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Rational Design of Lipid Nanoparticles for Enhanced mRNA
Vaccine Delivery via Machine Learning

Seo-Hyeon Bae, Hosam Choi, Jisun Lee, Min-Ho Kang, Seong-Ho Ahn, Yu-Sun Lee,
Huijeong Choi, Sohee Jo, Yeeun Lee, Hyo-Jung Park, Seonghyun Lee, Subin Yoon,
Gahyun Roh, Seongje Cho, Youngran Cho, Dahyeon Ha, Soo-Yeon Lee, Eun-Jin Choi,
Ayoung Oh, Jungmin Kim, Sowon Lee, Jungmin Hong, Nakyung Lee, Minyoung Lee,
Jungwon Park, Dong-Hwa Jeong,* Kiyoun Lee,* and Jae-Hwan Nam*

Since the coronavirus pandemic, mRNA vaccines have revolutionized the field
of vaccinology. Lipid nanoparticles (LNPs) are proposed to enhance mRNA
delivery efficiency; however, their design is suboptimal. Here, a rational
method for designing LNPs is explored, focusing on the ionizable lipid
composition and structural optimization using machine learning (ML)
techniques. A total of 213 LNPs are analyzed using random forest regression
models trained with 314 features to predict the mRNA expression efficiency.
The models, which predict mRNA expression levels post-administration of
intradermal injection in mice, identify phenol as the dominant substructure
affecting mRNA encapsulation and expression. The specific phospholipids
used as components of the LNPs, as well as the N/P ratio and mass ratio, are
found to affect the efficacy of mRNA delivery. Structural analysis highlights
the impact of the carbon chain length on the encapsulation efficiency and LNP
stability. This integrated approach offers a framework for designing advanced
LNPs and has the potential to unlock the full potential of mRNA therapeutics.
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1. Introduction

The emergence of mRNA vaccines since the
2019 coronavirus pandemic has led to sig-
nificant advances in vaccinology by utiliz-
ing mRNA molecules to encode antigens,
eliciting potent immune responses against
pathogens.[1] However, mRNA molecules
are inherently unstable and have limited
immunogenicity, necessitating in-depth ad-
vancements in delivery systems for en-
hanced efficiency.[2] To address these chal-
lenges, lipid nanoparticles (LNPs) have
emerged as a promising solution to facili-
tate efficient mRNA delivery, and this area
has been the focus of extensive research
due to the potential of LNPs across vari-
ous biomedical applications.[3] Rational de-
signing for LNPs involves optimizing their
composition and structure for better mRNA
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delivery and expression efficiency as LNPs typically include four
key components: ionizable lipids, helper lipids, cholesterol, and
polyethylene glycol (PEG)–lipid conjugates. Each of these com-
ponents is crucial for mRNA encapsulation, cellular uptake, and
protection against degradation.[4]

Notably, ionizable lipids, forming the LNP core, typically con-
sist of a head, linker, and tail. The head contains amino groups
and other compounds that determine the charge and solubil-
ity, influencing interactions with membranes. The linker com-
prises esters, amides, and disulfide bonds, while the tail includes
chains of 8 to 18 carbon atoms, which can vary in structure and
biodegradability.[5] The pH sensitivity of ionizable lipids, influ-
enced by the head group, leads to changes in charge in response
to pH fluctuations, affecting release efficiency in the body.[6] Un-
der neutral pH, ionizable lipids in mRNA/LNP complexes re-
main stable, but in acidic endosomal environments, they proto-
nate, bind to endosomal lipids, destabilize membranes, and re-
lease mRNA.[7] The tail of the ionizable lipid also plays a critical
role in the release of nucleic acids into the cytoplasm and the
overall transfection efficiency. For instance, branching aliphatic
chains in the tail can significantly enhance the nucleic acid trans-
fection efficiency by facilitating the formation of crown-like struc-
tures, which contribute to rapid nucleic acid release.[5,8] Further-
more, increasing the level of unsaturation in the tail can greatly
improve mRNA delivery efficiency.[9]

Despite these mechanisms, current ionizable lipids have limi-
tations such as low delivery efficiency and potential toxicity. Al-
though several injected LNPs are internalized by cells, only a
small fraction (<2%) of the nucleic acid cargo escapes the en-
dosome to reach the cytoplasm,[10] limiting clinical utility. The
need for higher doses to overcome low endosomal escape effi-
ciency can induce cytotoxic effects, posing a significant challenge
in optimizing LNPs for mRNA delivery. Therefore, significant re-
search is focused on developing new ionizable lipids to improve
biocompatibility and reduce toxicity.[3]

Piperazine, a heterocyclic compound with two nitrogen atoms
and two amine functional groups, has been widely studied as
a component of ionizable lipids. Piperazine-mediated ionizable
lipids have higher nucleic acid transfection efficiencies and lower
cytotoxicity than lipids with other tertiary amine head groups.
These characteristics make them attractive for the development
of LNPs for mRNA delivery.[11] In addition, the use of piperazine
in LNPs has been reported to enhance the permeation of various
substances across cell membranes and to improve the efficiency
of mRNA delivery.
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Although the design of these ionizable lipids is the most im-
portant factor in the efficacy of LNPs, to date, they have been hap-
hazardly designed and tested individually without any theoreti-
cal basis. Moreover, designing effective LNPs involves optimiz-
ing interactions between ionizable lipids and other components,
a process hampered by traditional design of experiment (DOE)
approaches that require significant time and resources. Recently,
new approaches have been explored that integrate machine learn-
ing (ML) and DOE methodologies to accelerate LNP develop-
ment. Artificial intelligence (AI), especially ML and deep learn-
ing, has become a powerful tool for analyzing complex structure–
function relationships in LNPs, such as predicting drug–target
interactions,[12] drug delivery mechanisms,[13] toxicity effects,[14]

and molecular properties.[15]

In this study, a random forest (RF) ensemble ML technique
was employed to analyze the design of ionizable lipids and
LNPs to predict mRNA expression efficiency. ML approaches
provide deeper insight into the effects of subtle structural vari-
ations in lipid chemistry on critical LNP properties, including
physicochemical characteristics, nucleic acid encapsulation, in
vivo mRNA expression, immune responses, and toxicity. The
integration of ML-driven screening with traditional design ap-
proaches offers a monitoring system for designing smarter
LNPs, which is poised to unlock the full potential of mRNA
therapeutics.

2. Results and Discussion

2.1. ML Performance and Feature Importance

A comprehensive investigation was conducted that encompassed
213 LNPs with diverse compositions, including ionizable lipids
with various functional heads (FHs), ester bridge (EB) lengths,
and tail (T) types (Figure S1, Supporting Information). The novel
ionizable lipids featured 14 types of FHs, including aliphatic
chains, phenol, and phenyl groups. Phenols are notable for their
hydroxyl groups, which facilitate interactions with mRNA nu-
cleobases, improving the stability and expression of mRNA in
the body. The numbers of carbon atoms in the EB can range
from 5 to 12, whereas the T carbon length ranges from 1 to
2. To determine the influence of the EB and T carbon lengths,
we synthesized 14 types of EB–T chains containing carboxylic
acid moieties. The delivery efficiencies of these LNPs were as-
sessed using a Renilla luciferase (RLuc) assay in mice, demon-
strating their potential for enhanced mRNA delivery (Figure S2,
Supporting Information). To screen the LNPs and further explore
the significance of their substructures and compositions, we em-
ployed a RF algorithm.[16] RF is an ML technique known for its
interpretability and its robustness against overfitting (Figure 1a).
We posited that the chemical substructures within the FH, EB,
and T are fundamental in influencing efficacy. The specific
chemical substructures were counted in the ionizable lipids and
were represented by applying the simplified molecular input
line entry system (SMILES) and the SMILES Arbitrary Target
Specification (SMARTS)[17] using PaDEL-Descriptor software.[18]

The occurrence counts of each of the 307 substructure finger-
prints (FP1 to FP307) were used as input features for the RF
model (Table S1, Supporting Information). Moreover, to inves-
tigate how the LNP compositions affect the efficacy, the input
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Figure 1. Machine learning (ML) analysis for predicting the mRNA expression efficiency and assessing feature importance of the ionizable lipid sub-
structure and LNP composition. a) Overall ML process. Graphical images were created with BioRender.com. b) Model performance depending on the
number of features. c) Prediction result of intradermal (I.D.) mRNA expression. d) Feature importance scores.
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features for the ML included the ratio of amine groups (N) of
the ionizable lipid to phosphate groups (P) of the encapsulated
unit (N/P ratio), mass, and molar ratios of ionizable lipids, dis-
tearoylphosphatidylcholine (DSPC; saturated phospholipid), di-
oleoylphosphatidylethanolamine (DOPE; unsaturated phospho-
lipid), cholesterol, and PEG–lipid conjugates. The variations in
composition are detailed in Table S2 (Supporting Information).
A total of 314 features were collected and used to train the RF re-
gression model to predict the average mRNA expression level of
an intradermal (I.D.) injection. To evaluate the improvement in
mRNA expression level relative to the baseline, the natural loga-
rithm of the mRNA expression level compared with the baseline
was used as the prediction output.

During the evaluation of the RF regression model using ten-
fold cross-validation, optimal model performance was achieved
with the utilization of 15 features, which demonstrated the high-
est feature importance (Figure 1b). The RF model with 15 fea-
tures resulted in a coefficient of determination (R2) of 0.708 and
a Pearson’s correlation coefficient (PCC) of 0.845, indicating suc-
cessful prediction of the mRNA expression efficiency of the I.D.
injection (Figure 1c). To assess the contribution of each feature
on the mRNA expression level, the feature importance was ex-
amined using the branching criteria in the context of RF regres-
sion (Figure 1d). The count of FP169 (phenol) was identified as
the most important feature, with a feature importance score of
0.297. Moreover, FP features related to the type of FH signifi-
cantly influenced the prediction of the I.D. expression, account-
ing for 10 of the 15 features. While the molar ratio of DSPC
ranked seventh, with a feature importance score of 0.045, the
molar ratios of DOPE, cholesterol, and ionizable lipids and the
N/P ratio adversely affected the model performance. Substruc-
ture FPs associated with both EB and Ts, such as the count
of FP300 or FP2 (carbon length in EB+T), improved model
performance.

2.2. Feature Analysis of mRNA Expression Efficiency

The prediction of mRNA expression involved rigorous statistical
testing to identify significant features. Phenols (FP169) within
the ionizable lipid structure had the highest feature importance
score in the RF analysis, making it the primary substructure
for FH examination. Lipids with two phenolic hydroxyl groups
showed significantly higher I.D. expression levels (Figure 2a),
while those with three tertiary carbons (FP3) in aliphatic chains
showed decreased expression (Figure 2b). Primary alcohol (FP12)
molecules as FHs had a significant p-value for I.D. expression,
but the difference in levels was not substantial (Figure 2c). Vari-
ations in EB and T carbon lengths (FP300, FP302, and FP2)
showed a decreasing trend in I.D. expression with increasing car-
bon length (Figure 2d–f). The composition ratios also affected
the LNP efficiency, with a higher N/P ratio exhibiting better
mRNA expression (Figure 2g). A mass ratio of 0.5 resulted in
significantly higher mRNA expression, but from just 25 cases
(Figure 2h). Increasing the DSPC molar ratio reduced efficiency,
while replacing DSPC with DOPE improved it, but no statistical
difference was observed (Figure 2i,j). Comparisons of the molar
ratios of ionizable lipids and cholesterol led to no discernible ef-
fect, aligning with AI predictions (Figure 2k,l).

2.3. LNPs Formulated with Ionizable Lipids Designed Based
on ML

The ML models, combined with the substructure fingerprint
(FP)f, primarily recognized the carbon chain length but were un-
able to selectively distinguish individual substructures such as
the EB and T. To investigate the functionality of LNPs in relation
to the structural variations of ionizable lipids, we systematically
designed combinations by separating the ionizable lipids into
three key substructures: EB, which dictates carbon chain length;
T, which determines the chain type; and FH, which influences the
chemical reactivity and interaction with biological targets. This
approach allowed us to independently assess the impact of each
substructure on LNP functionality.

To confirm the correlation between the substructural features
and I.D. mRNA expression efficiency, we synthesized 36 varia-
tions of ionizable lipids using six types of FHs (FH-1 to FH-6),
three types of EBs (EB-5 to EB-7), and two types of Ts (T-1 and T-2)
(Figure 3a). The FHs were aliphatic branched chains (FH-1), aro-
matic rings without hydroxyl functional groups (FH-2), primary
alcohols without FH (FH-3), and three types of phenols with two
hydroxyl groups each (FH-4 to FH-6). Based on their importance,
phenols were chosen to explore the influence of positional iso-
mers. Particularly, FH-4 and FH-5 were selected to evaluate the
effects of the positions of the two phenolic alcohols. Moreover,
FH-6 was selected to investigate the effect of the carbon length
beyond the position of the phenolic alcohols.

Based on AI predictions and previous statistical analyses
(Figure 2), a novel LNP composition was introduced, consist-
ing of ionizable lipid:DOPE:cholesterol:DMG-PEG2000 in a ra-
tio of 25:25:48.5:1.5. These optimized LNP conditions were con-
sistently applied in all subsequent experiments presented to en-
sure the reliability and comparability of the results. The LNPs
were synthesized using a microfluidic device, where lipids from
the ethanol phase were combined with RNA dissolved in a pH 4
water phase (Figure 3b). Subsequently, we analyzed the physic-
ochemical properties of 36 selected LNPs using dynamic light
scattering (DLS). Most LNPs showed homogeneous size distri-
butions and had polydispersity index (PDI) of below 0.2, indicat-
ing highly uniform formulations, and exhibited zeta potentials
ranging from −30 to +30 mV, indicating predominantly neutral
or weakly charged surfaces near the physiological pH (Figure S3
and Table S3, Supporting Information).

The encapsulation efficiency (EE), which was assessed by
quantifying the RNA content inside and outside the LNPs,
showed significant variations based on the presence of hydroxyl
groups in the FH (Figure 3c). FH-1 and FH-2 exhibited de-
creased EE due to interference with binding via electrostatic at-
traction of the tertiary amines. Consequently, ionizable lipids
containing FH-1 or FH-2 showed a compromised ability to shield
RNA from ribonuclease activity, suggesting diminished protec-
tion of mRNA, which can impact the mRNA expression and im-
mune response.[19] Particularly, FH-2 groups, characterized by
their aromatic ring structure, are rigid and promote interactions
with nucleobases through 𝜋–𝜋 stacking and other hydrophobic
interactions.[20] However, this structure impedes electrostatic at-
traction with tertiary amines, leading to reduced EE. Hydrogen
bonding with RNA was expected to occur with hydroxyl groups in
FH-3, FH-4, FH-5, and FH-6. Overall, the quantification of RNA

Small 2024, 2405618 © 2024 The Author(s). Small published by Wiley-VCH GmbH2405618 (4 of 15)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202405618 by Seoul N
ational U

niversity, W
iley O

nline L
ibrary on [08/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 2. Statistical analysis between features and I.D. mRNA expression efficiency. The I.D. mRNA expression levels utilized for statistical analysis were
replaced by a logarithmic transformation. a–c) Statistical analysis depending on substructure of FH, d–f) Correlation analysis depending on carbon
length in EB and T. g–l) Statistical analysis depending on LNP composition and formulation. In the box plots graphs (a–c and g–l), the central line of
each box denotes the median, the box edges indicate the interquartile range (IQR), and the whiskers represent the range of the data (1.5 times the IQR
from the first and third quartile). The number of samples (n) is shown for each group. Statistical significance was defined as *p < 0.05, **p < 0.01, and
***p < 0.001. In the scatter plots (d–f), the solid lines represent the regression line, while the dotted lines indicate the standard error. The correlation
coefficient (r) is shown for each regression line.
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Figure 3. Formulation of LNPs using selected ionizable lipids and physicochemical properties of mRNA-loaded LNPs. a) Schematic diagram of 36
ionizable lipids selected for systematic analysis. b) Schematic illustration of RLuc-loaded mRNA-LNPs formulated with ionizable lipids selected using
ML. Graphical images were created with BioRender.com. c) Encapsulation efficiency (EE) of mRNA-loaded LNPs. Data are represented as the mean ±
standard deviation. Statistical significance was analyzed using two-way ANOVA and defined as *p < 0.05, ***p < 0.001, and ****p < 0.0001. (P.C, positive
control).
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content confirmed minimal or negligible RNA loss during LNP
production. Accordingly, the presence of a hydroxyl group in the
FH substantially affected nucleic acid interactions. Notably, we
observed that the EE tended to increase with increasing EB length
in the FH-5 and FH-6 groups with T-2, although this enhance-
ment was not statistically significant.

2.4. Effects of LNPs on mRNA Expression and Immune Response

Human erythropoietin (hEPO) expression was evaluated using
intramuscular (I.M.) injections to examine its correlation with
I.D. injection and immunological factors.[21] The delivery effi-
ciency of mRNA encoding the hEPO protein to mice was assessed
using 36 LNPs selected from ML analysis. Mice received I.M. ad-
ministration of hEPO mRNA (10 μg) via the LNPs, and after 6 h,
the hEPO expression levels in serum were quantified (Figure 4a).
The hEPO expression patterns varied with FH types: FH-1 and
FH-2 had lower expression, whereas FHs containing one (FH-
3) or two (FH-4, FH-5, or FH-6) hydroxyl groups had higher ex-
pression (Figure 4b). FH-5 and FH-6 consistently showed high
hEPO expression, indicating the significant influence of the FH
on expression levels, with no clear patterns for EB or T. A strong
correlation (r > 0.71) was observed between I.D. and I.M. hEPO
expression results used for AI prediction (Figure 4c). To compare
the immune responses, cytokines such as monocyte chemoat-
tractant protein 1 (MCP-1) and interleukin 6 (IL-6) were mea-
sured in serum. MCP-1, a key inflammation initiator,[22] was de-
tected in FH-5 and FH-6 regardless of mRNA expression levels.
MCP-1 patterns varied with FH type: in FH-5, T-1 showed a de-
creasing trend with increasing EB length, whereas T-2 exhibited
an increasing trend; in FH-6, MCP-1 increased with EB length in
T-1 but decreased in T-2 (Figure 4d). This indicates that the FH
structure influences MCP-1 expression levels, modified by EB
and T types. IL-6, inducing local and systemic inflammation,[23]

was elevated only in FH-1 and FH-2, independent of T variations,
contrasting with MCP-1 findings.

To assess the immune response elicited by the LNPs, we em-
ployed an mRNA platform encoding the E6/E7 sequence of hu-
man papillomavirus (HPV) types 16 and 18.[24] Subsequently, the
HPV mRNA was encapsulated within the selected LNPs. Mice
received two immunizations with 10 μg/40 μL of HPV mRNA-
LNP at one-week intervals, followed by analysis one week after
the final immunization (Figure 4e). Serum levels of IgG1, IgG2a,
and total immunoglobulin G (IgG) against the HPV protein were
measured using enzyme-linked immunosorbent assay (ELISA).
The HPV-loaded mRNA LNP induced high levels of total IgG in
LNPs containing FH-5 and FH-6, whereas it did not change for
the LNPs with FH-1, FH-2, FH-3, and FH-4 (Figure 4f). A bal-
anced IgG1/IgG2a response was observed in all groups (Figure
S4a, Supporting Information).

Numerous studies have demonstrated that T cells play a key
role in immunity against cancer vaccines.[25] Thus, to ascer-
tain the efficacy of HPV-loaded mRNA encapsulation on differ-
ent selected LNPs, we investigated the T-cell responses using
enzyme-linked immunospot (ELISpot) for interferon-𝛾 (IFN-𝛾)
and ELISA for tumor necrosis factor-𝛼 (TNF-𝛼) and interleukin
2 (IL-2). IFN-𝛾-producing cells showed significantly higher activ-
ity in FH-5 and FH-6 groups compared to FH-1 to FH-4 groups

(Figure 4g). TNF-𝛼 and IL-2 results showed similar trends (Figure
S4b, Supporting Information). Overall, AI-synthesized ionizable
lipids with FH-5 and FH-6, EB-5, EB-6, and EB-7, and T-1 and
T-2 elicited strong immune responses. While the MCP-1 levels
(Figure 4d) aligned with the total IgG levels and IFN-𝛾 cell num-
bers (Figure 4f,g), they did not accurately reflect differences be-
tween groups, suggesting MCP-1 levels provide a general trend
but not detailed immune response predictions.

2.5. Correlation between Molecular Substructures and Immune
Response

To further understand the dynamics of molecular structure for
functional outcomes in the context of mRNA vaccine design,
we investigated the correlation between the AI-predicted features
and their implications for both I.M. expression and subsequent
immune responses. Guided by AI predictions, our investiga-
tion focused on two pivotal structural characteristics–the FP169
(“number of phenolic hydroxyl group”) and FP2 (“secondary car-
bon (carbon length of EB+T)”)–as fundamental determinants of
LNP performance for mRNA vaccine design.

Throughout our analysis, the significance of phenolic hydroxyl
groups consistently emerged, exerting an apparent influence on
all facets of LNP behavior. Variations in the “phenolic number”
closely aligned with changes in both I.M. mRNA expression and
immune response parameters, such as the total IgG levels and
expression of inflammatory cytokines, underscoring the pivotal
role of these structural properties in shaping the vaccine effec-
tiveness (Figure 5a–e). However, when we shifted the focus to
“secondary carbon” features that reflect the length (EB+T) of the
encapsulated mRNA (Figure 5f–j), the crucial patterns across the
diverse range of LNPs under investigation were elusive, despite
a significant negative correlation with IFN-𝛾 (Figure 5h). Partic-
ularly, LNPs containing phenolic hydroxyl groups exhibited no
negative trend between the number of secondary carbons and ei-
ther I.M. mRNA expression or immune responses (Figure 5f–j).
Consequently, to clarify why the carbon length variation of EB+T
affects the immune response, we purposely selected LNPs that
demonstrated distinct results in the immune response and pre-
cisely analyzed their morphology.

2.6. Correlation between Morphology of mRNA-LNPs and EB+T

To explore the association between the structures identified via AI
prediction and the outcomes of the animal experiments, which
included mRNA expressions, a scoring system ranging from 0 to
35 was implemented after ranking each analytical parameter. We
selected the top three final LNPs based on the sum of the item-
specific scores that were obtained previously (Figure 6a). Notably,
all selected LNPs contained FH-5, and the selected LNPs only
differed based on the carbon lengths of EB+T. Particularly, the
LNPs of RANK 1 and RANK 2 only differed structurally by one
carbon atom in the EB. Therefore, we verified the LNP morphol-
ogy through cryogenic transmission electron microscopy (cryo-
TEM). We also included EB-7 with the same FH group to ana-
lyze the effect of carbon length on the structural properties of
the LNPs (Figure 6b). The LNPs were prepared for cryo-TEM by
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Figure 4. In vivo analysis of mRNA expression and immune response depending on LNP types. The results of all experiments were compared by
substituting fold change based on the values of the Nil group included in the experiment in question. a) Schematic of immunization schedules for
hEPO-LNP. Seven-week-old ICR (Institute of Cancer Research) mice were immunized with 10 μg/40 μL of hEPO-LNPs. Blood was collected 6 h later,
and serum was separated. Subsequently, analysis was performed by ELISA. b) Relative hEPO expression. c) Correlation analysis to confirm the results of
I.M. and I.D. expression. All results are logarithmically scaled. d) Relative values of MCP-1 and IL-6 in serum. e) Schematic illustration of immunization
schedules for HPV-LNP. Seven-week-old C57BL/6 mice prime/boost immunized with LNPs encapsulating HPV mRNA (10 μg) or Dulbecco’s phosphate-
buffered saline through I.M. injection. f–g) Experimental results were compared by replacing the fold change with the values of the Nil group included
in the experiment. f) Serum samples were collected from mice 1 week after the second immunization with mRNA-LNPs, and the levels of total IgG were
measured using ELISA. g) Number of HPV peptide-specific IFN-𝛾 cells in splenocytes was measured using ELISpot. Data are represented as the mean
± standard deviation. Statistical significance was analyzed using two-way ANOVA and defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Graphical images were created with BioRender.com.
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Figure 4. Continued
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Figure 5. Analysis of the main substructural features in ionizable lipids. All results are logarithmically scaled. a–e) Statistical analysis depending on
substructure of FH based on I.M. experiment results. f–j) Correlation analysis depending on carbon length of EB+T based on I.M. experiment results
considering FH. FHs with phenolic hydroxyl groups (FH-4, FH-5, and FH-6) are indicated by light-colored dots. The black lines denote the correlation
analysis for all 36 LNPs. The colored lines show the correlation for FHs with phenolic hydroxyl groups. In the box plots (a–e), the central line of each box
denotes the median, the box edges indicate the interquartile range (IQR), and the whiskers represent the range of the data (1.5 times the IQR from the
first and third quartile). Statistical significance was defined as *p < 0.05, **p < 0.01, and ***p < 0.001. In the scatter plots (f–j), the solid lines represent
the regression line. The correlation coefficient (r) is shown for each regression line.
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Figure 6. Structural relationship of LNPs with expression performance. a) Expression score ranks and the chemical structure of ranked LNPs. b, Cryo-
transmission electron microscopy images of ranked LNPs (scale bar: 100 nm). c–k) Relationship between multi-compartmental ratio and expression
performance of LNPs by expressing multi-compartmental ratio as a column in each graph. c, Multi-compartmental ratio of ranked LNPs. d) Total score
(sum of expression level and immune response level) of ranked LNPs. e) Scores of total IgG of ranked LNPs. f) Scores of related cytokine expression
(IFN-𝛾 , IL-2, and TNF-𝛼) of ranked LNPs. g) Scores of related immune responses (total IgG and cytokine expression) of ranked LNPs. h) Relative level
of IL-6 of ranked LNPs. The results were compared by substituting the fold change based on the values of the Nil group included in the experiment in
question. This part is related to the IL-6 levels shown in Figure 4. i) Particle size of ranked LNPs. j) Zeta potential of ranked LNPs. k) Encapsulation
efficiency (EE, %) of ranked LNPs. Data are represented as the mean ± standard deviation. Statistical significance was analyzed using two-way ANOVA
and defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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mounting them on a lacey carbon grid and freezing in liquid
ethane. LNPs adhere to the surface of lacey carbon membranes
because of their affinity for carbon-based materials.[26]

Most LNPs exhibit an electron-dense internal amorphous
structure, thus achieving superior encapsulation of mRNA.[27]

However, LNPs with a multi-compartmental structure have been
observed, which result from the incomplete fusion of the initial
LNPs during dialysis, which is a crucial step in LNP assembly.[28]

Moreover, it has been reported that mRNA may reside in the
solvent filled multi-compartment of LNPs,[29] which may affect
the EE. Therefore, we evaluated the ratio of the population of
multi-compartmental LNPs based on cryo-TEM images and
attempted to analyze its impact based on key item-specific scores
(Figure 6c–k). We confirmed that the multi-compartmental ratio
gradually increased as the ranking of the ionizable lipids de-
creased (Figure 6c). Notably, the multi-compartmental ratio for
RANK 3, with the shortest EB+T carbon length, was over 20%, in-
dicating that ionizable lipids cannot be infinitely short–a suitable
carbon length is required to maintain lipid membrane stability.

The multi-compartmental ratio was also negatively corre-
lated with various functional parameters of the mRNA-LNPs,
including the total score (Figure 6d), which is the sum of all
analytes, that is, the combined scores for total IgG (Figure 6e),
IFN-𝛾 , IL-2, and TNF-𝛼 (Figure 6f), and the sum of the previous
two scores (cytokines and total IgG) (Figure 6g). The levels of
inflammatory cytokine IL-6 were relatively higher for RANK 7,
which had the highest multi-compartmental ratio (Figure 6h).
Combined, these findings suggest that the immune efficacy of
the LNPs decreases as the EB+T chain length increases, and
that the multi-compartmental ratio plays a significant role in the
LNP performance.

As the multi-compartmental ratio increased, the size and zeta
potential of the LNPs (as measured by DLS) gradually decreased,
although the change was not statistically significant (Figure 6i,j).
However, the size and zeta potential of RANK 1, RANK 2, RANK
3, and RANK 7 all fell within ranges favorable for mRNA deliv-
ery and expression, and the differences in these characteristics
did not appear to result in significant variations in mRNA deliv-
ery efficiency. Notably, the EE increased slightly from RANK 1 to
RANK 7. Slight increase of EE may have affected by the increase
of the proportion of solvent-filled multi-compartment in which
mRNA may reside,[29] Furthermore, RANK 1, with its low multi-
compartmental ratio, had a relatively simple internal structure,
which may limit its efficiency for mRNA encapsulation. By con-
trast, RANK 2, RANK 3, and RANK 7 have more complex internal
structures, leading to more effective encapsulation. However, it is
difficult to suggest that multi-compartmental ratio individually
attributed to the EE it should be interpreted in a more complex
context. Considering these findings, the EB+T chain length, de-
rived through AI predictions, significantly impacts the function-
ality of LNPs. Thus, when designing ionizable lipids, it is crucial
to select a carbon chain length that optimizes both membrane
stability and performance.

3. Conclusion

This study highlighted the pivotal role of rational LNP design in
the optimization of mRNA delivery for therapeutic applications.
By leveraging ML techniques, we identified key structural fea-

tures within ionizable lipids that significantly influenced mRNA
encapsulation and expression efficiency. The findings emphasize
the importance of phenolic hydroxyl groups and specific lipid
composition ratios in enhancing the performance of LNPs. Ex-
perimental validation demonstrated the predictive power of the
ML model, providing a robust framework for designing LNPs
with tailored properties. Cryo-TEM analysis revealed the struc-
tural impact of carbon length on the LNP morphology and sta-
bility, further corroborating the ML predictions. By elucidating
the intricate relationship between LNP composition, structure,
and therapeutic efficacy, this study offers valuable insights for
the rational design of LNPs for mRNA delivery, paving the way
for the development of next-generation mRNA therapeutics with
enhanced potency and safety profiles.

4. Experimental Section
Feature Extraction (Molecular Description): Chemical substructures

were extracted from ionizable lipid structures to examine their influence
on I.D. mRNA expression using substructure fingerprints.[15a] Substruc-
ture fingerprints directly encode the molecular structures into binary bits,
indicating the presence of specific substructures within a molecule. The
SMARTS list of substructure patterns is predefined as a substructure dic-
tionary, comprising 881 molecular substructures. For instance, the first
substructure fingerprint (FP1) corresponds to primary carbon, whereas
FP12 and FP169 represent alcohol and phenol, respectively, as listed in
Table S2 (Supporting Information). Thus, the substructure fingerprint of-
fers the advantage of establishing a one-to-one correspondence between
each molecular structure and its fingerprint vector. PaDEL-Descriptor was
utilized to convert the SMILES patterns of ionizable lipids into substruc-
ture fingerprint vectors.[18] Then, the occurrence count of each substruc-
ture in every ionizable lipid was extracted and utilized as a feature in the
ML.

The compositions of the LNPs, including factors such as the N/P ra-
tio, mass, and molar ratios of ionizable lipids, DSPC, DOPE, cholesterol,
and PEG–lipid, were employed as features. In total, 314 features, consist-
ing of 307 substructure fingerprints and 7 composition values, were uti-
lized to train ML models for predicting I.D. expression. Each feature was
standardized to have a mean of 0 and a standard deviation of 1 to avoid
variability and bias in the ML models. The I.D. expression was observed
four times as an output of the ML models. The four observations were
averaged and converted to a logarithmic scale using a natural logarithm.
Finally, the ML models were trained using 314 input features to forecast
the average logarithmic-scaled I.D. expression.

ML Models (RF): To predict the I.D. expression using the extracted
features, RF, an ensemble learning method that utilizes multiple decision
trees, was employed.[16] RF addresses both classification and regression
problems using a bootstrap aggregation (bagging) process. In the boot-
strap process, the observed data were randomly sampled with replace-
ment to create multiple subsets. Subsequently, each decision tree was
trained on a different subset to ensure input variation for each learner.
The decision tree algorithm repeatedly conducts a greedy search to iden-
tify the optimal splitting criteria within the input data with the aim of
minimizing variance. During the aggregation process, the final prediction
was determined by combining the predicted results from multiple deci-
sion trees trained on different subsets. The bagging process helps to re-
duce the prediction variance, particularly that arising from outliers. As RF
demonstrates superior performance compared to other ML techniques,
particularly owing to its robustness to overfitting caused by outliers, it
was adequate for predicting the I.D. expression, given the significant varia-
tion in the experimental data. Furthermore, because the splitting criterion
is created by evaluating all possible features individually, the inclusion of
multiple decision trees can provide the feature importance that will aid in
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examining the impact of the chemical substructures and molecular ratios
on the I.D. expression.

Evaluation Metrics: To evaluate the prediction performance of the RFs,
tenfold cross-validation was employed. In this method, 213 LNPs were ran-
domly divided into 10 equal-sized subgroups. During each iteration, one
subgroup was used to test the model, and the remaining nine subgroups
were used to train the model. This process was repeated ten times, and the
results, including the model performance metrics and feature importance
scores, were averaged across the folds.

To evaluate the RF regression model, two metrics, namely R2 and PCC,
were used to assess the model performance. R2 was used to assess the
goodness of fit of a regression model by comparing the variance of the
observed data with the variance of the predicted values obtained from
the model. It is calculated as the ratio of the regression sum of squares
(SSresidual) to the total sum of squares (SStotal), which is subtracted from
1. The formula for R2 is as follows:

R2 = 1 −
SSresidual

SStotal
= 1 −

∑
i

(
yi − ŷi

)
∑

i

(
yi − 𝜇y

) (1)

where yi represents the observed data, ŷi is the predicted value, and 𝜇y
is the mean of the observed data. The R2 value ranges from 0 to 1, with
higher values indicating a better fit of the model to the data. The PCC is
a statistical measure used to assess the linear relationship between two
continuous variables. This is calculated by dividing the covariance of two
variables by the product of their standard deviations. The formula for PCC
is as follows:

PCC =
covy,ŷ

𝜎y𝜎ŷ
=

∑
i

(
yi − 𝜇y

) (
ŷi − 𝜇ŷ

)
√∑

i

(
yi − 𝜇y

)2
√∑

i

(
ŷi − 𝜇ŷ

)2
(2)

where 𝜇ŷ is the mean of the predicted values. The PCC ranges from −1 to
1, with −1 indicating a perfect negative correlation, 0 indicating no linear
relationship, and 1 indicating a perfect positive correlation.

Statistical Analysis: The influence of the substructural patterns and
compositions on the expressions was evaluated by statistically compar-
ing the experimental results of the I.D. and I.M. expressions. All I.D. and
I.M. expression results were transformed using a natural logarithm, con-
sistent with the approach used in the ML process. For screening using
the I.D. expression of 213 LNPs, features that exhibited high importance
scores, including the count of substructure patterns and compositions,
were analyzed using the following steps. First, the Kolmogorov–Smirnov
test was conducted for each feature to examine whether the distribution
of each group was normal. If all groups exhibited a normal distribution, a
comparison between the two groups was performed using Welch’s t-test,
considering unequal sample sizes. For comparisons involving three or four
groups, analysis of variance (ANOVA) was utilized. The PCC was employed
to analyze the linear relationship between the features and experimental re-
sults when the feature range varied. Nonparametric tests were performed
if at least one group exhibited a non-Gaussian distribution. Specifically, the
Mann–Whitney U test, Kruskal–Wallis H-test, and Spearman rank-order
correlation were substituted for Welch’s t-test, ANOVA, and PCC, respec-
tively. Similarly, for the analysis of I.M. expression, the results based on the
phenol count were statistically tested using Welch’s t-test, and the results
based on the count of secondary carbons were analyzed using PCC, as all
groups exhibited a normal distribution. Statistical tests were performed
in Prism9 (GraphPad Software Inc.) and MATLAB 2021b (The MathWorks
Inc.).

Synthesis of Ionizable Lipids: EB–T chain synthesis and a representative
synthesis method for cyclic diamine ionizable lipids are described in the
Supplementary Methods and Figures S5–S9 (Supporting Information).

mRNA Synthesis: Two types of RNA platforms were used: an internal
ribosome entry site (IRES)-based cap-independent RNA platform and a
cap-dependent RNA platform with capping.

The DNA template for the IRES-based cap-independent RNA platform
was designed using the ribosome entry site of the encephalomyocarditis

virus.[30] Moreover, the DNA template had a multicloning site with four
types of restriction enzymes, which were utilized by inserting genes of in-
terest, such as RLuc, whose in vivo expression had been previously evalu-
ated. This platform is referred to as CUK2.

The DNA template for the cap-dependent RNA platform consisted of
a 5′ untranslated region (UTR), 3′ UTR, multicloning site, and poly-A tail,
as reported in a previous study.[31] Similar to the cap-independent RNA
platform, it can be used to encode antigens such as hEPO to assess the
in vivo expression and E-6/E-7 of HPV 16 and 18 to assess the immune
response.[24] This platform is referred to as CUK3-1. Plasmids contain-
ing the desired sequences were linearized using the Not1 restriction en-
zyme. The DNA was then purified and quantified using spectrophotome-
try. mRNA was generated from the DNA templates by in vitro transcrip-
tion using an EZ T7 high yield in vitro transcription kit (Enzynomics, Dae-
jeon, South Korea). Moreover, the capping of the CUK3-1 mRNA platform
was performed using SC101 (ST Pharm Co., Ltd. Seoul, South Korea), and
uridine-5-triphosphate (UTP) was replaced with N1-methylpseudouridine
(TriLink BioTechnologies, California, USA). The mRNA platform reactions
were efficiently transcribed by incubating overnight at 37 °C. Any remain-
ing DNA on the template was removed via deoxyribonuclease 1 treat-
ment at the same temperature for 30 min. The resulting transcripts
were precipitated by adding lithium chloride and incubating at −20 °C
for 30 min. After centrifugation at 13 000 rpm for 15 min, the pellets
were washed with 70% ethanol (700 μL). The mRNA pellets were resus-
pended in sterile distilled water and subjected to a second purification step
using cellulose to minimize double-stranded RNA contamination. The
concentration of synthesized mRNA was determined using a NanoDrop
2000 spectrophotometer. The resuspended RNA was then aliquoted and
stored at −80 °C for subsequent experimental procedures. mRNAs con-
taining RLuc, hEPO, and HPV sequences in open reading frames were
named CUK2 RLuc, CUK3-1 hEPO, and CUK3-1 HPV mRNA, respec-
tively.

Formulation of mRNA-Loaded LNPs: Diamine-based ionizable lipids
were synthesized as described in the Supplementary Methods. DSPC,
DOPE, cholesterol, and DMG-PEG2000 were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). SM-102 was purchased from Hanmi Fine
Chemical Co. Ltd. (Siheung, South Korea). Other reagents were purchased
from Sigma–Aldrich. The LNP components listed in Table S2 (Supporting
Information), including phospholipids, cholesterol, and DMG-PEG2000,
were dissolved in a mixed chloroform/methanol solvent (1:1, v/v) at a con-
centration of 50 μg μL−1. The lipid components were then mixed in the
molar ratios shown in Figure 1 and concentrated under reduced pressure
to form a lipid film. The lipid film, which was dissolved in ethanol, and
mRNA, which was dissolved in citric acid buffer (pH 4.0, 50 mm), were
mixed in a 1:3 volume ratio to prepare mRNA-loaded LNPs using enCell
(enParticle, Busan, South Korea). The mRNA-loaded LNPs were washed
twice using 1X Dulbecco’s phosphate-buffered saline (DPBS), centrifuged
(LABOGENE Co, South Korea), and concentrated using Amicon Ultra-15
centrifugal filters (Merck Millipore, Germany).

Z-Average, Ð, and Zeta Potential Measurements of mRNA-LNPs: Mea-
surements and analyses were conducted after 100-fold dilution of the
LNPs in 1X DPBS for Z-average and Ð measurements and in deionized
water for zeta potential measurements. The Z-average, Ð, and zeta po-
tential of the mRNA-loaded LNPs were measured using a Zetasizer Nano
ZS (Malvern, USA) with 12 mm square polystyrene cuvettes (DTS0012,
for Z-average and Ð) and folded capillary zeta cells (DTS1070, for zeta
potential).

Measurement of EE for mRNA-Loaded LNPs: The efficacy of the mRNA-
loaded LNPs was evaluated by Fluorescent Quanti-it RiboGreen assay.[32]

Two types of LNPs were prepared to ensure the identification of all the
RNA inside and outside the LNPs: a diluted LNP solution lysed with Tris–
EDTA (TE) buffer supplemented with 0.5% Triton X, and an LNP solu-
tion diluted with only the TE buffer. The mRNA-loaded LNPs were then
diluted 200-fold using 1X TE buffer, mixed with the Fluorescent Quant-it
RiboGreen dye (Invitrogen, USA), and loaded into 96-well plates. The flu-
orescence intensity of the 96-well plate was measured at 520 nm using
the Synergy H1 microplate reader (BioTek, USA) using an excitation wave-
length of 485 nm. The amount of mRNA in the sample was determined by
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analyzing the mRNA EE of the LNPs using a standard curve formed after
serial dilutions of the loaded mRNA in 1X TE buffer.

Animal Experiments: Six-week-old female ICR mice (n = 3) were ob-
tained from Daehan Biolink and used for luciferase activity and hEPO ex-
pression measurements. BALB/c mice were used for immunization ex-
periments. All mice were acclimated for 1 week and housed under specific
pathogen-free conditions at a controlled temperature of 23 ± 2 °C with
a 12-h light/dark cycle. The animal experiments were approved by the In-
stitutional Animal Care and Use Committee of the Catholic University of
Korea (approval number: CUK-IACUC-2023-023) in strict accordance with
ethical guidelines.

RLuc Assay to Optimize LNP Formulations for In Vivo Expression: To
compare LNP-specific RLuc expression, the study immunized mice via I.D.
injection into the ear with CUK RLuc-loaded LNPs (5 μg/20 μL) using a
30G insulin syringe (BD, NJ, USA). The mice were anesthetized using 5%
isoflurane prior to injection. After 6 h, the mice were euthanized, and their
ears were harvested. The harvested ears were placed in Renilla lysis buffer
(300 μL) and finely homogenized using a homogenizer. After a brief 1-min
spin-down, the RLuc activity was measured using the RLuc assay system
and GloMax instrument following the manufacturer’s instructions.

Serum Analysis: CUK3-1 hEPO-loaded LNPs (10 μg/40 μL) were in-
jected intramuscularly into ICR mice. After 6 h, the mice were euthanized
and serum was collected for analysis, as following the protocol previously
established.[33] The hEPO levels were measured using a hEPO DuoSet
ELISA kit (DY286, R&D Systems, USA), and the cytokine levels were quan-
tified using an uncoated cytokine ELISA kit (Invitrogen, USA) according to
the manufacturer’s specifications.

Immunization Using CUK3-1 HPV: To analyze the immune response
to the antigen delivered by LNPs, 6-week-old C57BL/6J mice were immu-
nized twice with CUK3-1 HPV-loaded LNPs (10 μg/40 μL) at 1-week in-
tervals via I.M. injection in the upper thigh. The mice received CUK3-1
HPV-loaded LNPs (10 μg/40 μL) for each injection. One week after the fi-
nal immunization, all animals were euthanized. Blood and spleen samples
were collected for further analysis.

Enzyme-Linked Immunospot Assay: Splenocytes (5 × 105) were stimu-
lated with a mixture of HPV-specific peptides (HPV serotype 16 E6 (YD-
FAFRDL) 5 μg mL−1, HPV serotype 16 E7 (RAHYNIVTF) 2 μg mL−1, and
HPV 18 E6 (KCIDFYSRI) 2 μg mL−1) for 48 h at 37 °C. Peptides were syn-
thesized using Peptron (Daejeon, South Korea). IFN-𝛾 secretion by T cells
was measured using a mouse IFN-𝛾 ELISpotBASIC assay (Mabtech, Stock-
holm, Sweden) according to the manufacturer’s instructions.

Enzyme-Linked Immunosorbent Assay: ELISAs were conducted to as-
sess the levels of antigen-specific total IgG, IgG1, and IgG2a in the mouse
serum. Ninety-six-well plates (Corning, Corning, NY, USA) were coated
with an HPV protein mixture (100 ng well−1) and incubated for 2 h at
room temperature (20–25 °C). Following the incubation period, the wells
were washed three times using phosphate-buffered saline (PBS; 200 μL)
containing 0.05% Tween 20 (PBS-T) and subsequently blocked with block-
ing buffer (PBS containing 1% bovine serum albumin; 100 μL) for 1 h at
room temperature. The serum samples were diluted 1/50 in the blocking
buffer, added to the wells, and incubated for 2 h at room temperature. Af-
ter incubation, the wells were washed three times using PBS-T (200 μL).
Anti-mouse IgG1 (Invitrogen, Carlsbad, CA, USA), IgG2c (Novus Biologi-
cals, Centennial, CO, USA), and IgG-HRP (Bethyl Laboratories, Inc., Mont-
gomery, TX, USA)-conjugated antibodies were diluted 1/5000 in blocking
buffer and incubated for 1 h at room temperature. Following five washes
with PBS-T, tetramethylbenzidine substrate (Invitrogen) was added, and
the samples were incubated for 10 min. The reaction was terminated by
adding 2 N H2SO4. The optical density (OD) was measured at 450 nm
using a GloMax Explorer microplate reader (Promega).

To evaluate the cytokine levels in the supernatants of splenocyte cul-
tures, splenocytes were obtained from immunized mice and seeded at a
density of 5 × 105 cells well−1 in a 96-well plate. Subsequently, the cells
were stimulated with 500 ng well−1 of an HPV-specific peptide mixture
and incubated for 72 h at 37 °C. After the incubation period, the concen-
trations of IL-2 and TNF-𝛼 were determined using ELISA kits (Invitrogen
and Thermo Fisher Scientific Inc.) following the manufacturer’s specifi-
cations. OD values were measured at 450 nm using a GloMax Explorer

microplate reader (Promega). The concentrations of these cytokines were
calculated based on their respective standard curves.

Cryogenic Transmission Electron Microscopy: The structure of the
mRNA-loaded LNPs was analyzed using cryo-TEM. Cryogenic samples
were prepared prior to performing cryo-TEM. A lacey carbon grid (Lacey
Carbon, 200 mesh Cu, Ted Pella Inc., USA) was treated with a glow dis-
charger at 15 mA for 60 s and loaded into a Vitrobot Mark IV (Thermo
Fisher Scientific, SNU CMCI). The temperature and humidity inside the
Vitrobot chamber were maintained at 15 °C and 100%, respectively, during
sample preparation. The mRNA LNP solution (3 μL) with a concentration
of 0.5 μg μL−1 was mounted on the grid, and excess solution was blotted
away. The blotted specimens were immediately plunged in liquid ethane
for freezing, and stored in liquid nitrogen before cryo-TEM imaging.

The cryogenic sample was transferred to a cryo-TEM holder (626 single
tilt cryo-TEM holder, Gatan, USA), which maintained the temperature of
the sample at ≈−180 °C. The cryo-TEM holder was loaded into a trans-
mission electron microscope (JEM-2100F, JEOL, Japan), and LNP images
were acquired at an accelerating voltage of 200 kV with a total dose of
∼15 e− Å−2.
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