
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Q

as
a 

D
ir

ri
 2

02
5.

 D
ow

nl
oa

de
d 

on
 0

8/
09

/2
02

5 
4:

39
:2

4 
PM

. 
 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
View Journal  | View Issue
RNA lipid nanopa
aInstitute of Biomedical Engineering, Uni

Toronto, Ontario M5S 3G9, Canada. E-mail
bDonnelly Centre, University of Toronto, 160

Canada
cDepartment of Chemical Engineering & App

College Street, Toronto, Ontario M5S 3E5, C
dDepartment of Mechanical and Industrial E

College Road, Toronto, Ontario M5S 3G8, C
eDepartment of Chemical andMaterials Engi

Edmonton, Alberta T6G 1H9, Canada
fDepartment of Biochemistry and Molecular

2350 Health Sciences Mall, Vancouver, Briti
gDepartment of Chemistry, University of T

Ontario M5S 3H6, Canada

† Electronic supplementary informa
https://doi.org/10.1039/d4na01034e

‡ These authors contributed equally to th

Cite this: Nanoscale Adv., 2025, 7,
4480

Received 12th December 2024
Accepted 21st May 2025

DOI: 10.1039/d4na01034e

rsc.li/nanoscale-advances

4480 | Nanoscale Adv., 2025, 7, 448
rticles stabilized during
nebulization through excipient selection†
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Nebulization of lipid nanoparticles (LNPs) has demonstrated great potential for the treatment of various

pulmonary disorders via therapeutic RNA delivery. However, during the nebulization process, LNPs are

subjected to high shear forces that result in particle destabilization and consequent loss of cargo. Here,

we provide a generalizable approach to stabilize LNPs by adjusting the nebulization buffer composition.

We investigated the effect of buffer composition on nanoparticle size, RNA encapsulation efficiency, and

LNP material recovery. We found that pH 5.0 citrate buffer reduces the loss of encapsulated RNA,

poloxamer 188 maintains nanoparticle size and improves recovery, and glucose is important for an iso-

osmotic solution. RNA encapsulated in nebulized LNPs maintained bioactivity as demonstrated with

cellular uptake and functional siRNA delivery to Vero cells expressing nano luciferase. Together, this

work shows a versatile strategy for the delivery of inhalable LNP-based RNA therapies.
1. Introduction

Delivery of RNA therapeutics to the lungs holds promise in
treating pulmonary disorders. For example, viral infections can
be treated by targeted degradation with RNA interference
(RNAi),1 and genetic diseases by restoring functional protein
expression through the delivery of mRNA2 or gene editing
cargoes.3 Clinically used lipid nanoparticle (LNP) formulations
for RNA delivery that are administered intravenously predomi-
nantly accumulate in the liver.4 Although LNP formulations
have been developed to specically target the lung following
intravenous administration,5,6 only a limited fraction reach the
lung epithelium.7–9 These targeting strategies oen employ
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cationic lipids which can induce blood clotting.10 To overcome
the limitations of intravenously administered LNP delivery to
the lungs, aerosolized formulations for topical pulmonary
delivery via inhalation have been pursued.11,12

Nebulization produces a ne mist that, upon inhalation, can
non-invasively deliver therapeutics deep into the lungs;13

however, shear forces, generated by nebulization, can result in
nanoparticle destabilization and reduced delivery efficacy.14

Modications to the LNP composition can improve particle
stability following nebulization;11,14 yet, these modications
may negatively impact potency. For example, increased PEG
density was shown to improve LNP stability during nebuliza-
tion,11 but reduces cellular uptake.15 Additionally, modications
to LNP compositions to allow mucosal penetration16 and reduce
interaction with lung surfactants9 may negatively impact
particle stability during nebulization. Therefore, a lipid
composition-agnostic approach to stabilize LNPs during nebu-
lization would be benecial.

Maintaining the electrostatic complexation between cationic
ionizable lipid amines and anionic RNA backbone phosphates17

by reducing buffer pH can prevent loss of encapsulated
RNA.12,18,19 Particle agglomeration during nebulization can also
hinder efficacy of delivery. Notably, the diameter of LNPs is
important for bothmucosal penetration and endocytosis, where
increased size can hinder diffusion20 and clathrin-mediated
uptake mechanisms.21

Here, we developed a generalizable strategy to stabilize LNPs
during nebulization by adjusting the composition of the buffer
(Fig. 1). We rst formulated LNPs using the clinically approved
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Lipid nanoparticles (structure adapted from Kulkarni et al.22)
were formulated with a series of nebulization buffers to determine the
best stabilizing conditions. This lays the framework for future in vivo
studies. Lung image was adapted from Sécher et al.23 and collection
tube image obtained from BioRender.com.
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Onpattro® lipid composition and then assessed nebulization in
different buffers in terms of hydrodynamic diameter, encapsu-
lation efficiency, and nanoparticle material recovery. We
demonstrated that a modied buffer formulation effectively
stabilized multiple LNP formulations, highlighting its broad
applicability. Finally, we conrmed that siRNA encapsulated in
LNPs remained bioactive following nebulization in our selected
buffer conditions.

2. Materials and methods
2.1 Materials

Cholesterol and sodium acetate were purchased from Sigma-
Aldrich (St. Louis, MO). Ethanol and glacial acetic acid were
purchased from Caledon Laboratories (Georgetown, ON, Canada).
Phosphate buffered saline (PBS), Hank's balanced salt solution
(HBSS), fetal bovine serum (FBS), penicillin–streptomycin, and
trypsin–EDTA were purchased from Wisent Bioproducts (St.
Bruno, QC, Canada). Distearoylphosphatidylcholine (DSPC), 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG-2000), and dilinoleylmethyl-4-dimethylaminobutyrate (MC3)
were purchased from Avanti Polar Lipids (Alabaster, AB). MC3 in
Pieter Cullis' lab was synthesized by Dr Marco Ciufolini's group.
1,10-Dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-chlor-
obenzenesulfonate salt (DiD), EMEM, Quant-it™ RiboGreen RNA
Assay Kit, and PrestoBlue HS Cell Viability Reagent were
purchased from Thermo Fisher Scientic (Waltham,MA). Hoechst
33342 was purchased from Cell Signaling Technology (Danvers,
MA). siRNAs were purchased from Integrated DNA Technologies
(Coralville, IA).

2.2. Methods

2.2.1. LNP formulation. LNPs were formulated by
combining siRNA (sequences in Table S1†) in acetate buffer
(25 mM, pH 4.0) or mRNA (EZ Cap Firey Luciferase mRNA (5-
moUTP), ApexBio) in citrate buffer (50 mM, pH 4.0) with lipids in
ethanol via a NanoAssemblr Benchtop microuidic mixer
(Precision Nanosystems, formulations 1 and 5–7) or a T-junction
© 2025 The Author(s). Published by the Royal Society of Chemistry
mixer (Cullis lab, formulations 2–4). The ethanol solution con-
tained a lipid mix with 5.5 mM (formulations 1 and 5) or 10 mM
(formulations 2–4) total lipid comprised of MC3 or SM-102,
DSPC, cholesterol, DMG-PEG-2000 and DiD at a 50 : 10 : 38.5 :
1.5 : 0.1 molar ratio (unless otherwise specied). The aqueous
and organic phases were mixed for a nal ratio of ionizable lipid
amines (N) to siRNA phosphate (P) of N/P = 3 or 6 for siRNA and
N/P = 6 for mRNA. The resultant formulation was buffer
exchanged to phosphate buffered saline and re-concentrated
using Amicon Ultra-4 centrifugal lters (10 kDa MWCO).
Formulations 2–4 were sterilized using a 200 nm lter prior to
centrifugal ltration. LNP size and RNA encapsulation efficiency
were characterized prior to dilution in nebulization buffer. LNPs
were stored at 4 °C prior to conducting nebulization experi-
ments. All LNP formulations used are listed in Table S2.†

2.2.2. Nebulization. LNPs were diluted in different nebuli-
zation buffers (Table S3†) to a target concentration of 300 nM of
siRNA. Each formulation (1.5 mL) was nebulized via an Omron
Mesh Nebulizer NE-U100 and collected in Eppendorf tubes
attached to the nebulizer outlet. Particle size, cholesterol
concentration, and siRNA quantication were evaluated in pre-
and post-nebulized samples.

2.2.3. Dynamic light scattering (DLS). Hydrodynamic
diameter (z-average) was measured using a DynaPro Plate Reader
II (Wyatt Technologies) DLS instrument with a 60 mW, 830 nm
laser and a detector angle of 158°. For initial post-formulation
particle characterization, a 5 mL aliquot of each formulation was
added into a 96-well plate and diluted with PBS to a nal volume
of 100 mL. Formulations in nebulization buffers before and aer
nebulization were measured undiluted (at 300 nM in terms of
siRNA) in 100 mL. Hydrodynamic diameters were corrected
according to solution viscosities. Measurements were obtained at
25 °C with 20 acquisitions per sample. Hydrodynamic diameter
measurements of SM-102 LNPs were performed using a Malvern
Nano-ZS instrument (Malvern Panalytical, Malvern, UK) equipped
with a 4mW, 632.8 nm laser and detector angle of 175°. For initial
particle characterization, 25 mL of each formulation was diluted
with PBS to a nal volume of 1 mL. Formulations in nebulization
buffers before and aer nebulization were analyzed following a 2-
fold dilution in the respective buffer to a nal volume of 500 mL.
Measurements were obtained at 25 °C with each sample under-
going 12 acquisitions per run measured in duplicate.

2.2.4. Cholesterol recovery measurement. Cholesterol
concentration was determined using a Cholesterol E Total-
Cholesterol assay (Wako Diagnostics, Richmond, VA) and
a previously described protocol.24 Briey, LNPs in buffers before
and aer nebulization or cholesterol standards in ethanol were
diluted 2-fold with cholesterol E reagent and incubated for
25 min at 37 °C before measuring absorbance at 595 nm using
a Tecan Innite Pro 200 plate reader. Cholesterol recovery was
calculated using eqn (1):

Cholesterol recovery ð%Þ ¼
 
½cholesterol�post-nebulization
½cholesterol�pre-nebulization

!
� 100%

(1)
Nanoscale Adv., 2025, 7, 4480–4489 | 4481
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2.2.5. Quantication of RNA amount and encapsulation.
Encapsulation efficiency and concentration of siRNA or mRNA
was determined using a previously described Quant-iT Ribo-
Green assay.24 Briey, nanoparticle suspensions were diluted
using Tris–EDTA (TE) buffer, either with (total RNA) or without
(unencapsulated RNA) 1% Triton X-100. Stock LNP solutions
were diluted 250-fold and LNPs in nebulization buffer were
diluted 25-fold (except for SM-102 LNPs, which were diluted 2-
fold) for a nal volume of 100 mL in wells of a 96-well plate.
Then, 100 mL of Quant-iT RiboGreen reagent was added to each
well. Fluorescence intensity was measured using a Tecan
Innite Pro 200 plate reader. Encapsulation efficiency was
calculated with eqn (2):

Encapsulation efficiency ð%Þ ¼
�
1� unencapsulated RNA

total RNA

�
� 100%

(2)

Total and encapsulated RNA recovery was determined by
measuring RNA concentrations before and aer nebulization
with the addition of 1% Triton X-100 and calculated using eqn
(3) and (4), respectively:

Total RNA recovery ð%Þ ¼
 
½RNA�free and encapsulated; post-nebulization

½RNA�free and encapsulated; pre-nebulization

!

� 100%

(3)

Encapsulated RNA recovery ð%Þ

¼
 

½RNA�encapsulated; post-nebulization
½RNA�free and encapsulated; pre-nebulization

!
� 100% (4)

2.2.6. Cell culture. Vero-E6-nLucP cells were a generous gi
fromDr RomanMelnyk (Hospital for Sick Children). A humied
incubator at 37 °C with 5% atmospheric CO2 was used for cell
maintenance. 75 cm2 tissue culture asks with 20 mL of EMEM
media supplemented with 10% FBS, 10 UI/mL penicillin and 10
mg mL−1 streptomycin were used to culture cells. Passaging
(with subculture ratios of 1 : 4 to 1 : 50 (v/v)) was performed once
per week aer detachment with trypsin–EDTA, pelleting cells by
centrifugation, resuspension of cells in fresh media, and
transfer into a new ask containing fresh media.

2.2.7. Cellular uptake. 2.5 × 103 Vero-nLucP cells sus-
pended in 25 mL were added into each well of a 384-well plate
(Greiner Bio-One 781079) and incubated overnight to allow
adherence. 5 mL of diluted nanoparticle suspensions were dosed
in triplicate. Then, 20 mL of complete cell growth media was
added to ensure good mixing. Each well had a nal siRNA
concentration of 5 nM. Aer 3 h of incubation at 37 °C, the
media was removed, and wells were washed with HBSS. Then
cells were xed with 4% (m/v) PFA in PBS for 15 min and stained
with 5 mg mL−1 Hoechst in PBS for 15 min before uorescence
imaging as described below.
4482 | Nanoscale Adv., 2025, 7, 4480–4489
2.2.8. Wide-eld uorescence microscopy image acquisi-
tion. A Zeiss Apotome Live Cell System (Axio Observer Z.1
inverted uorescence microscope) employing a long working
distance 40× Plan Neouor objective (NA = 0.6, Carl Zeiss
Canada), X-Cite 120 LED uorescence lamp (Lumen Dynamics),
and an Axiocam 506 mono camera (Carl Zeiss Canada) was used
to acquire uorescence images. Images were autofocused based
on the nuclei channel (Hoechst). For each well, four tiles were
acquired and then stitched together as one image. Excitation
and emission bands of 359–371 nm and >397 nm, respectively,
were employed for Hoechst 33342. Excitation and emission
bands of 625–655 nm and 665–715 nm, respectively, were
employed for DiD. Exposure times of 200 ms for Hoechst 33342
and 500 ms for DiD were used with illumination at 100% laser
power. These detector and illumination settings were constant
for different wells and plates.

2.2.9. Image processing. MATLAB was used for image
processing based on an algorithm originally created by
Kameron Kilchrist.25 The modied code can be accessed
via GitHub (https://github.com/kaislaughter/mChG8_image_
processing), and was used to identify and count cell nuclei
(Hoechst 33342 stain) and endocytosed nanoparticles
(DiD puncta), as described in our previous work.26 Each
biological replicate is the average of the results of three
images from separate wells.

2.2.10. Model gene knockdown. 2 × 103 Vero-nLucP cells
suspended in 100 mL were added to each well of a white-wall 96-
well plate (Costar 3610) and incubated overnight to allow
adherence. 20 mL of nanoparticles diluted in PBS to 20× the
nal concentration were dosed in triplicate. Then 80 mL of
complete cell growth media was added to ensure good mixing.
For each well, the nal encapsulated siRNA concentration was
0.156–5.00 nM. The plate was incubated for 24 h at 37 °C and
then treatments were removed. Total cellular metabolic activity
was determined by adding PrestoBlue™ reagent in accordance
with the manufacturer's instructions. Aer reading uores-
cence, reagent was removed, and expression of nanoluciferase
(nLuc) was quantied using the Nano-Glo® Luciferase Assay
System. A Tecan Innite Pro 200 plate reader was used to
measure luminescence. Cell metabolic activity and nano-
luciferase expression are plotted as a percentage, with normal-
ization to cells treated with an equivalent volume of PBS.
Reporter gene expression was normalized to cell metabolic
activity. Non-linear regression was used to determine IC50

values using eqn (5):

Normalized luminescence ¼ 100%

1þ
�½siRNA�

IC50

� (5)

Reported IC50 values were corrected by dividing by LNP
recovery (in terms of total RNA) following nebulization.

2.2.11. Nebulized droplet diameter measurement. The
diameters of the aerosolized droplets were measured using
a Malvern Panalytical Spraytec, which uses a laser diffraction
method to determine the volume-based droplet diameter
distribution (Fig. S3a and b†). From the droplet diameter
© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution, the Spraytec calculates the median droplet diam-
eter by volume, which is assumed to be equal to the MMAD in
the present study as the sample densities are within 1% of the
density of water. Sample densities were determined by
measuring the mass of 1 mL of pipetted solution using
a microbalance (Sartorius Cubis MSE125P 100-DI, Sartorius Lab
Instruments GmbH & Co., Germany). The instrument was used
with the 300 mm lens, providing a droplet size measurement
range of 0.5–900 mm, and the soware's automatic detector
selection was used to minimize the effect of beam steering. The
measurements were performed by activating and holding
nebulizer under the path of the instrument's laser and
approximately 15 cm from the detector array, as appropriate for
the conguration, such that the aerosol plume passes through
the path of the laser completely for the duration of the
measurement. The instrument was operated in the rapid
acquisitionmode (2.5 kHz) and the data was averaged over a test
duration of 5 seconds. Three samples of each solution were
tested with two replicates of each sample. The replicate
measurements were averaged to give the MMAD of each sample
and the reported values of the MMAD (Fig. S3c†) are the average
and standard deviation of the three samples of each solution.
3. Results and discussion
3.1 Nebulization buffer pH

We employed vibrating mesh nebulization as it has been shown
to be a relatively gentle method for aerosolization of nano-
particle formulations27 and is more commonly used than jet or
ultrasonic nebulization for RNA delivery.28 In particular, high
shear stress from jet and ultrasonic nebulization can damage
biomolecules.29 Notwithstanding, even shear forces generated
by vibrating mesh nebulization can destabilize LNPs.14,30,31 To
Fig. 2 Stabilization of LNPs depends on the nebulization buffer pH. Meas
total and encapsulated RNA recovery and (d) cholesterol recovery for LNP
(pH 7.4) buffers ((b) calculated as the unit difference of the ratio of unenc
calculated as the percentage ratio of post-nebulization and pre-nebuliz
ANOVA, comparisons in gray made between pre-nebulization and post-
red made for post-nebulization conditions between each buffer (Tukey
recovery measurements (Tukey's post hoc test), *p < 0.05, **p < 0.01, ***
ANOVA with Tukey post hoc test, comparison made between all groups

© 2025 The Author(s). Published by the Royal Society of Chemistry
determine how best to minimize destabilization, we rst
investigated nebulization buffers with reduced pH to prevent
loss of encapsulated RNA. Since high salt concentrations can
reduce the strength of electrostatic complexes and screen
repulsion between particles,32,33 we began with saline-free buffer
solutions.

LNPs were nebulized in 20 mM citrate (pH 4.0, 5.0 or 6.0) or
20 mM phosphate (pH 7.4) buffers. We found that pH had
relatively minimal impact on particle size following nebuliza-
tion, with substantial growth observed with all conditions
tested, and the greatest increase at pH 7.4 (Fig. 2a). Poly-
dispersity tended to increase post-nebulization, with a signi-
cant increase at pH 5.0 and 7.4, suggesting particle aggregation
(Fig. S1a†). In contrast, pH signicantly impacted the mainte-
nance of siRNA encapsulation efficiency during nebulization,
with a signicant reduction at pH 6.0 and 7.4 vs. no or minimal
change at pH 4.0 and 5.0 (Fig. 2b). We postulate that pH 4.0 and
5.0 buffers are sufficiently below the apparent pKa of MC3 in the
Onpattro® formulation (6.44)34 and by remaining positively
charged, MC3 could retain encapsulated siRNA if the particle
integrity was compromised.

We measured the concentrations of: (1) siRNA before and
aer disruption of LNPs to determine encapsulated (eqn (4))
and total RNA recovery (eqn (3)); and (2) cholesterol as a proxy
for lipid nanoparticle amount35,36 pre- and post-nebulization to
assess material recovery (eqn (1)). While siRNA encapsulation
was improved at acidic pH, total RNA (Fig. 2c) and cholesterol
(Fig. 2d) recovery aer nebulization were low. Recovery of
encapsulated RNA was low (∼20%) at all pH values tested; thus,
the increase in total RNA recovery at pH 7.4 was mostly due to
free RNA. Total RNA recovery was negatively correlated with
post-nebulization encapsulation efficiency, which may suggest
that RNA lost from LNP disruption passed through the mesh
urement of (a) hydrodynamic diameter, (b) encapsulation efficiency, (c)
nebulization in 20mM citrate (pH 4.0, 5.0, or 6.0) or 20mM phosphate
apsulated siRNA and total siRNA expressed as a percentage. (c) and (d)
ation concentration measurements, (a–c) – n = 3, ordinary two-way
nebulization conditions (Sidak's post hoc test), comparisons in blue or
's post hoc test), comparisons in light green made between total RNA
*p < 0.0001, (d) – n = 3, mean ± standard deviation, ordinary one-way
, **p < 0.01).

Nanoscale Adv., 2025, 7, 4480–4489 | 4483
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(Fig. S2†). However, low cholesterol recovery at all pH values
tested indicates that most LNPs are likely entrapped in the
mesh.

We hypothesized that nanoparticles aggregated during
nebulization and got trapped in the mesh, accounting for the
loss of RNA and cholesterol for intact particles. Furthermore,
positively-charged particles (at pH values lower than the re-
ported apparent pKa of MC3 of 6.44) may have interacted with
the nebulization mesh37 to account for the reduction in
cholesterol recovery for pH 4.0–6.0 buffers, compared to pH 7.4.

Notwithstanding the better recovery at pH 7.4, there was
signicantly greater post-nebulization RNA encapsulation at pH
4.0–6.0. We thus investigated strategies to maintain particle size
and improve recovery following nebulization at low pH and
specically at pH 5.0, where siRNA encapsulation was only
slightly reduced compared to pre-nebulized LNPs. We chose to
work with the pH 5.0 (vs. pH 4.0) buffer to minimize potential
toxicity associated with highly acidic inhaled solutions.38
Fig. 3 Stabilization of LNPs during nebulization can be improved usin
diameter, (b) encapsulation efficiency, (c) total and encapsulated RNA reco
buffer (pH 5) with varying surfactant polymers (0.1% w/v; values for “no
dynamic diameter, (f) encapsulation efficiency, (g) total and encapsulate
20 mM citrate buffer (pH 5) with varying concentrations of poloxamer 18
(e–g) n = 3, mean ± standard deviation, ordinary two-way ANOVA, comp
conditions (Sidak's post hoc test), comparisons in blue or red made for
(Dunnett's post hoc test), comparisons in light green made between tot
between encapsulated RNA recoverymeasurements (Dunnett's post hoc
mean ± standard deviation, ordinary one-way ANOVA with Dunnett's p
group, *p < 0.05).

4484 | Nanoscale Adv., 2025, 7, 4480–4489
Previous studies have reported a lower bound of nebulization
solution pH of 4.5,39,40 with acidic solutions potentially resulting
in airway irritation and bronchoconstriction.41

3.2 Addition of nonionic surfactants to nebulization buffer

To minimize size growth and improve particle recovery, we
investigated the addition of two common nonionic surfactant
types42 in the nebulization buffer—polysorbates and polox-
amers — as both have been shown to stabilize nanoparticles by
sterically blocking aggregation.43,44 LNPs were nebulized in
20 mM citrate buffer at pH 5.0 with the addition of 0.1% w/v of
one of: polysorbate 20 (PS20), polysorbate 80 (PS80), poloxamer
188 (PX188) or poloxamer 407 (PX407). We found that PS80,
PX188, and PX407 largely prevented particle aggregation aer
nebulization (Fig. 3a), with all surfactant-containing buffers
resulting in a signicantly lower post-nebulization size than
without excipients. Surfactants PS20, PX188 and PX407 pre-
vented an increase in polydispersity seen with no excipients or
g surfactant polymer excipients. Measurement of (a) hydrodynamic
very and (d) cholesterol recovery for LNP nebulization in 20mM citrate

ne” replotted from Fig. 2 for comparison). Measurement of (e) hydro-
d RNA recovery and (h) cholesterol recovery for LNP nebulization in
8 (PX188; values for 0.1% w/v replotted from panels (a)–(d)). ((a–c) and
arisons in gray made between pre-nebulization and post-nebulization
post-nebulization conditions between no excipients and each buffer
al RNA recovery measurements and comparisons in dark green made
test), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, (d and h) n= 3,
ost hoc test, comparison made between all groups and no excipient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PS80 (Fig. S1b†). However, all surfactant-containing buffers also
resulted in reduced siRNA encapsulation aer nebulization
compared to surfactant-free buffers. Of the surfactants tested,
poloxamers PX188 and PX407 resulted in maximal maintenance
of siRNA encapsulation (Fig. 3b). PS20 resulted in siRNA leakage
even before nebulization, which may be due to partial particle
dissolution.

All of the non-ionic surfactants tested improved total RNA
recovery, but only PX188 and PX407 improved encapsulated
RNA recovery (Fig. 3c). PS80, PX188 and PX407 improved
cholesterol recovery (Fig. 3d) aer nebulization. Overall, PX188
and PX407 improved particle stability: siRNA encapsulation was
maintained, and particle aggregation and material loss were
limited in the nebulizer. Poloxamers may be better stabilizers
than polysorbates due to their increased hydrophilic-lipophilic
balance (HLB). A higher HLB (i.e., longer hydrophilic chain)
generally provides greater steric stabilization.45 PX188 and
PX407 have HLB values of 29 and 18–22, respectively, compared
to HLB values of 16.7 and 15.6 for PS20 and PS80, respectively.
Surfactants with HLB values of 15–18 have been used as sol-
ubilizers,46 which likely explains the reduced encapsulation of
siRNA with PS20 and PS80. We chose to use PX188 in further
studies as it is less toxic than other surfactants in air–liquid
interface culture.47

We investigated the effect of PX188 concentration (0.1, 0.2,
and 0.5% w/v) on particle size, encapsulation efficiency, and
total RNA and cholesterol recovery. All PX188 concentrations
resulted in a signicant reduction in post-nebulization size
compared to a buffer without surfactant; however, only higher
(0.2 or 0.5% w/v) PX188 concentrations resulted in no signi-
cant increase in size aer nebulization (Fig. 3e). No signicant
increases in polydispersity index were observed for the three
concentrations of PX188 tested (Fig. S1c†). All three concen-
trations similarly reduced siRNA encapsulation efficiency
Fig. 4 Glucose is more suitable than sodium chloride for preparation
hydrodynamic diameter, (b) encapsulation efficiency, (c) total and encaps
in 20 mM citrate buffer (pH 5.0) with varying iso-osmotic solutions (300
mean ± standard deviation, ordinary two-way ANOVA, comparisons in g
(Sidak's post hoc test), comparisons in blue or red made for post-ne
comparisons in light green made between total RNA recovery measurem
recovery measurements (Tukey's post hoc test), *p < 0.05, **p < 0.01,
ordinary one-way ANOVA with Tukey post-hoc test, comparison betwe

© 2025 The Author(s). Published by the Royal Society of Chemistry
(Fig. 3f), yet improved recovery of both total and encapsulated
RNA (Fig. 3g) and cholesterol (Fig. 3h). PX188 seemed to result
in a concentration-dependent increase in nebulization time
(data not shown); therefore, we utilized the lower 0.2% w/v
PX188 in subsequent experiments, minimizing the amount of
excipient needed to provide the desired stabilizing effect. While
others have shown that branched PEG surfactants12 or PX188 18

in the nebulization buffer also reduced LNP size growth, we
observed a more substantial effect: in these previous studies,
LNPs grew in size by at least 50 nm in what were the best
conditions compared to the non-signicant change in size that
we observed with our selected conditions. Similarly, another
recent study using pH 6.0 HEPES buffer in combination with
8 mg mL−1 (0.8% w/v) PX188 reported about 20 nm in size
growth post-nebulization.19 We observed less growth with
a lower concentration of PX188 in citrate buffer.
3.3 Iso-osmotic solutions for nebulization

Given the importance of iso-osmotic inhaled solutions for
delivery to the lungs,48 we investigated strategies to reach 300
mOsm L−1. We tested iso-osmotic saline (0.9% w/v NaCl) and
glucose (5% w/v), which have been used as nebulization
media.49,50 In the absence of PX188, particle size increased
(Fig. 4a), polydispersity increased for NaCl but not for glucose
(Fig. S1d†), siRNA encapsulation was largely maintained
(Fig. 4b), and total and encapsulated RNA (Fig. 4c) and choles-
terol (Fig. 4d) recovery were low for both iso-osmotic solutions.
In contrast, nebulization in iso-osmotic solution with 0.2%
PX188 largely prevented particle growth (with a signicant
reduction in post-nebulization size) or polydispersity increase,
and improved total and encapsulated RNA and cholesterol
recovery. In comparison to isotonic saline, use of iso-osmotic
glucose resulted in no signicant size growth, greater reten-
tion of encapsulated siRNA, and improved total and
of iso-osmotic solutions for LNP nebulization. Measurement of (a)
ulated RNA recovery, and (d) cholesterol recovery for LNP nebulization
mOsm L−1 of sodium chloride (NaCl) or glucose (Gluc)). ((a–c) n = 3,
ray made between pre-nebulization and post-nebulization conditions
bulization conditions between each buffer (Tukey's post hoc test);
ents and comparisons in dark green made between encapsulated RNA
***p < 0.001, ****p < 0.0001, (d) n = 3, mean ± standard deviation,
en all groups, **p < 0.01).
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encapsulated siRNA recovery. Increasing ion concentration
through the addition of saline likely disrupted electrostatic
complexes32 between siRNA and the ionizable lipid (MC3) and
screened electrostatic repulsion between nanoparticles whereas
the addition of neutral glucose did not. In future applications
where cold-storage or lyophilization may be required, glucose
may act as a cryo-protectant or could be substituted for a more
common LNP additive such as sucrose.51
3.4 Droplet size measurements for nebulized LNPs

Nebulized droplet size (mass median aerodynamic diameter;
MMAD) is an important parameter in determining depth of
lung deposition.52 Based on our data, the best nebulization
solution comprised 20 mM citrate, pH 5.0, with 0.2% w/v PX188
and 5% w/v glucose. We measured the MMAD of LNPs nebu-
lized therein at 7.14 ± 0.14 mm, which is signicantly smaller
than those in 20 mM citrate buffer without PX188 of 7.54 ± 0.18
mm (Fig. S3†). Droplets with MMAD of 5–10 mm typically deposit
in the oral pharynx and tracheobronchial tree, although distal
lung regions may be accessed through particular breathing
techniques.53 Our MMAD measurements, conducted with laser
diffraction, may have a larger size than others reported, due to
Fig. 5 LNPs nebulized in selected conditions retain biological activity. M
images and (c) potency (recovery adjusted IC50, described in methods) of
5% glucose (Gluc) with or without 0.2% poloxamer 188 (PX188; n= 3, mea
test, comparisons made between all groups (selected comparisons disp

4486 | Nanoscale Adv., 2025, 7, 4480–4489
possible droplet evaporation for longer detector pathlengths,
such as with commonly used cascade impactors.54 Future
studies could employ a next generation impactor to estimate the
lung deposition prole.55
3.5 Applicability to other LNP formulations

To determine whether our selected nebulization formulation
was broadly applicable, we tested additional LNP formulations.
First, LNPs prepared in another laboratory (with identical
composition), when nebulized in our selected buffer, had
minimal particle size growth, no signicant increase in PDI,
improved retention of encapsulated siRNA, and reduced loss of
RNA and cholesterol relative to nebulization in PBS (Fig. S4a–
e†). Second, we tested LNPs which were previously designed to
improve circulation half-life through the incorporation of
a high molar fraction (40 mol%) of egg sphingomyelin (ESM).56

Two ESM-containing formulations were tested: one in which
both MC3 and cholesterol were proportionally substituted with
ESM (labelled ESM-A) and another where only MC3 was
substituted with ESM (labelled ESM-B). As with the original
LNPs tested, nebulization of both ESM-A (Fig. S4f–j†) and ESM-
B (Fig. S4k–o†) in PBS resulted in particle disruption that was
easurement of (a) cellular uptake with (b) representative microscope
nLuc knockdown in Vero cells for LNPs nebulized in citrate buffer with
n± standard deviation, ordinary two-way ANOVAwith Sidak's post hoc
layed) *p < 0.05, **p < 0.01, ns = not significant).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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overcome by our selected formulation buffer of 20 mM citrate at
pH 5.0 with 0.2% PX188 and 5% glucose. Interestingly, both
ESM-containing formulations exhibited no signicant post-
nebulization reduction in encapsulation efficiency in these
optimized conditions, unlike our trials with Onpattro®-like
LNPs. This may be attributed to enhanced RNA protection
conferred by the high phospholipid content, which has previ-
ously been shown to promote the formation of a solid lipid core
within an aqueous compartment and enclosed by a bilayer.56We
also demonstrated stabilization under these conditions using
LNPs with the ionizable lipid, SM-102, which is used in the
Moderna mRNA vaccine (Fig. S4p–t†). For all trials thus far, we
used cholesterol recovery as a proxy for that of LNPs. We found
that reduced cholesterol recovery correlated with increased LNP
hydrodynamic diameter post-nebulization, supporting our
hypothesis of LNP entrapment within the nebulizer mesh
(Fig. S5†).
3.6 Bioactivity aer nebulization in best conditions

We utilized Vero cells expressing nanoluciferase (nLuc) to test
the efficacy of sinLuc via cellular uptake and reduction in
luminescence. Since only about 20% of siRNA remained
encapsulated aer nebulization in 20 mM phosphate buffer at
pH 7.4, we compared the efficacy of our improved buffer
formulation (20 mM citrate, pH 5.0 with 0.2% PX188 and 5%
glucose) with LNPs nebulized in 20 mM citrate buffer, pH 5.0,
with 5% glucose. Glucose was included to adjust osmolarity,
and thus only iso-osmotic formulations were evaluated in the
bioactivity studies. First, we measured cellular uptake with
nebulized LNPs labelled with a hydrophobic uorescent 1,10-
dioctadecyl-3,3,30,30-tetramethylindodicarbocyanine, 4-chlor-
obenzenesulfonate salt (DiD) dye by uorescence microscopy.
We found signicantly more nanoparticles in cells when LNPs
were nebulized in an iso-osmotic citrate buffer at pH 5.0 with
both glucose and PX188 versus without PX188 (Fig. 5a, repre-
sentative images in Fig. 5b). Next, we measured nLuc knock-
down to assess functional siRNA delivery using the same
nebulization conditions and found greater potency with (vs.
without) PX188 in the nebulization buffer (Fig. 5c, dose–
response curve in Fig. S6a†). Knockdown IC50 values were
normalized to RNA recovery (raw values in Fig. S6b†); thus,
reduced potency is mainly attributed to material loss, with
intact nebulized LNPs remaining similarly active.

To better understand the breadth of our selected stabilizing
conditions, we tested LNPs encapsulating a model mRNA
encoding rey luciferase (mFLuc). As with siRNA-LNPs, we
found that 20 mM citrate, pH 5.0 with 0.2% PX188 and 5%
glucose stabilized mFLuc-LNPs during nebulization in terms of
particle size (Fig. S7a†), polydispersity index (Fig. S7b;†
although some increase occurred, it was less than conditions
without PX188) encapsulated mRNA (Fig. S7c†) recovery of both
total and encapsulated mRNA (Fig. S7d†), and cholesterol
(Fig. S7e†). Nebulized mFLuc-LNPs delivered functional mRNA
to Vero cells (with minimal impact on cell metabolic activity;
Fig. S7f†), albeit with decreased potency relative to those before
nebulization (Fig. S7g and h†). Others have also shown
© 2025 The Author(s). Published by the Royal Society of Chemistry
decreased mRNA activity following LNP nebulization,31 which
indicates that further optimization may be necessary. mRNA is
more sensitive to environmental degradation than siRNA
because double-stranded RNA is more stable than single-
stranded RNA.57
4. Conclusions

We demonstrated stabilization of LNPs during nebulization by
manipulating the formulation buffer. We found the best
composition comprised 20 mM citrate, pH 5.0 with 0.2% PX188
and 5% glucose, which is broadly applicable to several LNP
formulations. Low pH is likely only useful to stabilize electro-
static complexes with ionizable material; however, even LNPs
formulated with permanent cationic lipids will likely be stabi-
lized by PX188. Prevention of both aggregation as well as RNA
and nanoparticle loss by nebulization with surfactant addition
at low pH should be broadly useful for ionizable systems. Future
studies could evaluate whether the stabilization strategies
developed here are also applicable to other delivery systems,
such as polymeric nanoparticles,58 which are being investigated
for pulmonary delivery. These stabilizing conditions could be
evaluated with LNPs that are modied for enhanced mucous
penetration and reduced lung surfactant interaction, which
may improve efficacy in vivo. Recent studies have shown that
LNPs employing DMG-PEG-2000 may induce anti-PEG anti-
bodies, particularly with repeated administration, which could
hinder treatment efficacy.59–61 Future work could investigate our
nebulization stabilization strategy with LNPs incorporating PEG
alternatives such as zwitterionic polymers.62 Interestingly,
zwitterionic polymers have also been shown to improve LNP
stability during nebulization.63 Overall, this generalizable
strategy for LNP stabilization during nebulization should be
applicable to multiple RNA delivery strategies and may ulti-
mately improve treatment of pulmonary disorders.
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