Volume 12
Number 24

21 December 2024
Pages 6155-6418

Biomaterials
Science

rsc.li/biomaterials-science

R ) . 1K

ISSN 2047-4849

PAPER European
Jaewook Lee, Sungwhan An et al. :
ROYAL SOCIETY Society for

Formulation of lipid nanoparticles containing

OF CHEMISTRY ginsenoside Rg2 and protopanaxadiol for highly Biomaterials
efficient delivery of mRNA



Open Access Article. Published on 29 October 2024. Downloaded on 1/13/2026 3:44:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Biomater. Sci., 2024, 12,
6299

Received 13th August 2024,
Accepted 19th October 2024

DOI: 10.1039/d4bm01070a

rsc.li/biomaterials-science

“Genomictree Inc., Yuseong-gu, Daejeon, 34027, Republic of Korea.
E-mail: jwlee@genomictree.com, sungwhan@genomictree.com
bDepartment of Chemistry, Chungnam National University, Yuseong-gu, Dagjeon,

34134, Republic of Korea

‘Department of Chemical Engineering and Applied Chemistry, Chungnam National
University, Yuseong-gu, Daejeon, 34134, Republic of Korea

IYonsei Cancer Center, Division of Medical Oncology, Department of Internal
Medicine, Yonsei University College of Medicine, Seoul, Republic of Korea
‘Department of Internal Medicine, Graduate School of Medical Science, Brain Korea
21 Project, Yonsei University College of Medicine, Seoul, Republic of Korea

Formulation of lipid nanoparticles containing
ginsenoside Rg2 and protopanaxadiol for highly
efficient delivery of mRNA+
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Lipid nanoparticles (LNPs) are widely recognized as crucial carriers of mRNA in therapeutic and vaccine
development. The typical lipid composition of mMRNA-LNP systems includes an ionizable lipid, a helper
lipid, a polyethylene glycol (PEG)-lipid, and cholesterol. Concerns arise regarding cholesterol's suscepti-
bility to oxidation, potentially leading to undesired immunological responses and toxicity. In this study, we
formulated novel LNPs by replacing cholesterol with phytochemical-derived compounds, specifically gin-
senoside Rg2 and its derivative phytosterol protopanaxadiol (PPD), and validated their efficacy as mRNA
delivery systems. The mRNA-LNP complexes were manually prepared through a simple mixing process.
The biocompatibility of these Rg2-based LNPs (Rg2-LNP) and PPD-based LNPs (PPD-LNP) was assessed
through cell viability assays, while the protective function of LNPs for mRNA was demonstrated by RNase
treatment. Enhanced green fluorescent protein (EGFP) mRNA delivery and expression in A549 and Hela
cells were analyzed using optical microscopy and flow cytometry. The expression efficiency of Rg2-LNP
and PPD-LNP was compared with that of commercially available LNPs, with both novel formulations
demonstrating superior transfection and EGFP expression. Furthermore, in vivo tests following intramus-
cular (I.M.) injection in hairless mice demonstrated efficient luciferase (Luc) mRNA delivery and effective
Luc expression using Rg2-LNP and PPD-LNP compared to commercial LNPs. Results indicated that the
efficiency of EGFP and Luc expression in Rg2-LNP and PPD-LNP surpassed that of the cholesterol-based
LNP formulation. These findings suggest that Rg2-LNP and PPD-LNP are promising candidates for future
drug and gene delivery systems.

Introduction

Recently, mRNA-based gene therapeutics and vaccines have
garnered significant attention due to their numerous advan-
tages, including the facile development of medicines for dis-
eases induced by specific genes and the ability to tune target
protein production in the body for therapeutic purposes.'™
This has led to a rapid expansion of approved mRNA-based
drugs.® However, for therapeutic efficacy, mRNA must pene-
trate target cells and accurately translate proteins. Thus, the
development of effective delivery systems is crucial.””

Lipid nanoparticles (LNPs) stand out as notable vehicles
that have significantly advanced mRNA applications in
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humans, with several mRNA-based therapies either approved
or in clinical trials.'® Various mRNA delivery systems have
been developed, including viral vectors like adeno-associated
virus (AAV), lentivirus (LV) and non-viral carriers such as lipid
nanoparticles (LNPs), liposomes, exosomes, polyol-based NPs,
and inorganic NPs like gold or magnetic NPs."*® In most
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cases, LNP-based mRNA delivery systems have been widely
used, and the FDA has approved those complex structure-
based COVID-19 vaccines from Moderna and Pfizer/
BioNTech."”?° Typically, LNPs are composed of four essential
components: an ionic lipid, helper lipid, PEG lipid, and sterol,
and they have a specific role in structural formation. Among
these, sterol is important in maintaining the lipid bilayer
structure, enhancing the nanostructure stability and mRNA
protection.”’>* Although cholesterol is commonly used as the
sterol component, its application poses certain risks.>>"®
Because cholesterol is easily oxidated and converted to oxi-
dative derivatives, including oxysterols like 25-hydroxycholes-
terol and 7p-hydroxycholesterol, it exhibits potential
toxicity.?* ! Moreover, it is possible that there is a risk of unex-
pected virus contamination because of animal-derived
cholesterol.*>

In this study, we have developed an alternative LNP formu-
lation that replaces cholesterol with ginsenoside, Rg2, or its
derivative phytosterol, protopanaxadiol (PPD), to address such
issues. These new formulations, abundant in ginseng, mitigate
the risks associated with cholesterol and leverage the signifi-
cant bioactivity and biocompatibility of these phytochemicals,
including anti-cancer and antioxidant effects.**® These ben-
eficial properties make them suitable components for LNP for-
mulation, with potentially synergistic effects alongside mRNA
therapeutics.>”° For therapeutic efficacy, mRNA needs to
penetrate target cells and translate proteins adequately. In the
present study, we have evaluated new LNPs that were Rg2-
based LNPs (Rg2-LNP) and PPD-based LNPs (PPD-LNP) regard-
ing their low toxicity, high biocompatibility, and mRNA protec-
tion ability against RNase. Also, we have demonstrated their
effectiveness as a carrier for mRNA delivery and expression
in vitro using enhanced green fluorescent protein (EGFP)
mRNA as well as in vivo using luciferase (Luc) mRNA. Overall,
the results described here show that ginsenoside and phytos-
terol-based LNPs could be alternatives to cholesterol-based
LNPs, and consequently, Rg2-LNP and PPD-LNP exhibited con-
siderable potential as delivery systems for mRNA therapeutics
and vaccines.

Materials and methods
Materials and instruments

Ginsenoside Rg2, phytosterol protopanaxadiol (PPD), heptade-
can-9-yl  8-[2-hydroxyethyl-(6-0x0-6-(undecyloxy)hexyl)amino]
octanoate (ionizable lipid), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE, phospholipid), and 1,2-dimyristoyl-
rac-glycero-3-methoxypolyethylene glycol-2000 (PEG lipid) were
purchased from Cayman Chemical (Ann Arbor, MI, USA). Also,
as the positive control of LNPs, commercially available LNP
preparation kits (the SM-102-LNP kit and ALC-0315-LNP kit)
were purchased from Cayman Chemical. The SM-102 LNP kit
contains SM-102 (ionizable lipid), distearoylphosphatidylcho-
line (DSPC, helper lipid), PEG lipid and cholesterol. SM-102-
LNP was used for COVID-19 mRNA vaccine formulation in
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Moderna. We also used the ALC-0315 LNP kit to produce the
other positive control LNP and it is composed of ALC-0315
(ionizable lipid), DSPC, PEG lipid and cholesterol. This LNP
was also formulated for COVID-19 mRNA vaccine in Pfizer/
BioNTech. RPMI, DMEM, FBS, and penicillin-streptomycin
were purchased from Well Gene (Gyeongsan, Gyeongsangbuk-
do, South Korea) and plates were bought from Thermo Fisher
Scientific (Waltham, Massachusetts, USA) for cell culture. A549
and HeLa cells were purchased from the Korean Cell Line
Bank (Seoul, South Korea). A Quant-iT Ribogreen RNA assay
kit was bought from Invitrogen/Thermo Fisher Scientific
(Seoul, South Korea). The in vitro luciferase assay kit was pur-
chased from Promega (Madison, WI, USA).

The size and morphology of Rg2-LNP and PPD-LNP were
characterized using a nanoparticle tracking analyzer (NTA,
NanoSight NS300, Malvern Panalytical, Malvern, UK), a zetasi-
zer (Nano ZS, Malvern Panalytical, Malvern, UK) for measure-
ment of dynamic light scattering (DLS) and a transmission
electron microscope (TEM, H-7600, Hitachi, Tokyo, Japan).
The cell morphology and expression of EGFP after EGFP
mRNA delivery into the cell were monitored using a fluo-
rescence optical microscope (Olympus, CKX553, Tokyo, Japan).
The cell viability was measured using cell counting kit-8
(CCK-8) from Dojindo (Kumamoto, Kyushu, Japan), and the
absorbance was measured using a microplate spectrophoto-
meter (Mobi, MicroDigital, Seongnam, South Korea). The fluo-
rescence (FL) intensity was monitored using a microplate
multi-mode reader (Bio Tek Synergy HTX, Agilent, Santa Clara,
CA, USA). The EGFP positive cells and the mean of FL intensi-
ties were characterized by flow cytometry (BD FACSLyric™, BD
Biosciences, Franklin Lakes, NJ, USA). Male Balb/c nude mice
were purchased (Orient Bio Inc, Seongnam, South Korea), and
live animal imaging was performed using an IVIS Lumina III
imaging system (PerkinElmer, Waltham, MA, USA).

Methods

mRNA design encoding EGFP and luciferase. Sequences of
5" and 3'-un-translational region (UTR) of mRNAs encoding
EGFP and Luc were derived from UTR sequences of sub-
genomic RNA encoding nucleocapsid of SARS-Cov2.'® The
detailed procedure of production of mRNA encoding EGFP
and Luc is described in the supplementary methods. In
addition, a schematic illustration of the production and the
result of gel electrophoresis of EGFP mRNA and Luc mRNA is
depicted in Fig S1.}

Preparation of Rg2-LNP and PPD-LNP. Rg2-LNP and
PPD-LNP were synthesized in absolute ethanol through a
manual mixing method. Firstly, to produce the Rg2-LNP, hep-
tadecanoic-9-yl  8-[2-hydroxyethyl-(6-oxo-6-(undecyloxy)hexyl)
aminoJoctanoate (ionizable lipid, SM-102), 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (phospholipid, DOPE), 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (PEG
lipid) and Rg2 were gently mixed in 500 pL of ethanol with
several molar ratios, 50:10:1.5:78 or 50:10:1.5:39 (molar
ratio = ionizable lipid: phospholipid:PEG lipid:Rg2).
Subsequently, Rg2-LNP was softly mixed with mRNA to con-

This journal is © The Royal Society of Chemistry 2024
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struct the mMRNA-Rg2-LNP complex for the delivery and
expression test under various weight ratios (WmRNA : wLNP),
1:5,1:10 and 1:20, and that the mixture was incubated for
15 min at room temperature (R.T.). In this case, the solvent
volume ratio (VmRNA:VLNP) between aqueous solution
(mRNA) and ethanol (LNP) was 3:1. After incubation, the
mRNA-Rg2-LNP was sonicated for 1 min and then treated with
the cell to evaluate the delivery and expression efficiency.

To synthesize the PPD-LNP, components for the LNP formu-
lation were mixed wunder varying concentrations:
50:10:1.5:45.8 and 50:10:1.5:22.9 (molar ratio = ionizable
lipid : phospholipid : PEG lipid : PPD). The mRNA:PPD-LNP
mixing ratio for further study was the same as for Rg2-LNP.

To evaluate the encapsulation efficiency of Rg2-LNP and
PPD-LNP using the Ribogreen RNA assay kit, the FL intensity
was measured with a microplate multi-mode reader at an exci-
tation wavelength of 480 nm and an emission wavelength of
530 nm.

Cell culture. Lung cancer cell lines (A549) and cervical carci-
noma cell lines (HeLa) were grown in cell culture plates for the
cytotoxicity test. Each cell line was cultured in RPMI medium
and DMEM mixed with 10% FBS and penicillin-streptomycin
in a 37 °C incubator under 5% CO, conditions.

Cytotoxicity test. Initially, A549 or HeLa cells were seeded
around 7 x 10 cells per well in 96 well plates. Next, to confirm
the biocompatibility of the carrier, each cell line was treated
with 0.05 pg of Rg2-LNP or PPD-LNP under several concen-
tration conditions. Then, cells were cultured in an incubator at
37 °C under 5% CO, for 24 h. Afterward, the cell viability was
determined by the CCK assay, according to the manufacturer’s
instructions. After treatment with the assay reagent and
further incubation for 1 h, the absorbance was measured at
450 nm using a microplate reader to confirm the relative cell
viability. Additionally, dose-dependent cell viability for A549
and HeLa cells was analyzed with concentrations ranging from
0.025 pg to 0.1 pg under the same conditions.

LNP-mRNA protection test against RNase. To assess the
stability of mRNA encapsulated in the LNP against RNase, 1 pug
of naked EGFP mRNA and 1 pg of EGFP mRNA-encapsulated
Rg2-LNP or PPD-LNP were mixed with 0.01 pg, 0.005 pg, and
0.0025 pg of RNase to conduct a test on the stability of mRNA
encapsulated in the LNP. After treatment with RNase, the
sample was incubated at 37 °C for 1 h, and then Proteinase K
was added to the mixture and incubated continuously for
10 min to inactivate the RNase. After that, the naked mRNA
and mRNA encapsulated in LNPs were analyzed by agarose gel
electrophoresis (1.5%, 0.5 x TBE buffer).

In vitro test for EGFP mRNA delivery and expression. To
analyze the efficiency of delivery and expression of the EGFP
mRNA-contained Rg2-LNP and PPD-LNP, 250 ng of EGFP
mRNA encapsulated into each LNP under the above formu-
lation conditions were treated with A549 or HeLa cells seeded
around 0.05 x 10° cells per well in a 24-well plate. To compare
the EGFP expression between Rg2-LNP or PPD-LNP and com-
mercially available LNPs (SM-102-LNP and ALC-0315-LNP) con-
taining cholesterol, the same amount of EGPF mRNA was

This journal is © The Royal Society of Chemistry 2024
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encapsulated into SM-102-LNP or ALC-0315-LNP or modified
SM-102-LNP following the manufacturer’s protocol and treated
with A549 cells or HeLa cells. In the modified SM-102-LNP for-
mulation, the only alteration was the substitution of the helper
lipid DSPC with DOPE, while all other components remained
unchanged. Subsequently, the transfected A549 or HeLa cells
were observed by optical microscopy to confirm the EGFP
expression after treatment for 24 h or 48 h. For HeLa cells, the
molar ratios (ionizable lipid : phospholipid : PEG lipid : Rg2 or
PPD) were further optimized to enhance the expression
efficiency, resulting in a ratio of 50:10:0.75:39 for Rg2-LNP
and 50:10:0.75:22.9 for PPD-LNP.

In addition, after 24 h of transfection, both cell lines were
harvested and resuspended in PBS with 1% FBS and then the
expression efficiency was evaluated by flow cytometry.

In vitro luciferase assay. A549 cells were treated with 250 ng
of Luc mRNA encapsulated in LNPs, including commercial
LNPs, Rg2-LNP, and PPD-LNP, to evaluate Luc expression.
After 24 h of transfection, cells were harvested to passive lysis
buffer and centrifuged at 12 000g for 10 min at 4 °C. The
supernatant was then collected to measure relative luciferase
activity using the luciferase assay system.

In vivo test for Luc mRNA delivery and expression. The
animal experimental procedures followed the Guidelines for
the Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Center, Daegu-Gyeongbuk Medical
Innovation Foundation. All animal studies were approved by
the Institutional Reviewer Board on the Ethics of Animal
Experiments of the Daegu-Gyeongbuk Medical Innovation
Foundation (approval number: KMEDI-24031903-00).

Male Balb/c nude mice were sacrificed to assess the
efficiency of delivery and expression in vivo. Each mouse was
dosed with 10 pg of Luc mRNA encapsulated in Rg2-LNP,
PPD-LNP, SM-102-LNP, or modified SM-102-LNP through an
intramuscular (I.M.) injection. The molar ratios of Rg2-LNP
and PPD-LNP formulation used for the Luc mRNA in vivo deliv-
ery and expression tests were 50:10:0.75:39 and
50:10:0.75:22.9, respectively. The molar ratios of SM-102-
LNP and modified SM-102-LNP formulations followed the
manufacturer’s protocol. For bioluminescence imaging (BLI),
mice were administered p-luciferin via intraperitoneal injec-
tion. During imaging, anesthesia using 1-2% isoflurane gas
was applied to all mice. BLI was conducted 5 min after sub-
strate injection using the IVIS Lumina III imaging system,
from 1 h to 54 h post-injection of Luc mRNA-encapsulated
Rg2-LNP and PPD-LNP as well as SM-102-LNP and modified
SM-102-LNP as the positive control. LIVING-IMAGE software
(version 3.0, PerkinElmer) was utilized to overlay grayscale
photographic images and bioluminescent color images. BLI
signals were quantified in units of photons per cm?® per
second per steradian (P cm™> s~ srY).

Statistical analysis. Data are presented as mean + standard
deviation (S.D.). Statistical analysis was conducted using one-
way analysis of variance (ANOVA) with Tukey’s test (OriginPro
software, version 8.5), and statistically significant differences
were defined as *p < 0.05, **p < 0.01, and ***p < 0.001.
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Results and discussion
Characterization of Rg2-LNP and PPD-LNP

Following the preparation of Rg2-LNP and PPD-LNP, their
physicochemical properties were characterized using various
methods. The structural morphologies of Rg2-LNP,
MRNA-Rg2-LNP, PPD-LNP and mRNA-PPD-LNP were observed
by TEM after negative staining treatment with 2% uranyl
acetate solution and they are depicted in Fig. 1 and Fig. S2.1
Without mRNA, Rg2-LNP and PPD-LNP exhibited an empty
vehicle structure (Fig. 1A and C). However, when mRNA was
present, the structure of both LNPs changed clearly. Firstly,
Rg2-LNP changed from a unilamellar to a multilamellar struc-
ture (Fig. 1A, B, and Fig. S2At). This morphological transform-
ation can be attributed to the amphiphilic properties of Rg2
and phospholipids, which facilitate self-assembly and enable
the steroid part of Rg2 to adsorb into lipid bilayers within the
LNPs.*' Additionally, it was introduced that glucose could
interact with guanin in nucleic acids via hydrogen bonding.*>
Another literature study reported that hydrogen bonds can
form between the OH groups in glucose and the phosphate
groups or nitrogenous bases in nucleotides, and this binding
was characterized by FT-IR differential spectroscopy.*® These
studies suggest that the hydroxyl groups of glucose in Rg2
could create hydrogen bonds with the polar functional groups
of mRNAs, such as the phosphate backbone or nitrogenous
bases. Therefore, the relatively higher encapsulation rate of
Rg2-LNP for mRNA could be due to these hydrogen bonds. On
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the other hand, PPD-LNP transformed from an empty vehicle
to a unilamellar structure with a nanostructured core in the
presence of mRNA. This dark core indicates the self-assembly
structure of mRNA, ionizable lipid, and helper lipid, which
was negatively stained in the mRNA-PPD-LNP (Fig. 1D, E and
Fig. S2Bt). The structure of mRNA-PPD-LNP differs from that
of mRNA-Rg2-LNP due to the hydrophobic properties of PPD,
which interacts strongly with lipid structures. The average
sizes of mMRNA-Rg2-LNP and mRNA-PPD-LNP were measured
by NTA to be around 117.3 + 1.6 nm and 167.9 + 3.9 nm,
respectively (Fig. 1C and F). The sizes of the two LNPs were
also measured using DLS. The average size of only Rg2-LNP
was around 121 nm and mRNA-Rg2-LNP was approximately
132.9 nm, with a PDI of approximately 0.24, while the
average size of PPD-LNP was about 144.7 nm and
mMRNA-PPD-LNP was approximately 168.9 nm, with a PDI of
0.26 (Fig. S2C and Df). In general, the presence of mRNA
within the LNP structure leads to an increase in the overall
size of the LNPs due to the additional payload. This occurs
because mRNA can induce structural modifications, such as
swelling or alterations in the arrangement of lipid layers. As
a result, the size of both LNPs containing mRNA showed a
slight increase. In addition, a PDI of 0.3 or less in the size
measurement results indicates a homogeneous population
of nanocarriers. Therefore, the two LNPs mentioned above
are considered to have sufficient potential for use in drug
delivery.***> There was some difference between the size
analysis results from NTA and DLS due to the different
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Fig. 1 TEM images of (A) Rg2-LNP, (B) EGFP mRNA-Rg2-LNP, (D) PPD-LNP, and (E) EGFP mRNA-PPD-LNP and NTA results of (C) EGFP mRNA-Rg2-

LNP and (F) EGFP mRNA-PPD-LNP.
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measurement mechanisms, but both sizes were suitable for
functioning as LNP carriers.

Encapsulation efficiency and mRNA stability

The encapsulation efficiency of Rg2-LNP and PPD-LNP was
evaluated using gel electrophoresis (Fig. 2A and C). For Rg2-
LNP, no residual mRNA bands were observed at weight ratios
of 1:10 and 1:20, indicating complete encapsulation. In con-
trast, PPD-LNP exhibited unencapsulated mRNA bands at all
tested ratios (1:5, 1:10, and 1:20), though the band intensity
decreased with increasing LNP mass. The encapsulation
efficiency of Rg2-LNP and PPD-LNP was evaluated using the
Ribogreen RNA assay, showing 81.9% and 68.7%, respectively.
These mMRNA-LNPs were prepared through simple hand
mixing, which might result in a lower encapsulation efficiency
compared to those prepared using a microfluidics system.
Nevertheless, the Rg2-LNP and PPD-LNP produced by this
mixing process were sufficient mRNA carriers for expressing
EGFP and Luc for in vitro or in vivo experiments. However, we
recognized the limitations of manual preparation, including
challenges in achieving precise size uniformity and optimal
mRNA encapsulation per LNP. To address these limitations,
we plan to utilize microfluidic devices in future studies to
enhance the development of mRNA-based therapeutics.

On the other hand, the higher encapsulation efficiency of
Rg2-LNP can be attributed to the glucose component forming
hydrogen bonds with mRNA and the ionizable lipid binding
through electrostatic interactions, resulting in tighter mRNA
capture, as mentioned above. mRNA stability within the LNPs
was assessed by analyzing mRNA integrity after RNase treat-
ment via electrophoresis (Fig. 2B and D). Naked mRNA was
completely degraded by RNase exposure, whereas mRNA

(A) (B)

Rg2-LNP (w:w, mRNA:LNP)
1:5

1:10 1:20 SM  GFP mRNA

RNase

(C)  PPD-LNP (w:w, mRNA:LNP)
1:5 1:10  1:20 SM  GFPmRNA

RNase
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within Rg2-LNP and PPD-LNP remained intact even at
increased RNase concentrations (red box in Fig. 2B and D).
The unencapsulated mRNA band in PPD-LNP disappeared
after RNase treatment, while the encapsulated mRNA
remained protected, demonstrating that both Rg2-LNP and
PPD-LNP effectively shield mRNA from degradation.

Biocompatibility of Rg2-LNP and PPD-LNP

The cytotoxicity of Rg2-LNP and PPD-LNP was evaluated using
a CCK-8 assay (Fig. 3 and Fig. S37). Treatment with 0.05 pg of
Rg2-LNP and PPD-LNP reduced the number of A549 and HeLa
cells by a maximum of 10%, with no significant changes in
cell morphology (Fig. 3A and B). Furthermore, dose-dependent
cytotoxicity was assessed, revealing no significant toxicity
(Fig. S37). Additionally, it should be noted that Rg2 and PPD
are phytochemicals, and those are recognized as biologically
active components derived from ginseng, known for its health
benefits.**™*® This suggests that the cytotoxicity of Rg2-LNP
and PPD-LNP is minimal and not a critical concern for their
application as gene delivery systems.

In vitro mRNA delivery and expression using Rg2-LNP and
PPD-LNP vehicles

The delivery and translation efficiency of EGFP mRNA encap-
sulated in Rg2-LNP and PPD-LNP were evaluated in A549 and
HelLa cells using various molar ratios of LNP components for
optimization (Fig. S4f). From these assessments, the initial
molar ratios for LNP formulation were determined to be
50:10:1.5: 39 for Rg2-LNP and 50:10:1.5:22.9 for PPD-LNP.
Firstly, in evaluating the delivery efficacy of LNPs, 250 ng of
EGFP mRNA encapsulated by Rg2-LNP or PPD-LNP at a 1:10
weight ratio (mRNA:LNP) was transfected into A549 cells.

Naked mRNA mRNA-LNP complex with RNase

0.01/9 -

SM - 0.0025z5 0.005z9 0.01x

(D)

Naked mRNA mRNA-LNP complex with RNase

0.01 9 = o 0.002549 0.005.9 0.01xg

Fig. 2 Gel electrophoresis results of (A) Rg2-LNP and (C) PPD-LNP depending on the complexation mixing ratio for confirmation of mRNA encap-
sulation, and the results of the mRNA stability test against RNase of (B) EGFP mRNA-Rg2-LNP and (D) EGFP mRNA-PPD-LNP.
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Fig. 3 Cytotoxicity profile of LNPs depending on the sterol structures. (A) Measurement of cell viability via cell counting kit-8 (CCK-8) assay and (B)
microscopy images of cells after treatment of LNPs (scale bar: 100 pm).
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Fluorescent image

Fig. 4 Bright field images and fluorescence images of (A) non-treated, (B) EGFP mRNA-Rg2-LNP treated and (C) EGFP mRNA-PPD-LNP treated

A549 cells (scale bar: 100 pm).
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After 24 h of treatment, optical microscopy revealed a clear
signal of green fluorescence in all treated cells, indicating suc-
cessful delivery and translation of EGFP mRNA (Fig. 4B and C).
Additionally, the delivery effectiveness and transfection
efficiency of Rg2-LNP and PPD-LNP were compared with those
of commercially available LNPs SM-102-LNP (Moderna) and
ALC-0315-LNP (Pfizer/BioNTech), which retain the cholesterol
component. After delivering EGFP mRNA with these LNPs,
EGFP expression in A549 cells was carefully observed.
According to the fluorescence image, the fluorescence bright-
ness was significantly higher in cells transfected with Rg2-LNP
and PPD-LNP compared to those of SM-102-LNP and
ALC-0315-LNP (Fig. S5AT). In addition, the efficiency of EGFP
expression was compared by flow cytometry with various LNP
carriers (Fig. S5B-Dt). In this case, the population of EGFP-
positive A549 cells was over 95% after treatment with EGFP

Bright field image

Fluorescent image

Rg2-LNP

View Article Online

Paper

mRNA encapsulated Rg2-LNP, PPD-LNP, and SM-102-LNP, but
it was only 25% in ALC-0315-LNP. Interestingly, the mean fluo-
rescence intensity (MFI) was the highest in the case of
PPD-LNP, followed by Rg2-LNP, which was higher than
SM-102-LNP. In addition, Luc mRNA transfection yields were
compared between commercial LNPs and Rg2-LNP and PPD-LNP
in A549 cell lines using a bioluminescence assay (Fig. S61). The
results were similar to those of the EGFP expression trends in
that relative light units (RLU) were higher for Rg2-LNP and
PPD-LNP compared to SM-102-LNP and ALC-0315-LNP.
Additionally, the GFP mRNA delivery and expression efficiency of
modified SM-102-LNP, where the helper lipid was switched from
DSPC to DOPE, was compared with Rg2-LNP and PPD-LNP, and
the results are presented in Fig. S7.1 In this case, brighter green
fluorescence was observed in LNPs based on SM-102/DOPE/Rg2/
PEG lipid (Rg2-LNP) or SM-102/DOPE/PPD/PEG lipid (PPD-LNP)

PPD-LNP

Fig. 5 Observation of EGFP expression in Hela cells. (A) Non-treated conditions, (B) EGFP mRNA-Rg2-LNP conditions and (C) EGFP

mMRNA-PPD-LNP conditions (scale bar: 100 pm).

Bright field image

Fluorescent image

Fig. 6 Observation of EGFP expression to optimize the weight ratio between mRNA and LNP in Hela cells (MRNA:LNP = w:w); (A) 1:10 and (B)
1:20 in EGFP mRNA-Rg2-LNP, and (C) 1:10 and (D) 1: 20 in EGFP mRNA-PPD-LNP (scale bar: 100 pm).
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than in LNPs formulated with SM-102/DOPE/cholesterol/PEG
lipid (modified SM-102 LNP).

Optimization of mRNA delivery and transfection

EGFP mRNA encapsulated in Rg2-LNP and PPD-LNP were also
treated with HeLa cells, resulting in observable green fluo-
rescence (Fig. 5B and C). The expression of EGFP in HeLa cells
was critically influenced by the weight ratio (mRNA : LNP) at
1:10 and 1:20, and a higher signal intensity of EGFP was
observed at a 1:20 weight ratio (mRNA : LNP) instead of 1:10
assessing the encapsulation

(Fig. 6). Interestingly, when

Bright field image

Fluorescent image

View Article Online
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efficiency of LNPs by gel electrophoresis, results showed that
nearly all mRNA was encapsulated in Rg2-LNP at 1:10 and
1:20 ratios, and for PPD-LNP, unencapsulated mRNA bands
were similar at both ratios, so it was expected that the tendency
of EGFP expression might be the same for both weight ratios
in HeLa cells as in A549 cells. This indicates that the tendency
of expression efficiency did not directly correspond to the
encapsulation efficiency. The expression efficiency and MFI of
EGFP in HeLa cells were also evaluated after transfection of
EGFP mRNA using commercial LNPs, Rg2-LNP, and PPD-LNP,
similar to the tests conducted in A549 cells. Flow cytometry

Fig. 7 Monitoring of the EGFP expression efficiency depending on the molar ratio of PEG lipid in the LNP formulation (molar ratio = ionizable
lipid : phospholipid : PEG lipid : Rg2 or PPD). (A) 50:10:1.5:39 and (B) 50 :10: 0.75: 39 of Rg2-LNP with EGFP mRNA as well as (C) 50:10:1.5:22.9
and (D) 50:10:0.75: 22.9 of PPD-LNP with EGFP mRNA (after treatment for 24 h, scale bar: 100 pm).

Potential of in vivo mRNA delivery and expression

1 hr 6 hrs

(A)

(B)

" A

Rg2-LNP PPD-LNP

Fig. 8

12 hrs

24 hrs

Luminescence
2.0

54 hrs

1.5

x10°
1.0

Radiance
(p/sec/cm?/sr)
Color Scale
Min = 1.00e4

Max = 2.00e5

In vivo monitoring of luciferase expression following intramuscular (I.M.) injection of luciferase mRNA encapsulated Rg2-LNP and PPD-LNP

in nude mice (n = 3, injected MRNA dose = 10 pg). Bioluminescence imaging in (A) non-treated (vehicle) mice and (B) Luc mRNA encapsulated Rg2-
LNP and PPD-LNP (Luc mRNA-Rg2-LNP and Luc mRNA-PPD-LNP) injected mice.

6306 | Biomater. Sci, 2024, 12, 6299-6309

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm01070a

Open Access Article. Published on 29 October 2024. Downloaded on 1/13/2026 3:44:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

analysis results showed that although the expression efficiency
and MFI were lower in HeLa cells compared to A549 cells,
PPD-LNP had the highest MFI, demonstrating a similar
pattern in HeLa cells (Fig. S81). This finding indicates that the
newly developed LNPs have excellent transfection efficiency.
Also, the results highlight the importance of tuning and opti-
mizing formulation conditions for effective protein expression
in target cell lines.

Additional optimization involved reducing the PEG lipid
component in the LNP formulation, which enhanced the
EGFP translation efficiency (Fig. 7B and D). It was reported
that a lower surface density of PEG has been associated with
increased uptake into cancer cells, including HeLa cells.**™!
In our case, also a lower PEG density improved lipid nano-
particle uptake by HeLa cells, thereby increasing EGFP trans-
lation. Furthermore, high levels of EGFP expression remained
after 48 h post-treatment (Fig. S9t). These findings emphasize
optimizing the mRNA:LNP weight ratio and the PEG lipid
content based on the target cell type to achieve delivery and
optimal translation efficiency.

Potential of in vivo mRNA delivery and expression

The potential for in vivo applications of Rg2-LNP and
PPD-LNP was assessed using bioluminescence imaging in
mice. Mice were intramuscularly injected with Luc mRNA
encapsulated in Rg2-LNP and PPD-LNP. The bioluminescence
imaging revealed a signal of Luc mRNA translation at 6 hours
post-injection, which persisted until 54 h (Fig. 8B, Fig. S10 and
S11t), while no evident signal from empty vehicles was
present. To evaluate the efficiency of in vivo mRNA delivery
and expression in cells of mRNA encapsulated in LNPs, Rg2-
LNP, and PPD-LNP, mRNA-Luc expression was examined in
hairless mice. Commercially available cholesterol-retaining
SM-102-LNP (with DSPC as the helper lipid) and modified
SM-102-LNP (with DOPE as the helper lipid) were used as posi-
tive controls because the population of EGFP-positive cells was
comparable between SM-102-LNP, Rg2-LNP, and PPD-LNP,
SM-102-LNP. According to IVIS imaging and total flux profiles
after .M. injection, the total flux of the SM-102-LNP series
decreased rapidly after 6 hours (Fig. S10 and S117).

In contrast, the expression pattern of Luc in Rg2-LNP and
PPD-LNP showed a slightly delayed initial expression com-
pared to that of SM-102-LNP, but the decrease in Luc
expression was slower. Notably, Rg2-LNP had the highest flux
value after 12 hours post-injection across all LNP conditions
according to the profile of total flux. Additionally, the total flux
of PPD-LNP was higher than that of SM-102-LNP at 12 hours
post-injection (Fig. S11t). These results unequivocally demon-
strate the effectiveness of Rg2-LNP and PPD-LNP in delivering
mRNA and facilitating translation iz vivo, instilling confidence
in their potential for gene therapy applications.

Conclusion

As mRNA-based therapeutics expand, developing suitable car-
riers has become increasingly important. This study developed

This journal is © The Royal Society of Chemistry 2024
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lipid nanoparticles (LNPs) incorporating ginsenoside Rg2 and
its derivative PPD as sterol components, replacing cholesterol
in the LNP formulation. The formulation was optimized by
adjusting the molar ratio of lipid components to Rg2 or PPD
and the weight ratio between mRNA and LNP. The Rg2-LNP
and PPD-LNP were prepared manually through a simple
mixing method, resulting in highly dispersed spherical LNPs.
These carriers exhibited low toxicity, good encapsulation
efficiency, and strong mRNA protection ability. Flow cytometry
analysis revealed that transfection with Rg2-LNP or PPD-LNP
encapsulating EGFP mRNA resulted in significantly higher
transfection efficiency and MFI in A549 and HeLa cells com-
pared to commercially available LNPs. Furthermore, evaluating
mRNA delivery and expression of LNPs encapsulating Luc
mRNA using hairless mice indicated that these LNPs pos-
sessed high delivery efficiency in vivo as well.

In conclusion, the mRNA complexes with Rg2-LNP or
PPD-LNP, synthesized through a straightforward manual
mixing process, demonstrated highly effective mRNA delivery
and expression, highlighting their potential as robust mRNA
delivery systems in this study.
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