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Abstract: The lack of efficient targeting strategies poses significant limitations on the
effectiveness of chemotherapeutic treatments. This issue also affects drug-loaded nanocarriers,
reducing nanoparticles cancer cell uptake. We report on the fabrication and in vitro characterization
of doxorubicin-loaded magnetic liposomes for localized treatment of liver malignancies. Colloidal
stability, superparamagnetic behavior and efficient drug loading of our formulation were
demonstrated. The application of an external magnetic field guaranteed enhanced nanocarriers
cell uptake under cell medium flow in correspondence of a specific area, as we reported through
in vitro investigation. A numerical model was used to validate experimental data of magnetic
targeting, proving the possibility of accurately describing the targeting strategy and predict liposomes
accumulation under different environmental conditions. Finally, in vitro studies on HepG2 cancer cells
confirmed the cytotoxicity of drug-loaded magnetic liposomes, with cell viability reduction of about
50% and 80% after 24 h and 72 h of incubation, respectively. Conversely, plain nanocarriers showed
no anti-proliferative effects, confirming the formulation safety. Overall, these results demonstrated
significant targeting efficiency and anticancer activity of our nanocarriers and superparamagnetic
nanoparticles entrapment could envision the theranostic potential of the formulation. The proposed
magnetic targeting study could represent a valid tool for pre-clinical investigation regarding the
effectiveness of magnetic drug targeting.

Keywords: magnetic drug targeting; magnetic liposomes; nanomedicine

1. Introduction

Hepatocellular carcinoma (HCC) is the most common liver tumor occurring in human beings. It is
the sixth most frequent cancer worldwide and the second leading cause of cancer-related death: in 2012
over 700,000 people worldwide died of liver cancer [1,2]. HCC mostly affects men and its incidence
increases rapidly with age [3]. Therapeutic interventions depend on the volume of the primary
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cancerous mass and particularly on the quantity of tumor metastasis in other organs. When surgical
resection is not feasible, chemotherapy is the gold standard, in association with radiotherapy [4]. Lots of
chemotherapeutic drugs have been approved against HCC: tyrosin kinase inhibitors, such as sorafenib
and sunitinib, DNA-targeted molecules as cisplatin and selective estrogen-receptor modulator as
tamoxifen [5-8]. Moreover, Doxorubicin (DOX), which is a topoisomerase II inhibitor, has evidenced
its efficacy against HCC correlated with relatively moderate side effects with respect to other
chemotherapeutic drugs [9,10]. Although the efficacy of some chemotherapeutic drugs against
HCC growth have been proved, severe side effects have been reported, such as proteinuria, skin related
toxicities, an increased risk for thromboembolism, and bleeding events [11]. This occurrence not only
has a crucial impact on patient’s quality of life, but, in some cases, impede drug treatment applicability.
In this regard, it is clear how solutions that would improve drug safety and efficacy are of primary
clinical interest.

In the last decades, nanotechnology has paved the way to multiple solutions for improving drug
specificity and therapeutic safety, providing various nanocarriers to enhance drug biodistribution
and minimize drug dispersion and side effects [12-16]. Lipid nanocarriers have been studied for
several years in the field of nanomedicine, owing to their excellent biocompatibility and high drug
payload [17-19]. In the literature, several examples of this class of nanocarriers have been studied
for drug encapsulation and gene therapy purposes. One of the most interesting subsets of lipid
nanocarriers is unilamellar lipid vesicles, usually called liposomes [20,21].

However, a common bottleneck is still present in the field of lipidic nanoparticles drug delivery
and, more generally, in nanomedicine: the difficulty in obtaining an efficient targeting of the interested
site [22-24]. Physiological barriers could retain nanoparticles, thus decreasing the available therapeutic
amount [25]. In this scenario, it is clear how nanoparticles targeting capability in systemic administrated
nanovectors is a crucial issue that needs to be deeply investigated, especially for cancer therapy [26].

In this vision, the encapsulation of superparamagnetic iron oxide nanoparticles inside liposomes
could be an advantageous strategy to alter liposome biodistribution upon the application of an external
magnetic field, thus enhancing their cellular uptake towards a selected area, avoiding drug dispersion.
Some examples are present in literature regarding magnetic nanoparticles and liposomes as theranostic
platforms for controlled drug delivery, for MRI contrast enhancement and for hyperthermia [17-31].
Magnetic nanoparticles incorporation inside liposomes could be exploited for magnetic assisted drug
delivery (MDD), in order to increase particles accumulation nearby cancer lesion [32,33]. Moreover,
recent works on MDD have focused on combining multiple approaches to drug delivery in one
nanocarriers, such as ultrasound-triggered drug release, photo-thermal treatment, and photodynamic
therapy upon enhanced particles cell uptake [34—41]. However, few studies regarding MDD focused on
in vitro analysis of magnetic targeting efficacy in dynamic environment, resulting in current difficulties
for improving the clinical translation of nanocarriers [42]. The study of Martina et al., [43] on the effect
of magnetic targeting on cell internalization of magnetic liposomes is worth mentioning. They studied
intracellular trafficking of their magnetic liposomes formulation upon application of an external
magnetic field. However, these experiments have been conducted in static conditions without assessing
liposomes cell uptake under different dynamic environmental conditions. Another relevant study is
the recent work of Szuplewska and colleagues regarding the cytotoxicity assessment of DOX-loaded
magnetic liposomes towards human breast cancer cells [44]. They presented an in vitro characterization
of enhanced DOX release and cytotoxicity after exposition to alternating magnetic field. However,
liposomes magnetic cell targeting capability and internalization under cell medium flow has not
been investigated.

Here, we present a stable DOX-loaded Magnetic/Lipidic Nanocarrier as a possible theranostic
tool against HCC. In this study, we decided to focus on in vitro assessment of targeting efficacy of
our formulation under flow conditions and an external magnetic field, as insufficient nanoparticles
cancer cell targeting has been reported to be one of the main issues that restricts clinical translation of
cancer nanomedicine [45-47]. This represents the main novelty of the work and we believe that this
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approach could represent a useful tool for improving nanocarriers cell targeting in order to foster their
use for patient’s healthcare. The incorporation of magnetic nanoparticles aims to enhance liposomes
uptake in correspondence of the tumor site upon the application of an external magnetic field. As this
regard, an in vitro investigation on the enhanced nanoparticles uptake in the presence of an external
magnetic field at different flow conditions was presented and compared with a numerical model.
This characterization was performed with two cell lines, in order to evaluate selective liposomes
tumor cells uptake (using HepG2 cells) and validate experimental data on magnetic targeting (using
endothelial cell line). Furthermore, magnetic liposomes cytotoxicity on a human hepatocellular
carcinoma cell line (HepG2) was studied, as well as DOX release kinetic under different environmental
conditions and liposomes localization inside cell cytoplasm upon internalization.

This analysis can be used in order to further assess the proposed MDD targeting strategy and
properly tune formulation parameters prior to further in vivo characterization, in view of potential
clinical translation.

2. Materials and Methods

2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), plastic dialysis tubes (Pur-A-Lyzer, membrane cutoff
= 3.5 kDa), Hepatocellular carcinoma cell line (HepG2), and cell culture reagents were supplied by
Sigma-Aldrich (St. Louis, MO, USA). Cholesterol (Chol) was purchased by Avanti Polar Lipids (Alabaster,
AL, USA). 1,5-O-dihexadecyl-N-succinyl-L-glutamatel,5-O-dihexadecyl-N-succinyll-glutamate (DHSG)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-5000 (DSPE-PEGsq0)
were obtained by Nano CS (Boston, MA, USA). Dextran-coated magnetic nanoparticles (MNPs) water
dispersion (nanomag®-D-spio, product code 79-00-102) was supplied by Micromod Partikeltechnologie
GmbH (Rostock, Germany). Sephadex G-25 columns was purchased by GE Healthcare Life Sciences
(Milano, Italy). Doxorubicin hydrochloride (DOX), Topoisomerase II inhibitor was supplied by
Abcam (Cambridge, UK). Cholesterol E-test kits were purchased from WAKO Pure Chemical
Industries, Ltd. (Osaka, Japan). Plastic p-slides (p-Slide VI0.4) were supplied by Ibidi (Gréfelfing,
Germany)). Fluorescent lipophylic dye (DiO) was purchased by Life Technologies (Carlsbad, CA,
USA). Phalloidin and DAPI were purchased by Millipore (Burlington, MA, USA). WST-1 assay
kit (2-(4-iodophenyl)-3-(4-nitophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoilium monosodium salt) was
supplied by BioVision (Ziirich, Switzerland).

2.2. Methods

2.2.1. Cell Culture

HepG2 cells (Sigma—Aldrich, St. Louis, MO, USA) were cultured in low glucose Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 1% non-essential amino
acid solution (NEAAS), and 1% penicillin-streptomycin, at 37 °C with 5% CO, atmosphere. Human
umbilical vein endothelial cells (HUVECs) were harvested and isolated, as previously described [48].
Human cells were obtained from discarded umbilical cords and treated anonymously. As such, approval
from the University Ethics Review Board was not necessary. The cells have been cultured in Medium
199 containing 10% of fetal bovine serum (FBS), 2 mmol/L glutamine, 20 ng/mL of ECGF, and 1% of
penicillin-streptomycin, at 37 °C with 5% CO, atmosphere. All of the experiments were performed
with low-serum cell culture medium.

2.2.2. Magnetic Liposomes Fabrication

Magnetic liposomes (MagLipo) were fabricated while using a thin-film evaporation method.
In particular, 10 mg lipid powder composed with DPPC, cholesterol(Chol), DHSG, and DSPE-PEGsgg
with a molar ratio of DPPC/Chol/DHSG/DSPE-PEGsgg = 5/4.85/1.04/0.03 was dissolved in chloroform
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using a round bottom flask and put under vacuum overnight for complete solvent dissolution, in order
to obtain a thin lipid film onto the bottom of the flask.

Subsequently, the thin lipid film was hydrated under stirring for 12 h with 10 mL of a 2 mg/mL
dextran-coated magnetic nanoparticles (MNPs) aqueous dispersion with a 20 nm hydrodynamic
diameter, in order to obtain multilamellar lipid vesicles (MLV). After this procedure the MLV aqueous
dispersion was extruded with a manual system (Avanti Polar Lipid, Alabaster, AL, USA) that was
composed of two syringes that force the dispersion to pass through a polycarbonate membrane filter
with a pore size of 0.2 um. Eleven passages through the membrane were used in order to obtain
liposomes that contain magnetic nanoparticles. Finally, MagLipo dispersion was purified while using
Sephadex G-25 pre-packed columns with deionized water as eluent, in order to remove free magnetic
nanoparticles from the dispersion.

DOX-loaded magnetic liposomes (DOX_MagLipo) were obtained following the same procedure
as for MagLipo, hydrating the thin lipid film with 5 mL of a 2 mg/mL MNPs dispersion containing a
DOX concentration of 1 mg/mL. DOX loading inside MagLipo was performed during the hydration
process of the thin lipid film instead of using the common pH-gradient method [49]. This choice was
made because of the tendency of dextran-coated MNPs to aggregate and precipitate under highly
acidic environments required to perform the pH-gradient method that would have compromised
both MNPs encapsulation inside lipid vesicles and phospholipidic bilayer formation. Purification was
performed while using Sephadex G-25 pre-packed columns with deionized water as eluent, in order
to remove the free DOX and the free magnetic nanoparticles from the solution (Figure 1). All of the
samples have been stored in the refrigerator at 4 °C to prevent DOX leaching from liposomes.

Lipid solution in CHCI; CHCl; evaporation to Hydration of lipid film with
obtain a lipid thin film DOX-MNPs solution (12 h)

DOX_MagLipo Structure

Lipidic Shell

i Doxorubicin
| (DOX)

Extrusion with a porous
membrane (P, = 200 nm)
to obtain DOX_Maglipo
dispersion

Dextran-coated

Purification with gel chromatography = " SPIONs (MNPs)

to remove free-Dox and free-MNPs e
Figure 1. DOX_MagLipo fabrication and purification process and schematic structure. For MagLipo
fabrication a 2 mg/mL MNPs solution without DOX was used.

2.2.3. Characterization of Magnetic Liposomes

Morphology of DOX_MagLipo and MagLipo was analyzed using Atomic Force Microscopy
(AFM) (Innova SPM, Bruker, Billerica, MA, USA), by drying a water dispersion of diluted liposomes
dispersion onto a silicon substrate. AFM scans were performed in a tapping mode, by using NT-MDT
NSGO01 antimony-doped n-type silicon probes with a resonance frequency of 87-230 kHz and a force
constant of 1.45-15.1 N.m~!. All data were elaborated and analyzed with a Gwyddion SPM analysis
tool (http://gwyddion.net). Moreover, scanning transmission electron microscopy (S/TEM) images of
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MagLipo were performed in order to investigate the presence of encapsulated MNPs in the liposome,
using a dual-beam system (FEI Helios 600, Hillsboro, OR, USA).

The size and surface charge of DOX_MagLipo and MagLipo were evaluated by means of
dynamic light scattering using a Zetasizer Nano S90 (Malvern, Worcestershire, United Kingdom).
Lipid concentration of liposomes was measured using a cholesterol E-test kit according to the
manufacturer’s instructions. The MNPs concentration was measured by dissolving lipid bilayer
with a 5% solution of TritonX-100, by monitoring the absorbance at 500 nm and correlating it to a
standard calibration curve prepared with several concentrations of the same MNPs encapsulated
inside liposomes. DOX loading into magnetic liposomes was measured by fluorescence spectroscopy
using a microplate reader (Victor3, Perkin Elmer), setting the excitation wavelength at 480 nm and by
acquiring fluorescence signal from 560 to 590 nm. DOX fluorescence intensity was then correlated to
the drug concentration using a standard calibration curve.

Magnetic characterization of MagLipo was carried out using a superconducting quantum
interference device (SQUID) from Quantum Design (MPMS-7, Quantum Design, San Diego, CA, USA).
In order not to waste DOX, only MagLipo and MNPs were tested, since the presence of the drug
inside liposome does not alter the magnetization of samples. After lyophilization of the liposomes,
the dried powder was encapsulated into a gelatin capsule and placed in a straw for the SQUID analysis.
Magnetization curves were measured from —30 to 30 kOe at 5 K and 310 K for both MagLipo and MNPs.

2.2.4. Magnetic Targeting Experiments

Magnetic targeting experiments were performed with MagLipo while using a dynamic perfusion
set-up in order to investigate the enhancement of cell internalization of particles upon exposure to an
external magnetic field. This system was composed by two syringes that were linked to a fluidic unit
with programmable electro valves and plastic p-slides (pu-Slide VI’4, Ibidi) for cell culturing (Figure 2).

E : Syringes with MagLipo—doped
Air pump cell medium

Zoomed-view B Electrovalves box

Flow direction

Cell culture

Silicone tube

Flow direction "y «

Permanent Magnet { <

3
Flow direction Side view =
> Cell culture
2 . Control
;"&‘-CDGODOA \‘
~ channel
"-
Permanent
magnet

Figure 2. Schematization of the set-up for magnetic targeting experiments.

This system was reported in our previous study [50]. Briefly, a home-made air pump injects an
air flow inside two syringes that were connected to two cell seeded microfluidic channels, pushing a
MagLipo-doped cell culture medium inside the microfluidic channels with a selectable flow rate.
Air pressure control was guaranteed by an ad hoc close loop system, which was connected with a
custom software interface. Magnetic targeting experiments was performed by seeding microfluidic
channels with two different cell lines: HepG2 cells to investigate MagLipo enhanced magnetic cancer
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cell uptake under flow conditions, and HUVECs in order to analytically assess targeting efficacy both
under constant and pulsatile flow conditions. Endothelial cells are a useful model for studying the
targeting ability of MagLipo in a linear blood vessel and they are the first barrier that nanocarriers
meet after an intravenous route before reach the tumor mass.

In order to evaluate the amount of MagLipo internalized inside cells, MagLipo were stained before
magnetic targeting experiments with DiO lipophilic dye by incubation at 37 °C for 1 h (1 mL MagLipo +
5 uL DiO) and subsequently dialyzed overnight (cutoff Mw 35 kDa) versus DI water to remove free dye
from MagLipo dispersion. In order to calculate the quantity of MagLipo for experiments, an aliquot
of known volume of liposome dispersion was freeze-dried overnight and weighted. Upon staining,
MagLipo dispersion were mixed with cell culture medium and loaded in the perfusion set-up for
magnetic targeting experiments. At the end of these experiments, cells were fixed and stained and
then images were taken via confocal microscopy (C2s, Nikon). The fluorescent signal from MagLipo is
proportional to the quantity of nanoparticles internalized inside cells.

Selective Cancer Cells Internalization in Flow Conditions: HepG2 Experiments

The HepG2 cells were seeded at the bottom of two rectangular-shaped microfluidic channels of
the p-Slide (7 x 10* cells per each channel) and then incubated for three days at the same conditions to
reach confluence. All of the seeded channels were incubated with gelatin (4%) for 20 min., at 37 °C
and washed three times with PBS to improve cell adhesion. Under one of the channels a permanent
neodymium magnet (Br = 1.32 T) of 6 mm diameter and 6 mm thickness was placed at a distance of
1.2 mm from the bottom of the microfluidic channel. All of the experiments with HepG2 cancer cells
were performed for 3 h using a DiO-stained MagLipo concentration of 100 ug/mL, using a constant
flow rate of about 2 mL/min. corresponding to a wall shear stress of about 4 dyn/cm?. These values
were chosen in order to prevent HepG2 detachment from the microchannel during the exposure
of cell medium flow. At the end of the experiments, the equipment was stopped and cells were
rinsed with PBS, fixed with paraformaldehyde (4% in PBS), treated with 0.1% Triton X-100 to allow
membrane permeation, and blocked for 1 h with a goat serum solution (10% in PBS). After these
procedures, the cell cultures were incubated with a staining solution containing phalloidin (1:100)
and DAPI (1:1000) to label cytoskeletal f-actin and nuclei, respectively. After thorough PBS rinsing,
the images were acquired via confocal microscopy. Software image analysis using Fiji Image] software
(https://imagej.net/Fiji) was performed in order to calculate average MagLipo quantity inside HepG2
cells and the data were reported as the percentage of area occupied by liposomes over the average scan
area occupied by cells cytoplasm.

Numerical Description of Magnetic Targeting: HUVECs Experiments

Magnetic targeting experiments were also performed in order to compare MagLipo enhanced
cell internalization with a numerical model of accumulation process in the presence of a defined flow.
HUVEC cells were selected for these experiments, since they represent the first barrier that MagLipo
meet after the intravenous route and also because of their stronger adhesion to the bottom of the
microchannel respect to HepG2 cells. All of the seeded channels were incubated with gelatin (4%) for
20 min. at 37 °C and washed three times with PBS in order to improve cell adhesion. HUVECs (7 x
10* cells per each channel) were cultured in Medium199 in order to reach confluence before experiments.
HUVEC experiments were performed for 4 h using a DiO-stained MagLipo concentration of 100 pg/mL,
using a constant flow rate of 3.11 mL/min. with a wall shear stress value of 5.7 dyn/cm?. This value was
chosen according to literature [51,52]. A permanent neodymium magnet of 6 mm diameter and 6 mm
thickness (with magnetization B, = 1.32 T) was placed at the bottom of one of the seeded channels
to magnetically target MagLipo near the area of action of the magnetic field, while the other channel
was used as the negative control. Thereafter, at the end of the experiment cells were washed and
stained using the same procedure explained for HepG2 experiments. For HUVECs experiments the
whole cell-seeded microchannel area was acquired via confocal microscopy by automatically moving
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microscope sample stage around the channel. In this way, the microchannel area was acquired as a
64 x 16 matrix of fluorescence images. Fluorescence signal reconstruction of the channel area was
performed while using an NIS-element viewer (https://www.microscope.healthcare.nikon.com) and
the stitching tool of Fiji Image] software (https://imagej.net/Fiji).

We also studied the aforementioned magnetic targeting problem using the numerical model that
was introduced in literature [53]. The considered flow channel had a rectangular cross-section (3.8 mm
width, 0.4 mm height) and the flow was uniform (thus considered to be fully developed) over a 17 mm
span. The velocity field in the cross-section was analytically derived based on potential-flow methods
(thus permitting computing the aforementioned wall shear stress starting from the input flow rate,
assuming 1073 Pa s viscosity, as for water). MagLipo were assumed to be dragged by the flow (one-way
coupling, based on a classical Stokes model) and subjected to the magnetic attraction that was caused
by the external magnet, as point dipoles (also accounting for magnetization saturation [54]). Given the
liposome volume (based on the aforementioned average radius), the volume fraction that was occupied
by MNPs was around 2.9 x 103 based on the experimentally measured iron mass fraction (6.3%,
by ICP-MS on lyophilized sample). Moreover, liposome saturation magnetization was consistently
derived from that one per unit iron mass of the MNPs (69 emu/gj;on, from datasheet); it resulted
in being around 2.6 x 10°> A/m. Furthermore, the permanent magnet was modeled by the classical
currents method (with 103 current strips: a number high enough to obtain discretization-independent
results). The trajectory of 1.44 x 10° liposomes in silico seeded upstream the magnet was numerically
integrated in time (by using the Matlab numerical environment) up to impinging on either the channel
floor (capture condition) or the outflow cross-section (escape condition). The captured carriers were
then binned over a 64 X 16-cell grid in order to render the capture density through a contour plot
(in arbitrary units) corresponding to the aforementioned experimental fluorescence recordings.

Moreover, magnetic targeting experiments with HUVECs were also performed under pulsatile
flow conditions to assess MagLipo targeting capabilities, even under more critical environmental
conditions. The experimental procedure and results of this characterization are shown in the Supporting
Information section (Figure S2).

2.2.5. Nanocarriers Internalization and Cytotoxicity Experiments on Hepatocellular Carcinoma
Cell Line

Confocal microscopy was used in order to investigate MagLipo internalization by HepG2. The cells
were seeded at a density of 12 X 10%/cm? on ibidi p-Dish (35 mm, Ibidi) and they were incubated at
37 °C and 5% CO; in order to grow in confluence. MagLipo were stained in green with a lipophilic
fluorescent dye (DiO; Life Technologies), for labeling hydrophobic structures, and consequently added
to the cell culture medium at a concentration of 100 ug/mL. After an incubation of 24 h, the cells were
rinsed with PBS and treated for 45 min. with LysoTracker (Invitrogen), a fluorescent probe for labeling
acidic organelles (lysosomes) in live cells. Finally, the cells were rinsed with PBS, incubated for 10 min.
with Hoechst 33342 (5 pg/mL, H1399 Invitrogen) for nucleus staining, and observed with a confocal
microscope (C2s, Nikon).

The biocompatibility of MagLipo and cytotoxic effects of free DOX and of DOX_MagLipo against
HepG2 cancer cells were evaluated using a WST-1 assay. For these experiments cells were seeded at
a density of 3 x 10* cells/well in 24-well plates and then incubated for 72 h at 37 °C and 5% CO, in
order to grow in confluence. Hence, the cell medium was replaced with fresh medium containing
increasing concentrations of MagLipo (0, 10, 20, 50, 100, and 200 pg/mL), DOX_MagLipo (0, 10, 20, 50,
100, and 200 pg/mL), or free DOX at the same equivalent drug concentrations to those present inside
DOX_MaglLipo (0, 0.128, 0.257, 0.647, 1.28, 2.58 uM). Cell viability was assessed after 24 h and 72 h
again using the WST-1 assay: cell culture medium was replaced with 300 uL of medium +30 uL of the
pre-mix solution, and then incubated for 1 h. Finally, the absorbance has been read at 450 nm with a
microplate reader (Victor3, Perkin Elmer, Waltham, MA, USA).
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3. Results and Discussion

3.1. Magnetic Liposomes Characterization

MagLipo and DOX-loaded MagLipo were prepared after hydration of the thin lipid film with a
magnetic nanoparticles dispersion and extrusion through a porous membrane (Figure 1). AFM and
S/TEM scans show the homogeneous spherical shape of nanocarriers (Figure 3).

80 nm
70
60

50

61 nm

" 0nm

Figure 3. (a) AFM scans (5 x 5 um2) of DOX_MagLipo dried on a silicon substrate. (b) Three-dimensional
(3D) rendering of an enlargement of scan (a). (c,d) S/TEM images of DOX_MagLipo.

Dynamic light scattering measurements revealed MagLipo and DOX_MagLipo nanometric
dimensions with an average hydrodynamic diameter of 215.4 + 42 nm and a surface zeta potential of
—21.7 £ 5.1 mV with a polydispersity index (PDI) of around 0.2 (suggesting samples homogeneous
dimension). Additionally, AFM scans confirmed nanometric dimensions, which resulted in being
slightly underestimated with an average diameter of 177.6 + 60.8 nm, because of particles dehydration
after solvent evaporation that is caused by the drop casting of a liposomes water solution onto the
silicon substrate prior to microscope scansion.

A negative value of zeta potential resulted from the incorporation of the DHSG lipid inside
the bilayer of liposomes. Furthermore, a value of zeta potential below —20 mV guarantees good
particles stability thanks to electrostatic repulsion. As this regard no irreversible aggregation of
liposomes was observed, even after some weeks of storage at 4 °C, since, by just vortexing the
dispersion, it has been possible to resuspend each trace of particles precipitation at the bottom of
the vial. Moreover, the incorporation of DSPE-PEGsqyy into nanoparticles bilayer contributes to
liposome stability, avoiding particles aggregation, thanks to steric repulsion guaranteed by the long
PEG chains [55]. After purification, the total lipid concentration was measured using the molar ratio
used in the fabrication process resulting in an average lipid yield of 76 + 0.6% and a cholesterol
concentration of 0.28 + 0.02 mg/mL. This evidence showed that a high fraction of the starting lipid
quantity formed liposomes after the hydration and extrusion of the thin lipid film, confirming a good
yield of the fabrication procedure. After purification with gel chromatography, DOX loading inside



Nanomaterials 2020, 10, 2104 9of 18

MagLipo was confirmed by fluorescence spectroscopy after the dissolution of lipid bilayer and an
average drug concentration of 51.2 + 24 ug/mL (94.2 + 44.1 uM) was revealed.

Furthermore, successful MNPs encapsulation inside either MagLipo and DOX_MagLipo was
demonstrated by S/TEM images, which clearly revealed the presence of iron oxide nanoparticles that
were encapsulated inside liposomes (Figure 3b,d). MNPs concentration inside magnetic liposomes
resulted of 0.48 + 0.03 mg/mL after UV-Vis light spectroscopy analysis and, this value, as well as lipid
concentration, was used in order to evaluate magnetization of liposomes (Figure 4).

a b
) . ) 5
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4 K 10 f—
2 5
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&2 -15 5

Figure 4. Magnetic characterization of MagLipo (a) and of MagNPs (b). Hysteresis curves acquired at
5K and 310 K. In the inset enlargement of the plot showing hysteresis process.

The result of the magnetic characterization showed that the magnetization of the two materials
are similar (Figure 4a,b), resulting with comparable magnetic properties. Magnetic properties at 310 K
present an almost absent hysteresis, confirming the superparamagnetic behavior of encapsulated
magnetic nanoparticles (Figure 4 inset). MagLipo present a higher coercive field, because of the
encapsulation of magnetic nanoparticles inside the liposome. The magnetic saturation value of
MagLipo is 4.2 emu/g at 310 K (9.8 emu/g for SPIONs), while 5.7 emu/g at 5 K (12.8 emu/g for SPIONSs).
Interestingly, the magnetization of magnetic liposomes is almost saturated with a low magnetic field,
i.e., 10,000 Oe. This occurrence ensures an easy manipulation of magnetic liposomes by an external
magnetic field.

3.2. Magnetic Targeting Experiments

3.2.1. Selective Internalization of MagLipo in Cancer Cells: HepG2 Experiments

Magnetic targeting experiments using HepG2 cancer cells were performed in order to assess the
possibility to selectively enhance liposome internalization in cancer cells under flow conditions as
described in Section 2. After 3 h with a constant flow of MagLipo-doped cell medium of about 2 mL/min.,
a strong uptake of MagLipo in HepG2 cells nearby the area of the microchannel exposed to the external
magnetic field was revealed by confocal microscopy. Conversely, no MagLipo internalization in the
control channel was revealed, which confirmed the high targeting efficiency for MagLipo (Figure 5) in
a dynamic environment. Liposomes quantity inside HepG2 cell was calculated of 50.8 + 3.1% of the
average area occupied by cells in correspondence of the region of application of the external magnetic
field, while that of the control channel was 0.40 + 0.03%. No occlusion of both silicon tubing and
microfluidic channel due to particle aggregation was observed during the experiments, confirming
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good colloidal stability of MagLipo. These experiments showed that the enhanced internalization of
liposomes in cancer cells is possible, thanks to the presence of an adequate magnetic nanoparticles
concentration that ensured MagLipo capture through an external magnetic field. MagLipo enhanced
magnetic cell uptake reported in this study could have some benefits in reducing nanocarriers dispersion
and clearance upon intravenous injection. Liposomes undergo a fast plasma clearance after 1-3 h from
intravenous injection and maximum tumor uptake occurring in several hours [55,56]. Because the
consistent MagLipo cancer cell uptake demonstrated in this experiment occurs within 3 h, our results
support the possibility to reduce MagLipo plasma clearance upon injection and to speed up tumor
nanoparticles internalization thanks to an external magnetic field.

Magnet Control

Figure 5. MagLipo magnetic targeting experiments showed selective liposomes cell internalization
(in green) with HepG2 cancer cells in correspondence of the edge of the magnet (a,c). Conversely,
no liposomes were present in the control channel, where no external magnet was placed (b,d). f-actin
was stained in red, nuclei in blue. All scale bars are 20 um.

3.2.2. Analytical Description of Magnetic Targeting: HUVECs Experiments

The distribution of MagLipo, as attracted by the external magnetic, is reported in Figure 6.
In particular, Figure 6a displays microchannel reconstruction showing MagLipo (in green) selective
internalization inside fluorescence-stained HUVECs, whereas Figure 6b shows the round-shaped
contour of internalized MagLipo (in green) in correspondence of the edge of the external paled magnet.
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Moreover, Figure 6¢,d feature the experimentally recorded and numerically predicted density contour
plot of the captured MagLipo, respectively. The model remarkably predicted the experimental results,
showing how internalization mostly occurred in correspondence of the magnet boundary (besides
some layers close to the channel side boundary, where capture was favored by slow speed, i.e.,
viscous effects). This is in consistent with the fact that magnetic attraction is more pronounced close
to the edge of the permanent magnet due to well-known field and gradient effects [57-59]. Overall,
the possibility to accurately model the considered dynamic targeting strategy fosters the quantitative
characterization and design of related approaches, in turn supporting potential translation to more
clinically-relevant frameworks in the longer term.

Figure 6. Confocal microscopy of the bottom side of the microchannel after human umbilical vein
endothelial cells (HUVECS) staining (f-actin in red, nuclei in blue) (a). Fluorescent-labeled MagLipo
(in green) are visible in a round-shaped area confirming selective magnetic cell internalization in

correspondence of the edge of the external magnet. Distribution of fluorescence-labeled Mag-Lipo
(in green), as attracted by the external magnetic field and internalized by HUVECs seeded at the bottom
of the microchannel (bright field merged to MagLipo fluorescent signal) (b). (c) Density contour plot of
the captured MagLipo, as obtained by fluorescence-based experimental recordings (c). Density contour
plot of the captured MagLipo, as predicted by the numerical model; the arrow indicates flow direction
(d). Flow velocity was set at 3.11 mL/min. Scale bar is 1 mm.
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All of the results concerning Magnetic Targeting demonstrated selective MagLipo enhanced
cell internalization under various environmental conditions while using two different cell lines and
highlighted the possibility of actively targeting the MagLipo cancer cell up-take and, consequently,
of selectively localizing the effect of the encapsulated drug. Moreover, our evidences of efficient
liposomes magnetic targeting could have an impact on the initial injected dose of DOX_MagLipo. As this
regard, in vivo studies in humans on PEGylated DOX-loaded liposomes report on nanocarriers injected
concentrations ranging from 10 to 80 mg/m?, depending on tumor type [56,57]. Because consistent
MagLipo uptake has been shown in our experiments with a 10-fold less concentrated injected dose,
this evidence suggests the feasibility to reduce liposomes injected amount with respect to conventional
non-magnetic formulations.

3.3. Nanocarriers Internalization and Cytotoxicity Experiments on Hepatocellular Carcinoma Cell Line

Confocal microscopy showed the strong uptake of MagLipo in HepG2 and red staining of
lysosomes allowed for understanding particles localization inside the cells. In Figure 7, MagLipo are
stained in green and overlapping is easily evidenced by the yellow signal that arises from the merging
of the two channels, thus demonstrating successful internalization and lysosomes uptake of MagLipo
in HepG2 cancer cells.

Lysosomes

Merging

Figure 7. In vitro cell internalization of MagLipo in static conditions. Confocal fluorescence images
of HepG2 cells showing MagLipo (in green) up-take and co-localization (in yellow) with lysosomes
(in red) after LysoTracker assay; nuclei are stained in blue (All scale bars = 10 pm).

The antitumor activities of MagLipo and DOX_MagLipo were investigated against HepG2 cells
with the WST-1 viability assay and compared to that of the free-administered DOX. DOX_MagLipo
inhibit cell viability after both 24 h (Figure 8a) and 72 h (Figure 8b) of incubation, as shown in
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Figure 8. In details, DOX_MagLipo showed a cytotoxic effect even after 24 h of incubation. In fact,
for DOX_MagLipo concentrations of 20, 50, 100, and 200 ng/mL, corresponding to 0.257, 0.647, 1.28,
and 2.58 uM of DOX, a viability reduction of about 50% was observed (Figure 8a). Furthermore,
a dose-dependent anti-proliferative effect was instead observed after 72 h incubation (Figure 8b): at all
of the tested concentrations, we reported a significant reduction of viability, which reaches about 80% of
the control for the 200 pg/mL DOX_MagLipo concentration (2.58 uM of DOX). The free drug confirmed
its antitumor action at both 24 h and at 72 h. Interestingly;, its efficacy at 24 h is slightly lower with
respect to DOX_MagLipo efficacy at liposomes concentration of 20, 50, and 200 pg/mL, underlying that
liposomal encapsulation facilitates drug cell penetration upon liposomes cell uptake. As this regard,
MagLipo internalization studies in HepG2 cancer cells showed high nanocarriers internalization and
co-localization in lysosomes. This effect could be associated to the high cytotoxicity reported even after
24 h, since DOX release studies (see Supporting Information, Figure S1) showed consistent drug release
at acidic pH proper of lysosomal environment [60]. Moreover, drug release studies showed slow DOX
release at pH 7 over time, demonstrating the stability of liposomal formulation that prevents drug
leaching prior to cell internalization.
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Figure 8. Metabolic WST-1 assay on HepG2 cancer cells after 24 h (a) and 72 h (b) of incubation with
increasing concentrations of MagLipo, DOX_MagLipo, and free DOX.

Overall, these results indicated the safety and biocompatibility of the plain MagLipo. Conversely,
DOX_MagLipo showed an even higher anti-proliferative effect against tumor cells that was induced
by free DOX after 24 h, thus demonstrating enhancement of drug anticancer activity thanks to
liposomal encapsulation.
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4. Conclusions

The purpose of this work was to tackle the main issue that was encountered in systemic
administration of chemotherapies against HCC: without an effective cancer targeting strategy,
drugs undergo aspecific and uncontrolled biodistribution that leads to poor anticancer activity with
consistent healthy tissue exposure, thus leading to severe toxic phenomena. As this regard, we presented
a stable, superparamagnetic, and cytotoxic DOX_MagLipo formulation. Nanocarrier characterization
showed nanometric dimensions, efficient MNPs, and DOX encapsulation and good colloidal stability
of our formulation as well as superparamagnetic behavior confirmed by SQUID measurements that
highlighted the good potential for magnetic manipulation. Moreover, we demonstrated enhanced
nanocarriers in vitro cell uptake under cell medium flow in correspondence of a target area by the use
of an external magnetic field with two different cell lines. HepG2 experiments confirmed remarkable
and selective nanocarriers uptake in the target area, while HUVECs experiments validated the
experimental data on MagLipo targeting capability. These results are significant, because they allowed
correlating liposome targeting ability to constitutive parameters of nanocarriers (size, concentration,
magnetization) and experimental conditions (channel dimensions, flow rate, viscosity, and temperature).
This characterization ensured a predictable analysis of liposomes magnetic targeting, as well as a more
comprehensive assessment of nanocarriers magnetic drug targeting. Remarkably, since the chosen
dynamic conditions of Magnetic Targeting experiments are in good agreement with those that were
reported in the literature for small blood vessels, our approach confirms the feasibility of pre-clinical
evaluation of magnetic targeting and the possibility to accurately assess formulation parameters for
further in vivo tests.

Furthermore, the high lysosomes uptake of MagLipo was confirmed by confocal microscopy,
resulting in a fast DOX release inside the cell, which caused the high cytotoxicity of DOX_MagLipo
towards HepG2 cancer cells, even after 24 h of incubation.

All of these results confirm the high therapeutic potential of DOX_MagLipo that could be exploited
as an alternative to traditional chemotherapy against HCC. Furthermore, the encapsulation of MNPs
with superparamagnetic behavior inside liposomes allows MRI tracking of our formulation during its
biodistribution, envisioning the usage of DOX_MagLipo as theranostic platform with therapeutic and
diagnostic capabilities. However, the preclinical representativeness of tumor invasion assays can be
strengthened by using tumor spheroids models instead of single cells. Indeed, carrier transport
in tumor tissue is affected by complex physical phenomena (including, e.g., interstitial flows,
tissue heterogeneity, and carrier absorption/desorption dynamics) that, while posing modeling
challenges [61,62], are being increasingly addressed through experimental microfluidic systems [63].
Thus, further in vitro investigations on advanced tumor models are needed to better assess the targeting
efficacy of DOX_MagLipo, whence the potential for effective translation of our liposomal formulation
to in vivo, clinically representative application scenarios. Finally, future investigations regarding the
in vivo targeting efficacy of DOX_MagLipo will be carried out in order to verify the possible clinical
translation of our liposomal formulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2104/s1,
Figure S1: DOX release kinetic from DOX_MagLipo under different environmental conditions; Figure S2: Confocal
microscopy analysis of enhanced magnetic MagLipo cell targeting under pulsatile flow.
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