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Abstract: Background/Objectives: Ionizable lipid nanoparticles were a crucial contribution to the
effective packaging and delivery of mRNA informational drugs for vaccines and therapeutic
applications. However, thermal instability and the need for ultracold storage present significant
challenges during distribution and administration, even during non-pandemic periods like
epidemics. Ongoing efforts include engineering novel lipids or optimizing mRNA-LNP formulations
with different buffers, excipients, and surfactants to enable extended storage at room temperature
(RT) or refrigerated conditions (4 °C). Methods: In this study, six sugar-surfactant excipient
combinations in tris buffer were evaluated for extending the stability of mRNA-LNPs. The
experimentation included two phases of screening: first, the evaluation of six formulations under
repeated freeze-thaw (-20 °C) cycles, and second, a long-term storage evaluation of the best
formulations at RT, 4 °C, — 20 °C and -80 °C. LNPs were formulated with the ionizable lipids ALC-
0315 or SM-102. Results: Sucrose-P188 and mannitol-F127 combinations effectively preserved
physicochemical properties like encapsulation efficiency (EE), polydispersity index (PDI), and z-
average (size) of mRNA-LNPs. Surfactants in the screened formulations reduced the aggregation of
LNPs. Storage at 20 °C with sucrose-P188 extended LNP stability beyond ultra-low temperature
requirements, showing potential for removing logistical hurdles to improve global delivery by
eliminating the need for ultracold storage. Excipients in non-frozen conditions preserved the LNP
quality attributes, but the RNA integrity was affected. On the other hand, mRNA degradation was
minimized when frozen, but LNP quality was affected, underscoring the challenging trade-off during
storage condition optimization. Conclusions: This work highlights the potential of improved
formulations to preserve mRNA-LNP functionality and emphasizes the need for further systematic
studies on a library of excipient and surfactant combinations, paving the way for stable storage under
less stringent conditions.

Keywords: thermal instability; ALC-0315; SM-102; mRNA-LNP formulations; excipients;
aggregation; polydispersity index; encapsulation efficiency

1. Introduction

Ionizable lipid nanoparticles (LNP) accelerated the approval of mRNA biologics for therapeutic
and prophylactic applications by delivering mRNA efficiently in the cell. Previously, the clinical
applicability of mRNA was severely limited by the instability of mRNA caused by the innate mRNA
degrading responses of the host cell, as well as the inherent susceptibility to hydrolysis. The
protective lipid layer in LNPs protected the mRNA from enzymatic degradation by cellular nucleases
and facilitated the higher transfection efficiency of mRNA. Thus, LNPs with ionizable lipids enabled
the licensing of mRNA-based drugs by efficient packing, overcoming the extra-cellular and intra-
cellular barriers associated with RNA delivery. Consequently, these delivery vehicles contributed
substantially to the success of the COVID-19 vaccines [1,2]. Despite the successes associated with the
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mRNA-LNP vaccines, challenges to meet clinical needs persist, even for the recently updated
COVID-19 vaccines (Moderna Spikevax, Pfizer-BioNTech Comirnaty) [3] and for the prevention of
lower respiratory tract disease (LRTD) caused by respiratory syncytial virus (mRNA vaccine
mRESVIA by Moderna Inc.,) [3-5]. The challenges limiting the expansion of mRNA-LNP for
therapeutic applications include thermal instability and reliance on ultra-cold storage chains to
maintain therapeutic efficacy and effective shelf life [6]. These critical bottlenecks restricted field
application and larger market penetration of the mRNA-based vaccine treatments into low-to-
middle-income countries (LMICs) and prevented equitable distribution during the pandemic.

Multiple degradation mechanisms and their impacts have been described for mRNA-LNPs.
Physical degradation, like aggregation or fusion of LNP particles, reduces the in vivo delivery
efficiency [7,8]. Chemical degradation pathways, such as hydrolysis and oxidation of the mRNA
and/or the lipid species, also hinder product shelf-life [9]. These challenges complicated the
development of mRNA-LNP drug products for other priority diseases like cancer (individualized
neoantigen cancer therapy), infectious diseases (CMV, EBV, HSV, VZV, HIV, Norovirus, etc.), and
neglected, rare diseases like Propionic acidemia, Methylmalonic acidemia, Phenylketonuria, and
Glycogen Storage Disease Type 1a [8,10]. Thus, the ongoing research efforts for improving mRNA-
LNP products include enhancing the target specificity, delivery efficiency, stability and room-
temperature-tolerant formulation.

To this end, two main methods to enhance lipid nanoparticle stability have been explored. The
first method is through iterative lipid design, which introduces changes in the lipid chemical
structures [2,11]. However, these studies require extensive testing of lipid libraries, and it is unlikely
the resulting novel lipids would be used in previously approved products or mRNA therapeutics
currently in development. The new generation of LNP preparations must undergo extensive, long-
term pre-clinical and clinical evaluation. The second approach builds on the LNP compositions that
have already been used in the clinic and focuses instead on the optimization of the buffer formulation
and additional excipients to act as protective agents throughout the storage and cellular stresses
involved while delivering mRNA vaccines and therapeutics.

Efficient chemical formulations should be purposefully developed using different buffering
systems, sugars, surfactants and other excipients that stabilize the mRNA-packed LNP. Ideally,
product stability should allow for storage at room temperature for up to 2 months. However, there
is a huge gap in the mRNA-LNP-related temperature and stability-associated empirical studies and
a huge scope for advancing the existing state-of-the-art approaches to increase the stability and shelf-
life of the mRNA-LNPs. Currently, the approved mRNA-LNP products have limited stability at
refrigerated and room temperatures (Table 1), impairing the distribution of these vaccines [7] and the
need for cold-chain logistics.

Table 1. Reported stabilities of mMRNA-LNP vaccines approved for use during the SARS-COV-2 pandemic. Table
adapted from [7] and modified using [4,5].

Vaccine Ionizable Lipid  2-8 °C Shelf Life Room Temp Shelf Life = Concentration

Name
BNT162b2 ALC-0315 Up to 5 days Up to 2 hours 6-10 doses per vial
mRNA-1273 SM-102 30 days Up to 12 hours 5-20 doses per vial

Furthermore, during pandemic situations, such as in the case of SARS-COV-2, mRNA vaccines
were stored in high concentrations of multiple doses to facilitate mass vaccination [12]. However, for
personalized mRNA therapies, rare and orphan diseases, and non-emergency vaccine products, it is
decreasingly feasible to employ high-concentration LNP stocks. Thus, achieving stability at reduced
LNP concentrations is key to transitioning mRNA-LNP products into various therapeutic field
applications. Also, the average time that the integrity of the RNA was maintained at 2-8 "C was from
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a few days to 4 weeks, compared to years or months of stability for other conventional vaccines like
protein subunit vaccines, AAV, etc. [13,14].

Another strategy for enhanced stability is to lyophilize the mRNA-LNP product (solid
formulations)[15,16]. The conventional vaccines can be stored as a lyophilized powder until the point
of use, where they are suspended in buffers or nuclease and pyrogen-free sterile distilled water.
However, no lyophilized, stable LNP formulations are commercially available to date. These factors
add to the value and significance of building a robust dataset on the stability analysis of LNP
formulations.

Herein, this work evaluates the physicochemical stability (EE%, size, PDI) of liquid formulations
of mRNA-LNP in the presence of several excipients, both throughout freeze-thaw stresses and multi-
week storage at reduced LNP concentrations. The study aims to increase the available data on LNP
stability and improve our understanding of the behaviors of these particles across different
temperatures and time points. Furthermore, we aimed to identify excipients that aid in preserving
mRNA-LNPs both physically (properties associated with the integrity of LNP) and chemically
(properties associated with mRNA integrity).

2. Materials and Methods

2.1. mRNA Synthesis and Purification

A DNA construct encoding for eGFP (pGEM4Z-EGFP) was purchased from Addgene (plasmid
# 183475, created by Chantal Pichon)[17], and a construct encoding for nLuciferase (pcDNA-LUC-
CBR20opt-T7AG-C1) was gifted by the National Research Council of Canada (NRC, Ottawa). The two
DNA constructs were transcribed using the in vitro MEGAscript T7 Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s protocol. The resulting mRNA was
purified by phenol-chloroform purification and quantified using the Quant-it Ribogreen RNA Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA), with the expected final mRNA lengths of 993 nt
for eGFP and 2,055 nt for nLuciferase (nLuc) constructs, respectively.

2.2. Lipid Nanoparticle Formulation

mRNA- LNPs were formulated by rapid pipette mixing of the ethanol and aqueous phases. For
the ethanol phase, the lipids were resuspended in 100% ethanol at a molar ratio of 50: 10: 38.5: 1.5
(ALC-0315: 1,2-DSPC: cholesterol: ALC-0159) to a total of 1 mg/mL. ALC-0315 and ALC-0159 were
acquired from Cayman Chemical (Ann Arbor, MI, USA), while cholesterol and 1,2-distearoyl-sn-
glycero-3-phosphocholine were acquired from MilliporeSigma (Burlington, MA, USA). For the
aqueous phase, the mRNA was diluted in 50 mM sodium acetate (pH 5.0). The lipid-to-mRNA weight
ratio was maintained at 10:1 for all experiments. After formulation, mRNA-LNPs were dialyzed
using the Slide-A-Lyzer™ Dialysis Cassettes (Thermo Fisher Scientific, Waltham, MA, USA), 10K
MWCO in 1000 volumes of 0.1 M tris buffer (pH 8.0) for at least 2 hours at 4 °C.

2.3. Freeze-Thaw Studies

After dialysis, a batch of LNPs was aliquoted and diluted with appropriate excipients (6 different
formulations, Table 2), namely sugars like sucrose, trehalose (Thermo Fisher Scientific, Waltham,
MA, USA), Mannitol (BioBasic, Markham, ON, Canada), with surfactants namely kolliphor P188 and
pluronic F127 (MilliporeSigma, Burlington, MA, USA) according to concentrations on Table 2
(weight/volume %). Samples were frozen in 1.5 mL plastic Eppendorf tubes at 20 °C for at least 24
hours between thaws. Samples were thawed at room temperature for 30 minutes before
characterization. The freeze-thaw studies included 5 freezing and thawing cycles. After testing 6
formulations and the control with nLuc mRNA, the experiment was repeated with two experimental
batches using eGFP mRNA for formulation 1, formulation 6 and the control. Baseline characterization
(freeze-thaw = 0) of LNPs was done without excipients added in the first screening with nLuc and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2093.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2025 d0i:10.20944/preprints202505.2093.v2

4 of 18

with excipients added in the second experiment with eGFP. Additional ANOVA analyses were
performed with multiple measurements, N=14, to assess the statistical significance of the work and
provided as results in the supplementary results, Figures S2 and S3.

Table 2. Tris-containing formulations were evaluated in this study. Concentrations listed as percentages are
calculated as weight/volume (w/v). All formulations contained a surfactant and sugar as excipients except for

the control.

Buffer Surfactant Sugar Formulation
8% Sucrose F1
0.5% P188 8% Trehalose F2
8% Mannitol F3
0.1 M Tris (pH 8) 8% Sucrose F4
0.5% F127 8% Trehalose F5
8% Mannitol F6
None None Control (F7)

2.4. Long-Term Storage

After dialysis, a batch of nLuc-encoding LNPs was first characterized and then aliquoted and
diluted with the appropriate excipients for formulation 1, 6 or control according to Table 2. 100 uL
aliquots were stored in 1.5 mL plastic Eppendorf tubes at the corresponding temperature (room
temperature, 4 °C, 20 °C or -80 °C). They were only removed from storage conditions at the time of
analysis. Samples were kept at room temperature for 30 minutes before characterization. Long-term
storage studies were performed for up to 8 weeks and analyzed at several intervals (week 0, week 1,
week 4, week 8). All the experiments concerning long-term freeze-thaw studies and long-term storage
studies were performed using tris buffer, based on the previous studies [18]. Additional ANOVA
analyses were performed with multiple measurements, N=14, to assess the statistical significance of
the work and provided as results in the supplementary results, Figures 54-57.

2.5. mRNA-LNP Characterization

RNA encapsulation efficiency (EE%) of the LNP was determined by a modified Quant-it
Ribogreen RNA Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) protocol. Duplicate LNP
samples were diluted 1:50 in either 1X TE buffer to determine the unencapsulated RNA concentration
or in 2% Triton X-100 to determine the total RNA concentration in a 96-well plate. A standard curve
was prepared using the Ribosomal RNA standard provided in the kit. The plate was incubated for
10 min with 2% Triton X-100 at 37 °C to disrupt LNPs before the addition of Ribogreen Reagent into
each well, and the Agilent BioTek Synergy HTX MultiMode Microplate Reader (Agilent
Technologies, Santa Clara, CA, USA) measured the fluorescence intensity values. EE% was calculated
as the difference between the total RNA concentration and the unencapsulated RNA concentration
divided by the total RNA concentration. Error bars represent standard deviation between two
measurements. Size and PDI were determined by dynamic light scattering (DLS) using the ZetaSizer
Nano S90 (Malvern Panalytical, Malvern, United Kingdom). LNPs were brought to room
temperature and diluted 1:15 in PBS (WISENT Inc., Saint-Jean-Baptiste, QC, Canada) in a 50 uL
disposable cuvette (Sarstedt Inc, Niimbrecht, Germany). The material refractive index (RI) was set to
1.37, and the temperature was maintained at 25 °C. Error bars are plotted based on standard deviation
between 14 measurements. Percent changes and fold changes in the quality attributes assessed were
calculated as described in Equation 1 and Equation 2, respectively.

) __ (Final Attribute Value—Initial Attribute Value)

Percent Change (% x 100, 1)

Initial Attribute Value

Final Attribute Value (2)
Initial Attribute Value’

Fold — change =
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2.6. Capillary Electrophoresis for mRNA Integrity

mRNA-LNP samples were treated with 0.1% Triton and incubated at 37 °C for 10 mins to break
open particles at the 2-month storage mark. Samples were diluted 10-fold and heated at 70 °C for 2
minutes before performing digital electrophoresis with the 2100 Agilent Bio system using Agilent
RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s
instructions. The percentage of the main peak was given by the percentage of total area (%) for the
peak at 2000 nt.

3. Results

3.1. Screening LNP Buffer-Excipient Formulations by Freeze-Thaw Cycles

Six formulations were combinatorially designed using two surfactants (P188 and F127) and three
sugars (sucrose, trehalose and mannitol) in a tris-buffer solution (Figure 1, Table 2). Tris-buffer was
specifically used for this study due to its use in both Moderna [19,20] and Pfizer vaccines, as Pfizer
originally used PBS but updated their vaccine formulations to include Tris [21].

/ Freeze-thaw stability studies with\ / Long-term stability studies with \

ALC-0315 ALC-0315 and SM-102
3 sugars 2 ionizable
2 surfactants .y A 2 selected . :
(P188 and t(rseuhcarloossz,’ T:;;?:: r . f‘;ﬂ"”'?ﬁgs te?n;zr:tﬂfes OI';,TS:QLSCM-
F127) mannitol) (F1and F6) 102)
6 formulations in different combinations 000000090
(F1, F2, F3, F4, F5, F6) Weel 01 ¢ ¢
Physiochemical characterization
techniques (encapsulation efficiency, poly
o% frgeze-thaw dispersity index, z-average size of LNP)
stability studies {—}
Selected formulations for long-term = mRNA integrity analysis using capillary gel
storage studies (F1 and F6) electrophoresis

\J 2 =~/

Figure 1. Schematic describing the experimental design and process workflow for screening LNP buffer-

excipient formulations by freeze-thaw cycles (left) followed by long-term stability studies (right).

The six formulations were evaluated through a freeze-thaw cycle study at 20 °C using ALC-
0315—the ionizable lipid used in the FDA-approved BNT162b2 vaccine. The experimental design
outlining this screening process is presented in Figure 1 (left).

Figure 2 illustrates the results of the change in LNP quality attributes before and after thawing
5 times. It is evident that when no excipients are present, the PDI increases drastically, i.e., the size
distribution of the LNP changed dramatically, exceeding an 80% increase in this condition due to the
lack of a stabilizing excipient. Moreover, in all the cases examined, an increase in size was observed.
This might indicate swelling or aggregation of the particles as a result of temperature cycling [18].
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Figure 2. Screening of LNP surfactant-excipient formulations via freeze-thaw cycles: Absolute values (thaw-
by-thaw data) illustrate EE (A), particle size (B), and PDI (C) for nLuc-encoding mRNA encapsulated in ALC-
0315 LNPs within tris-containing formulations. The dotted lines represent the acceptable limits of <200 nm (B)
and <0.3 PDI (C) according to published standards [22—25]. Percent changes in these physicochemical properties
after five iterative freeze-thaw cycles at —20 °C are shown in (D). Percent changes are calculated relative to the
initial LNP characterization before freezing. In the percent change graphs, different colours represent different
formulation conditions. In the bar chart representing the PDI change for F3 formulation, values are displayed as

exceeding the axis range for consistent comparative visualization.

Based on a global evaluation of the change in EE, Z-average, and PD], the tris-based formulations
that demonstrated the least change to LNP configuration after 5 freeze-thaws were F1 (0.5% P188, 8%
sucrose) and F6 (0.5% F127, 8% mannitol) (Figure 4D). As such, F1 and F6 were selected as the
formulations to be evaluated for long-term stability studies. The screening was also based on a
preliminary design of experiment (DoE) analysis performed using JMP toolsets. The DoE analysis is
now provided in the supplementary information, SI-1, Figure S1.

Despite the samples exhibiting good PDI and size consistency, the dynamic rearrangement of
LNPs during freeze-thaw cycles could compromise their structural integrity. This reconfiguration
may result in the loss of encapsulated mRNA, either due to leakage, nuclease activity, or LNP
degradation, ultimately reducing the availability of essential mRNA. Thus, among the formulations
screened, F1 and F6 (Table 2) showed significantly reduced changes in the PDI over time and good
EE throughout the freeze-thaw cycles. Furthermore, compared to the control, LNP formulation with
sucrose and mannitol did not significantly vary in EE and size. Interestingly, formulation with
trehalose showed the least variation in average size and PDI but performed poorly as an excipient
due to the least EE after 5 freeze-thaw cycles (Figure 2). This suggested that among the tested
formulations, trehalose did not effectively maintain the stability of the LNP after encapsulation.

To demonstrate the applicability of the compatible formulations (F1 and F6) across other mRNA
constructs and to eliminate the possibility of mRNA transcript size and sequence variability that may
have caused the stabilizing effect, encapsulation experiments using eGFP mRNA-LNP were tested.
The results were consistent with those of nLuc, indicating that after 5 freeze-thaw cycles, less change
was observed in the formulated particles than in the tris-only control (Figure 3). Specifically, particle
size (Figure 3B) and PDI (Figure 3C) were significantly lower in F1 (size: p = 0.0006; PDI: p = 0.0056 )
and F6 (size: p=0.0017; PDI: p = 0.0015 ) compared to the control after 5 freeze-thaws (Supplementary
Figure 52). The PDI index remained below the acceptable range of 0.3 for both formulated groups,
indicating uniformity among these samples. On the other hand, no difference was seen between the
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control and formulated samples in terms of EE, similar to what was seen with the nLuc (Figure 2).
This may indicate that the excipients prevented agglomeration and swelling but not particle

breakage.
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Figure 3. Absolute values (thaw-by-thaw data) illustrate EE (A), particle size (B), and PDI (C) for eGFP-encoding
mRNA encapsulated in ALC-0315 LNPs within tris-containing formulations. The dotted lines represent the
acceptable limits of < 200 nm (B) and < 0.3 PDI (C) according to published standards [22,23]. Percent changes in
these physicochemical properties after five iterative freeze-thaw cycles at 20 °C are shown in (D, E, F). Percent
changes are calculated relative to the initial LNP characterization before freezing. Error bars represent the
standard deviation between duplicate samples. In the bar chart representing the PDI change for the control

formulation, values are displayed as exceeding the axis range for consistent comparative visualization.

3.2. Long-Term Stability Assessment of nLuc mRNA-LNPs

nLuc-encoding mRNA-LNPs of selected formulations, F1 and F6, were tested for their long-term
stability under non-frozen (Room Temperature and 4 °C) and frozen conditions (20 °C and —80 °C)
for a total duration of two months (8 weeks) alongside a tris-only control as shown in Table 2. To
further expand the study, both ALC-0315 and SM-102 were investigated in these conditions. These
ionizable lipids were chosen due to their clinical relevance in the FDA-approved SARS-CoV-2
vaccines from Pfizer/BioNTech and Moderna, respectively (Figure 1, right).

For all formulations, the size, PDI and EE properties were recorded before adding excipients,
serving as a baseline reference to assess variations in LNP properties over time during storage for 8
weeks. In general, a slight increase in the size of the formulated samples immediately after the
addition of the formulation buffer may be attributed to the presence of excipients.
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3.2.1. Long-Term Storage at Room Temperature

The stability analysis of mRNA-LNP samples stored at ambient conditions (room temperature)
is shown in Figure 4. In general, SM-102 showed higher EE by pipette mixing approach, compared to
that of ALC-0315, irrespective of the formulation or the control (Figure 4A). Figure 4B shows that
most samples had a z-average of less than 200 nm, within the acceptable limit during the 2 months
of storage. However, compared to the initial conditions, the fold-change shown in Figure 4E showed
that the particle size in some cases with ALC-0315 doubled. Formulations with SM-102 had a
relatively stable property (Figure 4A,E); nevertheless, compared to initial values, fold-change was
significantly increased over the course of storage. The PDI measurements also showed similar large
variability across all the samples, with a narrow exception of F6 for ALC 0315 and SM102.
Furthermore, the formulation with F6 (0.5% F127 and 8% mannitol) effectively limited heterogeneity
among the LNPs for samples formulated with ALC-0315 and SM-102 (Figure 4C,F). On the other
hand, in some cases, with ALC-0315, the sucrose and P188-containing samples (F1) exceeded a PDI
index of 0.2 during their storage at room temperature, demonstrating their inability to maintain the
physical qualities (size and PDI) in this storage condition.

A B Cc
Encapsulation efficiency Particle size Polydispersity index
Storage at room temperature Storage at room temperature Storage at room temperature
8o T 300 I ALC-0315F1
60 k= 0 SM-102 F1
= o 200
£ o - M ALC-0315F6
w 40 ©
w [ 1 SM-102 F6
20 <f 100 W ALC- 0315 Control
N O SM-102 Control
0 0
0 1 4 8 0 1 4 8
Number of weeks in storage Number of weeks in storage Number of weeks in storage
D E F
Encapsulation efficiency Particle size Polydispersity index
Storage at room temperature Storage at room temperature Storage at room temperature
. 3
15 4 & ALC-0315F1
o ) o
E”1 0. 92 8’3 A - o SM-102 F1
- 2 2 ) | s o ® ALC-0315F6
‘!!'05 ;1 24/ _a o SM-102F6
30 5 Y 2 e w - ALC-0315 Control
A SM-102 Control
0.0+ T T T 1 0 0+ T T T 1
0 2 4 6 8 0 2 4 6 8
Number of weeks in storage Number of weeks in storage Number of weeks in storage

Figure 4. 8-week stability evaluation of mRNA-LNP samples stored at room temperature. Absolute values are
shown for EE% (A), particle size (B) and PDI (C). The dotted lines represent the acceptable limits of <200 nm (B)
and < 0.3 PDI according to published standards [22,23] (C). Fold-changes for the same attributes are represented

in D, E, and F, respectively, with dotted lines representing no change in value (fold-change = 1).

The absolute values in Figure 4 A-C remained within acceptable limits for most formulations,
although some conditions affected z-average and PDI beyond acceptable ranges. Although the EE
did not decline significantly among the formulated conditions (Figure 4A,D), the encapsulated
mRNA within the particle was degraded during the 2 months of their storage and is thus non-
functional (Figure 8). Additionally, irrespective of the buffer and excipient composition, the particles
formulated with ALC-0315 were consistently unstable regarding changes in their quality attributes,
unlike those formulated with SM-102 at room temperature. Thus, the results showed that adding
excipients to the mRNA-loaded particles did not improve their stability at room temperature.
Surprisingly, particles formulated with SM-102 ionizable lipid in tris-buffer (control) without
excipients and surfactants experienced the least changes in the LNP quality attributes than their
formulated counterparts (Figure 4). Although the particle quality attributes were relatively stable at
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room temperature across different formulations, the main concern at this temperature is mRNA
degradation (described in detail in the section below, Figure 8).

3.2.2. Long-Term Storage at 4 °C

The mRNA-LNP sample stability was next tested at 4 °C, i.e., under refrigerated conditions
(Figure 5). All the analyzed samples, irrespective of the lipid or F1/F6 formulation, showed physical
configuration within the acceptable limits (Figure 5B,C). Following the two months of storage at 4 °C,
F6 (0.5% F127, 8% mannitol) was identified as successful in maintaining EE in SM-102 mRNA-LNPs
as compared to the control particles (Figure 5A). Additionally, the physical quality attributes (size
and PDI) of F1 buffer particles were maintained similarly to the control throughout this 2-month
storage period (Figure 5B-D). This indicates that the additional surfactants and excipients, in this
case, did not contribute to the preservation of LNPs. A size and PDI increase were observed in the F6
buffer within the first week of storage due to the impact of excipient addition, but it remained stable
in the weeks following. Overall, another general observation, compared to the RT, is that storage at
refrigerated conditions improved EE and PDI properties. Also, similar to the observation at RT, SM-
102 performed relatively better compared to the ALC-0315.
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Figure 5. 8-week stability evaluation of mRNA-LNP samples stored at 4 °C. Absolute values are shown for EE%
(A), particle size (B) and PDI (C). The dotted lines represent the acceptable limits of <200 nm (B) and < 0.3 PDI
according to published standards [22,23] (C). Fold-changes for the same attributes are represented in D, E, and

F, respectively, with dotted lines representing no change in value (fold-change =1).

3.2.3. Long-Term Storage at —20 °C

The first frozen mRNA-LNP stability study (Figure 6) here was performed at —20 °C, where F1
(0.5% P188, 8% sucrose) maintained the stability of ALC-0315 mRNA-LNPs without much variation
through the 8-week period of storage. A notable change is among the EE, which dramatically changed
in most screened conditions for ALC-0315 and SM-102 except for the above-mentioned condition of
F1-ALC-0315 (Figure 6A). Also, the formulation F6 slightly increased the physical properties during
storage for SM102 and ALC-0315 lipids. Furthermore, it appears as though the addition of these
excipients reduces the change in the PDI of the particles over the course of 2 months of storage.
Despite their growth in size, ALC-0315 LNPs stored in F1 for 2 months did not exceed the acceptable
size criteria for mRNA-LNPs and were observed to grow to around 125 nm in size.
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Figure 6. 8-week stability evaluation of mRNA-LNP samples stored at —20 °C. Absolute values are shown for
EE% (A), particle size (B) and PDI (C). The dotted lines represent the acceptable limits of <200 nm (B) and < 0.3
PDI according to published standards [22,23] (C). Fold-changes for the same attributes are represented in D, E,

and F, respectively, with dotted lines representing no change in value (fold-change = 1).

3.2.4. Long-Term Storage at -80 °C

Although storage at -80 °C has been deemed a challenge for vaccine distribution, the
formulations were studied at this temperature over the course of two months to gain insight into the
behaviour of mRNA-LNP particles in this condition. All SM-102 mRNA-LNPs stored during our
study demonstrated a large decline in the EE after 1 week of storage (Figure 7A,D). For both ionizable
lipids, in storage conditions where a surfactant and sugar are not included, a dramatic increase in the
size is observed within one week of storage at =80 °C (Figure 7B, E). These unformulated samples also
incurred the largest change in their PDI throughout their storage duration (Figure 7C). These results
demonstrate the instability of the lipid nanoparticle shell without excipients at this temperature and
the need for the inclusion of excipients at =80 °C to maintain the particle’s physical attributes and
reduce aggregation. Despite a general growth of the particle size across conditions, both F1 (0.5%
P188, 8% sucrose) and F6 (0.5% F127, 8% mannitol) reduced the changes in size and PDI throughout
storage, with F1 outperforming F6 (Figure 7B,C,E,F).
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Figure 7. 8-week stability evaluation of mRNA-LNP samples stored at 80 °C. Absolute values are shown for
EE% (A), particle size (B) and PDI (C). The dotted lines represent the acceptable limits of <200 nm (B) and < 0.3
PDI according to published standards [22,23](C). Fold-changes for the same attributes are represented in D, E,

and F, respectively, with dotted lines representing no change in value (fold-change = 1).

The addition of 8% sucrose and 0.5% P188 to mRNA-LNPs formulated with ALC-0315
minimized changes in their size and the PDI as compared to the tris-only control (Figure 7). The EE
of these LNPs, stored with Sucrose and P188, declined by approximately 29% over the course of 2
months at =80 °C, whereas those which were stored without sugar or surfactant experienced a decline
of approximately 63.5% in their EE.

3.2.5. mRNA Integrity Analysis

Due to its success in preserving LNP attributes compared to other formulations, F1 ALC-0315
alone was used for capillary gel electrophoresis analysis across different storage temperatures (Figure
8). It was already shown in the study of stability at RT in this study that the physicochemical stability
of mRNA-LNPs does not necessarily correlate with mRNA integrity and biological activity [26].
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Figure 8. Capillary electrophoresis for RNA integrity analysis of ALC-0315 mRNA-LNP samples in formulation
1 (F1) or in tris buffer (Control) after 2 months of storage in non-frozen (A) or frozen (B) conditions. nLuc mRNA
is expected to have approximately 2000 nt in length. The percentage of the area of the main peak (2000 nt) relative
to the total RNA detected is reported below each sample.

Despite the promising results in preserving LNP attributes, the mRNA integrity was not
preserved in non-frozen temperatures (RT, 4 “C), as evidenced by the lack of a clear band at 2000 nt,
and rather a smear of lower molecular weight species (Figure 8A). Frozen conditions, on the other
hand, demonstrated superior RNA quality with a strong band at 2000 nt and less smearing than seen
in the unformulated control (Figure 8B). Although the percentage of the main peak was below 20%,
indicating RNA integrity is sub-optimal, the detergent and lipids present in the sample may have
interfered with this measurement, leading to lower values than expected.

4. Discussion

A primary limitation of the mRNA vaccines and therapeutics in the non-pandemic market is the
thermal instability [27]. Specifically, as therapeutics and non-urgent vaccines roll out, dosages may
now require longer-term storage and may not need to be stored at high-LNP density multi-dose
concentrations.

It is known [8,9] and demonstrated here (Figure 7) that in the absence of excipients and
cryoprotectants, mRNA-LNP in tris buffer is unstable and prone to physical degradation. The
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hypothesis is that the surfactants would reduce aggregation, and sugar would reduce the
degradation of the LNP as well as protect the mRNA through freeze-thaw stresses by acting as a
cushion layer around the LNP particles, as compared to an unformulated control lacking a surfactant
or excipient. The priority quality control attributes for LNPs include EE %, PDI and size. PDI and z-
average properties are interrelated, as a change in one will directly affect the other. However, EE %
and PDI are not interrelated. For example, LNP particles could aggregate without losing the packed
mRNA, leading to higher z-size and PDI. However, this is not ideal, as LNP size influences
distribution [28], with particles smaller than 200 nm being hypothesized to circulate to lymphatic
nodes by advection while particles 200-500 nm would go through uptake by dendritic cells [28,29].
As such, particles aggregating beyond 200 nm throughout storage could provoke a different response
in patients than what would have been validated at < 200 nm. On the contrary, a collapse of LNPs in
solution may cause a high loss of EE% with low variation in PDI, which is also not ideal. Thus, a
balance between EE% and size-associated properties is critical in choosing the correct formulation.

Sugar-surfactant combinations have non-linear impacts on the EE and PDI: In this study, we screened
six formulations based on their ability to minimize changes to the physicochemical characteristics of
the ALC-0315 mRNA-LNPs after 5 rounds of freeze-thaw at 20 °C as compared to the particles
suspended in tris-only buffer, without excipients and surfactants. We found that sucrose-P188 (F1)
and mannitol-F127 (F6)-containing tris buffer effectively prevented physiochemical changes during
freeze-thaw stresses and functioned as a cryoprotectant throughout the thermal cycling stresses
compared to the control. However, the sugar-surfactant combinations had inconsistent effects on
EE% and PDI from one formulation to the other. For example, sucrose-P188 maintained the PDI while
mannitol-F127 had limited protection of the LNPs from losing EE (Figure 2). Further, we hypothesize
that the sugar used in the formulation has a major role in preventing LNP aggregation. This
conclusion is based on the comparison between different sugars and the two surfactants. Surfactants
did not directly contribute to EE and PDI. However, among sugars, trehalose negatively affected the
EE and PD], irrespective of the surfactant. Also, among the sugars, sucrose seemed to protect the LNP
better than mannitol, even though the use of mannitol as a cryoprotective agent is not new, as is
shown to be effective in previous studies [30]. This is consistent with findings for freeze-dried LNPs,
where sucrose had the highest cryoprotective effect, followed by mannitol, with no positive effect
seen for trehalose [31]. Although some sugars and sugar alcohols have been evaluated as excipients
for mRNA-LNPs, the combination of these excipients with surfactants has not been explored to our
knowledge, with the exception of one patent by Moderna testing Sucrose and P188 [20,32]. An
additional advantage of a formulation containing surfactants is, with the increasing concern against
other respiratory diseases and an interest in intranasal delivery, the introduction of surfactants
enables potential nebulization applications [33].

Surfactants in excipients impact the LNP size and aggregation: The study used two different
surfactants, P188 (8000 Da) and F127 (12500 Da), that function by protecting the LNP from freeze-
thaw stresses and aggregation. In a specific case, it has been hypothesized that P188 surfactant would
cover the lipid nanoparticles, thereby reducing the free energy and stabilizing the mRNA-LNP
complex from collapsing and precipitating [20,34-36]. It is commonly observed that many
pharmaceutical LNP formulations for cancer drug delivery use surfactant concentrations ranging
from 0.5% to 4% (w/v) [37-39]. Further, the rationale for choosing F127 and P188 at a concentration
of 0.5% is two-fold: A. Both are FDA-approved pharmaceutical ingredients [40], and B. When used
in higher concentrations, it can be toxic [39], and inhibit cellular uptake and/or endosomal escape. In
the published works [37-40] concentrations ranging from 0.0005% to up to 4% have been shown to
be useful as a lipid nanoparticle stabilizing agent. For example, a published study observed that LNPs
were stabilized at low concentrations from 0.05 % (W/V) for drug delivery in ocular sites [39]. In
comparison, other studies for preserving oncolytic viral vaccine formulations that reported testing
from 0.0005% onwards for gene delivery have also used much lower percentages [41]. Although
surfactants have been used with LNPs for other applications, this study aims to fill the gap in
formulating mRNA-containing LNPs with these components. Based on these varied reports, we
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tested a concentration of 0.5%, drawing inspiration from low toxicity and its extensive use for
formulating other drugs in solid nanoparticles. In the present study, P188 showed better prevention
of aggregation and maintained the average size, with this effect being less prominent in formulations
with F127. The possible reason could be due to its inherent surface properties and the length of the
polymer chains and molecular weights, since P188 and F127 are similar chemicals that have
hydrophilic and hydrophobic properties, with variations in the total length of the polymer chain. The
same concentration of P188 (8000 daltons) will have more particles compared to F127 (12500 daltons).
As aresult, their coverage on the LNP surfaces may be different, leading to such different behaviours
during storage stability. This finding is consistent with studies that have indicated that P188, above
a concentration of 0.0005% w/v, is an appropriate excipient to protect enveloped viral formulations
throughout freeze-thaws [41]. Due to the limited data on the thermostability of mRNA-LNPs, we can
draw a comparison between mRNA-LNPs and enveloped viruses since they are both comprised of a
lipid-containing envelope that encapsulates genetic material.

LNP stability at RT is an ongoing search: Under the stress conditions of storage at RT, all
formulations failed to maintain mRNA integrity. This result is unsurprising as it has been well
documented that mRNA is unstable in aqueous conditions at RT due to hydrolytic cleavage of the
phosphodiester backbone of the RNA [42]. Previous research has indicated that within the LNP core,
approximately 20% of the volume is accounted for by water, implying that the mRNA is exposed to
hydrolysis even while encapsulated [9]. Furthermore, at elevated temperatures, the relative humidity
of the air has been shown to degrade RNA, and thus, this humidity would need to be more strictly
controlled for room temperature storage of these molecules [42]. Furthermore, ribonucleases are
known to be increasingly active at elevated temperatures [42]. However, despite mRNA degradation,
the physicochemical characteristics of the LNPs were maintained in some of the cases tested, even
when stored without excipients. This implies that the instability of mRNA remains the challenge to
be surpassed to extend mRNA-LNPs room temperature shelf-life. This is further supported by the
specified shelf-life of Onpattro, a siRNA-LNP drug, which can be stored at room temperature for 14
days or be refrigerated for up to 3 years [10,43]. It has been noted that the LNP composition of
Onpattro is similar to the mRNA-LNP vaccines, indicating that the limiting factor for storage at
ambient temperature is limited by the inherent instability of the mRNA. In contrast to mRNA-LNPs,
this siRNA-LNP should not be allowed to freeze throughout its storage duration, most likely to
maintain the physical properties of the LNP [44]. Our results emphasized these conflicting needs and
stabilities of the lipid nanoparticle component from the mRNA component.

ALC-0315 showed improved stability and shelf life with the use of excipients (sucrose and mannitol). To
achieve this aforementioned balance, after 8 weeks of storage at 4 °C, -20 °C, and -80 °C, we identified
an improved storage condition for each of these temperatures as compared to the controls. For all
conditions, the EE% is higher at the start when using SM-102 than ALC-0315, likely due to the
inherent properties of the ionizable lipid components and the lipid mixture used in forming the LNPs.
For this study, we used the same pH for encapsulation across all conditions to focus on comparing
storage formulations, but pH may have to be optimized for each ionizable lipid according to pKa to
achieve higher encapsulation efficiency. The difference in encapsulation efficiency and, consequently,
proportion of mRNA payload to lipids, may have interfered in stability of mRNA throughout long-
term storage. Besides pH, different starting mRNA concentrations could be tested to further explore
this. At 4 °C, the inclusion of mannitol and F127 to SM-102-based lipid nanoparticles demonstrated
improved retention of mRNA integrity as well as comparable size and PDI stability to the tris-only
control. This represents a progression towards the extension of the 4 °C shelf life of SM-102-based
LNPs, which was listed as 30 days [7]. At -20 °C and —80 °C, our results demonstrated that ALC-0315-
based LNPs were increasingly stable with the addition of sucrose and P188, both in terms of LNP
physicochemical characteristics as well as in terms of mRNA integrity. The ability to store ALC-0315
LNPs at -20 °C for 2 months represents an improvement upon the ultra-cold storage requirements
(80 °C to =60 °C) of the BNT162b2 vaccine from previous studies, which posed many challenges in
their shipping and distribution due to this requirement [27]. Furthermore, the results of our freeze-
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thaw study demonstrate that these excipients were also effective in maintaining the physicochemical
characteristics of the LNP throughout several freeze-thaw cycles from —-20 °C to room temperature,
which would ease restrictions on their shipping conditions.

Despite having identified an improved excipient formulation at -80 °C, this condition proved to
be a harsh condition for the maintenance of LNPs. In the inverse case of room temperature, mRNA
stored at —80 °C maintained its integrity, but we observed a decrease in the EE% of most particles,
indicating leakage from or degradation of the particles themselves. Additionally, we observed size
increases and drastic increases in PDI in cases without the inclusion of a cryopreservative, indicating
aggregation of particles. This is consistent with the results of Kamiya et al., who observed that in
mRNA-LNP samples stored at 80 °C, the EE% decreased by 41.74%, and the size increased by 245.2%
as compared to those stored at 4 °C [45]. Our data showed a higher size increase of LNPs stored at
-80 °C than at -20 °C, which is also aligned with other studies where -80 °C storage conditions
resulted in lower luciferase activity than storage at —30 °C [45] and higher aggregation than storage
at —20 °C [46]. This may seem contrary to expectations that mRNA-LNPs would be the most stable
when frozen, according to the temperatures chosen for the storage of approved SARS-CoV-2 vaccines
[7]. However, it is important to note that the methods for freezing may vary between studies and the
procedure performed in the industry. In fact, techniques such as snap-freezing or a gradual change
of temperatures may impact how mRNA-LNPs are affected by the freezing process [47,48].
Henderson et al. controlled for this by using a 1 °C/min cooling rate [19], while Kim et al. saw better
results with flash-freezing in liquid nitrogen than freezing at —80 °C [46], but many studies do not
mention controlled freezing methods.

In summary, in this manuscript, we investigated and presented the preliminary studies on the
impact of the choice of sugar and surfactant on mRNA-LNP stability in different storage
temperatures and freeze-thaw cycles. To facilitate this comparison, other factors were standardized
across conditions, including concentrations of mRNA, lipids and excipients. Additionally, while this
preliminary study focused on the physicochemical properties of the particles, further characterization
of particle morphology and lipid composiiton through electron microscopy and RNA function
through in vitro and in vivo assays could provide more robust explanations for differences observed
between storage conditions.[46,48] As such, future perspectives to deepen the understanding of the
data discussed include screening other contributing factors and expanding the number of quality
attributes assessed.

5. Conclusions

The findings demonstrated that while excipients maintain PDI and structural integrity, as well
as EE%, they do not significantly protect mRNA, particularly uncapped mRNA used in this study.
Therefore, incorporating such excipients in LNP formulations for R&D labs is advisable to enhance
experimental operating conditions. LNPs require excipients during storage for R&D applications and
even more so for commercialization to maintain PDI and EE. Although the study examined six
different formulations through freeze-thaw cycles and identified the best formulation, a detailed
Design of Experiment (DoE) would allow evaluation of LNP stability using a broader range of
excipients, buffers, and surfactant-buffer formulations. This study provides valuable data on the
freeze-thaw dynamics and long-term storage of mRNA-LNPs, addressing critical stability challenges
with the rising interest in mRNA-LNP vaccines and therapeutics. It identifies formulations balancing
mRNA and LNP stability at 4 °C, -20 °C, and -80 °C, including surfactants to support future
nebulization. These findings aim to improve the accessibility of mRNA-LNP drug products. Future
studies may focus on lyophilized formulations for room-temperature storage to address the
challenges associated with storing mRNA-LNPs in aqueous conditions.
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LNP Lipid nanoparticle
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eGFP Enhanced green fluorescent protein
nLuc NanoLuc luciferase

RT Room temperature
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