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The messenger RNA (mRNA) SARS-CoV-2 vaccines have demonstrated the therapeutic potential of this novel
drug modality. Protein expression is the consequence of a multistep delivery process that relies on proper
packaging into nanoparticle carriers to protect the mRNA against degradation enabling effective cellular uptake
and endosomal release, and liberating the mRNA in the cytosol. Bottlenecks along this route remain challenging
to pinpoint. Although methods to assess endosomal escape of carriers have been developed, versatile strategies to
identify bottlenecks along the delivery trajectory are missing. Here, it is shown that co-incubating an inefficient
nanoparticle formulation with an efficient one solves this problem. Cells were co-incubated with mRNA nano-
particles formed with either the efficient cell-penetrating peptide (CPP) PepFect14 or the inefficient CPP nona-
arginine (R9). Co-transfection enhanced cellular uptake and endosomal escape of R9-formulated mRNA,
resulting in protein expression, demonstrating that both vectors enter cells along the same route. In addition,
cells were transfected with a galectin-9-mCherry fusion protein to detect endosomal rupture. Remarkably,
despite endosomal release, mRNA remained confined to punctate structures, identifying mRNA liberation as a
further bottleneck. In summary, co-transfection offers a rapid means to identify bottlenecks in cytosolic mRNA
delivery, supporting the rational design and optimization of intracellular mRNA delivery systems.

1. Introduction

With the SARS-CoV-2 pandemic just behind us, the therapeutic value
of the capacity of messenger RNA (mRNA) to elicit cellular protein
expression has been firmly established. Proper packaging in delivery
vehicles is crucial to apply mRNA therapeutically, which protects the
mRNA from degradation and induces efficient cellular uptake and
endosomal release [1,2]. Packaging of mRNA is achieved through
(electrostatic) complexation with cationic lipid- or peptide-based car-
riers. So far, lipid-based carriers, particularly lipid nanoparticles (LNPs),
have seen the most widespread clinical implementation. However, LNPs
suffer from a number of shortcomings such as limited stability [3,4], the
multi-component lipid composition, the need for microfluidic devices
for manufacturing, and non-natural degradation products of lipid com-
ponents. Moreover, current LNP formulations have been shown to
induce inflammatory responses [5] and also upon local intramuscular

administration, there is considerable leakage into systemic circulation
with sequestration by the liver [6]. Finally, the ionizable lipid compo-
nent may react with and thereby inactivate the mRNA [7]. Thus, there is
still an urgent need for alternative formulations with less components,
easier manufacturing, higher control of delivery route and less concerns
of side reactions. Cationic peptides and other peptide and polymer-based
materials are being broadly explored as potential carriers [8-11].
However, so far, only a few show activity, and for a specific formulation,
it is a challenge to pin down the relevant bottlenecks of the delivery
process [12].

Cytosolic delivery of mRNA nano-formulations is a multi-step pro-
cess. In circulation, nanoparticles (NPs) rapidly acquire a protein
corona, and this process must not disrupt the RNA formulation.
Furthermore, the mRNA must be protected from nucleases inside and
outside the cell and formulations that succeed in plasmid DNA delivery
can still fail in the protection of mRNA [13,14]. Following interaction
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with cells, uptake must be induced. Most mRNA-containing nano-
particles are taken up by cells via endocytosis [15]. Endosomal release is
the rate-limiting step in mRNA delivery [16,17]. Importantly, it is
paramount for therapeutic efficacy that endosomal escape occurs before
the fusion of endosomes with lysosomes to form degradative endolyso-
somes [18]. Quantitative in vivo studies have revealed that endosomal
escape efficiencies range from ~ 0.3 % to 1-2 % for siRNA and antisense
oligonucleotides, respectively [19,20]. Moreover, for small interfering
RNAs (siRNA), as much as 70 % of the internalized RNA leaves the cells
through exocytosis before escaping the endosomes [21]. Moreover,
endosomal escape alone is insufficient for mRNA expression since once
inside the cytosol, mRNA must be released from the carrier before it can
be translated into protein even though the details on how this occurs
have hardly been addressed. Observations for LNPs suggest that
unpacking is driven by endosomal acidification and may thus be part of
the endosomal release process [17].

Studies indicate that even for efficient delivery vehicles, well over
95 % of the RNA dose does not contribute to the therapeutic effect. As
the toxicity of RNA therapeutics is primarily due to the membrane-
destabilizing characteristics of the cationic carrier [22-26], these in-
efficiencies compromise the therapeutic application of mRNAs. More-
over, recent studies have shown that for LNPs, as much as 40-80 % of
the nanoparticles do not contain any mRNA [27,28]. Thus, there is a real
opportunity to simultaneously reduce the toxicity and costs of mRNA
therapeutics by optimizing the individual steps along the uptake
pathway for alternative types of delivery vehicles.

Several strategies have been presented to detect the endosomal
escape capabilities of nanosized carriers, among which are protein
complementation assays. In these assays, a protein is split into two
fragments. Once these fragments are in spatial proximity, they will
interact and form the complete, functional protein [29]. These proteins
typically are reporter proteins for which robust read-outs exist. The first
of these to be employed in studies on endosomal release relied on the
delivery of the 11th p-strand of GFP into cells that (constitutively) ex-
press the non-fluorescent GFP1-10 [30,31]. More sensitive by four or-
ders of magnitude are split luciferase approaches [32-34]. Alternatively,
a Renilla luciferase zymogen that is only activated once in the cytosol
was co-formulated with the mRNA [35]. To detect endosomal rupture,
fluorescent fusion proteins of galectins can be expressed in the cytosol.
Galectins are a family of 8-galactoside-binding lectins. Without endo-
somal disruption, galectins are homogeneously distributed throughout
the cytosol [36]. However, when membrane damage exposes the B-ga-
lactosides of the inner leaflet of the endosomal membrane to the cytosol,
galectins are recruited to the endosome and bind the exposed glycans,
leading to a punctate distribution of fluorescence [37,38].

Whereas the strategies summarized above help discriminate delivery
vehicles with efficient from those with inefficient endosomal release,
they fall short in instructing about the specific shortcomings of a carrier
along the whole delivery trajectory. A platform that fails to induce
endosomal release may still effectively liberate mRNA once inside the
cytosol. The availability of such strategies is essential for a rational
design and optimization of delivery vehicles. Here, we demonstrate the
co-incubation of delivery vectors as a solution to this problem. On the
one hand, we combined mRNA NPs formed with the inefficient cell-
penetrating peptide (CPP) R9 with mRNA NPs formed with the effi-
cient CPP PepFect14 (PF14). Using fluorescently labeled mRNA, these
co-transfections revealed that PF14 mRNA NPs enhanced the cellular
uptake of R9-formulated mRNA, highlighting that both types of nano-
particles enter via the same route but strongly differ in their capacity to
induce endocytosis. Also, the results show that degradation of mRNA in
R9 nanoparticles is not the reason for their poor performance.

Moreover, expression of R9 NP-delivered mRNA was observed only
in the presence of PF14-mRNA NPs, identifying the lack of endosomal
release as a further shortcoming of R9-mRNA NPs. By comparison, co-
incubation of R9 with a lipid-based mRNA carrier, not showing endo-
somal entrapment of mRNA, did not yield an mRNA delivery benefit.
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Most experiments were conducted in the murine pre-osteoblast MC3T3
cells. We employed this cell line as it has a spread out morphology and is
thus highly suited for microscopy studies of particle uptake [39].
However, the key concept was also validated in HeLa cervical carcinoma
cells, which is a widely employed cell model for delivery studies, C5120
human primary fibroblasts [40] and bone marrow-derived mesen-
chymal stem cells as a further primary cell line [41].

Visualizing galectin-9 in co-transfections revealed that although
PF14 efficiently mediated endosomal disruption, mRNA was only poorly
dissociated from NPs, identifying a crucial bottleneck for this peptide.
Lastly, we used super-resolution microscopy to rule out that mRNA
delivery benefits of co-transfections were not simply due to mRNA ex-
change between PF14 and R9 NPs.

2. Materials and methods
2.1. Cell culture

Subconfluent cultures of the HeLa human cervical adenocarcinoma
cell line (DSMZ no. ACC57, Leibniz Institute DSMZ-German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany) were
maintained in RPMI 1640 Medium (Dutch modification, Gibco, Wal-
tham, MA, USA, Cat. No. 22409031) supplemented with fetal bovine
serum (FBS; Gibco, Cat. No. 10270-106), and GlutaMAX (Thermo Fisher
Scientific, Waltham, MA, USA, Cat. No. 35050038). All experiments
were performed with HeLa cells with a passage number lower than 15.

Subconfluent cultures of the MC3T3-E1 subclone 4 (CRL-2593,
American Type Culture Collection; ATCC, Manassas, VA, USA) pre-
osteoblastic murine cell line were maintained in Minimal Essential
Medium o (a-MEM; Gibco, Cat. No. A10490-01), supplemented with 10
% v/v FBS. All experiments were performed with MC3T3 cells with a
passage number lower than 25. hBMSCs were isolated from iliac bone
fragments from healthy donors after surgery (Department of Maxillo-
facial Surgery, Radboudumc, The Netherlands) after ethical approval
(Commissie Mensgebonden Onderzoek: dossier number #2017-3252) as
described previously [41]. In line with the criteria as set by the Inter-
national Society for Cellular Therapy (ISCT) [42], hBMSCs immuno-
phenotypically demonstrated to express characteristic MSC markers
(>95 % immunopositive for CD73, CD90 and CD105, and immuno-
negative for CD45) and the capacity to undergo osteogenic differentia-
tion. hBMSCs were maintained in complete a-MEM and were only used
from passages 2-7.

Subconfluent cultures of the C5120 skin fibroblasts were maintained
in Medium 199 supplemented with 10 % v/v FBS and GlutaMAX [40].
All experiments were performed with C5120 cells with a passage num-
ber lower than 15. All experiments were performed with MC3T3 cells
unless stated otherwise.

2.2. Messenger RNA (mRNA)

CleanCap enhanced green fluorescent protein (eGFP) mRNA (L-
7601) and 5-methoxyuridine-substituted mCherry mRNA (L-7203) were
purchased from Trilink Biotechnologies (San Diego, CA, USA). Secreted
nanoluciferase (Luc), mCherry, eGFP, and mRNA labeled with Alexa
Fluor (AF), AF488, AF568, and AF647 were all purchased from RIBO-
PRO (Oss, The Netherlands). In the mRNAs about 25 % of UTPs were
fluorescently labeled which translates into about 20-35 labels per
mRNA molecule or less than 1 in 20 nucleotides. All mRNA was ali-
quoted at 100 ng pL~! in nuclease-free water (Thermo Fisher Scientific,
Waltham, MA, USA, Cat No. AM9937) in DNA LoBind tubes (Eppendorf,
Hamburg, Germany), snap-frozen in liquid nitrogen and stored at
—80 °C until use. Before use, the mRNA solutions were thawed and kept
on ice.
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2.3. mRNA nanoparticle formation

Peptide-mRNA polyplexes were formulated as previously described
[43,44]. In short, two separate stock solutions of mRNA and peptide
were prepared in MQ and simultaneously aspirated with electronically
dispensing pipettes (E4 Electronic Pipette, LTS E4-100XLS+, Mettler-
Toledo Rainin, LLC, Oakland, CA, USA) at a flow rate of 11 mL min~ L.
All polyplexes were formed at a concentration at least tenfold the final
intended concentration for transfections. The final concentration for
PF14 mRNA NPs was 2 uM unless stated otherwise. For R9 mRNA NPs,
we made particles with a final concentration of 1.11 pM R9 (referred to
as 1 uM), which contained an equivalent mRNA dose to 2 uM PF14.
Moreover, we also tested R9 mRNA NPs at 5.16 puM (referred to as 5 uM),
which is 4.6 times more mRNA compared to 2 uM PF14.

For the formation of cationic lipid-based complexes (lipoplexes),
Lipofectamine MessengerMAX (LMM; Thermo Fisher Scientific, Wal-
tham, MA, USA) was used according to the manufacturer’s instructions.
In short, LMM was incubated in Opti-MEM (Gibco, Cat. No. 11058021)
for 10 min at room temperature (RT). The appropriate amount of mRNA
solution was diluted in Opti-MEM and incubated with LMM for at least 5
min at RT.

The hydrodynamic diameter of the NPs was measured at 25 °C by
dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern In-
struments, Worcestershire, UK) equipped with a 4 mW He-Ne laser (633
nm) with a backscatter detection angle of 173°. Alternatively, mRNA
NPs were measured using a NANO-flex (Microtrac MRB, Montgomery-
ville, PA, USA) at an angle of 180°, using a 3 mW 780 nm laser line.

2.4. mRNA (Co-)transfections

One day before mRNA transfections, 10,000 MC3T3 cells in 100 pL
were seeded in 96-well plates (Greiner Bio-One Cat. No. 655180), or
20,000 cells in 200 pL in p-slide 8-well chambers (Ibidi, Grafelfing,
Germany). These seeding densities ensured confluency between ~
70-90 % on the day of transfection. mRNA transfections were performed
by removing the complete medium from the wells and replacing it with
mRNA NPs diluted ten times in complete medium. In a humidified
incubator, cells were exposed to mRNA NPs for 2 h at 37 °C, 5 % COa.
For some experiments, cells were stained with 200 uL. 50 nM Lyso-
Tracker Green DND-26 (Thermo Fisher Scientific, Cat. No. L7526)
directly after the NP incubation, according to the manufacturer’s
instructions.

Regardless of the tested N/P ratio or peptide, mRNA inputs were
equalized across conditions, resulting in 107 ng per well for luciferase
assays in 96-well plate formats and 214 ng per well for confocal mi-
croscopy experiments. Notably, these amounts of mRNA ensured equal
doses (pg mRNA/cell) regardless of the format used for transfection.
This excludes the 5 yM R9 conditions, which had a 4.6 times higher
amount of mRNA. Only complete cell culture medium was added for
untreated controls and refreshed as often as in the experimental condi-
tions. Simultaneous transfections were carried out by the simultaneous
addition of both transfection agents in a p-slide 8-well chambers (Ibidi).
For staggered co-transfections, cells were first transfected with either
R9-eGFP or PF14-mCherry mRNA NPs for 30 mins, washed twice with
PBS, and transfected for 2 h with the other mRNA NP.

2.5. Live-cell confocal laser scanning microscopy (LCLSM)

Prior to LCLSM, complete medium containing phenol red was
replaced with an equal volume of phenol red-free Opti-MEM (Gibco, Cat
No. Cat. No. 11058021), supplemented with 10 % PBS and 20 mM
HEPES pH 7.4. The uptake of fluorescently labeled mRNA NPs was
assessed two hours post-transfection, and reporter protein expression
was assessed 24 h post-transfection. Live-cell imaging was performed
using a Leica TCS SP8 SMD (Leica Microsystems, Mannheim, Germany)
with an HC PL APO CS2 63x/1.20 water objective lens and a
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temperature-controlled stage at 36.5 °C. All laser lines were generated
by a white-light laser and emissions were detected with hybrid
detectors.

Alternatively, for higher resolution imaging, confocal images were
collected using a Zeiss LSM 900 confocal system fitted with an Airyscan
2 module, mounted on an inverted Zeiss Axio Observer Z1 microscope
with a Plan-Apochromat 63x/1.4 DIC M27 oil objective lens. The
optimal setting (Nyquist sampling) suggested by Zeiss for the number of
pixels in the x-y direction (40 nm per pixel) was used for all images,
which were acquired in Airyscan mode (super-resolution) using a 32-
channel gallium arsenide phosphide photomultiplier tube (GaAsP-
PMT). The Zeiss ZEN 3.4 (blue) software package was used for collection
and postprocessing of the images by using the 2D super-resolution
setting with auto filter and standard strength. Regardless of the
confocal setup, equal acquisition settings (pixel size, pinhole, laser
power, and gain) per fluorophore were used within all experiments.
eGFP or AF488 were excited at 488 nm (emission: 500-550 nm),
mCherry and AF568 were excited at 561 nm (emission: 580-630 nm),
and AF647 was excited at 633 nm (emission 650-690 nm). All channels
were sequentially acquired to avoid crosstalk at a bit depth of 12.

2.6. Quantification of fluorescence intensities and degree of colocalization

Quantification of fluorescence was performed as previously
described [45]. In brief, whole-image masks were analyzed using
ImageJ (version 1.53f51) and used to calculate the raw integrated
density, which is the sum of all pixels within a region of interest (ROI).
To correct for differences in background fluorescence, a cell-free ROI
was used to determine background fluorescence. To obtain the corrected
total cellular fluorescence, the area (in pixels) was multiplied by the
mean gray value of the background and subsequently subtracted from
the raw integrated density of the ROL For colocalization analysis of
confocal microscopy data, we used the JACoP plugin combined with
Costes’ automatic threshold [8] to remove the bias of visual interpre-
tation [46,47].

2.7. Detection of luciferase expression

According to the manufacturer’s instructions, the extent of luciferase
production was determined using the Nano-Glo Luciferase Assay
(Promega, Madison, WI, USA, Cat No. N1130). Briefly, 50 uL of the
sample was mixed with a 1:50 dilution of Nano-Glo luciferase assay
substrate in Nano-Glo luciferase assay buffer. The resulting mixture was
incubated at RT, hidden from light, for at least 3 min in a black trans-
parent flat bottom 96-well plate (Corning Inc., Corning, NY, USA, Cat
No. 3631). An inter-sample distance in the 96-well plate of at least two
columns ensured no signal crosstalk between experimental conditions.
Luminescence was measured after briefly shaking the plate using a
VICTOR X3 Multilabel Plate Reader (Perkin Elmer, Waltham, MA, USA).

2.8. Electroporation of cells with mCherry-Galectin-9 plasmid DNA

An M6P-YFP-blasticidin-galectin-9 plasmid was obtained from Gisela
Otten (Felix Randow Lab; MRC Laboratory of Molecular Biology, Cam-
bridge, United Kingdom). We removed the YFP from this plasmid in
favor of an N-terminal mCherry. Successful cloning of the N-terminal
mCherry galectin-9 plasmid was confirmed by sequencing.

Before electroporation, 750,000 HeLa cells were resuspended in 100
uL pre-warmed RPMI without FBS containing 1.5 ug mCherry-galectin-9
pDNA. Immediately after resuspension, cells were transferred to al00 pL
Nucleocuvette vessel and electroporated with a 4D-Nucleofector (Lonza
Group AG, Basel, Switzerland) using the CN-114 program. After elec-
troporation, cells were immediately diluted in complete RPMI and
seeded in p-slide 8-well chambers (Ibidi) at a density of 20,000 cells per
well. 18 h after electroporation, cells were transfected with mRNA
nanoparticles as described in 2.4.
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2.9. Dual-color direct stochastic optical reconstruction microscopy (DC-
dSTORM)

mRNA nanoparticles were prepared as described in section 2.3. 200
uL of NP solutions were pipetted on 25 mm coverslips thickness #1.5
(Electron Microscopy Sciences, Hatfield, PA, USA, Cat No. 72290-12)
and incubated for 20 min at RT. Samples were fixed for 30 min in 4 %
paraformaldehyde in 0.2 M PBS pH 7.4, supplemented with 0.1 % w/v
glutaraldehyde. After thorough washing, remaining reactivity of the
fixatives was quenched by a 30-min incubation with 100 mw glycine
and 100 mwm NH4Cl (Sigma-Aldrich, Cat. No. 50046 and 213330,
respectively) in PBS. Thereafter, the coverslips were placed in a custom-
made low-drift magnetic sample holder filled with approximately 1 mL
of OXEA buffer [48].

DC-dSTORM microscopy was performed in Wide-Field illumination
mode using a custom-build low-drift inverted microscope setup equip-
ped with a nanometer resolution xyz piezo stage (PInano P-545.3R7
Piezo System; Physik Instrumente, Karlsruhe, Germany). In the excita-
tion path, three laser light sources were spatially overlapped: a 1000
mW 639 nm laser, a 500 mW 488 nm laser (Genesis MX STM OPSLaser
System, Coherent), and a 100 mW 405 nm laser (OBIS LX Laser System,
Coherent). These lasers were focused at the back focal plane of the im-
aging objective (APON 60XOTIRF /1.49 OIL, Olympus America Inc.).
Emitted light was then focused using an achromatic lens (f:175 mm,
Newport, PACO61AR.14) onto a scientific CMOS camera (ORCA-
Flash4.0 V2, Hamamatsu). For dual-color imaging, the light was filtered
using a triple band dichroic mirror (ZT405/488/635rpc, Chroma) in
combination with an emission filter (FFO01-565,/133-25, Semrock and/or
ET655lp, Chroma). The setup was controlled using custom-written
software in MATLAB (MathWorks, Massachusetts, USA) [49].

During data acquisition, sample plane excitation power densities of
~ 1.5-2.0 kW/cm? were used for the 639 nm and 488 nm light sources,
respectively. Imaging was performed separately for each channel, with
the 639 nm channel imaged first. For each channel, a total of 5,000 x 10
= 50,000 frames were acquired within a region of interest of 300 x 300
pixels of 0.111 pm at an exposure time of 10 ms.

2.10. DC-dSTORM data processing

DC-STORM data were processed with ImageJ (version 1.52) using
the ThunderSTORM plugin [50], which was automated using Supple-
mentary Script 1. Images were reconstructed from 1-5x107 fit positions,
with a detection threshold of 100-200 photons for the 488 nm and 639
nm channels, respectively. Typical uncertainty mode values were 11 nm
for the 639 nm channel and 14 nm for the 488 nm channel (Fig. S10G).
Image reconstruction was performed using the average shifted histo-
grams method, with a rendering pixel size of 10 nm. A density kernel,
with a distance radius of 55 and with a minimum of 5 neighbors in the
radius, was applied for the 488 channel [51]. Software drift correction
was performed for 639 channel data by a cross-correlation algorithm
with ten bins, a smoothing factor of 0.35, and a magnification of 5.0.

Chromatic aberration shifts in the 488 channel were corrected using
the Detection of Molecules plugin (available here: https://github.co
m/UU-cellbiology/DoM Utrecht). The emission positions of the fidu-
cials were determined using 2D Gaussian fitting at each recorded loca-
tion. A locally weighted transformation between both channels was used
[52], allowing the transfer of fits from the 488 to the 639 channel.

Separate channel localizations were merged into a single file using
Supplementary Script 2 and automatically subdivided into smaller ROIs
to minimize computational burden using Supplementary Script 3. Then,
we used the Nanofeatures script (available here: https://github.com/cri
zloz/nanoFeatures, courtesy of Cristina Izquierdo-Lozano, Institute for
Complex Molecular Systems (ICMS), Eindhoven University of Technol-
ogy) to divide the ROI into 9 distinct sections, followed by density-based
spatial clustering of applications with noise (DB-SCAN), while using a
scanning diameter of 40 nm with a minimum of ten points (Fig. S11).
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After clustering, clusters with more than 2000 points or with an aspect
ratio higher than 1.8 were removed. From these data, NP characteristics
such as size, radius, number of localizations were extracted from each
channel. For colocalization analysis of DC-dSTORM data, the number of
overlapping localizations from each channel was normalized by the total
number of localizations of in each channel with Supplementary Script 4.

2.11. Data analysis and statistics

Data analysis was performed using GraphPad Prism (GraphPad
Software, version 8.4.2, San Diego, CA, USA). Data are presented as
mean + standard deviation (SD). Means were calculated by first aver-
aging the technical replicates, for which outliers were identified using
Grubbs’ test, followed by averaging the biological replicates. Before
statistical analysis, all data were checked for normal distribution with a
Shapiro-Wilk test. Statistical analysis was done using one- or two-way
analysis of variance (ANOVA). Multiple comparisons were corrected
using Tukey’s test with 95 % confidence intervals, unless stated other-
wise; p > 0.05 was considered not significant (ns), and p values were
reported using the GraphPad Prism style (* p < 0.05, ** p < 0.01, *** p
< 0.001, and **** p < 0.0001).

3. Results
3.1. Cellular uptake of R9- and PF14-formulated mRNA nanoparticles

Although nona-arginine (R9) is a well-established cell-penetrating
peptide (CPP), we have not been able to achieve RNA delivery for
inducing protein downregulation with R9-formulated small interfering
RNA (siRNA) or antisense oligonucleotide NPs [53,54]. Delivery effi-
ciency is a function of the stability of particles in serum, cellular uptake,
endosomal release, and finally, liberation of RNA inside the cytosol.
Here, we sought to better understand the bottlenecks of R9-mediated
delivery as a representative for an mRNA formulation that yields
monodisperse NPs and shows uptake but no mRNA expression. For this
purpose, R9-formulated mRNA NPs were co-transfected with mRNA NPs
formulated with the efficient peptide-based carrier PepFect14 (PF14).
To monitor the cellular uptake of mRNA NPs by confocal microscopy, we
employed AF568- and AF647-labeled mRNA. In the first experiment, we
confirmed that both mRNA NPs could be formed equally well, and
intracellular fluorescence was also readily detected. Dynamic light
scattering (DLS) confirmed that PF14-mRNA NPs formed with AF568- or
AF647-labeled mRNA yielded intensity-based particle size distributions
of 74.11 £+ 5.78 nm and 64.11 + 0.73 nm, respectively. R9-formulated
mRNA NPs were slightly bigger but more monodisperse than those
formed with PF14, where R9-AF568 mRNA NPs had a size of 97.33 +
9.71 nm and R9-AF647 mRNA NPs of 86.30 + 2.34 nm (Fig. S1). Salt, as
present in the incubation medium may shield charges, potentially
leading to particle aggregation. For this reason, we also performed
measurements of PF14-mRNA nanoparticles in the presence of 150 mM
NaCl (Fig. S2). There was some aggregation, however, the main fraction
of particles retained the original size, consistent with microscopy where
we also did not observe the presence of aggregates (see below).

R9-mRNA NPs were formulated with the same mRNA dose as PF14-
mRNA NPs to enable fair comparisons of mRNA uptake efficiencies. At
the same N/P ratio, which specifies the ratio of positive (nitrogen) over
negative (phosphate) charge, an mRNA dose of 100 ng corresponded to
final peptide concentrations of 2 uM for PF14 and 1.11 uM for R9.
Additionally, we also included 5.16 uM R9-mRNA NPs. All conditions
are thus given with respect to peptide concentration. Peptide-mediated
cellular uptake of fluorescently labeled mRNA was assessed two hours
after transfection. To assess endolysosomal trafficking, cells were addi-
tionally treated with LysoTracker. Free AF568 mRNA only yielded
minimal uptake (Fig. 1A, Fig. S3A). For AF647 mRNA, the degree of
uptake between free mRNA and formulated with 1 uM R9-647 were
comparable. PF14-formulated mRNA showed pronounced cellular
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Fig. 1. Co-transfection of PepFect14 (PF14) and nona-arginine (R9) mRNA nanoparticles boost the uptake and lysosomal colocalization of R9-formulated mRNA. A)
The effects of co-transfection on the uptake of fluorescently labeled mRNA and lysosomal colocalization. Uptake was assessed 2 h post-transfection using the Airyscan
microscope. Brightness and contrast were equally adjusted across conditions per fluorophore, except for LysoTracker, which was automatically adjusted in ImageJ.
Scale bars represent 25 um. B) Quantification of Pearson’s correlation coefficient (PCC) using JACoP[46] with Costes’ automatic thresholding. Data represent the
mean + SD of 3-8 fields of view per channel. All conditions were compared to 5 uM R9-mRNA NPs per group, and only significant differences are depicted. C)
Schematic depiction of PCC values and degree of correlation. Data were analyzed using one-way ANOVA, corrected with Dunnett’s multiple comparisons test. ** p <

0.01, *** p < 0.001, and **** p < 0.0001.

uptake and punctate distribution of fluorescence that strongly colo-
calized with lysotracker irrespective of the nature of the fluorophore.
The uptake of R9-formulated mRNA only reached significance,
compared to the untreated conditions, by increasing the peptide and
mRNA dose by a factor of five (Fig. S3B).

For co-transfections of 2 uM PF14-AF568 mRNA NPs and either 1 pM
R9-AF647 mRNA NPs or 5 uM R9-AF647 mRNA NPs, the uptake of R9-
AF647 mRNA NPs was significantly increased compared to R9-AF647
mRNA NPs alone as evident from confocal microscopy and supported
by quantitative image analysis (Fig. 1A, Fig. S3B). Interestingly, co-
incubation with 1 uM R9-AF647 mRNA NPs also increased the uptake
of PF14-AF568 mRNA NPs, whereas co-incubation with 5 uM R9-AF647
mRNA NPs slightly decreased the AF568 signal (Fig. S3A). Overall,

these results demonstrate that the presence of PF14-mRNA NPs sub-
stantially increased the uptake of R9-mRNA NPs but that, conversely,
R9-mRNA NPs only had a minor effect on PF14-mRNA NPs.

Quantitative colocalization analyses revealed that when 5 uM R9-
mRNA NPs were co-transfected with PF14-mRNA NPs, there was a sig-
nificant increase in endolysosomal colocalization (Fig. 1B). Moreover,
the Pearson’s correlation coefficient (PCC; Fig. 1C) of ~ 0.6 for the 5 uM
R9-AF647 mRNA NPs & PF14-AF568 mRNA NPs implies that the ma-
jority of both types of mRNAs NPs colocalize. These results strongly
suggest that, when co-transfected, R9- and PF14-mRNA NPs reach the
same endocytic compartments.
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3.2. Co-transfection with PF14 induces the expression of R9-formulated
mRNA

We and others have previously shown that cellular uptake of mRNA
NPs has insufficient predictive power for cytosolic mRNA delivery
[55,56]. Therefore, we sought to determine whether the enhanced
colocalization of R9-formulated mRNA with endocytic compartments in
co-transfections with PF14-mRNA NPs would also yield expression of
R9-formulated mRNA. Accordingly, we used PF14-eGFP mRNA NPs,
PF14-mCherry mRNA NPs, and R9-eGFP mRNA NPs, which formed NPs
of 47.98 + 1.14 nm, 42.43 + 0.59 nm, and 102.0 + 0.61 nm, respec-
tively (Fig. S1). Again, PF14 was formulated with both mRNAs to
validate the expression of both reporter proteins as detected by confocal
microscopy 24 h post-transfection using live-cell confocal microscopy
(Fig. 2A).

By comparison, neither free mRNA nor R9-formulated mRNA pro-
duced detectable reporter protein expression. Importantly, co-
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transfection with PF14-mRNA NPs led to a significant increase in
eGFP expression for both 1 uM R9-eGFP mRNA NPs and 5 yM R9-eGFP
mRNA NPs. For PF14-mCherry mRNA NPs, the transfection efficiency
was reduced when co-transfected with 1 or 5 uM R9-eGFP mRNA NPs
(Fig. 2B). At least for co-transfection with 5 uM R9-mRNA NPs, this
observation is consistent with the reduced uptake.

To solidify the evidence for the crucial role of PF14-mRNA NPs in
enabling the expression of R9-formulated mRNA, we performed a dose-
titration of PF14-mRNA NPs for both 1 and 5 uM R9-Luc mRNA NPs.
There was a positive correlation of expression of 1 uM R9-Luc mRNA NPs
for co-transfections with doses of PF14-mCherry mRNA NPs ranging
from 1 to 2 pM PF14-mCherry mRNA NPs (R? = 0.56) with lower con-
centrations of PF14 NPs not showing an effect (Fig. S4A). For co-
transfections with 5 yM R9-Luc mRNA NPs, the R? value increased to
0.91 (Fig. S4B). Moreover, co-transfections with 5 uM R9 mRNA NPs
were more robust than those with 1 yM R9 mRNA NPs, as evidenced by
the increased significance of differences between conditions. We
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Fig. 2. Co-transfection of PF14- and R9-mRNA nanoparticles yields expression of R9-formulated eGFP mRNA. A) The effects of co-transfection on the
expression of PF14-formulated mRNA (mCherry) and R9-formulated mRNA (eGFP). Expression was assessed 24 h post-transfection using the Airyscan microscope.
Brightness and contrast were equally adjusted across conditions per fluorophore, according to the calibrated look-up tables (right), where the values reflect pixel
intensities. Scale bars represent 50 um. B) Quantification of mCherry fluorescence, and C) eGFP expression. The color-coded boxes beneath the panels represent the
different conditions. Data represent the mean =+ SD of 4-8 fields of view per channel. Data were analyzed using one-way ANOVA, corrected with Tukey’s multiple
comparisons test. Only significant differences are depicted. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

1 uM R8-eGFP 5 pM R9-eGFP



R. Oude Egberink et al.

confirmed that over the tested ranges, viability of cells was preserved.
Viability was compromised as soon as cells were incubated with 4 uM
PF14-NPs (Fig. S4C). All experiments were conducted in the presence of
serum as this mimics the physiological protein environment more
closely. Also in the absence of serum, there was no protein expression
from R9-mRNA nanoparticles whereas expression was observed for co-
transfections (Fig. S5).

3.3. Only simultaneous co-transfection of PF14 and R9 yields mRNA
delivery benefits

Next, we explored different co-transfection protocols to bolster our
hypothesis that endosomal co-entrapment of PF14 and R9 enabled the
expression of R9-formulated mRNA. So far, co-transfections were per-
formed by simultaneously adding separately formulated mRNA particles
to cells (synchronous co-transfection) and incubating for 2 h. We sus-
pected that the uptake kinetics of both mRNA carriers should be suffi-
ciently matched for co-transfections to yield endosomal co-entrapments
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with subsequent expression of two mRNAs present in separately
formulated NPs. Therefore, we tried 30 min R9-eGFP incubation fol-
lowed by 2 h of PF14-mCherry incubation and vice versa (staggered co-
transfection).

These modified co-transfection protocols revealed that expression of
the R9-formulated eGFP mRNA was only achieved when PF14 and R9
mRNA NPs were simultaneously added to cells. In contrast, regardless of
transfection protocol, mCherry levels were similar across conditions
(Fig. S6, Fig. S7TA&B). Additionally, we included conditions containing
free mRNA and free peptide to control for spontaneous formation of
mRNA NPs. However, we found that none of the conditions yielded any
detectable fluorescent reporter protein expression (Fig. S7C&D). These
data clearly indicate that PF14 NPs must be co-transfected with R9 NPs
simultaneously to facilitate sufficient endosomal co-entrapment to
enable the endosomal escape of R9-formulated mRNA.
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Fig. 3. LMM does not facilitate higher mRNA uptake or enable the expression of R9-formulated mRNA. A) The effects of co-transfections with LMM-AF568
mRNA NPs or PF14-AF568 mRNA NPs with R9-AF647 mRNA NPs on the uptake of R9-formulated mRNA. Uptake was assessed 2 h post-transfection; the scale bars
represent 50 um. B) Quantification of AF568-labeled mRNA, and C) AF647-labeled mRNA. The color-coded boxes beneath the panels represent the different con-
ditions. Data represent mean =+ SD of three biological replicates. Data were analyzed using one-way ANOVA, corrected with Tukey’s multiple comparisons test. ns:

non-significant, **** p < 0.0001.
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3.4. A shared uptake route of mRNA carriers is a prerequisite for
expression enhancement through co-transfection

Both R9 and PF14 are cell-penetrating peptides that mediate NP
uptake through induction of endocytosis [57,58]. Thus, we next inves-
tigated co-transfection of R9-mRNA NPs with the lipid-based trans-
fection agent Lipofectamine MessengerMAX (LMM) to probe for shared
uptake routes. Previously, we have shown that LMM has faster mRNA
uptake kinetics, resulting in a more homogeneous cytoplasmic distri-
bution of mRNA and less endosomal entrapment [43,59]. Despite these
uptake characteristics, delivery of PF14-formulated mRNA resulted in
more cellular uptake of mRNA than LMM in terms of fluorescence in-
tensities [55].

Using live-cell confocal microscopy, it became apparent that LMM
did not harbor the same ability as PF14 to boost the uptake of R9-mRNA
NPs (Fig. 3A). Co-transfection of LMM and R9-mRNA NPs neither
decreased the uptake of LMM-formulated mRNA (Fig. 3B) nor did it
increase the uptake of R9-formulated mRNA (Fig. 3C). There was,
however, a mutual influence of particles at the level of luciferase
expression (Fig. S8), which escaped the notion when assessing mRNA
uptake by fluorescence. We attribute this observation to the sensitivity
of the luciferase assay. In line with this observation, co-transfection of
neither 1 uM nor 5 pM R9-formulated luciferase mRNA with LMM-
mCherry mRNA resulted in any significant luciferase expression. How-
ever, co-transfections of 1 uM or 5 uM of R9-eGFP combined with LMM-
Luc lead to significant decreases in luciferase expression, indicating that
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R9 co-transfections negatively affect LMM.

3.5. PF14 co-transfections robustly induce the expression of R9-
formulated mRNA in multiple cell lines

The efficacy of a transfection agent for mRNA delivery strongly de-
pends on the cell type. It can vary widely across primary and secondary
cell lines, both from human and murine origin [60]. To assess the val-
idity of co-transfection across cell lines, next to the murine pre-
osteoblasts (MC3T3) used above, we also explored human epithelial
cervical carcinoma cells (HeLa), human skin fibroblasts (C5120) and
human bone marrow-derived mesenchymal stem cells (hBMSCs).

All tested cell lines showed robust luciferase expression induced
either by PF14-formulated luciferase mRNA or when R9-formulated
luciferase mRNA was co-transfected with PF14-mRNA NPs (Fig. 4).
However, the extent of the co-transfection-mediated enhancement of
luciferase activity strongly differed for the different cell lines, with
C5120 cells showing the most substantial increase by a factor of 21,000
and MC3T3 cells showing the lowest enhancement by a factor of only 87.

3.6. PF14-mRNA NPs mediate endosomal rupture but show poor
dissociation of nanoparticles

Whereas co-transfection of R9-mRNA NPs with PF14-mRNA NPs
increased cellular uptake, induction of endosomal release is the pre-
requisite for mRNA expression. Expression of fluorescent protein-tagged
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Fig. 4. The effects of mRNA co-transfections on luciferase expression in various cell lines. Quantification of luciferase expression 24 h post-mRNA transfection
in A) HeLa cells, B) MC3T3 murine pre-osteoblastic cells, C) C5120 fibroblasts, and D) human bone marrow-derived stem cells (hBMSC). The color-coded boxes
beneath the panels represent the different conditions. Data represents the mean + SD of triplicate wells and is representative of three independent experiments. Data
were analyzed using one-way ANOVA, corrected with Tukey’s multiple comparisons test. **** p < 0.0001.
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lectins in the cytosol provides the means to detect endosomal rupture
through exposure of lectin binding sites towards the cytosol, resulting in
a punctate staining (Fig. 5A).

Cells transfected with galectin-9-mCherry the previous day were
imaged by live-cell confocal microscopy after 2-h incubation with
mRNA NPs. For cells transfected with R9 mRNA NPs, the galectin-9-
mCherry signal remained cytosolically dispersed, regardless of the R9
dose tested (Fig. 5B). By comparison, when cells were transfected with
PF14-mRNA NPs, the galectin-9 signal was redistributed into punctate
foci that colocalized with the mRNA signal. Co-transfection of cells with
both types of NPs led to colocalization of fluorescence of both mRNAs
with galectin-9.

Surprisingly, the galectin-9-positive punctae were long-lived and
detectable 24 h post-transfection (Fig. S9A). For a quantitative
perspective, we analyzed the degree of colocalization between Gal-9-
mCherry and the mRNA NPs 2 and 24 h post-transfection. For 1 uM
R9-AF488 mRNA NPs co-transfected with PF14-AF647 mRNA, colocal-
ization increased from 2 to 24 h (Fig. S9B). Correspondingly, also for
PF14-AF647 mRNA NPs, either transfected alone or combined with 1 uM
R9-AF488 mRNA NPs, there was significantly more colocalization with
Gal-9-mCherry after 24 h in comparison to 2 h post-transfection
(Fig. S9C). Moreover, the colocalization between both fluorescently
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labeled mRNAs also significantly increased between timepoints in the
condition where PF14 mRNA NPs and 1 uM R9 mRNA NPs were co-
transfected (Fig. S9D). The increased colocalization of mRNA 24 h
post-transfection indicates that endosomal escape is not completed 2 h
post-transfection. Importantly, these data collectively indicate that
although PF14 is an efficient CPP that effectively disrupts endosomal
membranes, the peptide poorly dissociates from the mRNA cargo
following endosomal escape. Since low levels of homogenously distrib-
uted mRNA would be difficult to detect, at this point, we cannot
determine which fraction of mRNA remained captured.

3.7. Dual-color direct stochastic optical reconstruction microscopy (DC-
dSTORM) confirms the absence of mRNA exchange between PF14 and R9
NPs

Finally, we aimed to exclude that co-transfections were the results of
the exchange of mRNA between nanoparticles. To visualize individual
NPs at nanometer resolution, we employed dual channel (DC)-dSTORM.
PF14 NPs were formulated with either AF488-labeled mRNA alone or
with a mixture of AF488 and AF647 mRNA, while R9 NPs were
formulated with AF647-labeled mRNA alone or a mixture of both
mRNAs. This approach allowed us to benchmark the degree of overlap
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Fig. 5. Detection of endosomal disruption using mCherry-galectin-9 (mCherry-Gal-9) two hours post-transfection. A) In the resting state, mCherry-Gal-9 is
homogenously distributed throughout the cytosol, resulting in a diffuse mCherry signal. Upon endosomal disruption, p-galactosides on the inner leaflet of endosomal
membranes are exposed to the cytosol, leading to galectin-9 binding and resulting in a punctate mCherry-Gal-9 signal. B) Live-cell confocal microscopy of mRNA
uptake 2 h post-transfection in HeLa cells electroporated with mCherry-Gal-9 pDNA (24 h pre-transfection). Brightness and contrast were equally adjusted across
conditions for AF488 and AF647 signals. mCherry-galectin-9 signal was automatically adjusted in FIJI. Scale bars represent 10 pm.



R. Oude Egberink et al.

between two fluorescently labeled mRNAs formulated within the same
nanoparticle and compare it to the co-occurrence of two mRNAs
formulated with separate peptides.

To identify and characterize NPs, we applied strategies as described
before [17,61], and the quality of the DC-dSTORM data was validated
with descriptive statistics (Fig. S10A-G). With our DC-dSTORM
approach, we could readily detect nanoparticles, regardless of the pep-
tide used for encapsulation of mRNA and regardless of the identity of the
fluorescently labeled mRNA. Moreover, our results with R9 were similar
to those previously reported with dASTORM [61].

For PF14-AF488 mRNA NPs, thus in the absence of a specific AF647
signal, the degree of colocalization with AF647 was negligible (0.307 +
0.011 %), while for PF14-AF488-AF647 NPs, colocalization was 23.9 +
0.762 % (Fig. S10H). By comparison, for R9 co-formulated with both
mRNAs, there was no evidence for colocalization, even though each
individual mRNA cluster could be detected. On one hand, these dis-
crepancies may be due to the number of obtained clusters. For double-
labeled PF14 NPs, we obtained 35 % more clusters in the AF647 chan-
nel than in the AF488 channel. Meanwhile, for double-labeled R9 mRNA
NPs, we obtained 2.7 times more clusters in the AF488 channel
compared to the AF647 channel. On the other hand, previous studies
had shown only about three mRNA per NP [28,61]. Thus, at low total
mRNA numbers per NP, only a fraction of NPs may contain both mRNAs.
Still, partially overlapping clusters were present in images of both PF14-

AlexaFluor-488 AlexaFluor-647 Merge

PF14-488

PF14-488-647

R9-647

E..

. -

R9-488-647

& .

PF14-488 &

Fig. 6. Dual-color direct stochastic optical reconstruction microscopy (DC-dSTORM) average shifted histogram-reconstructed images of representative
peptide-mRNA nanoparticles deposited on glass. Scale bars in left panels represent 1 um; right panels 0.1 ym. Boxes in right panels represent the zoomed-in
regions of interest in the left panels.
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AF488-AF647 mRNA and R9-AF488-AF647 mRNA NPs (Fig. 6).

Importantly, no such overlap was observed in images of PF14-AF488
mRNA NPs and R9-AF647 mRNA NPs alone and of the co-deposition of
both NPs, validating the absence of NP interactions and mRNA ex-
change. These results were bolstered by quantitative analyses of coloc-
alization, which revealed that for co-deposited PF14-AF488 mRNA NPs
and R9-AF647 mRNA NPs, only 1.16 % of the clusters colocalized, which
is much less than the 23.9 % colocalization of the PF14-AF488-AF647
NPs. Additionally, the co-deposited PF14-AF488 mRNA NPs and R9-
AF647 mRNA NPs showed a significantly lower amount of colocalized
clusters than R9-AF647 mRNA NPs and R9-AF488-AF647 mRNA NPs
(Fig. S10).

4. Discussion

Cytosolic delivery of oligonucleotides is a multi-step process and
activity is only observed if all hurdles are overcome. Here, we showed
that co-transfection of carriers provides a highly informative means to
identify delivery bottlenecks and provide information on delivery
routes.

Although R9 is a well-established CPP, there is little experimental
support for its capacity to deliver (m)RNA [53]. Attempts to improve R9
delivery by incorporating histidines into the sequence only yielded
benefits when the mRNA NP was coated with the cationic lipid DOTAP
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[62], or modified with reducible cysteines [63]. In contrast, stearylation
of R9 was also not able to induce splice correction even in the presence
of the endosomolytic agent chloroquine [64]. By comparison, PF14
yields more effective uptake and endosomal release. As we showed
recently, the activity can be attributed to its amphipathic structure [55].
Positive charge alone is sufficient for complexing mRNA but fails in
inducing cellular uptake and fully lacks the capacity to induce endo-
somal release.

Co-transfection of R9-mRNA NPs with PF14-mRNA NPs enabled the
expression of R9-formulated mRNA. On the one hand, cellular uptake
increased; on the other hand, co-transfection overcame the endosomal
escape bottleneck of R9. Importantly, once inside the cytosol, R9-NPs
released mRNA to a sufficient degree to enable translation. Also, the
PF14-mRNA NP-mediated induction of protein expression from R9-
mRNA NPs demonstrates that mRNA is effectively shielded from
nuclease-mediated degradation. Remarkably though, not all cells co-
expressed the R9 NP-delivered mRNA along the PF14 NP-delivered
mRNA. This discrepancy may reflect differences to release mRNA from
the nanoparticles. Furthermore, it has been shown before that co-
delivery of two types of nanoparticles does not yield co-expression of
proteins across all cells [65].

Detection of endosomal rupture by expression of galectin-9-mCherry
yielded highly interesting results. Surprisingly, punctate galectin-9 sig-
nals were not transient but persisted for over 24 h. In addition, coloc-
alization of the mRNA signals with Gal9-mCherry was higher at 24 h
than at 2 h, indicating that over the 24 h, further endosomal rupture
occurred. This result conflicts with the expectation that NPs should be
sequestered in lysosomes at this late time point. However, with respect
to intracellular trafficking, induction of autophagy and sequestration in
autophagolysosomes has been reported for PF14 complexes [66].
Further research is needed to understand to which degree this locali-
zation relates to galectin-9-positive events.

For LNP-mediated delivery, it has been shown that endosomal
release only occurs during a short time window of early endosomal
passage [38]. At the same time, PF14-mRNA NPs only stimulated the
endosomal release of R9-mRNA NPs upon co-incubation. This observa-
tion is also difficult to reconcile with increased endosomal rupture after
24 h as endosomal contents are expected to mix in late endosomes at this
time point. The long-lived galectin-9 signal warrants future research into
the endolysosomal fine structures and how they relate to the localization
of mRNA NPs. For assessment of potential particle toxicity it will be
highly relevant to understand whether these endosomes are still
ruptured or whether galectin-9 remains bound to exposed glycolipids.
Correlative fluorescence/cryo-electron microscopy would be the
method of choice [67]. We also learned that, unlike previously assumed,
the punctate distribution of mRNA fluorescence is not due to mRNA
sequestration in intact endolysosomes but instead mRNA NPs are asso-
ciated with ruptured vesicles. This observation also explains why nu-
clear fluorescence was observed for PF14-delivered fluorescently
labeled antisense oligonucleotides, even though most signals were still
punctate [54]. It will be highly interesting to investigate whether mRNA
translation also happens close to these structures or from a small fraction
of mRNA released from these structures [68].

Persistent punctate structures indicate a highly relevant difference
between the cell-penetrating peptides and lipid nanoparticles (LNPs) as
delivery vehicles. Crucial for LNP activity are protonatable lipids with a
pKa around 6. LNPs are formed at a slightly acidic pH at which the
protonatable lipids are positively charged and able to complex (m)RNA.
At neutral pH, positive charges at the surface are neutralized. Proton-
ation inside the endosomes promotes interactions with negatively
charged lipids of the endosomal membrane, which drives LNP dissoci-
ation and endosomal rupture. Thus, LNPs possess an environmental
sensitivity that drives dissociation. By comparison, the CPP NPs used in
our study lack such environmental responsiveness. For CPPs, strategies
that have been explored to liberate the mRNA from its carrier, following
endosomal escape, incorporate a bioreducible element in the CPP, such
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as disulfide bonds that are quickly reduced by intracellular glutathione
or pH-responsive elements such as histidines, which are protonated
within the endosome but lose their charge once present cytosolically
[69,70]. It will be intriguing to revisit these strategies in combination
with the galectin-9 assay to assess whether sequestration at ruptured
endosomes is indeed reduced.

Co-transfection efficiency was observed across a panel of cell lines,
even though the extent differed. Co-transfections yielded two orders of
magnitude higher luciferase expression in HeLa and MC3T3 cells and
over three orders of magnitude for C5120 and hBMS cells. Potentially,
these differences could relate to the different capacities of PF14 to
induce endocytosis.

Interestingly, co-incubation with lipofectamine-formulated mRNA
failed to enhance the uptake of R9 NPs. Consistently, for LMM-mediated
mRNA uptake, we observed a homogenous cytosolic distribution of
mRNA, indicating minimal endosomal capture and most likely implying
a delivery pathway that involves direct fusion of lipid micelles with the
plasma membrane [55]. Others have, however, observed a release from
endosomal structures [71]. Also co-incubation with PF14 alone did not
yield R9-mRNA delivery. PF14 has only been investigated in the context
of oligonucleotide nanoparticles. Thus, no data is available whether
PF14 alone enters via a different route than PF14-mRNA nanoparticles.

Next to yielding a mechanistic understanding of delivery bottle-
necks, we can also envision a potential applied aspect in the co-delivery
of RNAs. Whereas strategies typically incorporate different oligonucle-
otides simultaneously into one vector, our results suggest that a poorly
released vector A can be combined with an efficient vector B, yielding
conditional delivery of A only in the presence of B. The general feasi-
bility of this concept has been demonstrated for combination of lipid
nanoparticle-formulated mRNA that reaches the liver but does not
mediate endosomal release with liver-targeted polymer micelles that
disrupt the endosomes [72]. However, in our case, co-administration of
R9-mRNA nanoparticles with PF14 alone which also forms micelles was
insufficient to drive endosomal release (Fig. S7D).

Lastly, we probed the possibility of mRNA exchange between PF14
and R9 NPs at single molecule resolution using DC-dSTORM. Again, we
used NPs with two distinct, fluorescently labeled mRNAs to benchmark
the degree of colocalization if two mRNAs are present in the same NP.
Both visual inspection and quantification of colocalization pointed to-
wards the absence of mRNA exchange between PF14 and R9 mRNA NPs.
While NPs containing two distinct mRNAs were characterized by
partially overlapping clusters, NPs containing one mRNA or co-
deposition of PF14 and R9 mRNA NPs were characterized by mutually
exclusive clusters. In unison, these data indicate no detectable mRNA
exchange between separately formulated and co-deposited mRNA NPs.

Overall, we present a co-transfection strategy to identify bottlenecks
in inefficient mRNA carriers by combining them with an efficient car-
rier. If co-transfections yield protein expression of the mRNA encapsu-
lated by an inefficient carrier, which also shows uptake by itself, the
endosomal escape is the main bottleneck. All preceding steps in mRNA
delivery, ranging from extracellular stability and uptake inefficiencies,
can be ruled out. This approach should aid the rational design and
optimization of intracellular mRNA delivery systems.
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