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Abstract

Design of nanocarriers for efficient miRNA delivery can significantly improve miRNA-based therapies. Lipoplexes based on helper lipid,
dioleoyl phosphatidylethanolamine (DOPE) and cationic lipid [2-(2,3-didodecyloxypropyl)-hydroxyethyl] ammonium bromide (DE) were
formulated to efficiently deliver miR-1 or a combination of four microRNAs (miRcombo) to adult human cardiac fibroblasts (AHCFs).
Lipoplexes with amino-to-phosphate groups ratio of 3 (N/P 3) showed nanometric hydrodynamic size (372 nm), positive Z-potential (40 mV)
and high stability under storage conditions. Compared to commercial DharmaFECT1 (DF), DE-DOPE/miRNA lipoplexes showed superior
miRNA loading efficiency (99 % vs. 64 %), and faster miRNA release (99 % vs. 82 % at 48 h). DE-DOPE/miR-1 lipoplexes showed superior
viability (80-100 % vs. 50 %) in AHCFs, a 2-fold higher miR-1 expression and Twinfilin-1 (TWF-1) mRNA downregulation. DE-DOPE/
miRcombo lipoplexes significantly enhanced AHCFs reprogramming into induced cardiomyocytes (iCMs), as shown by increased expression
of CM markers compared to DF/miRcombo.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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Background effector complex called RISC (RNA induced silencing complex),

leading to translational repression or cleavage and subsequent
degradation of target messenger RNAs (mRNAs).

Deregulation of miRNAs expression has been reported in dif-
ferent pathologies, including cancer, cardiovascular diseases and
neurological disorders, paving the way to the development of several
miRNA-based therapies.®© According to the deregulation status of
the target mRNAs, these therapies can be classified as: i) miRNA
gain-of-function therapy, which restores the expression by using
chemically modified double-stranded miRNA mimics; and ii)
miRNA suppression therapy, which inhibits endogenous miRNA
expression using miRNAs antagonists (anti-miRs) or inhibitors.’

MicroRNAs (miRNAs) are small endogenous single-strand non-
coding RNAs of nearly 21 nucleotides, that function as guide mol-
ecules in post-transcriptional regulation of gene expression.’ MiR-
NAs biogenesis takes place at multiple steps. In animals, miRNA
genes are transcribed by RNA polymerase II and further processed
by two ribonuclease III proteins, Drosha and Dicer, which work in
the nucleus and in the cytoplasm, respectively.” Once mature,
miRNAs are loaded onto an Argonaute (AGO) protein to form an
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therapeutic molecules, which suffer from fast degradation rate
and poor in vivo half-life. 10 Furthermore, naked miRNAs cannot
spontaneously enter the cells due to the electrostatic repulsion
between the negatively charged miRNAs and cell membrane.
Thus, proper carriers should be designed to improve the transport
kinetics of miRNA therapeutics, facilitate their on-target accu-
mulation, and enhance cell membrane by-passing. Nano-size
delivery vehicles of various composition and structure have been
proposed for this purpose, by virtue of their ability to extend
circulation time, reduce clearance, and enhance cellular uptake of
their payload'®"!

Cell delivery of miRNAs with viral vectors, lipid-based
transfection agents, as well as synthetic and natural polymer-
based nanoparticles (NPs) has been reported. 12714 Viral vectors
(such as retroviruses, lentiviruses, and adenoviruses) have been
widely used to deliver miRNAs to cells by virtue of their high
transfection efficiency, but suffer from serious drawbacks, such
as toxicity, adverse immune response and consequent inflam-
matory activation.'>'® Besides, high-quality viral vectors are
difficult to be scaled up.

In light of these considerations, inorganic and organic non-
viral vehicles based on gold or silica nanoparticles, lipids, poly-
mers, micelles and exosomes have been explored, being safer and
easier to manufacture and scale up.'> Among them, cationic lipids
have demonstrated the ability to establish strong and spontaneous
electrostatic interactions with opposite-charged miRNAs.'”'® A
great variety of different cationic lipids, such as 2,3-dioleyloxy-N-
[2(sperminecarboxamido)ethyl]-N,N-dimethyl-l-propanaminium
trifluoroacetate (DOSPA) and dioctadecylamidoglycylspermine
(DOGS), in combination with the neutral fusogenic phospholipid,
dioleoyl phosphatidylethanolamine (DOPE), have been pro-
posed.' 71?2921 The formation of complexes between cationic
lipids and miRNAs, called lipoplexes, enables efficient cargo
protection from enzymatic degradation and facilitates the inter-
action with the negatively charged cell membrane, enhancing
miRNA delivery into cells without triggering pathogenic or im-
munogenic responses.'***** Because of these interesting prop-
erties, cationic lipids are present in the formulation of several
commercially available transfection reagents used for in vitro
miRNA delivery, such as Lipofectamine® RNAi-MAX,**
SiPORT™  (Invitrogen),”  SilentFect™  (Bio-Rad)*® and
DharmaFECT® (Dharmacon).>”?*?° These commercial trans-
fection reagents have demonstrated high loading and transfection
efficiency depending on the cell type.24’30’3 ! For instance, the
transfection efficiency of Lipofectamine 3000 is reported to be
~97 % in primary muscle myoblasts, and as low as ~25 % in
HepG2 Liver cancer cells.”* However, considering that cytotox-
icity remains one major limitation of lipidic transfectants,?* the
design of safer and more cytocompatible transfection reagents is
highly demanded.

Herein, we report on the preparation and characterization of
biocompatible lipoplexes, able to efficiently load single miRNA
and miRNA combinations (miRcombo) and deliver them to adult
human cardiac fibroblasts (AHCFs), for perspective applications
in direct reprogramming of AHCFs into induced cardiomyocytes
(iCMs).? The designed lipid formulation, based on DOPE and
the cationic lipid [2-(2,3-didodecyloxypropyl)-hydroxyethyl]
ammonium bromide (DE) has previously shown high siRNA and

plasmid DNA transfection efficiency but has not been exploited
for miRNA delivery so far.>*~® In this work, DE-DOPE/miRNA
lipoplexes were prepared and characterized for their ability to
deliver miRNAs (single miRNA and miRcombo) to AHCFs
compared to commercial DharmaFECT (DF), as it has been
frequently used as transfection agent for miRcombo in direct
cardiac reprogramming.>'~*> DE-DOPE/miRNA lipoplexes were
prepared via spontaneous electrostatic interactions, modulating
the Iratio between the positively charged groups on the cationic
lipid (N) and the negatively charged groups on miRNA (P) to
obtain lipoplexes with positive Z-potential, nanometric size,
sufficient stability under storage conditions and adequate sta-
bility under physiological conditions for efficient miRNA de-
livery to cells. DE-DOPE/miRNA lipoplexes showed enhanced
biocompatibility, ~99 % miRNA loading efficiency and ability
to fully deliver the miRNA cargo to AHCFs, resulting in sig-
nificantly higher expression of GATA4, MEF2C, TNNT2 and
ACTCI1 mRNA as compared to control DF-based lipoplexes.
Our findings indicate that DE-DOPE/miRNA lipoplexes are
ideal systems for in vitro microRNA-delivery, and promising
carriers for miRcombo-mediated direct reprogramming of
human cardiac fibroblasts into iCMs. This work highlights the
key role of a multidisciplinary research, exploiting bioengi-
neering and nanotechnology tools, in addressing the barriers to
successful non-viral direct cardiac reprogramming, including
those arising from inefficient miRNA delivery.

Materials

ICationic lipid [2-(2,3-didodecyloxypropyl)-hydroxyethyl]
ammonium bromide (DE) was synthesized as previously de-
scribed.? L-alpha-dioleoylphosphatidylethanolamine (DOPE)
and chloroform were purchased from Sigma. DharmaFECT]
(DF; Dharmacon™) was supplied from Horizon Discovery.

ITrackIt™ 50 bp DNA Ladder, TAE Buffer (Tris-acetate-
EDTA) (50x), SYBR™ Green I Nucleic Acid Gel Stain - 10,000x
concentrated in dimethyl sulfoxide (DMSO) for agarose gel
electrophoresis were purchased from Life Technologies. Qubit™
microRNA Assay Kit and agarose low-EEO were supplied from
Thermo Fisher Scientific. Phosphate buffer solution (PBS 10x,
pH 7.4) was purchased from Gibco. In the following, water refers
to ultra-purified Milli-Q water (Millipore).

NegmiR (mirVana™ miRNA Mimic, Negative Control #1),
miR-1-3p, miR-133a-3p, miR-208a-3p, and miR-499a-5p
(mirVana™ miRNA mimic) and FAM™-]abeled miR-1 (mir-
Vana miRNA mimic) were purchased from Life Technologies.
Adult Human Cardiac Fibroblasts (AHCFs, CC-2903) and Fi-
broblasts Growth Medium-3 (CC-4526) were purchased from
Lonza. Dulbecco's modified Eagle Medium (DMEM) High
Glucose and 0.25 % w/v trypsin/EDTA were purchased from
Gibco. Fetal bovine serum (FBS), L-glutamine, Formalin Free
Tissue Fixative, 4',6-diamidino-2-phenylindole (DAPI) and
penicillin/streptomycin/ampicillin were supplied from Sigma.
Qiazol lysis reagent, miRCURY LNA RT Kit, (hsa-miR-1-3p
miRCURY LNA miRNA PCR Assay) were purchased from
Qiagen. EvaGreen supermix, ddPCR supermix for probes
without dUTP, TWF-1, GATA4, ME2C, TNNNT2 and ACTC1
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
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purchased from Bio-Rad Laboratories. Resazurin was supplied
from Promega. Nuclease-free water was supplied from Fisher
Bioreagents.

Methods

Preparation of liposomes and miRNA lipoplexes

IEmpty DE-DOPE liposomes were prepared using the thin
lipid film-hydration method.*' The cationic lipid DE and
helper lipid DOPE were dissolved separately in chloroform and
mixed in a 1:1 ratio (w/w). The mixture was then dried under
reduced pressure in a rotary evaporator. Residual traces of
chloroform were removed by placing the vials under high
vacuum for one hour. The lipid film was hydrated with Milli-Q
water to a final concentration of 1 mg/mL of lipids, under
vortex stirring, until complete film detachment and formation
of a liposomal suspension.

Lipoplexes containing negmiR were prepared at different DE-
DOPE/miRNA ratios, by changing the amino to phosphate
groups (N/P) molar ratio (3; 1.75; 0.7; 0.35). Briefly, to obtain
DE-DOPE/miRNA lipoplexes with different N/P ratios (as de-
tailed in Supplementary Table S1), a constant amount of miRNA
(0.7 pg corresponding to 10 uL. of miRNA solution with 5 uM
concentration) and different amounts of DE-DOPE were mixed
and incubated for 20 min at room termperature, vortexed and
then incubated for additional 20 min. Lipoplexes were diluted in
Milli-Q water to a final volume of 1 mL. DF/miRNA lipoplexes
were obtained by following the manufacturer's instructions by
preliminary optimization of the DF/miRNA ratio (Supplemen-
tary Material). Based on that, miRNA (0.7 pg) and DF (6 pg)
were diluted in separate tubes in Milli-Q water or in serum free-
medium for cell studies to a final volume of 200 pL, and, then,
the content of each tube was incubated for 5 min at room
temperature. Afterwards, the miRNA solution was added to DF,
mixed by pipetting carefully up and down and incubated for
additional 20 min at room temperature.

DE-DOPE lipoplexes at N/P 3 ratio and DF/miRNA lipo-
plexes were also loaded with functional miR-1 and miRcombo
for in vitro cell studies, using the same formulation protocol
reported above.

Physical and chemical characterization

Size and surface charge

Size distribution, polydispersity index (PDI) and surface
charge of liposomes and lipoplexes were analyzed by dynamic
light scattering (DLS) using a Litesizer™ 500 (Anton Paar,
Turin, Italy). DLS analysis was carried out by backscatter de-
tection with a scattering angle of 173°. The surface charge of
liposomes and lipoplexes was evaluated by zeta potential mea-
surements using a U-shaped fold capillary cell (Anton Paar,
Turin, Italy). All measurements were carried out in triplicate.

Stability

The physical stability of lipoplexes at physiological temper-
ature was evaluated by measuring their size, polydispersity index
and zeta potential as a function of their incubation time (0, 4, 6,
24 and 48 h) at 37 °C in Milli-Q water. Similarly, the stability of

lipoplexes under storage conditions was evaluated by analysing
their size, polydispersity index and zeta potential, after 2 and
7 days at 4 °C in Milli-Q water. DF formulations were similarly
tested for comparison. All measurements were performed in
triplicate.

Morphology

IMorphology of liposomes and lipoplexes was analyzed by
cryogenic-transmission electron microscopy (cryo-TEM),
using a Philips CM120 microscope (Philips, Amsterdam, The
Nederland) at the “Centre Technologique des Microstructures”
(CTp) at the Université Claude Bernard Lyon 1 (Villeurbanne,
France). The diluted samples were dropped onto 300 Mesh
holey carbon films (Quantifoil R2/1) and quench-frozen in
liquid ethane using a cryo-plunge workstation (made at LPS
Orsay). The specimens were then mounted on a precooled
Gatan 62 specimen holder and observed at an accelerating
voltage of 120 kV.

Loading efficiency (LE)

The miRNA loading efficiency of lipoplexes was determined
by an indirect method through the measurement of free miRNA
concentration in water after lipoplex preparation. Briefly,
miRNA-loaded lipoplexes were centrifuged (15,000 rpm, 15 min
at 4 °C) using an Allegra X30 benchtop centrifuge (Beckman
Coulter, Brea, California, USA). Supernatants were collected
and analyzed by benchtop Qubit™ 4 Fluorometer following
manufacturer's instructions (Life Technologies, Carlsbad,
California, USA). This method allows accurate miRNA quanti-
fication by fluorescence-based detection. For miRNA loading
evaluation, 10 pL. of the supernatant containing non-loaded
miRNA were added to 190 puL of working solution (obtained by
diluting Qubit® microRNA reagent in Qubit® microRNA buffer
1:200) and mixed for 2-3 s. The mixture was incubated for 2 min
in the dark and analyzed by Qubit® 3.0 Fluorometer's RNA
detection program. Loading efficiency was calculated using the
following equation (Eq. (1)):

Total miRNA-free miRNA in supernatant
Total miRNA

LE (%) = x 100 (1)

where total miRNA is the amount of miRNA used for lipoplex
preparation.

The amount of miRNA molecules in a single DE-DOPE/
miRNA and DF/miRNA lipoplex was determined by the fol-
lowing equation (Eq. (2)), as described by H. Yang et al.**:

[miRNA /lipoplex] — miRNA molar concentration

total lipoplexes molar concentration

where the total miRNA concentration was determined by con-
sidering LE, while the total lipoplex concentration was deter-
mined according to Eq. (3):

Number of lipoplexes

Avogadro s number
Volume of lipoplex suspension

3)

[Total lipoplex: molar concentration] =
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And

Total volume of lipoplexes

Numb lipopl =
umber of lipoplexes Awverage volume of each lipoplex

g of lipoplexes

density of lipoplexes (i%)
cm?

(lz’poplem radius in nm x 10_7)3

(4)

W[

The density of lipoplexes was approximated to the density of
water (1 g/cmS) due to the their stability in Milli-Q water.

The loading of miRNA was also qualitatively investigated by
agarose gel electrophoresis (30 min; 100 V), as previously de-
scribed.*® Briefly, 10 pL of supernatant, collected after lipoplex
formulation, was mixed with 2 pL 6x TrackIt™ Cyan/Orange
loading buffer, reaching a final volume of 12 pL (Invitrogen,
Waltham, Massachusetts, USA). The suspension was then
loaded onto 2 % agarose gel in TAE 1x buffer containing
SYBR® Green for nucleic acid staining. The images were vi-
sualized after UltraBright LED Transilluminator (Maestrogen,
Hsinchu City, Taiwan) exposure (470 nm). Free miRNA, DF
formulations and DE-DOPE liposomes were analyzed as con-
trols. TrackIt 50 bp DNA Ladder was used as marker.

miRNA release

To evaluate the release kinetics of miRNA, lipoplexes were
incubated in 10 mM PBS at 37 °C for different time intervals (1,
2,3,4,6,8,24 and 48 h). A volume of 15 pL. was collected and
analyzed by Qubit™ 4 Fluorometer as described above and re-
placed with 15 pL fresh PBS. The amount of released miRNA
was calculated as the ratio between miRNA released at each time
interval and the total amount of miRNA loaded in the lipoplexes.
miRNA release was also qualitatively investigated by agarose
gel electrophoresis, following the same protocol described
above. Experiments were performed in triplicate. miRNA release
study was also evaluated with the cationic lipid DF for com-
parison.

In vitro study

Cell culture

AHCFs were maintained in culture using FGM-3 containing
10 % FBS, 1 % insulin, 1 % human basal fibroblast growth factor
(hFGF- ) and 1 % gentamicin. Cells were expanded until passage
4 and then used for experiments. Complete media made using
DMEM high glucose supplemented with 10 % FBS and 1 % L-
glutamine was used for all experiments.

Viability assay

For viability assay, AHCFs were seeded in 96-well plate
(6 x 10> cells/well) in complete media 24 h before transfection.
The next day, cells were transfected with empty DF and DE-
DOPE liposomes or their miR-1 loaded lipoplexes, by combin-
ing proper volume of each formulation (Supplementary Table S1
and Table 1) with complete media reaching 100 ul volume per
well. For DE-DOPE liposomes and lipoplexes, different con-
centrations were tested by diluting the original formulation (DE-

DOPE/miRNA_100), as detailed in Table 1. After 24 h from
transfection, the medium was replaced with complete media, and
culture was continued up to 48 h. Non-transfected cells were
analyzed as control. Cell viability was assessed after 24 and 48 h
culture time. Resazurin was prepared at a final concentration of
40 uM in complete culture media and added to transfected cells
after each time interval. Cells were then incubated for 3 h.
Fluorescence reading (Ex = 550 nm/ Em = 590 nm) was per-
formed using NanoQuant plate (Tecan Group Ltd., Minnedorf,
Svizzera). Cell viability was reported as percentage of viable
cells relative to control (untreated) cells. To aquire brightfield
images, AHCFs were seeded and cultured in 96-well plate
(6 x 10° cells/well) in complete media for 24 h, then they were
transfected with DF/negmiR or DE-DOPE/negmiR lipoplexes
for 24 h and, finally, they were observed under a ZOE micro-
scope (Bio-Rad). Experiments were performed in biological
triplicate.

Uptake efficiency

MiRNA uptake efficiency of cells mediated by DF or DE-
DOPE lipoplexes was assessed by flow cytometry and fluores-
cence microscopy analyses. AHCFs were plated in 24-well
plates (2.2 x 10* cells/well) or in 35 mm p-Dishes (Ibidi, 3 x
10* cell/well) for flow cytometry or fluorescence microscopy
analyses, respectively, in complete media for 24 h. Cells were
then transfected with miR-1 or FAM™:-labeled miR-1 using DF
or DE-DOPE lipoplexes, as described above, in complete media.
Non-treated cells were used as control. Uptake efficiency was
evaluated after 12 h of treatment. For flow cytometry, cells were
washed with PBS and detached with 0.25 % w/v trypsin/EDTA,
centrifuged and resuspended in MilliQ H,O. Flow cytometry
was performed using Guava Easy Cyte (Luminex Corporation,
Austin, Texas, USA) flow cytometer and analyzed using
GuavaSoft 3.2 software (Luminex Corporation, Austin, Texas,
USA). Experiments were performed in triplicate. For fluores-
cence microscope images, after 12 h of treatment, cells were
washed with PBS and fixed with Formalin Free Tissue Fixative
for 10 min at RT and washed with PBS. Nuclei were counter-
stained with DAPI for 5 min at RT. Images were acquired using
Nikon Eclipse Ti2 spinning disk microscope and NIS-Elements
software (Nikon, Minato, Tokyo, Japan). Merge was performed
using Image] (Fiji) software.

Cell transfection for RNA isolation

To study miRNA internalization and mRNA target down-
regulation, cells were plated in 6-well plates (1.1 x 10° cells/
well) in DMEM High Glucose with 10 % FBS and 1 % L-
glutamine one day before transfection. This medium was used in

Table 1
Tested DE-DOPE/miRNA lipoplex formulations and corresponding miRNA
concentration.

DE-DOPE/miRNA code % of original formulation = miRNA final dose

(nM)
DE-DOPE/miRNA_ 100 100 % 25
DE-DOPE/miRNA_ 65 65 % 16.25
DE-DOPE/miRNA_ 50 50 % 12.5
DE-DOPE/miRNA_ 25 25 % 6.25
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all transfection studies. Cells were transfected with miR-1 or
negmiR using DF or DE-DOPE lipoplexes, as described above,
in complete culture media, in a final volume of 2 mL per well.
After 24 h, transfection medium was replaced with fresh com-
plete medium containing DMEM, 10 % FBS, 1 % glutamine and
1 % penicillin/streptomycin/ampicillin. Culture was continued
up to 48 h. To study fibroblast reprogramming into iCMs,
AHCEFs were transfected with miRcombo (miR-1-3p, miR-133a-
3p, miR-208a-3p, and miR-499a-5p) or negmiR using DF or DE-
DOPE lipoplexes, as described above, in complete culture
media, in a final volume of 2 mL volume per well. After 24 h,
transfection medium was replaced with fresh complete medium
containing DMEM, 10 % FBS, 1 % glutamine and 1 % peni-
cillin/streptomycin/ampicillin. Culture was continued for addi-
tional 7 and 15 days.

RNA isolation

RNA was extracted using Qiazol lysis reagent, according to
manufacturer's instructions. RNA quantity and quality were
assessed using NanoQuant plate.

miRNA reverse transcription and droplet digital PCR

To study miR-1 uptake by cells, miRNA reverse-transcription
PCR was performed using miRCURY LNA RT Kit. RNA
samples were diluted to 5 ng/uL in nuclease-free water and the
reaction was prepared following the manufacturer's instructions.
Droplet digital PCR (ddPCR, Bio-Rad Laboratories, Hercules,
California, USA) was performed to assess the expression of miR-1
(hsa-miR-1-3p) using EvaGreen supermix.** Droplet generation
was performed according to manufacturer's instructions. Thermal-
cycling conditions were: 95 °C for 5 min (1 cycle), 95 °C for 30 s
and 55 °C for 1 min (40 cycles), 90 °C for 5 min (1 cycle), and a
4 °C infinite hold. PCR plate was loaded on Bio-Rad QX100
droplet reader for quantification of cDNA copies/uL (Bio-Rad
Laboratories, Bio-Rad Laboratories, Hercules, California, USA).
Analysis of the ddPCR data was performed by QuantaSoft
analysis software (Bio-Rad Laboratories, Bio-Rad Laboratories,
Hercules, California, USA). No template control with water was
included in each assay. Experiments were performed in triplicate
and repeated three times.

Total RNA reverse transcription and ddPCR

Total cDNA (200 ng) was obtained using high-capacity
c¢DNA reverse transcription kit (Applied Biosystems, Waltham,
Massachusetts, USA). DAPCR was performed to assess the ex-
pression of TWF-1, GATA4, ME2F, TNNT2 and ACTC1 using
ddPCR supermix for probes without dUTP. Droplet generation
was performed according to manufacturer's instructions. Ther-
mal-cycling conditions were 95 °C for 10 min (1 cycle), 94 °C
for 30 s and 55 °C for 30 s (40 cycles), 98 °C for 10 min
(1 cycle), and a 4 °C infinite hold. DAPCR protocol continued as
described above. GAPDH was used as a housekeeping gene to
perform quantitative normalization. Results were reported as the
concentration (cDNA copies/uL) of the gene of interest respect to
the mean concentration (cDNA copies/uL) of GAPDH. No
template control with water was included in each assay. Exper-
iments were performed in triplicate and repeated three times.

Flow cytometry for reprogramming efficiency

AHCEFs, transfected with negmiR or miRcombo using DE-
DOPE lipoplexes were cultured for 15 days. Then, cells were
trypsinized with 0.05 % Trypsin/EDTA (Sigma Aldrich) and
permeabilized with 0.5 % v/v Tween 20 (Sigma-Aldrich) in PBS
for 5 min. Ice cold PBS with 10 % FBS and 1 % sodium azide
(Sigma Aldrich) was used for washing between each step. Cells
were incubated with Cardiac Troponin T (¢TnT) primary anti-
body (cat #701620, Invitrogen) for 1 h at 4 °C and Alexa Fluor
488-conjugated secondary antibody (ab150077, Abcam) for 1 h
at 4 °C in the dark. Cells were run on Guava EasyCyte (Luminex
Corporation) flow cytometer and data analysis was performed
using GuavaSoft 3.2. The percentage of cTnT-positive cells was
then calculated as an index of reprogramming efficiency.

Results
Optimization of lipoplexes formulation

Size and surface charge measurement

miRNA-loaded DE-DOPE liposomes (DE-DOPE/miRNA
lipoplexes) were prepared at different N/P ratios (as detailed in
Supplementary Table S1A), loading negmiR as a negative con-
trol to determine the optimal formulation conditions.

Empty DE-DOPE liposomes showed a mean hydrodynamic
diameter of around 450 + 19 nm and a positive Z-potential of
41 = 10 mV (Supplementary Table S2), due to the protonated
amino groups of DE.

By increasing the N/P ratio in DE-DOPE/miRNA lipoplexes,
a decrease in the average hydrodynamic diameter was observed
(Fig. 1A). The size ranged between 876 nm at N/P 0.35) and
372 nm at N/P 3 (p = 0.0015). Lipoplexes with intermediate N/P
ratios showed a mean hydrodynamic diameter of 483 nm at N/P
0.7 and 403 nm at N/P 1.75, both significantly lower than the
value obtained at N/P 0.35 (p= 0.0070 and p = 0.0022, respec-
tively). Furthermore, a gradual shift from negative (-26 mV) to
positive (+ 40 mV) Z-potential was observed by increasing the
N/P ratio (Fig. 1B, p < 0.0005), suggesting that the neutraliza-
tion of surface charges occurred between N/P 0.7 (-12 = 7 mV)
and N/P 1.75 (28 + 17 mV, p = 0.0111).

PDI data summarized in Supplementary Table S2 indicate
polydisperse formulations for empty DE-DOPE liposomes and
DE-DOPE/miRNA lipoplexes at N/P 0.35. A lower PDI was
measured for DE-DOPE/miRNA lipoplexes with N/P higher
than 0.35, suggesting that monodisperse formulations was ob-
tained at N/P 0.70, 1.75 and 3.

As a comparison, lipoplexes formulated with commercial DF
showed a hydrodynamic diameter of 273 nm and a Z-potential
of +54 mV (Supplementary Figure S1 and Table S3), which are
comparable to the values obtained for DE-DOPE/miRNA lipo-
plexes at N/P 3. On the other hand, the PDI value of DF/miRNA
lipoplexes (0.33 = 0.09) was slighlty higher than that of DE-
DOPE/miRNA lipoplexes with N/P 3 (0.29 + 0.08), indicating
their superior polydispersity.

Stability study

The short-term stability of DE-DOPE/miRNA lipoplexes
with different N/P ratios was studied under storage conditions
(i.e., in water at 4 °C). The hydrodynamic diameter and the Z-
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Fig. 1. (A) Hydrodynamic diameter and (B) Zeta potential of DE-DOPE/miRNA lipoplexes prepared at different DE-DOPE/miRNA (N/P) ratio, measured by
DLS. NegmiR was loaded as model miRNA. Data are expressed as mean + SD. Statistical analysis was performed by 1-way ANOVA.

potential of DE-DOPE/miRNA lipoplexes were evaluated at 2
and 7 days and are summarized in Fig. 2.

Results showed that the hydrodynamic diameter of DE-
DOPE/miRNA lipoplexes with N/P 0.35 stored at 4 °C did not
change significantly as a function of time, ranging between
703 nm and 891 nm. Hydrodynamic size of DE-DOPE/miRNA
lipoplexes with N/P 0.70 significantly increased as a function of
time, reaching a value of 703 nm after 7 days incubation. On the
contrary, DE-DOPE/miRNA lipoplexes with N/P 1.75 and N/P 3
were stable up to 2 days, and a size increase was detected only
after 7 days.

The surface charge variation with time was also dependent on
N/P ratio. Z-potential was negative and approximately constant
for DE-DOPE/miRNA lipoplexes with N/P 0.35 and 0.70. For

DE-DOPE/miRNA lipoplexes with N/P 1.75 an inversion in the
Z-potential from positive to negative values was observed be-
tween 2 and 7 days incubation (p = 0.0385). DE-DOPE/miRNA
lipoplexes with N/P ratio of 3 were more stable and maintained a
positive Z-potential for the whole duration of the analysis, with a
non-significant decrease of the average Z-potential at day 7.

The PDI values (Supplementary Table S5) of DE-DOPE/
miRNA lipoplexes with N/P 0.35 were constant as a function of
incubation time, while those of DE-DOPE/miRNA lipoplexes
prepared at higher N/P ratios did not change up to 2 days, with a
slight increase at day 7.

DF/miRNA lipoplexes were stable up to 7 days, maintaining
an approximately constant average hydrodynamic diameter of
273-295 nm and PDI of 0.26-0.36. Z-potential remained
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Fig. 2. Stability study under storage conditions (4 °C) of DE-DOPE/miRNA lipoplexes evaluated overtime at different N/P ratios: (A) hydrodynamic diameter
and (B) Zeta potential of lipoplexes. NegmiR was loaded as model miRNA. Data are expressed as mean + SD. Statistical analysis was performed by 1-way

ANOVA.
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positive with a decrease at day 2 and no further variation at day 7
(Table 2).

Overall, results suggested that stability to short-term storage
conditions of DE-DOPE/miRNA lipoplexes was enhanced by
increasing the N/P ratio, with optimal results achieved at N/P 3.

Based on the enhanced stability, lower PDI and comparable
size and zeta potential respect to the commercial DF-based
formulation, DE-DOPE/miRNA lipoplexes with N/P 3 were
selected for further experiments, aimed at comparing their
physicochemical characteristics and biological effects with those
of DF/miRNA lipoplexes.

Characterization of the optimized lipoplexes formulation

Morphology and loading efficiency

Morphological analysis of DE-DOPE liposomes and lipo-
plexes was carried out by cryo-TEM microscopy. Fig. 3A-B
report representative cryo-TEM images of DE-DOPE lipo-
somes and DE-DOPE/miRNA lipoplexes at the selected N/P
ratio (N/P 3), respectively. Both particles showed spherical
shape and nanoscale size. Particularly, the core of DE-DOPE/
miRNA lipoplexes was denser compared to the shell, suggest-
ing miRNA loading. Moreover, compared to DE-DOPE lipo-
somes, DE-DOPE/miRNA lipoplexes showed a reorganization
of DE-DOPE lipids in the presence of miRNA (Fig. 3B).?’

LE of miRNA in DE-DOPE lipoplexes, evaluated by Qubit
fluorometric quantification was 99 %, significantly higher than
for DF/miRNA lipoplexes (64 % = 1.4, p < 0.0001) (Fig. 3C).

MiRNA loading in DE-DOPE/miRNA lipoplexes was also
qualitatively investigated by analysing the presence of unloaded
miRNA in the supernatant after lipoplex preparation by gel
electrophoresis (Fig. 3D). The absence of miRNA signal in the
supernatant lane from DE-DOPE/miRNA lipoplexes confirmed
that miRNA was completely loaded. On the contrary, a weak
miRNA fluorescent band was observed in the electrophoretic
lane of the supernatant from DF/miRNA lipoplexes, indicating
the presence of unloaded miRNA. This finding confirms the
lower loading efficiency of DF/miRNA lipoplexes. No signal
was detected in the supernatant lanes from blank DE-DOPE and
DF liposome controls (Fig. 3D).

Stability under physiological conditions

The physicochemical stability of optimized DE-DOPE/
miRNA lipoplexes was evaluated at 37 °C in Milli-Q water, by
measuring the hydrodynamic diameter, PDI and Z-potential over
48 h (Fig. 4 and Supplementary Table S6).

Results showed that DE-DOPE/miRNA lipoplexes were
stable up to 6 h, with an average hydrodynamic diameter of

Table 2
Stability under storage conditions (4 °C in Milli-Q water) for DF/miRNA
lipoplexes evaluated by dynamic light scattering analysis, measuring
hydrodynamic size, Z-potential and PDI. NegmiR was loaded as model
miRNA.

DF/miRNA Size (nm) PDI Zeta potential (mV)
Day 0 273 + 25 0.33 +0.09 54+4

Day 2 291 +42 0.36 = 0.20 25+ 1

Day 7 295 + 46 0.26 = 0.02 20+ 13

358 nm. A size increase up to 495 nm was observed at 24 h
(although not significant), while PDI value remained stable at 0.2
(Supplementary Table S6). The size of DE-DOPE/miRNA
lipoplexes significantly increased after 48 h, reaching a value of
783 nm (p < 0.0001). The average Z-potential of DE-DOPE/
lipoplexes decreased as a function of incubation time from
48 mV to 21 mV after 6 h (p <0.0001), reaching a negative value
of -9 mV at 24 h (p <0.0001) and — 18 mV at48 h (p < 0.0001).

In contrast, DF/miRNA lipoplexes showed an approximately
constant hydrodynamic diameter between 292 + 19 nm and
312 = 9 nm up to 24 h, while the Z-potential progressively
decreased as a function of the incubation time, from 50 + 0.5 mV
to 35 £ 3 mV after 6 h (p = 0.0364) and 17 £ 3 mV after 24 h
(p value <0.0001), reaching a negative value at48 h (=2 + 1 mV).

Results on lipoplex stability in Milli-Q water at 37 °C, par-
ticularly the Z-potential trend, suggested that DE-DOPE/miRNA
lipoplexes could disassemble earlier (between 6 h and 24 h) as
compared to DF/miRNA lipoplexes (between 24 h and 48 h),
facilitating miRNA release.”’

Release profile of miRNA

MiRNA release studies indicated a similar miRNA release
behaviour from DE-DOPE/miRNA and DF/miRNA lipoplexes
up to 6 h. However, at § h DE-DOPE/miRNA lipoplexes re-
leased a significantly higher amount of miRNA compared to DF/
miRNA lipoplexes (89 % vs. 51 %, p < 0.0001) (Fig. 5A). From
8 h to 48 h, the amount of miRNA released from DE-DOPE/
miRNA and DF/miRNA lipoplexes progressively increased,
reaching 99 % and 82 % at 48 h (p < 0.0001).

miRNA released from DE-DOPE/miRNA and DF/miRNA
lipoplexes was also analyzed by gel electrophoresis, by testing
the miRNA content in the supernatant after 6 h, 8 h and 12 h of
incubation (Fig. 5B). The intense fluorescent band in the DE-
DOPE/miRNA lipoplexes (lanes 3 and 5) confirmed a signifi-
cantly higher release after 6 h. On the contrary, only a weak
miRNA fluorescent band was observed for DF/miRNA lipo-
plexes (lanes 4 and 6) at 8 h and 12 h, confirming the delayed
miRNA release from the commercial lipoplexes.

Characterization of DE-DOPE/miRcombo and DF/miRcombo
lipoplexes

Both lipoplexes were then loaded with the four reprogram-
ming miRNAs combination, called miRcombo (miRs-1, 133,
208 and 499) and characterized for their size, Z-potential, PDI
and LE, before in vitro cell tests.

As shown in Table 3, DE-DOPE/miRcombo lipoplexes
exhibited a mean size of 405 + 13 nm, a positive average Z-
potential of 43 + 1 mV and a low PDI value of 0.22 + 0.03. As a
comparison, DF/miRcombo lipoplexes showed a hydrodynamic
diameter of 356 + 52 nm, an average Z-potential of 41 mV and a
low PDI value of 0.29. Furthermore, LE was 99.0 + 0.2 % for
DE-DOPE/miRcombo lipoplexes and 69 = 5 % for DF/miR-
combo lipoplexes (p < 0.0001). Hence, the loading of one or four
different miRNAs (miRcombo) at the same (overall) dose did not
influence LE, hydrodynamic size, PDI and Z-potential of both
types of lipoplexes (Fig. 1, Fig. 3, Supplementary Table S2 and
Table S3, Table 3).
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Fig. 3. Representative Cryo-TEM images of: (A) DE-DOPE liposomes and (B) DE-DOPE/miRNA lipoplexes. (C) MiRNA loading efficiency (LE) measured by
Qubit fluorimetric quantification assay [t-test analysis, p < 0.05]. (D) Detection of unloaded miRNA in the supernatant of DE-DOPE/miRNA (N/P 3) and DF/
miRNA lipoplexes by Agarose gel electrophoresis. Lanes represent: control miRNA solution (5 uM); empty DE-DOPE liposomes; supernatant from DE-DOPE/
miRNA lipoplexes; empty DF liposomes; supernatant from DF-miRNA lipoplexes. NegmiR was loaded as a model miRNA. Statistical analysis was performed

by t-test.

In vitro studies

In vitro cytocompatibility of liposomes and lipoplexes

Preliminary in vitro cell tests were performed using AHCFs
and lipoplexes loaded with miR-1 to assess their cytocompat-
ibility. AHCFs were transfected for 24 h and cytocompatibility
was evaluated after 24 h and 48 h culture times.

As shown in Supplementary Fig. S2, both DE-DOPE lipo-
somes and DE-DOPE/miRNA-1 lipoplexes did not elicit cyto-
toxicity in vitro at the tested concentrations with cell viability
percentage comparable to untreated controls. On the other hand,
the viability of cells treated with DF liposomes or DF/miRNA
lipoplexes was significantly reduced to 60 % at 24 h (i.e., im-
mediately at the end of transfection treatment).

Fig. 6 compares the cytocompatibility of DF/miRNA and DE-
DOPE/miRNA lipoplexes at two concentrations (DE-DOPE/
miRNA_100 and DE-DOPE/miRNA_65) after 24 h (i.e., at the
end of transfection) and 48 h (i.e., 24 h after the end of trans-
fection). DE-DOPE/miRNA_100 corresponds to DE-DOPE/
miRNA lipoplexes formulated with the same initial miRNA
amount as DF/miRNA lipoplexes. As DF/miRNA lipoplexes
loaded around 65 % of the initial miRNA, DE-DOPE/
miRNA_65 formulation was also tested, corresponding to 65 %
of DE-DOPE/miRNA_100 formulation and carrying the same
miRNA amount as DF/miRNA lipoplexes.

Viability of AHCFs treated with DF/miRNA was lower at
both timepoints, with a significantly lower value of 60 % at 24 h.
On the contrary, AHCFs treated with DE-DOPE/miRNA
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Fig. 4. Stability study at physiological temperature by measuring: (A) Size and (B) Zeta potential of DE-DOPE/miRNA lipoplexes at N/P 3 as a function of their
incubation time (0, 4, 6, 24 and 48 h) compared to DF/miRNA lipoplexes. Data are expressed as mean + SD. NegmiR was loaded as model miRNA. Statistical

analysis was performed by 1-way ANOVA.

lipoplexes showed 80-100 % cell viability at both timepoints,
confirming the higher cytocompatibility of DE-DOPE formula-
tions. DE-DOPE/miRNA_65 showed superior cytocompatibility
at 24 h, while no differences were detected between DE-DOPE/
miRNA_100 and DE-DOPE/miRNA_65 formulations at 48 h.
Cell viability of transfected AHCFs was observed also using
bright field microscopy at 24 h (i.e., at the end of transfection
treatment) (Fig. 6B). While AHCFs transfected with DE-DOPE/
negmiR lipoplexes appeared flattened and elongated as control
cells, AHCFs transfected with DF/negmiR lipoplexes showed
evident morphological changes with rounded shape, consistent
with dead or dying fibroblasts.

In vitro miRNA uptake by AHCFs

The ability of DE-DOPE/miRNA lipoplexes to favor miRNA
uptake by AHCFs, compared to commercial DF/miRNA lipo-
plexes was evaluated using FAM-labeled miR-1 (Fig. 7).
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A significantly higher percentage of FAM™ cells was
observed for AHCFs transfected with DE-DOPE/miRNA_100
lipoplexes (~99 % FAM™ cells) compared to DF/miRNA trans-
fected AHCFs after 12 h transfection (~93 % FAM™ cells).
AHCFs transfected with diluted DE-DOPE/miRNA formula-
tions, namely DE-DOPE/miRNA_65 and DE-DOPE/
miRNA_50, showed ~92 % of FAM" cells with no significant
difference respect to DF/miRNA formulation, whereas the more
diluted DE-DOPE/miRNA_25 formulation achieved nearly
78 % of FAM™ cells after 12 h transfection (Fig. 7B). Therefore,
DE-DOPE/miRNA_100 lipoplexes showed a significantly
higher internalization efficiency than DF/miRNA lipoplexes,
while DE-DOPE/miRNA lipoplexes at lower concentrations
(DE-DOPE/miRNA_65 and DE-DOPE/miRNA_50) showed
comparable uptake efficiency to DF/miRNA lipoplexes. Further
decrease in the concentration of DE-DOPE/miRNA lipoplexes
also decreased uptake efficiency.

B

Fig. 5. (A) Release profile of miRNA from DE-DOPE/miRNA lipoplexes (N/P 3) (red line) and DF/miRNA lipoplexes (blue line), as a function of
their incubation time (1, 2, 3, 4, 6, 8, 24 and 48 h) at 37 °C in 10 mM PBS. Data are expressed as mean + SD. [ANOVA analysis, p value summary: * p < 0.05;
*#p < 0.001]. (B) Detection of released miRNA from miRNA-loaded lipoplexes at 6, 8, and 12 h by Agarose gel electrophoresis. Lanes represent: 1) 50 uM
miRNA and 2) 5 uM miRNA (control); 3) and 5) DE-DOPE/miRNA lipoplexes; and 4) and 6) DF-miRNA lipoplexes.
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Table 3

Hydrodynamic diameter, PDI and Zeta potential measured by DLS analysis
and quantification of miRcombo LE for DE-DOPE/miRcombo and DF/
miRcombo lipoplexes. Data are expressed as mean + SD.

Size PDI Zeta potential miRcombo LE
(nm) (mV) (%)
DE-DOPE/ 405+13 022x0.03 43=+1 99.0 0.2
miRcombo
DF/miRcombo 356 +52 029 £0.04 41 =10 69.0 5.0

In agreement with the uptake efficiency results, DE-DOPE/
miRNA_100-transfected AHCFs showed significantly higher
average fluorescence intensity compared to all conditions after
12 h transfection (Fig. 7C). This result further evidenced the
higher amount of miRNA delivered to AHCFs by DE-DOPE/
miRNA respect to DF/miRNA lipoplexes due to their higher
efficiency of miRNA loading and release.*

In vitro miRNA uptake and transfection ability and miRcombo
direct reprogramming of AHCFs into iCMs

Next, we investigated whether lipoplexes were able to de-
liver functional miRNAs into AHCFs and to induce fibroblast
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reprogramming into iCMs (Fig. 8A). Among all cardiac-
specific miRNAs, we investigated the delivery of miR-1 me-
diated by DF/miR-1 and DE-DOPE/miR-1 lipoplexes. MiR-1 is
one of the most abundant miRNAsS in the human heart and its
expression is higher in cardiomyocytes, but not in fibroblasts.
Moreover, TWF-1, which is involved in cardiac hypertrophy,
has been assessed as a direct target of miR-1 in cardiac fibro-
blasts.*° Therefore, we transfected AHCFs with DF/miR-1 and
DE-DOPE/miR-1 lipoplexes and evaluated miR-1 internaliza-
tion and TWF-1 mRNA expression, using ddPCR analysis.
Non-transfected and negmiR-transfected cells were used as
controls. After 48 h of culture, fold change expression of miR-1
in DE-DOPE/miR-1 transfected cells (miR-1, 25 nM) was
significantly higher (~950) than DF/miR-1 transfected cells
(~420) compared to controls (p < 0.0001) (Fig. 8B). These
results confirm higher miR-1 delivery efficiency of DE-DOPE/
miR-1 compared to DF/miR-1 lipoplexes, due to their superior
loading efficiency.

Next, we analyzed TWF-1 mRNA target downregulation
after 48 h culture time in both DF/miR-1 and DE-DOPE/miR-1
transfected cells. Fold change of TWF-1 expression was signif-
icantly decreased in all cases compared to controls (Fig. 8C), but

— DF/miR-1
mm DE-DOPE/miR-1_100%
mm DE-DOPE/miR-1_65%

DE-DOPE/negmiR

Fig. 6. (A) Viability of AHCFs transfected for 24 h with DF/miR-1 and DE-DOPE/miR-1 lipoplexes. DE-DOPE/miR-1 lipoplexes were tested at two
concentrations: DE-DOPE/miRNA_100 (as prepared), DE-DOPE/miRNA_65 (65 % of the previous formulation, loading the same miRNA amount as DF/
miRNA lipoplexes). Cell viability was analyzed at 24 h and at 48 h by resazurin assay. Viability of transfected AHCFs was normalized to non-transfected
AHCFs. Cell viability after 24 h varied significantly between DF and DE-DOPE based lipoplexes at both concentrations (*p = 0.0115 and **p = 0.0035).
(B) Brightfield microscopy images of AHCFs transfected with negmiR using DF and DE-DOPE based lipoplexes after 24 h. Scale bar = 100 um.
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Fig. 7. miRNA internalization in AHCFs mediated by DF/miRNA and DE-DOPE/miRNA lipoplexes: (A) representative fluorescence microscopy images
showing FAM-labeled miR-1 uptake by AHCFs, mediated by DF/miRNA and DE-DOPE/miRNA after 12 h transfection. Non-transfected cells were used as
control. Nuclei were counterstained with DAPI (blue). Scale bar =100 pm. (B) Flow cytometric analysis reporting the percentage of FAM-labeled miR-1 positive
cells (FAM™* cells) transfected with DF/miRNA or DE-DOPE/miRNA (12 h transfection). Data represent mean values of triplicates + SD from three independent
experiments. (C) Mean fluorescence intensity of FAM-labeled miR-1 positive AHCFs after 12 h transfection with DF/miRNA and DE-DOPE/miRNA. Data
represent mean values of triplicates = SEM from three independent experiments.

no significant differences were detected between DE-DOPE/
miR-1 and DF/miR-1 lipoplexes.

Then, the ability of DE-DOPE-based lipoplexes to influence
miRcombo-mediated direct reprogramming of AHCFs into
iCMs was analyzed by transfecting AHCFs with miRcombo
using DF/miRcombo and DE-DOPE/miRcombo lipoplexes.
After 7 days, the expression of GATA4 and MEF2C cardio-
myocyte TFs (Fig. 8E-F) was found significantly increased in
miRcombo-transfected compared to negmiR-transfected AHCFs
using both DF or DE-DOPE based lipoplexes. However, DE-

DOPE/miRcombo transfected cells showed significantly higher
GATA4 (p = 0.01) and MEF2C (p = 0.0001) expression com-
pared to DF/miRcombo lipoplexes. After 15 days, we analyzed
the expression of cardiomyocyte markers TNNT2 and ACTCI.
The expression of TNNT2, a gene encoding for cardiac Troponin
T (cTnT), was significantly increased in miRcombo-transfected
AHCFs using both lipoplexes (Fig. 8G and Supplementary
Fig. S4 ). However, in DE-DOPE/miRcombo transfected cells
TNNT2 expression was significantly higher (p < 0.0001) com-
pared to DF/miRcombo transfected AHCFs, with ~9.6 fold
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Fig. 8. In vitro transfection with miR-1 or miRcombo: (A) Timeline representation of miRNA transfection (miR-1) using DF or DE-DOPE based lipoplexes to
assess miRNA delivery to AHCFs. (B) Levels of miR-1 in AHCFs transfected with negmiR or miR-1 using DF/miRNA and DE-DOPE/miRNA lipoplexes at
48 h as analyzed by ddPCR; (C) Gene expression of TWF-1 mRNA target in AHCFs transfected with negmiR or miR-1 using DF/miRNA and DE-DOPE/
miRNA lipoplexes at 48 h as analyzed by ddPCR. MiRcombo direct reprogramming of AHCFs into iCMs. (D) Timeline representation of miRNA transfection
(miRcombo) using DF or DE-DOPE based lipoplexes to assess AHCF reprogramming into iCMs -(E-H) Expression of GATA4 and MEF2C cardiac
transcription factors at 7 days, TNNT2 and ACTC1 cardiomyocyte markers at 15 days for DE-DOPE/miRcombo and DF/miRcombo transfected AHCFs,
evaluated by ddPCR. Reported data are average values + SEM of three independent experiments. (I-L) Representative flow plots and percentage of cTnT+ cells
in AHCFs transfected with negmiR or miRcombo using DE-DOPE based lipoplexes at 15 days. Reported data are average values = SEM of three independent
experiments. Statistical differences between the groups were determined with two-sided t-tests.
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change expression compared to DF/miRcombo transfected cells.
Interestingly, ACTC1 expression (Fig. 8H), which encodes for
Actin Alpha Cardiac Muscle 1, was found significantly upreg-
ulated only in DE-DOPE/miRcombo transfected cells, showing
increased expression compared to DF/miRcombo transfected
cells (p = 0.017). Furthermore, flow cytometry analysis revealed
~15 % of ¢TnT+ cells in DE-DOPE/miRcombo transfected cells
compared to DE-DOPE/negmiR cells (0.4 %) after 15 days of
culture (Fig. 8I-L).

Discussion

The aim of the work was to design new biocompatible
lipoplexes for efficient in vitro transfection of AHCFs with
miRNAs for perspective applications in direct reprogramming
of AHCFs into induced cardiomyocytes (iCMs). > Lipoplexes
were formulated using an equimolar mixture of a cationic lipid
(DE) and a fusogenic phospholipid (DOPE) (Supplementary
Fig. S3). To the best of our knowledge, DE-DOPE lipoplexes
have never been used for miRNA loading and release, although
cationic lipids, such as DE, alone or in combination with
fusogenic phospholipids, such as DOPE, have been previously
applied in cancer gene therapy for plasmid DNA and siRNA de-
livery.32’36‘3g'47 Previous reports have shown that DE-containing
liposomes possess significantly lower cytotoxicity compared to
Lipofectamine and have superior transfection efficiency in vitro
compared to Lipofectin™ and ESCORT™ commercially avail-
able cationic lipid formulations.>*® Based on such findings, DE-
DOPE/miRNA lipoplexes were here formulated and thoroughly
characterized. DE-DOPE/miRNA lipoplexes with different ratio
between the positively charged groups of the cationic lipid (N) and
the negatively charged groups of miRNA (P) were produced via
spontaneous electrostatic interactions. An increase in N/P ratio
enhanced the electrostatic interactions and allowed the forma-
tion of lipoplexes with progressively smaller size and higher Z-
potential, switching from negative to positive values (Fig. 1
and Supplementary Table S2), in agreement with previous
findings.*®*%*° Negative Z-potential values at N/P < 0.70
suggested incomplete miRNA payload complexation, caused
by the insufficient amount of positively charged groups.48
Hence, N/P > 1.75 was needed to obtain stable and monodis-
perse DE-DOPE/miRNA lipoplexes. Such results were con-
firmed by stability test of DE-DOPE/miRNA lipoplexes under
short-term storage conditions (Fig. 2 and Supplementary
Table S5). Such tests evidenced a progressive increase in
lipoplex stability as a function of N/P ratio. Particularly, DE-
DOPE/miRNA lipoplexes with N/P 3 maintained a positive
surface charge with a minor increase in their hydrodynamic
size only after 7 days of incubation in water at 4 °C (Fig. 2).
Hence, DE-DOPE/miRNA lipoplexes with N/P 3 were selected
for further investigations, and their physical and biological
properties were compared to those of control lipoplexes based
on DF, a widely used commercial transfection agent.'>'*2
DE-DOPE/miRNA and DF/miRNA lipoplexes showed similar
hydrodynamic size (372 + 18 nm and 273 + 25 nm, respec-
tively) and Z-potential (40 = 12 mV and 54 + 14 mV, re-
spectively) (Supplementary Figure S1 and Table S3). The
positive surface charge is known to enhance the affinity of

nanocarriers for the negatively-charged cell membrane, account-
ing for high cellular uptake.so

DE-DOPE/miRNA lipoplexes showed 99 % LE for
both single miRNA and miRNA combination (miRcombo) vs.
64-69 % LE for DF/miRNA lipoplexes (Fig. 3C). Agarose gel
electrophoresis confirmed the superior loading ability of DE-
DOPE/miRNA lipoplexes (Fig. 3D). CryoTEM analysis of DE-
DOPE liposomes and DE-DOPE/miRNA lipoplexes evidenced
their spherical shape and confirmed their nanometric size
(Fig. 3A, B). CryoTEM images of DE-DOPE/miRNA lipoplexes
showed a dense core, evidencing successful loading of miRNA,
and a lamellar structure, suggesting a reorganization of lipids due
to the strong electrostatic interactions between the cationic lipid
head groups and the phosphate groups in miRNA.*

DE-DOPE/miRNA lipoplexes disassembled earlier than DF/
miRNA lipoplexes (Fig. 4), as indicated by the decreasing trend
of the Z-potential as a function of the incubation time in physi-
ological conditions (Milli-Q water, 37 °C), with Z-potential
switching to a negative value after 24 h for DE-DOPE/miRNA
lipoplexes, vs. 48 h for DF/miRNA lipoplexes®’ (Fig. 4B).

In agreement with these findings, DE-DOPE/miRNA lipo-
plexes released a significantly higher amount of miRNA payload
after 6 h (90 %) reaching 100 % release after 48 h, while release
of miRNAs from DF/miRNA lipoplexes was only 50 % after 6 h
and reached 80 % after 48 h (Fig. 5). Considering that DF/
miRNA lipoplexes loaded around 65 % of initial miRNA and
released 80 % of their cargo after 48 h, the effective miRNA
quantity released from DF/miRNA lipoplexes was around 50 %
the amount released from DE-DOPE/miRNA lipoplexes. For this
reason, different dilutions of DE-DOPE/miRNA lipoplex for-
mulation were tested to assess their cytotoxicity and miRNA
internalization ability by AHCFs (Fig. 6 and Supplementary
Fig.S2). DF is commercialised as a transfection reagent for a
wide range of applications and has been exploited to deliver
different miRNAs to several cell types, such as miR-198
mimics to N/TERT-1 keratinocytes and miR-34/let-7 to non-small
cell lung cancer (NSCLC), achieving favourable results.>”" In-
terestingly, DF is the most exploited transfection reagent for
in vitro miRcombo release, for direct reprogramming of mouse
fibroblasts into induced cardiomyocytes.39’40’52_55 Additionally,
Paoletti et al. have recently demonstrated direct reprogramming of
adult human cardiac fibroblasts (AHCFs) into induced cardio-
myocytes by using DF/miRcombo lipoplexes.zg However, in this
work, viability of AHCFs was found to be decreased after the
administration of DF/miRNA lipoplexes below 70 % (Fig. 6A),
which represents the threshold value for cytocompatibility ac-
cording to ISO 10993. On the other hand, DE-DOPE/miRNA
lipoplexes were cytocompatible (Fig. 6).

AHCFs were then transfected with DF/miR-1 or DE-DOPE/
miR-1 lipoplexes for 24 h, and miR-1 endogenous expression
was analyzed after 48 h culture time.”’ Given the superior LE
and release ability of DE-DOPE/miRNA vs. DF/miRNA lipo-
plexes, miR-1 expression was around 2-fold higher in AHCFs
transfected with DE-DOPE/miRNA vs. DF/miRNA lipoplexes
(Fig. 8B). Target TWF-1 mRNA expression was significantly
downregulated in AHCFs transfected with DE-DOPE/miR-1
lipoplexes, compared to DE-DOPE/negmiR lipoplexes and non-
transfected control cells (Fig. 8C). However, no differences in
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TWEF-1 mRNA expression were observed in AHCFs transfected
with DF/miR-1 and DE-DOPE/miR-1 lipoplexes, suggesting
that the different levels of miR-1 delivered by the two transfec-
tion methods did not result in different TWF-1 mRNA down-
regulation. Hence, the amount of miR-1 delivered by both DF/
miR-1 and DE-DOPE/miR-1 lipoplexes was sufficient to achieve
significant target mRNA downregulation compared to controls.
However, it is known that delivered miRNAs not only induce
downregulation (i.e., degradation) of target mRNAs but also
inhibit mRNA mediated translation process.6 Hence, higher
miR-1 level in transfected AHCFs could inhibit target mRNA
translation without causing mRNA degradation. Such effect
could be elucidated by quantifying the expression of target
proteins and was here indirectly demonstrated by analysing the
direct reprogramming effect of miRcombo delivery to AHCFs by
using the different lipoplexes.

Indeed, the high miRNA level mediated by DE-DOPE/
miRNA lipoplexes could be particularly useful when combina-
torial miRNA therapies are used, as in the case of miRcombo.
The success of miRcombo-mediated direct reprogramming is
strongly dependent on the efficient delivery of the four miRNAs.
Recently multicistronic viral vectors were designed to highly
express all miRNAs of miRcombo at stoichiometric level in
neonatal mouse fibroblasts, demonstrating superior direct repro-
gramming efficiency respect to lentiviral vectors delivering the
individual miRNAs of miRcombo, as well as to multicistronic
viral vectors overexpressing single miRNAs of the four miRNA
combination.”® To prove that enhanced non-viral delivery of
miRcombo can similarly improve direct reprogramming out-
comes, we investigated the effect of DE-DOPE/miRcombo
reprograming compared to DF/miRcombo one. The expression of
GATA4 and MEF2C mRNA, after 7 days of culture, and TNNT2
and ACTC1 mRNA at 15 days was significantly higher for
AHCFs transfected with DOPE/miRcombo than DF/miRcombo
lipoplexes (Fig. 8E-H). Moreover, increased cell percentage
positive for cTnT was observed in DE-DOPE/miRcombo
transfected AHCFs compared to previously reported repro-
gramming efficiency (~11 % of ¢cTnT™ cells) using DF trans-
fection (Fig. 8I-L).?° Such findings suggest that increased cell
viability and higher miRNA level delivered to AHCFs using
DE-DOPE/miRcombo lipoplexes allowed more efficient direct
cell reprogramming of AHCFs toward the iCM state.

To the best of our knowledge, only Kim et al. have attempted
at optimizing miRcombo delivery for direct cardiac reprogram-
ming, by testing both commercially available and modified
nanosystems.”’ However, target cells were embryonic mouse
fibroblasts which offer significantly inferior epigenetic resistance
to direct cardiac reprogramming compared to AHCFs. Kim et al.
found that the most effective transfection agent for miRcombo
delivery to embryonic mouse fibroblasts was deoxycholic acid-
conjugated poly(ethylene imine), due to its lowest cytotoxicity
and highest transfection ability (50 %) among the tested nano-
systems. Commonly, low direct reprogramming efficiency has
been attributed to several molecular barriers, such as epigenetic
modifications, epithelial-to mesenchymal transition (EMT) and
transforming growth factor p (TGFp) signaling, while the ex-
pression level of miRNAs has been rarely considered as a key
factor in direct reprogramming outcomes.>*>® Hence, the design

of safe and efficient non-viral vectors for miRcombo delivery
represents an under-appreciated factor for increasing the effi-
ciency of direct cardiac reprogramming of AHCFs into induced
cardiomyocytes. Herein, DE-DOPE/miRcombo lipoplexes
showed the ability to efficiently deliver miRcombo to AHCFs,
with preliminary evidence of enhanced direct cardiac repro-
gramming.

Interestingly, we have recently demonstrated that direct
reprogramming efficiency significantly increases when miRcombo-
transfected AHCFs (using DF/miRcombo lipoplexes) are cul-
tured in 2D conditions in the presence of biomimetic proteins
and, still more, in a 3D fibrin hydrogel containing cardiac
biomatrix (a cardiac ECM produced in vitro by AHCFs),
compared to their culture on uncoated 2D plates.60 Based on
these findings, further investigations will elucidate whether
AHCEFs transfected with DE-DOPE/miRcombo lipoplexes and
cultured on uncoated vs. biomimetic protein-coated tissue
culture plates and 3D biomimetic hydrogels may generate
functional iCMs.”” Indeed, the synergy between efficient cell
transfection by biocompatible DE-DOPE/miRcombo lipo-
plexes and in vitro cell culture in a cardiac tissue-like micro-
environment is expected to increase direct reprogramming
efficiency and iCM maturation, respect to previous findings
using DF/miRcombo.%°

In conclusions, DE-DOPE/miRNA lipoplexes were demon-
strated to be optimal lipid-based nanosystems for in vitro miRNA
release as they are easy to assemble, have very high entrapment
efficiency, are biocompatible and more efficiently release
microRNAs (miR-1 and miRcombo) to AHCFs, compared to
the commercial lipidic transfectant Dharmafectl. Further ex-
periments evidenced higher efficiency of DE-DOPE/miRNA
lipoplexes as non-viral vectors for in vitro miRcombo-mediated
direct reprogramming of AHCFs into iCMs, compared to a
commercially available control system. Future studies will eluci-
date the possibility to increase direct reprogramming efficiency
and maturation level of reprogrammed cells at longer times in the
presence of cardiac tissue-mimetic biochemical and biophysical
stimuli.
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