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Abstract

Lipid nanoparticles (LNPs) can be used as delivery vehicles for nucleic acid biotherapeutics. In fact, LNPs are currently being
used in the Pfizer/BioNTech and Moderna COVID-19 vaccines. Cationic LNPs composed of 1,2-dioleoyl-3-trimethylam-
monium-propane (DOTAP)/cholesterol (chol) LNPs have been classified as one of the most efficient gene delivery systems
and are being tested in numerous clinical trials. The objective of this study was to examine the effect of the molar ratio of
DOTAP/chol, PEGylation, and lipid to mRNA ratio on mRNA transfection, and explore the applications of DOTAP/chol
LNPs in pDNA and oligonucleotide transfection. Here we showed that PEGylation significantly decreased mRNA transfection
efficiency of DOTAP/chol LNPs. Among non-PEGylated LNP formulations, 1:3 molar ratio of DOTAP/chol in DOTAP/chol
LNPs showed the highest mRNA transfection efficiency. Furthermore, the optimal ratio of DOTAP/chol LNPs to mRNA
was tested to be 62.5 uM lipid to 1 pg mRNA. More importantly, these mRNA-loaded nanoparticles were stable for 60 days
at 4 °C storage without showing reduction in transfection efficacy. We further found that DOTAP/chol LNPs were able to
transfect pDNA and oligonucleotides, demonstrating the ability of these LNPs to transport the cargo into the cell nucleus.
The influence of various factors in the formulation of DOTAP/chol cationic LNPs is thus described and will help improve
drug delivery of nucleic acid—based vaccines and therapies.
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INTRODUCTION

The development of nucleic acid biotherapeutics highly
relies on a safe and efficient delivery system to protect the
cargo from degradation and to deliver it to the target cells
for efficient uptake. Nucleic acid delivery systems can be
broadly classified into viral or nonviral vectors. Compared
to viral vectors, nonviral vectors possess many advantages
particularly with respect to safety because they tend to have
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less toxicity and immunogenicity (1, 2). Cationic lipoplexes,
complexes composed of synthetic positively charged lipids
and negatively charged nucleic acid, are the most widely
used nonviral delivery system for nucleic acid drugs. Even
though many cationic lipid—based vectors have been shown
to perform extremely efficiently in cellular transfection in
vitro, they show limited function when tested in animals
(3, 4). DOTAP/chol-based delivery vehicles, however, are
promising for transporting nucleic acids in cells in vivo
(5-7), possibly due to the role of chol in improving the
stability and efficiency of chol-containing LNPs in serum
conditions (8, 9). In addition, the preparation of these lipid
nanoparticles for clinical use has been refined and is FDA
approved (10).

Even though DOTAP/chol LNPs have been extensively
studied regarding their ability to transport plasmid DNA
(pDNA) and antisense oligonucleotide to cells (11-13),
detailed investigation needs to be done to achieve more
comprehensive guidelines for optimal performance. First, a
thorough investigation on mRNA delivery by DOTAP/chol
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LNPs is beneficial to the development of potential mRNA
vaccines and therapies. Compared to DNA, although mRNA
is less stable, it causes fewer immune responses (2). Moreo-
ver, since mRNA is directly delivered and expressed in the
cytoplasm without requiring nuclear localization for expres-
sion, there is no potential for mutagenesis due to genomic
integration (14, 15). Next, the molar ratio of cationic lipid
to neutral lipid usually plays an important part in determin-
ing the optimal transfection efficiency for many liposomal
formulations (16, 17). Satisfactory transfection efficiencies
of DOTAP/chol lipoplexes with molar ratios of 1:1, 2:1, or
3:1 have been reported in different studies (18-20). Since the
RNAs they used to complex with DOTAP/chol LNPs were
different, so were their treatment methods and cell lines, it
is difficult to conclude which molar ratio will present the
optimal transfection efficiency. Hence, we aimed to test the
efficacy of DOTAP/chol LNPs at different molar ratios under
the same experimental conditions for better comparison.
Based on this, we further expanded the molar ratio range
to include 1:2, 1:3, and 1:4 to incorporate more chol in the
formulation. Studying higher proportions of chol is neces-
sary as it has been indicated that as chol content increases,
cationic lipoplexes show less toxicity, more stability in
serum conditions, and higher transfection ability (20, 21).
Secondly, PEGylation (surface modification by attaching
polyethylene glycol) also plays a major role in determining
the best transfection ability. Although PEGylation has been
shown to improve the stability and additionally prolong the
systemic circulation time of lipoplexes (22), some adverse
effects have been described to limit the cellular internaliza-
tion and endosomal escape of lipid nanoparticles, eventu-
ally leading to much-lower transfection efficiency (23, 24).
Therefore, analyzing the effect of PEGylation on the trans-
fection ability of DOTAP/chol lipoplexes in serum would
prove useful for in vivo applications. Lastly, understanding
how the ratio between lipid concentration and nucleic acids
affects transfection efficiency is necessary, as different con-
clusions have been drawn regarding this matter, including
higher charge induced by more lipid promotes transfection
efficiency (25), or there exists a middle value of lipid/nucleic
acids to achieve the highest transfection efficiency (26). As
a result, it is essential to examine how this factor affects
DOTAP/chol LNPs.

In this study, we comprehensively analyzed the effects
of various factors on the mRNA transfection efficiency of
DOTAP/chol LNPs and lipoplexes, including PEGylation,
DOTAP to chol molar ratio, and lipid to mRNA ratio, to
develop a non-invasive mRNA carrier with a higher transfec-
tion efficiency. Additionally, we explored the possibility of
DOTAP/chol LNPs to deliver pDNA and oligonucleotide (a
single-stranded DNA) for the purpose of creating a formula-
tion with multiple applications in vaccine development and
disease management.
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MATERIALS AND METHODS
Materials

1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethyleneglycol)-2000] (DSPE-PEG-2000) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Chol, chloroform, McCoy’s 5a modified growth media, and
fetal bovine serum were purchased from Millipore Sigma
(St. Louis, MO). The Aqueous One Solution Cell Prolifera-
tion Assay (MTS) was obtained through Promega (Madi-
son, WI). The 5 X DNA loading buffers were purchased from
Thomas Scientific (Swedesboro, NJ). The single-stranded
fluorescent-labeled oligonucleotide 5'-[6-FAM] CTCCTC
CCATTTTTATAAG-3' (27) was obtained from Eurofins
MWG Operon (Huntsville, AL). SK-OV-3 cell line was pur-
chased from the American Type Culture Collection (Manas-
sas, VA). JetPRIME® (JP) reagent for mRNA transfection
was purchased from Polyplus Transfection (New York, NY).
Effectene transfection reagent (obtained from Qiagen, Ger-
mantown, MD) and plasmid DNA were kindly gifted to us
by Dr. Mohammad Ali (Binghamton University).

Preparation of Blank LNPs and LNP-mRNA/DNA
Complexes (Lipoplexes)

PEGylated or non-PEGylated DOTAP/chol LNPs were pre-
pared by the thin-film evaporation method. Briefly, DOTAP/
chol at molar ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, with or
without 2.5% DSPE-PEG-2000, were dissolved in 2 mL
chloroform in a round bottom flask to a total amount of
10 umol, and the solvent was then evaporated under a vac-
uum by rotary evaporation for the generation of a thin lipid
film. A total of 1 mL of 10 mM phosphate-buffered saline
(pH=7.4) was added to the film which was subjected to
30 s sonicating (Branson Ultrasonics Corporation, Danbury,
CT, USA) and 60 s vortexing cycles at room temperature
until the film was completely hydrated and the solution was
homogeneous. The multilamellar liposomal solution was
extruded through a 200-nm and then a 100-nm polycarbon-
ate membrane 10 times using a manual extruder from Avanti
Polar Lipid (Alabaster, AL). The cationic LNPs were then
complexed to anionic mRNA (1 pg), oligonucleotide (1 pg),
or pDNA (0.3 ug) by spontaneous electrostatic interaction
for 30 min at room temperature.

Characterization of Blank LNPs and Lipoplexes

A Zetasizer Nano (Malvern Instruments, Worcestershire,
UK) was used to investigate the particle size distribution
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and zeta potential of the blank LNPs (62.5 pM lipid) and
lipoplexes (62.5 uM lipid complexed with 1 pg mRNA or
0.3 ug pDNA) using the dynamic light scattering technique.
Briefly, 100 pL prepared nanoparticle suspension and 900
pL ultrapure water were mixed and then added to a 1-mL
cuvette. All measurements were done in triplicate.

Gel Retardation Assay

The mRNA binding affinities of DOTAP/chol LNPs were
determined by electrophoresing lipoplexes in a agarose gel
(2%) containing 10 pL Gel Green stain in TAE (Tris/Acetic/
EDTA) buffer for 30 min at 80 V. Briefly, LNPs with differ-
ent DOTAP/chol molar ratios (2:1, 1:1, 1:2, 1:3, and 1:4) at
various concentrations (31.25, 62.5, and 125 pM) were com-
plexed with a fixed amount of mRNA (1 pg) to make lipo-
plex suspensions (each sample has a total volume of 15 pL).
Then, the suspensions were mixed with 5uL of 5 X DNA
loading buffer. The DNA ladder was used as a marker and
naked mRNA (1 pg) was used as a negative control. The
resulting mRNA migration pattern was revealed under UV
irradiation with an Azure Imaging System (Dublin, CA).

Cell Viability Assays

All cell studies were carried out in a humidified 37 °C, 5%
CO, (standard conditions) atmosphere incubator. Human
ovarian cancer SK-OV-3 cells were cultured with McCoy’s
5a modified growth media supplemented with 10% fetal
bovine serum (FBS) and 1 X penicillin—streptomycin.
PEGylated or non-PEGylated DOTAP/chol at 31.25, 62.5,
and 125 uM lipid concentrations with DOTAP/chol molar
ratios of 2:1, 1:1, 1:2, 1:3, and 1:4, and a phosphate buffer
saline (PBS) control group, were tested in the cell line.
The cells were seeded at 5 x 10* cells/well (100 uL/well) in
96-well plates and allowed to grow for 24 h. After this, the
medium was removed and replaced with 100 uL of medium
containing the blank LNP samples. Following a 24-h incuba-
tion period, the old media were removed and replaced with
100 pL fresh media containing 20 uL of MTS solution. The
UV-Vis absorbance was read at 490 nm after 2 h of incuba-
tion. This viability tests were repeated three times with three
internal replicates.

In Vitro mRNA, pDNA, and Oligonucleotide
Transfection

For transfection efficiency analysis, SK-OV-3 cells were seeded
in 12-well plates with a density of 1x 10° cells per well over-
night. DOTAP/chol LNPs at different molar ratios and concen-
trations (3.13 pL for 31.25 pM, 6.25 pL for 62.5 pM, 12.5 pL
for 125 pM) were incubated with either GFP-expressing mRNA
(1 pg), GFP-expressing pDNA (0.3 pg), or fluorescence-labeled

oligonucleotide (1 pg) for 30 min to form lipoplexes. Then, PBS
was added in these lipoplex suspensions to make their volume
equal at 100 pL and added to the cells with 900 pL complete
growth media (McCoy’s SA with 10% FBS). Twenty-four hours
(mRNA transfection) or 48 h (pDNA transfection) later, the cells
were trypsinized for 5 min and then collected with complete
growth media. After centrifuging the cells at 3000 rcf for 5 min,
the supernatant was discarded and the cell pellet was collected,
resuspended in PBS, and centrifuged again at 3000 rcf for 5 min.
Then, the cell pellet was collected and resuspended in PBS for
flow cytometry (Becton—Dickinson, San Jose, CA) analysis.
Transfection using JetPRIME or Effectene reagent as positive
control for mRNA or pDNA transfection was performed accord-
ing to the manufacturers’ standard protocols. The mRNA and
pDNA transfection efficiency was determined by flow cytom-
etry (Becton—Dickinson, San Jose, CA, USA) as the percentage
of the GFP-expressing cells against all cells counted. For oli-
gonucleotide transfection, after a 24-h treatment, we processed
the cells and harvested the nuclei. This is because this oligonu-
cleotide only functions inside cell nuclei, and since it is fluores-
cence-labeled, testing the fluorescence intensity shows whether
the oligonucleotide enters the nucleus. Briefly, the cells were
washed with cold PBS twice, and resuspended in hypotonic
buffer in prechilled microcentrifuge tubes. After incubation on
ice for 30 min with gentle agitation, the cells were centrifuged
at 9000 rcf for 10 min at 4 °C. The supernatant (cytoplasm) was
discarded and the pellet was collected and resuspended in PBS
for transfection analysis using FCM. The transfection efficiency
was determined as the percentage of the fluorescent cell nuclei
against all nucleic counted. The integrated stimulated Raman
scattering (SRS) and two-photon excitation fluorescence (TPEF)
microscopy system was used to visualize mRNA transfection
with the same settings as previously described (16). Briefly, cells
were imaged by the label-free SRS at 2930 cm™' and the GFP-
transfected cells were visualized by the TPEF simultaneously.

Statistical Analysis

Linear models with post hoc contrasts and multiple testing
correction (Dunnett correction) when appropriate were used
for statistical comparisons. Correlations were assessed with
Spearman correlation coefficients. An alpha of 0.05 was
pre-specified.

RESULTS

Characterization of DOTAP/chol LNPs
and Lipoplexes

The size, {-potential, and polydispersity indexes of blank

LNPs and lipoplexes were examined using dynamic light
scattering technique. As shown in Fig. 1, differences were
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observed in the particle size, PDI, and {-potential between
LNPs and lipoplexes. Following the complexation with
mRNA or pDNA, the mean particle size (both p <0.0001;
Fig. 1a, d) and PDI (both p <0.0001; Fig. 1b, e) increased,
while the {-potential (both p <0.0001; Fig. lc, f) of the
complexes decreased. This indicated that adding a nega-
tively charged large molecule such as mRNA and pDNA

to the lipid-based particles might induce large, less uni-
formly distributed complexes compared to blank LNPs.
PEG coating also influences the physical characteristics of
the prepared liposomal formulations. LNPs with PEGyla-
tion exhibited reduced average size (p =0.034 for blank
LNPs; p <0.0001 when complexed with mRNA or pDNA)
compared to the ones without PEGylation. As for PDI
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and surface charge, PEGylated LNPs showed smaller PDI
(p=0.037 for blank LNPs; p <0.0001 when complexed
with pDNA or mRNA) and {-potential (all p <0.0001)
compared to non-PEGylated LNPs. Furthermore, correla-
tions between DOTAP/chol molar ratio and the {-potential
can be observed in Fig. 1c and f in that the surface charge
decreased as the amount of the cationic lipid DOTAP
decreased in the formulation (Spearman correlations
for combinations of blank LNPs, LNPs complexed with
mRNA or pDNA, and PEGylation status ranging between
0.58 and 0.92).

mRNA Binding Affinity of DOTAP/chol Lipoplexes

A gel retardation assay was performed to test the mRNA
binding affinity of these lipoplexes with different DOTAP/
chol molar ratios and lipid concentrations. Figure 2a showed
no free mRNA migration in the gel, meaning complete bind-
ing was achieved for all the non-PEGylated formulations
regardless of DOTAP/chol molar ratio and lipid concentra-
tion. While for the PEGylated formulations, a free mRNA
migration path was observed at the lowest lipid concentra-
tion (31.25 uM) with a DOTAP/chol molar ratio of 1:4.
Based on this assay, PEGylation might decrease the mRNA
binding affinity when the overall amount of lipid as well
as the cationic lipid DOTAP in the formulation is low,
but further research is warranted to confirm the observed
relationships.

Cytotoxicity of DOTAP/chol LNPs in SK-OV-3 Cells

Three variables were examined in SK-OV-3 cells to deter-
mine cytotoxic effects: DOTAP/chol molar ratio, lipid con-
centration, and PEGylation. As shown in Fig. 3, for both
PEGylated and non-PEGylated nanoparticles with the same
lipid concentration, a decrease in DOTAP/chol ratio (from

Fig.2 mRNA gel retardation
assays of a non-PEGylated
DOTAP/chol lipoplexes and

b PEGylated DOTAP/chol lipo-
plexes. DOTAP/chol LNPs were
complexed with mRNA at vari-
ous lipid concentrations, and
then run through a 2% agarose
gel. The mobility of mRNA was
visualized by ethidium bromide
staining. The amount of mRNA
was fixed at 1 pg

31.25 uyM
Ladder mRNA 2:1 1:1 12 13 14

31.25 uM
Ladder mRNA 2:1 1:1 1:2

2:1to 1:4) led to improved cell survival (Spearman correla-
tions of ratio and percent survival for different lipid concen-
trations ranging between —0.82 and — 0.98), providing more
evidence for the toxicity of the cationic lipid DOTAP, and
the beneficial effect of chol on lipid toxicity (20). Similar
results were obtained with respect to lipid concentration in
both non-PEGylated (Spearman correlation = — 0.68) and
PEGylated (—0.59) LNPs, since higher lipid concentration
caused greater toxicity. The effect of PEGylation was also
clearly indicated in this figure. At every DOTAP/chol ratio,
as well as at every lipid concentration, non-PEGylated LNPs
resulted in lower number of viable SK-OV-3 cells compared
to the PEGylated counterparts (statistically significant
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Fig.3 Cell viability assays. SK-OV-3 cells were treated with
DOTAP/chol LNPs (blue bars) or PEGylated DOTAP/chol LNPs
(orange bars) at five DOTAP/chol molar ratios (2:1, 1:1, 1:2, 1:3, and
1:4) and three lipid concentrations (31.25, 62.5, and 125 uM). After a
24-h incubation, MTS assays were performed to test the viability of
the cells. Data are presented as mean=+SD (n=4)
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differences were seen for all comparisons at 125 puM, all but
the lowest DOTAP/chol ratio at 62.5 uM, and for DOTAP/
chol ratio of 1:1 at 31.25 uM), demonstrating that surface
modification by adding PEG reduced the toxicity of LNPs
(overall p <0.0001).

In Vitro mRNA Transfection of DOTAP/chol
Lipoplexes

To determine the optimal ratio of PEGylated and non-
PEGylated LNPs to mRNA for the best cellular transfec-
tion, we complexed different concentrations of lipid (31.25,
62.5, and 125 uM) with 1 pg of GFP-expressing mRNA and
added them to the cells in full medium for 24 h. As shown
in Fig. 4, the most efficient DOTAP/chol lipoplexes for
mRNA transfection were at a 1:3 molar ratio and 62.5 uM
lipid concentration without PEGylation (49.4 +2.12%).
Compared to commercial mRNA transfection reagent
JetPRIME (38.06 +3.68%), this formulation showed sig-
nificantly higher transfection efficiency (p =0.017). When
the DOTAP/chol molar ratio was decreased from 1:3 to
1:4, or increased from 1:3 to 2:1, the mRNA transfec-
tion efficiency gradually decreased. A severe reduction in
transfection efficiency due to PEGylation was observed
(» <0.0001). In addition, PEGylated lipoplexes had a dif-
ferent DOTAP/chol molar ratio-mediated trend in trans-
fection efficiency compared to non-PEGylated ones; they

| B |Non-PEGylated lipoplexes

B | PEGylated lipoplexes

Lipid concentration (uM)

31.25 | 625 | 125
60 -

*
—
£50—
3
2 407
g
5 30 T
x
¢ I
& 20 p
& !
X I .
A
i Ll |
0 i Il 1 =06 Ba
21 1:1 1:2 1:3 1:4  Jetprime

DOTAP/chol ratio

Fig.4 mRNA transfection assays. Non-PEGylated DOTAP/chol
LNPs (blue bars) or PEGylated DOTAP/chol LNPs (orange bars) at
five DOTAP/chol molar ratios (2:1, 1:1, 1:2, 1:3, and 1:4) and three
lipid concentrations (31.25, 62.5, and 125 uM) were complexed with
GFP-expressing mRNA (a fixed amount of 1 pg). The transfection
efficiency was determined by the percentage of GFP-expressing cells
against all cells counted using flow cytometry. Data are presented as
mean+SD (n=3)
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achieved the highest efficiency at 1:2 DOTAP/chol ratio
(19.3+1.01%). PEGylated and non-PEGylated lipoplexes
share a common feature related with the influence of
lipid concentration. Their transfection efficiencies both
increased from 31.25 to 62.5 pM, plateaued at 62.5 pM,
and decreased from 62.5 to 125 puM, yet no evident dis-
crepancy in transfection capacity was found between
31.25 and 125 pM. Therefore, 62.5 uM lipid concentration
was used for all further stability and transfection experi-
ments. SK-OV-3 cells treated with 62.5 uM non-PEGylated
and PEGylated DOTAP/chol LNPs at five DOTAP/chol
molar ratios (2:1, 1:1, 1:2, 1:3, and 1:4) complexed with
a fixed amount of 1 pg mRNA by SRS and fluorescence
microscopy are shown in Fig. 5. These images supported
the trends discovered by flow cytometry that 1:3 DOTAP/
chol ratio and 1:2 DOTAP/chol ratio resulted in the high-
est transfection efficiency in non-PEGylated lipoplexes and
PEGylated lipoplexes, respectively.

In Vitro pDNA and Oligonucleotide (Oligo)
Transfection of DOTAP/chol Lipoplexes

The ability of DOTAP/chol LNPs to deliver pDNA or
oligo to the cell nucleus was investigated. In comparison to
mRNA transfection, similar results were obtained regard-
ing how DOTAP/chol molar ratio affects the pDNA trans-
fection efficiency (Fig. 6a). For non-PEGylated lipoplexes,
the transfection ability increased as the ratio decreased
from 2:1 to 1:3, plateaued at 1:3, and was maintained with-
out reduction at a 1:4 DOTAP/chol ratio. For PEGylated
lipoplexes, transfection efficiency increased from 2:1 to
1:2, plateaued at 1:2, and decreased from 1:2 to 1:4. No
obvious benefit existed in the delivery ability of non-
PEGylated lipoplexes when changed (p =0.61; Fig. 6b).
Although the highest oligo transfection efficiency was
tested in 1:2 DOTAP/chol lipoplexes, which is the same
best ratio in mRNA and pDNA transfection studies, the
other lipoplexes with different DOTAP/chol ratios showed
very similar transfection efficiencies. Regarding the role of
PEG modification on pDNA and oligo delivery, PEGylated
LNPs showed decreased efficiency when transfecting
pDNA (p <0.0001; Fig. 6a) or oligo (p <0.0001; Fig. 6b)
compared to non-PEGylated ones, showing that PEGyla-
tion is detrimental not only to mRNA, but also pDNA and
oligo transfection.

Stability of Non-PEGylated 1:3 and PEGylated 1:2
DOTAP/chol Lipoplexes

Based on previous results that 1:3 and 1:2 DOTAP/chol
lipoplexes excelled at transfection efficiency among non-
PEGylated and PEGylated lipoplexes, respectively, these
two formulations were inspected for their stability. This
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mRNA control 2:1 1:1

1:2 1:3 1:4

Jetprime PEG 1:1

Fig.5 Stimulated Raman scattering (SRS) and fluorescence
images of SK-OV-3 cells treated with 62.5 uM non-PEGylated and
PEGylated DOTAP/chol LNPs at five DOTAP/chol molar ratios (2:1,
1:1, 1:2, 1:3, and 1:4) complexed with a fixed amount of 1 pg mRNA.

Fig.6 a pDNA transfection
assays. Non-PEGylated or
PEGylated DOTAP/chol lipo-
plexes containing 0.3 pg pDNA
were added to SK-OV-3 cells
and analyzed by flow cytometry
after a 48-h treatment. b Oligo-
nucleotide (oligo) transfection
assays. SK-OV-3 cells were
treated with non-PEGylated and
PEGylated DOTAP/chol lipo-
plexes containing 1 pg FAM-
labeled oligonucleotide. Data
are presented as mean +SD
(n=3)
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experiment was carried out by testing the change in size,
PDI, and mRNA transfection efficiency after 30, 60,
and 90 days storage at 4 °C. As demonstrated in Fig. 7a,
PEGylated 1:2 lipoplexes were able to maintain their size
(p=0.25) and PDI (p =1.00) after 90 days of storage com-
pared to the day 0 sample. Non-PEGylated 1:3 lipoplexes
showed no significant difference (p=0.55) in PDI over
90 days but exhibited significant difference (p =0.01) in size
within 30 days of storage (Fig. 7a). More importantly, the
mRNA transfection efficiencies of both formulations were
not significantly different (p =0.12 for non-PEGylated 1:3,
p=0.14 for PEGylated 1:2), compared to their freshly pre-
pared counterparts after 60 days of storage (Fig. 7b).

2:1 1:1 1:2
DOTAP/chol ratio

1:3 14 21 11 12 13 14
DOTAP/chol ratio

DISCUSSION

DOTAP/chol LNPs have been classified as one of the most
efficient vectors for gene transfection in in vivo experiments
and clinical trials (5, 7, 28). However, there is still potential
to improve aspects of the design of DOTAP/chol cationic
LNPs. We previously showed that PEGylation, as well as
cationic/neutral lipid ratio, plays a role in physical charac-
terization, cytotoxicity, and DNA delivery of lipid-based
delivery vehicles (16). In the current study, we prepared
DOTAP/chol LNPs and expanded the influencing factors
to include lipid to mRNA ratio to study their effects on
mRNA transfection ability. Furthermore, the pDNA and
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Fig.7 The stability of non- a
PEGylated 1:3 DOTAP/chol
and PEGylated 1:2 DOTAP/
chol lipoplexes. a The size and
PDI changes of non-PEGylated
1:3 and PEGylated 1:2 DOTAP/
chol lipoplexes with different
storage time at 4 °C. b mRNA
transfection efficiency in
SK-OV-3 cells after trans-
fection with fresh or stored

62.5 uM non-PEGylated 1:3 or
PEGylated 1:2 DOTAP/chol
lipoplexes containing the same
amount of mRNA (1 pg). Data
are shown as mean+SD (n=3)

0 30
Storage duration (days)

oligonucleotide delivery ability of DOTAP/chol LNPs was
also inspected. Since DNA and mRNA molecules require
different intracellular transport routes, the aforementioned
influence factors may generate different effects on DNA and
mRNA transfection.

We observed that physicochemical properties such as the
size and PDI of the DOTAP/chol LNPs were not affected
by varying DOTAP/chol molar ratios; only the surface
charge was shown to reduce as the amount of cationic lipid
DOTAP decreased in the formulation. The increase in size
after complexation with mRNA indicated the good interac-
tion between cationic vesicles and nucleic acids. The average
diameters of lipoplexes were shown to be around 200 nm,
which is a size described to be suitable for gene delivery
(29). We also showed that PEGylated LNPs resulted in
reduced size and {-potential when complexed with DNA or
RNA compared to non-PEGylated ones, which is in accord-
ance with previous work (16, 24). The incorporation of
negatively charged DSPE-PEG not only led to a decrease in
surface charge of LNPs, but also decreased size by enhanc-
ing the repulsive forces on the nanoparticle surface, causing
condensing of the inner hydrophilic cavity in the vesicles
(30, 31).

We then investigated how DOTAP/chol ratio, lipid con-
centration, and PEGylation affect cell viability. In nucleic
acid delivery, the presence of positive-charged lipids is
beneficial to achieve sufficient electrostatic interaction
with nucleic acids and cell membrane. Since cationic lipids
are not natural constituents of cells, their biocompatibili-
ties should be considered. Our results showed that higher
DOTAP/chol molar ratio and/or the lipid concentration
caused greater decrease of viable cells. This is in agreement
with the literature reporting the dose-dependent cytotoxicity
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of cationic lipids such as DOTAP (21, 26). Compared to
non-PEGylated DOTAP/chol LNPs, PEGylation resulted in
improved viability. It has been illustrated that surface charge
is positively correlated with the toxicity of nanoparticles
(32). Hence, the charge shielding effect of PEGylation on the
surface charge of cationic groups might lead to lessened tox-
icity. Overall, we have demonstrated that the concentration
of LNPs, as well as the quantity of cationic lipid DOTAP,
affects the biocompatibility of LNPs in a negative manner,
while the presence of PEG molecule shows beneficial impact
on LNP toxicity.

Despite its toxicity at high concentrations, DOTARP is still
a good choice of cationic lipid because the biodegradable
ester linker is considered to be less toxic than lipids with an
ether linker, such as (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA) (33, 34). In terms
of neutral or helper lipids, dioleoyl phosphatidylethanola-
mine (DOPE) and chol are the most commonly used. Com-
pared to chol, DOPE excels in membrane destabilization
and thus allows for the efficient escape of LNPs from the
endosomal vesicles (35). However, when used under serum
conditions, DOPE-containing LNPs show a less satisfac-
tory nucleic acid delivery effect due to the lack of adequate
fusion with the cell membrane (36). Chol, on the other hand,
can undermine the interaction between serum proteins and
lipoplexes, as well as form separated nanodomains on the
surface of lipid vesicles, contributing to the stability and
outstanding efficiency of LNPs in serum-containing media
(9, 37). Therefore, chol is a better option for in vivo transfec-
tion or transfection under physiological conditions.

The molar ratio of DOTAP/chol is one of the key
parameters determining transfection efficiency. Using
GFP-expressing mRNA, we found that the 1:3 DOTAP/



AAPS PharmSciTech (2022) 23: 135

Page 9 of 10 135

chol LNPs exhibited a significantly higher percent of GFP-
expressing cells than all the formulations tested including
a commercial mRNA transfection reagent. This ratio also
worked well for pPDNA transfection with approximately the
same highest transfection efficiency as 1:4 DOTAP/chol.
Even though PEGylation resulted in decreased mRNA,
pDNA, and oligo delivery efficiency, it is still important to
probe into the mechanism of PEGylated LNPs since PEG
modification is beneficial for prolonged systemic circula-
tion (22). The optimal DOTAP/chol ratio for PEGylated
formulations, 1:2, remains to be constant for mRNA,
pDNA, and oligo transfection. We also assessed the effect
of lipid/mRNA ratio on transfection. For both PEGylated
and non-PEGylated lipoplexes, the mRNA transfection
efficiency increased and then decreased as the lipid con-
centration increased, in line with a former study (26). We
could hypothesize that lower lipid concentration induced
less lipoplex-cell interaction as well as endosomal escape
due to low surface charge. But when lipid concentration is
too high, it is difficult for mRNA to dissociate from lipoplex
to function in the cells (20). Another possible explanation is
that the cytotoxicity of high lipid concentration interfered
with transfection ability (24).

In order to move this biotherapeutic delivery approach
forward for future clinical use, therapeutic stability is an
important aspect to be investigated. For instance, the insta-
bility of vaccines often poses challenges during clinical
development from laboratory to clinic and commercial dis-
tribution from factory to patient (38). Our data indicate that
our lipoplexes can be safely stored at 4 °C for at least 60 days
and do not result in a reduction in transfection efficiency.
This excellent stability can be attributed to the surface
charge of these LNPs that provided enough repulsive force
for these particles to avoid aggregation, as well as the func-
tion of chol to modulate the release of hydrophilic molecules
such as mRNA from lipid vesicles (39).

CONCLUSION

In conclusion, the present study shows that the addition
of PEG in DOTAP/chol LNPs aids in nanoparticle size
distribution and biocompatibility but decreases nucleic
acid binding affinity and transfection efficiency. In addi-
tion, the cytotoxicity of these LNPs is positively corre-
lated with the percentage of the cationic lipid DOTAP in
the formulation as well as the overall lipid concentration.
More importantly, we are able to determine the optimal
formulations for mRNA transfection in PEGylated and
non-PEGylated lipoplexes with a specific lipid to mRNA
ratio and DOTAP to chol ratio. These two formulations
are non-invasive and have been tested to remain stable
for 60 days at 4 °C. Additionally, the non-PEGylated one

is more efficient compared to a commercially available
mRNA transfection reagent. Other than successful mRNA
transfection, DOTAP/chol LNPs have demonstrated the
capability of transfecting pPDNA and oligonucleotide to the
cell nuclei. This method of optimization and formulation
screening will lead to the design of better adapted DOTAP/
chol LNPs for a wide range of gene therapy applications.
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