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ABSTRACT

Transport of drugs across the blood-brain barrier, which protects the brain from harmful agents, is con-
sidered the holy grail of targeted delivery, due to the extreme effectiveness of this barrier at preventing
passage of non-essential molecules through to the brain. This has caused severe limitations for therapeu-
tics for many brain-associated diseases, such as HIV and neurodegenerative diseases. Nanomaterials, as a
result of their small size (in the order of many protein-lipid clusters routinely transported by cells) and
their large surface area (which acts as a scaffold for proteins thereby rendering nanoparticles as biological
entities) offer great promise for neuro-therapeutics. However, in parallel with developing neuro-thera-
peutic applications based on nanotechnology, it is essential to ensure their safety and long-term conse-
quences upon reaching the brain. One approach to determining safe application of nanomaterials in
biology is to obtain a deep mechanistic understanding of the interactions between nanomaterials and liv-
ing systems (bionanointeractions). To this end, we report here on the establishment and internal round
robin validation of a human cell model of the blood-brain barrier for use as a tool for screening nanopar-

ticles interactions, and assessing the critical nanoscale parameters that determine transcytosis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As nanoparticles have, and will increasingly appear, in everyday
consumer products, there has been considerable interest in ensur-
ing that these materials are safe and are introduced safely into the
market. Applications range from nano-sized titanium dioxide and
zinc oxide in sun creams, clay nanoparticles in beer bottles, silver
nanoparticles in food storage containers, and nano-hydroxyapatite
in tooth paste. Careful and thorough attention to detail both by
institutions and researchers in this arena has now begun to prevail,
and broadly speaking early fears of great hazard (associated solely
with the nanoscale) have declined, being replaced by cautious dis-
ciplined efforts to ensure safety. Besides the very evident everyday
advantages for consumer products, some of the greatest hopes for
bionanoscience involve biomedical applications for new therapies
and diagnostic tools for some of the most deadly and intractable
human diseases.

The basis of new hope in therapeutics involves several key fac-
tors. Firstly, the endogenous biological transport processes are
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mainly on the scale of some tens of nanometers, and by exploiting
them, we have the possibility of the unique access of nanoparticles
to hitherto inaccessible disease sites. Secondly, the primary im-
mune system is less active for objects somewhat less than several
hundred nanometers, allowing for longer circulation or processing
times before clearance. There are clear hopes that a fundamental
understanding and control of how the nanoparticle surface is af-
fected [12,14] and read by living organisms will enable major
developments in medicine. We should also not forget that pharma-
ceutical products involving the more basic applications of nano-
technology have already been approved for clinical uses, and
there are more than 300 nano-enabled products at various stages
of preclinical development [1].

The blood-brain barrier (BBB) is a metabolic and cellular struc-
ture in the central nervous system (CNS) that restricts the passage
of various chemical substances and foreign materials (including
many viruses and bacteria) between the bloodstream and the neu-
ral tissue itself, while still allowing the passage of substances essen-
tial to metabolic function, from oxygen to various proteins. Tight
junctions formed between the endothelial cells, supporting cells
(astrocytes, pericytes, and microglia), enzymes, receptors, trans-
porters, and efflux pumps control and limit the access of
molecules to the brain [2]. Several methods of transport across
the BBB have been identified, including paracellular or transcellular
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pathways, transport proteins, receptor-mediated transcytosis, and
adsorptive transcytosis (Fig. 1) [2]. The interactions of nanoparticles
at the BBB have not yet been thoroughly described, although inter-
est in this arena is rapidly increasing [15-17]. Indeed, nanoparticle
binding to apolipoprotein [3,4] has been suggested as a mechanism
via which nanoparticles could utilize existing pathways to access
the brain.

Although the neuroprotective function is vital, the BBB also im-
pedes the passage of pharmacologically beneficial substances in in-
stances of CNS diseases, such as Alzheimer’s disease, Parkinson’s
disease, neuro-AIDS, stroke and dementia. The BBB permits the
transport of only a very limited number of small hydrophobic
molecular drugs. Frustratingly, many anti-cancer drugs are large
hydrophobic molecules which also activate the MDR (multi-drug
resistance) efflux pumps expressed by the BBB. There are a few
drugs that are small enough, and have been shown to cross the
BBB, namely irinotecan (a topoisomerase I inhibitor), melphalan,
and temozolomide. These molecules are less than 80 nm and are
thought to penetrate the BBB due to the leaky vessels associated
with the primary sites of human brain cancers [5].

While in vivo studies of the BBB are not the most transparent
methods to study metabolism and transport, this form of testing
remains necessary for endpoint validation. Still, there is a major
world wide effort to limit the role of animal testing, and in any case
where models are available, they have the capacity for greater in-
sight into cellular mechanisms. Several in vitro studies have been
developed in order to address some of the fundamental mecha-
nisms involved in BBB crossing. The first model consisted of pri-
mary brain endothelial monolayers (1980s); however, it is
difficult for them to form tight junctions in vitro, as evidenced by
low TEER (trans-endothelial electrical resistance) measurements.

Additionally, the primary cells often lose their typical morphology
and cell-specific markers (such as gamma glutyl transpeptidase),
reducing their usefulness as a model of the in vivo BBB. Improve-
ments to the model consisted of using astrocyte-conditioned med-
ia, immortalization of the cells, and co-culture of astrocyte and
endothelial cells. Rat cells have been the most commonly used to
build primary co-culture models, evidently because of their avail-
ability in laboratory-animal settings, and their usefulness in com-
parison with in vivo work, which is often also performed on the
rat animal model. A cat co-culture blood-brain barrier model has
also been created and validated for use in studying the neurologi-
cal pathogenesis of feline immunodeficiency virus (FIV), a model
for neuro-AIDS [6]. There are two human endothelial cell lines:
hCMEC/D3 [7,8] and HBMVE [9], which have been isolated, cul-
tured, and validated, although neither is commercially available.
The hCMEC/D3 cell line was chosen as it is the closest available
correlate to the human in vivo situation, and does not require co-
culture with primary astrocyte cells, making it easier to work with
for quantitative studies. In addition, the porous transwell system
upon which the hCMEC/D3 monolayer was grown, as described
in this paper, has previously been utilized in the presence of mon-
olayers from alternate cell lines by other groups [19,20].

In recent years, significant effort has been directed toward
mimicking the in vivo BBB using immortalized hCMEC/D3 cells.
As this cell line can differentiate into a monolayer in culture after
7-10 days, seeding the cells onto a permeable filter, the so-called
transwell system (Fig. 2) enables an in vitro BBB model to be estab-
lished. The transwell is composed of an insert filter on which the
cell monolayer is grown, and an acceptor well, with the apical
chamber mimicking the blood and the basolateral chamber mim-
icking the brain, as shown in Fig. 2. Thus, molecules loaded into
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Fig. 1. Pathways across the blood-brain barrier [2]. Size, surface charge, and molecular signaling influence the ability of substances to cross the BBB through these various
pathways. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic of the in vitro blood-brain barrier. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

the apical chamber are presented to the cellular barrier formed on
the filter, which can then be taken up by the cells by a receptor-
mediated (transcytosis) process (Fig. 2).

While it is clearly desirable to apply these established models to
study nanoparticle BBB crossing, it transpires that there are very
significant challenges in achieving this, specifically gaining repro-
ducible data on nanoparticle flux across the barrier. The difficulties
far exceed those compared to molecular applications of these mod-
els, and we feel it is useful to discuss them at some length based on
extensive experience in this area. For example, interaction of the
NPs with the filter material, including potential for blocking of
the pores are complicated issues.

It should also be recognized that extraction of the cell-barrier
transport property from the filter alone requires us to subtract
the fluxes from the filter support alone from the flux of the com-
bined in vitro BBB model. This requires the flux through the filter
to be significantly higher than that of the cell-barrier (and the com-
bination) otherwise one must determine a small flux from the dif-
ference between two large (noisy) fluxes. These issues therefore lay
quite a lot of attention on the nature of the filter and its interactions
with particles under flow. We should also comment that many of
the challenges laid out here are by no means fully resolved, and
we continue to explore all aspects of the problem in an effort to
produce a truly quantitative and ultimately validatable model.
The present paper should be considered a ‘status report’ on the ef-
forts so far, suggesting the need for considerable advancement.

We have invested significant effort into devising and imple-
menting a robust protocol for establishment of the in vitro BBB
model, and validating it via an internal benchmarking process.
Using hCMEC/D3 cells (immortalized human brain capillary endo-
thelial cells, a gift from Florence Miller, B.B. Weksler, INSERM,
France), we report here on the optimization and internal bench-
marking validation of an in vitro human BBB model for screening
of nanoparticle interactions and mechanism(s) of passage across
the BBB. In order to conduct the internal benchmarking validation,
two teams, each consisting on one postdoctoral researcher and one
postgraduate student researcher, were tasked with following the
identical protocol for growth of the hCMEC/D3 cell line for 7 days
according to the detailed protocol described in the Materials sec-
tion below. On day 7, the barrier integrity was determined by each
team, by calculating the apparent permeability of the barriers
using fluorescently labeled dextran. Results were compared to
the literature values for this cell line. Once it was clear that both
teams could obtain the same barrier strength, significant addi-
tional work was performed, using Transmission Electron Micros-
copy to confirm that monolayers and tight junctions were
formed. Preliminary assessments of the passage of fluorescently la-
beled ApoE protein, as a positive control for receptor-mediated up-
take, and 50-nm SiO, nanoparticles (NPs) through BBB were also
conducted, and some of the challenges associated with this are also
discussed in this manuscript.

2. Results and discussion
2.1. Optimization of the barrier growth conditions

In order for the hCMEC/D3 cells to function as a barrier, it is
essential that they form a confluent monolayer and tight junctions
between the cells, which prevents paracellular (between cells)
transport. We have used extensive electron microscopy imaging
to characterize the phenotype of the cells and their organization
on the transwell filters in advance of the transport assays. Fig. 3
shows an EM image of a confluent hCMEC/D3 cell monolayer,
grown on collagen/fibronectin-coated, 0.4-pum transwell filter, and
the formation of the tight junction between adjacent cells. The de-
tailed protocol for the preparation of the collagen/fibronectin coat-
ing, and the cell growth conditions are given in the Materials and
Methods. In contrast to some published methods, growth factor de-
pleted medium is necessary for the formation of the cell monolayer.

2.2. Apparent permeability of the in vitro BBB model

One measure of the “tightness” of the BBB model can be deter-
mined as the apparent permeability based on the flux of a molecule
of known MW across the barrier (from the apical to the basolateral
chambers, as measured by the change in fluorescence). For simple
molecules, the fluid flux is linearly proportional to the dose ap-
plied, with more substance transport being observed at higher api-
cal doses. However, due to physical and/or chemical factors,
nanoparticle interaction with living systems do not often follow
this general rule, as in many cases nanoparticle agglomeration in-
creases at higher particle concentrations, and large particle-aggre-
gates are unable to transport across the BBB. Note however that
in vivo, larger particles or particle-aggregates may be carried across
the BBB in macrophages, and indeed this is the transport method
utilized by many viruses [13].

The apparent permeability (P.pp) of the model, grown on the
collagen/fibronectin filters into a BBB, was determined as part of
the - internal benchmarking process, and the values obtained by
the two teams were compared to those in the literature for 4kD
fluorescein isothiocyanate-dextran (FD4 kDa). FD4 is used as a
marker for paracellular permeability of the endothelial monolayer
and has been found to be consistently low in this in vitro BBB mod-
el, due to the close contact of the hCMEC/D3 cells and their suc-
cessful functioning as a barrier (8). The values are shown in
Fig. 4, and the UCD values sit within the range of literature values.
The data also shows the robust nature of the barriers, as the spread
of the values for the two UCD teams is small (indicated by the error
bars) despite the barriers being prepared at different times. An
example of the time-resolved passage of FD4 kDa through the
blank filter and the hCMEC/D3 barrier is shown in Fig. 5. The
“blank” refers to the transport of FD4 kDa through the filter alone,
with no cellular barrier grown on top. It is clear that the small pore
size of the filter (0.4 pm) exerts a significant barrier effect hCMEC/
D3 monolayer itself, even for the small FD4 kDa molecules, as ini-
tially 100 pg of FD4 kDa was applied to the apical side of the trans-
well and an average of 14 pug FD4 kDa passed through the filter
after 2 h. It is also clear that paracellular transport is significantly
reduced in the presence of the hCMEC/D3 monolayer as approxi-
mately 2.5 pg FD4 kDa was found to bypass the hCMEC/D3 cells
after 2 h of exposure.

Quantification of the trans-endothelial electrical resistance
(TEER) by this in vitro BBB model was carried out as an additional
method to evaluate monolayer integrity. As shown in Fig. 6, both
teams found TEER values of approximately 40 Ohms by the sev-
enth day of monolayer formation, which is very similar to the pub-
lished values (8).
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Fig. 3. Electron microscope image of the hCMEC/D3 monolayer grown on a collagen/fibronectin-coated 0.4-pum membrane. The EM image on the left clearly illustrates the
growth of a confluent monolayer. On the right, an electron dense tight junction between two adjacent hCMEC/D3 cells can be seen. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison of the apparent permeability values of the two teams in the
min-RR with the literature values for FD4 kDa. Each of the UCD values are the mean
of 12 replicates and the SD is shown, indicating the degree of reproducibility of the
barriers. Excellent reproducibility between the two teams is observed, indicating
the robustness of the protocol.
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Fig. 5. FD4 kDa transport through the in vitro BBB model. Transport of FD4 kDa
across the filter alone (blank) and the in vitro BBB model (monolayer) as a function
of time. An increased flux of FD4 kDa was found through the blank filter membrane
compared to the monolayer over 2 h.

2.3. Validation of a transcytosis mechanism through the in vitro BBB
model

Despite being designed to keep foreign entities out, there are
many transport pathways across the BBB specifically designed to

transport essential nutrients (including proteins and lipids) across
the BBB, as was shown schematically in Fig. 1. We chose Apolipo-
protein E (ApoE) as a positive control for transcellular transport
across the BBB in vitro model, as it is known to access the brain
through a receptor-mediated mechanism and has been shown to
enhance the uptake of drugs [10] and nanoparticles into the brain
in vivo [10]. The transported mass of ApoE across the BBB model
was assessed and the values are shown in Fig. 7. These studies con-
firm that the BBB in vitro model is capable of the transcytosis of
ApoE in a quantitatively reproducible manner as similar amounts
of ApoE transport were found by both teams.

2.4. Preliminary assessment of nanoparticle passage through the
model in vitro BBB

2.4.1. Characterization of the NPs

Prior to all studies of nanoparticle interaction with cells, it is
essential to characterize the NP dispersion under the conditions
in which they will be presented to the cells - i.e. in the assay med-
ium, and for the duration of the exposure. This is necessary in order
to understand the dose of NPs that is being presented to cells, as
significant agglomeration of the NPs in the assay media would re-
duce the available NP dose, and if the samples are not prepared in
an identical manner for each experiment, the resultant dose could
be completely different from experiment to experiment.

Fig. 8 shows the size distribution of the 50-nm SiO, nanoparti-
cles in the transport assay medium over the time course of the
transport experiments (4 h), determined using dynamic light scat-
tering (DLS). The data in Table 1 also highlights a key limitation of
the DLS technique, which is that it gives a mean value, which is
actually physically quite meaningless in the presence of multiple
peaks such as are observed here. However, for the purpose of our
transport assays, the data show that after the initial decrease of
the mean peak, the size distribution remains relatively constant
over the 4 h of the experiment, suggesting that the available NP
dose remains relatively constant throughout the assay.

2.5. Transport of 50-nm SiO, nanoparticles through the in vitro BBB
model

A key advantage of nanoparticles, which makes them very
attractive as potential drug carriers for nanomedicine and nano-
therapy, is that nanoparticles also access the endogenous active
transport mechanisms of cells, likely as a result of attracting pro-
teins and protein complexes to their surface [3,4], and thereby pre-
senting a biological identity to the cellular membranes [11,12].
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Fig. 6. TEER values of the in vitro BBB during the seven days of monolayer growth as reported during the internal benchmarking process. (A&B) Both team 1 and team 2
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Fig. 7. Comparison of ApoE transport through the in vitro BBB during internal benchmarking study. The transport of ApoE was found to be reproducible through both the
monolayer and the blank filter membrane (Data are mean * std, 3 < n < 6. Two-way ANOVA showed no significant differences of ApoE transport upon comparison of T1

versus T2 between monolayer or blank values over time).

Thus, in analogy with the transport data for the positive control
protein (ApoE), we expect that the transport of the 50-nm SiO,
NPs should also be significantly different in the presence and ab-
sence of cellular energy.

Transport assays for green-fluorescent 50-nm SiO, NPs, pre-
sented to the apical chamber at a concentration of 100 pg/mL, were
performed by the two teams as the final step in the internal bench-
marking process. One should be critical of several aspects of these
conditions. Firstly, dye leakage has been found to be a highly sig-
nificant element in uptake studies within our laboratory, and given
the small amounts of transport involved here, an even more seri-
ous issue. Indeed, several explorations with a variety of commer-

cially available labeled nanoparticles indicate that most of the
apparent transport derives from leeching dye across the barrier
[18]. One should also note the rather high doses used in this study
(to increase the signal-to-noise ratio), and this undesirable element
of such studies should in future be addressed.

The transport of the 50-nm SiO, NPs across the BBB, under the
normal tissue culture conditions, when the cellular process are
occurring normally, is reduced to ~50% of the values in the absence
of the cell layer (the blank filter alone), suggesting that the cellular
monolayer is acting to prevent the NPs from equilibrating across
the BBB, and that some active transport of NPs across the BBB is
occurring, as shown in Fig. 9A and B. In addition, the 50-nm SiO,
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Fig. 8. DLS plots of the size distribution of nominally 50-nm SiO, NPs dispersed in transport assay medium at 1-h increments following the preparation of the initial
dispersion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Detailed description of the average size of the nominally 50-nm SiO, NPs dispersed in
the transport assay medium, at 1-h increments following the preparation of the initial
dispersion. Some agglomeration and polydispersity of the 50-nm SiO, NPs was found
upon incubation in assay medium at 37 °C over 4 h. This was attributed to the
interaction of the 50-nm SiO, NPs with proteins within the assay medium.

Sample time Z aver Peak 1 % PDI Width Attn
(h) (dnm) (nm) Intensity (nm)

1 175.0 3344 779 0.632 123.0 7

2 185.1 2474 88.0 0.576 77.12 7

3 189.6 279.9 83.4 0.569 99.38 7

4 201.7 304.0 84.4 0.623 91.91 7

NPs did not reach equilibrium within the blank transwell as 4 h
after exposure of 50-nm SiO, NPs to the apical chamber approxi-
mately 7% of the original dose had crossed the 0.4 pm filter, as read
by the level of fluorescence in the basal chamber. This may be due
to a combination of 50-nm SiO, NPs agglomeration to ~200 nm in
the assay medium and the nonlinear shape of the 0.4 um pores
within the filter membrane. Ongoing optimizations of these mod-
els will be necessary to investigate the detailed mechanism of
50-nm SiO, NPs passage through the model BBB, and in particular
to reduce the influence of the filter membrane, while maintaining
the cellular barrier reproducibility. These are somewhat opposing
needs in practice, in our experience.

As FD4 kDa was used previously as a marker of paracellular per-
meability, ApoE was used in this case as a marker for receptor-
mediated transcytosis through the hCMEC/D3 cell monolayer.
The percentage transported mass of ApoE after 4 h was ~40% of
the original exposure dose (Fig. 10). This is perhaps unsurprising
as it has been reported that ApoE can enter the brain through the
bloodstream. Approximately 7% of the 50-nm SiO, NPs exposure
dose crossed the monolayer and the initial high exposure dose of
100 pig/ml highlights the robust properties of this cell line to im-
pede the transport of foreign molecules. The exact mechanism of
transport is as yet unknown; however, it has been shown that a
protein corona surrounds nanoparticles in physiological medium
and these proteins guide the nanoparticle-cell interaction. Further
investigation into the exact corona formed on 50-nm SiO, NPs in
assay media will be instructive on this matter.

In order to confirm visually that the 50-nm SiO, NPs were being
transported through the hCMEC/D3 monolayer, an electron
microscopy study was performed on the same timescale (4 h)
and under identical conditions as the transport studies in order
to track the passage of the nanoparticles. The full details of this
time-resolved mechanistic study will be reported separately, but
some representative images are shown here as confirmation of a
transcellular mechanism. Fig. 11 shows a series of EM images of
hCMEC/D3 cells grown on collagen/fibronectin-coated transwell
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filters (0.4 pm pore size) exposed to 100 pg/ml 50-nm SiO, NPs
for 1 h. In Fig. 10A, uptake can be observed as the plasma mem-
brane envelopes the 50-nm SiO,. In Fig. 10B, the SiO, NPs can be
observed in endosomes and lysosomes, and a nanoparticle can be
observed on the basolateral side of the cell which is suggestive of
an exocytosis process, whereby the particles are released from
the basolateral side of the cell. In Fig. 12, a small number of 50-
nm SiO, NPs can be seen adhering to the pore of the blank PET
membrane 4 h post NP exposure. Various other filter membranes
are currently under investigation to circumvent this issue.

3. Materials and methods
3.1. Cell culture

Immortalized human brain capillary endothelial cells (hnCMEC/
D3) were obtained from Florence Miller, B.B. Wecksler (Inserm,
France). The original brain endothelial cells were isolated from hu-
man brain tissue following surgical excision of an area of the tem-
poral lobe of an adult female with epilepsy. The hCMEC/D3 cell line
was formed by immortalization of the aforementioned endothelial
cells by lentiviral transduction of the catalytic subunit of human
telomerase and SV40-T antigen (8). The hCMEC/D3 cells were used
from passage 7-10. For culturing, 50,000 cells were seeded in a col-
lagen-coated flask (25 cm?, Becton Dickinson) and supplemented
with EBM-2 medium containing vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IL-1), epidermal growth fac-
tor (EGF), basic fibroblast growth factor (bFGF), fetal calf serum
(2%), gentamicin sulphate/amphotericin B and hydrocortisone
(Lonza Biosciences). For migration assays, cells were supplemented
with growth factor depleted EBM-2 assay medium containing
bFGF, 2% FCS, hydrocortisone and 10 mM HEPES during monolayer
formation. Cells were cultured in an incubator at 37 °C with 5%
C0,/95% air and saturated humidity. Cell culture medium was
changed every two days and monolayer medium twice weekly.

3.2. Transport assays and Pqp, determination

The in vitro BBB system was prepared on a 12-well format on a
PET membrane transwell (1.12 cm?, 0.4 um pore size, Corning).
Membrane inserts were coated with 200 pl collagen/fibronectin
(15% rat tail collagen and 15% bovine fibronectin, Invitrogen)
1 day prior to use and stored at 37 °C in a dry incubator. For trans-
port experiments, hCMEC/D3 cells were seeded in 500 p assay
media at a density of 5 x 10° cells per 1.2-cm? filter in the apical
compartment and 1500 pl assay media in the basolateral compart-
ment. Assay medium was changed twice weekly. Transport assays
were conducted 7-10 after seeding. Both the apical and basolateral
chambers were washed twice with assay medium directly before
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Fig. 9. Comparison of SiO, 50 nm NPs transport assays over 4 h. Similar transported mass values through the in vitro BBB model were obtained for both teams within the
internal benchmarking study showing the reproducibility of the BBB monolayer in the study of nanoparticle uptake (Data are mean # std, 3 < n < 6. Two-way ANOVA showed
no significant differences of 50-nm SiO, transport upon comparison of T1 versus T2 monolayer or blank values over time).
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Fig. 10. Percentage transported mass of 50-nm SiO, NPs and ApoE transcytosis
control. A higher percentage of ApoE was found to cross the BBB monolayer
compared to 50-nm SiO, NPs (3 < n < 6). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

experiments began. Monolayers were used for migration assays 7-
10 day’s post-transwell seeding. Transport study set-up involved a
500 pl assay medium application to the transwell apical compart-
ment containing FD4 kDa (200 pig/ml), silica nanoparticles (50 nm,
100 pg/ml) or ApoE (1.98 pg/ml), respectively. The basolateral
compartment contained 1500 pl assay medium and transwells
were placed in an orbital shaker at 37 °C. Samples of 100 pl assay
medium were removed from the basolateral compartment every
15 min in the case of FD4 kDa and every 1 h for ApoE and 50-nm
SiO, NPs and aliquoted onto black flat-bottomed 96-well plates.
The 100 pl sample was replaced with assay medium after each
sampling. The fluorescence of FD4 kDa, ApoE and 50-nm SiO, NPs
was determined using a fluorimeter with an excitation/emission
wavelength of 490 nm/515 nm for FD4, 485 nm/514 nm 50-nm

A
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SiO, NPs and 650 nm/668 nm for ApoE. A standard curve of fluo-
rescence was calculated for each molecule in order to determine
sample concentration. The apparent permeability (P,pp) was calcu-
lated according to the method of Artursson (1990) using the fol-
lowing equation:

Papp = dQ/dt + 1/A % C, x 60

where dQ/dt is the amount of FD4 kDa, 50-nm SiO, NPs or ApoE
transported per minute (ng/min), A is the surface area of the filter
(cm?), C, is the initial concentration of FD4 kDa, 50-nm SiO, NPs
or ApoE and 60 is the conversion from minutes to seconds.

3.3. Transmission electron microscopy

Seven-day-old hCMEC/D3 monolayers were exposed to 100 pg/
mL 50-nm SiO, NPs in an orbital shaker (100 rpm) for 1 h at 37 °C.
Permeable filters containing a confluent monolayer of endothelial
cells were fixed with glutaraldehyde (2.5%, v/v) in Sorensen phos-
phate buffer for 1 h at room temperature, and post-fixed with os-
mium tetroxide (1%, w/v) in de-ionized water for 1h. After
dehydratation in a graded series of 70%, 90%, and 100% ethanol
and embedding in epoxy resin, sections were cut perpendicular
to the monolayer with a Leica Microtome, contrasted with 2% ura-
nyl acetate and lead citrate, and examined with an electron micro-
scope (TECNAI).

3.4. Nanoparticle dispersion and characterization

50-nm SiO, NPs were purchased from Kisker-biotech. The size
of the 50-nm SiO, NPs dispersed in assay media was determined

Fig. 11. EM images of transport of 50-nm SiO, NPs through the hCMEC/D3 monolayer 4 h post-exposure. Scale bars are 500 nm and 1 pm respectively. Uptake of 50-nm SiO,
NPs by the plasma membrane was visualized in the hCMEC/D3 monolayer. The image on the right depicts localization of 50-nm SiO, NPs within a polarized hCMEC/D3 cell.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(A)

(B)

Fig. 12. EM images of transport of 50-nm SiO, NPs through the PET filter membrane 4 h post-exposure. Scale bars are 5 pm and 500 nm respectively. (A) The image on the left
depicts an overview of the 0.4-pm blank PET membrane post-exposure to 50-nm SiO, NPs. (B) Magnified image of a single PET membrane pore with a number of 50-nm SiO,
NPs adhering to the pore surface.
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with a Malvern Zetasizer 3000HSa. The particles were diluted in
1.5 ml assay medium to reach a 100 pg/ml concentration. The solu-
tion of particles was incubated at 37 °C in an orbital shaker over4 h
and sampled each hour. The measurements were conducted at
37 °C by transferring 500 pLL of the stock solution to a square cuv-
ette for DLS analysis. DLS analyzes the velocity distribution of par-
ticle movement by measuring dynamic fluctuations of light-
scattering intensity caused by the Brownian motion of the particle.
This technique yields a hydrodynamic radius, or diameter, to be
calculated via the Stokes-Einstein equation from the aforemen-
tioned measurements.

3.5. Statistical analysis

Statistical analysis was carried out by 2-Way ANOVA and Bon-
ferroni post-test on transport studies both of 50-nm SiO, NPs
and ApoE, as well as on the TEER measurements (GraphPad Prism
4.0). A p-value of less than 0.05 was deemed significant.

4. Conclusions

By careful application of a robust protocol, it has been possible
to obtain quantitatively reproducible results across two teams
regarding the transport of a simple macromolecule (FD4 kDa), a
known brain transporter protein (ApoE) through a in vitro BBB
model based on hCMEC/D3 cells which form a monolayer and tight
junctions when grown on transwell filters coated with collagen/
fibronectin. This internal benchmarking validation of the in vitro
BBB model confirmed the formation of the in vitro BBB and the
appropriate functioning of a receptor-mediated transport mecha-
nism, based on the transport of the positive control ApoE shown
by each team. Having validated the hCMEC/D3 BBB model, preli-
minary studies using fluorescently labeled 50-nm SiO, NPs were
performed by the two teams, again with excellent reproducibility
and agreement. However, these studies, while showing promise
(in particular in their reproducibility) nanoparticle (50 nm SiO,)
transport remains less compelling, in particular due to limitations
of pore-particle interactions. In all cases, the pore size of the trans-
well filter was 0.4 um, which although significantly larger than the
nanoparticles, did impact on the transport across the filter, and the
effect from the filter was quite large relative to the impact of the
hCMEC/D3 cell monolayer. However, EM imaging confirms the
NP transport is via a transcellular process. Time-resolved mecha-
nistic work is underway and will be reported separately. We
emphasize that if indeed the particles are passing through the cells,
then this is significant. It suggests that such models do seem to en-
able a true transcytosis-based mechanism for nanoparticle BBB
crossing and justifies further investment in them in future.

More recent work in our laboratory has been carried out,
repeating this work using a transwell filter with 3-pum pores. After
considerable efforts, the cell has been shown to develop its func-
tion and resulted in a significant alteration in the amount of nano-
particles crossing the barrier in the presence of the hCMEC/D3 cell
monolayer, relative to the amount of nanoparticles crossing the
blank filter alone.

Other support geometries are also being explored, as well as a
variety of different imaging and other molecular biology tools to
study the BBB system. While we cannot be sure if these systems
will represent a robust screening tool for nanoparticles crossing
into the brain, we feel there is sufficient hope that they may be able
to rank in order efficiency in terms of nanoparticle characteristics
(e.g. size, shape, surface charge, biological identity (protein or bio-
molecule corona)) and to investigate the mechanism(s) utilized by
nanoparticles to cross the BBB.
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