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Aerosolized lipid nanoparticles (LNPs) delivering mRNA are an attractive strategy for use in local, inhalable

therapy to treat patients with lung diseases. However, a major barrier to delivering aerosolized mRNA

LNPs is the shear forces encountered during aerosolization. These forces lead to significant morphology

changes and subsequent decrease in efficacy of mRNA delivery. To best retain the physicochemical pro-

perties of mRNA LNPs during aerosolization, we took a formulation-based strategy to stabilize LNPs. We

used a design-of-experiment (DOE) approach to comprehensively screen rationally chosen excipients at

multiple concentrations. Excipients were carefully selected based on their use in clinically approved

inhaled products or their ability to support lipid membrane properties. These excipients were added to

the same mRNA LNP composition after formulation, were subsequently characterized, and used to trans-

fect human lung cells at air–liquid interface. From this systematic screen, we identified that the addition

of our lead candidate, poloxamer 188, best stabilizes LNP size throughout aerosolization and enhances

mRNA expression after aerosolization. Additional morphological studies of the inclusion of poloxamer 188

in LNPs suggests that the excipient lowers aerosolization induced fusion or aggregation of particles

without altering the internal structure. Our results indicate that poloxamer 188 can support aerosolized

mRNA LNP delivery by maintaining LNP size and significantly enhancing therapeutic nucleic acid delivery

to lung cells.

1. Introduction

Delivery of nucleic acids is promising for treatment of infec-
tions, vaccination, and gene editing of disease-causing
mutations. Nucleic acids, such as messenger RNA (mRNA), are
highly tunable and upon delivery into cells, encode instruc-
tions for cells to produce their own proteins of interest for
therapy, enabling the cell to act as a “living pharmacy”.1

However, when free mRNA is delivered in vivo, it is subject to
degradation by nucleases and can trigger the host immune
system, greatly diminishing therapeutic dosing.2–5 Therefore,
it is imperative that the mRNA is encapsulated within a carrier

such as a lipid nanoparticle (LNP), polymeric nanoparticle, or
viral vector.1 Of particular interest, LNPs have risen to popular-
ity as carriers for mRNA due to the development of mRNA LNP
vaccines against SARS-CoV-2 during the COVID-19
pandemic.6–8 Many other mRNA LNP formulations have been
created for treatment of cancer, infectious diseases, and
genetic diseases.9–20

Patients with genetic lung diseases such as cystic fibrosis,
alpha-1 antitrypsin deficiency, and primary ciliary dyskinesia
are strong candidates for mRNA LNP therapies to correct
disease-causing mutations using gene replacement or gene
editing technologies.21,22 Treatments for genetic lung diseases
can be directed to the lungs via systemic or local delivery.
Systemic delivery often consists of intravenous injection which
allows for immediate bioavailability of the therapeutic at the
site of action but faces many challenges such as hepatic
uptake, binding of plasma proteins to the surface of the LNP
which limits cellular uptake, and off-target uptake in other
organs.23–30 Local delivery of therapies involves directing treat-
ment to the lungs via inhalation. Inhaled delivery remains a
promising avenue to deliver LNPs to the lungs as the therapy
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can bypass liver and kidney clearance and increase the concen-
tration of the therapeutic in the area of interest.30 In addition,
biodistribution studies have shown that lipid-based carriers
remain in the lungs with no noticeable uptake into circulation,
reducing off target effects in all other organs.19,31 Inhaled LNP
therapies are transformed from a liquid storage form into
aerosol droplets via multiple aerosolization methods including
nebulization. However, aerosolization can induce shear stress
on the structure of the LNP, significantly reducing mRNA
delivery and causing fusion or aggregation of particles.32–37 As
a result, it is critical to better maintain the LNP structure
during aerosolization to retain mRNA for effective delivery.

The structure of most LNPs generally consists of four main
components: (1) ionizable lipids, which are neutrally charged
at physiological pH but become protonated in acidic environ-
ments to facilitate endosomal escape; (2) phospholipids, also
referred to as helper lipids, that aids in maintaining the LNP
structure and enhancing endosomal escape; (3) polyethylene
glycol (PEG)-lipids that contributes to particle size, steric hin-
drance, and colloidal stability; and (4) cholesterol, which helps
maintain membrane integrity and rigidity.38 Multiple aeroso-
lized mRNA-LNP clinical trials for genetic diseases in the
lungs have been initiated within the last five years but have
been met with limited success or have yet to be evaluated for
effectiveness, indicating a need for further development of
aerosolized mRNA LNPs.39–43 Current research has moved to
improve the efficacy of aerosolized LNPs by screening novel
lipid structures, altering buffer solutions, or optimizing lipid
components.20,32,33,36,44–46 A few research groups have added
an additional component to the base LNP formulation such as
a permanently cationic lipid or an inactive substance used to
aid delivery, traditionally termed an excipient.35,47,48 The exci-
pients used in previous studies improved mRNA expression
after aerosolized delivery compared to LNPs without excipi-
ents, but it is unclear if this improvement in delivery was due
to the excipient or to the change in buffer system.47,48 There
was an observable size change in the LNPs after aerosolization
in both studies, which indicates the LNPs are still susceptible
to shear stress even in the presence of excipients. An impor-
tant observation in these studies is that the excipient-doped
LNPs were only tested for transfection after aerosolization. It is
important to measure changes in mRNA LNPs both before and
after aerosolization to determine if there are undocumented
morphological changes, which would reduce the delivered
dose and ultimately, adversely affect therapeutic efficacy.

We will explore changes in LNP structure during aerosoliza-
tion using a design of experiments (DOE) approach. This
approach allows us to systematically identify select excipients
that can help retain the physicochemical properties of mRNA
LNPs before and after nebulization and consequently, improve
mRNA delivery. DOE is used to condense a large multipara-
meter space and systematically evaluate relationships between
input variables and responses.32,44,48 Here, we use DOE to
draw conclusions between factors and identify the optimal
conditions for excipient-doped LNPs. Excipients have been pre-
viously shown to provide chemical and physical stability to

inhaled products, making them a promising route for stabiliz-
ing aerosolized LNPs.49 As part of our study, excipients were
added to our previously optimized aerosolized mRNA LNP
composition to further improve its ability to deliver mRNA
after nebulization.33 By characterizing the effect each excipient
had on the mRNA LNP size, morphology, permeation, and
mRNA transfection after aerosolization, we were able to ident-
ify a lead excipient candidate able to best retain the perform-
ance of mRNA LNPs for aerosolized delivery.

2. Materials and methods
2.1 Materials

The ionizable lipid SM-102 (heptadecan-9-yl 8-{(2-hydroxyethyl)
[6-oxo-6 (undecyloxy)hexyl]amino}octanoate, BP-25499) was
purchased from BroadPharm. The helper lipid DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine, 850355) was pur-
chased from Avanti Polar Lipids. The polyethylene glycol (PEG)
anchored lipid, DMPE-PEG 2000 (1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000],
PM-020CN), was purchased from NOF America Corporation.
Cholesterol was purchased from Sigma-Aldrich (C3045).

Excipients L-Arginine HCl ((S)-2-amino-5-guanidinopenta-
noic acid hydrochloride, A121639) and Leucine (H-Leu-OH,
A197119) were purchased from AmBeed. Poloxamer 188 (poly
(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethyl-
ene glycol), 15759) was purchased from Sigma-Aldrich.
Poloxamer 407 (Pluronic®-F127, 59000) was purchased from
Biotium. Methylparaben, NF (ME163) and propylparaben, NF,
BP, EP (PR133) were purchased from Spectrum Chemicals.
Polysorbate 20 (Tween 20™ Ultrapure, J20605) was purchased
from Thermo Scientific Chemicals. Branched PEG (4-arm PEG
Acrylate 20K, 4ARM-ACLT) was purchased from JenKem
Technology.

2.2 Nanoluciferase mRNA

Nanoluciferase (NLuc) mRNA was prepared as previously
described.19,33 A custom NLuc gene block from Twist
Biosciences encoding sequences for a T7 promoter, 5′ UTR,
codon-optimized NLuc, and 3′ UTR was amplified using poly-
merase chain reaction (PCR). Detailed sequence information is
given in the ESI.† NLuc mRNA was transcribed using the
AmpliScribe™ T7-Flash™ Transcription Kit (Lucigen,
ASF-3507). The mRNA was purified after transcription using
RNA Clean and Concentrator-100 (Zymo, R1019). Following
purification, a cap1 structure was added to the 5′ end using
the Vaccinia Capping System (New England Biolabs, M2080S)
and mRNA Cap 2′-O-methyltransferase (New England Biolabs,
M0366S). A 3′-poly(A) tail approximately 100 bp long was
added using E. coli poly (A) polymerase (New England Biolabs,
M0276L). Capped and polyadenylated NLuc mRNA was puri-
fied again using RNA Clean & Concentrator-100. The
NanoDrop One (Thermo Fisher Scientific Inc.) was then used
to determine mRNA concentrations, and aliquots were stored
at −80 °C until use.

Paper RSC Pharmaceutics

1140 | RSC Pharm., 2025, 2, 1139–1154 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 7
:0

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00061k


2.3 Formulation of lipid nanoparticles (LNPs)

LNPs were formulated using microfluidic mixing of the organic
and aqueous phases, as described previously.32,33 The organic
phase contained 10 mg mL−1 SM-102, DPPC, DMPE-PEG and
cholesterol in 100% ethanol at molar ratios of 0.45, 0.20, 0.01,
and 0.34, respectively. The aqueous phase consisted of mRNA
diluted in 50 mM sodium citrate buffer at a pH of 3.0. The
organic and aqueous phases were combined using the
NanoAssemblr Benchtop Microfluidic System (Cytiva) at a
respective ratio of 1 : 3 and a flow rate of 9 mL per minute. The
ratio of amine groups (N) present in lipids to the phosphate
groups (P) present in mRNA cargo was previously optimized.33

LNPs were formulated at an N : P ratio of 5.67 and at varying
mRNA concentrations ranging from 37.5 ng µL−1 to 50 ng µL−1.
After formulation, LNPs were dialyzed against 1× PBS, pH = 7.4
overnight using 3 mL Slide-A-Lyzer™ G2 Dialysis Cassette with a
10 k Da molecular weight cutoff (Thermo Fisher Scientific,
87730). Formulations were stored at 4 °C until use.

2.4 Addition of excipients post-formulation

Arginine, leucine, poloxamer 188, poloxamer 407, methyl-
paraben, propylparaben, and polysorbate 20 were dissolved in
1× PBS at a concentration of 20 mg mL−1 in separate microcen-
trifuge tubes (Fisherbrand™ Premium Microcentrifuge Tubes,
05-408-129). Branched PEG was dissolved at a concentration of
100 mg mL−1 in 1× PBS. All excipients were then vortexed until
visibly dissolved. The leucine, poloxamer 407, methylparaben,
and propylparaben were heated at 65 °C for 17 hours until
dissolved.

A single LNP formulation was divided into separate micro-
centrifuge tubes in preparation for excipient addition. The
20 mg mL−1 stocks of arginine, leucine, poloxamer 188, poloxa-
mer 407, methylparaben, propylparaben, and polysorbate 20
were added to LNPs after dialysis at varying concentrations
ranging from 0–20% (%w/v) according to the DOE. The 100 mg
mL−1 stock of branched PEG was added to LNPs at a 2% con-
centration. All samples were brought to equal volumes using 1×
PBS to ensure samples contained equal mRNA concentrations.

2.5 Aerosolization

LNPs with and without added excipients were nebulized indivi-
dually using an Aerogen Solo vibrating mesh nebulizer
(Aerogen Ltd). The nebulizer was washed with 2 mL of 1× PBS
between each sample. The temperature of the nebulizer was
monitored throughout nebulization of each sample using a
FLIR T620 infrared camera (Teledyne FLIR). Temperature read-
ings were focused on the piezoelectric element and mesh of
the nebulizer body to directly monitor temperature of the
samples passing through the mesh during nebulization.
Nebulized formulations were collected in chilled microcentri-
fuge tubes for testing.

2.6 Characterization of LNPs

2.6.1 Size and polydispersity index. Size and polydispersity
index (PDI) of LNPs with and without excipient addition were

measured separately by dynamic light scattering using the
Zetasizer Nano-ZS (Malvern Instruments). All samples were
diluted using 1× PBS to a final mRNA concentration of 1.25 ng
µL−1 in 100 µL and measured in a UV-Cuvette Micro (BrandTech
Scientific, 759200). Samples were measured in triplicate and
results are expressed as the mean ± standard deviation.

2.6.2 Zeta potential. Zeta potential of LNPs with and
without excipient addition was measured using the Zetasizer
Nano-ZS (Malvern Instruments). All samples were diluted using
0.1× PBS to a final mRNA concentration of 1.5 ng µL−1 in 780 µL
and measured using a Folded Capillary Zeta Cell (Malvern
Panalytical, DTS1070). Samples were measured in triplicate and
results are expressed as the mean ± standard deviation.

2.6.3 Osmolality evaluation. The osmolality (mOsm kg−1)
of LNP samples with and without excipients was measured
using a µOsmette Automatic Osmometer (Precision Systems
Inc., model 5004). The µOsmette was set to the first range
(0–2000 mOsm kg−1) and calibrated using a 500 mOsm kg−1

osmometry standard (Precision Systems Inc., 2105). The probe
was wiped clean between each standard and sample. Samples
were transferred into separate Disposable Sample Tubes
(Precision Systems Inc., 2023) at a volume of 50 µL for osmolal-
ity evaluation. Samples were measured in triplicate and results
are expressed as the mean ± standard deviation.

2.6.4 Encapsulation efficiency. The Quant-it RiboGreen
RNA Kit (Thermo Fisher Scientific, R11490) was used to evalu-
ate encapsulation of mRNA in all LNP samples. A 1× Tris-EDTA
(TE) buffer was prepared by diluting 20× TE buffer (Thermo
Fisher Scientific, R11490) with UltraPure™ DNase/RNase-Free
Distilled Water (Invitrogen, 10977015). A 2% Triton buffer was
prepared by diluting Triton X-100 (Thermo Fisher Scientific,
BP151-100) in 1× TE buffer. The high range standard curves
were prepared at concentrations of 1–500 ng mL−1 in both 1×
TE and 2% Triton with ribosomal RNA contained in the kit. All
LNP samples were diluted 50-fold in both 1× TE and 2% Triton
buffers. Samples and standards were plated at a volume of
100 µL in triplicate on a 96-well Black/Clear Flat Bottom
Polystyrene Microplate (Corning, 3631) and incubated at 37 °C
for 10 minutes. A 200-fold dilution of RiboGreen RNA Reagent
was added to each sample and standard at a volume of 100 µL.
Fluorescence was then measured using BioTek Synergy
H1 multiplate reader (Agilent Technologies) at 485 nm exci-
tation and 528 nm emission. Encapsulation efficiency (EE%)
was calculated using eqn (1):

EE% ¼ 1� Ffree RNA
Ftotal RNA

� �
� 100 ð1Þ

Here, Ffree RNA and Ftotal RNA correspond to the fluorescent
signal of the free RNA in 1× TE buffer and the fluorescent
signal of the total RNA found in the 2% Triton buffer,
respectively.

2.7 Air–liquid interface cell culture

Calu-3 cells (American Type Culture Collection, HTB-55)
between passages 10–20 were centrifuged at 350g for

RSC Pharmaceutics Paper

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Pharm., 2025, 2, 1139–1154 | 1141

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 7
:0

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00061k


5 minutes and resuspended in 89% 1× Minimum Essential
Medium (MEM) containing Earle’s salts and L-glutamine
(Corning, 10-010-CV) with added 10% Fetal Bovine Serum
(Gemini Bio, 100–106) and 1% Penicillin/Streptomycin. The
cells were seeded at a density of 300 000 cells per well on the
apical side of ThinCert Cell Culture Inserts for 24-well plates,
made of PET with 0.4 µm pores (Greiner Bio-one International,
662641). Media was added on the basolateral side of the trans-
well at a volume of 500 µL, and on the apical side to reach a
volume of 200 µL. The cells were incubated at 37 °C in 5% CO2

atmosphere. Media was replaced on both the basolateral and
apical side of the transwell every 2–3 days. After 6 days the
media on the apical side was removed when the cells reached
>85% confluency and cells were cultured at air–liquid interface
(ALI) as previously described.33 Media was replaced on only
the basolateral side every 2–3 days until testing 7–9 days after
starting ALI culture.

Transepithelial electrical resistance (TEER) values were
measured using a Millicell ERS-2 Voltohmmeter (Millipore
Sigma, MERS00002). Cell media was maintained on the baso-
lateral side of the transwell at a volume of 500 µL, and 200 µL
of fresh cell media was added to the apical side of the trans-
well. Cells were equilibrated at room temperature for
15 minutes. TEER measurements were recorded for four repre-
sentative wells throughout the air-lifting process. Values were
calculated by subtracting the resistance of the blank transwell
without cells and multiplied by the surface area. Cells were air-
lifted when TEER values reached >400 Ω cm2 in cell media.

2.8 In vitro transfection

LNP samples were added to the apical side of Calu-3 cells cul-
tured at ALI at an NLuc mRNA dose of 500 ng per well. Opti-
MEM Reduced Serum Media (Gibco, 31-985-062) was added to
the apical side until the total volume of sample and media was
equal to 50 µL to cover the entire apical surface area. Calu-3
cells were incubated with LNPs at 37 °C in 5% CO2 for
24 hours. Media was removed from the basolateral side of the
transwell. The LNP samples were then collected from the
apical side of each transwell and placed in separate microcen-
trifuge tubes. Cells were washed with 100 µL 1× PBS and the
wash solution was transferred into the corresponding sample
microcentrifuge tubes. Cells were scraped from the apical
surface of the transwell using a micropipette and collected in
their corresponding microcentrifuge tubes. The cells were cen-
trifuged at 300g for 3 minutes and resuspended in 100 µL of
fresh media. Resuspended cells were transferred to a 96-well
white flat bottom polystyrene microplate (Corning, 3912).
Nano-Glo substrate from the Nano-Glo® Luciferase Assay
System (Promega Corporation, N1110) was diluted 50-fold
using the Nano-Glo buffer and 100 µL was added to each
sample using a multichannel pipette. Samples were incubated
for 3 minutes at room temperature before analysis with
BioTek Synergy H1 multiplate reader (Agilent Technologies)
using the luminescent fiber setting. Samples were measured
in triplicate and results are expressed as the mean ± standard
deviation.

2.9 Lucifer yellow barrier assay

LNP samples were added at a dose of 600 ng NLuc mRNA per
well to the apical side of Calu-3 cells cultured at ALI. In
addition, excipients in 1× PBS (without LNPs) were added to
separate wells to monitor the impact of excipients on cell
monolayers. The Calu-3 cells were incubated with samples at
37 °C in 5% CO2 overnight (∼17 hours). Cell media was
removed from the basolateral side of the transwell. The baso-
lateral side was washed with 900 µL of prewarmed Hanks’
Balanced Salt Solution (HBSS), which was removed, and fresh
HBSS was then added at a volume of 900 µL. Lucifer Yellow
CH dilithium salt (MedChemExpress, HY-128692) was dis-
solved in HBSS at a concentration of 100 µg mL−1 and 200 µL
was added to the apical side of each transwell. The cells were
incubated at 37 °C in 5% CO2 with the lucifer yellow fluo-
rescent dye for 2 hours. During incubation, a 100% standard
was prepared by mixing 200 µL of the lucifer yellow solution
with 900 µL of HBSS. Serial dilutions were then performed by
mixing 500 µL of the previous standard with 500 µL of HBSS to
obtain standards of 50, 25, 12.5, 6.25, 3.12, 0.78, and 0.39%.
After the 2 hour incubation, the solution on the basolateral side
of each transwell was mixed using a pipette and 100 µL was
retrieved from each well. The samples from the basolateral side
of the membrane and standards were plated at a volume of
100 µL in duplicate on 96-well Black/Clear Flat Bottom
Polystyrene Microplates (Corning, 3631). Fluorescent intensity of
the 96-well plates was read using the BioTek Synergy
H1 multiplate reader (Agilent Technologies) at 485 nm excitation
and 535 nm emission. The duplicates were averages and the stan-
dard curve was used to calculate the estimated percent pass-
through of lucifer yellow from the apical side to the basolateral
side of the membrane using the relative fluorescence values.
Immediately after, the TEER values were taken for all transwells.
TEER values were measured in 900 µL prewarmed HBSS on the
basolateral side and 200 µL HBSS on the apical side of the trans-
wells. TEER values were measured in triplicate wells and results
are expressed as the mean ± standard deviation.

2.10 Cryo-electron microscopy imaging

Images from cryo-electron microscopy (Cryo-EM) were acquired
by the Sauer Structural Biology Laboratory at The University of
Texas at Austin. LNPs were concentrated to a lipid concen-
tration of 22 mg mL−1 using Amicon® Ultra Centrifugal
Filters, 10 kDa MWCO (MilliporeSigma, UFC801008/
UFC501008) prior to the addition of excipients. Excipients
were added to LNPs and nebulized immediately before
imaging. Vitrification of each sample was performed using a
Vitrobot Mark IV. LNP samples were placed on copper
200 mesh grids with lacey carbon film and a continuous layer
of ultrathin carbon at a volume of 2.2 µL with a blot time
ranging from 5–11 seconds. After vitrification, sample grids
were maintained at a temperature below −170 °C. Imaging was
performed on a Glacios Cryo-Transmission Electron
Microscope (Thermo Fisher Scientific) operating at 200 kV
equipped with a Falcon 4 Direct Electron Detector (Thermo
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Fisher Scientific). Images were acquired at a dose rate of 1.48
e− Å−2 s−1, an exposure time of 20.2 seconds, a total exposure
of 30 e− Å−2, and a pixel size of 1.913 Å per pixel. Resulting
images were processed using ImageJ to remove noise, enhance
contrast, and correct illumination.50

2.11 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) measurements were per-
formed at the Cornell High Energy Synchrotron Source (CHESS)
at beamline 7A using an Eiger 4 M detector. The sample-to-
detector distance was 1731 mm, and the X-ray energy was 12.39
keV. The experiments were conducted in a quartz capillary with
a diameter of 1.55 mm and a wall thickness of 10 µm. The scat-
tering vector range (q) was 0.008–0.33 Å−1. LNPs were concen-
trated to a lipid concentration of 6.3 mg mL−1 using Amicon®
Ultra Centrifugal Filters, 10 kDa MWCO (MilliporeSigma,
UFC801008/UFC501008) prior to the addition of excipients.
Excipients were added accordingly, and 1% glycerol was added
to both samples. A total sample volume of 40 µL was used for
each measurement, and an automated liquid sample loader was
employed to ensure consistent sample handling and minimize
radiation damage. Igor Pro (WaveMetrics) was used to plot the
SAXS profile.

Peak deconvolution was performed using OriginPro 2025
(OriginLab). Since the observed peak was asymmetrical, a two-
peak deconvolution approach with a Gaussian fit was applied,
described by eqn (2):

y ¼ y0 þ Ae�
ðx�xcÞ2
2w2 ð2Þ

Here y0 represents the baseline offset, A is the peak ampli-
tude, xc is the center of the peak (peak position), and w is the
width parameter, related to the full width at half maximum

(FWHM). The ordering distance was calculated as
2π
q

following

Bragg’s Law.

2.12 Statistical analysis

A DOE approach was employed to design the excipient screen-
ing using JMP 17 (JMP Statistical Discovery LLC). The DOE was
created using a two-factor definitive screening design with
excipient type and excipient concentration as the factors. All
data analyses for statistical significance was done in GraphPad
Prism (version 10.4.1). Data values were presented as mean ±
standard deviation (SD). All p-values were calculated using an
ordinary one-way or two-way ANOVA assuming normal distri-
bution and an alpha value of 0.05, where *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 were considered statistically
significant.

3. Results and discussion
3.1 DOE excipient screening

We selected our excipients based on one of two criteria; the
excipients (1) are currently used in marketed inhaled products

approved by the Food and Drug Administration (FDA) to
enhance the physical or chemical stability of the active
pharmaceutical ingredient and/or (2) have shown promise to
stabilize lipid membranes. The first criteria includes parabens
and polysorbates.51 Parabens such as methylparaben and pro-
pylparaben have been included in approved inhaled medi-
cations and have shown increased surface shear resistance in
lipid monolayers.51,52 Polysorbate 20 is a sorbitan functiona-
lized with poly(ethylene) glycol (PEG) that is approved for inha-
lation use, and previous research has shown that 3% polysor-
bate 20 enhances LNP transfection in targeted gene
delivery.51,53 The combination of safety and observed enhance-
ment of lipid-based structure characteristics from previous
research indicates that parabens and polysorbate 20 are strong
candidates to stabilize aerosolized LNP formulations.

The second criteria supports the use of excipients that are
not in currently approved inhalation products but have shown
promising stabilizing properties for inhaled biological medi-
cations, namely amino acids and poloxamers.51 Amino acids
such as arginine and leucine have been shown to improve
surface activity, charge density, and stabilize proteins against
thermal stress.51,54 Previous groups found that amino acid
modified lipids aided in delivery of siRNA and that L-amino
acids incorporate directly into the membrane of
liposomes.55,56 Poloxamers, such as poloxamer 188 and polox-
amer 407, are block copolymers that are comprised of a central
poly(oxypropylene) (PPO) molecule that is flanked on both
sides by two chains of poly(oxyethylene) (PEO).57 Poloxamers
have similar structures but vary in the number of PPO and
PEO units and their molecular weights. Poloxamer 188 con-
tains around 80% PEO units and 20% PPO units, whereas
poloxamer 407 contains around 70% PEO and 30% PPO
units.57 Poloxamers have been used to repair broken cell mem-
branes by increasing lipid packing density and improve gene
transfection, making poloxamers an ideal excipient for LNP
stabilization.58,59 Methylparaben, propylparaben, polysorbate
20, arginine, leucine, poloxamer 188, and poloxamer 407 were
chosen for our excipient screening as they adhered to one or
both of our defined criteria to improve LNP stability during
aerosolization.

The excipients were screened on a single four-component
LNP formulation that we had previously optimized as an
initial formulation to improve aerosolized LNP delivery.33 This
LNP composition, labeled as B1, was used as the base formu-
lation and a control throughout our excipient screening. All
excipients for the screening were added to aliquots of B1 after
formulation and buffer exchange (Fig. 1). For experimental
design, we used a DOE approach to systematically investigate
the effect of excipients on the properties of aerosolized
B1 mRNA-LNPs and draw conclusions between factors. A two-
factor definitive screening DOE was employed with excipient
type and excipient concentration as the designated factors
(Table S1†). We performed a thorough investigation of the lit-
erature to rationally narrow the excipient type screening.
Excipient concentration was chosen to be between 0–20% w/v
as 20% was the highest concentration of excipients in inhaled
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formulations that could be found in the literaure.51 Using JMP
statistical software, we created a screening design output with
21 groups consisting of a low, medium, and high concen-
tration for each excipient (Table S2†).

3.2 Characterization of excipient-doped LNPs

Throughout consecutive nebulization of all 23 samples, we
monitored the nebulizer mesh with an infrared camera for any
possible temperature changes that could change particle
characteristics (Fig. S1†). Temperature readings were taken at
the mesh of the nebulizer at the start of nebulization for each
sample. The temperature of the nebulizer at the start of aeroso-
lization for each sample was on average 25.74 ± 0.29 °C for all
23 samples. The calculated change in temperature of the nebu-
lizer mesh, relative to the first sample (labeled B1), was on
average 0.67 ± 0.26 °C for the remaining 22 samples. This
temperature variation is less than the previously reported 2 °C
average for the MicroBase Pocket AirNeb Mini Portable
Nebuliser, a different vibrating mesh nebulizer on the
market.60 There was a minimal increase in temperature of the
vibrating mesh nebulizer when used repeatedly. This suggests
that there will be minimal differences in LNP physical pro-
perties due to temperature changes in samples nebulized later
compared to samples nebulized first.

Two of our criteria for successful aerosolized excipient-
doped LNPs are minimal particle size and polydispersity
changes before and after nebulization. Dynamic light scatter-
ing (DLS) was employed to measure LNP size and polydisper-
sity index (PDI) before and after aerosolization (Fig. 2 and 3,
respectively). DLS is considered a good estimator of a particle’s
ability to remain suspended in solution with minimal aggrega-

tion.61 Previous research has reported more than a 1.5-fold
size increase following aerosolization of mRNA LNPs without
excipients, which supports the size changes seen in our B1
LNP without excipients.32,33,47,48 Our results indicate that
upon the addition of 19% P188, 14% P407, 20% P407, 14%
PS20, or 20% PS20 to LNPs, there was no significant change in
LNP size before and after aerosolization. However, we observed
that the PS20 samples had low signal count rates during DLS
measurements, likely due to PS20 destroying LNP structures.
The lack of size change in P188 and P407 samples indicate
that the presence of poloxamer may help maintain colloidal
stability of LNPs during high shear situations such as
aerosolization.62,63 In addition, our use of P188 in 1× PBS
buffer showed better size retention after aerosolization than
the previously shown use of P188 in HEPES buffer.47

Clinically used LNPs are typically between 50–100 nm in
size.64,65 Our LNPs with and without excipients displayed an
average size of less than 100 nm before aerosolization. After
aerosolization, we found that B1 without excipients and B1
samples with arginine, leucine, methylparaben, and propylpar-
aben had LNP sizes over 140 nm. Studies have indicated that
LNP sizes larger than 120 nm result in lower nucleic acid
expression compared to LNPs smaller than 120 nm.65 We
sought to correlate the size changes seen in our LNP samples
before and after aerosolization with efficacy of nucleic acid
delivery in section 3.3. Interestingly, the 19% P188 LNP
resulted in an average diameter of 82.1 nm after aerosolization,
which is the smallest aerosolized particle size excluding P407
and PS20. The size retention seen in P188-doped LNPs could
be attributed to the previously described ability of poloxamers
to reseal damaged membranes.58,66 P188 could be resealing

Fig. 1 Post-formulation addition of excipients to lipid nanoparticles. RNA and lipids are combined via microfluidic mixing to formulate a lipid nano-
particle. Excipients are added to the lipid nanoparticles at a low, middle, and high concentration as depicted by the heat map.
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the damage induced in the lipid membrane of LNPs by aeroso-
lization to maintain the particle size throughout
aerosolization.

Zeta potential was measured to understand the charge of
LNPs with the addition of excipients (Fig. 4). Previously devel-
oped LNPs for aerosolized delivery have shown varying zeta
potentials within the range of 20 to −10 mV before
aerosolization.32,33,48 The non-excipient and excipient doped
LNPs tested displayed zeta potential values between 0.5 and
−10 mV before aerosolization and −2.5 and −20 mV after aero-
solization. The 19% P188, 1.5% Arg, 14% Arg, 0.5% Leuc,
6.5% Leuc, 20% methyl, 0.5% propyl, 6.5% propyl, and 19%
propyl samples displayed a statistically significant change (p <
0.05) in zeta potential values before and after nebulization. In
particular, 19% P188 possessed a zeta potential of −6.4 mV
before nebulization, which decreased to −12.5 mV after nebuli-

zation. Nanodispersions that contain nonionic surfactants,
such as P188, are typically more colloidally stable as zeta
potential values approach ±20 mV.67 Therefore, after nebuliza-
tion, the decrease in zeta potential seen in 19% P188, 1.5%
Arg, 14% Arg, 0.5% Leuc, 6.5% Leuc, 20% methyl, 0.5%
propyl, 6.5% propyl, and 19% propyl suggest there is a shift
toward colloidal stability.

We measured the osmolality of our LNP samples with and
without excipients (Fig. 5). The osmolality of our control LNP
without excipients, B1, was 276 mOsm kg−1, which is within
the range of an isotonic solution (275–295 mOsm kg−1).68

Here, LNP samples, upon the addition of the following excipi-
ents, were isotonic: 2% bPEG, 0.5% P188, 6.5% P188, 19%
P188, 1.5% Arg, 0.5% Leuc, 1.5% methyl, 0.5% propyl, 1.5%
P407, 14% P407, 20% P407, 1.5% PS20, 14% PS20, and 20%
PS20. The addition of other excipients such as 14% Arg, 20%

Fig. 2 Dynamic light scattering measurements of LNP diameters before and after aerosolization. B1 is the non-excipient control for the excipient
screening. Significance is determined between non-aero and aero samples (n = 3; ns = no significance; two-way ANOVAwith alpha = 0.05).

Fig. 3 Polydispersity of excipient-doped LNPs before and after aerosolization (n = 3; mean ± standard deviation [SD]). B1 is the non-excipient
control for the excipient screening. PDI is polydispersity index.
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Arg, 6.5% Leuc, 19% Leuc, 13.5% methyl, 20% methyl, 6.5%
propyl, and 19% propyl resulted in hypertonic solutions
(Fig. 5). The LNP samples containing arginine, leucine,
methylparaben, or propylparaben displayed concentration
dependent increases in osmolality, where the solutions
became more hypertonic as the concentration of excipient
increased. Solutions that are clinically administered to the
lungs typically consist of isotonic solutions.69 Hypotonic solu-
tions are often not used as they can cause reduced lung
function.68,70 In contrast, hypertonic solutions have been used

in the treatment of certain lung diseases such as cystic fibrosis
to clear thick mucus buildup.71 Based on the osmolality of our
LNPs with the addition of excipients, our samples are safe for
patient use, with most preparations being isotonic. The
remaining hypertonic preparations can be used for patients
presenting with mucus build-up.

Encapsulation efficiency (EE) was measured for our LNP
without excipients (B1) and all excipient-doped LNP samples
before and after aerosolization (Fig. 6). There was a significant
decrease in EE observed in all non-excipient and excipient-
doped samples after aerosolization as compared to before neb-
ulization. Before aerosolization, our LNP samples displayed an
EE between 75–90%, with the exception of PS20. Specifically,
our control LNP without excipients, B1, had an EE of 81.05%
before aerosolization and 31.14% after aerosolization, which is
comparable to the EE of aerosolized LNPs in 1× PBS shown in
previous studies.32,33 The 2.6-fold decrease of mRNA encapsu-
lation after nebulization of B1, as compared to before nebuli-
zation, was caused by an aerosolization induced loss of mRNA.
The 6.5% and 19% P188 doped LNP samples had the highest
EE after aerosolization, at an average of about 50% mRNA
encapsulated after nebulization. The EE of aerosolized 6.5%
and 19% P188 doped LNPs is 1.6-fold higher than our aeroso-
lized LNP without excipients, B1. However, there is still an
observable difference in EE before and after aerosolization due
to aerosolization induced loss of mRNA in the 6.5% and 19%
P188 doped LNPs. We also observed that all three excipient-
doped LNP samples containing PS20 resulted in 0% encapsu-
lation before nebulization. We hypothesize that the presence
of PS20 in LNP buffers may adversely impact the LNP structure
and lead to a subsequent release of mRNA.

Fig. 4 Zeta potential measurements of non-excipient (B1) and excipient-doped LNPs before and after aerosolization (n = 3; mean ± standard devi-
ation [SD], **p < 0.01, ***p < 0.001, ****p < 0.0001; two-way ANOVA with alpha = 0.05).

Fig. 5 Osmolality measurements of non-excipient B1 (light blue) and
excipient-doped LNPs (dark blue). The indicated range from
275–295 mOsm kg−1 marks the lower and upper bounds of isotonic
solutions (n = 3; mean ± standard deviation [SD]).

Paper RSC Pharmaceutics

1146 | RSC Pharm., 2025, 2, 1139–1154 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 7
:0

0:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00061k


3.3 Effect of excipients on cellular uptake of LNPs

We encapsulated NLuc mRNA, a luminescent reporter mole-
cule that is ∼150× more sensitive than firefly luciferase, within
our B1 formulation.72 We studied LNP mRNA delivery by
measuring the luminescence bioactivity of luciferase
expression from delivered NLuc mRNA. The B1 formulation
was split into 23 different tubes and arginine (Arg), leucine
(Leuc), poloxamer 188 (P188), poloxamer 407 (P407), methyl-
paraben (methyl), propylparaben (propyl), polysorbate 20
(PS20), branched PEG (bPEG), and/or 1× PBS was added at
varying concentrations. We nebulized half of each sample and

then added both non-aerosolized and aerosolized LNP
samples to Calu-3 cells cultured at ALI, which is a better repre-
sentative model of the lung epithelial barrier compared to sub-
merged cell cultures.73 We chose this cell type as we wanted to
test delivery in lung epithelia that is comparable to the cells
present in the human pulmonary tract. We delivered LNPs at a
dose of 500 ng to the apical side of the ALI culture. After incu-
bating for 24 hours, we harvested the cells and used a luci-
ferase assay to measure luminescence bioactivity as an indi-
cator of cellular delivery (Fig. 7).

The performance of B1 LNP with or without screened exci-
pients was evaluated before and after nebulization. As seen in

Fig. 6 Encapsulation efficiency of LNPs with and without excipients before and after aerosolization (n = 3; mean ± standard deviation [SD]). B1 is
the non-excipient control for the excipient screening.

Fig. 7 Excipient-doped LNP cellular expression of bioactivity before and after aerosolization. Graph displays quantification of luminescence
24 hours after NLuc mRNA transfection of Calu-3 cells at air–liquid interface. B1 and 2 bPEG serve as controls for excipient screening. Significance
is relative to aerosolized B1 (n = 3; mean ± standard deviation [SD], ***p < 0.001, ****p < 0.0001; two-way ANOVAwith alpha = 0.05).
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previous literature, our LNP without excipients (B1) had a ∼2.3
fold loss of mRNA expression after aerosolization.32–34 Our
best performing excipient-doped LNP, 19% P188, had a 3.3-
fold increase in luminescence intensity as compared to aeroso-
lized B1 without excipients. This significant increase in mRNA
expression after aerosolization could be due to P188 enhancing
passive permeability through lipid monolayers.74 It has also
been suggested that P188 can enhance paracellular per-
meation.75 However, we show evidence that P188 does not
disrupt tight junctions at our working concentrations in
section 3.4. Another excipient-doped LNP, 1.5% Arg, had a
higher aerosolized luminescent bioactivity than B1 without
excipients. We compared our 19% P188 and 1.5% Arg LNPs to
a recently discovered excipient, bPEG, used to stabilize aeroso-
lized LNP formulations.48 We found that the addition of 2%
bPEG to our B1 LNP resulted in a 2.8-fold increase in lumine-
scence after aerosolization compared to B1 without excipients
after nebulization. However, our best performing excipient-
doped LNP, 19% P188, was 1.2-fold higher in luminescent
intensity compared to the 2% bPEG LNP after aerosolization.
In addition to the increase in transfection, the size of the 19%
P188 LNP was one of the few excipient-doped LNPs that
remained under 120 nm after aerosolization (Fig. 2). As stated
earlier, particles with less than 120 nm in diameter have been
shown to demonstrate improved nucleic acid delivery. Our
aerosolized particles that were larger than 140 nm demon-
strated a decrease in luciferase activity due to decreased
nucleic acid delivery, which has been previous been reported
with similarly sized particles.65 P188 has been described in the
literature to improve LNP delivery in HEPES (2-[4-(2-hydro-
xyethyl)piperazin-1-yl]ethanesulfonic acid) buffer, but the role
of the excipient in 1× PBS had yet to be confirmed.47 We
selected 19% P188 and 1.5% Arg doped LNPs as our leading
candidates for further testing.

Due to the success of P188, we expanded the range of con-
centrations tested to determine if there is an increase in
luminescence after aerosolization as the concentration of P188
was increased (Fig. S2†). We made a 100 mg mL−1 solution of
P188 in 1× PBS, which we added to LNPs at concentrations of
3.8% (equivalent to 19% of a 20 mg mL−1 P188 solution), 10%,
25%, or 50%. Results indicated a similar 3.0-fold increase in
luminescence with the addition of 3.8% 100 mg mL−1 P188
compared to B1 without excipients after aerosolization. But
there was no significant difference in the relative luminescence
between LNPs with either 3.8%, 10%, 25%, and 50% 100 mg
mL−1 P188. We performed subsequent experiments with 19%
20 mg mL−1 P188 (equivalent to 3.8% 100 mg mL−1 P188) to
minimize the amount of excipient added to the LNP formu-
lation while still achieving maximum mRNA delivery.

Interestingly, we found that the addition of both P407 and
PS20 to our B1 LNPs led to minimal luminescence signal (less
than 5000 RLU) both before and after aerosolization. The
characterization results indicated that P407 likely does not
impact the stability of the LNP itself but inhibits cellular
uptake. We hypothesize that the lack of cellular uptake is due
to the thermoresponsive gelation properties previously dis-

played by P407 at physiological temperatures.76 In addition,
P407 is less hydrophilic than P188, indicating that hydrophili-
city may be a key contributor to the success of excipient-doped
aerosolized LNP delivery.57 Whereas PS20 seems to disrupt the
LNP structure according to our characterization results, which
may prevent delivery of mRNA into the cells. The remaining
excipient-doped LNPs showed no significant difference in
luminescent intensity after aerosolization compared to B1
without excipients.

3.4 Effect of excipients on permeability of tight junctions

The immortalized bronchial epithelial cell line, Calu-3, was
used to study if non-excipient or excipient-doped LNPs change
the permeability of cellular tight junctions. Calu-3 cells are
representative bronchial epithelial cells that can grow on
porous membranes and form representative tight junctions.73

We initially took TEER measurements to confirm formation of
tight junction after culturing cells at air–liquid interface.77

Upon conformation that tight junctions were present, we
added non-excipient LNPs, excipient-doped LNPs, or excipients
without LNPs to separate wells. After an overnight incubation,
we added the hydrophilic fluorescent dye lucifer yellow, a
solute that can only transport across permeable cell mono-
layers, to monitor the integrity of the cell monolayer in the
presence of excipients. Lucifer yellow was added to the apical
side of the transwell for 2 hours, after which we collected a
portion of the fluid from the basolateral side of the transwell
to measure the amount of lucifer yellow that had passed
through the cell monolayer (Fig. 8A). The monolayer barrier is
considered intact if there is less than 5% pass-through of the
lucifer yellow from the apical side to the basolateral side.78

The LNP sample without excipients (B1) served as our
benchmark for the impact of LNPs alone on the cell mono-
layer. The B1 and bPEG wells displayed a lucifer yellow percent
pass-through of 0.36% and 0.37%, respectively. In the presence
of P188, Arg, Leuc, methyl, propyl, P407, and PS20 excipient-
doped LNPs, lucifer yellow had a pass-through ranging from
0.35–1.32%, with the exception of the 20% PS20 (8.25%) LNP
sample. Therefore, the P188, Arg, Leuc, methyl, propyl, P407,
and PS20 (excluding 20% PS20) excipient-doped LNPs can suc-
cessfully transfect cells while maintaining the cellular tight
junctions. The 8.25% pass-through of the 20% PS20 sample is
above the 5% pass-through cutoff for intact monolayers, indi-
cating that the 20% PS20 LNP sample disrupts cellular mono-
layers. We also tested the permeability of lucifer yellow in the
presence of excipients only (Fig. 8B). Without any excipient
(PBS buffer only control), lucifer yellow pass-through was
0.30%. Excipients such as bPEG, P188, Arg, Leuc, methyl,
propyl, P407, and PS20 in PBS displayed lucifer yellow percent
pass-through values between 0.35–0.94%, except for 14% PS20
and 20% PS20. In the presence of 14% PS20 (8.69%) and 20%
PS20 (11.77%), lucifer yellow was permeable above the allow-
able limit for intact cell monolayers. These findings support
previous research, which has shown that PS20 can trigger
structural remodeling, such as permeabilization and swelling,
in lipid membrane based vesicles.79
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TEER measurements were taken after a 24 hour incubation
with LNPs and/or excipients (Fig. S2†), and they support our
findings with the cell permeability of lucifer yellow. The TEER
values of the cell monolayers in transwells 24 hours after
dosing of our controls, B1 (excipient + LNP) and PBS (excipient
only), were on average 116.70 Ω cm2 and 120.40 Ω cm2,
respectively. There were no significant changes in TEER values
for P188, Arg, Leuc, methyl, and propyl excipient + LNP
samples or excipient only samples. There was a significant
decrease (p < 0.05) in TEER values observed in the 1.5% P407,
14% PS20, and 20% PS20 excipient only sample groups com-
pared to PBS (excipient only). In addition, the 14% PS20 excipi-
ent + LNP and excipient only samples demonstrated a signifi-
cant difference in TEER values. A decrease in TEER is an indi-
cator of a compromised cell barrier and reduction of tight
junctions.77 Our findings with lucifer yellow pass-through and
TEER suggest that increasing concentrations of PS20 can lead
to increased permeability and disruption of tight junctions.
The lack of mRNA delivery (Fig. 7), combined with disruption
of cell monolayers, indicates that PS20 is not suitable for exci-
pient-doped LNP delivery. Here, P188, Arg, Leuc, methyl,
propyl, and P407 are strong excipient choices to add to LNPs
in formulations as they do not cause leakiness and disrupt
tight junctions, as evidenced by the lucifer yellow percent
pass-through assay and TEER measurements.

The improved transfection rate of P188 and arginine doped
LNPs compared to the non-excipient control, B1 (Fig. 7), is not
due to paracellular transport, as indicated by lack of paracellu-
lar permeability (Fig. 8). Alternatively, other potential mecha-
nisms that may explain the improvement of transfection with
19% P188 and 1.5% Arg include passive permeability through
the cell membrane or binding to the cell membrane that
results in transient pores in the lipid bilayer.75,80–82 Previous
research on P188 interactions with cell membranes found that
P188 can enhance permeability of a poorly permeable drug

through a lipid monolayer.75 Other studies found that arginine
can temporarily alter the stability of a cell membrane by
binding to the surface of the cell membrane and inducing
pores which allow for passive transport through the
membrane.80–82 Importantly, P188 has been deemed safe to
use for inhaled delivery, regardless of mechanism, as previous
work has shown there was no observed toxicity with P188, even
at concentrations comparable to our working concentrations.83

3.5 Visualizing LNP morphology changes before and after
nebulization

Cryo-EM was used to further visualize the size and polydisper-
sity changes present in our B1 LNP without excipients, as com-
pared to our LNPs with lead excipients 19% P188 and 1.5%
Arg (Fig. 9). All other excipient-doped LNPs were excluded as
they had not improved the aerosolized delivery of mRNA indi-
cated by luminescence bioactivity. Our interest was specifically
in the extent and manner of aerosolization induced particle
fusion or aggregation. The cryo-EM results displayed similar
size and morphology in the LNPs before aerosolization
(denoted as non-aero) for all three samples. Based on previous
studies, all three of our samples are lamellar phase LNP-
mRNA complexes due to the internal ordering visible within
the lipid vesicles.84–86

The aerosolized B1 sample without excipients shows con-
siderable susceptibility to the physical stress of nebulization,
as visualized in the cryo-EM image (Fig. 9, aero). There is
extensive fusion or aggregation present in the B1 sample,
causing bleb-like structures over 150 nm in size, as seen pre-
viously.33 Blebbed LNPs resemble a fusion of two or more
LNPs which contain a pocket holding mRNA and one or more
solvent pockets.84,87,88 The cryo-EM images of all aerosolized
samples indicate that bleb-like structures can form due to
aerosolization. The aerosolized B1 image without excipients
appears to have lost the lamellar phase pocket containing

Fig. 8 Percent pass-through of lucifer yellow in Calu-3 cell monolayers dosed with: (A) excipient-doped LNPs, or (B) excipients without LNPs. B1
serves as the control LNP without excipients (A). PBS serves as the control buffer for excipient screening without LNPs (B). (n = 3; mean ± standard
deviation [SD], **p < 0.01, ****p < 0.0001; ordinary one-way ANOVAwith alpha = 0.05).
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mRNA in some of the bleb-like structures imaged.
Interestingly, images taken from the 19% P188 and 1.5% argi-
nine aerosolized LNPs display the LNPs have fewer overall bleb
structures and maintain a lamellar phase structure in the
blebbed LNPs that do form. The images from cryo-EM provide
strong supporting evidence that poloxamer 188 and L-arginine
excipients can better help stabilize the size and structure of
LNPs during aerosolization.

3.6 Analyzing LNP structural changes caused by excipients

The internal structure of B1 without excipients and the best
performing excipient-doped LNP, 19% P188, were further ana-
lyzed using small-angle X-ray scattering (SAXS). Our SAXS pro-
files of B1 LNP encapsulating NLuc mRNA (denoted as
B1_NLuc) and B1 LNP stabilized with 19% P188 (denoted as
P188_B1_NLuc) demonstrate that the addition of P188 caused
no structural changes to the LNP (Fig. 10). Both profiles are
nearly identical, showing no changes in internal structure. A
combination of cryo-EM and SAXS indicates that our LNPs
have an ordered internal structure likely containing both mul-
tilamellar and inverse hexagonal phases of RNA-lipid com-
plexes, similar to those shown in previous studies.89–91 The
sharp Bragg peak centered at q = 0.118 Å−1 in both samples
correspond to a primary ordered phase with constant 53.1 Å
spacing (Fig. 10). However, these peaks are slightly asymmetric
due to the coexistence of multiple ordered phases.92,93

Deconvolution analysis reveals a small secondary ordered
phase around q = 0.09 Å, corresponding to constant 68 Å
spacing (Fig. S4 and Table S3†). The similarity of the scattering
profiles and peak deconvolution analysis for both samples
show that excipient incorporation did not cause any noticeable
change in the internal LNP structure, and the ordered phase

was retained. This indicates that P188 does not incorporate
itself within the particle but rather stays on the exterior of the
LNP. We hypothesize from this data that P188 likely does not
inhibit critical steps in delivery, such as intracellular uptake
and endosomal escape, as supported by the luminescent
activity.

Fig. 9 Cryo-EM images of B1, 19% poloxamer 188, and 1.5% arginine before (Non-Aero) and after (Aero) aerosolization (scale bar = 100 nm).

Fig. 10 Synchrotron SAXS profile for B1 (B1_NLuc) and 19% poloxamer
188 (P188_B1_NLuc) LNPs showing no change in the ordered LNP
interior with excipient incorporation.
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4. Conclusions

In this study we explored the potential of adding excipients to
mRNA LNPs post-formulation to stabilize LNP structures
during aerosolization. We utilized a DOE approach to screen
twenty-one excipient groups and compared the mRNA
expression, size changes, permeability, and LNP morphology
before and after aerosolization. Our best performing excipient-
doped LNP, with 19% poloxamer 188, displayed superior
mRNA expression in lung cells, no significant size changes,
and minimal particle-particle fusion as compared to our non-
excipient control LNP. While our results indicate that poloxa-
mer 188 does not increase paracellular transport of LNPs,
future testing is warranted to understand the mechanism of
poloxamer 188 on passive permeability of the cell. Regardless,
the success of poloxamer 188 doped mRNA LNP delivery after
aerosolization provides a promising avenue for future inhaled
LNP therapies to treat pulmonary diseases.
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