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Abstract: Polymeric and/or lipid platforms are promising tools for nucleic acid delivery into cells.
We previously reported a lipid—polymer nanocarrier, named LipoParticles, consisting of polylactic
acid nanoparticles surrounded by cationic lipids, and allowing the addition of mRNA and cationic
LAH4-1 peptide at their surface. Although this mRNA platform has shown promising results in vitro
in terms of mRNA delivery and translation, the bulk method used to prepare LipoParticles relies
on a multistep and time-consuming procedure. Here, we developed an automated process using
a microfluidic system to prepare LipoParticles, and we compared it to the bulk method in terms
of morphology, physicochemical properties, and ability to vectorize and deliver mRNA in vitro.
LipoParticles prepared by microfluidic presented a smaller size and more regular spherical shape
than bulk method ones. In addition, we showed that the total lipid content in LipoParticles was
dependent on the method of preparation, influencing their ability to complex mRNA. LipoParticles
decorated with two mRNA /LAHA-L1 ratios (1/20, 1/5) could efficiently transfect mouse DC2.4 cells
except for the automated 1/5 assay. Moreover, the 1/5 mRNA /LAHA-L1 ratio drastically reduced cell
toxicity observed in 1/20 ratio assays. Altogether, this study showed that homogeneous LipoParticles
can be produced by microfluidics, which represents a promising platform to transport functional
mRNA into cells.

Keywords: microfluidics; bulk method; hybrid nanoparticle; LipoParticles; mRNA transfection;
liposomes; biodegradable polymer

1. Introduction

During the last few decades, messenger RNA (mRNA) nonviral vectors have been
widely studied as a vaccine platform against infectious diseases [1]. However, no success-
ful immunogenic response was reached in humans until the outbreak of the COVID-19
pandemic [2,3]. In 2020, a global consortium involving private industries, governments,
and research groups was established in order to accelerate the development of vaccines
against SARS-CoV-2 infection. Months later, the first two mRNA vaccines were approved
by health regulatory agencies for emergency clinical use: mRNA-1273 (Moderna) and
BNT162b2 (Pfizer/BioNtech, New York, NY, USA) [4,5]. It is important to emphasize that
mRNA vaccines were achieved in record time thanks to the recent development of new
ionizable lipids present in lipid nanoparticles (LNP) which improved mRNA delivery
and biocompatibility in vivo, as well as facilitated endosomal escape [6]. Additionally,
the previous knowledge of major viral proteins from coronaviruses readily revealed the
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mRNA sequence of the spike protein as the target antigen [7]. Since then, clinical trials
using mRNA vaccines platforms have been expanded to treat other types of viral infections
and cancer [8,9].

Benefits concerning the safety of mRNA vaccines over conventional vaccines explain
the growing therapeutic interest of this new platform. First, mRNA translation occurs in the
cytoplasm and does not require entry into the nucleus, unlike DNA-based vaccines. Thus,
there is no risk of genomic integration [10,11]. Second, the manufacturing of clinical-grade
mRINA molecules is based on in vitro transcription (IVT). This technology is a cell-free,
rapid, and scalable process which avoids contamination with virus, bacteria, or cell-derived
impurities [11,12]. Third, the mRNA molecular design and the choice of the delivery system
can be used to adjust the relationship between the adequate transient in vivo half-life and
specific adaptive immunity, ensuring its effectiveness with minimal side-effects. Further-
more, mRNA-based vaccines can be easily adapted to mRNA sequences encoding other
antigenic proteins [12-14]. Naked mRINA molecules are large, hydrophilic, negatively
charged, and highly sensitive to nuclease degradation. Due to these characteristics, the
mRNA cannot easily pass through the cell membrane and be delivered into the cytoplasm
where it can be translated into immunogenic protein. To overcome these hurdles, differ-
ent types of nanoparticle delivery systems have been developed to protect mRNA from
degradation, as well as enable cellular uptake and endosomal escape [15].

One of the main approaches to the formulation of mRNA is based on its complexation
by electrostatic interactions with cationic components, such as lipids and polymers. Cur-
rently, LNPs are the most promising lipid-based nanoparticles used as an mRNA delivery
system, as represented in the leading mRNA vaccines against SARS-CoV-2 infection [16,17].
The components of LNP formulations include an ionizable lipid, cholesterol, phospho-
lipids, and polyethylene glycol (PEG) lipids. Despite their undeniable effectiveness, PEG
lipids presented in LNP are suspected to be responsible for the manifestation of some side-
effects after administration in humans and mice [18-20]. Thus, the development of mRNA
delivery systems without a PEGylated component or mRNA loading optimization are alter-
natives for obtaining new, efficient, and safer vaccinal formulations. Lipid-polymer hybrid
nanoparticles have been widely studied as nonviral vectors for mRNA delivery [21-26].
These hybrid nanoparticles present a polymeric core/lipid shell structure which combines
the stability of the hydrophobic polymer and biocompatibility of lipid bilayers [27]. Addi-
tionally, the cationic lipid shell facilitates the adsorption of negatively charged mRNA onto
the surface of nanoparticles and avoids their aggregation. These hybrid nanoparticles can
be prepared by conventional bulk methods in which polymeric nanoparticles are mixed
with preformed liposomes or lipid solution [28]. However, the bulk method relies on a
multistep procedure and tends to have high batch-to-batch variation [29]. Different types
of microfluidic devices have been developed in order to optimize the preparation method
of nanoparticles [30,31]. Some important advantages of microfluidic devices over classical
bulk methods are (i) the high control of experimental conditions and physical properties
of the formulation, (ii) the rapid continuous flow mode of production, (iii) the batch re-
producibility, and (iv) the reduction in reagent consumption and the resulting chemical
waste [32]. Furthermore, microfluidic devices are available with a wide range of volumes
which can be used for applications ranging from formulation development and screening
(mL/min) to scale-up production under clinical Good Manufacturing Production (GMP)
conditions (L/h) [33]. Today, the success of microfluidic technology is demonstrated by its
application in the industrial manufacture of LNPs used as mRNA vaccines [4,15].

We recently compared the in vitro transfection efficiency of mRNAs using lipid—
polymer hybrid nanoparticles, named LipoParticles (LP), and cationic liposomes, both
decorated with cell-penetrating peptides (CPPs), LAH4-L1 [25]. LP were prepared through
the assembly of poly(lactic acid) (PLA) nanoparticles, a biodegradable polymer approved
for human use by the US Food and Drug Administration (FDA), and cationic liposomes
composed of a mixture of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC). This study showed that LP improved the
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in vitro transfection efficiency of mRNA compared with cationic liposomes. Ayad et al.
suggested that the presence of the polymer core increases the rigidity of nanoparticles and
that this physical modification could be the reason for the higher cell transfection efficiency
observed with LP [25]. The positive impact of nanoparticle rigidity on cellular uptake and
intracellular delivery is in agreement with the results presented in the literature [34,35].
Nonetheless, the method of LP production is a bulk method including the preparation of
liposomes and their time-consuming purification by dialysis. In order to skip the liposome
purification step and automate the method of preparation of LP, we hypothesized that a
lipid shell could be formed onto PLA nanoparticles by microfluidics through the use of a
lipid solution rather than preformed cationic liposomes. Thus, the aim of this work was to
compare the physicochemical properties of LipoParticles prepared using the standard bulk
method (LP) and an automated microfluidic system (LPaut0). We also evaluated the effect
of the LipoParticles preparation method on mRNA transfection efficiency and cytotoxicity
in vitro. These experiments demonstrated that LP,ut, produced by microfluidics presented
a better homogeneity than LP, with a smaller hydrodynamic diameter and a more regular
spherical shape. However, the method of preparation and the form of lipid used (preformed
liposomes or lipid solution) to obtain LipoParticles impact their capacity to complex mRNA
and subsequent transfection efficiency in vitro.

2. Materials and Methods
2.1. Materials

i-Particles® (PLA nanoparticles) were purchased from Adjuvatis (Lyon, France). Lipids
(1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP)) were purchased from Avanti Polar (Alabaster, AL, USA). LAH4-L1 peptide
(KKALLAHALHLLAL-LALHLAHALKKA) was purchased from GenScript (Piscataway,
NJ, USA). Absolute anhydrous ethanol was purchased from Carlo Erba Reagents (Peypin,
France), sterile pyrogen-free bidistilled water OTEC® was purchased from Aguettant (Lyon,
France), and nuclease-free water was purchased from Ambion (Thermo Fisher Scientific,
Waltham, MA USA). Furthermore, 1x and 10x DPBS (Dulbecco’s phosphate-buffered saline,
pH 7.4), culture medium (RPMI/glutamax and DMEM), fetal bovine serum (FBS), N-2-
hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), and 3-mercaptoethanol were all
purchased from Gibco (Dublin, Ireland). Lipofectamine 2000™ transfection reagent was
purchased from Invitrogen™ via Thermo Scientific™ (Waltham, MA, USA).

2.2. Methods
2.2.1. Preparation of LP Using the Classical Orbital Mixer Manufacturing Method

The standard method of preparing LP is to incubate preformed liposomes (formulated
using a microfluidic process) together with a PLA-NP aqueous dispersion (purchased from
Adjuvatis, France). The preparation of liposomes and LP was previously described [25].
Briefly, DSPC and DOTAP lipids in a molar ratio of 15:85 were dissolved in absolute
ethanol at an initial concentration of 30 mM. Liposomes were then formulated with a
NanoAssemblr™ benchtop instrument (NanoAssemblr™, Precision NanoSystems Inc.,
Vancouver, BC, Canada) equipped with a microfluidic cartridge. The aqueous phase was
nuclease-free water, and all the parameters were set as defined by the manufacturer. The
equipment was set up at 70 °C with an aqueous-to-ethanol flow rate ratio of 3:1 and a
total flow rate of 12 mL/min. In order to remove ethanol and free lipids, the formulation
was then dialyzed against 1x DPBS at pH 7.4 using a Slide-A-Lyzer® Dialysis cassette
with a 10 kDa cutoff (Thermo Scientific™, Waltham, MA, USA). All liposomes were stored
at 4 °C until further use. The formation of LP was based on the stirring of PLA-NP and
liposomes for 1 h at 70 °C using an orbital mixer (mLab scientific HCM 100-pro). After a
centrifugation step (4000x g, 15 min and 15 °C) to remove all non-adsorbed lipids in the
supernatant, the pellet was resuspended in nuclease-free water. LP were also stored at 4 °C
until use.
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2.2.2. Preparation of LP,ut0 Using Microfluidic System (Automated Process)

Automatized LipoParticles (LPayt0) were formulated using a NanoAssemblr™ bench-
top instrument equipped with a microfluidic cartridge. The aqueous phase was composed
of a dispersion of PLA-NP in nuclease-free water at the same dilution used to prepare LP.
The organic phase was a lipid solution of DSPC and DOTAP in a molar ratio of 15:85 in
absolute ethanol at 1.65 mM. The NanoAssemblr™ benchtop equipment was set up at
40 °C with an aqueous-to-ethanol flow rate ratio of 2:1 and total flow rate of 12 mL/min.
In order to remove ethanol and non-adsorbed lipids, the formulation was centrifuged at
4000x g and 15 °C for 15 min. The supernatant was discarded, and the pellet containing
LPauto was resuspended in the same volume of nuclease-free water. The LP,, dispersion
was stored at 4 °C until use.

2.2.3. Method Validation and Lipid Quantification by HPLC-MS
Apparatus and Method

Analysis of DSPC and DOTAP was conducted using a Waters 2795 Alliance module
including a quaternary pump, mobile phase degasser, autosampler, and column thermostat.
Separation was carried out on a Luna C18 analytical column (150 x 4.6 mm i.d., 3 um
particle size, 100 A pore size) supplied by Phenomenex. The analytical method, derived
from Zhong et al. [36], consisted of a tertiary gradient, where A was 0.1% (v/v) FA in hexane,
B was 0.2% (v/v) FA in methanol, and C was 0.1% (v/v) FA in water. Gradient was 88% B
and 12% C for 3 min, changed to 13% A, 82% B, and 5% C over 1 min, and changed back to
initial solvent mixture after 6 min. The total run time was 15 min. The column temperature
was 60 °C and sample temperature was 30 °C. The flow rate was 1.4 mL/min, and a sample
injection volume of 20 puL was used. The electrospray ionization mass spectrometer used
to detect lipids was a Waters Micromass ZQ) analyzer. Nitrogen gas was used at 450 L/h,
and capillary and cone voltages were set to 3 kV and 50 V. The desolvation temperature
and source temperature were 220 °C and 100 °C, respectively. Quantification was carried
out using SIR mode (single ion recording) in positive mode at m/z = 790.1 for DSPC and
662.0 for DOTAP. Data were processed using Waters Empower 2 software version number
6.20.00.00 (Water Corporation, Milford, CT, USA).

Sample Treatment Procedure

The calibration curves of lipids were determine using diluted samples in methanol
with a concentration range of 0.1 to 5 pg/mL for DSPC and 0.01 to 1 pg/mL for DOTAP. For
the quantification of lipid content of LipoParticles, 200 uL of ethanol was added to 100 pL
of LP or LPayto suspension and mixed for 2 min using a vortex and 20 s in an ultrasonic
bath. The procedure was repeated twice. The mixture was centrifuged at 15,000 g for
10 min at room temperature (RT). If necessary, the supernatant was diluted in methanol
prior to injection into the column.

2.2.4. Colloidal Physicochemical Properties

The mean hydrodynamic diameter and size distribution (i.e., polydispersity index,
Pdl) of naked vectors and the resulting mRNA formulations were determined by dynamic
light scattering (DLS) analysis at 25 °C and at a scattering angle of 173°. All zeta potentials
were measured by laser Doppler velocimetry at a scattering angle of 12.5°. The apparatus
used was a Zetasizer Nano ZS (Malvern, UK). All samples were prepared by a 1/50 dilution
in a 0.22 um filtered 1 mM NaCl solution. Each value given by the software was the mean
of four independent measurements.

2.2.5. Transmission Electron Microscopy (TEM)

LP or LP,uto were used at a 0.2% solid rate and deposited on carbon/Formvar-coated
copper 200 mesh grids (Spi Supplies, Structure Probe Inc., West Chester, PA, USA) for 60 s.
A negative staining consisting of 1% (w/v in water) tungsten silicate solution was then
applied to the grid for 30 s, and grids were washed with distilled water for 30 s. All samples
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were imaged using a transmission electron microscope JEOL 1400 Flash instrument at an
accelerating voltage of 120 kV. All samples were imaged at 50,000 and 100,000 x magnifi-
cation. The particle analysis of TEM images was performed using Fiji Image] software. The
size distribution frequency of PLA-NP and LipoParticles was evaluated using 1 um scaled
images of two independent assays and more than 200 particles.

2.2.6. Adsorption of Nucleic Acids Using the Particulate Layer-by-Layer (pLbL) Strategy

The pLbL strategy, as previously described [25], relies on the successive immobiliza-
tions of anionic nucleic acids and positively charged LAH4-L1 peptide onto LipoParticles.
To prepare final formulations from either LP or LP,yt,, Fluc mRNA was diluted at a con-
centration of 40 pg/mL in nuclease-free water and mixed (v/v) with LP or LPaut0. Then,
two volumes of LAH4-L1 peptide at a concentration of 400 pug/mL (mRNA/LAH4-L1
ratio of 1/20 w/w) or 100 pg/mL (mRNA /LAH4-L1 ratio of 1/5 w/w) were added onto
the LP-mRNA intermediates. Fluc mRNA (CleanCap® Fluc mRNA, (L-7602, 1.9 kB) was
purchased from TriLink BioTechnologies (San Diego, CA, USA).

2.2.7. mRNA Complexation Assay

The complexation of mRNA onto LP and LP,yt, was evaluated using an electrophoretic
mobility shift assay. To this aim, a 1% agarose gel was prepared in Tris-borate-EDTA (TBE)
1x buffer, and ethidium bromide (EtBr) was added as staining. Formulations were either
treated or not with heparin (Sanofi-Aventis, Ploermel, France) at RT for 30 min plus with
proteinase K (NEB, Evry-Courcouronnes, France) at 56 °C for 15 min. The gel was then
loaded with samples mixed with 2x loading dye (2x solution of 95% formamide, 18 mM
EDTA, 0.025% SDS, xylene cyanol, and bromophenol blue; Invitrogen, Carlsbad, CA, USA)
containing 100 ng of mRNA per well. The electrophoresis was performed for 17 min at
100 V, and the stained mRNA bands were visualized on an ultraviolet transilluminator
and digitalized.

2.2.8. Cell Culture

Immortalized DC2.4 (murine bone marrow-derived dendritic cells) cells were obtained
from InvivoGen (Toulouse, France). They were cultured in RPMI-1640 medium, supple-
mented with 10% heat-inactivated FBS, 10 mM Hepes, and 50 uM {3-mercaptoethanol. Cells
were cultured in a 37 °C incubator (Heracell 150i, Thermo Scientific) under 5% CO, and
95% humidity. Cells were always used with a low passage number.

2.2.9. mRNA Transfection Efficiency on Culture Cells

One day prior to transfection, cells were seeded in a 96-well plate at a density of
20,000 cells per well. After 24 h, complete medium was removed and replaced by a 100 uL
mix of formulation and medium without serum, allowing the transfection of 90 ng of
Fluc mRNA or equivalent volumes of noncomplexed LP and LPayut0. Supernatants were
removed 3 h post transfection, and 100 uL of complete medium was added to each well.
Finally, cells were incubated at 37 °C and 5% CO; until the analysis 24 h later. Lipofectamine
2000™ transfection reagent was used as a positive control following the manufacturer’s
instructions. Non-transfected cells were used as a negative control and were labeled
as ‘untreated’.

A luciferase assay was performed using the Bright-Glo™ Luciferase Assay System
(Promega, Charbonnieres-les-Bains, France) according to the manufacturer’s recommenda-
tions. Briefly, the luciferine substrate was added (v/v) to the well and left to incubate for
5 min at RT. Luminescence was then measured on a Tecan i-control Infinite M1000 (Integra-
tion time 1 s) (Tecan, Mdnnedorf, Switzerland) and was determined as the mean of three
replicates and three independent experiments.
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2.2.10. Cytotoxicity toward Culture Cells

The cytotoxicity of noncomplexed vectors and Fluc mRNA LP and LP,yt, formula-
tions was evaluated 24 h post transfection (as described above) using a PrestoBlue™ Assay
(Thermo Scientific™, Waltham, MA, USA) according to the manufacturer’s instructions.
Briefly, 11 pL of PrestoBlue™ Cell Viability Reagent was added to the wells, and plates were
incubated for 20 min at 37 °C. Fluorescence was detected on a Tecan i-control Infinite M1000
(560 nm /590 nm; bandwidth 10 nm) instrument (Tecan, Mdnnedorf, Switzerland). Fluores-
cence was determined as the mean of three replicates and three independent experiments.

2.2.11. Statistical Analysis

Statistical analyses were performed using GraphPad Prism version 9.3 software
(San Diego, CA, USA). All the data are presented as the mean + SD. Differences between
groups were analyzed using one-way ANOVA for the cytotoxicity and two-way ANOVA
for the transfection efficiency, both followed by Tukey’s multiple comparison test. Statistical
significances are indicated on the figures.

3. Results
3.1. Characterization of LipoParticles Obtained from Two Different Manufacturing Methods:
Manual and Automated

LP, which consist of PLA-NP coated with lipid bilayers, were already previously
described and studied for the delivery of mRNA [25]. Here, the aim was to evaluate the
transposition of the manufacturing process of LP from a bulk method to an automated
microfluidic system. The two methods used are depicted in Figure 1. The manual method
was based on the incubation of preformed liposomes, obtained by microfluidics and requir-
ing a dialysis purification step, and a PLA-NP dispersion in the orbital mixer (Figure 1A).
For the full automated production, the PLA-NP dispersion and lipid solution were mixed
into the microfluidic cartridge and purified in one step through centrifugation (Figure 1B).
Even if our objective was not to develop a new formulation, we evaluated the effect of
the lipid solution concentration injected as an organic phase in the microfluidic system on
LPauto physicochemical characteristics. Briefly, LP4yt, were prepared with a lipid solution
at the same DSPC/DOTAP ratio and following concentrations: 0.3, 0.9, 1.5, 1.65 (equivalent
to the lipid concentration of liposomes when preparing LP using the bulk method) and
3 mM. When the lipid concentration was lower than 1.65 mM, the ( potential was inferior to
+20 mV and considered as an unstable colloidal dispersion. When LP,y, were synthetized
with lipid solutions at 1.65 and 3 mM, no differences in hydrodynamic diameter and
potential were observed between the two conditions (data not shown). Additionally, no
difference in DLS and zeta potential of LPayt, was observed when prepared at two total
flow rate (TFR) conditions of the microfluidic system, 10 and 12 mL/min (data not shown).
Considering these preliminary evaluations of LP,yt, production, the condition chosen for
the microfluidic system was a TFR of 12 mL/min and the injection of an organic phase
composed of a DSPC/DOTAP 15:85 (m/m) solution at 1.65 mM, which again corresponded
to the lipid concentration of liposomes used to prepare LP by bulk method and, thus,
enabled a fairer comparison of both LP. In both methods, LipoParticles were prepared from
the same PLA-NP batch, presenting a hydrodynamic diameter of approximately 145 nm
and a negative surface charge close to —46 mV (Table 1).

To compare the physicochemical properties of LipoParticles prepared using both
methods, their size (hydrodynamic diameter) and ¢ potential were first assessed using DLS
and zetametry, respectively (Table 1). The preparation using the microfluidic system led
to a decrease in the mean hydrodynamic diameter from 226 to 175 nm for LP and LPyto,
respectively, with similar PdI, independently of the method of preparation. As expected,
an inversion of the surface charge was observed from anionic PLA-NP to cationic LP and
LPauto- This clearly evidenced the surface modification of PLA-NP by positively charged
liposomes in the case of LP or cationic lipids directly in the case of LPayto.
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Figure 1. Preparation of LipoParticles (A) using the standard bulk method or (B) through an auto-
mated mixing using microfluidic system.

Table 1. Physicochemical characterization of PLA-NP, DSPC/DOTAP liposomes, LP, and LPayto
through DLS and zetametry measurements. Results are presented as the mean + SD of different
samples (1 = 3).

Samples Diameter (nm)  Polydispersity (PdI)  Zeta Potential (mV)
PLA-NP 145 + 2 0.056 £ 0.028 —46+1
Liposomes DSPC/DOTAP 807 0.126 £ 0.016 +50 &2
LP 226 +3 0.124 4 0.004 +52£3
LPauto 175+3 0.103 + 0.04 +43 £3

The morphology of mRNA vectors was observed by TEM with a negative staining
to identify the lipid deposition. Both bulk and automated LipoParticles (Figure 2G,K,
respectively) preserved the spherical shape of PLA-NP used as a solid core (Figure 2C). TEM
analysis also highlighted the presence of multilamellar streaks onto LP and LP,y¢, (White
arrows in Figure 2G K, respectively) suggesting the presence of lipid layers since they were
not observed in PLA-NP. Some multilamellar structures showed an eccentric association to
LP prepared using the bulk method (black asterisks in Figure 2F), whereas, when using
a microfluidic system, LPayt0 presented increased homogeneity with the concentric lipid
deposition (Figure 2]). This could explain the difference in negative staining contrast, more
intense on LP than LP,yt0. The analysis of size distribution frequency using TEM images
showed that the mean diameters of LP (Figure 2H) and LP,yt, (Figure 2L) were 233 and
126 nm, respectively. In accordance with DLS data, both LipoParticles presented a higher
size than PLA-NP used as the polymeric core (112 nm, Figure 2D).

In order to quantify the amount of lipid complexed to each type of LP, an HPLC—
MS method was developed for both DOTAP and DSPC and validated according to ICH
guidelines [37]. As shown in Table 2, the percentage error (PE) from the theoretical con-
centration and relative standard deviation (RSD) were calculated to present the accuracy
and precision of the method. The regression line equations calculated by the least-squares
method were y = 35,166,786x + 614,485 with a correlation coefficient (r) of 0.999 for DSPC
and y = 188,945,499x + 450,927 with r = 0.997 for DOTAP.
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Figure 2. TEM images of PLA-NP (A-C), LP (E-G), and LPauto (I-K) stained with 1% (w/v in water)
tungsten silicate solution. White arrows indicate lipid layers on LipoParticles (G,K), while black
asterisks indicate eccentric lipid vesicles attached to LP (F). Size particle analysis was performed on
1 um scaled images to evaluate the size distribution frequency of nanoparticles (graphs D,H,L). Scale
bars are indicated on each micrograph.

Table 2. Validation methods for DSPC and DOTAP quantification by HPLC-MS. The table presents
intra-day and inter-day precision and accuracy.

PE(%) RSD(%) PE(%) RSD(%) PE(%) RSD(%) PE(%) RSD (%)
DSPC LOOQ (0.1 ug/mL) 0.5 pg/mL 2 ug/mL 5 pg/mL
Intra-day ! 6 3.6 7 1.9 5.9 43 6.2 3.1
Inter-day 2 10.6 14.1 7 7.7 2.7 4.9 1.1 1.1
DOTAP LOQ (0.01 pg/mL) 0.05 pg/mL 0.2 pg/mL 1 pug/mL
Intra-day ! 12.7 9.3 2 5.2 3.9 5 3.6 14
Inter-day 2 1.6 10.4 7.8 114 115 19.6 0.3 1.1

LOQ: limit of quantification; PE: percentage error; RSD: relative standard deviation. 1 n=8,2 n =5.

The results are presented in Table 3. For both LP and LP,yt, the initially chosen
molar ratio of 15/85 DSPC and DOTAP was maintained throughout the stages of each
manufacturing process, with final proportions of 13/87 and 17/83 for LP and LPauto,
respectively. However, the total concentration of lipids was found to be significantly lower
(more than fourfold lower) for LP,yt, obtained in a single step than for LP.
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Table 3. Quantification of DSPC and DOTAP lipids contained in LP or LP,yto. Values given corre-
spond to the quantification of both lipids in the pellet (after removal of supernatants, i.e., removal of
free lipids). Results are presented as the mean =+ SD of samples (1 = 3).

Total Lipid DSPC/DOTAP

Samples DSPC (mM) DOTAP (mM) Concentration (nM) (Molar Ratio)
LP 0.012 + 0.001 0.078 & 0.008 0.090 13/87
LPauto 0.0037 =+ 0.0006 0.018 + 0.0010 0.022 17/83

3.2. Complexation of mRNA and LAH4-L1 on LP and LPgy, Using pLbL Approach

Since LP and LP,yt0 vectors are mainly considered for mRNA delivery, their ability to
adsorb such molecules was then investigated. For this purpose, we used the previously
implemented and described pLbL formulation strategy [25]. Briefly, this strategy consisted
of using electrostatic interactions to successively immobilize nucleic acids on positively
charged LipoParticles and then LAH4-L1, a cell-penetrating peptide, on negatively charged
LipoParticles-mRNA intermediates. For this study, an mRNA-encoding luciferase enzyme
was used, and two different ratios of mRNA /LAH4-L1 were evaluated: 1/5 and 1/20 w/w.

The hydrodynamic diameter of formulations prepared with LP or LPayt, were ana-
lyzed by DLS (Table 4). The addition of mRNA and LAH4-L1 induced an increase in size,
compared with the corresponding initial LipoParticles (226 to 280 nm for LP, 175 to 225 nm
for LPauto). The increase in PdI resulted from a slight heterogeneity of the formulations
and may reflect the presence of particles with different sizes or some aggregates. To note,
LPauto led to a more homogeneous final formulation than LP prepared using the classical
method when a 1/5 w/w mRNA /LAH4-L1 ratio was used, whereas no such difference
was observed between formulations from LP or LP,yut, at a 1/20 w/w ratio. Lastly, the zeta
potential dropped in all formulations compared to unloaded LP and LP,ut0, suggesting an
efficient immobilization of mRNA and then peptides on LP and LP,yut0. In addition, the
surface charge varied with the amount of peptide added, while the surface charge increased
by 13-14 mV with a 1/20 w/w ratio of mRNA /LAH4-L1 compared with the 1/5 ratio.

Table 4. Physicochemical characterization of pLbL formulations with either LP or LP,yto as carriers
through DLS and zetametry measurements. The formulations were prepared with Fluc mRNA, and
the ratio of mRNA /LAH4-L1 was set at 1/20 or 1/5 w/w. Results are presented as the mean & SD of
samples (1 = 3).

Samples Diameter (nm) Polydispersity (PdI)  Zeta Potential (mV)
pLbLLP1/5 274 £ 11 0.184 £ 0.018 +19+£1
pLbL LP 1/20 281 + 24 0.202 £ 0.029 +33 +3
pLbL LPauto 1/5 222 +2 0.149 £+ 0.014 +16 £ 1
pLbL LP,ut0 1/20 227 £ 20 0.197 £ 0.046 +29 +£2

To further verify the ability of LP,yt to bind mRNA using the pLbL strategy, an
agarose gel electrophoresis assay was performed. Regardless of the LP manufacturing
process used and the mRNA /LAH4-L1 ratio, nRNA was fully complexed, as no free nRNA
was observed on the gel (Figure 3A). Moreover, a desorption treatment (heparin/proteinase
K) was carried out on formulations to verify the integrity of mRNA complexed to LP and
LPauto. As shown in Figure 3B, the electrophoretic mobility of mRNA was identical to that
of free mRNA regardless of the carrier used. These results clearly demonstrate that the
pLbL strategy, which was already applied for the complexation of mRNA with classical
LP, can be used with LP,yt0, since it allowed efficient complexation of the mRNA without
causing its degradation.
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mMRNA/LAH4-L1 mRNA/LAH4-L1
1/5 w/w 1/20 w/w

ptbL  PLbL  pibL  pLbL  Naked
LP LPyy, LP LPyo  LP LP,oc  mMRNA

Figure 3. Agarose gel electrophoresis assays of pLbL formulations (A) without and (B) with mRNA
desorption treatment. The concentration of Fluc mRNA was 10 ug/mL.

Considering that LP,yto had a lower total lipid concentration than LP and that mRNA
molecule complexation is directly correlated to the positive charges of cationic lipids, we
then investigated whether lipid content could have an impact on the mRNA adsorption
onto both LipoParticles. In this regard, increasing concentrations of mRNA were adsorbed
onto each carrier, and an electrophoretic mobility shift assay was performed. As shown
in Figure 4, the maximum mRNA immobilization capacity on the LP surface was reached
when the free mRNA band corresponding to naked mRNA appeared on the gel. While
it was possible to completely adsorb mRNA up to a concentration of 12 pg/mL with LP,
the adsorbed amount was at least twofold lower with LP,4o since a free mRNA band was
visible from 6 pug/mL of mRNA.

mRNA ladder Increasing concentration (ug/mL) of mRNA adsorbed on LipoParticles (automated or not) Naked mRNA
2 4 6 8 10 12 14 16 18 20 10

Figure 4. Determination of the amount of mRNA that can be adsorbed onto (A) LP and (B) LPayto
using agarose gel electrophoresis assays. To this aim, formulations containing increasing concentra-
tions of mRNA were prepared and directly deposited on 1% agarose gel. The black box represents
the mRNA concentration used in the pLbL formulations.

3.3. In Vitro Investigation of pLbL Formulations with Transfection and Cytotoxicity Studies

In the next step, we investigated the in vitro transfection efficiency of LP or LPayt0
complexed with 10 pg/uL of mRNA on DC 2.4 cells. As shown in Figure 5 (graph on



Pharmaceutics 2022, 14, 1297

11 of 16

LUC intensity

2x10°—

ook k 100 T ns
T | _
1%106— . i
50—
T ] ns
- N T
1000 -I— 4 l
e T I 0

the left), the transfection profiles were different between the two types of LP depending
on the mRNA /LAH4-L1 ratio. A very efficient expression of mRNA was observed when
pLbL formulations were prepared at a 1/20 w/w mRNA /LAH4-L1 ratio, even if it was
significantly lower than the FLuc expression obtained with the commercial transfecting
agent Lipofectamine 2000™ used as a control (data not shown). Furthermore, there was no
significant difference between transfection realized with LP obtained via the bulk method
or the microfluidic system at this ratio. However, when the amount of peptide in the
formulation was decreased until an mRNA /LAH4-L1 ratio of 1/5, LPauto was significantly
less efficient for mRNA transfection than conventional LP. While there was no significant
difference observed between the 1/5 and 1/20 mRNA /LAH4-L1 ratio for LP, LP,t, showed
a reduced transfection efficiency when peptide loading in the pLbL formulation was
decreased. Regarding cytotoxicity (Figure 5, graph on the right), both naked vectors were
found to be safe on DC cells in contrast to the resulting pLbL formulations. The systematic
cytotoxicity observed with pLbL formulations in DC2.4 cells was previously studied and
was to be inherent to the LAH4-L1 peptide [25]. Thus, by reducing the peptide intake
in the formulation from a 1/20 w/w mRNA/LAH4-L1 ratio to 1/5 w/w, cell viability
was significantly improved from 17% to 69% and from 18% to 75% for LP and LPauto,
respectively. It should be mentioned, however, that the pLbL formulations remained more
toxic than the vectors alone.

ns
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Figure 5. In vitro evaluation of (left) transfection efficiency using Bright-Glo luciferase assay and
(right) cell viability (PrestoBlue assay) of pLbL formulations. Transfections were performed on
DC2.4 cells. Measurements were always performed 24 h post transfection. Data are presented as the
mean =+ SD (not significant (ns): p > 0.05, ***: p < 0.001, ****: p < 0.0001).

4. Discussion

The application of microfluidic systems has been widely used to manufacture dif-
ferent types of nanocarriers for the delivery of drugs and nucleic acids such as the LNP
formulation used in mRNA vaccines against SARS-CoV-2 [1], liposomes [38,39], and poly-
meric [40-44] and hybrid nanoparticles [45,46]. In this work, we were able to produce a
lipid—PLA hybrid nanocarrier, named LipoParticles, with improved homogeneity using
an automated microfluidic system (LPayut0) compared to LipoParticles prepared previously
using the conventional bulk method (LP) [25]. In the case of LipoParticles formed using
the conventional bulk method, the ratio between the surface areas of lipid vesicles and
polymeric particles, Av/Ap, was the major parameter affecting their assembly [47]. Since
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the synthesis of LP,uto was performed from lipids solubilized in ethanol, Av/Ap could not
be applied, as lipid vesicles or liposomes were not preformed separately. Zhang et al. [48]
demonstrated that the physicochemical properties of hybrid nanoparticles could be mod-
ified by varying the polymer/lipid ratio (w/w) using a microfluidic chip. In order to
maintain a correlation between the composition of the lipid solution and liposomes used
for the preparation of LP,ut, and LP, respectively, we established that the microfluidic
system would be loaded with a solution of DSPC/DOTAP at an equivalent molar ratio and
concentration of liposomes used to prepare LP via the standard bulk method. However, the
temperature used in the preparation with the microfluidic system could not be maintained
at 70 °C as used for the liposome synthesis because the injection of PLA-NP lead to some
precipitation and partial loss of components inside the channel of microfluidic cartridge.
Then, the temperature was decreased to 40 °C to prevent the partial clogging of the system
and ensure the total recovery of components and the formation of reproducible batches of
LPauto. As illustrated in Figure 1, we skipped the preparation and purification of liposomes
used in the bulk method via the simple complexation of a DSPC/DOTAP solution with
PLA-NP to obtain LPayt, using the microfluidic system. It is important to indicate that,
prior to physicochemical analyses, both LP were purified by centrifugation after synthesis
in order to eliminate non-absorbed free lipids, lipid vesicles, and/or liposomes. Despite the
same lipid—polymer composition, LipoParticles formulated using both methods presented
quite different physicochemical properties and morphology.

The DLS evaluation showed that the size of LP,,t, decreased when compared to LP,
indicating that the method of preparation influences the auto assembly of lipids (Table 1).
Additionally, TEM images (Figure 2) revealed that LP presented apparent higher size
dispersity than LP,yt,. Compared to DLS analysis, TEM images showed the same tendency
of mean size: PLA-NP < LP,yu < LP (Figure 2D,H,L). However, for all samples, the
mean size of nanoparticles observed by TEM was lower than that observed by DLS. The
divergence of data between the two techniques is probably due to the sample preparation
and treatment as already identified for other types of nanoparticles [49,50]. Furthermore, the
streaks observed in LP and LP,yt, are characteristic of the contrast difference representing
the deposition of multilamellar lipid structures at the PLA-NP surface. Nevertheless, LP
(Figure 2B) exhibited a more irregular shape compared to the defined spherical form of
LPauto (Figure 2C). In accordance with our presumption that the microfluidic system allows
constant and uniform mixing of components, lipid layers in LP,ut, were apparently more
homogeneously distributed around nanoparticle surface. Thevenot et al. [47] presented
similar results with LP prepared using the standard bulk method from a mixture of PLA-NP
and zwitterionic lipid vesicles. They proposed that lipid / particles assemblies are organized
as a function of the strength of interactions between the two components. Depending
on the composition of vesicles, i.e., purely zwitterionic or with the inclusion of cationic
lipids, PLA-NP were covered homogeneously with lipid multilayers originated from vesicle
disruption or surrounded with intact lipid vesicles. According to our results, the strength
of electrostatic interaction between excess cationic liposomes and anionic PLA-NP seemed
to partially disrupt liposomes and induce their reorganization in a mixture of lipid bilayers
and concentric multilamellar vesicles.

Considering these differences, we assumed that the amount of lipid associated to
LipoParticles was different when prepared using the bulk and microfluidic methods, even
if the total concentration of lipids in solution or liposomes was the same for LP,yut, and
LP preparation, respectively. Then, the lipid content of LP and LP,u, was evaluated
by HPLC-MS. Interestingly, the lipid ratio was very similar to the initial DSPC/DOTAP
15:85 molar ratio independently of the method of preparation using a lipid solution or
preformed liposomes (Table 3). However, the total lipid concentration was more than
four times higher in LP compared to LPayuto. These results are in accordance with the higher
size and positive zeta potential of LP compared to LP,yt0. Zhang et al. [48] showed that,
using a two-stage microfluidic chip, they were able to control the number of lipid layers
in poly(lactide-co-glycolide) (PLGA)-lipid hybrid nanoparticles according to the order
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of addition of components. Using this system, they could prepare hybrid nanoparticles
exhibiting only a lipid monolayer (ML-NP) or lipid bilayers (BL-NP), in which the latter
required twice the amount of lipids compared to ML-NP to completely cover the PLGA core.
In the case of BL-NP, liposomes were formed in the first stage prior to the injection of PLGA
solution in a second stage. For ML-NP, PLGA-NP were formed in the first stage, and then
lipid solution was added. Meanwhile, they used only zwitterionic lipids that exhibited a
different type of interaction with PLGA compared to the electrostatic interactions between
preformed PLA-NP and cationic lipids or liposomes used in our study. These results
corroborate our findings, indicating that the quantity of lipid deposition in hybrid polymer—
lipid nanoparticles depends on the method of preparation and the form of lipids added, in
solution or preformed liposomes, to interact with PLA-NP.

The ability of LipoParticles to complex with mRNA molecules is directly related
to the electrostatic interaction between anionic phosphates from mRNA and positively
charged amines from cationic lipids at the LipoParticles surface. The analysis of lipid
components using HPLC-MS showed that LP,ut, had a lower total lipid concentration
than LP and, thus, a reduction in cationic lipids available for mRNA adsorption. Then,
we evaluated whether LP,yt, had equivalent properties as an mRINA carrier, as already
demonstrated for LP [25]. Using the pLbL approach based on electrostatic interactions, we
complexed LP and LP,yt, with the same quantities of mRNA and cell-penetrating peptide,
LAHA4-L1, in a sequential manner as a function of the electrostatic interactions of charged
components. LAH4-L1 is a CPP which is widely used for the transport and release of
mRNAs into the cytoplasm. CPPs allow spontaneous interactions with anionic mRNA and
lipid cell membranes; moreover, they have pH-sensitive residues that facilitate endosomal
escape [51]. However, the complexation of LP with mRNA and LAH4-L1 led to a higher
accumulation of LipoParticles in DC 2.4 cells and reduced their viability [25]. Considering
our previous results, pLbL LP and pLbL LPay, at 1/5 and 1/20 mRNA /LAH4-L1 ratios
were chosen in order to assess whether the different vectors could modify the balance
between cytotoxicity and transfection efficiency of formulations. Both formulations were
successfully achieved presenting a high positive zeta potential and similar dispersion
homogeneity. Not surprisingly, the hydrodynamic diameter of pLbL LP was slightly higher
than that of pLbL LP,yt, (Table 4). As with pLbL LP, mRNA was completely complexed
in pLbL LPayt0, and their integrity was preserved after undergoing desorption treatment
(Figure 3). However, we observed that LP were capable of adsorbing more than twice the
amount of mRNA compared to LPyto before the addition of LAH4-L1, probably due to the
significantly lower concentration of total lipids in the latter (Figure 4). LP,uto were able to
complex only a part of mRNA at concentration of 10 ug/mL (Figure 4), and the remaining
free molecules were likely to be complexed once the LAH4-L1 peptide is added (Figure 3).
Bose et al. [52] demonstrated that, by increasing the concentration of cationic lipid from
6% to 24% in lipid—polymer hybrid nanospheres, the ability to incorporate plasmid DNA
(pDNA) was significantly improved. Additionally, they showed that the inclusion of
protamine as an additional cationic component into hybrid nanoparticles resulted in higher
pDNA complexation in formulations. Here, we observed a similar behavior in which LP
with a higher lipid concentration than LP,yt, ensured the total complexation of mRNA.
Furthermore, the addition of the cationic peptide LAH4-L1 was indispensable to obtain
the complete mRNA complexation with LP,yt, via the pLbL strategy. Since LAH4-L1 was
always in excess compared to mRNA, we can hypothesize that the complexation of mRNA
and LAH4-L1 at the surface of pLbL LPayt, formulations could be different compared to
pLbL LP formulations, and mRNA transfection efficacy might be affected.

Lastly, we evaluated the mRNA expression and cytotoxicity in vitro of pLbL LP and
pLbL LPayto formulations at 1/5 and 1/20 mRNA /LAH4-L1 ratios. Regarding the cytotoxi-
city, both LP and LP,yt, demonstrated high cell viability and safety profiles to be used as
mRNA carrier. Both formulations, pLbL LP and pLbL LP,y0, at 1/20 mRNA /LAH4-L1
ratio were able to induce efficient mRNA expression in vitro, and no significant difference
was observed between both formulations (Figure 5). However, in this condition, both
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pLbL formulations presented high cytotoxicity (~20% cell viability) toward DC 2.4 cells,
which is inherent to the presence of LAH4-L1. Our previous results showed that, by
reducing the mRNA/LAH4-L1 ratio to 1/5 for pLbL LP formulations, a better balance
between mRNA expression and cytotoxicity was obtained [25]. Therefore, the transfection
of DC2.4 cells with pLbL LP and pLbL LP,yt, formulations at a 1/5 mRNA/LAH4-L1 ratio
confirmed that cytotoxicity was decreased, with 70-80% cell viability for both formulations.
Nevertheless, we observed that mRNA expression was strongly reduced for pLbL LPayuto
formulations, while no significant difference was observed for pLbL LP formulations at the
two mRNA /LAH4-L1 ratios evaluated. Considering the same amount of mRNA used in
transfection essays, we hypothesized that the reduced lipid content assembly at the surface
of PLA-NP in the case of LPauto could be responsible for (i) the reduced cell internalization
of nanoparticles and/or (ii) the modified mRNA release and translation in vitro. To verify
if there is a relationship between the physicochemical properties and in vitro activity of
LipoParticles, an in-depth characterization of component organization, nanoparticle uptake
pathways, and kinetics of mRNA expression needs to be considered in future studies.

5. Conclusions

The present study showed that LipoParticles can be prepared in a reproducible man-
ner through an automated microfluidic system (LPaut0). These LipoParticles presented
adequate physicochemical characteristics to be used as an mRNA carrier. However, the
lipid shell formed was not equivalent to that obtained via the bulk method using preformed
liposomes (LP). This difference could drastically reduce the amount of mRNA adsorbed
onto the PLA-NP surface. Consequently, the pLbL LPgy, formulation, obtained from the
adsorption of mRNA and LAH4-L1 at a 1/5 (w/w) ratio using the pLbL strategy onto
LPauto, exhibited reduced mRNA expression in vitro compared to pLbL LP prepared using
the bulk method. In summary, our results showed that using a microfluidic system is
a promising strategy for the synthesis of LipoParticles; however, additional evaluation
of formulation parameters and microfluidic conditions needs to be performed to ensure
the formation of a lipid shell able to adsorb a higher quantity of mRNA and improve its
expression with low cytotoxicity.
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