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Aim: Glioblastoma multiforme is one of the deadliest forms of cancer, and current treatments are limited
to palliative cares. The present study proposes a nanotechnology-based solution able to improve both
drug efficacy and its delivery efficiency. Materials & methods: Nutlin-3a and superparamagnetic nanopar-
ticles were encapsulated in solid lipid nanoparticles, and the obtained nanovectors (nutlin-loaded mag-
netic solid lipid nanoparticle [Nut-Mag-SLNs]) were characterized by analyzing both their physicochemical
properties and their effects on U-87 MG glioblastoma cells. Results: Nut-Mag-SLNs showed good colloidal
stability, the ability to cross an in vitro blood-brain barrier model, and a superior pro-apoptotic activity
toward glioblastoma cells with respect to the free drug. Conclusion: Nut-Mag-SLNs represent a promising
multifunctional nanoplatform for the treatment of glioblastoma multiforme.
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Central nervous system (CNS) tumors are a significant cause of morbidity and mortality worldwide 1], being
gliomas the most common malignant brain cancers [1,2]. Among them, glioblastoma multiforme (GBM) accounts
for 50% of gliomas, and it is one of the most aggressive and incurable human cancers [3-7].

Many treatments are available for GBM, including surgical resection, chemotherapy and radiation, but despite
the combination of these therapies, GBM patients can expect a median survival of just 15 months, while less than
5% of patients live longer than 5 years [3,8]. The difficulty in treating this devastating disease arises from several
factors including the vast variety of genetic abnormalities that limit the use of pathway-specific targeted agents,
the infiltrative nature of cancer cells that obstacles the complete surgical resection of the tumor, and the limited
delivery of chemotherapeutics to brain cancer cells due to the presence of the blood—brain barrier (BBB) [9-14].

Since BBB represents one of the principal obstacles to drug delivery to tumor tissue, various strategies have been
investigated to enhance brain delivery and among them, the use of nanostructures seems to be one of the most
promising approaches [15-17]. Several features make nanoparticles effective in the treatment of GBM and more
generally, in tumor therapy [18,19]. Being easily modifiable in terms of size, composition and surface properties,
such transport systems can be properly designed to protect compounds from intracellular degradation, to avoid
clearance by the immune system and to reduce toxic drug effects (3. By exploiting passive and active targeting
strategies, nanoparticles penetration through BBB can be improved, and this ability can be used to selectively deliver
therapeutic compounds to the brain [17], allowing a higher cytotoxic concentration at the tumor site and a reduced
toxicity in healthy cells to be achieved [20].

Many studies demonstrated both 77 vitro and in vivo the validity of nanocarriers for the treatment of GBM [3-
16]. Poly(lactic-co-glycolic acid)or chitosan-based nanoparticles and liposomes were used to improve the efficacy of
temozolomide, a systemic chemotherapeutic agent approved by US FDA for GBM treatment [9,21,22]. Preclinical
studies were also performed on nanovectors in association with other drugs such as paclitaxel and doxorubicin, the
anti-neoplastic activity of which was shown in a wide range of cancers, including GBM (23,24

Although targeted delivery by nanocarriers can increase the amount of drug at the brain level, the accumulation
to the tumor site can however result quite limited [25]. A solution for focusing drug-loaded nanoparticles to a
specific area of the organism is offered by the exploitation of magnetically responsive nanostructures, that can be
directed toward target sites through the use of magnetic fields produced, for example, by external static sources
like permanent magnets [26]. In this view, the present study proposes a nanotechnological solution to increase the
possibilities of treatment against GBM. The aim of this work is the development of a magnetic platform drivable
through an external magnetic field, able to overcome the BBB and to selectively deliver the chemotherapy agent to
the tumor cells.

The investigated drug is nutlin-3a, a potent candidate for cancer therapy that has shown its therapeutic efficacy
in several cancers including GBM [27-32]. Belonging to a class of cis-imidazoline analogs, nutlin-3a represents
an alternative compared with conventional chemotherapy agents, due to its ability to trigger the nongenotoxic
activation of p53 tumor suppressor without inducing collateral DNA damages [32,33]. More specifically, nutlin-3a
is an antagonist of murine double minute (MDM?2), the primary inhibitor of p53 found to be overexpressed
or amplified in several cancers, conferring tumor enhanced development, survival, chemoresistance, and poor
treatment outcome (34,35]. By preventing the molecular interaction between p53 and MDM2, nutlin-3a induces
the accumulation and the activation of the p53 protein, which is thus free to regulate a large number of targeted genes
involved in senescence, apoptosis, cellular cycle arrest and autophagy [36]. Nutlin-3a clinical application is limited
by the prohibitive doses of drug that are generally requested to obtain an adequate therapeutic concentration [37].
Nutlin-3a is, in fact, a substrate of the multidrug resistance protein MRP-1 and of the P-glycoprotein, both
expressed on the luminal side of the BBB and on the membrane of tumor cells as GBM cells [38,39]. These
membrane transporters are capable of pumping out from the intracellular environment the anti-tumor drugs both
at the level of the BBB, thus by interfering with brain bioavailability of CNS-active molecules, and at the level of
the GBM cells by protecting the tumor cells from the cytotoxic effect of the drug [15,40].

The class of nanovectors chosen in this study is represented by solid lipid nanoparticles (SLNs), the efficacy
of which as drug carriers for the treatment of glioma has been already demonstrated by several works in the
literature [41,42]. The SLNs are particularly appealing due to several features, among them the use of biocompatible
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and physiological lipids for the synthesis, the high physical stability in aqueous environments, the high drug pay
load and the ability to elicit a controlled release of the incorporated drug over the span of several weeks [42,43].

Nutlin-3a and superparamagnetic iron oxide nanoparticles (SPIONs) were encapsulated in SLNs (Nutlin-loaded
magnetic solid lipid nanoparticle [Nut-Mag-SLNs]) by following a solvent evaporation method. To test the Nut-
Mag-SLNs ability to cross the BBB and to target tumor cells, both a static and a dynamic iz vizro BBB model were
developed. Several microfluidic BBB in vitro systems have been described in the literature, all of them designed with
the goal to cover the existing gap between the static iz vitro models and the complexity of an iz vivo BBB [44-54]. We
were able to improve currently available models by designing and fabricating an innovative iz vitro dynamic system
composed by two channels, an upper channel seeded with brain endothelial cells and a lower channel seeded with
glioblastoma cells. Combining a commercial pump system with a software interface and a computational model,
we were able to induce a constant medium flow in the upper channel mimicking the blood flow typically present in
a brain capillary. To date, this is the first BBB % vizro model to combine the ability to recreate blood flow condition,
a strong physical modelization, and the possibility to study nanovector BBB crossing ability and drug anti-cancer
efficiency into a single device. Owing to this system, we were able to demonstrate the ability of Nut-Mag-SLNs
to be attracted by an external magnetic field and to be internalized by endothelial cells even under dynamic flow
conditions, and we further confirmed their capacity to cross BBB followed by their anti-cancer effects.

Materials & methods

SLN preparation & characterization

SLNs loaded with nutlin-3a and SPIONs were prepared through a solvent evaporation technique. A total of 10 mg
of nutlin-3a (Sigma-Aldrich, MO, USA), 25 mg of cetyl palmitate (Gattefoss¢, Lyon, France), 25 mg of methoxyl
1,2-distearoylsn-glycero-3-phosphoethanolamine-/N-[monomethoxy poly(ethylene glycol)] (mPEG-DSPE, 5 kD,
Nanocs, NY, USA), and 3.75 mg of SPIONS (average diameter of 10 nm, EMG1300 from Ferrotec, Unterensingen,
Germany) were dissolved in 500 pl of chloroform. The organic solution was then added to 2 ml of water and
sonicated at 70°C for 6 min at 8000 J with a probe-tip ultrasonicator (SONOPLUS mini20, Bandelin, Berlin,
Germany). Finally, the dispersion was maintained at 4°C for 30 min to stabilize the nanoparticles. Empty magnetic
SLNs (Mag-SLNs) were obtained with the same procedure but without drug. To remove any solvent residuals and
both nonencapsulated SPIONs and nutlin-3a, Mag-SLNs and Nut-Mag-SLNs were purified by gel chromatography
using Sephadex G-25 prepacked columns (GE Healthcare Life Sciences, Little Chalfont, UK) and deionized water
as eluent. To check the cellular localization of particles, fluorescein-labeled Nut-Mag-SLNs and Mag-SLNs (FITC-
Nut-Mag-SLNs and FITC-Mag-SLNs) were also synthesized with the addition of 1 mg of fluorescein-PEG-DSPE
(FITC-PEG-DSPE) (5 kDa, Nanocs) during the fabrication procedure. To remove FITC-PEG-DSPE in excess,
fluorescent nanoparticles were centrifuged five-times at 5000 g for 10~15 min with ultrafiltration spin columns
(molecular weight cutoff 300 kD, Sartorius, Goettingen, Germany).

The ¢-potential and size distribution of the samples were determined through dynamic light scattering by using
a Zetasizer Nano S90 (Malvern Panalytical, Malvern, UK). All measurements were performed in triplicate. Short-
term stability studies were performed by measuring the size distribution of Nut-Mag-SLNs at 37°C in different
media (water, phosphate-buffered saline solution [PBS], Dulbecco’s modification of Eagle medium [DMEM] with
and without 10% fetal bovine serum [FBS]) by performing multiple measurements up to 70 min. In order to assess
storage and long-term stability, the measurements were repeated in the same incubation conditions at 0 and 72 h,
after that Nut-Mag-SLNs have been stored at 4°C for 9 months.

The morphology and the size of the nanoparticles were analyzed by a transmission electron microscope (TEM).
For this purpose, one drop of diluted Nut-Mag-SLNs was placed on a carbon-coated 200 mesh copper grids
for 5 min and negatively stained with 1% uranyl acetate solution, before being allowed to dry, and the samples
visualized by using a JEOL JEM-1011 microscope (JEOL Ltd, Tokyo, Japan) equipped with a tungsten thermionic
gun operating at 100 kV accelerating voltage. The TEM images were acquired with an 11 MPx Orius 1000 CCD
camera (Gatan, CA, USA).

The surface morphology and the shape of the formulated nanoparticles were also visualized, after gold sputtering,
with scanning electron microscopy by using a FEI Helios NanoLab DualBeam microscope (Lousanne, Switzerland).

The loading of SPIONs in the SLNs was investigated by thermogravimetric analysis (TGA). Thermogravimetric
analysis was performed under air at a heating rate of 10°C min™ from 30 to 900°C, by using a TG/DTA 7200
Extar instrument (SII Nanotechnology Inc., Chiba, Japan).
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Evaluation of encapsulation efficiency of nutlin-3a in Nut-Mag-SLNs was investigated by the reverse-phase-
HPLC (RP-HPLC) method. To estimate entrapped drug in Nut-Mag-SLNs, 20 mg of freeze-dried particles were
dissolved in a solution containing hexane, to solubilize the lipid matrix and to disperse SPIONSs, and methanol for
the extraction of nutlin-3a. After 2 h of stirring, the sample was centrifuged at 3000 rpm for 10 min (Universal
320 R, Hettich, Tuttlingen, Germany), and the methanol was analyzed for drug content by RP-HPLC with a
Omnispher C18 column (250 x 4.60 mm, 110 A, Agilent Technologies, CA, USA) by using specific mobile phase
for drug, at a flow rate of 1 ml min™'. Nutlin-3a concentration was then estimated through calibration curve, and
the obtained value was used to determinate the encapsulation efficiency by dividing the amount of drug entrapped
by the total amount of drug used in the formulation, multiplied by 100; loading efficiency was also calculated by
dividing the amount of drug entrapped by nanoparticles weight, multiplied by 100.

In vitro release of nutlin-3a from Nut-Mag-SLNs was carried out by placing 800 pl of Nut-Mag-SLNs (corre-
sponding 1.2 x 107! M of drug) into dialysis bags (3.5 kDa, Sigma-Aldrich) immersed in a release bulk constituted
by 4 ml of PBS at pH 7.4. The drug release study was carried out at 37°C in a thermostatic shaker at a rate of
150 rpm. At predetermined time points (in a range of 0-10 days), release bulk was replaced with fresh buffer
solution and aliquots freeze-dried. The lyophilized products were dissolved in methanol and kept on a shaker at
room temperature for 48 h. The samples were centrifuged at 3000 rpm for 10 min to remove salts and finally the
supernatants were injected in the HPLC to determine the amount of nutlin-3a.

Finally, the magnetic characterization was carried out using a superconducting quantum interference device from
Quantum Design (CA, USA). Magnetization curves were measured from -50 to 50 kOe at 300 K. The temperature
dependence of magnetization from 5 to 300 K after a zero-field-cooling (ZFC) and a FC was measured applying a
probe field of 25 Oe.

Cell cultures & in vitro testing

Human glioblastoma cell line (U-87 MG) was purchased by American Type Culture Collection (VA, USA) and
cultured in DMEM (Gibco, MA, USA) supplemented with 10% FBS (Gibco) and 1% penicillin—streptomycin
(Gibco) at 37°C in 5% CO; humidified atmosphere. The effect of increasing concentrations of free nutlin-3a,
Nut-Mag-SLNs, and Mag-SLNs on cell metabolic activity was investigated through WST-1 assay (Biovision, CA,
USA). Cells were seeded at a density of 5 x 10° cells cm™ in 24-well plates and incubated at 37°C and 5%
CO;. After overnight incubation, increasing concentrations of Mag-SLNs (0, 10, 20, 50, 100 and 200 pg ml),
Nut-Mag-SLNs (0, 10, 20, 50, 100 and 200 pg m™') and free nutlin-3a at concentrations equal to those present
inside Nut-Mag-SLNs (0, 0.12, 0.25, 0.66, 1.33 and 2.66 uM) were tested, while cells incubated with medium
only were used as a control. Cell metabolic activity was assessed after 24 and 72 h since the beginning of the
treatment following the WST-1 protocol: 300 pl of culture medium + 30 pl of the premix solution were added to
each well and incubated for 1 h. The absorbance of the supernatants was finally read at 450 nm with a microplate
reader (Victor3, Perkin Elmer, MA, USA).

Uptake of Nut-Mag-SLNs by U-87 MG cells was studied by using confocal microscopy. Cells were seeded at
a density of 17 x 10% cell em™ in Ibidi p-Dishes (35 mm, Ibidi, Martinsried, Germany), incubated overnight at
37°C and treated with FITC-Nut-Mag-SLNs at a concentration of 100 g ml™. After 24 h of treatment, cells were
rinsed with PBS, fixed in 0.25% paraformaldehyde (PFA, Sigma-Aldrich), treated with Triton 0.1% X-100 and
blocked for 1 h with a goat serum solution (10% in PBS). Finally, cells were incubated with a staining solution
containing TRITC-phalloidin (1:100, Sigma-Aldrich) and Hoechst 33342 (1:1000, Invitrogen, MA, USA) to label
f-actin and nuclei, respectively. A confocal microscope (C2s, Nikon, Tokyo, Japan) was used for the acquisition of
the images.

Prussian Blue iron staining was instead performed to detect the presence of SPIONs in U-87 MG cells, previously
treated with Nut-Mag-SLNs. The U-87 MG cells were seeded at a density of 10 x 10° cell cm™ in 24-well plates and
incubated overnight at 37°C, before being treated with 100 pg ml™! of Nut-Mag-SLNs. After 24 h of incubation,
cells were washed with PBS, fixed in 0.25 % PFA (Sigma-Aldrich) for 8 min at 4°C, permeabilized with 100%
methanol at -20°C for 10 min, rinsed with distilled water and incubated for 30 min in a solution obtained by
mixing equal parts of 20% hydrochloric acid and 10% potassium ferrocyanide trihydrate (all from Sigma-Aldrich).
Nouclei were counterstained with nuclear fast red (Fluka, Bucharest, Romania) for 10 min. After three washes with
water, cells were observed with an inverted microscope (TE2000U, Nikon), equipped with a cooled CCD camera
(DS-5MC USB2, Nikon) and with NIS Elements imaging software for image acquisition.
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For the study of the intracellular localization of Nut-Mag-SLNs, U-87 MG and bEnd.3 cells seeded on Ibidi
u-Dishes were pre-treated with FITC-Nut-Mag-SLNs for 72 h and subsequently washed twice and stained with
Lysotracker (75 nM, Invitrogen) and Hoechst 33342 (1 pg ml”, Invitrogen) in serum-free DMEM at 37°C for
30 min. Cells were then fixed for 20 min at 4°C in 4% PFA, stained with Alexa Fluor 647 phalloidin (100 pM,
Millipore, Burlington, MA, USA) at 37°C for 1 h, washed twice in PBS and then analyzed through confocal
microscopy (C2s, Nikon).

2 in six-well

To investigate apoptosis phenomena, U-87 MG cells were seeded at a density of 5 x 107 cells cm"
plates and maintained at 37°C. After overnight incubation, cells underwent a treatment with 100 pg ml™! of
Nut-Mag-SLNs, 100 pg ml” of Mag-SLNs, 1.33 uM of nutlin-3a and with fresh medium. After an incubation
period of 72 h, cells were collected by centrifugation at 2500 rpm for 7 min, washed twice with PBS and finally
resuspended in 300 pl of PBS containing 2.5 uM of annexin V-FITC (Thermo Fisher, MA, USA) and 1 pg ml!
propidium iodide (Sigma-Aldrich) for 10 min at 37°C in the dark. Apoptotic cells were determined by analyzing
60,000 ungated cells by using a flow cytometer (Coulter Cytoflex, Beckman, CA, USA) and the Flow]o software.

To investigate the effect of nutlin-3a and of Nut-Mag-SLNs on the expression of p53 and its downstream proteins
(e.g., MDM2 and p21), western blotting analysis was performed. In particular, U-87 MG cells were seeded at
a density of 5 x 10° cells cm™ in T-75 flasks, incubated overnight at 37°C and treated with 100 pg ml™ of
Nut-Mag-SLNs, 100 pg ml™! of Mag-SLNs, 1.33 uM of nutlin-3a and with the plain medium as a control. After
72 h of treatment, cells were centrifuged at 2500 rpm for 7 min, washed with PBS and finally obtained pellets were
incubated with RIPA lysis buffer (Sigma-Aldrich) containing serine/threonine and tyrosine phosphatase inhibitors
and a protease inhibitor cockrail 1x (58830, Sigma-Aldrich). Samples were then homogenized by using three 10 s
pulses applied with probe-tip ultrasonicator (SONOPLUS mini20, Bandelin) set at 8000 ] in an ice bath. Lysates
were centrifuged at 9000 rpm for 30 min at 4°C, and protein concentration in supernatants was determined by the
BCA protein assay (Thermo Scientific). Proteins (20 pg lane™') were then separated on a 4-15% polyacrylamide gel
(Bio-Rad, CA, USA) under reducing conditions and transferred to a nitrocellulose membrane (Trans Turbo Blot
system, Bio-Rad). To detect p21 protein, the membrane was blocked with 5% dry fat milk in 0.1% Tween/Tris
Buffer Saline (T-TBS) for 1 h at room temperature and then incubated overnight at 4°C with rabbit monoclonal
anti-p21 antibody (1:4000 in T-TBS, EPR362, Abcam, Cambridge, UK). To evaluate p53 and MDM2 proteins,
the blot membranes were blocked with 3% bovine serum albumin (BSA, Sigma-Aldrich) in T-TBS for 1 h at room
temperature and then incubated overnight at 4°C either with mouse monoclonal anti-p53 antibody (1:4000 in
1% BSA/T-TBS, PAb 1801, Abcam) or with mouse monoclonal mouse anti-MDM2 antibody (1:20000 in 1%
BSA/T-TBS, SMP 14, Abcam). Mouse monoclonal anti-B-actin antibody (1:5000 in T-TBS, Sigma-Aldrich) was
used as protein loading control on blot membrane previously incubated with 5% dry fat milk in T-TBS for 1 h.

Anti-rabbit and anti-mouse HRP-conjugated antibodies (1:3000 in 5% milk/T-TBS, Bio-Rad) were used as
secondary antibodies and immunocomplexes were detected by chemiluminescence (ECL clarity, Bio-Rad), by using
Chemi-Doc XRS+ system (Bio-Rad). All reactions were performed at room temperature unless otherwise specified.
Image Lab software (Bio-Rad) was used to evaluate the molecular weights and the density of the resulting bands.

To investigate the subcellular localization of p53, p21 and MDM2 proteins after treatment with nutin-3a and
Nut-Mag-SLNs, immunofluorescence was performed. The U-87 MG cells were seeded at a density of 5 x 10°
cells cm™ on glass coverslips and incubated at 37°C overnight. Following day, cells were incubated with medium
containing 100 pig ml™ of Nut-Mag-SLNs, 100 pug ml! of Mag-SLNs or 1.33 M of nutlin-3a. Cells treated with
the plain medium were used as a control. After 72 h of treatment, cells were fixed in 0.25% PFA (Sigma-Aldrich)
for 8 min at 4°C, permeabilized with Triton 0.1% X-100 (Sigma-Aldrich) for 15 min and blocked with 10%
goat serum solution for 1 h. Cells undergone different treatments were incubated overnight at 4°C with 10%
goat serum solution containing monoclonal anti-p53 antibody (1:200, PAb 1801, Abcam), mouse monoclonal
mouse anti-MDM2 antibody (1.200, SMP 14, Abcam) or rabbit monoclonal anti-p21 antibody (1:400 EPR362,
Abcam). Samples were washed three-times in PBS and incubated either with Atto 488 goat anti-rabbit secondary
antibody (1:200, Sigma-Aldrich) or with Alexa Fluor 488 goat anti-mouse secondary antibody (1:200, Millipore)
in 10% goat serum at 37°C for 45 min. Nuclei were counterstained with Hoechst 33342 (1:1000, Invitrogen)
and f-actin with TRICT-phalloidin (1:100, Sigma-Aldrich). After three PBS rinsing, images were acquired by a
confocal microscope (C2s, Nikon). Quantitative evaluation was performed by counting p53/MDM2/p21 positive
cells over the total number of cells.
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Static in vitro blood-brain barrier model

The bEnd.3 cells (Sigma-Aldrich) were used in order to establish a BBB iz vitro model and were grown in DMEM
supplemented with 10% FBS, 1% penicillin-streptomycin, 1% nonessential amino acids (NEAA) and 5 uM
2-mercaptoethanol at 37°C in 5% CO; humidified atmosphere (all reagents from Gibco). For all experiments,
cells were trypsinized and seeded at a density of 36 x 10? cell cm™ onto transwell permeable supports (400 nm
pores size polyester membranes, Sigma-Aldrich) precoated with gelatin 1%. Cells were incubated at 37°C with
5% CO, for 5 days to form a monolayer of endothelial cells on the filter. To induce the tight junctions protein
expression between adjacent endothelial cells, 24 h before starting all studies, the medium of apical and basal
chamber was supplemented with 8-(4 chlorophenylthio)adenosine 3,5’ cyclic monophosphate sodium salt (pCPT-
cAMP) 250 uM (Sigma-Aldrich), 4-(3-butoxy-4-methoxybenzyl) imidazolidine-2-one (Sigma-Aldrich) 17.5 uM
(Sigma-Aldrich) and hydrocortisone 550 nM (Sigma-Aldrich).

To assess the restrictiveness and the integrity of the bEnd.3 cell monolayer, the bioelectric properties and the
permeability to solutes were investigated after 5 days since seeding. Apical and basal chambers of transwell inserts
were filled with DMEM without serum and phenol-red for 30 min. After this period of incubation, transendothelial
electrical resistance was measured with Millicell ERS-2 (Electrical Resistance System, Millipore).

For permeability studies, the diffusion of 4 kD FITC-dextran (Sigma-Aldrich), 70 kD FITC-dextran (Sigma-
Aldrich) and 66 kD FITC-BSA (FITC-BSA, Sigma-Aldrich) from the apical to the basolateral direction across the
bEnd.3 monolayer was investigated. For all analyzed tracers, 50 pl of the fluorescent solution was added to the
apical chamber to obtain a final concentration of 2 mg ml! in a volume of 300 pl. Cells were incubated at 37°C
and after 3 h, 100 pl samples of medium were taken from the basolateral chambers to measure the fluorescence
into 96-well black plates through a microplate reader (Victor3, PerkinElmer; excitation 485 nm, emission 544 nm).
Each measure was performed in triplicate, and the diffusion of the fluorescent molecules through the BBB model
was compared with diffusion across empty filters precoated with gelatin 1%.

As a further characterization, bEnd.3 cells on the fifth day of culture at confluence on porous transwell filters
were investigated for ZO-1 expression. After fixation with 4% PFA for 20 min at 4°C and permeabilization
with Triton 0.1% X-100 for 15 min, cells were blocked with 10% goat serum solution for 1 h and incubated
with primary antibody ZO-1 (2.5 pug ml™!, Invitrogen, CA, USA) for 3 h at room temperature with 10% goat
serum. Cells were washed three-times in PBS and incubated with staining solution containing Atto 488 goat anti-
rabbit secondary antibody (1:200, Sigma-Aldrich), TRITC-phalloidin (1:100, Sigma-Aldrich) and Hoechst 33342
(1:1000, Invitrogen) at 37°C for 45 min. After three PBS rinsing, images were acquired by confocal microscope
(C2s, Nikon).

BBB crossing investigation

To test Nut-Mag-SLNs ability to selectively deliver the drug to U-87 MG cells across the BBB model, viability
assay was performed both on the BBB model and on U-87 MG cells. Once verified that the bEnd.3 cell monolayer
shows strong barrier properties, transwell inserts containing the BBB model (previously described) were transferred
into 12-well plates where U-87 MG cells were seeded the previous day at a density of 5 x 10% cell cm™ and
incubated overnight at 37°C. Total 400 pl of medium containing 600 pg ml! Nut-Mag-SLNs or 600 pg ml!
Mag-SLNs were added to the apical side of the BBB layers, while BBB layers treated with plain medium were used
as a control. To each basolateral well, containing the U-87 MG cells, 1200 pl of fresh medium were added. After
72 h of treatment, WST-1 metabolic activity assay (Biovision) was performed. Both U-87 MG cells and BBB layers
were incubated with the WST-1 reagent (previously 1:10 diluted with culture medium) for 1 h at 37°C and, finally,
the absorbance was read at 450 nm with a microplate reader (Victor3, Perkin Elmer).

Immunostaining of the BBB model was also carried out to evaluate the endothelial layer integrity after the
nanoparticle crossing. After 72 h of incubation, BBB layers were fixed in 4% of PFA for 20 min at 4°C, blocked
with 10% goat serum for 1 h and incubated for 3 h at room temperature with primary antibody ZO-1 (2.5 pg ml?,
Invitrogen) diluted in 10% goat serum solution. After extensive washes in PBS, staining solution with Atto 488
goat anti-rabbit secondary antibody (1:200, Sigma-Aldrich) and Hoechst 33342 (1:1000, Invitrogen) was added
and incubation carried out at 37°C for 45 min. Images were acquired by confocal microscope (C2s, Nikon) after
three washes in PBS.

Finally, flow cytometry evaluation of nanoparticles (fluorescently labeled) crossing was also performed. After
72 h of incubation, both BBB layers and U-87 MG cells were collected by centrifuge, resuspended in 300 pl of
PBS, and analyzed by flow cytometer (Coulter Cytoflex, Beckman) and the FlowJo software.
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Dynamic experiments

The BBB dynamic 7z vitro system was fabricated combining laser cutting technology and thermal ethanol bonding
of poly(methyl methacrylate) (PMMA) sheets (50. The PMMA sheets were cut using a laser cutting machine
(Universal Laser Systems, Wien, Austria) with a source power of 50 W and a laser spot of 100 pm?.

The final device was composed of several square (5 x 5 cm?) optically clear layers of PMMA: a bottom layer
(175 um thickness), a second layer (500 pum thickness) hosting the lower channel of the system, a third layer
(175 pm thickness) acting as a support for a porous membrane (Polyester Corning insert, 10 wm thickness, 400 nm
pores size), a fourth layer (500 pm thickness) hosting the upper channel and lastly a top layer (5 mm thickness)
acting both as a cap and as a reservoir for cell culture media (see Supplementary Figure 1 for details). Both channels
were cut to have 5 mm width. The layers were bonded together by adding 100 pl of ethanol (96.0-97.2% Sigma-
Aldrich) between each sheet, and then by applying a pressure through the use of screw clamps for 5 min at 70°C.
After the assembly, the devices were washed two times with water and sterilized with ethanol.

After coating with gelatin 1%, bEnd.3 cells were seeded on the porous support separating the two chambers,
while U-87 MG cells were seeded in the lower chamber (cell density 6 x 104 cm2) with high glucose medium
supplemented with 10% FBS and 1% penicillin/streptavidin. After 5 days since the seeding, permeability test
using FITC-dextran 4 kDa was performed as previously described, in order to confirm the formation of a tight
endothelial cell layer between the two chambers.

Dynamic studies were performed using an Ibidi pump system and a software interface developed by our group.
Cell culture medium was pumped in the upper channel with a flow rate of 12 ml min'. The flow rate value was
defined based on a theoretical model of the flow field in the channel cross-section (see Supplementary Information),
in order to enforce on brain endothelial cells a shear stress around 12 dyn cm™ (i.e., 1 Pa, see Supplementary Figure
2), as typical in capillaries [55]. The medium flow direction was inverted every 15 s through the use of an electric
valve.

To study the possibility to attract Nut-Mag-SLNs through an external magnetic source, 50 p1g ml™ of both Mag-
SLNs and Nut-Mag-SLNs were injected into the system, and a cylindrical permanent magnet (13 mm diameter,
10 mm width, grade N35 NdFeB, axial magnetization) was placed in contact with the bottom PMMA layer, with
the axis passing through the center of the channel top view (see Supplementary Figure 1). After 30 min of dynamic
experiment, the medium flow was stopped and the cultures were imaged through confocal microscopy to analyze
the particle spatial distribution. After the acquisition of the confocal images, the cultures were left in incubation
at 37°C in static condition without any magnetic field, and effects of nanoparticles on U87-MG cell seeded in
the lower chamber of the system were evaluated after 72 h, both with WST-1 and with the Live/Dead (Thermo
Fisher) assays. The WST-1 test was performed as previously described, while the Live/Dead assay was carried out
by staining cultures in PBS supplemented with 1 uM of calcein-AM and 1 uM of ethidium homodimer-1 for 20
min at 37°C. Stained cells were then analyzed through a fluorescence microscope (Nikon Eclipse Ti).

A computational model was introduced for predicting the distribution of Nut-Mag-SLNs on the porous mem-
brane under dynamic flow conditions. We leveraged analytical expressions for both the fluid field (see Supplementary
Information) and the magnetic field, and we adopted a point-dipole approximation for the force induced by the
external permanent magnet on the magnetoresponsive carriers [56]. Using the Matlab environment, we numerically
integrated the trajectories of nearly 1.25 million carriers, thus deriving the sought distribution on the membrane.
Relevant details are reported in Supplementary Information.

Statistical analysis

Statistical analysis was performed using R software. The normal distribution of dataset was analyzed through
Shapiro-Wilkinson test. For normally distributed data, we used one-way ANOVA followed by Bonferroni’s post
hoc correction or the two-tailed unpaired t-test. For non-normally distributed data, we used Kruskal-Wallis test
followed by pairwise-Wilcoxon post hoc correction. Non-normal data distributions were expressed as median £95%
CI and were shown in boxplots. Statistical significance was set ata p < 0.05.

Results

Physicochemical characterization of Nut-Mag-SLNs

In order to obtain a drug-delivery system for nutlin-3a, drug-loaded cetyl palmitate/mPEG-DSPE SLNs were
synthesized by a solvent evaporation technique. Obtained nanoparticles present a spherical shape, as demonstrated
by both TEM and scanning electron microscopy (Figure 1A) imaging. From TEM imaging, in particular, it is
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Characterization of nutlin-loaded magnetic solid lipid nanoparticles. (A) Transmission electron microscopy (top) and scanning

electron microscopy (bottom) images of Nut-Mag-SLNs. (B) Short- and long-term stability studies of Nut-Mag-SLNs: hydrodynamic
diameter (top) and polydispersity index (bottom) in different media. (C) Thermogravimetric analysis performed to evaluate of the amount
of magnetic nanoparticles loaded in Nut-Mag-SLNs. (D) Drug release profile of nutlin-3a from Nut-Mag-SLNs in PBS at pH 7.4.

FBS: Fetal bovine serum; Nut-Mag-SLNs: Nutlin-loaded magnetic solid lipid nanoparticles; PBS: Phosphate-buffered saline.

possible to appreciate the presence of the SPIONs (electron-dense darker spots) in the lipid matrix.

In water, Nut-Mag-SLNs present an average size of 180 £ 40 nm and a {-potential of -40.0 & 1.4 mV. Despite
the absence of surfactants during the preparation, nanoparticles present optimal colloidal stability without evidence
of aggregation, as shown by the short-term stability studies performed for over 1 h at 37°C in different media
(water, PBS, DMEM with and without 10% FBS, Figure 1B). The measurements were then repeated after a long-
term storage of Nut-Mag-SLN's (9 months at 4°C); these nanoparticles have been incubated in different media as
previously described up to 72 h, and results (showed again in Figure 1 B) demonstrate that even after 9 months of
storage they maintain an excellent colloidal stability.

From the comparison of the thermal degradation behaviors under air flow, a SPION loading of about 10
wt% could be estimated (Figure 1C). Finally, RP-HPLC revealed a drug-loaded amount of 160 ug for 20 mg of
Nut-Mag-SLNs, showing a encapsulation efficiency of about 2% and a loading efficiency of 0.8%.

The in vitro release study of the drug from Nut-Mag-SLNs is shown in Figure 1D. Nut-Mag-SLNs exhibit an
initial rapid release, during which drug release reached 26 4= 2.3% and 47 £ 5.2% after 1 and 3 days, respectively.
During following period, the release was continuous but slower, by reaching 72.0 & 0.3% after 10 days.
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Figure 2. Magnetic characterization of nutlin-loaded magnetic solid lipid nanoparticles. (A) Hysteresis loops of the
bare SPIONs (top) and of the Mag-SLNs (bottom) measured at room temperature. (B) Normalized magnetization as
function of the field in the low field region of the bare SPIONs and of the Nut-Mag-SNLs. The normalization was done
with the respect to the magnetization measured at 50 kOe. (C) Temperature dependence of the normalized
magnetization of the bare SPIONs and of the Nut-Mag-SNLs using the ZFC and FC procedures. The normalization was
performed at the magnetization value at room temperature.

FC: Field-cooling; Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic solid lipid
nanoparticles; SPIONs: Superparamagnetic iron oxide nanoparticles; ZFC: Zero-field-cooling.

Figure 2A represents the magnetic field dependence of the magnetization of bare SPIONs and of Nut-Mag-SNLs
measured at room temperature. The two curves exhibit a similar shape, and there are no coercivity or remanence,
as can be observed also in Figure 2B, being the main difference in their respective specific magnetizations. In fact,
the specific saturation magnetization measured with a magnetic field of 50 kOe of the bare SPIONs is 56.1 emu
¢!, while in the Nut-Mag-SLNs it is 1.73 emu g-'. The magnetic behavior was further investigated by measuring
the temperature dependence of the magnetization in the ZFC and in the FC conditions (Figure 2C). The ZFC
curve of the bare SPIONSs exhibits a broad maximum centered around 175 K. The FC magnetization is almost
constant (increases slightly) from low temperature to 175 K, the temperature at which the FC curve joints the
ZFC curve. The ZFC curve of the Nut-Mag-SNLs exhibits a narrower peak with a maximum at 150 K that
corresponds to the average blocking temperature. The magnetization of the FC curve decreases continuously from
low temperature joining to the ZFC curve above 175 K. These features indicate that the bare SPIONs are much
more magnetically correlated, forming aggregates, with respect to their conditions inside the Nut-Mag-SLNs [57:
this suggests that after the Nut-Mag-SNLs preparation, SPIONS are better dispersed in the lipid matrix with respect
to the ‘bare’ condition. On the other hand, the ZFC and FC magnetization curves of the two samples overlap at
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Figure 3. Cytotoxicity study through WST-1 assay. Metabolic activity of U-87 MG cells after 24 (A) and 72 h (B) of
incubation with increasing concentrations of Mag-SLNs, Nut-Mag-SLNs and free nutlin-3a.

*p < 0.05.

Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic solid lipid nanoparticles.

the same temperature around 175 K. This indicates that the nanoparticles exhibit a superparamagnetic behavior
above 175 K. Above this temperature, the magnetization can overcome the effective magnetic barrier correlated to
the magnetic anisotropy due to the dominant role of the thermal activation demagnetization processes [58]. In such
case, no hysteresis should be observed as experimentally observed in Figure 2B in both samples.

In vitro cytotoxicity study & internalization

Biological effects of increasing concentrations of Nut-Mag-SLNs, Mag-SLN's and free nutlin-3a after 24 and 72 h of
incubation were investigated through WST-1 metabolic activity assay, by using U-87 MG cell line as a glioblastoma
model system. As shown in Figure 3, Mag-SLNs revealed high biocompatibility at both time points examined
with no impairment of cell metabolism. The anti-neoplastic effect of the free drug was appreciable after 24 h of
treatment at the highest tested concentration only, by obtaining a viability reduction of about 10% (Figure 3A).
After 72 h of incubation, free nutlin-3a concentrations of 0.25 and 0.66 UM caused a reduction of cell metabolic
activity of about 10%, which however was not statistically significant; this effect resulted increased at the highest
drug concentrations (1.33 and 2.66 uM), by obtaining 20% of metabolic activity reduction (Figure 3B). With
respect to the plain drug, Nut-Mag-SLNs exhibited a higher cytotoxic effect, already after 24 h of treatment, further
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Figure 4. Cellular uptake investigation. (A) Representative confocal fluorescence image of U-87 MG cells showing FITC-Nut-Mag-SLNs
uptake after 24 h of incubation (nanoparticles in green, f-actin in red, nuclei in blue). (B) Prussian blue staining of U-87 MG cells after 24 h
of incubation with Nut-Mag-SLNs (on the left). The image shows blue precipitates in the perinuclear area due to the presence of SPIONs

upon Nut-Mag-SLN internalization. Nontreated cells are reported as control (on the right).
Nut-Mag-SNLs: Nutlin-loaded magnetic solid lipid nanoparticles; SPIONs: Superparamagnetic iron oxide nanoparticles.

enhanced at 72 h of incubation (Figure 3A & B). After 3 days of treatment, Nut-Mag-SLNs increased the amount
of drug delivered to the cells, leading to a reduction of the metabolism from 80 to 50%, by using 0.12-2.66 UM of
encapsulated drug. Altogether, these data show a good biocompatibility of the plain Mag-SLNs, and an enhanced
effect of the drug when loaded in the Nut-Mag-SLNs.

Cellular uptake was investigated by confocal microscopy, and Figure 4A clearly shows a strong accumulation
of FITC-Nut-Mag-SLNs by cancer cells in the perinuclear position after 24 h of incubation (f-actin in red,
nuclei in blue, nanoparticles in green). The intracellular localization of the particles was further investigated by
using the Lysotracker dye. As shown in Supplementary Figure 3, bEnd.3 showed just a partial internalization of
nanoparticles in correspondence of the acidic compartments (7 = 0.47), while for U-87 MG cells the colocalization
of FITC-Nut-Mag-SLNs with the Lysotracker signal is almost complete (7= 0.91).

The SPION presence in the cells upon Nut-Mag-SLN internalization uptake by U-87 MG cells was qualitatively
confirmed by Prussian blue staining, a method which allows identifying intracellular iron through the formation
of blue precipitates. After 24 h of incubation with Nut-Mag-SLNs, U-87 MG cells were stained with Prussian
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Figure 5. Flow-cytometry evaluation of apoptosis/necrosis. U-87 MG cells were treated with 100 ug ml! of
Mag-SLNs, 1.33 uM of free nutlin-3a, or 100 ug ml"' of Nut-Mag-SLNs (corresponding to 1.33 uM of drug) for 72 h,
and compared with control cultures. Apoptosis and necrosis percentages were measured by using standard annexin
V-FITC/propidium iodide staining.

Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic solid lipid nanoparticles.

FITC: Fluorescein isothiocyanate.

blue and blue-stained iron nanoparticles were clearly visible in perinuclear position (Figure 4B, on the left). In the
control samples, no blue precipitates could be appreciated (Figure 4B, on the right).

Apoptosis phenomena investigation

The ability Nut-Mag-SLNs to induce apoptosis in U-87 MG was compared with that of the plain drug using
flow cytometry. Apoptosis is a form of cell death and its deregulation is associated with several cancers, thus
restoring normal apoptosis in tumor cells is one of the main targets of cancer therapy [591. Quantitative evaluation
of nutlin-3a mediated apoptosis was performed by annexin V-FITC/propidium iodide assay, a staining procedure
that allows discriminating live, apoptotic, or necrotic cells. We found that Nut-Mag-SLNs are much more effective
with respect to the plain drug in inducing cell death (Figure 5). At same nutlin-3a concentration (1.33 M), Nut-

738

Nanomedicine (Lond.) (2019) 14(6) future science group



Nutlin-loaded magnetic solid lipid nanoparticles for targeted glioblastoma treatment

@ Mag- Nut-Mag-
Ctr SLNs Nut SLNs

p53~—-_—

VOV2 | e w— —— |

N

B-actin R S NN —

10

o [BCr 0 Mag-SLNs @ Nut & Nut-Mag-SLNs 7

8_

7 7%
.

5
4 -

.
!

Expression fold

2

p53 MDM2 p21

Figure 6. Western blotting analysis of markers involved in apoptosis. (A) Expression of p53 and its downstream
proteins (MDM2 and p21) was analyzed on U-87 MG cells after 72 h of treatment with 100 ug ml! of Mag-SLNs,

1.33 uM of nutlin-3a, or 100 ug ml™' of Nut-Mag-SLNs (corresponding to 1.33 uM of drug), and compared with
control cultures. (B) Quantitative evaluation of western blotting results.

*p < 0.01.

MDM2: Murine double minute; Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic
solid lipid nanoparticles.

Mag-SLNs led in fact to a significant increase of total death cells (75.1%) with respect to the plain drug (45.8%).
More precisely, after 72 h of treatment with plain drug, results indicated 28.4% of late apoptotic, 7.0% of early
apoptotic, and 10.4% of necrotic cells. A higher population of late apoptotic (47.1%) and necrotic cells (23.7%)
were instead observed following the treatment with Nut-Mag-SLNs, where early apoptotic cells represented the
4.3% of the population. Finally, samples untreated or treated with empty Mag-SLNs showed analogous percentages
of live, apoptotic, and necrotic cells. Coherently with metabolic data, apoptosis investigation confirmed the high
biocompatibility of used drug-delivery system, as well as the increased chemotherapeutic activity of Nut-Mag-SLNs
with respect to same concentrations of free drug (quantitative analysis of the annexin V-FITC/propidium iodide
assay is summarized in Supplementary Figure 4).

To clarify the molecular mechanism by which nutin-3a (both free and delivered by the nanoparticles) induces
anti-proliferative effects, p53, p21 and MDM2 protein expression was analyzed through western blotting (Figure 6A;
full-length blots are provided in Supplementary Figure 5). Many works in the literature in fact report that augmented
expression of such proteins is correlated to the cytotoxic effect of the drug [28-30]. Our results demonstrate that after
72 h of incubation, Mag-SLNs did not induce any increments in the expression for all the investigated proteins
with respect to the control (cells treated with plain medium), therefore demonstrating the inability of used carriers
to activate anti-neoplastic effects through studied proteins and thus confirming their inherent biocompatibility.
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Concerning treatment with the free drug, no evidences of significant expression increment were detected for p53
and MDM2 proteins, while p21 expression resulted twofold increased with respect to the control. By contrast,
induction of p53, p21 and MDM2 became much more evident following the incubation with Nut-Mag-SLNs
delivering the same amount of drug. In particular, with respect to control cultures and to cells treated either with
empty nanoparticles or with the plain drug, p53 and p21 expression levels resulted significantly higher (almost
threefold for p53 and ninefold for p21, Figure 6B). Concerning MDM2, despite protein levels seem to increase
after the incubation with Nut-Mag-SLNs, the detected difference was not significantly different with respect to the
other treatments.

The intracellular localization of p53, MDM2 and p21 was moreover investigated by immunofluorescence
(Figure 7A). Results show that, in control cells and in cultures treated with empty Mag-SLNs, p53 and MDM2
were diffusely distributed in the cytoplasm. However, their localization patterns changed after the incubation with
free drug and Nut-Mag-SLNs, showing strong nuclear accumulation of both p53 and MDM2. The quantitative
analysis, reported in Figure 7B, illustrates that the percentage of cells with nuclear localization of p53 and MDM2
(81.1 £ 1.5% and 80.6 = 5.1% respectively) after the treatment with Nut-Mag-SLNs was significantly higher with
respect to that one of cultures treated with the same amount of plain drug (46.7 £ 5.2% and 39.3 £ 6.1% for p53
and MDM2, respectively). Concerning p21, this protein showed a nuclear accumulation already in control and
Mag-SLNs-treated cultures; however, this phenomenon resulted significantly enhanced after the treatment with

the plain drug (77.2 £ 1.7%), reaching 98.0 & 3.5% following incubation with Nut-Mag-SLNs.

Characterization of the blood-brain barrier model

To obtain an 7z vitro BBB model, bEnd.3 cells were seeded on a polyester membrane, able to sustain cell attachment
and growth, and that separates an upper and a lower compartment of 24-well culture plates. The cells were also
exposed to cAMP and hydrocortisone to induce the formation of tight junctions among endothelial cells [60] and,
after 5 days from seeding, the transendothelial electrical resistance value was 40 €2-cm?.

The permeability to dextran of different molecular weights and to BSA was investigated, and results are reported
in Supplementary Figure 6A. Fluorescently labeled dextran was used as tracer of the paracellular permeability (611,
and data show that the diffusion of the 4 kD FITC-dextran across the 77 vitro BBB model was 50% reduced with
respect to the plain membranes (without endothelial cell cultures, considered as control), while only the 14% of
70 kD FITC-dextran reached the bottom of the transwell, again with respect to the control. These results thus
confirm the formation of an iz vitro BBB model capable to restrict the paracellular diffusion in a size-selective
manner. Through the study of the FITC-BSA, diffusion was instead analyzed along the transcellular pathway (621,
demonstrating that bEnd.3 monolayer prevented the passage of the solutes also by such route: in fact, only 33% of
FITC-BSA could cross the BBB model with respect to the control.

Finally, the formation of the tight endothelial monolayer was confirmed by immunofluorescence, which showed
strong membrane localization of ZO-1 (in green, Supplementary Figure 6B). The study of this protein is a good
indicator to evaluate 7z vitro barrier models [63], being a marker of tight junctions, which are contact sites among
adjacent endothelial cells that act as a semipermeable barrier (or gate) to the paracellular transport of ions, solutes,
water and various macromolecules [11]. From Supplementary Figure 6B, we can appreciate the compactness of the
cell layer (no significant extracellular spaces being featured therein), which contributes to hinder the passage of
molecules between the two model compartments.

BBB crossing & Nut-Mag-SLN effects

To evaluate tumor cell targeting and delivery efficiency of Nut-Mag-SLNs across the BBB model, metabolic
activity assay was performed on U-87 MG cells and on bEnd.3 layers. Following the incubation with magnetic
nanoparticles (both empty, as a control, and loaded with the drug) no evidence of cytotoxicity was detected at
the tested concentration (600 pg ml™) on the bEnd.3 layer, being the metabolic activity of the cells not affected
by the treatment with the nanoparticles (Figure 8A). Concerning U-87 MG cells, good cytocompatibility of the
empty Mag-SLNs was confirmed upon BBB crossing (no alteration in cell metabolic activity was indeed observed);
conversely, Nut-Mag-SLNs induced an anti-proliferative effect against tumor cells leading to a reduction of viability
to 50% (Figure 8A) upon BBB crossing. These data demonstrate that Nut-Mag-SLNs are able to act on cancer cells
following the BBB model crossing, efficiently delivering the drug to U-87 MG cells without affecting endothelial
cells viability.
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Figure 7. Immunofluorescence analysis of markers involved in apoptosis. (A) p53, MDM2 and p21 subcellular
localization highlighted by immunofluorescence in U-87 MG cells following the treatment with 100 ug ml"' of
Mag-SLNs, 1.33 uM of nutlin-3a, or 100 ug ml"' of Nut-Mag-SLNs (corresponding to 1.33 uM of drug), and compared
with control cultures (f-actin in red, nuclei in blue, p53/MDM2/p21 in green. (B) Quantitative evaluation of cell nuclei
positive for p53, MDM2 and p21.

*p < 0.05.

MDM2: Murine double minute; Mag-SLNs: Magnetic solid lipid nanoparticle; Nut-Mag-SNLs: Nutlin-loaded magnetic
solid lipid nanoparticles.
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Figure 8. Nutlin-loaded magnetic solid lipid nanoparticles crossing of the in vitro blood-brain barrier model. (A) Metabolic WST-1 assay
on BBB model (600 ug ml') and on U-87 MG cells (200 pug ml") after treatment with Mag-SLNs and Nut-Mag-SLNs. (B, C) Flow cytometry
evaluation of FITC-Nut-Mag-SLN uptake by bEnd.3 and U-87 MG cells at different time points.

*p < 0.05.

BBB: Blood-brain barrier; Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic solid lipid nanoparticles.

To better understand whether nanoparticles passage affects BBB model integrity leading to alteration of tight
junctions, qualitative evaluation of ZO-1 expression was investigated by immunostaining, and no significant
alteration in the ZO-1 pattern was highlighted before and after the nanoparticle treatment, just suggesting no
harmful effects during the BBB model crossing (Supplementary Figure 7A).

The Nut-Mag-SLNGs ability to be internalized by endothelial cells and to reach cancer cells was further confirmed
by flow cytometry analysis (Figure 8B and Supplementary Figure 7B); in particular, bEnd.3 cells showed a statistically
significant increment of fluorescence due to internalization of FITC-stained nanoparticles at each analyzed time
points analyzed, while U-87 MG seeded on the basolateral side of the transwell inserts showed statistically significant
higher values of fluorescence just after 72 h of treatment with the fluorescent-labeled nanoparticles.

Dynamic targeting testing

An in vitro dynamic BBB model was developed for the final assessment of the magnetically driven drug targeting
(Supplementary Figure 1): the device was exploited to demonstrate that Nut-Mag-SLNs can be actively guided
so as to foster their passage across BBB, by means of an external magnetic field. The possibility to obtain an
endothelial cell layer on the porous membrane separating the two chambers of the system with good ‘barrier
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properties’ was confirmed by measuring the diffusion of 4 kD FITC-dextran as previously described for the static
assays (Supplementary Figure 8).

As shown in Figure 9, in the presence of a magnet positioned under the system more Nut-Mag-SLNs tend to
be internalized by endothelial cells and to reach U87-MG compared with experiments carried out in absence of
the magnet. More in details, the distribution of nanoparticles attracted by the external magnet onto the porous
membrane is depicted in Figure 10. The reported images show a bright field acquisition (first row), a fluorescence
acquisition (second row, acquired by using FITC-Nut-SLNs) and a merging (third row) demonstrating a peculiar
accumulation of the magnetic nanovectors in correspondence of the magnet edge. The observed distribution was
remarkably predicted by the numerical model (fourth raw). Indeed, besides describing relevant contributions to
carrier capture due to viscous effects close to the channel boundaries, the model clearly highlighted the strong
attractive actions induced by the magnet near its top edge (minor deviations with respect to the microscope
acquisitions being likely induced by sample manipulation). This result further underlines the value brought by
theoretical /computational approaches to the design/development of iz vitro dynamic BBB models.

The Nut-Mag-SLNs confirmed their anti-cancer activity as shown by the fluorescent images of Figure 11A, that
highlight an increment of the levels of cellular death with respect to an analogous treatment with plain Mag-SLNs
(in both cases the particles were attracted using a magnet). In particular, U87-MG cells magnetically targeted with
Mag-SLNs showed a dead/live cells area ratio of about 4%, while the accumulation of Nut-Mag-SLNs caused an
increment of dead/live cells area ratio to about 25% (p < 0.05; Figure 11B). Magnetically guided Nut-Mag-SLNs
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FITC-Nut-Mag-SLNs Bright field

Merge

Predicted
(numerical [a.u.])

Figure 10. Distribution of FITC-nutlin-loaded magnetic solid lipid nanoparticles attracted by the external magnet
onto the porous membrane. Bright field acquisition (first row), fluorescence acquisition (second row) and merging
(third row). Density contour plot (fourth row) of the captured FITC-Nut-Mag-SLNs, as predicted by the numerical
model (the dashed line denotes the top edge of the underlying magnet).

FITC: Fluorescein isothiocyanate; Nut-Mag-SLNs: Nutlin-loaded magnetic solid lipid nanoparticles.

were also able to cause a reduction in the U87-MG metabolic activity of about 40% with respect to plain Mag-SLNs
(Figure 11C).

Discussion

The GBM is the most aggressive brain tumor with a highly malignant course and a poor treatment response.
Although many efforts have been made to develop diagnostic and therapeutic tools, the treatment of GBM remains
a massive challenge in neuro-oncology, and successful treatments are still far from being attained 3].

In this framework, the present work proposes a nanotechnology-based solution by targeting cancer cells with
nutlin-3a-loaded magnetic nanovectors. Despite nutlin-3a anti-tumor activity has been shown on several types of
cancers [27-30], a few works in the literature reported its encapsulation in nanoparticulate drug delivery systems to
improve therapeutic efficacy (37,38,64,65], and no studies concerning its association with magnetic nanoparticles can
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Figure 11. Nutlin-loaded magnetic solid lipid nanoparticles effects on the microfluidic blood-brain barrier model
after magnetic targeting experiment. (A) Results of the live/dead viability/cytotoxicity assay on U-87 MG cells
following bEnd.3 monolayer crossing by Mag-SLNs and Nut-Mag-SLNs. (B) Ratio (expressed as %) between calcein and
ethidium homodimer signal area. (C) Metabolic WST-1 assay of U-87 MG cells after bEnd.3 monolayer crossing by
Mag-SLNs and Nut-Mag-SLNs.

*p < 0.05.

BBB: Blood-brain barrier; Mag-SLNs: Magnetic solid lipid nanoparticles; Nut-Mag-SNLs: Nutlin-loaded magnetic solid
lipid nanoparticles.
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be found: for the first time, magnetic SLNs loaded with nutlin-3a have been prepared, characterized, and iz vitro
tested, demonstrating to be a promising multifunctional tool against glioblastoma.

Cetyl palmitate and mPEG-DSPE were selected as main components of the nanovectors, and from obtained
results, it is possible to conclude that they are suitable materials to produce highly biocompatible nanoparticles
with excellent colloidal stability. Both mPEG-DSPE and cetyl palmitate allow to obtain amphiphilic nanoparticles
without the use of surfactants, thus constituted by hydrophilic moieties on their surface that ensure dispersibility
and stability in biological media, and by a solid lipid core comprising the hydrophobic tails of the mPEG-DSPE
embedded in a cetyl palmitate matrix. The lipid nature of the nanoparticles allows the interaction with the
hydrophobic drug, which is loaded and stably incorporated in the lipid core. Moreover, it was reported that PEG
reduces adsorption of proteins from bloodstream to the nanoparticles surface, thus limiting the uptake by the
reticuloendothelial system and increasing circulation time [66]. Through adopted synthesis method, we developed
nanoparticles with size and negative surface charge appropriate for brain delivery [67] and that present a satisfactory
stability in physiological conditions.

The biological activity of Nut-Mag-SLNs was tested on U-87 MG glioblastoma cell line, and our results clearly
demonstrate that Mag-SLNs represent an optimal drug-delivery system for nutlin-3a. Our nanoplatform exerts a
higher anti-tumor activity with respect to the plain drug, allowing achieving 50% reduction in metabolic activity
with a significantly lower amount of drug. This result can be attributed to an enhanced Nut-Mag-SLNs ability
to penetrate the tumor cells when compared with the free drug. Many previous works demonstrated that the use
of nanoparticle carriers, such as SLNGs, is a valid strategy for improving drug delivery to cells (68]. Nanoparticles
are in fact able to bypass drug efflux pumps expressed on human cancer cells, thus increasing intracellular drug
concentration [69]. Our particles showed to be highly internalized by cancer cells in correspondence of acidic
subcellular compartment, and as widely described in the literature the exposure of lipid nanoparticles to an acidic
environment could lead to a disruption of the lipid matrix with a consequent release of compounds encapsulated
within [70].

Nutlin-3a is well known for inducing apoptosis in many cancer cells, the primary mechanism of tumor growth
inhibition that leads to cell death [59]. Nut-Mag-SLNs resulted in being much more effective with respect to the
free drug in activating the apoptotic response, leading to a substantial increment of cell death. These results were
validated by the analysis of the expression of proteins implicated in drug action mechanism, such as MDM2,
p53 and p21 [28-30]. As previously mentioned, in tumors where MDM?2 is overexpressed and p53 is wild type,
use of p53-MDM2 interaction inhibitors like nutlin-3a represents a valid therapeutic strategy, so that p53 can
trigger processes of apoptosis, senescence and cellular cycle arrest (33). From our results, it is evident that nutlin-3a
encapsulation in Mag-SLNs improves the potential of the drug in restoring p53 pathway, thus leading to a greater
apoptotic effect. Due to higher uptake of Nut-Mag-SLNs, augmented intracellular drug accumulation efficiently
prevents the molecular interaction between p53 and MDM2 with respect to the plain drug, by inducing the
stabilization and the accumulation of p53, which is thus free to promote the expression of downstream proteins.
An indication of augmented p53 activity following treatment with Nut-Mag-SLNs was the significant increase in
p53 and p21 protein levels. It is known that augmented expression of such proteins is a direct consequence of
nutlin-3a-mediated p53 transcriptional activity [28,36,71]; therefore, the higher apoptotic effect of Nut-Mag-SLNs
is strictly associated with a high expression of the investigated proteins (38,71]. Concerning MDM2, this protein
is transcriptionally inducible by p53, and in our work the expression levels increased after the incubation with
Nut-Mag-SLNs (71). The detected difference was not significant with respect to the other treatments, and such
result can be attributed to high basal MDM2 levels in U-87 MG cells (721; this cell line, in fact, is an optimal
glioblastoma tumor model to test drugs like nutlin-3a, due to MDM2 overexpression and for p53 wild-type, which
are two essential conditions in order to allow the drug to perform its action 33]. Although the MDM2 increase in
U-87 MG cells after treatment with nutlin-3a is reported in the literature [27,73], the experimental conditions of
those studies considerably differ from those considered in our work as regards used drug concentration and analyzed
time points. Induction, in fact, was observed at earlier or later time points (8-96 h) by using a drug concentration
five- to ten-times higher [27,73].

To further confirm that Nut-Mag-SLNss induce cell death through apoptosis regulated by activation of p53 and
its transcriptional targets, immunofluorescence was exploited to investigate the precise subcellular localization of
p53, p21 and MDM2. Previous works demonstrated that one of the consequences of nutlin-3a-mediated p53
pathway is the nuclear localization of such proteins [74-76]. The translocation of p53 to the nucleus is, in fact, an
essential prerequisite to induce apoptosis through transcription-dependent mechanism [74]. p21 is a protein the
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anti-proliferative functions of which rely on its nuclear localization [77] and, finally, even MDM2 must localize in
the nucleus in order to inhibit the p53 transcriptional activity 78]. Our study demonstrates that with respect to
the plain drug, Nut-Mag-SLNs induce higher nuclear localization of all investigated proteins owing to the greater
ability to activate and stabilize p53 and its downstream targets.

Another aim of the work was investigating Nut-Mag-SLNs ability to cross an iz vitro BBB model [76]. Obtained
results demonstrate that indeed Mag-Nut-SLNs can overcome the developed BBB model by preserving endothelial
cells by toxic drug action, and to selectively deliver the drug to GBM cells by causing 50% reduction in cell
metabolic activity. This double advantage makes Nut-Mag-SLNs particularly interesting in the field of the drug
delivery, where selectively killing tumor cells without affecting healthy cells is one of the primary goals to reduce
the side effects of chemotherapy [19].

To investigate the possibility to use the magnetic properties of Nut-Mag-SLNs to foster their accumulation at
a target site, we exploited a newly fabricated BBB in vitro dynamic model. Magnetic targeting has been widely
used during the years as a strategy to externally manipulate and guide drug carries. A recent example is the work
by Skouras er al. [79], where doxorubicin-loaded magnetoliposomes were used to actively cross an iz vitro BBB
model and to target B16 melanoma cells. Another relevant work was published by Martina ez al. (0], where
magnetic-fluid-loaded liposomes were guided against PC3 adenocarcinoma prostatic cell line. Finally, it is worth
to mention the study by Marie ez 4. (81], where magnetic-fluid-loaded-liposomes were targeted toward U87-MG
cells implanted in the striatum of mice, thanks to the exposure to an external magnetic field.

A novel two-channel BBB device was designed to further demonstrate the applicability of magnetic targeting,
and it represents the first 7z vizro model that permits in a single setup both the study of the ability of candidate
therapeutic compounds to cross brain endothelial cells and the analysis of their efficiency on cancer cells. The
proposed dynamic BBB system was also fully characterized through physical modeling, so as to enforce the desired
wall shear stress and to predict the distribution of magnetic nanostructures on the porous membrane, as induced by
an external magnet. Indeed, we experimentally observed Nut-Mag-SLNs accumulation in correspondence of the
magnet borders in full agreement with the model. Moreover, accumulated particles were internalized by endothelial
cells, crossed the BBB layer (without affecting its integrity), reached cancer cells (seeded in the lower channel), and
elicited a cytotoxic effect. Our achievement is therefore twofold: on the one hand, we demonstrated the fascinating
possibility to magnetically guide our nanostructures in a specific area where they can excert their functions in
a highly targeted manner; on the other hand, our BBB microfluidic device provides a handy multifunctional
platform to foster the accumulation of investigated compounds, their ability to cross the BBB, and their therapeutic
effectiveness. However, we have to point out that this model, despite its innovative features, is not intended to be a
complete substitute of animal testing, yet rather a complementary tool able to predict fundamental characteristics
of candidate therapeutic compounds, like BBB crossing abilities and anti-cancer effects. With the data obtained
through the use of our system, a more predictive and reliable screening of drug candidates is possible, thus saving
economical resources, time and animals, but unfortunately, this 77 vitro system is still not able to give information
about pivotal parameters like drug biodistribution and clearance, lacking the complexity of a whole living organism.

Conclusion
We developed a magnetic drug-delivery system with the aim to increase BBB permeability to anti-tumor compounds,
like nutlin-3a, through use of magnetic nanoparticles in tandem with an external magnetic field. Nutlin-3a and
SPIONSs were encapsulated in SLNs, and 7 vitro experiments confirmed the possibility to magnetically target the
nanovectors toward a specific site to cross the BBB and to deliver the drug to GBM cells, thus triggering apoptosis.
Alcogether, our results demonstrated that Nut-Mag-SLNs have effective potential for addressing multiple chal-
lenges currently open in the field of brain cancer treatment, including the difficulties in delivering drugs across
BBB (82}, owing to their ability to be magnetically guided toward specific areas and to act as a powerful inhibitor
of cancer cell proliferation while harming their viability.

Future perspective

Envisioning clinical studies, mandatory steps in the close future are 77 vivo investigations. Developed nanoparticles
will be tested on appropriate animal models (mice implanted with human glioblastoma xenograft), and on these
experimental platforms the ‘smartness’ and the multifunctionality of our nanovectors will be tested. The remote
guidance based on external magnetic fields would allow the safe accumulation of the nanocarriers at targeted regions
within brain tissue, overcoming the limits of invasive release strategies which can compromise the protective role
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of the BBB. Moreover, features that render our vectors actual ‘theranostic’ devices will be exploited, by using the
contrast properties of the SPIONs (s3] in order to noninvasively track their localization with magnetic resonance
imaging. Finally, the possibility to promote a localized increment of temperature [84] upon applications of alternating
magnetic fields will be tested, thus allowing a synergic treatment of the tumor, mediated by both chemotherapy
and hyperthermia.

Summary points

e Glioblastoma multiforme (GBM) is one of the most aggressive forms of cancer currently without any available
treatment.

e One of the most challenging problems in the treatment of GBM is the presence of the blood-brain barrier (BBB),
a continuous barrier that envelopes brain blood vessels and blocks the passage of many therapeutic compounds.

e Nanomaterials can be used as a carrier system to overcome the obstacles posed by the BBB. In particular, solid
lipid nanoparticles (SLNs), thanks to their characteristics in term of stability, biocompatibility and drug release
profile, represent an optimal candidate for brain drug delivery.

e Nutlin-loaded magnetic solid lipid nanoparticles (Nut-Mag-SLNs) were fabricated and characterized in terms of
size, morphology, stability, drug-loaded content and magnetic properties.

e Two different BBB in vitro models have been developed, a static model composed by bEnd.3 brain endothelial
cells seeded on a transwell insert and an innovative microfluidic model composed of two chambers resembling
the luminal and the abluminal compartments in the tumor microenvironment.

e Nut-Mag-SLNs demonstrated higher anti-cancer ability with respect to the plain drug. Analysis performed
through immunofluorescence and western blotting revealed that p53, MDM2 and p21 are involved upon the
Nut-Mag-SLNs treatment.

e Nut-Mag-SLNs were able to cross the BBB in vitro models; moreover, by exploiting a remote magnetic field the
accumulation of the particles was promoted, allowing achieving local concentrations high enough to promote
apoptosis of cancer cells without harming endothelial cells.

e Nut-Mag-SLNs represent a promising multifunctional nanoplatform for brain drug delivery and glioblastoma
treatment.
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