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Abstract: In the current study, an optimized in vitro blood-brain barrier (BBB) model was
established using mouse brain endothelial cells (b.End3) and astrocytes (C8-D1A). Before
measuring the permeability of superparamagnetic iron oxide nanoparticle (SPION) samples,
the BBB was first examined and confirmed by an immunofluorescent stain and evaluating the
transendothelial electrical resistance. After such confirmation, the permeability of the following
five previously synthesized SPIONs was determined using this optimized BBB model: 1) GGB
(synthesized using glycine, glutamic acid, and bovine serum albumin [BSA]), 2) GGC (glycine,
glutamic acid, and collagen), 3) GGP (glycine, glutamic acid, and polyvinyl alcohol), 4) BPC
(BSA, polyethylene glycol, and collagen), and 5) CPB (collagen, polyvinyl alcohol, and BSA).
More importantly, after the permeability test, transmission electron microscopy thin section
technology was used to investigate the mechanism behind this process. Transmission electron
microscopy thin section images supported the hypothesis that collagen-coated CPB SPIONs
displayed better cellular uptake than glycine and glutamine acid-coated GGB SPIONs. Such
experimental data demonstrated how one can modify SPIONSs to better deliver drugs to the
brain to treat a wide range of neurological disorders.

Keywords: superparamagnetic iron oxide nanoparticles, blood—brain barrier, permeability

Introduction

Though the discovery of the blood—brain barrier (BBB) can be traced back to more
than 100 years ago, it was not until the 1960s when electron microscopes became
available in medical research that the role of endothelial cells in the BBB was
determined and confirmed.' Compared to “ordinary” endothelial cells that line blood
vessels in the rest of the body, endothelial cells in the brain microvessels exhibit
highly extensive tight junctions and, thus, much lower endocytosis or transcytosis
activities than peripheral endothelial cells. Tight junctions and adherent junctions
are the interconnectors of cerebral endothelial cells.*® The presence of these tight
barriers on the apical side of cell membranes restricts most water-soluble molecules
from crossing the BBB by paracellular aqueous pathways. In addition, on the surface
of the endothelial cell membrane, only a few small lipid-soluble agents, such as
ethanol, which are smaller than 400 Da and/or are less than eight pairs of hydrogen
bonds, and gaseous molecules (such as oxygen and carbon dioxide) can passively
diffuse across this regulated interference by transcellular lipophilic pathways.* Other
compounds, including nutrients, are transported by specific transport systems on the
membranes.
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Due to these highly selective tight cell—cell barriers, more
than 98% of hydrophilic agents, including polar drugs, are
blocked by the tight junctions. Most of the central nervous
system (CNS) drugs penetrate the BBB using either a
transcellular lipophilic pathway or one of the transporta-
tion routes.””’ As a result, developing more efficient drug
delivery strategies to the CNS remains a concern for current
researchers, and one of the promising approaches to deliver
pharmaceutical agents to the brain is to use multifunctional
magnetic nanoparticles.

Based on evidence showing that small nanoparticles may
rapidly cross the BBB, strategies have been developed for
designing magnetic nanoparticle-based drug delivery systems
to enhance the therapeutic level of drugs to reach the CNS
parenchyma and to reduce nanoparticle toxicity in several
fields such as magnetic resonance imaging (MRI) imaging.
Magnetic nanoparticles, such as superparamagnetic iron oxide
nanoparticles (SPIONs), have been extensively studied based
on their ability to be controlled by magnetic fields, exhibit
superparamagnetism, and locally generate hyperthermia.®!
Superparamagnetism is a phenomenon that happens when
SPIONS are under an external magnetic field. After the mag-
netic field is removed, they no longer exhibit any residual
magnetic interactions. In other words, those SPIONs will
present a stronger and faster magnetic response compared to
common magnetic iron oxides when subjected to an applied
magnetic field.'? This property makes their magnetic suscepti-
bility much larger than that of paramagnets. Also, this super-
paramagnetic property is size dependent and normally arises
when the size of nanoparticles is around 10 nm.'*!* Therefore,
SPIONSs have been discovered as an excellent contrast agent
that can potentially increase image contrast and improve
MRI sensitivity and specificity based on their capability to
significantly darken in T2-weighted images.'>'¢

With these properties, SPIONs can thus be used to
track brain activity and detect cellular receptors that are
presented in numerous brain diseases, such as Alzheimer
and Parkinson’s diseases, or use the magnetic field to guide
drug-loaded nanoparticles to the active site.'” However, while
the use of SPIONS for therapeutic or diagnostic use is very
promising, further research is still needed in order to under-
stand what happens to these nanoparticles once they have
crossed the BBB. Under normal conditions, magnetic nano-
particles are cleared from the blood by several detoxification
and antioxidant mechanisms. But if the SPIONs that cross
the BBB are not efficiently cleared, or if their concentration
exceeds the maximum amount that can be metabolized by
cells of the CNS, the accumulation of these nanoparticles

may cause neurodegeneration and may even be harmful for
normal brain function in the long-term, even after their sugar
or polymer coatings degrade. Hence, generating innovative
strategies for facilitating the targeting of nanoparticle agents
across the BBB, while developing a reduced toxicity profile
for these agents, remains a challenge in the field.'*?° As a
result, the objective of the present in vitro study was to inves-
tigate the proper modification for SPIONs for nontoxic brain
drug delivery by using an optimized BBB model.

Materials and methods

Materials

Five SPION samples were synthesized using polyvinyl
alcohol (PVA), glycine, glutamic acid, bovine serum albumin
(BSA), collagen, and polyethylene glycol (PEG) based on
a patented process “A biomimetic process for the synthesis
of aqueous ferrofluids for biomedical applications”. Stability
tests were applied at 8,000 rpm for 30 minutes after synthesis
and all of the byproducts were then carefully removed by
phosphate-buffered saline (PBS) rinses.

For the in vitro BBB model, mouse brain endothelial cells
(b.End3, CRL-2299) and astrocytes (C8-D1A, CRL-2541)
were purchased from American Type Culture Collection
(Manassas, VA, USA). A transendothelial electrical resis-
tance (TEER) device was purchased from World Precision
Instruments Inc (Sarasota, FL, USA). A 4’6-diamidino-2-
phenylindole nuclear stain and a fluorescein isothiocyanate
(FITC)-conjugated anti-ZO1 were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). The following items
were obtained from Sigma-Aldrich Co. (St Louis, MO, USA):
Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
serum, poly-D-lysine vented cap flask, 6.5 mm Transwell®-
COL collagen-coated 0.4 um pore polytetrafluoroethylene
membrane inserts, corning 24-well plates, black 96-well plate
with a clear bottom, Hank’s balanced salt solution, penicillin—
streptomycin (P/S), Ferrozine assay kit, FITC-labeled dextran
(FITC-dextran), triton X-100, and Dulbecco’s PBS (without
CaCl, and MgCl,).

Material characterization

X-ray diffraction was conducted by X’Pert Powder
(PANalytical B.V, Almelo, the Netherlands), and transmis-
sion electron microscopy (TEM) images were taken via a
JEM-1010 TEM (JEOL, Tokyo, Japan).

Cocultured BBB model
The basic building blocks of the BBB are formed by endothelial
cells surrounded by a basal lamina (not shown in Figure 1)
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Figure | Cellular components of the blood-brain barrier (cross-sectional view).?
Notes: Adapted from Hawkins BT, Davis TP. The blood-brain barrier/neurovascular
unit in health and disease. Pharmacological Reviews. 2005;57(2):173—185. Copyright ©
2005 by The American Society for Pharmacology and Experimental Therapeutics.®

and attached by pericytes, astrocytes, and neurons.’ As we
can see from Figure 1, the basement membrane of capillaries
in the BBB is ensheathed with astrocyte end feet, which is
one of a major subtypes of glial cells and plays an important
role for providing cellular links to the neurons in the CNS.
It is a consensus that all of the components in the BBB are
important for its stability and daily function and, in this
study, we will focus on two of them, endothelial cells and
astrocytes (Figure 2).

Both b.End3 and C8-D1A were first cultured in complete
media (DMEM with 10% fetal bovine serum and 1% P/S) ina
flask at 37°C in a humidified incubator with 5% CO, to reach
confluency before being moved to inserts. Next, astrocytes
were seeded on the bottom of the 24-well plates at a density of
2x10° cells/cm?. After 24 hours of adhesion, endothelial cells
were seeded onto the upper side of the 6.5 mm Transwell®-
COL collagen-coated 0.4 um pore polytetrafluoroethylene
membrane inserts at a density of 2x10° cells/cm? and the
inserts were placed in 24-well plates containing astrocytes.
The well plates with inserts were incubated, changing

r—) Cell media

S0 B0 60 (0 60 B0 60 —> b.End3 layer

Ii ———> Transwell

> Astrocytes

Figure 2 Diagram of the in vitro BBB model.
Abbreviations: BBB, blood-brain barrier; b.End3, mouse brain endothelial cell.

medium every day in the outer well until cell confluency was
reached. Following the desired confluency, the cell culture
medium was replaced with 1:1 DMEM/Ham’s F12 with 1%
P/S for the next 96 hours.

FITC-dextran permeability assay

The previously described FITC-dextran assay was used for
the current model.?' Briefly, the cells were first transferred
from complete medium to Hank’s balanced salt solution.
FITC-dextran with a molecular weight of 3 kDa and at a
concentration of 10 pg/mL was added to the upper inserts and
incubated at 37°C for 2 hours. After 2 hours of incubation, the
amount of FITC-dextran flux to the receiving chamber was
measured using a fluorescence plate reader (SpectraMAX
M3; Molecular Devices, Sunnyvale, CA, USA).

TEER assessment

TEER values were obtained by applying a transendothelial
current to the membrane and then testing the membrane
potential generated, and finally translating the value into
resistance (current, Ohm) multiplied by the area (cm?) of the
endothelial monolayer (Ohm-cm?). To optimize the in vitro
BBB model, we measured the TEER value for two different
BBB models: endothelial cells were cultured with astrocytes
on the bottom of the receiving wells and endothelial cells
were cultured without astrocytes. All the b.End3 were grown
on the inserts and exposed to different culturing conditions
for 5 days.

Immunostaining and confocal imaging

Cells seeded on collagen-coated glass cover slips were
allowed to grow to reach confluence. Then, the cells were
fixed in 4% paraformaldehyde for 10 minutes, permeabilized
with 0.1% Triton X-100 for 10 minutes, and blocked with
nonspecific antigens with 4% BSA in PBS for at least 1 hour
at4°C. Next, the cells were incubated with FITC-conjugated
anti-ZO1 at room temperature for 20 minutes. All of the cells
were counterstained with 4’6-diamidino-2-phenylindole
for 10 minutes afterward. The cells were then washed with
PBS and mounted onto cover slips. Cell staining was finally
analyzed with confocal laser scanning microscopy at a 40x
oil magnification, and images were processed using ImageJ
(National Institutes of Health, Bethesda, MA, USA).

Permeability study

The aforementioned cocultured BBB model was then used to
test the permeability of the SPION samples: GGB (ferrofluid
synthesized using 0.001% glycine, 0.001% glutamic acid,
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and 0.01% BSA), GGC (0.001% glycine, 0.001% glutamic
acid, and 0.01% collagen), GGP (0.001% glycine, 0.001%
glutamic acid, and 0.01% PV A), BPC (0.001% BSA, 0.01%
PEG, and 0.01% collagen), and CPB (0.01% collagen,
0.01% PVA, and 0.001% BSA).?>? Similar to FITC-dextran
permeability assay, SPIONs were exposed to the nanopar-
ticles for 2 hours. After 2 hours, the solution was taken
from each receiving well and the final iron concentration in
the receiving well was measured by a Ferrozine assay kit.
Each experiment was conducted in triplicate and differences
between mean values were determined using analysis of
variance followed by Student’s #-tests.

SPION uptake assay: TEM thin section

TEM was used to visualize the interactions of SPIONs with
endothelial cells. For this, the cells that were exposed to
SPIONSs for 2 hours were fixed with 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer at a pH of 7.2. Then, the
inserts were postfixed with 1.0% osmium tetroxide and rinsed
with buffer at a pH of 7.2 after 2 hours. Next, inserts with
cells were dehydrated with 30%, 70%, 85%, and 95% etha-
nol, each for 10-15 minutes, and finally with 100% ethanol
for 1 hour. After dehydration, the cells were then infiltrated
with 1:1 Spurrs/Quetol resin to 100% ethanol overnight fol-
lowed by 100% Spurrs/Quetol resin overnight on a mixing
turntable. Finally, the inserts were embedded in fresh Spurrs/
Quetol resin and were ready for section.

Results and discussion

Material characterization

Results of the present study revealed that the hydrodynamic
diameters of the samples ranged from 20 to 200 nm, and
the lowest absolute zeta value was 29 mV for BPC and the
highest one was 69 mV for GGB (Table 1).?' Previous TEM
images also indicated that the iron oxide core ranges from
5-10 nm (Figure 3). Sample X-ray diffraction diffraction
peaks matched with iron oxide standard peaks (Figure 4).
Using the Scherrer formula, the mean diameter for iron
oxide was found to around 8—10 nm, which supported TEM
results. According to a publication of one of the coauthors
(SB), the presence of different functional groups such as
amine (—NH,, -COOH, and —OH) could affect the crystal-
linity and morphology of the final product.”® However, the
iron oxide characteristic peaks of the synthesized SPION
samples corresponding to the Bragg planes (220), (311),
(400), (422), (511), (440), (620), and (533) remained for all
the nanoparticles.

Table | DLS and zeta potential of five SPION samples

SPION Permeability Zeta potential DLS (nm)
samples (ng/mL) (mV)

GGB 1.56 —68.9 192.08
GGC 1.8 -36.1 75.66

BPC 1.89 -29.0 17.02

GGP 1.9 -45.9 99.26

CPB 2.69 -43.3 105.78

Note: Reproduced from Shi D, Sun LL, Mi G, etal. Controlling ferrofluid permeability
across the blood-brain barrier model. Nanotechnology. 2014;25(7):075101. © IOP
Publishing. Reproduced with permission. All rights reserved.?'

Abbreviations: BPC, bovine serum albumin, polyethylene glycol, and collagen;
CPB, collagen, polyvinyl alcohol, and bovine serum albumin; DLS, dynamic light
scattering; GGB, glycine, glutamic acid, and bovine serum albumin; GGC, glycine,
glutamic acid, and collagen; GGP, glycine, glutamic acid, and polyvinyl alcohol;
SPION, superparamagnetic iron oxide nanoparticle.

Effect of astrocyte culture on the in vitro
BBB model

FITC-dextran permeability

To assess the effect of astrocytes cocultured in the BBB
model, paracellular permeability of 3 kDa FITC dextran was
measured for both the endothelial cell-only model and the
astrocyte cocultured model on transwell membranes by the
following equation:

Permeability = (V/(S,*t)*(C,/C,)

According to this equation, the volume (V) was 600 uL;
the surface area of the insert (S,) was 0.3 cm?; the time (t)

3
-

[ Citiin
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i’:ﬁa B L e e

Figure 3 TEM image of the iron oxide core in GGC.

Notes: Magnification 75,000x. Reproduced from Shi D, Sun LL, Mi G, etal. Controlling
ferrofluid permeability across the blood-brain barrier model. Nanotechnology. 2014;
25(7):075101. © IOP Publishing. Reproduced with permission. All rights reserved.?'
Abbreviations: GGC, glycine, glutamine acid, and collagen; TEM, transmission electron
microscopy.
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Figure 4 XRD pattern of SPIONS.

Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; XRD, X-ray diffraction.

was 2 hours; and the concentration of fluid in the donor
well (C,) was 10 pg/mL.*?2¢ As it has been introduced by
Bennett et al,”® the decline of permeability with increasing
exposure times to serum-free medium indicated the success
of the tightening of the blood—barrier model. Results showed
that the BBB model with astrocyte cocultures had a perme-
ability of 15% lower than that of the b.End3 monoculture,
but this difference was not significant (P>0.1) (Figure 5).”!
Therefore, results suggested that both of the BBB models
were confirmed yet the cocultured BBB model indicated
lower paracellular permeability.

TEER assessments

To assess all of the possibilities, three different culturing
conditions were measured. A comparison of endothelial cell
monoculture to endothelial cell/astrocyte cocultures indicated
that the cocultures tended to have significantly higher TEER
values (~120 Ohm.cm?) than monolayers (~105 Ohm-cm?)
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Figure 5 Permeability of FITC-dextran across the cocultured BBB model.

Notes: Data are shown as the mean £ SD; N=3, *P<0.05 compared with 24 hours.
Abbreviations: BBB, blood-brain barrier; FITC, fluorescein isothiocyanate;
SD, standard deviation.

(Figure 6), which suggested that astrocytes mediated condi-
tions for a tightening effect when compared to endothelial cell
monolayers. In addition, higher TEER values were observed
in the models with astrocytes cultured on the bottom of the
receiving wells, suggesting an optimized culturing condition
for the cocultured BBB model. TEER values were measured
for 4 days for each model. After 4 days, the TEER value
would reach a plateau and the TEER value was stable.

Immunostaining and confocal imaging

Confocal imaging protocols were administered on the fourth
day. The expression of tight junction proteins in the in vitro
BBB models was examined by immunostaining. Figure 7
shows images of the tight junction cytoplasmic protein ZO1
expressed in the cell layer. From the images, we can see that
the b.End3 formed confluent monolayers on the luminal side
of the inserts when cocultured with astrocytes and success-
fully expressed tight junction proteins.
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Figure 6 Comparison of the TEER values between the two different BBB models.
Notes: Data are shown as the mean + SD; N=3, *P<0.05 compared with the
nonastrocyte-cultured BBB model.

Abbreviations: BBB, blood-brain barrier; SD, standard deviation; TEER, transen-
dothelial electrical resistance.
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Figure 7 Essential junction proteins expressed by b.End3 when cocultured with
astrocytes.

Notes: Cells were stained with anti-ZOl-conjugated FITC (green) and coun-
terstained with DAPI (blue). Magnification 40x.

Abbreviations: FITC, fluorescein isothiocyanate; b.End3, mouse brain endothelial cell.

Permeability and cell uptake study

To test the final iron oxide concentration, iron in the receiving
wells was collected and the concentration was measured by an
iron assay kit. Basically, iron in the sample was released by
the addition of an acidic buffer, then the released iron reacted
with a chromagen that would result in a colorimetric (593 nm)
product, proportional to the iron presented in the samples.
As per the final results shown in Figure 8, the highest per-
meability resulted from CPB (collagen, PEG, and BSA) and

3.5
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S |
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o
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>
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BPC CPB GGB GGC GGP
Figure 8 Permeability of the SPIONs across the BBB model.

Notes: Data are shown as the mean £ SD; N=3, *P<<0.05 compared with GGB.
Abbreviations: BBB, blood-brain barrier; BPC, bovine serum albumin, polyethylene
glycol, and collagen; CPB, collagen, polyvinyl alcohol, and bovine serum albumin;
GGB, glycine, glutamic acid, and bovine serum albumin; GGC, glycine, glutamic
acid, and collagen; GGP, glycine, glutamic acid, and polyvinyl alcohol; SD, standard

deviation; SPION, superparamagnetic iron oxide nanoparticle.

the lowest from GGB (glycine, glutamic acid, and BSA). In
addition, to investigate whether the modification of coatings
would affect cellular uptake efficiency as well as the general
cell uptake mechanism, inserts exposed to SPIONs were
fixed and prepared as TEM grids for inspection. As shown
in Figure 9A—F, CPB with the highest permeability and GGB
with the lowest permeability were chosen. First of all, the
images support the hypothesis that SPIONs are taken up by
cells, and both of the images indicated that SPIONs were
possibly taken up by endosomes. Second, in agreement with
the results from the permeability test, cells were inclined to
uptake more CPB than GGB, which not only confirmed the
aforementioned results but also suggested that the coatings
probably facilitated cellular uptake.

To understand whether nanoparticle composition, size,
and/or surface potential could be modified in the future
studies to regulate their permeability in the in vitro BBB
model, a regression study was run between SPIONs’ perme-
ability and their size, and between permeability and their
zeta potential (Figures 10 and 11). The four samples were
GGB (0.001% glycine, 0.001% glutamic acid, and 0.01%
BSA), GGC (0.001% glycine, 0.001% glutamic acid, and
0.01% collagen), GGP (0.001% glycine, 0.001% glutamic
acid, and 0.01% PVA), BPC (0.001% BSA, 0.01% PEG,
and 0.01% collagen). The only outliner in this experi-
ment was CPB (0.01% collagen, 0.01% PVA, and 0.001%
BSA), which showed no correlation with other samples in
the regression study and a need to be further investigated.
Results agreed with the hypothesis that large particles
(eg, GGB for 192 nm) have difficulty passing through the
BBB, while smaller nanoparticles like BPC (17 nm) show
better permeability. In addition, the correlations suggest that
increasing zeta potential (ie, BPC for —28.99 mV) could
also be a good way to help nanoparticles to pass across the
BBB. Further studies still need to be carried out, as different
factors such as surface charge and diameter were changed
simultaneously in this study, which make these correlations
difficult to define.

Cytotoxicity assay

To investigate whether certain amounts of SPIONs had
toxic effects on either endothelial cells or astrocytes,
MTS assays were used to assess the cytotoxicity of these
samples. Results showed greater viability in the presence
of SPION samples (Figure 12) and indicated that even with
iron oxide concentrations up to 500 pug/mL, SPIONs with
bioactive coatings had a similar cell viability compared
with controls.
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Figure 9 TEM thin sections of cell uptake of SPIONS.

Notes: (A) Cell uptake of CPB; magnification 3,000x. (B) Cell uptake of GGB; magnification 3,000x. (C-E) Endocytosis steps of cell uptaking CPB; (C and D) magnification
10,000x; (E) magnification 5,000x. (F) Exocytosis step of cell uptaking CPB; magnification 30,000x. The white circle and arrows in A and B indicate the SPIONs inside and
attached to the cell. (C—F) Black arrows indicate SPIONS.

Abbreviations: CPB, collagen, polyvinyl alcohol, and bovine serum albumim; GGB, glycine, glutamic acid, and bovine serum albumin; SPION, superparamagnetic iron oxide
nanoparticle; TEM, transmission electron microscopy.
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Figure 10 Permeability of the four SPION samples (GGB, GGC, GGP, and BPC) by
hydrodynamic diameter (DLS).

Abbreviations: BPC, bovine serum albumin, polyethylene glycol, and collagen; DLS,
dynamic light scattering; GGB, glycine, glutamic acid, and bovine serum albumin;
GGC, glycine, glutamic acid, and collagen; GGP, glycine, glutamic acid, and polyvinyl
alcohol; SPION, superparamagnetic iron oxide nanoparticle.

Conclusion

An in vitro model of the BBB was established by coculturing
b.End3 with C8-D1A astrocytes. Measuring FITC-dextran
permeability, TEER, and conducting immunostaining proce-
dures confirmed this in vitro BBB model. Data showed that
astrocytes played an important role in the in vitro barrier for-
mation and facilitated the formation of tight junctions. With
this successfully established BBB model, the permeability of
the five SPION samples was examined. The current results
suggest a possibility to manipulate SPION penetration across
the BBB by creating bioactive coatings. Such data not only
lay the foundation for the modification of SPIONS, but also
highlight their promising biomedical use, in particular with
collagen as well as glycine and glutamine acid as coatings.
For instance, as SPIONs with collagen coatings increased
BBB passage, they can be used for neural drug delivery
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Figure |l Permeability of the four SPION samples (GGB, GGC, GGP, and BPC)
by zeta potential.

Abbreviations: BPC, bovine serum albumin, polyethylene glycol, and collagen;
GGB, glycine, glutamic acid, and bovine serum albumin; GGC, glycine, glutamic
acid, and collagen; GGP, glycine, glutamic acid, and polyvinyl alcohol; SPION, super-
paramagnetic iron oxide nanoparticle.

0 10 25 50 100 250 500
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Figure 12 One-day cytotoxicity assay for SPION samples.

Notes: Data are shown as the mean + SD; N=3. No statistical difference was observed.
Abbreviations: b.End3, mouse brain endothelial cell; SD, standard deviation;
SPION, superparamagnetic iron oxide nanoparticle.

applications. On the other hand, SPIONs with glycine and
glutamine coatings can be used for whole-body MRI or to
minimize neural neurotoxicity because of their limited BBB
passage. Thus, results from this study provided significant
evidence that a combination of bioactive ligands used during
the in situ synthesis of SPIONs determines whether they can
cross the BBB.
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