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Abstract

Silver nanoparticles (AgNPs) are the most commonly used nanoparticles (NPs) in medicine, industry and
cosmetics. They are generally considered as biocompatible. However, contradictory reports on their biosafety
render them difficult to accept as ‘safe’. In this study, we evaluated the neurotoxicity of direct AgNP treatment
in rat hippocampal slices. We produced pure uncoated AgNPs by a pulsed laser ablation method. NP char-
acterization was performed by Ultraviolet (UV) visible spectrophotometer, scanning electron microscope,
transmission electron microscope (TEM) and energy-dispersive X-ray spectroscopy. Rat hippocampal slices
were treated with AgNPs for an hour. AgNP exposure of hippocampal tissue resulted in a significant decrease
in cell survival in a dose-dependent manner. Our TEM results showed that AgNPs were distributed in the
extracellular matrix and were taken into the cytoplasm of the neurons. Moreover, we found that only larger
AgNPs were taken into the neurons via phagocytosis. This study showed that the pure AgNPs produced by
laser ablation are toxic to the neural tissue. We also found that neurons internalized only the large NPs by
phagocytosis which seems to be the major mechanism in AgNP neurotoxicity.
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their unique plasmon-resonance optical scattering prop-

erties (Farokhzad et al., 2006). Central nervous system
has a high risk of NP exposure since NPs can reach the

Introduction

Nanometre scale provides materials with unique phy-
sicochemical properties that are completely different

than their bulk counterparts. Although some materials
show minimum risks for the human health due to their
biochemically inert and biocompatible nature, they
might exhibit certain levels of toxicity in nanometre
scales due to their high surface-to-volume ratio and
high surface reactivity, especially when they encoun-
ter biological molecules.

Nanoparticles (NPs) are used in a number of different
applications in medical, biological, electronic and indus-
trial fields. One of the most commonly used types of NPs
in those applications is the silver nanoparticles (AgNPs).
They are used as therapeutics; cosmetics; and antimicro-
bial coatings on medical implants, catheters, wound
dressings and so on (Chen and Schluesener, 2008).
AgNPs are also utilized as imaging agents because of

brain both by systemic circulation and through the
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olfactory bulb via the olfactory mucosa (Bruchez Jr
et al., 1998, Oberddrster et al., 2004). It was shown that
AgNPs are detectable in the brain after inhalation (Hoet
et al., 2004). Hippocampus was chosen for our study
since it is the major brain region responsible for learning
and memory. Moreover, hippocampus was shown to be
highly susceptible to cell death (Riva et al., 2012).

The cellular effects of AgNPs were studied in various
mammalian cell lines in in vitro settings (Braydich-
Stolle et al., 2005; Burd et al., 2007; Hussain et al.,
2005). AgNPs were shown to be toxic to mitochondria
(Hussain et al., 2006) due to oxidative stress leading to
inflammation, deoxyribonucleic acid (DNA) damage
and finally apoptosis (Ahamed et al., 2010). It is known
that AgNPs can accumulate in the brain (Sung et al.,
2008) and damage learning and memory retention via
reactive oxygen species (ROS) in rats (Liu et al., 2012).
Furthermore, AgNPs alter the expression of genes
related to motor neuron disorders, neurodegenerative
diseases and immune function (Li etal., 2003). Although
AgNPs have been considered as safe and commonly
used in drugs, cosmetics and so on for decades, recent
studies suggest that they would lead to serious toxicity in
the nervous system as well as other systems.

In order to exert intracellular toxic effects, NPs
should be taken into the cell and interact with macro-
molecules. Cellular uptake mechanisms for NPs are
various forms of endocytosis depending on their phy-
sicochemical properties (Saptarshi et al., 2013). Sur-
face chemistry is the main determinant of NP toxicity
(Lu et al., 2010). So far, studies on AgNPs have all
used coated NPs (polyvinylpyrrolidone, antibodies,
surfactant or chemical byproducts) resulting in differ-
ent surface chemistries while uncoated pure AgNP
toxicity is yet to be elucidated. Since pure uncoated
AgNPs are the most common AgNPs in nature and in
industry as products or byproducts such as during
laser ablation, it is important to determine their
mechanism for internalization which is correlated
with their toxicity (Barcikowski et al., 2009).

In this study, we produced pure uncoated AgNPs with-
out any chemical surface modifications using a laser abla-
tion method and aimed to investigate the direct toxicity of
the AgNPs to the neural tissue and their mechanism of
internalization by the neurons in rat hippocampal slices.

Methods

Animals and hippocampal slice preparation

Three-week old male Wistar albino rats were used for
the procedures involving hippocampal slices. After

anaesthetizing by diethyl ether, the animals were rap-
idly decapitated, hippocampi were removed and
transverse slices at a thickness of 400 um were cut
in oxygenated, 50 ml of ice-cold dissection buffer
(low Ca®"/high Mg*" artificial cerebrospinal fluid
(ACSF)), using a vibroslice (World Precision Instru-
ments, Sarasota, Florida, USA). Oxygen (O,) was
supplied using a 95% O, and 5% carbon dioxide
(CO,) gas mixture (carbogen).

All animal experiments were approved by Hacet-
tepe University Animal Experimentations Local
Ethics Board (number: B.30.2.HAC.0.05.06.00/50).

NP production and characterization

A 99.99% pure silver (Ag) block was used as the
target of a laser beam to produce the AgNPs using a
laser ablation method as described previously (Alkis
et al., 2012). NPs were produced by a commercial
nanosecond pulsed Neodymium-doped yttrium
lithium fluoride (Nd:YLF) laser (Empower Q-
switched laser; Spectra Physics, Santa Clara, CA,
USA) operating at 527 nm with 100-ns pulse duration
and 16-W average output power at 1-kHz pulse repe-
tition rate corresponding to a pulse energy of 16 mJ.
The Ag block was placed in a glass vessel containing
20 ml of pure deionized water. The laser beam was
focused on the target by the help of a plano-convex
lens with a focal length of 50 mm. The height of liquid
layer over the target was approximately 5 mm. The
laser ablation was carried out for 5 min by the beam
scanning over the target surface, creating a solution
with dispersed NPs in the liquid medium. The Ag
block was weighed before and after the ablation pro-
cess, and the concentration of the AgNP solution was
determined to be 0.1 mg/ml.

UV-Visible-Near Infrared (UV-Vis-NIR) spectro-
photometer (Varian/Cary 5000; Agilent Technolo-
gies, Santa Clara, CA, USA) analysis was
performed for the determination of characteristic
absorbance spectrum of the AgNPs. The structural
and topographical properties of AgNPs were analysed
using a scanning electron microscope (SEM; FEI
Quanta 200 FEG, Hillsboro, OR, USA). Further mor-
phological analysis of the AgNPs was done using a
transmission electron microscope (TEM; FEI Tecnai
G2F30, Hillsboro, OR, USA) together with the ele-
mental characterizations using energy-dispersive
X-ray (EDX) analysis. TEM samples were prepared
by dropping the AgNP solution onto a carbon-coated
TEM grid.
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Figure 1. Rat hippocampal slice incubation with pure
AgNPs. Control slices were incubated with dissection buf-
fer solution as shown in condition |. For the experimental
group, condition 2 included 500-p1 AgNP and 50-ml dissec-
tion buffer solution to achieve 1:100 dilution and condition
3 included additional 4-M KClI for high K™ administration to
check whether the AgNPs are located in the presynaptic
vesicles of hippocampal neurons. AgNP: silver nanoparticle;
KCI: potassium chloride.

Administration of AgNPs to hippocampal slices
for TEM analysis

After hippocampal slice preparation, obtained slices
were incubated at 37°C in ACSF for 60 min with three
different incubation environments as shown in Figure 1.
The ACSF solution containing (in mM): 124
sodium chloride, 5 potassium chloride (KCI), 12
monosodium phosphate, 26 sodium bicarbonate,
10 D-glucose, 2 calcium chloride and 1 magnesium
chloride was oxygenated using 95% O, and 5%
CO,. KCI with a final concentration of 4 M was
added into one of the AgNP incubation solutions to
check whether the AgNPs are located in the presy-
naptic vesicles in hippocampus cells. It is known
that high K* concentration leads to stimulated
synaptic vesicular recycling; thus it helps to demon-
strate the AgNPs in the presynaptic vesicles, if any
(Sara et al., 2002).

Sample preparation and TEM analysis of the
hippocampal slices

The incubated hippocampal slices were fixed in 2.5%
gluteraldehyde for 24 h. Then, the samples were
washed in Sorenson’s phosphate buffer (SPB, pH:
7.4) and postfixed in 1% osmium tetroxide. Following
this step, the samples were rewashed using SPB to
reach the dehydration step. The samples were dehy-
drated using increasing concentrations of alcohol
(25%, 50%, 75% and pure alcohol). Then, the tissues
were washed with propylene oxide twice and
embedded in the media which were prepared by mix-
ing 1:1 propylene oxide and epoxy resin embedding
material. The samples were incubated in this mixture

for 1 h, and at the end of the incubation period, the
same amount of epoxy resin embedding material was
added to the mixture and the ratio of the mixture was
increased to 1/3. The samples were incubated in the
rotator overnight in the resulting mixture and the pre-
paration for the embedding part was completed. The
samples were incubated in 60°C incubator for 48 h
after being embedded into plastic capsules with the
epoxy resin embedding material. At the end of 48 h,
the samples were taken out of the incubator, and semi-
thin sections about 2 pum in thickness were cut by
ultramicrotome (LKB-Nova, Sweden). The sections
were stained with methylene blue and examined by
an Optiphot (Nikon, Japan) light microscope to deter-
mine the area to be sectioned further. After trimming
procedure of these semithin sections, ultrathin sec-
tions at a thickness of 60 nm were taken by ultrami-
crotome, collected on copper (Cu) grids, stained with
uranyl acetate and lead citrate and examined by a
TEM (JEOL JEM 1200 EX, Japan).

Cell viability assay

For the investigation of cell viability, we have cho-
sen five different AgNP concentrations: 10, 15, 20,
25 and 30 mg/L. Control slices were incubated
without NPs in ACSF solution. All groups were
oxygenated with carbogen mixture except a second
NP-free group which was treated with hypoxic
conditions as the positive control group to assess
the baseline metabolic activity. After incubating
the hippocampal slices with the AgNPs for 60 min,
the slices were removed from the incubation solution
and further incubated with 0.5-mg/ml 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, Sigma Aldrich, Germany) solution for
60 min at 37°C. Then, 4-mM acidified isopropanol
was added to the solution to solubilize the formazan
crystals formed at the end of the reaction. The absor-
bance was measured at 570 nm using a microplate
reader (Synergy HT; BioTek, Winooski, Vermont,
USA).

Statistical analysis

The statistical analysis of MTT cell viability assay
was performed by one-way analysis of variance with
post hoc Tukey test to compare the control group to
the experimental groups. A p value below 0.05 was
accepted statistically significant.
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Figure 2. Optical properties of pure AgNPs. (a) The image
of 0.1-mg/ml AgNP solution produced by a laser ablation
method. No precipitation was detected for at least for
4 months. (b) Absorption spectrum exhibited absorbance
peak at 406 nm corresponding to AgNP. AgNP: silver
nanoparticle.

Results
NP production and characterization

The AgNPs were produced in deionized water at a con-
centration of 0.1 mg/ml, and the production was
observed as the change of colour to yellow appearance
(Figure 2(a)). The optical absorption spectrum of AgNPs
was determined by UV-Vis absorption spectroscopy.
Figure 2(b) shows that the optical absorption spectrum
of AgNPs giving the specific Ag peak at 406 nm, which
is consistent with the literature (Rai et al., 2009).

First, we evaluated the size distribution of NPs
produced by laser ablation method from pure Ag. In
SEM images (Figure 3(a)), most of the AgNPs were
found to be smaller than 100 nm in diameter but there
were also larger AgNPs that were up to approximately
500 nm in diameter. The NPs were also shaped spheri-
cally. The TEM analysis was performed to further
characterize the AgNPs and determine their structure
(Figure 3(b)). The TEM results confirmed the SEM
results in terms of shape and size of the AgNPs.
Furthermore, the NPs showed no aggregation pattern
in the TEM images. The TEM images also demon-
strated that the AgNPs had a crystal structure.

EDX analysis was performed for further confirma-
tion of the purity of AgNP solution. As shown in the
inset of Figure 3(b), the solution was consisting of
carbon, Cu belonging to the TEM grids and Ag as can
be determined from the peaks corresponding to those
elements. Thus, there was no interference of any
impurity during the AgNP administration to the hip-
pocampus tissue.

TEM analysis of the hippocampus tissue samples

Electron microscopy was performed to visualize the
distribution of AgNPs in extracellular and

intracellular areas of the neural tissue. TEM analysis
displayed that the AgNPs were distributed both in the
extracellular and the intracellular matrices (Figure
4(b) to (d)). Additionally, we never observed the pres-
ence of AgNPs inside a specific organelle; rather, they
were always distributed in the cytoplasm. Small
AgNPs below 100 nm in diameter were only found
in the extracellular matrix while larger NPs were pres-
ent both in extracellular and intracellular regions.
Moreover, phagocytosis of an AgNP by a hippocam-
pal neuron was also observed and photographed in the
TEM analysis (Figure 4(e)).

Cell viability assay

In order to evaluate the toxicity of pure uncoated
AgNPs of different sizes, we employed MTT cell
viability assay. The MTT analysis showed a dose-
dependent toxicity for AgNPs. AgNP administra-
tion at 10, 15 and 20 mg/L did not cause any
significant decrease in cell survival while AgNP
at 25 and 30 mg/L led to a statistically significant
cell death (p < 0.0001) when compared to the con-
trol group (Figure 5).

Discussion

To the best of our knowledge, this is the first study
evaluating the toxicity of the pure uncoated AgNPs
produced by a laser ablation method by administra-
tion to the hippocampal tissue. In this study, (i) AgNP
treatment caused cell death in a dose-dependent man-
ner, (ii) pure AgNPs were localized in the cytoplasm
rather than organelles, (iii) AgNPs were taken up by
hippocampal neurons via phagocytosis, (iv) this endo-
cytosis pathway was separate from the vesicular recy-
cling pathway since stimulation of vesicular recycling
did not increase the AgNP uptake and (v) this endo-
cytosis pathway preferentially selected the large
AgNPs.

Produced uncoated pure AgNPs were spherical
and did not aggregate

The broad size distribution of NPs is considered as a
drawback of the laser ablation method in the NP
synthesis. To control the size, surfactant materials are
used, so that the NPs can be produced in a specified
size range (Mafune et al., 2000). However, this would
affect the purity and most probably change the beha-
viour of the AgNPs in the biological environment. For
this study, purity was a significant parameter to
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Figure 3. Representative SEM and TEM images. (a) SEM image of AgNPs (2-um scale bar). (b) TEM image of the AgNPs
(20-nm scale bar); the inset corresponds to EDX analysis of the AgNP sample. The solution consisted of C and Cu, which
belonged to TEM grids, and Ag as can be determined from the peaks corresponding to those elements, indicating no
interference of any other impurity in AgNP solution. SEM: scanning electron microscope; TEM: transmission electron
microscope; AgNP: silver nanoparticle; EDX: energy-dispersive X-ray; C: carbon; Cu: copper; Ag: silver.

Figure 4. TEM images showing AgNP distribution in hippocampal slice treated with AgNPs, (a) control; (b) and (c) AgNPs
in the extracellular region; (d) AgNPs inside the cell, distributed in the cytosol; (e) phagocytosis of AgNPs. Arrows indicate
the AgNPs. Scale bar for each figure is 500 nm. TEM: transmission electron microscope; AgNP: silver nanoparticle.
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Figure 5. MTT cell viability assay results of hippocampal
cells upon exposure to various AgNP concentrations for
I h; 10-, 15- and 20-mg/L AgNP treatment did not cause a
significant decrease in cell survival. One hour of 25- and
30-mg/L AgNP incubation resulted in cellular toxicity and
cell death, which was found to be statistically significant
(p <0.0001). Control group was incubated in physiological
conditions while the positive control group did not receive
oxygenation during incubation. MTT: 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide; AgNP: silver
nanoparticle.

determine the AgNP localization in the hippocampal
tissue, therefore we avoided using surfactants.
Furthermore, the broad size distribution obtained by
the laser ablation method is an advantage to mimic the
industrially occurring NPs in real-life settings.

It was shown that the shape of the NPs is strongly
correlated with their cellular uptake rates, with rod-
shaped NPs show the highest uptake rate, followed by
spheres, cylinders and finally cubes (Gratton et al.,
2008). We assume that production of spherical NPs
by the laser ablation method increased their
phagocytosis.

Besides the importance of shape and size in cellular
uptake, aggregation is an important feature that NPs
exhibit and generally a number of nanostructures
exert their toxic effects upon aggregation (Nel et al.,
2006). In this study, aggregation was not observed in
TEM results before tissue administration, thus,
whether the AgNPs would aggregate or not depended
on their behaviour inside the tissue.

Rat hippocampal neurons internalize AgNPs
by phagocytosis
Our TEM results of the tissues exhibited the distribu-

tion of large size NPs both in intracellular and extra-
cellular regions. Small AgNPs below 100 nm in size

were found to be exclusively localized in the extra-
cellular region, showing that the internalization
mechanism solely works for NPs larger than a spe-
cific size. Furthermore, the internalized NPs were
observed only in the cytoplasms of the hippocampal
cells and not in the organelles. Previous studies on
the cellular localization of AgNPs in tissues other
than hippocampus show that these NPs can be found
in membrane-bound organelles. One group showed
that the starch-coated AgNPs were taken into glio-
blastoma cells and were localized in the endosomes
and lysosomes (AshaRani et al., 2009). In our study,
these AgNPs were not found in endosomes. This
might be due to the endosomal escape phenomenon,
in which NPs tend to escape the endosomes or lyso-
somes and are distributed in the cytoplasm freely
(Panyam et al., 2002). Alternatively, our pure NPs
may not be subject to the same uptake and distribu-
tion mechanisms as coated NPs since NPs bind to
different sets of proteins and lipids based on their
coatings.

Neurons preferentially phagocytose large AgNPs

Preferential uptake of large AgNPs into the cell cyto-
plasm might be explained with the internalization
pathway. So far, five endocytosis pathways were dis-
covered. They are kiss-and-run mechanism, clathrin-
mediated endocytosis, phagocytosis, caveolae and
macropinocytosis. Kiss-and-run mechanism and
clathrin-mediated endocytosis pathways take part in
sustaining the vesicular neurotransmitter release and
vesicle recycling in the synapse. Phagocytosis does
not have a role in neurotransmitter turnover but it
can internalize particles larger than 100 nm, which
cannot be internalized by other mechanisms. We did
not observe the presence of NPs in axon terminals in
conditions where the synaptic vesicular turnover
either was kept at the basal rate or was significantly
increased by high K™ treatment, which is known to
stimulate the vesicular recycling in the synapses
(Sara et al., 2002). Rather, AgNPs were located
inside the neuron soma. Our data revealed that the
AgNP internalization process was via outward mem-
brane projections in the soma region, implying that
vesicular recycling pathways do not have a role in
NP internalization, at least for this size set of pure
uncoated AgNPs.

We excluded clathrin-mediated endocytosis path-
way as a major mechanism of AgNP cellular entry for
the reasons listed below. First, the size of the AgNP
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was greater than the average size of molecules can be
handled by clathrin pathway, which is around 200 nm
(Rejman et al., 2004). Second, we did not observe a
characteristic dense area around the internalized
AgNP as an indicator of clathrin coating. Lastly, we
observed an extracellular elongation of the membrane
as if it was engulfing the AgNP.

The findings of this study suggest phagocytosis as
the internalization mechanism for pure uncoated
AgNPs rather than any other endocytosis pathways.
This uptake mechanism is crucial for further toxicol-
ogy studies since it may be a novel entry mechanism
for NPs that do not have altered surface chemistry or
coating. There are studies about the uptake mechan-
isms of AgNPs into the cells, but to our knowledge,
this is the first time that pure uncoated AgNPs pro-
duced by laser ablation are shown to be taken into
neurons in the isolated hippocampus tissue. Our
study proves that even a pure NP would facilitate
the cellular uptake and it can be internalized and
localized in the cell. These findings indicate the pha-
gocytosis pathway might be the cellular uptake
mechanism for the pure AgNPs, rather than other
endocytosis pathways.

AgNP treatment dose-dependently causes
cell death

The dose selection for MTT cell viability assay was
performed according to the literature. A wide range of
AgNP doses were administered to cells in vitro in a
number of studies (Hussain et al., 2005; Kawata et al.,
2009; Kim et al., 2012). Accordingly, we wanted to
determine the effects of the lowest possible dose
which would not affect the hippocampal cells and the
highest dose which would lead to death of cells as
much as hypoxic conditions. The doses administered
by Hussain et al. (2005) to the rat liver cells were used
as a reference, and 10 mg/L was found to not affect
the hippocampal cell survival. Moreover, 30 mg/L
caused cell death comparable to the hypoxic positive
group. Thus, to observe the dose dependence of cell
death upon AgNP administration, we performed cell
viability analysis with five doses between 10 mg/L
and 30 mg/L.

Heavy metal toxicity is generally associated with
cognitive and motor function disorders. Since hippo-
campus is a major brain region responsible for learn-
ing and memory and it is highly susceptible to cell
death (Riva et al., 2012), we selected this region for
our experiments.

AgNP incubation decreased cell survival in a dose-
dependent manner in rat hippocampal slices. Low
doses of AgNP did not trigger any considerable
decrease in cell survival while higher doses of AgNP
resulted in a significant cell death compared to the
controls. However, we did not perform a time-
dependent assay to determine the toxicity of the
lower doses in long-term periods, which might be
considered as a limitation of the study. Therefore,
lower doses of AgNPs might also be toxic for the
neural tissue in long-term exposure. Our data are
also consistent with a recent study which demon-
strated that AgNP results in cellular toxicity in
HT22 hippocampus cell line in a dose-dependent
manner (Ma et al., 2015).

The possible mechanism for AgNP toxicity seems
to be related to an increase in the ROS levels that
causes oxidative stress on the cells. Oxidative stress
is seen when the anti-oxidant defence mechanism
cannot compete with the increasing ROS levels (Nel
et al., 2006). A number of studies showed that the
AgNPs cause lipid peroxidation in cell membrane,
increased ROS levels and oxidative stress which
result in DNA damage and apoptosis (Gopinath
et al., 2010). AgNPs were also shown to upregulate
the oxidative stress-related genes in the caudate
nucleus, frontal cortex and hippocampus regions of
brain in mice (Rahman et al., 2009). Thus, it is crucial
to determine the exact localization of AgNPs in the
cells following exposure. While we did not evaluate
the mechanism of AgNP-induced cellular toxicity, we
speculate that the toxicity demonstrated with cell via-
bility assay might be the result of ROS production in
the hippocampal cells, leading to cell death on the
basis of previous research.

Conclusion

In this study, we showed the distribution and the toxi-
city of the pure AgNPs produced by the laser ablation
method in the rat hippocampal slices. Moreover, we
demonstrated that the cellular uptake mechanism of
pure AgNPs depends on their sizes. Since we did not
observe the presence of AgNPs in synaptic vesicles
following stimulation of synaptic vesicular recycling,
we concluded that phagocytosis is the type of endo-
cytotic pathway that dominates the entry of pure
AgNPs into the hippocampal neurons. Our data pro-
vide significant information for the further cellular
and molecular research about the neurotoxicology of
NPs since exposure to AgNPs might result in



562

Toxicology and Industrial Health 33(7)

neurodegeneration. Furthermore, this study showed
that laser ablation is a considerably useful method for
studying NP toxicity, since it provides pure NPs
mimicking the ones encountered in the industry.
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