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Silver nanoparticles (AgNPs) have been proven to have potent antibacterial properties, offering an attractive alternative to
antibiotics in the treatment of several infections such as otitis media. Concerns have been raised though regarding their toxicity.
There are few data regarding the toxic effects of AgNPs in cochlear cells. The aim of our study was to evaluate the effects of
AgNPs of four sizes as a function of their size on HEI-OC1 cochlear cells and on HaCaT keratinocytes. The cells were treated
with different concentrations of AgNPs. We evaluated silver uptake by atomic absorption spectroscopy and transmission
electron microscopy (TEM), cytotoxicity with the alamarBlue test, ROS production with 2',7'-dichloro-dihydro-fluorescein
diacetate, and genotoxicity with the comet assay. Silver intracellular concentration increased proportionally with the incubation
time and the size of the NPs. Silver uptake was higher in HEI-OC1 cells compared to HaCaT. While after 4 h exposure, only the
50 nm NPs were observed in both cell lines and only the 5nm NPs were observed in the HaCaT cells, after 24 h, nanoparticles
of all sizes could be visualized in both cell lines. The cells showed signs of distress: vacuolizations, autophagosomes, signs of
apoptosis, or cellular debris. AgNPs of all sizes reduced viability proportionally with the concentration, HEI-OC1 cells being
more affected. The toxicity of AgNPs decreased with the nanoparticle size, and ROS production was dose and size dependent,
mainly in the cochlear cells. Genotoxicity assessed by comet assay revealed a higher level of DNA lesions in HEI-OCI1 cells after
treatment with small-sized AgNPs. The perspective of using AgNPs in the treatment of otitis media, although very attractive,
must be regarded with caution: cochlear cells proved to be more sensitive to the toxic effect of AgNPs compared to other cell
lines. Potential treatments must be tailored specifically, choosing NPs with minimum toxicity towards auditory cells.

1. Introduction impairment [2]. Treatment with antibiotics is hampered

by the appearance of multidrug resistant strains of bacteria
Chronic otitis media is a significant public health problem  as well as the formation of bacterial biofilm in the middle
affecting 0.5-30% of the population, with severe complica-  ear of patients with chronic otitis media [3]. Having dif-
tions such as sensorineural hearing loss [1] and vestibular ferent mechanisms of action, AgNPs could overcome the
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disadvantages of antibiotic therapy as was shown in a clinical
study using a preparation containing AgNPs and obtaining
the elimination of clinical symptoms, the reduction of patho-
logical exudation, and stimulation of the epidermization pro-
cess during 6 months of observation time [4]. There are still
questions regarding the mechanisms by which AgNPs exert
their antimicrobial effect. AgNPs can penetrate the bacterial
cell wall causing a structural change of the cell membrane
and an increase in cell permeability, both of which leads to
cell death. The formation of free radicals and subsequent free
radical-induced membrane damage is another mechanism. It
has also been found that AgNPs can release silver ions and
interact with the thiol groups of many vital enzymes and
phosphorus-containing bases, thus inhibiting cell division
and DNA replication [5]. In the years to come, the number
of applications using the antimicrobial properties of AgNPs
are likely to further increase, thus the assessment of the risks
AgNPs represent for the mammalian cells must be a priority
[6]. At ear level, AgNPs are able to pass through the round
and oval windows after transtympanic injection reaching
the structures of the inner ear as shown by microCT in a
study conducted by Zou et al. [7].

Several studies demonstrated the cytotoxicity of AgNPs
towards different types of cells, such as human peripheral
blood mononuclear cells [8], lung epithelial cells [9], neuro-
endocrine cells [10], macrophages, stem cells [11, 12], osteo-
blasts [13], and many others, interfering with their cellular
functions and causing DNA damage and apoptosis. Regard-
ing the mechanisms of these toxic effects, the influence of
AgNPs on the formation of free radicals is mentioned [14].
According to numerous reports, the overproduction of free
radicals, which leads to oxidative stress, is caused by ions
being released from silver nanoparticles, including by a Tro-
jan horse-type mechanism [15]. The size of the nanoparticles
is considered to be one of the most important factors
influencing their toxicity [16].

Having these in mind, our study is aimed at assessing the
potential risk of using AgNPs in the middle and inner ear,
evaluating their uptake in the cochlear cells and their toxicity
as a function of size.

2. Material and Methods

2.1. Cell Lines and Culture. The first line of cells used in this
study was the spontaneously immortalized human keratino-
cyte cell line HaCaT. These cells were purchased from the
Cell Line Service of the German Cancer Research Centre in
Heidelberg and maintained in high glucose Dulbecco’s Mod-
ified Eagles’ Medium (DMEM) supplemented with 10%
heat-inactivated FBS, 2mM glutamine, 50 UI/ml penicillin,
and 50mg/ml streptomycin (all media were from Sigma-
Aldrich Chemie GmbH, Taufkirchen, Germany).

The second cell line used by us (and of particular interest)
was the HEI-OCI1 cell line, a gift from Prof. Federico Kalinek
from the House Ear Institute (Los Angeles, USA). It was
developed from the inner ear hair cells of the transgenic
“Immortomouse.” The cells were cultured under permissive
conditions (33°C, 10% CO,) in high glucose DMEM supple-
mented with 10% bovine fetal serum (FBS).
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2.2. Silver Nanoparticles. Polyvinylpyrrolidone- (PVP-)
coated silver nanoparticles (Table 1) were purchased from
nanoComposix (San Diego, CA, USA) in four sizes and were
characterized by the manufacturer regarding their diameter,
surface area, mass concentration, particle concentration,
hydrodynamic diameter, zeta potential, pH, and maximum
absorption (optical density).

2.2.1. Characterization of AgNPs by Transmission Electron
Microscopy (TEM). 5 ul from each AgNP suspension were
pipetted on 300 mesh formvar- (Electron Microscopy Sci-
ences, Hatfield, PA, USA) coated Cu grids (Agar Scientific
Ltd., Stansted, UK). After 5min, the excess suspension was
removed with filter paper. The samples were examined on
a JEOL JEM-1010 transmission electron microscope oper-
ating at 80kV acceleration voltage and photographed with
a MegaView III camera (Olympus, Soft Imaging System,
Miinster, Germany).

2.3. Atomic Absorption Spectroscopy for the Silver Uptake.
The cells were seeded on 6-well plates at a density of 5x 10°
cells/well and separately treated with 50 ug/ml of AgNPs of
each size. After 4h and 24 h of incubation, the cells were tryp-
sinized, counted, washed, and centrifuged. The cellular
pellets were placed in a —80°C freezer until they were proc-
essed for the evaluation of silver uptake. The samples were
treated with 100 ul of HNO; 65% (Merck KGaA, Darmstadt,
Germany), vortexed, and placed in an incubator for 48h at
37°C. After mineralization, the samples were diluted in 1 ml
ultrapure water and analyzed on a ZEEnit 700 P atomic
absorption spectrophotometer (Analytik Jena AG, Jena, Ger-
many) using the electrothermic atomization technique in a
graphite oven (GFAAS; ETAAS). The samples were analyzed
by the standard addition method.

2.4. TEM for AgNP Cellular Uptake. HEI-OC1 and HaCaT
cells from both the control groups and the cells exposed to
50 ug/ml of AgNPs of the four sizes, incubated for 4h and
24 h, respectively, were processed for TEM. They were fixed
for 1.5 h with 2.7% glutaraldehyde (Electron Microscopy Sci-
ences, Hatfield, PA, USA) in 0.1M phosphate buffer
(pH 7.4), washed four times with the same buffer, and post-
fixed for 1.5h with 1.5% osmium tetroxide (Sigma-Aldrich,
St. Louis, USA) in 0.15M phosphate buffer (pH7.4). The
cells were dehydrated in an ethanol series and embedded
in EMBed 812 resin (Electron Microscopy Sciences, Hatfield,
PA, USA). Fixation and the first several steps of dehydration
were performed at 4°C and the resin was polymerized at
60°C for 72 h. Ultrathin sections of 60-80 nm were cut with
a DIATOME diamond knife (DiATOME, Hatfield, PA,
USA) on a LKB Ultrotome 8800 III Bromma ultramicro-
tome (LKB Produckter AB, Stockholm-Bromma, Sweden).
The sections collected on 300 mesh formvar-coated Cu grids
(Agar Scientific Ltd., Stansted, UK) were contrasted for only
7 min with a saturated solution of uranyl acetate (Merck, Bil-
lerica, USA) for a better visualization of the NP distribution
within the cells. The samples were examined on a JEOL
JEM-1010 transmission electron microscope operating at
80kV acceleration voltage and photographed with a
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TaBLE 1: PVP-coated AgNPs from NanoComposix—characteristics offered by the manufacturer.

Parameter 5nm 25nm 50 nm 110 nm
Diameter (TEM) (nm) 63+1.4 21.2+79 51+9 110+ 14
Surface area (mzlg) 82.1 (TEM) 21.3 (TEM) 10.7 (calculated) 5.1 (calculated)
Mass concentration (Ag) (mg/ml) 5.03 52 5.35 5.19
Particle concentration (particles/ml) 3.6E+15 1.0E + 14 1.3E+08 7.2E+11
Hydrodynamic diameter (nm) Not reported 41.5 86 136

Zeta potential (mV) Not reported -40.4 -55 -32
Particle surface PVP PVP PVP PVP 40kDa (polymer)
pH of solution 5.8 5.2 4.6 4.8

A max (nm) 405 399 430 509
MaxOD 623.04 757.98 582.68 189.33
Solvent Milli-Q water Milli-Q water Milli-Q water Milli-Q water

MegaView III camera (Olympus, Soft Imaging System,
Miinster, Germany).

2.5. Cytotoxicity of the Silver Nanoparticles. The viability of
the cells after exposure to AgNPs was assessed with the ala-
marBlue fluorimetric test (Molecular Probes, Invitrogen,
Carlsbad, CA, USA). Resazurin, the active ingredient in ala-
marBlue reagent, is a nontoxic, cell permeable compound,
blue and virtually nonfluorescent. Upon entering the cells,
resazurin is reduced to resofurin, a red, highly fluorescent
compound. Viable cells continuously convert resazurin to
resofurin, increasing fluorescence in time. The cells were
plated in 96-well plates (Nunc, Thermo Scientific, Waltham,
MA, USA) at a density of 2 x 10* cells/well. Treatments were
done with serial dilutions of the AgNPs of four sizes (5, 25,
50, and 110 nm). For HEI-OC1 cells, the following concen-
trations were used: 100, 50, 35, 20, 10, 5, 2.5, 1, 0.5, 0.25,
and 0.1 ug/ml. For HaCaT cells, four additional concentra-
tions were used in order to obtain 100% inhibition of viabil-
ity: 250, 500, 750, and 1000 pg/ml. For each experiment, cells
from at least three wells were left untreated (control). After
24 h incubation, the cells were treated with 20 ul/well of ala-
marBlue Reagent and incubated in standard cell culture con-
ditions for 1h. The emitted fluorescence was read on a
BioTek Synergy 2 microplate reader at 570nm excitation
and 585nm emission. At each concentration, the surviving
fraction was calculated as fluorescence of the sample/fluores-
cence of control (nontreated cells) x 100. Each experiment
was repeated 3 times. 50% inhibitory concentration (IC50),
the concentration of the compound which reduced viability
by 50%, was calculated using nonlinear regression and four-
parameter sigmoid curves.

2.6. Generation of Reactive Oxygen Species (ROS). HEI-OCl
and HaCaT cells were treated with AgNPs as follows: 5 and
10 ug/ml for HEI-OC1 cells and 50 and 100 ug/ml for
HaCaT; these concentrations were chosen according to the
average 1C50 of NPs on the two cell lines. After 2h and 4h
of incubation, the cells were washed with PBS and labelled
with 1 pg/ml of 2',7'-dichlorofluorescein diacetate (DCFDA)
(Molecular Probes, Invitrogen, Carlsbad, CA, USA) for
30 min. The emitted fluorescence was recorded with a BioTek

Synergy 2 microplate reader (BioTek Instruments Inc.,
Winooski, VT, USA) at 495nm excitation and 529 nm
emission.

2.7. Comet Assay. The effect of AgNPs on the DNA of
HEI-OC1 and HaCaT cells was evaluated with the alkaline
single cell gel electrophoresis assay or Comet assay, according
to a protocol presented elsewhere [17]. Briefly, the cells were
treated with 50 pg/ml AgNPs. After 2h and 4 h of incubation,
the cells were trypsinized, washed, and included in 1% low
melting point agarose at a density of 10° cells/ml. This sus-
pension was layered onto microscope slides pretreated with
normal melting point agarose. The slides were placed in
Coplin jars in a lysis solution at 4°C for 24 h. After this inter-
val, the slides were placed in a horizontal electrophoresis tank
in an alkaline (pH > 13) electrophoresis solution for 20 min
for DNA unwinding. A uniform electric field of 1 V/cm was
then applied for 20 min. After neutralization and fixation,
the slides were stained with ethidium bromide and analyzed
at a fluorescence microscope (Zeiss, Germany—excitation
510-560 nm, detection 590 nm) with an objective of 40x
magnification. The DNA migrated in an electric field
depending on the amount and severity of the lesions resulting
in a comet-like aspect. The comets were classified into 5 clas-
ses: 0, intact DNA, no tail; 1-4, comets with increasing length
tails (Figure 1). 200 cells/sample were analysed and a lesion
score (LS) was calculated with the following formula:

2. [(no. of cells in class x)e(x)]/no. of cells

LS[AU] =
100

(1)

where x is the number of the class a cell is attributed to: 0, 1,
2, 3, or 4.

3. Results

3.1. Characterization of AgNPs by TEM. The aspect, size, and
distribution of AgNPs are presented in Figure 2. Most of the
AgNPs were dispersed relatively uniformly in the solution
and were round in shape (Figures 2(b)-2(d)); however,
mainly among the 110nm NPs, triangular, pentagonal,
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FIGURE 1: Microscopic aspect of cellular DNA after migration in an
electric field with ethidium bromide staining. Magnification 40x.
Cls. 0-4: different classes of comets, according to their tail lengths.

hexagonal, and rare octagonal NPs were found (Figure 2(d)).
The 5 nm NPs appeared grouped in small clusters occupying
the entire surface of the grid (Figure 2(a)). The TEM images
of the coated AgNPs dispersed in water confirmed the pri-
mary particle size stated by the manufacturers.

3.2. AgNP Uptake: Atomic Absorption Spectroscopy. After
treatment for 4h and 24h, respectively, with 50 ug/ml of
the four types of AgNPs, the intracellular silver concentration
was assessed by atomic absorption spectroscopy. Silver con-
centration in the HEI-OCI1 cells and HaCaT cells increased
proportionally with the incubation time (Figures 3(a) and
3(b)).

After 4 h incubation time, the HaCaT cell line had slightly
higher concentrations of intracellular silver compared to
HEI-OCI1 cells for all the NPs but this difference was not sig-
nificant (Figure 3(a)). After 24 h, the silver concentration was
higher in the HEI-OCI1 cells, the difference being significant
for the 50nm NPs (p < 0.5, two-way ANOVA, Bonferroni
posttest) (Figure 3(b)). At 24h, the intracellular silver con-
centration increased proportionally with the NP sizes in both
cell lines (Figure 3(b) and Table 2).

3.3. AgNP Uptake: TEM

3.3.1. Control Cells. Control HaCaT cells (Figure 4(a)) showed
indented euchromatic nuclei, with prominent nucleoli, cell
organelles (especially mitochondria and rough endoplasmic
reticulum), and important amounts of glycogen. In these cells,
the plasma membrane displayed a high number of extracellu-
lar extensions, often branched. Control HEI-OC1 cells
(Figure 4(b)) contained large, oval-round, predominantly
euchromatic nuclei, with 1-2 nucleoli. Their cytoplasm pre-
sented many free ribosomes and a few short profiles of rough
endoplasmic reticulum, and the plasma membrane exhibited
a low number of short and thin extensions.

3.3.2. Cells Treated with AgNps

(1) HaCaT Cells. TEM examination of the HaCaT cells incu-
bated with the AgNPs in the different experimental condi-
tions showed a high ability of these cells to accumulate NPs
(Figure 5). Thus, after 4h incubation with the 5nm AgNPs,
the NPs were found in endosomes, in the cytosol, and inside
lysosomes (not shown). We also found cellular debris with
attached NPs (not shown). After 24 h incubation, the AgNPs
were found in the HaCaT cells in extremely large endosomes
(inset of Figure 5(a)), in the cytosol (not shown), and inside
the lysosomes (Figure 5(a)). The 5nm AgNPs were still
aggregated in clusters, a phenomenon that facilitated their
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identification. The cells also contained many cytoplasmic
vacuoles and a reduced number of plasma membrane exten-
sions (Figure 5(a)). No AgNPs were found in the HaCaT cells
incubated for 4h with the 25nm AgNPs, but an increased
number of autophagosomes were observed (not shown).
After 24h incubation, the 25nm AgNPs were rarely found
in endosomes (not shown) and dispersed into the cytoplasm
(Figure 5(b)), and many lysosomes containing NPs were
observed in almost all the examined cells (Figure 5(b)).
Autophagosomes in increased number were found, as well
as many apoptotic cells (not shown).

Consecutive to the 4 h incubation with the 50 nm AgNPs,
some HaCaT cells contained the NPs in endosomes (not
shown). Many cells containing large numbers of autophago-
somes were also observed (not shown). The 24 h incubation
with the 50nm AgNps resulted in the highest amount of
NPs captured in the cells in our study; they were rarely visible
while they were still packed in endosomes (not shown) or
grouped in small clusters inside the cytosol (Figure 5(c)).
Most of the examined cells contained a high number of lyso-
somes with NPs (Figure 5(c)). The cells displayed a lower
number of extensions as compared to the control cells
(Figure 5(c)), and a low number of dead cells were noted
(not shown). After 4h incubation of the HaCaT cells with
the 110 nm AgNPs, we could not find on the examined sec-
tions the NPs inside the cells (not shown). However, among
the cells with normal ultrastructural features, many cells
exhibited cytoplasmic vacuolation and a high number of
autophagosomes, while some cells were dead (not shown).
Consecutive to the 24 h incubation, the 110 nm AgNPs were
captured by the HaCaT cells in high number inside the endo-
somes or free in the cytosol—more or less grouped in cluster-
s—and inside many lysosomes (Figure 5(d)). Most of the
examined cells showed only a few plasma membrane exten-
sions (Figure 5(d)).

(2) HEI-OCI Cells. The cells in this line showed a much lower
ability to accumulate AgNPs as compared to HaCaT cells.
TEM examination of the HEI-OC1 cells incubated for 4h
with NPs of 5nm diameter did not reveal the presence of
NPs within the cells. Moreover, only rare vacuoles were
found as relevant ultrastructural changes (not shown). After
24 h incubation, the AgNPs were found both in small endo-
somes—proving that they entered the cells by endocytosi-
s—and free in the cytoplasm and especially in the nucleus
(Figure 6(a)). As in the case of HaCaT cells, the 5nm AgNPs
were still aggregated in clusters inside the HEI-OCI cells,
facilitating their identification. The cells also contained cyto-
plasmic vacuoles (Figure 6(a)) and autophagosomes (not
shown). A number of examined cells were apoptotic, and cel-
lular debris—membranes having attached AgNPs—were also
found (not shown). The cells incubated for 4h with the
25 nm AgNPs showed similar ultrastructural aspects as those
previously presented, and also no AgNPs were found in the
cells (not shown). After 24h incubation, the 25nm AgNPs
were found in endosomes (not shown), more frequently
aggregated next to the plasma membrane, and also in the
proximity of the nucleus (Figure 6(b)). In rare cases, the
AgNPs were observed inside the lysosomes (inset of
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FiGUure 2: TEM images of AgNPs with diameters of 5 nm (a), 25 nm (b), 50 nm (c), and 110 nm (d).
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F1GURE 3: Intracellular silver concentration increased proportionally with the incubation time. After 24 h incubation, the AgNP uptake was
more important in HEI-OC1 cells compared to HaCaT, significantly for the 50 nm NPs (p < 0.1, two-way ANOVA, Bonferroni posttest).

*p<0.05.

Figure 6(b)). These cells presented rare vacuoles within the
cytoplasm (Figure 6(b)), and autophagosomes (not shown),
and some dead cells were also found (not shown). Consecu-
tive to the 4h incubation of HEI-OCI cells with the 50 nm
AgNPs, the NPs were found packed in endosomes or as
compact groups in contact with the cytoplasm (not shown).
Many cells with extensive cytoplasmic vacuolation as well
as dead cells were observed (not shown). The 24 h incubation
with the 50nm AgNPs resulted in higher amounts of NPs
captured in the cells grouped in different regions of the

cytoplasm (Figure 6(c)) and inside the lysosomes (inset of
(Figure 6(c)) and endosomes (not shown).

Some cells contained rarefied cytoplasm and numerous
vacuoles, while others were dead (not shown). After 4 h incu-
bation of the HEI-OC1 cells with the 110nm AgNPs, we
could not find NPs on the examined sections, but many cells
exhibited cytoplasmic vacuolation with heterogeneous con-
tent, and some cells were dead (not shown). During the
24h incubation, the 110nm AgNPs were found inside the
endosomes (Figure 6(d)), others were found as clusters in



TaBLE 2: The treatment of HaCaT and HEI-OC1 cells with AgNPs
of four sizes resulted in intracellular concentrations of atomic
silver proportional with the NP sizes (after 24 h incubation).

Intracellular Ag concentration
(pug/million cells)

AgNP size HaCaT HEI-OC1
5nm 0.30+0.05 0.29+0.04
25nm 0.40 £0.04 0.65+0.03
50 nm 043+1.1 0.78 £0.08
110nm 1.1£0.8 1.15+0.7

contact with the cytoplasm (upper right inset of Figure 6(d)),
and others were found in the lysosomes (lower left inset of
Figure 6(d)). There are other ultrastructural features of
HEI-OCI cells treated with AgNPs that are worth mention-
ing, including the presence in some cells of swollen mito-
chondria, extensive cytoplasmic vacuolation, and an
important number of dead cells, some of them still contain-
ing NPs (not shown).

3.4. Cytotoxicity. On both cell lines, AgNPs reduced viability
proportionally with their concentration. Viability was also
directly proportional with the NP size: the most cytotoxic
are the 5nm NPs, followed by the 25nm NPs, 50 nm NPs,
and 110nm NPs. The 110nm NPs were the least toxic on
HaCaT cells (Figure 7(a)) as well as on HEI-OC1 cells
(Figure 7(b)).

The toxicity of the nanoparticles was also cell line depen-
dent, with the HEI-OC1 cells being more affected by the
treatment than the HaCaT cells. IC50, the concentration of
AgNPs which reduced viability with 50%, was significantly
lower (p <0.001, two-way ANOVA) for all sizes of AgNPs
in HEI-OC1 cells (Figure 8).

3.5. Generation of Reactive Oxygen Species (ROS). Treatment
with all four sizes of AgNPs resulted in a modulation in the
production of ROS compared to control cells in both cell
lines. The highest amount of ROS was generated after 2h
exposure. The production of ROS was also proportional with
the concentration of the NPs (Figure 9).

Despite being treated with concentrations 10-fold lower
than HaCaT cells, HEI-OC1 cells reacted with a significantly
stronger ROS production compared to HaCaT cells. The
response of the cells to the treatment with AgNPs also
depended on the size of the NPs, and the highest amount of
ROS was generated in HEI-OCI cells by the 5nm AgNPs.
It was followed by the largest diameter NPs, the 110 nm
NPs, with the 25nm and 50 nm NPs having a significantly
lower effect. HaCaT cells had a completely different response:
only the highest concentration of the 50nm AgNPs gener-
ated a significant increase of ROS.

3.6. Comet Assay (Genotoxicity). A 2h incubation time led to
a slight increase of the lesion score (LS) in the treated HaCaT
cells compared to the controls, especially for the 5nm (1.53x
increase) and 110nm (1.7x increase) NPs, although the dif-
ferences were not significant. In the HEI-OC1 cells, after
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2h incubation, for the 5nm NPs the increase was 3.77x,
followed by the 25nm (2.44x), 110 nm (2.24x), and 50 nm
(2.1x) NPs (Table 3). After 4h incubation with AgNPs, more
important DNA lesions occurred in both cell lines, with the
cochlear cells being again more sensitive compared to the
keratinocytes. This difference was significant for the 5nm
NPs (p<0.1, two-way ANOVA, Bonferroni posttest)
(Figure 10).

4. Discussion

Nanomedicine represents a key player in modern medicine,
offering complex systems for targeted drug delivery, new
therapies, in vivo imaging, etc. As revolutionary treatments
of inner ear disorders or for imaging and diagnosis of inner
ear conditions, a number of factors, like genes and neurotro-
phins, have been delivered to the inner ear using NPs as car-
riers [18]. Currently, AgNPs are among the most preferred
antimicrobial nanomaterials used to inhibit the unwanted
growth of bacterial biofilms in medical catheters, prostheses,
heart valves, etc. It can also represent an attractive alternative
to antibiotherapy in the treatment of otitis media. An impor-
tant aspect is whether these particles can reach the inner ear
and whether they are cleared from these structures or remain
and accumulate in there. Following transtympanic adminis-
tration, NPs can pass through the round and oval windows
and enter the inner ear [19].

Several studies have shown that the toxicity of nanopar-
ticles is mainly dependent on the particle size. The present
study is aimed at assessing the effects of AgNPs as a func-
tion of their size on HEI-OC1 cochlear cells compared to
the effects of the same NPs on HaCaT cells. We used four
sizes of commercially available PVP-coated silver nanopar-
ticles. The uptake of the AgNPs in HEI-OC1 cells and
HaCaT cells was evaluated by atomic absorption spectros-
copy which showed the intracellular concentration of
atomic silver and by TEM which showed the presence of
the NPs inside the cells, their localization within the cells,
and their effects on the cellular structures. The size-
dependent internalization of nanoparticles was demon-
strated in a large number of studies being, in general, the
highest for 40-50nm particles [20, 21]. Other factors
influencing the uptake of NPs in mammalian cells are con-
sidered to be the surface coatings of the particles. However,
in a study by Gliga et al., no difference in toxicity between
citrate- and PVP-coated 10 nm AgNPs was found, suggest-
ing that the size rather than the capping agent was the
property that triggered toxicity [22].

The intracellular silver concentration after treatment
with the same concentration of AgNPs of four sizes was pro-
portional with the particle size: the highest silver concentra-
tion was found in HEI-OC1 cells after treatment with the
110 nm AgNPs, followed by treatment with the 50 nm AgNPs
and 25nm AgNPs, with the lowest Ag concentration
achieved after treatment with the 5nm AgNPs. Also the Ag
concentration was cell type dependent, being higher in the
HEI-OC1 cells after 24h incubation compared to HaCaT
cells. Our results showed that the intracellular silver concen-
tration was not correlated with the cytotoxicity of the NPs:
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Figure 4: TEM images of control cells from the two cell lines. (a) Control HaCaT cell with a normal ultrastructure showing a large indented
nucleus (n) with a prominent nucleolus (nu), many cell organelles and glycogen granules (g) in the cytoplasm, and a high number of
extensions of the plasma membrane (pm). (b) Normal ultrastructure of a cell of the HEI-OC1 line with a large oval nucleus (n) with
nucleolus (nu), few profiles of rough endoplasmic reticulum (rer) in the cytoplasm, and a low number of extracellular extensions of the

plasma membrane (pm).

F1GURE 5: Ultrastructure of HaCaT cells incubated for 24 h with the AgNPs with diameters of 5 nm (a), 25 nm (b), 50 nm (¢), and 110 nm (d).
All types of NPs were captured by the cells, but the NPs of 50 nm were observed with the highest number on our sections (c). The AgNPs were
identified in the endosomes (en)—sometimes of large diameters, such as in the case of incubation with NPs of 5 nm (a), as clusters in contact
with the cytoplasm, and inside lysosomes (ly). The HaCaT cells incubated with all types of AgNPs had a lower number of plasma membrane

(pm) extensions. n—nucleus, rer—endoplasmic reticulum.

the most cytotoxic were the smallest (5 nm) NPs, followed by
the 25 nm, 50 nm, and the 110 nm NPs. Thus, high cytotoxic-
ity is not the direct result of silver uptake, a result which was
obtained by other studies, as well [22]. The high cytotoxicity
of small-sized NPs could be the result of the release of Ag
ions in the cell medium, which is significantly higher for
the small AgNPs having a larger total surface area and

increased particle number for the same mass/volume dose
[22]. Other reports showed also that the release of Ag is
directly related to the total surface area of the particles as well
as the composition of the experimental media [23]. Liu et al.
found that 5nm AgNPs were more toxic than 20 and 50 nm
AgNPs in four different tumoral cell lines (A549, HepG2,
MCE-7, and SGC-7901) [24].
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F1gure 6: Ultrastructure of HEI-OC1 cells incubated for 24 h with the AgNPs with diameters of 5 nm (a), 25 nm (b), 50 nm (c), and 110 nm
(d). The AgNPs are visible as clusters in the endosomes (en) and in the cytoplasm, both next to the plasma membrane (pm) and nucleus (n).
The 5 nm AgNPs are also visible inside the nucleus (n). In the lysosomes (ly), the smaller NPs were observed as clusters (a, b) while the larger
NPs were relatively dispersed (¢, d). ce—centriole, nu—nucleolus, rer—rough endoplasmic reticulum.
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F1GURE 7: The viability of both cell lines decreased proportionally with the concentration of AgNPs. The toxicity was also size dependent for
the AgNPs, with the 5 nm NPs being the most toxic, followed by the 25 nm, 50 nm, and 110 nm NPs in both HaCaT (a) and HEI-OC1 (b) cell
lines.

Toxicity was also dependent on the cell line. The viability ~ 10-fold difference being important. The cell-type dependent
of HEI-OCI cells was significantly lower than that of HaCaT  cytotoxicity of NPs was reported in other papers as well: after
cells for the same size and concentration of AgNPs, with the  treatment with silica NPs, THP-1 macrophages were the
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F1Gure 8: IC50 for the four sizes of AgNPs was significantly higher
in HaCaT cells as compared to HEI-OCl cells, meaning
significantly lower toxicity for this cell line compared to the
cochlear cells (p < 0.001, two-way ANOVA, Bonferroni posttest).

most sensitive cells, followed by A549 cells and HaCaT cells
which were the most tolerant. The different behaviour may
be explained by different physiological functions and differ-
ences in cellular uptake [25]. Studying 23 types of NPs in
ten different cell lines, Kroll et al. also reported differences
in the sensitivity of the cell lines [26].

Dissolution is an indispensable factor when the toxicity
of metal-containing NPs is considered, and this might be
the key factor for the high toxicity of the 5nm AgNPs. This
issue is rather complex, since the effect of dissolved Ag ions
is associated with other nanospecific factors, as demonstrated
by Kim et al. who showed that the toxicity of AgNPs was
higher than an equal mass of Ag ions in vitro [27].

Recently, Wang et al. showed that citrate- and PVP-
coated 20nm AgNPs induced more cellular toxicity than
larger particles (110nm) and that the citrate-coated 20 nm
AgNPs generated acute neutrophilic inflammation in the
lungs of exposed mice to a much higher extent when com-
pared to larger ones [28].

In our experiments, the TEM images showed that all
AgNPs were uptaken by both types of cells. While after 4h
incubation, only the 5 nm NPs were visualized in the HaCaT
cells, after 24 h incubation all sizes of NPs could be observed
in both types of cells. Their localization was generally in
endosomes, close to the cellular membrane, indicating that
they entered the cell via endocytosis, but they were also dis-
persed in the cytosol or captured in lysosomes. In HEI-OC1
cells, the 5 and 25nm particles were observed also in the
nucleus, where they could have affected the DNA and cell
division and thus explaining the higher genotoxicity and cell
death. The HEI-OC1 cells showed more ultrastructural
changes indicating cellular damage: apoptosis, cellular frag-
ments, and autophagosomes. The intracellular trajectory of
NPs is considered to depend on the internalization pathways:
they usually enter the early endosomes, they then continue to
the late endosomes, and they are finally stored and destroyed
by lysosomes [29]. In a study conducted on mammalian
kidney cells, AgNPs were localized in membrane-bound
structures like lysosomes and early endosomes. The

intravesicular localization of AgNPs indicates an uptake
through clathrin- or caveolin-mediated endocytosis [30].
The ability of NPs for free diffusion through nuclear pore
complexes is associated with their small size which was also
the case in our experiments [31].

We next evaluated the mechanisms underlying the effects
of different sizes of AgNPs on the two cell lines. We found
that after treatment with the AgNPs, there was an increase
in ROS production in both types of cells, the most important
being recorded after 2h incubation. The cochlear cells
reacted with a more important ROS production, and again
the different sizes of AgNPs produced different quantities of
ROS. The most potent ROS producers were again the 5nm
NPs. Oxidative damage, caused either by extracellular or by
internalized NPs, has been considered by most of the authors
studying this issue as the reason for the NP toxicity [32].
High levels of ROS were induced in various mammalian cells
especially by AgNPs of less than 20 nm in diameter [24], thus
the potential of NPs to induce ROS may be related to their
surface area. The majority of the studies indicate an increase
in ROS and oxidative stress as a result of AgNP treatment.
However, this has been challenged in some studies where
no increase in ROS was seen [33]. This may be due to differ-
ent experimental conditions or due to problems detecting the
actual levels of ROS with H2DCFDA, the main dye that was
used to detect ROS. The production of intracellular ROS
induced by AgNPs most probably lead to DNA damage as
several researchers concluded [34, 35].

To evaluate the potential DNA damaging effect of the
AgNPs of different sizes, we performed a comet assay after
treating both cell lines with AgNPs in the same concentra-
tion, for 2h and 4 h, respectively. We found that DNA dam-
age was also dependent on the NP size and on the cell type.
HEI-OC1 cells showed again the most important DNA
lesions compared to the HaCaT cells. Lesion scores increased
with the exposure time. The 5nm nanoparticles were the
most genotoxic in both cell lines. An explanation could be
their ability to enter the nucleus where they induce local
ROS which target and damage the DNA. When BEAS-2B
cells were treated with a group with noncytotoxic concen-
trations of AgNPs (10ug/ml), no significant increase in
the percentage of DNA in the comet tail was observed after
4h exposure to any of the AgNPs. However, a statistically
significant increase in overall DNA damage was observed
after 24 h for all AgNPs, independent of their size and coat-
ing [22]. A comet assay performed in Jurkat Clone E6-1
and THP-1 cells treated with different sizes of AgNPs
resulted in DNA lesions inversely correlated with AgNP
size, the smaller NPs being more genotoxic. By exposing
HaCaT cells to 10mM or 50 mM nanosilver (in Ag atoms)
and with incubation times of 30 min, 4h, 8h, and 24h, a
time-dependent increase of direct and oxidative DNA dam-
ages was observed [36].

Thus, we can conclude that after AgNPs enter the cells
through diffusion or endocytosis, they can cause mitochon-
drial dysfunction and generation of ROS which will further
damage proteins and nucleic acids, inhibiting cell prolifera-
tion. Interaction of nanosilver with DNA also leads to cell
cycle arrest at the G2/M phase. Park et al. have found that



10

HaCaT

8000
6000

4000

2000 I

Fluorescence (a.u./mill. cells)

Journal of Nanomaterials

HEI-OC1

8000

6000

4000

2000

Fluorescence (a.u./mill. cells)

O T T

()

F1GURE 9: Concentration and size-dependent production of ROS in HaCaT (a) and HEI-OC1 (b) cells. The cells were treated with the AgNPs
in 2 concentrations: HaCaT cells with 100 gg/ml (1) and 50 gg/ml (2) and HEI-OC1 cells with 10 pg/ml (1) and 5 pg/ml (2). C—control cells,

without AgNPs.

TaBLE 3: AgNPs induced DNA lesion size dependently: the 5nm
NPs induced the most important DNA lesions in both cell lines,
followed by the 25 nm, 50 nm, and 110 nm NPs.

Lesion score treated cells vs. control

AgNP HaCaT HEI-OC1

2h 4h 2h 4h
5nm T 1.53x T 1.98x T3.77x T 4.07x
25 nm T1.18x T 1.45x T 2.44x T2.7x
50 nm T 1.19x T 1.38x T2.1x T2.62x
110 nm T1.7x — 12.24x T2.39x

T-fold increase; —-no change.

LS: fold increase vs. control

5nm

53 HaCaT
% Hei-OCl1

F1Gure 10: The DNA lesion scores (comet assay) after 4 h exposure
to AgNPs were significantly higher in HEI-OCI cells compared to
HaCaT, for all the sizes of the NPs, the difference being significant
for the 5nm NPs (p < 0.1, two-way ANOVA, Bonferroni posttest).
In both cell lines, the most significant DNA lesions were induced
by the 5 nm NPs, followed by the 25 nm, 50 nm, and 110 nm NPs.

nanosilver induces G1 arrest and completely blocks the S
phase, therefore inducing apoptosis [37]. The mechanism
by which AgNPs exert their effects is probably the result of

both Ag ions and the nanoform. Due to surface oxidation,
other surface reactions, and dissolution of nanosilver in a
biological or environmental medium, silver ions are slowly
released. It must be considered that both contribute to the
toxicity observed. It is also important to consider some
secondary products of nanosilver, such as particles bound
to proteins and DNA, for their contribution to toxicity [38].

The release of Ag ions inside cells from nanosilver that
entered in its nanoparticle form has been sometimes referred
to as the “Trojan horse” effect. Nanosilver itself, and not just
the released Ag ions, affect the cellular processes. In addition,
silver may be taken up and localized in the cell differently
depending on whether it is in its nanoparticle or ionic form,
resulting in specific nanoparticle effects.

In general, nanosilver in reasonable doses has many ben-
eficial effects and applications, especially in its antibacterial,
antiviral, antifungal, anticancer, and wound healing func-
tions; at the same time, it does not cause adverse effects. As
with any compound, high enough doses will induce toxicity,
especially in in vitro situations [39].

5. Conclusions

Our results show that HEI-OC1 cochlear cells are very sensi-
tive to cytotoxic as well as genotoxic effects of small-sized sil-
ver nanoparticles. A strong ROS production in these cells as a
response to AgNPs seems to be the main mechanism
involved in their sensitivity. Although very attractive, the
perspective of using AgNPs in the treatment of otitis media
should be regarded with caution and potential treatments
of this condition must be carefully tailored.
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