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Purpose: Lipopolyplexes (LPP), i.e. hybrid ternary complexes of cationic polymers, nucleic acids and liposomes, represent a second-
generation non-viral vector aiming to overcome the limitations of the first-generation polyplexes and lipoplexes like in vivo toxicity
and ineffective transfection efficiency. Although their potential has already been proven in vitro and in vivo, lipopolyplexes are still
poorly explored as gene delivery systems. Here, we provid evidence of the effect of lipopolyplexes composition on their physico-
chemical features, cytotoxicity, and biological activity (i.e. cell uptake, endosomal escape, and transfection efficiency).

Methods: Lipopolyplexes were prepared by either bulk mixing or a two-step microfluidic process consisting of i) the formation of
polyplexes by complexing a plasmid DNA encoding the green fluorescence protein with a panel of cationic polymers (either chitosan,
poly-L-lysine (PLL) or polyethyleneimine (PEI)) followed by ii) the formation of the ternary complex by mixing polyplexes with
neutral liposomes. The optimal polymer/DNA/lipid Nitrogen/Phosphate ratios and microfluidic operating parameters (volume ratio and
total flow rate (TFR) were preliminarily defined to obtain lipopolyplexes with desired properties.

Results: The optimized conditions led to obtain lipopolyplexes with a mean diameter of ~180 nm, a PDI < (.2 and a slightly positive
or neutral z-potential. FRET, SAXS and Cryo-EM analyses demonstrated the formation of a ternary complex in which the type of
polymer dictated particles’ structure. Lipopolyplexes displayed negligible toxicity in vitro, while promoting higher protein expression
compared to the corresponding polyplexes and control 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipoplexes. Moreover,
despite the three lipopolyplexes displaying similar uptake kinetics, those made of PEI showed the highest endosomolytic activity and
promoted the most effective DNA transfection.

Conclusion: Overall, this study demonstrates that lipopolyplexes are a valid platform for pDNA delivery, with PEI lipopolyplexes
being the best performing formulation, and that the type of cationic polymer plays a major role in the nanoparticles intercellular
trafficking.
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Introduction

Gene therapy has recently emerged as a valid approach to treat pathologies through the modification of a genetic
sequence underlying a human disease; compared to conventional protein-targeted drugs, gene therapy modulates gene
expression, therefore promoting site-specific, durable or possibly curative therapeutic outcomes." However, efficient
in vivo delivery of nucleic acids is often limited by 1) degradation processes of the genetic material in biological fluids
and ii) poor cell penetration of the payload due to its high molecular weight, high hydrophilicity and electrostatic
repulsion with the cell membrane, ultimately resulting in insufficient accumulation in target tissues upon
administration.”” Thus, the loading of nucleic acids in appropriate delivery systems is essential to provide adequate
stability, improve biodistribution and allow effective intracellular delivery. To date significant advances in RNA delivery
have been made as demonstrated by the increasing number of licensed products, including the transthyretin amyloidosis
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inhibitor Patisiran, SARS-CoV-2 vaccines mRNABNT162b2 and mRNA-1273* and lastly RSV Vaccine mRESVIA(R).
The use of DNA therapeutics instead remains challenging due to the limited nuclear delivery, particularly in non-dividing
cells, and ineffective transcription process. Therefore, developing adequate and highly controlled carriers for DNA-
delivery is of great interest.

Viral vectors are currently used to deliver DNA into cells®, however, their utility is often hampered by anti-vector
immunity, production limitations, restricted packaging capacity of the payload and safety concerns. Conversely, synthetic
non-viral delivery systems are less immunogenic, easy to manipulate and produced by scalable and cost-effective
manufacturing processes.” A range of nanoparticle-based systems have been developed for DNA delivery, with those
based on cationic lipids (lipoplexes) and cationic polymers (polyplexes) being the most studied. These binary complexes
demonstrated to be effective transfecting agents in vitro; in particular, lipoplexes have been the most widely used for
gene delivery applications.® However, the strong ability of cationic lipids to interact with cell membranes leads to a dose-
dependent, apoptosis mediated cell death and tissue damage, which arise safety concerns and limit their clinical
applications.® Indeed, to date lipoplexes based transfection reagents such as Lipofectamine are approved only for
research use. On the other hand, polyplexes have poor cell uptake ability, inevitably resulting in ineffective transfection.’

To combine the advantages of lipid based nanosystems (ie high stability and efficient cellular uptake) and those of
polymeric particles (ie full nucleic acid condensation and facilitated endosomal escape), ternary complexes composed of
nucleic acid, cationic polymer and liposomes (lipopolyplexes — LPP) have emerged as second-generation nonviral
vectors.'” Lipopolyplexes are versatile platforms as a wide combination of polymers and lipids can be tailored to meet
several medical needs. Recently, they have been proposed as vaccine,'' for the treatment of neurodegenerative
disorders'? and in cancer therapy."

The choice of polycation is crucial as it strongly dictates lipopolyplexes’ efficiency.'*'* Synthetic (ie polyethylenei-
mine (PEI), poly-L-lysine (PLL)) as well as natural (ie chitosan, spermidine, spermine, protamine sulfate and collagen)
polymers are frequently reported.'>'® PEI is considered the gold standard transfecting agent due to its high endosomo-
lytic activity and nucleic acid packing capacity.'”'® Specifically, linear PEI of 22 kDa and branched PEI of 25 kDa are
the most potent transfectants both in vitro and in vivo.'” However, increasing PEI molecular weight resulted in enhanced
cytotoxicity and reduced biocompatibility. '

PLL is conventionally reported as an alternative to PEI for gene therapy due to its poor immunogenicity; however, its
transfection capacity is generally limited as PLL-based particles trapped after endocytosis.>'** To this end, lipidation of
PLL polyplexes is considered a valid strategy to improve polymer’s efficacy.”> Natural polymers are also attractive since
they are usually non-toxic at a wide concentration range, biocompatible and biodegradable.”* Among them, chitosan is
considered advantageous as chitosan-based vectors can load large nucleic acids and provide effective protection of the
payload. Moreover, chitosan can act as pH responsive polymer since the pKa of its amine groups is below physiological
pH, thus promoting endosomal escape of the genetic material >>°

Herein, we tested a panel of lipopolyplexes containing either the cationic polymer chitosan, PLL or PEI for the
delivery of a plasmid DNA encoding the green fluorescence protein as model (pDNA-EGFP) to study the effect of the
polymer’s choice on the cytotoxicity and DNA transfection efficiency. To the best of our knowledge, a systematic
comparison of the polymer nature on nucleic acid complexation, ternary complex formation and transfection efficiency
has not been conducted yet.

To formulate lipopolyplexes, a two-step process consisting of first the preparation of the polymer-pDNA-EGFP
binary complexes (polyplexes), followed by its mixing with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) based
liposomes, was applied. We hypothesized that the association between cationic polymers (to promote the condensation of
the genetic material) and neutral liposomes (to reduce the overall positive charge of the final formulation) might improve
lipopolyplexes’ performances in vitro. Microfluidic manufacturing approach was applied in spite of conventional bulk
mixing to improve scalability and reproducibility of lipopolyplexes. Formulations were prepared at different polymer/
DNA/lipid molar ratios and screened according to their physicochemical attributes as well as their ability to condense
nucleic acid payload. Three independent techniques, ie fluorescence resonance energy transfer (FRET), small-angle x-ray
scattering (SAXS) and cryogenic-electron microscopy (Cryo-EM), were combined to precisely correlate the structure of
polyplexes and lipopolyplexes with their biological activity. Lastly, the efficiency of polyplexes and lipopolyplexes in
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promoting endosomal disruption and protein expression in vitro was compared to that of a DOTAP lipoplex as bench-
mark for nucleic acid in vitro delivery.

Materials and Methods

Materials

Cholesterol, a-poly-L-lysin 150-300 KDa, branched polyethylenimine 25KDa, Dimethyl sulfoxide (DMSO),
Fluorescein-5-isothiocyanate, Tris(hydroxyamino)methane, GelRed, disodium phosphate (Sigma Aldrich); Chitosan
hydrochloride 150-600 KDa (NovaMatrix); Acetonitrile, ethanol (Riedel-de-Haen); Hydrochloric acid, Potassium
dihydrogen phosphate (VWR); Chloroform (Honeywell) Sodium chloride (VWR); 96-well black microtiter plates
(Greiner); 96-well microtiter plates transparent, 24-well polystyrene microtiter plates, L-Glutamine 100X (200 mM),
Dulbecco’s Phosphate Buffer Saline w/o Calcium and Magnesium, Trypsin-EDTA with Phenol Red, Dulbecco’s
Modified Eagle’s Medium high glucose, Fetal Bovine Serum (Euroclone). DNA Gel Loading Dye,
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT), Calcein, (4',6-diamidino-2-phenylindole
(DAPI) (Thermofisher); XT MOPS Running Buffer, 1% precast agarose gels (Biorad). 1 kb Molecular Ruler DNA
standard, 1-15 kb (Biorad). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammo-
nium salt) (18:1 Liss Rhod PE), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) (Avanti polar), (HeLa) (obtained
from American Type Culture Collection, ATCC). Plasmid DNA (pDNA) encoding for green fluorescent protein (GFP)
was extracted from competent Escherichia coli and purified using Qiagen Plasmid Maxi Kit (Qiagen GmbH). About
1.2 mg of pDNA was recovered from 500 mL of culture.

Preparation of the Formulation by Conventional Methods

Liposomes

Liposomes were prepared by thin lipid film hydration method. Lipid mixtures composed of 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and cholesterol (Chol) (55:35:10 mol/mol) were
prepared in chloroform at 12 mM and put into a round bottom flask. The organic solvent was evaporated under reduced pressure
(80 mbar) at 50°C and 100 rpm for 1 h using a rotatory evaporator (RII, Buchi). The lipid film was rehydrated with phosphate
buffer 40mM, NaCl 70mM pH 7.4 for 1 h at 50°C, leading to the formation of multilamellar vesicles. Subsequently, liposomes
were extruded 5 times through 0.2 um polycarbonate membranes and then 10 times through 0.1 um polycarbonate membranes
(Nucleopore Track-Etch Membrane, Whatman™, Maidstone, UK) to obtain unilamellar vesicles.

Polyplexes

Polyplexes were prepared by bulk mixing. Chitosan and PEI were dissolved in phosphate buffer 50 mM pH 4.5 at
a concentration of 2 mg/mL, while for PLL a commercially available solution of 0.1% in water was used, and the pH was
adjusted to 4.5. To prepare polyplexes, a pDNA solution in phosphate buffer 50 mM pH 4.5 was added dropwise under
vigorous stirring to a 0.5 pg/mL polymer solution to have Nitrogen of polymer to Phosphate of pDNA (N/P) ratio of 6, 10 or
14 w/w (which correspond to 9, 15 or 22 mol/mol for chitosan, 13, 23 or 32 for PLL and 15, 26 or 36 mol/mol for PEI,
calculated based on the average Mw). The mixture was incubated for 20 minutes at room temperature to allow complexation.

Lipopolyplexes
To prepare lipopolyplexes, 1.8 or 0.72 mM liposomes (corresponding to 0.5 or 0.2 mM final concentration) were added in
a 1:5 v/v ratio to selected polyplex dispersions and incubated for additional 30 minutes at RT under vigorous stirring.

Preparation of the Formulations by Microfluidics

An in-house microfluidic system consisting of a commercially available micromixer equipped with a staggered herring-
bone geometry and a 3D-printed injection system was employed as a cost-effective alternative. The system consisted of
a commercially available staggered herringbone micromixer (ChipShop) connected to two glass syringes by two PTFE
tubes. Syringes are allocated into two coordinated syringe pumps (Formlabs Form 3B+, Manufat, Italy) and their
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movement is regulated via the Pronterface Software. The device was programmed to push the plunger of each syringe at
different speeds depending on the desired total flow rate, lipid/aqueous phase ratio and total volume.

Liposomes

For the preparation of anionic liposomes used in lipopolyplexes formulations, lipid mixtures composed of DPPC:
DOPE:Chol (55:35:10 mol/mol) were prepared in ethanol at 12mM; phosphate buffer 40 mM pH 7.4 was used as
aqueous phase. The aqueous:organic volume ratio and the total flow rate (TFR) were set at 3:1 and 12mL/min,
respectively. To remove the organic solvent, 1 mL of formulations was dialyzed against 200 mL phosphate buffer 40
mM pH 7.4 supplemented with 70 mM to provide isotonicity.

Polyplexes

For polyplexes preparation, microfluidics parameters were first optimized using PLL. Briefly, PLL at 0.5, 0.7 and
Img/mL in phosphate buffer 50 mM pH 4.5 was injected in the chip with a solution of pDNA-EGFP at N/P 23
mol/mol. The polymer:pDNA volume ratio was tested atr 30 and 40%, while the TFR varied from 1 to 6 mL/min.
Selected parameters were applied to prepare remaining polyplexes. Specifically, chitosan and PEI solutions at
0.7 mg/mL in phosphate buffer 50 mM pH 4.5 were injected in the chip with a solution of pDNA-EGFP at N/P of
15 mol/mol (corresponding to 10 and 6 w/w for chitosan and PEI, respectively), for both Chitosan and PEI. The
polymer:pDNA volume ratio and the TFR were set as 40% and 3 mL/min, respectively.

Lipopolyplexes

To prepare lipopolyplexes, polyplexes and 1.4 mM anionic liposomes were further injected into the microfluidic cartridge
at lipid/polyplex N/P of 2, 2.8 and 3.4 mol/mol for Chitosan PLL and PEI, respectively. Polyplex/liposome volume ratio
of 30% and TFR of 3mL/min were used.

Lipoplexes

To prepare lipoplexes, DOTAP:DOPE:Chol (55:35:10 mol/mol) in ethanol at 7 mM and Tris buffer 50 mM pH 7.4
were used as organic and aqueous phase, respectively; process parameters were set as follows: TFR 6mL/min, volume
ratio 1:1. Subsequently, both phases were injected simultaneously in the micromixer, and particles were collected in
a 1.5 mL Eppendorf. T Afterwards, the prepared liposomes were mixed with the pDNA in 100mM Tris buffer 40 mM
NaCl pH 7.4 at N/P 4 (w/w), based on a previous formulation study (data not shown). Process parameters were set as
follows: TFR 6mL/min, volume ratio 1:1. Subsequently, upon simultaneous injection of both phases in the micromixer,
lipoplexes were collected and dialyzed for 1 hour against TRIS buffer 100 mM supplemented with 40mM NacCl to
provide isotonicity.

Physicochemical Characterization of Formulations

All formulations were characterized in terms of hydrodynamic diameter, polydispersity index (PDI) by dynamic
light scattering (DLS) and zeta potential (ZP) by electrophoretic light scattering (ELS) in a Zetasizer Nano ZS
(Malvern Panalytical, Malvern, UK) by diluting formulations 1:10 in filtered ultrapure water at 25°C. Particles
stability was assessed both in 10% fetal bovine serum at 37°C or in saline solution at 4°C by incubating samples
in each medium and measuring changes in particles size, PDI and ZP up to 48 hours (sampling every 4 hours) or
14 days, respectively. Particles counts and particles distribution profiles by number were obtained by Nano
Tracking Particle Analysis (NTA) performed in a NanoSight NS300 device (Malvern Panalytical, Malvern, UK).
In brief, samples were diluted in filtered ultrapure water to get accurate acquisition. Camera settings were fixed
and maintained for all samples (gain: 14; camera level: 13—14, detection threshold 6—7). For each sample, five
videos of 60 seconds were recorded and analyzed with NanoSight NTA software 3.3 (Malvern Analytical).

Gel Retardation Assay
pDNA condensation by both polyplexes and lipopolyplexes was assessed by performing a gel retardation assay. Samples
containing 1 pg/well pPDNA were mixed with DNA Gel Loading Dye at 5:1 vol/vol and loaded on 1% precast agarose
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gels under non-denaturing conditions. The gel was run at 90 V for 60 min in 3-(N-morpholino)propanesulfonic acid
(MOPS) running buffer. 1 kb DNA ladder was used as molecular weight standard. The gel was further stained with
GelRed following manufacturers’ instruction and visualized using GelDoc Go Gel Imaging System (Bio-Rad).

Quantification of DNA Loading Efficiency

DNA encapsulation efficiency (EE) was measured using the Quant-iT PicoGreen dsDNA Assay Kit (Thermofisher)
following the manufacturer’s instructions in 96-well black microtiter plates. Briefly, 100 pL of the diluted fluorescent dye
was added to 100 pL of each formulation and incubated in absence of light for 5 min. This allowed the dye to
quantitatively bind free nucleic acid. The concentration of non-loaded pDNA was determined by measuring fluorescence
(Aem = 480 nm, Ao, = 520 nm) using Tecan Spark Microplate reader (Tecan). The actual loading was obtained by
subtracting the unloaded pDNA to the initial nucleic acid concentration.

Fluorescence Resonance Energy Transfer Analysis
To perform Fluorescence Resonance Energy Transfer (FRET) analysis polymers and liposomes were fluorescently
labelled with Fluorescein Isothiocyanate (FITC) and Rhodamine (Rhod), respectively.

Labeling of Cationic Polymers

Chitosan was dissolved in phosphate buffer 50 mM pH 4.5, while PLL and PEI were dissolved in 100mM Na,CO; pH 9
and 11, respectively. Each polymer was mixed with a solution of FITC in DMSO at 1:4 mol/mol dropwise and incubated
for 3 hours under stirring at room temperature in the dark. This allows the isothiocyanate group of FITC to spontaneously
react with unprotonated primary amines of each polymer, thus resulting in the formation of a stable thiourea bond.
Unconjugated FITC was removed via 24h-dialysis (cut off = 14,000 Da) and conjugation was confirmed by reverse phase
HPLC (Agilent HP 1100 series) by detecting unconjugated FITC at 490 nm. In brief, separation was achieved using
a reversed-phase analytical column (InertClone 5 um ODS (3) 100 A 150x4,6mm column), with a linear gradient
between eluent A (phosphate buffer 20mM pH 7.4) and eluent B (acetonitrile). After 1 min at 10%, eluent B was
increased to 40% in 15 min, then taken back to the initial conditions in 2 min and held for an additional 3 min. Process
parameters were set as follows: flow rate 1 mL/min, temperature of analysis 25°C and injection volume 10 pL. Rhod-
labelled liposomes were prepared incorporating 18:1 Liss Rhod PE (1 mol %) within the lipid mixture before micro-
fluidic injection.

FITC-labelled polymers and Rhod-labelled liposomes were subsequently used in the formation of polyplexes and
lipopolyplexes as described above. FITC-to Rhod molar ratios were 0.4, 0.5 and 2 for Chitosan, PLL and PEI LPP,
respectively. This molar range is usually reported to ensure an efficient energy transfer between the fluorescence donor
and the acceptor.’’ >’For FRET experiments, FITC fluorescence was normalized by diluting FITC-polymer conjugates
(as controls), polyplexes and lipopolyplexes to FITC concentration of 2.3 pg/mL, while control Rhod-liposomes
concentration was normalized by that within lipopolyplexes. Subsequently, 200 puL of each formulation was placed in 96-
well black microtiter plates and samples fluorescence was measured at A., of 480 nm and A.,, from 518 to 800 nm
(bandwidth 20 nm) using Tecan Spark Microplate reader (Tecan). Data analysis was performed as described previously>’
with some modifications. The decrease in fluorescence emission intensity at 522 nm as a result of fluorescence quenching
was expressed as percentage of quenching (Q%) according to

Irp) >x100 (1)

percentage of quenching = (1 - I(FITC — polymer)

Where I(PP) and I(FITC-polymer) are the fluorescence emission intensities of FITC within polyplexes and FITC
conjugated with different polymers in absence of DNA. FRET efficiency (E%) was calculated from FITC emission at
522 nm within polyplexes and lipopolyplexes and expressed as percentage according to

FRET efficiency = E = <1 — I]((L;ji;)))cloo 2)
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Subsequently the average distance (R) between FITC and Rhod in each lipopolyplexes was determined according to
R=R0y/=—-1 3
- 3)

where Ry is the Forster radius of FITC-Rhod dye pair which is defined as the distance at which energy transfer of the
donor-acceptor pair is 50% if the maximum. R, was set as 5.5 nm as previously reported.”'

Small Angle X-Ray Scattering Analysis

Small Angle X-ray Scattering (SAXS) measurements were performed at the beamline ID02 of the European Synchrotron
Radiation Facility (ESRF, Grenoble, France), experiment IN-949. Solutions were loaded in a flow-through cell with
2 mm internal diameter. This set-up allowed for measurements of samples and buffers in the same experimental
configuration, necessary to obtain a good subtraction of the background contribution to the scattered intensity.
Furthermore, during the acquisition, the samples were gently pushed to flow in the cell, to avoid any radiation damage.
Ten short frames (0.1 s) were acquired and averaged. The scattered intensities lay in the momentum transfer (q) range 1
10—2 < q <7 nm—1 being q = (4n/A)sin(6/2), where 0 is the scattering angle and A is the X-ray wavelength (A = 0.1 nm).
All measurements were performed at room temperature. Data were fitted using SaSView program (Www.sasview.org).

Cryo-Electron Microscopy

Sample vitrification was carried out with a Mark IV Vitrobot (Thermo Fisher Scientific). Three pL of the samples at
0.5 mg/mL of both polyplexes and lipopolyplexes in aforementioned buffers were applied to a Quantifoil R1.2/1.3 Cu
300-mesh grid previously glow-discharged at 30 mA for 30” in a GloQube (Quorum Technologies). After sample
application to the grids, we incubated for 20 s, then blotted the grids in a chamber at 4°C and 100% humidity, and then
plunge-frozen into liquid ethane. Vitrified grids were transferred to a Talos Arctica (Thermo Fisher Scientific) operated at
200 kV and equipped with a Ceta 16M detector (Thermo Fisher Scientific). Images were acquired at a nominal
magnification of 45’000x%, corresponding to a pixel size of 0.229 nm/pixel with a defocus of —3.0 pum.

Cell Culture

Human cervical adenocarcinoma cells (HELA, ATCC, CCL-2) were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamine, 50 ug/mL streptomycin, and 100 U/mL penicillin (complete medium) at 37°C and
5% (5% CO2 and 95% air).

Human umbilical vein endothelial cells (HUVEC, ATCC, CRL-1730) were cultured in endothelial cell growth
medium-2 (Lonza). HEK-293 (American Type Culture Collection, ATCC®, Manassas, VA, USA) were routinely
grown at 37°C (5% CO2 and 95% air), in DMEM (Euroclone) supplemented with 10% FBS (ThermoFischer), 2mM
glutamine, 100 IU/mL penicillin/streptomycin (all Sigma-Aldrich).

Mycoplasma contamination was evaluated every two weeks using MycoAlert ® Mycoplasma Detection Kit (Lonza,
Italy).

Cell Toxicity Assay in Human Cervical Adenocarcinoma Cells

For the experiments, cells were seeded in 96-well polystyrene microtiter plates at a density of 3x10* cells in 200 pL of
complete medium and incubated for at least 12 hours to allow cell adhesion. Then, medium was removed, and cells were
incubated with serial dilutions of polyplexes or lipopolyplexes in DMEM 2% FBS,**® starting from a polymer
concentration of 60 pg/mL. Cells incubated with DMEM 2% FBS or a DOTAP based lipoplex diluted in DMEM 2%
FBS at aforementioned concentrations were used as negative and positive controls, respectively. After 48 hours, super-
natant was replaced with 180 pL of fresh medium, and 20 uL of MTT solution at Smg/mL were added in each well. Cells
were further incubated for 2 hours at 37°; upon medium removal, 200 plL/well of DMSO were added to solubilize
formazan crystals, and the absorbance of released formazan at 570 nm was measured using Tecan Spark Microplate

reader (Tecan). The percentage of viable cells was calculated with respect to untreated cells.
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In vitro Transfection Efficiency

On the day of the experiment, HeLa, HEK-293 and HUVEC cells (5 x 10* cells/well) were seeded in 24-well polystyrene
microtiter plates and incubated in complete corresponding medium for 12 hours to allow cell adhesion. Cells were then
incubated for 48 hours with polyplexes and lipopolyplexes at pDNA concentration of 1 pg/well (corresponding to 20 pg/
mL of chitosan and PLL and 12 pg/mL of PEI) in DMEM 2% FBS (for HeLa and HEK-293) or endothelial cell growth
medium-2 (for HUVECs). DOTAP lipoplex was used as a positive control, as mentioned above. For flow cytometry
experiment, cells were subsequently harvested from the well-plates, washed, and resuspended in 200 pL of DPBS for the
analysis. The percentage of EGFP+ cells with respect to untreated control was measured by Novocyte 3000-Agilent
cytometer. Cell populations of interest were identified based on forward (FSC-A) and side (SSC-A) scatter and
fluorescence intensity thresholds were set using appropriate negative control. Data were then analysed by using
NovoExpress Software (Agilent). For fluorescence microscopy experiment, medium was removed, and cells were
washed with DPBS subsequently fixed with 4% paraformaldehyde for 5 min at room temperature then washed with
DPBS and further stained with 0.1 pg/mL 4’,6 diamidino-2-phenylindole (DAPI) in DPBS for 15 min at room
temperature. After extensive washing with DPBS, cells were imaged using a fluorescent microscope (Nikon ECLIPSE
Ts2R; excitation filter for GFP detection 470 nm, excitation filter for DAPI 385 nm, magnification 20X) and analysed
using the ImageJ software.

In vitro Endosomal Escape Induced by Polyplexes and Lipopolyplexes

Circular glass coverslips (20 mm diameter) were treated with 1M HCI for 1 hour, then washed with DPBS and sterilized
by immersing in absolute ethanol overnight. Then, they were transferred to a 12-well plate where HeLa cells (1x10°
cells/well) were subsequently seeded and incubated for 12 hours in complete medium to allow cell adhesion. Medium
was then replaced with DMEM 2% FBS-containing calcein (0.1 mg/mL) and polyplexes or lipopolyplexes at 1 pg/well
of DNA and incubated for 4 hours at 37°C. Cells containing calcein only or calcein and DOTAP lipoplexes at 1 pg/well
of DNA were used as negative and positive control, respectively. Calcein is a cell membrane impermeable dye which gets
entrapped into endocytic vesicles and results in punctuate fluorescence within endosomes. Upon endosomal disruption,
calcein is released into the cytoplasm leading to a diffused fluorescence signal. Cells were then washed with PBS, fixed
with 4% paraformaldehyde, stained with DAPI as described above, imaged using a fluorescent microscope (Nikon
ECLIPSE Ts2R; excitation filter for GFP detection 470 nm, excitation filter for DAPI 385 nm, magnification 40X) and
pseudocolored using ImagelJ. To quantitate the endosomal escape, nuclei of cells displaying a diffused fluorescence signal
were counted and normalized over the total number of DAPI+ nuclei in each image. A total of 3 different images of at
least 20 cells were analyzed per sample.

In vitro Uptake of Lipopolyplexes

HeLa cells (5 x 10* cells/well) were seeded in 24-well polystyrene microtiter plates and incubated in complete medium
for 12 hours to allow cell adhesion. Rhod-FITC double labelled lipopolyplexes were prepared as described above in
paragraph 2.7. Cells were then incubated for 1, 4 and 24 hours with double labelled lipopolyplexes at Rhod-labelled
liposomes concentration of 42 pM in DMEM 2% FBS. Cells incubated with medium only were used as negative control.
For flow cytometry experiment, cells were subsequently harvested from the well-plates, washed, and resuspended in
200 uL of DPBS for the analysis. Cells were acquired using a FACSymphony™ cytometer (Becton Dickinson, USA)
with 5 lasers (UV, Violet, Blue, Yellow-Green, and Red). The percentage of EGFP+ and Rhod+ cells with respect to
untreated control were analyzed using FlowJo software (version 10.9.1, BD Biosciences, USA). Cell populations of
interest were identified based on forward (FSC-A) and side (SSC-A) scatter and fluorescence intensity thresholds were
set using appropriate negative control.

Statistical Analysis
Unless stated otherwise, the results were calculated as mean + standard deviation (SD). One-way analysis of variance
(ANOVA) followed by Tukey’s post hoc analysis was performed for comparison, and significance was acknowledged
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for p values <0.05. Analysis and interpretation were made using GraphPad Prism 9 (GraphPad Prism software, San
Diego, CA, USA).

Results

Polyplexes and Lipopolyplexes Preparation and Physico-Chemical Characterization
Nitrogen-to-phosphate ratio (N/P) is a key element which influences particles’ physicochemical properties such as net
surface charge, size and stability. In the attempt to find a suitable N/P for each polymer, polyplexes were prepared by
bulk mixing and the polymer/DNA mass ratios varied between 6, 10, 14 (which correspond to 9, 15 or 22 mol/mol for
chitosan, 13, 23 or 32 for PLL and 15, 26 or 36 mol/mol for PEI). Data showed that the optimal mass ratios were 10 for
chitosan and PLL and 14 for PEI polyplexes (which correspond to 15, 23 and 36 mol/mol for chitosan, PLL and PEI
respectively). These particles had a mean diameter of around 270 nm, PDI between 0.27 and 0.34 and a neat positive
surface charge ranging from +32 to +40 mV irrespective of the polymer used (Figure S1A). Upon complexation of
liposomes at 0.5 mM with selected chitosan and PEI polyplexes or at 0.2 mM with selected PLL polyplexes (corre-
sponding to a polyplex/lipid N/P of 1.8, 3 and 2.7, respectively), the resulting ternary complexes showed better
physicochemical attributes (mean diameter of 165 nm and PDI < 0.2, Figure S1B). Of note, while chitosan and PLL
lipopolyplexes were slightly positively charged (+13.8 and +8.4 mV respectively), PEI lipopolyplexes were neutral (data
not shown). Notably, when preliminarily tested for in vitro toxicity, both PEI polyplexes and lipopolyplexes induced cell
death at relevant doses for DNA transfection (data not shown). Therefore, for subsequent preparation of binary and
ternary complexes via microfluidics, the N/P weight ratio of PEI polyplexes was reduced to 6 (corresponding to 15 mol/
mol) to minimize the quantity of polymer to incubate with cells, while N/P weight ratio of 10 were maintained for
chitosan and PLL polyplexes (which correspond to 15 and 23 mol/mol respectively).

To set up microfluidics process parameters, the effect of TFR on particle size distribution was first evaluated on PLL
polyplexes (N/P 10 w/w; 23 mol/mol). Polymer concentration and DNA/polymer volume ratio were set at 0.5 mg/mL and
30%, respectively. Decreasing the injection speed from 6mL/min to 5 mL/min resulted in a reduction of both particles
size (from about 250 nm to 103 nm) and PDI (from 0.3 to 0.2, Figure 1A). TFR decrease up to 1 mL/min further
improved the monodispersity of the dispersion, with 3mL/min being the optimal injection speed which allowed to
formulate PLL polyplexes with the lowest polydispersity index (PDI 0.16 + 0.01). Increasing polymer content from 0.5 to
0.7 mg/mL did not significantly change particles’ dimensions (Figure 1B). Conversely, polyplexes prepared using PLL
concentration of 1mg/mL were highly heterogeneous (PDI > 0.5; Figure 1B). The DNA/polymer volume ratio was
increased to 40% to increase the DNA loading within the polyplexes formulation (Figure 1B). Results showed that
particles maintained an average diameter of around 120 nm and were monodispersed at PLL concentrations below
0.7 mg/mL. As expected by data determined at 30% volume ratio, the increase of PLL content to 1mg/mL induced
formulation’s aggregation and consequent precipitation. Consequently, TFR 3mL/min, 40% DNA/polymer volume ratio
and polymer concentration of 0.7mg/mL were selected to prepare Chitosan and PEI polyplexes. Resulting polyplexes had
a size of 252 + 4 nm and 213 + 6 nm, respectively, with PDI < 0.23 (Table 1). All polyplexes had a neat positive surface
charge ranging from +32 to +35 mV, irrespective of the polymer nature (Table 1).

To prepare lipopolyplexes, the injection speed was maintained at 3 mL/min while the liposomes/polyplex volume
ratio was set at 30%, aiming to minimize DNA dilution. Upon complexation of selected polyplexes with DPPC
liposomes, the final optimal polyplex/liposome molar ratio was found to be 2, 2.8 and 3.4 for chitosan, PLL and PEI
lipopolyplexes, respectively (Table 1). These conditions allowed achieving monodispersed (average PDI < 0.25; Table 1)
lipopolyplexes with mean diameter of 170 nm.

Overall, LPP showed a smaller diameter and less positive surface charge (from around +35 mV to between +14 and
+22 mV) compared to the corresponding PP (p < 0.001) and this might be considered as an indirect proof of the
formation of a ternary structure in which the polyplexes are condensed with the lipids (Table 1). Nanoparticle tracking
analysis results confirmed formulation homogeneity, in line with DLS analysis (Figure 1C and Table 1). It is worth noting
that Chitosan and PLL PP showed around 10-folds lower particles concentration than corresponding LPP (p < 0.01),
conversely the particles count of PEI PP and LPP was comparable (17x10'° particles/mL on average, Table 1). This
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Figure | Effect of microfluidic process parameters on polyplexes (PP) and lipopolyplexes (LPP) physicochemical properties. (A) effect of TFR increase on PLL PP particles
size (bar) and PDI (dots), (B) effect of the polymer/DNA volume ratio and polymer concentration on PLL PP particles size (bar) and PDI (dots), (C) representative NTA
graphs of optimized Chitosan, PLL and PEI based PP and LPP prepared by microfluidics. Results showed in each graph are represented as mean * SD of three independent
experiments.

suggests that differences in the interactions among the three polymers with DNA and lipids might occur, with PEI
generating more regular and homogeneous structures.

Microfluidics was also employed to prepare DOTAP lipoplexes at N/P 4 w/w, to be used as a positive control for
subsequent in vitro studies; these particles exhibited a size of approximately 150 nm and a PDI < 0.2 (data not shown).
The interaction between the cationic polymers and the payload was deepened by gel electrophoresis; gel images showed
that, while unformulated pDNA migrated into the gel, that associated with polyplexes or lipopolyplexes was retained in
the wells (Figure S2). This demonstrates that the selected N/P ratios were sufficient to totally condense DNA, as no free
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Table | Physicochemical Characterization of Polyplexes (PP) and Lipopolyplexes (LPP). Particles Attributes of Chitosan, PLL and PEI
Based PP and LPP Prepared by Microfluidics. Results are Represented as Mean * SD of Three Independent Experiments

Formulation Hydrodynamic Polydispersity Zeta Concentration DNA Encapsulation
Diameter (nm) Index (PDI) Potential (Particles/mL*10'%) Efficiency (%)
(mV)
Chitosan PP 25244 0.22+0.02 +35£0.14 4.51+0.07 89.2+ 3.6
Chitosan LPP 189+ 3 0.18+0.04 +22.74£0.49 20.5+0.54 93.4 £3.8
PLL PP 1542 0.15+0.03 +32.840.63 1.83 £1.29 98.7 £1.0
PLL LPP 178+5 0.22+0.03 +21.3£1.18 223 +6.10 96.5+ 1.1
PEI PP 21346 0.15+0.03 +3410.17 9.52 £5.27 95.8+ 2.2
PEI LPP 1431 0.07+0.03 +14.31£0.74 25.5 £14.90 98.1 £0.2

nucleic acid was detected. Picogreen showed that DNA was fully encapsulated within polyplexes and lipopolyplexes,
with a loading efficiency ranging between 89% and 98% for all the formulations prepared, further confirming the
suitability of selected N/P ratios for polyplexes and lipopolyplexes preparation (Table 1).

Analysis of the Ternary Structure of Lipopolyplexes

In an effort to demonstrate the formation of ternary complexes, FRET analysis was applied. To assess that, polymers and
liposomes were fluorescently labelled with Fluorescein Isothiocyanate (FITC) and Rhodamine (Rhod), respectively. It
was determined that the conjugation efficiency for Chitosan and PLL was 73% while for PEI was about 83%.

Overall, it was observed a decrease in FITC emission at 522 nm for FITC-polymers compared to corresponding
polyplexes for all three samples, although the percentage of quenching differed among polymers (Figure 2A); specifi-
cally, Q% of PEI was significantly higher than that of Chitosan and PLL (36.12 + 4.44%, 23.26 + 3.74% and 17.19 +
2.71%, respectively, p < 0.05), indicating more effective nucleic acid complexation by PEI (Figure 2). The addition of
Rhod-liposomes to FITC-polyplexes further decreased FITC emission of resulting double labeled lipopolyplexes, with
PLL and PEI lipopolyplexes showing the highest reduction as quantified by FRET efficiency values (E%) (11.60 £ 1.6%,
46.69 + 1.98% and 39.56 + 2.83% for chitosan, PLL and PEI, respectively, p < 0.001, Figure 2). Besides, an increase of
Rhod emission of lipopolyplexes compared to Rhod-liposomes was also observed; this suggests that FITC-polyplexes
and Rhod-liposomes were closed enough to modify each other’s surrounding environment likely by electrostatic
interaction, thus confirming the formation of ternary complexes. Of note, differences in E% were not due to variabilities
in the ratio of conjugated probes; indeed, despite the absolute quantity of FITC and Rhod in each LPP varied due to
differences in the N/P, the relative FITC-to-Rhod molar ratios were comparable among lipopolyplexes.

Measurements of FRET efficiency can be used to estimate the distance (R) between the donor and the acceptor in
double-labeled lipopolyplexes, aiming to deepen the structure of these complexes generated with different polymers. The
calculated average distances of FITC-Rhod within ternary complexes followed a similar trend observed for FRET
efficiency, with PLL and PEI lipopolyplexes showing significantly lower R than Chitosan counterparts (5.62 + 0.07%,
5.90 £ 0.11% and 7.73 £ 0.20%, respectively, p < 0.001, Figure 2).

To provide insight into the nanoscale structure of polyplexes and lipopolyplexes, small-angle x-ray scattering (SAXS)
experiment was conducted.** To verify the formation of lipopolyplexes by mixing the components by microfluidics, it is
necessary to compare the scattered intensity data obtained for lipopolyplexes with those measured for liposomes and
polyplexes. The scattered intensity curves for liposomes, polyplexes and lipopolyplexes are reported in Figure 2B,
normalized by their concentration within LPPs final formulation . Generally, differences in absolute intensity values and
the features of the intensity profiles were visible between polyplexes and lipopolyplexes, as well as between systems with
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Figure 2 Structural analysis of polyplexes and lipopolyplexes by FRET and SAXS. (A) Representative normalized fluorescence emission spectra of Chitosan (top), PLL
(center) and PEI (bottom) formulations. For each polymer, the spectra of free FITC-polymer (blue dotted line), FITC-labeled polyplexes (PP, blue solid line), Rhod-liposomes
(red dotted line), FITC/Rhod-labeled lipopolyplexes (LPP, red solid line) and buffer (black dotted line) were acquired. The table in the bottom left shows the quantification of
FRET. The interaction between FITC-polymers and pDNA was evaluated by quantifying the percentage of quenching (Q%) using equation (1), while the interaction between
FITC-PP and Rhod-liposomes was quantified by calculating the FRET efficiency (E%) using equation (2). From E%, the distance between FITC and Rhod within ternary
complexes was estimated using equation (3). Results are represented as mean * SD of two or three independent experiments. (B) SAXS intensity profiles of Chitosan (top),
PLL (center) and PEI (bottom) formulations: liposome (black line) ¢ = 0.3 mg/mL, PPs (grey lines) ¢ = 0.3 mg/mL, and LPPs (coloured symbols) ¢ = 0.6 mg/mL. (C) Intensity
profile of PEI LPP after subtracting the contribution to the scattered intensity of a fraction of non-interacting components. The magenta line is the reconstruction by
a spherical core-shell model. Two independent formulations batches were analyzed and representative graphs of one batch were reported.
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different cationic polymers. Specifically, the features of the scattering curves of polyplexes indicated a multiple-level
structure of these particles, with a local arrangement of polymer and pDNA chains and a fractal cluster arrangement on
the longer length scale (tens and hundreds of nms). The fits of the experimental data are reported in Figure S3. The
reconstruction of the intensity profiles has been obtained by modeling the local structure with an entangled network of
polymer chains, with a mass fractal arrangement (fractal dimension 3), with a very small characteristic size for all
polyplexes (around 6, 10 and 32 nm for PEI Chitosan and PLL polyplexes respectively). These substructures aggregated
in larger clusters with a loose packing for chitosan polyplexes (mass fractal dimension 2) and PLL polyplexes (mass
fractal dimension 1.8) and a close packing for PEI polyplexes (fractal dimension 3.8). Overall, these results indicate the
formation of clusters with a close-packed substructure in PEI polyplexes and a loose-packed substructure in the other two
binary complexes.

The form factor of liposomes has been reconstructed by a closed bilayer model, with a size of about 135 nm, in
agreement with DLS results (data not shown). The bilayer profile (reported in Figure S4) displayed the characteristic
central lipid core and the two external slightly asymmetric layers, with a total thickness of about 5 nm. In addition, the
experimental intensity spectrum (Figure 3B) showed two peaks, the first centered at q = 0.89 nm-1, superimposed on the
form factor. These peaks are characteristic of a fraction of multilamellar liposomes with interlamellar distance d = 7 nm.

If no interactions occurred between liposomes and polyplexes and the final formulations were constituted by the
simple coexistence of the two components, the intensity spectrum of lipopolyplexes should be the simple sum of those of
liposomes and polyplexes. Instead, the intensity spectra had different characteristics throughout the explored q range,
revealing the effective formation of lipopolyplexes. In Figure S5, a comparison between experimental data and those of
the hypothetical non-interacting systems is reported.

Generally, the intensity profiles of lipopolyplexes varied for the different polymers, though some common features
could be observed. In all the formulations, the high multilamellar intensity peak (q = 0.89 nm-1) of liposomes reduced to
a residue, indicating that only a low fraction of simple liposomes (less than 10%) is still present in the formulations,
while the majority has complexed with polyplexes. In the low-q region, corresponding to the internal arrangement of
complexes on long distances, the lipopolyplexes spectra showed the features of globular particles, particularly for PEI
and PLL lipopolyplexes, although quite polydisperse.

Figure 3 Structural analysis of polyplexes and lipopolyplexes by Cryo-EM. Cryo-EM images of Chitosan polyplexes (a), PLL polyplexes (c), PEIl polyplexes (e) and
corresponding lipopolyplexes (b—d and f). Scale bars represent 50 nm. Two independent formulations batches were analyzed and 20 images per sample were acquired. One
representative image per sample was shown.
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The reconstruction of the intensity profiles was not possible by modelling the particles with a single form factor. This
was due to the coexistence of particles with diversified internal structure. As for chitosan lipopolyplexes, their spectrum
was quite similar to that of chitosan polyplexes (Figure 2B), except for the low-q and the high-q regions, suggesting that
a large fraction of complexes kept the internal mass fractal arrangement of chitosan polyplexes, possibly stabilized by
a lipid shell. Conversely, PLL lipopolyplexes showed an intensity profile that was markedly different from that of the
corresponding polyplexes (Figure 2B), indicating a rearrangement of the majority of components in a complex with
a closer packing (fractal dimension 3.6). Moreover, the formulation of PEI lipopolyplexes displayed a more defined
intensity profile (Figure 2B). We then subtracted the intensity contributions of a fraction of liposomes (10% of the
experimental liposome signal) and a fraction of polyplexes (40%), corresponding to a fraction of polyplexes in the final
formulation or particles with the same internal arrangement. The subtracted intensity profile is reported in Figure 2C
along with the reconstruction, obtained by modelling the form factor of the lipopolyplexes with a spherical particle with
a core-shell internal structure. The core had an electron density higher than that of the solvent, confirming the formation
of a spherical complex, surrounded by a lipid bilayer. Of note, the internal arrangement of these lipopolyplexes was
different from that of the polyplex, suggesting a true interaction between the polymers and the lipids that rearrange with
a tighter packing.

Cryo-EM further confirmed that polyplexes were dense structures of consistent and homogeneous morphology with
a tendency to assume round shape, irrespective of the cationic polymer used (Figure 3A—C). Lipopolyplexes were still
spherical shaped, though their structure strongly differed; indeed, all ternary complexes predominantly assumed
a multilamellar structure upon complexation and internalization of polyplexes (Figure 3D-F).

In vitro Assays

Cytotoxicity of Formulations

The cytotoxic effect of all formulations on HeLa cells was evaluated after 48 hours by an MTT assay. Formulations were
diluted to reach a polymer concentration ranging between 60 and 0.7 pg/mL and DOTAP lipoplexes were used as
positive control. Generally, as shown in Figure 4A, cytotoxicity was driven mainly by polymer nature and secondly by
the type of delivery system. At polymer concentrations above 7.5 pg/mL, the viability of cells incubated with all
formulations remained above 80% (which is the standard cutoff for considering cells as viable) with no significant
differences across the concentrations. Of note, chitosan turned out to be the most biocompatible polymer; indeed, the
percentage of viable cells incubated with both polyplexes and lipopolyplexes was above 80% irrespective of the polymer
dose tested. As for the other polymers, PLL was significantly more cytotoxic than PEI and as toxic as DOTAP lipoplexes,
particularly at the highest doses. For instance, at 60 pg/mL of polymer, the percentage of viable cells were 12.5 + 5.8,
26.3 + 4.4 and 20.8 £ 10.6 for PLL polyplexes, PEI polyplexes and DOTAP lipoplexes, respectively (Figure 4A).
Corresponding lipopolyplexes behaved similarly, with those made of PEI being significantly less toxic (p < 0.05) though
the addition of liposomes augmented cell viability for both polyplexes (32.8 + 12.6% and 50.1 + 4.3%). Moreover, the
subtoxic polymer dose of PLL and PEI lipopolyplexes was 1.5-fold higher than that of corresponding polyplexes (30 vs
20 pg/mL), overall indicating that ternary complexes were more biocompatible than binary counterparts (Figure 4A).

In vitro Cellular Uptake of Formulations

In vitro cellular uptake of Rhod-FITC double labelled lipopolyplexes both at 4°C and 37°C was performed (representa-
tive dot plots are reported in Figure S6). At 4°C, the temperature at which endocytosis is inhibited, the percentage of
Rhod+/FITC+ cells (ie lipopolyplexes +) was below 4% after 1 h and did not increase above 10% over time, irrespective
of the polymer choice (Figure S7). In contrast, at 37°C, lipopolyplexes rapidly interacted with HeLa, particularly those
made of PEI, with approximately 22% Rhod+/FITC+ cells after 1 h incubation, whereas only 5.5% of cells incubated
with Chitosan or PLL lipopolyplexes were Rhod+/FITC+ (Figure 4B). However, increasing the incubation times, the
difference among LPPs became non-significant, with approximately 40% and 70% Rhod+/FITC+ cells after 4 h and
24 h incubation for all the formulations (Figure 4B), suggesting that uptake kinetics of lipopolyplexes is independent
from the polymer choice.
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Figure 4 In vitro cytotoxicity, cell uptake and transfection efficiency of polyplexes and lipopolyplexes in Hela cells. (A) Cell viability of Chitosan, PLL and PEI polyplexes (PP)
and corresponding lipopolyplxes (LPP) on Hela cells after 48h incubation. DOTAP lipoplexes (LP) were used as positive control. The dotted line represents the threshold for
cytotoxicity level of 80% of cells viability compared to untreated cells. The results of two or three independent experiments each performed in triplicate were shown (mean
+ SD). (B) Cellular uptake of Chitosan, PLL and PEI LPP in Hela cells represented in terms of percentage of Rhod+/FITC+ cells. The means £ SD of one experiment
performed in duplicate were reported. Transfection efficiency of PP and LPP in Hela cells after 48h incubation (blue DAPI, Green GFP). (C) Representative images of
transfected Hela cells by i) Chitosan PP, iii) PLL PP and v) PEI PP and corresponding LPP (ii, iv and vi); DOTAP LP (vii) and cells incubated with media only (viii) were used as
positive and negative controls respectively. Scalebar represents 20 pm. The experiment was performed in duplicate. Quantitative analysis of formulations’ transfection
efficiency expressed as (D) percentage of GFP + cells and (E) mean fluorescence intensity. The results of one or two experiments, performed in duplicate, are shown (mean
+ SD). * p < 0.05, ¥ p < 0.01, ¥ p < 0.001, *** p < 0.0001.
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Transfection Efficiency of Formulations

Based on cytotoxicity assay, chitosan and PLL concentration of 20 pg/mL, and PEI concentrations of 12 pg/mL
(corresponding all to 1 pg/well DNA) were selected to assess formulations’ in vitro efficiency on HeLa cells. As
reported in Figure 4C—E, although all candidates were effective in promoting cell transfection after 48 hours in complete
medium, the efficiency of the transfection varied. As qualitatively shown by fluorescent microscopy images, PEI
lipopolyplexes were the most effective in promoting gene expression (Figure 4C). Quantification of GFP signal by
flow cytometry suggested that the addition of liposomal component increased PLL and PEI formulations’ performance
(Figure 4D), while no difference was observed between chitosan polyplexes and lipopolyplexes (approximately 3%) in
terms of percentage of transfected cells. Specifically, PLL lipopolyplexes transfected cells were almost three-times higher
compared to those transfected by polyplexes counterpart (around 5% vs 13%); similarly, PEI lipopolyplexes transfection
efficiency was 5-fold higher than that of corresponding polyplexes (25% vs 5% respectively). Overall, among the three
lipopolyplexes, the percentage of GFP+ cells were ranked in the order PEI > PLL > Chitosan lipopolyplexes.
Specifically, PLL lipopolyplexes and PEI lipopolyplexes were as potent as and significantly more potent, respectively,
than DOTAP lipoplexes which is considered the gold standard for in vitro transfection (Figure 4D). Similarly, the mean
fluorescence intensity (MFI) of cells incubated with PEI lipopolyplexes was the highest among the formulation tested
(Figure 4E), indicating that PEI lipopolyplexes transfected a higher number of cells expressing higher protein content.
Interestingly, PEI lipopolyplexes were effective even when tested in non-tumor cells (HEK-293 embryonic kidney cell
line and primary HUVECs endothelial cells). Again, PEI lipopolyplexes were the best performing formulation which
transfected both cell lines with comparable efficacy (29.2 + 2.8 and 36.2 + 0.7% of GFP+ cells on HEK-293 —FigureS8A
- and HUVECs — Figure S8B - respectively), similarly to HeLa cells, and they were also more potent than the gold
standard DOTAP lipoplexes (Figure S8). Finally, this formulation was highly stable both in saline solution over 14 days
at 4°C and in 10% FBS at 37°C for 48 hours as the size did not markedly vary (size around 125 nm, PDI around 0.25 in
PBS, Figure S9A and around 100 nm in serum, Figure S9B).

Endosomal Escape Promoted by Formulations
To further investigate the mechanism of cell entry and gene transfection of polyplexes and lipopolyplexes, the endosomal
escape ability of binary and ternary complexes was evaluated using a calcein based assay (schematic representation of the
calcein assay reported in Figure 5B). Of note, our preliminary expression kinetics results reported no GFP signal at this
timepoint (data not shown), ensuring that only the real signal from calcein is detected. The percentage of cells that
showed calcein release after 4 h is displayed in Figure 5 as a function of the different delivery systems. Cells incubated
with calcein alone or in combination with DOTAP lipoplexes were used as negative and positive controls, respectively.
As expected, when cells were exposed to calcein alone, the probe got entrapped into endosomes during the vesicle
formation resulting in punctate fluorescence in cell cytoplasm with no endosomal release (Figure 5A panel viii);
conversely, the co-incubation of calcein with DOTAP lipoplexes resulted in diffused cytoplasmic fluorescence showed
by the majority of cells (Figure 5A panel vii). Regarding polyplexes and lipopolyplexes, particles’ endosomolitic effect
was driven mainly by the polymer nature, in line with EGFP expression; specifically, the co-incubation of calcein with
chitosan based particles (Figure 5A panels i and ii) poorly promotes the release of the probe from endosomes, as only few
cells displayed diffused fluorescence in the cytoplasm indicating calcein-loaded endosomal disruption (3.46 and 5% for
Chitosan PP and LPP, respectively, Figure 5C). Conversely, both PLL and PEI containing particles were effective in
inducing endosomal escape, as many cells displayed diffused fluorescence (Figure 5A panels iii—vi), though with
different potencies. Indeed, considering ternary complexes, PEI lipopolyplexes provoked calcein endosomal release in
almost 33% of cells, and this value was more than 3-fold higher than that of PLL lipopolyplexes incubated cells
(Figure 5C). Of note, PEI lipopolyplexes endosomal escape efficiency was also significantly (p < 0.01) higher than that of
DOTAP lipoplexes (18.67% - Figure 5C).

Moreover, the presence of a lipid moiety did not strongly vary the mode of endosomal disruption induced by
lipopolyplexes compared to polyplexes as only a tendency of ternary complexes to promote greater escape from
endosomes than binary complexes was observed, and this difference became significant only in the case of PEI particles.
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Figure 5 Endosomal escape capacity of polyplexes (PP) and lipopolyplexes (LPP). (A) Representative images of Hela cells incubated with calcein only (viii) and i) Chitosan PP,
i) PLL PP and v) PEI PP or corresponding LPP (ii, iv and vi) or DOTAP lipoplexes (LPvii). Blue DAPI, green Calcein. Scalebar represents 20 um. (B) Schematic representation
of the calcein assay used for endosomal escape quantification. (C) Quantitative analysis of the percentage of diffused Calcein+ cells among the total DAPI + cells. The results
of one experiment, performed in triplicate, are shown (mean + SD). * p < 0.05, ** p < 0.01,%* p < 0.0001.

Specifically, the endosomal escape efficiencies of chitosan, PLL and PEI lipopolyplexes were around 1.5-fold higher than
those of corresponding polyplexes (5, 10.35 and 33% vs 3.46 and 6.89 and 23%, respectively, Figure 5C).

Discussion

Lipopolyplexes represent second-generation non-viral vectors for gene therapy aiming to enhance nucleic acid delivery
by combining the favorable properties of both components. However, manufacturing is still the main limiting factor
which strongly restricts the preclinical and clinical applications of these nanovectors. To date, bulk mixing is still the
widest used method for lipopolyplexes preparation and, to the best of our knowledge, only one work applied
a microfluidic system for lipopolyplexes production;*> notably, an additional sonication step and a premixing step of
polymer and lipids were required to obtain narrow-sized particles® in the aforementioned work. Conversely, the
microfluidic system we developed provides a unique tool to formulate polymer-lipid ternary complexes with consistent
size and size distribution compared to conventional bulk mixing without the need of any downsizing techniques. Our data
demonstrated that, by adjusting process operating parameters such as flow rate ratio, total flow rate and polymer
concentration, lipopolyplexes can be prepared within a limited size range. Moreover, as opposed to the cited work in
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which a hydrodynamic flow focusing mixing was employed, here we applied a staggered herringbone micromixer which
is known to improve mixing efficiency, facilitate scalability and limit sample dilution.**>° Both binary and ternary
complexes prepared via microfluidics possessed adequate physicochemical attributes (Z-average around 150 nm and PDI
< 0.2) and high DNA condensation and loading (above 89%) though the high molecular weight of Chitosan and PLL
used herein (200400KDa on average). Microfluidics appear to address several formulation challenges associated with
the use of these high molecular weight polymers,*® which are less frequently discussed in the literature compared to their
medium and low molecular weight counterparts. In particular, the use of high molecular weight chitosan (>400 KDa) for
lipopolyplexes preparation to the best of our knowledge has never been reported. Herein, we demonstrated the feasibility
to obtain nanosized complexes using also this polymer. Indeed, the increase of the molecular weight of polymers might
provide significant advantages for cell internalization and enhance the overall effectiveness of the delivery systems.*'**

Of note, the addition of a lipid envelope on polyplexes core resulted in lipopolyplexes with equivalent or reduced
particles size. This might indicate that lipopolyplexes tended to adopt a more compact and ordered structure than
corresponding polyplexes, possibly due to additional charge-to-charge interactions between the negatively charged
liposome and the positively charged polymer. These findings are consistent with those of Perche and colleagues who
showed that entrapping PEI-mRNA PP within neutral liposomes did not significantly change the size of binary
complexes.'' However, an increase in particle size of PP upon liposome complexation has also been described.*>**
These contradictory results might be due to i) the change in polymers and lipids composition within LPP which possess
different physicochemical properties, ic molecular weight, charge density and transition temperature and ii) the applica-
tion of different techniques for particles size determination (AFM vs DLS vs PCS vs TEM) which might not be always
comparable.

Regarding particles surface, the combination of cationic polyplexes and neutral liposomes used herein resulted in
hybrid nanosystems with slightly positive surface charge (around +14mV) compared to binary counterparts (around +30
mv) irrespective of the polymer nature. The use of neutral/slightly anionic liposomes in place of cationic counterparts
was proved to reduce cytotoxicity and improve biocompatibility and transfection efficiency of LPP'**° Differences in
particles count and the reduction in surface charge of cationic polyplexes upon neutral liposomes addition are ways to
indicate encapsulation of polyplexes in lipid bilayers, though insufficient to precisely define the structure of binary and
ternary complexes. Here, by combining three independent techniques — FRET, SAXS and Cryo-EM — a more compre-
hensive structural analysis of polyplexes and lipopolyplexes was provided.

SAXS analysis indicated that the type of polymer used to produced polyplexes by microfluidics affected the overall
structure of binary complexes. Specifically, PEI polyplexes organized in clusters with a close-packed substructure,
whereas those made of chitosan and PLL formed loose-packed substructure. This correlated with FRET analysis
which showed greater nucleic acid complexation ability (higher Q%) of PEI polyplexes over chitosan and PLL. Both
techniques confirmed the formation of a ternary complex upon liposomes mixing with polyplexes, and that the structure
of lipopolyplexes is influenced by the polymer nature. As suggested by SAXS, chitosan lipopolyplexes tended to assume
a globular core-shell structure of an external lipid layer and a dense core, likely composed of chitosan polyplexes.
Conversely, spectra of PLL and PEI lipopolyplexes showed a rearrangement among polymer, DNA and liposomes and
a true interaction between the polymer and the lipids to form a packed complex, which strongly differed from the original
polyplex. These findings were also supported by FRET data, where lipopolyplexes of PEI and PLL induced higher FRET
efficiency and shorter Forster radius compared to Chitosan counterpart.

The presence of these ternary structures was also confirmed by cryo-EM images. Overall, our data indicated that
reducing polymer molecular weight (MW) and increasing its pl, promote its interaction with liposomes and DNA. It
might be worth noting that the MW range of chitosan and PLL used herein is broad (150-600 and 150-300 KDa,
respectively) and this might impair a precise correlation between MW and condensation ability. Besides, though of lower
MW (around 25KDa), PEI is a branched polymer, and this increases the number of nitrogen groups per monomer thus
augmenting the charge density, balancing the lower MW on condensation ability.

Polymers’ pl is a key factor for DNA complexation, which dictates the degree of protonation and affects polymer’s
charge and consequent interaction with the payload. The pI of PLL and PEI tested herein is around 9 and 11, respectively,
while the pKa of the primary amine of chitosan is usually 6.5, depending on the degree of N-deacetylation and degree of
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polymerization.*® Therefore, a higher degree of ionization at the pH at which complexation occurred is expected for basic
polymers. It is reported that, at acidic pH, PEI showed two modes of DNA binding - both to DNA grooves and to the
DNA phosphate backbone*”*® - and this increases its tendency to form stable complexes. The high buffer capacity of PEI
compared to the other polymers tested is expected to increase the protonation ratio of amine groups at low pH, thus
leading to stable DNA complexes.

In vitro, polyplexes and lipopolyplexes performances were mainly driven by the polymer nature and secondly by the
type of delivery system. Chitosan was the most biocompatible polymer, however, this did not translate into enhanced
GFP expression despite the use of high molecular weight chitosan in lipopolyplex formulations has been associated with
increased transfection efficiency.*?

Besides, the addition of liposomes improved the viability of polyplexes, particularly in the case of PEI particles which
resulted to be significantly less toxic even when compared to a DOTAP lipoplexes. These data were in line with previous

findings which reported the improved toxicity profile of lipopolyplexes over polyplexes;'®*’

additionally, the use of
microfluidics allowed to reduce the N/P of PEI lipopolyplexes without affecting the stability (up to 14 days at 4°C in
saline solution), ultimately minimising both unbound polymer in PEI-based formulations and the total polymer content
for in vitro administration, which would possibly trigger a necrotic response caused by excessive cationic charges and
membrane destabilization.’® Further, PEI ternary complexes were significantly more potent than the control DOTAP
lipoplexes and PLL lipopolyplexes in promoting protein expression in three different cell lines (ie HeLa, HEK-293 and
HUVEC:S), thus being a versatile platform for effective DNA delivery potentially suitable for a range of therapeutic
applications.

Our data demonstrated that the higher transfection efficiency of PEI lipopolyplexes correlated with augmented
endosomal disruption capacity. The efficiency of a delivery system to trigger a successful transfection process depends
on several factors including the ability to prevent the cargo degradation, to interact with cell membranes and being
internalized, to favor endolysosomal escape and DNA nuclear entry. PEI have been shown to facilitate endosomal escape
via osmotic rupture - proton sponge effect — as the amine groups can enhance the protons concentrations within the
endosomes increasing the influx of chloride ions and water, thus leading to differential pressure levels on both sides of
the endosomal membrane and consequent vesicles disruption.’’** Other studies proposed that a direct interaction
between PEI and the endosomal membranes would be an additional mechanism to proton sponge effect which triggers
membrane destabilization.”® Additionally, endocytosed PEI was found to undergo nuclear localization, thus inevitably
favoring DNA entry into the nucleoplasm.>* The poor endosomal escape promoted by chitosan might be related to the

lower buffering capacity of the cationic polymer, also reported in literature,”>~°

thus suggesting that the endolysosomal
disruption mechanism of chitosan might not be proton sponge based.

Herein we further demonstrated that the superior capacity of PEI to trigger endosomal escape was not related to an
enhanced internalization of PEI lipopolyplexes over other ternary complexes, as the uptake kinetics was comparable
among the three ternary complexes. Notably, similar percentage of positive cells at 4 and 37°C for Chitosan and PLL
LPP suggest that, after 1 h, these lipopolyplexes could be surface-associated rather than internalized. However, the
contribution of surface-associated particles observed at 4°C could be considered negligible at later timepoints thus
indicating an actual cellular uptake rather than a combination of surface-association and internalization of lipopolyplexes.
An active internalization could facilitate endosomal escape of particles, as they usually enter cells via endocytosis.’”>
These findings align with previous studies which indicate an ATP mediated endocytic pathway for PEI lipopolyplexes,
further reporting a caveolar and clathrin-dependent mechanism of internalization.>® Overall, these data indicate that the
presence of a lipid envelope rather than the polymer nature drove lipopolyplexes internalization process, while the type

of cationic polymer played the major role in the intercellular trafficking of these particles.

Conclusions

The present study demonstrates the successful preparation of pDNA- lipopolyplexes of different cationic polymers via
microfluidics possessing adequate physico-chemical attributes and providing full DNA condensation. All lipopolyplexes
were ternary complexes in which interactions among lipopolyplexes components were confirmed by FRET, SAXS and
Cryo-TEM analyses. Structurally, while chitosan lipopolyplexes appeared as globular core-shell particles of an external
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lipid multilamellar layer and a dense core of polyplexes, those of PLL and PEI were packed complexes in which
a rearrangement among polymer, DNA and liposomes and a true interaction between the polymer and the lipids occurred.
The choice of cationic polymer also strongly dictated in vitro performances of these synthetic vectors. In essence, though
uptake kinetics of the three lipopolyplexes were comparable, PEI lipopolyplexes promoted the highest transfection
efficiency in both tumor and non-tumor/primary cells, and this correlated with a greater endosomolytic activity. Overall,
this study demonstrates that lipopolyplexes are a versatile and valid platform for pDNA delivery with PEI lipopolyplexes
being the most potent formulation; moreover, the type of cationic polymer played the major role in the intercellular
trafficking of these nanovectors. This work poses the basis for future studies in which the composition and surface
properties of these ternary complexes can be modified to optimize their performance based on the selected target and
pathology. Further research is also needed to optimize the microfluidic method for preparing lipopolyplexes in a single
injection step.
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