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A B S T R A C T   

The rapid development of messenger RNA (mRNA) vaccines formulated with lipid nanoparticles (LNPs) has 
contributed to control of the COVID-19 pandemic. However, mRNA vaccines have raised concerns about their 
potential toxicity and clinical safety, including side effects, such as myocarditis, anaphylaxis, and pericarditis. In 
this study, we investigated the potential of trehalose glycolipids-containing LNP (LNP S050L) to reduce the risks 
associated with ionizable lipids. Trehalose glycolipids can form hydrogen bonds with polar biomolecules, 
allowing the formation of a stable LNP structure by replacing half of the ionizable lipids. The efficacy and safety 
of LNP S050L were evaluated by encapsulating the mRNA encoding the luciferase reporter gene and measuring 
gene expression and organ toxicity, respectively. Furthermore, mice immunized with an LNP S050L-formulated 
mRNA vaccine expressing influenza hemagglutinin exhibited a significant reduction in organ toxicity, including 
in the heart, spleen, and liver, while sustaining gene expression and immune efficiency, compared to conven
tional LNPs (Con-LNPs). Our findings suggest that LNP S050L, a trehalose glycolipid-based LNP, could facilitate 
the development of safe mRNA vaccines with improved clinical safety.   

1. Introduction 

Messenger RNA (mRNA) vaccines have been in the spotlight since 
the onset of the COVID-19 pandemic. The success of the Pfizer-BioNTech 
and Moderna COVID-19 vaccines, which have demonstrated high po
tency in clinical trials, has propelled recent advancements in mRNA 
vaccine technologies [1]. This success has enabled the rapid 

development and production of mRNA vaccines, accelerating research 
and development [2]. Finally, research on mRNA vaccines has earned 
the honor of being awarded the Nobel Prize in Physiology or Medicine. 
As COVID-19 mRNA vaccines are being administered worldwide, the 
advantages and necessity of mRNA vaccine technology have been 
highlighted, and some concerns have been revealed. Adverse reactions 
to the COVID-19 mRNA vaccine have been reported, ranging from mild 
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symptoms to serious adverse events, such as myocarditis, pericarditis, 
thrombosis with thrombocytopenia syndrome, and anaphylaxis [3–5]. 

Lipid nanoparticles (LNPs) are a classic delivery system for nucleic 
acid therapeutics and mRNA vaccines. Currently, LNPs are composed of 
four components: ionizable lipids, phospholipids, cholesterol and poly
ethylene glycol (PEG)-conjugated lipids, and Onpattro® for siRNA 
therapeutics and mRNA-1273 and BNT162b2 for COVID-19 mRNA 
vaccines are commercially available [6]. Among these four components, 
ionizable lipids interact with RNA through electrostatic interactions and 
are key components that determine the delivery efficacy of mRNA. At 
the same time, they have an adjuvant effect, helping to produce 
appropriate neutralizing antibodies against antigens produced from 
mRNA. Because cationic lipids initially carrying nucleic acids are known 
to be toxic [7], the ionizable heads were replaced with cationic heads to 
reduce toxicity. Subsequently, cone-shaped lipids with branched carbon 
chains and ester bonds introduced into the hydrophobic lipid increase 
biodegradability and delivery efficiency and promote escape from 
endosomes [8]. Although remarkable results have been achieved in 
terms of delivery efficacy and reduction in toxicity, COVID-19 mRNA 
vaccines have been reported to cause various adverse effects. Among the 
components of LNPs, ionizable lipids are the main synthetic chemicals 
that induce acute immune responses and toxicity [9]. 

Focus on the toxicity of LNPs has led to the idea of replacing ioniz
able lipids with nontoxic materials. The substitute should interact with 
the mRNA to form a stable nanoparticle and take over the adjuvanticity 
of an ionizable lipid [10,11]. Herein, we selected trehalose glycolipids as 
ionizable lipid substitutes. Trehalose is a natural disaccharide 
comprising two glucose molecules. Some bacteria, fungi, plants, and 
invertebrates synthesize trehalose as an energy source and use it to 
survive freezing temperatures and water shortages. An aqueous treha
lose solution exhibited a concentration-dependent clustering tendency 
[12]. Because of their ability to form hydrogen bonds, highly concen
trated trehalose self-bonds in water form clusters of various sizes. 
Trehalose also interacts directly with nucleic acids to promote the 
dissolution of double-stranded DNA and stabilizes single-stranded 
nucleic acids [13]. Combining this hydrogen-bonding characteristic 
with other cationic functional groups, backbone and side chain trehalose 
polymers have been applied to deliver plasmid DNA into cells [14]. 

Trehalose is present in the trehalose glycolipid form in bacteria and 
is believed to play a protective role against harsh environmental con
ditions. 6,6′-trehalose dimycolate (TDM), discovered in Mycobacterium 
tuberculosis, is a well-known naturally occurring trehalose glycolipid 
(Fig. S1) [15]. Both Synthetic and naturally occurring trehalose glyco
lipids protected the supported phospholipid monolayer from dehydra
tion as a minor component of the overall membrane, up to a 
concentration of at least 20 mol%. Dependence of dry protection on the 
synthetic trehalose glycolipid fraction was almost identical to that of 
naturally occurring TDM. This was not significantly related to the type of 
hydrophobic tail structure, suggesting that the interaction between the 
trehalose head groups and the surrounding molecules is a determinant of 
dehydration protection. 

Trehalose glycolipids are known immunomodulators because they 
act as ligands of macrophage-inducible C-type lectin (Mincle) [16]. As a 
simplified synthetic analog of TDM, 6,6′-trehalose dibehenate (TDB) has 
been used in liposomal subunit vaccines as an adjuvant acting as a 
Mincle ligand (Fig. S1) [17,18]. Sulfolipids in the form of sulfate esters 
activate bacterial phagocytosis [19]. 6,6′-Aryl trehalose derivatives and 
trehalose-based amide and sulfonamide are also reported as a Mincle 
ligand [20–22]. Other biological functions of trehalose and trehalose 
glycolipids include anti-inflammatory, antitumor, adjuvant, and anti
bacterial activities, as well as the ability to induce granulomatosis and 
angiogenesis [23–25]. Additionally, the cardioprotective effects of 
trehalose have recently been reported, with one possible mechanism 
being the reduction of inflammation associated with the development of 
heart disease [26,27]. 

In this study, we devised a novel LNP platform that replaced a 

portion of ionizable lipids with trehalose glycolipids to enhance the 
safety of mRNA vaccine delivery. These trehalose glycolipids can 
strongly interact with nucleic acids and surrounding molecules through 
hydrogen bonding. Trehalose glycolipid analogs were intended to pro
mote a stable formulation of particles and reduce the toxicity caused by 
ionizable lipids, maintaining their delivery efficacy for mRNA vaccines. 
Fig. 1 schematically illustrates the discovery of an optimal lipid nano
particle platform based on trehalose glycolipids. The LNPs for optimi
zation were formulated with Renilla luciferase (R/L) mRNA. Each 
combination of LNPs showed varying mRNA translation in vivo 
depending on the ratio of trehalose glycolipids replacing ionizable 
lipids, the type of steroid lipids or ionizable lipids used, and the N/P 
ratio. The best combination was selected based on the luminescence 
signal from R/L, which indicated the delivery efficiency of the mRNA. 
The top-performing LNP (LNP S050L) underwent structural, physico
chemical, and biological analyses in comparison to Con-LNP (Conven
tional LNP featuring the same lipid combination as mRNA-1273). 
Additionally, we compared the toxicity of the LNP S050L with that of 
Con-LNP via organ expression, immunogenicity, and toxicology studies. 
The initial findings suggest that LNP S050L could potentially be safer 
than Con-LNPs. We showed that the trehalose glycolipid-containing LNP 
has potential cardioprotective and anti-inflammatory properties, which 
could be a promising approach for the development of mRNA vaccines 
for clinical applications. 

Fig. 1. Schematic illustration of novel LNP S050L based on trehalose glyco
lipids. A partial substitution of ionizable lipids with trehalose glycolipids 
maintained high efficacy in mRNA expression and immune response. The 
toxicity to the heart and liver was reduced compared to Con-LNPs and the 
mRNAs encapsulated within LNP S050L were traced in the lymph node 
and spleen. 
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2. Result and discussion 

2.1. Rational design and optimization of LNP platform incorporating 
trehalose glycolipid 

As a component of LNP, 6,6′-trehalose dioleate (TDO) was synthe
sized as previously reported [28,29]. Both TDO and TDB were initially 
tested for formulation with mRNAs by replacing a portion of the ioniz
able lipids. However, LNPs containing TDB were excluded because the 
formulated LNP containing TDB precipitated during centrifugal filtra
tion for ethanol removal, whereas TDO resulted in stable LNPs. The 
length of the carbon chains in trehalose glycolipids affects the particle 
stability [30]. Generally, helper lipids in LNPs have a C14–C18 carbon 
chain. Thus, TDO with a C18 chain is more favorable than TDB with a 
C22 chain, leading to stable particle formation through appropriate 
hydrophobic packing. 

The composition of the LNPs incorporating TDO is presented in 
Table 1. We designated the LNPs based on the type (D for DLin-MC3- 
DMA; S for SM-102; T for TDO) and relative content (25–100%) of 
used ionizable lipids and their substitutes, as well as the type of 
cholesterol and its alternatives (C for cholesterol; L, L′, L″ for alterna
tives). The LNPs incorporating TDO were formulated with R/L mRNA 
and the resulting R/L mRNA-encapsulated LNPs (R/L mRNA⊂LNPs) 
were screened and selected by measuring R/L expression level in vivo 
after 6 and 24 h of intradermal (I.D.) injection. Although the hydrogen 
bonding properties of TDO did not completely replace the electrostatic 
interactions of the ionizable lipids (LNP T100L vs. LNP D050L in 
Fig. 2A), half of the ionizable lipids were completely replaced by TDO, 
improving the efficacy of R/L expression in vivo (LNP D050C vs LNP 
D100C in Fig. 2A). 

LNP D050C was optimized by modifying the steroid lipid compo
nents. Cholesterol, which is primarily used as a steroid lipid, facilitates 
membrane fusion and the structural stability of LNPs [31–33]. It is 
characterized by a small and polar hydroxyl group at one terminus, 
while the opposite end presents a series of large, rigid nonpolar hydro
carbon rings coupled with a flexible carbon chain. This structural 
configuration significantly impacts the dynamics of lipid bilayer and is 
reported to induce phase separation in the present of a multicomponent 
lipid mixture. The unique properties are also facilitating the fusion be
tween LNPs and the endosomal membrane, as well as initial uptake, thus 
playing a crucial role in enhancing the efficiency of endosomal escape. 
Recently, an effective formulation of mRNA⊂LNPs was developed by 
replacing cholesterol with various steroid-based compounds [34]. In the 
present study, we focused on lithocholic acid, which is used in various 
delivery systems, with the aim to mimic the structure of cholesterol, 
including its small polar group, rigid steroid backbone, and flexible 
carbon chain [35–37]. Lithocholic acid is a bile acid naturally synthe
sized from cholesterol and has been reported to exert anti-inflammatory 
and anticancer effects under controlled conditions. In addition, the 
strong binding capacity of lithocholic acid to albumin suggests that LNPs 
composed of lithocholic acid derivatives may exhibit a distinct delivery 
pattern from conventional LNPs, which are primarily distributed in the 
liver through an apolipoprotein E-dependent mechanism [38]. Three 
lithocholic acid derivatives (n-butyl lithocholate, 3-methylpentyl lith
ocholate, and iso-pentyl lithocholate) were synthesized by esterification 
of carboxylic acid with short-chain alcohols [29]. The R/L mRNA⊂LNP 
composed of n-buthyl lithocholate instead of cholesterol (LNP D050L) 
showed similar R/L expression efficacy to that of the LNP containing 
cholesterol (LNP D050C) at 6 h after injection. However, when exam
ining the R/L expression level at 24 h after injection, it was evident that 
n-butyl lithocholate showed a significant improvement compared to 
cholesterol (LNP D050L vs. LNP D050C in Fig. 2A). 

DLin-MC3-DMA, the ionizable lipids of the LNP D050L, were 
substituted with SM-102, a lipid used in mRNA-1273 (Fig. 2B). Upon 
replacing the ionizable lipid with SM-102, which possesses a cone- 
shaped structure, LNP S050L was observed that the expression level of 
R/L increased more than 10-fold compared to the case with DLin-MC3- 
DMA at 6 h after injection (LNP S050L vs. LNP D050L in Fig. 2B). The 
mRNA delivery efficiency was then compared to the Con-LNP platform 
based on the R/L expression level. LNP S050L demonstrates comparable 
delivery efficiency to Con-LNP (LNP S050L vs. Con-LNP in Fig. 2B). 

The expression efficiency of R/L mRNA⊂LNPs in which cholesterol 
was replaced with 3-methylpentyl lithocholate and iso-pentyl lith
ocholate (LNP S050L′ and LNP S050L’’, respectively) was also verified, 
and results showed that 3-methylpentyl lithocholate was as effective as 
n-butyl lithocholate (Fig. 2C). However, considering both the expression 
efficiency at 6 h and the persistence of expression at 24 h after injection, 
the cholesterol substitute was optimized for n-butyl lithocholate. This 
phenomenon was observed in a similar pattern in LNPs utilizing DLin- 
MC3-DMA (Fig. S2A) 

Then, to confirm the ratio of trehalose glycolipid and ionizable lipid, 
R/L mRNA⊂LNPs of the selected ratio were formulated and the R/L 
expression efficiency was observed (Fig. 2D and Fig. S2B). As the sub
stitution ratio of TDO to ionizable lipids increased, the luminescence 
signal also increased. It reached its peak at a 50% substitution ratio, but 
further increases caused the signal to decrease again. In other words, 
LNP S050L with a TDO: ionizable lipid ratio of 1:1 exhibited the highest 
expression efficiency and was selected as the optimal LNP. Finally, the 
amount of lipid mixture relative to mRNA was also optimized (Fig. 2E). 
Upon analyzing the R/L expression efficiencies as influenced by the N/P 
ratio, which is defined as the ratio of the potential positive charge of the 
ionizable lipids to the negative charge of the mRNA phosphate groups, a 
pattern of gradual enhancement in delivery efficiency was observed. 
This improvement continued up to an N/P ratio of 3, after which a 
further increase in the N/P ratio resulted in a diminishing efficiency. 
Importantly, this trend remained consistent across different types of 

Table 1 
LNP composition for optimization.  

LNP Ionizable 
lipid (mol 
%) 

Trehalose 
glycolipid 
(mol%) 

Steroid (mol 
%) 

Helper 
lipid 
(mol%) 

PEG- 
conjugated 
lipid (mol%) 

Con- 
LNP 

SM-102 
(50) 

– Cholesterol 
(38.5) 

DSPC 
(10) 

DMG-PEG 
(1.5) 

D100C DLin- 
MC3-DMA 
(50) 

– Cholesterol 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

D050C DLin- 
MC3-DMA 
(25) 

TDO (25) Cholesterol 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

D050L DLin- 
MC3-DMA 
(25) 

TDO (25) n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

T100L – TDO (50) n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S025L SM-102 
(12.5) 

TDO (37.5) n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S050L SM-102 
(25) 

TDO (25) n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S075L SM-102 
(37.5) 

TDO (12.5) n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S100L SM-102 
(50) 

– n-Butyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S050C SM-102 
(25) 

TDO (25) Cholesterol 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S050L′ SM-102 
(25) 

TDO (25) 3- 
methylpentyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5) 

S050L″ SM-102 
(25) 

TDO (25) iso-Pentyl 
lithocholate 
(38.5) 

DOPE 
(10) 

DMG-PEG 
(1.5)  
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ionizable lipids (Fig. S2C), leading to the identification of 3 as the 
optimal N/P ratio for efficient delivery. 

Ultimately, we determined the optimal conditions for formulating 
LNP S050L platform with mRNA at an N/P ratio of 3. Under optimal 
conditions, the complete replacement of TDO with the helper lipid 
(DOPE) led to a significant reduction in mRNA encapsulation efficiency, 
dropping to around 50% (LNP S050L vs. LNP P050L in Fig. S2D). This 
observation highlights the critical importance of TDO in the mRNA 
encapsulation process, serving as an effective substitute for ionizable 
lipids. Parallel studies are underway to verify the efficacy of this LNP 
platform for delivering ssRNA adjuvants or mRNA vaccines against 
influenza and human papillomavirus [39,40]. 

2.2. Characterization of LNP S050L 

The structural and physicochemical properties of the top-performing 
LNP S050L were analyzed (Table 2, Fig. 3). When compared to R/L 
mRNA⊂Con-LNP, R/L mRNA⊂LNP S050L exhibited similar size, poly
dispersity index (PDI), zeta (ζ) potential, encapsulation efficiency (EE), 
and pKa value (Table 2). The structures of the LNPs were determined 
using dynamic light scattering (DLS), cryogenic transmission electron 
microscopy (cryo-TEM), and small-angle X-ray scattering (SAXS). The 
size distribution of LNP S050L almost overlapped with that of the Con- 
LNPs (Fig. 3A). According to a report by Moderna Inc., the size of LNPs 
in the best-performing formulations ranged from 75 to 95 nm, and LNP 
S050L met the reported size criteria [41]. Both LNP S050L and Con-LNP 
exhibited typical cryo-TEM images of lipid nanoparticles with an elec
trodense core, as previously reported (Fig. 3B) [42,43]. Both types of 

Fig. 2. In vivo optimization of trehalose glycolipids-containing LNPs. The optimal LNPs exhibiting superior efficiency was subsequently cherry-picked, considering 
the interplay between helper lipids and the molar ratio of ionizable lipids. The luminescence signal of R/L at 6 and 24 h after injection of R/L mRNA⊂LNPs was 
expressed on a logarithmic scale. (A) A proof of concept was conducted with a primary optimizing group (LNP D100C, D050C, D050L, and T100L). (B) A cone-shaped 
SM-102 (LNP S050L) was replaced DLin-MC3-DMA (LNP D050L). (C) Steroid lipid structure was optimized by changing alkyl groups in steroids (LNP S050L, S050C, 
S050L′, and S050L″). (D) Optimization of the substitution ratio of TDO to ionizable lipid (SM-102) was investigated by changing the ratio (LNP T100L, S025L, S050L, 
S075L, and S100L). (E) Optimization of N/P ratio of LNP S050L. N/P ratio: moles of cationizable nitrogen in ionizable lipids divided by moles of phosphodiesters in 
mRNAs. Nil: the group injected with saline. RNA: the group injected with only mRNA. Data are represented as the mean ± standard deviation (SD). Statistical 
significance was analyzed using two-way ANOVA. Statistically significant differences were defined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

Table 2 
Physical and chemical properties of LNP S050L compared to Con-LNP.  

LNP Z-average (nm) PDI ζ (mV) EE (%) pKa 

LNP S050L 87.3 ± 0.6 0.05 10.7 ± 0.4 90.9 6.75 ± 0.01 
Con-LNP 86.3 ± 1.4 0.07 9.2 ± 1.5 91.8 6.73 ± 0.02  

Fig. 3. Characterization of LNP S050L compared to Con-LNP. (A) Size distri
butions, (B) TEM images, (C) SAXS scans, and (D) mRNA encapsulation effi
ciencies of LNP S050L and Con-LNP. 
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LNPs had uniform sizes and demonstrated a strong correlation with the 
average size and distribution determined using DLS. To evaluate the 
structural differences between the LNPs, Synchrotron SAXS scans were 
performed (Fig. 3C). Scattering from both LNPs showed neither a lipid 
bilayer form factor (black dotted line) nor an inverted hexagonal 
structure. Instead, scattering from both LNPs showed a single broad 
characteristic peak at q ~0.1 Å− 1, presumably from packing structure of 
mRNA inside of LNP. This type of scattering curve indicates the typical 
glassy and short-range ordered internal structure of LNPs [43]. 
Con-LNP, however, showed a larger average characteristic distance of 
mRNA-LNP complex (52.8 Å) compared to that of LNP S050L (50.8 Å). 
Approximate domain size of such complex in Con-LNP (110.2 Å) was 
also smaller than that of LNP S050L (128.62 Å), indicating that LNP 
S050L had more compact and long-range ordered structure than 
Con-LNP. 

The EEs of LNP S050L and Con-LNPs were determined to be greater 
than 90% based on the ribogreen assay. The gel electrophoresis results, 
as shown in Fig. 3D, mirrored the EE results, with both LNPs efficiently 
encapsulating the cargo mRNA, resulting in no free RNA bands being 
observed in gel electrophoresis after formulation. 

2.3. Monitoring in vivo bio-distribution and residence of mRNA 
formulated with LNP S050L 

To evaluate the expression level of the mRNA to monitor in vivo bio- 
distribution and residence, mRNA (5 μg) encoding firefly luciferase re
porter gene (F/L mRNA) formulated with LNP S050L or Con-LNP was 
injected into mice via intramuscular (I.M.) injection, and biolumines
cence signals were monitored using an in vivo imaging system (IVIS). 
Luminescence signals from F/L mRNA were observed at the highest 
levels 6 h after injection and lasted until 48 h at the injection site. 
Interestingly, the bioluminescence signal from the luciferase persisted 

longer than that induced via I.M. injection (Fig. 4A). In vivo bio- 
distribution of F/L mRNA⊂LNP S050L was rapidly spread from the in
jection site to other organs. Most of the luciferases from F/L mRNA⊂LNP 
S050L were located in the injection site, and some of luciferases 
migrated to the spleen and inguinal lymph node (LN) (Fig. 4B and C). To 
evaluate ex vivo bio-distribution of luciferases from injected F/L 
mRNA⊂LNP S050L, mice were euthanized and dissected 24 h after 
administration. Luciferase remained at the injection site and was 
observed on the right side of the draining LNs, which were localized near 
the injection site (Fig. 4D). The bio-distribution F/L mRNA⊂LNPs was 
also investigated through intravenous (I.V.) injection (Fig. S3). In mice 
receiving I.V. injections, the luciferase signal was expressed more 
rapidly than that in the group receiving I.M. injection. Luminescence 
from the F/L mRNA⊂LNP S050L, administered I.V. injection and 
circulated through the blood vessels, were primarily detected in the liver 
and spleen from at an early stage. They were mainly observed in the 
spleen after 24 h, with trace amounts found in the lungs. These results 
suggest that LNP S050L can act as an mRNA vaccine delivery platform 
for both I.M. and I.V. injections. 

2.4. Comparison study of LNP S050L with Con-LNP on their toxicity 

Before conducting in vivo toxicity testing, cytotoxicity was confirmed 
in three cell types (HepG2, HEK293, and fibroblasts) using empty LNPs 
without mRNA (Fig. S4). Both LNP S050L and Con-LNPs maintained a 
cell viability of over 80%, even at high lipid concentrations, with no 
observed cytotoxicity. For in vivo toxicity, a different approach was used 
compared to standard toxicity protocols. Instead of following the gen
eral toxicity verification protocol, which typically results in most in
dicators returning to normal levels and no serious toxicity observed for 
Con-LNPs, we performed an autopsy on the first day after the final 
administration to confirm acute side effects during vaccination. This 

Fig. 4. Bio-distribution of LNP S050L. Real-time whole-body imaging of LNP S050L at different time points post-injection. Mice were injected with 5 μg of mRNA. (A) 
In vivo distribution patterns of F/L mRNA⊂LNP S050L were evaluated after I.M. injections. The maximum F/L mRNA expression was observed at 6 h. (B, C) In vivo 
bio-distribution analysis of the I.M. injection revealed F/L bioluminescence signal in injection site and spleen. (D) Ex vivo bio-distribution in the I.M. injection group. 
F/L bioluminescence signal remained at the injection site and migrated toward to the right side of the draining lymph node. AxLN: Axillary lymph node, InLN: 
Inguinal lymph node, PoLN: Popliteal Lymph node. All data are presented as the mean ± SD of values from independent experiments. *P < 0.05, **P < 0.01, and 
***P < 0.001 by a two-tailed Student’s t-test. 
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approach allowed us to detect any increase in specific indicators of Con- 
LNP, which may reflect the acute adverse effects of vaccination. 

To assess the toxicity of LNP S050L compared to Con-LNP in vivo, we 
vaccinated 6-week-old mice via I.M. injection with the R/L mRNA (100 
μg/mice, within pathological ranges) formulated with LNP S050L (G2) 
and Con-LNP (G3) in a prime/boost schedule and collected their blood 
samples, as shown in Fig. 5A and B. Calcification and weight loss were 
observed in the hearts of the Con-LNP group; however, no morpholog
ical changes were observed in the saline (G1) and LNP S050L groups. 
The weight of immune organs, including the spleen and LNs, was slightly 
increased in both LNP S050L (G2) and Con-LNP (G3) groups compared 
to that in the saline group (G1), suggesting that the R/L mRNA⊂LNPs 
might stimulate immune responses [1,2,44]. Moreover, the spleens of 
the Con-LNP group exhibited a vague red color and looser tissue struc
ture than those of the other groups, indicating that LNP S050L reduced 
tissue damage compared to the Con-LNP injection (Fig. 5C). Similarly, 
although there were no significant differences between the saline and 
LNP S050L groups, the levels of tissue damage markers, including 
lactate dehydrogenase (LDH), troponin-I (Tn-I), aspartate aminotrans
ferase (AST), and alanine aminotransferase (ALT), were significantly 
increased in the Con-LNP group (Fig. 5D and E). Furthermore, the blood 

urea nitrogen (BUN) level was decreased in the groups injected with 
mRNA⊂LNP compared to that in the saline group (Fig. 5F). A compar
ative evaluation of LNP S050L and Con-LNP revealed distinct differences 
in the toxic effects associated with these two formulations, especially in 
the types and contents of ionizable lipids. Consistent with our results, 
previous studies have supported the idea that trehalose glycolipids, 
which are used in LNP S050L instead of SM-102, can have beneficial 
effects on cardiac remodeling and cardiovascular health [26,27]. 
Additionally, it was recently reported that LNP containing ALC-0315, 
which is structurally similar to SM-102 used in Con-LNPs, rather 
increased liver toxicity at a high dose (5 mg/kg) [45]. 

2.5. Effects of LNP S050L on histopathological toxicity of mRNA vaccine 

The potential toxicities of LNP S050L and Con-LNP were further 
assessed via histological analysis of various organs commonly affected 
by mRNA vaccines. In the heart tissue analysis, pericarditis was 
observed in the LNP S050L group, and a relative pathological trend of 
pericarditis and mineralization was observed in the Con-LNP group. 
However, this difference was not statistically significant because of high 
intragroup variation (Fig. 6A). The Con-LNP group exhibited more 

Fig. 5. In vivo toxicity of LNP S050L and Con-LNP. Mice were immunized with saline or R/L mRNA⊂LNPs to evaluate the state of the major organs and the toxicity of 
the LNPs. (A, B) Overview of the experimental groups and immunization schedules. (C) Representative images of the heart, spleen, and lymph nodes from immunized 
mice captured during euthanization. Pericardial calcification was observed in the group immunized with con-LNPs (G3). (D) Hematological safety profiles of serum 
samples collected from immunized mice during euthanization. The results showed an increase in alanine transaminase (ALT), aspartate transaminase (AST), alkaline 
phosphatase (ALP), lactate dehydrogenase (LDH), and troponin I activity and a decrease in blood urea nitrogen (BUN) levels in the serum. Data are represented as the 
mean ± SD. Statistical significance was analyzed using one-way ANOVA. Statistically significant differences were defined as *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. 
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severe histopathological changes in the spleen tissue than the LNP S050L 
group, with noticeable increases in white pulp area, pigment, and 
vacuolation. However, no significant differences were observed in the 
total area of the spleen or the number of megakaryocytes between the 
two groups. This indicated that the histopathological changes observed 
in the Con-LNP group were mitigated in the LNP S050L group (Fig. 6B). 
Furthermore, in the liver tissue, immune cell infiltration, sinusoidal 
dilatation, and necrosis were significantly increased in both LNP S050L 
and Con-LNP groups compared with those in the saline group. However, 
the LNP S050L group showed significantly lower immune cell infiltra
tion, especially necrosis, than the Con-LNP group (Fig. 6C). In a recent 
study of a novel library of ionizable lipids synthesized through modifi
cations of the lipid tail chain and linker, a microfluidic mixing technique 
was employed to create stable LNP complexes in conjunction with other 
helper lipids [46]. They developed novel LNPs using this library, which 

exhibited greater specificity toward specific cell types and lower toxicity 
in a comparative analysis with the conventional LNP. This study un
derscores the potential of tail and linker structural variations to facilitate 
novel functionalities within LNPs for enhanced mRNA delivery. This 
further emphasized the significance of tail and linker modifications in 
the design of efficient LNPs for drug delivery. Likewise, the utilization of 
trehalose glycolipid-based LNPs, incorporating trehalose glycolipids 
modified with an additional lipid tail chain, showed reduced toxicity 
compared to Con-LNPs, while maintaining equivalent immunogenicity. 

2.6. Effects of LNP S050L on immune response of mRNA vaccine 

To assess the impact of different LNPs on humoral responses, 6-week- 
old mice were intramuscularly vaccinated with hemagglutinin (HA) 
mRNA (5 or 10 μg/mouse), encoding the HA of the influenza virus, 

Fig. 6. Histological analysis. Representative H&E-stained images of the hearts, spleens, and livers of immunized mice during euthanization. Data are represented as 
the mean ± SD. Statistical significance was analyzed using one-way ANOVA. Statistically significant differences were defined as *P < 0.05, **P < 0.01, ***P < 0.001, 
and ****P < 0.0001. 
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encapsulated with either LNP S050L or Con-LNP. Blood samples were 
collected following a prime/boost schedule outlined in Fig. 7A and B. 
Mice immunized with HA mRNA⊂LNP S050L (G2 and G3) or HA 
mRNA⊂Con-LNP (G4 and G5) exhibited a significant increase in IgG1 
and IgG2a antibodies two weeks after priming, with antibody titers 
gradually increasing in a concentration-dependent manner (Fig. 7C). 
Similarly, two weeks after boosting, IgG1 and IgG2a antibodies were 
significantly elevated in both groups, although no concentration- 
dependent pattern was observed (Fig. 7D). These data indicate compa
rable increases in antibody responses in mice injected with either HA 
mRNA⊂LNP S050L or HA mRNA⊂Con-LNP. Furthermore, to evaluate 
vaccine effectiveness, neutralizing antibodies were assessed through a 
hemagglutination inhibition (HI) assay using serum from immunized 
mice (Fig. 7E). The HI titer tended to increase remarkably in a dose- 

dependent manner in both mRNA vaccine groups compared to the 
saline-injected group. Additionally, we assessed the cell-mediated im
mune responses using ELISPOT for measuring the number of splenocytes 
secreting IFN-γ to the antigen stimulation with HA-specific peptides. As 
shown in Fig. 7F, the number of IFN-γ secreting cells was significantly 
increased in all groups in a dose-dependent manner in consistent with 
that of antibodies indicating activation of cellular response and antiviral 
property [47]. Moreover, the levels of antigen-specific cytokine in 
splenocyte supernatants after stimulation with HA-specific peptides. The 
levels of TNF-α and IL-2 were comparably increased in both groups with 
statistical significance (Fig. 7G). Simultaneously, the toxicity of the 
mRNA vaccines was also compared in the same dosage (Fig. S5). The 
results demonstrated that cell-mediated immune response was appro
priately induced by both HA mRNA⊂LNP S050L and HA 

Fig. 7. In vivo immune response of the LNP S050L and Con-LNP. Mice were immunized with saline and HA mRNA⊂LNPs to compare the immune responses to the 
two distinct LNPs. (A, B) Overview of the experimental groups and immunization schedules. (C) Serum samples were collected from mice 2 weeks after the first 
immunization with mRNA-LNPs, and the levels of IgG1 and IgG2a were measured using ELISA. (D) Serum samples were collected from mice 2 weeks after the second 
immunization with mRNA⊂LNPs, and the levels of IgG1 and IgG2a were measured using ELISA. (E). HI titer against vaccine strains measured by HI assay using serum 
collected 2weeks after boost. (F) The numbers of HA peptide-Specific IFN-γ cells in splenocytes were measured using ELISPOT. (G) The concentration of TNF-α, IL-2, 
and IFN-γ was measured with ELISA in splenocyte culture supernatants. Data are represented as the mean ± SD. Statistical significance was analyzed using one-way 
ANOVA. Statistically significant differences were defined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 
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mRNA⊂Con-LNP indicating the HA mRNA⊂LNP S050L elicited a robust 
immune response comparable to that elicited by Con-LNPs. 

These findings indicated that LNPs containing trehalose glycolipids 
can confer protection against viral challenges by eliciting a robust im
mune response comparable to that elicited by Con-LNPs in preclinical 
models. The inclusion of trehalose glycolipids and the modification of 
lipid tail chains can contribute to the development of safe LNPs that are 
both effective in mRNA delivery and in inducing an appropriate immune 
response. Further research into the optimization of these modifications 
may lead to the development of improved LNPs for therapeutic 
applications. 

The immunomodulatory effects of trehalose glycolipid-based LNPs 
enhanced humoral responses and may offer protection against patho
gens. However, this raises intriguing questions about the underlying 
mechanisms that contribute to their immune efficacy compared to that 
of LNPs containing ionizable lipids. A previous study developed a syn
thetic vaccine targeting the Mincle receptor by conjugating TDB to 
protein carriers [17,18]. Mincle receptors on immune cells specifically 
recognize certain bacterial and fungal infections, making them prom
ising targets for vaccine development. Consequently, the integration of 
trehalose glycolipids into LNPs may facilitate the engagement of these 
specific immune receptors and trigger distinct signaling pathways, 
which could explain the observed immune efficacy. Additional research 
is needed to enhance the design of trehalose glycolipid-based LNPs to 
ensure efficient vaccine delivery and effective immune system modu
lation, with a comprehensive understanding of the associated 
mechanisms. 

3. Conclusion 

In this study, we designed and optimized a novel LNP platform based 
on trehalose glycolipids for the delivery of mRNA vaccines. Our study 
revealed efficient intracellular delivery of mRNA using this LNP plat
form, leading to a robust immune response. Importantly, the use of 
trehalose glycolipid-based LNPs offers distinct advantages over con
ventional LNPs, effectively reducing the risk of potential side effects. 
These findings have significant scientific implications, as they offer a 
promising alternative approach for enhancing the safety and efficacy of 
mRNA vaccines. Incorporating trehalose glycolipids as partial sub
stitutes for ionizable lipids presents a promising strategy not only for 
improving the safety and efficacy of mRNA vaccines in infectious dis
eases but also in fields, such as cancer immunotherapy and personalized 
medicine. This study marks a significant advancement in the pursuit of 
safe and effective mRNA vaccines with the potential to revolutionize 
vaccine development and facilitate the widespread adoption of mRNA- 
based therapies in various clinical settings. 

4. Materials and methods 

4.1. Materials 

The DLin-MC3-DMA was purchased from MedChemExpress (Mon
mouth Junction, NJ, USA). SM102 was purchased from Hanmi Fine 
Chemical Co. Ltd. (Siheung, South Korea). 1,2-dioleoyl-sn-glycero-3- 
phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phos
phocholine (DSPC), and 1,2-dimyristoyl-rac-glycero-3-methoxypoly
ethylene glycol-2000 (DMG-PEG) were purchased from Avanti Polar 
Lipids (Alabaster, AL, USA). Cholesterol and 6,6′-trehalose dibehenate 
(TDB) were purchased from Sigma-Aldrich (Burlington, Massachusetts, 
USA). 6,6′-trehalose dioleate (TDO) and alkyl lithocholate were syn
thesized as reported [29]. Other reagents for the synthesis were pur
chased from Sigma–Aldrich and Tokyo Chemical Industry (Tokyo, 
Japan) and were used without further purification. 

4.2. Preparation of mRNA 

The DNA template for mRNA platform was designed using the 
intergenic region of the internal ribosome entry site of encephalomyo
carditis virus. The DNA template was also designed to incorporate four 
restriction enzyme sequences, creating multiple cloning sites between 
the untranslated regions to allow the insertion of the R/L and F/L for 
examining in vivo expression and toxicity with bioluminescence imaging 
[48]. For assessing in vivo immune response, the antigen sequence for 
the mRNA vaccine was a DNA fragment encoding the HA protein of the 
influenza A virus (A/Puerto Rico/8/1934) and was cloned into a 
plasmid vector with backbone sequence elements as described in our 
previous study [40]. We used the EZTM T7 High-Yield In vitro Tran
scription Kit (Enzynomics, Daejeon, Korea) to generate mRNA from DNA 
templates through in vitro transcription. Plasmids containing the desired 
sequences were linearized using the Not1 restriction enzyme. The re
actions involving the mRNA platforms were incubated overnight at 
37 ◦C to allow for efficient transcription. Subsequently, DNase 1 treat
ment was performed at the same temperature for 30 min to remove 
remaining template DNA. The resulting transcripts were precipitated by 
the addition of lithium chloride and incubated at − 20 ◦C for 30 min. 
After centrifugation (13,000 rpm for 15 min), the supernatant was 
removed and then pellets were washed with 70% ethanol (700 μL). The 
mRNA pellets were then resuspended in sterile distilled water. To 
minimize double-stranded RNA (dsRNA) contamination, a second pu
rification step involving cellulose purification was performed. The 
concentration of the synthesized mRNA was determined using a 
NanoDrop-2000 spectrophotometer (Thermo Fisher Scientific, USA). 
Finally, the resuspended RNA was aliquoted and stored at − 80 ◦C for 
subsequent experimental procedures. The final mRNAs containing the 
R/L, F-Luc2, and HA sequences in the open reading frames were named 
R/L, F/L, and HA mRNA, respectively. 

4.3. Formulation of mRNA⊂LNP 

All lipid components, such as ionizable lipids (DLin-MC3-DMA and 
SM102), trehalose glycolipids (TDO and TDB), phospholipids (DOPE 
and DSPC), lithocholic acid derivatives (n-butyl lithocholate, 3-methyl
pentyl lithocholate, iso-pentyl lithocholate), cholesterol, and DMG-PEG, 
were dissolved in a chloroform/methanol mixture solvent (1/1, v/v) at a 
concentration of 50 μg/μL. The lipid components were mixed in the 
molar ratios listed in Table 1 and Table S1 and concentrated under 
reduced pressure. Lipid mixtures and mRNA were dissolved in ethanol 
and citrate buffers (pH 4.0, 50 mM), respectively. mRNA⊂LNPs were 
formulated using NanoAssemblr® Ignite™ (Precision Nanosystems Inc., 
Canada) at a total flow rate of 10 mL/min with the mixing volume ratio 
(1:3) of lipid and mRNA solutions. In Table 1 and Table S1, the N/P ratio 
is directly proportional to the mol% of ionizable lipids, and the N/P ratio 
at 25 mol% is 3. The final mRNA⊂LNP were washed twice with 1X DPBS 
and concentrated using 624R Centrifuge (LABOGENE Co., Ltd., South 
Korea) with Amicon® Ultra-15 Centrifugal Filter (Merck Millipore, 
Germany). 

4.4. Measurement of size and zeta potential for mRNA⊂LNP 

The mRNA⊂LNP solutions were prepared by diluting 100 times with 
DPBS (1X) for size and PDI measurements or deionized water (DIW) for 
zeta potential measurements. The size, PDI, and zeta potential of the 
LNPs were measured using a PANalytical Zetasizer Ultra (Malvern, USA) 
with 12 mm Square Polystyrene Cuvettes (DTS0012, for size and PDI) 
and folded capillary zeta cells (DTS1070, for zeta potential). 

4.5. EE and gel retardation assay for mRNA⊂LNP 

The mRNA EE of LNP was evaluated using fluorescent Ribogreen and 
gel retardation assays. mRNA standard solutions were prepared by serial 

S.-H. Bae et al.                                                                                                                                                                                                                                  



Bioactive Materials 38 (2024) 486–498

495

dilution of the mRNA stock solution with 1X TE buffer (for the fluo
rescence assay) or RNase-free water (for the gel electrophoresis). 

For the fluorescent ribogreen assay, the mRNA⊂LNP solutions were 
diluted 500 times with 1X TE buffer, allowing the measurement of any 
remaining free mRNA outside the LNP. To determine the total amount of 
RNA both inside and outside the LNP, the LNP solutions were diluted 
500 times and lysed in TE buffer containing 0.5% Triton X. After adding 
Quant-it Ribogreen dye (Invitrogen™, USA) to all samples in the 96-well 
plate, fluorescence intensities were recorded at 520 nm using the 
Cytation 5 cell imaging multi-mode reader (BioTek, USA) with an 
excitation wavelength of 485 nm. The amount of mRNA in the sample 
was calculated using a linear standard curve based on the mRNA con
centration, enabling determination of the mRNA EE of the LNPs. 

For the gel retardation assay, a 1% agarose gel containing 1X MOPS 
buffer (20 mM 3-(N-morpholino) propanesulfonic acid, 5 mM sodium 
acetate, 1 mM EDTA, pH 7.0), formaldehyde (7%), and Midory green 
dye (NIPPON Genetics EUROPE, Germany) was prepared. The mRNA⊂ 
LNP solutions and mRNA standard solutions were mixed with loading 
buffer (6% glycerol and 0.2X blue juice) and loaded into the wells of a 
1% agarose gel. After the sample-loaded agarose gel was placed in an 
electrophoresis system filled with 1X MOPS buffer, the system was run at 
full voltage for 5 min. The fluorescent gel images were measured using 
the GelDoc Go Imaging System (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA) in gel green mode. 

4.6. Measurement of pKa for mRNA⊂LNP 

The pKa of the mRNA⊂LNP was evaluated using a fluorescent 6-(p- 
Toluidino)-2-naphthalene sulfonic acid sodium salt (TNS) assay. LNP 
solutions (1 mM for total lipids) in 1X DPBS and TNS solution (300 μM) 
in DIW were prepared. The buffer solutions (consisting of 20 mM sodium 
phosphate monobasic, 20 mM ammonium acetate, 25 mM sodium cit
rate, and 150 mM NaCl) were also prepared at 0.5 intervals from pH 2.5 
to pH 11.0. Then, 2 μL of LNP solutions and 2 μL of TNS solution were 
added to the 96 μL of various buffer solutions in the 96-well plate. The 
TNS fluorescence intensities were measured using the Cytation 5 cell 
imaging multi-mode reader (BioTek, USA) (λex = 322 nm and λem = 431 
nm) at 25 ◦C. Normalized intensities were calculated using the following 
equation: 100×

(F.I. − F.I.min)
(F.I.Max − F.I.min)

(%), where F.I. = TNS fluorescence in
tensity of the sample solution measured at each pH, F⋅I.Max = maximum 
fluorescence intensity among the measured values, and F⋅I.min = mini
mum fluorescence intensity among the measured values. The pKa value 
for each LNP was defined as the pH corresponding to 50% of the (F⋅I.Max 
- F⋅I.min) value on the sigmoidal curve obtained using the KaleidaGraph 
program (Synergy Software, PA, USA). 

4.7. Cryo-TEM for mRNA⊂LNP 

The cryo-TEM images for R/L mRNA⊂LNPs (LNP S050L and Con- 
LNP) were measured using an FEI Tecnai™ G2 F20 scanning TEM (FEI 
Company, USA) from the Advanced Analysis Center at the Korea Insti
tute of Science and Technology (KIST, Seoul headquarters, South Korea). 

4.8. SAXS analysis for mRNA⊂LNP 

Synchrotron SAXS was used for studying the R/L mRNA⊂LNP 
structures. R/L mRNA⊂LNPs were concentrated to 20 mM based on the 
total lipid concentration in saline. The measurements were conducted 
using beamline 4C at the Pohang Accelerator Laboratory (Pohang, South 
Korea). The sample-to-detector distance was approximately 1 m and the 
average photon energy was 16.9 keV. The LNP samples were transferred 
to a borosilicate capillary (Hilgenberg, Germany) at the beamline. The 
prepared capillaries were analyzed at an exposure time of 30 s. Scattered 
photons were recorded using a Rayonix 2D SX 165 CCD detector 
(Rayonix, USA) and radially averaged using custom software provided 

by the beamline. The obtained 1D scattering plot was analyzed using 
SASfit software. 

4.9. Animals 

Female ICR mice (6-week-old) for the ear expression and toxicity test 
and BALB/c mice for the immune response test were procured from Dae- 
Han Biolink (Eumseong, Chungcheongbukdo, South Korea) and accli
matized for 1 week. All mice were housed under specific-pathogen-free 
conditions at a controlled temperature of 23 ± 2 ◦C, with a 12 h light/ 
dark cycle. Animal experiments were conducted following the ethical 
guidelines and approved by the Institutional Animal Care and Use 
Committee of the Catholic University of Korea (Approval No. CUK- 
IACUC-2022-025) and Seoul National University Hospital (Approval 
No. SNUIACUC-220401-2-2). 

4.10. Luciferase activity assay to optimize LNP formulation for expression 
in vivo 

R/L expression was evaluated in vivo after ear injection in mice. Mice 
were anesthetized using 5% isoflurane and then the synthesized R/L 
mRNA (5 μg/20 μL)-formulated LNPs was intradermally injected into 
mouse ear skin using a 30G insulin syringe (BD, NJ, USA). After a period 
of 6 h post-injection, the mice were euthanized, and their ears were 
harvested. The harvested ears were collected in Renilla lysis buffer (300 
μL) and then chopped, followed by homogenization. Following a brief 
centrifugation step of 1 min, the R/L Assay system (Promega Corp., WI, 
USA) was used to measure luciferase activity. The analysis was per
formed in accordance with the manufacturer’s instructions. Lumines
cence levels were quantified using the GloMax® instrument from 
Promega Corp. (WI, USA). 

4.11. Bioluminescence imaging (BLI) of mRNA expression in vivo to 
monitor bio-distribution and persistence 

BLI was performed using the IVIS Spectrum system (PerkinElmer, 
Waltham, MA, USA) to monitor in vivo reporter expression. The mice 
were anesthetized using a combination of isoflurane (1.5%) and oxygen 
during the IVIS scans. A codon optimized F/L mRNA was engineered to 
enhance its sensitivity for in vivo observation [49]. The F/L mRNA⊂LNP 
S050L at a dose of 5 μg F/L mRNA per mouse were injected via I.M. 
injection into the right side of the thigh leg or I.V. injection into the 
lateral tail vein in 10–12 weeks BALB/c nude mice. D-luciferin (Promega 
Corp., WI, USA) was administered via intraperitoneal injection at a dose 
of 3 mg per mouse as the luciferase substrate. Bioluminescence images of 
the F/L mRNA expression were captured at specific time points. All 
images were sequentially acquired at 5 min intervals, and the maximum 
signals were used for quantitative analysis. BLI signals were acquired 
using an IVIS spectrum (PerkinElmer, MA, USA) and analyzed using 
Living Imaging software (PerkinElmer, ver. 4.7.4). 

4.12. In vitro cytotoxicity test 

The cytotoxicity of LNPs (LNP S050L and Con-LNP) against HepG2, 
HEK293, and fibroblasts was evaluated using a cell counting kit-8 (CCK- 
8) (CK04, DOJINDO Laboratories, Japan). The LNPs were formulated 
without mRNA. The LNP solutions were prepared by diluting to 2 mM, 
1.5 mM, 1 mM, 0.5 mM, 0.1 mM, 50 μM, 10 μM, and 5 μM of total lipids 
concentration with DMEM cell growth media containing 10% DPBS. 
HepG2 (1.0 × 104 cells/well), HEK293 (1.0 × 104 cells/well), and 
fibroblast cells (0.5 × 104 cells/well) were seeded into 96-well cell 
culture plates and incubated overnight in a CO2 incubator (5% CO2 and 
37 ◦C). After the cells were treated with various concentrations of LNP 
solution for 24 h, the solutions were removed. 10% CCK-8 solution in 
DMEM was added to each well and incubated for 2 h in a CO2 incubator. 
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The optical densities (O.D.) at 450 nm were measured using the Cytation 
5 cell imaging multi-mode reader (BioTek, USA) at 25 ◦C. 

4.13. Toxicological analysis 

Female ICR mice were randomly assigned to three groups (n = 5) and 
received I.M. injections of a effective and high dose of mRNA (5, 10, 100 
μg/40 μL) to maximize potential toxicity exposure. The injections were 
administered twice, with a 3-week interval between injections. One day 
after the second round of injections, the mice were euthanized and 
serum samples were collected. The major tissues including the heart, 
spleen, LNs, and liver were carefully dissected and collected for further 
analysis. The collected serum samples were subjected to comprehensive 
toxicology panel analysis conducted by the Korea Pathology Technical 
Center (KP&T). This panel aimed to assess the systemic effects of mRNA 
encapsulated in LNPs by measuring various parameters, such as LDH, 
Tn-I, AST, ALT, and BUN in the serum. The collected tissues were pro
cessed for histological analysis. 

4.14. Histological analysis 

The heart, spleen, LNs, and liver were dissected according to estab
lished protocols. Before further processing, the excised heart, spleen, 
and LNs were gently blotted to remove excess moisture and weighed for 
accurate measurements. For histological analysis, the heart, spleen, and 
liver specimens were fixed in a 4% paraformaldehyde solution, 
embedded in paraffin, and cut into 4-μm thick sections using a micro
tome. These sections were stained with hematoxylin and eosin to visu
alize tissue morphology and cellular structures. The stained sections 
were observed under a light microscope for imaging purposes. Histo
pathological changes were evaluated using a standardized five-point 
scoring system as follows: 0, no abnormality, 1 = minimal, 2 = mild, 
3 = moderate, 4 = moderately severe, and 5 = severe. 

4.15. Immunization 

Female BALB/c mice were randomly divided into five groups (n = 5) 
for mRNA delivery. The mice were immunized intramuscularly with 5 or 
10 μg of HA mRNA vaccines encoding the HA sequence of influenza 
strain A/Puerto Rico/8/1934H1N. The immunization schedule con
sisted of two injections: an initial prime injection followed by a boost 
injection, with a 2-week interval between injections. Once the immu
nization protocol was completed, the mice were euthanized and whole 
blood samples were collected. The collected blood samples were pro
cessed to separate serum components. Serum was obtained by allowing 
the blood samples to clot for 2 h, followed by centrifugation to separate 
the liquid portion. 

4.16. Enzyme-linked immunosorbent assay (ELISA) 

An ELISA was performed to assess the levels of antigen-specific IgG1 
and IgG2a in mouse serum. In brief, a 96-well plate was coated with HA 
at a concentration of 100 ng per well and left to incubate overnight at 
4 ◦C. Subsequently, the wells were blocked with 100 μL of blocking 
buffer (1% BSA in PBS) for 1 h at room temperature. The diluted serum 
samples were added to the wells and incubated for 2 h at room tem
perature. After the incubation period, the wells were washed thrice with 
200 μL of PBS-T (PBS containing Tween 20). Horseradish peroxidase- 
conjugated anti-mouse IgG1 (Bethyl Laboratories, Montgomery, TX, 
USA) and IgG2a (Novus Biologicals, Centennial, CO, USA) antibodies 
were then added to the wells and incubated at room temperature for 1 h. 
The antibodies were appropriately diluted in PBS (1:1000–1:10,000). 
Following three washes with PBS-T, tetramethylbenzidine substrate was 
added to the wells and the plates were incubated for 15 min. The re
action was stopped by the addition of 2 N H2SO4. Finally, the optical 
density was measured at 450 nm using a microplate reader (GloMax 

Explorer, Promega, Seoul, Republic of Korea). 
To quantify cytokine levels in splenocyte culture supernatants, 

splenocytes were harvested from immunized mice and seeded at a 
density of 5 × 10^5 cells per well in a 96-well plate. Subsequently, they 
were stimulated with a 5 μg mixture of HA-specific T cell epitope pep
tides (IYSTVASSL, LYEKVKSQL, DYEELREQL, SFERFEIFPKE, 
HNTNGVTAACSH, KLKNSYVNKKGK, NAYVSVVTSNYNRRF, and 
CPKYVRSAKLRM) per well for 72 h at 37 ◦C. The concentrations of TNF- 
α and IL-2 were assessed using ELISA kits from Invitrogen (Thermo 
Fisher Scientific Inc.), following the manufacturer’s protocols. Quanti
fication of these cytokines was achieved through the utilization of 
standard curves, with results expressed as picograms (pg) per milliliter 
of supernatant. 

4.17. Enzyme-linked immunospot (ELISPOT) 

Splenocytes were stimulated with a 5 μg/well mixture of HA-specific 
T cell epitope peptides (IYSTVASSL, LYEKVKSQL, DYEELREQL, SFER
FEIFPKE, HNTNGVTAACSH, KLKNSYVNKKGK, NAYVSVVTSNYNRRF, 
and CPKYVRSAKLRM) for 48 h at 37 ◦C. These HA peptides were syn
thesized by Peptron (Daejeon, Korea). The detection of IFN-γ secreting T 
cells was performed through ELISPOT assays utilizing the mouse IFN-γ 
ELISpotBASIC kit from Mabtech (Stockholm, Sweden), following the 
manufacturer’s instructions. 

4.18. Hemagglutination inhibition (HI) assay 

The HI assay was conducted according to the guidelines provided by 
the World Health Organization in their “Manual for the laboratory 
diagnosis and virological surveillance of influenza.” In summary, mouse 
sera were subjected to treatment with receptor-destroying enzyme 
(Denka Seiken, Tokyo, Japan) at 37 ◦C overnight, followed by inacti
vation at 56 ◦C for 30 min. To minimize nonspecific responses, the sera 
were adsorbed onto chicken red blood cells. Serial dilutions of the sera 
were prepared in 25 μL of PBS using V-bottom 96-well microtiter plates 
and incubated with standardized viral suspensions (4 HA U/25 μL) for 1 
h at a temperature ranging from 18 to 25 ◦C. Subsequently, 50 μL of 
0.5% chicken red blood cells was added, and the plates were further 
incubated for 45 min at 18–25 ◦C. Antibody titers, expressed as geo
metric mean titers, were calculated by determining the reciprocal of the 
highest serum dilution that completely inhibited agglutination in 
duplicate experiments. The detectable antibody titer had a lower limit of 
1:10, and titers below 1:10 were considered 1:5 for data analysis. 

4.19. Statistical analysis 

Statistical analyses were performed using Prism 8 software (Graph
Pad Software Inc., CA, USA). Data are presented as mean ± standard 
deviation (SD). An unpaired Student’s t-test was used to compare the 
two groups. Multiple comparisons between experimental groups were 
performed using one-way or two-way ANOVA, followed by the Tukey- 
Kramer multiple comparison test. Statistically significant differences 
were defined as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. 
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