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Abstract

The major obstacle to glioblastoma pharmacological therapy is the overcoming of the blood-brain
barrier (BBB). In literature, several strategies have been proposed to overcome the BBB: in this
experimental work, solid lipid nanoparticles (SLN), prepared according to fatty acid coacervation
technique, are proposed as the vehicle for doxorubicin (Dox), to enhance its permeation through an
artificial model of BBB. The in vitro cytotoxicity of Dox-loaded SLN has been measured on three
different commercial and patient-derived glioma cell lines. Dox was entrapped within SLN thanks
to hydrophobic ion pairing with negatively charged surfactants, used as counterions. Results
indicate that Dox entrapped in SLN maintains its cytotoxic activity toward glioma cell lines;
moreover, its permeation through hCMEC/D3 cell monolayer, assumed as a model of the BBB, was
increased when the drug was entrapped in SLN. In conclusion, SLN proved to be a promising
vehicle for the delivery of Dox to the brain in glioblastoma treatment. © 2014 Wiley Periodicals,
Inc. and the American Pharmacists Association J Pharm Sci 103:2157-2165, 2014

Enhanced Article Feedback

INTRODUCTION

The blood-brain barrier (BBB) is the main obstacle hampering the transport of most drugs from the
blood into the brain. BBB, formed by the endothelial cells of the cerebral capillaries, comprises the
major exchange interface between the blood and the brain[1, 2] and, in addition to tight junctions,
BBB is rich—on the luminal surface—of efflux membrane transporters such as P-glycoprotein (Pgp)
and multidrug resistance-related proteins (MRPs),[3] which recognize various anticancer drugs as
substrates.

In literature, several strategies have been proposed to overcome this barrier aimed to improve drug
delivery into the brain, including osmotic opening of the tight junctions[4] and the direct surgical
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administration of drugs into the brain. The application of nanotechnology by using liposomes and
nanoparticles seems to be one of the most promising approaches.[5, 6]

Malignant brain tumor chemotherapy is very difficult because the blood—tumor barrier (BTB) limits
the amount of potent agents that can be delivered to the tumor, resulting in the lack of ability of the
drug to reach a therapeutic level. Although BTB is in itself is more permeable than BBB,
therapeutics are rarely effective in patients with brain tumors because the selective permeability of
BTB still blocks many antitumor agents and stops them approaching their target.[7] Glioblastoma
multiforme is one of the most common forms of glioma whose pharmacotherapy is adjuvant and
therefore rarely applied in first instance[8]: generally, it follows surgery and is subsequent or
contemporaneous with radiotherapy. It is directed mainly toward the eradication of residual tumor
cells after surgery or radiotherapy. This cell population includes those cells that migrated from the
tumor into healthy tissue (and that were not destroyed by previous treatment) or that feed the tumor
from far sites, still active[9] and is hard to treat completely by surgical resection because of the
diffuse nature of the glioma. As a result, residual microscopic tumor cells usually need to be
eliminated by additional chemotherapy or radiotherapy. Even patients who are optimally treated
with combined multimodal treatments have a median survival of only 12 months.

A possibility to deliver drugs to the central nervous system (CNS) is the use of polymeric
nanoparticles.[10] The ability of these carriers to overcome BBB and to produce biologic effects on
the CNS was shown in a number of studies. Over the last few years, progress in the understanding
of the mechanism of nanoparticle uptake into the brain suggests that receptor-mediated endocytosis
in brain capillary endothelial could be the most probable mechanism. Modification of the
nanoparticle surface with covalently attached targeting ligands or by coating with certain surfactants
enabling the adsorption of specific plasma proteins are necessary for this receptor-mediated
uptake.[11]

Solid lipid nanoparticles (SLN) are disperse systems with mean diameters ranging between 50 and
1000 nm and represent an alternative to polymeric particulate carriers. The main advantage of lipid
carriers in drug delivery is the use of physiological or biocompatible lipids or lipid molecules with a
history of safe use in therapy.[12] Several SLN production methods are described in literature: cold
and hot homogenization,[13] microemulsion dilution,[14] microemulsion cooling,[15] solvent
evaporation,[16] solvent injection,[17] and emulsification diffusion technique with low-toxicity
solvents.[18-20]

Recently, in our research group, a new solvent-free technique was developed to produce SLN of
fatty acids by acidification of a micellar solution of their alkaline salts.[21] As pH is lowered, fatty
acids precipitate owing to proton exchange between the acid solution and the alkaline salt: this
process can be defined as “coacervation.” With this technique, lipophilic drugs can be entrapped
within nanoparticles by allowing their dissolution in micellar solution prior to acidification. It has
also been demonstrated that hydrophilic molecules can effectively be entrapped in SLN enhancing
their lipophilicity by hydrophobic ion pairing (HIP): indeed, a cytotoxic hydrophilic molecule,
cisplatin, has been carried in SLN by forming a drug—surfactant complex.[22] Such strategy was
also successfully used for peptide drugs entrapment in SLN.[23]

In literature, several studies are reported on the entrapment of antineoplastic drugs in SLN and the
consequent increase of their both chemico-physical stability and cytotoxicity on tumor cell
lines.[24] SLN can be internalized in cells through simple or carrier-mediated endocytosis or
phagocytosis[25] owing to particle surface charges. Recent studies show that SLN can be uptaken
by cells without altering their morphological and metabolic characteristics.[26]
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Doxorubicin (Dox) is a potent, broad spectrum chemotherapeutic drug used around the world. In its
unaltered form, Dox has shown great treatment potential, being regarded as one of the most potent
chemotherapeutic drugs and having been used for treating cancer for over 30 years.[27] The ability
to combat rapidly dividing cells and to slow disease progression has been widely acknowledged for
several decades, limited only by its toxicity on noncancerous cells in the human body. Dox causes
toxicity to most major organs, especially life-threatening cardiotoxicity, which forces the treatment
to become dose limiting.

Over the years, many studies have been conducted to devise a drug delivery system that would
eliminate these adverse effects including liposomes and nanoparticulate systems.[28, 29]

The aim of the present work is to obtain Dox-loaded SLN as possible drug delivery systems for
intravenous administration and to evaluate their capacity in vitro to overcome BBB and their
cytotoxicity against primary human glioblastoma cells. Because of the hydrophilic nature of Dox
that hampers its entrapment in SLN, several lipophilic counterions are screened to perform
lipophilic ion pairing of the drug.

EXPERIMENTAL

Materials

Doxorubicin hydrochloride was a kind gift from Farmitalia (Milan, Italy). Sodium
dioctylsulfosuccinate (AOT) and hydrochloric acid were obtained from Merck (Darmstadt,
Germany). Citric acid, phosphoric acid, lactic acid, and sodium dihydrogenphosphate were obtained
from A.C.E.F. (Fiorenzuola d'Arda, Italy). Eighty percent hydrolyzed PVA 9000-10,000 Mw (PVA
9000) and sodium taurodeoxycholate (TDC) were obtained from Sigma (Dorset, UK). Sodium
stearate, sodium palmitate, and sodium decansulfonate (SDeS) were obtained from Fluka (Buchs,
Switzerland). Sodium arachidate (SAr) and sodium behenate were obtained from Nu-Chek (Elysian,
Minnesota).

Deionized water was obtained by a MilliQ® system (Millipore, Bedford, Missouri). All other
chemicals were analytical grade and used without any further purification.

Methods
lon Pair Preparation

Hydrophobic ion pairs between Dox and each counterion (AOT, TDC, and SDeS) were prepared
according to literature methods.[30]

Doxorubicin hydrochloride (5 mg/mL) was dissolved in water and an appropriate volume of each
counterion aqueous solution was added to obtain 1:1 drug—counterion molar ratio, except for SdeS,
which was added at a 1:3 drug—counterion molar ratio.

The obtained precipitates were centrifuged at 55,0009 (Allegra R64 centrifuge; Beckmann Coulter
s.r.l. Cassina De' Pecchi - Milano, Italia), washed with deionized water, and then dried for 24 h.

lon Pair Characterization
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A weighted amount of the freeze-dried product was dissolved in ethanol (dimethyl sulfoxide for
SdeS-Dox ion pair) to obtain a stock solution of 14 mg/mL Dox concentration (supposing a 1:1
Dox—counterion molar ratio). The actual molar ratio of the precipitated ion pair was confirmed
after 1:300 dilution in ethanol of the stock solution and HPLC analysis of Dox content.

To determine ion-pair aqueous solubility, a weighted amount of the freeze-dried ion pair was
suspended in 1 mL water and kept under stirring for 1 h: the obtained suspension was then
centrifuged at 55,000 g (Allegra R64 centrifuge; Beckmann Coulter) and the supernatant analyzed
by HPLC.

lon pairs partition coefficient was calculated by dissolving a known amount of Dox hydrochloride
in water (10 ug/mL) and adding an aqueous counterion solution at a 1:1 drug—counterion molar
ratio, except for SDeS, which was added at a 1:3 drug—counterion molar ratio. The aqueous phase
was shaken for 1 min with an equal volume of octanol in a separator funnel, then the mixture was
allowed to settle. lon-pair partition coefficient was calculated determining its aqueous concentration
by HPLC before and after partitioning with octanol.

SLN Preparation

Different operative conditions were used for SLN preparation according to the fatty acid under
study (palmitic acid, PA,; stearic acid, SA; arachidic acid, AA; behenic acid, BA). Fatty acid sodium
salt was dispersed in the PVA 9000 solution and the mixture was then heated under stirring (300
rpm) just above the Krafft point of fatty acid sodium salt to obtain a clear solution. A selected
acidifying solution (coacervating solution) was then added dropwise.[21] The obtained suspension
was then cooled in an ice bath under stirring at 300 rpm. For Dox-loaded SLN, Dox ion pair was
added to the micellar solution prior to acidification, dissolved in ethanol (dimethyl sulfoxide for
SDeS-Dox ion pair).

SLN Characterization

Solid lipid nanoparticles particle size distribution was determined by the laser light scattering
technique (Brookhaven, Long Island, New York). The dispersions were diluted with water (1:1000)
and measurements were carried out at an angle of 90° with a laser beam of 675 nm.

Drug entrapment efficiency (EE%) was calculated as the ratio between the amount of drug
entrapped within the lipid matrix and the amount used to prepare SLN. The entrapped drug was
determined as follows: 1 mL SLN suspension was centrifuged for 15 min at 55,0009 and the
precipitate was washed twice with 1 mL 30:70 ethanol-water to remove adsorbed drug. The solid
residue was dissolved in 1 mL ethanol, 0.5 mL water was then added to precipitate the lipid matrix,
and the supernatant obtained was injected in HPLC for drug quantification.

The lipid fraction was selectively precipitated by diluting in HPLC mobile phase, and the
supernatant was centrifuged and analyzed by HPLC.

Dox In Vitro Release in Normal Saline

The release of Dox in normal saline from SLN was studied by using rotating cells. An aliquot (2
mL) of Dox—-AOT BA SLN was placed in the donor compartment, whereas the receptor
compartment contained 2 mL of normal saline. Dox hydrochloride aqueous solution was used as
blank.
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The dialysis membrane (12,000-14,000 Da cutoff; Visking) was placed between the two
compartments. At fixed 2-h intervals, the receptor phase was withdrawn, replaced with fresh normal
saline, and spectrophotometrically analyzed (4 = 480 nm).

In all samples under study, Dox concentration was 280 pg/mL.
Dox In Vitro Release with the Test Tube Assay

To assess the entrapment of ion pairs within SLN, Dox release studies were performed using a test
tube assay, as described in literature[31]: decanol was used as organic receiving phase. In total, 5
mL decanol was layered onto the surface of 5 mL Dox—AOT-loaded SLN and the system was kept
under mild stirring (50 rpm); at scheduled times, a small amount of the receiving phase was
withdrawn and the supernatant analyzed spectrophotometrically (1 = 480 nm) for Dox
determination. lon-pair aqueous suspensions in the absence of SLN were used as blanks. In all
samples under study, Dox concentration was 280 pg/mL.

Cell Culture

hCMEC/D3 cells, a primary human brain microvascular endothelial cell line that retains the
property of BBB in vitro, were cultured as reported[32] and were seeded at 50,000/cm? and grown
for 7 days up to confluence in Petri dishes and Transwell devices (0.4 um diameter pores-size;
Corning Life Sciences, Chorges, France). Permeability coefficients of dextran—fluorescein
isothiocyanate (FITC), [**C]-sucrose (589 mCi/mmol; PerkinElmer, Waltham, Massachusetts),
[**C]-inulin (10 mCi/mmol; PerkinElmer), taken as a parameter of paracellular transport across
hCMEC/D3 monolayer,[33] were measured as previously reported,[34] and were equal to: 0.013 +
0.002 x 10~* cm/min for dextran-FITC (n = 3); 1.31 + 0.24 x 10> cm/min for [**C]-sucrose (n = 3);
0.51 + 0.08 x 10 ° cm/min for [**C]-inulin (n = 3), in line with previous literature. [34]
Traznsendothelial electrical resistance value for n\CMEC/D3 cells was between 30 and 40 Q x
cm“.[35]

Primary human glioblastoma cells (CVV17, 01010627) were obtained from surgical samples of
patients operated at the Department of Neuroscience, Neurosurgical Unit, University of Turin, Italy.
The histological diagnosis was performed according to WHO guidelines. Cells were propagated in
Dulbecco's modified Eagle's medium, supplemented with 1% (v/v) penicillin-streptomycin and 10%
(v/v) fetal bovine serum. U87-MG cells (ATCC, Rockville, Maryland) were used as glioblastoma
reference cell line.

In coculture experiments, 500,000 glioblastoma cells were added in the lower chamber of
Transwells 4 days after seeding hCMEC/D3 cells in the upper chamber of Transwells. After 3 days
of coculture, the medium of the upper chamber was replaced with fresh medium, with or without
free Dox or SLN-entrapped Dox—AOT, as detailed under Results.

In Vitro Cytotoxicity on BBB Cells

The early signs of cytotoxicity of Dox, blank SLN, or SLN-entrapped Dox—-AOT on hCMEC/D3
monolayer were verified as follows.

The extracellular medium was centrifuged at 12,000g for 15 min to pellet cellular debris, whereas
cells were washed with fresh medium, detached with trypsin—ethylenedia-minetetraacetic acid
(0.05/0.02% v/v), resuspended in 0.2 mL of 82.3 mmol/L triethanolamine phosphate—HCI (pH 7.6)
and sonicated on ice with two 10 s bursts (Labsonic sonicator, 100 W). Lactate dehydrogenase
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(LDH) activity was measured in the extracellular medium and in the cell lysate: 50 pL of
supernatant from extracellular medium or 5 pL of cell lysate were incubated at 37°C with 5 mmol/L
NADH. The reaction was started by adding 20 mmol/L pyruvic acid and was followed for 6 min,
measuring absorbance at 340 nm with Packard EL340 microplate reader (Bio-Tek Instruments,
Winooski, Vermont). The reaction kinetics was linear throughout the time of measurement. Both
intracellular and extracellular enzyme activity were expressed in umol NADH oxidized per minute
per dish, and then extracellular LDH activity was calculated as percentage of the total LDH activity
in the dish.

Permeability of Dox Through hCMEC/D3 Cell Monolayer

hCMEC/D3 cells, seeded as reported above in Transwell devices, were incubated at day 7 with free
Dox or SLN-entrapped Dox—AOT, at the experimental conditions described in the Results section.
The medium in lower chamber was then collected and Dox amount was measured fluorimetrically,
using a LS-5 spectrofluorimeter (PerkinElmer). Excitation and emission wavelengths were 475 and
550 nm, respectively. Fluorescence was converted in nmol Dox per cm?, using a calibration curve
previously set. The permeability coefficients were calculated as described.[36]

In coculture experiments, Dox was added in the upper chamber of Transwell device; after 3 h, the
insert was removed and a 50-pL aliquot of the medium in the lower chamber was collected and
diluted 1:10 into ethanol-HCI 0.3 N [1:1 (v/v) solution). The amount of Dox was measured
fluorimetrically as reported above. Fluorescence was converted into nmol/mL according to a
titration curve previously set.

Uptake of Dox Within hCMEC/D3 Cell

hCMEC/D3 cells, seeded in 35-mm diameter Petri dishes, were grown up to the confluence for 7
days and then incubated for 3 h with 0.1 and 1 uM of free Dox or SLN-entrapped Dox—AOT. At the
end of the incubation time, cells were washed twice with phosphate-buffered saline (PBS), detached
with trypsin—ethylenediaminetetraacetic acid, centrifuged at 27.000 g for 2 min, resuspended in 0.5
mL ethanol-HCI 0.3 N [1:1 (v/v) solution] and sonicated. A 50-uL aliquot was used to measure the
protein content; the remaining part was used to measure the intracellular content of Dox, as detailed
above. Fluorescence was converted in nmol Dox per milligram cell prot, using a calibration curve
previously set.

Glioblastoma Cell Viability

To measure the viability of glioblastoma cells cultured alone or cocultured with hCMEC/D3 cells,
cells were treated as detailed under Results, and then incubated for 1 h at 37°C in culture medium
containing 70 ug/mL of Neutral Red solution (Sigma). Cells were washed three times with PBS and
rinsed with stop buffer [32 mM trisodium citrate, 50% (v/v) methanol; pH 6]. The absorbance at
540 nm was read using a Synergy HT Multi-Detection Microplate Reader (Bio-Tek). The
absorbance of untreated cells was considered as 100% viability and the results were expressed as
percentage of viable cells versus untreated cells.

Dox HPLC Analysis

Experimental conditions were as follows: YL9110 quaternary pump (Young Lin, Hogye-dong,
Anyang, Korea) equipped with a Merck-Hitachi L 4200 UV-visible lamp (Merck-Hitachi, Tokyo,
Japan); column: HiQ sil C18HS 150 x 4.6 mm? (KIA-technologies, Kyoto, Japan); mobile phase:
CH30H/H,0 [containing 0.1% anhydrous formic acid and 0.1%, ammonia solution (25%) to pH
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3.0] 60/40; flow: 1 mL/min; detection A = 480 nm; integration with YL-Clarity (Young Lin);
retention time: 8.0 min[38].

RESULTS

Hydrophobic ion pairs between Dox and counterions (AOT, TDC, and SDeS) were obtained by
simply mixing aqueous solutions of drug and counterion: the ion pair precipitates in water as red
precipitate. The actual molar ratio between counterions and Dox measured by HPLC analysis on the
weighted precipitate is 1:1. lon pair water solubility and partition coefficient are reported in Table
1. It should be noted that the highest partition coefficient was that obtained with Dox—AQOT ion pair
as it was increased more than 100 times compared with free Dox. For this reason, further in vitro
studies were conducted on Dox—AQOT ion pair.

Table 1. Solubility and Partition Coefficient of Dox lon Pairs
Counterion Solubility (ung/mL) Log P
- Not Determined  —0.73

AOT 50 1.29
TDC 250 0.62
SDeS 19 1.13

Compositions and mean diameters of blank SLN prepared according to the coacervation method are
reported in Table 2. Dox-loaded SLN were prepared by adding 200 uL of Dox—HIP stock solution
(corresponding to 2.8 mg Dox) to 10 mL of micellar solution prior to acidification. In a preliminary
experiment, Dox-loaded BA-SLN was prepared using different ion pairs: their mean particle size
and different Dox—HIP EE% values are reported in Table 3.

Table 2. Blank SLN Composition
PA-SLN SA-SLN AA-SLN BA-SLN
1. a

Corresponding to 100 mg fatty acid.
SM
Sodium palmitate 108 mga
Sodium stearate 107 mga
SAr 107 mga
Sodium behenate 106 mga
PVA 9000 (mg) 100 100 200 200
1 M citric acid 0.2 mg

1 M Na;HPO,

1 M lactic acid 0.5mL

1 M NaH,PO, 0.2mL 0.2mL
1 M H3PO, 0.3mL

1 M HCI 0.3mL
Water (mL) 9.8 9.5 9.5 9.5

Mean diameter (nm) 278 £ 25 289 + 16 303 +20 305+ 30
Polydispersity 0.05 0.101 0.15 0.12
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Table 3. Mean Particle Size and EE% of PA, SA, BA, AA-SLN-loaded with Different Dox lon
Pairs

Fatty Acid Counterion Mean Diameter (nm) Polidispersity EE%

BA TDC 1602 + 85 0.366 52.1+55
BA SDeS 436 + 25 0.229 40.0+3.5
BA AOT 278 £10 0.104 78.9+7.3
PA AOT 391+19 0.128 76.2+5.9
SA AOT 356 * 23 0.100 743 +8.4
AA AOT 291+ 15 0.088 74.9+6.3

As it can be noticed, the highest EE% was obtained with AOT as a counterion: consequently, Dox—
AOT was chosen to be loaded also in SLN composed of different lipid matrixes. The results
obtained in terms of EE% and mean particle size are reported in Table 3, too.

Solid lipid nanoparticles showed a good EE%, regardless of the lipid matrix used. To verify the
effective entrapment of Dox—AOT within SLN, drug release was studied. Indeed, the entrapment of
the ion pair in the solid lipid matrix, with its subsequent immobilization, should reduce its release
rate.[37] In Figure 1a, Dox-release profiles expressed as drug amount per unit area versus time from
SLN suspensions in the test tube assay are shown. This method involved two steps: the release of
the drug from SLN to the aqueous outer phase and the migration to the organic phase, where it
favorably partitions because of the lipophilicity of the ion pair. Despite the partition step in a
nonphysiological medium, this assay is suitable to obtain complete release in a few hours, because
the organic phase can easily dissolve a lipophilic molecule or complex. When the ion pair is
entrapped within the lipid matrix, drug release to the organic phase is slower than that of free ion
pair, probably because of the interactions between the lipid matrix and the ion pair. This confirms
drug entrapment within SLN, which can reduce drug release rate. Consequently, the amount of Dox
released after 4 h from SLN of different lipid matrixes is lower than that from free ion pair (HIP
aqueous suspension). Release experiments were performed up to 4 h for comparative purposes,
even if further release can be obtained at longer times (data not shown). This experiment does not
simulate Dox-IP release in a physiological medium, as the amount of Dox-IP diffusing from SLN to
the aqueous phase is continuously removed by the decanol organic phase in which it is more
soluble. The experiment represents only an indirect method to confirm Dox-IP entrapment within
SLN.
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(a) Dox release in the test tube assay. (b) Dox diffusion rate profiles in normal saline.

In Figure 1b, Dox-release profiles expressed as drug amount per unit area versus time in normal
saline are shown. The diffusion rate is quite faster when Dox is present in agueous solution, as more
than 70% of the initial Dox amount diffused over 40 h than when entrapped in SLN as an ion pair
(less than 30%). This suggests that Dox is actually entrapped in SLN, as the lipid matrix lowers the
rate of its release from SLN over a relatively long period of time.

As no relevant differences were recovered in Dox EE% and in mean diameters among the different
lipid matrixes tested, two lipid matrixes (the former with short and the latter with long hydrocarbon
chain) were chosen for in vitro studies on cells. Blank PA and BA SLN were selected to test the
biocompatibility of the lipid matrix with the hCMEC/D3 cells, and to perform further permeation
studies on hCMEC/D3 cells monolayer. Obtained results after 24-h incubation at four different SLN
dilutions [0.1%, 0.01%, 0.001%, 0.0001% (v/v) lipid concentration] are shown in Figure 2. A PA-
SLN dose-dependent increase of cytotoxicity can be noted, whereas BA-SLN did not cause any
detectable cytotoxicity against h\CMEC/D3 cells: as a consequence, BA-SLN were selected for the
prosecution of the experimental study.
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Cytotoxicity of blank PA-SLN and BA-SLN at different Iipig concentrations against \CMEC/D3
cells. Significance versus untreated cells (CTRL): p < 0.05; "p < 0.02; *p < 0.005; *p < 0.001 (n =
3).

Cytotoxicity of Dox—AOT loaded BA-SLN on hCMEC/D3 cells was then tested in a time-
dependent experiment: free Dox was used as a reference at the same concentration present in SLN
[1,0.1, and 0.01 uM Dox, corresponding to 0.1%, 0.01%, and 0.001% (v/v) lipid concentration,
respectively]. As it can be noticed from Figure 3, no relevant cytotoxicity of Dox—AOT-loaded BA-
SLN and of free Dox was revealed (compared with the control) after 24-h incubation at the three
concentrations tested. After 48 and 72 h, on the contrary, a dose-dependent cytotoxicity was present
for Dox and Dox—AQOT-loaded BA-SLN. To avoid the assays to be performed on a damaged BBB
monolayer, permeation experiments through hCMEC/D3 cells were performed after 24-h

incubation with the tested formulations (free Dox and Dox—AQOT-loaded BA-SLN).
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Cytotoxicity of Dox and Dox—AOT-loaded BA-SLN against \CMEC/D3 gells at 24, 48, and 72 h at
different lipid concentrations. Significance versus untreated cells (CTRL):p < 0.02; ~p < 0.005; *p
<0.002; *p < 0.001 (n = 3).

Permeation experiments through hCMEC/D3 cells monolayer were performed by using two
different concentrations of Dox [1 and 0.1 uM, corresponding to 0.1% and 0.01% (v/v) lipid
concentration, respectively]: Dox—AOT-loaded BA-SLN and free Dox were compared. As shown
in Figure 4, the entrapment in SLN causes an increase in Dox permeation, compared with that of the
free drug. Such increase is time and dose dependent. The uptake of Dox by hCMEC/D3 cells was
evaluated by measuring the intracellular amount of the drug after 3-h incubation with Dox or Dox—
AOT BA-SLN (1 or 0.1 uM): at 0.1 uM, the amount of intracellular Dox did not significantly differ
between free Dox or Dox—-AOT BA-SLN. By contrast, at 1 pM, the amount of Dox obtained with
Dox—AOT BA-SLN was significantly higher. Moreover, intracellular drug uptake increased in a
dose-dependent manner with Dox—AOT BA-SLN, but did not change with free Dox (Fig. 5).
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Dox permeation through hCMEC/D3 cell monolayer from Dox aqueous solution and from Dox-
AOT Bf\—SLN at 0.1 and 1 uM Dox concentration after 3 and 24 h. Significance versus Dox: p <
0.002; 'p<0.001(n=23).
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Dox uptake within hCMEC/D3 cells from Dox aqueous solution and from Dox-AOT BA-SLN at
0.1 and 1 uM Dox concentration after 3 h. 0.1 uM concentration versus 1 uM concentration: p <
0.01; Dox-AOT versus Dox: °p < 0.005 (n = 3).

Cytotoxicity of Dox—AOT-loaded BA-SLN was then tested on three different human glioblastoma
cell cultures, the U87-MG cell line and the primary human glioblastoma cells CV17 and 01010627.
As it can be observed from Figure 6, the entrapment in SLN did not reduce the cytotoxicity of Dox
over a wide range of concentrations.
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Cytotoxicity of Dox—AOT-loaded BA-SLN and free Dox on three humaQ glioma cgll lines: a,
CV17; b, 01010627; c, U87. Significance versus untreated cells (CTRL):'p < 0.05; ~p < 0.02; p <
0.001 (n=4).

Basing on these preliminary data, a coculture experiment was performed, in which hCMEC/D3
cells were grown on the filter of the upper chamber of the Transwell devices and glioma cells were
grown in the lower chamber: free Dox and Dox—AQOT-loaded BA-SLN were added in the upper
chamber and the cytotoxicity exerted by Dox permeated through hCMEC/D3 on glioma cells was
evaluated. Dox concentrations used for this experiment were chosen on the basis of the results of
Figure 5: indeed, the Dox concentration, which was able to kill at least 50% of the cells, was nearly
5 uM for the various glioma cell lines. This means that concentrations higher than 5 uM should be
used in coculture experiments to detect an appreciable damage on glioma cells, as only a very low
fraction of free Dox is expected to permeate the hCMEC/D3 cells monolayer.[38] For this reason,
50, 250, 500 uM Dox were used. To avoid cytotoxicity on hCMEC/D3 cells, free Dox and Dox—
AOT-loaded BA-SLN were added for 3 h in the upper chamber; the insert of the Transwell device
was then removed and the glioblastoma cells in the lower chamber were let to grow for 48 h further.
Cytotoxicity on glioblastoma cells, produced by Dox permeated through hCMEC/D3 cells during
the first 3 h, was measured at the end of this incubation period.

As it can be noted from Figure 7, after 3 h, Dox delivery in the medium of the lower chamber
increases dose dependently: loading of Dox within SLN grants a higher delivery than free Dox.
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Dox permeation through hCMEC/D3 cell monolayer from Dox aqueous solution and froIn Dox—
ﬁ\OT BA-SLN at 50, 250, 500 uM Dox concentration after 3 h. Dox—AOT versus Dox: p < 0.02;
p < 0.005; “p < 0.001 (n = 3).
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The amount of free Dox that permeated through the hCMEC/D3 cell monolayer dose dependently
decreased cell viability for CV17 and U87-MG cells (Figs. 8a and 8b), but had little effect on
01010627 cells (Fig. 8c). In keeping with the major permeation of Dox from Dox—AOT-loaded
BA-SLN, such Dox formulation significantly reduced the cell viability in all the glioblastoma cell
lines, resulting more effective than free Dox.
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Cytotoxicity of permeated Dox from Dox aqueous solution and from Dox—AOT BA-SLN on three
human glioma cell lines: a, CV17; b, 01010627; ¢, U87. Significance versus untreated cells
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(CTRL): "p < 0.05; ~p < 0.02; *p < 0.001; Dox—AOT versus Dox: °p < 0.05; p < 0.02; °p < 0.001
(n=4).

DISCUSSION

In this experimental work, Dox-loaded fatty acid SLN were obtained thanks to HIP between Dox
and various anionic surfactants: despite its hydrophilic character, Dox can be entrapped in SLN,
EE% being dependent on the surfactant used as counterion, with the best results obtained with
AOT. HIP is a well-known technique used to “lyophilize” hydrophilic drugs[39]: based on the
interaction of a surfactant and an opposite charged drug, HIP takes place at surfactant
concentrations below the critical micelle concentration, leading to the precipitation of an insoluble
electrostatic complex between the two molecules, with increased lipophilicity. The coacervation
technique is an innovative method used to produce SLN and it has been coupled several times to
HIP to encapsulate hydrophilic drugs.[22, 23, 40] Various lipid matrixes were used to prepare Dox—
AOT-loaded SLN. Obtained EE% was similar among the various lipid matrixes: entrapment in the
lipid matrix was confirmed by release experiments.

Behenic acid was chosen as lipid matrix, because, contrary to PA, it did not cause any detectable
cytotoxicity against NCMEC/D3 cells used for permeation experiments. Permeation experiments
were performed for 24 h because Dox—AOT-loaded SLN and free Dox did not cause any important
cytotoxicity to hCMEC/D3 cells within this period of time. Entrapment in SLN caused an increase
in permeation of Dox through hCMEC/D3 cell monolayer.

Doxorubicin also maintained its cytotoxicity against glioma cells if entrapped in SLN. Indeed,
although Dox is highly cytotoxic against glioblastoma cells in vitro,[41] its clinical use is hampered
by its low delivery across BBB. The abundance of tight and adherent junctions, the lack of
fenestrations, the presence of several drug efflux transporters on the luminal side of BBB, such as
Pgp, MRP-1, -2, and -4 and breast cancer-resistance protein (BCRP), are majorly responsible for the
poor drug delivery across BBB.[42] hCMEC/D3 cells, as well as primary human BBB cells, are
known to express Pgp and BCRP on their luminal side[43]; these two transporters actively efflux
Dox back in the bloodstream.[42] BBB is disrupted in the bulk core of glioblastoma, but it is intact
in the so-called brain adjacent to tumor (BAT) area, where isolated glioblastoma cells, hard to
eradicate by surgery or radiotherapy, may find a favorable niche to grow and disseminate.[42] The
presence of the intact BBB makes Dox hardly delivered to BAT area. To overcome this limitations,
several alternative formulations of Dox, for example, liposome- and nanoparticle-based
formulation[41, 44-46] have been produced. The present work shows a new formulation of Dox that
can be a valid tool to permeate BBB monolayer, because Dox—AOT-loaded SLN achieved a higher
delivery of the drug across the BBB, without any increase of toxicity on BBB cells compared with
the free drug. Uptake experiments showed that Dox—AOT BA-SLN enter within BBB cells in a
dose-dependent manner, suggesting that SLN were effective tools to deliver Dox across BBB
monolayer through a transcytotic pathway. By contrast, Dox uptake remained lower and did not
change after increasing the drug concentration, confirming the poor permeability of the drug in our
model, as it occurs in most BBB models. More importantly, Dox—AOT-loaded SLN had a
superimposable cytotoxicity to Dox on isolated glioblastoma cells and higher cytotoxicity than free
Dox on glioblastoma cells cultured under BBB monolayer. Such increase could be because of the
higher permeation of Dox—AOT-loaded SLN through the hCMEC/D3 cell monolayer.

Glioblastoma cell lines may differ for the sensitivity to Dox, for instance, in these experimental
conditions, 01010627 were significantly less sensitive than CV17 and U87-MG. Such difference
reflects the higher variability of primary glioblastoma samples, which may widely differ for the
protein involved in Dox efflux, such as Pgp, MRP-1, and BCRP,[47] DNA repairing systems,
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proapoptotic. or prosurvival proteins.[48] All these factors may account for the different response to
Dox-free drug. Noteworthy is the fact that the efficacy of Dox—AOT-loaded SLN is higher than that
of free drug and shows less variability among each glioblastoma cell line in coculture systems. We
can speculate that the higher drug delivery granted by SLN allows Dox to reach a concentration
sufficiently higher to overcome most of these potential factors of resistance.

CONCLUSIONS

Doxorubicin was entrapped in fatty acid SLN prepared through coacervation technique, thanks to
HIP with negatively charged surfactants, used as counterions: in particular, AOT allowed a good
EE% of Dox within SLN. BA-SLN showed no toxicity toward hCMEC/D3 cells, so Dox-AOT-
loaded SLN were employed to study drug permeation through hCMEC/D3 cells monolayer,
assumed as the in vitro model of the BBB. Entrapment in BA-SLN caused an increase in the
permeation of Dox through hCMEC/D3 cells monolayer, whereas it did not affect the cytotoxicity
toward three types of human glioblastoma cells. Moreover in coculture experiments with
hCMEC/D3 and glioblastoma cells, it was demonstrated that, when delivered in SLN, Dox
increased its cytotoxicity toward glioblastoma cells, because of its increased permeation through the
endothelial cell monolayer.

According to these results, Dox—-AOT-loaded BA-SLN proved to be a promising drug delivery
system to enhance Dox brain uptake. Further in vivo studies are needed to confirm the suitability of
SLN in enhancing Dox overcoming of the BBB.
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