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Abstract

Introduction—Lipid based nanoparticles (LNPs) are clini-
cally successful vectors for hepatic delivery of nucleic acids.
These systems are being developed for non-hepatic delivery
of mRNA for the treatment of diseases like cystic fibrosis or
retinal degeneration as well as infectious diseases. Localized
delivery to the lungs requires aerosolization. We hypothe-
sized that structural lipids within LNPs would provide
features of integrity which can be tuned for attributes
required for efficient hepatic and non-hepatic gene delivery.
Herein, we explored whether naturally occurring lipids that
originate from the cell membrane of plants and microorgan-
isms enhance mRNA-based gene transfection in vitro and
in vivo and whether they assist in maintaining mRNA
activity after nebulization.
Methods—We substituted DSPC, a structural lipid used in a
conventional LNP formulation, to a series of naturally
occurring membrane lipids. We measured the effect of these
membrane lipids on size, encapsulation efficiency and their
impact on transfection efficiency. We further characterized
LNPs after nebulization and measured whether they retained
their transfection efficiency.
Results—One plant-derived structural lipid, DGTS, led to a
significant improvement in liver transfection of mRNA.
DGTS LNPs had similar transfection ability when adminis-
tered in the nasal cavity to conventional LNPs. In contrast,
we found that DGTS LNPs had reduced transfection
efficiency in cells pre-and post-nebulization while maintain-
ing size and encapsulation similar to DSPC LNPs.
Conclusions—We found that structural lipids provide differ-
ential mRNA-based activities in vitro and in vivo which also
depend on the mode of administration. Understanding
influence of structural lipids on nanoparticle morphology

and structure can lead to engineering potent materials for
mRNA-based gene therapy applications.

Keywords—Lipid nanoparticles, Structural lipid, Gene deliv-

ery.

ABBREVIATIONS

DSPC 1,2-Distearoyl-sn-glycero-3-phospho-
choline

DGTS 1,2-Dipalmitoyl-sn-glycero-3-O-4¢-
(N,N,N-trimethyl)-homoserine

MGDG Monogalactosyldiacylglycerol
DGDG Digalactosyldiacylglycerol
SQDG Sulfoquinovosyldiacylglycerol
Cyclo PC 1-Palmitoyl-2-cis-9,10-methylenehexade-

canoyl-sn-glycero-3-phosphocholine
PdI Polydispersity index
LNP Lipid-based nanoparticles
ApoE Apolipoprotein E
PEG Polyethylene glycol

INTRODUCTION

The FDA approval of ONPATTRO�, the first
RNAi-based drug, has forged the pathway for next
generation RNA-based therapeutics reaching the
clinic.3 It was enabled by the development of lipid-
based nanoparticles (LNPs) that are used to deliver
siRNA to hepatocytes preferentially.2 This technology
has received wide interest and is being deployed to
deliver larger nucleic acids, such as messenger RNA
and genome-editing components.35,51 LNP-mediated
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intracellular delivery of nucleic acids occurs through its
interactions with serum proteins, specifically
apolipoprotein E (ApoE), which assists their cellular
entry to hepatocytes via receptor-mediated endocyto-
sis.2,31 While LNPs enter hepatocytes in a highly effi-
cient manner, effective cytosolic delivery of nucleic
acids remains challenging. In particular, it has been
consistently shown that most LNPs are sequestered
and degraded in lysosomes12 or removed to extracel-
lular space,44 significantly limiting their therapeutic
effects.19,34 In addition, it is difficult to target non-
hepatic organs with LNPs due to high liver tropism. It
was demonstrated that spleen21,25 and lung endothe-
lium28,29 can be targeted by modification of LNP for-
mulations. Nonetheless, the use of LNPs with regards
to non-hepatic delivery is still limited, and is the area of
focus for next generation therapeutics.

Typically, LNPs consist of four lipids: (1) cationic
lipid, (2) PEG lipid, (3) cholesterol, and (4) structural
lipid. The first component i.e. the cationic lipid is
generally composed of a cationic head group and lipid
tails, and is located in the core of LNPs with nucleic
acids. This component is extensively explored because
of its ability to assemble negatively charged nucleic
acids into particles via electrostatic forces, and also in
causing cytosolic release of nucleic acid by its interac-
tions with the endosomal membrane.1,10,16,45 The sec-
ond component is the PEG lipid which possesses a
PEG chain anchored to a lipid headgroup. This mo-
lecule prevents aggregation and provides stability by
causing steric hindrance on the LNP surface.31 Varying
PEG lipid concentrations in LNPs is known to alter
LNP size and transfection efficiency.31,50 Once in-
jected, PEG lipid can disassemble in the serum, fol-
lowed by ApoE binding and internalization. The third
component is cholesterol which is involved in the
intracellular delivery of LNPs. Absence of cholesterol
receptors that recycle it from the endosomes can en-
hance the accumulation of LNPs, and thus increase the
level of gene silencing.44 Arteta et al. stated that LNP
surface may include cholesterol crystals due to its
limited solubility and this surface configuration of
LNPs may promote endosomal escape.50 Recent
studies revealed that liver microenvironment other
than hepatocytes can be targeted with LNPs contain-
ing oxidized cholesterols.38 We have reported that
plant-based cholesterol analogs transformed LNP
morphology and stimulated endosomal escape of
LNPs.36 Finally, LNPs contain structural lipid which is
primarily present on their surface.23,48 As the name
suggests, it contributes to nucleic acid packaging and
stability of the nanoparticles.22 Moreover, literature
has highlighted that these helper or structural lipids
enable structural transition of LNPs in endosomes,
stimulating cytosolic release of nucleic acid.30,47 Li

et al. and Kauffman et al. compared 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) and 1,2-dis-
tearoyl-sn-glycero-3-phosphocholine (DSPC) as struc-
tural lipids, and found that LNPs containing DOPE
instead of DSPC more effectively delivered
mRNA.18,24 It may suggest that the most effective
LNP for mRNA delivery can be distinct from the
current standard formulation which contains DSPC.
Nonetheless, structural lipids for mRNA delivery have
been less explored.

Herein, we studied naturally occurring lipids that
originate from cell membrane of plants and microor-
ganisms. These lipids carry the chemical and biological
diversity associated with various aspects in biological
membrane, such as membrane fluidity, permeability,
and cell signaling.15 For these reasons, we adopted
these membrane lipids to explore changes in LNP
characteristics and mRNA transfection. Furthermore,
our interests in local delivery to the lungs led us to use
structural lipids for development of an inhalable form
of LNPs. We examined whether structural lipids pro-
tect mRNA after nebulization for its local delivery to
the lungs, and whether the diversity generated due to
structural lipids improves LNP efficacy in terms of
in vivo mRNA transfection. We found that certain
plant-based membrane lipids can have differential
transfection efficiency when delivered to cells, different
organs or through different methods of administration.

RESULTS

In order to investigate the effects of structural lipid
in LNP formulations, six different membrane lipids
(DSPC, SQDG, MGDG, DGDG, Cyclo PC, and
DGTS) were used. Among these structural lipids,
DSPC served as a standard lipid since it is a widely-
used phosphatidylcholine derivative within
LNPs10,35,40 and liposomes.33 MGDG, DGDG and
SQDG are glycolipids that possess sugar moieties in
their head groups. Glycolipids are not only a major
constituent of structural lipids in microorganisms and
plants, but are also responsible for various cell func-
tions, such as signaling, cell recognition, and cell
adhesion.41 Specifically, lipids containing a galactosy-
lated head group provide lipid rafts with different
properties including membrane fluidity and repul-
sion.42 We focused on the roles of glycolipids in
microorganisms, expecting incorporation of glycol-
ipids to change the behaviors of LNPs. MGDG and
DGDG have one or two galactoses, respectively; and
their tails are composed of two unsaturated tails (a-
linolenic acid, 18:3). SQDG incorporates a sulfo-
quinovosyl head group, and its tails are composed of
one saturated tail (palmitic acid, C16) and one unsat-
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urated tail (a-linolenic acid, 18:3). DGTS is a betaine
lipid and has shorter lipid tails (palmitic acid, C16)
than DSPC (stearic acid, C18). DGTS is zwitterionic,
much like DSPC, however it is phosphate-free. In
addition, the configuration of zwitterionic headgroup
in relation to the central glycerol of DGTS is different
from that of DSPC. The phosphate group of DSPC is
directly attached to the glycerol moiety whereas the
zwitterionic moiety of DGTS is connected to the
glycerol moiety by a branch of hydrocarbons. This
configuration of DGTS may alter the membrane
rigidity when present in the LNPs and influence the
intracellular delivery of nucleic acids. Cyclo PC con-
tains the same head group as DSPC, but its tail con-
sists of one saturated tail (palmitic acid, C16) and one
cyclic fatty acid (cis-9,10-methylenehexadecanoic acid).
The unconventional and asymmetric tails in Cyclo PC
may change the LNP stability by perturbing lipid
packing.39 While we varied structural lipids, DLin-
MC3-DMA and DMG-PEG2K were used as the ca-
tionic lipid and PEG lipid, respectively (Fig. 1a). We
used an optimized molar ratio from previous studies
(DLin-MC3-DMA/Cholesterol/structural lipids/PEG
Lipid = 50/38.5/10/1.5), and all lipids were prepared
in pure ethanol, followed by microfluidic mixing with
aqueous mRNA solution at 1:3 ratio (Fig. 1b). We
characterized hydrodynamic sizes of LNPs using dy-
namic light scattering, and all LNPs prepared with
different structural lipids exhibited 100–130 nm in
diameters and narrow distributions (PDI < 0.2)
(Fig. 2a). The LNPs containing SQDG, MGDG, or
DGDG showed 10–20 nm larger sizes than the DSPC
LNPs. However, the Cyclo PC or DGTS LNPs had
comparable sizes to the DSPC LNPs. Slight changes in
the hydrodynamic size of the LNPs containing SQDG,
MGDG, or DGDG was presumed to be due to their
relatively bulky sugar moieties. In RNA encapsulation
assay, all LNPs encapsulated more than 90% of
mRNA (Fig. 2b). Afterward, we evaluated in vitro
mRNA transfection in human epithelial HeLa cell line
by overnight treatment with various LNP formulations
encapsulating firefly luciferase mRNA. In overnight
transfection, none of the LNP formulations inhibited
the cell viability (Fig. 2c). For quantitative analysis of
luciferase expression, we normalized bioluminescence
by cell viability, and compared the results to those of
DSPC LNPs. Between various LNP formulations, only
Cyclo PC LNPs effectively transfected the cells com-
pared to DSPC LNPs. It suggests that its structural
differences to DSPC were not significant enough to
influence in vitro transfection (Fig. 2d), which was
demonstrated in the literature reporting that alteration
of symmetrical lipid tails to asymmetrical tails did not
significantly change the assembly and transfection of
LNPs.46 DGTS LNPs produced 20-fold lower lucifer-

ase expression when compared to DSPC. Given the
differences in chemical structure of the two lipids dis-
cussed above, such a significant difference in vitro
transfection was unexpected. We studied if the two
zwitterionic lipids endowed LNPs with different sur-
face charges, but both LNPs exhibited similar zeta-
potentials: DSPC and DGTS LNPs showed
� 5.6 ± 3.4 and � 4.9 ± 0.8 mV, respectively. Dose-
dependent transfection studies between DSPC and
DGTS LNPs highlighted that structural lipids play a
role in mRNA transfection. Considering that struc-
tural lipids took only 10% of total lipids, the drastic
differences in vitro transfection demonstrate the sig-
nificant impact of structural lipids in LNPs. DSPC and
DGTS LNPs both had no significant effect in cell
viability at every dose tested (Fig. 1e). In the luciferase
assay, results of the DGTS group were significantly
weaker than those of the DSPC group. DSPC LNPs
produced almost 40-fold higher luciferase expression
when compared to DGTS LNPs at 200 ng mRNA per
well dose (Fig. 1f).

After evaluating in vitro transfection efficiency of
LNP formulations, we investigated whether this drastic
change in mRNA transfection would be reproducible
in vivo. We focused primarily on DGTS since it has a
zwitterionic nature similar to DSPC, which will retain
the surface charge as of DSPC, and therefore it has
more comparable structure that can be tested further.29

We intravenously administered DSPC or DGTS LNPs
encapsulating firefly luciferase mRNA to BALB/c
mice, and monitored luminescent signals using in vivo
imaging system (IVIS). Primary luciferase signals were
detected in the liver as has been previously observed
through a ApoE-dependent LNP uptake into hepato-
cytes. Interestingly, strong liver transfections were de-
tected not only in the DSPC LNP-treated animals, but
also in DGTS LNP-treated animals, from 4 to 48 h
post-administration (Fig. 3a). In opposition to the re-
sults from in vitro transfection studies, DGTS LNPs
resulted in improvement in luciferase expression when
compared to DSPC LNPs in all time points (Fig. 3a).
Images obtained from IVIS analysis were further
analyzed to compare bioluminescent signals in the
same regions of interest. In all time points for imaging,
DGTS LNPs produced 4-fold stronger bioluminescent
signals than DSPC LNPs (p < 0.05, Fig. 3b). These
results indicated that LNP-mediated in vivo transfec-
tion is poorly correlated with in vitro transfection re-
sults, as demonstrated earlier.9,37 In addition, it
implied that inclusion of different structural lipids af-
fects interactions between nanoparticles and biological
systems.

Having observed that DGTS LNPs effectively
transfected liver, we investigated if DGTS LNPs would
deliver mRNA efficiently to the respiratory system as
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well. Delivery of mRNA to the respiratory system is
highly desired for treatment of genetic and infectious
diseases in the lungs.40 For delivery to pulmonary or-
gans, nebulization, which generates aerosol from
solution, is a non-invasive method of administration.
Nonetheless, aerosolization of LNPs is considered
challenging due to destabilization of LNPs during
nebulization. We hypothesized that DGTS may affect
physicochemical properties of LNPs, assisting mRNA
transfection in lung epithelium after nebulization. We
first studied changes in LNP size after nebulization
using two nebulizer units that generate vapors with

different sizes: one (standard, STD) aerosolizes LNP
solutions to 4–6 lm diameter and the other (small,
SML) aerosolizes LNP solutions to 2.5–4 lm diame-
ter. Hydrodynamic size of DSPC and DGTS LNPs
both increased to around 170 nm, and PdI of both
LNPs increased to 0.25 as well (Figs. 4a and 4b). Size
of DGTS LNPs were smaller than that of DSPC LNPs
before nebulization, however it became similar post
nebulization (Fig. 4a). In addition, size and PdI of
LNPs were not affected by type of nebulization units
(Figs. 4a and 4b). For in vitro mRNA transfection
assay, we tested LNPs in A549 human lung epithelial
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FIGURE 1. (a) Structures of naturally occurring membrane lipids, cationic lipid (DLin-MC3-DMA), PEG lipid (DMG-PEG2K), and
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cell line. When A549 cells were treated with the LNPs
in various mRNA doses, no inhibition in cell viability
was observed (Fig. 4c). In vitro luciferase assay re-
vealed that DSPC LNPs transfected A549 cells more

effectively than DGTS LNPs in a dose-dependent
manner, which corresponds to the results from HeLa
cells. We also evaluated LNP-mediated mRNA trans-
fection to A549 cells with nebulization. Nebulized
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LNPs didn’t affect cell viability of A549 cells (Fig. 4e),
and luciferase expression was higher in the cells treated
with DSPC LNPs than DGTS LNPs (Fig. 4f).

In order to assess in vivo transfection of LNPs to
epithelium, we examined the luciferase expression in
nasal respiratory epithelium. Nasal respiratory
epithelium was chosen to evaluate the transfection of
epithelial cells because it is not only an easily accessible
epithelium with local administrations, but also physi-
ologically similar to lung epithelium, supported by the

fact that clinical diagnosis of lung diseases like cystic
fibrosis is performed by monitoring nasal potential
difference in nasal epithelium.40,43 We intranasally in-
stilled LNPs into nostrils of animals to transfect the
nasal epithelium, and luciferase expressions were
imaged using IVIS at 4 and 24 h after the adminis-
tration. All animals displayed luminescent signals
around the nasal cavity in 4 h, and the signals inten-
sified 24 h after the administration (Fig. 5a). In 4 h
after the treatment, both DSPC (10.6 9 105 photon/s)
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and DGTS LNPs (7.6 9 105 photon/s) exhibited sim-
ilar luciferase activity in animals (p = 0.18, Fig. 5b);
however, 24 h after the treatment, luciferase expres-

sions of DSPC LNP-treated animals (5.52 9 105 pho-
ton/s) were higher than those of DGTS LNP-treated
animals (2.60 9 105 photons/s, p < 0.01, Fig. 5b). It
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was also notable that some animals treated with DSPC
LNPs exhibited mild lung transfection, suggesting that
a portion of administered LNPs flowed into the airway
and transfected lung epithelium (Fig. 5a). These results

demonstrated that DSPC LNPs transfect nasal
epithelium more effectively than DGTS LNPs, which
is opposed to the results of liver transfection. We are
currently testing the ability of nebulized nanoparticles
containing structural variants and their impact on gene
delivery when delivered locally to the airway in vivo.

DISCUSSION

Naturally occurring lipids are present in living
organisms and possess greater structural diversity
compared to synthetic lipids.14 While we have accu-
mulated insights into the lipid biosynthesis and meta-
bolism in many species, it is still relatively unknown
how these diverse lipids engage with subcellular
mechanisms and signaling. The five bioactive lipids
studied here are found in plant or bacterial cells which
contain lipid compositions different from mammalian
cells. Glycoglycerolipids, MGDG, DGDG, and
SQDG, can be found in cellular organelles, more pre-
cisely in chloroplast of plant cells, and travel from the
endoplasmic reticulum to various organelles for
biosynthesis.5 DGTS is widely found in algae, and is
thought to be associated with lipid metabolism49 and
cell survival in stress conditions.20,32 Cyclo PC is found
in the membrane of Escherichia coli.27 The reasons for
species specific differences within this class of lipid
remain unclear but these bioactive lipids have unex-
pected effects when incubated with mammalian cells,
for example anti-inflammatory response.4,6

We have explored naturally occurring lipids to im-
prove intracellular delivery of nucleic acids and
demonstrated that cholesterol analogs identified in
natural products boost endosomal escape of LNPs.36

We then wanted to understand whether naturally
occurring structural lipids can lead to a better packing
within the LNPs, uptake and/or amenable release of
cargo inside cells. Traditionally, the role of structural
lipid is acknowledged as providing encapsulation and
stability and endosomal escape,10 but the diversity of
structural lipid has been less explored than other
components to reveal differences in transfection effi-
ciency. Recent studies revealed that LNP surface
contains PEG lipid, structural lipid and cholesterol,
while the LNP core contains the cationic lipid and
cargo.48,50 Considering that PEG lipids is shed off after
exposure to in vivo environment, LNP surface there-
fore is enriched with structural lipid and cholesterol.50

Since structural lipid and cholesterol are also known to
assist cationic lipid-mediated destabilization of the
endosomal membrane,36,47 any structural change
caused by naturally occurring lipids could be critical in
intracellular delivery.
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In this study, we were able to show that these li-
pids influence LNP efficacy without compromising
size and RNA encapsulation, indicating their impact
in intracellular delivery of mRNA. The incorporation
of DGTS in LNP formulation resulted in variable
efficacies depending on experimental conditions:
in vitro cell culture, in vivo liver and epithelium. This
discrepancy may be due to possible modification of
LNP morphology by DGTS that changes the stability
and tolerance of LNPs.8,30 It has already been argued
that LNPs may require a reasonable compromise in
stability for better transfection, suggesting that high
stability is not beneficial for endosomal escape due to
inhibition of membrane destabilization.8 Accordingly,
stability of DGTS LNPs could be too high to trans-
fect in vitro, but it could be beneficial for in vivo
tolerability. One might also posit that structurally
modified LNP surface potentially affects ApoE
binding which may be the reason for this variability.
ApoE is present at various concentrations depending
on tissues.13,17 If DGTS facilitates the LNP binding
to ApoE, DGTS LNPs will be internalized more
efficiently in vivo and therefore we would find dif-
ferential activity based on different tissues. Thus,
structural lipids could be an important ingredient for
developing tissue specificity. Upon further compar-
ison of DGTS or DSPC as an excipient for inhalable
LNPs, we found that the difference in in vitro mRNA
transfection between DGTS and DSPC decreased
after nebulization (about 50 folds vs. 12 folds), which
probably implies advantage of DGTS in LNP toler-
ability for nebulization. Because loss of nanoparticles
during the nebulization blocks delivering nucleic acids
to the lungs via inhalation,11 discovery of novel
structural lipids that make LNPs resilient to the use
of nebulizer will substantially improve efficacy of gene
therapies.

In summary, these studies reinforce the potential of
structural lipids to target different organs. First, the
presence of structural lipids at nanoparticle surface
post PEG shedding makes them an important partner
for serum proteins to form a corona. The composition
of the protein corona on different nanoparticles is an
active area of research.7,26 Ability to mitigate corona
formation can enable LNPs to reach tissues beyond the
liver. On the other hand, the surface can be designed to
adsorb proteins which exploit processes that traverse
impenetrable organs like the brain or propel the
nanocarriers across lung endothelium. Second, the
membrane lipids can play an important role in the
formulation of nanoparticles based on routes of
administration. For example, when delivered through
inhalation, the structural lipid can impart a valuable
feature to the nanocarrier, i.e., maintain its structure
and ability to transfect after nebulization. Such fea-

tures are necessary for developing inhalable mRNA
nanoformulations for treatment of diseases like cystic
fibrosis, COVID-19, asthma, or lung cancer that can
be benefited by direct access to the lungs. Finally, it is
unclear whether the membrane lipids directly engage
with the process of endosomal escape. However, based
on the differences within in vitro transfections with use
of different structural lipids, one may speculate that
the structural lipid perhaps contributes to LNP disas-
sembly and resulting cytosolic delivery of RNA. The
discovery of natural products that undergo confor-
mational changes once inside an endosome can lead to
potent nanocarriers for intracellular gene delivery.

METHODS

Materials

Firefly luciferase mRNA was purchased from Tri-
link Biotechnologies (L-7202). Cholesterol and DMG-
PEG2K were obtained from Sigma-Aldrich (MO,
USA) and NOF America (CA, USA), respectively.
DLin-MC3-DMA was custom synthesized by BioFine
International Inc. (BC, Canada). All structural lipids
including DSPC, DGDG, MGDG, SQDG, Cyclo PC,
and DGTS, were purchased from Avanti Polar Lipids,
Inc. (AL, USA).

LNP Formulation and Characterization

LNPs composed of DLin-MCD-DMA, Cholesterol,
DMG-PEG2K, structural lipids, and mRNA were
prepared using microfluidic mixing as described pre-
viously.35 In brief, all lipids were dissolved in pure
ethanol at 50:38.5:1.5:10 molar ratio, and mRNA was
diluted in sterile 50 mM citrate buffer. The lipid and
mRNA solutions were mixed using the Nanoassemblr
Benchtop at a 1:3 ratio, followed by 10-fold dilution
with sterile PBS. Resulting LNP solutions were con-
centrated using Amicon� Ultra centrifugal filter units
with 10,000 Da molecular-weight-cut-off (Millipore).
Hydrodynamic size and PDI of the LNPs were ana-
lyzed in dynamic light scattering using a Zetasizer
Nano ZSP (Malvern Instruments, UK). mRNA
encapsulation was assayed using a Quant-iTTM Ribo-
Green� RNA Assay kit (Thermo) and a multimode
microplate reader (Tecan Trading AG, Switzerland).

Cell Culture

HeLa and A549 cell lines were kindly gifted from
Prof. Langer (MIT) and Prof. Alani (OSU), respec-
tively. HeLa cells and A549 cells were cultured in
DMEM and RPMI, respectively, supplemented with
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10% heat-inactivated FBS and 1% penicillin/strepto-
mycin.

In Vitro mRNA Transfection Assay

For in vitro mRNA transfection assays, cells were
seeded on a white 96 well plate at 4 9 103 cells/well
and allowed to attach overnight. Cells were treated
with LNPs encapsulating FLuc mRNA for overnight
to 24 h and analyzed for cell viability as well as luci-
ferase expression with the ONE-GloTM + Tox luci-
ferase reporter and cell viability assay kit (Promega)
using a multimode microplate reader.

Animals

All animal studied were conducted at Oregon
Health and Sciences University and approved by the
Institutional Animal Care and Use Committee (IA-
CUC, IP00001707).

In Vivo mRNA Transfection

Female BALB/c mice (5–8 weeks) were anesthetized
using isoflurane, and LNPs were administered to ani-
mals in various routes. For intravenous administra-
tion, LNPs encapsulating Fluc mRNA were injected
into the mouse tail vein (0.1 mg/kg). For intranasal
instillation, LNPs were pipetted onto a single nostril
with spontaneous inhalation (0.25 mg/kg). At prede-
termined time points post-administration, 200 ll of D-
luciferin substrate was intraperitoneally injected to the
mice 10 min prior to bioluminescent imaging (150 mg/
kg). Image acquisition and analysis were performed
using the IVIS� Lumina XRMS and the manufac-
turer’s software (PerkinElmer, MA).

LNP Nebulization

To nebulize LNPs, an Aeroneb� Lab Control
Module equipped with a lab nebulizer unit (Aerogen,
Ireland) was used. LNPs were added to the nebulizer
unit for aerosolization, and the nebulized LNPs were
collected for transfection and DLS analysis. For
in vitro mRNA transfection, cells were seeded onto a
12 well plate at 5 9 104 cells/well and allowed to attach
for overnight incubation. LNPs were diluted with
serum-free media and nebulized with a small nebulizer
unit onto the seeded cells (1 lg/well), followed by 24-h
incubation. Cell viability and in vitro luciferase
expression was assayed using ONE-GloTM + Tox lu-
ciferase reporter and cell viability assay kit (Promega)
and a multimode microplate reader.
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