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Introduction
Silver nanoparticles (Ag-NPs) have gained an increasing attention 

due to their antimicrobial and antiviral activities and are used in a 
large number of consumer products including electronics, paint, 
clothing, food and medical devices [1]. According to the Woodrow-
Wilson database, about 24% of all consumer products that consist of 
engineered NPs contain nanosilver ([2] www.nanotechproject.org). But 
besides their widespread use and favorable characteristics, there have 
been some concerns about their safety. Various studies have reported 
adverse health effects including induction of inflammation, cytotoxicity, 
oxidative stress and genotoxic effects in a great variety of cell types [3-
6]. The main routes of exposure for Ag-NPs are inhalation, skin contact 
and ingestion. In in vivo studies conducted in rats, it has been shown 
that Ag-NPs accumulate in various organs including the brain after 
both oral exposure [7] and inhalation [8]. Additionally, it has also been 
shown that Ag-NPs are able to translocate through and accumulate 
in primary rat brain microvascular endothelial cells [9]. Thereby, it is 
important to also study the effects of Ag-NPs on the barriers of the central 
nervous system, namely the blood-brain barrier (BBB) and the blood-
cerebrospinal fluid (CSF) barrier. The BBB separates the blood from 
the brain interstitial fluid and consists mainly of capillary endothelial 
cells that line cerebral microvessels and that are closely connected by 
tight junctions which prevent uncontrolled paracellular flux [10]. The 
second barrier system within the CNS, the blood-CSF barrier, is build 
by the epithelial cells of the choroid plexus (CP). Similarly to the BBB, 
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Abstract
The use of silver nanoparticles in medical and consumer products such as wound dressings, clothing and 

cosmetic has increased significantly in recent years. Still, the influence of these particles on our health and especially 
on our brain, has not been examined adequately up to now. We studied the influence of AgEO- (Ethylene Oxide) 
and AgCitrate-Nanoparticles (NPs) on the protective barriers of the brain, namely the blood-brain barrier (BBB) and 
the blood-cerebrospinal fluid (blood-CSF) barrier in vitro. The NPs toxicity was evaluated by examining changes in 
membrane integrity, cell morphology, barrier properties, oxidative stress and inflammatory reactions. AgNPs decreased 
cell viability, disturbed barrier integrity and tight junctions and triggered oxidative stress and DNA strand breaks. 
However, all mentioned effects were, at least partly, suppressed by a Citrate-coating and were most pronounced in the 
cells of the BBB as compared to the epithelial cells representing the blood-CSF barrier. AgEO- but not AgCitrate-NPs 
also triggered an inflammatory reaction in porcine brain capillary endothelial cells (PBCEC), which represent the BBB. 
Our data indicate that AgNPs may cause adverse effects within the barriers of the brain, but their toxicity can be reduced 
by choosing an appropriate coating material.

this epithelial barrier system separates the blood from the CSF and is 
also sealed by tight junctions between adjacent cells which are located at 
the CSF-facing surface. The tight junctions are indispensable since the 
endothelium of the CP is leaky and permeable. Besides CSF secretion, 
the CP is involved in maintaining brain homeostasis and in the defense 
against harmful substances [11]. An infiltration of the brain with 
xenobiotics, such as NP, may lead to an inflammation of brain tissue 
and/or oxidative stress responses. Inflammation of the brain is mediated 
by a concerted secretion of cytokines (Interleukin-1β [IL-1β], tumor 
necrosis factor alpha [TNF-α], ect) and other inflammatory mediators 
such as adhesion molecules (VCAM‑1, ICAM‑1) and enzymes (nitric 
oxide synthase [iNOS], matrix metalloproteinases [MMPs]). All of 
these are involved in the subsequent invasion of peripheral leukocytes 
into the brain and play a role in resulting brain damage [12].

To date, there are only few studies that have elucidated the various 
effects of Ag-NPs on the BBB. Tricker et al. [13] have examined the 
effect of differently sized Ag-NPs on primary rat brain endothelial cells 
[13]. They found a size-dependent pro-inflammatory response through 
the release of prostaglandin E2, TNF-α and Il-1β and an increase in BBB 
permeability after exposure to Ag-NPs. Another study elucidated the 
cytotoxic effect of Ag-NPs on a rat brain endothelial cell line [14]. They 
also found a size- and concentration-dependent cytotoxic effect of Ag-
NPs, the smallest particle being the most harmful. 
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The aim of the present in vitro study was to analyze the effects of 
two differently modified Ag‑NPs (Ethylene oxide [EO] and Citrate) 
on primary porcine brain capillary endothelial cells (PBCEC) and, 
for the first time, on primary capillary choroid plexus epithelial cells 
(PCPEC). We analyzed the impact on the integrity and permeability of 
the BBB and the blood-CSF barrier and on tight junction expression 
and localization. We also evaluated the cellular responses after addition 
of Ag-NPs including cytotoxicity, oxidative stress, inflammation and 
genotoxicity. 

Results
Cytotoxicity testing

First, we investigated the cytotoxicity of AgEO- and AgCitrate-
NPs using the neutral red uptake assay and a microscopic evaluation 
of cell morphology. Figure 1 shows the results of the neutral red 
uptake assay measuring the lysosomal integrity after exposure of 
primary brain capillary endothelial cells (PBCEC, Figure 1A)) and 
primary choroid plexus epithelial cells (PCPEC, Figure 1B) to varying 
concentrations of AgEO- and AgCitrate-NPs. In both barrier models, 
AgEO-NPs exhibited a higher cytotoxicity than AgCitrate-NPs and 
PBCEC were more sensitive as compared to PCPEC. In PBCEC, 
a significant decrease of cell viability was found starting at 50  µg/
mL for both AgEO- ((58  ±  4)%) and AgCitrate-NPs ((71  ±  6)%). 
In PCPEC, a concentration-dependent reduction of neutral red 
uptake was detected starting from 100 µg/mL ((77 ± 7)%) for AgEO-
NPs while AgCitrate-NPs did not induce a significant effect in the 
concentrations tested. Additionally, changes in cell morphology were 
examined microscopically 24 h after treatment of PBCEC and PCPEC 
with AgEO- and AgCitrate-NP (Figure 1C-E). The untreated PBCEC 
possess the typical spindle-like cell morphology and a high degree of 
organization (Figure 1C). After a treatment with AgEO-NPs (50 µg/

mL) some minor gaps start appearing within the cell monolayer and 
cell debris becomes visible (Figure 1D). In case of AgCitrate-NPs minor 
gaps within the cell monolayer appear only at a concentration of 75 µg/
mL (Figure 1E). Thereby, in the subsequent experiments, only Ag-NP 
concentrations up to 25 µg/mL were employed. The untreated PCPEC 
exhibit a cobblestone-like morphology which is typical for epithelial 
cells. This remains unchanged after treatment with both AgEO- and 
AgCitrate-NP in concentrations up to 75 µg/mL (data not shown). 

Uptake of Ag-NPs

In order to locate the Ag-NPs within the cellular context of 
the PCPEC and PBCEC, both, scanning and transmission electron 
microscopic investigations were performed. First, it was clarified 
whether the Ag-NPs agglomerate on the membrane and/or enter the 
cells by using scanning electron microscopy (SEM). This technique 
offers the opportunity to examine surface features as well as to gain 
information buried inside the specimen: secondary electrons reveal 
the surface information whereas backscattered electrons (BSE) carry 
information from structures within the sample, due to their higher 
excitation depth. Additionally, the back scattering contrast is strongly 
dependent on the atomic number, which allows the identification of 
regions with high and low mean atomic number, for example silver and 
carbon, respectively. For all electron microscopic investigations, cells 
were treated with 25 µg/mL of AgEO- and AgCitrate-NP for 6 h and 
24 h. As there was no difference recognizable in the SEM experiments 
between the samples incubated for 6 h and 24 h or between the types of 
NPs used, only the results after 6 h of incubation with AgEO-NPs are 
shown. Figure 2A shows a typical SE image of an untreated monolayer 
of PBCEC. The tight cell network is clearly visible but internal features of 
the cell remain concealed. In contrast to the SE image, the cell nucleus, 
vesicles and cell organelles like the golgi apparatus can be identified in 
the BSE image (Figure 2B). Especially vesicles appear as bright spots 

Figure 1: The influence of AgNPs on cell viability of PBCEC and PCPEC.
A) Neutral Red Uptake Assay of PBCEC incubated with Ag-NPs (24 h). The values indicate relative neutral red uptake compared to the untreated control. The 
data are expressed as means ± SEM, n>3.
B) Neutral Red Uptake Assay of PCPEC incubated with Ag-NPs (24 h). The values indicate relative neutral red uptake compared to the untreated control. The 
data are expressed as means ± SEM, n=3.
C)-E) PBCEC monolayer after treatment with AgEO- and AgCitrate-NPs for 24 h. Scale Bar: 100 µm
C) untreated control D) AgEO-NP 50 µg/mL E) AgCitrate-NP 75 µg/mL
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due to the high density of membranes stained by osmium tetroxide. 
However, differences to the control experiment can clearly be spotted 
in the cells incubated with Ag-NPs. In the SE images, membrane 
bound NPs can be located (circled area in Figure 2C). Additionally, as 
shown in Figure 2D, Ag-NPs can also be identified in the BSE image. 
Besides the agglomeration on the outer membrane, the BSE images 
clearly reveal that the NPs enter the cell, and additionally, the images 
suggest an endocytotic pathway for the access of the NPs (Figure 2D 
inset). In order to correlate cellular ultrastructure and NPs uptake, 
transmission electron microscopy (TEM) was performed for PBCEC 
and PCPEC. As indicated by the SEM experiments, both AgEO- and 
AgCitrate, interact strongly with the PBCEC membrane and enter the 
cytoplasm by endocytosis (Figure 3B). Within the cytoplasm AgEO- 
as well as AgCitrate NPs accumulate into nano-aggregates (Figure 
3B-D). Single particles can still be resolved within these clumps. 
Besides these agglomerates, nanoparticles could not be found in the 
mitochondria or nucleus. Compared to the PBCEC sample, Ag-NP-
membrane interaction and accumulation within the cytoplasma are 
dramatically decreased in PCPEC. Infrequently, nano-clusters or single 
nanoparticles can be found within the cell but in general, experiments 
with cells exposed to the NPs resemble the control situation (data not 
shown).

Assessment of barrier function and cell permeability

As the integrity of the BBB and the blood-CSF barrier is important 
for the protection of the brain, we investigated the influence of Ag-
NPs on the barrier integrity of PBCEC and PCPEC. In a first step, 
transcellular electrical resistance (TER) measurements were employed 
(Figure 4). In PBCEC both AgEO- and AgCitrate-NPs induced 
a concentration-dependent decrease of the TER (Figure 4A). An 
incubation of PBCEC with 25 µg/mL of AgEO-NPs reduced the TER 
to (11 ± 5)% after 24 h, while 25 µg/mL AgCitrate-NPs decreased the 

TER only to (33 ± 7)% of the undisturbed cell monolayer. In PCPEC 
the Ag-NPs did not induce any changes in TER (Figure 4C). The results 
of the TER measurements were then confirmed by evaluation of the 
FITC-Dextrane transport across the PBCEC and PCPEC monolayer 
under the influence of the Ag-NPs (Figure 4B and D). After addition 
of AgEO-NPs (25 µg/mL) to PBCEC, the permeability rate reached a 
value of (2.5∙10‑7 ± 4.0∙10‑8) cm/s while the untreated control exhibited 
a value of (6.1∙10‑8 ± 4.0∙10‑9) cm/s after 24 h. The exposure of PBCEC 
to AgCitrate-NPs (25 µg/mL) increased the permeability rate to 
(1.3∙10‑7  ±  3.2∙10‑9)  cm/s. In PCPEC, no change in cell permeability 
was observed (Figure 4D). Thereby, the results of the permeability 
measurement support the TER measurements.

Integrity of the tight junctions

An impairment of barrier function is often caused by changes in 
tight junction expression and localization. Thereby, the expression 
and localization of the tight junction protein occludin was examined 
by both, Western Blot analysis and immunochemistry. The results of 
the Western Blot analysis indicated that the observed disruption of 
barrier integrity in PBCEC was not due to a changed expression of 
occludin (data not shown). However, the results of the immunostaining 
(Figure 5) revealed that the observed barrier break-down may rather 
be caused by a change in tight junction organization and integrity. 
The untreated PBCEC exhibit the characteristic spindle-like cell 
morphology, a high degree of organization and straight and continuous 
cells borders (Figure 5A). After treatment with AgEO-NPs (25 µg/mL), 
the PBCEC become slightly bigger and the cell borders appear more 
fuzzy and patchy (Figure 5B). This effect can also be observed, to a 
lesser extent, after addition of AgCitrate-NP (25 µg/mL) (Figure 5C). 
In PCPEC however, no changes in occludin localization and formation 
are induced upon addition of Ag-NPs, which is in agreement with the 
TER and permeability measurements (Figure 5D-F).

Figure 2: SE and BSE images of PBCEC
A) Secondary electron image of the PBCEC. The arrows mark the border of two cells. The cell network can clearly be identified. Scale bar: 5 μm. B) Backscattered 
electron image of the same region as in A). The circle in A) and B) highlights vesicles which appear as bright spots in the BSE image due to the high density of 
membranes which are stained by osmium tetroxide. In the SE image the vesicles are hardly visible since the SE signal is surface sensitive. In contrast to a), the 
internal structures of the cell can be visualized by the BSE signal. Scale bar: 5 μm. C) SE image of PBCEC incubated with AgEO-NPs for 6 h. The circle frames an 
area were membrane bound nanoparticles are visible. Such events are found frequently all over the specimen. Scale bar: 4 μm. D) BSE image of the same region 
as in C). The inset shows a close up of an empty vesicle and two vesicles filled with nanoparticles. Scale bar: 4 μm. In all images the contrast and brightness was 
rescaled in order to improve the visualization of the cell organelles.
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Figure 3: Bright field TEM images of PBCEC. 
A) & B) The images show well preserved cells. Cell organelles, cell nucleus and membranes are clearly visible. Scale bars 500 nm. C) Here, a vesicle filled 
with NPs is shown. Scale bar 100 nm D), E) and F) Accumulations of NPs in the cytoplasm. Scale bars: D) 100 nm, E) 100 nm and F) 500 nm. In all images the 
contrast and brightness was rescaled in order to improve the visualization of the cell organelles.

Figure 4: The influence of Ag-NPs on the barrier integrity of PBCEC and PCPEC.
A) TER values after treatment of triplicate PBCEC monolayers with AgEO- and AgCitrate-NPs for 24 h. The values are relative to their respective starting value 
prior to NP addition. The data are expressed as means ± SEM, n ≥ 5. The absolute TER values ranged between 600 and 1000 Ω∙cm2.
B) FITC-Dextrane permeability after treatment of triplicate PBCEC monolayers with AgEO- and AgCitrate-NPs for 24 h. The data are expressed as means ± SD 
of a single measurement. n=3. The absolute TER values ranged between 600 and 1000 Ω∙cm2.
C) TER values after treatment of triplicate PCPEC monolayers with AgEO- and AgCitrate-NPs for 24 h. The values are relative to their respective starting value 
prior to NP addition. The data are expressed as means ± SEM, n = 3. The absolute TER values ranged between 600 and 1000 Ω∙cm2.
D) FITC-Dextrane permeability after treatment of triplicate PCPEC monolayers with AgEO- and AgCitrate-NPs for 24 h. The data are expressed as means ± SD 
of a single measurement. n=3. The absolute TER values ranged between 600 and 1000 Ω∙cm2.
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Figure 5: Immunostaining analysis of occludin after treatment of PBCEC and PCPEC monolayers with AgEO- and AgCitrate-NPs for 24 h. 
A) PBCEC: untreated control B) PBCEC: AgEO-NP 25 µg/mL C) PBCEC: AgCitrate-NP 25 µg/mL D) PCPEC: untreated control E) PCPEC: AgEO-NP 25 µg/mL 
F) PCPEC: AgCitrate-NP 25 µg/mL.

Figure 6: Induction of RONS after treatment of PBCEC and PCPEC with AgEO- and AgCitrate-NPs for 24 h.
A) Time-dependent Carboxy-DCF-Fluorescence after treatment of PBCEC with AgEO-NPs (n ≥ 3).
B) Time-dependent Carboxy-DCF-Fluorescence after treatment of PBCEC with AgCitrate-NPs (n ≥ 3).
C) Time-dependent Carboxy-DCF-Fluorescence after treatment of PCPEC with AgEO-NPs (n = 3).
D) Time-dependent Carboxy-DCF-Fluorescence after treatment of PCPEC with AgCitrate-NPs (n = 3).
The values are relative to the untreated control at every time-point. The data are expressed as means ± SEM. The absolute fluorescence values of the control 
were 91 ± 12 fluorescence units after 0 h, 536 ± 58 fluorescence units after 2 h, 1627 ± 111 fluorescence units after 4 h, 3082 ± 78 fluorescence units after 6 h 
and 10885 ± 276 fluorescence units after 24 h.
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markers Il-8, COX-2 and MMP-2 by Western Blot analysis and 
zymography (Figure 8). After exposure of PBCEC to AgEO-NPs in a 
concentration of 12.5 µg/mL and 25 µg/mL Il-8 protein levels were 1.54 
± 0.09 fold and 2.38 ± 0.42 fold increased compared to control levels. 
AgCitrate-NPs, on the other hand, did not cause a significant increase of 
the Il-8 secretion. COX-2 was also significantly upregulated by AgEO-
NPs in a concentration of 25  µg/mL (1.65 ± 0.09) but not 12.5  µg/
mL (0.93 ± 0.21). AgCitrate-NPs did not regulate COX-2 expression. 
Finally, MMP-2 secretion was 1.56 ± 0.16 fold increased (AgEO-NP, 25 
µg/mL). After treatment of PBCEC with AgEO-NPs in a concentration 
of 12.5 µg/mL and with AgCitrate-NPs (12.5 µg/mL and 25 µg/mL) the 
MMP-2 secretion was not significantly increased. 

Discussion
In recent years, consumers have been exposed to an increasing 

amount of Ag-NPs due to their widespread use in medical and 
cosmetic industry. Still, their influence on human health has not yet 
been examined adequately. Even though it was already shown that 
systemically introduced Ag-NPs are able to enter the brain and also 
reach the choroid plexus [7,15,16], their effect on BBB and blood-CSF 
barrier function remains widely unknown. In vivo studies were able 
to show that Ag-NPs induced BBB dysfunction, astrocyte swelling 
and neuronal degradation in the brain of rats [17]. Even though the 
choroid plexus is typically less than 5% of the brain weight, it possesses 
a large surface area (75  cm2) due to apical microvilli and membrane 
invaginations on the basolateral side [18]. Additionally, in respect to 
its function in secretion of CSF and the delivery of substances to the 
cerebral compartment, the blood flow is much higher than in most 
brain regions [19]. This increases the chances of the choroid plexus to 
be exposed to xenobiotics, such as nanoparticles. From our point of 
view, the influence of Ag-NPs on the cells of the blood-brain and the 
blood-CSF barrier should be under special observation, as these are 
pivotal for the protection of the brain.

We thereby compared the effect of two Ag-NPs with different 
surface modifications (Ethylene oxide and Citrate) and surface charges 
(AgCitrate-NP are more negatively charged) on cells of the BBB and 
blood-CSF barrier  in vitro. We analyzed the impact on cell viability, 
barrier integrity, RONS generation, DNA damage and secretion of pro-
inflammatory markers in cells of the BBB and blood-CSF barrier. This 
investigation addresses both the cytotoxicity of Ag-NPs towards PBCEC 
and PCPEC and their influence on barrier properties. Cytotoxic effects 
of the silver-nanoparticles lead to an increased barrier permeability and 

Oxidative stress and DNA damage

As the generation of oxidative stress constitutes a major factor 
in nanoparticle toxicity, the potential of AgEO- and AgCitrate-NPs 
to generate reactive oxygen and nitrogen species (RONS) has been 
evaluated in PBCEC and PCPEC after different time-points (0 h, 1 h, 
2 h, 4 h, 6 h and 24 h). In PBCEC (Figure 6A and B), a concentration 
and time-dependent generation of RONS has been detected, the 
maximum being reached between 2 h and 6 h. After addition of AgEO-
NPs (Figure 6A) a significant increase of RONS was found starting at a 
concentration of 2.5 µg/mL (2 h: 250 ± 30%), the highest increase was 
detected in a concentration range between 5 µg/mL and 25 µg/mL (25 
µg/mL, 2 h: 470 ± 80%). After 24 h of incubation the relative RONS 
levels started to decrease again, which was due to a rise of RONS in the 
untreated control. Thereby, the relative RONS values after 24 h have to 
be interpreted carefully. Under the influence of AgCitrate-NPs (Figure 
6B) a significant but smaller increase of RONS has been detected as 
well, reaching the maximum between 2 h and 4 h (25 µg/mL, 2 h: 350 ± 
40%).

In PCPEC (Figure 6C and D), a significant increase in RONS levels 
was detected after 1 h of AgEO-NP exposure, reaching its peak at 4 h 
(25 µg/mL: 325 ± 7%) and 6 h (25 µg/mL: 330 ± 10%). Again, RONS 
level started to decrease afterwards but were still significantly elevated 
after 24  h (160% ± 12%). AgCitrate-NPs (Figure 6D), on the other 
hand, led to a slight but not significant increase of RONS between 1 h 
and 6 h (4 h, 25 µg/mL: 200% ± 44%). 

As a rise in RONS may induce damage at the DNA level, the DNA 
strand breaks per cell upon exposure (24 h) of PBCEC and PCPEC to 
Ag-NPs were evaluated (Figure 7). AgEO-NPs induced a significant and 
concentration dependent amount of DNA strand breaks per cell after 
24 h (25 µg/mL (8060 ± 2320) strand breaks per cell, AgEO 12.5 µg/
mL (3020 ± 270) strand breaks per cell) while AgCitrate-NPs did not. 
In PCPEC, Ag-NPs did not stimulate strand breaks at a concentration 
of 12.5 µg/mL. After increasing the concentration to 25 µg/mL AgEO-
NP induced a significant amount of strand breaks ((6710 ± 750) strand 
breaks per cell) while AgCitrate-NPs did not damage the DNA. 

Inflammatory Reaction in PBCEC

Apart from DNA damage, inflammatory reactions have also been 
associated with RONS.

Thereby, we analyzed the expression of the pro-inflammatory 

Figure 7: DNA strand breaks after treatment of PBCEC and PCPEC with AgEO- and AgCitrate-NPs for 24 h. 
A) DNA strand breaks in PBCEC. As positive control PBCEC were treated with H2O2 (100 µM, 5 min) which induced 7181 ± 1557 DNA strand breaks.
B) DNA strand breaks in PCPEC. As positive control PCPEC were treated with H2O2 (100 µM, 5 min) which induced 8429 ± 1169 DNA strand breaks.
The values are represented as mean ± SEM.
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nanoparticle uptake into the brain. This may ultimately interfere with 
brain function.

Both AgEO- and AgCitrate-NPs induced a significant decrease 
of cell viability and a change of cell morphology at a concentration of 
50  µg/mL in PBCEC, even though the effect was more pronounced 
for the AgEO- than for the AgCitrat-NPs. PCPEC, on the other hand, 
proved to be less susceptible to Ag-NPs and toxic effects were observed 
at much higher concentrations. This may be explained by the lesser 
cellular uptake in PCPEC as observed by TEM. In literature, only few in 
vitro studies concerning the effect of Ag-NPs on brain cells exist. So far, 
Trickler et al. [13] have conducted the only in vitro study in a primary 
BBB model. 40 nm Ag-NPs and 80 nm Ag-NPs reduced cell viability at 
a concentration of 25 µg/mL (70%) and 50 µg/mL (60%), respectively. 
Another recent study regarding the toxicity of Ag-NPs was conducted 
in a brain cell line (RBE4) by Grosse et al. [14]. The cytotoxicity of 
citrate-coated Ag-NPs in various sizes was examined. 50 nm Ag-NPs 
(25 µg/mL) induced a 46% reduction of neutral red uptake (lysosomal 
integrity) in the rat brain cell line RBE4 after 24  h. In consideration 
of differences in the size and coating of the Ag-NPs as well as species, 
our results are in good agreement with the study of Trickler et al. and 
Grosse et al. [14]. Beside size Knaur et al. [20] considered the effect of 
charge on Ag-NPs toxicity. In contrast to our results, they found the 
more negatively charged NPs to be more cytotoxic and attributed this 
to their decreased formation of aggregates. However, this cannot be 
compared to the present study, as the Ag-NPs used here are stable in cell 
culture media and exhibit a similar amount of cluster formation within 
the cells, which became evident from the electron microscopy results.

The BBB and the blood-CSF barrier play a pivotal role in protecting 
the brain and maintaining its homeostasis. The uncontrolled influx 
of metabolites, ions and potentially toxic substances from the 
bloodstream could disturb the brains homeostasis [21,22] and damage 
the sensitive neurons, which are not able to regenerate. Ultimately 
this could interfere with important signal transduction pathways [21]. 
Still, the effects of Ag-NP on barrier integrity, permeability and tight 
junction formation have only been evaluated in a very limited number 
of studies. Trickler et al. [13] observed an increased permeability 
against fluorescein in rat brain microvascular endothelial cells after 
exposure to Ag-NPs, but effects on tight junction formation have 
not been evaluated. Martirosyan et al. [23] reported a decrease of 
TER and an increase of Luzifer Yellow permeability in Caco-2 cells 
upon exposure to Ag-NP. In addition, they also observed a change in 
distribution of the tight junction proteins occludin and ZO-1, which 
may have caused the barrier dysfunction. Within our study we have 
analyzed the TEER development, permeability against FITC-Dextrane 
as well as tight junction expression and distribution upon exposure of 
barrier-forming cells of CNS origin to Ag-NPs. Similarly to the studies 
of Trickler et al. [13] and Martyrosian et al. [23] we detected an increase 
of BBB permeability against FITC-Dextrane after exposure of PBCEC 
to Ag-NP which has also been confirmed by a decrease of the TER. 
Again, AgEO-NPs were found to induce a more severe permeability 
than AgCitrate-NPs. In contrast to PBCEC, AgEO- and AgCitrate-NPs 
did not impair barrier function in the epithelial cells of the choroid 
plexus. To understand the effect of Ag-NPs on barrier function on a 
molecular basis, we analyzed the expression and organization of tight 
junctions in barrier-forming cells of CNS origin. Upon exposure to 
AgEO-NPs we observed an increased occurrence of serrated and 

Figure 8: Protein expression of various inflammation markers after treatment of PBCEC with AgEO- and AgCitrate-NPs for 24 h. Values are relative to the 
untreated control. Data are represented as means ± SEM, n ≥ 3. 
A) relative protein secretion of Interleukin-8.
B) relative protein expression of COX-2.
C) relative protein secretion of MMP-2.
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incomplete cell borders after staining occludin. However, a regulation 
of tight junction protein expression was not detected indicating that the 
observed impairment of barrier function in PBCEC is more likely due 
to changes in the formation of the tight junctions than to a decreased 
protein expression. Again, AgCitrate-NPs exhibited a much weaker 
effect on tight junction formation in PBCEC. The obtained results 
of tight junction expression and distribution support the TEER and 
permeability measurements and are in accordance with the studies 
of Trickler et al. [13] and Martirosyan et al. [23]. In addition, the 
immunofluorescence staining of occludin in the cells of the choroid 
plexus reveals undisturbed tight junctions, which supports the results 
of our TEER and permeability measurements. Hence, the results of our 
study reveal that Ag-NPs influence the permeability and the formation 
of tight junctions in PBCEC but not in PCPEC. To shed more light on 
the effects caused by AgEO- and AgCitrate-NPs we studied the uptake 
and cellular localization of the NPs by TEM. Both Ag-NPs exhibited 
a strong interaction with the cell membrane of PBCEC and were 
subsequently transported into the cells by endocytotic vesicles. Within 
the cell, the Ag-NPs formed aggregates in the cytoplasm and did not 
reach mitochondria or the nucleus. The formation of nanoparticle 
clusters within the cytoplasma of cells was already reported by different 
groups [3,24,25] and various studies have suggested an endocytotic 
uptake mechanism for Ag-NP [3,26]. Whether the Ag-NPs reach the 
nucleus often depends on the NP size, as the diameter of the nuclear 
pores is about 20-50 nm depending on the cell type [27,28]. Thereby, 
the observed clustering may hinder the NPs from entering the nucleus. 
However, adverse effects can also be caused by Ag-NPs within the 
cytoplasma, for example through the release of Ag+ ions [29,30]. A 
possible explanation for the lesser toxicity of AgCitrate-NPs compared 
to AgEO-NPs may also be a reduced release of Ag+ ions. Dobias et al. 
have also reported that AgCitrate-NPs released fewer ions than AgPVP 
(polyvinylpyrrolidone)-NPs. PCPEC, on the other hand, showed no 
visible uptake of AgNPs. This may be due to the increased amount of 
microvilli present on the apical membrane, which may hinder the Ag-
NPs from reaching the cell surface. 

A number of studies suggest that the cytotoxic effects of Ag-NPs are 
due to the generation of reactive oxygen and nitrogen species (RONS) 
[31]. Reactive oxygen species include superoxide, hydrogen peroxide, 
singlet oxygen, ozone, hypohalous acids and organic peroxides while 
reactive nitrogen species consist of, for example, nitric oxide (NO∙) and 
NO2∙. Aside from exogenous stimuli such as NPs, there are also many 
endogenous sources of RONS such as the mitochondrial respiratory 
chain, NADPH oxidases and cyclooxygenases [32]. For its protection, 
every cell also possesses a natural antioxidant capacity to restrict an 
overproduction of RONS. However, when said capacity is exceeded 
oxidative stress may occur which in turn may lead to damage of lipids, 
proteins and DNA as well as to the activation of pro-inflammatory 
signal cascades [33]. Hence, the potential of AgEO- and AgCitrate-NP 
to trigger oxidative stress and subsequent DNA damage was analyzed in 
PBCEC and PCPEC. The potential of Ag-NPs to trigger oxidative stress 
and DNA damage has already been shown in many studies [5,20,29,34]. 
However, this has not yet been elucidated in barrier-forming cells 
of the CNS. In the current study we showed that both AgEO- and 
AgCitrate-NPs were able to trigger the formation of RONS in PBCEC 
in a concentration-dependent manner. The amount of RONS was much 
higher after exposure to AgEO- than to AgCitrate-NPs, which again 
confirms the previous results from this study. The observed absence of 
Ag-NPs from the mitochondria of the cells implies that the increase 
in RONS may rather be due to the release of Ag+ than to the Ag-NPs 
themselves, which was found in other studies as well [29,30] and has 

been termed the “Trojan Horse Theory” [30]. Also, the citrate-coating 
may reduce the release of Ag+ from the Ag-NPs which might offer an 
explanation for the decreased potential of the AgCitate-NPs to generate 
RONS. In PCPEC, RONS was generated only after exposure to AgEO-
NPs and to a much lesser extent than in PBCEC. This may be due to 
the strongly decreased uptake of Ag-NPs in PCPEC compared to 
PBCEC. We have also shown that DNA strand breaks occur in PBCEC 
only after treatment with AgEO-NPs but not AgCitrate-NPs. This is in 
accordance with the results of the RONS measurement and indicates 
the involvement of RONS in DNA damage. AgEO-NPs also induced 
strand breaks in PCPEC, but only at a concentration of 25 µg/mL and 
to a slightly lesser extent, which is in agreement with the results of the 
RONS measurement and the TEM pictures. In the study of Suliman 
et al. [34] a slight RONS generation was observed in A549 cells after 
exposure to Ag-NPs (56 nm) starting at a concentration of 25 µg/mL. 
In addition, DNA damage was detected in the Comet-Assay and was 
already evident at subtoxic concentrations which did not even elicit 
RONS. Xiang et al. [29] evaluated the potential of BSA-coated Ag-
NPs (15 nm) to cause genotoxicity in CHO-K1. While DNA adducts 
were already detected at small, non-toxic concentrations (1 µg/mL) 
the formation of 8-oxo-guanosin and micronuclei formation were 
only found at toxic concentrations that also elicited RONS. Several 
other studies also report DNA damage at both toxic and subtoxic 
concentrations. However, this is the first study to show that Ag-NPs 
induce DNA damage at the BBB and the blood-CSF barrier in vitro in 
a time- and concentration-dependent manner. The results within this 
study also demonstrate that damage, at the molecular level, is often 
found at subtoxic concentrations and that consequences might only 
arise in the long-term. Apart from DNA damage, RONS were also 
found to induce BBB permeability and breakdown [35-37]. Thereby, 
the observed barrier disruption may, at least partly, be due to RONS 
generation. In literature, it was also reported that RONS lead to 
either tight junction downregulation [38,39] or redistribution [40], 
probably depending on the kind of RONS elicited and the cells used. 
As we have observed a changed distribution of occludin in conjunction 
with a decrease of TEER, the results of this study are in agreement 
with literature. Another hint to the involvement of RONS in barrier 
breakdown is the observed concentration-dependency of the different 
effects. Small concentrations of Ag-NPs lead to a response in RONS but 
do not affect barrier integrity or cell viability. Greater concentrations 
however, which elicit a stronger amount of RONS start to affect barrier 
integrity and, only at high concentrations, cell viability is decreased. 

The production of RONS is often associated with pro-inflammatory 
processes. Therefore we examined the protein expression of the 
pro-inflammatory markers Il-8, COX-2 and MMP-2. MMPs are 
endopeptidases which play a pivotal role in the remodeling of the 
extracellular matrix. Also, an enhanced activity of these enzymes has 
been found under neuroinflammatory conditions [41] and under 
the influence of RONS [42]. Under the influence of AgEO-NPs all 
inflammation markers were significantly upregulated, while AgCitrate-
NPs did not induce a heightened expression. This underlines the 
results of Trickler et al. [13] who also reported an enhanced secretion 
of the pro-inflammatory markers Prostaglandin E2, TNF-α and Il-1β 
in a primary BBB model. The most pronounced release of all markers 
was found for Ag25-NP (50 µg/mL) while Ag40-NP (50 µg/mL) only 
led to a slight but not significant increase of Prostaglandin E and Il-
1β. TNF-α, on the other hand, was significantly upregulated. Again, 
the nature of the Ag-NPs used has a great impact on its influence 
on cells. In addition to the study of Trickler et al. [13] many other 
studies have also found an induction of pro-inflammatory markers by 



Citation: Cramer S, Tacke S, Bornhorst J, Klingauf J, Schwerdtle T, et al. (2014) The Influence of Silver Nanoparticles on the Blood-Brain and the 
Blood-Cerebrospinal Fluid Barrier in vitro. J Nanomed Nanotechnol 5: 225. doi: 10.4172/2157-7439.1000225

Page 9 of 12

Volume 5 • Issue 5 • 1000225
J Nanomed Nanotechnol
ISSN: 2157-7439 JNMNT, an open access journal

various Ag-NPs [5,34,43,44]. However, this is the first study to report 
the upregulation of MMP-2 under the influence of Ag-NPs, which is 
another hint to the involvement of RONS. In addition, MMPs were 
already shown to be an important factor to the destabilization of the 
BBB [37], and to be involved in the RONS-mediated break-down of the 
BBB in neurodegenerative and –inflammatory diseases [45-47]. 

Conclusion
Taken together, our results suggest a strong involvement of 

RONS in the observed toxicity of Ag-NPs. This is also supported by 
the concentration-dependency of our results. The first response to 
be activated in both PBCEC and PCPEC is the generation of RONS. 
As the amount of RONS rises with the concentration of Ag-NPs, an 
impairment of barrier function is found followed by DNA damage, and 
at least, reduction of cell viability. In addition, we have clearly shown 
that surface coating plays a pivotal role in governing the toxic potential 
of Ag-NPs. The more negatively charged AgCitrate-NPs exhibited a less 
pronounced effect on the BBB and the blood-CSF-barrier in vitro. This 
was evident throughout this study, including the parameters barrier 
impairment, RONS, DNA damage and regulation of inflammation 
markers. As we observed no difference in the uptake of AgEO- and 
AgCitrate-NPs into PBCEC via TEM, the lesser response of the PBCEC 
to these NPs could be due to a decreased release of Ag+ from the particles 
surface. The results within this paper are a first evidence for the toxicity 
of Ag-NPs towards cells of brain origin. However, to verify whether the 
used concentrations are in a relevant range concerning living animals 
and to characterize the NPs influence on brain function, in vivo studies 
have to be conducted.

Materials and Methods
Nanoparticle characterization

AgEO- and AgCitrate-NPs were produced, characterized and 
provided by Bayer Technology Services. The primary particle size of 
the AgEO-NPs ranges between 2-85 nm, the d90 value is 28 nm. The 
agglomeration size was determined by dynamic light scattering and was 
found to be 34 nm. The isoelectrical point of AgEO-NPs was found at 
pH 2.5. The primary particle size of the AgCitrate-NPs ranges between 
5-65 nm, the d90 value was found to be 34 nm. The agglomeration 
size was determined by dynamic light scattering and was found to be 
37 nm. The isoelectric point of AgCitrate-NPs was found at < pH 2. 
It was found that both AgEO- and AgCitrate-NPs were stable in cell 
culture medium. The NP solutions were diluted from their respective 
stock solutions with ultrapure water and stirred for at least 24 h, but not 
sonicated, prior to use in the experiments. 

Cell culture

Primary porcine brain capillary endothelial cells (PBCEC) were 
isolated, cultivated and cryopreserved as described before [48]. On DIV 
2, PBCEC were gently thawed and seeded in plating medium (Medium 
199 Earle supplemented with 10% newborn calf serum (NCS), 0.7 mm 
l-glutamine, 100 μg/ml gentamycin, 100 units/ml penicillin, 100 μg/
ml streptomycin (all Biochrom)). From DIV 4 onwards PBCEC were 
cultured with serum-free medium (SFM, Dulbecco’s modified Eagle’s 
medium/Ham’s F-10 (1:1) supplemented with 4.1 mM l-glutamine, 100 
μg/ml gentamycin, 100 units/ml penicillin, 100 μg/ml streptomycin (all 
Biochrom). Depending on the experimental conditions the medium 
also contained 55 nM hydrocortisone (HC) or 550 nM HC to induce 
differentiation. 

Primary porcine choroid plexus epithelial cells (PCPEC) were 

isolated and cultivated as described before [49]. After seeding of 
PCPEC the medium was changed every second day. On DIV 8 the 
medium was changed to serum-free medium (DMEM/Ham’s F 12 (1:1) 
supplemented with 4 mM l-glutamine, 100 units/ml penicillin, 100 μg/
ml streptomycin, and 5 μg/ml insulin) to allow full differentiation. The 
cells were further supplemented with serum-free medium on DIV 11 
and the experiments were started on DIV 13.

Neutral red uptake assay

The cytotoxic effects of Ag-NPs on PBCEC and PCPEC were 
evaluated by employing the Neutral Red Uptake Assay. The assay is 
based on the ability of viable cells to incorporate and bind the supravital 
dye neutral red in the lysosomes [50]. Both PBCEC and PCPEC were 
cultured on 96-well culture plates. In case of PBCEC, the plates were 
coated with rat tail collagen. The treatment of PBCEC and PCPEC 
with Ag-NPs was started on DIV 6 and DIV13, respectively. After 24 h 
the medium was replaced by neutral red (3-amino-7-dimethylamino-
2-methylphenazinehydrochloride) containing medium (PBCEC: 0.2 
mg/mL, PCPEC 0.06 mg/mL). After dye loading (37°C, 3 h), cells 
were washed with phosphate-buffered saline (PBS) containing 0.5% 
formaldehyde (Roth, Karlsruhe, Germany). The incorporated dye 
was solubilized in 100 µL of acidified ethanol solution (50% ethanol, 
1% acetic acid in PBS), and finally the absorbance in each well was 
measured using a plate reader (Microplate TECAN reader MR700) at 
540 nm.

Assessment of cell morphology

PBCEC and PCPEC were cultured as described above. PBCEC and 
PCPEC were treated with Ag-NPs on DIV 7 and DIV 13, respectively. 
After 24 h the cell morphology was observed using a Leica DC300F 
microscope.

Scanning electron microscopy

After treatment with nanoparticles, the samples were pre-fixed 
with 2.5% glutaraldehyde in 0.1 molar sodium cacodylate buffer for 
at least 24 h. Afterwards, the samples were meticulously rinsed with 
sodium cacodylate buffer. For scanning electron microscopy (SEM) 
investigations, post-fixation and pre-staining was realized by washing 
with 1% osmium tetroxide (Roth, Germany) in 0.1 molar sodium 
cacodylate buffer. Thereafter, the specimens were dehydrated in an 
ethanol series (1×30%, 1×50%, 2×70%, 1×90% 2×100%) and afterwards 
critical-point-dried. In order to increase the electrical conductivity the 
samples were coated with approximate 2 nm Pt/C (for details see [51]). 
Images were taken in the secondary electron (SE) and backscattered 
electron (BSE) mode. Here, an in-lens high-resolution scanning 
electron microscope (S5000 HITACHI, Japan) was utilized. All SE and 
BSE micrographs were recorded at an acceleration voltage of 25 kV with 
a probe current of approximately 5 µA. 

Transmission electron microscopy

For observations by transmission electron microscopy (TEM) 
the samples were pre-fixed with sodium cacodylate-buffered 2.5% 
glutaraldehyde and washed intensively with buffer. In contrary to 
the SEM preparation, post-fixation and pre-staining were realized by 
washing with 1% osmium tetroxide and 1.5% potassium ferrocyanide 
in 0.1 molar sodium cacodylate buffer. Subsequent to this preparation 
step, the specimens were again stained with 1% osmium tetroxid in 0.1 
molar sodium cacodylate buffer and subsequently washed in the same 
buffer in two consecutive steps. As for the SEM preparation, samples 
were dehydrated in an ethanol series (1×30%, 1×50%, 1×70%, 1×90% 
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2×100%). Afterwards, the samples were embedded in Epon resin 
(Electron Microscopy Sciences) and sectioned after polymerisation of 
the resin (for details see [51]). Thin sections (thickness approximately 
60 nm) were post-stained with 2% uranyl acetate and Reynolds lead 
citrate stain and finally examined in a Philips CM10 (FEI, Netherlands) 
at 80 kV. 

Transcellular electrical resistance measurements and 
permeability measurements

For transcellular electrical resistance (TER) measurements 
microporous polycarbonate membrane filters (Corning, Wiesbaden, 
Germany; 0.4 µm pores; 1.13 cm2 growth area) were coated with rat-
tail collagen. PBCEC were seeded at a density of 250.000 cells/cm2 and 
cultured as described above. On DIV 4 plating media was changed to 
SFM supplemented with 550 nM HC. The experiments were performed 
on DIV 6. PCPEC were seeded on Matrigel™ -coated (Sigma-Aldrich) 
microporous polycarbonate membrane filters (Corning, Wiesbaden, 
Germany; 0.4 µm pores; 1.13 cm2 growth area) in a density of 30 cm2/g 
wet weight of CP tissue and cultured as described above. The resistance 
and capacity of the PBCEC and PCPEC were monitored during 24 h 
with the CellZScope device (NanoAnalytics, Münster, Germany) 
after addition of Ag-NPs in their corresponding concentrations. For 
data analysis, the TEER values obtained were normalized to their 
corresponding starting values prior to NP addition. Only PBCEC 
with capacitance values between 0,45 and 0,6 µF/cm2, revealing a 
confluent cell monolayer were used. In case of PCPEC, only cells 
exhibiting capacity values of more than 3.3 µF/cm2 were employed in 
the experiments.

For the detection of macromolecular passage across the monolayer, 
a tracer solution containing fluorescein isothiocyanate labeled Dextran 
(FITC-Dextran) was prepared in medium. FITC-Dextran was added 
to the apical side of the Transwell® filter. The concentration at the 
basolateral side was measured after 24 h using a Berthold Mithras LB 
940 Luminometer (Berthold, Bad Wildbad, Germany), at emission/
excitation wavelengths of 492/535  nm. During the experiment TER 
values of the respective filters were monitored as well.

Immunostaining analysis

For analysis of the tight junction protein occludin the PBCECs and 
PCPECs were cultivated on Transwell® filters as described above. First, 
cells were fixed with 4% paraformaldehyde for 10 min, permeabilized 
with 0.2% Triton X-100 for 10 min and blocked with 3% BSA solution 
(bovine serum albumin). Cells were incubated overnight at 4°C with 
the primary antibody mouse anti-occludin (1 µg/ml, Zytomed, Berlin, 
Germany), then washed with PBS and blocked with 3% BSA in PBS for 
30 min. Afterwards the PBCEC were incubated with Alexa Fluor 546 
goat anti-mouse antibody (2 µg/mL, Invitrogen, Paisley, UK) for 1 h 
at 37°C. The sample filters were thoroughly washed, cut out from the 
inserts, and mounted in Aqua Poly/Mount (Polysciences, Washington, 
USA). After drying for at least 24 h, the microscopy analysis was carried 
out.

Detection of reactive oxygen and nitrogen species

The PBCEC were seeded on 96-well plates coated with collagen 
G and cultured with 55 nM HC as described above. For detection of 
cellular RONS (DIV 6) the corresponding cells were pre-incubated with 
H2DCF-DA (PBCEC: 10 min, 10 µM; PCPEC: 10 min, 15 µM). Then 
the cells were treated with Ag-NPs in various concentrations using 
6 wells per condition. The fluorescence was measured immediately 
after addition of Ag-NPs and after 0.5 h, 1 h, 2 h, 4 h, 6 h and 24 h 

at an excitation wavelength of 485 nm and an emission wavelength of 
520  nm. For each condition fluorescence values from CDM without 
H2DCF-DA were substracted. For Ag-NPs values from CDM + Ag-NPs 
were substracted. The corrected values were normalized to the values of 
the untreated control.

Detection of DNA strand breaks
DNA strand breaks were identified by alkaline unwinding as 

described previously [52,53]. Briefly, PBCEC were cultured to confluence 
on collagen G coated petri dishes (SFM + 55 nM hydrocortisone) as 
described above. Ag-NPs were added at DIV 6 and the experiment was 
performed after an incubation time of 24 h. As positive control, cells 
were incubated for 5 min with 100 µM H2O2. Thereafter the medium 
was removed, cells were washed with PBS and an alkaline solution 
(0.03 M NaOH, 0.02 M Na2HPO4 and 0.9 M NaCl) was added. After 
neutralization and sonication, single- and double-stranded DNA was 
separated on 0.5 mL hydroxylapatite columns at 60°C. Single- and 
double-stranded DNA was eluted with 1.5 mL of 0.15 M and 0.35 M 
potassium phosphate buffer, respectively. The DNA content of both 
fractions was determined by incubation with Hoechst 33258 dye in a 
final concentration of 7.5×10-7 M and measurement of the fluorescence 
with a microtiter fluorescence reader (SPECTRA Fluor, Tecan) at an 
excitation wavelength of 360 nm and an emission wavelength of 455 
nm. DNA strand breaks were quantified by calibration with X-rays as 
described previously [54].

Western blotting
The PBCEC were grown on culture flasks as described above (SFM 

+ 55 nM HC). The cells were treated with Ag-NPs on DIV 6 for 24 
h. Then cells were lysed and isolated as described before [37]. In case 
of Interleukin-8 PBCEC were grown on collagen G coated petri dishes 
(10 cm2) and treated with Ag-NPs for 24 h, then the supernatant was 
collected and centrifuged. For detection of COX-2 the total protein 
amount was detected by use of bicinchonic assay, thereby ensuring 
that equal amounts of protein per condition were used. For detection 
of Il-8 equal volumes of the supernatant were mixed with the 4 x 
sodium dodecylsulfate buffer (0.4 M Tris/HCl, 8% (w/v) sodium 
dodecyl sulfate, 4 mM EDTA, 40% (v/v) glycerol, 2% mercaptoethanol, 
pH 6.8). Then the protein solutions were denatured for 5 min at 90°C 
and afterwards separated by sodium dodecylsulfate polyacrylamide 
gel electrophoresis. The separated proteins were transferred to a 
nitrocellulose membrane (HybondTM ECL, GE Healthcare, Freiburg, 
Germany). Membranes were blocked with 5% (w/v) milk powder in 
tris-buffered saline buffer (25 mM Tris/HCl, 150 mM NaCl, pH 8.0, 
0.1% (v/v) Tween) and the proteins of interest were identified using 
the primary antibodies rabbit anti-COX-2 (0.5 µg/mL, Abcam), mouse 
anti Il-8 (0.5 mg/ml Thermo Fisher, Rockford, IL, USA) and mouse 
anti-GAPDH (0.5 µg/mL, Novus Biological, Littleton, CO, USA). 
As secondary antibodies anti-rabbit IgG horse radish peroxidase 
conjugate (1 µg/mL, Millipore, Termecula, CA, USA) or anti-mouse 
horse radish peroxidase conjugate (0.8 µg/mL, Sigma-Aldrich, Munich, 
Germany) were used. The detection was performed by employing the 
enhanced chemiluminescence kit (Amersham, Munich, Germany). 
The densitometric analysis was performed using the Argus XI program 
(Biostep GmbH, Jansdorf, Germany), the quantification was carried 
out by employing the GenoSoft program (VWR International, Leuven, 
Belgium). In all experiments, proteins of unstimulated PBCEC (control) 
were isolated. The values of the stimulated PBCEC were normalized to 
the values GAPDH and expressed relative to the normalized values of 
the respective control cells. 
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Zymography

The secretion of MMP-2 was analyzed by gelatin zymography. For 
this PBCEC were cultured on petri dishes as described above (SFM + 55 
nM HC) and treated with Ag-NPs on DIV 6. After 24 h the supernatants 
were collected, centrifuged and mixed with equal volumes of sample 
buffer (20% Glycin, 4% SDS, 2 mM EDTA, 0.01% bromphenol blue, 
125 mM Tris-HCl, pH 6.8). Equal sample volumes were loaded on 
10% SDS-PAGE which contained gelatin (Sigma-Aldrich, Munich, 
Germany). After electrophoresis, the gels were treated twice with 2.7% 
Trition-X-100 solution for 30 min and then incubated in developing 
buffer (50 mM Tris, 200 mM NaCl, 5 mM CaCl2, 0.02% Brij-35, pH 
7.5) at 37°C for 22 h. The following day, the gels were stained with 
the Colloidal Blue Staining Kit (Invitrogen, Darmstadt, Germany) 
according to the manufacture’s manual. Densitometrical analysis of the 
gel was performed by ImageJ (version 1.45, NIH, Bethesda, MD, USA). 

Statistical analysis

If not stated otherwise, results are expressed as mean ± standard 
error of the mean (SEM). The statistical analysis was carried out by 
student`s t-test comparing two groups. For multiple-group analysis, 
one-way analysis of variances (ANOVA) was used, followed by a Tukey 
test. P values < 0.05 were considered significant with *: p < 0.05; **: p < 
0.01; ***: p<0.001. 
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