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A B S T R A C T   

The recent clinical success of multiple mRNA-based SARS-CoV-2 vaccines has proven the potential of RNA 
formulated in lipid nanoparticles (LNPs) in humans, and products based on base-modified RNA, sequence- 
optimized RNA, and self-replicating RNAs formulated in LNPs are all in various stages of clinical develop-
ment. However, much remains to be learned about critical parameters governing the manufacturing and use of 
LNP-RNA formulations. One important issue that has received limited attention in the literature to date is the 
identification of optimal storage conditions for LNP-RNA that preserve long-term activity of the formulations. 
Here, we analyzed the physical structure, in vivo expression characteristics, and functional activity of alphavirus- 
derived self-replicating RNA (repRNA)-loaded LNPs encoding HIV vaccine antigens following storage in varying 
temperatures, buffers, and in the presence or absence of cryoprotectants. We found that for lipid nanoparticles 
with compositions similar to clinically-used LNPs, storage in RNAse-free PBS containing 10% (w/v) sucrose at 
− 20 ◦C was able to maintain vaccine stability and in vivo potency at a level equivalent to freshly prepared 
vaccines following 30 days of storage. LNPs loaded with repRNA could also be lyophilized with retention of 
bioactivity.   

1. Introduction 

One of the first experiments on the delivery of RNA molecules dates 
back to 1978, when mouse lymphocytes were transfected in vitro with 
mRNA encoding rabbit globin using liposomes [1]. Since then, advances 
in ionizable lipids and RNA loading techniques led to the approval of the 
first siRNA-based lipid nanoparticle (LNP) therapeutic, Onpattro (Pati-
siran) by the US Food and Drug Administration (FDA) in 2018 [2–5]. By 
early 2020 when the COVID-19 pandemic occurred, several mRNA- 

loaded LNP formulations had reached clinical trials [6]. In December 
2020, the FDA issued Emergency Use Authorization (EUA) for COVID-19 
vaccines from Pfizer-BioNTech (BNT162b2) and Moderna (mRNA- 
1273), both of which utilize LNPs loaded with mRNA encoding the viral 
spike protein as the immunogen [7,8]. Currently, LNP formulations of 
diverse RNA products including oligonucleotides (e.g., siRNA, miRNA, 
anti-sense oligonucleotides, etc.) [9–13], base-modified RNA [14–16], 
sequence-optimized RNA [17–20], and self-replicating RNAs [21–24] 
derived from alphaviruses, flaviviruses, measles viruses, and 
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rhabdoviruses are in various stages of clinical development for appli-
cations ranging from vaccines to cancer therapy. Most recently, a 
COVID-19 vaccine based on LNP-formulated self-replicating RNA 
(ARCT-154) achieved promising phase 3 efficacy data in Vietnam 
[25,26]. 

While both of the approved mRNA vaccines for COVID-19 are similar 
in structure, BNT162b2 uses phosphate-buffered saline (PBS) as the 
solvent (with 20% w/v sucrose), whereas mRNA-1273 uses tris-HCl- 
buffered saline (TBS; with 8% w/v sucrose) [27–32]. Both formula-
tions have reported reliable maintenance of vaccine stability and effi-
cacy in these sucrose buffers, but the range of storage temperature and 
lifetime is broad; mRNA-1273 is stored at − 20 ◦C for up to 6 months, 
whereas BNT162b2 is concentrated and stored at − 70 ◦C for up to 6 
months, with more recent data indicating storage at − 25 ◦C to − 15 ◦C 
for two weeks is also stable [27,33,34]. There is limited public knowl-
edge regarding the impact of key storage parameters (e.g., cryoprotec-
tant, dispersant, temperature, etc.) on LNP-RNA vaccines, as noted by 
many authors in light of the recent pandemic [28,33,35–38]. In the 
limited number of published studies, several common parameters are 
found to affect storage outcomes. Sugar-based cryoprotectants, such as 
sucrose, trehalose, and mannitol, improve the stability of LNPs during 
freeze-thawing and lyophilization [35,39,40]. Constituting the LNPs in 
different aqueous solvents (e.g., water, saline) or in a mix with organic 
solvents (e.g., ethanol) displayed minor effects in improving the stability 
of LNP-RNA [35,39,40]. However, the most dominant variable seems to 
be the storage temperature, ranging from flash freezing in liquid nitro-
gen to refrigeration at 4 ◦C, where different formulations seem to favor 
different temperatures. We previously reported a formulation comprised 
of TT3 (a lipid-like ionizable molecule), DOPE, cholesterol, and DMG- 
PEG2k loaded with mRNA encoding luciferase that was successfully 
flash frozen in liquid nitrogen, and stored for up to 3 months with 
5% w/v sucrose or trehalose [39]. On the other hand, a formulation 
composed of an unidentified ionizable lipid, DSPC, cholesterol, and 
DMG-PEG2k loaded with mRNA encoding the receptor binding domain 
(RBD) of SARS-CoV-2 mouse-adapted strain was maintained at room 
temperature for at least 7 days, and potentially longer at 4 ◦C [41]. 
Another work presented imidazole-modified lipids that seem to form 
highly stable RNA-loaded structures by addition of ether bonds and 
amine head groups that allow for pi-stacking [42]; impressively, this 
LNP was able to retain RNA integrity and function for out to 25 weeks at 
4 ◦C, 18 weeks at 25 ◦C, and 3 weeks at 37 ◦C in PBS without the need for 
cryoprotectants. 

The exact reason for the wide range of shelf lives reported for LNP- 
RNA vaccines remains unknown. In addition, many studies of LNP- 
RNA stability have focused on functional measures using mRNA 
encoding for a reporter gene (e.g., luciferase, GFP) rather than direct 
assessments of vaccine immunogenicity, and analyses linking structural 
integrity of LNPs to vaccine activity are lacking. To help fill this 
knowledge gap, here we investigated the effects of cryoprotectants, 
buffer type (phosphate- and tris-buffered saline), and storage tempera-
ture on both the structural and functional maintenance of self- 
replicating RNA-loaded LNP (LNP-RNA) vaccines. 

2. Material and methods 

2.1. Materials 

N1,N3,N5-tris(3-(didodecylamino)propyl)benzene-1,3,5-tricarbox-
amide (TT3) was synthesized as previously described [43]; 
(6Z,9Z,28Z,31Z)-Heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethyla-
mino) butanoate (DLin-MC3-DMA) was purchased from MedChem 
Express (CAT#HY-112251); 1,2-dioleoyl-sn-glycero-3-phosphoet 
hanolamine (DOPE; CAT#850725), Cholesterol (CAT#700100), 1,2- 
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG- 
PEG2k; CAT#88015) were purchased from Avanti Polar Lipids. HIV Env 
trimer N332-GT2 was prepared as previously described [44]. Citrate 

buffer (pH 3; CAT#J61391-AK) was purchased from Alfa Aesar. For 
dialysis, 20 K MWCO Slide-A-Lyzer™ MINI Dialysis Device (Thermo-
Fisher Scientific), RNAse-free PBS (AM9625; ThermoFisher Scientific), 
Tris Buffer (ThermoFisher Scientific), and D-(+)-Sucrose, Ultrapure 
DNAse-, RNAse-free (97061–432; VWR) were used. mRNA encoding for 
GFP was purchased from APExBIO (CAT# R1007). For bioluminescence 
studies, luciferin was purchased from GoldBio (CAT# LUCK-1G). 

2.2. RNA synthesis 

Venezuelan equine encephalitis virus (VEE) replicon plasmid DNA 
was prepared based on mutant constructs previously described [45–47]. 
Firefly luciferase or HIV immunogen N332-GT2 (a stabilized SOSIP 
trimer of the HIV envelope glycoprotein spike [44]) were cloned after 
the subgenomic promoter as previously described [45,46]. Replicon 
RNAs were in vitro transcribed (IVT) from templates of linearized VEE 
DNA constructs using the HiScribe T7 Quick High Yield RNA Synthesis 
Kit (New England Biolabs) following the manufacturer's instructions. 
The resulting replicon RNAs were capped and methylated using the 
ScriptCap Cap 1 Capping System (Cellscript) according to the manu-
facturer's instructions. RNA was purified in water with 300,000 PES 
columns (Sartorius), and purity was assessed by gel electrophoresis. 

2.3. Lipid nanoparticle synthesis 

Lipid nanoparticles (LNPs) were synthesized using a microfluidic 
organic-aqueous precipitation method. The organic phase was prepared 
by solubilizing the lipids TT3, Dlin-MC3-DMA, DOPE, Cholesterol, and 
DMG-PEG2k in ethanol at a molar ratio of 10:25:20:40:5. The aqueous 
phase of RNA was prepared by diluting the RNA (stored in RNAse-free 
water) with 10 mM citrate buffer at pH 3.0 (CAT#J61391-AK; Alfa 
Aesar). Lipids were stored in ethanol at − 20 ◦C, and RNA constructs 
were stored in RNAse-free water at − 80 ◦C and were thawed on ice 
before use. The two phases were prepared at an ethanol:aqueous volume 
ratio of 1:2, and RNA and lipids combined at an N:P ratio of 2:1. Each 
phase was loaded into a syringe (BD), and locked onto the NxGen 
microfluidic cartridge for mixing using a NanoAssemblr Ignite instru-
ment (Precision Nanosystems). The Ignite was set to operate with the 
following settings: volume ratio- 2:1; flow rate- 12 mL/min; waste vol-
ume- 0 mL. The resulting LNPs were dialyzed against predetermined 
buffers (0–30% w/v sucrose in pH 7.4 PBS or TBS) using 20 K MWCO 
Slide-A-Lyzer™ MINI Dialysis casettes (ThermoFisher Scientific) at 
25 ◦C for 90 min, with an exchange of the buffer reservoir after 45 min. 
The dialyzed LNPs were then stored under predetermined test 
conditions. 

2.4. LNP-RNA lyophilization 

LNP-RNAs were synthesized and diluted (50, 20, 10, or 3.3 ng/μL) in 
different buffers (PBS, 10%, or 30% w/v sucrose) and frozen (− 20 ◦C, 
− 80 ◦C or − 200 ◦C) for 24 h according to the test conditions. The frozen 
samples were then lyophilized for 24 h in a LabConco Freezone 4.5 Liter 
Benchtop Freeze Dry System. Eppendorf tubes containing the frozen 
samples were opened, covered with perforated parafilm, and placed in a 
pre-chilled 50 mL conical tube during lyophilization. Lyophilization was 
conducted at the default fixed setting of − 60 ◦C. Lyophilized samples 
were stored at 4 ◦C unless hydrated immediately, and were reconstituted 
in deionized water before use. 

2.5. Particle characterization 

Dynamic light scattering (DLS; Malvern Panalytical) was performed 
to determine the hydrodynamic size, polydispersity index, and zeta- 
potential of the LNPs. For hydrodynamic size measurements, 10 μL of 
particles in different buffers were diluted in 800 μL of deionized water 
and placed into the 1.5 mL cuvette (Fisher Scientific) for measurement. 
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The same sample was transferred to the folded capillary zeta cell 
(Malvern Panalytical) to measure the zeta-potential. Electron micro-
scopy was conducted to qualitatively assess the LNP size and poly-
dispersity. In sample preparation for cryogenic electron microscopy 
(cryo-EM), 3 μL of the particles sample in buffer containing solution was 
dropped on a lacey copper grid coated with a continuous carbon film 
and blotted to remove excess sample without damaging the carbon layer 
by Gatan Cryo Plunge III. Grid was then mounted on a Gatan 626 single 
tilt cryo-holder equipped in the TEM column. The specimen and holder 
tip were cooled down by liquid‑nitrogen, and the temperature was 
maintained during transfer into the microscope and subsequent imag-
ing. For negative stained-transmission electron microscopy (TEM), 10 μL 
of the particle sample in buffer containing solution was dropped on a 
200 mesh copper grid coated with a continuous carbon film and excess 
solution was removed after 60 s of waiting by blotting with a wipe. Then 
10 μL of negative staining solution, phosphotungstic acid as a 1% 
aqueous solution was dropped on the TEM grid and immediately 
removed by blotting. Another 10 μL of the stain is applied to the grid 
with blotted removal after 30 s, and the grid is dried at room tempera-
ture. The dried grid was mounted on a JEOL single tilt holder equipped 
in the TEM column. The specimen was cooled down by liquid‑nitrogen. 
Imaging on a JEOL 2100 FEG microscope was conducted using a mini-
mum dose method that is essential to avoid sample damage under the 
electron beam. The microscope was operated at 200 kV and with a 
magnification in the ranges of 10,000–60,000 for assessing particle size 
and distribution. All images were recorded on a Gatan 2kx2k UltraScan 
CCD camera. 

2.6. Mice 

Female Balb/C (JAX Stock No. 000651) mice 6–8 weeks of age were 
maintained in the animal facility at the Massachusetts Institute of 
Technology (MIT). All animal studies and procedures were carried out 
following federal, state, and local guidelines under an IACUC-approved 
animal protocol. 

2.7. In vivo mouse imaging 

To qualitatively assess the efficacy of thawed LNPs compared with 
freshly prepared samples using repRNA encoding for luciferase (repLuc) 
as a reporter, we simulated vaccination in cohorts of Balb/C mice by 
intramuscularly (i.m.) injecting 1 μg RNA doses of the LNPs loaded with 
repLuc in each of the left and right gastrocnemius muscle. At days 1, 3, 7, 
10, and 15 post-i.m. injection, the mice were intraperitoneally (i.p.) 
administered 200 μL of luciferin (50 mg/mL in PBS), and imaged using 
the In Vivo Imaging System (Xenogen IVIS 200; PerkinElmer) 10 min 
post-i.p. injection. 

2.8. Serum antibody titer quantification 

To quantitatively assess the efficacy of thawed LNPs compared with 
freshly prepared samples using repRNA encoding for the HIV env trimer, 
we vaccinated healthy Balb/C mice by injecting 1 μg RNA doses of the 
LNP-RNA i.m. in each of the left and right gastrocnemius muscle. At 
weeks 2 and 4 post-i.m. injection, the mice underwent retro-orbital 
bleeding; blood was collected in Z-gel PP tubes for blood serum collec-
tion (CAT#41.1500.005; Sarstedt). Serum was collected by centrifuging 
blood at 10,000 ×g for 4 min, and stored at − 80 ◦C prior to use. To 
conduct ELISAs, NUNC MaxiSorp plates were coated overnight with 1 
μg/mL purified HIV antigen in PBS, then blocked for 2 h with 10% BSA 
in PBS. Mouse sera were initially diluted 50× in blocking buffer, fol-
lowed by 3× serial dilutions. Diluted sera were transferred to blocked 
plates and incubated for 2 h. HRP-conjugated immunoglobulins (e.g., 
IgG, IgG1, IgG2a, IgG2b, IgG3, IgM; Bio-Rad) were used as detection 
antibodies at 1:5000 for endpoint titer assessments, with gp120-specific 
monoclonal antibody VRC01 used as a positive control. 3,3′,5,5’- 

Tetramethylbenzidine (TMB) signal was read using a microplate reader 
by subtracting the absorbance at 450 nm by that at 550 nm. 

2.9. Germinal center (GC) assay 

Balb/C mice were immunized as described above, and at 2 weeks 
post-vaccination, popliteal lymph nodes were collected and mechani-
cally dissociated to obtain single cell suspensions. Zombie Aqua (Bio-
Legend) in PBS was used to stain for cell viability, and antibody staining 
was performed in fluorescence-activated cell sorting (FACS) buffer (PBS, 
1% bovine serum albumin (BSA), 0.02% NaN3, and 2 mM EDTA). Fc- 
mediated binding was blocked using purified anti-CD16/32 (2.5 μg/ 
mL; 93; BioLegend) at 4 ◦C for 15 min, on top of which we added pri-
mary antibodies for cell surface staining at 4 ◦C for 30 min. GC B cells 
were stained using anti-GL7 PerCPCy5.5 (GL7; BioLegend), anti-CD38 
AF488 (90; BioLegend), anti-B220 PECy7 (RA3-6B2; BioLegend), and 
anti-CD4 BV711(GK1.5; BioLegend). Follicular helper T cells were 
assessed using anti-CD4-BV711 (GK1.5; BioLegend), anti-B220-PECy7 
(RA3-6B2; BioLegend), anti-CXCR5-PE (phycoerythrin) (L138D7; Bio-
Legend), and anti-PD1-BV421 (29F.1A12; BioLegend). The HIV env 
trimer used as the antigen was conjugated to either BV605 (streptavidin- 
conjugated; BioLegend) or APC-Cy7 (streptavidin-conjugated; Bio-
Legend), and both probes were used to detect antigen-specific B cells. 
Stained cells were fixed with 4% paraformaldehyde (ThermoFisher 
Scientific) for 10 min at 25 ◦C, washed and resuspended in FACS buffer 
for flow cytometric analysis on a BD FACSymphony™ A3 Cell Analyzer 
(BD Biosciences). 

2.10. Enzyme-linked immunosorbent spot (ELISpot) assay 

Spleens were harvested 2 weeks after mice had been intramuscularly 
vaccinated with LNPs loaded with repRNA encoding for the HIV 
immunogen in the left and right gastrocnemius muscles of mice. Sple-
nocytes were isolated by mechanical dissociation of the spleen and 
erythrocytes were removed using the Gibco Ammonium-Chloride- 
Potassium lysing buffer (Thermo Fisher Scientific). ELISpot was con-
ducted using the mouse IFN-γ ELISPOT Kit (BD Biosciences). Cells were 
seeded on IFN-γ-coated wells at 106 cells/well in triplicate for three 
pools of the HIV env trimer peptides, which were added to the cells at 2 
μg/mL. Cells were stimulated by wrapping the plate in foil and incu-
bating overnight at 37 ◦C. Plates were developed and detected according 
to manufacturer's instructions. Plates were scanned using the CTL- 
ImmunoSpot Plate Reader, and data were analyzed using CTL Immu-
noSpot Software. 

2.11. Bead-based ELISA cytokine quantification 

Mouse muscles were analyzed using the Legendplex mouse antivirus 
response panel (Biolegend) following the manufacturer's suggested 
protocol and analyzed using the LEGENDplex Data Analysis Software 
Suite. At 24 h post-vaccination, gastrocnemius muscles were collected 
from mice. Tissues were homogenized in GentleMACS M Tubes (Milte-
nyi Biotec) filled with 1.5 mL of lysis buffer (20 mM Tris (pH 7.8), 137 
mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1% Triton X-100, 10% (w/v) 
glycerol, 1 mM EDTA, 1 mM dithiothreitol, HALT Protease Cocktail 
(ThermoFisher)) using the GentleMACS Octo Dissociator (Miltenyi 
Biotec). The tissues were homogenized and then further incubated in the 
lysis buffer overnight at room temperature on a rotor shaker before 
being analyzed or flash frozen and stored at − 80 ◦C until later analysis. 

3. Results 

3.1. Effect of sucrose on maintenance of structural and functional 
integrity of LNP-RNA 

Lipid nanoparticles (LNPs) were synthesized using a microfluidic 
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system mixing an organic phase of lipids in ethanol with aqueous phase 
repRNA in water to induce self-assembly of LNPs encapsulating the 
replicon (LNP-RNA). LNPs were prepared using a 2:1 ratio of ionizable 
lipid amine groups to RNA phosphates (equivalent to a 2.9:1 ionizable 
lipid:RNA mass ratio). The resulting particles were dialyzed into pH 7.4 
phosphate-buffered saline (PBS) or tris-buffered saline (TBS) containing 
0%, 5%, 10%, or 30% w/v sucrose to test the effects of buffer and 
cryoprotectant. The particles were then stored at 4 ◦C, − 20 ◦C, − 80 ◦C, 
or − 200 ◦C (flash freezing in liquid nitrogen). After 7 days, the LNP- 
RNA were thawed at 25 ◦C, and their hydrodynamic size and poly-
dispersity were measured using dynamic light scattering (DLS). Freshly 
prepared LNPs in their respective buffer and sucrose concentrations 
served as controls. As shown in Table 1, regardless of buffer and sucrose 
concentration, storage of LNPs at − 80 ◦C resulted in particle aggregation 
and high polydispersity, while storage at other temperatures (4 ◦C, 
− 20 ◦C, and − 200 ◦C) maintained LNP size distributions comparable to 
fresh particles. Notably, the absence of sugar in the buffer for both PBS- 
and TBS-stored LNPs resulted in a 20–50 nm increase in the particle size 
distribution, hinting at the cryopreservative effects of sucrose. Inter-
estingly, structural integrity was well maintained at all tested temper-
atures when mRNA was loaded into the same LNPs instead of repRNA 
(Supplementary Fig. S1). 

A similar overall trend was seen in the polydispersity index of the 
LNPs (Table 1 and Supplementary Fig. S2), where the average PDI of 
LNPs increased significantly to ~0.9 when LNPs were thawed from 
storage at − 80 ◦C, versus a baseline of ~0.3 when freshly prepared. The 
zeta-potential of the LNPs also increased significantly from +3 mV to 
~24 mV after storage at − 80 ◦C, suggesting reorganization of the par-
ticle surface composition (Supplementary Fig. S3). On the other hand, 
retention of encapsulated RNA by the LNPs showed a different trend 
(Supplementary Fig. S4); while LNP-RNA that were freshly prepared, 
stored at − 20 ◦C, − 80 ◦C, and − 200 ◦C maintained an average encap-
sulation efficiency of approximately 90%, particles that were stored at 
4 ◦C displayed a significant drop to below 70% (p < 0.001), with an 
increase in RNA detectable outside of the particles (p < 0.001). Overall, 
temperature seemed to play a more dominant role in determining 
structural retention of replicon-loaded LNPs over sucrose concentrations 
in the 0–30% w/v range. 

As storage in 0% w/v sucrose seemed to maintain the overall physical 
integrity of the particles despite a slight shift in the hydrodynamic size, 
we aimed to determine whether the presence of sugar was necessary for 
preservation of vaccine potency in vivo. To this end, we loaded LNPs 
with repRNA encoding for a stabilized HIV Env SOSIP trimer immu-
nogen (termed N332-GT2) designed for priming B cells targeting the 
N332 supersite of the HIV Env spike [44]. The vaccine particles were 
stored in PBS containing 0%, 5%, or 10% w/v sucrose for a week at 
− 20 ◦C, then thawed and injected i.m. into mice, and serum antibody 
titers were evaluated 4 weeks later by ELISA (Fig. 1). Overall, there was 
a trend for increased antibody production with increasing concentra-
tions of sucrose: While LNPs stored in PBS with 0% w/v sucrose (Fig. 1a) 
were able to induce antibody production against the immunogen, the 
level was significantly lower than that of freshly prepared vaccines (p =
0.0118) and the vaccine stored with 10% w/v sucrose (p = 0.0185, 
Fig. 1d). Storage in 5% w/v sucrose elicited antibody titers that were not 
statistically significantly different from that of the fresh vaccines (p =
0.1069) but showed a trend toward a weaker response in some animals 
(Fig. 1b). However, animals vaccinated with LNP-RNAs stored in 10% 
w/v sucrose generated serum antibody dilution curves that overlapped 
well with those of mice vaccinated with freshly prepared LNP-RNAs, 
with no statistically significant difference (p = 0.9959, Fig. 1c, d). 

As we observed the lowest PDI measurements in both PBS and TBS, 
and the most reliable antibody responses storing in 10% w/v sucrose, we 
decided to move forward using this concentration of sucrose for subse-
quent studies. 
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3.2. Effect of buffer on the in vivo performance of LNP-RNAs 

Next, we carried out measurements of in vivo RNA expression for 
LNPs stored under different conditions. LNPs were prepared carrying 
repRNA encoding for firefly luciferase, and the LNP-RNA were dialyzed 
in 10% w/v sucrose in PBS or TBS. The LNPs were then stored at 4 ◦C, 
− 20 ◦C, − 80 ◦C, or − 200 ◦C (liquid nitrogen) for 7 days prior to thawing 
for injection. On the day of injection, fresh samples were synthesized 
and dialyzed against 10% w/v sucrose in PBS or TBS. LNPs were 
administered i.m. into the left and right gastrocnemius muscles of mice, 
followed by longitudinal bioluminescence imaging of luciferase 
expression using an IVIS Spectrum whole-animal imaging system 
(Fig. 2a-c). As expected from our prior studies of this replicon system 
[48], luciferase expression rapidly climbed for ~7–10 days, then slowly 
decayed toward baseline after ~30 days. However, in alignment with 
the particle distribution data shown in Fig. 1, LNPs stored at − 80 ◦C in 
either PBS or TBS exhibited 10 to 100-fold lower peak luciferase signals, 
indicating significantly diminished RNA delivery (ppeak = 0.0003). LNPs 
stored at other temperatures in PBS and TBS generally produced 
approximately 2 to 4-fold lower signal compared to the freshly prepared 
particles at the peak timepoint of day 7 post-injection, despite having 
demonstrated particle distributions similar to the fresh samples. In 
addition, samples stored at − 200 ◦C showed an early decay in expression 
between days 15 and 20. The preparation that performed most closely to 
the fresh sample was LNPs prepared in 10% w/v sucrose in PBS and 
stored at − 20 ◦C (ppeak = 0.8777), suggesting this condition may provide 
optimal retention of LNP structure and function. 

We next assessed the immunogenicity of LNP-replicon vaccines that 
were loaded with repRNA encoding the N332-GT2 HIV immunogen, and 
stored in 10% sucrose in PBS or TBS for 7 days at 4 ◦C, − 20 ◦C, − 80 ◦C, 
or − 200 ◦C (liquid nitrogen). Mice were immunized i.m. with recovered 
LNPs, and serum antibody responses were evaluated 4 weeks later by 
ELISA (Fig. 2d-m). Interestingly, vaccines stored either at 4 ◦C or − 80 ◦C 
showed a dramatic decrease in antibody responses compared to the 
other storage conditions or fresh LNPs (Fig. 2d, f, i and k, p < 0.0001). By 
contrast, PBS- and TBS-prepared vaccines stored at − 20 ◦C (Fig. 2e and j, 
p-20◦C/PBS = 0.9113; p-20◦C/TBS = 0.5545) and − 200 ◦C (Fig. 2g and l, p- 

200◦C/PBS = 0.8791; p-200◦C/TBS = 0.5431) induced antibody titers that 
were not statistically different from freshly prepared vaccines. While 
very similar in outcome, we narrowed our focus to analysis of LNPs 
prepared in PBS for downstream analyses, rather than TBS based on the 
luminescence reporter and antibody response statistics (Fig. 2h and m). 

3.3. Qualitative assessment of LNP stability 

While dynamic light scattering (DLS) offers quantitative information 
about particle size distribution and hydrodynamic size, the information 
tends to be skewed toward larger particles or aggregates in polydisperse 
samples [49–51]. To gain further insights into particle structure, we next 
carried out transmission electron microscopy (TEM) and cryogenic 
electron microscopy (cryo-EM) imaging of samples recovered from 
different storage temperatures. Both the TEM and cryo-EM images show 
relatively monodispersed LNPs of approximately 45 nm in diameter in 
the freshly prepared samples and those stored at 4 ◦C or − 20 ◦C for a 
week (Fig. 3a-c and f-h). However, samples thawed after storing at 
− 80 ◦C or − 200 ◦C (flash frozen in liquid nitrogen) showed significant 
aggregation and/or fusion of LNPs into large structures (Fig. 3d, e and i, 
j). 

3.4. Immunogenicity of LNP-replicon vaccines stored at different 
temperatures 

To gain further insight regarding storage effects on LNP-RNA vaccine 
efficacy, we evaluated additional readouts of the immune response 
following immunization with freshly prepared particles vs. LNPs stored 
at different temperatures. To this end, LNPs were loaded with repRNA 
encoding the N332-GT2 HIV immunogen, stored in 10% w/v sucrose in 
PBS at either 4 ◦C, − 20 ◦C, − 80 ◦C, − 200 ◦C for 7 days, and then thawed 
and administered to balb/C mice alongside freshly prepared samples. At 
week 2 post-injection, mice were sacrificed and popliteal lymph nodes 
(draining nodes from the gastrocnemius injection site) were harvested 
for evaluating germinal center (GC) responses (Fig. 4a-e) and spleno-
cytes were collected for assessing T cell responses using enzyme-linked 
immune absorbent spot (ELISpot) (Fig. 4f). Flow cytometric analyses 
of cells recovered from the draining popliteal lymph nodes revealed that 
while vaccines stored at 4 ◦C, − 20 ◦C, and − 200 ◦C induced prominent 
GC B cell responses, − 80 ◦C stored vaccines did not elicit a response 
statistically different from naïve control animals (p = 0.9619, Fig. 4a and 
c). Interestingly, despite inducing GC B cell differentiation, vaccines 
stored at 4 ◦C or − 200 ◦C failed to prime a meaningful population of 
antigen-specific GC B cells that could bind to recombinant HIV Env 
trimer probes, and only vaccines stored at − 20 ◦C elicited a strong 
antigen-specific GC B cell response matching that elicited by freshly- 
prepared vaccines (Fig. 4b and d). Follicular helper T cell (Tfh) re-
sponses were modest and not statistically different among any of the 
groups (Fig. 4e). In contrast to the GC data, IFN-γ-producing antigen- 
specific T cell responses in the spleen were induced by all of the vac-
cines, with modest differences between groups (Fig. 4f and 

Fig. 1. Effects of buffer and sucrose concentration on storage of lipid nanoparticle vaccines. (a-d) Groups of balb/C mice (n = 5 animals/group) were immunized i.m. 
with 1 μg RNA in each leg using LNPs that had been stored under the indicated conditions at − 20 ◦C for 7 days prior to vaccination. Shown are raw ELISA ab-
sorbances vs. serum dilution curves for each animal for LNP-RNA in PBS containing: (a) 0% w/v sucrose; (b) 5% w/v sucrose; and (c) 10% w/v sucrose. The area under 
the curve (AUC) of the ELISA absorbance vs. dilution curves are shown in (d) as means ± s.e.m. Statistics represent one-way ANOVA and Tukey's HSD Test (ns = not 
significant; *, p < 0.05). 
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Supplementary Fig. S5). Based on these results, we selected the − 20 ◦C 
freezing as the optimum storage condition for our LNP-RNA vaccine 
formulation. 

We also assessed endpoint titers of diverse mouse antibody isotypes 
(IgG1, IgG2a, IgG2b, IgG3, and IgM) to detect any differences in anti-
body class switching elicited by this optimal storage condition. While 
the low overall antibody titer induced by the 4 ◦C stored vaccines 
rendered near background levels of other Ig isotypes, the − 20 ◦C stored 
vaccines produced IgG1, IgG2a, IgG2b, IgG3, and IgM levels that were 
not statistically different from those of the freshly prepared vaccine 
(Supplementary Fig. S6). 

Lastly, we investigated whether LNPs thawed from different storage 
conditions elicit different inflammatory responses at the injection site, 
by profiling cytokine production in the muscle at 24 h post-vaccination 
(Supplementary Fig. S7). Overall, we found similar increases in IFN-γ, 
KC, MCP-1, RANTES, IP-10, IL-10, IFN-β, IFN-α, and IL-6 levels in the 
muscle following immunization with vaccines that were freshly 

prepared, stored at − 20 ◦C, and stored at − 200 ◦C. In contrast, vaccines 
that were stored at 4 ◦C or − 80 ◦C show more muted responses. 

3.5. Shelf-life of frozen LNPs at − 20 ◦C and thawed LNPs at 4 ◦C 

We next evaluated the stability of LNPs over a more extended period 
of storage time. LNPs were loaded with repRNA encoding firefly lucif-
erase, and stored for 7 or 30 days in 10% w/v sucrose in PBS at − 20 ◦C. 
Then, we administered the thawed particles or a freshly synthesized 
batch i.m. in groups of mice and evaluated bioluminescence signals in 
the muscles over 30 days by IVIS imaging. As shown in Fig. 5a and 
Supplementary Fig. S8, there was no statistical significance between 
freshly prepared batch and stored batches (p > 0.2). Next, we prepared 
LNPs loaded with replicons encoding the N332-GT2 immunogen, and 
stored them for 7, 14, or 30 days before thawing for intramuscular in-
jection in mice. Mice were then retro-orbitally bled six-weeks post- 
vaccination for ELISA quantification of antibody titer in the sera. 

Fig. 2. In vivo transfection and antibody titer response following administration of LNPs loaded with RNA stored under different conditions. (a-c) Groups of balb/c 
mice (n = 3 animals/group averaged across a total of 6 legs/group) were injected i.m. in both the left and right gastrocnemius muscles with 1 μg replicon RNA in 
LNPs stored in 10% sucrose under the indicated conditions. (a) shows photographs of mice at day 6 post-injection with luciferin channel overlay and a log-scale 
gradient in radiance (p/s/cm2/sr). Luciferase reporter signals over time of vaccines in (b) PBS; or (c) TBS are plotted, where dotted lines indicate background 
signal of untreated mice; shown are means ± standard deviation (n = 12). Statistics represent two-way ANOVA and Tukey's HSD Test (*, p < 0.05; **, p < 0.01; ***, 
p < 0.001). (d-m) Groups of balb/C mice (n = 4 animals/group) were immunized i.m. in each leg with 1 μg RNA loaded in LNPs that had been stored under the 
indicated conditions for 7 days prior to vaccination, and serum antibody responses were quantified by ELISA assay conducted on mouse sera collected at 4 weeks 
post-vaccination. Shown are raw ELISA signal vs. serum dilution curves for each animal for PBS- (d-g) and TBS- (i-l) stored samples. Area-under-the-curve (AUC) 
values for each absorbance vs. dilution data set are shown for PBS- (h) and TBS- (m) stored samples with means ± s.e.m. Statistics represent one-way ANOVA and 
Tukey's HSD Test (ns = not significant; ****, p < 0.0001). 
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Vaccines stored out to 30 days elicited equivalent antibody responses 
against the HIV immunogen as the freshly prepared vaccines (Fig. 5b-e). 

Once we validated that LNP-RNA vaccines in 10% w/v sucrose in PBS 
can be stored for at least 30 days at − 20 ◦C without losing potency, we 
then investigated the shelf-life of the LNPs when stored under refriger-
ation (4 ◦C) post-thawing. This experimental setup simulates a clinical 

setting, in which frozen vaccines are thawed for patient dosing, and 
remaining doses are stored at 4 ◦C for dosing at another time. To this 
end, LNPs loaded with repRNA encoding the N332-GT2 immunogen 
were prepared in 10% w/v sucrose in PBS were stored at − 20 ◦C for 7 
days, then thawed at room temperature briefly before being placed in 
the refrigerator at 4 ◦C for 7, 14, or 30 days. The thawed LNPs at 4 ◦C and 

Fig. 3. Cryogenic electron microscope (Cryo-EM; top row) and transmission electron microscope (TEM; bottom row) images of LNPs stored for 7 days. LNPs freshly 
prepared or stored at indicated temperatures in PBS containing 10% w/v sucrose for 7 days followed by thawing at 25 ◦C were imaged: (a,f) fresh synthesis; (b,g) 4 ◦C; 
(c,h) -20 ◦C; (d.i) -80 ◦C; and (e,j) -200 ◦C. TEM images were obtained with negative stain using 1% phosphotungstic acid (PTA). 

Fig. 4. Evaluation of storage temperatures on vaccine immunogenicity. Mice were immunized for GC assay of popliteal lymph nodes and ELISpot of splenocytes at 2- 
weeks post-vaccination. Gating for GC B cells are shown in (a) and antigen-specific B cells are shown in (b). Shown are frequency of total GC B cells (c), antigen- 
specific B cells (d), follicular helper T cells (e), and number of spots per 106 cells (f). Bar graphs are geometric means ± s.e.m. Statistics represent one-way ANOVA 
and Tukey's HSD Test (ns = not significant; *, p < 0.05). 
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a freshly prepared set of LNP vaccines were intramuscularly adminis-
tered to mice. Mouse sera were collected at 4-weeks post-vaccination for 
ELISA quantification of antibody titer. As shown in Fig. 5f-j, there is a 
strong negative correlation between vaccine-induced antibody titer and 
increasing storage time at 4 ◦C post-thawing from − 20 ◦C. A single day 
of storage at 4 ◦C post-thawing generates strong antibody titers that are 
statistically not different from that of the fresh sample, although already 
trending downward (Fig. 5f; p1d = 0.4615). LNPs kept for 7 days post- 
thaw failed to seroconvert 2 out of 5 animals (Fig. 5g; p7d = 0.0014), 
and this decay in antibody responses continued with further 4 ◦C storage 
for 14 or 30 days (Fig. 5h-i). 

3.6. Lyophilization of LNP-RNA vaccines 

While we have established a reliable freezing protocol for long-term 
storage of LNP-formulated replicon vaccines, lyophilization to keep 
vaccines in a dry powder form is another clinically-relevant storage 
strategy. Dry solids simplify aseptic handling procedures, decrease 
sample weight and volume for easier shipping, improve stability, and 
allow easy dose adjustments by dissolution at desired concentrations 
[52–54]. However, freeze drying has proven to be challenging for LNP- 
RNA formulations [29,35,39]. To determine key factors that affect sta-
bility of lyophilized LNP-RNA particles, we selected three parameters to 
test in lyophilization: freezing temperature, cryoprotectant concentra-
tion, and sample concentration. To this end, the formulations were 
frozen, lyophilized, and re-hydrated for DLS assessment of particle dis-
tribution and hydrodynamic diameter. We tested initial freezing at 
− 20 ◦C along with − 80 ◦C and flash freezing at − 200 ◦C using liquid 
nitrogen, which are the more commonly used freezing temperatures for 
lyophilization. Particles that were lyophilized and resuspended after 
being frozen at − 20 ◦C were able to retain a polydispersity index (PDI) of 
0.272, whereas those of the − 80 ◦C and − 200 ◦C groups showed ag-
gregation with PDI reaching 0.710 (− 80 ◦C) and 0.517 (− 200 ◦C) 
(Fig. 6a). The size of the particles also increased from an average hy-
drodynamic diameter (by intensity distribution) of 421 nm (− 20 ◦C) to 

877 nm (− 80 ◦C) and 1219 nm (− 200 ◦C). While none of the freezing 
temperatures were able to retain the correct Z-average size of approxi-
mately 90 nm by intensity distribution on DLS (equivalent to approxi-
mately 45 nm by number distribution and cryo-EM), we observed a 
trend toward smaller particles with increasing temperature. The − 20 ◦C 
stored vaccines displayed an average hydrodynamic diameter of 421 
nm, but was statistically not different from the fresh batch (p = 0.1858). 
We next tested the effects of cryoprotectant concentration on lyophili-
zation of LNP-RNA (Fig. 6b). The vaccine particles were prepared in PBS, 
10% w/v sucrose, or 30% w/v sucrose, and frozen at − 20 ◦C prior to 
undergoing lyophilization. The dry particles were then rehydrated in 
deionized water for DLS assessment. Here, we found a striking difference 
between samples that were lyophilized in PBS versus samples that were 
cryoprotected with sucrose. Compared with freshly prepared LNPs that 
had an average PDI of 0.233, the PBS samples presented an average PDI 
of 0.638, the 10% w/v sucrose samples 0.165, and the 30% w/v sucrose 
samples 0.235, indicating a more monodisperse population of particles 
in the presence of sucrose. Moreover, the average hydrodynamic size of 
the particles in PBS significantly increased to an average of 613 nm 
compared to the fresh samples, which average at 96 nm (p < 0.0001). 
Lyophilization in 10% w/v sucrose led to a slight increase in the average 
particle size to 144 nm, but this difference was not statistically signifi-
cant (p = 0.7957). Lastly, the 30% w/v sucrose samples averaged at 94.0 
nm, which was statistically the closest to the fresh samples (p > 0.9999). 
As a final parameter, we assessed the effect of LNP-RNA concentration 
on lyophilization. Here, we froze and lyophilized the same mass of LNP- 
RNA in increasing volumes of 10% w/v sucrose in PBS at − 20 ◦C, and 
resuspended the lyophilized particles in equal volumes for DLS assess-
ment. The 10% w/v sucrose concentration was selected over the 30% w/ 
v sucrose to accommodate for the final concentration of sucrose 
appropriate for in vivo administration after resuspension; in fact, the 
presence of excessive amounts of sucrose in low resuspension volumes 
resulted in viscous consistency in the hydrated vaccine that was ill- 
suited for downstream analyses and in vivo administration. Fig. 6c 
shows that while there were no statistically significant differences in the 

Fig. 5. Shelf-life of LNP-RNA vaccines stored long-term in frozen or thawed states. (a) Groups of balb/c mice (n = 3 animals/group averaged across a total of 6 legs/ 
group) were injected i.m. in both the left and right gastrocnemius muscles with 1 μg replicon RNA in LNPs stored in 10% w/v sucrose at − 20 ◦C for indicated 
durations. Shown are luciferase reporter signals over time; dotted lines indicate background signal of untreated mice, shown are means ± standard deviation. (b-e) 
balb/c mice were i.m. vaccinated in both the left and right gastrocnemius muscles with 1 μg replicon RNA in LNPs that were recovered from indicated duration of 
storage at − 20 ◦C: (b) 7 days; (c) 14 days; (d) 30 days. (f-j) balb/C mice were vaccinated i.m. (1 μg LNP-RNA per animal, 5 animals/group) with vaccines that had 
been thawed from − 20 ◦C and refrigerated at 4 ◦C for: (f) 1 day; (g) 7 days; (h) 14 days; (i) 30 days. Shown are serum IgG dilution curves of individual mouse at 4- 
weeks post-vaccination. Error bar represents standard error mean in n = 5. Statistics represent one-way ANOVA and Tukey's HSD Test (ns = not significant; **, p <
0.01; ****, p < 0.0001). 
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formulations (p50μg/uL = 0.2223; p20μg/uL = 0.0688; p10ug/uL = 0.9319; 
p3.3μg/uL = 0.4302), there was a trend toward lower PDI and hydrody-
namic size with decreasing LNP concentration. 

Finally, we intramuscularly administered freshly prepared and 
lyophilized LNPs loaded with repRNA encoding for firefly luciferase to 
evaluate the in vivo transfection efficiency using the IVIS biolumines-
cence imaging system (Fig. 6d-e). For this study, we selected the 
lyophilization protocol that was found to best maintain the particle 
structure – LNPs were placed in 10% w/v sucrose and frozen at a con-
centration of 3.3 ng/μL in − 20 ◦C prior to undergoing lyophilization. At 
day 1 post administration, both freshly prepared and lyophilized LNP- 
replicons showed strong luciferase expression, but the signal of lyophi-
lized particles was ~50% that of the freshly prepared samples (p =
0.0191). In summary, we investigated three parameters that contribute 
to maintenance of size and distribution of lyophilized particles. By 
optimizing and combining these factors, we were able to improve the 
retention of LNP-RNA structure and dispersity post-lyophilization and 
resuspension. 

4. Discussion 

The present study was conducted with the intention of shedding light 
on physical changes occurring with self-replicating RNA-loaded lipid 
nanoparticles (LNP-RNA) in commonly employed storage conditions (by 

cryoprotectant concentration, buffer type, and maintenance tempera-
ture), and how these differences relate to in vivo transfection and vac-
cine potency. The particular LNP formulation that we employed in this 
study includes two ionizable lipids (TT3 and DLin-MC3-DMA), which we 
found gave effective transfection in the muscle and humoral immune 
responses in combination, and 5 mol% of DMG-PEG to supplement the 
stability of the near-neutrally charged LNPs. Using this formulation, we 
found that both phosphate and tris buffers were suitable for storing 
LNPs, and that sucrose was an important cryoprotectant for the main-
tenance of the structural integrity, physical stability, or activity of the 
repRNA payload. The dominating factor was the storage temperature. 

The optimal sucrose concentration was found to be 10% w/v (Fig. 1), 
similar to other published work on cryoprotection of biological mate-
rials [55–59]. It is believed that for a set material concentration, there is 
a minimum number of sugar molecules required to sufficiently disrupt 
interactions between the polar water molecules (by formation of water- 
sucrose hydrogen bonds [60]) to slow down the freezing rate, and form 
larger ice crystal with minimal ice-water interface wherein the materials 
tend to localize [61,62]. In fact, rather than being homogenously 
dispersed throughout the sample, sucrose is reported to form a thin sheet 
in a nonfrozen state along the surface of lipid bilayers, and keeps ma-
terials from making direct contact with ice [63,64]. Empirically, 10% w/ 
v sucrose enabled these processes to effectively promote retention of the 
particles' structure without aggregation. 

Fig. 6. Evaluation of lyophilized LNP-RNA formulations. (a-c) LNP-RNA was synthesized (n = 3 samples/condition), lyophilized under indicated conditions, then 
rehydrated and analyzed by DLS. (a) LNPs were frozen at the indicated temperatures in PBS without sucrose. (b) LNPs were frozen at − 20 ◦C in indicated buffers prior 
to lyophilization. (c) LNPs at the indicated concentrations (in terms of RNA amount) were frozen at − 20 ◦C in PBS with 10% sucrose prior to lyophilization. Error bars 
represent standard deviation, and statistics indicate Two-way ANOVA and Tukey's HSD Test (ns = not significant; ***, p < 0.001; ****p < 0.0001). Black columns 
show PDI on the left y-axis, while the colored bars show the average hydrodynamic diameter from intensity distribution on the right y-axis. (d-e) IVIS biolumi-
nescence imaging in mice that were administered i.m. freshly prepared or lyophilized LNPs loaded with RNA encoding luciferase. Lyophilized LNPs were placed in 
10% w/v sucrose and frozen at a concentration of 3.3 ng/uL in − 20 ◦C prior to undergoing lyophilization. Shown are representative photograph/false-color overlays 
(d) and total bioluminescence signal 1 day post-LNP administration (e). Statistics represent unpaired two-tailed t-test with *, p < 0.05. 
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Dynamic light scattering (DLS) is a technique that is commonly used 
to assess particle stability and hydrodynamic size distribution. However, 
relying solely on scattering data provided by DLS can be misleading in 
terms of accuracy, particularly with polydisperse sub-100 nm particles 
where neither the intensity nor number distributions offer accurate in-
formation [49–51]. Thus, we also carried out transmission electron 
microscopy (TEM) and cryogenic electron microscopy (cryo-EM) to fully 
capture the physical state of the LNPs upon thawing from storage. 
Interestingly, storage at − 20 ◦C was able to maintain LNP structural 
integrity, while irreversible aggregation was observed following thaw-
ing of particles from − 80 ◦C. But this seems to be the case only for 
repRNA; when the same LNPs were loaded with mRNA and stored, the 
particles retained their structural integrity at all tested temperatures 
(Supplementary Fig. S1). Other studies have also reported LNP-mRNA 
formulations that are stable at these lower temperatures (e.g., 
BNT162b2's − 70 ◦C storage of COVID-19 vaccine [7,28,29]). We hy-
pothesize these differences between the behavior of LNPs carrying 
repRNA vs. mRNA may reflect potential differences in the packing 
structure of the RNA molecules with the lipids in the nanoparticle at a 
molecular level and/or differences in particle stability associated with 
differences in the N:P ratios used for mRNA vs. repRNA, leading to 
different sensitivities to the freezing/thawing process. Alphavirus-based 
self-replicating RNA is ~10-fold larger than typical mRNA used in 
vaccines, and may organize with the LNP core in a distinct manner from 
shorter mRNAs. Further, we employed a 2:1 N:P ratio for effectively 
packaging repRNA in LNPs with ~90% RNA encapsulation efficiency 
and effective in vivo delivery, whereas literature reports the same N:P 
ratio can reduce the encapsulation efficiency of mRNA molecules down 
to only 40% [65]). Additionally, − 80 ◦C offers an intermediate between 
− 20 ◦C slow freezing and − 200 ◦C flash freezing. While cooling from 
room temperature to − 20 ◦C is expected to induce slow but short cooling 
that yields large ice crystals dispersed in unfrozen liquid and sheets of 
sucrose (liquid + ice phase), − 200 ◦C flash freezing is expected to 
instantaneously form solid ice with little to no ice nucleation (solid 
phase) [66,67]. In contrast, freezing down to − 80 ◦C from room tem-
perature is expected to have an accelerated cooling rate compared to 
− 20 ◦C, as water is able to freeze without nucleation below − 40 ◦C [67]. 
Thus, the resulting state will have a mix of smaller ice crystals inter-
mixed with glass phase in which the particles and sucrose molecules are 
concentrated. Smaller ice crystals have greater interfacial area 
compared to large crystals, which is not favorable for cryopreservation 
[62]. Moreover, concentration of particles in the glass phase may further 
facilitate aggregation of unstable particles [68]. Thus, we hypothesize 
that repRNA-loaded LNPs are more vulnerable to aggregation during 
freezing to or thawing from − 80 ◦C due to a mix of the particles' unique 
structural properties when loaded with repRNA over mRNA and the type 
of ice phase that is formed at this temperature and cooling rate. 

We found that maintenance of LNP structure (as determined by light 
scattering and morphological analysis by TEM) is not necessarily a 
faithful indicator of in vivo functionality post storage. For example, 
storage of LNP-RNA at 4 ◦C was able to retain the physical state of the 
particles based on DLS and electron microscopy results compared with 
freshly prepared samples (Table 1 and Figs. 3b and g), but failed to 
function as reliably when it came to activity studies using either the 
reporter repRNA or the antigen-encoding repRNA (Figs. 2 and 4). This 
outcome indicates that while 4 ◦C storage is sufficient to keep the LNP 
delivery vehicles intact, the encapsulated repRNA molecules are nega-
tively affected [29]. This idea is further supported by results from a test 
of post-thaw shelf life in Fig. 5f-j, where vaccines that were stored 
effectively and thawed for 4 ◦C storage showed decreased vaccine effi-
cacy beyond one day at 4 ◦C. A study carried out to calculate the theo-
retical cleavage rate of the RNA molecules predicted that an mRNA 
molecule of 4000 nucleotides would have a half-life of 941 days when 
stored at 5 ◦C under RNAse-free conditions, but that longer repRNAs 
would be more susceptible to hydrolytic cleavage [69]. While such re-
actions are not a concern at freezing temperatures, prevention of RNA 

degradation is a must in refrigeration despite the protective coating the 
LNPs may offer RNA molecules; thus, it may be possible that the 
decreased and variable efficacies seen in our LNP-RNA samples kept at 
4 ◦C may have been due to such degradative reactions [31]. Indeed, we 
found a significant amount of RNA leakage only from the LNPs that were 
stored at 4 ◦C for a week (Supplementary Fig. S4). Another observation 
we noted is that while 4 ◦C storage is able to retain a relatively high 
transfection (Fig. 2b and c), its downstream efficacy in generating hu-
moral responses is significantly reduced (Fig. 2i). It may be possible that 
the RNA sequence has an influence on transfection, especially in the long 
repRNAs where differences in nucleotide sequence may affect its pack-
ing within LNPs, and in turn its stability during freezing and thawing. 
Moreover, Supplementary Fig. S7 shows that vaccines stored at 4 ◦C 
generate decreased cytokine production in the muscle compared to 
vaccines that are freshly prepared or stored at − 20 ◦C or − 200 ◦C; thus, 
we believe that LNPs thawed from 4 ◦C may have reduced adjuvant 
activity despite maintaining sufficient ability to transfect cells. We hy-
pothesize RNA leakage out of the particles following 4 ◦C storage may 
lead to changes to the internal packing structure of the LNPs to a state 
that is less inflammatory, and/or decreased repRNA delivered into cells 
at the injection site may have led to a diminished innate immune 
response. 

In contrast to 4 ◦C storage, LNPs flash frozen to − 200 ◦C performed 
moderately well in terms of in vivo gene expression (Fig. 2), although 
this storage regimen showed severe aggregation by electron microscopy 
(Fig. 3e and j). This aggregation may potentially be the result of sample 
preparation steps in electron microscopy – such as drying on the grid for 
TEM or undergoing another round of flash freezing for cryo-EM. This 
fragility or sensitivity of flash frozen LNP-RNA to post-thaw handling 
may suggest unknown material properties that we do not observe for 
freshly prepared, 4 ◦C stored, or − 20 ◦C stored samples. Coupled with 
the fact that liquid nitrogen maintenance for cold-chain transport is 
impractical, flash freezing does not appear to be a suitable storage 
option. 

Overall, LNP-RNA vaccine in 10% w/v sucrose in PBS was main-
tained well both physically (Figs. 1, 3c and h) and functionally (Figs. 2, 
4, and 5) in − 20 ◦C storage for at least 30 days. This temperature offers a 
feasible solution for cold-chain transport of vaccines, as demonstrated 
by Moderna for their COVID-19 vaccine (mRNA-1273) [27,33,34]. For 
our LNP-RNA system, − 20 ◦C may be a sufficiently high temperature to 
offer an ideal ice nucleation temperature and a slow cooling rate to help 
retain particle structure, while also being a sufficiently low temperature 
to inhibit RNA degradation by hydrolytic cleavage events. 

A more ideal solution would be the lyophilization of LNP-RNA vac-
cines to a dry powder form that is well maintained at room temperature. 
However, this endeavor has proven to be challenging, with little to no 
successful lyophilization of LNP-repRNA formulations yet reported in 
the literature. Our results in Fig. 6 show that while optimization of 
several parameters is able to improve the structural maintenance of the 
formulations, in vivo transfection fully equivalent to fresh LNPs remains 
difficult to achieve, which echoes findings from another prior study of 
LNPs carrying mRNA [39]. It may be possible that freeze-drying the 
vaccine leaves RNA molecules more vulnerable to hydrolytic degrada-
tion during resuspension or to interactions with serum proteins in vivo. 
On the other hand, Ball et al. flash froze LNPs loaded with siRNA for 30 
min in liquid nitrogen prior to lyophilization, and found that reconsti-
tution of the lyophilized LNPs in deionized water substantially reduced 
their in vitro gene silencing capability to 35%, whereas the addition of 
22% ethanol during reconstitution successfully maintained gene 
silencing at a similar level to that of freshly prepared LNPs (80% vs 90%) 
[35]. Though recovery was successful, administration of formulations in 
ethanol or an added process of removing the ethanol prior to adminis-
tration would be difficult to translate to clinical settings [29]. None-
theless, successful lyophilization of LNP-RNA formulations may require 
greater control over freezing and drying temperatures than is generally 
available in the basic benchtop freeze-dryers that are used in academic 
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labs. In industry, Moderna has reported that their cytomegalovirus 
vaccine (mRNA-1647) currently in phase 2 clinical trial can be suc-
cessfully lyophilized and stored for over 18 months at 5 ◦C [29,70,71]. In 
addition, Arcturus Therapeutics in collaboration with Duke-NUS Medi-
cal School in Singapore have also reported successful lyophilization of 
their repRNA-encapsulating LNP vaccine (ARCT-021) [29,72]. Unfor-
tunately, details of the processes are not publicly available. More 
recently, an effective lyophilization method for an mRNA vaccine was 
reported to stably store them at 4 ◦C in dry powder form for out to 24- 
weeks using an optimized freezing step with two separate sublimation 
and desorption dry cycles [73]. 

5. Conclusions 

In light of the COVID-19 pandemic, long-term storage and cold-chain 
transport of vaccines have become a critical step in the successful 
translation and use of RNA-loaded lipid nanoparticles (LNP-RNA). At the 
same time, we came to realize that there is very scarce information on 
the relationship between LNP-RNA's physical properties, storage con-
ditions, and vaccine efficacy. Here, we investigated what physical 
changes the vaccines undergo in different storage conditions (by con-
centration of cryoprotectant, type of buffer, and storage temperature), 
and how those changes relate to the vaccine efficacy in vivo using both 
RNA encoding for reporter proteins (e.g. luciferase) and for an actual 
HIV immunogen. Ultimately, we found that LNP-RNA vaccines are sta-
bly stored in 10% w/v sucrose in PBS at − 20 ◦C for at least 30 days. 
Further, we found that replicon-carrying LNPs could also be lyophilized 
and retain substantial in vivo bioactivity. 
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