Journal of Colloid and Interface Science 679 (2025) 975-987

Contents lists available at ScienceDirect

OLLOID AND
INTERFACE

Journal of Colloid And Interface Science

& m_ﬂ

ELSE\/[ ER journal homepage: www.elsevier.com/locate/jcis

Regular Article ' :.) ‘
Lipid nanoparticles as nano-Trojan-horses for siRNA delivery and

gene-knockdown

Natalia Sanchez-Arribas®, Brenda Velasco Rodriguez ", Emilio Aicart?,
Andrés Guerrero-Martinez®, Elena Junquera ™", Pablo Taboada ™

2 Dpto. Quimica Fisica, Fac. CC. Quimicas, Universidad Complutense de Madrid, Av. Complutense s/n, 28040 Madrid, Spain
b Departamento de Fisica de Particulas-Facultad de Fisica, Instituto de Materiales (IMATUS) e Instituto de Investigaciones Sanitarias (IDIS), Universidad de Santiago de
Compostela, Campus Vida, E-15782 Santiago de Compostela, Spain

GRAPHICAL ABSTRACT

Spheroids

&
Proteins

SiRNA

GCL/MOG-siRNA Lipoplexes

ARTICLE INFO ABSTRACT

Keywords: The therapeutic messenger RNA strategies, such as those using small interfering RNAs, take several advantages
L@P%d-based nanovector (versatility, efficiency and selectivity) over plasmid DNA-based strategies. However, the challenge remains to
Lipid nanoparticles find nanovectors capable of properly loading the genetic material, transporting it through troublesome envi-
Gene knockdown like 1 si d delivering it i h 1 £ 1L linid icl
SRNA ronments, like a tumoral site, and delivering it into the cytoplasm of target cells. Here, lipid nanoparticles,
consisting of a gemini cationic/neutral helper lipid mixture, are proposed as siRNA nanovector. Cells from

Internalization route X X . A .
Reactive oxygen species cervical and brain cancer overexpressing the green fluorescent protein (GFP) were chosen to analyse the bio-

3D cell spheroids logical response as well as the efficiency and safety of the siRNA-loaded nanovector according to the cell
Cytotoxicity phenotype. Flow cytometry and epifluorescence or confocal microscopy were used to follow the gene knockdown
Lamellar phase in these overexpressed cells. The effect of the nanovector on cellular proliferation was evaluated with cytotox-

icity assays while their potential oxidative stress generation was determined by quantifying the generation of
reactive oxygen species. To explore the mechanism of cellular uptake, different inhibitors of endocytic pathways
were used during incubation with cells. Finally, nanovectors were incubated in 3D-grown cells (spheroids) to see

* Corresponding author at: NanoPhysical Chemistry Group, Faculty of Chemistry, Department of Physical Chemistry, Universidad Complutense de Madrid, Ciudad
Universitaria s/n, 28040 Madrid, Spain.
** Corresponding author at: Colloids and Polymer Physics Group (GFCP), Condensed Matter Physics Area, Faculty of Physics, Universidade de Santiago de
Compostela, 15782 Campus Vida, Santiago de Compostela, Spain.
E-mail addresses: junquera@ucm.es (E. Junquera), pablo.taboada@usc.es (P. Taboada).

https://doi.org/10.1016/j.jcis.2024.10.115
Received 20 June 2024; Received in revised form 17 October 2024; Accepted 19 October 2024

Available online 22 October 2024
0021-9797/© 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:junquera@ucm.es
mailto:pablo.taboada@usc.es
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2024.10.115
https://doi.org/10.1016/j.jcis.2024.10.115
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2024.10.115&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Sanchez-Arribas et al.

Journal of Colloid And Interface Science 679 (2025) 975-987

whether they can penetrate the complex tumoral microenvironments, their efficiency to knockdown GFP
expression being monitored by confocal microscopy.

1. Introduction

In recent decades, gene therapy has emerged as a promising treat-
ment strategy for a variety of genetic and acquired diseases [1,2]. In
particular, interfering RNAs (RNAi) constitute a forefront approach in
molecular biology for gene silencing, enabling targeted modulation of
gene expression at the post-transcriptional level. Unlike DNA, which
must reach the nucleus to perform a predesigned activity, RNAI strate-
gies include the use of double-stranded RNA (dsRNA) or shorter inter-
fering RNA (siRNA) sequences to offer a highly specific means to
interfere with messenger RNA (mRNA) translation, inducing efficacious
post-transcriptional silencing of the gene of interest with high specificity
[3,4]. Nonetheless, siRNA molecules (ranging from 21 to 23 nucleotides)
face challenges in crossing the cell membrane easily and are susceptible
to rapid degradation by serum nucleases. Additionally, similar as
plasmid DNA, the negative charge of RNAs hinders their transport
through the negatively charged cell membrane. Consequently, the
realization of the extensive potential of RNAi-based therapeutics de-
pends on achieving effective delivery of siRNA molecules into target
cells through safer delivery vehicles [5-8].

In this context, lipid nanoparticles (LNPs) have emerged in the last
decade as versatile and effective nanocarriers, playing a crucial role in
overcoming challenges associated with nucleic acid administration
[9,10]. The intrinsic ability of lipids to self-aggregate into a wide variety
of nanostructures and lyotropic liquid crystalline phases, capable of
compacting bioactive molecules to form stable complexes, gives them
the ability to cross biological barriers, ensuring internalization into
target cells, like true molecular nano-Trojan horses. These lipid nano-
aggregates offer several advantages, including biocompatibility, effi-
cient compaction capacity, and the ability to be functionalized to
enhance cellular specificity and selectivity [10,11].

Among the myriad cationic lipids (CLs) used in the last decades in the
field of nucleic acid delivery, gemini cationic lipids (GCLs) represent a
distinct class of amphiphiles that have gained significant attention
[12,13]. These molecules are characterized by a unique architecture
consisting of two hydrophobic tails with their corresponding positively
charged polar heads connected by a rigid or flexible spacer of different
characteristics. This distinctive dimeric nature provides a platform for
overcoming challenges associated with traditional monomeric cationic
lipids, such as toxicity, and limited transfection efficiency. As the field of
nucleic acid delivery continues to evolve, GCLs promise to be versatile
and efficient nanocarriers for various gene therapy applications,
showing their potential impact on advancing the field of personalized
medicine. Although in recent research GCLs have demonstrated superior
performance in delivering plasmid DNAs (pDNAs) as therapeutic genes
[14-19], the use of GCLs for siRNA delivery is a relatively less-explored
phenomenon in current research of lipid-based gene delivery.

On the other hand, to construct an efficient gene delivery nano-
system it is also required to analyse how this nanocarrier behaves and
interacts within the biological milieu. In particular, for siRNA-based
cancer therapy, it is essential to elucidate the ability of the nano-
vehicle to cross the complex microtumoral environment to reach the
targeted diseased cells as well as the mechanisms involved in its inter-
nalization within such cells, which would determine the release of the
genetic cargo inside the cell cytoplasm for efficient therapeutic action
[14,20]. For such purpose, three-dimensional (3D) cell cultures, such as
cell spheroids, have emerged as more sophisticated bio tools to model in
vivo tumour physiology and development [21,22]. Such spheroids are
aggregates of cells which allows the improved recapitulation of cell-cell
interactions, signalling gradients, and nutrient diffusion, thus, offering a
more physiologically relevant environment compared to traditional

976

two-dimensional (2D) cultures while overcoming some of their limita-
tions [23]. Even though this 3D cellular model is grown from mono-
cultures, it still preserves the essential features present in cancer
tumours in vivo, that is, rapid proliferation at its surface and slow
metabolism, or even necrosis, in the centre of the spheroid [24], as well
as providing a more complex tumoral microenvironment and structure,
which allows the detailed analysis about the capacity of nanocarrier
penetration, release of anticancer compounds and subsequent cargo-
induced responses into tumoral tissue [25], thus, becoming an inter-
mediate, advanced cell model between traditional 2D cultures and more
expensive, ethically-concern animal in vivo models.

Following such guidelines, in the present work gene vectors in the
form of lipoplexes constituted by a GCL of the bis(hexadecyl dimethyl
ammonium) oxyethylene series, referred to as (C;6Am)2(C20)s, and
mono oleoyl glycerol (MOG) as a neutral helper lipid were prepared
with the aim of substantially reducing EGFP expression in EGFP-
expressing cell 2D cultures and tumoral spheroids without displaying
any noticeable toxicity as a proof concept to get a novel siRNA-based
delivery nanocarrier for tumour treatment. It is reported that the pres-
ence of a hydrophilic spacer within GCL structure provides a better
lipid—nucleic acid interaction and better pDNA transfection results,
compared with the GCL bis(hexadecyl diethyl ammonium) alkane series
[26,27], but its role in gene silencing has not yet been studied.

Accordingly, the analysis reported in this work are focused on the
physicochemical and biological characterization of (C16Am)3(C20)3/
MOG-siRNA (from now GCL/MOG-siRNA) lipoplexes as vectors for
siRNA delivery and silencing. Despite GCL/MOG-based lipidic surfac-
tants with hydrophilic spacer have been shown to successfully complex
pDNA [14], the evident structural differences between the former ge-
netic material and siRNA (pDNA has a size of several kilo bp, while
siRNA has only about 21-23 bp) may consequently impact electrostatic
interactions with polycations and the ability to form stable complexes as
well as their final size, electric surface charge and structure. Then, the
lipoplexes here formed were physically characterized by agarose gel
electrophoresis, dynamic light scattering (DLS) and (-potential tech-
niques, and structurally by small-angle X-ray scattering (SAXS), being
demonstrated that protein corona plays a key role in the resulting
structure of the derived lipidic-based nanoparticles. The cytotoxicity
and ability to generate reactive oxygen species (ROS) of lipoplexes were
analysed by means of commercial CCK-8 and ROS assays, respectively,
in two cancer cell lines modified to overexpress the green fluorescent
protein, GFP, such as human cervical HeLa and mouse astrocytes T731,
in order to consider potential differences resulting from different tu-
moral cell phenotypes. The possible mechanisms involved in the uptake
and internalization of dye-stained lipid nanocarriers for the successful
delivery of their cargo to cells were analysed by flow cytometry using
different inhibitors known to selectively block a specific internalization
pathway, being observed that the clathrin-mediated pathway is pre-
dominant over others for lipoplex internalization. The former tech-
niques were also used to provide information about the internalization
capacity and gene silencing activity by monitoring the cell fluorescence
signal in 2D cultures and 3D cell spheroids. With the latter model we
aimed to recapitulate the dense and complex tumoral structure and
demonstrated that the present lipidic nanocarriers may then reach tu-
moral cells in such more complex architectures and release the thera-
peutic cargo on site. Altogether, these experiments could allow us to
confirm the potential utility of this lipid GCL/MOG-based nanocarrier
for efficient silencing-based therapy.
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2. Experimental section
2.1. Materials

The GCL, with formula (C;6Am),(C2H40)3CoHy, was kindly supplied
by Prof. S. Bhattacharya (Indian Institute of Science, Bangalore, India)
and details of its synthesis and subsequent characterization are already
reported in the literature [27]. The helper lipid MOG (Scheme 1b) and
Pluronic F127 (10 % solution in water) were supplied by Sigma-Aldrich
and Invitrogen-Thermo Fisher (Waltham, MA), respectively.

Dulbecco’s modified Eagle’s medium (DMEM) was supplied by
Hyclone-Thermo Fisher (Waltham, MA), whereas fetal bovine serum
(FBS), antibiotics, sodium pyruvate, and non-essential amino acids
(NEAAs) were purchased from Gibco-Thermo Fisher (Waltham, MA).
Human serum (HS) used as received, ROS-detection kit, and internali-
zation inhibitors (NaNs, 2-deoxyglucose (DOG), cytochalasin D, dyna-
sore, genistein, methyl-p-cyclodextrin (Mp-CD, 3 mg/mL) and
chlorpromazine were from Sigma-Aldrich. AntiGFP-siRNA (siRNAgp-
tigrp) Was obtained from Ambion-Thermo Fisher, and the non-targeting
control siRNA (siRNApon.targeting) and commercial control Lipo2000*
(Lipofectamine2000* transfection reagent) were supplied by Invitrogen-
Thermo Fisher. HeLa-GFP cervical cancer cells were purchased from Cell
Biolabs (San Diego, CA). T731 mice astrocytes were kindly donated by
Prof. J. A. Costoya (University of Santiago de Compostela, Spain) and
modified for overexpression of GFP (hereafter denoted as T731-GFP), as
previously reported [28].

2.2. Preparation of lipoplexes

Dry lipid films, with the corresponding amounts of GCL and MOG to
obtain a GCL molar composition in the mixed lipid of & = 0.7, were
formed by evaporation of a lipid chloroform solution under high vac-
uum. These lipid films were hydrated in N-(2-hydroxyethyl)piperazine-
N'-ethanesulfonic acid (HEPES)-buffered medium (40 mM, pH = 7.4)
and homogenized by alternating vortex/sonication cycles. A sequential
extrusion procedure, fully detailed earlier [29] was used to homogenize
the size and morphology of the multilamellar lipid mixtures formed after
the hydration process and to convert them into unilamellar ones. Sub-
sequently, Pluronic F127 was added to the lipid mixture to provide
colloidal stability (0.1 pg/pL to obtain a final concentration of 10 % in
mass of CL). Finally, the mixture of cationic and neutral lipids was mixed
with the appropriate amount of siRNA solution to obtain specific molar
charge effective ratios of pesf = 5 and 10 to form the lipoplexes (see
Supporting Information for details of the protocol for the determination

a)

b) o
/\/\/\/E/\/\/\/\’I/O\)\/OH

Scheme 1. Molecular structure of (a) the GCL and (b) the neutral lipid MOG.
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of effective charges and effective charge ratios, pesr). The siRNA stock
solution varied depending on the technique of analysis: 0.1 mg/mL for
{-potential, 0.2 pg/well (0.1 mg/mL) for agarose gel electrophoresis, 50
pg/capillary (10 mg/mL) for SAXS, and 5 nmol/mL (antiGFP-siRNA,
denoted as siRNA ntigpp) or 1 nmol/mL (non-targeting siRNA, denoted
as SiRNApon.targeting) for biological experiments.

2.3. Physicochemical characterization

2.3.1. {-potential, particle size and polydispersity

The phase analysis light scattering technique (Zeta PALS, Broo-
khaven Instruments Corp., Holtsville, USA) was used to measure the
electrophoretic mobility of GCL/MOG-siRNA lipoplexes, from which the
C-potential was obtained using a dispersant refractive index of 1.33
(water), viscosity of 0.9 cP, dispersant dielectric constant of 78.5 and
temperature of 25 °C. The particle size of lipoplexes, as well as the
polydispersity index (PDI), were determined from dynamic light scat-
tering (DLS) measurements carried out with the same equipment. The
three properties ({-potential, particle size and polydispersity) were
calculated each from the average of 50 ({-potential) and 30 (particle size
and polydispersity) independent measurements, respectively, and
collected as a function of the mass ratio content between the lipid
mixture and siRNA, m;/mgrna, Or effective charge ratio (peff), given by
Egs. (1) and (2)
(€8]

my, /Mgrna = (mGCL + m(L)) /Msirna

where my, mggqr, mY, and mggya are the masses of the total mixed lipid,
the GCL, the neutral lipid (MOG), and siRNA, respectively, and

Qetr. ger(Mger,/Maer)

Qeir. sirna (Myirna/Miirna)

n+
Pett = o

(2

where n*, n°, q:ff’GCL, Qeff sikNA> Mgcr. and Mgipna are the number of
moles of positive (GCL) and negative (siRNA) charges, effective charges
of GCL and siRNA per bp, and the molecular weight of GCL and siRNA
per bp, respectively (see Supporting Information for details).

2.3.2. Agarose gel electrophoresis

This technique was used to determine the extent of siRNA
complexation and compaction by the lipid mixture of GCL and MOG.
Free siRNA and the lipoplexes were included in gels formed by 0.8 % (w/
v) agarose in 1X TAE buffer, and 0.7 uL of GelRed probe. Electrophoresis
was run at room temperature (around 25 °C) at 70 mV for 1 h. The
samples were excited at 302-312 nm and recorded at 600 nm. The
corresponding emission bands were visualized using the commercial
Quantity One software and a Gel Doc XR instrument (Bio-Rad). Free
RNA exhibits a characteristic fluorescent band down the lane, while the
absence of such a band confirms the siRNA complexation and compac-
tion by the mixed lipid

2.3.3. Small-angle X-ray scattering (SAXS)

SAXS was used to determine the structure of the lipoplexes. To do
that, SAXS experiments were performed at the ALBA Synchrotron
(Barcelona, Spain, beamline BL11) using 12.6 KeV (A = 0.995 ;\) as the
energy of the incident beam and a Quantum 210r CCD detector. Scat-
tered X-rays were converted into one-dimensional scattering by radial
averaging and plotted as a function of the momentum transfer vector (q)
in the diffractograms. GCL/MOG-siRNA lipoplexes were formed at two
different effective charge ratios (pegf = 5 and 10) with and without HS
(10 % v/v) in the capillaries. Samples were measured in duplicate at
each composition

2.4. Cell culture conditions

All cells were maintained at 37 °C under 5 % CO, (standard culture
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conditions) in DMEM supplemented with 10 % (v/v) FBS or HS (for the
incubation of the lipoplexes in cells), 1 % (v/v) penicillin/streptomycin,
1 % (v/v) sodium pyruvate, and 1 % (v/v) non-essential amino acids
(NEAAS).

2.5. Cell viability

The cytotoxicity of GCL/MOG-siRNA lipoplexes was determined in
both GFP-overexpressing HeLa and T731 cell lines using the Cell
Counting Kit-8 (CCK-8) assay. In 96-well plates, GFP-modified cells were
seeded (100 pL, 10,000 cells/well) and incubated for 24 h. Afterwards,
lipoplexes formed by lipid mixtures at pesr = 5 and 10 and 5 pmol/well of
SiRNApon-targeting Were incubated for 48 and 72 h in the presence of 10 %
(v/v) of HS. Next, the medium was discarded, the cells were washed
with 10 mM phosphate-buffered saline (PBS), and 10 pL of the CCK-8
reagent was added to each well with 90 pL of fresh culture medium.
Lipo2000* (0.25 pL/well) was used as the positive control for trans-
fection and non-treated cells as the negative one. A UV-vis microplate
absorbance reader (Bio-Rad, model 689) was used to measure the
absorbance of the samples and non-treated cells at 450 nm. The per-
centage of cell viability was then calculated using the following equa-
tion: Asample/Auntreated c€lls x 100.

2.6. Reactive oxygen species (ROS) activity

A fluorometric intracellular ROS kit (Sigma-Aldrich, USA) was used
to detect ROS according to manufacturer’s instruction. Briefly, 20,000
HeLa cells/well were seeded on 96-well plates with 100 puL of DMEM
without red phenol and grown for 24 h at standard culture conditions.
Afterwards, 100 pL of GCL/MOG-siRNA lipoplexes formed by lipid
mixtures at pegs = 5 and 10 and 5 pmol/well of siRNAyon-targeting Were
added to the wells and incubated for 4 h. Then, the medium was dis-
carded, cells were washed three times with PBS and, finally, fresh cul-
ture medium without red phenol was added. Then, 100 pL of ROS
detection reagent were added to each well and cells were incubated for 1
h at 37 °C and its fluorescence measured using a microplate reader (Aex
= 520 nm; Aey = 605 nm). As a negative control some cells were left
untreated (without lipoplexes), and as a positive control 100 % ROS was
induced by adding in this step HoO5 (800 pM, 33 % (w/V)).

2.7. Uptake inhibition studies

GFP-modified cells were seeded (1 mL, 40,000 cells/well) in 12-well
plates and incubated for 24 h at standard culture conditions. After that,
cells were treated with 0.1 % NaN3/50 mM 2-deoxyglucose (DOG),
cytochalasin D (15 pg/mL), dynasore (140 pg/mL), genistein (54 pg/
mL), methyl-B-cyclodextrin (MB-CD, 3 mg/mL) and chlorpromazine (14
pg/mL) in serum-free DMEM for 1 h. Then, cells were washed and
incubated with the GCL/MOG-siRNA lipoplexes doped with Nile Red
(200:1 lipid:probe molar ratio) and formed at pegr = 10 (40 pmol/well of
SiRNApon-targeting) in the fresh media for 4 h at 37 °C/5 % CO,. The
medium was then changed to fresh media. Cellular internalization was
analysed after 72 h of incubation, where cells were trypsinized and
processed for flow cytometry.

2.8. In vitro gene knockdown efficiency

Flow cytometry and epifluorescence or confocal microscopy were
used to evaluate the gene knockdown activity of the GCL/MOG-siRNA
lipoplexes after 48 and 72 h of incubation with the tumoral cell lines.

2.8.1. Flow cytometry

For flow cytometry experiments, 12-well plates were used to seed
GFP-expressed cells (2 mL, 40,000 cells/well). After 24 h of incubation,
the GCL/MOG-siRNA lipoplexes formed by 40 pmol/well of siRNAaigrp
and the corresponding lipid mixture to reach specific effective charge
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ratios (pesr = 5 and 10) and doped with Nile red (200:1 lipid:probe molar
ratio) were incubated with cells in the presence of 10 % of HS. Untreated
GFP-expressed cells, SiRNApon.targeting inserted with 2 pL/well of
Lipo2000*, and siRNA,ntgrp inserted freely and with 2 pL/well of
Lipo2000* were used as controls under the same conditions. After 48
and 72 h, the cells were harvested with trypsin and suspended in 200 pL
of PBS after several washes at 1200 rpm for 4 min. The average fluo-
rescence intensity per cell (mean fluorescence intensity, MFI) was
determined using a Guava easyCyte HT System flow cytometer and
GuavaSoft software for 5000 events (cell count). The GFP down-
regulation was analyzed based on the average of fluorescence intensity
per cell (MFI) and on the percentage of cells expressing GFP (%GFP)

2.8.2. Epifluorescence microscopy analysis

The gene knockdown activity was also studied by epifluorescence
microscopy. Cells overexpressing GFP were seeded on poly-i-lysine-
coated glass coverslips (76 mm x 26 mm), placed inside 6-well plates (3
mL, 100,000 cells/well), and grown for 24 h under standard cell culture
conditions. The GCL/MOG-siRNA lipoplexes were formed by a lipid
mixture at pegr = 5 and 10 plus 100 pmol/well of siRNAptigpp. With 5 pL/
well of Lipo2000*, siRNA,¢igrp Was inserted and used as positive con-
trol, under similar conditions. After 72 h incubating the lipoplexes in the
presence of cells, they were washed with PBS, fixed with para-
formaldehyde 4 % (w/v) for 10 min, permeabilized with 0.2 % (w/v)
Triton X-100 for 10 min, and cytoplasm-stained for 20 min with Alexa
Fluor 647 (Invitrogen-Thermo Fisher), with PBS washes between steps.
Then, the coverslips were mounted on glass slides, and the nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen-Thermo
Fisher). The GFP expression levels were visualized after storage of the
cells at —20 °C for at least 24 h using an epifluorescence microscope
(Leica DMI6000B) with a Leica AF6000 modular system and a
DFC3665FX camera (Leica Microsystems GmbH, Heidelberg, Man-
nheim, Germany) equipped with an oil 63x objective. The blue channel
was used for DAPI (Aex = 350 nm), the green channel for GFP (Aex = 520
nm), the far-red channel for Alexa Fluor 647 (hex = 650 nm), and
transmitted light was employed in differential interference contrast
mode. The analysis of the fluorescence intensities was performed using
LAS X Life Science and ImageJ software packages following a previously
established methodology [30] to do that, regions of interest (ROIs)
considering well-defined cells were selected in different microscopic
images at selected time points and the fluorescent signal was normalized
and quantified regarding the signal background and suitable controls
(initial fluorescent cell spheroids and lipoplexes)

2.8.3. Confocal microscopy analysis

The gene knockdown activity was also studied by confocal micro-
scopy in 3D cell (spheroids) cultures. For spheroid formation, 96-well
plates were coated with 70 uL of a 1 % agarose (w/v) solution in ster-
ile water. During the coating process, the agarose solution was main-
tained at 70 °C followed by cooling and setting at room temperature for
40 min [31]. Then, HeLa and T731 GFP-modified cells were seeded (100
pL, 20,000 cells/well) and incubated for 24 h to form the spheroid. After
that, the GCL/MOG-siRNA lipoplexes formed by 40 pmol/well of siR-
NAgantigrp and the corresponding lipid mixture modified with Nile Red
(200:1 final molar ratio) to reach specific effective charge ratios (peff =
10) were incubated with the spheroids in the presence of 10 % of HS.
Untreated cells were used as controls. Confocal microscopy images were
collected using a Leica Stellaris 8 FALCON inverted confocal laser
scanning microscope (Leica Microsystems, Germany) equipped with
Leica Application Suite X (LAS X) and at 1, 24, and 48 h of GCL/MOG-
siRNA lipoplexes incubation. Spheroids were excited with a white
light laser (WLL2). The excitation/emission wavelengths were set at
473/478-550 nm for GFP and 553/577-700 for Nile Red, respectively.
Hybrid detectors were used to collect the fluorescent light emission. A
series of images (x-y-z) were acquired in sequential mode with a reso-
lution of 1024 x 1024 pixels, corresponding to an x-y area od 1.5 mm X
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1.5 mm at z-intervals of 5 pm, using an HC PL. APO CS2 10x/0.4 dry
objective

2.9. Statistical analysis

Statistical analysis of experimental data was performed with Origin
software. All results were presented as mean standard deviation unless
otherwise stated. Unpaired t-test (*P < 0.05; **P < 0.01, ***P < 0.005)
was used to determine statistical differences in individual groups.

3. Results and discussion

The capacity and efficiency of lipoplexes to act as nano-Trojan-horses
able to deliver genetic material into the cells relies on a packing-
unpacking mechanism conducted by the lipid mixture, which is
responsible for the compaction, in the present case, of siRNA and its
subsequent transport and delivery inside the cells. The net charge, size,
and polydispersity of the lipoplex, their capacity to compact the siRNA
molecule and their physiological stability, as well as their ability to be
internalized into cells by a single or a combination of pathways, which
enable an effective siRNA release into the cell cytoplasm, are among the
most decisive factors to favor a successful transfection process [32].

Journal of Colloid And Interface Science 679 (2025) 975-987

In this work, GCL/MOG-SiRNApon.targeting lipoplexes at o = 0.7
resulted in an outstanding complexation of the siRNA material as here
demonstrated by both the inversion of the initial negative electric charge
of the non-compacted nucleic acid to positive after compaction (ca.
+25.0 mV), that is, when the lipoplex nanocarrier is formed (Fig. 1a),
and the absence of any free siRNA chains in solution once the electro-
neutrality of the lipoplex is overcome, as seen by agarose gel electro-
phoresis (Fig. 1b, lanes 3 and 4). In this regard, a Boltzmann-type fit of
the data in Fig. 1a allowed to determine the electroneutrality ratio of the
GCL/MOG-siRNApon-targeting lipoplexes at (mp/msirna)e = 2.2 & 0.2.
Using a protocol fully described previously [27,29] (see Supporting In-
formation for details) the effective charge of GCL was calculated to be
1.50 £ 0.15, which was a 25 % lower than the nominal one (+2). This
decrease of the effective charge with respect to the nominal one, already
seen in the literature [29,33-36] is characteristic for lipids with
substituted quaternary ammonium cationic head groups.

To analyse the potential of the developed GCL-based lipoplex
nanocarriers for the efficient transport and delivery of siRNA into cells
for therapeutic purposes, their biocompatibility must be firstly ensured.
For such, a colorimetric assay (CCK-8) was used to evaluate the potential
cell cytotoxicity induced by scrambled siRNA-loaded lipoplexes (GCL/
MOG-siRNAon-targeting) in two different cell cultures, human tumoral
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Fig. 1. (a) Plot of the { vs. mass ratio (my/mgy,) of GCL/MOG-SiRNApon.targeting lipoplexes at o = 0.7 Data represent the average of 50 independent measurements of
¢, with an uncertainty of 5 %; (b) Agarose gel electrophoresis of the lipoplexes formed at selected my, /mggy, (Or pesr) (2-4 lanes). Used as control: free siRNA (lane
1); Cell viability of HeLa-GFP (c) and T731-GFP (d) cell lines in the presence of GCL/MOG-siRNAon.targeting lipoplexes at a = 0.7 and pegs = 5 (light gray bars) and 10
(dark grey bars). The % of cell viability was normalized to that obtained for untreated cells. The blue bar corresponds to commercial control Lipo2000*-siRNAon-
targeting, Used here as positive control. The experiments were performed in the presence of 10 % of HS and at 48 and 72 h post-incubation. The data represent the mean
of three wells and uncertainties are within +5 %. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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cervical HeLa-GFP (Fig. 1c) and mouse T371-GFP astrocytes (Fig. 1d).
The lipoplexes were tested at two different compositions, peff =5 and 10,
with the aim of finding the optimal lipoplex composition where they are
highly efficient in silencing and minimally cytotoxic (see Supporting
Information for details of the procedure to determine effective charge
ratios, pesf). The evaluation was done after 48 and 72 h of incubation in
the presence of human serum (HS) to configure the biological entity cells
would see after their administration (the nanoparticle core plus the
adsorbed shell of physiological proteins, i.e., the protein corona).
Under the described conditions (pesr = 5 and 10), lipoplex cyto-
compatibilities above 90 % in both HeLa-GFP and T731-GFP cells were
attained in the concentrations range analysed (see Fig. 1c and 1d).
Specifically, for HeLa-GFP the cell survival rate was rather larger than
that corresponding to lipoplexes made with the commercial Lipo2000*
lipid here used as control. This result highlights the importance of cell
phenotype to determine the toxicity and biological induced responses of
a specific nanocarrier for an envisaged therapeutic application. In
addition, it is observed that longer incubation periods after lipoplex
administration seem to favour somehow cell proliferation when
comparing cell viability data at 48 and 72 h post-incubation. On the
basis of the present experimental data, the present LNPs can be then
considered as safe and biocompatible. Such high biocompatibility
observed for GCL/MOG-siRNApop.targeting lipoplexes agrees with that
previously reported for other lipid-based nanocarriers containing amino
acid moieties in their cationic heads used for genetic material delivery
[37-39], which confirms the interest of this class of nanocarriers for
intended drug delivery applications and, in particular, for gene therapy.
Apart from toxic effects which may directly affect cell structure and/
or metabolism, the administration of exogenous nanomaterials cannot
only involve additional cell biological responses which can induce
programmed cell death pathways [40], but also to activate or deactivate
a variety of receptors, proteins, ions, and other signalling molecules
involved with deleterious biological processes [41]. Here, the potential
oxidative stress generated after the administration of GCL/MOG-siR-
NAupon-targeting lipoplexes at a = 0.7 and pegf = 5 and 10 to cells was
assessed by measuring the concentration of intracellular ROS, particu-
larly, OH® and Oz radicals, using a fluorometric ROS assay kit. As
observed in Fig. S1, the administration of the lipoplexes led to a certain
increase in the intracellular ROS concentration in HeLa-GFP cells,
particularly at pesr = 10, compared to those treated with Lipo2000-based
lipoplexes. This observation may be related to a slightly larger uptake of
the nanocarriers in this cell line compared to T731-GFP, which may be
especially favoured by an excess of surface positive charge of the lip-
oplexes at pegr = 10. Conversely, no statistically significant differences in
ROS production after administration of the present lipoplexes were
observed for T731-GFP cells compared to control Lipo2000-based par-
ticles. This additionally corroborates the influence of cell phenotype on
the potential biological responses of the administered nanocarriers and
nanomaterials for drug delivery applications [42-44]. Similar conclu-
sions were also driven by, for example, Kroll et al. who reported quite
different cytotoxic responses of 23 types of nanomaterials tested in 10
different cell lines [45]. Xia et al [46] also assessed the cytotoxicity of
cationic polystyrene nanospheres in five different cell cultures, finding
potential harmful cytotoxic effects in only two of them. Similarly,
Frohlich et al. evaluated the cytotoxicity of 20-nm carboxyl polystyrene
particles in 20 types of cells of several species (human, mouse, rat,
bovine) with distinct proliferation rates, embryonic origin (epithelial,
mesenchymal) and phagocytosis capacity under different growth con-
ditions (in monolayer or in suspension). It was observed that the
resulting inhibitory concentrations (IC50) of the nanoparticles changed
by a factor of more than 10 depending on the tested cell culture [47].
The assessment of the potential gene knockdown activity of lip-
oplexes was performed by means of flow cytometry upon incubation of
the lipid mixture with a siRNA able to downregulate the expression of
GFP (siRNAntigrp) to form GCL/MOG-siRNAntigrp lipoplexes at a = 0.7
and pegr = 5 and 10. Once lipoplexes were formed, these were incubated
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in the presence of human serum to form a protein corona (PC) on the
nanovector surface in order to configure the real biological entity cells
will see. Such PC-coated GCL/MOG-siRNAntigrp lipoplexes were
administered to HeLa-GFP and T731-GFP cells to analyse the potential
induced GFP knockdown expression in these cells after 48 and 72 h post-
administration. Flow cytometry data were collected in terms of mean
fluorescence intensity, MFI (i.e., average intensity of fluorescence per
cell) and expressed %GFP (percentage of cells in which GFP expression is
observed). Free siRNA and Lipo2000*-siRNApon.targeting Were used as
negative controls, while Lipo2000*-siRNAnigrp Was the positive one.

As shown in Fig. 2, administration of free siRNA,uigrp (White bars)
demonstrated the necessity of a vector-assisted delivery strategy to
protect the silencing agent from nuclease degradation as a reduction of
MFI after administration was not observed in GFP-overexpressing HeLa
cells. Compared to untreated cells (green bars), we observed that the
MFI signal decreased in HeLa-GFP at both lipoplex complexation con-
ditions (pesf = 5 and 10) after 48 and 72 h. This reduction was particu-
larly pronounced at the shortest incubation time for the highest lipid
content studied (pess = 10), and was rather higher than that observed for
the Lipo2000*- siRNA,sigrp positive control. This points to a suitable
internalization of the nanocarrier inside cells and subsequent cargo
release in the cytoplasm (see below for details). However, additional
administrations would be required to completely suppress GFP expres-
sion and compensate additional cell proliferation upon incubation
[43,44]. It is also worth mentioning that the reduction of the MFI value
(or %GFP one) was a consequence of the siRNA,igrp Sequence, since
the cells treated with lipoplexes carrying a scrambled siRNA (pink bars)
showed similar MFI or %GFP values as the untreated, healthy ones.
Conversely, in T731-GFP cells MFI decrease was hardly detected after
48 h of incubation but present after 72 h, again particularly important at
peff = 10 (see Fig. S2 of Supporting Information). It is worth mentioning
that no changes in MFI were observed for the Lipo2000*-siRNAptigrp
control in the astrocyte cell line, which once highlights again the
dependence of protein knockdown on cell phenotype and, thus, the need
of development of personalized medicines to achieve optimal thera-
peutic outcomes in the desired target cell/tissue. Similar conclusions
were reached when analysing the %GFP data (see Fig. S2), except for
T731-GFP cells after 72 h of incubation at pegr = 5, for which no fluo-
rescent changes were observed. Overall, it seems that pegs = 10 would be
the optimum formulation for GCL/MOG-siRNAnigrp lipoplexes to
transfect siRNA into both HeLa-GFP and T731-GFP cell lines, which is in
agreement with previous studies where amino-acid-based lipid nano-
carriers based on lysine-derived monocationic lipid or histidine-derived
gemini cationic lipid were used to transfect plasmid DNAs such as
pCMV-Luc or pGFP [37,38,43,44].

Epifluorescence microscopy images were also acquired to evaluate
the GFP knockdown expression by LNPs after 72 h of incubation in order
to corroborate flow cytometry data. Fig. 3 show the fluorescence signal
resulting from GFP expression in T731-GFP cells treated with GCL/
MOG-siRNAntigrp lipoplexes at a = 0.7 and pegr = 5 and 10 as examples.
Lipo2000*-siRNAntigrp-treated and untreated T731-GFP cells were used
as controls. Cell nuclei and cytoplasms were stained with DAPI (Aex =
350 nm) and Alexa Fluor 647 (Aex = 650 nm), respectively. Images were
analyzed by ImageJ to quantify the mean fluorescence of cells (see
Fig. S3) as explained in the Experimental Section. MFI values were
observed to decrease upon administration of GCL/MOG-siRNAntiGrp
lipoplexes a 55 % of the initial cell fluorescence signal intensity for pes
= 5 and 74 % for pesr = 10, respectively, whereas the values for the
Lipo2000*-siRNAantigrp control remained significantly much higher.
Hence, the present observations agree with flow cytometry data dis-
cussed above; nonetheless, it is necessary to bear in mind that in spite of
epifluorescence experiments makes use of a quantitative method of
quantification they are affected by both illumination conditions, defi-
nition of ROIs and background substraction, and, therefore, they support
but do not fully replace the results obtained by flow cytometry.

For an effective silencing therapy siRNA must be released inside the
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Fig. 2. GFP knockdown levels expressed as MFI (unshaded bars) and %GFP (shaded bars) in HeLa-GFP cells at 48 (a) and 72 h (b) of treatment obtained from flow
cytometry data. Cells treated by GCL/MOG-siRNAncgrp lipoplexes were collected at a = 0.7 and pegr = 5 (purple light bars) and 10 (purple dark bars). Untreated cells
were used as a reference of the highest MFI and %GFP value (green bars). Free siRNAantigrp and Lipo2000*-siRNApon.targeting Were used as negative controls (white
and pink bars, respectively) while Lipo2000*-siRNA,ntigrp Was used as positive control (blue bars). All experiments were performed with 10 % of HS. The data
represent the mean + SD of three independent wells. In the X-axis legend plots, untreated refers to bare cells; free siRNA to freely administered siRNA,pigrp; nON-
targeting to Lipo2000* siRNAon-targeting lipoplexes; antiGFP to Lipo2000*-siRNAapsigrp ones, and pegs = 5 and pess = 10 to GCL/MOG-siRNA ngrp lipoplexes at a = 0.7
and pegs = 5 and 10, respectively. *P < 0.05; **P < 0.01. Non-statistical differences are not indicated for major clarity. (c) Examples of scatter plots from flow
cytometry data obtained after particle administration and subsequent incubation for 48 h: i) untreated cells; ii) free siRNAantgrp; iii) Lipo2000*-siRNAyon-targeting; iV)
Lipo2000*-siRNAntigrp; V) GCL/MOG-siRNApigrp lipoplexes at pegr = 5; and vi) GCL/MOG-siRNA niirp lipoplexes at pogs = 10, respectively. The number inside the
scatter plots represent de % cell population within the chosen threshold to distinguish cells between strongly fluorescent and weakly/non-fluorescent. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cell cytoplasm in optimal concentration playing, thus, the involved Experimental Section for details).

lipoplex internalization mechanisms a key role. In this regard, based on To investigate the energy dependent-based mechanism, cells were
experimental observations endocytosis or endocytosis-like mechanisms preincubated in the presence of NaN3/2-deoxyglucose (NaN3/DOG) and
have been proposed as the main pathways of internalization for lip- then, treated with the lipoplexes. NaN3/DOG, which blocks cellular ATP
oplexes rather than their fusion with plasma membrane [48]. To gain synthesis, resulted in decreases of nanocarrier cellular internalization of

further knowledge about the predominant internalization pathway, if ca. 37 and 22 % for HeLa-GFP and T731-GFP cells, respectively, indi-
any, of the present GCL-based lipoplexes, HeLa-GFP and T731-GFP cells cating that non-specific endocytosis plays a relatively important role in

were treated prior lipoplex administration with known biochemical in- lipoplex uptake. Larger inhibitions were not observed most likely
hibitors of energy-dependent, clathrin-mediated and caveolae-mediated because of the presence of exogenous ATP and glucose in the cell culture
endocytosis as well as of micro- and macropinocytosis (see Fig. 4 and medium. To discern any role that caveolae-mediated endocytosis may
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Green channel

Blue channel

Red channel

BF channel

Fig. 3. Epifluorescence microscopy images of T731-GFP cells treated with GCL/MOG-siRNA,igrp lipoplexes at o = 0.7 and pegs = 5 (row ¢) and 10 (row d) in the
presence 10 % HS) after 72 h of incubation. Untreated cells (row a) and cells treated with Lipo2000*siRNA,igrp (row b) were used as controls. The green channel
shows the GFP fluorescence intensity, the blue one the fluorescence from cell nucleus stained with DAPI (Aex = 350 nm), the red one the Alexa Fluor 647 (Aex = 650
nm) fluorescence signal from cell cytoplasm, the BF channel shows the images on bright field, and the merged images represent the combination of all previous
channels. Scale bars are 75 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

play in lipoplex uptake, two inhibitors were used: genistein, a tyrosine
kinase inhibitor which prevents both actin depolymerization in the local
cortical cytoskeleton, which must precede internalization of caveolar
vesicles, and recruitment of dynamin 2 required for the scission of
vesicles from cell membrane [49]; and methyl-p-cyclodextrin, a cyclic
heptasaccharide known to sequester and alter cholesterol-rich domains
within the plasma membrane, involved in raft lipid formation [50]. For
both drugs, inhibition of nanoparticle internalization was hardly
detected, which confirms that caveolae-mediated endocytosis as well as
lipid-raft-mediated uptake are not directly involved in lipoplex entry
inside both cell lines. This behaviour may be related to the size of the
present particles since, for example, caveolae generally can only endo-
cytose nanoparticles in the range of 50-100 nm [51], whereas our lip-
oplexes have an average hydrodynamic diameter of (240 + 30) nm (see
Fig. S4 in Supporting Information), clearly above the size of the mixed
GCL/MOG liposomes (157 + 15) nm (dotted line in the graph). More-
over, an average PDI value of (0.25 + 0.06) make them suitable (PDI <
0.3) as nucleic acid nanovectors, as previously reported in literature
[52,53]. Similar results were observed for the internalization of GCL/
MOG-siRNAaptigrp lipoplexes in the presence of cytochalasin D, which
inhibits macropinocytosis through the depolymerization of actin fila-
ments and tubulin microtubules [54]. A very slight inhibition of particle
internalization promoted by this compound was detected (ca. 12 %),
which would agree with the fact that both HeLa-GFP and T731-GFP are
non-phagocytosing cells. Moreover, to decipher the role of clathrin-
mediated endocytosis two other specific drug inhibitors were used, the
dynamin-GTPase inhibitor dynasore, required for budding of clathrin-
coated vesicles from the plasma membrane, and the cationic amphi-
pathic drug chlorpromazine, which anchors clathrin and adaptor protein
2 (AP2) complex to endosomes, thereby preventing the assembly of
coated pits at the inner surface of the plasma membrane [55]. Flow
cytometry data showed that dynasore administration to cells led to a
decrease in lipoplex uptake of ca. 27 % in HeLa-GFP whereas only 9 %
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for T731-GFP. Conversely, although chlorpromazine reduced lipoplex
internalization in HeLa cells ca. 41 %, the decrease was much more
significant in T731-GFP ones, ca. 61 % of the nanoparticles compared to
controls. Because of the amphipathic nature of chlorpromazine, this
drug is readily capable of incorporating into the lipid bilayer of the
plasma membrane increasing lipid fluidity which, in turn, may hinder or
inhibit the formation of membrane invaginations, which results in the
present case in a decrease in particle internalization [50]. These data,
then, should confirm the predominant role of the clathrin-mediated
pathway for lipoplex internalization, and reinforce the idea that the
specific roles played by different mechanisms in lipoplex uptake may, at
least in part, depend on the cell type (Fig. 4) [56].

In summary, all these experiments strongly suggest that clathrin-
mediated and, to a lesser extent, energy dependent endocytosis are
involved in the lipoplex internalization process, but the lack of specific
drugs leading to >80 % inhibition of internalization may point to the
role played by some other alternative, not targeted routes for endocy-
tosis, as, for example, poorly characterized clathrin- and caveolae-
independent, non-macropinocytic pathways [57], the simultaneous
use of several mechanisms for successful particles internalization, and/
or the presence of cross-talk mechanisms between endocytic pathways,
that is, the alteration of one pathway might modulate another for
compensation [58]. For example, it cannot be completely disregarded
that a small proportion of GCL/MOG-siRNAantigrp lipoplexes would
directly cross the plasma membrane establishing suitable interactions
[59], as occurred for other types of lipoplexes containing, for example,
DOTAP, DOTMA, DOPE and cardiolipin (CL) [60], and considering that
MOG helper lipid here used is known to fluidize and stabilize the lipidic
structures, but can also collaborate in the formation of lipidic phases
able to enhance fusogenicity, thus, contributing to a higher transfection
efficiency [19]. In addition, it is worth mentioning that the PC adsorbed
onto the lipoplexes may also play a favorable role to enhance the
internalization process by either inducing binding to specific cell surface
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Fig. 4. Normalized cellular internalization analyzed by flow cytometry after
the administration of GCL/MOG-siRNA,nicrp lipoplexes at o = 0.7 and pegr = 10
to HeLa-GFP (unstripped columns) and T731-GFP (stripped columns) cells in
the presence of different inhibitors of specific internalization pathways: cyto-
chalasin, genistein, dynasore, methyl-p-cyclodextrin, chlorpromazine and so-
dium azide/2-deoxyglucose. Percent of internalization was normalized to
particle internalization in the absence of inhibitors. Untreated cells with lip-
oplexes and inhibitors were used as negative control. Statistical significance
compared to non-inhibited cells at each group: * = P < 0.05; ** =P < 0.01. In
X-axis labels, Untreated refers to incubation of bare cells without added lip-
oplexes, whereas Non inhib. refers to cells receiving the lipoplexes without the
addition of any inhibitor compound. The remaining labels correspond to the
abbreviation of each of the inhibitors added to cell cultures.

receptors [61] and/or by modifying the lipoplex conformation [62],
which would help to explain the incomplete observed inhibitions.

In this regard, to confirm the structure and conformation of the
present lipoplexes in the presence of the PC, SAXS experiments were
performed at a = 0.7 and pegr = 5 and 10, in the absence and presence of
HS, as shown in Fig. 5a. First, in the absence of HS, that is, when no PC is
formed onto the lipoplexes, the diffractograms show Bragg peaks with
Miller indices (h k [) compatible with two coexisting L, lamellar struc-
tures, Ly 1 (black) and L2 (green), possibly due to the presence of two
different multilamellar domains within GCL/MOG-siRNA lipoplexes
with very close but distinguishable interlamellar distances (see Table S1
in the Supporting Information, that collects d values calculated directly
from q factors related to (1 0 0) peak as (d = 21/q100)). The L, structure
is a multilamellar lyotropic liquid crystal phase, characterized by a
stacking of mixed lipid bilayers, where siRNA helixes may be allocated,
compacted, and protected in the aqueous layer between each pair of
lipid bilayers in a sandwhich-like fashion (see left of Fig. 5b). This
structure is typically found in GCL/DOPE-pDNA lipoplexes
[14,26,27,29,34,37,38], and also in GCL/MOG-siRNA lipoplexes with
low MOG content (i.e., moderate-to-high o values as in the present
study) [33,44].

The above-mentioned L, phases (L, and L ) also appears in the
presence of the PC surrounding the lipoplex surface (with almost no
variation in d, see Table S1); however, it is striking to note the appear-
ance of a series of peaks at low q values with the same pattern at both pegr
= 5 and 10. A detailed analysis of the diffractograms reveals that these
peaks are due to three additional L, phases coming from the two main L
phases (see hkl assignment on the diffractograms of Fig. 5a), with
interlamellar distances larger than those of the starting structures. This
evidence, also found in other DNA- or siRNA-lipoplexes [43,44,63],
might be indicating that the presence of proteins on the lipoplex surface
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induces a slight decompaction of the lipid bilayer stacking (i.e., the
interlamellar distance, d, increases, see right of Fig. 5b), to a different
extent depending on whether the starting structure is Lg; or Lgo.
Obviously, this implies that both the thickness of the bilayer (dy,) and
the thickness of the aqueous layer (d,,) will be affected, since d = dp,, +
dy. In fact, Ly splits into two L, phases: Ly; (black) and Ly 1" (pink),
while Ly splits into three Ly phases: Ly 2 (green), Lyo' (red) and Lg 2"
(blue). If Ly (black) is compared with Ly 1’ (pink), the structure expands
by around 55 % on average. On the other hand, if L,o (green) is
compared with Ly o' (red) and Ly 2" (blue), the structure expands by 33 %
and 11 %, respectively, with respect to the original starting structures
(without PC). Note how the peak intensity (area under the peak) of the
main L, phases decrease in favor of the additional peaks appearing in the
Ly phases found in the presence of PC. Previous reports have demon-
strated that the coexistence of different lyotropic liquid crystal phases,
as those found in the present work, may enhance transfection or
silencing efficiencies [64,65], particularly in the presence of HS
[26,27,29,33,34,43,44,63,66-68] and can be considered a potential and
interesting beneficial effect. Thus, our present data would agree with an
additional contribution to cellular uptake by an alternative, non-blocked
pathway, at least to high extents, by any of the inhibitors here used
[48,69].

It is well-known that reaching the biological targets and ensuring
sufficient drug delivery and accumulation is extremely challenging as
consequence of the multiple biological barriers that characterize tumors
and their complex microenvironment, which then may largely limit the
efficacy of currently developed nanomedicines [24]. Despite their
relative ease of handling, 2D cultures do not show any structural ar-
chitecture and lack the complex physiology and organization of real
tumor tissues, as well as they do not replicate either (i) the cell-to-cell
and cell-to-extracellular matrix (EMC) interactions, and (ii) the oxy-
gen, nutrients, and pH gradients which play a crucial role in tumor
progression, chemoresistance and metastatic spread [70-72]. For such
reasons, 3D HeLa-GFP and T731-GFP tumor spheroids were grown in
order to analyse under more physiologically-relevant conditions the
ability of GCL/MOG-siRNA,ntigrp lipoplexes to penetrate the tumoral
microenvironment and inside tumour cells and release their siRNA cargo
to exert the GFP down-regulation activity. Fig. S5 shows the size and
morphological temporal evolution of both 3D HeLa-GFP and T731-GFP
tumour spheroids. It can be observed that both cell lines (row (a) in both
figures, untreated cells) can give rise to well-supported tumoral spher-
oids that progressively grow with time until reaching sizes of ca. 1.5 &+
0.4 and 0.6 £ 0.2 pm for HeLa-GFP and T731-GFP cells, respectively, as
observed from confocal microscopy images. Also, it is worth mentioning
that T731-GFP spheroids showed a very compact core surrounded by a
layer of more loosely attached cells; conversely HeLa-GFP ones have a
more regular, perfectly defined spherical morphology.

Next, GCL/MOG-siRNAptigrp lipoplexes doped with Nile Red (200:1
lipid:fluorescent probe molar ratio, see Experimental Section for details)
were injected to the cell culture medium surrounding the spheroids.
Here, Nile Red was chosen as the fluorescent probe since: i) this dye is a
polarity-sensitive fluorescent probe for intracellular lipids and protein
hydrophobic domains, with tunable fluorescence signal from golden
yellow to deep red depending on the lipid environment [73]; ii) its
fluorescent signal in polar media is very weak; iii) it is poorly soluble in
aqueous solution; and iv) it is also commonly used as a hydrophobic drug
model in release studies [74]. Thus, the ability of lipoplex nanocarriers
to penetrate the tumoral spheroid was monitored by means of the
increasing red fluorescence signal of the Nile Red dye when residing in
an apolar microenvironment (the lipid multilamellar structure) as well
as by the reduction of cellular GFP fluorescence thanks to the effective
release of the siRNA cargo loaded inside the lipoplexes into cells,
respectively. Fig. 6 and Fig. S6 show that there is hardly penetration of
the lipoplexes inside the spheroids after 1 h of incubation, as determined
by a scarce 4 and 6 % of Nile red fluorescent intensity enhancement for
HeLa and T731 cells, respectively. In particular, for HeLa 3D culture
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Fig. 5. (a) SAXS diffractograms of GCL/MOG-siRNA lipoplexes at a = 0.7, and pegr = 5 and 10, in the absence and presence of PC. (b) Schematic drawing of L,

multilamellar phase, in absence (left) and presence of PC (right).

only some few red dots can be distinguished while remaining red fluo-
rescence signal is perimetrically detected around the spheroids without
turning off the GFP fluorescence (Fig. 6). A similar observation was
made for T731-GFP spheroids, in which the Nile Red fluorescence is not
only observed surrounding the cell spheroid but also on its surface. Such
observed difference may arise from the smaller size of T731-GFP
spheroids compared to HeLa-GFP ones. Moreover, the decrease in GFP
intensity for HeLa spheroids is negligible, whereas for T731-GFP is of ca.
23 % of the initial intensity of non-treated astrocytes spheroids,
respectively.

After incubation for 24 h, the observed situation is rather different.
For both types of spheroids, Nile Red fluorescence can be observed
largely distributed along the spheroids (Fig. 6 and Fig. S6) being
particularly more intense in HeLa cells, with a 69 % of red fluorescence
enhancement compared to only the 31 % for T731 cell, respectively.
This difference may point to a certain penetration of the lipoplexes in-
side the spheroid structure followed by cell uptake and subsequent, at
least partially, cargo release of the fluorescent probe inside cells. Such
uptake inside spheroid-contained cells is also corroborated by a certain
decrease in the green fluorescence of those cells mainly located at the
middle, surface plane of the spheroid, which also displays the highest

intensity of Nile Red (white circles in Fig. 6). Specifically, a decrease in
mean GFP fluorescent signal intensity of ca. 58 % and 40 % of the initial
fluorescence after treatment is observed for both HeLa and T731 cells
(see Fig. S7a-b), respectively, which is significantly larger than that
observed for non-treated spheroids. In the latter case, the observed GFP
signal intensity reduction of ca. 43 and 28 % of the initial GFP fluores-
cence signal for HeLa and T731 cells, respectively, can be a consequence
of the progressive death of cells located at the inner, hypoxic spheroid
core.

After further incubation up to 96 h, the natural fluorescence of non-
treated HeLa-GFP and T731-GFP spheroids undergoes an additional
reduction of up to ca. 73 % and 49 % of the initial detected green
fluorescence signals, respectively (see Fig. S7a-b), which can be related
to additional cell death in the spheroid core, as mentioned above. But
such reduction is much more intense in cell spheroids treated with the
siRNA-loaded lipoplexes, with GFP fluorescence intensity reductions of
up to 89 and 76 % of the initial values for both HeLa-GFP and T731 cell
spheroids, respectively, thus, indicating that protein down-regulation
can be effectively achieved for both types of cells. It is also worth
mentioning that the protein signal depletion in T731-GFP 3D tumoral
spheroids takes mainly place at the external area, being the core still
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1h

24 h

96 h

Fig. 6. Confocal microscopy images of HeLa-GFP spheroids treated with GCL/MOG-siRNAntigrp lipoplexes at o = 0.7 and pegs = 10 (rows b and c¢) in the presence 10
% HS after different incubation times. Untreated cells (row a) were used as controls. Row b) shows the green channel with GFP fluorescence intensity, whereas row c)
displays the overlay of GFP and Nile Red fluorescence signals. The white circles indicate the core area of the spheroids. Scale bars are 1 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

fluorescent. Such observations might be related to a relatively more
compact spheroid formed by these brain cells and/or a lower ability of
lipoplexes to be uptaken by this astrocyte cell line. On the other hand,
the former observations are further corroborated by the observed en-
hancements of the Nile Red fluorescent signals inside the cell spheroids,
which are rather enhanced reaching values of ca. 98 and 47 %,
respectively.

Hence, the present lipoplexes with protein coating configure a bio-
logical entity able to penetrate inside the complex tumoral microenvi-
ronment to transport siRNA efficiently and provide a successful release
of its cargo inside the target cells, thus, achieving an effective inhibition
of GFP protein expression herein as proof of concept, which further
corroborates the results previously obtained using simpler 2D cultures.
Therefore, this kind of LNP bearing a GCL as main component opens new
avenues for the development of non-toxic, effective nanomedicines for
silencing gene therapy not only for cancer, but also for other diseases
such as cardiovascular or neurodegenerative ones.

4. Conclusions

The LNP constituted by a gemini cationic lipid with quaternary
ammonium cationic head groups and the neutral mono oleoyl glycerol
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proved biocompatible and safe in the cells studied. No relevant levels of
ROS or cytotoxicity were detected. In fact, they were better than those
found for the commercial control used Lipo2000* in some cases. The
physical and structural studies performed with agarose gel electropho-
resis, DLS, SAXS and (-potential techniques corroborated the siRNA
incorporation in a lamellar pattern (L) with sizes around 240 nm and
charge of ca. +25 mV. The in vitro experiments were always carried out
on cells from different tumours to see the diverse biological responses
and analysed by flow cytometry and epifluorescence or confocal mi-
croscopy. The major reduction of the MFI value (or %GFP) was noted at
peff = 10 in both cells. However, in the case of HeLa-GFP cells, the gene
knockdown was more noticeable after 48 h of incubation while for T731-
GFP cells was at 72 h. The nanovector internalization mechanism inside
the cells seemed to be mainly dominated by a clathrin-mediated
pathway. However, it must be considered that the PC may also play a
crucial role in the cellular uptake: the PC can modify the nanovector
structure as seen from the slight decompaction of the lipid bilayer
stacking in the SAXS experiments here reported. Finally, encouraging
results were observed from 3D spheroids cell cultures, since after 24 h of
incubation penetration of the nanovector and cellular uptake (GFP
knockdown) inside tumour spheroids were observed. The reduction of
the GFP signal in the spheroids was more significant for human cervical
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cancer cells than for mouse astrocyte cancer cells. And this gene
knockdown was distinguished in different areas of the spheroid, possibly
due to the clear differences in size and thus, compactness between the
tumour aggregates. This study helps to put a spotlight on these types of
nanovectors for clinical applications, corroborating the importance of
designing specific or personalized strategies depending on the disease,
tissue, organ, and/or environment under study. Further studies in 2D
and 3D-grown cells will be required to explore in depth the cellular
uptake pathways, the protein corona effect surrounding the nanovector,
and how the GFP expression behaves over time after additional/
sequential administrations.
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