
 

 

 University of Groningen

Paracrine signalling of inflammatory cytokines from an in vitro blood brain barrier model upon
exposure to polymeric nanoparticles
Raghnaill, Michelle Nic; Bramini, Mattia; Ye, Dong; Couraud, Pierre-Olivier; Romero, Ignacio
A.; Weksler, Babette; Åberg, Christoffer; Salvati, Anna; Lynch, Iseult; Dawson, Kenneth A.
Published in:
Analyst

DOI:
10.1039/c3an01621h

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Raghnaill, M. N., Bramini, M., Ye, D., Couraud, P-O., Romero, I. A., Weksler, B., Åberg, C., Salvati, A.,
Lynch, I., & Dawson, K. A. (2014). Paracrine signalling of inflammatory cytokines from an in vitro blood
brain barrier model upon exposure to polymeric nanoparticles. Analyst, 139(5), 923-930.
https://doi.org/10.1039/c3an01621h

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

https://doi.org/10.1039/c3an01621h
https://research.rug.nl/en/publications/4beddb7c-0186-42a4-ba9e-77dbd380c6de
https://doi.org/10.1039/c3an01621h


Analyst

PAPER

Pu
bl

is
he

d 
on

 1
6 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

 o
n 

04
/0

4/
20

14
 1

4:
30

:1
0.

 

View Article Online
View Journal  | View Issue
aCentre for BioNano Interactions, School

University College Dublin, Beleld, Dublin

cbni.ucd.ie
bInstitute COCHIN, CNRS (UMR 8104), INS

Paris, France
cDepartment of Biological Sciences, Open Un
dWeill Cornell Medical College, New York, N

† Electronic supplementary informat
characterisation, additional data on n
lysosomes. See DOI: 10.1039/c3an01621h

‡ Current address: School of Geography
University of Birmingham, Edgbaston, Bir

Cite this: Analyst, 2014, 139, 923

Received 28th August 2013
Accepted 15th October 2013

DOI: 10.1039/c3an01621h

www.rsc.org/analyst

This journal is © The Royal Society of C
Paracrine signalling of inflammatory cytokines
from an in vitro blood brain barrier model upon
exposure to polymeric nanoparticles†

Michelle Nic Raghnaill,a Mattia Bramini,a Dong Ye,a Pierre-Olivier Couraud,b

Ignacio A. Romero,c Babette Weksler,d Christoffer Åberg,a Anna Salvati,a

Iseult Lynch‡a and Kenneth A. Dawson*a

Nanoparticle properties, such as small size relative to large highly modifiable surface area, offer great

promise for neuro-therapeutics and nanodiagnostics. A fundamental understanding and control of how

nanoparticles interact with the blood-brain barrier (BBB) could enable major developments in

nanomedical treatment of previously intractable neurological disorders, and help ensure that

nanoparticles not intended to reach the brain do not cause adverse effects. Nanosafety is of utmost

importance to this field. However, a distinct lack of knowledge exists regarding nanoparticle

accumulation within the BBB and the biological effects this may induce on neighbouring cells of the

Central Nervous System (CNS), particularly in the long-term. This study focussed on the exposure of an

in vitro BBB model to model carboxylated polystyrene nanoparticles (PS COOH NPs), as these

nanoparticles are well characterised for in vitro experimentation and have been reported as non-toxic in

many biological settings. TEM imaging showed accumulation but not degradation of 100 nm PS COOH

NPs within the lysosomes of the in vitro BBB over time. Cytokine secretion analysis from the in vitro BBB

post 24 h 100 nm PS COOH NP exposure showed a low level of pro-inflammatory RANTES protein

secretion compared to control. In contrast, 24 h exposure of the in vitro BBB endothelium to 100 nm PS

COOH NPs in the presence of underlying astrocytes caused a significant increase in pro-survival

signalling. In conclusion, the tantalising possibilities of nanomedicine must be balanced by cautious

studies into the possible long-term toxicity caused by accumulation of known ‘toxic’ and ‘non-toxic’

nanoparticles, as general toxicity assays may be disguising significant signalling regulation during long-

term accumulation.
Introduction

The brain endothelium has long been a target for medicinal
intervention due to the involvement of blood-brain barrier
(BBB) inammation in neurological disorders.1 The healthy
BBB is a metabolic and physical structure of the Central
Nervous System (CNS) that creates a barrier between the body
and neural tissue impermeable to most native and foreign
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substances whilst allowing the entry of oxygen and essential
nutrients.2,3 The BBB in vivo controls permeability through the
expression of tight junctions, efflux pumps, receptors and the
support of glial cells (astrocytes, pericytes, microglia). This
extremely effective neuroprotective function also restricts entry
of benecial pharmacological agents necessary to treat neuro-
logical disorders.4,5 However, nanoparticles (NPs) have become
a subject of intense investigation for the treatment of neuro-
logical disorders, as they are capable of interacting with the
cellular transport machinery due to their small size, and are
highly pharmacologically modiable due to the large diameter
to surface area ratio.6–10 Additionally, the use of NPs as contrast
agents for diagnosis is increasing, many of which would not be
intended to reach the brain. Understanding the effect of NP
exposure to biological entities under the criteria of cellular
transportation and long-term toxicity is therefore of paramount
importance.11–16

There has been an explosion in the number of studies of NP
transport to the brain, most of which focussed on the potential
of nanomaterials to cross biological barriers and/or
Analyst, 2014, 139, 923–930 | 923
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biodistribute to the brain, and on the impacts of nanomaterials
on the delicate tissues and cells of the CNS once across.17–20

However, two as yet neglected areas of research are the inves-
tigation of the potential impact of NPs on the cells of the barrier
themselves as a result of NP accumulation in the barrier, and
the potential for signalling or other impacts to the brain without
actual crossing of the NPs into the CNS (so-called indirect
effects). Such indirect NP-induced signalling effects have been
shown to occur across the placental barrier, with the barrier
thickness affecting the signalling potential.21,22 Since the BBB is
a single endothelial cell layer (supported by astrocytic end feet),
it may be particularly vulnerable to overload as a result of
accumulation of NPs. Uptake studies of a host of different NPs
have shown that the nal destination of the NPs is usually the
lysosomes, for many different cell lines.23,24 Our own work has
suggested that once in the lysosomes, there are no export
pathways for NPs.25,26 However, this question has not yet been
addressed for cellular barriers, where the focus has tended, as
indicated above, to be on those NPs that cross the barrier, rather
than on those NPs that accumulate within it.

The in vitro hCMEC/D3 BBB model is the closest human
correlate to the human in vivo BBB available to evaluate NP
interaction with a cellular barrier.3 This can be further sup-
ported by direct/indirect co-culture with human astrocytes27 to
account for cell–cell signalling and other physiological effects
that are missed in simple cell culture models. While there are
well known limitations to barrier models for predicting in vivo
effects, the advantage of barrier models lies in their ability to
probe mechanistic issues. We have previously demonstrated
that this model can be used to study NP interactions with,
uptake into and transport across the BBB.29 Our ndings then,
and on the basis of signicant additional imaging work, sug-
gested that only very small numbers of NPs cross the in vitro
BBB. Building on that, the present paper investigates the effect
of NP accumulation in the BBB on lysosome health and para-
crine signalling, as it is clear that impacts on the BBB cells could
have dramatic consequences for the vulnerable tissues pro-
tected by this biological barrier.

Carboxylated polystyrene NPs (PS COOH NPs) are largely
considered to be non-toxic.7,29 In this study we used
uorescently-labelled and unlabelled variants of PS COOH NPs
as they are excellent model NPs widely used in the study of
bionanointeractions,29 due to their low toxicity and ease of vis-
ualisation. Additionally, the fact that they do not biodegrade
over timescales relevant for uptake and impact studies means
that it is possible to assess impacts directly related to the
presence of the NPs themselves, without any complications
from potential degradation products, or as a result of NP
dissolution. While polystyrene is difficult to visualise using
electron microscopy (given that its electron density is similar to
that of the cellular background), the 100 nm PS COOH NPs are
nevertheless easily discernible (as will transpire below) and as
such were selected despite having been shown to enter cells less
than smaller (e.g. 40 nm) variants.30,31 Therefore, in this initial
study the in vitro hCMEC/D3 monolayer was exposed to 100 nm
PS COOH NPs to test BBB endothelium uptake, lysosomal
accumulation and paracrine signalling in vitro. Essentially,
924 | Analyst, 2014, 139, 923–930
paracrine signalling in this case describes how NP exposure to
the in vitro BBB monolayer can affect secreted signalling
between endothelium and nearby glia without physical contact
between the two cell types. TEM imaging of the in vitro BBB
monolayer showed the accumulation of large amounts of PS
COOH NPs within the BBB lysosomes which did not degrade or
clear in the short term. PS COOH NPs had no obvious toxic
effect on the in vitro BBB using common toxicological testing
methods (e.g. the MTS assay). However, a more sensitive cyto-
kine array approach gave additional information on the impact
of the accumulation of PS COOH NPs on the BBB monolayer.
We looked at the possibility of NP exposure affecting the para-
crine signalling from the endothelial layer to underlying glia. In
the short term we found a low level of pro-inammatory cyto-
kine release from the BBB endothelium alone, which was
signicantly improved in the presence of glial cells growing
beneath the monolayer, but not in direct contact with it. Thus,
paracrine signalling does occur between in vitro BBB cells upon
NP exposure, even with NPs which are generally considered to
be essentially non-toxic. This suggests that such effects should
be studied further, particularly in the case of ‘known’ toxic NPs.

Experimental
Cell culture

1 � 106 immortalized human brain capillary endothelial cells
(hCMEC/D3) were seeded in a collagen coated ask (25 cm2,
Becton Dickinson) and supplemented with EBM-2 medium
containing vascular endothelial growth factor (VEGF), insulin-
like growth factor-1 (IL-1), epidermal growth factor (EGF),
basic broblast growth factor (bFGF), fetal calf serum (2%),
gentamicin sulphate/amphotericin B and hydrocortisone
(Lonza Biosciences).

The hCMEC/D3 monolayer was prepared on a collagen
coated 12-well plate for LysoTracker and uptake studies. 12-well
plates were coated with 1 ml collagen (0.1 mg ml�1 rat tail
collagen type 1, Sigma) on day of seeding and incubated at 37 �C
in a sterile incubator over 30 min. Each well was washed 3 times
in PBS and allowed to dry for 30 min. hCMEC/D3 cells were
seeded in 1 ml EBM-2 media (Lonza) at a density of 5� 104 cells
per well. Medium was replaced 6 h post seeding and then only
once during the 7 days of barrier formation. For monolayer
formation, cells were supplemented with growth factor depleted
EBM-2 assay medium containing bFGF, 2% FCS, gentamicin
sulphate/amphotericin B, hydrocortisone and 10 mM HEPES.
Cells were cultured in an incubator at 37 �C with 5% CO2/95%
air and saturated humidity. Cell culture medium was changed
once weekly under monolayer formation conditions.

The in vitro BBBmonolayer was grown on transwell lters for
TEM experimentation (PET membrane, 1.12 cm2, 0.4 mm pore
size, Corning). Membrane inserts were coated with 200 ml
collagen/bronectin (15% rat tail collagen and 15% bovine
bronectin, Invitrogen) 1 day prior to use and stored at 37 �C in
a dry incubator. For TEM imaging, hCMEC/D3 cells were seeded
in 500 ml assay media at a density of 5 � 104 cells per 1.2 cm2

lter in the apical compartment and 1500 ml assay media in the
basolateral compartment. Assay medium was changed 6 h post
This journal is © The Royal Society of Chemistry 2014
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seeding and once weekly thereaer. Monolayers were used 7–10
days post-transwell seeding.

In the case of paracrine signalling experiments, a system
composed of hCMEC/D3 cells and Normal Human primary
Astrocytes (NHA) was set-up (hCMEC/D3-NHA-BBB). hCMEC/D3
cells were seeded on transwell inserts (PTFE membrane,
collagen-coated, 3 mm pore size, Corning) as above. Normal
human primary astrocytes (NHA) were grown in a 12 well plate
in ABM medium at a seeding density of 5000 cells per cm2

(Lonza). NHA were seeded on the 12 well plate surface directly
below the transwell lter 24 h aer hCEMC/D3 seeding, as
shown in Scheme 1.
Flow cytometry

Flow cytometry analysis was conducted 7–10 days aer seeding
cells in a 12 well plate allowing formation of the BBB monolayer
as described above. For uptake experiments, hCMEC/D3
monolayers were exposed to uorescent 100 nm PS COOH
NPs at 25 mg ml�1 and 100 mg ml�1 from 3–72 h. Aer the
required exposure, plates were washed three times with PBS and
cells were harvested with 0.05% Trypsin-EDTA 1�, centrifuged
for 3 min at 1500 rpm at 20 �C, xed for 20 min with 4%
formalin at room temperature and re-suspended in 1 ml PBS for
analysis with an Accuri C6 ow cytometer. The time between
xation and measurement was kept constant for each experi-
ment. 100 nm PS COOHNP uorescence intensity from the cells
was determined using 488 nm excitation and measuring emis-
sion at 530 nm. A total of 15 000 events were recorded for each
sample. The data are represented as the mean cell uorescence
intensity and standard deviation between the replicas (n ¼ 3).
For lysosomal accumulation studies, hCMEC/D3 cells were
grown on 12 well plates as described above and exposed to non-
uorescent 100 nm PS COOH NPs at various concentrations
(100 mg ml�1 to 300 mg ml�1) over 48 h. Cell harvesting was
carried out as described above and live cells were incubated
with 50 nM LysoTracker Red (Invitrogen) for 20 min at 37 �C.
LysoTracker uorescence acquisition was carried out using 2
emission lters (530/40 nm and 575/25 nm; excitation 488 nm)
immediately aer cell preparation. All ow cytometry was
carried out in the Flow Cytometry Core Facility of the Conway
Institute for Biomolecular and Biomedical Research, University
College Dublin.
Scheme 1 Transwell hCMEC/D3-NHA-BBB system including hCMEC/
D3 (‘endothelium’) and NHA (‘astrocytes’) in co-culture.

This journal is © The Royal Society of Chemistry 2014
Transmission Electron Microscopy (TEM)

7 day old hCMEC/D3 monolayers were exposed to 100 mg ml�1

100 nm PS COOH NPs over 4 and 28 h at 37 �C. Permeable PET
transwell lters containing a conuent monolayer of endothe-
lial cells were xed with glutaraldehyde (2.5%, v/v) in Sorensen
phosphate buffer for 1 h at room temperature, and post-xed
with osmium tetroxide (1%, w/v) in de-ionised water for 1 h.
Aer dehydration in a graded series of 70%, 90% and 100%
ethanol and embedding in epoxy resin, 80 nm sections were cut
perpendicular to the monolayer with a Leica Microtome, con-
trasted with 2% uranyl acetate and 0.4% lead citrate, and
examined with an electron microscope (TECNAI).

Paracrine signalling experiment

A human cytokine antibody array including 32 human cytokine
targets was used in this experiment (MA6160, Panomics).
Briey, basal cell culture medium from control and treated
hCMEC/D3 monolayer alone and hCMEC/D3-NHA-BBB systems
were incubated with individual cytokine array membranes for
2 h at room temperature. Biotin-labelled antibodies were then
added to the array membrane for 1 h at room temperature.
Horseradish peroxidase labelled streptavidin (Streptavidin-HRP)
was used to detect the antibody–protein complexes on the array
membrane. Chemiluminescence was then used to visualise the
cytokine signal with X-ray lm (Fuji) and densitometry was
carried out using ImageJ (http://rsb.info.nih.gov/ij/).

Nanoparticle dispersion and characterisation

100 nm PS COOH NPs were purchased from Invitrogen (F8803).
The size of 100 nm PS COOH NPs dispersed in assay media was
determined with a Malvern Zetasizer 3000HSa. The NPs were
diluted in 1.5 ml assay medium to reach a 100 mg ml�1

concentration. The solution of PS COOH NPs was incubated at
37 �C in an orbital shaker over 4 h and sampled each hour. The
measurements were conducted at 37 �C by transferring 500 ml of
the stock solution to a square cuvette for DLS analysis. DLS
measures dynamic uctuations of light scattering intensity
caused by the Brownian motion of the particles. This technique
yields a hydrodynamic radius, or diameter, calculated via the
Stokes–Einstein equation from the aforementioned
measurements.

Results

This study tested human BBB (hCEMC/D3) cell viability upon
exposure to 40 nm, 100 nm and 200 nm PS COOH NPs at a
relatively low concentration of 25 mg ml�1 and a relatively high
concentration of 100 mg ml�1. We found neither a size nor a
concentration dependent alteration in hCMEC/D3 cell viability
upon exposure to PS COOH NPs over the life time of the in vitro
monolayer (72 h), as shown in Fig. 1. However, it is worth noting
that the number of NPs presented to the cells varied by a factor
of �125 from the 40 nm case to the 200 nm, as the studies were
performed at constant particle mass. Literature reports the lack
of toxicity upon interaction with PS COOH NPs to various cell
types including HeLa tumoural epithelial cells, lung epithelial
Analyst, 2014, 139, 923–930 | 925
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Fig. 1 PS COOH NPs have no significant effect on in vitro BBB cell viability over time. The 7 day old hCMEC/D3 barrier was exposed to two
concentrations (Blue: 25 mg ml�1; Red: 100 mg ml�1) of 40 nm, 100 nm and 200 nm PS COOH NPs (PS40, PS100, PS200, respectively) over 4 or
72 h and evaluated under the parameter of cell viability. All data was normalised to a time matched control (Untreated) (n ¼ 3). (A) An acute 4 h
exposure of the in vitro BBB to 40 nm, 100 nm and 200 nm PS COOH NPs did not alter the cell viability of treated samples compared to control.
(B) A prolonged 72 h exposure of the in vitro BBB to the PS COOH NPs did not cause a significant alteration in cell viability compared to control.
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cells and astrocytoma cell lines.29 This is in contrast to amine-
modied PS NPs which have been shown to be toxic to in vitro
CNS cell lines due to cell membrane rupture and caspase
activation.11

The 100 nm PS COOH NPs were then used for uptake,
localisation and paracrine signalling studies. NP character-
isation (size and zeta potential, in ESI, Fig. 1 and 2† respectively)
indicated that in cell culture medium supplemented with 2%
bovine serum, stable dispersions were obtained and that the
average size increased, while (absolute) zeta potential
decreased, as a consequence of protein adsorption, protein
corona formation32 and likely partial agglomeration.

Evaluation of 100 nm PS COOH NP uptake and localisation
in the hCMEC/D3 cells showed a lower level of uptake in the
barrier (i.e. when cells are grown for 7 days) compared to that
observed in the single cells upon short-term NP exposure (ESI,
Fig. 3†). This is perhaps unsurprising since hCMEC/D3 barrier
formation involves the formation of tight junctions allowing the
Fig. 2 TEM imaging of in vitro BBB 4 h post NP exposure showing
lysosomal accumulation of 100 nm PS COOH NPs. Representative
image of 100 nm PS COOH NP accumulation in BBB lysosomes 4 h
post exposure (NP concentration 100 mg ml�1).

926 | Analyst, 2014, 139, 923–930
BBB monolayer to communicate fully and prohibit the entry of
foreign material, a protective function for which the BBB is well
known.3 The 100 nm PS COOH NPs were internalised by the
barrier and accumulated into lysosomes, as shown by TEM
imaging (Fig. 2).

At increasing exposure times, a plateau-like kinetics of
100 nm PS COOH NP uptake occurred in the hCMEC/D3 BBB
monolayer from 24–72 h exposure (ESI, Fig. 3†). It should also
be noted that the non-conuent BBB cells also reached a
plateau of uptake 24 h post NP exposure. Our previous work has
shown similar plateau-like NP uptake kinetics in other cell
lines, which has been attributed to dilution of NP load upon cell
division,26 an effect that is most likely not the (main) source of
the plateau for the BBB monolayer. TEM imaging of the in vitro
BBB showed an increase in lysosomal accumulation of 100 nm
PS COOH NPs at increasing exposure times. Prolonged barrier
exposure (28 h) to 100 nm PS COOH NP in fact showed that
most lysosomes were lled with high numbers of NPs (ESI,
Fig. 4†). The size and spherical nature of the PS COOH NPs
remained intact suggesting that the digestive enzymes of the
lysosome had not (at least on this time scale) affected the
structural integrity of the particles.

We then investigated the possible limitations of this model
regarding the capacity of the BBB lysosomes for NP accumula-
tion. By increasing the concentration of 100 nm PS COOH NPs
presented to the BBB by two and three-fold, we tested whether
the lysosomes would increase in size or possibly lose membrane
integrity due to NP accumulation. Using acidotropic probes,
such as LysoTracker, an eventual increase in lysosomal staining
would be indicative of lysosomal swelling, while formation of a
second peak at lower intensity could be sign of compromised
lysosomal membrane integrity.33 However, we found that
increasing the concentration of 100 nm PS COOH NPs to 300 mg
ml�1 over 48 h exposure did not greatly alter the lysosomal
acidic compartments of the hCMEC/D3 monolayer, as shown in
Fig. 3. This may be explained by the relatively low uptake levels
in the barrier, in comparison to single cells, or may suggest that
the hCMEC/D3 barrier has a very high capacity to accommodate
PS COOH NPs, and even at very high NP loading the lysosome
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Prolonged high dose exposure of hCMEC/D3 BBB endothelium monolayer to 100 nm PS COOH NPs does not alter the lysosomal
compartments greatly. LysoTracker staining of hCMEC/D3 barrier cells post incubation with increasing concentrations of 100 nm PS COOHNPs
showed no significant changes in the intensity of acidic lysosomal compartments over 48 h compared to control. Black: LysoTracker distribution
in untreated control hCMEC/D3 barrier cells. Red: LysoTracker distribution in hCMEC/D3 barrier cells exposed to (A) 100 mgml�1, (B) 200 mgml�1

and (C) 300 mg ml�1 of 100 nm PS COOH NPs.
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size and integrity was not perturbed greatly. Time-dependent
studies yield a similar conclusion (ESI, Fig. 5†).

We then investigated whether accumulation of foreign
material in barrier lysosomes triggered downstream inam-
matory signalling mechanisms. Correct lysosome function is
vital to cell health as lysosomal accumulation can lead to
abnormal protein ubiquitination and downstream inamma-
tory signalling.34 As barrier models are a useful approach to look
at paracrine signalling from the endothelial cells lining the
brain capillaries, we evaluated how capable an endothelial
barrier is at dealing with a large accumulation of seemingly
innocuous NPs over time. We found that conclusions regarding
cytotoxicity, or lack thereof, may be somewhat misleading, as
short term exposure of the in vitro BBB showed 100 nm PS
COOH NPs to have a negative effect, albeit to a small degree, on
the paracrine signalling from brain endothelium alone. A
cytokine array containing 32 protein recognition sites high-
lighted VEGF and IL-4 signals as being released from the BBB
monolayer into the underlying cell culture medium 4 h post PS
COOH NP exposure. However, the change in VEGF or IL-4
cytokine signalling was not signicant compared to the
untreated BBB monolayer (Fig. 4A). Low level cytokine release,
in the form of pro-inammatory cytokine RANTES, was found
Fig. 4 Cytokine signalling from the in vitro BBB post exposure to 100 nm
ml�1 100 nm PS COOH NPs showed basal release of 2 cytokines (VEGF
treated cells (Treated) compared to control (Cntrl) after exposure for 4 h w
endothelium alone to PS COOHNPs showed a significant increase in RAN
are in arbitrary units.

This journal is © The Royal Society of Chemistry 2014
upon 24 h exposure of the in vitro BBB to 100 nm PS COOH NPs
compared to control (Fig. 4B). However, RANTES is usually
associated with an up-regulation in other inammatory
proteins such as IL-2 and IFN-y during inammation, and such
an up-regulation was not observed in the treated BBB samples.
In addition, no regulation of the cell adhesion molecules tested
(ICAM, VCAM) was found, as would be expected in normal type
II activation of endothelial inammation.

We nally exposed the BBB hCMEC/D3 monolayer to the
same NPs in the presence of supporting normal human primary
astrocytes (NHA). Growth of human astrocytes below the BBB
endothelium monolayer allows the communication of sup-
porting signals in vitro, which aids in mimicking a more real-
istic in vivo situation,35 allowing these signalling pathways to
occur. Prolonged exposure of the BBB monolayer to 100 nm PS
COOH NPs led to an increase in secreted anti-inammatory
signals between the endothelial monolayer and the astrocytic
cell layer grown in the chamber below it (Fig. 5). The cytokine
protein levels in this system were assayed using the cell culture
medium from the lower compartment (see Scheme 1) i.e. from
below the BBB endothelium monolayer (grown on the transwell
lter membrane) and above the human astrocytes grown on the
surface of the 12 well plate. In contrast to the secreted cytokine
PS COOH NPs. (A) 4 h exposure of in vitro BBB monolayer to 100 mg
and IL-4). However, the difference in the level of VEGF or IL-4 in the
as not statistically significant. (B) In contrast, 24 h exposure of the BBB
TES expression in treated cells compared to control. Protein intensities

Analyst, 2014, 139, 923–930 | 927
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Fig. 5 Astrocyte communication with vascular endothelium stimulates cell survival signals within the in vitro BBB post exposure to 100 nm PS
COOH NPs. A human cytokine array was used to investigate paracrine signalling between human endothelia and astrocytes post 100 mg ml�1

100 nm PS COOH NP exposure (Blue bars) in comparison to untreated cells (Black bars). Regulation of 6 cytokines, out of a possible 32, was
found between endothelium and astrocytes. The transwell systemwas used to grow amonolayer of endothelium on the filter support in a 12 well
plate. Normal human primary astrocytes were grown on the bottom of the 12 well plate, directly underneath the filter supporting the endothelial
layer (as shown in Scheme 1). 100 mg ml�1 100 nm PS COOH NPs were exposed to the in vitro BBB endothelium monolayer for 24 h and the
solution between the basal membrane of the endothelium and the astrocytic cells was investigated (i.e. from the lower compartment in Scheme
1). Pro-inflammatory cytokines RANTES and TNFR1 showed a strong trend of down-regulation in the treated samples (Blue bars) compared to
untreated controls (Black bars). Significant up-regulation of pro-survival protein EGF in NP treated model compared to control (Students two-
tailed t Test, p < 0.01) was also observed. Protein intensities are in arbitrary units.
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signal from the 100 nm PS COOH NP treated endothelial
monolayer alone (Fig. 4B), a down-regulation of RANTES sig-
nalling was found upon 100 nm PS COOH NP exposure to the
endothelia-astrocyte BBB system (hCMEC/D3-NHA BBB). Down-
regulation of tumour necrosis factor receptor 1 (TNFR1) secre-
tion was also observed. A possible interpretation of the TNFR1
down-regulation is that it may be involved in impeding a
persistent inammatory signal between BBB endothelium and
underlying astrocytes. We did not see a decrease in TNF itself,
which is not surprising as there would be no need to down-
regulate a protein if its mode of signalling has already been
decreased. A signicant up-regulation in Epidermal Growth
Factor (EGF) signalling in the hCMEC/D3-NHA BBB system
upon prolonged exposure to 100 nm PS COOH NPs may
promote cell survival when endothelial BBB lysosomes are close
to capacity in terms of their packing with NPs. These results
indicate that when the astrocytes are added, some signalling
molecules secreted by the endothelium in response to the
presence of the PS COOHNPs are subsequently amplied by the
astrocytes, whereas others are down-regulated. This suggests
that accumulation of PS COOH NPs in lysosomes of the in vitro
BBB endothelium monolayer in the presence of supporting
astrocytic secretions could impede the signals that would lead
to an inammatory reaction and possible cell death.

Discussion

The in vitro BBB does not restrict the uptake of NPs completely;
however, 100 nm PS COOH NP uptake is slowed down consid-
erably in the BBB monolayer compared to that observed in
single hCMEC/D3 cells. The exact cellular uptake mechanisms
of unmodied engineered NPs are as yet unknown.23,29
928 | Analyst, 2014, 139, 923–930
However, they do seem to use energy dependent uptake routes
that lead to accumulation in the lysosomes (i.e. the endo-
lysosomal pathway). There is likely less exposed cell surface
area upon hCMEC/D3 barrier formation compared to the single
hCMEC/D3 cells. Therefore, there are less possible points of
entry for NPs, whether they be specic or not, which could also
contribute to the decreased 100 nm PS COOH NP uptake in the
hCMEC/D3 barrier compared to the non-conuent cell format.
Additional work is required to resolve this question.

TEM imaging of 100 nm PS COOH NPs that entered the
hCMEC/D3 BBB monolayer showed the NPs largely accumu-
lating in lysosomal compartments. These NPs were not seen to
clear from the lysosomes over time (at least over the time scale
investigated), nor were they degraded by this highly acidic
compartment as the distinctly spherical structure was not
altered over the time-course of our experiments (48 h), in
agreement with previous observations for other NPs accumu-
lating in the lysosomes.23 This is in contrast to other studies that
have suggested iron oxide NPs and carbon nanotubes break-
down under biological conditions, albeit over longer time-
frames. However, polystyrene has been shown to be resistant to
thermal oxidation below 200 �C, which is far above the viability
limit of in vitro biological conditions.36–38

A high level of lysosomal accumulation was associated with a
low level of cytokine signalling 24 h post exposure of the BBB
monolayer to 100 nm PS COOH NPs. Inammasome activation
due to lysosome signalling is associated with an increase in
activated IL1-beta levels, which were not found in this study.39

The paracrine signalling between BBB endothelium and the
underlying astrocytes upon 24 h exposure of the endothelium to
100 nm PS COOH NPs showed a decrease in pro-inammatory
cytokine signalling compared to control cultures not exposed
This journal is © The Royal Society of Chemistry 2014
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to NPs. Müller et al. suggested a nanotoxicological classication
system considering both particle size and biodegradability as
important factors for nanotoxicity.40 Thus, loading of the lyso-
somes with the non-degrading PS COOH NPs appears to lead to
some stress for the cells and to the observed increase in
signalling.

To date, the literature mainly describes inammation of the
in vitro BBB upon exposure to known cytokines (TNFalpha, Il-4)
eliciting a response thereaer.41 Also, other in vitro barriers
(placental and corneal), have shown a very low level of cytokine
release upon NP exposure (CoCr NPs in this case),21 suggesting
that NPs can induce indirect (or paracrine) signalling effects on
cells that have not been directly exposed to the NPs, and that
these biological barriers may themselves be affected by NP
accumulation.

Conclusions

TEM imaging showed accumulation, but not degradation, of
100 nm PS COOH NPs within the lysosomes of the in vitro BBB
cells over time. Cytokine secretion analysis from the in vitro BBB
post 24 h 100 mg ml�1 100 nm PS COOH NP exposure showed a
low level of pro-inammatory RANTES protein secretion
compared to control. In contrast, 24 h exposure of the in vitro
BBB endothelium to 100 mg ml�1 100 nm PS COOH NPs in the
presence of underlying astrocytes caused a signicant increase
in pro-survival signalling.

The accumulation of NPs in the blood brain barrier
demonstrated in this work, and the consequent slight increase
in cytokine expression in the co-culture model compared to the
endothelial cells alone, suggest that the endothelium itself
might be a target for NPs. Therefore, there is a signicant need
to understand the consequences for barrier health, and sig-
nalling to cells on either side, as a result of NP accumulation in
the barrier. The fact that the particles studied here were non-
toxic and did not change the barrier function per se is espe-
cially important, as this would likely be the case for drug
delivery vehicles or diagnostic NPs applied in vivo. Clearly more
dramatic effects would likely result from accumulation of NPs
that were themselves cytotoxic, such as induction of apoptosis
of the barrier cells. However, from a toxicity viewpoint, it is the
subtle effects, persisting over longer periods due to inability to
clear or degrade NPs that are the true cause of concern in terms
of the application of nanotechnologies, as is suggested by this
body of work.

Overall, caution is required in future studies of long-term NP
interaction and accumulation within cellular barriers, as
general toxicity assays may be disguising signicant signalling
regulation during long-term accumulation. Bioaccumulation is
clearly potentially relevant also to other cellular barriers (in
addition to the BBB studied here, such as the foetal or gut
barriers) and the indirect signalling effects demonstrated here
may also be present in these cases. The methodologies
employed here are thus well-placed to address such issues for
other barriers.

In future, the scientic community needs more effective long
term in vitro methods to study these signalling issues further,
This journal is © The Royal Society of Chemistry 2014
and signicant effort should be invested to validate the rele-
vance of such models for prediction of in vivo consequences.
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