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Physical stability of RNA–lipid nanoparticles
under agitation, freeze–thaw and accelerated
stability testing
Franz W Laurett Veras, Leah Wright and Robert J Falconer*

Abstract

BACKGROUND: The choice of excipient is important in enhancing stability of liquid formulations containing lipid nanoparticles
(LNPs) used in RNA delivery where the ability to survive unplanned excursions to higher and lower temperature and vibration is
an important attribute. In this study, established parenteral excipients were tested for their capacity to protect LNP structures
in solution.

RESULTS: LNPs are very susceptible to damage during freeze–thaw cycles. The most promising excipients to reduce ice crystal
damage were sucrose and glycerol. Poloxamer 188 (PX188), polysorbate 80 (PS80), bovine serum albumin (BSA) and trehalose
did not perform as well as sucrose and glycerol. Accelerated stability testing (35 °C) observed an increase in hydrodynamic
diameter of LNPs. BSA and PS80 were deleterious to LNP stability at 35 °C with a large rise in the polydispersity index. Treha-
lose, sucrose and glycerol performed better at 35 °C than the other treatment groups. Mild agitation had little effect on LNP
structures.

CONCLUSIONS: The excipients of choice for liquid formulation based on freeze–thaw and accelerated testing are sucrose and
glycerol. Sucrose is known to be effective in formulations of liposomes and LNPs. Glycerol, however, is rarely used for liposomes
and LNP liquid formulations. PS80 and BSAwere deleterious to LNP stability during freeze–thaw and accelerated testing. PX188
conferred some protection during freezing, and since its structure and mode of action are radically different from those of
sucrose and glycerol it could prove to be synergistic.
© 2026 The Author(s). Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Soci-
ety of Chemical Industry (SCI).
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INTRODUCTION
Lipid nanoparticles (LNPs) have become an important delivery
vehicle for the current generation of RNA therapeutics and vac-
cines. The encapsulation of the RNA within LNPs provides pro-
tection from enzymatic degradation and promotes cellular
uptake and endosomal release.1 Commercial LNP composition
comprises ionizable lipids, phospholipids, cholesterol and poly-
ethylene glycol (PEG) lipids, and these components and their
ratios influence the LNPs’ size, shape and surface, directly
affecting the vesicle formation and, therefore, their effective-
ness.1 Ideally, RNA–LNP formulations used in RNA therapeutics
and vaccines would be stored as a liquid at 5 ± 3 °C for over
18 months. This would be ready-to-use, not requiring reconsti-
tution before use and be stored under standard refrigerated
conditions. Ideally, the formulation would be robust enough
to survive excursion to higher temperatures, freeze–thaw
cycles and vibration during transportation and storage. This
may seem ambitious, but it has been achieved for similarly
challenging products.

Liposomes are a soft malleable lipid-based delivery system used
for drug delivery and are related to LNPs. The first liposomal-
delivered drug was Doxil, which was approved for use in 1995. It
was rapidly followed by Abelcet, DaunoXome, DepoCyt and
AmBisome.2-6 The first four products were liquid formulations that
were stored at 2–8 °C for between 1 and 2 years. Light exposure
had to be avoided and they did not tolerate freezing. Egress of
the drug and liposome aggregation were issues that had to be
resolved. The compositions of the cosolutes in the aqueous phase
were simple. Abelcet and DepoCyt liquid formulations had only
sodium chloride added to control the osmolarity.2,5 Doxil and
DaunoXome were more complex; they had sucrose as the tonicity
modifier but also contained ammonium sulfate and histidine
buffer, and glycine and calcium chloride, respectively.4,6
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AmBisome was lyophilized and required storage at −25 °C but
was stable for up to 4 years.3

The other family of products that enhanced our understanding
of the relationship between excipients and product stability were
the therapeutic proteins, especially monoclonal antibodies. Cur-
rently around 70% of therapeutic monoclonal antibodies are in
a liquid form, physically and chemically stabilized by the appropri-
ate use of excipients.7 There are similarities and differences
between RNA–LNPs and monoclonal antibodies. Both can be sus-
ceptible to oxidation and hydrolysis reactions. The structural sta-
bility is different. Monoclonal antibodies are susceptible to
unfolding and subsequent aggregation while LNPs may aggre-
gate, fragment, leach material into the aqueous phase and struc-
turally rearrange over time. LNPs are also soft and can distort
when force is applied to them. A putative list of causes of RNA–
LNP instability in aqueous formulations is presented in Table S1.
The learning from the development of therapeutic proteins is

that pH plays an important role in determining the rate of hydro-
lysis reactions.8 That pH also determines the charge of a particle
and its resulting attraction or repulsion. Charged excipients can
pair with charges on the particle and reduce repulsion and alter
structural stability.9-11 Charged excipients also effect particle solu-
bility by altering the surface tension at the solution–particle inter-
face which could also be described in terms of competition for
water between the particle and cosolute hydration layers.9,12,13

A single cosolute can also participate inmore than one interaction
between a cosolute and a particle, as observed with salts and the
amino acid arginine.9,14

LNP products have amixed track record. The first FDA-approved
LNP-based siRNA therapeutic was Onpattro® (patisiran), used for
treatment of hereditary transthyretin-mediated amyloidosis.15

Onpattro® is stored as a liquid solution comprising phosphate
buffer and sodium chloride, at 2–8 °C and can tolerate up to
25 °C for 14 days but does not tolerate freezing.16 The mRNA–
LNP COVID-19 vaccines Comirnaty® (Pfizer–BioNTech) and Spike-
vax® (Moderna) had more stringent storage conditions. Comir-
naty® was stored between −60 and −90 °C and Spikevax®
between−15 and −25 °C.17 They were only stable for a few hours
after thawing.
The establishment of therapeutic product stability is well estab-

lished. There are two standard temperatures used for storage of
pharmaceutics that require low temperatures: 5 ± 3 and −20
± 5 °C. The regulatory authorities require long-term stability test-
ing at the recommended storage temperature to be undertaken
to establish self-life.18 This is often supplemented with acceler-
ated stability, agitation and freeze–thaw studies to simulate con-
ditions during transport or storage where the recommended
storage conditions are not maintained. Accelerated stability stud-
ies are short-term studies at elevated temperatures.18-20 These
mimic both short-term loss of refrigeration that could occur and
accelerated reactions like hydrolysis reactions, which behave fol-
lowing the Arrhenius equation. Agitation studies introduce active
mixing to enhance interaction with air–water or solid–water
interfaces through to scaled-down systems that mimic vibration-
induced shear as well as the enhanced interaction with inter-
faces.21,22 Freeze–thaw studies mimic unplanned product freez-
ing, which can occur in refrigerated storage.
Experience with liquid and lyophilized monoclonal antibody

formulations has provided a palette of acceptable excipients that
can be used in other parenteral products.7 This can provide a
framework for LNP formulation. Commercial lyophilized products
that undergo a freezing step usually comprise buffer such as

histidine, phosphate or succinate, a surfactant (polysorbate
20 or 80), stabilizers such as an amino acid and bulking agent/
tonicity modifiers such as sucrose, trehalose, mannitol, sorbitol,
glycine or dextran. Experience with lyophilized liposome drug
delivery vehicles is also useful. There is a palette of cryopreserva-
tives: alcohols such as glycerol, ethylene glycol, propylene glycol;
dimethyl sulfoxide; polymers such as polyvinylpyrrolidones (PVP)
and PEG; sugars such as sucrose, lactose, trehalose; and sugar
alcohols such as mannitol.23

In the work reported in this paper, we tested RNA–LNPs for resil-
ience using accelerated stability, agitation and freeze–thaw stud-
ies. tRNAwas used due to its similarity in size to siRNA and it being
inexpensive. In the agitation study, we tested the application of
polysorbates (20 and 80), which are widely used excipients in par-
enteral formulations, to reduce air–water interface-induced struc-
tural destabilization.24 Bovine serum albumin (BSA) was also
tested due to its prior use to reduce detrimental interactions
between drug active ingredients and solid surfaces.25 In the
freeze–thaw and accelerated stability studies, the range of excip-
ients was broadened to include some with known stabilizing and
cryopreservative properties including glycerol, sucrose and treha-
lose. A block copolymer with mild surfactant-like properties,
poloxamer 188 (PX188), was also tested. Dynamic light scattering
(DLS) was the primary analytical technique used to assess stability.
It is able to generate a calculated hydrodynamic diameter and
polydispersity index (PDI). Changes in the calculated hydrody-
namic diameter and rises in the PDI are indicative of LNP struc-
tural change and loss of homogeneity, respectively. It is worth
noting that, while hydrodynamic diameter and PDI are useful
measures of structural stability, they do not necessarily detect
changes in morphology or leaching of RNA into solution; and that
physical stability alone is not a guarantee of transfection effi-
ciency or behavior in vivo.

MATERIALS AND METHODS
Materials
Heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)hexyl)
amino) octanoate (SM-102) was purchased from Sinopeg
(Xiamen, China). 1,2-Distearoyl-snglycero-3-phosphocholine
(DSPC), 1,2-dimyristoylracglycero-3-methoxypolyethylene glycol-
2000 (PEG-DMG), cholesterol, tRNA, BSA, polysorbate 20 (PS20),
polysorbate 80 (PS80), glycerol, sucrose, trehalose dihydrate,
sodium acetate, glacial acetic acid, sodium chloride and ethanol
(EtOH) were sourced from Sigma-Aldrich (Bayswater, VIC,
Australia). Potassium chloride, potassium dihydrogen phosphate
and sodium hydrogen phosphate were sourced from ChemSup-
ply (Gillman, SA, Australia). Snakeskin 10 kDa MWCO dialysis tub-
ing and PX188 were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Agitation stability study used 3 mL borosili-
cate glass V-vials with screw caps (Sigma-Aldrich, St Louis, MO,
USA) and the accelerated stability and freeze–thaw studies used
polypropylene 1.5 mL SPINWIN microcentrifuge tube (Tarsons
Products Ltd, West Bengal, India).

RNA–LNP preparation
Lipid stocks in EtOH of SM-102, DSPC, cholesterol and PEG-DMG
were combined in appropriate volumes to result in a final lipid
molar ratio of 50:10:38.5:1.5. The lipid–EtOH solution comprised
2.51 mg mL−1 SM102, 1.04 mg mL−1 cholesterol, 0.59 mg L−1

DSPC and 0.21 mg mL−1 PEG-DMG dissolved in pure EtOH. The
RNA aqueous solution consisted of 200 μg mL−1 of tRNA

www.soci.org FW Laurett Veras, L Wright, RJ Falconer

wileyonlinelibrary.com/jctb © 2026 The Author(s).
Journal of Chemical Technology and Biotechnology published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry (SCI).

J Chem Technol Biotechnol 2026

2

 10974660, 0, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/jctb.70235, W

iley O
nline L

ibrary on [23/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com/jctb


dissolved in 10 mmol L−1 acetate buffer at pH 4. The lipid–tOH
solution and RNA aqueous solution were manually mixed at vol-
ume ratios of 25% and 75%, respectively. The LNP preparation
was transferred to a dialysis tube and left overnight in
phosphate-buffered saline (PBS) buffer (pH 7.4) to remove EtOH
and acetate buffer. The final LNP–RNA/lipid ratio was 1:21.5
(w/w) and the N/P ratio was 6:1 (mol/mol). This preparation
method produced LNPs with a PDI of between 0.2 and 0.3.
The LNPs were diluted to a final concentration of around

30 μg mL−1 in the final formulation solutions: 0.05% (w/v)
PX188, 0.05% (w/v) BSA, 0.05% (w/v) PS20, 0.05% (w/v) PS80,
10% (w/v) glycerol, 10% (w/v) trehalose and 10% (w/v) sucrose
all in PBS at pH 7.4. PBS was comprised of 137 mmol L−1 NaCl,
2.7 mmol L−1 KCl, 10.1 mmol L−1 Na2HPO4 and 1.8 mmol L−1

KH2PO4. All buffers were prepared from RNAse-free water. Prepa-
ration method: 1 mL of diethyl pyrocarbonate (DEPC) was added
to 999 mL of ultrapure water (0.1% v/v), incubated overnight at
room temperature, then autoclaved at 121 °C for 30 min to inac-
tivate the DEPC.

Dynamic light scattering
The hydrodynamic diameter and PDI of the nanoparticles were
analyzed using a ZetaSizer Ultra Red Label (Malvern Panalytical,
Malvern, UK) and software ZS Xplorer version 3.2.1.11 with dispos-
able semi-microcuvettes (Sarstedt Australia, Mawson Lakes,
Australia). Measurements were taken using a non-invasive back-
scatter angle of 173° at a temperature of 25 °C. The viscosity
values for the glycerol and sucrose used in the hydrodynamic
diameter calculations were derived from Haynes et al.26 At the
concentrations used in this work, the viscosity of trehalose was
assumed to be the same as that of sucrose. The viscosity values
were from the experimental values for PS20, PS80, PX188 and
BSA.27-30

Experimental hydrodynamic diameter and PDI results are
expressed as the mean ± 1 standard deviation. Results were eval-
uated for statistical significance using two-way ANOVA analysis,
with P values being considered significant below 0.05.

Accelerated stability study
Samples (1 mL) were stored in 1.5 mL polypropylene tubes, the
head space being air. Samples were stored at 35 ± 1 °C for
14 days in an incubator (H2200-H-E Mini, Benchmark Scientific
Inc., Sayreville, NJ, USA). Triplicate samples were prepared for each
formulation and treatment group.

Freeze–thaw stability study
Samples (1 mL) were stored in 1.5 mL polypropylene tubes, the
head space being air. Samples were stored in an ultra-freezer
(F740020016 Freezers CryoCube 740L, Eppendorf, Hamburg,
Germany) at−80 ± 2 °C and thawed at 25 ± 2 °C for 2 h. This pro-
cess was repeated once a day over a total of 4 days. Triplicate
samples were prepared for each formulation and treatment
group.

Agitation stability study
Samples (1 mL) were stored in 3 mL borosilicate glass vials, the
head space being air. The agitation study used an orbital shaker
(OM6, Ratek, Victoria, Australia) at 150 rpm, 20 ± 1 °C for 12 h.
Triplicate samples were prepared for each formulation and treat-
ment group.

RESULTS
Accelerated stability study
The accelerated testing was conducted at 35 °C with no mixing
for 0, 7 and 14 days. Samples before and after accelerated testing
were analyzed using DLS and the hydrodynamic diameter and PDI
calculated (Fig. 1). The control formulation was RNA–LNPs in PBS
at pH 7.4. There was an increase in hydrodynamic diameter after
7 days of storage. The calculated hydrodynamic diameter started
at 123 ± 7 nm at time 0 and rose to 148 ± 4 nm on day 7 and
151 ± 2 nm on day 14. The PDI was steady at 0.24, suggesting
no decline in homogeneity.
The treatment groups consisted of RNA–LNPs in PBS at pH 7

with the addition of different excipients. For the addition of
0.05% (w/v) PX188 to PBS, the calculated hydrodynamic diameter
started smaller than that of the control at 85 ± 2 nm at time 0 and
rose to 126 ± 4 nm on day 7 and 132 ± 3 nm on day 14. PDI was
steady at around 0.24 ± 0.01. The presence of 0.05% (w/v) PX188
in the PBS was neutral in terms of protecting RNA–LNPs in this
study. The addition of 0.05% (w/v) BSA to PBS had an undesirable
effect on RNA–LNP behavior. The sample at time 0 had a calcu-
lated hydrodynamic diameter of 62 ± 29 nm. The samples from
day 7 had a calculated hydrodynamic diameter similar to that at
day 0 but had a high PDI (above 0.3), suggesting that the particle
size was heterogeneous. The calculated hydrodynamic diameter
by day 14 was high, suggesting clumping or aggregation, and
there was a high PDI. Addition of 0.05% (w/v) PS80 to PBS desta-
bilized RNA–LNPs. At day 0 the calculated hydrodynamic diame-
ter was 85.2 ± 1.8 nm, which is significantly smaller than that of
the PBS control. After 7 and 14 days, the calculated hydrodynamic
diameter values had a high standard deviation, and PDI was high,
suggesting that the RNA–LNPs were damaged by the presence of
0.05% (w/v) PS80.
The addition of 10% (w/v) glycerol, trehalose or sucrose did not

cause evident harm to the RNA–LNPs. Addition of 10% (w/v) glyc-
erol to PBS led to a calculated hydrodynamic diameter of
102 ± 1 nm and there was a slight increase in hydrodynamic
diameter to 124 nm by day 14. The PDI was steady at around
0.25, suggesting the addition of glycerol was neutral, neither

Figure 1. Accelerated stability study of RNA–LNPs treated for 0, 7 and
14 days at 35 °C, showing the hydrodynamic diameter and PDI of RNA–
LNPs stored in PBS at pH 7.4 and with the following excipients: 0.05%
(w/v) PX188, 0.05% (w/v) BSA, 0.05% (w/v) PS80, 10% (w/v) glycerol, 10%
(w/v) trehalose and 10% (w/v) sucrose. Note that the samples with PDI
values above 0.4 are polydispersed and the hydrodynamic diameter an
estimate only. Samples were all measured in triplicate and the error bars
represent the standard deviation.
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causing damage nor affording protection to the RNA–LNPs. Addi-
tion of 10% (w/v) trehalose gave possible protection to the RNA–
LNPs; the hydrodynamic diameter was stable at around
135 ± 5 nm and PDI was steady at around 0.19. The addition of
10% (w/v) sucrose to PBS also had an apparent stabilizing effect.
There was a slight rise in the calculated hydrodynamic diameter
to 120 nm after 14 days and the PDI was steady at around 0.25.

Freeze–thaw study
The freeze–thaw testing consisted of four freeze–thaw cycles.
Samples before and after freeze–thaw testing were analyzed
using DLS and the hydrodynamic diameter and PDI calculated
(Fig. 2). The PBS control calculated hydrodynamic diameter
started at 123 ± 7 nm at time 0with a PDI of 0.24. Control suffered
substantial damage during the freeze–thaw testing. After four
freeze–thaw cycles, the PDI rose to 0.72, which means the LNPs
were a polydispersed population of particles. The calculated
hydrodynamic diameter (which can only be considered as a guide
at a PDI of 0.72) rose to over 1000 nm, indicative of aggregation of
the RNA–LNPs.
Addition of 0.05% (w/v) PX188 to PBS provided insubstantial

protection. After four freeze–thaw cycles, the PDI rose to 0.40,
which means that the LNPs were a heterogeneous population of
particles. The calculated (estimated) hydrodynamic diameter rose
to 263 ± 9 nm. The hydrodynamic diameter and PDI values were
not acceptable but were better than those of the control. For the
addition of 0.05% (w/v) BSA, after four freeze–thaw cycles, the cal-
culated hydrodynamic diameter rose from 93 ± 13 to
183 ± 3 nm, and the PDI rose from 0.24 to 0.28. Like the PX188
results, the hydrodynamic diameter and PDI values were not
acceptable but were better than those of the control. For the addi-
tion of 0.05% (w/v) PS80, after four freeze–thaw cycles, the calcu-
lated hydrodynamic diameter rose from 85 ± 2 to 143 ± 40 nm,
and the PDI rose from 0.23 to 0.57. The rise in PDI was a significant,
undesirable result.
The addition of 10% (w/v) glycerol to PBS provided apparent

protection from the freeze–thaw cycles. The RNA–LNPs had a cal-
culated hydrodynamic diameter of 103 ± 1 nm. After four freeze–
thaw cycles there was a slight increase in calculated

hydrodynamic diameter to 118 ± 1 nm. The PDI also exhibited a
slight rise from 0.23 to 0.28. Addition of 10% (w/v) trehalose to
PBS led to a calculated hydrodynamic diameter of 146 ± 1 nm.
After four freeze–thaw cycles there was a slight increase in calcu-
lated hydrodynamic diameter to 263 ± 13 nm. The PDI exhibited
a slight rise from 0.18 to 0.32. The hydrodynamic diameter and PDI
values were not acceptable but were better than those of the con-
trol. The trehalose provided inadequate apparent protection
against freeze–thaw. The addition of 10% (w/v) sucrose to PBS
led to a calculated hydrodynamic diameter of 102 ± 1 nm. After
four freeze–thaw cycles there was a slight increase in calculated
hydrodynamic diameter to 133 ± 3 nm. The PDI exhibited a slight
rise from 0.25 to 0.30. Like glycerol, sucrose provided some appar-
ent protection against damage inflicted by freeze–thaw cycles.

Agitation study
The agitation testing was conducted at 150 rpm at 20 °C for 12 h.
Samples before and after agitation testing were analyzed using
DLS and the hydrodynamic diameter and PDI calculated (Fig. 3).
The PBS control had no significant change in calculated hydrody-
namic diameter from 120 ± 1 to 118 ± 1 nm after 12 h of mixing
at 150 rpm. The PDI was steady at 0.21 to 0.19. Gentle agitation
has little if any effect on LNP structures, suggesting that adsorp-
tion onto air–water interfaces is not an important factor affecting
LNP stability.
Serum albumin and PS20 and PS80 are used to prevent thera-

peutic proteins from adsorbing to air–water and water–solid
interfaces. Poloxamer is also added to improve therapeutic pro-
tein stability though its interaction with air–water interfaces is
weak. The addition of 0.05% (w/v) PX188 to PBS led to a slight
drop in calculated hydrodynamic diameter from 111.0 ± 5 to
98 ± 4 nm after 12 h of agitation. PDI was steady at 0.27 ± 0.01
to 0.41 ± 0.02. The addition of 0.05% (w/v) BSA to PBS led to no
significant change in calculated hydrodynamic diameter from
106 ± 1 to 107 ± 1 nm after 12 h mixing at 150 rpm. The PDI
was steady at 0.25. Addition of 0.05% (w/v) PS20 to PBS led to a
slight rise in calculated hydrodynamic diameter from 90 ± 11 to
107 ± 1 nm after 12 h of mixing. The PDI was steady at 0.20
to 0.25. Addition of 0.05% (w/v) PS80 to PBS also led to a slight rise
in calculated hydrodynamic diameter from 89 ± 6 to 108 ± 1 nm
after 12 h of mixing. The PDI was steady at 0.25 to 0.29.

Figure 2. Freeze–thaw testing (four cycles) of RNA–LNPs showing the
hydrodynamic diameter and the PDI of RNA–LNPs stored in PBS at
pH 7.4 (None) and with the following excipients: 0.05% (w/v) PX188,
0.05% (w/v) BSA, 0.05% (w/v) PS80, 10% (w/v) glycerol, 10% (w/v) treha-
lose and 10% (w/v) sucrose. Note that the samples with PDI values above
0.4 are polydispersed and the hydrodynamic diameter an estimate only.
Samples were all measured in triplicate and the error bars represent the
standard deviation.

Figure 3. Agitation testing at 150 rpm at 20 °C for 12 h, showing the
hydrodynamic diameter and PDI of RNA–LNPs stored in PBS at pH 7.4
(None) and with the following excipients: 0.05% (w/v) PX188, 0.05%
(w/v) BSA, 0.05% (w/v) PS20 and 0.05% (w/v) PS80. Note that the samples
with PDI values above 0.4 are polydispersed and the hydrodynamic diam-
eter an estimate only. Samples were all measured in triplicate and the error
bars represent the standard deviation.
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DISCUSSION
Hydrodynamic diameter at time zero
The first key observation that is relevant to all three stability stud-
ies is the difference in calculated hydrodynamic diameter before
the stability testing commenced. The hydrodynamic diameter
(often referred to as the Z-average) assumes the particles are
spherical and is calculated from the translational diffusion coeffi-
cient using Eqn (1). In practice, the hydrodynamic diameter is
not a direct measure of size, being calculated from the diffusional
behavior, and is a measure of the diameter at the slipping plane
around the particle and includes the hydration layer. With LNPs
comprising PEGylated lipids, this layer may be influenced by the
presence of extended or collapsed PEG polymer. This is not trivial
as the contour length (fully stretched out) of PEG2000 is 12.7 nm
while the Flory radius (or spatial size in solution) is only 2.8 nm.31

r=KBT=6πηD ð1Þ

where r is the particle hydrodynamic radius, KB is the Boltzmann
constant, T is temperature, η is the viscosity and D is the transla-
tional diffusion coefficient. PDI was determined by cumulant anal-
ysis and is used as a measure of size distribution.
The calculation of the hydrodynamic diameter assumes the

apparent viscosity at the slipping plane is the same as the viscos-
ity of the bulk solution. Recent work has suggested changes in
apparent viscosity could explain differences in calculated hydro-
dynamic diameter rather than a genuine change in size.32,33 The
apparent viscosity may be complicated by the presence of PEGy-
lated lipid at the particle–water interface.
There are systematic errors associated with hydrodynamic

diameter calculations. A concentration-dependent error is
described by Eqn (2):

D=D0 1+kDCð Þ ð2Þ

where D0 is the diffusion coefficient of the protein at infinite dilu-
tion, C is concentration and kD is the diffusion interaction param-
eter. Where there is attraction between particles the kD value is
negative and where there is repulsion the kD value is positive.
On the addition of a cosolute to a solution containing LNPs, a

change in particle behavior is not unexpected. There can be direct
interactions between particles and cosolutes. Where the particles
(such as proteins) are charged, the interaction with oppositely
charged ions can be observed using static and dynamic light scat-
tering10,34,35 and cloud point testing.9 Indirect interactions
between particles and cosolutes are also observed. With proteins,
these are described in terms of preferential hydration, competi-
tion for water and change in interfacial tension seen in the effect
on protein solubility, thermal stability and protein–protein inter-
actions.9,11,12,35 In the case of solutions containing LNPs, charge
screening is not a major issue, but direct interaction between sur-
factants and hydrophobic patches on LNPs is possible, and a
change in interfacial tension is likely.
Interfacial tension at the interface between the LNPs and water

could drive attraction and repulsion between LNPs, andwhere the
LNPs behave like a liquid rather than a solid, this could be
observed as coalescence or spontaneous emulsification between
particles. Surfactants are known for their ability to interact directly
with lipid particles and change the interfacial tension. Small mol-
ecules like sugars or sugar alcohols influence interfacial tension
indirectly through their interaction with bulk water. LNPs can

behave like liquids during dialysis36-39 and LNP self-assembly40;
both are thermodynamic processes where the LNPs behave like
liquids, and coalescence or spontaneous emulsification, respec-
tively, take place.
The reduction of the calculated hydrodynamic diameter of LNPs

in the presence of 0.05% (w/v) PX188, PS80 and BSA could have
several causes. PX188 and PS80 can form micelles and skew the
average particle size downwards, but this should be detected as
a rise in PDI, which did not occur. A change in apparent viscosity
could have caused the change in calculated hydrodynamic diam-
eter and would suggest PX188, PS80 and BSA all have the same
effect at the slipping plane, reducing the apparent viscosity. The
last hypothesis is that PX188, PS80 and BSA affect the interfacial
tension, which in turn drives spontaneous emulsification and
causes a real reduction in the average hydrodynamic diameter
of LNPs in solution.
The reduction in the calculated hydrodynamic diameter of LNPs

in the presence of 10% (w/v) glycerol and 10% (w/v) sucrose could
be explained by the increase in osmotic pressure, causing the
LNPs to dehydrate and reduce in size. The increase in the calcu-
lated hydrodynamic diameter of LNPs in the presence of 10%
(w/v) trehalose is difficult to explain.

Accelerated stability study
In the past, accelerated stability testing of LNPs tended to focus
on the lipid composition of LNPs and their chemical stability.41,42

Reactions like hydrolysis follow Arrhenius-type behavior and can
be studied at elevated temperatures where the rate of hydrolysis
reactions is faster. LNP physical stability at elevated temperatures
is also important to ensure efficacy after unplanned excursions in
temperatures during storage or transport. As the temperature
rises, LNPs are likely to become softer or more fluid, more prone
to deformation, coalescence and fragmentation. At higher tem-
peratures, the kinetic energy of water and cosolutes is higher,
making the solution an unfavorable environment for relatively
soft LNPs.
In the PBS control, the hydrodynamic diameter of the LNPs rose

by 20% after 7 days at 35 °C, but there was no change in PDI
(Fig. 1). This rise is consistent with either swelling of the LNPs or
some coalescence, increasing the average diameter. BSA and
PS80 both resulted in a large rise in PDI, suggesting that the LNP
structure was unstable at 35 °C in the presence of these excipi-
ents. PX188 and glycerol had no measurable stabilizing property
at 35 °C; the LNPs behaved like the control. Addition of sucrose
and trehalose both resulted in negligible change in LNP hydrody-
namic diameter and no change in PDI, suggesting their potential
use as excipients in LNP liquid formulations.

Freeze–thaw study
Freeze–thaw cycling presents a challenge to soft materials like
LNPs. The sequence of events during freezing creates a series of
environments that are potentially harmful. As the solution cools
below 0 °C, ice nucleation eventually arises, and ice crystals start
to grow. The ice–water interface is a hazardous environment for
soft LNPs. As the ice crystals grow, the concentration of LNPs
and cosolutes rises in the liquid between the relatively pure ice
crystals. The cosolutes may also crystallize, creating another haz-
ardous environment for soft LNPs. The liquid between the ice
crystals eventually freezes (vitrifies). Water lodgedwithin the LNPs
may also crystallize and harm the LNPs. LNPs have an advantage
during the freezing process in that of being soft/liquid; despite
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crystal-induced deformation and disruption, they may return to
their former shape on thawing.
The LNPs in the PBS control were devastated by four freeze–

thaw cycles, both the hydrodynamic diameter and PDI increasing
significantly (Fig. 2). PBS can produce both sodium hydrogen
phosphate and sodium chloride crystals during freezing. The
addition of excipients was beneficial to the retention of the LNP
hydrodynamic diameter and helped maintain a lower PDI value.
The excipients that protected the LNPs most effectively where
10% (w/v) sucrose and 10% (w/v) glycerol. Sucrose is a widely
used cryoprotectant, so its effectiveness is not surprising.
Freeze–thaw studies of phosphatidylcholine and cholesterol lipo-
somes containing curcumin found that sucrose provided the best
protection of the sugars tested.43 Glycerol's effectiveness as a
cryoprotectant is well accepted in cryopreservation of living
cells,44 though it is not usually used in liposome or LNP formula-
tions. Trehalose (10% w/v) was not effective at protecting the
LNPs, as the calculated hydrodynamic diameter nearly doubled
and the PDI rose from 0.18 to 0.32. Both are symptomatic of LNP
damage, presumably by salt or trehalose crystal formation.
PX188 (0.05%w/v) and 0.05% (w/v) BSA only provided partial pro-
tection during freeze–thaw cycling of LNPs. PS80 (0.05% w/v) was
ineffective at protecting LNPs, with the PDI rising from 0.18 to an
unacceptable 0.57.
The results of the freeze–thaw study of LNPs can be compared

to published studies of lyophilisation. Lyophilisation is more com-
plex the freeze–thaw as it includes freezing, sublimation, vitrifica-
tion, and eventually a reconstitution step. Lyophilisation
precludes the inclusion of excipients like glycerol that are liquid
in their dehydrated state. Freeze–thaw cycle is simpler but shares
the sequence of events experienced by a sample during freezing.
The results for freeze–thaw and lyophilization studies of lipo-

somes indicate that ice crystal damage to liposomes is an impor-
tant factor during these processes. Sugars and sugar alcohols
were tested to determine whether they were suitable for prevent-
ing ice crystal damage in liposomes.43 During a single freeze–
thaw cycle of curcumin delivered in soy phosphatidylcholine-
cholesterol liposomes, 10% (w/v) sucrose performed best at
retaining liposome size with a meagre 8% rise in average hydro-
dynamic diameter.43 The other excipients mannitol, lactose, dex-
trose and maltose all showed a greater than 100% increase in
hydrodynamic diameter. In another study, PEGylated liposomes
in solutions containing low concentrations, 0.35–1.1% (w/v), of
glucose, lactose, trehalose and mannitol and a 3% (w/v) glycerol
control all showed good retention of hydrodynamic diameter
after a single freeze–thaw cycle.45 Another study using PEGylated
liposomes in solutions containing different sugars and sugar alco-
hols provided evidence that ice crystal formation was a primary
cause of damage and that sugar excipients did provide protection
for the liposomes, with sucrose and lactose performing best at
preserving liposome size.46 In this study, trehalose and glucose
did little to prevent ice crystal damage (observed as a reduction
in liposome size) and mannitol and cellobiose did not prevent
aggregation (observed as an increase in liposome size). It was also
found that PS80 was ineffective at protecting the liposomes. The
evidence from freeze–thaw studies of liposomes is mixed but
indicates that sucrose may provide protection from ice crystal
damage, whereas other sugars and sugar alcohols are less
effective.
There is an increasing body of work on freezing and thawing of

LNPs. The COVIDmRNA vaccines comprised LNPs andwere stored
frozen. A diverse range of lipids and RNAs have been subjected to

freezing and thawing. Lipids included but were not limited to SM-10;
eptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate
(DLin-MC3-DMA); DSPC; 1,2-dioleoyl-snglycero-3-phospho-
ethanolamine (DOPE); 1,2-di-O-octadecenyl-3-trimethylammonium
propane (chloride salt) (DOTMA); andDMG-PEG2000. LNPs comprising
polyadenosine monophosphate, 1,2-dioleoyl-3-trimethylammonium-
propane chloride salt (DOTAP), DSPC, cholesterol and DMG-PEG2000
in different concentrations of sucrose were tested using a single
freeze–thaw cycle.47 All sucrose concentrations (0%, 5%, 10% and
20% w/v) provided some protection, with the best protection at 10%
(w/v) sucrose, though the hydrodynamic diameter doubled, suggest-
ing significant damage to the LNP population.
Lyophilization studies using LNPs comprising mRNA, SM102

ionizable lipid, DSPC, cholesterol and DMG-PEG2000 were formu-
lated in different concentrations (5, 10, 20% w/v) of sucrose, malt-
ose, PVP-K12, PEG-1500 and lysine; and in PBS (pH 5.4), Tris
(pH 7.5) and acetate (pH 5.0) buffers.48 All showed a measurable
increase in hydrodynamic diameter. Sucrose at 10 and 20%
(w/v) performed the best, but still had an increase in diameter of
around 40–60%. This is a significant change to the LNP popula-
tion. Lyophilized mRNA–LNPs in acetate buffer (pH 5.0) had the
smallest increase in hydrodynamic diameter, with Tris buffer
(pH 7.5) the next best and PBS buffer (pH 5.4) showing the largest
rise in hydrodynamic diameter.
A previous study with LNPs comprising mRNA, CL4H6 ionizable

lipid, DOPE, DOTMA and DMG-PEG2000 stored in PBS with either
12% (w/v) sucrose or 12% (w/v) trehalose involved subjecting
them to a single freeze–thaw cycle.49 The LNPs all showed a mea-
surable increase in hydrodynamic diameter, though this was less
pronounced in the presence of both sucrose and trehalose.
In another study, LNPs comprising mRNA, TT3 ionizable lipid,

Dlin-MC3-DMA, DOPE, cholesterol and DMG-PEG2000 in PBS or
Tris–saline buffer with different concentrations of sucrose were
tested using a single freeze–thaw cycle with different freezer tem-
perature settings, −20, −80 and −200 °C.50 The hydrodynamic
diameters at time zero were smaller in the presence of 10 and
20% (w/v) sucrose when in PBS buffer as observed in the present
study. The LNPs stored at −80 °C aggregated markedly (substan-
tial increase in the calculated hydrodynamic diameter and PDI)
while the same samples frozen at −20 °C or flash frozen using liq-
uid nitrogen and stored at −200 °C were relatively stable. The
LNPs’ hydrodynamic diameter values were stable for 10 and
20% (w/v) sucrose in both PBS and Tris–saline buffer for a single
freeze–thaw cycle.
The conclusion from the published liposome and LNP work,

which tested multiple cryoprotectants, was that sucrose can
reduce ice crystal damage and is more effective thanmany sugars
and sugar alcohols at this task. This learning was carried into the
subsequent LNP research on freeze–thaw cycling, where sucrose
was the predominant cryopreservative. The use of sucrose is sup-
ported in our study, with glycerol also being identified as an alter-
native cryopreservative to sucrose. The relatively poor
performance of trehalose could be due to spontaneous trehalose
crystallization during freezing, causing damage to the LNPs.51

PS80 was shown to be incapable of preventing LNP damage,
which agrees with liposome studies.46 BSA and PX188 provided
a degree of protection against ice crystal damage but were not
as effective as either sucrose or glycerol.

Agitation study
Agitation studies introduce active mixing to enhance interaction
with air–water or solid–water interfaces.21,22 Agitation studies
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can also mimic vibration-induced shear on the material being
tested. Studies involving mRNA–LNPs have shown that mixing
and shaking can impact both LNP size distribution and mRNA
egress.52,53 Air–water interfaces are extreme environments for
macromolecules like proteins due to the hydrophobic nature of
air. Excipients like PS20, PS80 and BSA are efficacious at protecting
proteins, displacing them from the air–water or solid–liquid
interfaces.
The mild agitation used in this experiment aided adsorption at

the air–water interface without introducing additional factors like
shear or forces associated with the presence of bubbles. The
results indicate that adsorption to interfaces is not a serious con-
cern for LNPs. The LNPs in PBS did not show a measurable change
in hydrodynamic diameter, and there was no rise in PDI, suggest-
ing that the LNPs were stable (Fig. 3). The presence of PS20 and
PS80 was associated with a rise in hydrodynamic diameter, which
may be a sign of aggregation starting to take place due to the sur-
factant disrupting the LNP structure. The presence of PX188 was
also associated with a reduction in hydrodynamic diameter and
rise in PDI, whichmay be indicative of this block copolymer surfac-
tant being detrimental to LNP stability. The evidence presented
here is that LNPs are not susceptible to damage at the air–water
interface, so the addition of surfactants like PX188, PS20 and
PS80 is unnecessary.

CONCLUSIONS
LNPs are very susceptible to damage during freeze–thaw cycles
which cannot be ignored. Unintended freezing is an intermittent
problem during the transport and storage of materials at 5 ± 3 °C.
Susceptibility of LNPs to damage on freezing is not surprising, as
LNPs are soft and ice crystallization has the capacity to exert con-
siderable force under some conditions. Themost promising excip-
ients to reduce ice crystal damage were sucrose and glycerol.
There was a slight increase in hydrodynamic diameter and PDI,
but sucrose and glycerol performed better than the other treat-
ments. Trehalose did not perform as well, which may be con-
nected to its propensity to crystallize during freezing.51

Accelerated stability study (35 °C) of LNPs in PBS with no addi-
tional excipient observed an increase in hydrodynamic diameter
of 20% in 7 days and a further rise between days 7 and 14 of only
1%. The excipients 0.05% (w/v) BSA and 0.05% (w/v) PS80 were
deleterious to LNP stability at 35 °C with a large rise in PDI, sug-
gesting these excipients are not suitable for use in liquid formula-
tions of the LNPs under investigation. PX188 did not prevent the
hydrodynamic diameter of LNPs from increasing, but the PDI
was stable, indicating no deleterious effects on the LNP structure.
Trehalose, sucrose and glycerol performed better than the other
excipients.
The excipients of choice for liquid formulation based on freeze–

thaw and accelerated testing are sucrose and glycerol. Sucrose is
no surprise, as it has been effective in formulations of liposomes
and LNPs of various compositions. Glycerol is rarely used for lipo-
somes and LNP liquid formulations. PS80 was deleterious to LNP
stability in this study. BSA was also poorly suited to LNP storage
based on the poor accelerated stability results. PX188 (0.05%
w/v) conferred some protection during freezing, and since its
structure and mode of action are radically different from those
of sucrose and glycerol,54 this excipient may be worth testing in
combination with sucrose and glycerol to see if its protection
against ice damage is complementary.

The LNPs used in this study comprised SM-102, DSPC, choles-
terol and PEG-DMG (with a lipid molar ratio of 50:10:38.5:1.5,
respectively) and tRNA in PBS at pH 7.4. The findings of this study
may differ for LNPs with different lipid composition and solution
conditions. tRNA is similar in size to siRNA, and the phenomena
observed in this study are indicative of what would be expected
in siRNA–LNPs of the same lipid composition. mRNA, however, is
considerably longer than tRNA and this may affect the physical
stability of the resulting LNPs.
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