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Inefficient endosomal escape has been regarded as the main bottleneck for intracellular nucleic acid
delivery. While most research efforts have been spent on designing various nano-sized particles, we
took a different path here, investigating micron-sized carriers for direct cytosol entry. Using the
spontaneous co-assembly of mMRNA and the designer 27 amino acid oligopeptide named pepMAX2,
micron-sized co-assemblies were obtained with various sizes by altering the concentration of NaCl salt
and time for pre-incubation. Surprisingly, transfection was much more effective using micron-sized than
nano-sized co-assemblies, and the efficiency surpasses that of a widely used lipid-based commercial
reagent. The study was complemented by computational simulations, inhibitor studies and live-cell
confocal imaging to shed light on the role of electrostatic interaction on assembly and the mechanism
of uptake and intracellular trafficking. These micron-sized co-assemblies directly enter the cytosol and
then release mMRNA, bypassing conventional pathways and thus avoiding the lysosomal degradation. This
simple approach involving short oligopeptides and salt addition to create optimal micron-sized co-

assembly with mRNA should open new avenues to overcome endosomal barriers for intracellular
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Introduction

Messenger RNA (mRNA) serves as a template for protein
synthesis. This feature promotes a variety of biomedical
applications, such as the vaccines by Pfizer/BioNTech' and
Moderna® to combat the COVID-19 pandemic.® Other applica-
tions, such as protein replacement or augmentation, would
expand the scope of pharmacy beyond conventional treat-
ments. One key technical challenge lies in delivering intact
and functional mRNA into the cytosol of target cells. For non-
viral vehicles, numerous studies suggested that endosomal
escape is the limiting step of delivery.® Although endosomal
escape has been chemically encoded in these delivery systems
to enhance cytosol delivery, a previous study on lipid-based
carriers showed that only 1-2% of administered nucleic acid
was detected in the cytosol”® and the endosomal escape
efficiency of a pH-responsive polymer, poly(2-diisopropyl-
amino ethyl methacrylate) (PDPAEMA), was less than 2%.’
Besides endocytosis, approaches taking advantage of the non-
endocytic entry mechanisms could be an alternative option to
avoid the endosomal barriers.® Recent studies on a phase-
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delivery of nucleic acid therapeutics.

separated peptide assembly demonstrated its ability to bypass
the classical endocytic pathways to achieve efficient cytosolic
delivery of diverse macromolecules.’ Unlike the conventional
nanoscale carriers typically below 200 nm,® this peptide inter-
acted with the macromolecules to form micron-sized
structures.’® For the delivery of Cas9 protein and sgRNA
delivery, gold particles with a diameter of 500 nm (by TEM)
showed successful cytosol delivery in 90% of treated cells, in
contrast to less than 10% of cells when treated with ~100 nm
particles."" These investigations inspired us to explore micron-
sized structures which might be able to circumvent the classical
endocytic pathways for cell entry.

Compared with the traditional delivery systems, peptides
supported automated synthesis, allowed fast single-step for-
mulation, and exhibited good biocompatibility.*> Inspired by
virus structures, we have developed various peptides capable of
delivering RNA'® or DNA."*""” Although variation and optimiza-
tion existed in these peptide series, general design principles
were followed - a positively changed N-terminal for nucleic acid
binding, a hydrophobic segment to promote self-assembly, and
a flexible linker to connect these two segments. We discovered
that a subtle change in amino acid resulted in dramatic
changes in the peptide self-assembly morphologies and also
its transfection efficiency when co-assembled with nucleic
acids.'® After several rounds of design evolution, we reported
a 27-amino acid peptide sequence, named pepMAX, capable of
co-assembling with mRNA into 100-150 nm nanostructures for
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Fig. 1 The chemical structure of pepMAX2.

efficient transfection of multiple cell lines.'® The percentage of
cells transfected (>80%) was comparable to commercially
available mRNA-specific vectors Lipofectamine™ Messenger-
MAX™ (LipoMMAX).

Our previous sequence modifications only focused on nano-
scaled changes. In this study, we explore whether the perfor-
mance of pepMAX could be further improved, not only by
sequence design but also by manipulating the co-assemblies
of peptide/mRNA, specifically, by changing the size from
nano to micron-scale. The sequence used in this study
is pepMAX2 (PKKKKKVGHHHH-C,,-C'HHC'C'HHC'GSPHHD-
amide) (Fig. 1). PepMAX2 differs from pepMAX only in its
N-terminal with the removal of an Fmoc group. Since peptide
assembly was coordinated by various interactions, we hypothe-
sized that pepMAX2 tended to be more susceptible to altering
charge-charge interactions, as removal of Fmoc resulted in a
reduced proportion of hydrophobic interactions and other
short-distance interactions (such as m-rn). While the assembly
was dependent on various physiochemical factors, such as
peptide concentration, pH, ionic strength, temperature, etc.,"®
the charge-charge interaction between positively charged
peptides and mRNA would play a crucial role in regulating
the co-assembling process by electrically screening ionic
interactions.” As the incorporation of salt ions triggered
changes in the assemblies’ structure’®>' and had the capacity
to induce size changes in polymer-based delivery systems,***
we hypothesized that the size of our pepMAX2/mRNA co-
assemblies would be adjusted by the addition of salt during
particle formation. By optimizing the salt concentration and
pre-incubation time, micron-sized co-assemblies could be
obtained.

Experimental
Materials

All the Fmoc-protected amino acids and rink amide resins were
purchased from GL Biochem (Shanghai, China) or Chemenu
(Shanghai, China). LysoTracker™ Red DND-99 and Lipofecta-
mine™ MessengerMAX™ were purchased from ThermoFisher.
CleanCap EGFP mRNA (5moU, L-7201) and CleanCap Cy5-EGFP
mRNA (5moU, L-7701) were purchased from TriLink™ Bio-
Technologies Inc. The rest of the chemicals were purchased
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from Sigma-Aldrich unless otherwise stated. HeLa cells and
SKNMC cells were maintained in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. The cells were grown
at 37 °C in a 5% CO, atmosphere. Cells were passaged at ~80%
confluence.

Peptide synthesis

The peptide was synthesized on a microwave-assisted
peptide synthesizer (biotage, Sweden) in our laboratory based
on Fmoc-Solid-Phase Peptide Synthesis (SPPS) as reported
previously.'®>* The synthesis was on a 0.1 mmol scale, with 4
equivalents of the amino acids for each coupling. The resin
used here was rink amide resin for amide formation at the C-
terminal. The amino acids were protected as recommended
conventionally, including K (lysine) with Boc, H (histidine)
with Trt, S (serine) with tBu and D (asparagine) with OtBu.
A coupling system using 1-hydroxybenzotriazole (HOBt)/2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoropho-
sphate (HBTU)/N,N-diisopropylethylamine (DIEA) was employed.
Once the synthesis was completed, the peptide was deprotected
and simultaneously cleaved from dry resins with TFA for 3 h. The
filtrate was collected and precipitated with cold ether. The pre-
cipitate was washed twice with cold ether and air-dried for HPLC
purification.

Peptide purification

The dried crude peptide was dissolved in 50% water/acetoni-
trile with a 0.1% TFA mixture by sonication. The clear super-
natant was collected after filtration with a 220 nm filter and
purified on the reverse-phase HPLC (Agilent 1260 Infinity II)
through the VYDAC protein and peptide C-18 preparative
column (19 x 250 mm) with a linear gradient increase at 1%
per min from 30% at 6 mL min~". The collected fractions were
evaporated on the rotavapor to remove acetonitrile, and the rest
of the peptide aqueous solution was frozen in liquid nitrogen
and freeze-dried on a freeze-dryer (FreeZone Benchtop Freeze
Dryer, Labconco) to obtain the white peptide powder, which
was stored at 4 °C until use. Peptide purity, 98.4%, was
confirmed by analytical HPLC (Agilent 1260 Infinity II) through
the Poroshell 120 EC-C18 4 pum column (4.6 x 150 mm)
with a linear gradient increase at 3% per min from 10% at
1 mL min~". Peptide identity was confirmed by MALDI-TOF
(BRUKER) analysis: observed, 3600.7 [calculated for (M + H)",
3601.4] (Fig. SO, ESIY).

Formation of peptide/mRNA co-assemblies

The peptide powder was dissolved in DMSO at 10 mM as stock
and stored at 4 °C. The stock HEPES (100 mM, pH 9) was used
as a buffer to make the final pH = 7.4 after peptide addition.
Generally, the stock mRNA (Trilink™, 1 mg mL ") was diluted
in the HEPES buffer (10 mM) to reach a final concentration at
0.1 mg mL™". To obtain the optimal NaCl concentration for pre-
incubation, NaCl solution in HEPES buffer (10 mM) ranging
from 0 mM to 5000 mM was mixed with the mRNA solution
(0.1 mg mL™") at a 2:1 ratio. Then the peptide stock solution
was added into the buffered mRNA salt solution to make a final

This journal is © The Royal Society of Chemistry 2025
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peptide concentration of 0.0867 mM. The mixture was vortexed
for 5 seconds and incubate at room temperature for 30 min. The
optimal transfection conditions were obtained from the one with
an NacCl concentration of 250 mM, with 15-40 min pre-incubation
time intervals (HEPES, 10 mM; mRNA, 0.033 mg mL™'; NaCl,
166.7 mM; pepMAX2, 0.0867 mM).

Encapsulation efficiency of mRNA by RiboGreen assay

To assess the encapsulation efficiency of mRNA, the RiboGreen
assay (RiboGreen Assay Kit, Invitrogen, USA) was utilized to
quantify the amount of unloaded mRNA. The RiboGreen dye
specifically binds to free mRNA, allowing for the determination
of unencapsulated RNA in the sample. Three different salt
concentrations (0 mM, 250 mM, and 5000 mM) were utilized
for pepMAX2-mRNA co-assemblies, with a pre-incubation time
of 30 minutes and a peptide concentration of 2 uM for loading
80 ng of mRNA. The encapsulation efficiency (EE%) was
calculated using the following formula:

(Total mnRNA — Free mRNA)

EE (%) = Total nRNA

x 100

Hydrodynamic sizes by dynamic light scattering (DLS)

The hydrodynamic sizes and polydispersity of co-assemblies
were measured by dynamic light scattering (DLS) with a particle
size analyzer (90Plus, Brookhaven Instruments Corporation,
NY, USA). The freshly prepared sample solution (1.8 pL) was
diluted 40 times with DMEM medium (70 pL) and measured
immediately, with a dilution ratio similar to the subsequent
assessment of transfection efficiency.

Determination of relative turbidity with a UV-Vis spectrometer

The relative turbidity of the peptide/mRNA co-assemblies was
determined with a UV-Vis spectrometer (Varioskan LUX, Ther-
moFisher) in order to confirm the formation of micrometer-
sized particles. The absorbance at 600 nm was used to calculate
the relative turbidity as®

100 — 100 x (10~45°)

The freshly prepared sample solution (30 pL) was added into
one of the 384-well assay plates and the change in its absor-
bance with increasing incubation time was immediately mea-
sured. To examine the turbidity and changes at different pH
values, the sample (pH 7.4, pre-incubated for 30 min) was
mixed at a 1:1 ratio with 10 mM phosphate buffers at various
pH (ionic strength of 100 mM). Absorbance was measured
immediately and the pH after mixing was recorded as the
indicated pH value.

Structural characterization with transmission electron
microscopy (TEM)

Carbon supported TEM copper grids (400-mesh, TED PELLA,
Inc., USA) were pre-treated with a plasma cleaner for 1 min to
clean the grid surface and increase the sample attachment. The

This journal is © The Royal Society of Chemistry 2025
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sample solution (2.5 puL) was loaded onto a parafilm, followed
by covering the copper grid face-down on the sample drops.
After 2 min incubation, the excess solution on the copper grid
was removed with filter paper, followed by covering it with 2%
uranyl acetate staining solution (2.5 pL, Sigma-Aldrich). After
another 2 min incubation, the excess staining solution was
dipped away with filter paper, and the sample grids were placed
in a grid holder and air-dried overnight before imaging. A JOEL
2010 transmission electron microscope was used to image the
samples.

Structural characterization with Cryo-EM (Cryo-EM)

For cryo-grid preparation, aliquots (3 pL) of samples were
applied to glow-discharged Quantifoil Au grids (R2/2, 400
mesh) and blotted using an FEI Vitrobot IV. Cryo grids were
loaded and inspected using Thermo Fisher Scientific Titan
Krios operated at 300 kV. Images were taken using a Gatan
Bio-quantum K3 camera (Gatan) in the counted mode, at a
nominal magnification of 81 000x and defocus range of —1.5 to
—2.5 um. A total exposure of 50 electrons per A? over 40 frames,
with a total exposure time of 4.5 s.

Agarose gel electrophoresis for the release study of pepMAX2-
mRNA co-assemblies

1% agarose gel electrophoresis was conducted using optimized
pepMAX2-mRNA complexes (incubated with 250 mM NacCl for
30 minutes) in release media containing either HEPES (10 mM)
or heparin (0.4 mg mL™") at a volume ratio of 1:1. Samples
were analyzed at various time points (30 minutes, 1 hour, and
4 hours) at 37 °C. Each sample was mixed with 6x loading dye
(ThermoFisher), and a total of 10 puL containing 100 ng of
mRNA was loaded into each well. The gel was run at 150 V for
20 minutes, followed by staining with SYBR Gold Nucleic Acid
Gel Stain for 30 minutes in the dark. Images were captured
using a GelDoc Go Gel Imaging System (Bio-Rad, Hercules,
CA, USA).

Molecular dynamics (MD) simulations and molecular
mechanics Poisson-Boltzmann surface area (MMPBSA)
estimations

The structure of pepMAX2 was constructed in the fully
extended configuration using Pymol (v1.7.4 (for academics))
software. A model mRNA sequence with 20 nucleotides
(UAAAGGAGAAGAACUUUUCA) was selected, and energy mini-
mized configuration was created and determined using the
RNA composer®>?® online server. The topology parameters of
pepMax2 and model mRNA for MD simulations were generated
using the CHARMM-GUL*”*® Then all atomistic MD simula-
tions were performed using GROMACS>® (v2019.5.1) with expli-
citly presented water as the solvent’*> for explicit water
modeling. For pepMAX2 simulations, two pepMAX2 were
inserted into a dodecahedron box with 1400 nm*® volume
approximately. Then the system was dissolved with water,
and NaCl was added up to the desired concentration (0 mM,
250 mM, 2500 mM). The total number of molecules in the
simulation box was approximately 47 000. The same procedure
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was used for pepMAX2 and model mRNA simulations by
inserting a pepMAX2 molecule and a model mRNA.**

Periodic boundary conditions were applied in the x, y, and z
directions. Long-range electrostatic interactions were evaluated
using the particle mesh Ewald algorithm®*?** with a cutoff of
1.0 nm for the real space interactions. van der Waals interac-
tions were computed using a cutoff distance of 1.0 nm. LINCS>?
constrained all bond lengths, and a 2.0 fs time step was used to
integrate the equations of motion.

The energy minimization of the system was performed using
the steepest descent algorithm followed by 50 000 equilibrium
steps (100 ps) of an NVT ensemble (7 = 300 K) and 50000
equilibrium steps (100 ps) of an NPT ensemble (7=300K, P=1
atm). Temperature and pressure were controlled using a mod-
ified Berendsen thermostat and Parrinello-Rahman barostat
schemes, respectively. Finally, a 400 ns production run trajec-
tory was produced as an NPT ensemble for the analysis of
structural properties and pairwise interaction energies of the
pepMAX2. Pairwise binding energy was estimated using the
MMPBSA*® method utilizing the g_mmpbsa open-source pack-
age utilizing all default parameters for peptides and RNAs to
estimate interaction energies and their distribution.?”*® The AP
parameter was estimated using the following formula:

View Article Online
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Cell viability by MTT

To assess cell viability, HeLa cells were seeded at a density of
1.5 x 10 cells per well in a 96-well plate one day before the
MTT assay to achieve approximately 80% confluency. On the
second day, the complete DMEM medium was replaced with
Opti-MEM with reduced serum (75% serum reduction), fol-
lowed by the addition of pepMAX2-mRNA under optimal con-
ditions (30 min pre-incubation with 250 mM NacCl, with peptide
C = 2 uM for 80 ng mRNA loading). The MTT assay was
performed at 24, 48, and 72 hours post-transfection following
the manufacturer’s protocol. In brief, 10 pL of MTT stock
solution (12 mM) was added to each well and incubated for
4 hours. Subsequently, all media were replaced with 100 uL of
DMSO to dissolve the formazan crystals, and after a 10-minute
incubation at room temperature, the absorbance was measured
at 540 nm using a microplate reader to calculate cell viability
relative to controls.

Intracellular trafficking by confocal microscopy

Live cell imaging with an SP8 confocal microscope (Leica
Microsystems, Germany) was used to assess the intracellular
distribution of the delivered mRNA. HeLa cells at a density of

_ SASA of pepMAX2 and mRNA in initial energy minimized configuration

AP

SASA of pepMAX2 and mRNA in final configuration

Three different MD simulations, MMPBSA calculations and
AP parameter estimations were performed at three different salt
conditions (0 mM, 250 mM, and 2500 mM) for both the
pepMAX2 system and the pepMAX2 and model mRNA system.

Transfection by pepMAX2/mRNA co-assemblies

The day before the transfection, HeLa cells or SKNMC or PC12
cells were seeded with a density of 1.5 x 10" cells per well in a
96-well plate. 24 hours later, the cell confluence reached 80-
90%. The cell medium (0.1 mL) was replaced with Opti-MEM
(0.1 mL) with reduced serum (75% serum reduction), followed
by the addition of 2.4 pL of the sample solution (the final
mRNA concentration in the medium is 80 ng per well, the
peptide concentration is 2 pM). As the control, LipoMMAX with
mRNA was prepared according to the manufacturer’s protocol
with a LipoMMAX:mRNA ratio of 3 (80 ng mRNA, 0.24 uL
LipoMMAX/well). After 24 hours of incubation at 37 °C in the
presence of 5% CO,, the cells of GFP-expression were imaged
under a fluorescence microscope (Nikon, Eclipse Ti Motorized
Inverted Microscope) with x10 objective at 200 ms with the
light shutter at 8. The transfection efficiency was quantified
with flow cytometry on a FACS Aria III flow cytometer (BD
Biosciences, USA). The mean fluorescence intensity was calcu-
lated by averaging cells with positive signals. The above cells
transfected with co-assemblies for 24 hours were trypsinized
and resuspended in complete DMEM for FACS analysis with
a 488 nm laser channel. For each sample, a minimum of
5000 events were analyzed, and three repeats were averaged.

2170 | J. Mater. Chem. B, 2025, 13, 2167-2179

3.75 x 10* cells per well were seeded in a confocal dish (0.25 mL
DMEM) with a central glass disc on the bottom. The following
day, the complete DMEM medium (0.25 mL) was replaced with
Opti-MEM (0.25 mL), then 6 pL (80 ng mRNA/100 pL) of freshly
prepared Cy5-labeled co-assemblies was added and gently
mixed into the cell culture medium. The late endosomes and
lysosomes were stained by Lysotracker Red (DND99, 50 nM)
immediately after the co-assemblies’ addition. The cells were
observed under an SP8 confocal microscope equipped with x63
objective and cell incubator for live cell imaging (Tokahit
temperature & CO, module). Cell images with the expressed
EGFP proteins, red late-endo/lysosomes and blue mRNA with
laser wavelengths of 488 nm, 574 nm and 633 nm were
collected in layers under the sequential model in SP8. 10 loca-
tions (10-20 cells per location) were randomly selected as the
observation points, and videos were recorded for 3 hours at
1 min time intervals, 20 min after sample addition. The sample-
containing medium was removed after 6-hour incubation and
washed twice and changed with complete DMEM. After med-
ium change, the cells were directly observed under an SP8
confocal microscope equipped with x63 objective. All the laser
intensity and gain values were set to be the same under
different time points with 488 nm at 1.0 intensity 100% gain,
574 nm at 0.3 intensity 100% gain and 633 nm at 1.0 intensity
100% gain, where the blank control showed no signals for all
the channels. LipoMMAX was used as the control with the same
mRNA concentration at a LipoMMAX : mRNA ratio of 3 (80 ng
mRNA, 0.24 pL LipoMMAX/100 pL).

This journal is © The Royal Society of Chemistry 2025
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Internalization mechanism study

The same as for the transfection efficiency measurements,
HelLa cells were seeded with a density of 1.5 x 10* cells per
well in a 96-well plate, the day before the measurement.
24 hours later, the cell medium (0.1 mL) was replaced with
Opti-MEM (0.1 mL) containing various inhibitors, including
methyl-B-cyclodextrin (MBCD) (2.5 mM, 3.2 mg mL "), sodium
azide (NaNj) (125 mM, 8.13 mg mL '), chlorpromazine (CPM)
(17 1M, 6 pg mL '), wortmannin (525 nM, 225 ng mL ') or
amiloride (AM) (30 uM, 7.983 ug mL ‘). The concentration of
inhibitors was based on literature reports,”'"*° while adjusting
for cell viability obtained in our own experiments to achieve 80—
90% cell viability. After 1 hour treatment, 2.4 pL of the sample
solutions (the final mRNA concentration in the medium is 80
ng per well, the peptide concentration is 2 pM) were added.
After another 4 h of incubation, the cells were washed three
times with PBS buffer containing 0.5 mg mL ™" heparin sodium
salt to ensure the removal of particles attached to the cell
surface. The above cells were trypsinized and resuspended in
complete DMEM for FACS analysis with a 633-647 nm laser
channel. The mean fluorescence intensity was calculated by
averaging all the live cells. For each sample, a minimum of 5000
events were analysed, and three repeats were averaged. The
inhibition rate (%) was calculated using the following formula:

I, — I
Inhibition rate (%) = M x 100%

(Ip - Ib)
A [1Size (hm) ——Polydispersity
3500 0.50
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€ 0.40 _
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where I, is the mean fluorescence intensity of cells incubated
with co-assemblies only (particles), I, is the fluorescence inten-
sity of cells incubated with co-assemblies and inhibitors, and I,
is the fluorescent intensity of the control group where cells were
untreated (blank).

Statistical analysis

Statistical analyses were conducted using two-way analysis of
variance (ANOVA) accompanied by Tukey’s multiple compar-
ison test within GraphPad Prism 10 software. This approach
enabled comparisons between each treatment group and
their respective control groups. Statistical significance was
determined at p < 0.05, with the following thresholds for
significance: **** for p < 0.0001, *** for p < 0.0002, ** for
p < 0.0021, and * for p < 0.0332.

Results

Obtain and characterize micron-sized peptide/mRNA co-
assemblies

The size of co-assemblies was influenced by the salt concen-
tration and the duration of pre-incubation. We first investi-
gated the effect of salt concentration on the co-assemblies by
keeping the incubation time as 30 minutes.

As shown in Fig. 2(A), the hydrodynamic size and
polydispersity index (PDI) of the co-assemblies were monitored
by DLS. Without salt, pepMAX2 co-assembled with mRNA into

[1Size (hm) ——Polydispersity

3500 0.50

0.45
A 3000 040 _
E 2500 035 £
& 2000 0:30: 8
a 025 2
z 1500 0.20 5
@ 1000 0.15 a

» 0.10

500 i ﬂ 0.05

0 0.00

0 10 20 30 40 S50 60 70 80 90
Pre-incubation time (min)

With salt

30min

90min

Fig. 2 Characterization of peptide/mRNA co-assemblies. Size (bar) and polydispersity (line) of the co-assemblies pre-incubated (A) without/with salt
solution for 30 min, and (B) with salt (250 mM NaCl) for different time intervals by DLS (data shown are mean + SD, n > 3). (C) TEM images of micron-
sized and nano-sized co-assemblies formed in the presence/absence of salt. (D) Cryo-EM images of the co-assemblies pre-incubated in salt for 30 min
and 90 min. White arrows indicate small particles likely formed from the peptide themselves.

This journal is © The Royal Society of Chemistry 2025
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~ 300 nm nano-sized particles with a polydispersity of 0.13. The
particle size and polydispersity increase with increasing salt
concentration initially, with a peak size of 3.11 um and poly-
dispersity of 0.35 at 750 mM NaCl. Further increase of the salt
concentration resulted in a decrease in particle size and poly-
dispersity, and the size decreased to ~300 nm at a polydisper-
sity of 0.08 when pre-incubated with 5000 mM NaCl. As shown,
the co-assemblies started to form micron-sized particles when
the salt concentration reached 200 mM. Therefore, there was a
salt concentration window in which to obtain the micron-sized
particles. We then investigated the effect of incubation time on
particle sizes. A NaCl salt concentration of 250 mM was chosen
as a representative for the salt window to monitor the size
changes of micron-sized co-assemblies after different incuba-
tion time intervals. As shown in Fig. 2(B), the hydrodynamic
size of the co-assembles increased with increasing incubation
time. After 30 minutes, the size of the co-assemblies increased
from 0.38 um to 1.21 pm, and all the polydispersity values were
below 0.30, indicating the formation of a narrowly distributed
population of particles.*® Further incubation caused the size to
increase to 1.3-1.5 pm, and the polydispersity increased to
above 0.30, indicating that large aggregates (3-4 wm according
to DLS) were formed after pre-incubation for more than 40 min.
Therefore, the optimal time window for the formation of
micron-sized particles at 250 mM NaCl was 20-40 min. For-
mation of the micron-sized particles was also confirmed by
relative turbidity measurement (Fig. S1A, ESIt). The relative
turbidity of the co-assemblies increased after incubation and
reached the maximum at 40 min and dropped afterwards. The
increased turbidity up to 40 min was due to the size enlarge-
ment of the co-assemblies, while the subsequent drop in
turbidity (from 40-90 min) was likely a result of particle
aggregates falling out of solution. Since the particles would
be diluted into the medium before entering the cells, we also
investigated the particle size change after dilution by 40 times
with medium (DMEM, 110 mM NacCl, ionic strength 169 mM*").
Here, the dilution factor was the same as in the subsequent
transfection efficiency measurement and the size of the co-
assemblies was monitored for 60 minutes. Fig. S1B (ESIt)
showed that the nano-sized co-assemblies increased from
0.30 um to 0.65 um, while the size of micron-sized co-
assemblies only changed negligibly (e.g:, from 1.10 pm to 1.05
pum), indicating that the micron-sized co-assemblies remained
stable after dilution.

Morphologies of the co-assemblies (30 min pre-incubation
with/without 250 mM NacCl) were observed by TEM (Fig. 2(C)),
Cryo-EM (Fig. 2(D)) and confocal microscopy (Fig. S1C, ESIT).
With Cy5-labled mRNA, micron-sized fluorescence round par-
ticles could be observed in the confocal images (Fig. S1C, ESIT).
A RiboGreen assay was performed to quantify both the unen-
capsulated mRNA remaining in the solution and the amount
successfully encapsulated. As illustrated in Fig. S2 (ESI}), the
encapsulation efficiency across different salt concentrations
(0 mM, 250 mM, and 5000 mM) ranged from 70% to 80%, with
no significant differences detected (with two-way ANOVA sta-
tistics). The pepMAX2/mRNA co-assemblies with/without salt
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were observed in TEM images. As in Fig. 2(C), co-assemblies
formed in salt had a diameter around 500 nm and there were
cracks on the particles’ surface, where the cracks might be the
drying effect from TEM sample preparation. Note that the size
by TEM was much smaller than that of DLS, which might be
due to not only the hydrodynamic layer, but also the shrinkage
of the particle after drying. In comparison to the co-assemblies
formed in salt, the co-assemblies formed without salt for
30 min showed a much smaller size at ~100 nm, indicating
the importance of the salt during micron-sized particles for-
mation. For peptides co-assembled with mRNA in salt solution,
the charges on these two components were partially shielded,
which might lead into reduced charge repulsion and higher
chance of hydrophobic interactions. To avoid any artefacts due
to drying effects, we also observed the micron-sized co-
assemblies by Cryo-EM (30 min pre-incubation with 250 mM
NaCl) (Fig. 2(D)). At 30 min, large co-assemblies with sizes of
0.5-1.0 pm could be observed; at 90 min, amorphous aggre-
gates formed, consistent with the polydispersity (PDI) increase
observed by DLS (Fig. 2(B)). Cryo-EM also revealed an interest-
ing phenomenon that small particles with a size of about 20 nm
(indicated by white arrows in Fig. 2(D)) could be observed on
the surface of the large particles (1.0 um). We speculated that
these small particles might be formed by the peptide them-
selves. According to a recently proposed peptide assembly
process,*” peptides first self-assemble into solute-rich liquid
droplets which act as nucleation sites for further assemblies’
formation. PepMAX2 might have also first assembled into
metastable solute-rich droplets at 30 min and continued into
aggregate formation. This solute-rich droplets hypothesis could
explain the severe drying effect as observed from the TEM
images. These findings suggested that our co-assemblies might
have some liquid nature.

Release study of pepMAX2-mRNA co-assemblies

We hypothesize that a higher concentration of anionic macro-
molecules in the cytosol may trigger the release of mRNA from
co-assemblies by competing for binding sites and disrupting its
interaction with peptides. Gel electrophoresis was performed
using optimized pepMAX2-mRNA (250 mM NaCl, incubated for
30 minutes) in release media of HEPES (10 mM) or heparin
(0.4 mg mL™") at various time points (30 minutes, 1 hour, and
4 hours) at 37 °C. Here, the negatively charged heparin is used
as a model anionic macromolecule.'” The results demonstrated
that the mRNA bands in the heparin release medium closely
resembled those of the free mRNA control at all time points,
indicating effective mRNA release (Fig. S3, ESIt). Conversely, no
bands were detected in the HEPES condition, suggesting that
HEPES does not facilitate mRNA release under these circum-
stances. The findings imply that heparin competes with the
peptide for binding to the mRNA, thereby promoting its release
from the complexes. This underscores the significance of
ionic interactions in enhancing mRNA disassociation from
these micron-sized co-assemblies. We have observed a similar
phenomenon in other self-assembling peptide/nucleic acid
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complexes that were previously investigated by our research
group.13’17

Computational simulation of interactions in co-assemblies
affected by salt

Computational simulation was carried out to understand the
change in particle size with salt concentration and to reveal the
possible liquid nature of the co-assemblies. We performed all
atomistic molecular dynamics (MD) simulations and binding
energy estimations to understand pepMAX2-pepMAX2 and
pepMAX2-mRNA interactions at different salt conditions. Pep-
MAX2-pepMAX2 showed positive binding energy at all three
salt concentrations, which was mainly due to electrostatic
repulsion. The result is consistent with our understanding of
pepMAX2 because the peptide is positively charged at pH 7.4.
As for pepMAX2-mRNA, negative binding energy was observed
at all three salt concentrations, indicating the attractive force
between pepMAX2 and mRNA. Interestingly, the absolute value
of the overall binding energy increased from ~ 8600 kJ mol " to
~10500 k] mol~ when the salt concentration increased from 0
mM to 250 mM, while it decreased to ~ 7200 k] mol~* when the
salt concentration increased further to 2500 mM. The trend was
attributed to the change in electrostatic interactions between
pepMAX2 and mRNA, where the electrostatic energy changed
from —10 000 k] mol™*, —11 900 k] mol " to —7900 k] mol " at
these three salt concentrations (Table S1, ESIf). This non-
monotonic dependence of binding energy on salt concentration
corresponded to the observed trend of the particle size.

We observed in MD simulations that pepMAX2 molecules
are structurally stretched and repulse each other in the absence
of salt, and supporting video S1 (ESIf) shows the dynamic
repulsive interactions between two pepMAX2 molecules. When
the NaCl concentration is at 250 mM, we observed partial
electric screening of charges on pepMAX2 molecules by salt
molecules and formation of co-assemblies (supporting video
S2, ESIT). Further addition of salt to 2500 mM results in
complete binding and formation of a counterion layer on
peptides, completely shielding the charge interactions between
peptide and mRNA, thus lowering the co-assembling propen-
sity. Supporting video S3 (ESIT) shows a layer of salt ion clusters
formed on pepMAX2 molecules, which appear to hinder the
peptide from interacting with mRNAs. Consistent with the
results in this study, Li et al. previously reported that forming
ion clusters in the medium at very high salt concentrations
reduces the assembly formation.*>** These observations help
to comprehend that the medium salt concentration provides
optimum ion shielding for co-assembly formation.

The possible liquid nature of the co-assemblies was probed
by calculating the aggregation propensity (AP) of pepMAX2 and
model mRNA molecules. AP is defined as the ratio of solvent-
accessible surface area (SASA) of pepMAX2-mRNA in the initial
energy-minimized configuration to the final configuration.*™°
The AP values of pepMAX2-mRNA estimated using 400 ns
trajectories of all atomistic MD simulations vary from 1.6 to
2.0 (Table S2 and Fig. S4 in the ESIf). With AP > 1.0 at all
conditions, it is evident that pepMAX2 and mRNA form co-
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assemblies. When AP values fall within the range of 1.6 to 2.0,
the assemblies are fluidic. As reported previously, dipeptides
and tripeptides with AP values in the range of 1.5 to 2.0
exhibited liquid-like assemblies, as confirmed by microscopic
observations,*> DOSY spectra (diffusion ordered spectroscopy)
measured diffusion rates and secondary structures estimated
using FTIR absorption spectra.***® The computational calcula-
tions corresponded with our experimental observations and
provided indirect evidence of the liquid-like assembly behavior
of co-assemblies at all three salt concentrations considered.

Transfection efficiency of co-assemblies

The transfection efficiency of co-assemblies was monitored
under different formation conditions (varying salt concen-
tration and incubation time). We first investigated the transfec-
tion efficiency of co-assemblies formed in different salt
concentrations while keeping the incubation time identical.
As shown in Fig. 3, the co-assemblies pre-incubated without
salt (with sizes ~0.30 um) transfected 27% of the cell popula-
tion. When the salt concentration was increased from 0 to
50 mM, the size of the co-assemblies barely increased, while the
transfection efficiency dropped to 16%. This might be due to
changes in interactions after salt addition, which altered other
features of the co-assemblies, such as peptide/mRNA inter-
action, liquid/solid nature, or the stability. A further increase
in salt concentration to 250 mM increased the transfection
efficiency to 90%. Further increase in salt concentration from
250 mM to 750 mM resulted in an increase in the size of co-
assemblies from 1.28 pm to 3.11 pum, and a progressive
decrease in transfection efficiency, probably due to the upper
bound for cellular uptake.?”” While further increase of NaCl
from 750 mM up to 5000 mM decreased the particle size to
0.30 pm with a drop in transfection efficiency. Although con-
centrations of 2500-5000 mM showed the same low transfec-
tion efficiency as the 0-150 mM condition, this similarity could
be due to entirely different factors, such as variations in ionic
strength and osmolarity, rather than nano size effects. How-
ever, this study primarily focuses on the relationship between
size and transfection efficiency, which has been achieved
within mild salt concentrations (0 mM and 250 mM). After
settling at an optimal salt concentration (250 mM), we then
investigated the effect of incubation time keeping the same
salt concentration. As shown in Fig. 4, co-assemblies pre-
incubated for 15 min to 40 min showed the highest transfection
efficiency, while longer incubation time reduced the transfec-
tion efficiency. This trend mirrored the size measurements in
Fig. 1(B) and reflected the colloidal stability - the co-assemblies
formed micron-sized particles (~ 1.0 um) after 15 min and large
aggregates after 40 min (~ 1.4 um, with PDI > 0.3). LipoMMAX
with the same mRNA loading was compared with the co-
assemblies. The co-assemblies had lower cytotoxicity, trans-
fected a higher percentage of cells (90%), and attained a higher
protein expression (2-fold of LipoMMAX). Therefore, the opti-
mal transfection condition for pepMAX2/mRNA was pre-
incubation in 250 mM salt for 15-40 min, where micron-sized
particles of about ~1-1.3 um with PDI < 0.3 were formed.
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Fig. 3 Transfection efficacy of pepMAX2/mRNA pre-incubated for 30 min in different concentrated NaCl solutions. The N/P ratio was kept the same at
4, with peptide concentration at 2 uM for 80 ng loading. The transfection efficiency was observed by (A) fluorescence microscopy and quantified by (B)
flow cytometry, with cell viability, percentage of cells transfected and mean fluorescence intensity (MFI) of the positive cells. LipoMMAX served as a
control with the same mRNA loading as in the co-assemblies (data shown are mean + SD, n > 3).

Cell viability by MTT

In our study, we performed an MTT assay using the optimized
PepMAX2 formulation (250 mM NacCl with a 30-minute incuba-
tion time) to evaluate the long-term effects of these micron-
sized carriers at 24, 48, and 72 hours post-transfection. The
results, presented in Fig. S5 (ESIt), demonstrated that cell
viability remained high, exceeding 80% even at the 72-hour
mark following transfection with pepMAX2. Statistical analysis
conducted via two-way ANOVA indicated no significant differ-
ences in viability between the positive control and our treat-
ment across triplicate data sets. These findings suggest that our
optimized transfection reagent is safe and exhibits minimal
toxicity in HeLa cells.

Intracellular trafficking of co-assemblies

To study the cellular entry and intracellular release dynamics of
micron-sized co-assemblies, time-lapse confocal imaging was
recorded. We tracked the Cy5-labeled mRNA in HeLa cells and
labelled the late endosome/lysosome with Lysotracker Red.
Sustained cellular uptake was observed from 20 min after
sample addition (supporting video 4, ESIt). One delivery event
was shown as a representative to reveal that a fast cellular entry
of co-assemblies could occur within 10 min (Fig. 5(A)). No
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colocalization between co-assemblies and Lysotracker signal
was observed at this time point. Approximately 2 hours post
sample addition, release of mRNA into the cytosol was evident.
As shown from 120 min to 160 min, the peripheral area of the
delivered mRNA (blue dot pointed by arrow) gradually brigh-
tened, indicating the slow release of mRNA into the cytosol
(supporting video 5, ESIT). Therefore, we considered these co-
assemblies to have successfully avoided the lysosomal diges-
tion. At 6 hours, cells transfected by micron-sized co-assemblies
started producing EGFP (Fig. 5(B)). Within these high-
expressing cells, bright blue dots and evenly distributed blue
colour could be observed. These bright dots were not coloca-
lized with lysotracker and might serve as depots of mRNA in the
cytosol, continuing to release mRNA and prolong EGFP produc-
tion, resulting in a bright signal 24 hours after transfection. In
comparison, cells treated with nano-sized co-assemblies
showed many small blue dots with no observable spread of
the dye-labelled mRNA in the cytosol. The lack of apparent
diffusion might be due to the limitation of resolution under
such low cytosol concentration or a result of different traffick-
ing causing the nano-sized assemblies to be confined within
some vesicles such as recycling endosomes or arrested endo-
somes, where they were trapped but cannot be revealed by
lysotracker.*® For LipoMMAX with the same amount of mRNA
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Fig. 4 Transfection efficacy of pepMAX2/mRNA pre-incubated in 250 mM NaCl solution for different time intervals. The N/P ratio was kept the same at
4, with the peptide concentration at 2 uM for 80 ng loading. The transfection efficiency was observed by (A) fluorescence microscope and quantified by
(B) flow cytometry, with cell viability, percentage of cells transfected and mean fluorescence intensity (MFI) of the positive cells. LipoMMAX served as a
control with the same mRNA loading as 80 ng/100 pL in the co-assemblies (data shown are mean + SD, n > 3).

loaded, no bright dots were observed, while the mRNA was
evenly distributed inside the cytosol. We reasoned that the
higher level of protein expression of the micron-sized co-
assemblies was caused by the higher cellular uptake, more
efficient endosomal escape and/or the sustained release of
mRNA in the cytosol.

Endocytic pathways of co-assemblies

The internalization mechanism of the co-assemblies was
explored by pre-treating the cells with a panel of endocytosis
inhibitors. Methyl-B-cyclodextrin (MBCD) was used to inhibit
cholesterol-dependent lipid rafting, sodium azide (NaNj) to
inhibit the energy-dependent endocytosis, chlorpromazine
(CPM) against the clathrin-mediated endocytosis, and wort-
mannin or amiloride (AM) against the macropinocytosis. As
shown in Fig. 6, MBCD and NaNj; inhibited approximately 90%
of the uptake, suggesting that the mechanism of micron-sized
co-assemblies’ uptake was cholesterol-dependent lipid rafting
and energy dependent. Other inhibitors were negligible, sup-
pressing the uptake by less than 30%. Since the inhibition was
dose-dependent and varied in different cells, the concentration
of inhibitors was based on literature reports®'**° and adjusted
for cell viability obtained in our own experiments. The concen-
tration of inhibitors was able to maintain cell viability at 80-
90%. We also investigated the endocytosis pathway for nano-

This journal is © The Royal Society of Chemistry 2025

sized co-assemblies formed in the absence of salt. The results
indicated these nano-sized co-assemblies also entered by a
lipid-raft energy-dependent pathway, similar to the micron-
sized co-assemblies. Internalization via cholesterol-dependent
lipid raft was employed by other systems with high cytosolic
delivery, such as phase-separated peptides for protein and
mRNA delivery’ and arginine nanoparticles (ArgNPs) carrying
Cas9 protein complexed with a guide RNA (sgRNA)."* For non-
phagocytic cells, the conventional endocytosis pathways
include clathrin-coated pit-mediated endocytosis (CME), fast
endophilin-mediated endocytosis (FEME), caveolae endocytosis
(Cav) and macropinocytosis.*® The classical sizes for these
endocytic vesicles (diameter) are ~100 nm spherical for CME,
~60-80 nm tubular for FEME, ~60 nm for Cav and 200 nm-
5 um for macropinocytosis.**>° However, studies on the rela-
tionship between particle sizes and internalization pathways
suggested that particles of 500 nm in size predominantly
entered the cells via caveolae endocytosis (Cav) and the delivery
to the lysosomes was subtle.”” For our micron-sized particles,
the major pathway was not macropinocytosis, where neither
wortmannin nor amiloride (AM) inhibited the uptake, while
amiloride (AM) even increased uptake. Therefore, among con-
ventional endocytosis pathways, we considered that these co-
assemblies were most likely to be endocytosed by Cav, as this
trafficking was influenced by cholesterol and allowed entry of
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Fig. 5 Confocal microscope images revealing subcellular location of co-assemblies. (A) Real-time tracking of a delivery event by micron-sized co-
assemblies. Time-lapse imaging of MRNA delivery including cellular uptake 20-120 min post-transfection and mRNA release 120 min post-transfection.
Direct cytosol delivery of mRNA without endosomal entrapment was observed (also see the supporting videos in the ESIt) (B) mRNA distribution inside
cells at 6 h post transfection by micron-sized and nano-sized co-assemblies. LipoMMAX served as a control with the same mRNA loading. Color code:
red for Lysotracker Red, green for EGPF, and blue for Cy5 labeled-mRNA. Scale bar: 30 um.

large particles. Novel pathways that are not yet fully understood
could be involved. Another possible explanation is that the
micron-sized particles mainly entered by direct fusion with the
cell membrane. As we observed that mRNA was released into
the cytosol (Fig. 5) before being transported to lysosomes, we
considered that this cytosol delivery occurred prior to vesicle
maturation and that efficient release might impede maturation
of endosomal vesicles. Besides successful cytosol delivery by

2176 | J. Mater. Chem. B, 2025,13, 2167-2179

micron-sized co-assemblies, nano-sized co-assemblies entering
cells also via a lipid-raft energy-dependent pathway failed to
attain efficient cytosol delivery, suggesting that micron size is a
critical prerequisite for direct cytosol entry.

Caveolae endocytosis occurs in many cell types, including
endothelial cells, smooth muscle cells, adipocytes, and
fibroblasts.”* To determine whether the observation could be
generalized to other cell types, transfection experiments were

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Cell internalization mechanism study of co-assemblies (pre-
incubated with/without salt). Flow cytometry histogram of Hela cells
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untreated cells (blank) and cells treated by co-assemblies without any
inhibitors (particles). Both cholesterol-depletion compound MBCD and
energy-depletion compound NaN3 inhibit cell uptake.

repeated on SKNMC and PC12 cells, which also allow a caveolae
endocytosis pathway.>>>® As shown in Fig. S6 (ESIt), 90% of
cells were transfected using micron-sized particles (200 mM
NaCl, 30 min pre-incubation), while only 50% were transfected
by nano-sized co-assemblies. Transfection efficiency reached a
maximum and started to plateau using co-assemblies pre-
incubated for 15 min (Fig. S7, ESIT). Although the optimal co-
assembly size of SKNMC (~1.02 pm) was slightly different, a
similar trend in transfection efficiency compared to HeLa cells
supports our assumption that micron size is a prerequisite. For
the PC12 cells, which are known to be difficult to transfect, we
evaluated the efficacy of our pepMAX2-mRNA co-assembly
system at an optimal NaCl concentration of 250 mM, utilizing
pre-incubation times of 20 and 40 minutes. The results revealed
that transfection efficiency reached a maximum of only 50% for
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cells treated with our system, irrespective of the incubation
time. Additionally, the findings indicated no significant differ-
ences when compared to the results obtained with LipoMMAX,
as assessed by two-way ANOVA statistics (Fig. S8, ESIT). Excel-
lent transfection efficiency across various cell types supports
our hypothesis regarding the relationship between micron-
sized particles and caveolae-mediated endocytosis. Addition-
ally, these findings highlight the potential of using this
approach for mRNA delivery, particularly in cells that utilize
caveolae pathways.

Discussion

Endosomal barriers are regarded as the bottleneck for nucleic
acid delivery. Aside from classical approaches of engineering
on nanoparticles, we demonstrated how micron-sized carriers
circumvent the classical endocytic pathways and succeed in
direct cytosol entry. By engineering peptide chemistry and
controlling the assembling process with mRNA, we trans-
formed a nano-sized delivery system into a micron-sized deliv-
ery system. These micron-sized co-assemblies successfully
bypassed lysosomal digestion and delivered mRNA into the
cytosol, transfecting approximately 90% of cells and doubling
the protein expression levels compared to that achieved by a
commercially available reagent, LipoMMAX. The size of the co-
assemblies could be adjusted by salt during peptide/mRNA pre-
incubation. From the experimental observation and computa-
tional results, we found that the charge-charge interaction
between peptide and mRNA played a crucial role in regulating
the co-assembling. The computational study showed that the
optimal shielding of peptide by salt counterions at medium
salt concentration facilitated the formation of micron-sized
co-assemblies with high transfection efficiency. The non-
monotonic change in binding energy with salt concentration
verified the experimental trend of particle size. Moreover, the
AP values indicated the liquid-like nature of the co-assemblies,
which could be advantageous for efficient cytosolic delivery.’
Mechanisms of uptake and intracellular trafficking of these
micron-sized co-assemblies were studied to understand the
high transfection efficiency. Live cell confocal microscopy
revealed fast entry of micron-sized particles, followed by sub-
sequent mRNA release and diffusion in the cytosol for a
prolonged period. This direct entry into the cytosol, bypassing
the conventional endocytic pathways and avoiding lysosomal
degradation, is attributed to the high transfection efficiency.
Although the trafficking mechanism is not fully understood yet,
the intracellular pathway for these micron-sized co-assemblies
involves cholesterol-dependent lipid rafting. While nano-sized
co-assemblies also entered cells via the lipid-raft energy-
dependent pathway, they failed to attain efficient cytosol deliv-
ery, suggesting that micron size is likely a critical prerequisite
for direct cytosol delivery. A similar trend in the correlation
between transfection efficiency and particle sizes in other
caveolae-associated cell lines (SKNMC and PC12) suggests the
potential utility of this direct entry in other caveolae cell types.
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This study demonstrates the potential of peptide-based micron-
sized carriers for non-viral delivery of mRNA.

Conclusion

This study presents a novel approach to improve the delivery of
messenger RNA (mRNA) into cells, a critical step in developing
various biomedical applications, such as vaccines and protein
replacement therapies. We designed a unique 27-amino acid
peptide called pepMAX2, which can spontaneously co-assemble
with mRNA to form micron-sized particles. These particles can
efficiently deliver mRNA directly into the cell’s cytosol, bypass-
ing the endosomal barriers that often limit the effectiveness of
traditional nano-sized carriers. By optimizing the size and
formation conditions of these peptide/mRNA co-assemblies,
we could achieve a transfection efficiency that surpassed com-
mercially available reagents, with minimal cytotoxicity and
high protein expression levels. The findings of this study have
broad implications for the design of synthetic carriers for
mRNA delivery, offering a promising alternative to conven-
tional nano-sized carriers. Furthermore, the study provides
valuable insights into the cellular entry mechanisms of
these micron-sized particles, which involve cholesterol-
dependent lipid rafting and energy-dependent pathways. This
knowledge can help guide the development of more efficient
and targeted delivery systems for various therapeutic applica-
tions. Overall, the innovative approach presented in this study
has the potential to advance the field of mRNA delivery signifi-
cantly, opening new possibilities for treating a wide range of
diseases.
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