
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
26

 1
1:

43
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthesis and bio
aDepartment of Pharmaceutics, College of

11451, Saudi Arabia
bDepartment of Pharmaceutics, Nanomedicin

of Pharmacy, King Saud University, R

msaalqahtani@ksu.edu.sa
cDepartment of Pharmacognosy, College of

11451, Saudi Arabia
dDepartment of Health Sciences Education an

of Medicine, Peoria, IL 61605, USA
eChemistry Department, Northern Michigan U

MI 49855, USA

† Electronic supplementary informa
https://doi.org/10.1039/d4na00404c

Cite this: Nanoscale Adv., 2024, 6,
5193

Received 14th May 2024
Accepted 27th August 2024

DOI: 10.1039/d4na00404c

rsc.li/nanoscale-advances

© 2024 The Author(s). Published by
activity of a novel surfactin-based
lipopeptide for mRNA delivery†

Mohammed S. Alqahtani, *ab Rabbani Syed,ab Ali S. Alqahtani,c Omer M. Almarfadi,c

Monzurul A. Ronid and Satya S. Sadhue

The effective delivery of messenger ribonucleic acid (mRNA) to specific cell types and target tissues poses

a significant challenge in nonviral therapeutic strategies. Lipid-based nanoparticles (LNPs) have emerged as

a leading carrier system for delivering mRNA, particularly for infectious diseases, such as COVID-19. This

study aimed to describe the synthesis of a novel lipopeptide based on surfactin, a naturally occurring

surfactant. Additionally, a series of novel LNPs were rationally designed, based on the modified surfactin,

OleSurf, and were formulated and optimized. The physicochemical properties, morphologies, and

stabilities of the particles were evaluated. All formulations containing OleSurf produced particles with

a diameter <80 nm and an encapsulation efficiency >95%. OleSurf LNPs demonstrated excellent

transfection efficiency and luciferase expression with no cytotoxicity, compared to lipofectamine 2000,

a known transfection reagent, and were comparable to the DLin-MC3-DMA lipid. OleSurf-based LNPs

behaved as efficient mRNA carriers and showed enhanced mRNA-binding capabilities, associated with

facilitated intracellular release, endosomal escape, and protection from endonuclease degradation. In

addition, OleSurf-LNPs showed a higher mRNA delivery efficiency, a more advantageous biodistribution

pattern, and an improved safety profile in vivo. Overall, the novel OleSurf LNPs presented an optimal

delivery platform for mRNA therapeutics.
1. Introduction

Lipid nanoparticles (LNPs) have emerged as highly attractive
systems for delivering nucleic acid-based drugs.1,2 Historically,
cationic liposomes, such as those based on DOTAP and
DOTMA, were among the earliest synthetic systems used for
nucleic acid delivery. Over time, formulations evolved with the
addition of PEGylated lipids and the replacement of traditional
cationic lipids with ionizable lipids. New formulations incor-
porating ionizable lipids, such as Dlin-MC3-DMA, have
demonstrated the ability to form lipid nanoparticles (LNPs) that
increase mRNA concentration within the particles. Ionizable
lipid nanoparticles (iLNPs) typically feature a tertiary amine
group that remains uncharged at neutral pH but becomes
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positively charged at lower pH levels, enhancing endosomal
escape. These iLNPs are crucial for encapsulating nucleic acids
and disrupting endosomal membranes, which facilitates the
release of nucleic acids into the cytosol. Additionally, iLNPsmay
promote endosomal uptake through interactions with nega-
tively charged cell membranes or plasma proteins that aid in
cellular uptake.3 Messenger RNA (mRNA) technology holds
signicant promise in therapeutic applications.4 However, its
molecule, which is relatively large with a length typically
ranging from 500 to 5000 nucleotides and carries a negative
charge, relies on a delivery vehicle to ensure effective cellular
uptake and protection against degradation.5 An example of an
FDA-approved RNA-based therapy is Onpattro (Patisiran), an
LNP-based small-interfering RNA (siRNA) treatment for hered-
itary transthyretin amyloidosis (hATTR).6 The main lipid in this
LNP was DLin-MC3-DMA [(6Z,9Z,28Z,31Z)-heptatriacont-
6,9,28,31-tetraene-19-yl 4-(dimethylamino)butanoate], which is
oen referred to as MC3. It consists of a dilinoleic acid tail and
an ester linker group, making it effective for silencing genes in
the liver.7 Additionally, some RNA-based therapeutics have been
developed for coronavirus disease 2019 (ref. 8) vaccines, further
demonstrating their safety and effectiveness.8 Given the
inherent instability of mRNA in vivo and its inability to
permeate cell membranes, effective delivery systems are critical
to ensure that mRNA reaches the cytoplasm, where it can
perform its therapeutic functions.9 To enhance mRNA delivery
Nanoscale Adv., 2024, 6, 5193–5206 | 5193
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efficiency, extensive research has been conducted to screen
various lipids and rene their properties to further improve
their efficiency.3,10 The general structure of lipids can be divided
into two main components, namely the head group and the
tails. Lipid head groups usually carry positive charges and are
primarily composed of amine moieties. The positive charge
results in pH-dependent ionization, facilitating endosomal
escape. The size and charge density of the headgroups play
crucial roles in capturing nucleic acids, providing stability to
the lipid nanoparticles (LNPs), and interacting with the cell
membrane. Moreover, to reduce accumulation and long-term
toxicity, lipids should be readily degraded into nontoxic
metabolites aer successful intracellular delivery, which is
especially crucial for mRNA therapeutics that require repeated
dosing.11

Over the past 25 years, studies have extensively explored the
capacity of numerous cationic lipids to bind mRNA and facili-
tate its delivery in both cells (in vitro) and in animal models (in
vivo).12 Initial attempts to use conventional liposomes were
hindered by the limited binding between mRNA and neutral or
negatively charged liposomes.13 However, subsequent investi-
gations revealed that the utilization of cationic lipids could
signicantly improve the rates of association and delivery.13

While the ultimate objective of these investigations is to develop
pharmaceutical agents capable of delivering therapeutic mRNA,
the initial screening process for identifying promising cationic
agents typically occurs via cell culture.3 Consequently, in vitro
transfection rates serve as a measure of the delivery efficiency of
experimental formulations, and majority of published studies
rely solely on cultured cells to evaluate the potential of novel
cationic agents for intracellular delivery.14 In addition to the cell
type utilized in these studies, factors such as mixing conditions,
charge ratio, particle size, zeta potential, and the presence of
serum have been widely acknowledged to have a signicant
impact on the observed transfection rates in such experiments.
Previously, mRNA had been formulated using various cationic
delivery platforms. Several studies have emphasized the
importance of cationic lipids in mRNA transfection.15 The
primary advantage of using cationic lipids to complex with
anionic RNAmolecules is the enhancement of cellular uptake.16

The effectiveness of lipid nanoparticles (LNPs) is due to the
synergistic roles of their main components. Helper phospho-
lipids (such as DSPC, DOPE, and DOPC) enhance the stability of
the LNP bilayer, which helps prevent leakage of the nucleic acid
cargo and facilitates membrane fusion for efficient cellular
uptake. Cholesterol, a steroid component, modies the uidity
and permeability of the bilayer, stabilizing the lipid structure by
lling gaps and promoting tighter packing of the lipids. Addi-
tionally, the PEG lipid conjugate is crucial for reducing LNP
size, protecting them from rapid clearance by the reticuloen-
dothelial system, and preventing protein adsorption.3,17

Collectively, these components make LNPs highly effective as
delivery vehicles for vaccines and other therapeutics, especially
in large-scale production.18

Biomimetic and bioinspired nanomaterials, such as
lipopeptide-based nanoparticles, have gained signicant
attention in recent years, particularly in the eld of drug
5194 | Nanoscale Adv., 2024, 6, 5193–5206
delivery.19 Lipopeptides exhibit characteristics of both lipids
and peptides. They have biological functions, including target-
ing effects, and leverage lipid properties, such as hydrophobic
interactions.20 Lipopeptides constitute a distinct category of
a highly potent biosurfactant. These bioactive secondary
metabolites have remarkable therapeutic and biotechnological
attributes.21 Surfactin, a prominent member of the antimicro-
bial lipopeptide family, is produced by B. subtilis strain.22 It is
a cyclic lipopeptide with amphipathic properties, having
a molecular weight of 1036 Da.21 It is chemically dened as
a heptapeptide interlinked with a b-hydroxy fatty acid. Owing to
its amphipathic nature, surfactin demonstrates a broad spec-
trum of interactions with the phospholipid bilayer of the target
cell and holds promise in various medical applications.21 Sur-
factin can destabilize cell membranes and compromise their
structure through a range of theoretical mechanisms; it has the
potential to integrate into lipid bilayers and alter membrane
permeability through ion channel formation, phospholipid
solubilization, and micelle formation.23 Furthermore, surfactin
can spontaneously inltrate lipid membranes through hydro-
phobic interactions, leading to changes in the arrangement of
hydrocarbon structures and membrane thickness.24 In addition
to its antifungal and antibacterial effects, surfactin can hinder
brin clot formation, trigger the creation of ion channels in
lipid bilayer membranes, inhibit cyclic adenosine mono-
phosphate activity, prevent platelet aggregation, and display
antiviral and antitumor properties.25 Additionally, surfactin has
been used in pharmaceutical formulations to improve the
delivery of therapeutic agents.26 Previous studies on mRNA-
LNPs had emphasized the importance of developing new
cationic lipids for mRNA transfection. Signicant disadvan-
tages associated with the frequently used cationic lipids for
mRNA delivery include their restricted electrostatic interaction
with mRNA, owing to the presence of a single quaternary
ammonium head group (in contrast to structures containing
multiple amine functionalities), activation of the innate
immune system leading to undesirable side effects, and unfa-
vorable biodistribution resulting from plasma protein binding
and non-specic tissue distribution.27 Ultimately, these factors
contribute to a relatively limited therapeutic window. The
purpose of this study was to synthesize a novel modied sur-
factin (OleSurf) as a primary component of lipid nanoparticles
(LNPs). To establish correlations for the LNP performance, we
conducted a comparative analysis of OleSurf LNPs. We assessed
their effectiveness in transfecting cell lines in vitro, observed
their cellular uptake, and evaluated their expression in vivo.

2. Materials and methods
2.1. Materials

Surfactin was purchased from TargetMol (Boston, MA, USA).
Lipofectamine 2000 (LP 2000) was from Invitrogen (CA, USA).
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) was ob-
tained from Avanti Polar Lipids (Birmingham, AL, USA).
Cholesterol was obtained from MP Biomedicals (Santa Ana, CA,
USA). 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000 (DMG-PEG) was purchased from NOF America
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Corporation (White Plains, NY, USA). Pierce D-Luciferin, Slide-A-
Lyzer™MINI Dialysis Device (MWCO, 10 kDa), RNAse-free, and
Quanti-iT Ribogreen RNA reagent were purchased from Thermo
Fisher Scientic (Waltham, MA, USA). Firey luciferase (Fluc)
mRNA was purchased from TriLink BioTechnologies (San
Diego, CA, USA). Firey-luciferase mRNA labeled with the u-
orophore Cy5 was purchased from APExBIO (Houston, TX, USA).
Microuidic cartridges for the NanoAssemblr were purchased
from Precision Nanosystems. The ONE-Glo Luciferase Assay Kit
was purchased from Promega. Dulbecco's modied Eagle
medium (DMEM), fetal bovine serum (FBS), Dlin-MC3-DMA
(MC3), sodium hydroxide, citric acid, sodium citrate, and
oleylamine were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Hoechst 33 342 and LysoBrite Green was purchased from
Thermo Fisher Scientic (Cleveland, OH, USA). PAS-Green Stain
kit was from Agilent Technologies (Santa Clara, CA, USA). All the
other chemicals were of reagent grade.

2.2. Synthesis and characterisation of lipopeptide
conjugates

Oleylamine was used to modify surfactin via amidation reac-
tions, following a previously reported method with some
modications, and its structure was conrmed by 1H NMR and
mass spectrometry.28 Briey, 20mg (0.02mmol) of surfactin was
dissolved in methanol and 0.25 g (2 mmol) of oleylamine was
mixed with it. Aer adjusting the pH to 8.0 with 2 M NaOH,
10 mL of dichloromethane (DCM) was added to start the reac-
tion under a nitrogen atmosphere. The reaction mixture was
stirred at 25 °C for 24 h. Finally, the reaction mixture was
concentrated in an evaporator and puried with silica column
chromatography (DCM/MeOH 10 : 1 v/v). A yellow oil was ob-
tained, which was sealed and stored at 4 °C until further use.
1H-NMR spectra were recorded on a Bruker 300 MHz spec-
trometer using tetramethylsilane (TMS) as the internal stan-
dard, with its residual 1H resonance calibrated at 2.14 ppm.
Mass spectra were measured using an AVANT UHPLC system
equipped with an Advion expression® S compact mass spec-
trometer (Advion, Ithaca, NY, USA). OleSurf analysis was per-
formed on this system using a Thermo C18 + UHPLC Column
(1.6 mm, 100 × 2.1 mm) at a ow rate of 200 mL min−1. The
mobile phases consisted of 5 mM ammonium acetate in water
(phase A) and 5 mM ammonium acetate in acetonitrile/water
(95/5, v/v) (phase B), with a ow rate of 0.3 mL min−1. Sample
elution began with 70% buffer B, followed by a linear gradient
to 100% buffer B over 30 minutes. The injection volume of the
sample extract was 20 mL. The analysis wasmonitored at 210 nm
and in negative-ion mode over the m/z range from 500 to 1200.

2.3. Lipid nanoparticle (LNP) formulation and
characterization

LNPs were formulated via microuidic mixing using a previ-
ously described method with some modications.29 Briey, one
part of the organic phase was mixed with three parts of the
aqueous phase containing mRNA using a microuidic mixing
chip with etched channel depths of 125 mm and a hydrophilic
coating (Dolomite Microuidics, England, UK). The chip
© 2024 The Author(s). Published by the Royal Society of Chemistry
features three inlets that converge for immediate mixing, where
the aqueous phase containing RNA enters from each side, and
the organic phase containing the lipid mixture enters through
the center channel. Lipid mixtures were prepared at a total lipid
concentration of 1 mM in 200-proof ethanol (Fisher Biore-
agents, Pennsylvania, USA) using a molar ratio of 50, 15, 30, and
2 for cationic lipids, DSPC, DMG-PEG, and cholesterol, respec-
tively. The aqueous phase, composed of mRNA in 100 mM
citrate buffer at pH 4, was combined with the lipid solution at
a weight ratio of 60 : 1 for ionizable lipid to RNA. Before mixing,
the lipid solution was heated to 60 °C for oneminute and briey
sonicated to ensure uniform solubilization of the lipid compo-
nents. As the sample exits the microuidic outlet, it is imme-
diately diluted in 1 mL of phosphate-buffered saline (0.01 M
PBS, pH 7.4) and kept in ice. The mRNA-LNPs were puried
using a 10 kDa Slide-A-Lyzer™ dialysis cassette (Millipore
Sigma, Billerica, MA). The cassettes containing the mRNA-LNPs
were le in 1.0 Liter beaker containing 1× PBS, and dialyzed for
a minimum of 12 h. Aer dialysis, the cassettes containing the
mRNA-LNPs were kept in a sterile biosafety cabinet and the
mRNA-LNPs were removed using a syringe with a needle.
Finally, the formulation was further puried using Amicon ultra
centrifugal lters (10 kDa, 3000 g, 60 min) and stored at 4 °C.
The hydrodynamic radius (nm) and polydispersity index (PDI)
of the LNPs were assessed via dynamic light scattering using
a Malvern Zetasizer-S 3600 (Malvern Instruments Inc., South-
borough, MA, USA). Each sample was measured in triplicate,
and the results are expressed as mean ± SD. The efficiency of
mRNA encapsulation was determined using a modied version
of the Quant-iT RiboGreen RNA reagent, as previously re-
ported.30 Encapsulation efficiency was expressed as % mean of
three experiments (±SD).

2.4. Cryo-transmission electron microscopy (cryo-TEM)

Cryo-TEM was performed at 300 kV using the FEI Titan Krios
(Thermo Fisher Scientic) equipped with Falcon III and K3
cameras with DED. Three to ve microliters of the sample were
dispensed on a plasma-cleaned grid (Quantifoil TEM grids) in
a Vitrobot chamber and allowed to incubate for 50 s. The
chamber was set to 100% humidity at 4 °C. Next, the sample was
blotted for 4.5 s and plunged into a propane–ethane mixture
(40% ethane and 60% propane) cooled in liquid nitrogen.
Subsequently, the frozen grids were observed for defects and
were stored in liquid nitrogen. Transmission electron micros-
copy (JEM-F200 TEM, USA) was used to detect the morphology
of the mRNA-encapsulated LNPs. The images obtained were
analyzed using ImageJ soware (National Institutes of Health,
Bethesda, MD, USA).

2.5. Cell culture

HeLa and HepG2 cell lines were obtained from the American
Type Culture Collection (ATCC) (Rockville, MD, USA). Cells were
cultured in DMEM supplemented with 10% FBS, 100 mg per mL
streptomycin, and 100 U permL penicillin. The cells were grown
in a humidied atmosphere and controlled temperature at 37 °
C with 5% CO2. Cells at the exponential growth stage were
Nanoscale Adv., 2024, 6, 5193–5206 | 5195
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harvested using 0.25% trypsin–EDTA treatment. In every
experiment, the passage number of cells was considered, and
aer passage 10, the cells were no longer used.

2.6. In vitro transfection efficiency

Transfection was performed as described previously.31 Approx-
imately 6000 HeLa cells were seeded in each well of a white-wall
clear bottom 96 well plate in 100 mL of complete cell culture
medium (DMEM supplemented with 10% fetal bovine serum
and 1% penicillin–streptomycin). The cells were allowed to
adhere overnight in a controlled CO2 incubator at 37 °C and 5%
CO2 to ensure approximately 80% conuent cultures. Trans-
fection was carried out using lipofectamine 2000, following the
manufacturer's instructions. The LNP formulations encapsu-
lating rey luciferase-(Fluc mRNA) were diluted in complete
cell culture medium so that the total dose was delivered in 100
mL. Briey, the medium was removed from each well on the day
of experiment. The cells were treated with mRNA-LNPs, diluted
in complete cell culture medium at the desired doses or in
complete medium (control). Thereaer, the 96 well plate con-
taining the treated cells was placed in a controlled CO2 incu-
bator for 24 h. The transfection efficiency was calculated using
a luciferase assay. The 1× cell lysis buffer and luciferase reagent
were prepared according to the manufacturer's instructions.
The 96 well plate containing the cells was removed from the
incubator and placed in a biosafety cabinet. Finally, 25 mL of the
prepared luciferase assay reagent was added to each well. The
plate was placed on a Tecan plate reader to measure the
bioluminescence signal in each well. Normalized luciferase
expression was quantied by subtracting the bioluminescence
values from the untreated or transfected cells without rey
luciferase-encoding mRNA cargo.

2.7. Cellular uptake and endosomal escape imaging

For endosomal escape studies, cells were seeded in confocal
dishes at a density of 1 × 105 cells and transfected with LNP
formulations encapsulating rey luciferase (Fluc) mRNA. The
cells were then incubated for 0.5, 2, and 4 hours. Next, the
treated cells were xed in 4% paraformaldehyde and washed
with phosphate-buffered saline (PBS). The cells were then
washed thrice with buffer (10× PBS) and incubated for 45 min
with LysoBrite Green and Hoechst-33258 for nuclear staining.
Subsequently, the cells were washed, and stored in buffer (PBS)
until used for imaging. Cells were imaged at ×20 magnication
and the uorescence signals of these cells were analyzed using
CLSM (Lecia TCS SP8, Germany).

2.8. In vivo bioluminescence imaging of LNP

All animal procedures were approved by the Animal Care and
Use Committee of the King Saud University and performed
according to the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. Female BALB/c mice (6–8
weeks old) were obtained from Charles River Laboratories
(Wilmington, MA, USA). The mRNA-LNP solution was diluted
with sterile 1× PBS before in vivo administration. Randomized
mice received tail injections of 100 mL of luciferase LNPs at
5196 | Nanoscale Adv., 2024, 6, 5193–5206
a dose of 0.15 mg kg−1. For in vivo imaging, a stock solution of
15 mg per mL D-luciferin potassium salt in sterile 1× PBS was
prepared; 9 hours post injection, mice were injected with 200 mL
of D-luciferin intraperitoneally. Before imaging, the mice were
anesthetized in a chamber with an oxygen owrate of 2.0
L min−1 and 2.5% isourane. The luciferase signal was allowed
to stabilize for 15 min before imaging the treated mice. The
mice were imaged using an IVIS Spectrum optical imager (Per-
kinElmer, MA, USA) at an exposure time of 30 s to obtain a full
bioluminescence image. Moreover, bioluminescence of organs
(kidneys, liver, spleen, heart, and lungs) was obtained at 24 h
and was quantied as average radiance (p s−1 cm−2 sr−1).
Histopathological study was performed to determine acute liver
toxicity. Blood samples were collected 24 h post-injection and
sent for biochemical analysis using a Cobas 6000 (Roche Diag-
nostics, IN, USA). Liver tissue samples were collected and placed
in paraffin aer being xed in 4% paraformaldehyde, and
glacial acetic acid. 5 mm sections of paraffin-embedded tissues
were prepared and stained by Periodic Acid-Schiff (PAS)
according to manufacturer's instructions. The area of PAS
staining was quantied and carbon tetrachloride (CCl4) was
used as a positive control.32
2.9. Data analysis

All experiments were performed in triplicate, and the results are
expressed as mean ± SD. One-way ANOVA (GraphPad Soware,
La Jolla, CA, USA) was used to compare the effects across
different groups, and the results were considered signicant at
p < 0.05.
3. Results and discussion
3.1. Synthesis and preparation of OleSurf LNPs

Surfactin, a cyclic lipopeptide composed of ve hydrophobic
amino acids and two hydroxy fatty acids, exhibits a slightly
negative overall charge due to the carboxyl groups present in
aspartic acid and glutamic acid. OleSurf was synthesized as the
primary component of lipid nanoparticles (LNPs), achieving
a net yield of 1.8 g (72%). The synthesis involved an amidation
reaction to conjugate oleylamine with the surfactin acidic
amino acids (Fig. 1). Mass spectrometric analysis conrmed the
successful synthesis of OleSurf, with a molecular weight
consistent with theoretical calculations (Fig. 2). The synthesized
OleSurf samples were acidied, and the resulting precipitates
were extracted with methanol. These extracts were analyzed by
UHPLC/MS. High-resolution mass spectrometry (HRMS) with
electrospray ionization (ESI) provided detailed characterization.
Surfactin (C53H93N7O13) was detected with principal m/z values
of 994.6, 1008.5, 1022.0, and 1036.7, indicating various fatty
acid length polymorphisms, with retention times of 17.3, 18.7,
and 17.8 minutes. OleSurf (C89H163N9O11) showed a calculated
m/z of 1535, which was conrmed as 1535.2. 1H-NMR spectra for
surfactins and OleSurf in their ionized forms are shown in
(Fig. 3). The spectra reveal three main regions: amide proton
resonances (6.5–10 ppm), a-carbon protons (3.5–5.5 ppm), and
side-chain protons (0.25–3.0 ppm). Residual water appears at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of modified surfactin (OleSurf) via amidation reaction.
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3.54 ppm. The spectra are sufficiently resolved to display amide
proton splittings with coupling constants ranging from 7.0 Hz
to 8.2 Hz. Signicant differences in relative intensities and
chemical shis are observed in the amide-proton regions, with
the presence of some minor impurities also noted. Several
Fig. 2 High-resolution mass spectrometry (HRMS) ESI of (A) surfactin (C
1036.7 (B) OleSurf (C89H163N9O11) calc. 1535 found 1535.2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
studies have indicated that esterication or amidation of the
two carboxylic acids of surfactin can result in new derivatives
with unique biological and interfacial activities.28,33 In this
study, we hypothesized that amidation of aspartic and glutamic
acids would eliminate the negative charge of these residues,
53H93N7O13) showing the main m/z (M + H) at 994.6, 1008.5, 1022 and
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Fig. 3 1H nuclear magnetic resonance (NMR) spectrum of (A) surfactin (B) Olesurf.
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thereby increasing the contribution of the cationic backbone of
surfactin to mRNA complexation. The major drawback of the
commonly used cationic lipids is their limited electrostatic
interaction with mRNA owing to the presence of a single
5198 | Nanoscale Adv., 2024, 6, 5193–5206
quaternary ammonium head group.27 However, the surfactin
structure contains multiple amine functionalities and had
previously been reported to bind RNA.34 Furthermore, incor-
porating oleylamine lipid chains in addition to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical characterization of LNPsa

Sample ID Average particle size (nm) Polydispersity index (PDI) Zeta potential37 Encapsulation efficiency (%)

LP2000 227.12 � 11.05 0.218 � 0.103 −2.05 � 1.4 88.38 � 4.8
MC3 71.61 � 5.52 0.074 � 0.029 +5.14 � 1.6 92.35 � 2.1
OleSurf 84.91 � 6.24 0.102 � 0.025 +1.3 � 0.7 90.51 � 3.7

a Data are shown as mean ± SD of three independent experiments.
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predominantly hydrophobic amino acid residues facilitates the
complexation. Previous reports had indicated that including
unsaturated fatty acids as lipid tails leads to an increased
delivery efficiency of LNP formulations.35 This is potentially due
to their lower transition temperatures and their ability to
enhance membrane uidity.36 Indeed, the overall zeta potential
of OleSurf LNPs was increased and mRNA encapsulation effi-
ciency was 90.5% with mRNA concentration of 43.25 ng mL−1,
which is comparable to that of the common lipid D-Lin-MC3-
DMA (MC3). When formulated in LNPs, OleSurf resulted in
85 nm particles having low polydispersity with a slightly positive
zeta potential (Table 1). The cryo-TEM image revealed the
Fig. 4 Physicochemical characterization of mRNA OleSurf LNPs. (A) Hy
scattering (DLS). (B) Representative cryoTEM images.

© 2024 The Author(s). Published by the Royal Society of Chemistry
presence of bleb structures, and these ndings, in conjunction
with the results from Dynamic Light Scattering (DLS), indicated
colloidal stability (Fig. 4). The physicochemical characteristics
of LNPs, such as the particle diameter, polydispersity index
(PDI), and surface charge (zeta potential), play a signicant role
in determining their biological effectiveness.38 Previous studies
had highlighted the substantial impact of these physicochem-
ical characteristics on the overall success of LNPs in gene
delivery.39 Since LNPs can undergo changes in their particle
properties over time, during storage, potentially affecting their
biological performance, we conducted measurements to track
changes in particle size and zeta potential over a seven-day
drodynamic size measurements and size distribution by dynamic light

Nanoscale Adv., 2024, 6, 5193–5206 | 5199
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Fig. 5 In vitro LNP-mediated luciferase mRNA transfection. (A) Normalized luciferase expression is reported in two different cell lines, HeLa cells
and HepG2 cells, using two differentmRNA concentrations (50 ng & 100 ngmL−1) with three formulations, and is presented asmean± SD (n= 4).
(B) Cell viability in HepG2 cells after 24 hours for each treatment condition, including either naked mRNA in PBS or mRNA-LNP formulations at
different mRNA concentrations (12–100 ng mL−1), is reported as mean ± SD (n = 4). Phosphate-buffered saline (PBS), surfactin (Surf), D-Lin-
MC3-DMA (MC3), lipofectamine 2000 (LP2000).
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period while keeping the samples refrigerated. Remarkably, no
noticeable difference in size, PDI, charge or encapsulation
efficiency (EE%) was observed during storage (Table S1†). In the
context of LNP-based mRNA formulations, future efforts may be
directed towards improving the stability of lipids to prevent
mRNA leakage, particularly in the bloodstream following
administration.40 Gaining insights from current research that
focuses on developing cationic lipids to precisely adjust their
surface charge, it is benecial to explore potential modications
in other LNP constituents, including cholesterol, helper lipids,
and PEG. These adjustments can help modify the structure of
the LNP shell, leading to enhancements in both colloidal and
mRNA stability.35,41
3.2. Cellular transfection efficiency

This study was performed using two different cell lines, HeLa
and HepG2, which are oen used for in vitro transfection
studies.40 Luciferase expression was evaluated in vitro as
a measure of the functional mRNA expression. Lipofectamine is
commonly regarded as a benchmark transfection agent for
delivering nucleic acids in vitro.42 Furthermore, as the gold
standard, OleSurf LNPs were compared with LNPs containing
5200 | Nanoscale Adv., 2024, 6, 5193–5206
the FDA-approved lipid D-Lin-MC3-DMA (MC3 LNPs) while
encapsulating the same Fluc mRNA components.43,44 LNPs or
lipofectamine 2000 (LP2000) were used to treat the cells with
either 50 or 100 ng of luciferase mRNA per 6000 cells. OleSurf
LNPs exhibited signicantly higher luciferase expression than
lipofectamine, with an approximately three-fold increase in
transfection efficiency (Fig. 5A). Moreover, the trends observed
in the transfection with 50 ng of mRNA were also observed at
higher doses (100 ng), indicating better transfection and a lack
of cytotoxicity. Additionally, cell viability was evaluated 24 h
aer treatment with different concentrations of Fluc mRNA,
and none of the OleSurf LNPs showed a signicant decrease in
cell viability compared to MC3 LNPs (Fig. 5B). However, we
noticed that LP2000 induced cytotoxicity in HepG2 cells,
resulting in only 65–70% viability aer transfection.

Intracellular localization of mRNA is an important factor in
successful gene therapy.45 Moreover, cationic lipids in LNPs play
a key role in their intracellular uptake and delivery.40 Typically,
hydrolytic enzymes and the acidic environment in lysosomes
can degrade both the carrier and the mRNA within. Therefore,
endosomal escape prior to mRNA degradation is a critical step
for the success of mRNA therapy.41 Within the endosome, LNPs
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00404c


Fig. 6 OleSurf LNP-mediated endosomal escape and cytosolic release of Cy5mRNA in two different cell lines: HeLa cells (right) and HepG2 cells
(left) after 4 hours of incubation. The figure shows DAPI staining of the nucleus in blue, the red signal emitted by Cy5 mRNA, and the green signal
originating from the endosomes. The merged images display the overlay of the red and green signals to illustrate the localization and release of
Cy5 mRNA.
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can undergo protonation, leading to the fusion of their
membrane lipids with the anionic lipids present there. Conse-
quently, their mRNA cargo is released into the cytosol.40,46 We
studied the uptake and endosomal escape of OleSurf LNPs
loaded with Cy5mRNA in two different cell lines (Fig. 6). Results
showed that the intracellular uptake of Cy5 mRNA-loaded Ole-
Surf LNPs can be seen as red uorescence around the cell
© 2024 The Author(s). Published by the Royal Society of Chemistry
nucleus. Furthermore, aer 4 h of incubation, most of the green
signal originating from the endosomes did not overlap with the
red signal emitted by the Cy5 mRNA, indicating that OleSurf
LNPs effectively facilitated the release of mRNA into the cytosol.
This observation supported those reported in previous studies,
together implying that LNPs deliver mRNAs and release them
inside the cells.46,47
Nanoscale Adv., 2024, 6, 5193–5206 | 5201
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Fig. 7 BALB/c mice treated with firefly luciferase MC3, OleSurf LNPs or control (naked mRNA). In this work, 2 mg of total Luc-mRNA LNP in 100
mL dose was administered to the mice via the lateral tail vein. (A) Whole-body bioluminescence of the mice was measured using the in vivo
imaging system (IVIS) 9 h post administration. The IVIS Spectrum Living Image software was used to analyze and acquire the whole-body images
(n= 3). (B) A representative bioluminescent image of isolated organs (from right to left: spleen, kidneys, heart, lung, and liver) showing a localized
luciferase expression in the liver. (C) Quantitative analysis of luminescence was recorded 9 h after i.v. injection (n = 3).
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3.3. In vivo mRNA delivery

Given the signicant in vitro transfection efficiency of OleSurf
LNPs, we designed and performed a more detailed in vivo
imaging study. MC3 has gained remarkable popularity as an
ionizable cationic lipid used in the formulation of LNPs,
thereby facilitating mRNA delivery.48 However, achieving high
mRNA delivery effectiveness and incorporating biodegradable
properties into LNPs are challenging.49 We compared our Ole-
Surf LNPs with the LNPs composed of MC3 lipids, which are
commonly used for targeting liver, because previous studies
5202 | Nanoscale Adv., 2024, 6, 5193–5206
had demonstrated that aer systemic administration, LNPs
primarily target hepatocytes and accumulate in the liver.7,50 A
frequently observed uptake mechanism for LNPs involves their
binding to plasma proteins, leading to opsonization and
subsequent scavenger receptor-mediated uptake into hepatic
Kupffer cells and the sinusoidal endothelium.51

Lipopeptides offer distinct advantages, particularly for
biodegradability and multifunctionality.52 Biodegradable lip-
opeptides offer the advantage of rapid clearance from plasma,
enhancing their tolerability and safety prole.53 Beyond their
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Evaluation of liver toxicology in mice 24 hours post injection of
different LNPs doses (A) serum profile analysis of alanine amino-
transferase (ALT) levels. (B) Serum profile analysis of aspartate
aminotransferase57 levels. (C & D) Representative periodic acid-Schiff
(PAS) stained liver sections of BALB/c mice after intravenous injection
of OleSurf LNP at a dose of 0.15 mg kg−1 at 40× and 100× magnifi-
cation respectively. (E) Quantification of PAS in the hepatic tissues after
treatment of carbon tetrachloride (CCl4), phosphate-buffered saline
(PBS), and OleSurf LNPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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role as delivery components, lipopeptides may also exhibit
therapeutic effects that work in synergy with mRNA-encoded
proteins.54 Recent studies have demonstrated the successful
delivery of cholesterol-modied siRNAs using lipopeptide-
based materials.55 Amino acids and peptides are intrinsic
constituents of apolipoproteins, and several studies have
explored the potential of amino acid derivatives in mRNA
delivery.10 To the best of our knowledge, none of these systems
demonstrated strengths or selectivities comparable to those of
conventional lipids. In our study, we observed notable lumi-
nescence throughout the entire animal group, particularly in
the liver (Fig. 7A and B). This observation indicates the
expression of luciferase mRNA loaded into OleSurf LNPs within
the liver and no off-target luciferase expression aer IV
administration. Moreover, no signicant difference was
observed between MC3 based LNPs and OleSurf LNPs (Fig. 7C).
This phenomenon had been reported previously, where LNPs
designed for liver targeting were bound to apolipoprotein E
(ApoE) in the bloodstream, leading to the uptake of lipoproteins
by liver hepatocytes through receptor-mediated endocytosis
facilitated by the low-density lipoprotein receptor (LDL-R).50,56

Safety is a crucial consideration before translating LNPs into
the clinical stage.40,43 We evaluated whether the OleSurf-based
LNPs demonstrated biocompatibility in vivo. We assessed liver
toxicity at different doses of OleSurf LNPs. To evaluate liver
toxicity, we examined enzyme markers, such as alanine trans-
aminase (ALT) and aspartate aminotransferase57 in the blood-
stream, supported by histological analysis. Typically, these
enzymes exist in the bloodstream at minimal concentrations,
but their levels rise in response to liver damage.58 Following
OleSurf LNPs treatment, there was a negligible elevation in liver
enzymes at any dose relative to the control, and the enzyme
levels remained within the normal range across all treatment
groups (Fig. 8A and B). Additionally, histological assessment of
the liver samples did not reveal any sign of necrosis, signicant
bleeding, or other morphological alterations. The utilization of
periodic acid-Schiff (PAS) staining revealed the typical histology
of hepatocytes and hepatic cords, with the cytoplasm of the
majority of hepatocytes displaying a distinct staining pattern
following the administration of OleSurf LNPs (Fig. 8C). PAS
staining has previously proven to be a reliable method for
assessing the differentiation of cells into fully functioning
hepatocytes and for evaluating acute hepatotoxicity.59 Following
the treatment of OleSurf LNPs, we did not observe any pale
patches indicative of glycogen depletion within the parenchyma
(Fig. 8D and E). To enhance the relevance of our results, we
compared the toxicity of OleSurf LNPs to that of MC3 LNPs as
reported in the literature.57 Studies have shown that MC3 LNPs,
similar to ALC-0315 LNPs, are effective in delivering RNA to
hepatocytes and hepatic stellate cells (HSCs). However, MC3
LNPs exhibit different toxicity proles compared to ALC-0315.
For instance, ALC-0315 LNPs, at high doses, have been associ-
ated with increased liver toxicity markers such as ALT. In
contrast, MC3 LNPs do not show such effects at similar doses.
The observed differences are attributed to variations in lipid
structures affecting endosomal escape and liver cell interaction.
Specically, ALC-0315's more pronounced cone-shaped
Nanoscale Adv., 2024, 6, 5193–5206 | 5203
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structure enhances endosomal escape but may contribute to
higher hepatotoxicity compared to MC3 LNPs. Collectively, the
ndings indicated that OleSurf LNPs did not induce liver
toxicity and have a safety prole similar to that of MC3 LNPs.
Nevertheless, conducting long-term toxicity assessments for
LNPs is crucial, especially for their frequent use in chronic
disease treatment, and future studies are essential to evaluate
their long-term safety. Overall, our study conrmed that the
LNPs are both safe and effective for mRNA delivery. In future
perspective, the approach to formulating OleSurf LNPs will
align closely with the central objectives of advanced drug
delivery. This involves custom-tailoring the formulation
method to encapsulate various macromolecules and a dedi-
cated exploration of other administration routes.
4. Conclusions

In summary, we developed a novel LNP platform, based on
OleSurf, for mRNA delivery. OleSurf facilitated the efficient
encapsulation of mRNA and its transfection in vitro. In addition,
OleSurf LNPs protected mRNAmolecules from degradation and
facilitated their cellular uptake and release into the cytosol. Our
study demonstrated that OleSurf LNPs have comparable activity
to the clinically approved MC3 LNPs in delivering mRNA.
Moreover, LNPs were found to be safe and non-toxic. Overall,
the results of this study demonstrated the signicant potential
of OleSurf LNPs as a highly efficacious delivery system for
mRNA-based therapeutics.
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