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ABSTRACT
Purpose mRNA has recently emerged as a potent therapeu-
tics and requires safe and effective delivery carriers, particu-
larly prone to address its issues of poor stability and escape
from endosomes. In this context, we designed poly(D,L-lac-
tide) (PLA)-based micelles with N-succinimidyl (NS) ester dec-
orated hydrophilic hairy corona to trap/couple a cationic
fusogenic peptide and further complex mRNA.
Methods Two strategies were investigated, namely (i) sequen-
tial immobilization of peptide and mRNA onto the micelles
(layer-by-layer, LbL) or (ii) direct immobilization of peptide-
mRNA pre-complex (PC) on the micelles. After characteriza-
tion by means of size, surface charge, peptide/mRNA cou-
pling/complexation and mRNA serum stability, carrier cyto-
toxicity and transfection capacity were evaluated with dendrit-
ic cells (DCs) using both GFP and luciferase mRNAs.
Results Whatever the approach used, the micellar assemblies
afforded full protection of mRNA in serum while the peptide-
mRNA complex yielded complete mRNA degradation. In
addition, the micellar assemblies allowed to significantly re-
duce the toxicity observed with the peptide-mRNA complex.
They successfully transfected hard-to transfect DCs, with a
superior efficiency for the LbL made ones (whatever
mRNAs studied) showing the impact of the elaboration pro-
cess on the carrier properties.

Conclusions These results show the relevance and potential
of this new PLA/peptide based micelle platform to improve
mRNA stability and delivery, while offering the possibility of
further multifunctionality through PLA core encapsulation.
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INTRODUCTION

RNA has emerged as a highly potent therapeutics over the last
decades [1, 2] whether siRNA/shRNA [3, 4], RNA aptamers
[5] and more recently mRNA as vaccines [6–8]. However,
their rapid degradation by nucleases and difficult escape from
endosomes remain major hurdles that still limit their perform-
ances. In a very recent review dedicated to nucleic acid vac-
cines, M.A. Liu states that mRNA stability is one of the key
issues that Research and Development efforts have to address
to improve potency of themRNA vaccines [9].Many research
works have been devoted to use of various carriers to protect
and deliver RNA [2]. The most currently used approach has
relied on RNA encapsulation/complexation in cationic lipid-
based nanoparticles, either based on classical lipids such as
DOTAP [10–13] or newly developed ionizable (i.e. pH-sen-
sitive) lipids presenting improved endosomolytic capacity and
less potential toxicity [7, 14–17]. Other reported carriers for
RNA complexation and endosomal escape have consisted of
cationic compounds/polymers such as polyethyleneimine
(PEI) [18, 19], ionizable dendrimers [20], amino-
functionalized polyesters [21, 22], histidin/arginin rich
amphipatic peptides (e.g., LAH4, RALA) with fusogenic prop-
erties [23–25], ormore recently phosphonium based polymers
[26]. However, RNA stability issues still appear as a limiting
factor in their biological efficiency. Also, non-degradability,
tendency for accumulation in the liver (when injected system-
ically) and cytotoxicity (related to cationic nature) remain a
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concern for such carriers [2, 27], especially as they need to be
typically used to be used in significant charge excess as com-
pared to nucleic acid for enabling colloidal stability of the
complex and successful transfection.

Biocompatible polylactide (PLA) based nanoparticles/
micelles have the advantage of safety and degradability and
a long history in pharmaceutical use. They remain among the
most promising candidates in drug/vaccine delivery, as shown
by new formulations still regularly entering clinical develop-
ment [28]. However, whereas these carriers are highly appro-
priate and versatile for loading and release of hydrophobic
drugs, the delivery of hydrophilic molecules such as DNA/
RNA, has remained problematic. The typical approach for
loading such drugs in PLA NPs relies on the double emulsion
technique (W/O/W). But this technique has limitations, as
nucleic acids integrity is significantly affected along the fabri-
cation process (e.g. sonication, water/organic solvent interfa-
ces) and drug loading is quite low [29–32]. Another problem is
that the nucleic acids thus encapsulated loss integrity upon
exposure to acidic environment caused by the polymer matrix
degradation [30, 33]. Alternative approaches have consisted
of post-adsorption of the nucleic acids onto already formed
particles after coating with a cationic surfactant/polymer,
such as cetyl trimethyl ammonium bromide (CTAB) [34],
polylysine [35] or PEI [36]. While avoiding degradation dur-
ing process, these systems ensure less in vivo protection of
surface-adsorbed nucleic acids and can potentially induce its
premature release with cationic compound (not covalently
bound to the PLA matrix). Original strategies of cationization
of PLA for nucleic acid complexation [37] and PLA-DNA/
RNA amphiphilic conjugates [38] have been proposed, but
possible problems of acid-mediated nucleic acid degradation
(upon PLA hydrolysis) and limited nucleic acid protection still
remain. Thus, there is still a strong need of developing effec-
tive and versatile carriers for delivering RNAs, using solvent-
free/water-friendly processes.

In previous works, we have designed a safe, versatile and
robust PLA-b-poly(N-acryloxy succinimide-co-N-vinyl pyrro-
lidone) (PLA-b-P (NAS-co-NVP)) amphiphilic degradable
block copolymer platform, able to self-assemble in micelles.
The latter allow core/corona functionalization with
hydrophobic/hydrophilic molecules, through the hydropho-
bic PLA core and the presence of N-succinimidyl (NS) ester
reactive groups of the NAS units along the corona, while NVP
units brought suitable hydrophilic/stealth environment.
These nanomicelles afforded core loading with immustimula-
tory molecules and high surface functionalization density with
protein antigens, whose bioactivity was preserved and even
improved [39–42].

In this context, our approach aimed at designing a new
mRNA delivery nanoplatform combining both PLA based
micelles and cationic fusogenic peptide to afford suitable
degradability, mRNA stability and endosomolytic properties

for translation. Our strategy relies on coupling of RALA pep-
tide on the NS ester functionalized corona of the micelles, for
further trapping mRNA through electrostatic interactions.
This carrier is shown to fully protect mRNA from serum nu-
clease degradation, reduce the toxic effect of the cationic pep-
tide, and promote successful transfection of dendritic cells,
making it highly attractive for mRNA delivery, particularly
in a vaccine context.

EXPERIMENTAL SECTION

Materials

The poly(D,L-lactide)-b-poly (N-acryloxysuccinimide-co-N-
vinylpyrrolidone) (PLA-b-P(NAS-co-NVP)) block copolymer
(12,000 g.mol−1 and 9000 g.mol−1 for PLA and P(NAS-co-
NVP), respectively; NAS/NVP molar ratio: 53/47, Ð = 1.7)
was synthesized from combination of ring-opening polymeri-
zation (ROP) and nitroxide mediated polymerization (NMP),
as previously described [40]. RALA peptide (N-
WEARLARALARALARHLARALARALRACEA-C se-
quence, molecular weight of 3327.93 g.mol−1, 98.8% of pu-
rity) was obtained from GenScript (Piscataway, USA). H2O
purified sterile water was purchased to from OTEC (France).
Dulbecco’s Phosphate Buffered Saline (DPBS 1x, pH 7.4) was
from Gibco. Nuclease-Free Water was provided from
Ambion. mRNA were a commercial optimized CleanCap®
EGFP mRNA (996 nucleotides) and CleanCap® FLuc
mRNA (1921 nucleotides) from TriLink biotechnologies.
Immortalized DC 2.4 (a murine bone marrow derived den-
dritic cell lines) was propagated in complete RPMI-1640 me-
dium with 10% heat inactivated Foetal Bovine Serum (FBS)
(10%), 50 μM 2-mercaptoethanol and 10 mMHEPES buffer
solution; all of them were purchased from Gibco,
ThermoFisher Scientific. Trypsin solution (0.25% trypsin-
EDTA) was obtained from Gibco, ThermoFisher.

Micelle Preparation

Copolymer micelles were prepared by nanoprecipitation, as
previously described [39]. The PLA-b-P(NAS-co-NVP) co-
polymer was dissolved in 2.5 ml of acetonitrile (10 mg.ml−1),
and the solution was added to 5 ml of H2O OTEC under
stirring in a round bottom flask. The acetonitrile in the solu-
tion was removed under reduced pressure. The micelle con-
centration was determined by drying a known volume of mi-
cellar solution inside an oven at 56°C for 24 h.

Preparation of the Micellar Assemblies

Layer-by-Layer (LbL) approach: 200 μL micelle solution at 1
or 1.5 mg.mL−1 in PBS (1/2 X) was added to 100 μL of
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fusogenic peptide (RALA) at 4 mg.mL−1 in nuclease free wa-
ter, and the solution immediately vortexed. The solution was
incubated during 1.5 h for coupling. Then, 100 μL of mRNA
solution in nuclease free water (40 μg.mL−1) was added onto
the functionalized micelles-peptide solution, and the obtained
solution immediately vortexed. The mixture was incubated
30 min for complexation (final concentrations: 500 or
750 μg.mL−1 micelle; 1000 μg.mL−1 peptide; 10 μg.mL−1

mRNA). Micelles-peptide-mRNA thus prepared were re-
ferred as “M-P-mRNA LbL”.

Pre-complex approach: The peptide-mRNA pre-complex
was first prepared by adding a given volume of mRNA
(40 μg.mL−1 in nuclease free water) to the same volume of
peptide solution (4 mg.mL−1 in nuclease free water). After
vortexing, the mixture was incubated 30 min Then, 200 μL
of micelles at 1 or 1.5 mg.mL−1 in PBS (1/2 X) were added to
the same volume of pre-complex, and the mixture immediate-
ly vortexed. The mixture was incubated for 1.5 h (final con-
centrations: 500 or 750 μg.mL−1 micelle; 1000 μg.mL−1 pep-
tide; 10 μg.mL−1 mRNA). Micelles-peptide-mRNA thus pre-
pared were referred as “M-P-mRNA PC”.

The different control samples (micelles, mRNA, peptide,
peptide-mRNA) were prepared at the same concentrations
using exactly the same procedure, by replacement of the so-
lution of compound to omit with the dedicated blank solution
(PBS/water), and used for all further evaluations.

Micelle Size and Zeta Potential

The hydrodynamic diameter, polydispersity index (PI) and
zeta potential of micelles and formulated micelles were deter-
mined by Dynamic Light Scattering (DLS) analysis with the
ZetasizerNanoZEN S600 device (Malvern Instrument, UK).
The samples were prepared by 1/100 dilution in a solution of
NaCl 1 mM. The data were obtained by Zetasizer Software
7.11 (Malvern Instrument, UK). The values were the mean of
four measurements.

Peptide Immobilization

The Tricine-SDS-PAGE method was used to assess the
peptide coupling onto the micelles. Each sample was
diluted at 1/8 in 30 μL of water and with 30 μL of
sample buffer which was composed of tricine and β-
mercaptoethanol (β ME) (2% v/v). The mixture was
heated at 96°C for 7 min and 50 μL of sample was
loaded on the gel. The running gel was placed in the
device of BioRad and immersed in the running buffer.
It was run for 60 min at 100 V and constant intensity.
Once the electrophoresis was finished, the gel was
cleaned and colored using instant blue solution.
Briefly, a sufficient volume of instant blue solution was
added to cover the gel, and incubation was performed

at room temperature for 60 min with gentle agitation.
The gel was rinsed two times and incubated 5 min with
ultrapure water. Peptide samples in various concentra-
tions were analyzed in the same conditions for calibra-
tion. Analysis was also performed on micelle superna-
tants. Supernatant samples corresponded to supernatant
of micellar formulation (LbL/PC) after 10 min at
10000 g centrifugation. Peptide immobilization on
micelles was also assessed by ATR-FTIR analysis
(Spectrum Two, Perkin Elmer, equipped with a single
reflection diamond ATR accessory) on the pellet recov-
ered after sample centrifugation, rinsing with pure water
and drying.

Gel Retardation Assay

The complexation of mRNA onto the micelles was measured
with a gel of retardation for electrophoresis. Agarose gel (1%)
was prepared in Tris–borate–EDTA (TBE) (1x) buffer with a
2 μl drop of ethidium bromide (EtBr) staining. The gel was
loaded with the samples mixed 6× Loading Dye at a concen-
tration of 200 ng of mRNA per well. The electrophoresis
process was run for 20 min at 135 mV. Then, the gel was
observed at UV-Visible.

mRNA Stability in Serum

In vitro incubation with 10% serum was performed for 30 min
at 37°C. In some samples, a heparin/proteinase K treatment
was performed in order to separate mRNA from the com-
plexes. Complexes were first treated or not with heparin
(Sigma, France) during 30 min at RT, and secondly with
proteinase K (NEB, France) at 56°C during 15 min.
Samples were analyzed by agarose gel electrophoresis as de-
scribed above.

Cell Culture Protocol

The cell line used was a murine dendritic cell line (DC 2.4)
and has been grown according to typical culture procedure
detailed here. The cell culture media is composed of RPMI-
1640, Foetal Bovine Serum (FBS) (10%), 2-mercaptoethanol
(50 μM) andHEPES buffer solution (10 mM). After aspirating
the old culture media, the cells which adhered to the bottom
of the flask T75 were washed twice with 10 ml of PBS. Then,
1 mL of trypsin was added to the cells and let for 3 min at
37°C. After 3 min, the trypsin solution containing the cells was
mixed with 9 mL of fresh complete culture media. The ap-
propriate amount of cells was re-suspended in 13 ml of fresh
culture media in a new flask T75, and let in the CO2 incuba-
tor at 37°C. Cells were used with a low passage number (less
than 10).
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Cell Transfection

One day before transfection, cells were seeded in a 96-
well plate at the density of 20,000 cells (in 100 μL of
complete medium) per well. After 24 h, transfections
were performed with 87.5 ng of mRNA alone (negative
control) or in complexes, namely 8.75 μL solution
(mRNA a lone : 10 μg .mL− 1 ; P -mRNA: 1000–
10 μg.mL−1; M-P-mRNA: 500–1000-10 or 750–1000-
10 μg.mL−1, i.e. 4.4 or 6.6 μg of polymer and 8.75 μg
of peptide) in the presence of 100 μL of medium without
additives (serum, antibiotics). 3 h after transfection,
supernatants were removed and 100 μL of complete me-
dium was added. Then, cells were incubated at 37°C
and 5% CO2 until the analysis. Positive control of trans-
f ec t ion was per formed wi th Trans IT®-mRNA
Transfection Kit (Mirus, Euromedex, France) using the
manufacturer’s recommendations. Briefly, 0.5 μg of
mRNA was added to 50 μL of serum-free medium,
and 1 μL of TransIT mRNA reagent and 1 μL of
mRNA Boost Reagent were then added. After 5 min at
room temperature, suitable volume of the complex mix-
ture (8.75 μL, i.e. 87.5 ng mRNA) was added to cell in
the presence of 100 μL of medium without additives
(serum, antibiotics).

For analysis of EGFP expression, cells were kept at 37°C
overnight. Cells were imaged and fluorescence excited with
the fluorescence inverse microscope (Eclipse Ti-E, Nikon). For
analysis of FLuc expression, cells were kept at 37°C overnight.
And Bright-GloTM Luciferase Assay was performed. Briefly,
100 μl of reagent (Bright-GloTM Reagent) is added to cells
grown in 100 μl of medium. After 2 min, luminescence was
detected on Tecan i-Control Infinite M1000. Luminescence
was determined as the mean of three replicates and percent-
age of expression was determined using four independent
experiments.

Cytotoxic Studies: Presto Blue

Cytotoxicity of complexes was evaluated by Presto Blue Assay
(Thermo Fisher Scientifc) according to the manufacturer’s
instructions. Briefly, DC2.4 cells were seeded at a density of
20,000 cells/well into 96-well plates a day prior to the trans-
fection. Transfection with mRNA alone or in complexes was
performed as described above (+ naked micelles and naked
peptide controls at the same concentration than in formula-
tions), and cytotoxicity was measured 24 h later. After incuba-
tion, 11 μL of Presto Blue Reagent was added and plates were
incubated 10 min at 37°C. Fluorescence was detected on
Tecan i-control Infinite M1000 (560 nm/590 nm; bandwidth
10 nm; gain 91) (Tecan, Swiss). Fluorescence was determined
as the mean of three replicates and four independent
experiments.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism
Version 7.0 software. All of the data are presented as the
mean ± SD. Difference between groups was analyzed as de-
scribed in figure legends. Statistical significances were indicat-
ed on the figures.

RESULTS AND DISCUSSION

Peptide/mRNA Immobilization on the Micelles

Micelles of the PLA-b-P(NAS-co-NVP) copolymer (12000–
9000 g mol−1, Ð = 1.7) were first prepared by the common
solvent (nanoprecipitation) method as described in the exper-
imental section and showed a mean size, determined by dy-
namic light scattering, of 67 nm (polydispersity index (PI) of
0.06). From these obtained micelles, two approaches were
adopted for preparing the peptide-mRNAmicellar complexes
namely (i) sequential immobilization of peptide and mRNA
onto the micelles (layer-by-layer, LbL) or (ii) direct immobili-
zation of peptide-mRNA pre-complex (PC) on the micelles
(Fig. 1).

For LbL strategy (Fig. 1, top), themicelles (M) were in a first
step allowed to react with the RALA peptide (P) in various
concentrations in PBS pH 7.4 for 1.5 h. Control micelles in
the coupling conditions (PBS) but with no added peptide
showed a negative zeta potential value due to partial hydroly-
sis of the NS activated esters into carboxylates, as previously
reported (−27 mV). To note, these micelles also presented a
higher diameter (90 nm fromDLS) than that of nativemicelles
in water (67 nm), as a result of the improved hydrophilic
character of the corona and repulsion effects upon the forma-
tion of these carboxylates by hydrolysis. As expected, the sur-
face charge was reversed along with increasing peptide/
micelle ratios, from negative to positive value, going through
an instable colloidal domain close to charge neutrality (~200–
1000 μg of peptide per mg copolymer) due to insufficient
repulsive electrostatic forces for colloid stabilization (Fig. 2).
Beyond this domain, positively charged colloids with well de-
fined nanometric size (about 130 nm) and distribution
(PI~0.19) were obtained. Based on this preliminary screening,
we focused on two stable colloids prepared from micelle con-
centrations of 750 μg.mL−1 and 500 μg.mL−1, each with a
peptide concentration of 1000 μg.mL−1 (i.e. peptide/micelle
of 1330 and 2000 μg.mg−1, respectively, Table 1). These col-
loids showed a higher mean size that of the reference micelles
(90 nm), supporting peptide immobilization, and were select-
ed for further complex mRNA encoding EGFP. It is well
documented that encapsulation of nucleic acids in RALA
complexes and their transfection are more effective when in-
creasing RALA/nucleic acid ratio [25, 43]. In addition, the
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micelles will undergo flocculation in case of insufficient pep-
tide excess, the positive zeta potential decreasing close to zero
value following RNA adsorption. We thus used a quite signif-
icant RALA/mRNA ratio, namely 100/1 in weight. In these
conditions, minor changes were observed after mRNA fixa-
tion regarding mean size (Table 1). The zeta potential slightly
decreased, indicating contribution of RNA at the interface
(Table 1), which was later shown to be totally complexed on
the peptide-colloid (see RNA complexation part). The same
RALA/mRNA weight ratio was used in all further studies.

Then, the second approach (PC, Fig. 1, bottom); which lies on
the immobilization of pre-mixed peptide/RNA on the micelles,
was investigated, in the same amount conditions as for the LbL
strategy. This procedure was expected to ensure better burying
and protection of the mRNA in the corona, as mRNA is already
bound to peptide when performing immobilization on the
micelles. As shown in Table 1, stable formulations were achieved

with typically similar sizes as those obtained fromLbL, but slight-
ly higher polydispersity index, particularly at the lowest peptide/
micelle ratio (1333 μg.mg−1, i.e. 1000 μg.mL−1 peptide and
750 μg.mL−1 micelles). These data suggest a less controlled im-
mobilization process when performed in simultaneous presence
of peptide and mRNA.

Peptide Coupling Assessment

The covalent character of the peptide coupling on the micelles
(through amide bond formation between peptide terminal
amine and NS ester functions) was assessed by Tricine SDS-
PAGE analysis. This technique is relevant as it breaks only the
non-covalent interactions involving peptide. Such a feature
was clearly highlighted in Fig. 3A. Indeed, as expected, the
peptide-mRNA (P-mRNA) pre-complex gave the same inten-
sity band as the control peptide (P) alone (1000 μg.mL−1, i.e.
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Fig. 1 Schematic view of the two strategies, Layer-by-Layer (LbL, top) and pre-complex (PC, bottom), to achieve micelle-based mRNA carrier.
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the concentration at which coupling is performed), because
complexation of the peptide with mRNA (further attested by
agarose gel electrophoresis) is only mediated by non-covalent
interactions (mainly electrostatic). In contrast, the M-P-RNA
(here, LbL sample frommicelles at 500 μg.mL−1) gave a weak
intensity band, indicating that most of peptide had been in-
volved in covalent bonding with the micelles, making it unable
to migrate through the gel and observable at the start of the
well (see arrows, also further in Fig. 3B). For a suitable quan-
titative analysis of the couplings, a calibration range in peptide
was further used (0 to 1000 μg.mL−1) in the Tricine SDS-
PAGE analysis. For the LbL approach (Fig. 3B, left gel), the
micelle-peptide-mRNA samples showed a weak free peptide

band as a result of peptide coupling on micelles, whatever the
micelle concentration used (500 or 750 μg.mL−1). The non
covalently bound (“free”) peptide could be roughly quantified
based on the intensity of the peptide references and was shown
far less than 200 μg.mL−1, i.e. an estimated coupling yield of
about 90% for both samples (500 and 750 μg.mL−1 micelle
concentration), which corresponds to 11.3 and 7.5 RALA
molecules coupled per polymer chain, respectively. It is to
mention that this remaining fraction of “free” peptide ob-
served still may be associated on the micelles in a non-
covalent manner, i.e. electrostatically (as SDS-PAGE analysis
disrupts all the non-covalent interactions). To assess this, we
centrifuged the micelle-peptide mixtures after coupling step,

Table I Characteristics of the PLA
Based Micellar Assemblies Prepared
Through Layer by Layer (LbL) and
Pre-complex (PC) Approach with
GFP mRNA

Micelle code Micelle-peptide (M-P) Micelle-peptide-RNA (M-P-RNA)

Mean size (nm) [PI] Zeta potential
(mV)

Mean size (nm) [PI] Zeta potential
(mV)

Micelle alone (no peptide) 90± 4 [0.14] −27.2± 2.0

M750 (LbL) 143± 7 [0.19] 38.7 ± 1.6 178± 8 [0.27] 36 ± 1.0

M500 (LbL) 128± 9 [0.19] 39.4 ± 0.5 125± 10 [0.20] 35.4 ± 1.6

M750 (PC) – – 184± 63 [0.34] 35.8 ± 2.0

M500 (PC) – – 164± 18 [0.29] 37.9 ± 1.6
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of peptide coupling on the micelles.
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and analyzed by SDS-PAGE the supernatant, which revealed
negligible peptide amounts. This indicates that the fraction of
“free” peptide observed on the gel (i.e. non covalently bound)
was in fact associated to the micelles, most probably through
electrostatic interactions with the anionic surface of the
micelles. Peptide immobilization was also assessed by ATR-
FTIR analysis on the pellet obtained after centrifugation (sam-
ple micelle-peptide M750-P, LbL, Fig. S1, Supplementary
Information). The spectrum clearly showed the presence of
both peptide and copolymer, as compared to peptide and
copolymer references, as well as apparition of a new peak at
1574 cm−1, indicative of amide formation following covalent
coupling. In addition, relative peak areas were consistent with
high immobilization of peptide on copolymer, corroborating
the SDS-PAGE analysis.

The SDS-PAGE analysis of the micellar assemblies formed
from the PC approach was also performed (Fig. 3B, right gel).
It indicated a slightly less efficient coupling (about 85% for
both 500 and 750 μg.mL−1 samples, meaning about 10.7
and 7 RALA molecules coupled per polymer chain, respec-
tively), which was expected due to counteractive effect of the
polyanionic mRNA complexed with the peptide during the
coupling process. Also, the supernatant analysis showed that
non-negligible amounts of free peptide could be detected, as
compared to the LbL approach.

Such amount of coupled peptide is quite important and not
surprising considering both the high density of NS ester func-
tions present on the hydrophilic corona and the strongly cat-
ionic character of RALA peptide favoring its approach to the
negatively charged micelles (through electrostatic interactions)
for coupling reaction. The degree of coupling was indeed in
the same range as that observed in our previous study regard-
ing the coupling of a cationic lysine tagged IL-1β peptide on
the same copolymer used at the surface of PLA nanoparticles
(~7 peptides per copolymer chain) [44].

mRNA Complexation

The complexation of EGFP mRNA was assessed by agarose
gel electrophoresis (Fig. 4, lanes referred as (−), representative
of the samples incubated in vitro with or without serum).
Whatever the LbL or PC approach used, mRNA was totally
complexed, as no free mRNA was observed on the gel (Fig.
4A). Moreover, interestingly, reference starting micelles (neg-
atively charged) could be observed as a slight smear at high
molar masses (probably due to electrostatic interaction with
ethidium bromide, positively charged, Fig. 4B), while no more
smearing was observed for the micelle-peptide-RNA samples
(Fig. 4A). This clearly evidenced that the micelles had been
totally involved in charge inversion upon peptide immobiliza-
tion, corroborating the previous zeta potential and SDS
PAGE analyses. To note, mRNA was also totally complexed

with the peptide in the reference P-mRNA pre-complex (Fig.
4B).

mRNA Serum Stability

Integrity of the mRNA complexed with the peptide-PLA
micelles was assessed following desorption upon heparin/
proteinase K treatment after in vitro incubation (Fig. 4, lanes
referred as (+)). In absence of serum, integrity was preserved
for all the micellar assemblies, as well as for the peptide-
mRNA pre-complex and naked mRNA. In presence of se-
rum, free mRNA was totally degraded (Fig. 4B), as expected.
mRNA from the pre-complex with peptide (P-mRNA) was
also totally degraded despite total complexation with the pep-
tide (Fig. 4B). Therefore, while RALA was reported to effi-
ciently protect DNA against serum degradation in several
studies [25, 45, 46], it was obviously not the case for mRNA,
which is well known to be less stable and much more prone to
enzymatic degradation than DNA. To date, very few studies
were dedicated to RALA as a complexation agent for RNA.
Bennett et al. has focused on this peptide for complexing
siRNA, namely siFKBPL, but its serum stability was not in-
vestigated, contrary to that of pFKBPL (DNA), which was
found good when complexed to RALA [45]. Later,
Udhayakumar et al. have studied RALA complexed with
eGFP and ovalbumin mRNAs in a vaccine context but their
serum stability were not investigated either [47].

Contrary to P-mRNA, very interestingly, the mRNA from
themicellar assemblies remained very stable, whatever LbL or
PC approach used (Fig. 4A). Furthermore, the intensity of the
mRNA band was more intense when copolymer amount in
the nano-formulations was improved (750 μg.mL−1 vs.
500 μg.mL−1), supporting the beneficial impact of the micelles
for mRNA stability. These results show that, even when the
mRNA was immobilized as the last layer onto the peptide
previously coupled on the micelles (LbL approach), it was
sufficiently buried in the corona for resisting to serum degra-
dation. Still, the gel data suggested that mRNA was better
protected when formulations were prepared using the PC
approach (M750-P-mRNA sample), supporting our assump-
tion of better entrapment of mRNA through this procedure.
These last observations have however to be considered care-
fully, as intensity of the bands can be subject to variations for
various reasons. Anyway, to sum up, our results showed that in
contrast to simple mRNA complexation with the peptide, the
micelles were highly efficient for protecting mRNA in serum,
a parameter of prime importance in the perspective of in vivo
application. This protection wasmost probably due to suitable
environment provided by the hydrophilic NVP based hairy
corona. Koh et al. have very recently reported the relevance
and positive impact of PNVP for RNA integrity in the context
of mRNA loaded dissolvable microneedles (RNApatch) [48].
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In addition, this polymer is known to reduce RNAse contam-
ination during the RNA extraction/isolation processes.

Cytotoxicity and Transfection Capabilities

The cytotoxicity and transfection efficiency of the above pre-
pared micellar assemblies were assessed using murine dendrit-
ic cell line (DC 2.4). Naked micelles did not show toxicity as
compared to cells alone, contrary to the naked peptide
(Fig. 5a-d). Peptide-mRNA complex exhibited significant tox-
icity (i, top), which most probably arose from the inherent
peptide toxicity, as naked mRNA was innocuous (j, top).
More precisely, significant cell death was observed close to
the center of the well, while remaining viable cells tended to
position at well sides. Such RALA toxicity has been previously
evidenced (even at lower doses), and attributed to sequence

similarity to cationic antimicrobial peptides [27]. The micelle-
peptide-RNA showed reduced toxicity, with the cells remain-
ing homogeneously distributed in the wells, whatever the used
strategy (LbL or PC, Fig. 5e-h, top), suggesting the positive
impact of the micelles for counteracting the toxicity of the
peptide. This could be attributed to the micelle hydrophilic
corona able to densely trap and partially mask the peptide,
while also mitigating its cationic character.

mRNA alone did not transfect any cells, as expected
(Fig. 5j, bottom), and transfection efficiency was improved
with the P-mRNA complex (i, bottom), but remained lim-
ited as a result of important cell death, with the GFP
mainly expressed on the well side, where cells survived.
Transfection was enhanced with M-P-RNA, especially with
the LbL made micelles (g-h, bottom). Indeed, despite sim-
ilar cytotoxicity features, the LbL micelles transfected

a

b

10% serum

M500-P-mRNA
PC

(-) (+) (-) (+) (-) (+)

0 % serum

(+)(-)

10% serum

(-) (+) (-) (+) (-) (+)

0 % serum

(+)(-)

M500-P-mRNA.
LbL

M500-P-mRNA
PC

M500-P-mRNA.
LbL

M750-P-mRNA
PC

M750-P-mRNA.
LbL

M750-P-mRNA
PC

M750-P-mRNA.
LbL

10% serum
mRNA

(-) (+)
P-mRNA

(-) (+) (-) (+)

0 % serum

(+)(-)
mRNA P-mRNA M500

(-)
M500

(-) (+)

0 % serum 10 % serum

(+)
M750

(-)
M750

(-) (+)

0 % serum 10 % serum

(+)

Fig. 4 Agarose gel electrophoresis
analysis of micelle assemblies (M-P-
GFP mRNA) (A) and dedicated
control samples (B) after 30 min in-
cubation with or without serum at
37°C (150 ng/μl of mRNA per
well), without (−) or with (+)
mRNA desorption treatment. For
desorption, samples were incubat-
ed for 30min with heparin and then
15 min at 56°C with proteinase K.
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much more DCs than PC made micelles. This was most
probably due to the fact that mRNA was less entrapped
in the LbL strategy than in PC one, as previously shown,
and thus more prone for transfecting the DCs. Therefore,
the mode of elaboration of our micellar assemblies had a
significant impact on the mRNA accessibility and further
transfection capabilities. To note, transfection capacity
remained lower than that observed with the TransIT
(Fig. 5k), one of the more performant transfection reagent
on the market.

To show the versatility of our carrier platform and to con-
firm these results, we prepared and evaluated in vitro (with
DCs) micellar assemblies using another mRNA, namely
mRNA encoding luciferase. The micellar assemblies were
prepared following exactly the same procedure as for EGFP
mRNA. Mean size and zeta potential values were typically
similar than that obtained for mRNA EGFP (Table 2).
Luciferase mRNA allowed quantifying the cytotoxicity using
Presto Blue method (Fig. 6), which was not possible for previ-
ously used GFP mRNA due to fluorescence interference with

Cells (a) Pep�de P (b) M500 (c) M750 (d)

M500-P-mRNA PC (e) M750-P-mRNA PC (f) M500-P-mRNA LbL (g) M750-P-mRNA LbL (h)

P-mRNA (i) Naked mRNA (j) TransIT-mRNA (k)

Fig. 5 Cytotoxicity (top images, normal phase mode) and transfection (bottom images, fluorescent mode) of the different micellar formulations; transfection was
performed with 87.5 ng mRNA/well; peptide: 8.75 μg (peptide/mRNA: 100/1 w/w); analysis was performed 24 h post-transfection.
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Presto Blue. The results confirmed the previous observations
with EGFP mRNA. Indeed, peptide-mRNA exhibited signif-
icant cytotoxicity (less than 50% cell viability). In contrast, the
micellar assemblies, either prepared through PC or LbL ap-
proach, showed reduced cell death, and cell viability tended to
increase with the copolymer content in the assembly (M750-P-
mRNA vs. M500-P-mRNA), again indicating favorable effect
of the micelles on cytocompatibility through peptide incorpo-
ration in the corona.

DC transfection efficiency of the different formulations
was assessed using TransIT as a positive control (Fig. 7),
to which the results were normalized. The reference P-
mRNA complex was found about 6-fold less efficient than
this transfection reagent. It must be underlined here that
TransIT has recently appeared as one of the best ever
transfecting agents, outperforming lipofectamine for mostly
tested RNA/DNA, while being less toxic [49, 50].
Lipofectamine itself was reported to be more efficient than
RALA peptide in some earlier transfection studies [25,
45]. Thus, the transfection efficiency of the RALA-
mRNA observed here appeared quite acceptable and fully
consistent with previously reported transfection data.

Again, LbL made micelles showed higher DC transfection
efficiency than PC made ones (Fig. 7), fully confirming the
previous results obtained for EGFP mRNA and that less bur-
ied mRNAs afforded by LbL protocol were favorable.
Transfection was not here found to be improved as compared
to that obtained with the peptide-mRNA complex. These
results are however consistent with the ones obtained with
GFP mRNA, as in this transfection experiment, the toxicity
effects (important for peptide-mRNA complex) are not taken
into account. Indeed, the luciferase protein expression is
assessed in indirect manner through the detection of the oxi-
dized luciferin in the supernatant. Consequently, even if a
significant cell death is observed, the luciferase expression of
such cells before they died will contribute to the luminescence
signal.

Therefore, these combined transfection/toxicity results
concerning peptide-RNA highlight both the efficiency of such
fusogenic peptide for nucleic acid delivery into cells and its
shortcomings regarding toxicity. To this regard, our reactive
copolymer based micelles were found highly relevant for re-
ducing the toxicity associated to such complexes while main-
taining suitable transfection capacity.

Table II Characteristics of the PLA
Based Micelle Assemblies Prepared
Through LbL and Pre-complex
Approach using Luciferase mRNA

Micelle code Micelle-peptide (M-P) Micelle-peptide-RNA (M-P-RNA)

Mean size (nm) [PI] Zeta potential (mV) Mean size (nm) [PI] Zeta potential (mV)

M750 (LbL) 143± 7 [0.19] 38.7 ± 1.6 138± 11 [0.22] 36.6 ± 1.6

M500 (LbL) 128± 9 [0.19] 39.4 ± 0.5 130± 21 [0.22] 38 ± 1.5

M750 (PC) 181± 76 [0.32] 36.4 ± 1.7

M500 (PC) 120± 17 [0.21] 37 ± 1.8

Fig. 6 Cytotoxicity, assessed through Presto Blue assay, of the different lucif-
erase mRNA loaded micellar formulations and controls on DC2.4 cells;
87.5 ng mRNA/well; peptide: 8.75 μg (peptide/mRNA: 100/1 w/w,
“Peptide” condition is without mRNA), Data represent the mean of four
independent experiments, triplicate points being used in each experimental
sample. Statistical significance between two groups was determined using a
one way Anova test; **, p < 0.01; ***, p<0.001; ****, p<0.0001.
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Fig. 7 Transfection efficiency of the different luciferase mRNA loaded micellar
formulations on DC2.4 normalized to 100% transfection efficiency obtained
with TransIT-mRNA (positive control); 87.5 ng mRNA/well; peptide: 8.75 μg
(peptide/mRNA: 100/1 w/w). Data represent the mean of four independent
experiments, triplicate points being used in each experimental sample.
Statistical significance between two groups was determined using a one way
Anova test; **, p < 0.01.
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CONCLUSION

In this work, we have designed PLA-based micelles as a po-
tential carrier for mRNA delivery, through coupling of a cat-
ionic cell penetrating peptide. Thanks to their dense NS-based
reactive corona, cationic peptide-mRNA functionalized
micelles could be easily prepared through two water-friendly
based processes (LbL or PC). Whatever the process, the
micelles ensured high mRNA protection in serum and limited
cytotoxcity, in contrast to peptide-mRNA complex, thanks to
the masking effect afforded by the hairy corona. The prepa-
ration strategy impacted the obtained transfection properties.
In particular, LbLmade assemblies were able to transfect DCs
in higher efficiency than the PC made ones, which was sus-
pected to arise from less buried mRNA in the LbL based
micelles. These results thus demonstrate the potential of this
newly engineered PLA-based platform for mRNA delivery.
Further studies are ongoing to investigate the “detoxifying”
effect of such micelles for other potentially toxic cationic spe-
cies and their potential in mRNA vaccine/drug delivery, in
conjunction with encapsulated hydrophobic ligands or biomo-
lecules of interest.
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