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a  b  s  t  r  a  c  t

An  in  vitro  blood-brain  barrier  (BBB)  model  being  composed  of co-culture  with  endothelial  (bEnd.3)  and
astrocyte-like  (ALT)  cells  was  established  to  evaluate  the toxicity  and  permeability  of  Ag  nanoparticles
(AgNPs;  8  nm)  and  TiO2 nanoparticles  (TiO2NPs;  6  nm  and  35  nm)  in  normal  and  inflammatory  central
nervous  system.  Lipopolysaccharide  (LPS)  was  pre-treated  to simulate  the  inflammatory  responses.  Both
AgNPs and Ag  ions  can  decrease  transendothelial  electrical  resistance  (TEER)  value,  and  cause  discontinu-
ous  tight  junction  proteins  (claudin-5  and  zonula  occludens-1)  of BBB.  However,  only the  Ag  ions  induced
inflammatory  cytokines  to release,  and  had less  cell-to-cell  permeability  than  AgNPs,  which  indicated  that
itanium dioxide nanoparticles
n vitro blood-brain barrier
ermeability
ilver ions

the toxicity  of  AgNPs  was  distinct  from  Ag  ions.  LPS  itself  disrupted  BBB, while  co-treatment  with  AgNPs
and  LPS  dramatically  enhanced  the  disruption  and  permeability  coefficient.  On  the other  hand,  TiO2NPs
exposure  increased  BBB  penetration  by  size,  and  disrupted  tight  junction  proteins  without  size  depen-
dence,  and  many  of TiO2NPs  accumulated  in  the endothelial  cells  were  observed.  This  study  provided  the
new  insight  of  toxic  potency  of AgNPs  and  TiO2NPs  in BBB.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Silver and titanium dioxide nanoparticles (AgNPs and TiO2NPs)
re the two most commonly engineered nanoparticles (NPs). AgNPs
re regarded as great antibacterial agents, and are used extensively
n textiles, masks, medicines, food packages or other spray products
Rai et al., 2009). TiO2NPs have excellent photocatalytic activity
nd surface super-hydrophobic capacity so that can apply in paints,
eramic tiles, cosmetics, even food additives (Gupta and Tripathi,
011). Along with the widely application in nanomaterials, there
s numerous researchers have emphasized that these engineered
Ps are involved in potential adverse impacts to the environment,
ealth and safety (Maynard, 2014; Song et al., 2009).

Abbreviations: Ag+, silver ions; BBB, blood-brain barrier; TiO2NPs, titanium
ioxide nanoparticles; AgNPs, silver nanoparticles; LPS, lipopolysaccharide; ROS,
eactive oxygen species; TEER, transendothelial electrical resistance; CNS, cen-
ral  nervous system; ZO, zonula occludens; GLUT-1, glucose transporter; ABC,
TP-binding cassette; FI, fluorescence intensity; DCFH-DA 2′ , 7′-dichlorofluorescin
iacetate; BSA, bovine serum albumin; DLS, dynamic laser scattering; TEM, trans-
ission electron microscopy; RT, room temperature.
∗ Corresponding authors.
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ychuang@mx.nthu.edu.tw (C.-Y. Chuang), yjhuang@mx.nthu.edu.tw (Y.-J. Huang).
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382-6689/© 2016 Elsevier B.V. All rights reserved.
In vivo studies have demonstrated that AgNPs and TiO2NPs can
translocate into central nervous system (CNS), and are detected
in brain by main routes of introducing NPs into the body e.g.,
oral (Ag (Loeschner et al., 2011; Park et al., 2010); TiO2 (Ze et al.,
2014b)), inhalation administration (Ag (Takenaka et al., 2001)),
intranasally instillation (Ag (Genter et al., 2012)), subcutaneous (Ag
(Tang et al., 2009)), intragastric (TiO2 (Hu et al., 2010)) administra-
tion. Moreover, AgNPs and TiO2NPs have been detected in various
brain regions such as cerebral cortex, hippocampus, and cerebel-
lum, and can stay in a long period of time (Skalska et al., 2015;
Wang et al., 2008), which affects memory and learning behavior
(Mohammadipour et al., 2014; Ze et al., 2014a). The accumulation
level and half-life of NPs in CNS are size-dependent (Lee et al., 2013;
Park et al., 2010; Sharma et al., 2013). Therefore, pre-evaluating the
potential hazards of AgNPs and TiO2NPs on CNS is necessary.

Pathways of NPs entering the brain are usually divided in two
ways: via olfactory nerve or blood-brain barrier (BBB) penetration.
BBB is an important structure between the CNS and circulatory
system in the brain, which are composed of endothelial cells,
basal lamina, astrocyte end feet and pericytes. Endothelial cells,
the core anatomical element of BBB, have continuous intercellular

tight junctions to reduce transport of substances by the para-
cellular pathway. Tight junction proteins are classified into two
different protein groups: transmembrane proteins (e.g., occludin,

dx.doi.org/10.1016/j.etap.2016.09.009
http://www.sciencedirect.com/science/journal/13826689
http://www.elsevier.com/locate/etap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.etap.2016.09.009&domain=pdf
mailto:ejchen00@gmail.com
mailto:ilunshiou@gmail.com
mailto:photorice2@gmail.com
mailto:chwu@mx.nthu.edu.tw
mailto:cychuang@mx.nthu.edu.tw
mailto:yjhuang@mx.nthu.edu.tw
dx.doi.org/10.1016/j.etap.2016.09.009


logy a

c
(
t
2
e
A
e
(
a
t
i
b
r
s
m
p

B
B
l
p
h
t
o
T
f
m
h
f
w
t
o
u

t
b
u
r
s
e
i
a
i
t
t
Z
B
c
s

2

2

p
m
(
a
(
a
d
N
u
m

I.-C. Chen et al. / Environmental Toxico

laudin, junctional adhesion molecules) and peripheral proteins
e.g., zonula occludens (ZO), cingulin). Both types of proteins seal
he intercellular cleft, thus preventing free ion diffusion (Shin et al.,
006). Astrocyte end feet almost completely cover the surface of
ndothelium, and have many specific transport systems, such as
TP-binding cassette (ABC) transporters. The interaction between
ndothelial cells and astrocytes helps to modulate BBB function
Abbott et al., 2006). The main functions of the BBB are to serve
s a guard to select solute, act as carrier to transport nutrients
o the brain and remove metabolites from the brain. Even though
n vivo studies have indicated that silver can be detected in the
rain, arguments about whether silver really penetrates BBB and
eaches neuron cells, or just accumulates in the endothelial cells is
till unknown (Lin et al., 2015). Thus, establishing an in vitro BBB
odel to pre-screen the potential ability and mechanism of NPs to

enetrate BBB is important.
One report has indicated that TiO2NPs can pass through in vitro

BB (containing rat primary endothelial and glial cells), and cause
BB dysfunction (Brun et al., 2012). Similarly, AgNPs induce mono-

ayer BBB inflammation by increasing oxidative stress and barrier
ermeability due to their small size, special modification and
igh exposure (Cramer, 2014; Trickler et al., 2010). However,
hese studies only used monolayer endothelial cells or co-culture
f endothelial cells and astrocytes in insert and well bottom of
ranswell® respectively, which is insufficient to mimic  real BBB
unction and tightness. Moreover, these studies used substitute

arkers to evaluate the permeability of BBB, and neither quantify
ow much NPs penetrate BBB nor the amount of NP translocation

rom endothelial cells to astrocytes. In addition, it is still not clear
hether the Ag+ released from AgNPs or both (AgNPs and Ag+) con-

ributed the cytotoxicity in BBB. Eventually, neuro-inflammation
ccurs following almost all CNS pathologies, it is also crucial to
nderstand if more NPs penetrate BBB under inflammatory state.

In this study, endothelial cells and astrocyte-like cells were cul-
ured on different sides of a Transwell insert to mimic  the BBB in the
rain for evaluating potential hazard of AgNPs and TiO2NPs on CNS
nder the pre-inflammatory condition resulting in lipopolysaccha-
ide (LPS). This BBB model has been developed for drug delivery
tudies (Li et al., 2010), and is useful to observe the influence of
lements on the neurovascular unit and the effect of nanotoxic-
ty with cell-to-cell interaction (Naik and Cucullo, 2012; Wilhelm
nd Krizbai, 2014). After NPs exposure in endothelial cells, the
ntegrity and permeability of BBB was evaluated by detecting the
ransendothelial electrical resistance (TEER) level, NP concentra-
ion in medium and cells, and tight junction protein expression
O-1 and claudin-5. The cytotoxic effect of NPs as well as ions in
BB model was examined by cell viability, uptake potential, intra-
ellular reactive oxygen species (ROS), and 23 kinds of cytokine
ecretion.

. Materials and methods

.1. NPs and silver ions

AgNPs were supplied by Gold NanoTech, Taipei, Taiwan, were
roduced by physical manufacturing, and contained no surface
odifiers or stabilizers (Hsiao et al., 2015). A silver nitrate (AgNO3)

Sigma-Aldrich, St. Louis) was used as a source of Ag+ ions. Small-
nd large-sized TiO2NPs (TiO2NPs-S and TiO2NPs-L) (ST-01, ST-21)
100% anatase, Ishihara Corporation, Japan) has been modified with
lkaline solution to increase dispersity (Wu  et al., 2016). Proce-

ures were stated in Supporting information. Before characterizing
Ps in water or cell medium, stock solutions of NPs were first
ltrasonicated at 400W for 10 min  (DC400H, DELTA new instru-
ent Ltd., Taiwan) at 25 ◦C to achieve optimal dispersion. The NPs
nd Pharmacology 47 (2016) 108–118 109

were characterized for shape/diameter by transmission electron
microscopy (TEM, TECNAI 20, Philips, USA), crystal structure by X-
ray diffraction analysis (XRD), concentration by inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 725, USA),
and hydrodynamic diameter/zeta potential by Zetasizer Nano ZS
(Malvern Instruments Inc., UK).

2.2. Cell culture

Murine brain astrocyte-like cells (ALT, BCRC-60581) were
provided by Professor Chi-Shiun Chiang (Cancer Gene Therapy Lab-
oratory, National Tsing Hua University, Hsin-Chu, Taiwan), sourced
from Mus musculus mouse brain astrocytes with large-T antigen
plasmid. Immortalized mouse cerebral endothelial cells (bEnd.3,
BCRC-60515) were purchased from the Bioresource Collection and
Research Center (Hsin-Chu, Taiwan). Both of the cells were cultured
in DMEM supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin and streptomycin mixture, and were cultivated in T75
flasks at 37 ◦C in a humidified atmosphere of 5% CO2/95% air.

2.3. Establishment of in vitro BBB model

The description of the experimental procedure for building up
the in vitro BBB model according to (Li et al., 2010). First of all, the
bottom side of the Transwell filters (0.4 �m pore sizes, PET, 6 or 12
well; Corning, USA) were coated with collagen type I (8 �g/cm2

in 0.02 N acetic acid) for 1 h at room temperature (RT) to help
cell attachment. Then, the filters were washed with 1 × phosphate-
buffered saline (PBS), and ALT cells were seeded onto the back of
the Transwell filters at a density of 2.44 × 104 cells/cm2. After 3 h
incubation, bEnd.3 cells were seeded onto the top side of the filters
at a density of 105 cells/cm2 and co-cultured with ALT cells for 4
days.

2.4. Exposure condition and dosages of NPs

After 4 days, both chambers were pre-treated w/or w/o  LPS
(2 �g/mL) from Escherichia coli 055:B5 (Sigma-Aldrich, St. Louis) in
serum-free DMEM medium for 6 h. Then, the same volume of NPs or
Ag+ suspensions as pre-treatment were added to the top chamber of
Transwell to achieve final concentration of LPS (1 �g/mL), TiO2NPs
(100 ppm), AgNPs (4 ppm) and Ag+ (1.8 ppm) in DMEM/10%FBS
medium for 24 h incubation.

2.5. Cell viability

AlamarBlue® (AbD Serotec, Kidlington, UK) as a cell via-
bility indicator was  used in monoculture testing. Briefly, after
24 h NP exposure, the alamarBlue® reagent was  mixed 1:10 to
DMEM/10%FBS followed by a 2 h incubation at 37 ◦C. Results of
cell viability were determined by fluorescence at excitation wave-
lengths of 530 nm with emission at 590 nm.  Cell viability was
calculated using the expression (fluorescence intensity (FI) of test
agent)/(FI of untreated control) × 100. Cell viability in BBB model
was evaluated by flow cytometry (FACSCanto II, BD Biosciences,
USA) with 10,000 cells collected, using a propidium iodide (PI)
reagent. After NPs exposure for 24 h, the solution of both top and
bottom chambers was aspirated to another plate for cytokines anal-
ysis, and then the cells were collected for PI staining (40 �g/mL).
The dead cells were detected by flow cytometry. Cell viability was
calculated using 100-(percentage of dead cell)%.
2.6. Cell uptake potential

After LPS and NPs treatment, the cells were collected and ana-
lyzed by flow cytometry. Potential cell uptake of NPs by flow
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ytometry light scatter analysis was developed by Suzuki et al.
Suzuki et al., 2007). Evaluation of SSC intensity was  carried out
sing a flow cytometry (BD Biosciences), and data were analyzed
sing Flowing Software 2. The amounts of particles taken up by the
ells were analyzed using geometric mean of SSC intensity.

.7. Intercellular ROS generation

Intracellular ROS production was measured using 2′,7′-
ichlorofluorescin diacetate (DCFH-DA, Sigma-Aldrich as a reactive
uorescent probe. After NPs exposure for 24 h, the solutions were
iscarded, and these cells were washed once by PBS. After that, cells
ere harvested and incubated with 10 �M DCFH-DA in non-phenol

ed DMEM at 37 ◦C for 30 min. The solutions were then centrifuged
200g, 5 min) and the supernatant medium removed entirely. Prior
o measurement, the cells were re-suspended in PBS. The fluo-
escence was determined using flow cytometry, with 10,000 cells
ollected. The fluorescence was detected at 528 nm after excita-
ion at 488 nm.  The geometric mean fluorescence intensity was
nalyzed using Flowing Software 2.

.8. Cytokine secretion

The suspension of top and bottom chambers in BBB model was
ollected and 23 kinds of cytokines (IL-1�, IL-1�, IL-2, IL-4, IL-5,
L-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17, Eotaxin, G-
SF, GM-CSF, IFN-�, KC, MCP-1, MIP-1�,  MIP-1�,  RANTES, TNF-�)
ere detected using Bio-Plex Multiplex assay (Yu-shing Biotech.

td., Taiwan). Briefly, selected coupled beads were added to a 96-
ell plate and incubated for 30 min. Next, biotin-labeled detection

ntibodies were added to wells and incubated for 30 min. Then,
 fluorescently labeled streptavidin reporter was  added to wells
or 10 min  to bind biotin-labeled detection antibodies, and were

easured with a Bio-Plex® 200 Multiplex reader.

.9. TEER determination

TEER is a preliminary and simple way for a Transwell system to
ssess in vitro BBB integrity. After LPS treatment, NPs and Ag+ in
he in vitro BBB, TEER values were determined by Millicell® ERS-

 (Millipore, USA). Prior to use, the functionality was calibrated.
he STX01 electrodes were then sterilized by 70% ethanol. Before
easurements, the electrodes were rinsed by culture medium and

hen put into both Transwell chambers. The results were corrected
y blanks, and the resistance was multiplied by the effective sur-
ace area of the filter membrane. The unit would express in � cm2

Buchert et al., 2012).

sample − Rblank = R

nit area resistance = Resistance (�) × Effective membrane area (cm2)

.10. Immunofluorescence staining of tight junction

Tight junction protein expression contributing to strong blood-
rain barrier resistance was comfirmed by immunofluorescence
ssay. After TEER determination, cells on Transwell inserts were
ashed once with PBS, and fixed with 4% paraformaldehyde. Then,

hey were permeabilized with 1% Triton X-100 in PBS for 10 min
t RT. Next, the inserts were blocked with 3% bovine serum albu-
in  (BSA) in PBS for 30 min  at RT. After PBS washing, the primary
ntibodies of ZO-1 (ZO-1 rabbit polyclonal antibody, Invitrogen) or
laudin-5 (claudin-5 rabbit polyclonal antibody, Invitrogen) were
iluted in 3% BSA/PBS at 1:100, and applied for 1 h at RT. The inserts
ere then washed with PBS three times, and incubated in the dark
nd Pharmacology 47 (2016) 108–118

with Alexa Fluor 488 goat anti-rabbit IgG (H + L) secondary anti-
bodies (1:200 in PBS, Molecular Probes, Thermo Fisher Scientific,
USA) for 1 h at RT. Finally, the inserts were washed with PBS 3–5
times, and the membrane of the inserts were cut off and mounted in
antifade mountant solution with DAPI (ProLong® diamond antifade
mountant with DAPI, Molecular Probes, Thermo Fisher Scientific).
The images were obtained by Nikon ECLIPSE Ti-U microscope with
a 60 × oil-immersion objective using 488 nm laser for Alexa-488.

2.11. Permeability coefficient

In order to calculate the permeability, the medium and cells
from both the top and bottom sides of the BBB model was collected
and the NP concentration was  measured by inductively coupled
plasma-mass spectrometer (ICP-MS). Samples were acidified with
65% HNO3 for AgNPs or 1:2 65% HNO3 and 5% HF in volume for
TiO2NPs. Suspensions were then digested at 70 ◦C for 24 h and
filled de-ionized water to 15 mL  before analysis. 107Ag, 47Ti analysis
was conducted using a quadrupole ICP mass spectrometer (Agilent
7500a, USA). The transportation capacity was evaluated by perme-
ability coefficient (P (Yuan, 2010), P′, or P′′), which is calculated by
following equation:

P = Bottom chamber concentration

t
× 1
A

× Vbottom
Top chamber concentration

P ′ = NPs concentration in ALT cells

t
× 1
A

× Vbottom
NPs concentration in bEnd.3 cells

P ′′ = Bottom chamber concentration with ALT cells

t
× 1
A

× Vbottom
Top chamber concentration with bEnd.3  cells

t: time (24 h); A: surface area of membrane (for 6 well is
4.67 cm2); V: medium volume in bottom side; All concentrations
were subtracted the background control groups without NPs.

2.12. Statistics

Significant differences between treatment groups and
control/LPS-only group were analyzed by one-way analysis of
variance (ANOVA) followed by Dunnett’s multiple comparison
post-tests. The statistical differences between two experimental
groups were analyzed by Student’s unpaired t-test. P values < 0.05
were considered significant.

3. Results and discussion

3.1. Characterization of NPs

The size and morphology of NPs were observed by TEM. Size of
AgNPs, TiO2NPs-S and TiO2NPs-L were 8.4 nm, 6 nm and 35.1 nm
in geometric mean diameter, respectively (Fig. S1). Hydrodynamic
diameters of NPs in deionized water and culture medium, mea-
sured by dynamic light scattering (DLS), were 114.5 ± 2.8 nm and
105.6 ± 20.2 nm for AgNPs; 48.4 ± 2.0 nm and 91.5 ± 2.3 nm for
TiO2NPs-S and 130.5 ± 2.1 nm and 244.6 ± 11.8 nm for TiO2NPs-L.
The AgNPs and TiO2NPs-S have almost the same secondary size in
medium. The DLS size of three NPs in medium did not change after
24 h, which had a good stability (data not shown). The zeta poten-

tial of AgNPs was  6.3 mV  in deionized water and −5.5 mV  in culture
medium. For TiO2NPs-S and TiO2NPs-L, the zeta potential was  44
and 42.8 mV  in deionized water and −14.4 and −9.9 mV in culture
medium (Tables S1). The different sizes and surface charges of NPs
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Fig. 1. Cell viability of bEnd.3 and ALT cells in BBB model system. (A) 24 h after treatment with 4 ppm AgNPs and 1.8 ppm Ag+, or co-treatment without or with LPS. (B) 24 h
a r with
L

i
c
2

3

T
f
t
c
c
t
m
7
e
T
(

m
c
m
i
s
c
t

d
s
B
a
s
c
s
t
a
f
n
T
s
l
p
t
e
f

fter  treatment with 100 ppm TiO2NPs-S and TiO2NPs-L, or co-treatment without o
PS  and with LPS groups, respectively, with P-value < 0.05.

n water and medium can be related to adsorption of negative-
harged protein corona and/or AgNP dissolution (Eudald et al.,
011; Hsiao et al., 2015; Murdock et al., 2008).

.2. Cell viability of bEnd.3 and ALT cells in BBB model

Comparing the cell viability with treatment of AgNPs and
iO2NPs to the two kinds of cells in a mono-culture system, we
ound that in the same size, AgNPs were more toxic than TiO2NPs-S;
here was no cytotoxicity after 15 ppm TiO2NPs-S exposure to ALT
ells or bEnd.3 cells, while lower concentration of AgNPs (2 ppm)
aused significant viability loss in two cell lines (Figs. S2). Similar
o our study, Trickler et al. found that the cell viability of rat brain

icrovessel endothelial cells (rBMEC) decreases approximately
0% after exposure to 25 ppm AgNPs (25 nm or 40 nm)  (Trickler
t al., 2010). Moreover, exposure of endothelial cells to 21 nm
iO2NPs decreases cell viability at high concentration (235 ppm)
Halamoda Kenzaoui et al., 2012; Hou et al., 2014).

To figure out the two kinds of NPs in BBB integrity and per-
eability, 4 ppm AgNPs and 100 ppm TiO2NPs under the similar

ell viability basis (75% for bEnd.3 cells and 60% for ALT cells from
onoculture results; Fig. S2) were selected for the exposure dose

n BBB model. On the other hand, 1.8 ppm Ag+ is determined by the
oluble silver content in the AgNP (45% AgNP dissolution rate in
ulture medium at 24 h (Hsiao et al., 2015)). The strategy was also
he same as a previous report (van der Zande et al., 2012).

After treatment of AgNPs, the viability of bEnd.3 cells in BBB
ecreased, but ALT cells were not affected (Fig. 1A). There was
imilar effect of both TiO2NPs-S and TiO2NPs-L to AgNPs on the
BB (Fig. 1B). Because endothelial cells are the first line of defense
gainst outer substances attacking the CNS, bEnd.3 cells are like
ecurity guards against damage from NPs and for protecting ALT
ells. However, the viability of both bEnd.3 cells and ALT cells were
ignificant decreased after Ag+ exposure (Fig. 1A). This suggested
hat Ag+ is more toxic than AgNPs to BBB. This observation is in
greement with an in vitro study that compared the toxicity of two
orms silver in rat cerebral astrocytes (Sun et al., 2016). There was
o significant difference of viabilities in bEnd.3 cell by two  sizes of
iO2NPs. Although smaller TiO2NPs-S has higher surface area and
uspension stability than TiO2NPs-L, a rapid sedimentation rate of
arge TiO2NPs-L may  cause similar cell-NP interaction between two

articles. On the other hand, when BBB model with LPS treatment,
he viability in bEnd.3 cells was decreased but not in ALT cells. How-
ver, ALT cells were injured when co-treated with LPS and TiO2NPs
or 24 h (Fig. 1B).
 LPS. * and @ indicate that cell viability differed significantly from control without

3.3. Uptake potential and quantification of NPs in BBB model

The update potential of ALT cells and bEnd.3 cells was deter-
mined. In mono-culture system, both ALT cells and bEnd.3 cells
were observed to have higher potential to uptake AgNPs and
TiO2NPs (Fig. S3). In BBB model, AgNPs can not be detected after
24 h exposure in bEnd.3 cells and ALT cells by flow cytometry
(Fig. 2A); nevertheless, silver was detected in both cell layers by
high sensitive ICP-MS (Fig. 2C). With the treatment of AgNPs, more
silver were detected in bEnd.3 cell layer than that in ALT layer.
By contrast, an opposite result was found in co-treatment of LPS
(Fig. 2C). Less silver was detected in bEnd.3 cells and ALT cells with
the treatment of Ag+ than AgNPs treatment, especially in ALT layer
(Fig. 2C). Our previous and other studies have demonstrated that Ag
ions uptake ratio of cells (including ALT cells) is significantly lower
than that of AgNPs due to membrane barrier (Cronholm et al., 2013;
Hsiao et al., 2015).

On the other hand, Fig. 2B illustrated that single bEnd.3 cells
had the high potential to uptake TiO2NPs-S and TiO2NPs-L. How-
ever, the uptake of TiO2NPs-S and TiO2NPs-L was not found in
single ALT cells no matter w/or w/o  LPS treatment. A similar result
was also observed from ICP-MS determination (Fig. 2D). These
results indicated that bEnd.3 did prevent most TiO2NPs from pass-
ing through BBB. Ye et al. (Ye et al., 2015) presented that AuNPs and
SiO2NPs are accumulated in a monolayer hCMEC/D3 endothelial
BBB model using TEM images, and were transported by endo-
lysosomal pathway. Moreover, TEM images from Brun et al. (Brun
et al., 2012) showed that TiO2NPs are taken into endothelial cells
and transported to the glial cells in the well bottom. According to
our observations, NPs not only accumulated in BBB but also per-
formed the probability of passing through the BBB potentially to
injury the CNS.

3.4. Intercellular ROS generation

Studies have revealed that AgNPs and TiO2NPs can induce ROS
generation. Shi et al. (Shi et al., 2014) revealed that the AgNPs lead
to ROS generation and influence human umbilical vein endothe-
lial cells (HUVECs). TiO2 induces ROS production in HUVECs at 5
and 20 �g/cm2 (Montiel-Davalos et al., 2012). This was  consistent
with our results in mono-culture system that AgNPs and TiO2NPs
induced ROS in bEnd.3 cells and ALT cells (Fig. S4).

Different from mono-culture system, when exposure to AgNPs
w/or w/o  LPS, the intracellular ROS of BBB model was significantly

increased in bEnd.3 cells but not in ALT cells (Fig. 3A). Ag+ exposure
did not induce ROS release from both cells, while co-treatment of
LPS induced more ROS than LPS-only group in bEnd.3 cells. When
exposure to TiO2NPs-S and TiO2NPs-L w/or w/o LPS, no any increase
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Fig. 2. Uptake potential (A)(B) and uptake quantification (C)(D) of NPs in bEnd.3 and ALT cells of BBB. (C) cellular uptake quantification of AgNPs and Ag+ −treated BBB. * and
@  indicate that the uptake potential differed significantly from control without LPS and with LPS groups, with P-value < 0.05.

F atmen
a r with
w

o
S
2
w
f
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ig. 3. Intercellular ROS generation of bEnd.3 and ALT cells of BBB. (A) 24 h after tre
fter  treatment with 100 ppm TiO2NPs-S and TiO2NPs-L, or co-treatment without o
ith  LPS groups, respectively, with P-value < 0.05.

f ROS than control group in both bEnd.3 cells and ALT cells (Fig. 3B).
un et al. (Sun et al., 2016) presented PVP-coated AgNPs (1 �g/mL
4 nm)  causes elevated ROS within 24 h in rat primary astrocytes,
hile Ag+ (0.1 �g/mL) does not. Onodera et al. (Onodera et al., 2015)

ound that AgNPs (1 nm and 70 nm)  can induce ROS in BALB/3T3
ells within 1 h, but Ag+ (5 �g/mL) can not. These studies indicated
hat toxic potency of AgNPs to BBB differed from Ag+.

.5. Cytokines secretion
As unbalanced level of ROS leads to enhance oxidative stress
nd stimulate inflammatory response (Song et al., 2014), the secre-
ion of cytokines after AgNPs or Ag+ exposure were determined.
t with 4 ppm AgNPs and 1.8 ppm Ag+, or co-treatment without or with LPS. (B) 24 h
 LPS.* and @ indicate that ROS differed significantly from control without LPS and

Interestingly, Ag+ exposure significantly induced IL-2, IL-4, IL-12,
IL-13, IFN-� and TNF-� but no significant cytokine secretion was
found after AgNP exposure, which induced ROS in bEnd.3 cells
(Fig. 4A, C). Trickler et al. (Trickler et al., 2010) reported that PVP-
coated AgNPs (25 nm)  induced IL-1�, TNF and PGE2 in primary
rat brain microvessel endothelial cells. Sun et al. (Sun et al., 2016)
also found PVP-coated AgNPs (24 nm)  induced CINC-2�/�, CINC-3,
fratalkine, IL-10, IP-10, L-selectin and thymus chemokine in rat pri-
mary astrocytes. The reasons of the results of this study different

from previous studies might be the different use of cell models and
surface-functionalized AgNPs or the release of cytokines was not
analyzed in our study.
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Fig. 4. Cytokines secretion from top or bottom chamber of BBB model. (A) and (C) show cytokines release from top/bottom chambers after 24 h, 4 ppm AgNPs and 1.8 ppm
Ag+ exposure. (B) and (D) show cytokines secreted from top/bottom chambers after 24 h 100 ppm TiO2NPs-L exposure. * and @ indicate that cytokine secretion differed
significantly from control without LPS and with LPS, respectively, with P-value < 0.05.
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ig. 5. TEER values of BBB model. (A) 24 h after treatment with 4 ppm AgNPs and 1
iO2NPs-S and TiO2NPs-L, or co-treatment without or with LPS. * and @ indicate th
ith  P-value < 0.05.

Fig. 4A and C showed that IL-4, IL-12, IFN-�, TNF-� and MCP-1
ere detected in both chambers of the BBB model. Co-treatment

f AgNPs with LPS did not promote pro-inflammatory cytokines to
elease. However, co-treatment of Ag+ with LPS stimulated 7 kinds
f cytokines to release. These evidences supported again that toxic
otency of AgNPs to BBB differed from Ag+.

Fig. 4B showed that IL-2, IL-13, IFN-� and TNF-� were signif-

cantly secreted in the top chamber (bEnd.3 cells) after exposure
o TiO2NPs-L without LPS. Comparing with LPS-only group, IL-13,
FN-�, IL-12 significantly increased from top and bottom chamber
IL-12) respectively after co-treatment of LPS and TiO2NPs. Reports
 Ag+, or co-treatment without or with LPS. (B) 24 h after treatment with 100 ppm
R value differed significantly from control without LPS and with LPS, respectively,

have found that IFN-� stimulated ROS from microglia and astro-
cytes, enhanced vascular permeability and also promoted TNF-�
and IL-1 production (Abbas et al., 2002; Chuang et al., 2015; Sheng
et al., 2013). IL-12 not only stimulates the production of IFN-� and
TNF-�, but also reduces anti-inflammation marker IL-4-mediated
inhibition of IFN-� (Gately et al., 1994). TNF-� has been found to
promote BBB disruption (Dong and Benveniste, 2001). Therefore,

the decrease of cell viability in ALT cells of BBB as LPS co-treatment
with TiO2NPs or Ag+ (w/or w/o LPS) could be partially due to the
cytokine secretion e.g.,  TNF-� caused apoptosis of ALT cells.
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.6. TEER measurement
TEER is a preliminary and simple way in a Transwell system to
ssess the extent of BBB integrity. A high resistance value indicates
hat the structure of the BBB has integrity and tightness. In contrast,

 low resistance value indicates that the structure of BBB is dam-
errupted lines. Green: ZO-1 proteins; Blue: cell nucleus. (For interpretation of the
 article.)

aged and highly permeable. We  found that the TEER value of the
BBB decreased after exposure to AgNPs, Ag+ and both TiO2NPs-S

or TiO2NPs-L (Fig. 5). Ag+ caused more significant decrease of TEER
value than AgNPs. LPS itself reduced the TEER value dramatically.
Co-treatment of LPS with AgNPs or Ag+ did not reduce more TEER
value. Co-treatment of LPS with TiO2NPs did not cause lower TEER
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ig. 7. The expression of tight junction protein claudin-5 in BBB model. Red triangle
reen: claudin-5 proteins; Blue: cell nucleus. (For interpretation of the references t

alue than LPS-only group. Different size of TiO2NPs also did not
ffect significant differences on TEER value.
.7. Immunofluorescence staining of tight junction protein

In order to further verify the disruption of BBB structure,
he variation of tight junction proteins claudin-5 and ZO-1 was
cate the interrupted lines and stars represent the spread of claudin-5 to cytoplasm.
ur in this figure legend, the reader is referred to the web version of this article.)

observed. Claudin-5 is one of the major claudin proteins in brain
endothelial cells that allow small molecules (<800 Da) to pass
through, as well as regulates paracellular ions and size selectivity

(Nitta et al., 2003; Van Itallie et al., 2001). ZO-1 is one of the periph-
eral proteins that links transmembrane proteins and cytoskeleton,
and also participate in cell signal activation.
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The ZO-1 and claudin-5 images in the control of the BBB
ppeared as continuous fluorescent lines (Figs. 6, 7). Non-
ontinuous lines of the ZO-1 staining after AgNPs exposure were
hown in Fig. 6. Claudin-5 appeared more disordered or with
nterrupted lines after AgNPs exposure (Fig. 7). Loss of ZO-1 and
laudin-5 lines after Ag+ exposure was observed (Figs. 6, 7), which
orresponded to the TEER and cell viability results. Regarding expo-
ure to TiO2NPs-S and TiO2NPs-L, tight junction proteins (ZO-1,
laudin-5) were also disrupted. Corresponding to TEER results, dif-
erent sizes of TiO2NPs w/or w/o LPS did not cause different levels
f disruption on ZO-1 and claudin-5. LPS itself caused severe dis-
uption of continuous ZO-1 and claudin-5 express (Figs. 6, 7). When
gNPs were co-treated with LPS, more severe disruption on ZO-1
nd claudin-5 tight junction proteins was observed compared to
he LPS-only group (Figs. 6, 7) as well as in TiO2NPs co-treatment
roup.

The BBB breakdown may  relate to ROS, inflammatory cytokines,
eukocyte adhesion and so forth (Obermeier et al., 2013). Regard-
ng data in BBB system (Fig. 3), AgNPs induced high levels of ROS
eneration from bEnd.3 cells, which might result in tight junc-
ion proteins disruption (Zehendner et al., 2013), and TEER value
ecrease. Ag+ and TiO2NPs did not induce ROS while both induced
ignificant secretion of cytokines including TNF-�, IL-13 and IFN-

 (Fig. 4), which may  participate in BBB breakdown. In addition,
he low viability of endothelial cells and astrocytes after NPs or ion
xposure also caused the discontinuous tight junction proteins due
o fewer cells leading to a weakened BBB structure.

LPS induced a high level of secretion in IL-4, IL-12, IL-13, MCP-1,
NF-� and IFN-�. Other reports also found that LPS induces many
inds of cytokines and also disrupts ZO-1 or claudin-5 expres-
ion (He et al., 2011; Seok et al., 2013). In these cytokines, MCP-1
s demonstrated to cause BBB breakdown and hyperpermeabil-
ty (Stamatovic et al., 2003). Additionally, TNF-� and IFN-� can
ncrease BBB permeability and be related to neurodegenerative
iseases (Capaldo and Nusrat, 2009; Deli et al., 1995). Thus, those

nflammatory cytokines induced by LPS influenced the integrity of
he BBB to result in the decreased TEER values. Co-treatment of Ag+

ith LPS released more cytokines and thus caused more severe BBB
isruption.

.8. Permeability coefficient

Most studies did not directly determine the amount of trans-
orted NPs, instead of adding fluorescein or radio labelled markers,
uch as FITC-Dextrane or 14C-sucrose to detect the permeability
Cramer, 2014; Trickler et al., 2010). Thus, in order to know the

ctual amount of AgNPs that would pass in BBB model, we  modi-
ed the research of Hanada et al. (Hanada et al., 2014) that directly
etect the fluorescence intensity of fluorescent particles to quantify
Ps by ICP-MS. Using this method, we can observe that NPs were
e AgNPs, Ag+ and TiO2NPs were actually transported from top side (i.e., circulatory

actually transported from the luminal side (i.e.,  circulatory system)
to the abluminal side (i.e., central nervous system) that indicated
NPs able to penetrate BBB.

In this study, three kinds of permeability coefficient were cal-
culated and discussed. Permeability coefficient P represented the
capacity of NPs to pass through BBB, permeability coefficient P’ rep-
resented the ratio of NPs to transport from bEnd.3 cells to ALT cells,
and another permeability coefficient P” represented the whole
movement of NPs in BBB model.

Fig. 8 revealed the permeability coefficients P, P’, P” of Ag+,
AgNPs and TiO2NPs. Ag+ had higher P value and lower P’ value than
AgNPs, which meant silver ions have higher BBB penetration while
lower cell translocation than AgNPs. Ag+ caused high toxicity to
bEnd.3 cells and ALT cells, which was reasonably easier to penetrate
already-disrupted BBB than AgNPs. However, Ag+ was  not easy to
be taken into the cells due to membrane barrier, which presented
a lower P’ value than AgNPs.

When co-treatment with AgNPs and LPS, the permeability coef-
ficients P, P’, P” were enhanced, which was because co-treatment
of AgNPs and LPS disrupted BBB more serious. Moreover, perme-
ability coefficients values of AgNPs w/or w/o  LPS were significantly
higher than that of small sized TiO2NPs-S w/or w/o LPS (Fig. 8).
These suggested that AgNPs can pass through BBB model easily
to the bottom chamber with fewer remaining in the cells. On the
other hand, TiO2NPs had lower translocation ratio from bEnd.3 cells
to ALT cells, and thus fewer passed through to arrive in the bottom
chamber. A main possible reason of high BBB penetration capability
for AgNPs was dissolution of AgNPs to Ag ions in medium (Hsiao
et al., 2015). Furthermore, our previous study has demonstrated
that LPS did not affect AgNP dissolution in medium (Hsiao et al.,
2015), which can neglect Ag ion factor in promoting BBB disruption
when co-treatment of AgNPs and LPS.

Small sized TiO2NPs-S had higher permeability coefficients
than TiO2NPs-L, which indicated a size-dependent BBB penetration
(Fig. 8B). Many studies have also found the same results. For exam-
ple, TiO2NPs (10, 20, and 200 nm)  were treated rats through aerosol
inhalation, while only 10 and 20 nm were both transported into the
brain after 72 h (Liu et al., 2013). PEGylated silica NPs (25 nm) were
able to migrate across in vitro and in vivo BBB within 1 h, while not
for 50 nm and 100 nm one (Liu et al., 2014).

4. Conclusions

As to the TEER value and ZO-1 and claudin-5 tight junction
marker, Ag+, the different exposure level of AgNPs and TiO2NPs can

damage the BBB integrity, and found the toxic potency of ion and
NPs were different. AgNPs-induced BBB disruption was  related to
ROS-induced cell death. Ag+ and TiO2NPs exposure disrupted BBB
by cytokine secretion (IL-4, IL-12(p70), IL-13, IFN-�, and TNF-�)
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specially when co-treatment with LPS. Ag+ led to higher perme-
bility in BBB model while lower cell-to-cell translocation ratio
han AgNPs. These evidences indicated that particle-specific effects
hould also be considered to evaluate the AgNP toxicity in BBB.
n the same size, both AgNPs and TiO2NPs-S actually penetrated
n vitro BBB, and AgNPs were more efficient than TiO2NPs, which
ndicated AgNPs had more probability to cause injury in the CNS.
ize-dependent BBB penetration also was observed in TiO2NPs. The
n vitro BBB model used in this study offered a simple and quick

ethod for evaluating toxic potency of NPs in CNS system, which
s useful for safety design of nanomaterials.
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