and PS equipped liposomes. PS enhances interactions
with scavenger receptors of target cells leading to an enhanced cellular
uptake by clathrin-mediated endocytosis. PS enhances the transfection
efficiency and transfection potency of both pDNA and mRNA based
LNPs. Further optimization of PS-LNPs can presumably be achieved by
the use of more complex viral-like compositions [31]. Additional studies
will focus on the beneficial anti-inflammatory and tolerogenic effects of
PS [55] when combined with LNPs. The incorporation of the bioactive

Fig. 4. In vivo evaluation of PS-LNP uptake and
transfection in the zebrafish embryo (ZFE). Trans-
fection efficiency (TE), transfection potency (TP),
and biodistribution of LNPs were studied using ZFE.
a) Schematic representation of the experimental
procedure. After intravenous injection of LNPs,
EGFP signal were visualized by CLSM within 13 hpi
(for mRNA) to 42 hpi (for pDNA). Red: area of in-
terest. b) Representative CLSM images of ZFE
injected with PS-LNPs condensing either EGFP
coding pDNA or mRNA. Color-coding according to
EGFP signal intensity. Cyan: TE-fold difference as
compared to 0% PS formulation; Yellow: TP-fold
difference as compared to 0% PS formulation.
Scale Bar: 100 um. c) Representative 3D-rendered
image of a ZFE Tg(kdr:EGFP) injected with Dil-

Area
Signal Intensity

1800 labeled 2.5% PS-LNPs condensing pDNA. ZFE were
analyzed 4 hpi. Green signal: ZFE vasculature, Red
1200 signal: Dil PS-LNPs associated with ZFE vasculature,
Blue signal: Dil PS-LNPs not associated with ZFE
vasculature. Scale Bar: 50 pm. (For interpretation of
600 the references to color in this figure legend, the
reader is referred to the web version of this article.)
0
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lipid PS in LNPs is a promising strategy to enhance the efficacy of gene
delivery systems and can serve for enhancement of other delivery sys-
tems by the decoration of the carriers.
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