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ABSTRACT
Messenger ribonucleic acid (mRNA) technology has been rapidly applied for the development of the COVID-19 
vaccine. However, naked mRNA itself is inherently unstable. Lipid nanoparticles (LNPs) protect mRNAs from 
extracellular ribonucleases and facilitate mRNA trafficking. For mRNA vaccines, antigen-presenting cells utilize 
LNPs through uptake to elicit antigen-specific immunity. There are reports on the impact of various physical 
characteristics of LNPs, particularly those with sizes less than 200 nm, especially 50 to 150 nm, on the overall 
stability and protective efficacy of mRNA vaccines. To address this, a single change in the size of LNPs using the 
same mRNA stock solution was assessed for the physicochemical characterization of the resulting mRNA-LNPs 
vaccine, along with the evaluation of their protective efficacy. Particles of smaller sizes generally disperse more 
effectively in solutions, with minimized occurrence of particle precipitation and aggregation. Here, we demon
strate that the vaccine containing 80–100 nm mRNA-LNPs showed the best stability and protection at 4°C and 
−20°C. Furthermore, we can conclude that freezing the vaccine at −20°C is more appropriate for maintaining 
stability over the long term. This effort is poised to provide a scientific basis for improving the quality of ongoing 
mRNA vaccine endeavors and providing information on the development of novel products.

ARTICLE HISTORY 
Received 29 November 2023  
Revised 22 March 2024  
Accepted 9 April 2024 

KEYWORDS 
mRNA vaccine; SARS-CoV-2; 
lipid nanoparticle; particle 
size; stability; biological 
activity

Introduction

Messenger RNA (mRNA) vaccines have been pioneers in the fight 
against coronavirus disease, 2019 (COVID-19). mRNA vaccines 
offer advantages compared to traditional recombinant protein 
vaccines, inactivated vaccines, and attenuated vaccines, such as 
fast production speed, simplified preparation, robust antibody 
responses, prolonged immunity, and improved safety.1,2 The 
mRNA-lipid nanoparticles (LNPs) platform is an effective tool 
for delivering messenger mRNA in the body for prophylactic and 
therapeutic purposes.3 Besides, LNPs are highly promising car
riers for a diverse array of therapeutic agents and have garnered 

significant attention in the pharmaceutical industry over recent 
years.4 LNPs play a pivotal role in the efficient delivery and 
promotion of antigen expression for mRNA vaccinespecific anti
body responses.4,12 5–714 Especially in the current context, vaccines 
are crucial tools in combating the COVID-19 pandemic, and 
LNPs serve as pivotal components of mRNA vaccines.8,15 

mRNA vaccine technology has been applied to a variety of infec
tious diseases, such as mRNA vaccines are already in clinical 
studies for the prevention of viruses like HIV-1, chikungunya, 
Zika, and influenza.2,9–115,16−18 In addition, two mRNA vaccines 
against COVID-19 developed by Pfizer-BioNTech and Moderna 
have been approved for clinical use in adults aged 65 years and 
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older, with efficacy rates of more than 95% and 94%, respectively. 
The CSPC Group (CSPC Holdings Company Limited)announced 
the inclusion of its novel coronavirus mRNA vaccine (SYS6006) 
for emergency use in China, with now completed Phase I, Phase II, 
and sequential booster immunization clinical studies.12,1319,20 

These accomplishments underscore that the technological avenue 
involving LNP-mediated delivery of mRNA vaccines has materi
alized as an effective approach for the prevention of COVID- 
19.14,21 To generate liquid mRNA, it is essential to maintain 
a sterile environment and adhere to rigorous quality control 
protocols at every stage of the production process to guarantee 
the safety and efficacy of the end product. Although mRNA 
vaccines have become a global technology, their comprehensive 
understanding is still lacking at home and abroad. Among these, 
the average particle size and distribution of LNPs are the key 
factors determining the quality of LNPs and their suitability for 
various applications.1522 Generally, the optimal size for LNPs is in 
the range of 20 to 200 nm. This range ensures the stability of LNPs 
in fluids like blood and lymph while facilitating interstitial 
penetration.16,177,23 Considering this, we embarked on 
a thorough investigation focusing on LNPs of varying sizes within 
the narrower range of 60 to 150 nm. To specifically investigate the 
role of particle size in vaccine efficacy, all other aspects of the 
mRNA vaccine must be matched. Here, we single-varied the size 
of mRNA-LNPs of COVID-19 vaccine independent of lipid com
position and systematically investigated the size possessing opti
mal long-term stability with bioprotective properties.

While the in vivo safety and efficacy of mRNA-LNPs vaccines 
have considerably progressed through both domestic and interna
tional research, the focus on the stability of vaccines with varying 
particle sizes during storage is notably constrained.16,24 

Furthermore, our understanding of the structure and morphology 
of LNPs encapsulating mRNA, the necessity of electron micro
scopy, the chemical stability of the constituents of LNPs, and the 
overall colloidal stability of the mRNA-LNPs system remains rela
tively limited.17,1825,26 As mRNA is inherently an active pharma
ceutical molecule, robust encapsulation of mRNA payload (>80%) 
within the lipid shell of LNPs is essential for ensuring the stability 
and effectiveness of mRNA-LNPs vaccines. Monitoring the physi
cochemical attributes, encapsulation efficiency, integrity, and lipid 
content of mRNA-LNPs is imperative.19–2127–29 In this study, 
mRNA-LNPs vaccines with size variations (80–150 nm) were pre
pared without changing the lipid composition of LNPs. 
Additionally, 60–80 nm LNPs(without messenger mRNA) were 
also prepared. In addition, crucial physicochemical properties of 
the vaccines stored at different temperatures and durations were 
examined by employing relevant in vivo bioactivity assays for the 
prepared vaccine formulations.22,30 Throughout this research 
endeavor, we carefully observed and monitored the compositional 
changes of mRNA-LNPs stored for different durations in acceler
ated experimental conditions at 4°C and frozen at −20°C. The goal 
was to explore the differences in long-term stability and protective 
efficacy of fully formed mRNA-LNPs vaccine formulations of 
varying sizes prepared from the same mRNA stock solution. In 
the future, a theoretical and experimental basis is anticipated to be 
established to facilitate the creation of the most effective mRNA 
vaccine to combat COVID-19 infection, thus paving the way for 
further research into novel coronavirus vaccine prophylaxis and 
treatments.

Materials and methods

Materials

SM-102 (heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-(undecy
loxy) hexyl) amino) octanoate) and 1,2-dimyristoyl-rac-glycero 
-3-methoxy poly ethylene glycol-2K (mPEG-DMG-2K) were 
obtained from Xiamen Sinopeg Biotech Co., Ltd. located in 
Xiamen, China. The lipid 1,2-distearoyl-sn-glycero-3-phos pho
choline (DSPC) was acquired from Lipoid GmbH in 
Ludwigshafen, Germany. Cholesterol was obtained from Nippon 
FINE Chemical Co., Ltd. Sodium chloride, sucrose, sodium acet
ate trihydrate, and tris(hydroxymethyl) methyl aminomethane 
(Tris) were obtained from Merck in Darmstadt, Germany. Citric 
acid was purchased from Hunan Erkang Pharmaceutical Co., Ltd. 
in Hunan, China. Mouse IFN γ, IL-4 ELISA Kit was obtained from 
Thermo Fisher Scientific Co., Ltd. in Beijing, China.

Production of mRNA-LNPs

The lipids (including SM-102, DSPC, cholesterol, and mPEG- 
DMG-2K) were dissolved in ethanol at a molar ratio of 
50:10:38.5:1.5 to prepare the lipid fraction. The aqueous mRNA 
phase was prepared by dissolving the mRNA stock solution in pH 
4.0 buffer containing citric acid and sodium chloride. The lipid 
and mRNA aqueous phases were mixed at a flow rate ratio of 1:3 
(amine-to-phosphate ratio (N/P) of 6) using a T-joint mixer. The 
diafiltration Volume method keeps the permeate flow rate and the 
buffer make-up rate equal, the material volume constant, the 
exudate volume constant ,and the inlet pressure at0.5 bar. When 
the buffer volume equals the sample volume (300 mL), the diafil
tration Volume process is one-time (the buffer makeup and the 
material volume are equal to represent 1 diafiltration Volume). 
For 60–80 nm LNPs, the resulting mixture will be 8 diavolumes in 
pH 7.4 buffer (containing 20 mM Tris, 10.7 mM sodium acetate, 
and 8.7% sucrose);80–100 nm mRNA-LNPs in pH 7.4 Buffer for 8 
diavolumes; For samples that require a two-step diavolumes, the 
100–120 nm mRNA LNPs are first treated with 3 diavolumes in 
pH 4.0 buffer (citric acid and sodium chloride) and then 5 diavo
lumes in pH 7.4 buffer; For the preparation of 120–150 nm 
mRNA-LNPs, firstly the mixture was treated with 5 diavolumes 
in pH 7.4 buffer. In the second step the resulting mixture was 
subjected to 3 diavolumes using pH 4.0 buffer as well as 3 diavo
lumes using pH 7.4 buffer, the resulting mixture was repeated in 
the second step to finally produce 120–150 nm mRNA-LNPs. All 
four vaccine groups were treated with diavolumes in pH 7.4 buffer 
to increase the vaccine pH. Consequently, the vaccine formula
tions contained only the pH 7.4 Tris buffer. The preparation 
process is shown in Table S1. The particle size of the LNPs was 
increased by repeated diafiltration volume.

Monitoring physical and chemical characterization of 
mRNA-LNPs

The size of the mRNA LNPs before stability and immunogenicity 
studies is crucial for experimental purposes, so we used cryo- 
electron microscopy (Cryo-TEM) to observe the structure of the 
samples in their original state, and dynamic light scattering (DLS) 
to determine the average particle size of the characterized 
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preparations along with their distribution frequency, and screen 
vaccines that meet the size requirements.

Set time points (0,1,2,3,4,5, and 6 months or 3,6,9, and 12  
months), the test vials were removed from the refrigerator and 
allowed to return to room temperature. The mRNA-LNPs 
were transferred to polystyrene cuvettes, and a Malvern 
(Model number, Nano ZS) particle size analyzer was used to 
measure their particle size and polydispersity index. The para
meters used included a dispersant (8.7% sucrose), 
a temperature of 25°C, and an equilibration time of 120 s.

We weighed 0.24 g of trometamol, 0.146 g of trisodium citrate 
dihydrate, and 8.7 g of sucrose (Merck), and dissolved them in 
water in a 100 mL volumetric flask to create a dispersant. The pH 
was adjusted to 7.4 by adding 0.5 mL of hydrochloric acid (2 mol/ 
L). Then, 50 µL of the test samples were added to 1450 µL of the 
dispersant and mixed thoroughly; two parallel batches of the 
formulation were prepared. The parameters were set and Zeta 
potential was measured for the formulation.

The lipid content was analyzed using an ultra-high- 
performance liquid chromatography (UHPLC) system 
with a charged aerosol detector (CAD). The UHPLC 
method utilized a C18-bonded silica gel column (Chrom 
Core 300 C-18, 4.6 × 250 mm, 5 µm) with the mobile phase 
of 0.5 g/L ammonium acetate in methanol. The flow rate 
was set at 1 mL/min. For the analysis, 300 µL of the 
mRNA-LNPs sample was mixed with 900 µL of anhydrous 
ethanol as the test solution. Reference solutions for each of 
the four lipid fractions (including SM-102, DSPC, choles
terol, and mPEG-DMG-2K)) were prepared for subsequent 
lipid content calculations. The linear regression equation 
was calculated using the logarithmic values of the concen
tration of the serial control solution and the logarithmic 
value of the corresponding peak area. 

A1: Peak area of each lipid in each control solution; C: 
Concentration of each lipid in each control solution, mg/mL; a: 
slope of the standard curve; b: intercept of the standard curve; A2: 
Peak area of each lipid in the test solution; E: dilution of the test 
sample; D: labeled amount. The labeling amount of SM-102, 
cholesterol, DSPC, and mPEG-DMG-2K was 1.27 mg/mL in the 
following order,0.53 mg/mL, 0.28 mg/mL, 0.14 mg/mL.

RiboGreen, a fluorescent dye, was used for detecting RNA 
content in solutions. When mixed directly with the formulation 
sample, RiboGreen can detect the amount of free RNA. The 
permeability of lipid particles in the formulation sample was 
increased through the addition of 10% Triton X-100 (Sigma), 
and the sample can be assessed for total RNA content by binding 
it with RiboGreen (Thermo Scientific). For the procedure, 100 µL 
of the sample was diluted 50 times with 1× TE buffer, and 
prepared in duplicates for both the A and B formulations. 
Negative controls A and B were also prepared using the above 
samples. All samples (100 µL) were added to separate wells of 
a black-bottom 96-well plate. Each sample was prepared in dupli
cates, and 100 µL of RNA reagent was added, mixed, and shaken 
for 2 min. The excitation and emission wavelengths were set to 
480 nm and 520 nm, respectively.

The Agilent 2100 Bioanalyzer is a platform based on the 
capillary electrophoresis principle, utilizing microfluidic chips to 
separate and detect mRNA. RNA purity is estimated based on the 
peak area (time-corrected area); the peak areas of all peaks except 
the internal standard peak, were added to obtain the total peak 
area. The ratio of the main peak area to the total peak area 
represents the purity of the mRNA in the original solution. The 
purity for the three replicates from each batch of the original 
solution was calculated, and the average value was taken as the 
purity of the original RNA. The incomplete RNA content was 
calculated as 100% minus the RNA purity percentage.

Animal experimentation groups and immunization 
protocol

Immunogenicity of mRNA-LNPs vaccine in female BALB/c mice 
(6–8 weeks old) were injected intramuscularly with fresh mRNA- 
LNPs or stored for 3 and 6 months at 4°C (5 µg, n = 8). Each test 
preparation group was given 0.9% saline as a control. All groups 
followed the same immunization procedure and used the same 
positive control serum for each ELISA experiment (see Table S2- 
S3). All mice were injected with the same booster dose 7 days after 
the initial vaccination. Mice were immunized twice at 7 days (0–7  
days) and 21 days (0–21 days), and serum samples were collected 
sequentially after the last immunization to determine the titer of 
antigen S protein-binding antibodies. The results showed that the 
serum binding antibodies showed consistent changes at different 
immunization intervals (see Figure S1-S2). Mice were anesthe
tized using isoflurane, and blood was collected through the retro- 
orbital route. The serum was separated from blood by centrifuga
tion at 3000 g for 10 min, and stored at −80°C until further use.

Enzyme-linked immunosorbent assay measurement of 
antibody and cytokine levels in the serum

Serum antibodies
For ELISA, a 96-well ELISA microplate was coated with 2 ng/ 
µL of S protein (GenScript) in coating buffer (1×phosphate 
buffered saline) and incubated overnight at 4°C. The wells 
were washed and blocked, and then serially diluted mouse 
sera were added and incubated at 37°C for 2 h. Following 
this, the diluted goat anti-mouse IgG secondary antibody 
(1:10000, SinoBio) was added. The antibody reaction was 
detected using 3‘5’-tetramethylbenzidine (TMB, Solarbio) as 
the substrate and 1 M H2SO4 as the stop solution. Cytokine 
interleukin 4 (IL-4) and interferon-gamma (IFN-γ) assay kit 
instructions (eBioscience ELISA). The total levels of IgG1 and 
IgG2a were assessed using ELISA kits (Solarbio). The absor
bance was measured at 450 nm, and the data were fitted to 
a dose–response four-parameter logistic model.

Statistical analysis

Statistical significance was calculated across groups by two- 
way analysis of variance and multiple comparisons using 
GraphPad Prism 9.0. The p-value <.05 between the two groups 
was considered statistically significant.
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Results

(Figure 1(a)) 60–80 nm LNPs were mainly distributed in the range 
of 64–73 nm interval, concentrated between 68–71 nm; 
(Figure 1(b)) 80–100 nm mRNA-LNPs were distributed in 79– 
88 nm, concentrated between 82–86 nm; (Figure 1(c)) 100–120  

nm mRNA-LNPs were distributed in 101–109 nm, concentrated 
between 103–107 nm; (Figure 1(d)) 120–150 nm mRNA-LNPs 
were distributed in 122–126 nm with uniform distribution. In 
addition, after treatment with 8 diavolumes, the ethanol residue 
was close to 0 (see Table S4 for more details about the results). 
Collecting the characterization information of Cryo-TEM images, 

Figure 1. (a) The Cryo-TEM images and DLS particle size distribution of 60-80 nm (LNPs without encapsulated mRNA) (b–d) Cryo-TEM images and DLS particle size 
distribution of 80–100 nm,100–120 nm,120–150 nm mRNA-LNPs. Histogram of the mean particle size of the four groups of samples. Frequency count analysis of 
particle size data using the Origin 2019 software, each sample is an average of at least 30 readings. Scale = 100 nm.

Figure 2. Analytical testing of the physicochemical properties of mRNA-lipid nanoparticles (LNPs) stored at 4°C for 6 months. (a) Particle size, (b) Zeta potential using 
electrophoretic light scattering, and (c) polydispersity were measured by dynamic light scattering, (d) determination of pH, (e) mRNA encapsulation determined by 
RiboGreen assay, while (f) mRNA purity was assessed by capillary electrophores. For (a) (b) (c) and (d), each data point is an average of at least 10 readings, resulting in 
the mean z-average, polydispersity, zeta potential, and pH values, which are displayed on the graphs. Analyses in (e)–(f) were done in triplicate. Error bars represent the 
standard deviation.
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we conclude that prepared vaccine samples are within particle size 
requirements. Can be used for subsequent stability and immuno
genicity studies.

Physicochemical characterization of mRNA-LNPs at 4°C in 
accelerated experiments

We observed that after 3 and 6 months of storage of four groups of 
preparations at 4°C, the average particle sizes remained below 150  
nm (Figure 2(a)). In contrast, the particle size of 60–80 nm LNPs 
(LNPs without encapsulated mRNA) increased by nearly 150 nm 
after 6 months of storage, with a 96.79% increase in its average 
particle size. The groups with 80–100 nm and 100–120 nm parti
cle sizes showed a significant increase from 0 to 3 months, and 
a gradual slowdown between 3 to 6 months. In addition, as shown 
in Figure 2(b), the PDI dispersion coefficients of the four groups of 
preparations showed an increasing tendency to varying degrees. 
The PDI coefficients of 60–80 nm LNPs had the same outliers, far 
beyond our required range (PDI <0.3). The stability of 60–80 nm 
LNPs was greatly affected after 6 months of storage at 4°C. The pH 
of the four groups of preparations did not change significantly and 
remained between 7.4 and 7.6, all within a reasonable range 
(Figure 2(c)). The three groups of vaccine preparations exhibited 
no significant change in zeta charge when stored for up to 3  
months (Figure 2(d)). When stored for up to 6 months, the 
potential of the vaccine from the 120–150 nm mRNA-LNPs 
group decreased significantly and showed a more negative trend 
compared to the other two groups.

At 4°C for 3 months, the decrease in the encapsulation effi
ciency of the three groups of mRNA-LNPs was not significant 
(Figure 2(e)). However, when stored for up to 6 months, the 
encapsulation rate of 120–150 nm mRNA-LNPs products 
decreased steadily. The mRNA purity of nucleoside-modified 
mRNA-LNPs was determined by capillary electrophoresis. 

Changes in the mRNA purity of the three groups of mRNA 
vaccines were significant in non-frozen products stored at 4°C 
for at least 6 months (Figure 2(f)). The mRNA integrity of the 
120–150 nm mRNA-LNPs stored at 4°C for 6 months decreased 
by approximately 25%–30%. Meanwhile, there was about a 15% 
decrease in mRNA integrity of the 100–120 nm mRNA vaccines, 
while the least loss of mRNA integrity was observed in the 80–100  
nm mRNA-LNPs. Overall, these results demonstrate a superior 
stability of the 80–100 nm mRNA-LNPs compared to the other 
two groups of mRNA-LNPs.

Based on the above results, we speculated whether the degra
dation of lipid components might have led to altered physico
chemical properties. Considering that in LNPs, each lipid 
component plays a specific role in the formation, stability, and 
biological properties of the particle, we performed UHPLC ana
lysis. In this comprehensive study, the stability of mRNA-LNPs 
vaccines formulated in the liquid state was determined when 
stored at 4°C for 6 months. The particle characteristics of the 
four groups of lipid components in the non-frozen vaccine for
mulations showed significant changes (Figure 3). The lipid com
ponents of the 120–150 nm mRNA-LNPs vaccine exhibited 
significant degradation after 6months of storage; in contrast, the 
vaccine from the 80–100 nm mRNA-LNPs showed the lowest 
degree of degradation among the four lipid components, indicat
ing better stability compared to the vaccine from the other two 
groups. The lipid components of the vaccine from the 100–120  
nm mRNA-LNPs group exhibited degradation levels between the 
other two vaccines.

Long-term protective efficacy of mRNA-LNPs under 4°C 
refrigeration

Following the second immunization, the antibody titers 
observed at three-time points (0, 3, and 6 months after 

Figure 3. Ultra-high performance liquid chromatography (UHPLC) analysis of four lipid components of mRNA-LNPs. (a) Differences in changes of mPEG-DMG-2K in 
formulation stored at 4°C for 0, 3, and 6 months. (b) Differences in changes in cholesterol of the fractions after 0, 3 and 6 months of storage at 4°C. (c) Analysis of lipid 
content of the ionizable lipid (SM-102) in formulation fractions of different particle sizes. (d) Analyze differences in changes in DSPC after 0, 3 and 6 months of storage at 
4°C.Calculations are described in the ‘Lipid Content Determination’ section of materials and methods. MOI%: the percentage of lipid content detected in the sample as 
a percentage of the labeled amount. Data were analyzed by a two-tailed unpaired t-test. *P < .05, **P < .01, ***P < .001. All panels were analyzed in triplicate.
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refrigeration) differed significantly among the three vaccine 
groups and the control group. Notably, the vaccine groups, 
especially those in the 80–100 nm range, showed a clear advan
tage in terms of antibody titers (Figure 4(a–c)). This observa
tion remained consistent even after 14 days of secondary 
immunization (Figure 4(d–f)). The biological activity of the 
120–150 nm mRNA-LNPs decreased significantly after storage 
the preparations at 4°C for 6 months (Figure 4(g,h)). In con
trast, the 80–100 nm mRNA-LNPs vaccine did not exhibit any 
decrease in bioactivity after 3 months of storage at 4°C, and 
only a slight decrease after being stored for 6 months. The 100– 
120 nm mRNA-LNPs vaccine showed a slight decrease in 
activity after 6 months of storage, with an overall 80–100 nm 
vaccine group showing superior protective properties.

Long-term stability monitoring of mRNA-LNPs freeze 
at −20°C

To investigate the changes in the stability of vaccines of different 
sizes when stored at low temperatures, we subjected the four sets 
of preparations to a cryogenic environment at −20°C. Throughout 
the test period, the conditions were maintained to be consistent 
for each batch of preparations. After 3 months of storage, all 
groups of mRNA-LNPs vaccine preparations exhibited an 
increased particle size to varying degrees (Figure 5(a)). However, 
a stable growth plateau was reached within the 3–12months 
period. In general, the increase in particle size for the vaccine 
groups was relatively small when compared to those stored at 4°C. 
Moreover, the particle size distributions for all four preparation 
groups remained highly concentrated, with the polydispersity 
index (PDI) consistently < 0.2 (Figure 5(c)). This observation 
suggests that the formulations maintained excellent uniform dis
persion even after 6 months of storage, and was further supported 
by the examination of uncoated mRNA nanoparticles (LNPs). 
Furthermore, the pH and potential trends were smooth, with 
only a few major changes (Figure 5(b,d)). The encapsulation 
rates of the four preparation groups varied only minimally, and 

their purity levels remained within acceptable limits (Figure 5(e, 
f)). Collectively, these results highlight the superior dispersion and 
stability of formulations stored at −20°C compared to those stored 
at 4°C.

To compare how the content of four lipids (SM-102; DSPC; 
Cholesterol; mPEG-DMG-2K) of vaccines of different particle 
sizes change under freezing conditions, we analyzed and com
pared the individual lipid contents of the four groups prepara
tions stored at −20°C for 0, 3, 6, 9, and 12 months. The 
contents of four lipids in 60–80 nm LNPs showed 
a significant decreasing trend (Figure 6(a)). The four lipid 
contents of 80–100 nm mRNA in the three vaccine groups 
did not vary significantly (Figure 6(b)). The fractions of cho
lesterol and DSPC in the 100–120 nm mRNA decreased only 
a little (Figure 6(c)), while there was a noticeable decrease in 
cholesterol, DSPC, and SM-102 in the 120–150 nm mRNA 
group (Figure 6(d)). These results demonstrated that com
pared to the other two groups, the 80–100 nm mRNA-LNPs 
vaccine had better stability under −20°C freezing conditions.

In vivo activity of frozen −20°C stored mRNA-LNPs

The levels of IL-4 and IFN-γ cytokines in serum samples were 
determined at weeks 1, 3, and 5, after the reinforced immuniza
tion, by double-antibody sandwich ELISA. (Figure 7(b,c)) At 
weeks 1 and 3, both IL-4 and IFN-γ levels in serum from the 
80–100 nm mRNA group were higher than those in serum from 
the remaining groups. Meanwhile, the total levels of IL-4 and IFN- 
γ in the sera of all mRNA-LNPs groups were significantly higher 
than those in the sera from the 0.9% NaCl group (Figure 7(d,e)). 
The level of antibodies is an important indicator for evaluating the 
immune response. Overall, IgG1 and IgG2a levels in the mRNA- 
LNPs group were significantly higher than those in the 0.9% NaCl 
group at weeks 1, 2, and 3. The 80–100 nm mRNA vaccines could 
enhance the production of both Th1-associated IFN-γ and Th2- 
associated IL-4. better than other groups (Figure 7(f)). The 80– 
100 nm particle size vaccine led to a significant increase in 

Figure 4. During the entire study, mRNA-LNPs were stored at 4°C, and the samples were stored after 3 and 6 months for evaluation of their biological activity. (a-b) 
Blood was collected from mice at 7 and 14 days after secondary immunization. (c–d) Blood was collected from mice on days 7 and 14 after secondary immunization 
when stored for up to 3 months. (e–f) Blood was collected from mice at 7 and 14 days after secondary immunization at 6 months of storage. (g-h) Comparison of serum 
antibody titers at different intervals for four groups of preparations. Data were analyzed through a two-way ANOVA, Data represent the mean ± SD (n = 6, ns p > .05, 
*p < .05, **p < .01, ***p < .001, ****p < .0001).
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Figure 6. This figure is related to Figure 2. Ultra-high performance liquid chromatography (UHPLC) analysis of individual lipid components of mRNA-LNPs. UHPLC 
analysis of freshly prepared mRNA-LNPs stored at − 20°C for 0, 3, 6,9, and 12 months. (a) Analysis of four components of 60–80 nm LNPs. (b)(c)(d) Analysis of four lipids 
from the vaccine set of mRNA-LNPs with different particle sizes(b)80-100 nm mRNA-LNPs; (c)100-120 nm mRNA-LNPs; and (d)120-150 nm mRNA-LNPs. For all panels, 
analyzes were done in triplicate, Error bars are SD.

Figure 5. Analytical testing of the physical and chemical characteristics of mRNA-LNPs freeze at − 20°C for 0, 3, 6, 9, and 12 months. (a) Particle size, (b) Zeta potential 
was measured using electrophoretic light scattering, (c) polydispersity was measured by dynamic light scattering, (d) pH value of mRNA-LNPs, (e) mRNA encapsulation 
was determined by RiboGreen assay, and (f) mRNA purity was assessed by capillary electrophoresis. For (a) (b) (c), and (d), each data point was an aggregate of at least 
10 measurements. Error bars are SD.
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antibody levels during the second week, followed by a slight 
decrease, but the expression was always higher compared to the 
control group. Particularly, all three mRNA vaccines remained 
strongly bioprotective after 12 weeks. These results suggest that 
there may be differences in antibody and cytokine levels after 
immunization between vaccine preparations of different sizes.

Discussion

As mRNA vaccines have taking the lead in late-stage clinical 
trials to fight the COVID-19 pandemic, challenges surround
ing their formulation and stability have become apparent. We 
reviewed the literature on the approved use and stability of 
candidate mRNA vaccines, including measures to improve 
their long-term stability, analytical techniques to monitor 
their stability, and regulatory guidelines for their characteriza
tion and storage stability. We suggest that particle size is an 
important stability parameter affecting the pharmacokinetics, 
distribution, safety, and efficacy of vaccines, with appropriate 
particle size being a focal point in the development of mRNA 
vaccines; this has the potential to influence the future applica
tions of mRNA vaccines.

The mRNA-LNPs fluid formulations showed an increase in 
particle size at two different storage temperatures. Under the 
accelerated storage condition of 4°C, the particle size of the 

product exhibited a large increase between 0 and 6 months. 
Under these conditions, the maximum particle diameter was 
less than 150 nm (Figure 2(a)). When stored under frozen 
conditions at −20°C, the particle size of the four groups of 
formulations showed an increase between 0 and 3 months, 
remained stable over the next 9 months (Figure 5(a)). 
Possibly, the observed growth in particle size may be attributed 
to the Oswald ripening effect,23,31 according to which small 
LNPs with dynamic lipid bilayers might fuse to form larger 
vesicles during storage. Additionally, the formation of ice 
crystals during −20°C storage could exert mechanical stress 
on the LNPs, resulting in size enlargement. These phenomena 
may collectively contribute to the increase in particle 
size.14,24,2522,32,33 The mPEG-DMG-2K was incorporated into 
the LNPs to improve their colloidal stability. In early studies of 
LNPs, polyethylene glycol (PEG) lipids played a crucial role in 
controlling particle size. This spatial control helped to prevent 
particle aggregation by stabilizing the LNPs and maintaining 
their desired size.19,2627,34 In our study, the inclusion of the 
cryoprotectant sucrose notably mitigated the damage to LNPs 
due to freezing and thawing, thereby minimizing the subse
quent impact on the bioactivity of the vaccine.27,2835,36 

Therefore, we hypothesize that the total volume of particles 
grows linearly with time at a constant particle number density. 
This growth can be triggered by thermal drift or any other 

Figure 7. Humoral and cellular immune responses in mice immunized with the mRNA vaccine. Mice were immunized intramuscularly with 5 µg of mRNA vaccine, with 
a booster of the same dose 7 days after the first vaccination. (a) A schematic diagram of vaccination and sampling in mice. (b,c) Double antibody sandwich assay for 
determining the levels of IFN-γ and IL-4 in the serum of the mRNA-LNPs immunized mouse. (d,e) Serum levels of total IgG1/IgG2a were measured using ELISA kits. (f) 
ELISA for the determination of SARS-CoV-2 receptor binding domain-specific IgG antibody titers in immunized animals. Data are shown as mean ± SD, two-way analysis 
of variance (n ¼ 6; ns p > .05, *p < .05, **p < .01, ***p < .001, ****p < .0001).
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activation mechanism but does not affect the diffusion of 
subsequent mRNA vaccines.29,37 This phenomenon can be 
linked to the PDI dispersibility, (Figure 2(c)) where the PDI 
index of the three mRNA vaccine groups was still less than 0.2 
after 6 months of storage, indicating uniform dispersion in the 
medium.

The LNPs contain four components. Ionizable amine-based 
lipids are positively charged in acidic environments and encap
sulation of negatively charged mRNAs during particle 
formation.30,38 These lipids also promote the fusion of nuclear 
endosomes and cytoplasmic release of the payloads once the 
cells have ingested the LNPs. Saturated phospholipids, such as 
DSPC, render the LNPs structurally stable and contribute to 
the overall rigidity of the lipid bilayer. Cholesterol, on the 
other hand, helps maintain the fluidity of the lipid membrane 
and enhances the stability and integrity of LNPs. Thus, the 
amount of lipids can dramatically affect the efficacy and sta
bility of the mRNA vaccine. (Figures 3 and 6) In the present 
study, the relative integrity of the four lipid components of the 
LNPs of 80–100 nm mRNA vaccines was maintained regard
less of storage at 4°C or −20°C conditions, and these trends are 
impressive. After storage at 4°C and further storage for 6  
months at the same temperature, similar to the other research 
groups evaluating the stability of encapsulated mRNALNPs 
vaccines, we observed a severe degradation of the lipid content 
in the 120–150 nm vaccine preparations, subsequently leading 
to a reduction in the biological activity (Figure 4). This empha
sizes the importance of the stability of lipid components in 
vaccine formulation, especially for those stored for long 
periods.

RNA integrity is a sensitive and critical parameter for stabi
lity assays. When preparing mRNA vaccines, it becomes 
imperative to ensure the usage of highly pure mRNA samples, 
devoid of contaminants like other RNA, DNA, proteins, and 
impurities. To assess this, we examined the purity of nucleoside- 
modified mRNA-LNPs by capillary electrophoresis. 
Examination of vaccines stored at 4°C revealed a noticeable 
trend of diminishing mRNA purity. This was particularly evi
dent in 120–150 nm mRNA-LNPs, where the purity of mRNA 
plummeted from 81% to only 48% (Figure 2(f)). Meanwhile, the 
vaccine stored at 4°C for 6 months showed a decrease in purity 
of around 14%-17% for 100–120 nm mRNA and 10% for 80– 
100 nm mRNA. In contrast, when stored at −20°C, the overall 
purity for 80–100 nm mRNA dipped only marginally. The pur
ity of 100–120 nm mRNA decreased by about 8%-10%, while 
120–150 nm mRNA had a maximum loss of integrity of 
approximately 20%. Importantly, even at these levels of degra
dation, in vivo potency remained discernible, only differences 
that arise include protectiveness against mRNA vaccines of 
different particle sizes (Figures 4 and 7).

Based on the results mentioned above, we can conclude that 
freezing the vaccine at −20°C is more suitable for maintaining 
stability over the long term. Furthermore, the vaccine contain
ing 80–100 nm mRNA-LNPs showed the best stability and 
protection at both temperature settings. The particle size of 
a vaccine is closely related to its dispersion and stability in 
liquid.38 Particles of smaller sizes generally disperse more effec
tively in solutions, with minimized occurrence of particle pre
cipitation and aggregation.31,39 This contributes to maintaining 

the uniformity of the vaccine and prevents the settling or aggre
gation of particles, thereby preserving the physical stability of 
the formulation.32,40 Particle size directly impacts the delivery 
efficiency of vaccine particles within the body. Some LNPs 
injected intramuscularly, circulate in the system, leading to 
their accumulation in the liver and spleen, especially when the 
LNP size is relatively small. LNPs of larger sizes are more likely 
to remain at the injection site. Smaller particles are more readily 
absorbed and transported by immune cells, increasing the effec
tiveness of the vaccine.13,15,3321,23,41 An appropriate particle size 
enhances the interaction between vaccine particles and cells, 
facilitating antigen presentation and immune cell 
activation.34,42 These findings provide valuable considerations 
for our future research in the development of LNPs delivery 
systems for vaccines, particularly in the context of particle size 
selection.

Some researchers believe that the core-shell model offers the 
most detailed description of mRNA-LNPs, indicating the pre
sence of a surface layer and an affine, isotropic core.35,43 They 
found that 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) 
and PEG-lipids, as well as partially ionizable cationic lipids and 
cholesterol, are located on the surface of the LNPs.36,44 Within the 
core, ionizable cationic lipids, cholesterol, water, and a major 
portion of mRNA are present. Their study showed that the iso
tropic LNPs core comprises 24% (volume fraction) water. They 
propose that mRNA may be located within the water column 
surrounded by cationic lipids. This would imply that the mRNA is 
at least partially exposed to the water fraction within the LNPs, 
leading to its instability when stored under non-frozen conditions. 
We hypothesized that the 80–100 nm mRNA-LNPs core messen
ger RNA is relatively minimally exposed to water, retaining its 
most important portion, as observed by the purity of the mRNA 
performance. Additionally, the LNPs without encapsulated 
mRNA exhibited poorer stability in our long-term assay than 
the mRNA vaccine group, so we suggest that the integrity of the 
mRNA would largely and simultaneously impede the degradation 
of the shell LNPs component. Concurrently, liposomes protect 
mRNA integrity by hiding the interaction of mRNA with serum 
proteins within the liposome. Thus, the loss of mRNA during 
long-term storage was minimized, and the stability and efficacy of 
the vaccine were maintained with long-lasting.

LNPs represent a nonviral leading vector for mRNA deliv
ery. Physicochemical parameters of LNPs, including their size 
and charge, directly impact their in vivo behavior and, there
fore, their cellular internalization.37,45 While companies like 
Moderna and Pfizer/BioNTech have rapidly developed highly 
effective nucleoside-modified mRNA-LNPs vaccines, issues 
related to the stability of these vaccines still require further 
attention.38,3946,47 There have been several reports on the par
ticle size of mRNA-LNPs, but these reports do not sufficiently 
cover the critical quality attributes and biological effects of 
these products after extended storage.14,40,4122,48,49 Therefore, 
we expect to take an important step, particularly in terms of 
long-term stability and biological activity. We need more stu
dies to fully reveal the impact of size-dependent mRNA deliv
ery. The exact mechanisms explaining these findings and their 
application in the in vivo environment remain unclear. 
Therefore, the shape and internal structure of mRNA delivery 
vectors also need to be further investigated. It will provide 
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more comprehensive information for subsequent studies of 
mRNA vaccine particle size.
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