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ABSTRACT: Nanoparticles (NPs) are being used or explored for the endothelial cells
development of biomedical applications in diagnosis and therapy,
including imaging and drug delivery. Therefore, reliable tools are needed
to study the behavior of NPs in biological environment, in particular the
transport of NPs across biological barriers, including the blood—brain
tumor barrier (BBTB), a challenging question. Previous studies have ;
addressed the translocation of NPs of various compositions across cell R e s e
layers, mostly using only one type of cells. Using a coculture model of the
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human BBTB, consisting in human cerebral endothelial cells preloaded

with ultrasmall superparamagnetic iron oxide nanoparticles (USPIO NPs) and unloaded human glioblastoma cells grown on each
side of newly developed ultrathin permeable silicon nitride supports as a model of the human BBTB, we demonstrate for the first
time the transfer of USPIO NPs from human brain-derived endothelial cells to glioblastoma cells. The reduced thickness of the
permeable mechanical support compares better than commercially available polymeric supports to the thickness of the basement
membrane of the cerebral vascular system. These results are the first report supporting the possibility that USPIO NPs could be
directly transferred from endothelial cells to glioblastoma cells across a BBTB. Thus, the use of such ultrathin porous supports
provides a new in vitro approach to study the delivery of nanotherapeutics to brain cancers. Our results also suggest a novel
possibility for nanoparticles to deliver therapeutics to the brain using endothelial to neural cells transfer.
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1. INTRODUCTION

Nanotechnology has brought a variety of new possibilities into
medicine, ranging from diagnosis of diseases to mnovel
therapies.' > Strategies to improve the delivery of therapeutics
to the brain tissue without opening of the brain vascular system
are urgently needed. Nanocarriers and nanovectors, including
nanoparticles, are a valid opportunity to achieve this goal, in
particular in brain cancers. Such an achievement would involve
the transport of the nanoparticulate therapeutics, from the
luminal to the basolateral sides of the brain vascular system
across the endothelial cells, if such a transport system can be
designed. Ultrasmall superparamagnetic iron oxide nano-
particles (USPIO NPs) are particularly promising devices
since their magnetic properties increase the number of possible
applications in many areas of the biomedical field, including
drug delivery, thermotherapy, imaging and detection of
cancer.*> However, their potential and pathways to cross
biological barriers, including the blood—brain barrier (BBB)
and the blood—brain tumor barrier (BBTB) needs to be
confirmed if they are to be used in the diagnosis and therapy of
brain diseases and brain tumors.®™® Previous studies, including
ours, have addressed the translocation of NPs of various
compositions across cell layers using two-compartments devices
separated by a polymeric membrane, but these previous studies
have used only one type of cells and did not demonstrate a very
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efficient transport, possibly because of the characteristics of the
polymeric membrane separating the two compartments.”” ">
Only one previous study'* has suggested, using a three-cell
coculture model of the lung including epithelial cells,
macrophages and dendritic cells, that macrophages and
dendritic cells can exchange 1 um polystyrene NPs via cell
extended cytoplasmic processes across the epithelial layer.
However, these cells belong to the immune phagocytic lineage
and the mechanisms involved need to be defined. Much less
information exists concerning the translocation of NPs from the
luminal to the basolateral compartments of the vascular wall, in
particular in the brain across the BBB in the normal brain, or
across the disturbed BBB in diseases of the brain, including the
BBTB of brain cancers. Using an immortalized murine brain
endothelial cell line, it has very recently been shown that the
endothelial layer crossing of fluorescent 100 nm cationic
polystyrene NPs was enhanced when derivatized with a cell-
penetrating peptide, likely by transcytosis.'®

Glioblastoma (grade IV astrocytoma) is the most aggressive
neoplasm of the central nervous system and is highly resistant
to therapy, in part due to poor drug delivery across the BBTB.
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Glioblastoma neo-vasculature consists of multilayered mitoti-
cally active endothelial cells, representing the BBTB. Thus the
direct transfer of therapeutics from the endothelial cells of the
BBTB to the tumor cells may present a therapeutic advantage.
Our previous studies have shown that USPIO NPs are
internalized by human HCEC brain-derived endothelial cells,
but they were neither released by the cells following uptake, nor
transported by HCEC cell layers” across thick polyester
membranes. But the results suggested the possible transfer of
the NPs by the endothelial cell filopodia to the brain
parenchyma.’

In the present report, we describe new ultrathin porous
silicon nitride supports, made using standard micro fabrication
techniques, together with dedicated holders that make them
compatible with commercial cell culture well-plates. The
resulting setup allows for interaction between the upper and
lower side of the permeable support, providing a new tool to
study the transport of NPs in vitro, more representative of the
in vivo situation. To develop a model of the BBTB, human
cerebral endothelial cells (HCEC) preloaded with uncoated
USPIO NPs which are highly internalized by HCEC cells,”
were layered on one side of the porous silicon nitride support
and USPIO NPs-unloaded LN229 human glioblastoma cells
were layered on the other side of the same support. Then, this
model was used to evaluate whether a direct transfer of the
USPIO NPs from endothelial cells to glioblastoma cells could
be demonstrated.

2. EXPERIMENTAL SECTION

2.1. Preparation of Silicon Nitride Porous Supports. The
supports for cell growth and evaluation of the transfer of NPs were
made of low stress silicon nitride (Si;N,, enriched in silicon, i.e., Si,N,
with x > 3 and y < 4 compared to the stoichiometric Si;N,). They were
fabricated using standard microfabrication technology.'>™" Briefly, a
500 nm thick layer of low stress silicon nitride was deposited on both
sides of a 380 um thick silicon wafer (Siltronix SAS, France) by low
pressure chemical vapor deposition (LPCVD), in a dedicated oven
where the silicon-rich silicon nitride is formed by a gas flow of
dichlorosilane (SiH,Cl,) in presence of ammonia (NH;) (SiH,Cl, and
NH,; from Carbagas, Giimligen, CH). The thickness and homogeneity
of the deposited silicon nitride were measured at several spots using a
NanoCalc 2000 white light interferometer (Ocean Optics Inc., USA).
Standard photolithography and reactive ion etching (RIE) were used
to pattern the silicon nitride on both sides of the wafer. The pattern on
the bottom side defined the pore size, pore shape, and the
arrangement of the pores in the silicon nitride layer. These features
were inspected by scanning electron microscope (SEM XL 40 Philips,
Nederland). On the top of the wafer, square openings of 1.70 mm X
1.70 mm were etched into the silicon nitride. In the subsequent step—
an anisotropic chemical etching in potassium hydroxide (KOH)
solution—the silicon nitride protected the silicon from being etched,
while the square openings in the silicon nitride resulted in pyramidal
pits (microwells) etched into the silicon wafer. The anisotropic etching
was stopped once the pyramidal pits went through the whole wafer
such that an array of freestanding silicon nitride porous windows (each
1160 ym X 1160 pm, and displaying 2 ym pores) were formed. The
wafer was coated with photoresist in order to protect the fragile porous
window array during dicing of the wafer into individual chips. The
photoresist on the diced chips was removed in acetone and
isopropanol prior to cleaning the chips in hot Piranha solution (98%
H,50,:30% H,0, 4:1, at 110 °C), followed by extensive rinsing with
deionized water and drying under laminar flow. The array of porous
silicon nitride windows is mechanically supported by the surrounding
silicon chip, which will be referred to in the following text as silicon
nitride porous supports or ceramic chips or ceramic substrates,
emphasizing the silicon nitride interface that is in contact with the cell
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lines object of this study. Specially designed plastic holders allowed the
use of the ceramic porous supports in standard six-well cell culture
plates.

2.2. Pretreatment and Regeneration of Silicon Nitride
Porous Supports. After fabrication, the porous supports were
cleaned with Piranha solution as described above, then stored in clean
in Milli-Q water until use. Alternatively, they can be dried and cleaned
with SC1 solution (“Standard Clean 1”: 24% NH,OH:30%
H,0,:deionized water 1:1:5, at 70 °C) followed by extensive rinsing
with water and drying at room temperature immediately prior to use.
For cell culture use, the devices were immersed in cell culture medium
for at least 30 min before cell seeding. After completion of the cell
experiments the devices can be cleaned using Piranha solution and
reused.

2.3. USPIO NPs. Uncoated iron oxide nanoparticles (Fe;O,,
uncoated USPIO NPs) were obtained from PlasmaChem (Plasma-
Chem GmbH Adlershof, Germany) as a ~3% nanosuspension in
water, 18 mg/mL of iron as determined by the Prussian Blue reaction,
average nanoparticle size 8 + 3 nm (as determined by dynamic light
scattering (DLS) by the provider), zeta potential —3 mV (pH 7, value
provided by D. Bilanicova, University of Venice), +15 mV in 10 mM
NaCl, —25 mV in DMEM (values provided by the provider), as
previously described.”

2.4. Cell Lines and Culture Conditions, Cell Viability, and
DNA Synthesis. Human HCEC brain-derived endothelial cells (a
kind gift from D. Stanimirovic, Ottawa, Canada) and human LN229
glioblastoma cells (American Type Culture Collection, ATCC,
Manassas, VA) were grown in DMEM medium, containing 4.5 g/L
glucose, 10% FCS and penicillin/streptomycin antibiotics (Gibco,
Invitrogen, Basel, Switzerland). For cell viability and DNA synthesis,
cells were grown in 48-well cell culture plates (Costar, Corning, NY,
USA) until 75% confluent and exposed to the USPIO NPs in complete
culture medium for the concentration and time indicated, then washed
in saline (0.9% NaCl (w/v)). Cell viability was evaluated using the
MTT assay, essentially as previously described.” DNA synthesis was
determined by tritiated thymidine (*H-T) incorporation, essentially as
previously described.” Then, the absorbance readings or the
radioactivity counts of treated cells were compared to the absorbance
readings or the radioactivity counts, respectively, of untreated cells. All
experiments were performed in triplicate wells, and repeated at least
twice. Means + standard deviations (sd) were calculated.

2.5. Cell Uptake of USPIO NPs. Cells were grown in 48-well
plates until 75% confluent, then exposed to the USPIO NPs for the
concentration and time indicated. Then, cell-associated iron content
was quantified by the soluble Prussian Blue reaction, essentially as
previously described.” Briefly, for quantitative iron determination, the
cell layers were dissolved in 6 N HCI, then a 5% solution of
K,[Fe(CN)4]-3H,0 (Merck, VWR international, Nyon, Switzerland)
in H,0 was added for 10 min and the absorbance was measured at 690
nm in a multiwell plate reader (IEMS Labsystems). A standard curve of
FeCl; in 6 N HCI treated under the same conditions was used to
quantify the amount of cell-bound iron. All experiments were
performed in triplicate wells, and repeated at least twice. Means =+
sd were calculated.

2.6. Endothelium—Glioblastoma Barrier Model. Silicon nitride
porous supports placed in the dedicated plastic holders were inserted
into wells of a six-well cell culture plate (Costar) and immersed in
complete culture medium for 30 min. Then, after removal of the
culture medium, 200 L of LN229 cell suspension (8 X 10° cells/mL)
were added to the side of the chip displaying the open, etched face of
the porous pyramidal microwells (“top side” of the chip) and
incubated in a humidified cell culture incubator at 37 °C, top side up
for 3 days. Then, when the cells strongly adhered and ~80% confluent,
the porous supports were transferred into new wells of a six-well plate
with fresh medium, top side down, and 200 L of HCEC cells (3 X
10° cells/mL), preloaded with USPIO NPs (50 pg/mL) for 24 h,
detached with trypsin-EDTA (trypsin-versene, Gibco) and washed 3
times with PBS by centrifugation, was added to the flat bottom side of
the porous supports. The coculture system was incubated at 37 °C in a
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humidified cell culture incubator for 3 days, and analyzed by
microscopy techniques.

Alternatively, for the visualization of the iron core associated with
the cells, the histochemical determination of iron in the cell layers was
also performed. After coculture on the silicon nitride porous supports
the cell layers were washed with PBS and detached with trypsin-
EDTA, first HCEC cells, then LN229 cells, collected separately,
centrifuged, and seeded on microscope glass slides (4-chambers
Polystyrene Vessel Culture Slides, BD Falcon, Erembodegem,
Belgium) and cultured separately for 24 h, then cell-associated iron
was determined using the histological Prussian Blue technique. The
cell layers were washed in PBS, fixed in 4% buffered paraformaldehyde
for 3 h at 4 °C and incubated for 20 min at room temperature with a
1:1 solution of 10% HCl and 5% K,[Fe(CN),]-3H,0 in H,O, washed
with distilled water, counterstained with Nuclear Fast Red, dehydrated
in graded ethanol to xylol, and mounted. Slides were photographed
under a Nikon digital camera (DXM 1200; Nikon Corporation,
Tokyo, Japan). Then the number of blue iron spots per cell was
counted in § different fields of the recultures and averaged per cell +
sd.

2.7. Transmission Electron Microscopy (TEM) and Light
Microscopy (semithin cuts). The porous silicon nitride supports
with the HCEC cell layers on one side and the LN229 cell layers on
the other side were washed in PBS and fixed in 3% glutaraldehyde
(Sigma) in PBS for 24 h. Then they were washed in 0.2 M cacodylate,
postfixed in 1.3% osmium tetroxide in 0.2 M cacodylate for 1 h and
dehydrated in graded ethanol, then in propylene oxide, and embedded
in Epon (50% (w/w) Epon 812 substitute, 26% (w/w) dodecenyl-
succinic anhydride (DDSA), 23% (w/w) methylnadic anhydride
(MNA), 1% (w/w) 2,4,6-tris(dimethylaminomethyl)phenol (DMP-
30)) (all from Fluka). Blocks were cured for 48 h at 60 °C, then thin
(500 nm for light microscopy) and ultrathin sections (90 nm for
TEM), respectively, were cut using an ultramicrotome (Ultracut E,
Reichert-Jung Optische Werke AG, Wien, Austria). For light
microscopy the slides were stained using methylene blue/azure
histological staining and mounted. For TEM examination, slides were
mounted on 3 mm 200-mesh copper grids. Grids were stained for 75
min in saturated uranyl acetate (Fluka) solution, then for 100 s in lead
citrate (Ultrostain 2, Lavrylab). They were then examined and
photographed at 80 kV with a Philips CM10 TEM combined with a
MegaView III Soft Imaging system.

3. RESULTS AND DISCUSSION

We have previously shown that functionalized USPIO NPs,
either positively charged and drug-derivatized or unfunctional-
ized uncoated (bare) USPIO NPs are easily and at high level
taken up by human cells of different tissue origin, including
brain-derived endothelial cells, but are not transported across
cell layers.”*~>* Understanding the possibility for therapeutics
to cross biological barriers and penetrate tissues is fundamental
for evaluating their therapeutic potential for human dis-
eases.”>*® The treatment of tumors of the central nervous
system (CNS) is challenging, as it requires the overcoming of
the BBTB which prevents the cerebral accumulation of a
pharmacologically sufficient amount of therapeutics. Nano-
technolo§ies may provide possible solutions to this chal-
lenge.””*® The efficiency of the transport of nanotherapeutics
to the CNS is generally evaluated in vivo using animal
models,**° although the reliability of the results when
transposed into human remains uncertain. Various ex vivo
models established for the investigation of drug transport across
the BBB are also employed to study nanoparticulate
systems.>’ ~>* However, the porous polyester filters developed
for the transport of small molecules are not optimal for USPIO
NPs, because their thickness and pores not aligned to the
surface of the membrane limit the passage of the NPs. In order
to overcome this problem, we developed ultrathin porous
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silicon nitride supports and evaluated the transfer of USPIO
NPs from human cerebral endothelial cells to human
glioblastoma tumor cells across this ultrathin membrane
permeable to the NPs. In the present report, we focused on
unfunctionalized uncoated (bare) USPIO NPs that are easily
accessible and commercially available.

The porous silicon nitride cell culture supports are
rectangular hard ceramic chips (14 mm X 23 mm) each with
an array of 26 square microwells, having a depth of 381 ym and
a surface area of 1.35 mm” (Figure 1A, C). Specially designed

I
L}

Figure 1. Ultrathin porous silicon nitride support. (A) Macrostructure
of the silicon nitride porous support (14 X 23 mm). The ultrathin
porous surface is distributed over the 26 microwells arranged in 4
rows. (B) For cell culture, the silicon nitride porous support is inserted
into a holder adapted to a well of a six-well plate. (C) Close up of the
array of the silicon nitride microwells (381 um deep). The bottom
edge of a single well is 1160 ym long and the porous area is 1.35 mm?
(D) SEM image of the porous silicon nitride layer showing pores of 2
pum diameter. Adjacent pores of the hexagonal pattern are 7.1 ym apart
of each other according to 10% filling factor. (E) SEM image of a
single pore 2.14 ym in diameter.

plastic holders (Figure 1B) hold the individual ceramic chips
and can be placed in standard six-well cell culture plates. The
structures on the bottom side define the pore size, pore shape,
and the period of the pores in the porous support itself. On the
other side of the wafer, square openings of 1.7 mm X 1.7 mm
are present (Figure 1C). Scanning electron microscopy (SEM)
images of the porous silicon nitride sheets, 500 nm thick,
demonstrated the presence of perfectly ordered 2 ym pores
according to a S or 10% filling factor (Figure 1D, E). Each chip
features 35.1 mm?® of porous surface, with periodically
distributed 2 pym holes with cylindrical walls (Figure 1E) S00
nm high, which corresponds to the surface occupied by the
pyramidal microwell porous bottom layers (edge 1.16 mm).
The same surface is available for the cell growth on the
opposite side of the support for the cocultures of the cells.
First we quantified the uptake of NPs by HCEC cells using
the soluble quantitative Prussian Blue reaction (Figure 2A).
The results showed that HCEC cells take up high amounts of
uncoated USPIO NPs confirming previous results.” In_these
cells, this uptake decreased the cell metabolic activity”** and
their synthesis of DNA (Figure 2B), but only at the highest
concentrations of USPIO NPs. The internalization into cell
organelles of USPIO NPs by HCEC cells was confirmed by
TEM, without evidence of the presence of the NPs at the
surface of the HCEC cell membrane (Figure 2C). The uptake
of USPIO NPs by LN229 cells increased dose-dependently,
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Figure 2. Uptake by and cytotoxicity of USPIO NPs for LN229 cells and HCEC cells. (A). Uptake of USPIO NPs quantified as cell-associated iron
in HCEC cells exposed for 24 h to USPIO NPs. (B) Synthesis of DNA by HCEC cells exposed for 24 h (gray curve) or 48 h (black curve) to USPIO
NPs. (C) TEM images of HCEC cells exposed for 24 h to USPIO NPs. The NPS localized in intracellular NPs clusters (white arrows) and are not
detected at the cell surface. (D) Uptake of USPIO NPs quantified as cell-associated iron in LN229 cells exposed for 24h to USPIO NPs. (E) DNA
synthesis after 24 h (gray curve) or 48 h (black curve) exposure of LN229 cells to USPIO NPs. (F) Cell metabolic activity and survival after 72 h
exposure of LN229 cells to USPIO NPs.

= e D o 3‘&'5 P
Endothelial cells PR B % v &
- Tq
. . T eves ~ e, R,
A =
l————— Porous membrane ' ‘ - P
Glioblastoma cells

mean number of
USPIO NPs per cell

HCEC: 3.68 + 0,75

LN229: 0.60 + 0.26

Figure 3. Transfer of USPIO NPs from HCEC cells to LN229 cells across the silicon nitride membrane. (A) Schema of the experimental setup. (B)
USPIO NPs-preloaded HCEC cells and unloaded LN229 cells after 3 days of coculture on each side of the porous silicon nitride porous support
(HCEC cells, upper layer; LN229 cells, lower layer), analyzed by light microscopy of thin sections. The porous support shatters during histological
and sample preparation and appears as a black broken line. NPs clusters are visible in HCEC cells (black arrow) as brown spots. (C) (a) TEM
images of ultrathin sections (HCEC cells, upper layer; LN229 cells, lower layer; silicon nitride membrane, black broken line). (b) The pores can be
identified by the presence of cellular material bridging the two cell layers (black arrow). Clusters of NPs are also visible in the cells. Higher-
magnification images show clusters of NPs (red arrows) visible in (c) HCEC cells and (d) LN229 cells. (D) Following separate reculturing of both
cells cell-associated iron was analyzed (HCEC cells, a; LN229 cells, b; iron, blue; nucleus, red; cytoplasm, pink). The aspect of the nuclei and
nucleoli (dark pink spots inside the nuclei) in LN229 cells ascertain their tumoral character, compared to HCEC cells. The mean number of USPIO
NPs per cell was calculated by counting and averaging the number of iron blue spots per cell in 5 different fields.
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with a tendency to saturation for concentrations higher than 60
ug/mL (Figure 2D), comparable to HCEC cells.” However, in
the LN229 glioblastoma cells, the cell metabolic activity and
survival or DNA synthesis were not affected by the USPIO NPs
(Figure 2E, F). Therefore uncoated USPIO NPs can be taken
up by both cells, without unacceptable cytotoxicity.

We have also previously shown that uncoated USPIO NPs
were easily internalized by human brain-derived HCEC
endothelial cells, but were not subsequently released or
transported by these cells.” However, we observed the presence
of USPIO NPs loaded filopodia able to invade and cross the
polyester filters suggesting the possibility for transferring the
NPs from endothelial cells to underlying brain tumor cells.
Therefore in the present approach, we tested this possibility
using these newly developed ultrathin porous silicon nitride
membrane. Prior to seeding, HCEC cells were preloaded for
24h (which we previously demonstrated as an optimal loading
time)” with the USPIO NPs, then cultured on one side of the
porous silicon nitride supports with unloaded LN229
glioblatoma cells on the other side of the membrane (Figure
3A, B) facilitating the contact between the HCEC and LN229
cell layers (Figure 3Ca), but not cell migration across the
membrane. As previously shown using thick polyester filter
inserts,” HCEC cell filopodia were able to pass through the
pores of the silicon nitride porous supports (Figure 3Cb, black
arrow). TEM images showed that the majority of the clusters of
USPIO NPs were still localized in HCEC cells (Figure 3Cc, red
arrows), but interestingly, some USPIO NPs were also found in
LN229 cells (Figure 3Cd, red arrow). Following 3-day
cocultures, HCEC cells and LN229 cells were recultured
separately for 1 day, then analyzed for cell-associated iron by
iron-histochemistry (Figure 3D). HCEC cells (Figure 3Da)
contained a high amount of blue iron complexes, but the
presence of iron was also detected in LN229 cells (Figure
3Db). Counting the iron blue spots in S different fields allowed
evaluaing the efficacy of the transfer of the NPs between the
cells: an average of 3.68 + 0.75 USPIO NPs per cell were
detected in HCEC cells and 0.60 + 0.26 USPIO NPs per cell in
LN229 cells, representing around 15% of the content of HCEC
cells. Therefore, it can be estimated that a sizable amount of
USPIO NPs were transferred from endothelial cells to
glioblastoma cells.

Therefore, these experiments demonstrated that USPIO NPs
can be transferred from human brain-derived endothelial cells
to glioblastoma cells across a model of the BBTB. The model
developed with human cerebral endothelial cells cultured on
one side (the luminal side) and human glioblastoma cells on
the other side (the basolateral side) of this ultrathin silicon
nitride porous support as a model of the BBTB, allowing for
close interaction between both cell types, is very promising
considering the many research studies aiming at the use of NPs
for the diagnosis and therapy of brain cancers.”> ™" We did not
analyze in detail the mechanisms of this transfer of USPIO NPs
between HCEC and LN229 cells, but it would be tempting to
propose the involvement of microvesicles (exosomes and/or
ectosomes). These biological pathways involve the shedding of
cell fragments from cells into their surroundings, then their
reuptake by other cells, because the release of microvesicles has
been demonstrated for brain endothelial cells.*® The use of
submicrometer thick porous supports to improve the quality of
the previously reported in vitro coculture models of the BBB
was already utilized to promote cell—cell signaling through both
sides of a two compartments setup.’® The need for robust,
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extremely thin, and permeable supports still biocompatible, like
silicon, has attracted proficiencies in microfabrication of hard
materials. The 500 nm thick porous silicon nitride supports that
we developed allowed us evidencing the translocation of
USPIO NPs through the BBTB. The robustness of the system
allowed it to be reused several times. Up to now, no USPIO
NPs and only very few NPs have been shown to be efliciently
transported in vitro from endothelial to glioma cells.**" Most
studies reporting efficient delivery of nanocarriers to the brain
were based on animal models,***"**** or only indirectly
evidenced NP transport by the therapeutic effect of the drug
cargo of the NPs.**

H CONCLUSION

In conclusion, we have developed ultrathin silicon nitride
porous supports representing a useful tool to model the BBTB.
To develop an experimental model of the BBTB, human
glioblastoma cells and human brain-derived endothelial cells
were grown on both sides of this newly developed permeable
ultrathin silicon nitride ceramic membrane. The membrane
highly porous to NPs was convenient to use and the adsorption
of serum proteins from the cell culture medium before cell
seeding was sufficient to ensure proper cell adhesion,
proliferation and confluence. Then the transfer of iron oxide
NPs from the endothelial cell to the glioblastoma cells was
evaluated. Using this ultrathin porous support, we could
demonstrate that USPIO NPs can be translocated from
endothelial cells to glioblastoma cells using an in vitro model
representative of the endothelial-glioblastoma tumor barrier.
Such novel materials can represent new and convenient
approaches to evaluate the delivery of nanotheranostics to
brain cancers across the BBTB, as well different biological
barriers using appropriate cellular models.
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