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Gene therapy has long been proposed for cancer treatment. However, the use of therapeutic nucleic
acids presents several limitations such as enzymatic degradation, rapid clearance, and poor cellular
uptake and efficiency. In this work we propose the use of putrescine, a precursor for higher polyamine
biosynthesis for the preparation of cationic nanosystems for cancer gene therapy. We have formulated
and characterized putrescine-sphingomyelin nanosystems (PSN) and studied their endocytic pathway and
intracellular trafficking in cancer cells. After loading a plasmid DNA (pDNA) encoding the apoptotic Fas
Ligand (FasL), we proved their therapeutic activity by measuring the cell death rate after treatment of
MDA-MB-231 cells. We have also used xenografted zebrafish embryos as a first in vivo approach to
demonstrate the efficacy of the proposed PSN-pDNA formulation in a more complex model. Finally, intra-
tumoral and intraperitoneal administration to mice-bearing MDA-MB-231 xenografts resulted in a signifi-
cant decrease in tumour cell growth, highlighting the potential of the developed gene therapy nanofor-
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Introduction

The FDA defines gene therapy as a medicine that “adminis-
trates genetic material to modify or manipulate the expression
of a gene product or to alter the biological properties of living
cells for therapeutic use”." Successful gene therapy is based on
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mulation for the treatment of triple negative breast cancer.

two key points, transporting nucleic acids to the precise site of
action, and delivering an adequate dose of genetic material.
The transport of naked nucleic acids presents some obstacles
such as a short half-life because of the rapid enzyme degra-
dation, a fast clearance, as well as a low cellular uptake and
nonspecific biodistribution.> Viral vectors have been pro-
posed for this purpose but present several risks such as immu-
nogenicity, cytotoxicity and mutagenesis that limit their appli-
cation and subsequent market approval.® In contrast, non-viral
vectors, although less efficient, produce low immune
responses, do not have restrictions on the size of the carried
genetic material, and are easy to manufacture with good
yields. Besides, it is possible to associate a large amount of
genetic material because of their high surface-volume
ratio.>”*° Importantly, in 2018 the FDA approved for the first
time the use of lipid nanoparticles with a short interfering
RNA (siRNA) for the treatment of polyneuropathies.' Recently,
in 2020, two COVID-19 mRNA-based vaccines making use of
nanotechnology to transport nucleic acids were successfully
approved,'” opening a new era for gene nanomedicines.
Cationic nanosystems are potential candidates for the
development of an effective gene therapy due to their ability to
associate nucleic acids by simply establishing electrostatic
interactions. DOTAP and DOTMA have been widely used to
develop cationic lipid nanosystems, most typically
liposomes;™”"**'* however, it has been proved that the in vivo

This journal is © The Royal Society of Chemistry 2023
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transfection with these lipids is poor.” In addition to cationic
lipids, cationic polymers have been extensively used as non-
viral vectors, such as polyethyleneimine (PEI), considered one
of the gold standards for gene transfection, poly(2-dimethyl-
aminoethyl methacrylate) (PDMAEMA) or poly(amidoamine)
(PAMAM).'**® We describe here the development of bio-
degradable and biocompatible nanocarriers based on
putrescine, an organic cation which is a precursor for higher
polyamine biosynthesis, relevant for some biological processes
such as cell proliferation, differentiation or chromatin
remodelling.’®*® This natural polyamine presents several
advantages in the development of non-viral vectors for gene
therapy. Its cationic character provides the possibility to
associate negative groups, in this case, nucleic acids. Indeed,
putrescine has a “natural” ability to associate nucleic acids
and stabilize them.>'">* Moreover, due to their cationic nature,
polyamines are described to act as free radical scavengers and
have therefore shown the ability to protect DNA against
damage from free radicals.>® One of the key aspects to develop
an efficient gene carrier is to achieve a good internalization by
the target cells, which allows the subsequent delivery of its
cargo. In this point, putrescine can provide a high uptake by
the cancer cells and also a selective interaction, due to the
described polyamine transport system (PTS);***” because of
the cellular functions in which polyamines are involved, all
eukaryotic cells need to maintain their intracellular levels.
This fact is enhanced in cancer cells, which have to keep
higher levels of polyamines to meet their metabolomic needs,
as lately demonstrated.>® Nanocarriers based on polyamines
such as spermidine and spermine have already been proposed
for gene delivery,”®*° while putrescine has been used for pro-
viding functional groups for surface conjugations.*' Moreover,
putrescine nano-crystalsomes have been recently developed for
the treatment of metastatic breast cancer, improving the intra-
cellular accumulation of doxorubicin.®®> To the best of our
knowledge, its use for gene delivery purposes has not been
explored yet.

In this work, we propose the incorporation of a putrescine
derivative, oleamide-modified putrescine, in sphingomyelin
nanosystems (SNs), previously developed by our group,'***~°
and composed by vitamin E, a GRAS-listed excipient,’® and
sphingomyelin, one of the main components of cell mem-
branes.”’ We aim to prove the therapeutic potential of
putrescine-SNs (PSNs) that associate a plasmid encoding the
apoptotic Fas Ligand (FasL)*>*? for treating highly aggressive
triple-negative breast cancer (TNBC). It accounts for 15-20% of
all breast cancers, and has the worst mortality rate.***> Due to
the loss of estrogen and progesterone receptors and the
human epidermal growth factor 2 (HER2), and thus, lack of
therapeutic targets, the treatment options are limited to
surgery, radiotherapy and, mainly, anthracyclines and taxanes-
based chemotherapy*>*® and therefore the development of
new therapeutic strategies answer to a clinical demand. In
addition, because of the high implication of genetic mutations
in this type of cancer, gene therapy represents a promising
therapeutic approach.*”*°
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Materials and methods
Materials

Vitamin E (pr-a-tocopherol), Mowiol®, culture media, phos-
phate-buffered saline (PBS), polyvinylpyrrolidone (PVP), ampi-
cillin, puromycin, trypsin, paraformaldehyde (PFA) and poly-i-
lysine and nuclease-free water were acquired from (Merck-
Millipore, Madrid, Spain). Sphingomyelin (Lipoid E SM) was
kindly provided by Lipoid GmbH (Ludwigshafen, Germany).
The lipidic putrescine, (9Z)-N-(4-aminobutyl)-9-octadecena-
mide, was synthesized by Galchimia SA (Galicia, Spain). C11
TopFluor Sphingomyelin (N-[11-(dipyrrometheneboron difluor-
ide)undecanoyl]-p-erythro-sphingosyl-phosphorylcholine  was
provided from Avanti Polar Lipids (Alabaster, AL, USA).
Ethanol of analytical grade was acquired from VWR
(Barcelona, Spain). Hoechst was purchased from Thermo
Fisher Scientific (Massachusetts, USA). The plasmid
pcDNA4TO-mito-mCherry-10xGCN4_v4°°  was acquired in
AddGene (plasmid #60914; https:/n2t.net/addgene:60914;
RRID:Addgene_60914) (Massachusetts, USA). ORF expression
clone for FasL (NM_000639.2) was acquired in Tebu-Bio.
pReceiver-M61 control vector (EX-NEG-M61) was purchased in
GeneCopoeia (Rockville, USA). MDA-MB-231 and HCC38 breast
cancer cell lines were purchased from the American Type
Culture Collection (ATCC).

Putrescine derivative

Galchimia SA has synthesized a putrescine derivative to facili-
tate its incorporation into the nanosystems. Putrescine was co-
valently bound to oleic acid through an amide linker, between
a primary amine from the polyamine and the carboxylic acid
from the fatty acid. Then, it was characterized by 'H-NMR
(proton resonance 300 MHz) in CDCl; and HPLC-MS/
UPLC-MS with a SunFire Column C18 (3.5 pum, 2.1 X
100 mm) (Waters, USA). Sample was dissolved in methanol
and mobile phases used were: solvent A (acetonitrile 50%,
methanol 50%), solvent B (water), and solvent C (100 mM
ammonium acetate pH 7). Flow rate was set at 0.30 mL
min~". Separation was achieved using the following mobile
phase gradient: ¢ = 0 min, 10% A, 85% B, and 5% C; t =
5 min, 10% A, 85% B, and 5% C; ¢ = 15 min, 95% A, 0%
B, and 5% C; t = 25 min, 95% A, 0% B, and 5% C. Solid
NMR spectra were measured at 298 K in a Bruker NEO-750
spectrometer (750 MHz proton frequency) equipped with a
Varian T3 solid triple resonance probe 'H/X/Y that uses zit-
conia rotor of an outer diameter of 3.2 mm with an
effective sample capacity of 22 uL which corresponds to
approximately 30 mg of the powder sample. The probe was
adapted to the Bruker spectrometer by a A2B conversion kit
(Revolution NMR, LLC). The spectrometer control software
was TopSpin 4.x. All the spectra were processed with
MestreNova software v14.0 (Mestrelab Research Inc.).
Carbon-13 chemical shifts were referenced externally to the
methylene signal of crystalline o-form of glycine at
43.5 ppm. The spectra were measured under MAS of
20 kHz.

Biomater. Sci, 2023, 1, 4210-4225 | 4211
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Plasmid DNA extraction

To study the ability of the developed cationic nanosystems to
incorporate nucleic acids in their surface, the plasmid
mCherry (pcDNA4TO-mito-mCherry-10xGCN4_v4) was selected
as a model for the whole characterization. Additionally,
pReceiver-M90-FASLG or pReceiver-M61-control constructions
were extracted to evaluate the therapeutic effect. First, bacteria
were growth in 25 mL of previously autoclaved sLB agar
medium (55 mg mL™'), with ampicillin (100 mg mL™") at
37 °C overnight (O/N) with shaking. Then, when colonies were
grown, one single colony was picked and seeded in 100 mL of
sLB broth (buffered) (54.48 mg mL™'), again with 100 mg
mL™" of ampicillin, at 37 °C for one day in the orbital shaker.
After that, plasmid extraction was performed with the Plasmid
DNA MaxiPrep Kit (Norgen Biotek Corporation, Canada), fol-
lowing the steps of the protocol. Next, concentration of the
obtained pDNAs was measured with the NanoDrop™ 2000
(Thermo Fisher Scientific, Massachusetts, USA). Part of the
obtained mCherry plasmid was labelled with Cy5 with the
Label IT® Tracker™ Intracellular Nucleic Acid Localization Kit
(Madison, USA), following the protocol.

Preparation of putrescine-sphingomyelin nanosystems (PSN)

Oil in water (O/W) nanosystems were prepared by ethanol
injection. In this method, 100 pL of an ethanolic phase con-
taining 5 mg of vitamin E (Vit E) and different amounts of
sphingomyelin (SM) and the lipidic-putrescine (C18-Pt) (as dis-
closed in Table 1) were injected under magnetic stirring at 700
rpm in 1 mL of Molecular Grade Water. The suspension was
kept under stirring at room temperature for 5 min.

Association of the pDNA (PSN-pDNA)

Once the plasmids were extracted, 5 pg of pDNA were dissolved
in 100 pL of H,O nuclease-free and added over 100 pL of pre-
formed nanosystems, for 20 min under magnetic stirring at
500 rpm to achieve the association. After this time, obtained
nanocarriers (PSN-pDNA) were physiochemically characterized
by DLS, NTA, and STEM, as previously detailed. PSN and PSN-
PDNA were also evaluated in terms of colloidal stability, by
determining their size, PdI and ZP along the time under
storage conditions (12 weeks at 4 °C), and upon incubation
with supplemented cellular medium (DMEM) at 37 °C for 4 h.

Table 1 Physicochemical characterization of nanosystems with 5 mg of
vitamin E and different amounts of sphingomyelin (SM) and the lipid-
derivative of putrescine (C18-Pt). Mean + SD (n > 3)

# SM (ng) C18-Pt (ug) Size (nm) PdI* ZP? (mV)
A 500 50 92 +10 0.21 +52+2
B 250 85+ 13 0.22 +67 £1
C 500 89 +19 0.22 +59 +1
D 1000 50 88 +13 0.21 +53+3
E 250 93 +13 0.22 +61+2
F 500 93+ 15 0.25 +68 +1

“ pdI: polydispersity index. ” ZP: zeta potential.
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Physicochemical characterization

The nanosystems were characterized using a Zetasizer®
(NanoZS Malvern Instruments, England) to determine the par-
ticle size and polydispersity index (PdI) by dynamic light scat-
tering (DLS). All samples were analysed after dilution by
10-fold with Milli-Q water in disposable microcuvettes
(ZEN0040), at room temperature, and with a detection angle of
173°. Moreover, the Z potential (ZP), indicative of the surface
charge of the nanocarriers was determined using the same
instrument, by Laser Doppler Anemometry (LDA) after dilution
by 40-fold with Milli-Q water, in folded capillary cells cuvettes
(DTS 1070, Malvern Instruments). Each sample is given by
3 measurements and the average of independent samples is
provided (n = 3).

Samples were also analysed by Nanoparticle Tracking
Analysis (NTA) to determine the concentration of particles per
millilitre and the size distribution. The measurement was
carried out with a NanoSight NS3000 System (Malvern
Instruments, Worcestershire, UK) equipped with a 488 nm
laser and a sCMOS camera. The samples were diluted
1000-fold in ultrapure water and measured with a camera level
of 14.

Scanning transmission electron microscope (STEM)

Morphological examination was performed by scanning trans-
mission electron microscopy (STEM) using a Field Emission
Scanning Electron Microscopy (FESEM) Ultra Plus (Zeiss,
Germany) operating at 20 kV. Before that, 20 pL of the nano-
carrier were mixed with 20 pL of phosphotungstic acid 2%
(w/v) to stain. The mixture was placed in a copper grid for
6 hours, washed with 500 pL of water and dried overnight
under vacuum.

Efficiency of association of pDNA

The association efficiency was determined by agarose gel elec-
trophoresis. A fixed amount of pDNA (0.2 pg) was loaded onto
1% agarose gel with Sybr Gold, loading buffer and tris-borate-
EDTA (TBE) as buffer. Gel was run at 100 mV for 40 min and
was analysed with the ChemiDoc™ MP Imaging System (Bio-
Rad, California, USA). The efficiency of association was inver-
sely proportional to the amount of pDNA that was displaced
attached to the Sybr Gold.

Twelve weeks after the association, the electrophoresis was
repeated to monitor the bond between PSN and pDNA. The
stability of the association was also tested in cellular medium
(DMEM) supplement or not with 1% fetal bovine serum (FBS,
Gibco) after the incubation for 4 h at 37 °C.

DNase protection assay

Degradation assay of PSN-pDNA against nucleases was carried
out with PerfeCTa® DNase I kit (Quantabio, Massachusetts,
USA). Briefly, equivalents of both naked pDNA and PSN-pDNA
containing 2 pg of plasmid were incubated with 10 pL reaction
buffer and 2 U of DNases at 37 °C for 5 and 30 min, in a reac-
tion volume of 100 pL. After these time points, the reactions

This journal is © The Royal Society of Chemistry 2023
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were stopped with 10 pL of stop buffer. After that, to extract
the remaining pDNA, a mixture of phenol: chloroform :
isoamyl alcohol (25:24:1, v/v/v) (Thermo Fisher Scientific,
Massachusetts, USA) was added to the samples at equal
volume, mixed by inversion and centrifuged at 12 000 RCF for
3 min. The supernatant (aqueous phase) was moved to a new
tube and mixed by inversion with an equal volume of chloro-
form. Samples were centrifuged again at 12 000 RCF for 3 min
and the supernatants were placed in new tubes, mixed with 2
volumes of isopropanol, and centrifuged at 12000 RCF for
15 min. Supernatants were carefully removed and 500 pL of
70% ethanol were added. Samples were centrifuged at 12 000
RCF for 15 min and the supernatant was removed again.
Finally, pellets were dissolved in 100 pL of nuclease-free water
and analysed by 1% agarose gel electrophoresis was carried out.

Cell culture

MDA-MB-231 and HCC38 TNBC cell lines were obtained from
the American Type Cell Culture (ATCC). Cells were cultured fol-
lowing the supplier conditions. Briefly, cells were cultured in
DMEM medium or RPMI-1640 medium (Gibco), respectively,
supplemented with 10% fetal bovine serum (Gibco), 10 mM
glutamine (Life Technologies) and 1% penicillin/streptomycin
(Invitrogen). Cells were authenticated by STR-profiling accord-
ing to ATCC.

Transfection assay

Transfection efficiency was studied in MDA-MB-231 cells.
Eighty thousand cells per well were seeded on a 24-well plate.
After 24 h, cells were washed and 200 pl of medium without
supplement were added. Then, 1 pg of PSN-pDNA-mCherry
were incubated for 4 h, when cells were washed with PBS and
500 pl of DMEM were added. As a negative control, 40 uL of
water were incubated with the cells in the same conditions.
While, as a positive control, Lipofectamine™ 2000
Transfection Reagent was used according to manufacturer
indications (Thermo Fisher Scientific, Massachusetts, USA).
Expression of the reported protein, mCherry, was observed
under the fluorescent microscope (Leica DMi8), 24 hours post-
transfection.

Immunofluorescence staining

Cells were grown to 50-70% confluency on coverslips in
24-well plates and subjected then to different experimental
immunofluorescence analyses. To assess the intracellular
uptake and trafficking of nanosystems, cells were treated with
0.44 mg mL ™' PSN-pDNA (TopFluor-labelled PSN/Cy5-labelled
pDNA) for different time points. Specifically, to test the intra-
cellular trafficking, cells were treated with PSN-pDNA for 4 h
then medium was replaced, and cells were cultured on com-
plete medium for 2 and 4 h. After, cells were fixed with 4%
paraformaldehyde for 20 min at RT followed by 5 min permea-
bilization with 0.1% Triton™ X-100. Then, coverslips were
incubated with corresponding primary antibodies, caveolin-1
(3267, Cell Signalling Technology, Massachusetts, USA), cla-
thrin heavy chain (ab21679, Abcam, Cambridge, UK), EEA1

This journal is © The Royal Society of Chemistry 2023
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(3288, Cell Signaling Technology), LAMP1 (9091, Cell Signaling
Technology), calreticulin (PA3-900, Invitrogen) or GM130
(610822, BD Biosciences). After, incubation with secondary
antibody was carried out using Alexa Fluor 546-labelled
(A-11035, Invitrogen) for 1 h at RT. Cell nuclei were stained
with DAPI (D1306, Invitrogen). Images were captured on a
LSM710 confocal microscope (ZEISS, Oberkochen, Germany).
The analysis and quantification were done using Image]
software.

Cellular viability assays

The cytotoxic effect of PSN-pDNA encoding for the Fas Ligand
protein (PSN-pDNA-FasL), compared to the empty vector (PSN-
pDNA-control), were checked on MDA-MB-231 and HCC38
using the AlamarBlue™ reagent (Bio-Rad, Madrid, Spain)
according to the manufacturer’s instructions. Briefly, 10 000
cells per well were seeded on 96-well plates in triplicates. After
24 h, cells were treated with different concentrations of both for-
mulations (from 0.25 to 1 mg mL ™" in medium without sup-
plement) for 4 h. Then, cells were washed once with PBS and
cultured with complete medium for 72 h. Spectrophotometric
analysis was performed at wavelengths of 570 and 600 nm with
a Synergy HT reader (BioTek Instruments).

Cell apoptosis analysis

Cell death rate was quantified by flow cytometry using the
Annexin V-FITC stained apoptosis detection kit (Immunostep,
Salamanca Spain) and propidium iodide (PI, Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly,
MDA-MB-231 cells were transfected with different concen-
trations of PSN-pDNA-FasL or PSN-pDNA-control construc-
tions. Cells were treated for 4 h and incubated for 72 h with
fresh medium allowing the expression of the plasmid. Annexin
V-FITC positive cells alone (A+/PI-) and Annexin V-FITC and
PI doubled stained (A+/PI+) were defined as apoptotic cells.
The apoptosis analysis was conducted using an FC500 flow cyt-
ometer (Beckman Coulter, California, USA).

In vivo studies in zebrafish embryos

In vivo assays were performed in zebrafish (Danio rerio)
embryos by microinjection of PSN-pDNA in xenografted
embryos with cancer cells. For the manipulation of the
embryos, these were kept in E3 medium with 1x PTU and 5%
tricaine metasulfonate, an anaesthetic compound used for
zebrafish. The microinjection was carried out with a binocular
loupe (SMZ745, Nikon, Japan), the IM 300 Microinjector
(Narishige, Japan) and needles made with the PC-10 Puller
(Narishige) from glass capillaries (Harvard Apparatus,
Massachusetts, USA). GFP-labelled MDA-MB-231 cells were
resuspended in PVP 2% and 200-300 cells were injected into
the yolk sac. After 24 hours, PSN-pDNA-control and PSN-
PDNA-FasL, previously concentrated 10 times by the SpeedVac
Concentrator (Savant SPD111V-120, Cambridge Scientific,
Massachusetts, USA), were microinjected into the yolk sac.
Zebrafish embryos were photographed by fluorescence
microscopy (Leica DMi8) each 24 h for 72 h. After that, pic-
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tures were analysed by Image] and quantified by QuantiFish
(version 2.1.1).%*

Zebrafish embryos used in the study (120 hpf) are not con-
sidered animals, based on the current EU legislation (Directive
2010/63/EU of the European Parliament and the Council of 22
September 2010) as at this stage of development they are not
independently feeding larval forms.

In vivo studies in mice

All the experimental procedures with mice were approved by
the internal ethical research and animal welfare committee
(IIB, UAM), and by the Local Authorities (Comunidad de
Madrid, PROEX 235.6/20). They complied with the European
Union (Directive 2010/63/UE) and Spanish Government guide-
lines (Real Decreto 53/20133). Orthotropic breast tumour xeno-
grafts were performed in female nu/nu mice (Charles River)
following standard procedures.”> MDA-MB-231 (1 x 10°) cells
were injected into the right fifth mammary fat pad (mfp) of
7-week-old female NMRI-nu immunodeficient mice (Janvier
Labs) and tumour growth was assessed as described
previously.”>*® When tumour diameter reached approximately
0.5 cm, the animals were randomized into four groups of treat-
ment: PSN-pDNA-control and PSN-pDNA-FasL which were
intratumorally administrated, and PSN-pDNA-control and PSN-
pDNA-FasL intraperitoneally injected. PSN-pDNA-control and
PSN-pDNA-FasL (TopFluor-labelled) were concentrated 6 times
by the SpeedVac Concentrator Jouan RC1010 until achieving
15.68 mg mL ™" of PSN and 150 pg mL™" of pDNA. From the
concentrated PSN, 100 L were intratumorally or intraperitone-
ally injected twice a week for 3 weeks, obtaining the final treat-
ment concentration of 78.30 mg kg™ of PSN and 0.75 mg kg ™"
of pDNA. Tumour growth was monitored twice a week and
measured using a calliper. The tumour volume was calculated
using the formula L x W* x (n/6), where L is the length and W,
the width of the tumour xenografts. At the end of the experi-
ment, mice were sacrificed after 24 h of the last treatment, and
subsequently, PSN-pDNA biodistribution in the tumours and
in the different organs was quantified by ex vivo fluorescence
using an IVIS-Lumina XR In Vivo Imaging System
(PerkinElmer). To reduce the tissue autofluorescence back-
ground, the fluorescence emitted by the same organs and
tumours of untreated mice was subtracted.

Results and discussion
Development of cationic putrescine nanosystems

The development of novel targeted therapeutic innovations
continues to be one of the main challenges in current oncol-
ogy. For the particular case of TNBC there is still an urgent
need to develop efficient therapies.>®>> Gene therapies have a
real potential for the development of targeted anticancer
therapeutics.’®”” Previous results from our group highlight the
potential of SNs for the development of new cancer
therapeutics.>*®® For gene therapy applications, they have
already been tested for delivery of microRNA (miRNA) and
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PDNA upon modification with the cationic lipids DOTAP and
stearylamine.'*® Here, we have selected putrescine, a natural
polyamine presented in eukaryotic cells for which cancer cells
are ravenous due to their increased metabolic activity,”*>° as
the cationic material for the development of a new type of cat-
ionic SNs'*?*3* for cancer gene therapy applications. Despite
the many advantages of putrescine, its hydrophilic character
hampers its use. To successfully incorporate the putrescine
into SNs, we used a lipid-putrescine derivative, (9Z)-N-(4-ami-
nobutyl)-9-octadecenamide (Fig. S11), which was commercially
synthesized and characterized by Galchimia SA (‘H-NMR,
BC-NMR, and HPLC-MS/UPLC-MS, Fig. S2). Peaks were
assigned as follows: "H NMR (300 MHz, CDCl;) & = 5.87 (s, 1H,
NH), 5.42-5.25 (m, 2H, 2CH), 3.24 (q, J = 6.3, 2H, CH,), 2.71 (t,
J = 6.5, 2H, CH,), 2.13 (t, ] = 7.6, 2H, CH,CO), 1.99 (q, J = 6.4,
4H, 2CH,), 1.68-1.41 (m, 8H, NH,, 3CH,), 1.27 (d, J = 9.4, 20H,
10 CH,), 0.87 (t, J = 6.4, 3H, CHj3). The presence of the amide,
the primary amine, and the aliphatic chain was confirmed.
Spectra was processed with MestreNova (Mestrelab Research
Inc., Spain). A molecular weight of 353.3 Da was obtained, in
concordance with the expected one, confirming the successful
reaction. Similar strategies have been previously used for the
development of spermine and spermidine-conjugates.?®:¢0763
Moreover, it was postulated that the incorporation of a lipidic
tail could increase the binding of the pDNA to the polyamine
and improve its protection.®*

PSN were successfully prepared by an easy and mild meth-
odology (Fig. 1), and the influence of different variables in
composition, namely the amount of sphingomyelin (SM) and
lipid-putrescine derivative (C18-Pt) (Table 1). In all cases, we
obtained homogeneous formulations with mean sizes below
100 nm, and positive zeta potential values (>+50 mV). The
hydrodynamic size is in concordance with other formulations
containing polyamine-lipid conjugates.®>®® With respect to
the zeta potential, cationic values lead to a better interaction
with the negatively charged cell membranes, and thus, a
higher internalization.®”~*’ Control formulations (nanosystems
with only SM or C18-Pt or Pt (non-modified putrescine)) were
also prepared and characterized (Table S17). As expected, the
formulation prepared in absence of C18-Pt (#G) showed rele-
vant differences in the zeta potential value (negative).
Nanosystems composed by only VitE and C18-Pt (#H, #I and
#]) had a homogeneous size with a good PdI and a positive
zeta potential. This confirms that C18-Pt is disposed at the
interface stabilizing the oil droplets. An additional confir-
mation relates to the fact that, when putrescine is added
instead of the lipidic derivative (C18-Pt), a nanometric formu-
lation could not be obtained (#K). Overall, the successful
addition of putrescine into SNs has been confirmed and its
ability to associate nucleic acids and deliver them into cancer
cells will be evaluated in the next experiments.

Association of plasmid DNA

The use of pDNA has been widely explored for the expression
of therapeutic proteins that stimulate apoptotic pathways in
cancer cells.”””" The facility to construct a plasmid with the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic methodology implemented to putrescine nanosystems preparation by ethanol injection method, and association of the pDNA by

incubation with the preformed nanosystems.

sequence of the desired protein, and its remarkable stability
under physiological conditions, make them promising candi-
dates for the development of anticancer therapies.”>”?

The association of pDNA was attempted onto preformed
PSN (Table 2). After the incorporation of the pDNA by gentle
mixing, an increase in the mean size was observed, suggesting
a successful association. Furthermore, there was a decrease in
the zeta potential because of the neutralization of the positive
charges of the amine groups in the putrescine by the phos-
phate groups of the pDNA. In the case of PSN prepared with
the lowest amount of putrescine (formulations #A and #D),
zeta potential values were close to neutral, and an increase in
size was observed, probably due to partial aggregation, in
agreement with other works in the field.”*”>

The efficiency of the association was confirmed by agarose
gel electrophoresis (Fig. 2). As observed, pDNA is efficiently
associated when nanosystems are prepared with an amount of
putrescine equal to or greater than 250 pg (formulations B, C,
E and F). Oppositely, pDNA freely migrates when it is associ-
ated to formulations prepared with 50 pg of C18-Pt. This result
shows a clear correlation with the physicochemical characteriz-
ation, since these formulations have also shown an inversion
of the zeta potential, suggesting an excess of pDNA.

Table 2 Physicochemical characterization after the association of 5 ug
of pDNA to preformed PSN with 5 mg of vitamin E (Vit E) and different
amounts of sphingomyelin (SM) and putrescine (C18-Pt). Mean + SD (n
>3)

# SM (ng) C18-Pt (ug) Size (nm) PdI* ZP? (mV)
A 500 50 184+ 1 0.14 —9+1
B 250 157+ 8 0.09 +46 + 4
C 500 127+5 0.17 +44 +1
D 1000 50 257 + 33 0.20 —2+7
E 250 132+ 2 0.15 +47 +1
F 500 112+6 0.18 +48 + 4

“ pdI: polydispersity index. ” ZP: zeta potential.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 pDNA plasmid association to preformed nanosystems. An 1%
agarose gel image was used to estimate the plasmid loading to PSN.
Image of different ratios of VitE : SM: C18-Pt. A and D: 50 pg, B and E:
250 pg, C and F: 500 pg of C18-Pt.

In view of the obtained results, formulation #B (ratio m/m
VitE:SM: Pt 1:0.1:0.05) was selected for the next experiments
and characterized by complementary methodologies. First,
Nanoparticle Tracking Analysis (NTA) was used for a more
precise analysis of the size distribution.”®”” As observed in
Fig. 3a, PSN showed a clear population with an average size of
95 nm, whereas PSN-pDNA have a mean size of 150 nm. These
results correlate well with results obtained by DLS (Tables 1
and 2). STEM examination (Fig. 3b and S37) allows appreci-
ation of a more circular and rigid structure after the associ-
ation of the pDNA to PSN, a fact confirming its disposition
onto the nanoparticle surface. Besides, the spherical shape
has been postulated to have the fastest and greatest uptake.”®
Moreover, the darker surface of PSN-pDNA reveals a higher
electron dense surface in a similar fashion than other cationic
lipid nanosystems.”*”>

The stability of the association of the pDNA was evaluated
after storage at 4 °C, and upon incubation with cellular media.
PSN-pDNA were colloidally stable, without significant changes
in size, PdI and zeta potential (Fig. S41). Moreover, as observed
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Fig. 3 Physicochemical characterization of PSN and PSN-pDNA (a) by NTA, and (b) by Scanning Transmission Electron Microscopy (STEM). Scale
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Fig. 4 Stability of PSN-pDNA after (a) 12 weeks storage (4 °C), and incubation with (b) cellular media (DMEM, 4 h at 37 °C) and, (c) DNases (1 U/1 pg

of pDNA, incubated for 5 and 30 min at 37 °C).

in Fig. 4a, results show a good association efficiency after
3 months of storage (there was no migration of released pDNA,
as observed in the agarose gel). The stability in cell culture
medium was similarly confirmed (Fig. 4b). Importantly, pDNA
was not delivered after 4 h of incubation with the medium at
37 °C, conditions at which transfection experiments in vitro
will be carried out. Similar results were obtained were incu-
bated with supplemented medium (Fig. S51). Although a con-
tinuous increase in size is observed, the PdI, indicative of
aggregates, is maintained along the time, suggesting that the
increase in size could most probably be related to the adsorp-
tion of serum proteins onto the nanoparticle surface. An inver-
sion on the zeta potential was also reported, reinforcing this
hypothesis.

Protection from DNases degradation was similarly evalu-
ated. Relevantly, no degradation was observed after incubation
of pDNA-PSN with PerfeCTa® DNase I (Fig. 4c), as only a
minor conversion from the supercoiled to the open-circular
form was observed.”® In this regard, the protective role of poly-
amine aggregates against nuclease degradation has already
been described.”>®° Adsorption on nanostructures has also
demonstrated to improve their stability against nucleases.”*®"
In conclusion, we provide here the development and full
characterization of a very simple, easy, and biodegradable for-
mulation with high stability in different conditions.

4216 | Biomater. Sci, 2023, 11, 4210-4225

Internalization and cellular uptake

The next step in the development of an efficient vehicle is to
achieve a great cellular uptake and facilitate endosomal
escape. Understanding the interaction of gene therapy nano-
systems with the targeted cells, efficiency of internalization,
endocytic pathway and intracellular trafficking, provides rele-
information prior  determining  transfection
efficiency.®*"®® In agreement with other studies in the field, we
observed that PSN-pDNA were efficiently internalized by triple
negative MDA-MB-231 cells (Fig. S671)."**®*”®® To further
characterize the intracellular uptake of TopFluor labelled PSN-
PDNA, their colocalization with caveolin and clathrin was eval-
uated by confocal analyses at different time points (30 min,
1 h, 2 h, and 4 h) (Fig. 5c). Pinocytosis, a type of endocytic
pathway which occurs in almost all cell types, is typically
divided in macropinocytosis, caveolae-mediated endocytosis,
clathrin-mediated endocytosis, and mechanisms independent
of clathrin or caveolin.®**°" TopFluor-labelled PSN-pDNA
mostly displayed with clathrin independently of the time point
(around 90%). Furthermore, the colocalization rate with caveo-
lin reached its maximum at 2 h (about 60%) (Fig. 5a).
Therefore, these findings suggest that PSN-pDNA uptake is
mainly due to clathrin-mediated endocytosis. These results are
in line with previous studies, which describe the clathrin-

vant
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Fig. 5 Intracellular delivery of PSN-pDNA in MDA-MB-231 cells treated for 30 min, 1 h, 2 h and 4 h with 0.44 mg mL™* of TopFluor-labelled PSN-
pDNA. (a) Evaluation of the endocytic routes involved in the uptake of PSN-pDNA measured by the quantification of colocalization percentage of intra-
cellular TopFluor-labelled PSN with caveolin or clathrin. Colocalization of TopFluor-labelled PSN with each marker was performed in independent
slides. For each endocytic marker, the colocalization rate was calculated as follows: number of TopFluor-labelled PSN dots co-localizing with the
marker per field, divided by total number of TopFluor-labeller PSN dots per field (a minimum of three fields were taken per each condition); (b) intra-
cellular trafficking of PSN-pDNA was evaluated through their colocalization with different organelle markers (EEAL, early endosome; LAMP1, lysosome;
GM130, Golgi apparatus; calreticulin, endoplasmic reticulum). For each endocytic marker, the percentage of colocalization was calculated as follows:
number of Cy5-labelled pDNA dots co-localizing with TopFluor-labelled PSN and each trafficking marker per field (loaded pDNA) or only colocalizing
with each intracellular marker (free pDNA). (c) Representative confocal images of the colocalization between TopFluor-labeled PSN-pDNA (green) and
the endocytic markers caveolin and clathrin (red); (d) representative confocal images of the subcellular localization of TopFluor-labeled PSN (green)/
Cy5-labeled pDNA (deep red) and their colocalization with the different intracellular markers (red), (performed in independent slides). A minimum of
three fields were taken per each condition. Bars represent average colocalization per microscope field + SEM. Scale bar, 10 um.
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mediated endocytosis for nanoparticles between 70-150 nm,
in contrast with caveolin endocytosis for smaller nano-
particles.®® Additionally, positively charged nanoparticles have
a higher preference by the clathrin pathway.®® However, it is
noteworthy the high percentage of colocalization rate with
caveolin, which could be related to a fusion between caveolin
and clathrin vesicles.”” Next, the intracellular vesicle trafficking
was assessed by means of confocal colocalization studies with
different intracellular markers of the endosome (EEA1), lyso-
some (LAMP1), Golgi apparatus (GM130) and endoplasmic
reticulum (calreticulin) to identify the intracellular destiny of
PSN-pDNA. The colocalization between TopFluor-labelled PSN,
Cy5-labelled pDNA (loaded pDNA) and the above-mentioned
intracellular markers was measured after 4 h of PSN-pDNA
treatment following 2 or 4 h of culture (Fig. 5b and d). Besides,
we also tested the colocalization of Cy5-labelled pDNA; which
does not colocalize with TopFluor-labelled PSN (free pDNA) to
follow the pDNA delivery. Analysis of vesicle trafficking
revealed that although about 30% of PSN-pDNA might be
degraded by the lysosomal pathway (LAMP1), the rest of PSN-
PDNA could enter the maturation pathways (GM130 and calre-
ticulin) or might be released in the cytosol (EEA1, about 30%
in loaded pDNA) (Fig. 5b). Our findings support that a large
part of PSN-pDNA could be released from the endosomes, a
key factor for the successful development of gene therapies.

Transfection efficiency and therapeutic effect

Preliminary results obtained with a plasmid DNA encoding for
the red protein mCherry validated the capacity of PSN-pDNA to
transfect MDA-MB-231 cells, with a transfection efficiency
comparable to the commercial reagent for in vitro testing,
Lipofectamine 2000 (Fig. S71). Next experiments were carried
out with a therapeutic plasmid that expresses the Fas Ligand
(FasL) protein, member of the tumour necrosis factor super-
family, whose main function is the induction of apoptosis.*>
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Biomaterials Science

In this regard, pDNA-control and pDNA-FasL constructs were
associated to PSN and added to MDA-MB-231 cells.
Importantly, cells transfected with PSN-pDNA-FasL showed a
significant reduction in cell viability (Fig. 6a) concomitant
with an increase in cell deaths rates (Fig. 6b), compared with
the control cells transfected with the empty plasmid (PSN-
pDNA-control). This effect was concentration dependent. For
validation, similar results were obtained with HCC38 cells
(Fig. S8t). These data indicate that the intracellular uptake of
PSN-pDNA allows the correct release of the functional plasmid
leading to the expression of the FasL protein and, conse-
quently, to the expected therapeutic effect.

Validation was further performed in a xenograft zebrafish
model, as an intermediate step between in vitro and in vivo
validation, which allows obtaining a first validation of the
potential of new therapeutic approaches with a minor cost and
fewer restrictions in relation to mice models.”® Overall, zebra-
fish embryos are nowadays recognized as a valuable model par-
ticularly suitable for the evaluation of nanotherapies.”**™”
Some of the intrinsic characteristics of the model enable not
only to perform toxicological assessment but also to perform
functional assays and real-time monitoring of nanocarriers
along the fish circulation.**® For example, their transparency
allows to visualize the biodistribution of fluorescent nano-
systems or the real-time tracking of tumour growth.*°
Besides, their remarkable grade of homology with the human
genome (around 70%) and with orthologous human disease-
related genes, higher than 80%,°*'%° make of them an attrac-
tive model for gene therapy approaches.

GFP-transduced MDA-MB-231 cells were injected into the
yolk sac, the most recommended site to study cellular survi-
val.'®" After 24 h, PSN-pDNA-control or PSN-pDNA-FasL were
injected at a concentration of 26 mg mL™". Each 24 h, zebra-
fish were analysed in terms of GFP positive pixels. A significant
decrease in the fluorescent attributed to cancer cells was
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Fig. 6 Cytotoxic effect of PSN-pDNA-FasL treatment in MDA-MB-231 cells was evaluated with different concentrations (from 0.25 to 1 mg mL™)
by means of (a) cell viability assays and (b) Annexin V-FITC plus Pl. MDA-MB-231 cells were treated with PSN-pDNA-control or PSN-pDNA-FasL for
4 h when treatment medium was replaced by fresh medium, and cells were cultured for 72 h. Statistical significance was determined by two-tailed
unpaired t-test (*P < 0.05; **P < 0.01). Data are shown as the mean + SEM. Annexin V-FITC positive cells (A+/Pl-) and Annexin V-FITC and PI
doubled stained (A+/Pl+) were defined as apoptotic cells. The number over the bars indicate the fold increase in cell death between the indicated
conditions. Three independent experiments with similar results were performed.
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Fig. 7 Cytotoxic effect of PSN-pDNA-FasL treatment in zebrafish embryos. Fluorescence pixels from GFP labelled MDA-MB-231 previously injected
in the yolk sac show (a) the decrease in the cellular viability, which can be observed in (b) the representative pictures from confocal microscopy. 33
zebrafish were treated per condition. Bars represent mean + SD. ***p < 0.001; ****p < 0.0001 compared to time 0 h of the same group. Scale bars

represent 300 pm.

observed for fish treated with PSN-pDNA-FasL treated cells in
relation to those treated with PSN-control (Fig. 7a).
Representative confocal pictures of xenograft zebrafish
embryos after 72 h of treatment are shown in Fig. 7b. These
results are highly encouraging, providing the first evidence of
the potential of the newly developed gene nanotherapy in an
in vivo model. Indeed, results are comparable to previous
studies employing this procedure, which have shown the
ability of metal nanoparticles to induce apoptosis and inhibit

This journal is © The Royal Society of Chemistry 2023

the tumour growth of cancer cells injected into the yolk sac of
zebrafish embryos.'*?

Final experiments were conducted to validate the potential
of the newly developed PSN-loaded with a therapeutic plasmid
(pDNA-FasL) in mice bearing orthotopically injected
MDA-MB-231 breast cancer cells. Two different routes of
administration were explored, intratumorally, injecting the for-
mulations directly in the tumour, as reported for different
types of nanosystems that are validated in vivo for the first
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Fig. 8 Cytotoxic effect of PSN-pDNA-FasL treatment in mice. (a) Quantification of tumour volume evolution of MDA-MB-231 mouse xenografts,
treated intraperitoneal (pDNA-control n = 6; pDNA-FasL n = 9). Statistical significance was determined by multiple unpaired t-test — comparing
both treatments at every time point. (b) Biodistribution of TopFluor-labelled pDNA-control or pDNA-FasL treated via intraperitoneal. Quantification
of the TopFluor fluorescence of the indicated organs ex vivo was performed by normalizing it to the organs’ background from untreated mice. Bars

represent mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

time,'%*'** and intraperitoneally, adding additional biological

barriers, an accepted route of administration for cancer thera-
peutics suitable for repeated doses of treatment,'®>'°® which
we have used previously for testing novel nanotherapies loaded
with biomolecules for the treatment of cancer.”>'”” As
observed (Fig. 8a and S9a, S107), and irrespective of the route
of administration, a significant reduction of tumour growth
was reported after treatment with PSN-pDNA-FasL in relation
to control treatment (PSN-pDNA-control). Furthermore, ex vivo
tissue biodistribution of PSN-pDNA confirmed that TopFluor
fluorescent signal (attributed to the fluorescently labelled
PSN), was mostly detected in the breast xenografts (Fig. 8b and
S9b, S10%). As expected, this accumulation was more exacer-
bated in the case of the intratumoral injection. Differences for
PSN-FasL and PSN-control were not reported. Therefore, these
findings prove that pDNA-FasL is able to correctly target the
tumour, and lead to the expected therapeutic effect, validating
the previously reported results in cell culturing and in zebra-
fish models, and opening up new venues for the development
of novel gene therapies for triple-negative breast cancer, a cur-
rently unmet clinical need that has to be urgently addressed.

Conclusions

We described for the first time the development of a new type
of gene therapy nanocarriers (PSN) based on putrescine, a
polyamine for which cancer cells have a high avidity, in combi-
nation with biodegradable and biocompatible lipids (sphingo-
myelin and vitamin E). We proved that PSN can efficiently
associate pDNA and are stable in conditions.
Importantly, internalization and cell trafficking experiments
revealed a successful delivery of the associated pDNA to cancer
cells via clathrin-mediated endocytosis, endosomal escape,
and the capacity to mediate the expected therapeutic effect. In
vivo studies in different preclinical models confirm the poten-
tial of the developed gene nanotherapy. Overall, our results

several

4220 | Bjomater. Sci, 2023, 1, 4210-4225

indicate that PSN-pDNA-FasL represent a promising thera-
peutic approach opening new ways for the targeted therapy of
TNBCs which constitute one of the main challenges in the
current oncology due to the lack of this kind of treatment.
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