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Abstract

Silver nanoparticles (Ag NPs) display potent anti-bacterial, anti-viral, and anti-fungal
activities and are reportedly efficient in treating otitis media. However, increasing ap-
plications of Ag NPs have raised concerns as to their potential adverse effects on
human health. In particular, possible toxicological mechanism in the cochlea is not
well documented.

The current study aimed to: 1) show the 77 vitro-in vivo correlation of Ag NPs tox-
icity using BALB/c 3T3 cells and the rat cochlea; 2) demonstrate the transportation
of Ag NPs from the rat middle ear to the inner ear; 3) investigate the impact of Ag
NPs on the permeability of biological barriers in the rat ear; and 4) elucidate the mol-
ecular mechanism of Ag NPs-induced functional change in the biological barriers in
the rat cochlea.

The results demonstrated that BALB/c 3T3 cells i vitro were more sensitive to
Ag NPs as much as 1 000 times than the rat cochlear cells 7z vivo. After transtympanic
injection, Ag NPs accessed into the rat inner ear through the round and oval windo-
ws detected with micro computed tomography (CT). Ag NPs caused significant cha-
nges to the permeability of biological barriers in the skin of the external ear canal,
mucosa of the middle ear, and inner ear detected using gadolinium-enhanced magn-
etic resonance imaging (MRI) as well as hearing loss detected using auditory brainst-
em response (ABR) measurements. Ag NPs caused accumulation of hyaluronic acid
in the rat cochlea and up-regulated the expressions of CD68, TLR4, MCP1, A20,
and RNF11 in the strial basal cells, spiral ligament fibrocytes, and non-sensory sup-
porting cells of Corti's organ, which was implicated in the enhanced immune activity.
The rat ear model might be expanded to study other engineered nanomaterials in na-
notoxicology research.
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1 Introduction

Nanoparticles (NPs) have been widely used in a variety of areas and Ag NPs are one
of the most prevalent metal NPs due to their favourable physicochemical and boilo-
gical properties (¢.g., high ratio of surface to volume, excellent optical features, high
electrical and thermal conductivity, and extraordinary anti-microbial capability). Th-
ey have been increasingly applied in health care, mechanics, optics, electronics, bio-
medical sciences, chemical industries, pharmacy and pharmaceutics, and energy sci-
ence. However, their potential safety issues have become a serious public health con-
cern, and the exact toxicological mechanism is not known in detail. Currently, various
methods are used to evaluate the toxicity of Ag NPs but they are quite complicated
and vary from case to case when applied. Recently, alternative methods (e.g., tissue
equivalents) have been accepted in the 7z vzvo study for regulatory purpose in Europe.
Therefore, the European Union 7% framework programme large-scale integrating
project NanoValid is launched and attempts to establish the new reference methods
in nanotoxicology (http://www.nanovalid.eu/).

The rat ear was identified as an excellent multifunctional model in pharmacolog-
ical and toxicological research due to its unique and sophisticated structure that hou-
ses epithelia (e.g., the skin of the external ear canal and mucosa of the middle ear),
sensory organs (e.g., Corti's organ, crista ampullaris, saccule maculae, and utricle mac-
ulae), neurons of the cranial nerves (e.g., spiral ganglion and Scarpa's ganglion), a va-
scular bed similar to the brain, and a biological barrier (the blood-inner ear barrier)
that limit the entry of hazardous substances to avoid compromising the vulnerable
homeostasis of the inner ear (Zou et al., 2011; Zou, 2012). Therefore, it is assumed
that not only can the impact on the skin of the external ear canal and mucosa of the
middle ear be shown but also potential hazardous effects on the sensory organs can
be evaluated using gadolinium-enhanced MRI with high accuracy and sensitivity wh-
en Ag NPs cross the biological barriers and enter the inner ear. In addition, possible
effects on hearing caused by Ag NPs can be studied by ABR measurements, and po-
ssible alterations in cytokine expression in the inner ear exposed to Ag NPs can be
identified by immunostaining using confocal microscopy.

The current study aimed to evaluate the toxicity of Ag NPs by comparing its eff-
ects on BALB/c 3T3 and rat cochlear cells. Moreover, the transportation and disttib-
ution of Ag NPs in the rat ear after transtympanic injection was demonstrated using
micro CT and the impact of Ag NPs on the permeability of biological barriers in the
rat ear was shown using gadolinium-enhanced MRI. Finally, the molecular mechan-
ism of Ag NPs-induced functional change in the biological barriers in the rat cochlea
was elucidated using immunohistochemistry.


http://www.nanovalid.eu/

2 Review of the literature

2.1 Medical applications and toxicity of Ag NPs

The term 'NPs', also known as ultrafine particles, is used to define particles that are
between 1-100 nanometres in at least one dimension (Kreuter, 1978). In this size ra-
nge, their properties are altered in a distinctive manner compared with their fine and
coarse particle counterparts. Due to the rapid development of state-of-the-art sci-
ence and technology, the production and application of NPs have increased dramat-
ically over the last few decades. The NPs have attracted great attention due to their
unique properties (e.g., small size, diverse shape, and high ratio of surface to volume).
NPs exhibit tremendous significance in a large number of areas, such as health care,
mechanics, optics, electronics, biomedical sciences, chemical industries, pharmacy
and pharmaceutics, and energy science. Thus, many novel interdisciplinary and fron-
tier subjects have been established including nanomedicine, nanoelectronics, nanob-
iology, nanotoxicology, and nanopharmaceutics. NPs are considered an effective and
efficient solution to many challenges that we are confronted with in medicine, energy
shortage, and environmental pollution (Murday et al., 2009).

2.1.1  Applications of Ag NPs in medicine

Currently, over 1 000 nano-based consumer products are being used in our daily lives,
and approximately 25 % of them are related to Ag NPs (Liu and Hurt, 2010). Ag
NPs are of enormous interest because of their unique physicochemical and biologi-
cal properties, such as small size, diverse shape, high ratio of surface to volume, exc-
ellent optical features, high electrical and thermal conductivity, and extraordinary
anti-microbial capability, in comparison with conventional silver. These traits can be
incorporated into electronic components, biological transducers, cosmetics, water
purification systems, and anti-microbial agents. Therefore, Ag NPs have been one
of the most popular and commercialized NPs over the past few decades (Li et al.,
2000; Li et al., 2011; Sintubin et al., 2012). In particular, Ag NPs are widely used in
medicine including prostheses, external fixator pins, bone cement, and wound dress-
ings (Kwakye-Awuah et al., 2008; Zheng et al., 2010).

2.1.1.1 Ag NPs in diagnostics
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Nucleic acids are indispensable for gene replication, transcription, and translation. It
has been reported that many diseases are associated with abnormalities of nucleic ac-
ids. Currently, nucleic acid-based detection techniques are receiving much attention
because of their potential in gene expression profiling and diagnosing diseases in ea-
tly stages. Routine nucleic acid-based detection techniques, such as PCR, RT-PCR,
Northern and Southern blotting, rely primarily on either fluorescent or radioactive
probes (Marti et al., 2007; Sassolas et al., 2008; Kolpashchikov, 2010; Lien and Lee,
2010). However, these methods are time-, labor-, and expense-consuming and have
relatively poor reproducibility that is dependent on laboratory settings, protocols,
and the proficiency and experience of the technicians. Therefore, using these metho-
ds, it is difficult to achieve ideal accuracy in clinical diagnosis, and there is a great ne-
ed to generate highly efficient nucleic acid detection assays with good accuracy.
NPs can be modified to interact with bioactive molecules, and this can be used
to develop novel nucleic acid detection assays (Niemeyer et al., 2003a; Niemeyer et
al., 2003b). Ag NPs that are functionalized with polysaccharides are potential fluo-
rescence-sensing detectors that can be used for nucleic acid identification. An oligo-
nucleotide sequence test using human immunodeficiency virus as a model system
revealed that polysaccharide-functionalized Ag NPs effectively absorbed and quenc-
hed dye-labelled single-stranded DNA through potent hydrogen bonding and weak
electrostatic attraction, and this could be used to efficiently distinguish complemen-
tary nucleic acid sequences from those that were mismatched with high selectivity
and good reproducibility at room temperature (Yan et al., 2015). Moreover, Ag NPs
have been used as Raman scattering enhancers for nucleotide sequence analysis. Zha-
ng et al. developed an approach to detect specific nucleotide sequences using a com-
bination of mixed silver nanoprobes and Raman reporter molecules by a sandwich
hybridization assay (Zhang et al., 2011). In addition, it has been indicated that Ag
NPs are capable of boosting the fluorescence of dye-labelled DNA in the presence
of the poly-cation spermine, and this can be used to detect and quantify the DNA
level at sub-picomolar concentrations without any enzymatic enhancement (Annink
and Gill, 2014). Ag NPs have also been used successfully to increase the sensitivity
of DNA microarrays by engineering the substrate to elevate the fluorophores' radi-
ative rate through metal-enhanced fluorescence (Sabanayagam and Lak- owicz, 2007).

2.1.1.2 Ag NPs in anti-microbial therapy

Silver and its compounds have been used to treat inflammatory diseases (e.g., ulcers,
burns, sepsis, and acute epididymitis) since ancient Greek and Roman times due to
their anti-microbial capabilities. However, their applications are hindered by relative-
ly poor efficacies (Egger et al., 2009). Ag NPs appear to be more active and effective
than conventional silver as they may reach microbes in the closest proximity at the
highest ratio of surface to volume, thus leading to extraordinary anti-microbial capa-
bility (Wigginton et al., 2010). Previous studies showed that three possible mechan-
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isms were involved in Ag NPs-induced activity against a broad spectrum of microbes
including Gram-negative bacteria (e.g., Escherichia coli and Pseudomonas aernginosa),
Gram-positive bacteria (e.g., Bacillus subtilis and Staphylococcns anrens), fungi (e.g., Asper-
gillus flavus and Aspergillus niger), and viruses (e.g., influenza virus, human-parainfluenza
virus, and hepatitis B virus) (Sondi and Salopek-Sondi, 2004; Kim et al., 2007; Lu et
al., 2008; Baram-Pinto et al., 2009; Rai et al., 2009; Lara et al., 2010; Sahu et al., 2014):
(1) Ag NPs combine and interact with membrane structures (e.g., plasma membrane,
membranous organelles, and viral envelopes), alter membrane permeability and disr-
upt ion transport, leading to a change in osmotic pressure, and ultimately killing mic-
robes (Sondi and Salopek-Sondi, 2004; Morones et al., 2005; Lara et al., 2011; Park
et al., 2011); (2) Ag NPs cause oxidative stress that reflects an imbalance between
the generation of reactive oxygen species (ROS) (e.g, superoxide anion, hydrogen
peroxide, and hydroxyl radical) and the consumption of antioxidants (e.g., Vitamin C
and B), thus leading to lipid peroxidation, protein denaturation, mitochondrial dysf-
unction, and long-lasting DNA condensation (Feng et al., 2000; Sondi and Salopek-
Sondi, 2004; Kim et al., 2007; Li et al., 2011; Mohammadzadeh, 2012); and (3) Ag*
released from Ag NPs have the ability to reduce adenosine triphosphate (ATP) prod-
uction and disrupt DNA replication (Cumberland and Lead, 2009).

Microbes that adhere to an interface can accumulate to be communities and form
microbial biofilms. Microbial biofilms are the structured aggregation of microbes
encased in a self-produced polymeric conglomeration that is composed of polysacc-
harides, proteins, and extracellular DN As. They might account for over 80 % of mic-
robial infection and consequential damage in humans (O"Toole et al., 2000; Cos et
al., 2010; Flemming and Wingender, 2010). It has been reported that microbial biof-
ilms severely hamper the penetration of antibiotics and immune components into
microbes, and thus they exhibit as much as 1 000 times higher drug resistance than
microbes themselves (Davies, 2003). Ag NPs can inhibit the formation of new biof-
ilms, disrupt the preformed biofilms, penetrate through the mature biofilms, and eli-
minate biofilms thoroughly (Markowska et al., 2013; Cavalieri et al., 2014). Therefore,
Ag NPs are widely used in prostheses, external fixator pins, bone cement, and wound
dressings (Kwakye-Awuah et al., 2008; Zheng et al., 2010).

Chronic otitis media, characterized by recurrent infection causing otalgia and pu-
rulent otorrhea, is still a significant public health issue affecting 0.5 %-43 % of any
given population in developing and developed countries (Monasta et al., 2012). Usua-
lly, empirical antibiotic therapy is considered a mainstay of otitis media treatment.
However, antibiotics are not always efficient due to the emergence of multidrug res-
istant strains of bacteria (e.g., methicillin-resistant S7aphylococcus anreus). Significantly,
microbial biofilm formation has recently been reported in the middle ears of patients
with chronic otitis media all over the world (Hall-Stoodley et al., 2006; Lampikoski
et al., 2012; Nguyen et al., 2013; Gu et al., 2014; Wessman et al., 2015). Ag NPs may
overcome some disadvantages of antibiotics (e.g., drug resistance and side effects to
other systems) and eliminate microbes as well as microbial biofilm with high efficacy
in the ear therapy through distinctive mechanisms, such as inducing ROS generation
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and modulating immune function, which are completely different from routine ther-
apy with antibiotics (Keren et al., 2013; Xu et al., 2013; Xu et al., 2015). Therefore,
Ag NPs may be useful in the treatment of diseases in the ear with microbial biofilm
formation and any potential multidrug resistant strains of bacteria that represent a
big challenge for conventional antibiotics.

The anti-bacterial activity of Ag NPs is affected by their physicochemical prope-
rties including size, shape, ratio of surface to volume, surface charge, dissolution rate,
stability in the diluent, status of aggregation and agglomeration, and coating modif-
ication (Franci et al., 2015). Smaller Ag NPs adhere to and penetrate the cell memb-
rane and reach the nucleus more easily due to their large surface area, compared with
the larger Ag NPs (Sondi and Salopek-Sondi, 2004). In addition, smaller Ag NPs in-
duce production of superoxide peroxide in the mitochondrial membrane and lead
to a more remarkable lethal effect (Yang et al., 2012). The positively charged Ag NPs
exhibit higher anti-bacterial activity because of their more potent capabilities to com-
bine with the negatively charged plasma membrane compared with the negatively
charged and neutral Ag NPs (El Badawy et al., 2011). The aggregated and agglome-
rated Ag NPs may cripple the anti-bacterial capabilities because the decreased surface
area will disturb the efficacy of Ag NPs on bacteria (Zhou et al., 2012). Ag NPs that
are stabilized by polymers (e.g., poly-vinylpyrrolidone) and surfactants (e.g., sodium
dodecyl sulphate and Tween 80) display enhanced anti-bacterial capabilities (Huynh
and Chen, 2011). Furthermore, the electronic structure, redox potential, and surface
plasmon resonance of Ag NPs may influence ROS generation to affect their anti-
bacterial capabilities (Fatima et al., 2015).

2.1.2  |Interaction between Ag NPs and the immune system

2.1.2.1  Components of the immune system

The immune system is responsible for eliminating non-self components (e.g., mutant
cells), maintaining homeostasis (e.g., clearance of senescent and injured cells), and
defending against foreign hazardous factors (e.g., lipopolysaccharides) to exert its rol-
es in immune surveillance, immune homeostasis, and immune defence. It consists
of the innate immune system and the adaptive immune system.

Innate immunity elicited by the innate immune system is non-specific, prompt,
and temporary, and it acts as the first line of defence in safeguarding the body. It rel-
ies primarily on the pattern recognition receptors (e.g., toll-like receptors, cytoplasmic
NOD-like receptors, intracellular retinoic acid-inducible gene-I-like receptors, trans-
membrane C-type lectin receptors, and absent in melanoma 2-like receptors) that are
expressed on the natural immunocompetent cells (e.g., monocyte-macrophage sys-
tem and dendritic cells) to specifically recognize and combine with the conservative
molecular patterns including pathogen-associated molecular patterns (e.g., lipopoly-

13



saccharides, peptidoglycan, mannose, nucleic acid, and lipoteichoic acid) that are cor-
related with microbial pathogens or cellular stressors and damage-associated molec-
ular patterns (eg., uric acid, ATP, and heat shock protein) that are correlated with ce-
llular components released during cell damage. Innate immunity plays a critical role
in responding to stressors at the early stage (Mogensen, 2009; Chen and Nunez,
2010).

Adaptive immunity elicited by the adaptive immune system is antigen-dependent,
obtuse, and permanent, and it only occurs when the body is irritated by an antigen
encountered before. It is comprised of cellular immunity and humoral immunity, the
former of which is controlled by T cells, while the latter is mediated by a variety of
immunoglobulins that are synthesized and released by B cells. Adaptive immunity pl-
ays an indispensable role in recalling and responding to an antigen that the body enc-
ountered before (da Rocha Junior et al., 2013).

The two immune systems communicate with each other at both the cellular and
molecular levels. On one hand, several immunocompetent cell populations (e.g., Bl
cell, yd T cell, and natural killer cell) that possess distinctively functional characteris-
tics are known to bridge the two immune systems. On the other hand, cytokines [e.g.,
interferon-y and interleukins (ILs)] produced by immunocompetent cells (e.g., mac-
rophage and T cell) create crosstalk between the two immune systems in either a par-
acrine or an autocrine manner through cell-to-cell or cell-to-extracellular matrix con-
tacts (Getz, 2005).

2.1.2.2 Macrophage polarisation

Leukocytes are the essential cellular components in directing the host immune defe-
nce. Among them, macrophages are the predominant cells in response to stimuli at
the early stage. Macrophages were initially depicted as phagocytic cells by Metchniko-
tf in the 19t century (Cavaillon, 2011). Today, it is widely accepted that macrophages
play an indispensable role in antigen presentation, adaptive immunity, tissue repair,
and wound healing. Abundant evidence shows that macrophages are not only critical
for immune function but also important for inflammation, tumorigenesis, and meta-
bolism. Therefore, macrophages are suggested to be the cells that orchestrate num-
erous biological activities in the organism (Rees, 2010).

Macrophages originate and differentiate from either monocytes or myeloid prog-
enitor cells in the peripheral blood, and they can be classified into two subpopulat-
ions: (1) infiltrating macrophages that are recruited and migrate from the systemic
circulation into local tissues and (2) tissue-resident macrophages that exist in local
tissues during the steady state (Geissmann et al., 2010). The innate immune response
triggered by macrophages that occurs in the skin, lungs, and mucosal systems is an
important defensive pathway at the early stage when the body confronts stressors.
Plasticity and flexibility are the key features of macrophages and reflect their activat-
ion states. The different phenotypes of macrophages are generated to meet their div-
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erse roles in multiple biological activities (Scott et al., 2014; Das et al., 2015).
Activated macrophages have distinctively functional phenotypes that are similar
to the Type 1/Type 2 T helper cells (Th1/Th2) polarisation paradigm of T lymphoc-
ytes and therefore can be defined as M1 (classically activated) and M2 (alternatively
activated). M1 macrophages induced by Th1 signature cytokines [e.g., interferon-y
and tumour necrosis factor-alpha (TNF-o)], which are relevant to toll-like receptor
(TLR)-dependent signaling, have the ability of up-regulating genes involved in cell-
biased immunity, enhancing antigen presentation (e.g., major histocompatibility com-
plex-1I), and producing a diverse array of inflammatory cytokines (e.g., IL-13 and
TNF-a), while M2 macrophages induced by Th2 signature cytokines (e.g., IL-4, IL-
10, IL-13, and immune complexes) play an important role in immune suppression
(e.g., IL-10), anti-inflammation (e.g., IL-6 and IL-10), and wound healing [e.g., transf-
orming growth factor-beta (TGF-3) and vascular endothelial growth factor] (Mant-
ovani et al., 2004; Murray and Wynn, 2011; Cao and He, 2013). In particular, M2 ma-
crophages can be categorized into three subpopulations that are dependent on their
diverse roles. M2a macrophages induced by I1.-4 or I1.-13 are implicated in advanced
stages of tissue regeneration and wound healing as well as immune regulation. M2c
macrophages induced by IL-10 participate in immune suppression, anti-inflamma-
tion, and tissue remodelling. Interestingly, M2b macrophages induced by immune
complexes play a dual role in immune response as M2b macrophages not only release
large amounts of anti-inflammatory cytokines, such as IL.-10 but also secrete pro-
inflammatory cytokines including II.-13 and TNF-« (Kharraz et al., 2013).
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Fig. 1 Illustration of macrophage polarisation. M1: classically activated macrophage; M2: al-
ternatively activated macrophage; IFN-y: interferon-y; TNF-a: tumour necrosis factor-o; IL-4:
intetleukin-4; I1.-10: interleukin-10; IL-13: interleukin-13. Modified based on Gordon and Tay-
lor (Gordon and Taylor, 2005).

2.1.2.3 Response of the immune system to Ag NPs
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As a foreign material, NPs will be recognized and processed by the immune system
upon entering the body, and therefore the response of the immune system to the
NPs must be considered. An appropriate immune response (e.g., synthesis and secret-
ion of immunoglobulins and mobilisation of immunocompetent cells) is important
for host defence against the hazardous stimulus. However, an excessive or uncontr-
olled immune response is clearly detrimental to the host and will result in dysregula-
ted biological activities (e.g., inflammation). At least three circumstances are ascerta-
ined during the interplay between the immune system and NPs. First, the immune
stimulatory effect initiated by the NPs directly affects innate and adaptive immunity
to trigger immune-mediated destruction or rejection and eliminate NPs ultimately,
thus leading to the maintenance of homeostasis as a defensive behaviour. Second,
the immune toxicity resulted from the NPs impairs the immune system and causes a
pathological change. Third, the biocompatibility of NPs to the immune system den-
otes that NPs do not have influence on or interact with the immune system. It should
be noted that the elemental composition and properties of NPs (e.g., size, shape, hy-
drophobicity, and surface charge), the approach of administration and dosage of
NPs, and the duration of exposure to NPs can affect the interaction between the
immune system and NPs, and therefore the consequential effects vary from case to
case (Dobrovolskaia and McNeil, 2007; Zolnik et al., 2010; Boraschi et al., 2012; Mo-
yano et al., 2012).

Usually, the immune modulatory effect is used to describe a desired or an exp-
ected change of immune activity. NPs are evaluated for their immune stimulatory
potential based on their multiple capabilities to affect innate and/or adaptive immu-
nities. Specifically, NPs exhibit immune modulatory effects via different mechanisms
including activation of innate immunocompetent cells, enhancement of antigen pro-
cessing by antigen-presenting cells, and regulation of the network of cytokines (Xu
et al., 2013). Ag NPs increased the levels of serum antigen-specific IgG and IgE re-
markably, as well as the ratio of IgG1/IgG2a, indicating the role of Ag NPs in trigg-
ering the Th2-biased immune response. Also, Ag NPs had a significant immune mo-
dulatory effect, and the mechanism was primarily attributed to the recruitment and
activation of local leukocytes and, in particular, macrophages (Xu et al., 2013).

Immune suppression is a reduction or a depression of the efficacy or activation
of immune activity, which may be either inadvertent or desirable. Traditionally, imm-
une suppression is reflected by immune toxicity. However, immune suppression may
improve the therapeutic effect of inflammatory, allergic, and autoimmune diseases
and prevent the rejection reaction in transplantation (Lettiero et al., 2012; Lappas,
2015; Luo etal., 2015). Immune suppression can be mediated by the toxicity of subs-
tances to any component of the immune system, and Ag NPs-induced immune toxi-
city has its own features. Iz vitro studies indicated that human peripheral blood mono-
nuclear cells and human acute monocytic leukemia cells, as well as the murine perit-
oneal macrophages that were exposed to Ag NPs exhibited a remarkable decrease in
cell viability and dysfunction of immunocompetence (Shavandi et al., 2011; Hayashi
et al,, 2012), and after cellular entry by endocytosis most of Ag NPs accumulated in

16



the lysosomes (Arai et al., 2015). Iz vivo study demonstrated that high dose admini-
stration of Ag NPs induced the suppression of natural killer cell activity in the spleen
(De Jong et al., 2013). In addition, Ag NPs decreased the levels of T cell-derived ant-
ibodies, the counts of monocyte and neutrophil, and the distribution of natural killer
T cell. Also, Ag NPs significantly inhibited proliferation of T cells and lymphocytes
(Malaczewska, 2014; Arai et al., 2015). Histological evidence revealed the accumulat-
ion of AgNPs in the spleen and lymph nodes of mice, which was observed as brown

and black pigmentation (De Jong et al., 2013).

2.1.3  Toxicity of Ag NPs and the mechanism of toxicity

2.1.3.1 Evaluation of toxicity of Ag NPs

To standardize the evaluation of Ag NPs toxicity, numerous regulations (Council Di-
rective 86/609/EEC of 24 Nov. 1986, Directive 2003/15/EEC of the European
Patliament and of the Council of 27 Feb. 2003, Regulation (EC) No. 1907/2006 of
the European Parliament and of the Council of 18 Dec. 2006 amending Directive
1999/45/EC and repealing Council Regulation (EEC) No 793/93 and Commission
Regulation (EC) No. 1488/94 as well as Council Directive 76/769/EEC and Comm-
ission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and 2000/21/EC, OJ L
396 of 30.12.2000) have been implemented in Europe. However, they are quite com-
plicated and vary from case to case when applied. Recently, alternative methods (e.g.,
tissue equivalents) have been accepted in the 77 vivo study for regulatory purpose in
Europe. Therefore, the European Union 7% framework programme large-scale integ
rating project NanoValid is launched and attempts to establish the new reference
methods in nanotoxicology.

Usually, the toxicity of NPs is evaluated using 7z vitro cell culture techniques. The
BALB/c 3T3 cell line is originally established from murine embryonic fibroblast cells
and has been widely used in toxicological studies (Todaro and Green, 1963; Aaronso-
n and Todaro, 1968). Accordingly, BALB/c 3T3 cell-dependent cytotoxicity assays,
such as the neutral red uptake (NRU) test have been developed and introduced into
toxicological studies. The NRU test is developed on the principle of the capabilities
of viable cells to incorporate and bind the supravital dye neutral red into the lysos-
ome, thus reflecting membrane integrity. It is used to identify the phototoxic effect
of a test substance (Repetto et al., 2008). The NRU test provides an approach for
quantitative analysis of cell viability in a culture system and is one of the most prev-
alent cytotoxicity assays in biomedicine due to its less time-, labor-, and expense-
consumption, less complexity of laboratory handling, and relatively high sensitivity.
Therefore, it was accepted as a reference method by Organization for Economic Co-
operation and Development in 2004 and specified to be a guideline in toxicology.
However, the NRU test is only used in evaluating the toxicity of conventional chemi-
cals, and its applicability remains unknown in nanotoxicology. Therefore, it is necess-
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ary to combine the NRU test with other routine cytotoxicity assays, such as the WST-
1 test and intracellular ATP measurement that have been widely used in nanotoxicol-
ogical studies, to validate its availability. The WST-1 test is developed on the principle
of enzymatic cleavage of the tetrazolium salt WST-1 to formazan by cellular mitoc-
hondrial dehydrogenases that are present in viable cells and used to evaluate the mit-
ochondrial function. The WST-1 test is more stable than the conventional MTT ass-
ay (Suli¢ et al., 2005). ATP is the direct energy source that sustains multiple biological
activities within the cells, and it is produced primarily from the mitochondria. Theref-
ore, the level of total cellular ATP within the cells can be used as a general indicator
for assessing mitochondrial activity.

Although 7n vitro cell culture-based tests have the advantages of real-time observ-
ation, homogeneity of sample, diversity of applications of techniques, no ethical co-
ncerns, it is apparent that 7z vitro studies are not equal to or cannot replace /7 vivo ex-
periments because living cells that are incorporated into a highly organized organ be-
have in a totally different manner from the isolated cells that are separated from the
organism due to the existence of the extracellular matrix and intimate cell-to-cell and
cell-to-extracellular matrix communications (Doke and Dhawale, 2015). Therefore,
animal experiments must be introduced into and included in biomedical studies to
remedy the disadvantages of 7z vitro cell culture. As a mammal, the rat has a well-
developed nervous system and is an important model animal in experimental medic-
ine, pharmacology, and toxicology. Significantly, the genome of the rat possesses the
approximate number of genes that humans have, and most human genes that are
implicated in diseases have counterparts in the genome of the rat and appear to be
highly conserved throughout evolution (Gibbs et al., 2004). More than that, the rat
ear was identified as an excellent multifunctional model in pharmacological and toxi-
cological research due to its unique and sophisticated structure that houses epithelia
(e.g., the skin of the external ear canal and mucosa of the middle ear), sensory organs
(eg., Corti's organ, crista ampullaris, saccule maculae, and utricle maculae), neurons
of the cranial nerves (eg., spiral ganglion and Scarpa's ganglion), a vascular bed simi-
lar to the brain, and a biological barrier (the blood-inner ear barrier) that limit the
entry of hazardous substances to avoid compromising the vulnerable homeostasis
of the inner ear. Previous observations demonstrated that the rat inner ear was an
ideal organ for the evaluation of NPs' biocompatibility and toxicity (Zou et al., 2011;
Zou, 2012). However, the European Union 7% framework programme large-scale
integrating project NanoValid attempts to establish the new reference methods in
nanotoxicology, and the reference methods follow the '3Rs' principle: replacement
of a procedure that uses animals with a procedure that does not use animals, reduct-
ion of the number of animals used in a procedure, and refinement of a procedure
to alleviate or minimize potential animal pain. Therefore, it is quite necessary to int-
egrate the iz vitro and in vive study and overcome the respective disadvantage to evalu-
ate the toxicity of Ag NPs comprehensively.
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2.1.3.2 Fate of Ag NPs within the cells

Ag NPs may penetrate and invade the body through dermal contact (Korani et al.,
2011; Kim et al., 2013), inhalation (Sung et al., 2009), and ingestion (Kim et al., 2010;
Loeschner et al., 2011). They interact with living cells in a more distinctive manner
than conventional silver compounds. Prior to contact between Ag NPs and the plas-
ma membranes of cells, Ag NPs interact with the extracellular bioactive molecules
in body fluids including proteins, carbohydrates, and lipids. This can affect the subs-
equent interactions between Ag NPs and cells. Among them, creation of a protein
corona plays a critical role in leading to the change of interaction between Ag NPs
and cells. The protein corona is defined as the complexes that form at the interface
between the NPs and proteins. Irreversible binding of NPs on the proteins leads to
'hard corona', whereas reversible binding of NPs on the proteins leads to 'soft coro-
na'. The 'hard corona' may play a more important role than the 'soft corona' in det-
ermining the behaviour of NPs and the function of proteins (Saptarshi et al., 2013;
Tenzer et al., 2013; Lee et al., 2015).

The interactions between Ag NPs and cells consist of recognition, uptake, inter-
nalization, translocation, and finally accumulation or excretion by cells, which are de-
pendent on the properties of Ag NPs, the cell types, the approach and dosage of
administration, and the duration of exposure (Stensberg et al., 2011). The recognit-
ion and uptake of Ag NPs, as well as other NPs, is primarily mediated by endocytosis
(Garcia-Alonso et al., 2011; Zhang et al., 2014). Positively charged Ag NPs recognize
and bind to target cells that have negatively charged plasma membrane more effic-
iently than those that are negatively charged or neutral with the same size (Frohlich,
2012). Mesenchymal stem cells uptake the Ag NPs via macropinocytosis (Greulich
etal., 2011). Monocytes uptake and internalize the Ag NPs through clathrin-depend-
ent and actin-independent pathways (Singh and Ramarao, 2012). Macrophages upt-
ake and internalize the Ag NPs via actin-dependent endocytosis that is mediated by
scavenger receptors (Wang et al., 2012). Transmission electron microscopy studies
have showed that the smaller Ag NPs are much more readily to be internalized via
macropinocytosis or phagocytosis than the larger Ag NPs with the same surface pr-
operties (Zhang et al., 2015). After entering the cells, Ag NPs display a homogeneous
distribution in both the cytoplasm and the nucleus and interact with the cellular me-
mbrane structures and cause their impairment including not only the plasma memb-
rane but also the membranous organelles (e.g., mitochondria, endoplasmic reticulum,
lysosome, and Golgi apparatus). Actually, the membrane is considered a primary aff-
ected site in Ag NPs-induced toxicity (Lansdown, 2004; AshaRani et al., 2009; El
Badawy et al., 2011; Khan et al., 2011; Joshi et al., 2012). For example, Ag NPs can
induce mitochondrial dysfunction, indicated as mitochondrial membrane potential
depolarisation, formation of a mitochondrial permeability transition pore, and rele-
ase of apoptosis-inducing factor, endonuclease G, and cytochrome ¢ (Ma etal., 2015).
Ag NPs appear to either passively diffuse through nuclear pores (Godbey et al., 1999;
Parfenov et al., 2000) or be actively imported into the nucleus via receptor-mediated
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transport (Pante and Kann, 2002; Williams et al., 2009). The positively charged Ag
NPs slow down the acidification of endosomes that are responsible for the transpo-
rtation of internalized Ag NPs from the plasma membrane to lysosomes that act as
the digestive system within the cells. Ag NPs finally end up in lysosome, where the
cells attempt to digest or excrete them (Al-Rawi et al., 2011; Greulich et al., 2011).
However, the mechanism of cellular egress is not fully understood although some
evidence shows that it may be mediated by exocytosis (AshaRani et al., 2009).

2.1.3.3 Toxicological mechanism of Ag NPs

Ag NPs-induced toxicity may be mediated by the mechanisms of oxidative stress,
membrane permeability alteration, ion transport disruption, cellular respiration dist-
urbance, protein denaturation, and DNA impairment (Klaine et al., 2008). Among
them, oxidative stress, protein denaturation, and DNA impairment are considered
the significant mechanisms involved in Ag NPs-induced toxicity. Oxidative stress ref-
lects the disequilibrium between the generation of ROS and the capability of a boil-
ogical system to detoxify or eliminate ROS and repair the consequential damage. Us-
ually, excessive ROS generation is considered a primary factor in determining oxid-
ative stress. ROS are a family of chemically reactive oxidants with a short half-life in-
cluding superoxide radical, hydroxyl radical, hydrogen peroxide, and singlet oxygen.
They play a critical role in inflammation, carcinogenesis, and aging. Toxic substances
elevate the rate of ROS generation by either blocking electron transport or accepting
an electron from a respiratory carrier and transferring it to molecular oxygen (Turre-
ns, 2003). Mitochondria are identified as the major site of ROS production within
the cells. Ag NPs that are taken up by the mitochondria result in mitochondrial mem-
brane depolarisation by damaging membrane phospholipids and generate more elec-
trons by disrupting the electron transport chain (Lenaz, 2001). Ag NPs have been
found to elevate respiration rate and impede the detoxification of antioxidants, and
therefore generate excessive ROS (Carlson et al., 2008; Choi and Hu, 2008; Neal,
2008; Piao et al., 2011b; Piao et al., 2011a; Yang et al., 2012; Massarsky et al., 2013;
Massarsky et al., 2014; Paino and Zucolotto, 2015). It should be noted that over-
production of ROS has been implicated in the degradation of hyaluronic acid that
is capable of allowing the rapid diffusion of water-soluble molecules into the matrix
(Hansell et al., 2000). The lower molecular weight fragments that interact with CD44
may up-regulate chemokines [e.g., monocyte chemotactic proteins (MCPs)], adhesion
molecules (e.g., intercellular adhesion molecule-1 and vascular cell adhesion molec-
ule-1), and inflammatory cytokines leading to leukocytes infiltration and consequent-
ial inflammation (Esser et al., 2012; Mirzapoiazova et al., 2015; Onodera et al., 2015).
More significantly, excessive ROS may lead to secondary damages, such as protein
denaturation, DNA impairment, endoplasmic reticulum stress, and lipid peroxidat-
ion (Posgai et al., 2011; Zhang et al., 2012a).

Accurate conformation is necessary for proteins to function properly. Conform-
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ational changes caused by heavy metals result in irreversible protein denaturation and,
consequently, impair the function of proteins. Ag NPs can induce the formation of
protein corona leading to haemolysis, activation of the thrombocyte and complem-
ent system, and cell death (Saptarshi et al., 2013; Tenzer et al., 2013; Lee et al., 2015).
Furthermore, protein aggregation and peptide fibrillation caused by Ag NPs will lead
to the formation of amyloid-like structures that are implicated in neuro-degenerative
diseases, such as Parkinson's disease and Alzheimet's disease (Colvin and Kulinowski,
2007; Wagner et al., 2010; Elsaesser and Howard, 2012). Also, Ag NPs have the cap-
ability to change the configuration of peptides into forms of aggregation and fibril-
ation (Aili et al., 2008; Wu et al., 2008; Wagner et al., 2010).

As a genetic vehicle, nucleic acids are vital for gene replication, transcription, and
translation, many diseases are found to be associated with the aberrant nucleic acids.
Ag NPs induce aneuploidy and chromosomal abnormalities, such as chromatid les-
ions and centromere spreading (Wise et al., 2010). The Ag NPs accumulated within
the cells cause DNA impairment in a dose-dependent manner (Tomankova et al,,
2015). DNA impairment is capable of activating intracellular signaling that affects
cell-cycle checkpoints and DNA repair (Elsaesser and Howard, 2012). Once the da-
mage is deprived, checkpoint-arrested cells will resume cell-cycle progression. Ho-
wever, it has been shown that Ag NPs induce DNA impairment, leading to cell cycle
halted in the G2/M phase, and exacerbate the apoptosis rate (Catlson et al., 2008;
AshaRani et al., 2009; Kim et al., 2009; Asharani et al., 2010). In addition, ROS-
induced DNA impairment can activate poly (ADP-ribose) polymerase-1 that in turn
triggers the translocation of apoptosis-inducing factor from the mitochondria into
the nucleus, in which it triggers chromatin condensation, DNA fragmentation, and
nuclear shrinkage (Dawson and Dawson, 2004).

2.2 Basic knowledge of the inner ear

2.2.1  Physiology of the cochlea

The inner ear, composed of the cochlea and vestibule, is responsible for transducing
the physical signals of sound and head position into neural impulses that are recogn-
ized by the brain. It is embedded within the bulla in rodents, while it is deeply buried
in the petrous temporal bone at the lateral skull base in humans. As an auditory organ,
the cochlea can be separated into three compartments, the scala vestibule, scala tym-
pani, and scala media. The former two are communicated with each other by the hel-
icotrema and filled with perilymph that contains ~4 mM K*ions and ~150 mM Na*
ions and is similar to extracellular fluid (e.g., plasma and cerebrospinal fluid), while
the latter one, also known as the cochlear duct, is filled with endolymph that contains
~150 mM K*ions and ~1 mM Na* ions and is similar to intracellular fluid (Ryan et
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al., 1979). Corti's organ, which is located on the basilar membrane of the cochlear
duct and is composed of mechano-sensory cells (inner and outer hair cells) and non-
sensory supporting cells (eg., Deiters' cells and pillar cells), is responsible for the
transformation of sound vibration into neural impulses that are recognized by the
brain. In rodents, one row of inner hair cells releases the neurotransmitters that can
interact with the receptors located in the peripheral processes of the spiral ganglion
cells in response to sound vibration. Three rows of outer hair cells amplify the mot-
ion of the basilar membrane to stimulate the inner hair cells more effectively (Dallos,
2003; Lu et al., 20006; Jia et al., 2007). Sensory cells are bathed with their hair bundles
in K*-rich endolymph, while cell bodies in K*-poor corticolymph (almost identical
to the perilymph). When the hair bundles of hair cells are deflected on the basilar
membrane that is vibrated by the sound wave, the K* ions enter the hair cells through
the transduction channels located in their cilia and are then expelled basolaterally.
These K ions appear to be delivered to the spiral ligament fibrocytes via the non-
sensory supporting cells that are coupled by gap junctions. After K* ions that are co-
llected from the strial intermediate and basal cells influx into the intrastrial space,
they are taken up by the strial marginal cells and are then excreted into endolymph,
where they are ready for sensory cells to receive the mechanical stimuli of the next
round (Hibino et al., 2010). Na* ions movement that is controlled by the epithelial
sodium channels in the stria vascularis and Reissnet's membrane is also important
for normal functioning of the sensory cells (Mizuta et al., 1995; Couloigner et al.,
2001; Pondugula et al., 2004).
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Fig. 2 Illustration of inner ear anatomy. PSCC: posterior semicircular canal; SSCC: superior
semicircular canal; LSCC: lateral semicircular canal; Am: ampule; Utr: utricle; Sac: saccule; Coch:
cochlea; StrV: stria vascularis: SL: spiral ligament; SV: scala media; SM: scala media; ST: scala
tympani; TM: tectorial membrane; CO: Corti's organ; BM: basilar membrane; SGC: spiral gang-
lion cell.

A number of electrophysiological methods, such as distortion product otoacous-
tic emissions, electrocochleography, and ABR, are used to monitor hearing. Among
them, ABR is an objective and non-invasive detection method to evaluate the funct-
ion of both the peripheral and central auditory system. Therefore, using ABR measu-
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rements is quite useful to determine hearing level in experimental studies as well as
clinical investigations. ABR is a compound evoked potential that is extracted from
ongoing electrical activity in the brain and recorded with the platinum needle elect-
rodes placed underneath the scalp. As shown in Fig. 3, the resulting recording in the
rat is composed of a series of vertex positive waves of which I through V are evalu-
ated. Wave II is the most evident and stable response and can be utilized to identify
the threshold that is the minimum visible and repeatable response (Alvarado et al.,
2012; Ruebhausen et al., 2012). In the ABR measurements, the level of hearing loss
is presented as a threshold shift, the larger the threshold shift, the more severe the
hearing loss. The increase in this parameter indicates the degree of hearing loss and

is expressed by decibel (dB).
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Fig. 3 A typical ABR click waveform recorded in a normal rat at a stimulus of 80 dB
SPL. dB SPL: decibel sound pressure level.

2.2.2  Analogy of the blood-inner ear barrier and the blood-brain barrier

The concept of the blood-inner ear barrier was first proposed by Hawkins in 1973,
and it was considered a complex of numerous endothelial cells that were coupled by
tight junctions and the underlying basement membrane (Hawkins, 1973). In recent
years, great progress has been achieved in elucidating the sophisticated cellular archit-
ecture of the blood-inner ear barrier. It has been indicated that abundant basal info-
Idings of the strial marginal cells and dendrite-like projections of the strial intermed-
iate cells and basal cells intimately contact the capillaries, which suggests the strial
cells may participate in constructing the blood-inner ear barrier (Ando et al., 1999;
Spicer and Schulte, 2005a, b). In addition, pericytes are found to be intimately assoc-
iated with the endothelial cells of capillaries, showing their processes tightly posit-
ioned adjacent to the endothelia (Dai et al., 2009; Shi, 2009). Significantly, pericytes
contribute to remodelling the integrity of the blood-inner ear barrier via desmin bec-
ause of its role in cell architecture and force transmission (Shi, 2009). Moreover, the
perivascular resident macrophages that are positive for F4/80, CD68, and CD 11b,
with foot processes strikingly rich in mitochondria and vesicles, are found to be int-
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imately associated with the abluminal surfaces of capillaries, suggesting that they may
play a similar role to that of astrocytes in the brain and glial cells in the retina in regu-
lating the integrity of the blood-inner ear barrier (Shi, 2010; Zhang et al., 2012b; Ne-
ng et al., 2013; Zhang et al., 2013b; Zhang et al., 2013a).

The blood-inner ear barrier is not only a physical barrier that prevents the influx
of toxic substances into the inner ear, thus protecting the vulnerable structures of
the inner ear from systemic influences but also a selective permeable membrane that
allows the transmission of small liposoluble molecules from the blood into the inner
ear, whereas high molecular weight, water soluble, and charged molecules are unlikely
to diffuse passively (Juhn et al., 1981; Juhn, 1988; Swan et al., 2008). On one hand,
the breakdown of the blood-inner ear barrier is involved in many hearing and bala-
nce disorders, such as Méniére's disease (Tagaya et al., 2011; Zou et al., 2011; Zou,
2012). On the other hand, because of the blood-inner ear barrier, conventional app-
roaches of drug administration, such as oral or parenteral routes, are largely not eff-
icient or are even ineffective in treating inner ear diseases (Saito et al., 2001). There-
fore, characterizing the blood-inner ear barrier is important for understanding the
pathogenesis of inner ear diseases and for the innovation of novel drug delivery sys-
tems.

The inner ear is a tiny organ made up of multiple tissues that is deeply buried in
the bone, leading to its inaccessibility and complexity. Thus, it is difficult to elucidate
the essence of the blood-inner ear barrier. It has been suggested that the blood-inner
ear barrier is functionally similar to the blood-brain barrier as well as the blood-retina
barrier and the blood-testis barrier. The function of the blood-brain barrier is achiev-
ed by tight junctions, a paucity of pinocytotic vesicles in the endothelial cells, and a
uniformly thin and negatively charged layer in the endothelial cells (Reese and Karn-
ovsky, 1967; Vorbrodt et al., 19806). Histologically, both the blood-inner ear barrier
and the blood-brain barrier are composed of endothelial cells that are joined toge-
ther by tight junctions lining along the capillaries in which the fenestration is absent
(Shi, 2011). Physiologically, both of them share the capabilities in allowing Na* ions
and urea to cross (Sterkers et al., 1987), facilitating glucose transport (Crone, 1965;
Ferrary et al., 1987), and responding to acetazolamide (Vogh and Maren, 1975; Ster-
kers et al., 1984). Furthermore, the permeability of both barriers can be augmented
by histamine and prostaglandin E2 (Gross et al., 1981; Inamura and Salt, 1992;
Schmidley et al., 1992). Significantly, Ag NPs have been shown to disrupt the blood-
brain barrier and cause neural toxicity in the brain (Sharma et al., 2010). Therefore,
it is theoretically possible to investigate the essence of the blood-inner ear barrier
and explore the pathogenesis of the inner ear disorders using Ag NPs.

2.2.3  Evaluation of permeability of the blood-inner ear barrier

Traditional studies to evaluate the integrity of the biological barrier have used app-
roaches, such as the dye exclusion test (¢.g., Evans blue and sodium fluorescein) and
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radioactive tracing (e.g., 1131) (Rossner and Tempel, 1966; Wispelwey et al., 1988).
However, the dye exclusion test is not believed to be an ideal method to evaluate the
integrity of the blood-inner ear barrier because the vessels of the inner ear are in cl-
ose proximity to the tissues and fluids of interest, and sectioning may displace the
extravasated dye throughout the whole tissue as a result of powerful mechanical ext-
rusion, especially in the extravascular tissues that are sparse. Therefore, it may prov-
ide inaccurate information on the location of vascular leakage (Tachibana et al., 1981;
Trune, 1997; Kastenbauer et al., 2001). In addition, it has been suggested that the
amount of dye detected in the tissue homogenate may only reflect the absorption
capabilities of tissues but not the severity of vascular leakage indicating the augment-
ation of permeability. I'3! is used as a tracer in identifying the bleeding site but the
radioactivity limits its applicability regardless of its very short half-life. Ir vitro cell
culture model has recently been established to study the blood-inner ear barrier (Zh-
ang et al., 2013a). However, it is questionable that how functional alteration of the
blood-inner ear barrier correlates to histological changes or 7 vitro findings, as there
are no convincible studies combining these alterations to endocochlear potential, ion
concentrations, or hearing thresholds (Hirose et al., 2014). Therefore, an objective,
reliable, safe, and quantitative method to assess vascular leakage is in great need. MRI
is an 7 vivo non-invasive imaging technique that can be used to visualize the sophis-
ticated structures of the inner ear. Accumulative evidence shows that MRI is a pow-
erful tool to investigate the blood-inner ear barrier in both animals and humans. Sig-
nificantly, the applications of contrast agents (e.g., gadolinium) improve the discrimi-
nation of the endolymphatic and perilymphatic compartments of the inner ear, whi-
ch benefit the diagnosis of endolymphatic hydrops in the patients suffered from Mé-
niére's disease, as well as sudden sensorineural hearing loss, and advance the develop-
ment of animal models in mimicking inner ear disorders in humans (Counter et al.,
2000; Counter et al., 2003; Zou et al., 2003; Zou et al., 2009a; Pyykké et al., 2010;
Zou et al., 2010a; Zou et al., 2010c; Zou et al., 2010b; Naganawa et al., 2012; Zou et
al., 2012b; Counter et al., 2013; Naganawa and Nakashima, 2014).

2.3 Inner ear immunology

2.3.1  Deviation in understanding of the inner ear being an immunologically
privileged organ

It was once taken for granted that the inner ear was an 'immunologically privileged
organ' due to the unique blood-inner ear barrier that was similar to the blood-brain
barrier, by which the cochlear duct was separated anatomically from the systemic cir-
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culation. The impermeable nature of the blood-inner ear barrier is reflected by abun-
dant tight junctional proteins (e.g., claudin-1, -3, and -4) and adhesion molecules (e.g.,
T-cadherin, P-selectin, intercellular adhesion molecule-1, and vascular cell adhesion
molecule-1) in the stria vascularis (Shi and Nuttall, 2007; Listyo et al., 2011; Yang et
al., 2011). The endothelial cells in the capillary network of the stria vascularis do not
have fenestrae but are joined together by tight junctions and therefore have a very
low permeability to blood components under physiological conditions (Sakagami et
al.,, 1982; Ando et al., 1999). Thus, immunocompetent cells, antigens, and immunog-
lobulins are thought to be excluded from the inner ear (Barker and Billingham, 1977,
Harris and Ryan, 1995; Fujioka et al., 2014; Okano, 2014).

However, accumulative evidence challenges this notion. Immunocompetent cells
are identified in the cochlea even under the steady state. They reside in the stria vasc-
ularis and spiral ligament of the cochlear lateral wall and exhibit certain features of
macrophage (Hirose et al., 2005; Lang et al., 2006; Tornabene et al., 2006; Okano et
al., 2008; Sato et al., 2008). The inner ear is subject to mounting an immune response
when challenged by stressors, such as keyhole limpet haemocyanin (McCabe, 1979;
Harris, 1983; Soliman, 1992; Kanzaki, 1994). On one hand, breakdown of the blood-
inner ear barrier resulted from a variety of highly risky factors including noise, otot-
oxic drugs, senescence, and ischaemia/hypoxia allowed bone marrow-detived cells,
regardless of haematopoietic or mesenchymal origin to mobilize and migrate into
the harassed sites of the inner ear via the capillary system (Shi, 2011). In addition,
the communication between the inner ear and the systemic lymphatic system thro-
ugh the cervical lymph nodes provided another route for leukocytes trafficking into
the inner ear that was sensitized by keyhole limpet haemocyanin (Yimtae et al., 2001).
Consequently, endolymphatic hydrops was induced (Zou et al., 2007). On the other
hand, it was apparent that the inner ear itself was capable of mounting an immune
response independently when pathogens, such as lipopolysaccharides, an important
component of the cell wall in Gram-negative bacteria, invaded through either the
middle ear or the adjacent meninges (Harris, 1983; Ma et al., 2000; Penha and Escada,
2003; Klein et al., 2007; Moller et al., 2014).

2.3.2  Communication between the inner ear and the immune system

Small blood vessels such as capillaries play an essential role in the transmigration of
immunocompetent cells and the transmission of immune molecules from the syst-
emic circulation into the local tissues (LaFerriere et al., 1974). It should be noted that
the immune components that are transferred from the systemic circulation are critic-
al for the onset and development of an immune response in the inner ear. Lymphoc-
ytes that are extravasated from the systemic circulation can enter the inner ear via dr-
aining post-capillary venules. In the inner ear, the primary draining venules refer to
the spiral modiolar veins that are located at the base of the scala tympani. These coll-
ecting venules can develop high endothelial vein-like characteristics after inoculation
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of living or inactivated virus into the scala tympani (Harris et al., 1990; Fukuda et al.,
1992; Pawankar et al., 1998). Abundant infiltrating leukocytes can be identified at th-
is site followed by an immunological or inflammatory challenge (Harris et al., 1990).
Further study reveals that bone marrow cells donated from green fluorescent protein
transgenic mice are found at the spiral ligament of lethally irradiated mice as the reci-
pients after intravenous infusion, and these cells initially accumulate at the basal reg-
ions then progress to the whole spiral ligament, and the extent is greater than that in
the modiolus regions, suggesting that vessels of the spiral ligament in the cochlear
lateral wall are an important entry route for cell trafficking into the inner ear (Tan et
al., 2008).

The transmigration of leukocytes from the systemic circulation into the inner
ear is mediated by molecules produced by endothelial cells and receptors expressed
on the leukocytes (Takahashi and Harris, 1988a; Stearns et al., 1993; Trune and Ngu-
yen-Huynh, 2012). In response to stressors, circulating leukocytes are captured and
immobilised by the endothelial cells followed by transmigration across the microvas-
cular wall in three steps (Bachor et al., 2001). First, adhesion molecules (e.g., P-select-
in, intercellular adhesion molecule-1, and vascular cell adhesion molecule-1) produ-
ced by endothelial cells elicit rolling leukocytes (¢.g., neutrophils, monocytes, and lym-
phocytes) along the vessel wall at a far slower velocity to adhere to the endothelial
cells (Cook-Mills, 2002). Next, receptors (¢.g., toll-like receptors and T cell receptors)
that are expressed on the leukocytes act as an anchor site in mediating leukocytes to
adhere firmly to the endothelial cells (Yuan et al., 2012). Finally, endothelial cells do-
wnregulate tight junctional proteins (e.g., claudins and occludins) and facilitate actin
cytoskeletal remodelling that is mediated by the phosphorylation of myosin light ch-
ain protein to regulate membrane ruffling and lamellipodia formation and alter shape
characteristics, allowing leukocytes to cross the microvascular wall (Marcus et al.,
1997; Iversen et al., 1999; Nieuwdorp et al., 2009). During the process, the endothel-
ial cells synthesize and secrete chemokines (e.g., MCPs) into the adjacent tissues to
guide the transmigration of leukocytes (Taylor and Gallo, 2006; Shi and Nuttall,
2007).

2.3.3  Topical immune response in the inner ear

The endolymphatic sac plays an important role in sustaining endolymph homeostasis
(e.g., ion composition, osmotic pressure, volume, and pH) of the inner ear (Lundqui-
st, 1976; Bagger-Sjoback and Rask-Andersen, 1986; Wackym et al., 1987a; Couloi-
gner et al., 2004). Interestingly, more and more studies suggest that the endolymph-
hatic sac is also significant for immune activity in the inner ear (Rask-Andersen and
Stahle, 1980; Rask-Andersen et al., 1983; Tomiyama and Harris, 1986, 1987; Wackym
et al., 1987b; Tomiyama and Harris, 1989; Tomiyama, 1992; Gloddek and Arnold,
1995; Tomiyama et al., 1995; Masuda et al., 1997; Satoh et al., 2003; Moller et al.,
2015a). A functional endolymphatic sac is thought to be essential for the cochlear
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immune response because the T cell-mediated immune surveillance that affects the
cochlea is likely to occur primarily in the endolymphatic sac (Takahashi and Harris,
1988b; Kawauchi et al., 1992). It has been reported that the endolymphatic sac may
be mimetic to mucosa-associated lymphoid tissue (Tomiyama and Harris, 1987; Glo-
ddek and Arnold, 1995, 1998). The human endolymphatic sac is capable of synthes-
izing the components of the humoral innate immune system and therefore potentia-
tes a prompt defence against the foreign pathogens that invade the inner ear (Moller
et al., 2015b). The capability of the endolymphatic sac to recognize and process the
antigen so as to activate the cellular adaptive immune response is supported by a dis-
tinctive array of immune molecules in the human inner ear including the toll-like re-
ceptor, Fc receptor, and chemokine ligand and receptor (Moller et al., 2015b). Anti-
gen presentation in the endolymphatic sac may mediate the diapedesis and infiltrat-
ion of leukocytes from the fenestrated capillaries (Rask-Andersen and Stahle, 1980;
Altermatt et al., 1992; Moller et al., 2013). In particular, perisaccular connective tissue
that contains blood and lymphatic vessels around the endolymphatic sac is consid-
ered a host site for resident lymphocytes and a primary 'trigger point' for immune
surveillance in the inner ear and probably contributes to the augmentation of adapt-
ive immunity and induced inflammation (Yeo et al., 1995; Satoh et al., 2003). Seco-
ndary endolymphatic sac challenging with inner ear proteins induces hearing loss in
the guinea pigs although the incidence is lower than that of secondary systemic imm-
unisation (Zou et al., 1996). Taken together, the endolymphatic sac does play a key
role in inner ear immune surveillance and immune response.

The highly vascularized cochlear lateral wall is another immune site in the inner
ear, which has the capability of recruiting and mobilising immunocompetent cells
from the systemic circulation. More than that, the stria vascularis and spiral ligament
themselves are implicated in the immune-mediated activity in the inner ear (Lang et
al., 2000; Lang et al., 2008). Perivascular resident macrophage-like melanocytes in the
intrastrial space of the stria vasculatis, which express F4/80, CD68, and CD11b, co-
ntribute to the repair of impaired vessels in the context of a local inflammatory res-
ponse in order to maintain the integrity of the blood-inner ear barrier (Shi, 2010;
Zhang et al., 2012b). Increased levels of CD68 and major histocompatibility comp-
lex class II that are associated with the macrophages and dendritic cells are identified
in the stria vascularis of S426a4 knockout mice (Jabba et al., 20006). In addition, the
highly-expressed glucocorticoid receptors in the stria vascularis suggest their roles in
immune modulation in the inner ear (Shimazaki et al., 2002). Actually, the 'resting'
cochlea contains macrophages within the spiral ligament and the spiral ligament type
I fibrocytes are specialized for expressing inflammatory cytokines as part of their
normal functions (Adams, 2002). Macrophages are recruited and activated in the sp-
iral ligament in response to hazardous stimulus (eg., gene mutation) (Jabba et al.,
2006; Okano et al., 2008; Sato et al., 2010). In particular, the spiral ligament type IV
fibrocytes are likely to be the initiators of the local inflammatory response caused by
noise (Tan et al., 2008). Moreover, the spiral ligament fibrocytes produce inflammat-
ory cytokines, such as TNF-a and IL-183 when challenged by lipopolysaccharides
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(Moon et al., 2007; Woo et al., 2010) or exposed to noise (Hirose et al., 2005; Fujioka
et al., 2006; Tornabene et al., 2006). Steroids can decrease the levels of MCP1 and
macrophage inflammatory protein-2 that are secreted from the spiral ligament fibro-
cytes activated by TNF-o, which is supported by the fact that glucocorticoid recept-
ors are remarkably distributed in the spiral ligament fibrocytes (Zuo et al., 1995; Shi-
mazaki et al., 2002; Maeda et al., 2005). These findings suggest that the strial cells
and spiral ligament fibrocytes may have capabilities to acquire certain features that
are similar to those of immunocompetent cells.

Immune activity is also identified in the Corti's organ exposed to noise and otot-
oxic drugs, especially in the avian cochlea (Warchol, 1997; Bhave et al., 1998; Warchol
et al., 2001; Warchol et al., 2012). Non-sensory supporting cells of Corti's organ can
act as microglia-like cells and may determine the fate of the auditory sensory epith-
elium because microglia are believed to be macrophages in the central nervous syst-
em and play an irreplaceable role in immune surveillance (Rio et al., 2002; Ladrech
et al., 2007; Sun et al., 2015). Deiters' cells phagocytose the injured outer hair cells
and eliminate the cellular debris in Corti's organ and, subsequently, repair the defect
of the reticular lamina with their processes after exposure to noise (Forge, 1985; Ab-
rashkin et al., 2006). Among the various cellular mediators detected, toll-like recept-
ors are demonstrated as one of the most important molecules in triggering an imm-
une response in Corti's organ (Oh et al., 2011). Furthermore, complement subcomp-
onents (¢.g., Cfiand Cls) have been implicated in immune-related pathology of Cort-
i's organ compromised by noise (Patel et al., 2013; Cai et al., 2014). In particular, a
remarkable increase in the expression of major histocompatibility complex class 11
along with its trans-activator protein, class II trans-activator, is identified followed
by monocyte infiltration and differentiate into macrophage at the basal section of

the basilar membrane in the inner ear after exposure to noise, as well as the infiltrat-
ion of CD4+ T cells (Gloddek et al., 2002; Yang et al., 2015).
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3

Aims of the current research

The current study focused on the following specific topics:

1.

30

To show the 7n vitro-in vivo correlation of Ag NPs toxicity using BALB/c 3T3 ce-
lIs and the rat cochlea (I and III).

To demonstrate the transportation of Ag NPs from the rat middle ear to the in-
ner ear using micro CT (II).

To investigate the impact of Ag NPs on the permeability of biological barriers
in the rat ear using gadolinium-enhanced MRI (I).

To elucidate the molecular mechanism of Ag NPs-induced functional change in
the biological barriers in the rat cochlea using immunostaining (ITI and IV).



4  Material and methods

4.1 Ag NPs

Ag NPs were supplied by Colorobbia (Firenze, Italy) and the original concentration
was 4 % (w/v). The hydrodynamic size was 117£24 nm and the zeta potential was -
20£9 mV when suspended in deionised water (dH2O) using dynamic light scattering
in a Malvern Zeta Sizer Nano Z System (Malvern Instruments Ltd., Malvern, UK).
The size distribution of Ag NPs was not affected by the artificial perilymph [145.5
mM NaCl, 2.7 mM KCI, 2.0 mM MgSOy4, 1.2 mM CaCl,, and 5.0 mM 4-(2-hydroxye-
thyl)-1-piperazineethanesulfonic acid (HEPES) with the pH adjusted to 7.4] (Take-
mura et al., 2004) at 4 h after incubation up until 25 h.

4.2 Evaluation of toxicity of Ag NPs in BALB/c 3T3 cells using

NRU, WST-1, ATP measurement, and PI staining assays (1)

The murine embryo fibroblast BALB/c 3T3 cells (clone 31, CCL-163™, American
Type Culture Collection, LGC Promochem AB, Boras, Sweden) were cultured in
DMEM containing 4 mM L-glutamine and supplemented with 10 % newborn calf
serum at 37 °C with 5 % COg; they were then seeded into 96-well plates at a density
of ~3000 cells/well and allowed to form a 50 %-70 % confluent monolayer after
242 h. After replacing the medium with 90 pl DMEM containing 4 mM L-glutam-
ine and 5 % newborn calf serum, 10 ul Ag NPs dilutions (prepared in dH2O immed-
iately prior to use) were added to the wells to reach 8 different final concentrations
(0.67-10.0 pg/ml) with 6 replicates. The medium containing 10 % dH20 was used
as a vehicle control. The plates were then incubated for 24 h. The exposure time was
defined according to the results showing that Ag NPs remained in the rat cochlea
for at least 24 h after transtympanic injection using micro CT. Four different assays,
NRU, WST-1, the total cellular ATP, and propidium iodide (PI) staining, were used
to study the viability of BALB/c 3T3 cells after Ag NPs exposure. The cell viability
was expressed as a percentage of the viability of treated cells relative to that of the
untreated (vehicle) control wells. Dose-response curves were drawn, and the half
maximal inhibitory concentration (ICsp) was calculated using SigmaPlot® Version
12.5 (Systat Software, Inc., San Jose, USA).
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4.3 Delivery of Ag NPs in vivo and animal assignments

Sprague-Dawley rats weighing 250-524 g were maintained at an ambient temperature
of 20-22 °C with a relative humidity of 50+5 % under a 12/12 h light/datk cycle in
the experimental animal unit, the University of Tampere, and Biomedicum Helsinki,
Laboratory Animal Centre, the University of Helsinki, Finland. All procedures com-
plied with local ethics committee standards (permission number: ESAVI/3033/04.
10.03/2011) and were conducted in accordance with European Legislation.

Rats were anaesthetized generally by Ketalar® in combination with Domitor®.
Norocarp® was used to alleviate pain. Baytril® was used to prevent potential infect-
ion. Viscotears® was used to protect eyes from dryness. Anti-sedan® was used to acc-
elerate resuscitation. More details on the medications used in the rats are shown in

Table 1.

Table 1 Medication used in the rats

Brand name Generic name Origi. con. Dilution Dose Manufacturer
Ketalas ~ [octamine hy- 504 _ Bil5 B Bl
drochloride
. Medetomidine . .
a d _

Domitor hydrochlotide 1 0.05 Orion, Finland
Norocarp? Karprofen 504 1:10f 0.1 ScanVet, Finland
Baytril® Enrofloxacin 504 - 0.01 Orion, Finland
Viscotears© Carbomer 2 - - Novartis, Denmark

Anti-sedan® Atipamezole 5d 1:10f 0.2 Pfizer, Finland

*The medication was administered intraperitoneally.

bThe medication was administered intramusculatly.

“The medication was administered for ocular use.

dmg/ml.

‘mg/g.

Diluted in saline.

Origi. con.: otiginal concentration; dose: ml/100 g body weight.

After anaesthesia, either 40 or 50 pl of Ag NPs at defined concentrations were
injected unilaterally into the middle ear cavity by tympanic membrane penetration
under an operating microscope (OPMI1-F, Catl Zeiss, Jena, Germany) according to
a previously reported procedure (Zou et al., 2010a). After injection, the animals were
kept in the lateral position with the injected ear oriented upward for 15 min to ensure
that a sufficient amount of Ag NPs would remain in the middle ear cavity. For the
animal assignments, ten rats were used for the micro CT scanning; fourteen rats were
used for the MRI; twelve rats were used for the ABR measurements and ten of them

were used for histological observations. More details on the animal assighments are
shown in Table 2.
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Table 2 Assignments of the rats that received CT, MRI, and ABR measurements

Number of rats exposed to various concentrations of Ag NPs at
different time points (pg/ml)

Measurements

40 000 4000 2000 200
4h 24h | 4h 5h 2d 4d 7d|5h 7d|5h 2d 4d 7d
cT 2 R I " R 2
MRI - - -2 - - 205 5 |m - -
ABR - - - - 6¢ 6¢ 6¢ - _ _ 6¢ 6¢ 6¢

aOne of them received ABR measurements.

PThree rats exposed to 400 pg/ml Ag NPs were pooled in the 200 pg/ml group in MRI study.
“The rats received ABR measurements prior to Ag NPs exposure and at 2 d, 4 d, and 7 d post-
transtympanic injection.

4.4 Distribution of Ag NPs in the rat ear shown by micro CT (Il)

At defined observation time points post-injection, the temporal bone was fixed via
cardiac perfusion with 0.01 M phosphate buffered saline (PBS) pH 7.4 containing
0.6 % (v/v) heparin (LEO Pharma A/S, Ballerup, Denmark) followed by 4 % paraf-
ormaldehyde (Merck, Espoo, Finland). After decapitation, the cadaveric head was
immersed in the same fixative solution for a 2 h-fixation. Next, the head was covered
with Parafilm M® film (Bemis Company, Inc., Oshkosh, USA) and firmly installed
on the specimen stage of the micro CT. During scanning, three objectives were used,
1x for the large field of view images, 4x for the images that focused on the cochlea,
and 10x for imaging the round and oval windows. The voltage varied from 60 to 120
kV, the source distance was adjusted to 60-100 mm, and the detector distance was
38-40 mm. The pixel size ranged from 1.7 to 35.4 um according to different setup
parameters. The images were acquired with a 4x objective, source voltage of 40 kV,
current 200 nA, and pixel size of 5.6 um. Images were collected using the Xradia
TXMController software and reconstructed using the Xradia TXMR econstructor
software.

4.5 Evaluation of Ag NPs-induced permeability change of the

biological barriers in the rat ear using MRI (1)

In this section, a 4.7 T MR scanner with a bore diameter of 155 mm (PharmaScan,
Bruker BioSpin, Germany) was used for the evaluation of the biological barrier func-
tion in the ear. The maximum gradient strength was 300 mT/m with an 80-ps rise
time. Animals were anaesthetized with a 5 % isoflurane-oxygen mixture for induct-
ion and 3 % for maintenance at a flow rate of 1.0 L./min via a facemask. The body
temperature of the rat was maintained by circulating warm water, and the respiration
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rate was recorded with the Physio Tool-1.0.b.2 programme (Bruker Cor., Germany).
Either 40 or 50 pl of AgNPs at defined concentrations were delivered into the midd-
le ear cavity using the same method as described above. A gadolinium-tetra-azacyclo-
dodecane-tetra-acetic acid (Gd-DOTA, 500 mM, DOTAREM, Guetbet, Cedex, Fra-
nce) solution was injected into the tail vein at a dosage of 0.725 mM/kg 2 h prior to
the MRI measurement. Afterwards, the rats were placed in the magnet with their ears
positioned at the isocenter. MRI scanning commenced at several time points post-
injection. The first imaging time of 5 h was determined by taking the penetration ti-
me of liposome NPs from the middle ear to the inner ear as a reference (Zou et al.,
2010b). The final imaging time of 7 d was selected according to the course of acute
inflammation. For imaging protocols, T2-weighted 2D images were acquired using a
rapid acquisition with relaxation enhancement (RARE) sequence (TR/TEeff 2500/
40 ms, RARE factor 8, matrix size 256x250, slice thickness [ST] 0.8 mm, field of vi-
ew [FOV] 5.0x5.0 cm?, resolution 0.195x0.195 mm?, and number of averages [NEX]
3) to set up the geometry. T1-weighted 2D images were acquired using a RARE seq-
uence (TR/TEeff 500/10 ms, RARE factor 4, matrix size 256x192, ST 0.5 mm,
FOV 2.5x2.5 cm?, resolution 0.098x0.13 mm?, and NEX 33). A 2D fluid-attenuated
inversion-recovery (FLAIR) sequence (TR/TEeff 8000/40 ms, inversion time 1 800
ms, RARE factor 16, matrix size 256x192, ST 0.5 mm, FOV 3.0x3.0 cm?, resolution

0.117x0.156 mm?, and NEX 7) was used to confirm the signal of gadolinium. Para-
Vision PV 4.0 software (Bruker Cor., Germany) was used for post-processing and
quantification of MR images.

46  ABR measurements (l)

Hearing acuity was evaluated by ABR measurements before treatment and at 2 d, 4
d, and 7 d post-injection in a soundproof chamber using BioSig32 (Tucker-Davis
Technologies, Alachua, USA). Evoked ABRs were recorded as described previously
with the minor modification that the ground electrode was inserted subcutaneously
into the ipsilateral thigh (Zou et al., 2009). Clicks at a duration of 50 us and a repet-
ition rate of 21.1-s! were transmitted into the external ear canal through a pipette
tip connected to a silica and plastic ear speculum that was mounted to an earphone
(TDH-39P, Telephonics, New York, USA). For frequency-specific ABR assessment,
tone bursts at a duration of 47.619 ms and a repetition rate of 21's! were generated
via an FF1 speaker (Tucker-Davis Technologies, Alachua, USA) 5 cm away from the
tympanic membrane. The contralateral external ear canal was plugged with a rubber
insert. Responses from 1 000 sweeps were averaged with a gain of 20 at each intens-
ity level using a 0.3-3 kHz filter. The stimuli were presented as 80 to 0 dB sound pre-
ssure levels in descending-5-dB increments. The auditory threshold was determined
by evoking a minimum visible and repeatable wave 1I at the lowest intensity.

34



4.7 Sample preparation for immunostaining

Rats were anaesthetized using the same method as described above, the temporal
bone was fixed via cardiac perfusion with 0.01 M PBS pH 7.4 containing 0.6 % (v/v)
hepatin (LEO Pharma A/S, Ballerup, Denmark) followed by 4 % paraformaldehyde
(Merck, Espoo, Finland). After decapitation, the bullae were isolated and immersed
in the same fixative solution overnight, and decalcified using 10 % ethylenediamine-
tetraacetic acid (Sigma, Steinheim, Germany) in the following 4 weeks with weekly
solution changes. A standard procedure for paraffin embedding (70 % alcohol 1 h,
80 % alcohol 1 h, 94 % alcohol 2 h+1 h, absolute alcohol 1 h+1 h 30 min+2 h, xyl-
ene 2 h+1 h, and paraffin 3x1 h) was performed using a Tissue-Tek® VIP™ 5 Va-
cuum Infiltration Processor (Sakura Finetek, Torrance, USA) and a Tissue-Tek® TE-
C™ 5 Tissue Embedding Console System (Sakura Finetek, Torrance, USA). The
tissue block was sectioned at a thickness of 4 pm using a LEICA SM2000R-Sliding
Microtome (Leica, Heidelberger, Germany).

4.8  Analysis of cytokine expression (Il and IV)

4.8.1  Antibodies and chromogen

The primary antibodies used in the assay were anti-CD68 (1:200, Abcam, UK), anti-
CD44 (1:400, Abcam, UK), anti-hyaluronic acid (1:400, AbD Serotec, Germany),
anti-TLR2 (1:250, Novus Biologicals, UK), anti-TLR4 (1:200, Novus Biologicals,
UK), anti-MCP1 (1:4 000, Novus Biologicals, UK), anti-MCP2 (1:200, GeneTex,
USA), anti-Racl (1:800, Abcam, UK), anti-myosin light chain (1:100, Cell Signaling
Technology, USA), anti-VCAM1 (1:50, Proteintech, USA), anti-Erk1/2 (1:400,
Abcam, UK), anti-]NK (1:100, Cell Signaling Technology, USA), anti-p38 (1:100,
Cell Signaling Technology, USA), anti-TNF-a (1:800, Abcam, UK), anti-TNFR1
(1:500, Abcam, UK), anti-TNFR2 (1:50, Abcam, UK), anti-IL-13 (1:400, Novus Bi-
ologicals, UK), anti-IL.-10 (1:400, Abbiotec, USA), anti-TGF-$ (1:500, Abcam, UK),
anti-A20 (1:200, Sigma-Aldrich, USA), and anti-RNF11 (1:100, Abcam, UK). Amon-
g them, anti-hyaluronic acid was hosted in sheep and the rest of the antibodies were
hosted in rabbit.

For the immunofluorescence staining, secondary antibodies including fluoresce-
ein isothiocyanate-labelled goat anti-rabbit IgG (1:200, Life Technologies™, New
York, USA) and Cy™ 3-conjugated rabbit anti-sheep IgG (1:400, Jackson Immuno-
Research Laboratories Inc., West Grove, USA) were used depending on the host of
the primary antibodies. For the immunostaining visualized by 3, 3'-diaminobenzidine
(DAB), a VECTASTAIN® ELITE ABC Kit (Vector Laboratories Ltd., Peterboro-
ugh, UK) that contained biotinylated goat anti-rabbit IgG and Reagent A (Avidin
DH solution) and B (biotinylated enzyme) was used to combine the formed immune
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complex with the secondary antibody. All the primary and secondary antibodies dil-
uted in 0.1 % BSA (Sigma, St. Louis, USA, dissolved in 0.01 M PBS pH 7.4). A DAB
Peroxidase Substrate Kit (Vector Laboratories Ltd., Peterborough, UK) that cont-
ained DAB Stock Solution and Hydrogen Peroxide Stock Solution was used to visua-
lize antibody binding.

48.2  Immunofluorescence staining

After deparaffinization and hydration, the cochlear slices were digested with 0.1 %
Trypsin (Sigma, St. Louis, USA, dissolved in 0.01 M PBS pH 7.4) at 37 °C for 30 min.
After rinsing with 0.1 % PBS-Tween® 20 for 3x2 min (Sigma, St. Louis, USA, diluted
in 0.01 M PBS pH 7.4), the slices were incubated with either 10 % heat-inactivated
normal rabbit (KPL Inc., Gaithersburg, USA) or goat serum (Invitrogen, Paisley, UK)
depending on the host of the secondary antibodies at room temperature for 30 min.
After discarding the remnant serum, the slices were incubated with the primary ant-
ibodies listed above at 4 "C overnight, respectively. After rinsing with 0.1 % PBS-Tw-
een® 20 for 3x2 min, the slices were incubated with fluorescent secondary antibodies
mentioned above depending on the primary antibodies at room temperature for 1 h.
Finally, the nuclei were counterstained with 10 ug/ml 4', 6-diamidino-2-phenylindole
(DAPI) (Life Technologies™, New York, USA) at room temperature for 10 min, and
the slides were mounted for confocal microscopy with Fluoromount (Sigma, St. Lo-

uis, USA). In the negative control slices, the primary antibodies were replaced with
0.1 % BSA.

4.8.3  Immunostaining visualized by DAB

After deparaffinization and hydration, the cochlear slices were immersed in 3 % Ho-
Oz-methanol at room temperature for 30 min. After rinsing with PBS for 2x2 min,
the slices were digested with 0.1 % Trypsin (Sigma, St. Louis, USA, dissolved in 0.01
M PBS pH 7.4) at 37 °C for 30 min. After rinsing with 0.1 % PBS-Tween® 20 for 3x
2 min, the slices were incubated with 10 % normal goat serum (Invitrogen, Paisley,
UK) at room temperature for 30 min. After discarding the remnant serum, the slices
were incubated with the primary antibodies listed above at 4 °C overnight, respecti-
vely. After rinsing with 0.1 % PBS-Tween® 20 for 3x2 min, the slices were incubated
with biotinylated goat anti-rabbit IgG at a dilution of 1:100 (Vector Laboratories
Ltd., Peterborough, UK) at room temperature for 1 h. After rinsing with 0.1 % PBS-
Tween® 20 for 3x2 min, the slices were incubated with the streptavidin-biotin-per-
oxidase complex (Vector Laboratories Ltd., Peterborough, UK) at 37 °C for 1 h. Aft-
er rinsing with 0.1 % PBS-Tween® 20 for 3x5 min, antibody binding was visualized
using a DAB Peroxidase Substrate Kit (Vector Laboratories Ltd., Peterborough, UK)
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at room temperature for 5 min. Alternatively, the nuclei were counterstained using
haematoxylin (Merck, Darmstadt, Germany). Dehydration and vitrification were co-
mpleted with a standard protocol (70 % alcohol 10 s, 94 % alcohol 2x10 s, absolute
alcohol 2x1 min, and xylene 3x3 min). The slides were mounted for light microscopy
with Clarion™ Mounting Medium (Sigma, St. Louis, USA). In the negative control
slices, the primary antibodies were replaced with 0.1 % BSA. Staining intensities (sh-
own by the greyscale value that was inversely correlated with the staining intensity)

in the strial basal cells, spiral ligament fibrocytes, and spiral ganglion cells were meas-
ured and semi-quantified using Image] 1.45S software (NIH, Bethesda, USA).

4.9 Cell death detection (lll)

Apoptosis was evaluated using the terminal deoxynucleotidyl transferase deoxyurid-
ine triphosphate nick end labelling (TUNEL) assay and an Iz Situ Cell Death Detect-
ion Kit TMR Red (Roche Diagnostics, Basel, Switzerland). After deparaffinization
and hydration, the cochlear slices were incubated with Proteinase K (Fermentas, Va-
ntaa, Finland, 20 pg/ml in 10 mM Tris/HCI, pH 7.4) at 37 °C for 30 min and, subs-
equently, an apoptosis mixture (5 pl of enzyme solution and 45 pl of label solution
[1:9]) at 37 °C for 1 h in a datk environment. The nuclei were stained with 10 pg/ml
DAPI (Life Technologies™, New York, USA) at room temperature for 10 min, and
the slides were mounted for confocal microscopy with Fluoromount (Sigma, St. Lo-
uis, USA). Slices exposed to label solution instead of reaction mixture were used as
negative controls, and slices exposed to recombinant DNase I (Fermentas, Vantaa,
Finland, 100 U/ml in 50 mM Tris/HCI, pH 7.5, 1 mg/ml BSA) at 37 °C for 10 min,
which induced DNA strand breaks prior to the previous labelling procedures, were
used as positive controls.

410 Confocal and light microscopies

The samples from immunofluorescence staining were observed and images obtained
under an inverted microscope (ECLIPSE Ti, Nikon, Tokyo, Japan) combined with
an Andor confocal system installed with Andor iQ 2.8 or 3.0 software (Andor Techn-
ology, Belfast, UK). The excitation lasers were 405 nm (blue excitation), 488 nm (gr-
een excitation), and 568 nm (red excitation) from an Andor laser combiner system,
and the corresponding emission filters were 450-465 nm (DAPI), 525/50 nm (fluot-
escein isothiocyanate), and 607/45 nm (Cy™3 and TMR Red), respectively. The im-
munostained samples visualized by DAB were observed under a light microscope
(LEICA DM 2000, Espoo, Finland), and images were digitally photographed by a
camera video (Olympus DP 25, Tokyo, Japan) with the cellSens Dimension 1.6 Oly-
mpus software (Olympus Corporation, Tokyo, Japan) installed.
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4.11 Data analysis and statistics

Statistical analyses were performed using the IBM® SPSS® Statistics Version 20 or
23 software package (SPSS Inc., Chicago, USA). Independent-samples #test was us-
ed to compare the signal ratio of different locations in the rat ear for evaluation of
the permeability change of the biological barriers using MRI and ABR threshold shi-
fts that were dependent on the frequencies at the defined time points.

One-way analysis of variance was used to compare the ICso for Ag NPs using di-
fferent assays in BALB/c 3T3 cells and the intensities of immunostaining visualized
by DAB for CD68, TLR2, TLR4, MCP1, MCP2, A20, and RNF11 in the designated
structures of different turns among the cochleae exposed to 4 000 pg/ml Ag NPs,
200 pug/ml Ag NPs, and dH20. The LSD post-hoc test was used to evaluate the pait-
wise difference. A value of p<0.05 indicated that the difference was statistically sig-
nificant.
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5 Results

5.1 Ag NPs toxicity in BALB/c 3T3 cells (I)

The ICs0 for Ag NPs was 2.8 pg/ml in the NRU assay, which was lower than that in
the WST-1 assay (3.0 pg/ml) and higher than that in total cellular ATP measurement
(2.6 pg/ml) and nuclear membrane integrity that was assessed by the PI staining as-
say (2.2 pg/ml) (p<0.05, one-way ANOVA). These findings imply that Ag NPs de-
monstrate variable ICsp in BALB/c 3T3 cells when different assays are used and PI
staining is the most sensitive assay to evaluate the toxicity of Ag NPs.

5.2 Transportation of Ag NPs from the rat middle ear to the in-

ner ear (Il)

At 4 h after transtympanic injection of 40 000 pg/ml Ag NPs (40 pl), the NPs were
distributed in the external ear canal, the middle ear mucosa, Eustachian tube, the os-
sicular chain, the stapes artery, the annular ligament, the round window membrane,
and the mesothelia of the scala tympani as detected by the micro CT. At 24 h, Ag
NPs were visible in the round window membrane and oval window, as well as the
cochlea. At 7 d after transtympanic injection of 4 000 pg/ml Ag NPs (40 ul), Ag
NPs were visualized in both the middle ear and cochlea. However, transtympanic in-
jection of 200 pg/ml Ag NPs (40 pul) did not produce any signal. No Ag NPs were
detected in the ear of non-treated control. These results suggest that the distribution
of Ag NPs in the rat ear is a dynamic process, and the round and oval windows may
exert roles in transporting Ag NPs from the middle ear to the inner ear.

5.3 Permeability augmentation of the biological barriers in the

rat ear and hearing loss caused by Ag NPs (I)

Using gadolinium-enhanced MRI, significant changes in the permeability of biologi-
cal barriers were demonstrated in the skin of the external ear canal, mucosa of the
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middle ear, and inner ear at 5 h post-transtympanic injection (»p<0.01, independent-
samples #test). The induced alteration showed a dose-dependent manner (20-4 000
ng/ml) and recovered to the base line at 7 d (p>0.05, independent-samples #test).

Transtympanic injection of 4 000 pg/ml Ag NPs (40 pl) caused irreversible heat-
ing loss at 4, 8, 16, and 32 kHz (p<0.01 and p<0.05, independent-samples #test),
while transient heating loss occurred at click and 2 kHz. However, 200 pg/ml Ag
NPs (40 pl) only induced hearing loss at 32 kHz at 2 d and 4 d (p<<0.01, independent-
samples #test), which recovered at 7 d.

These findings imply that Ag NPs disrupt the permeability of biological barriers
in the skin of the external ear canal, mucosa of the middle eat, and inner ear in a do-
se-dependent manner, which cause cochlear functional change.

54  Accumulation of hyaluronic acid in the rat cochlea exposed

to Ag NPs (Il

In the cochleae exposed to 4 000 pg/ml Ag NPs, positive staining for hyaluronic ac-
id was enhanced in the basilar membrane, spiral ligament fibrocytes, spiral ganglion
cells, and strial basal cells. The spiral ligament fibrocytes and basilar membrane sho-
wed a gradient reduction in staining intensity from the first to third turn, while the
strial basal cells demonstrated a gradient increase in staining intensity from the first
to third turn. These results suggest that Ag NPs may augment the permeability of bi-
ological barriers in the rat cochlea and alter mechanical properties of the cochlea th-
rough the accumulation of hyaluronic acid, leading to hearing loss.

5.5  Ag NPs elevated the levels of CD68, MCP1, TLR4, A20,

and RNF11 (IV)

Ag NPs at a concentration of 0.4 % rather than 0.02 % up-regulated the expressions
of CD68, TLR4, MCP1, A20, and RNF11 in the strial basal cells, spiral ligament fi-
brocytes, and non-sensory supporting cells of Corti's organ. Meanwhile, 0.4 % Ag
NPs had no effect on CD44, TLR2, MCP2, Racl, myosin light chain, VCAM1, Er-
k1/2, JNK, p38, IL-13, TNF-o, TNFR1, TNFR2, IL-10, or TGF-. The levels of

molecules in the rat cochlea exposed to Ag NPs were summarized in Table 3.
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Table 3 The levels of molecules in the rat cochlea exposed to Ag NPs

Functions/Properties Molecules
Innate immunity CDG68 (1), TLR2 (-), TLR4 (1)
Chemotaxis MCP1 (1), MCP2 (-)
Ubiquitination A20 (1), RNF11 (1)
Cell recruitment CD44 ()
Tight junction-associated proteins VCAM1 (-), Racl (=), MLC* (-)
Cellular signaling transduction Erk1/2 (<), INK (-), p38 ()
Inflammation IL-1B8 (), TNF-a (-), TNFR1 (-), TNFR2 (-)
Anti-inflammation IL-10 (=), TGF-8 (-)

'1": enhanced; ' unchanged; MLC# myosin light chain.

These findings suggest that Ag NPs might confer macrophage-like functions on
the strial basal cells and spiral ligament fibrocytes and enhance the immune activities
of non-sensory supporting cells of Corti's organ through the up-regulation of CD68
that is mediated by TLR4 activation. Meanwhile, A20 and RNF11 played roles in
maintaining cochlear homeostasis via negative regulation of the expressions of inf-
lammatory cytokines. In summary, these results verify that non-sensory cells in the
rat cochlea may attain immune feature in response to Ag NPs and support the notion
that the inner ear may not be an 'immunologically privileged organ'.

5.6 Cell death in the rat cochlea exposed to Ag NPs (lll)

In the cochleae exposed to 4 000 ug/ml Ag NPs, TUNEL-positive cells were dete-
cted primarily in Corti's organ, mesothelial cells of the scala tympani, stria vascularis,
spiral ligament, Reissner's membrane, and spiral limbus. The majority of positive ce-
IIs in the cochlear lateral wall were demonstrated in the first turn, and clearly less po-
sitive cells in the third turn. In the cochleae exposed to 200 pg/ml Ag NPs, a few
positive cells were identified in the strial marginal cells, and sparse ones were distribu-
ted in Corti's organ and osseous spiral lamina. In the cochleae exposed to dH20, oc-
casional positive cells were visualized in the bony wall. These findings suggest that
Ag NPs impair the cochlear cells and the mitochondrial dysfunction may be involved
in the mechanism.
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6 Discussion

6.1 General comments

In the current research, first of all, we demonstrated that Ag NPs-induced toxicity
was implicated in the mitochondrial dysfunction and BALB/c 3T3 cells 7 vitro were
more sensitive to Ag NPs as much as 1 000 times than the rat cochlear cells 7z vivo.
Secondly, to validate the role of biological barriers in resisting Ag NPs penetration
into the inner ear, we exposed the rat inner ear to Ag NPs through transtympanic in-
jection and using micro CT found that Ag NPs were detected in the middle ear, ossi-
cular chain, round window membrane, oval window, and scala tympani. The transp-
ortation pathways were shown to be the round and oval windows. After accessing
into the inner ear, Ag NPs caused significant changes to the permeability of biologi-
cal barriers in the inner ear as demonstrated using gadolinium-enhanced MRI as well
as hearing loss using ABR measurements. Significantly, the alterations were partially
reversible and revealed a dose-dependent manner. Thirdly, to elucidate possible mol-
ecular mechanism of Ag NPs-induced functional change in the biological barriers in
the rat cochlea, we thoroughly analysed the levels of molecules involved in the TLR
signaling pathways and potential recruitment of macrophages and found that Ag
NPs not only caused accumulation of hyaluronic acid in the rat cochlea but also up-
regulated the expressions of CD68, TLR4, MCP1, A20, and RNF11 in the strial ba-
sal cells, spiral ligament fibrocytes, and non-sensory supporting cells of Corti's org-
an. However, Ag NPs had no effect on CD44, TLR2, MCP2, Racl, myosin light ch-
ain, VCAM1, Erk1/2, JNK, p38, IL-18, TNF-o, TNFR1, TNFR2, IL-10, or TGF-8.

In the 7n vitro study, AgNO3 was used as a control to evaluate the toxicity of ionic
Ag*. It has been reported that Ag NPs and ionic Ag* are both toxic to the cells and
ionic Ag* are considered as primary components to mediate the toxicity of Ag NPs
(McShan et al., 2014). However, this is quite questionable, because ionic Ag* does
not exist in either animal or human body after reacting with the CI~ and forming Ag
Cl. The ICso for AgCl was much higher than that for Ag NPs. Furthermore, our un-
published data demonstrated that AgCl did not cause any hearing loss even though
at the saturated concentration. Therefore, it is concluded that the biological effects
shown in the current research are resulted from intact Ag NPs rather than the disass-
ociated ionic Ag™.

CT and MRI are the most popular imaging techniques in basic and clinical inve-
stigations. However, the biological effects caused by radiation are largely unclear wh-
en received a CT scanning, although a recent study showed that radiation might lead
to decelerated growth and delayed maturity, and the typical pathologies were atrophy
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and fibrosis (Miyahara et al., 2016). Meanwhile, transtympanic injection of contrast
agent gadolinium-containing compounds has been shown to cause inflammatory re-
sponse in the inner ear (e.g., infiltration of lymphocytes into the scala tympani), dege-
neration of the stria vascularis, and morphological change of the outer hair cells
(Kakigi et al., 2008; Katahira et al., 2013; Park et al., 2016). Therefore, the adverse
effects of X-rays and gadolinium should be considered. Miniature size of the inner
ear tissue may limit the applications of tissue abundance-dependent assays because
it is not that easy to yield high-quality of RNAs and proteins (Cai et al., 2013). More-
over, diversity of cell populations within the inner ear may cripple the purity of targ-
eted cells obtained, which compromise reproducibility and reliability of the results.
Thus, immunostaining has been used in this study, not only can the locations and di-
stributions of molecules in various cells within the inner ear be shown but also quan-
tification analysis is possible.

6.2 Correlation of Ag NPs toxicity in BALB/c 3T3 cells and the

rat cochlea (I and llI)

Both NRU and PI staining assays are used to evaluate membrane integrity, and thus
reflect the viability of cells. However, the substrates that neutral red and PI bind are
lysosomes and nucleic acids, respectively, and they are distributed in different subce-
llular locations. The results demonstrated that nuclear membrane were more likely
prone to be penetrated by Ag NPs than lysosome membrane. The differential susc-
eptibility of cell populations to the mitochondprial toxin relied on the cellular activity-
related energy consumption (Zou et al., 2011; Zou et al., 2013). Mitochondria are
the central site of oxidative phosphorylation and yield ATP to sustain various biolo-
gical activities within the cells. Meanwhile, glycolysis is also a significant energy sou-
rce to produce ATP, especially when the mitochondria are impaired (Loesberg et al.,
1990). Therefore, it is concluded that intracellular ATP measurement is more object-
ive to reflect intracellular gross energy consumption, while WST-1 test is more spec-
ific to show the activity of the mitochondria.

In general, the ICs0 of Ag NPs in the 7% vivo studies were higher as much as 1 000
times than that in the 7z vitro tests, suggesting that the individual cells 7z vitro were
more sensitive to Ag NPs than the inner ear cells 7z vivo. This was in accordance with
the previous study showing that cells in the primary cochlear cell culture were more
sensitive to the mitochondrial toxin 3-nitropropionic acid than the cochlear cells of
guinea pigs (Zou et al., 2013). It is most likely attributed to the highly regulated doub-
le layer of the biological barriers in the inner ear that prevents the penetration of to-
xins and the extracellular matrix that has a powerful capability of buffering.
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6.3 Transportation of Ag NPs from the rat middle ear to the in-

ner ear (Il)

Ag NPs encountered different biological fluids in the external ear canal, middle ear,
and inner ear. The plentiful perilymph in the inner ear might interact with Ag NPs
to form a compound immediately after entry. However, the unchanged size distribut-
ions after incubation with artificial perilymph suggested that the bright signal in the
ear represented the Ag NPs.

The oval window pathway was verified to be more efficient than the round wind-
ow to transport gadolinium from the middle ear to the inner ear in animals and hu-
mans using MRI (Zou et al., 2012a; Shi et al., 2014). Differential distributions of Ag
NPs in the middle and inner ear implicated that the entry of Ag NPs from the middle
ear into the inner ear was a dynamic process. It should be noted that the undetectable
signal after 4 000 pg/ml Ag NPs administration might be attributed to the low sens-
itivity of micro CT since the layer of Ag NPs formed on the tissue is too thin to rai-
se the value of the voxel as a result of the partial volume effect.

6.4  Ag NPs augmented the permeability of biological barriers in

the rat ear and caused hearing loss (1)

The Ag NPs that penetrated through the round and oval windows entered the inner
ear and disrupted the blood-perilymph and blood-endolymph barriers. Although Ag
NPs might directly compromise the inner ear cells by impairing mitochondrial funct-
ion as shown in the 7 vitro study, complete recovery of hearing loss after 200 ug/ml
Ag NPs exposure suggested that the sensorineural cells were well-preserved and the
integrity of the blood-endolymph barrier was critical to maintain hearing (Zou et al.,
2009; Zou et al., 2011; Zou, 2012). It might be speculated that the transient auditory
dysfunction was mainly due to the destabilized ion homeostasis. In general, hearing
loss was in line with cell death in histological observations. However, only partial he-
aring loss, rather than complete hearing loss, occurred at frequencies above 4 kHz.
Our explanation for this discrepancy was that tone burst ABR underestimated the
thresholds in individuals with steeply sloping hearing loss attributed to the relatively
broad spectra of the tone burst eliciting a response from a region of better hearing
that was distant from the nominal stimulus frequency (Johnson and Brown, 2005).
Therefore, the stimuli higher than 4 kHz elicited nerve fibres at higher turns (corres-
ponding to lower frequencies) where the hair cells were not affected by Ag NPs.
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6.5  Accumulation of hyaluronic acid in the rat cochlea exposed

to Ag NPs (Il

The accumulation of hyaluronic acid caused by Ag NPs might directly interfere with
potassium transport from the supporting cells of Corti's organ towards spiral ligam-
ent fibrocytes as hyaluronic acid attracts water and allows the rapid diffusion of wat
er-soluble molecules into the matrix (Hansell et al., 2000). On the other hand, its acc-
umulation might disturb the function of Na*-K*-ATPase and Na*-K*-2Cl~ cotrans-
porter-1 that are responsible for ion transport. Moreover, the potential between spir-
al ligament Type I fibrocytes and strial basal cells that are involved in the formation
of endocochlear potential would be crippled by the accumulation of the negatively
charged hyaluronic acid (Nin et al., 2008). In addition, it should be noted that hyalur-
onic acid accumulation in the basilar membrane might disorganize the tuned reson-
ant frequency map because mass, thickness, and stiffness of the basilar membrane
are essential to create a response to sound wave (Wenzel et al., 2007).

6.6 Involvement of ubiquitin-editing protein A20 in modulating
inflammation in the rat cochlea associated with Ag NPs-induced

CD68 up-regulation and TLR4 activation (IV)

It was reported that macrophages were capable of being recruited into murine cochl-
ea when challenged by noise and ototoxic drugs (Hirose et al., 2005; Tornabene et
al., 20006; Sato et al., 2010; Hirose et al., 2014). In the current study, only a few rami-
fied CD68-positive cells were identified in the spiral ligament after Ag NPs adminis-
tration, implying that the unchanged CD44, Racl, myosin light chain, and VCAM1
might be the reason for failure in recruiting abundant macrophages into the cochlea
even though MCP1 was elevated (Matheny et al., 2000; Sun et al., 2011; Rom et al.,
2012). Moreovet, the unchanged levels of Erk1/2, JNK, and p38 implicated that
MAPK signaling pathway was ineffective in fulfilling the adhesion and migration of
monocytes (So et al., 2007). These findings demonstrated that strial basal cells, spiral
ligament fibrocytes, and non-sensory supporting cells of Corti's organ might attain
certain features that are similar to macrophages.

It is conceivable that CD68 might be implicated in TLLR4 activation via caveolae
trafficking operated by lipid rafts and caveolin-1 phosphorylation because CDG68 was
reportedly involved in vesicular trafficking (Ashley et al., 2011; Jiao et al., 2013). The-
oretically, TLR4 activation triggers the NF-»B signaling pathway and finally elevates
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the levels of inflammatory cytokines including IL-13, TNF-o, and its receptors TN-
FR1 and TNFR2. However, the up-regulations of A20 and RNF11 have been shown
to inhibit the TLR-mediated inflammatory response and its induced NF-»B signaling
pathway (Gon et al., 2004; Guedes et al., 2014). Therefore, neither the downstream
cytokines of macrophages nor TLR4 activation was up-regulated after Ag NPs admi-
nistration although it was predictable that certain cytokines might be up-regulated
once, suggesting that A20 and RNF11 played an important role in maintaining cochl-
ear homeostasis, and thus preserving hearing. Nevertheless, the protective effects of
A20 and RNF11 might be limited since only partial hearing recovery occurred in the
high-frequency range.
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Fig. 4 Illustration of different molecules alterations in the rat cochlea exposed to Ag NPs.
Ag NPs caused accumulation of hyaluronic acid and up-regulated the expressions of CDG68,
TLR4, MCP1, A20, and RNF11 (highlighted in square) but had no effect on CD44, TLR2, MCP2,
Racl, myosin light chain, VCAM1, Erk1/2, JNK, p38, IL-18, TNF-o, TNFR1, TNFR2, IL-10,
or TGF-B. ' +": positive effect; '—": negative effect; " no effect; ?'": unidentified molecules.
MAPKSs: mitogen-activated protein kinases; MLC: myosin light chain; HYA: hyaluronic acid.

6.7 Future directions

The current research focus on the evaluation of toxicity of Ag NPs, and the elimin-
ation of Ag NPs and the mechanism involved are not studied. Therefore, further st-
udies should be concentrated more on the excretion of Ag NPs. In addition, it will
be interesting to investigate the roles of physicochemical properties (especially the
size, stability in the diluent, status of aggregation and agglomeration, and coating
modification) in determining the biological behavior of Ag NPs. By doing this, it
may be possible to explore the strategies on how to exert the anti-microbial activity
of Ag NPs while avoiding the adverse effect of Ag NPs to the utmost extent.
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7 Summary and conclusions

The following conclusions can be refined from the results of the current research:

1. Mitochondrial dysfunction was involved in the Ag NPs-induced toxicity. BALB/c
3T3 cells in vitro were more sensitive to Ag NPs as much as 1 000 times than the rat
cochlear cells z vivo.

2. After transtympanic injection, the distribution of Ag NPs in the middle and inner
ear could be visualized using micro CT. The pathways for Ag NPs to be transported
from the rat middle ear to the inner ear were the round and oval windows.

3. Ag NPs caused significant changes to the permeability of biological barriers in the
skin of the external ear canal, mucosa of the middle ear, and inner ear in a dose-de-
pendent manner. The functional change in the inner ear was in line with the histolo-
gical observations.

4. Ag NPs caused accumulation of hyaluronic acid, which might induce changes in
the permeability of biological barriers and mechanical properties of the cochlea in
response to vibration that are important for hearing, Also, Ag NPs might confer ma-
crophage-like functions on the strial basal cells and spiral ligament fibrocytes and en-
hance the immune activities of non-sensory supporting cells of Corti's organ thro-
ugh the up-regulation of CD68, which might be involved in TLLR4 activation. A20
and RNF11 played roles in maintaining cochlear homeostasis via negative regulation
of the expressions of inflammatory cytokines.

The outlined results suggest that the delivery concentration of Ag NPs in possible

future clinical application should be tightly controlled. The rat ear model might be
expanded to study other engineered nanomaterials in nanotoxicology research.
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Abstract

missing.

canal after transtympanic injection in rats.

other engineered nanomaterials in nanotoxicology study.

Background: Silver nanoparticles (AgNPs) displayed strong activities in anti-bacterial, anti-viral, and anti-fungal
studies and was reportedly efficient in treating otitis media .The potential impact of AgNPs on the inner ear was

Objective: Attempted to evaluate the potential toxicity of AgNPs in the inner ear, middle ear, and external ear

Results: In in vitro studies, the I1Csq for AGNPs in neutral red uptake assay was lower than that in NAD(P)H-dependent
cellular oxidoreductase enzyme assay (WST-1) and higher than that in total cellular ATP and nuclear membrane
integrity (propidium iodide) assessments. In in vivo experiments, magnetic resonance imaging (MRI) showed that
significant changes in the permeability of biological barriers occurred in the middle ear mucosa, the skin of the external
ear canal, and the inner ear at 5 h post-transtympanic injection of AgNPs at concentrations ranging from 20 ug/ml to
4000 pg/ml. The alterations in permeability showed a dosage-response relationship, and were reversible. The auditory
brainstem response showed that 4000 ug/ml AgNPs induced hearing loss with partial recovery at 7 d, whereas 20 ug/
ml caused reversible hearing loss. The functional change in auditory system was in line with the histology results. In
general, the BALB/c 3T3 cell line is more than 1000 times more sensitive than the in vivo studies. Impairment of the
mitochondrial function was indicated to be the mechanism of toxicity of AgNPs.

Conclusion: These results suggest that AgNPs caused significant, dose-dependent changes in the permeability of
biological barriers in the middle ear mucosa, the skin of the external ear canal, and the inner ear. In general, the BALB/c
3T3 cell line is more than 1000 times more sensitive than the in vivo studies. The rat ear model might be expended to

Keywords: Animal model, Biological barrier, Ear, Imaging, Nanomaterial

Background

Chronic otitis media, characterized by recurrent infec-
tions causing pain and purulent otorrhea, is still a
significant public health problem affecting 0.5-30% of
any given population in developing and developed coun-
tries. However, antibiotic is not always efficient because
of the appearance of multidrug resistant strains of bac-
teria. Formation of biofilm was recently reported in the
middle ear of patients with chronic otitis media all over
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the world [1-4]. Silver nanoparticles (AgNPs) displayed
strong activities in anti-bacterial, anti-viral, and anti-
fungal studies attributed to the mechanisms of inhibiting
the formation of biofilm and destroying viral structures
and boosting innate immune response among others
[5-9]. The medical applications of AgNPs include surgi-
cal fields, such as urology, dentistry, general surgery and
orthopedics, and wound dressing to take advantage of
good antibacterial activity [10]. Therefore, AgNPs will
potentially be selected as an alternative strategy to treat
diseases in the ear by combating biofilm formation and
any potential multidrug resistant strains of bacteria that
is big challenge for conventional antibiotics. A clinical
study on treatment of relapses of chronic suppurative
otitis media showed that a preparation containing silver

© 2014 Zou et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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nanoparticles eliminated clinical symptoms and positive
dynamics of the objective signs of the disease, such as
reduction or termination of pathological exudation and
stimulation of the epidermization processes, which was
stable during the observation time of 6 months [11].
However, before formal application in the clinic practice,
sophisticated toxicological study on AgNPs in the inner
ear to evaluate any potential risk of the new agent is
necessary.

In vivo rodent studies have shown that AgNPs induce
liver and neural toxicity after intravenous injection [12].
The neural toxicity in the brain is suspected to be the re-
sult of the passage of AgNPs across and breaking down
the blood—brain barrier [13]. Biological barriers are de-
fined as a membrane, tissue, or mechanisms that select-
ively transport certain substances into the tissue and
block others. Previous work showed that a rat’s inner ear
has also a sophisticated barrier system isolating different
compartments as well as the engineered nanomaterials
distributed in the inner ear after middle ear administra-
tion [14-17]. This membranous barrier system in the
inner ear is similar to that in the brain and the func-
tional changes in the barriers resulting from hazardous
exposure can be evaluated using MRI with high accuracy
[18,19]. The auditory function alteration caused by toxic
substances can also be measured accurately, which is
otherwise inconvenient in the brain or cranial nerves
[15,20]. The blood-endolymph and blood-perilymph bar-
riers control the interaction between the inner ear and
blood. The blood-perilymph barrier is permeable to
certain small molecules and is similar to that of cerebro-
spinal fluid, with minor variations [21-23]. The blood-
endolymph barrier is as tight as the blood—brain barrier
and does not allow the MRI contrast agent, gadolinium
chelate, to pass through under physiological conditions
[24,25]. AgNPs may pass through and impair these bar-
riers in the inner ear. In addition, the skin in the exter-
nal ear canal and mucosa in the middle ear cavity are
also exposed to AgNPs when the agent is delivered to
the external ear canal to treat otitis media. Transtympa-
nic injection of AgNPs in rats can mimic the clinical
application and the animal suffering is minor. This
multifunctional rat ear model can also be utilized for
evaluating potential toxicity of other types of engineered
nanomaterials with a focus on the impacts on the bio-
logical barriers in the skin (external ear canal), mucosa
(middle ear cavity), nerve system (inner ear).

In the work presented here, in vitro study was per-
formed in the BALB/c 3T3 cell line that were exposed to
AgNPs for 24 h, a longer exposure time than the literature
report in order ensure adequate toxicity [26]. Using the neu-
tral red uptake (NRU) assay which is an in vitro evaluation
of acute mammalian toxicity accepted by Organization
for Economic Cooperation and Development (OECD
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GD 129, 2010) [27] (http://www.alttox.org/ttrc/validation-
ra/validated-ra-methods.html). The NRU study was fur-
ther compared with three other cytotoxicity assays
with different end points: NAD(P)H-dependent cellu-
lar oxidoreductase enzyme assay (WST-1) for evaluat-
ing the mitochondrial function (which produces a
water-soluble formazan, reacts with the mitochondrial
respiratory Complex II, and is more stable than con-
ventional MTT assay) [28], the total cellular ATP
measurement as a general indicator of mitochondrial
activity, and the propidium iodide staining for asses-
sing the nuclear membrane integrity that are alterna-
tive methods. Cytotoxicity of AgNPs was compared
with AgCl (in the case of Ag® release, AgCl is the
major product in the body), as well as AgNO3 as a ma-
terial control that was reported in the literature [29].
In vivo experiments were carried out in rats after
transtympanic injection of either AgNPs, or solution
of AgNO; or AgCl. Functional changes in the blood-
inner ear barriers, as well as in the capillary barriers in
the skin of the external ear canal and mucosa of the
middle ear cavity, were evaluated using gadolinium-
enhanced magnetic resonance imaging (MRI). Auditory
function was monitored by the auditory brainstem re-
sponse (ABR) measurement. The potential cell death of
different cellular populations in the cochlea was analyzed.

Results

Comparison of AgNP toxicity in BALB/c 3T3 cells between
NRU and other end points

The ICs, for AgNPs was 2.8 pg/ml in NRU assay, which
was lower than that in WST-1 and higher than that in
total cellular ATP and nuclear membrane integrity (pro-
pidium iodide) assessments (Figure 1, Table 1). There
was a significant (P < 0.001) ~50% increase in mitochon-
drial activity of BALB/c 3T3 cells at AgNP concentration
2.1 pg/ml (shown by WST-1). Thereafter the viability
dropped steeply. Other cytotoxicity assays showed no
such increase in viability compared to control value (un-
treated cells). The IC5o for AgNO3; was lower than that
for the AgNPs in all the measurement methods. How-
ever, AgCl up to saturated concentration was insignifi-
cantly toxic.

Permeability change of the biological barriers in rat ear
after AgNP exposure

Significant changes in the permeability of the biological
barriers occurred in the middle ear mucosa, skin of the
external ear canal, and the inner ear at 5 h post-
transtympanic injection at concentrations ranging from
20 pg/ml to 4000 pg/ml. The induced permeability alter-
ation showed a dosage-response relationship and recovered
to base line in barriers in the middle ear mucosa, external
ear canal skin, and the inner ear except vestibule, that only
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Figure 1 Cytotoxicity of AgNPs, AgNOs, and AgCl in BALB/c 3T3 cells shown by NRU, WST-1, total cellular ATP, and nuclear membrane
integrity assessments. — — AgNPs, —-A- AgNOjs solution, —m — AgCl solution.

partially recovered at 7 d post-exposure to concentrations
lower than 4000 pg/ml of Ag NPs (Figures 2 and 3).

The impact of AgQNP exposure on the auditory function

of rats

ABR is an auditory evoked potential extracted from on-
going electrical activity in the brain and recorded with

Table 1 IC5, of AgNPs and AgNO; evaluated in BALB/c
3T3 cells using NRU, WST-1, ATP, and Pl methods

Assay

1C50 (pg/ml) and coefficient of determination (R?)

AgNPs AgNO3

ICso R? ICso R?
NRU 28 097 19 097
WST-1 30 0.86 20 093
ATP 26 096 15 095
PI 22 0.80 14 078

ATP, total ATP measurement; NRU, neutral red uptake assay; P, propidium
iodide penetration assay; WST-1, NAD(P)H-dependent cellular oxidoreductase
enzyme assay.

subcutaneous platinum needle electrodes placed in the
scalp. The resulting recording is a series of vertex posi-
tive waves of which I through V are evaluated. The wave
II is the most evident and stable response in rats and
utilized to identify the threshold which is the minimum
visible and repeatable response. The hearing loss level
was presented as threshold shift in the ABR measure-
ment, which is that the larger the threshold shift the
more severe the hearing loss. The increase in this par-
ameter indicates the degree of hearing loss that is
expressed by decibel (dB). Figure 4 showed the induced
hearing loss in rats. At 2 d post-transtympanic injection,
the AgNPs at a concentration of 4000 pg/ml caused sig-
nificant threshold shifts of 29 dB upon click stimuli and
from 18 dB to 32 dB with tone burst stimuli at frequen-
cies of 2 kHz, 4 kHz, 8 kHz, 16 kHz, and 32 kHz (p <
0.01, independent sample t-test); however, AgNPs at a
concentration of 200 pg/ml caused only a significant
threshold shift of 16 dB at 32 kHz (p < 0.01, independent
sample t-test). On 4 d post-transtympanic injection,
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Figure 2 Gd-contrasted MRI showed that dynamic changes in the permeability of the biological barriers occurred in the middle ear
mucosa, skin of the external ear canal, and the inner ear after exposure to 400 pg/ml AgNPs. Figures a and b are measured 5 h after
exposure and figures ¢ and d 7 d after exposure. Quantification data was shown in Figure 3. Coch: cochlea; MEI: middle ear infiltration; MEM:
middle ear mucosa; SM: scala media; ST: scala tympani; SV: scala vestibuli; Vest: vestibulum.

AgNPs at a concentration of 4000 pg/ml caused signifi-
cant threshold shifts of 19 dB upon click stimuli and
from 14 dB to 35 dB on tone burst stimuli at frequencies
of 2 kHz, 4 kHz, 8 kHz, 16 kHz, and 32 kHz (p < 0.01,
independent sample t-test). The threshold shift induced
by AgNPs at a concentration of 200 pg/ml reduced to
4 dB at 32 kHz but remained significant (p < 0.01, inde-
pendent sample t-test). At 7 d post-transtympanic injec-
tion, AgNPs at a concentration of 4000 pg/ml caused no
significant threshold shifts upon click stimuli and tone

burst stimuli at a frequency of 2 kHz, but significant
threshold shifts from 5 dB to 33 dB at frequencies of
4 kHz through 32 kHz were observed (p<0.01, inde-
pendent sample t-test). No significant threshold shift
was detected in rats exposed to AgNPs at a concentra-
tion of 200 pg/ml. There was a significant positive linear
correlation between the threshold shift and frequency in
rats exposed to AgNPs at a concentration of 4000 pg/ml
at the observation time points of 2 d, 4 d, and 7 d (p<
0.01, 2-tailed Pearson correlation).
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Figure 3 Quantifications on AgNP induced permeability changes in the biological barriers in the skin, mucosa, and inner ear shown
by Gd-DOTA-enhanced MRI. a. Results on d 0. b. Results on d 7. *p < 0.05; **p < 0.01(independent t-test). SM: scala media; ST: scala tympani;

SV: scala vestibule; vest: vestibule.

Concentrations ( Lg/ml)

20 200 4000
6,001 3 — n=2

treat
Agh's
Mon

Signal ratio (meantSE)
MoOoWwW A n
(=] (=] (=] [=]
-

-
[=]
S

8

154

&
9

San-
WS
154
S
1580

o
<

NS+
159N
NS

W54

-3

Locations

D7




Zou et al. Journal of Nanobiotechnology 2014, 12:52
http://www.jnanobiotechnology.com/content/12/1/52

Follow-up time (d) Treatments

2 4 7 OH20
50- 200 pg/ml
AgNPs
%4000 pg/ml
AgNPs

401 -

wfilll

1 =
R

Threshold shift (mean £ 2 SE)(dB)

Stimuli (kHz)

Figure 4 The threshold shifts in the rats caused by the
transtympanic injection of the AgNPs are shown by auditory
brainstem response (ABR) measurements. 40 pl of either AgNPs
at different concentrations or water were delivered into the middle
ear via transtympanic injection. The ABR were measured before and
after injection at defined time points. The threshold shift = the
threshold post injection-threshold pre-injection. cl: click. **p < 0.01
(independent sample t-test).
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Cell death in the rat inner ear after AQNP exposure

Inner ear cell death (apoptosis) was detected in the inner
ear exposed to AgNPs at concentrations of both 200 pg/
ml and 4000 pg/ml, as indicated by DNA fragmentation.
In general, greater cell death occurred in the vestibule
than in the cochlea. This was more obvious at the lower
concentration of AgNPs. In the cochlea, the strial mar-
ginal cells were among the most sensitive cells to de-
velop apoptosis after AgNP exposure, and were followed
by the osteocytes in the cochlear shell, the osseous spiral
limbus, epithelial cells of the Reissner’s membrane, the
spiral ligament fibrocytes, the spiral ganglion satellite
cells, endothelial cells and pericytes of the cochlea capil-
laries, and cochlear hair cells. At 4000 pg/ml of AgNDPs,
there was universal cell death in the vestibule end organ
and cochlea, between the hook region and the second
lower turn, as well as the Reissner’s membrane, part of the
spiral ganglion, sparse stria vascularis, spiral ligament, ca-
pillary, and osseous spiral limbus from the second higher
turn to the apex. At 200 ug/ml AgNPs, there was cell
death in most the vestibular end organ cells, and cochlear
cell populations, which was similar to that caused by
4000 pg/ml AgNPs in the higher turns (Figure 5).

4

Ep{h

4000 pg/ml AgNP
Coch-LW2nd | f

—[200 pg/ml AgNP

Vest-Am|C

Figure 5 DNA fragmentation in the inner ear cells at 7 d post-exposure to the AgNPs. 4000 pg/ml AgNP caused DNA fragmentation in the
cells in the vestibule (a, b), stria vascularis (d-f), Reissner's membrane (RM) (d, f), and spiral ligament (SL in d-f). In the lateral wall of second
higher turn (Coch-LW2ndH), limited marginal cells (StrMC) in the stria vascularis and sparse fibrocytes in the spiral ligament (SL) showed DNA
fragmentation (f). 200 pug/ml AgNP caused DNA fragmentation in cells in osseous spiral lamina (OSL in h), cells in the cochlear capillary (Cap in 1),
and hair cells of the cochlear Corti's organ (Coch-CO)(G). Water did not cause significant DNA fragmentation in the vestibule (c). No staining was
demonstrated in the negative control by omitting the labeling solution. Percentages of positive staining were 74%, 66%, 0%, 53%, and 59% in a,
b, ¢, d, and E respectively. Coch-LW1stL: lateral wall of the cochlear lower basal turn; Coch-LW2ndL: lateral wall of the cochlear lower second turn;
Coch-LW2ndH: lateral wall of the cochlear higher second turn; Enth: endothelial cells; Epth: epithelial cells; PC: pericytes of the Cap; Vest-Am:
ampulla in the vestibule; Vest-Sa: saccule in the vestibule. Scale bars =24.8 um in a-f, h, j, and 10 um in g and i.
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Discussion

MRI results showed that the biological barriers in the
skin, mucosa, and inner ear of rats were opened by the
AgNPs in a dose-dependent manner, which was sup-
ported by histology. Changes in the biological barrier
function of the ear were reversible in rats exposed to
AgNPs at tested concentrations. The biological barriers
impede the passage of substances as nanoparticles into
the tissue and protect the organ so that it can function
properly. Hence, they constrain the bioavailability of
AgNPs. As the direct contact site, the barrier in the mid-
dle ear mucosa is the most accessible structure observed
in the MRI study. The middle ear mucosa is a direct
continuation of the mucosa of the upper respiratory
tract; data acquired in the middle ear mucosa is relevant
to explaining the impact of AgNPs on the respiratory
mucosa, including the nasal mucosa.

After passing through the barriers of the round and
oval windows, AgNPs entered the inner ear and dis-
rupted the blood-perilymph and blood-endolymph bar-
riers, causing hearing loss. Greater cell death in the
vestibule than that in the cochlea indicated that the oval
window is more permeable to AgNPs than the round
window which is in accordance with the phenomenon
observed in gadolinium transport from the middle ear to
the inner ear [30]. However, no balance problem was
observed in the animals exposed to any of these concen-
trations of AgNPs (data will be reported separately).
Although AgNPs may directly damage the sensorineural
cells in the inner ear, complete recovery of hearing loss
induced by 200 pg/ml AgNPs suggested that most of the
inner and outer hair cells and spiral ganglion cells are
preserved, and hearing loss is mainly due to destabilized
ion homeostasis [18,31,32]. The blood-endolymph bar-
rier was rather resistant to AgNPs, suggesting that the
blood-endolymph barrier integrity is critical to maintain-
ing hearing function.

The present study showed that individual cells in vitro
are more sensitive to AgNPs than the inner ear cells
in vivo. It is in accordance with a previous study show-
ing that individual primary cochlear cells are more sensi-
tive to the mitochondrial toxin, 3-nitropropionic acid
(3NP), than the cells in the cochlea of living guinea pigs
[33]. In the present study, AgNP caused BALB/c 3T3 cell
death with ICs, values ranging from 2.2 to 3.0 pg/ml, as
determined by measuring the NAD(P)H-dependent cellu-
lar oxidoreductase enzyme activity (WST-1), total cellular
ATP, nuclear membrane permeability (propidium iodide),
and NRU. The observed significant increase in mitochon-
drial activity of BALB/c 3T3 cells at AgNP concentration
2.1 pg/ml without alteration in ATP levels indicated that
the net ATP level might be affected by several activities.
We suspect that an augmented cellular activity accompany
an increased mitochondrial activity and the cells consume
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more ATP giving rise to a stable cellular ATP level as pre-
sented in the data. This indicates that WST-1 assay is a
more sensitive and reliable parameter of cellular viability
than measuring the ATP level. Therefore, WST-1 assay
was selected for inter-laboratory validation in nanotoxicol-
ogy of European Commission FP7 large-scale integrating
project NanoValid (internal data) [34]. The ICso for AgNO3
was lower than that for AgNPs. It has been reported that
both AgNPs and ionic Ag" (using AgNO; as material con-
trol) are toxic to the cells [29]. This is actually doubtful be-
cause no AgNOj; remains in either the animal or human
body after administration because AgNOj reacts with saline
and is converted to AgCl and NOj in plasma (and medium
in the cell culture). It is well known that NO; ion is
extremely toxic to any cells. If Ag® is released from the
AgNPs, the major product is AgCl, which has low water
solubility. In the present study AgCl was, indeed, insignifi-
cantly toxic to the BALB/c 3T3 cells tested up to the satu-
rated concentration. To correlate with in vitro studies,
200 pg/ml AgNPs induced reversible changes in the bio-
logical barrier and auditory functions. The dose of 4000 ug/
ml AgNPs caused hearing loss (with partial recovery). In
general, the ICsq in the present in vitro tests are more than
1000 times more sensitive than the in vivo studies, which is
most likely attributed to the protective function of the
highly regulated double layer of the biological barriers (the
oval and round windows, and the endolymph barrier in the
inner ear) and the extracellular matrix.

The hearing measurement was in line with the cell death
observed in histology. At a dose of 200 pg/ml, AgNPs
caused a reversible hearing loss at 32 kHz, correlating with
the lower basal turn of the cochlea. This is in accordance
with the cell death map (Figure 5). A dose of 4000 pg/ml
AgNPs caused irreversible hearing loss above 8 kHz,
matching the broadly distributed cell death up to the sec-
ond lower turn (Figure 5) [35]. However, only partial hear-
ing loss occurred at the frequencies of 16 kHz and 32 kHz
instead of total loss on day 7. Our explanation for this dis-
parity is that spatial information on Corti’s organ dysfunc-
tion provided by tone burst ABR is much less accurate
than the histology. It is known that the tone burst, which
has relatively broad spectra, also elicits a response from a
region of intact Corti’s organ that is distant from the nom-
inal stimulus frequency and causes a false positive result
[36]. Therefore, the 16 kHz and 32 kHz stimuli elicited
nerve fibers that are responsible for higher tone hearing
where the Corti’s organs did not show any impairment at
the higher turns when the Corti’s organs at their specific
frequency were damaged.

The vestibular cells demonstrated greater impair-
ment than the cochlear cells after exposure to AgNPs
at a low concentration, indicating that the passage of
AgNPs into the vestibule through the oval window
might be more efficient than the passage into the
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cochlea through the round window because AgNP in-
duced cellular toxicity is concentration-dependent, as
shown in the in vitro study. However, this hypothesis
needs to be tested in future studies.

Our results suggest that the AgNPs impaired mito-
chondrial function through inhibition of the mitochon-
drial succinate-tetrazolium reductase activity (shown by
WST-1) and ATP production. The notable ~50% in-
crease in mitochondrial activity (as shown by WST-1) at
2.1 pg/ml prior to its ~50% reduction at 3.0 pg/ml indi-
cated the onset of defense process upon AgNP stimuli,
i.e.,, hormesis (other cytotoxicity assays did not show any
increase at this concentration) and further supported the
occurrence of oxidative stress within the mitochondria
[37]. These results also support the previously reported
findings that showed that mitochondrial dysfunction is
involved in hearing loss by causing energy shortage. The
sensitivity of different cell populations to mitochondrial
toxins is determined by the cellular activity-related
energy consumption [18,33]. The cells that are impaired
in the blood-perilymph and blood-endolymph barriers
after the delivery of AgNPs are among the sensitive
populations. A comprehensive gene sequencing study in
zebrafish embryos demonstrated that the most notably
affected gene pathway by silver in the nano-, bulk-, and
ionic forms is associated with oxidative phosphorylation
and protein synthesis [38]. The mitochondria is the site
of oxidative phosphorylation, and AgNPs disrupt mito-
chondrial membrane permeability as well as decrease
the activity of the mitochondrial respiratory chain com-
plexes I, II, III, and IV in cells from the brain, skeletal
muscle, heart, and liver of rats [39,40]. Specifically,
AgNPs induced apoptosis in NIH3T3 cells was report-
edly associated with the generation of reactive oxygen
species (ROS) and Jun amino-terminal kinases (JNK)
activation, leading to the release of cytochrome C into
the cytosol and translocation Bax to mitochondria [26].
Consequently, the cell death of BALB/c 3T3 cells in-
duced by AgNPs in the present study was associated
with the disrupted integrity of the nuclear membrane,
which was visible by propidium iodide staining.

In conclusion, AgNPs caused significant, dose-dependent
changes in the permeability of biological barriers in the
middle ear mucosa, the skin of the external ear canal, and
the inner ear. The functional change in the auditory system

Page 7 of 10

was in line with the histology results. In general, the BALB/
¢ 3T3 cell line is more than 1000 times more sensitive than
the in vivo studies. Impairment of the mitochondrial func-
tion was indicated to be the toxic mechanism caused by the
AgNP exposure. These results suggest that the concentra-
tion of AgNPs should be tightly controlled in clinic applica-
tion in treating otitis media. The rat ear model might be
expended to other engineered nanomaterials in nanotoxi-
cology study.

Materials and methods

The polyvinylpyrrolidone stabilized AgNPs was supplied
by Colorobbia (Firenze, Italy). The AgNPs were dis-
persed in deionized water (40 mg/ml) and scanning elec-
tron microscopy showed that the AgNPs are spheroids
in morphology with a particle size of around 100 nm.
Dynamic light scattering (DLS) showed a mean hydro-
dynamic size of 117 + 24 nm and a mean zeta potential
of =20 £ 9 mV. The selected AgNPs is stable in artificial
perilymph which is the main solution in the inner ear
that AgNPs would interact (data including the full
characterization data will be published separately).

The murine fibroblast cell line BALB/c 3T3 clone 31 was
purchased from ATCC (American Type Culture Collection,
LGC Promochem AB, Boras, Sweden). Dulbecco’s Modifica-
tion of Eagle’s Medium (DMEM), L-glutamine, and new-
born calf serum (NBCS) were purchased from Gibco
Invitrogen (Carlsbad, USA). Stability of the AgNPs in the
DMEM is still under inverstigation between several laboratory
in Europe within the European Union 7™ frame programme
(EU FP7) large-scale integrating project NanoValid [34]
(http://cordis.europa.eu/result/rcn/140307_en.html). An ATP
Determination Kit was purchased from Life Technologies
(California, USA). WST-1 and an In Situ Cell Death Detec-
tion Kit (TMR red) were purchased from Roche (Basel,
Switzerland). Propidium iodide, paraformaldehyde (PFA),
4,6-diamidino-2-phenylindole (DAPI), and Fluoromoun™
were purchased from Sigma-Aldrich (St. Louis, USA).

Fourteen male Sprague Dawley rats for the MRI study,
weighing between 287 g and 524 g, were maintained in the
Biomedicum Helsinki, Laboratory Animal Centre, Univer-
sity of Helsinki. Fourteen male Sprague Dawley rats for
ABR measurements weighing between 330 g and 410 g,
were maintained in the Experimental Animal Unit, School
of Medicine, University of Tampere, Finland (Table 2). All

Table 2 Assignments of rats in MRl and ABR measurements post-intratympanic administration of AgNPs

Measures Number of rats exposured to varied concentration of AgNPs for different time

4000 pg/ml 200 pg/ml* 2000 pg/ml

5h 2d 4d 7d 5h 2d 4d 7d 5h 7d
MRI 2 - - 2 7 5
ABR - 7 7 7 7 7 7

*Three rats receiving 400 ug/ml AgNP injection were pooled in the 200 pg/ml group in MRI study. ABR: auditory brainstem response. -: no exposure.
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animal experiments were approved by the Ethical Com-
mittee of University of Tampere (permission: ESAV1/3033/
04.10.03/2011). Animal care and experimental procedures
were conducted in accordance with European legislation.
Animals for the MRI study were anesthetized with isoflur-
ane with a 5% isoflurane—oxygen mixture (flow-rate 1.0 L/
min) for induction and 3% for maintenance via a facemask.
The ABR measurements were performed under general
anesthesia after the intraperitoneal injection of a mixture of
0.8 mg/kg of medetomidine hydrochloride (Domitor, Orion,
Espoo, Finland) and 80 mg/kg of ketamine hydrochloride
(Ketalar; Pfizer, Helsinki, Finland). During the experiments,
Viscotears® (Novartis Healthcare A/S, Denmark) were used
to protect the animals’ eyes.

BALB/c 3T3 cells were cultured in DMEM containing
4 mM L-glutamine and supplemented with 10% NBCS
at 37°C with 5% CO,, they were then seeded to 96-well
plates at a density of ~3000 cells/well and allowed to
form a 50-70% confluent monolayer after 24 +2 h. For
the propidium iodide assays, 96-well black plates with
clear bottoms were used. After replacing the medium
with 90 ul DMEM containing 4 mM L-glutamine and
5% NBCS, 10 pl AgNP dilutions (prepared immediately
prior to use in deionized water) were added to the wells
to reach eight different AgNP and AgNOj; (final concen-
trations 0.67-10.0 pg/ml) and six different AgCl (final
concentrations 0.0052-5.2 ug/ml) concentrations with 6
replicates. The plates were then incubated for 24 h. The
exposure time was defined according the results showing
that AgNPs remained in rat cochlear for at least 24 h
after transtympanic injection (unpublished data acquired
using micro computed tomography). The medium con-
taining 10% deionized water was used as a vehicle control.
Four different assays were used to study the viability of
BALB/c 3T3 cells after AgNP exposure, which are NRU,
WST-1, the total cellular ATP, and propidium iodide stain-
ing. Each assay was performed twice (Additional file 1:
Support material 1).

Under general anesthesia, 40-50 pl of AgNPs at de-
fined concentrations were injected into the left middle
ear cavity through the tympanic membrane penetration
under an operating microscope (Table 2). After injection,
the animals were kept in the lateral position with the
injected ear oriented upward for 15 min before further
measurements.

A 4.7 T MR scanner with a bore diameter of 155 mm
(PharmaScan, Bruker BioSpin, Germany) was used in the
MR measurements for evaluation of the biological barrier
function in the ear. The maximum gradient strength was
300 mT/m with an 80-ps rise time. A gadolinium-tetra-
azacyclo-dodecane-tetra-acetic acid (Gd-DOTA, 500 mM,
DOTAREM, Guerbet, Cedex, France) solution was injected
into the tail vein at a dosage of 0.725 mM/kg 2 h before the
MRI measurements. MRI scanning commenced at several
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time points after the transtympanic injection. The first MRI
time of 5 h was determined by taking the penetration time
of liposome nanoparticles from the middle ear to the inner
ear as a reference [16]. The final imaging time of 7 d was
selected according to the course of acute inflammation. For
imaging protocols, refer to the Additional file 1: Support
material 2.

BioSig32 (Tucker Davis Technologies, Florida, USA)
was used for the ABR threshold recording in rats in a
custom made, soundproof chamber. Both click and tone
burst stimuli were used for the ABR measurements at
a certain time point post-administration of AgNPs. The
first ABR measurement was followed on 2 d post-
administration of AgNPs allowing the animals to recover
from the general anesthesia during the injection and en-
sure the injected solution to be entirely cleared from the
middle ear cavity. The second follow-up time of 4 d post-
injection was chosen because it is close to the peak time
of mitochondrial toxin-induced cell death in the cochlea
[33]. The third follow-up time of 7 d is the period of acute
inflammation. For details on the ABR recording, refer to
the Additional file 1: Support material 3.

For nuclear DNA fragmentation analysis in rat coch-
lea, animals were perfused with 4% PFA in 0.1 M PBS
(pH 7.4) following cardiac perfusion and the removal of
the blood with 50 mL physiological saline containing
0.3 mL heparin (100 IE). The bullae were collected and
fixed with 4% PFA overnight and processed for nuclear
DNA fragmentation investigation using terminal trans-
ferase (TdT) to label the free 3’OH breaks in the DNA
strands of apoptotic cells with TMR-dUTP. For details
on the analysis, refer to the Additional file 1: Support
material 4.

Additional file

[ Additional file 1: Support materials 1-4. ]
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Micro CT visualization of silver nanoparticles in the
middle and inner ear of rat and transportation
pathway after transtympanic injection

Jing Zou'"", Markus Hannula?', Superb Misra®’", Hao Feng'", Roberto Hanoi Labrador®, Antti S Aula®®,
Jari Hyttinen” and limari Pyykkd'

Abstract

Background: Silver nanoparticles (Ag NPs) displayed strong activities in anti-bacterial, anti-viral, and anti-fungal
studies and were reportedly efficient in treating otitis media. Information on distribution of AgNPs in different
compartments of the ear is lacking.

Objective: To detect distribution of Ag NPs in the middle and inner ear and transportation pathways after
transtympanic injection.

Methods: Contrast effect of Ag NPs in the micro CT imaging was assessed in a phantom. AgNPs at various
concentrations (1.85 mM, 37.1 mM, and 370.7 mM) were administered to rat middle ear using transtympanic
injection and cadaver heads were imaged using micro CT at several time points.

Results: The lowest concentration of Ag NPs that could be visualized using micro CT was 37.1 mM. No
difference was observed between the solvents, deionized H,O and saline. Ag NPs at 37.1 mM were visible in the
middle ear on 7 d post-administration. Ag NPs at 370.7 mM generated signals in the middle ear, ossicular chain,
round window membrane, oval window, scala tympani, and Eustachian tube for both 4 h and 24 h time points.
A gradient distribution of Ag NPs from the middle ear to the inner ear was detected. The pathways for Ag NPs
to be transported from the middle ear into the inner ear are round and oval windows.

Conclusion: This study provided the imaging evidence that Ag NPs are able to access the inner ear in a dose-dependent
manner after intratympanic administration, which is relevant to design the delivery concentration in the future clinic

application in order to avoid adverse inner ear effect.

Keywords: Silver nanoparticles, Micro CT, Ear, Animal, Pathway

Introduction

Silver nanoparticles (Ag NPs) displayed strong activities
in anti-bacterial, anti-viral, and anti-fungal studies attrib-
uted to the mechanisms of inhibiting the formation of
biofilm and destroying viral structures and boosting in-
nate immune response among others [1-5]. Study per-
formed by Radzig et al. supports the hypothesis that Ag
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NPs exert the antibacterial action through inducing gen-
eration of reactive oxygen species and causing DNA
damage by oxidative stress, which can be also involved
in the mechanisms of antiviral and antifungal activities
[6]. Ag NPs also showed excellent behavior in surface-
enhanced Raman scattering for the advanced Raman
spectroscopy, which has potential for broad range of ap-
plications in clinical molecular imaging [7].

Potentially, Ag NPs will be used to treat otitis media
and the consequential sensorineural hearing loss through
intratympanic administration. Chronic otitis media, char-
acterized by recurrent infections causing pain and puru-
lent otorrhea, is still a significant public health problem
affecting 0.5-30% of any given population in developing

© 2015 Zou et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
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and developed countries. Complications with sensori-
neural hearing loss and vestibular impairment were re-
peatedly reported in the literatures [8-12]. Endolymphatic
hydrops secondary to the middle ear infection was
demonstrated in both animal model and patient with
Meniere’s disease using gadolinium enhancement mag-
netic resonance imaging (MRI) [13,14]. However, anti-
biotic is not always efficient because of the appearance
of multidrug resistant strains of bacteria. Formation of
biofilm was recently reported in the middle ear of pa-
tients with chronic otitis media all over the world
[15-18]. Through a completely different mechanism,
Ag NPs may overcome all the disadvantages of any an-
tibiotics and eliminate the microorganisms with high
efficacy in the ear therapy. This therapeutic strategy
was encouraged by a clinical study on treatment of re-
lapses of chronic suppurative otitis media using a prep-
aration containing Ag NPs. The study showed that Ag
NPs eliminated clinical symptoms and positive dynam-
ics of the objective signs of the disease, such as reduction
or termination of pathological exudation and stimulation
of the epidermization processes, which was stable during
the observation time of 6 months [19]. In order to per-
suade this novel therapy with sophisticated design, de-
tailed information on distribution and pathway of Ag NPs
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in the middle and inner ear is necessary but currently
lacking in the literature.

Micro computed tomography (CT) has been engaged
in middle and inner ear imaging of animals and impli-
cated to be a useful tool to trace kinetics of drugs in the
inner ear [20,21]. The gray levels in a CT slice image
correspond to X-ray attenuation, which reflects the pro-
portion of X-rays scattered or absorbed as they pass
through each voxel, and is affected by the density and
composition of the material being imaged. Hence, Ag
NPs are speculated to attenuate the X-rays and be visible
in micro CT images. In the present work, first a phantom
study was performed to check the dose response of the im-
aging system. Next, an in vivo experiment was carried out
in rats by injecting Ag NP suspensions with different con-
centrations into the middle ear cavity and following the
kinetics of Ag NPs in the middle and inner ear up to 7 d.

Results

Characterization of Ag NPs and potential interaction with
artificial perilymph

The Ag NPs used in this study were highly faceted with
a mean size of 21 +8 nm. The particles were polydis-
persed in size and shape, as shown in Figure 1. The
transmission electron microscope (TEM) images and
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Figure 1 Characterization result of PVP coated Ag NPs using various analytical techniques. A) Transmission electron microscopy (TEM) image
of NPs showing the polydispersity in size and shape of the PVP coated AgNPs. B) TEM particle size distribution of NPs (n =200, mean =21+ 8 nm),
C) X-ray diffraction pattern for Ag NPs indicating the presence of metallic silver (ICDD 004-0783). D-E) XPS analysis on Ag NPs without any
sputtering indicating the presence of high amount of organic impurities (PVP used as a surfactant). Sputtered spectrum (E) confirms the
presence of the organic components only on the surface. F) Hydrodynamic size of the NPs when suspended in deionized water, measured
using dynamic light scattering.
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size distribution of the particles are shown in Figure la.
X-ray diffraction (XRD) analysis confirmed the crystal-
line nature of the particles (ICDD: 004—0783). The mean
hydrodynamic size of the particles when suspended in
deionized water was 117 + 24 nm, and the zeta potential
was measured to be -20+9 mV. Inductively coupled
plasma measurements on the particles showed a very
low level of species other than silver, which were mostly
cations (Figure 2). Because the nanoparticles were sta-
bilized in the suspension using polyvinylpyrrolidone
(PVP), XPS analysis was performed to characterize the
surface of the particles. The un-sputtered spectrum of
the particles showed a high presence of organic car-
bon, which was evidently due to the presence of PVP
used as the capping agent/surfactant. However, after
increasing the sputtering time, the Ag 3 d peak started
to appear stronger, suggesting a core shell structure
wherein the core was metallic silver and the shell was
composed of an organic coating with PVP. Incubation
with artificial perilymph for 4 h did not significantly
affect the size distribution of the Ag NPs (Table 1).

Sensitivity of micro CT imaging of Ag NPs

The current setup of micro CT showed a detection limit
for Ag NPs at a concentration of 37 mM. Good linearity
between the signal intensity and Ag NPs concentration
was obtained in the range of 37-370.7 mM that were dis-
solved in H,O (Figure 3). Significant correlation was ob-
served between signal intensities of Ag NPs generated in
H,O and NaCl solutions, but the H,O provided signifi-
cantly higher signal intensities than the NaCl with normal-
ized value of 1.04 (p < 0.001, paired samples t-test).

Distribution of AgNPs in the middle and inner ear and
pathways

The heterogeneous fine structures of rat cochlea were
demonstrated by iodine-contrast micro CT in Figure 4.
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The optimized protocol for rat ear micro CT imaging
had a resolution of 21.9 pum, which can utilize both the
middle ear and inner ear for detecting the distribution of
the Ag NPs in both compartments. At 4 h after trans-
tympanic injection of 370.7 mM Ag NPs, the nanoparti-
cles distributed along the middle ear mucosa, diffused to
the Eustachian tube, and the extra Ag NPs flowed out
into the external ear canal. Abundant Ag NP accumula-
tion on the surface of ossicular chain and stapes artery
was detected. The Ag NPs significantly distributed in the
round window membrane and continuously moved to
the mesothelium of the scala tympani and the annular
ligament across the stapediovestibular joint, which is the
junctional site between the middle ear and vestibule
(Figure 5). At 24 h, Ag NPs showed abundant distribu-
tion on in the round window membrane and oval window,
and became more visible within the cochlea (Figure 5). Ag
NPs was detected in the middle ear mucosa at 4 h post-
transtympanic injection at 37 mM in one rat. Aggregated
Ag NPs were visualized in both middle ear and cochlea on
7 d after injection at 37 mM (Figure 5). Higher estimated
concentrations of Ag NPs in various locations of the ear
than the applied concentrations supported the aggregation
or accumulation of Ag NPs in the corresponding area
(Table 2). However, transtympanic injection of Ag NPs at
1.85 mM did not produce any signal of Ag NP at the time
points of 4 h, 24 h, and 7 d post-administration. There was
not any fluid detected in the middle ear cavity at these time
points indicating that there was no infiltration.

Discussion

The present work demonstrated that the PVP-coated Ag
NPs were visible in the ear by micro CT after transtym-
panic injection and entered in the inner ear through the
round and oval windows. The detected bright signals
in the ear by micro CT could be either aggregated Ag
NPs or silver compound formed upon contacting the
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Table 1 Size distribution of AgNPs in artificial perilymph
for 4 h at different dilutions

Concentration (dilution) Znean (NM)
x10 1069+03
X100 1029+0.7
X1000 1002+ 1.0
X10000 1007412

extracellular or cellular fluids. Ag NPs encounter dif-
ferent extracellular environments in the external ear
canal, middle ear, and inner ear. The plentiful peri-
lymph in the inner ear may interact with Ag NPs and
form a compound immediately after the entry. How-
ever, the incubation of Ag NPs with artificial perilymph
did not change the size distribution over a period of
25 h, suggesting that the bright signals in the ear rep-
resent the Ag NPs. It was reported that silver might be
developed as a radiographic contrast agent in dual-
energy breast X-ray imaging [22]. However, the detec-
tion sensitivity of Ag NPs by micro CT is rather low
and the detection limit is 37 mM, a concentration that
demonstrated toxicity in the rat ear [23]. These results
did not support that the current form of Ag NPs will
be used as a contrast agent for CT imaging. Clinical
feasibility, however, warrants further studies.

The oval window pathway was recently proved to be
more efficient than the round window to transport
chelated-gadolinium from the middle ear to the inner
ear in animals and human shown by MRI [24,25]. The
pathways for the Ag NPs to enter the inner ear were
clearly shown to be the round and oval windows. This
indicates that the oval window potentially has a broad
spectrum of substance transportation in addition to
chelated-gadolinium. At 24 h post-administration to the
middle ear at a concentration of 370.7 mM, Ag NPs ac-
cumulated in the round window membrane and oval
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window, and concentrated in the scala tympani, which
indicates that the entry of Ag NPs into the inner ear is a
dynamic process. This conclusion was further supported
by the quantification of Ag NPs in various regions of the
ear (Table 2). Obvious Ag NP signal was detected in the
middle ear after administration at a concentration of
37.1 mM that was the lowest detection limit of the
present setup, which may result from accumulation or
aggregation of Ag NPs in the middle ear as supported by
the quantification result (Table 2). No signal was de-
tected in the inner ear when Ag NPs were administered
at a concentration of 37 mM. This might be caused by
the low sensitivity of micro CT visualization. Our ex-
planation is that the layer of Ag NPs formed on tissue
surfaces of the inner ear is too thin to raise the value of
the voxel as a result of the partial volume effect (the
grayscale value of a voxel is the volume fraction
weighted sum of all the materials present in the voxel).
A previous study demonstrated that hearing loss occurred
in rats after middle ear administration of 37.1 mM Ag
NPs, which suggests that certain amount of Ag NPs
(below the detection threshold of the micro CT) should
have entered the inner ear [23].

The long term remaining of Ag NPs in the middle ear
cavity for 7 d post-transtympanic injection supports that
Ag NP is a potential candidate to combat otitis media.
Although no signal was detected in the inner ear on 7 d
post-administration of 37.1 mM Ag NP, it did not rule
out the penetration of Ag NPs into the inner ear because
hearing loss and pathological changes were detected in
rats exposed to Ag NPs at this concentration [23].
1.85 mM Ag NPs did not generate either micro CT sig-
nal of AgNPs or infiltration in the middle ear cavity.
No infiltration indicates that 1.85 mM of Ag NPs is a safe
level for the ear, which is in accordance with our observa-
tion that neither hearing loss nor cytokine up-regulation
in the inner ear was induced by Ag NPs at this concentra-
tion (unpublished data). Importantly, 1.85 mM of Ag NPs

-

-0
L

Normalized signal intensities (AU)

1000 200 00 00

AgNP concentrations (mM)

Figure 3 Sensitivity and linear correlation between signal intensity and Ag NP concentrations shown by micro CT phantom. Ag NPs
were dissolved in H,O at variable concentrations (mM) and imaged using micro CT (A). The signal intensities of each dot were normalized by
dividing with that of the air and linear correlation with the Ag NP concentrations was estimated (B). Concentrations in A: 0=H,O; 1=, 92.7 mM;
3=18544 mM; 3=2780 mM; 4 =370.7 mM. AU: arbitrary unit; L: linear; O: observed.
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Figure 4 The heterogeneous fine structures of rat inner ear
were demonstrated using iodine-contrasted micro CT. BM: basilar
membrane; CN: cochlear nerve; RM: Reissner's membrane; SA: stapedial
artery; SFP: stapes footplate; ST: scala tympani; SV: scala vestibuli; Vest:
vestibule. scale bar =500 um.

is sufficient to inhibit biofilm formation during bacterial
infection which only demands 0.1-2 mM Ag NPs [26].

In addition, the extra Ag NPs were secreted to the
nasal pharynx through the Eustachian tube and flowed
to the external ear canal through the tympanic mem-
brane penetration. Dysfunction of the Eustachian tube is
a common complication of otitis media. The distribution
of Ag NPs in the Eustachian tube suggest that Ag NPs
may have direct effect on the extension of otitis media.
The dendrimer-stabilized silver nanoparticles, that have
similar sizes as the Ag NPs utilized in the present study,
were reportedly effective in X-ray computed tomography
(CT) imaging and stable in water, PBS buffer, fetal bovine
serum, and resistant to changes in pH and temperature
[27]. There is a possibility that the dendrimer-stabilized
silver nanoparticles may be used as a contrast agent in the
CT imaging of the external, middle, and inner ears and
the Eustachian tube in the future based on the present
results.

Conclusions

The distribution of Ag NPs in the middle and inner ear
is visible by micro CT and a gradient concentration from
the middle ear to the inner ear was detected. The path-
ways for Ag NPs to be transported from the middle ear
into the inner ear are round and oval windows. This
study provided the imaging evidence that Ag NPs are
able to access various regions of the ear after intratym-
panic administration in a dosage-dependent manner,
which is relevant to design the delivery concentration in
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the future clinic application in order to avoid adverse
inner ear effect.

Materials and methods

Materials

The Ag NPs was supplied by Colorobbia (Firenze, Italy).
Ten male Sprague Dawley rats, weighing between 330 g
and 410 g, were maintained in the Experimental Animal
Unit, School of Medicine, University of Tampere, Finland.
All animal experiments were approved by the Ethical
Committee of University of Tampere (permission: ESAVI/
3033/04.10.03/2011). Animal care and experimental pro-
cedures were conducted in accordance with European le-
gislation. Two rats were assigned into each group with
respect to concentrations of AgNPs and imaging time
(Table 3). Animal care and experimental procedures were
conducted in accordance with European legislation. All
experiments were performed under general anesthesia
with intraperitoneal injection of a mixture of 0.8 mg/kg
of medetomidine hydrochloride (Domitor, Orion, Espoo,
Finland) and 80 mg/kg of ketamine hydrochloride (Ketalar;
Pfizer, Helsinki, Finland) followed by intramuscular injec-
tion of Enrofloxacin (Baytril*vet, Orion, Turku, Finland) at
a dose of 10 mg/kg to prevent potential infection. During
experiments, the animal’s eyes were protected by Visco-
tears® (Novartis Healthcare A/S, Denmark).

Characterization of Ag NPs

The Ag NPs were dispersed in water (370.7 mM) and
characterized using a range of analytical techniques, to as-
sess various physicochemical properties (eg. size, shape,
zeta potential, surface properties etc.). For TEM measure-
ments, a diluted suspension of Ag NPs was deposited on a
copper grid for TEM imaging (Hitachi 7100, 100 kV).
XRD was performed on the NPs using an Enraf-Nonius
diffractometer coupled to INEL CPS 120 position-
sensitive detector with Co-K, radiation, and the phase
identification was performed using STOE software.
The hydrodynamic size and zeta potential of the nano-
particles were measured using a Malvern Zetasizer
(Malvern Instruments, Malvern, UK). ICP-AES (Varian
Instruments) analysis was performed to determine the
initial concentration of silver in the aqueous nanopar-
ticulate suspension and to measure the level of any im-
purities present in the matrix. X-ray photoelectron
spectroscopy (XPS, Omicron Nanotechnology) was used
to study the chemical composition and chemical state of
the Ag NPs. The XPS analyses were performed in an
ultra-high vacuum medium (pressure of 10~'° mbar) using
an Al, Ka (hv = 1486.7 eV) X-ray source, with power given
by the emission of 16 mA at a voltage of 12.5 kV. For the
silver element, the high-resolution spectra were obtained
with analyzer pass energy of 50 eV and a step size of
0.01 eV. The argon ion flux was employed to sputter the
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10x, pixel size 1.7 um.

Figure 5 Distribution of Ag NPs in the ear after transtympanic injection shown by micro CT. Either 370.7 mM (A-E, G) or 37.1 mM (H) of
Ag NPs were injected at a volume of 50 pl. At 4 h post-administration (370.7 mM), AgNPs generated bright signal that appeared in the bulla,
tympanic membrane (TM) Eustachian tube (ET), and the ossicular chain including malleus (Ma), incus (Inc) and stapes (Sta) (A-C). Abundant
Ag NPs were found in the stapedial artery (SA) (C). At 24 h (370.7 mM), abundant distribution of AgNPs was detected in the round window
membrane (RWM), oval window (OW), and scala tympani medial wall (STM) of the cochlea (D, E, G). On 7 d (37 mM), middle ear infiltration
(IF) and AgNP aggregation (A-AgNPs) were observed (H). No Ag NPs were detected in the ear of non-treatment control (NC) (F). Coch: cochlea;

LPI: lenticular process of incus; SF: stapes footplate; ST: scala tympani. Scale bars =5 mm (A), 2 mm (B, F), 1 mm (C-E). A-F, H: 4x, Pixel size 21.8498; G:

surface and remove the adsorbed species, with an energy
of 3.5 kV, emission of 20 mA, and incidence angle of 45°
over a period of 20 and 40 min. The binding energies were
referred to the carbon 1 s level, which was set as 284.6 eV.

Potential impact of perilymph on Ag NPs

Since the Ag NPs will interact with perilymph once enter
the inner ear, the potential impact of perilymph on Ag
NPs was evaluated. The artificial perilymph containing
145.5 mM NaCl, 2.7 mM KCl, 2.0 mM MgSQO,, 1.2 mM
CaCl,, and 5.0 mM HEPES, with the pH adjusted to 7.4,

was prepared as previously reported [28]. Ag NPs were di-
luted with artificial perilymph at 10, 100, 1000 and 10000-
fold and stored at room temperature for 4 h before the
size distribution was measured using DLS (Malvern Zeta
Sizer Nano ZS, UK). For the change in the DLS over 25 h,
the dilutions were 10-fold.

Micro CT studies

Phantom study

The first round experiment was designed to check the
sensitivity of the imaging system using solutions of Ag
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Table 2 Concentrations (mM) of AgNPs distributes in various locations of rat ear after transtympanic injection
measured by uCT

AgNP con Time ME ME-flu Mall Inc Stap StapArt StapFoot ow RWM Coc EEC
delivered

371 5h 1270 547 677 500 769 1038 639 177
371 4h 1084 232 269 408 677 232

371 24 h 816 639 769 639 1177

371 24 h 677 593 723 1084 769 955 1177 593

37 4h 139

37 1w 232 93

37 Tw 185

Intensities in various locations of rat ear after transtympanic injection of AGNPs were normalized by the intensities of the cochlear perilymph imaged by pCT. The
concentrations of AGNPs were estimated using the formula of y = 4.88x-4.86 obtained in a phantom study, where “y” is the concentration and “x” is the
normalized intensity. AQNP con: AgNP concentration; Coc: cochlea; EEC: external ear canal; Inc: incus; ME: middle ear mocusa; ME-flu: middle ear fluid; Mall:

malleus; OW: oval window; RWM: round window membrane; Stap: stapes; StapArt: stapedial artery.

NPs with broad concentration range (370.7 mM, 37.1 mM,
3.7 mM, 0.37 mM, and 0.037 mM) that were prepared with
either deionized H,O or saline and placed into plastic
phantom tubes arranged concentrically on the modified
piston rod of a 50 ml syringe. Negative controls were pre-
pared using saline. Each sample was prepared in duplicate.
The phantom was firmly installed on the specimen stage of
the MicroXCT-400 (Carl Zeiss X-ray Microscopy, Inc,
Jena, Germany) and imaged using the following parame-
ters: Voltage 120 kV, current 83 pA, pixel size 33.95 um,
exposure time 0.5 s. The detection limit of the imaging sys-
tem with the defined parameters was shown to be
37.1 mM based on the first round experiment. The sec-
ond round experiment was performed using solutions
of Ag NPs with smaller concentration range (370.7 mM,
278.0 mM, 185.4 mM, 92.7 mM) suspended in H,O ac-
cording to the above protocol to determine the accur-
ate correlation between the concentration and signal
intensity.

Animal study

Under general anesthesia, 50 pl of Ag NPs at defined
concentrations were injected into the left middle ear
cavity through the tympanic membrane penetration
under an operating microscope according to a previously
reported procedure [29]. After injection, the animals
were kept in the lateral position with the injected ear
oriented upward for 15 min to ensure the sufficient
amount of Ag NPs to remain in the middle ear cavity

before intraperitoneal injection of Antisendan (atipame-
zole hydrochloride, Orion Pharma, Finland) (2 mg/kg) to
accelerate recovery from anesthesia. At certain observa-
tion time points post-administration (Table 3), animals
were injected intraperitoneally with pentobarbital sodium
at a dosage of 100 mg/kg. The temporal bones were fixed
through cardiac perfusion with 0.01 M PBS containing
0.6% (v/v) heparin (pH 7.4) and then 4% paraformalde-
hyde (Merck, Espoo, Finland).After decapitation, the ani-
mal head was further fixed with 4% paraformaldehyde for
2 h, covered with parafilm, and placed on the specimen
stage of the micro CT. During imaging, three objectives
were used, 1X for the large field of view images, 4X for
the images that were focused onto the cochlea, 10x for im-
aging the oval and round windows. The voltage varied
from 60 to 120 kV, the source distance was adjusted to
60-100 mm, and the detector distance was 38—40 mm.
The pixel size ranged from 1.7 to 35.4 um according to
different setup parameters. Afterwards, one bulla was
processed for iodine-contrast micro CT imaging in order
to demonstrate the soft tissue in the inner ear. The stapes
was displaced and about 5 pl iodixanol (VisipaqueTM,
320 g I/ml, GE Healthcare, Helsinki, Finland) was infused
into the inner ear using a high-performance polyimide
tubing (MicroLumen, Tampa, FL, USA) that was con-
nected to polyethylene tubing (PE10, Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) [28].The images
were acquired with a 4x-objective, source voltage of 40 kV
and current 200 pA, pixel size of 5.6 um. Images were

Table 3 Assignments of rats in micro CT measurements and distribution of AgNPs in the ear post-intratympanic

administration

AgNPs conc 370.7 mM 37.1 mM 1.85 mM
Time points 4 h* 24 h* 4 h* 7 d2* 7 d*
Locations of AgNPs in the ear ME, OC, SA, RWM, OW, ET, ST ME, OC, SA, RWM, OW, ET, ST ND ME ND

*Two rats were assigned into each group. conc: concentration; ET: Eustachian tube; ME: middle ear; ND: not detected; OC: ossicular chain; OW: oval window;

RWM: round window membrane; SA: stapes artery; ST: scala tympani.
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collected using the Xradia TXMController software
and reconstructed using the Xradia TXMR econstruc-
tor software.

Image analysis and statistics

Signal intensities in the region of interest were evaluated
using Image ] 1.46r software (National Institutes of
Health, Bethesda, MD). Linear equation was used for the
curve estimation between Ag NP concentration and sig-
nal intensity obtained using micro CT in phantom.
Paired samples T-test (IBM SPSS statistics 20) was used
to compare the signal intensity generated by Ag NPs in
deionized H,O and NaCl solutions. Intensities in various
locations of rat ear after transtympanic injection of Ag
NPs were normalized by the intensities of the cochlear
perilymph imaged by pCT. The concentrations of Ag
NPs were estimated according to the linear curve ob-
tained in the phantom study.
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Abstract

Silver nanoparticles (AgNPs) were shown to temporarily impair the biological barriers in the skin of the external ear
canal, mucosa of the middle ear, and inner ear, causing partially reversible hearing loss after delivery into the
middle ear. The current study aimed to elucidate the molecular mechanism, emphasizing the TLR signaling
pathways in association with the potential recruitment of macrophages in the cochlea and the modulation
of inflammation by ubiquitin-editing protein A20. Molecules potentially involved in these signaling pathways
were thoroughly analysed using immunohistochemistry in the rat cochlea exposed to AgNPs at various
concentrations through intratympanic injection. The results showed that 0.4 % AgNPs but not 0.02 % AgNPs

upregulated the expressions of CD68, TLR4, MCP1, A20, and RNF11 in the strial basal cells, spiral ligament
fibrocytes, and non-sensory supporting cells of Corti's organ. 0.4 % AgNPs had no effect on CD44, TLR2,
MCP2, Rac1, myosin light chain, VCAM1, Erk1/2, JNK, p38, IL-1(3, TNF-a, TNFR1, TNFR2, IL-10, or TGF-B. This
study suggested that AgNPs might confer macrophage-like functions on the strial basal cells and spiral
ligament fibrocytes and enhance the immune activities of non-sensory supporting cells of Corti's organ
through the upregulation of CD68, which might be involved in TLR4 activation. A20 and RNF11 played roles
in maintaining cochlear homeostasis via negative regulation of the expressions of inflammatory cytokines.

Background

With the rapid development of nanotechnology and
increasing applications of engineered nanomaterials in
our daily lives, their potential safety issues have be-
come a serious concern in public health. The rat ear
model has been applied to investigate the impact of
silver nanoparticles (AgNPs) on the permeability of
biological barriers in the skin, mucosa, and inner ear
that is analogous to the nervous system (e.g. the brain
and spinal cord) [1]. Previous research showed that
AgNPs led to hyaluronan accumulation in the cochlea,
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impaired biological barriers in the skin of the external ear
canal, mucosa of the middle ear, and inner ear, and conse-
quently caused hearing loss after delivery into the middle
ear [1-3]. Hyaluronan acts as an endogenous pathogen-
associated molecular pattern (PAMP) in response to
hazardous signals through binding hyaluronan-binding
proteins (hyaladherins) including toll-like receptors 2/4
(TLR2/4), CD44, receptor for hyaluronan-mediated
motility, and tumour necrosis factor-a (TNF-a)-stimulated
glycoprotein-6 [4—7]. Among them, TLR2/4 is a category of
mammalian homologues of Drosophila Toll proteins that
are of great importance for innate host defence. They
belong to the pattern recognition receptors (PRRs) that
specifically recognize and respond to an expansive var-
iety of PAMPs [8]. Moreover, TLR4 is responsible for
sensing danger/damage-associated molecular patterns
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(DAMPs) and conferring immunostimulatory activity
[9]. The activation of TLRs initiates the upregulation of
transcription factors (e.g. nuclear factor-kB (NF-kB)
and activator protein-1) that play pivotal roles in pro-
ducing inflammatory molecules (e.g. interleukin-1p (IL-1p),
interleukin-6 (IL-6), and TNF-« together with its receptors
TNEFRs), chemokines (e.g. monocyte chemoattractant pro-
teins (MCPs)), and reactive oxygen/nitrogen species, lead-
ing to inflammatory diseases [10-12].

Several proteins that are implicated in mediating TLR
signaling attenuation have been identified such as the
ubiquitin-editing protein A20 [13-15]. A20 acts as a
negative effector in regulating TLR-mediated inflamma-
tory response, and its overexpression inhibits TLR2- and
TLR4-mediated IL-8 syntheses in airway epithelial cells
[16]. A20 loss elevates the levels of NF-kB-regulated
inflammatory cytokines and causes spontaneous cerebral
inflammation [17]. RING finger protein 11 (RNF11), a
critical component of A20, is indicated as one of the key
negative regulators in controlling the NF-«B signaling
pathway. RNF11 was shown to protect microglia irri-
tated by lipopolysaccharide through manipulating the
NF-kB signaling pathway [18]. RNF11 knockdown in the
monocytes led to persistent TNF- and lipopolysaccharide-
mediated NF-kB signaling activation and upregulated NEF-
kB-associated inflammatory gene transcripts [18, 19].

As another important hyaladherin, CD44 is capable of
recruiting monocytes from the peripheral blood upon
hyaluronan binding [20]. Further study has revealed that
weakened interaction between CD44 and hyaluronan
decreases the production of MCPs and consequently
undermines the recruitment of mononuclear cells [21].
MCPs are a family of small heparin-binding, positively
charged chemokines that play an indispensable role in
controlling cell behaviour in response to exogenous
stimulation. They are crucial in triggering the mobilization
and migration of immunocompetent cells such as mono-
cytes, neutrophils, lymphocytes, and dendritic cells along
the bone marrow sinusoids that frequently anastomose
with capillaries and in directing them into the inflamed
tissues [22]. In the inner ear, spiral ligament fibrocytes act
as the primary immune sensors in response to lipopoly-
saccharide, involving TLR2-dependent NF-«B signaling
activation and MCP1 upregulation and resulting in mono-
cyte migration and consequential infiltration [23, 24].

Adhesion molecules play a critical role in mediating
leukocyte immobilization as a result of anchoring [25].
Among them, vascular cell adhesion molecule 1 (VCAM1)
enables rolling monocytes along the microvascular wall at
a far slower velocity to adhere to the endothelial cells [26].
Racl, a member of Rho-like small GTPase, mediated by
the phosphorylation of myosin light chain protein, fa-
cilitates actin cytoskeletal remodelling and modulates
tight junctional proteins (e.g. occludin and claudin).
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The breakdown of tight junction in the microvascular
wall enables the leukocytes to infiltrate into the targeting
site [27-29]. The extracellular signal-regulated kinases 1/2
(Erk1/2), c-Jun N-terminal kinases 1/2/3 (JNK1/2/3) (also
known as stress-activated protein kinases), and p38 iso-
forms (a, B, v, and §) that belong to the MAPKSs family are
considered to be the elementary components of cellular
signaling transduction underlying leukocyte locomotion
and endothelial cell activities [30, 31].

Migrated monocytes can differentiate into macrophages.
Plasticity and flexibility are the key features of macro-
phages and reflect their activation states [32]. Activated
macrophages have distinctive functional phenotypes that
are similar to the Th1/Th2 polarization paradigm of T
lymphocytes and can be defined as M1 and M2. M1 in-
duced by Thl signature cytokines (e.g. interferon-y (IFN-y)
and TNF-a), which are associated with the TLR-dependent
signaling pathway, has the ability of upregulating genes
involved in cell-biased immunity, enhancing antigen pres-
entation, and producing a distinctive array of inflammatory
cytokines (e.g. IL-1B, IL-6, and TNF-a). M2 induced by
Th2 signature cytokines (e.g. IL-4 and IL-13) plays an im-
portant role in immune suppression, anti-inflammation
(e.g. interleukin-10 (IL-10)), tissue regeneration, and wound
healing (e.g. transforming growth factor-f (TGF-P) and
vascular endothelial growth factor (VEGF)) [33, 34].

The current study aimed to elucidate the exact mechan-
ism of AgNP-induced biological barrier functional changes
in the inner ear. We exposed the rat inner ear to AgNPs
and hypothesized that TLR signaling pathways were in-
volved in AgNP-induced hearing loss in association with
the potential recruitment of macrophages in the rat coch-
lea. A20 might play a role in regulating the downstream
signaling of TLR pathways. Molecules potentially in-
volved in these signaling pathways were thoroughly
analysed using immunohistochemistry in the rat coch-
lea after AgNP exposure.

Methods

Animal and AgNPs

Ten albino male Sprague-Dawley rats weighing between
250 and 300 g were kept at an ambient temperature of
20-22 °C with a relative humidity of 50+5 % under a
12/12-h light/dark cycle in the experimental animal unit,
University of Tampere. The experiments were performed
under general anaesthesia with a mixture of 0.5 mg/kg
medetomidine hydrochloride (Domitor®, Orion, Espoo,
Finland) and 75 mg/kg ketamine hydrochloride (Ketalar®,
Pfizer, Helsinki, Finland) administered via intraperitoneal
injection, followed by intramuscular injection of enro-
floxacin (Baytril®vet, Orion, Turku, Finland) at a dose of
10 mg/kg to prevent potential infection. The animals’
eyes were protected by carbomer (Viscotears®, Novartis
Healthcare A/S, Denmark). All procedures in the study
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complied with the local ethics committee standards
(permission number: ESAVI/3033/04.10.03/2011) and
were conducted in accordance with European Legisla-
tion. The AgNPs (Colorobbia, Firenze, Italy) used in
this study were highly faceted with a mean size of 21 +
8 nm using transmission electron microscope. The mean
hydrodynamic size of the particles was 117 + 24 nm when
suspended in deionized water (dH,O) using dynamic light
scattering, and the zeta potential was measured to be
-20+9 mV [2]. More results for the characterization
could be referred to our previous study [2].

AgNP Administration

After anaesthetization, 40 pl of either 0.4 (n=5) or
0.02 % (n=5) AgNPs were injected into the middle ear
cavity under an operating microscope (OPMI1-F, Carl
Zeiss, Jena, Germany) according to a previously reported
procedure [1-3]. The tested concentrations were selected
according to the auditory brainstem response results
showing that 0.4 % AgNPs caused reversible hearing loss
that partially recovered at the seventh day, while 0.02 %
AgNPs only induced hearing loss at 32 kHz that returned
to the baseline at the seventh day. Moreover, micro-CT
scanning displayed that 0.4 % AgNPs caused an obvious
middle ear infiltration that was absent in the rats exposed
to 0.02 % AgNPs [1-3]. The contralateral ear (n = 10) re-
ceived dH,O under the same circumstances and was used
as a negative control.

Sample Preparation

On the seventh day post-injection, the anaesthetized rats
were perfused with 0.01 M pH 7.4 phosphate-buffered
saline (PBS) containing 0.6 % (v/v) heparin (LEO Pharma
A/S, Ballerup, Denmark) via a cardiac approach followed
by 4 % paraformaldehyde (Merck, Espoo, Finland) to fix
the head. The bullae were isolated after decapitation and
decalcified using 10 % EDTA (Sigma-Aldrich, Steinheim,
Germany) in the following 4 weeks with weekly solution
changes. A standard procedure for paraffin embedding
and tissue block was conducted in accordance with the
protocol in a previous study [3].

Immunofluorescence Staining

The procedure for immunofluorescence staining was in
accordance with the protocol in a previous study [3].
The primary antibodies used in the assay were hosted in
rabbit and were anti-CD68 (1:200, Abcam, UK), anti-
CD44 (1:400, Abcam, UK), anti-TLR2 (1:250, Novus
Biologicals, UK), anti-TLR4 (1:200, Novus Biologicals,
UK), anti-MCP1 (1:4000, Novus Biologicals, UK), anti-
MCP2 (1:200, GeneTex, USA), anti-Racl (1:800, Abcam,
UK), anti-myosin light chain (1:100, Cell Signaling Tech-
nology, USA), anti-VCAM1 (1:50, Proteintech, USA),
anti-Erk1/2 (1:400, Abcam, UK), anti-JNK (1:100, Cell
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Signaling Technology, USA), anti-p38 (1:100, Cell Signal-
ing Technology, USA), anti-TNF-«a (1:800, Abcam, UK),
anti-TNFR1 (1:500, Abcam, UK), anti-TNFR2 (1:50,
Abcam, UK), anti-IL-1 (1:400, Novus Biologicals, UK),
anti-IL-10 (1:400, Abbiotec, USA), anti-TGF-B (1:500,
Abcam, UK), anti-A20 (1:200, Sigma-Aldrich, USA),
and anti-RNF11 (1:100, Abcam, UK). Briefly, the slices
were incubated with the primary antibodies listed above
at 4 °C overnight followed by Alexa Fluor® 488 Goat
Anti-Rabbit IgG (1:200, diluted with 0.1 % BSA, Life
Technologies™, New York, USA) as a secondary anti-
body at room temperature for 1 h in a dark environment.
The nuclei were counterstained with 10 pg/ml DAPI (Life
Technologies™, New York, USA) at room temperature for
10 min, and the slides were mounted for confocal micros-
copy with anti-quenching fluoromount (Sigma-Aldrich,
St. Louis, USA). In the negative control slices, the primary
antibodies were replaced with 0.1 % BSA (dissolved in
0.01 M PBS pH 7.4; Sigma-Aldrich, St. Louis, USA).

Immunostaining Visualized by 3,3'-Diaminobenzidine

After deparaffinization and hydration, the slices were
immersed in 3 % H,O,-methanol at room temperature
for 30 min. After rinsing with PBS for 2 x 2 min, the
slices were digested with 0.1 % trypsin (dissolved in
0.01 M PBS pH 7.4; Sigma-Aldrich, St. Louis, USA) at
37 °C for 30 min. After rinsing with 0.1 % PBS-Tween®
20 (diluted in 0.01 M PBS pH 7.4; Sigma-Aldrich, St.
Louis, USA) for 3 x 2 min, the slices were incubated with
10 % normal goat serum (Invitrogen, Paisley, UK) at
room temperature for 30 min followed by the primary
antibodies listed above at 4 °C overnight. After rinsing
with 0.1 % PBS-Tween® 20 for 3 x 2 min, the slices were
incubated with biotinylated goat anti-rabbit IgG at a di-
lution of 1:100 (Vector Laboratories Ltd., Peterborough,
UK) at room temperature for 1 h. After rinsing with
0.1 % PBS-Tween® 20 for 3 x 2 min, the slices were incu-
bated with the streptavidin-biotin-peroxidase complex
(Vector Laboratories Ltd., Peterborough, UK) at 37 °C
for 1 h. After rinsing with 0.1 % PBS-Tween® 20 for
3 x 5 min, antibody binding was visualized by 3,3"-di-
aminobenzidine using the DAB Peroxidase Substrate
Kit (Vector Laboratories Ltd., Peterborough, UK) at room
temperature for 5 min. Alternatively, the nuclei were
counterstained using Harris’s solution (Merck, Darmstadt,
Germany). Dehydration and vitrification were completed
by a standard protocol (70 % alcohol 10 s, 94 % alcohol
2 x 10 s, absolute alcohol 2 x 1 min, and xylene 3 x 3 min).
The slides were mounted for light microscopy with
Clarion™ Mounting Medium (Sigma-Aldrich, St. Louis,
USA). Slices for negative controls were prepared after the
replacement of primary antibodies with 0.1 % BSA (dis-
solved in 0.01 M PBS pH 7.4; Sigma-Aldrich, St. Louis,
USA). The staining intensities (shown by the greyscale
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value that was inversely correlated with the staining inten-
sity) in the strial basal cells, spiral ligament fibrocytes, and
spiral ganglion cells were measured and semi-quantified
using Image] 1.45S software (NIH, Bethesda, USA).

Confocal and Light Microscopies

The samples from immunofluorescence staining were
observed and images obtained under a Nikon micro-
scope (ECLIPSE Ti) combined with an Andor confocal
system installed with Andor iQ 2.8 software (Andor
Technology, Belfast, UK). The excitation lasers were 405
(blue excitation) and 488 nm (green excitation) from an
Andor Laser Combiner system, and the corresponding
emission filters were 450-465 (DAPI) and 525/50 nm
(FITC), respectively. The immunostained samples visual-
ized by 3,3’-diaminobenzidine were observed under a
light microscope (LEICA DM 2000, Espoo, Finland), and
images were digitally photographed using a camera video
(Olympus DP 25, Tokyo, Japan) with the cellSens Di-
mension 1.6 Olympus software (Olympus Corporation,
Tokyo, Japan) installed.

Analysis and Statistics

Statistical analyses were performed using the IBM® SPSS®
Statistics Version 20 software package (SPSS Inc., Chicago,
USA). One-way ANOVA was used to compare the stain-
ing intensities for CD68, TLR2, TLR4, MCP1, MCP2, A20,
and RNF11 in the designated structures of different coch-
lear turns among the cochleae exposed to 0.4 % AgNPs,
0.02 % AgNPs, and dH,O. The LSD post hoc test was
used to evaluate the pairwise difference. The independent
sample ¢ test was used to compare the staining intensities
for CD44, Racl, Erk1/2, IL-1p, IL-10, and TGE-f in the
designated structures of different cochlear turns between
the cochleae exposed to 0.4 % AgNPs and dH,0. A value
of p<0.05 indicated that the difference was statistically
significant.

Results

AgNPs Augment the Sensitivity and Chemotactic Proteins
of Cochlear Cells

In the cochleae exposed to dH,O, the inner hair cells
and pillar cells of Corti’s organ showed moderate stain-
ing for CD68, while the outer hair cells and Deiters’
cells demonstrated extremely weak staining for CD68
(Fig. 1h). The strial basal cells, spiral ligament fibro-
cytes, and spiral ganglion cells exhibited mild staining
for CD68 (Fig. 1d, f). In the cochlear lateral wall,
0.4 % AgNPs intensified CD68 staining remarkably in
the strial basal cells (p <0.01, post hoc test) and spiral
ligament fibrocytes (mainly type III) (p<0.01, post
hoc test) in the first turn (Fig. 1la). However, no en-
hanced staining was observed in cells in the second
and third turns (Fig. 1b, ¢) (p >0.05, post hoc test).
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In the CD68" cell population, sparse ramified cells
and mononuclear cells were identified in the spiral
ligament and the modiolus, respectively (Fig. 1c, i). In
Corti’s organ, 0.4 % AgNPs increased CD68 staining
in the inner hair cells and pillar cells but not in the
outer hair cells and Deiters’ cells (Fig. 1g). In the
spiral ganglion cells and capillary endothelial cells,
0.4 % AgNPs did not alter CD68 staining in all turns
(Fig. le) (p>0.05, post hoc test). The 0.02 % AgNPs
had no influence on CD68 staining in the aforemen-
tioned cells in all turns (images not shown) (p > 0.05,
post hoc test).

In the cochleae exposed to dH,O, the strial intermediate
cells, strial basal cells, spiral ligament fibrocytes, spiral
ganglion cells, and outer hair cells, pillar cells, and Deiters’
cells of Corti’s organ showed intensive staining for CD44
(Additional file 1: Figure S1B, S1D, and S1F), while the
inner hair cells demonstrated mild staining for CD44
(Additional file 1: Figure S1F). 0.4 % AgNPs had no
influence on the staining in the aforementioned cells
in all turns (Additional file 1: Figure S1A, S1C, and
S1E) (p > 0.05, independent sample ¢ test).

In the cochleae exposed to dH,O, the strial basal cells,
spiral ligament fibrocytes (mainly type II), spiral ganglion
cells, and inner hair cells and pillar cells of Corti’s organ
showed intensive staining for TLR2 (Additional file 2:
Figure S2B, S2D, and S2F), while the outer hair cells and
Deiters’ cells displayed extremely weak staining for TLR2
(Additional file 2: Figure S2F). The strial basal cells and
spiral ligament fibrocytes demonstrated mild staining for
TLR4 (Fig. 2d), while the spiral ganglion cells and hair
cells, pillar cells, and Deiters’ cells of Corti’s organ exhib-
ited extremely weak staining for TLR4 (Fig. 2f, h). In the
cochleae exposed to 0.4 % AgNPs, the outer hair cells
and Deiters’ cells of Corti’s organ showed more intensive
staining for TLR2 (Additional file 2: Figure S2E). How-
ever, the strial basal cells, spiral ligament fibrocytes, and
spiral ganglion cells did not show any changes in the
staining of TLR2 in all turns (Additional file 2: Figure
S2A and S2C) (p >0.05, one-way ANOVA) nor in the
inner hair cells and pillar cells (Additional file 2: Figure
S2E). The strial basal cells (p < 0.05 in the first and second
turns and p<0.01 in the third turn, one-way ANOVA)
and spiral ligament fibrocytes (Fig. 2a—c) (p <0.05 in the
first, second, and third turns, one-way ANOVA) demon-
strated more intensive staining for TLR4 that was inde-
pendent of the cochlear turn (p > 0.05, one-way ANOVA).
The inner hair cells, pillar cells, and Deiters’ cells displayed
more intensive staining for TLR4, but the outer hair cells
did not (Fig. 2g). However, the spiral ganglion cells did not
show any changes (Fig. 2e). The 0.02 % AgNPs had no
influence on the staining of TLR2 and TLR4 in the afore-
mentioned cells in all turns (images not shown) (p > 0.05,
one-way ANOVA).
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Fig. 1 CD68™ cells in the rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by immunofluorescence confocal microscopy or
immunohistochemistry. In the cochleae exposed to dH,O, the inner hair cells (IHCs) and pillar cells (PCs) of Corti's organ (CO) showed moderate
staining, while the outer hair cells (OHCs) and Deiters’ cells (DCs) demonstrated extremely weak staining (h). The strial basal cells (SBCs),
spiral ligament fibrocytes (SLFs), and spiral ganglion cells (SGCs) exhibited mild staining (d, f). In the cochleae exposed to 0.4 % AgNPs,
the SBCs and SLFs (mainly type Ill) in the first turn (a) and the IHCs and PCs of CO (g) displayed more intensive staining. Sparse ramified
cells (c) and mononuclear cells (i) with CDé8 staining were identified in the spiral ligament and the modiolus, respectively. However, the
SBCs and SLFs in the second and third turns (b, ), SGCs (e), capillary endothelial cells (CakCs) (e), OHCs, and DCs (g) did not show any
changes. Comparisons of staining intensity are shown in j and k. Scale bar=30 um in a-f, 20 um in g, h, and the magnified image in i,
and 80 um in i

In the cochleae exposed to dH,O, the Deiters’ cells staining for MCP1 (Fig. 3d). Unexpectedly, the strial basal
of Corti’s organ showed intensive staining for MCP1, cells, spiral ligament fibrocytes, spiral ganglion cells, and
while the inner hair cells and inner pillar cells exhib-  the hair cells, pillar cells, and Deiters’ cells of Corti’s organ
ited moderate staining for MCP1 (Fig. 3h). The strial showed intensive staining for MCP2 (Additional file 3:
intermediate cells, strial basal cells, spiral ganglion Figure S3B, S3D, and S3F). In the cochleae exposed to
cells, outer hair cells, and outer pillar cells demon- 0.4 % (Fig. 3a) and 0.02 % AgNPs (image not shown), the
strated mild staining for MCP1 (Fig. 3d, f, h), while strial intermediate cells, capillary endothelial cells, and
the spiral ligament fibrocytes displayed extremely weak  strial basal cells (p <0.01, one-way ANOVA) in the first
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Fig. 2 TLR4" cells in the rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by immunofluorescence confocal microscopy or
immunohistochemistry. In the cochleae exposed to dH,O, the strial basal cells (SBCs) and spiral ligament fibrocytes (SLFs) showed mild staining
(d), while the spiral ganglion cells (SGCs), hair cells (HCs), pillar cells (PCs), and Deiters’ cells (DCs) of Corti's organ (CO) demonstrated extremely

weak staining (f, h). In the cochleae exposed to 0.4 % AgNPs, the SBCs and SLFs exhibited more intensive staining that was independent of the
cochlear turn (a—c). In CO, the inner hair cells (IHCs), PCs, and DCs displayed more intensive staining, but the outer hair cells (OHCs) did not (g).
However, the SGCs did not show any changes (e). Comparisons of staining intensity are shown in i and j. Scale bar =30 um
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turn demonstrated more intensive staining for MCP1.
However, the spiral ligament fibrocytes (mainly type III) in
the cochleae exposed to 0.4 % AgNPs (Fig. 3a—c) (p < 0.01
in the first and third turns and p < 0.05 in the second turn,
one-way ANOVA) showed more intensive staining for
MCP1 that was independent of the cochlear turn
(p > 0.05, one-way ANOVA). In addition, 0.4 % AgNPs

increased MCP1 staining in the inner pillar cells and
Deiters’ cells of Corti’s organ (Fig. 3g). However, the
spiral ganglion cells did not show any changes (Fig. 3e)
(p > 0.05, one-way ANOVA). Neither 0.4 % nor 0.02 %
AgNPs affected the staining of MCP2 in the aforemen-
tioned cells in all turns (images not shown) (p > 0.05,
one-way ANOVA).
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Fig. 3 MCP1™ cells in the rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by immunofluorescence confocal microscopy or
immunohistochemistry. In the cochleae exposed to dH,O, the Deiters’ cells (DCs) of Corti's organ (CO) showed intensive staining, while the inner
hair cells (IHCs) and inner pillar cells (IPCs) exhibited moderate staining (h). The strial intermediate cells (SIMCs), strial basal cells (SBCs), spiral
ganglion cells (SGCs), and outer hair cells (OHCs) and outer pillar cells (OPCs) of CO demonstrated mild staining, while the spiral ligament
fibrocytes (SLFs) displayed extremely weak staining (d, f, h). In the cochleae exposed to 0.4 % AgNPs, the SLFs showed more intensive staining
that was independent of the cochlear turn, while the SIMCs, SBCs, and capillary endothelial cells (CakECs) demonstrated more intensive staining
in the first turn (@—c). In CO, the IPCs and DCs exhibited more intensive staining, but the hair cells (HCs) and OPCs did not (g). However, the
SGCs did not show any changes (e). Comparisons of staining intensity are shown in i and j. Scale bar =30 um
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AgNPs had no Effect on the Expressions of Tight
Junction-Associated Proteins Including Rac1, Myosin Light
Chain, VCAM1, and MAPK Signaling Proteins

In the cochleae exposed to dH,O, the strial intermediate
cells, strial basal cells, spiral ganglion cells, and hair
cells, pillar cells, and Deiters’ cells of Corti’s organ

showed intensive staining for Racl (Additional file 4:
Figure S4B, S4D, and S4F), while the spiral ligament
fibrocytes (mainly type II) demonstrated moderate stain-
ing for Racl (Additional file 4: Figure S4B). The spiral
ganglion cells and inner pillar cells of Corti’s organ exhib-
ited moderate staining for myosin light chain (Additional
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file 5: Figure S5D and S5F), while the hair cells, outer
pillar cells, and Deiters’ cells displayed mild staining for
myosin light chain (Additional file 5: Figure S5F). The
strial basal cells and spiral ligament fibrocytes showed
extremely weak staining for myosin light chain (Additional
file 5: Figure S5B). The strial basal cells, spiral ligament
fibrocytes, spiral ganglion cells, and hair cells, pillar cells,
and Deiters’ cells of Corti’s organ showed extremely weak
staining for VCAM1 (Additional file 6: Figure S6B, S6D,
and S6F), INK (Additional file 7: Figure S8B, S8F, and S8]),
and p38 (Additional file 7: Figure S8D, S8H, and S8L).
However, the strial intermediate cells, strial basal cells,
spiral ligament fibrocytes, spiral ganglion cells, and hair
cells, pillar cells, and Deiters’ cells of Corti’s organ showed
intensive staining for Erk1/2 (Additional file 8: Figure S7B,
S7D, and S7F). 0.4 % AgNPs had no influence on the
staining of Racl (Additional file 4: Figure S4A, S4C, and
S4E) (p>0.05, independent sample ¢ test), myosin light
chain (Additional file 5: Figure S5A, S5C, and S5E),
VCAMI1 (Additional file 6: Figure S6A, S6C, and S6E),
Erk1/2 (Additional file 8: Figure S7A, S7C, and S7E) (p >
0.05, independent sample ¢ test), JNK (Additional file 7:
Figure S8A, S8E, and S8I), and p38 (Additional file 7:
Figure S8C, S8G, and S8K) in the aforementioned cells in
all turns.

AgNPs Upregulated the Expressions of Ubiquitin-Editing
Proteins A20 and RNF11 Without Affecting the Expres-
sions of Inflammatory Cytokines

In the cochleae exposed to dH,O, the spiral ganglion
cells, inner hair cells, and inner pillar cells of Corti’s
organ showed mild staining for TNF-a (Additional file 9:
Figure SOH and S9N), while the strial basal cells, spiral
ligament fibrocytes, outer pillar cells, outer hair cells,
and Deiters’ cells demonstrated extremely weak staining
for TNF-a (Additional file 9: Figure S9B and S9N). The
strial intermediate cells, strial basal cells, and spiral gan-
glion cells exhibited mild staining for TNFR1 (Additional
file 9: Figure S9D and S9J), while the spiral ligament fibro-
cytes, hair cells, pillar cells, and Deiters’ cells displayed
extremely weak staining for TNFR1 (Additional file 9:
Figure S9D and S9P). The strial intermediate cells and
strial basal cells showed mild staining for TNFR2
(Additional file 9: Figure S9F), while the spiral liga-
ment fibrocytes, spiral ganglion cells, hair cells, pillar
cells, and Deiters’ cells demonstrated extremely weak
staining for TNFR2 (Additional file 9: Figure S9F,
S9L, and S9R). The strial basal cells, spiral ganglion
cells, and pillar cells of Corti’s organ exhibited intensive
staining for IL-1P, while the spiral ligament fibrocytes
(mainly type II) and inner hair cells displayed mild stain-
ing for IL-1p (Additional file 10: Figure S10B, S10D, and
S10F). The outer hair cells and Deiters’ cells showed
extremely weak staining for IL-1f (Additional file 10:
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Figure S10F). 0.4 % AgNPs had no influence on the stain-
ing of TNF-a (Additional file 9: Figure S9A, S9G, and
S9M), TNFR1 (Additional file 9: Figure S9C, S9I, and
S90), TNFR2 (Additional file 9: Figure S9E, S9K, and
S9Q), and IL-1B (Additional file 10: Figure S10A, S10C,
and S10E) (p>0.05, independent sample ¢ test) in the
aforementioned cells in all turns.

In the cochleae exposed to dH,O, the spiral ganglion
cells showed intensive staining for IL-10 (Additional file
11: Figure S11F), while the pillar cells of Corti’s organ
demonstrated mild staining for IL-10 (Additional file 11:
Figure S11J). The strial basal cells, spiral ligament fibro-
cytes, hair cells, and Deiters’ cells exhibited extremely
weak staining for IL-10 (Additional file 11: Figure S11B
and S11J). The spiral ganglion cells and pillar cells of Corti’s
organ displayed intensive staining for TGF-p (Additional
file 11: Figure S11H and S11L), while the strial basal cells,
spiral ligament fibrocytes, and inner hair cells demonstrated
mild staining for TGF-p (Additional file 11: Figure S11D
and S11L). The outer hair cells and Deiters’ cells showed
extremely weak staining for TGF-f (Additional file 11:
Figure S11L). 0.4 % AgNPs had no influence on the
staining of IL-10 (Additional file 11: Figure S11A, S11E,
and S11I) (p>0.05, independent sample ¢ test) and
TGF-B (Additional file 11: Figure S11C, S11G, and
S11K) (p > 0.05, independent sample ¢ test) in the afore-
mentioned cells in all turns.

In the cochleae exposed to dH,O, the spiral ganglion
cells, inner hair cells, pillar cells, and Deiters’ cells of
Corti’s organ showed intensive staining for A20 (Fig. 4j, n),
while the strial basal cells, spiral ligament fibrocytes, and
outer hair cells demonstrated mild staining for A20
(Fig. 4d, n). The strial basal cells, spiral ganglion cells, and
inner pillar cells of Corti’s organ exhibited intensive stain-
ing for RNF11, while the spiral ligament fibrocytes, hair
cells, and outer pillar cells displayed mild staining for
RNF11 (Fig. 4h, I, p). The Deiters’ cells showed extremely
weak staining for RNF11 (Fig. 4p). In the cochlear lateral
wall, 0.4 % AgNPs enhanced the staining of A20 (p <0.05
in the first and second turns and p > 0.05 in the third turn
at the strial basal cells, p < 0.05 in the first and third turns
and p<0.01 in the second turn at the spiral ligament
fibrocytes, one-way ANOVA) and RNF11 (p >0.05 in the
first and third turns and p < 0.05 in the second turn at the
strial basal cells, p <0.01 in the first turn and p <0.05 in
the second and third turns at the spiral ligament fibro-
cytes, one-way ANOVA) remarkably in the strial basal
cells and spiral ligament fibrocytes that were independent
of the cochlear turn (Fig. 4a—c, e-g) (p >0.05, one-way
ANOVA). In Corti’s organ, 0.4 % AgNPs increased A20
staining in the outer hair cells and Deiters’ cells (Fig. 4m)
and RNF11 staining in the outer pillar cells and Deiters’
cells (Fig. 40). In the spiral ganglion cells and capillary
endothelial cells, 0.4 % AgNPs did not alter the staining of
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)

Fig. 4 A20" and RNF117 cells in the rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by immunofluorescence confocal
microscopy or immunohistochemistry. In the cochleae exposed to dH,0, the spiral ganglion cells (SGCs), inner hair cells (IHCs), pillar cells (PCs),
and Deiters’ cells (DCs) of Corti's organ (CO) showed intensive staining for A20 (j, n), while the strial basal cells (SBCs), spiral ligament fibrocytes
(SLFs), and outer hair cells (OHCs) demonstrated mild staining for A20 (d, n). The SBCs, SGCs, and inner pillar cells (IPCs) of CO exhibited intensive
staining for RNF11, while the SLFs, hair cells (HCs), and outer pillar cells (OPCs) displayed mild staining for RNF11 (h, I, p). The DCs showed extremely
weak staining for RNF11 (p). In the cochleae exposed to 0.4 % AgNPs, the SBCs and SLFs demonstrated more intensive staining for A20 and RNF11 that
was independent of the cochlear turn (@a—¢, e-g). In CO, the OHCs and DCs displayed more intensive staining for A20 (m), the OPCs and DCs exhibited
more intensive staining for RNF11 (o). However, the SGCs and capillary endothelial cells (CakCs) did not show any changes in the staining of A20 and

RNF11 (i, k). Comparisons of staining intensity are shown in g and r. Scale bar =50 um in a~h, 20 um in m, n, and 30 um ini-l, o, p

A20 and RNF11 in all turns (Fig. 4i, k) (p > 0.05, post hoc
test). 0.02 % AgNPs had no influence on the staining of
A20 and RNF11 in the aforementioned cells in all turns
(images not shown) (p > 0.05, post hoc test).

There were no positive staining in the negative control
slides (Additional file 12: Figure S12). The unchanged
molecules in the rat cochlea exposed to AgNPs were
summarized in Table 1.

Discussion
The current study showed that 0.4 % AgNPs but not
0.02 % AgNPs upregulated the expressions of CD68,
TLR4, MCP1, A20, and RNF11 in the strial basal cells,
spiral ligament fibrocytes, and non-sensory supporting
cells of Corti’s organ. 0.4 % AgNPs had no effect on
CD44, TLR2, MCP2, Racl, myosin light chain, VCAM]I,
Erk1/2, NK, p38, IL-1B, TNF-a, TNFR1, TNFR2, IL-10,
or TGF-B. The toxicological mechanism of AgNPs is
unclear. The Ag" released from AgNPs was thought to
be an important mediator involved in the pathological
process associated with AgNPs exposure [35]. However,
this is actually doubtful because no Ag" remains in either
animal or human body after reacting with the CI” and form-
ing AgCl. The ICs, for AgNO; was lower than that for
AgNPs [1]. Our unpublished data demonstrated that AgCl
did not cause any hearing loss at the second day through
the seventh day post-intratympanic injection at the saturated
concentration (520 pg/100 g). Therefore, our hypothesis is
that the cytokine alteration in the current study is resulted
from intact AgNPs rather than the disassociated Ag".
Increasing evidence demonstrate that the inner ear is
an active immune organ rather than an ‘immunologically

Table 1 Unchanged molecules in the rat cochlea exposed to
AgNPs

Functions/properties Molecules
Cell recruitment CD44
Innate immunity TLR2
Chemotaxis MCP2

VCAM1, Rac1, and MLC
Erk1/2, JNK, and p38

IL-1B, TNF-a, TNFR1, TNFR2
IL-10 and TGF-3

Tight junction-associated proteins
Cellular signaling transduction
Inflammation

Anti-inflammation

MLC myosin light chain

privileged organ’ that was generally accepted previously
[36]. Cochlear lateral wall including the stria vascularis
and spiral ligament has been reported as the primary site
harbouring macrophages in the inner ear of human and
mouse [37, 38]. In the current study, cells that showed
mild staining for CD68 without ramified morphology
were identified in the stria vascularis and spiral ligament
of rat cochlea exposed to dH,O, suggesting that the rat
cochlea did not have typical tissue-resident macrophages
and might have a different immune mechanism from the
one in human. Macrophages were reportedly recruited
into murine cochlea exposed to noise and ototoxic drugs
[39-42]. The current study detected a sparse appearance
of ramified CD68-positive cells in the spiral ligament
and mononuclear cells in the modiolus of cochlea ex-
posed to 0.4 % AgNPs, implying that either the rat coch-
lea possessed a different innate immune system from the
mouse or the AgNPs triggered different signaling path-
ways from noise and conventional ototoxic drugs. The
sole upregulation of MCP1 without sufficient cooper-
ation with other molecules such as CD44, Racl, myosin
light chain, and VCAM1I might be the reason for failure
in recruiting abundant macrophages into the cochlea
[43-45]. Moreover, the unchanged levels of Erk1/2, INK,
and p38 did not provide the molecular basis for the
adhesion and migration of monocytes [46]. Instead, the
expressions of CD68 in the strial basal cells, spiral liga-
ment fibrocytes, and non-sensory supporting cells of
Corti’s organ were significantly upregulated after 0.4 %
AgNPs exposure.

The upregulated CD68 might confer macrophage-like
functions on the strial basal cells and spiral ligament fibro-
cytes and enhance the immune activities of non-sensory
supporting cells of Corti’s organ. Non-sensory supporting
cells of Corti’s organ are indicated as microglia-like cells
and may determine the fate of the auditory sensory epithe-
lium because microglia are believed to be macrophages in
the central nervous system and play an irreplaceable role
in immune surveillance [47-49]. CD68 was reportedly
involved in vesicular trafficking to deliver the lipids to
their proper intracellular compartments [50]. The current
study suggested that CD68 might be implicated in the
activation of TLR4 via caveolae trafficking operated by
lipid raft and caveolin-1 phosphorylation [51]. Previous
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research indicated that AgNPs induced the accumulation
of hyaluronan, the substrate of TLR4, in the cochlea [3].
TLR4 was also upregulated in the cochlea exposed to
0.4 % AgNPs in the current study. Theoretically, TLR4
activation triggers the NF-«B signaling pathway and finally
upregulates the expressions of inflammatory cytokines
including IL-1B, TNF-a, and its receptors TNFR1 and
TNFR2. However, neither the downstream cytokines
of macrophages nor TLR4 activation was upregulated
in the cochlea exposed to AgNPs. Although it was
unlikely that these pathways were never activated, it
was predictable that certain cytokines were upregu-
lated at an early stage but suppressed afterwards. This
possibility was supported by previous studies showing
that AgNPs caused reversible changes to the perme-
ability of biological barriers in the rat inner ear and
transient hearing loss that partially recovered as of
the seventh day [1, 3].

A20, in the context of RNF11, has been shown to
inhibit TLR-mediated inflammatory response, and it
induced NF-«B signaling pathway [16, 17]. The current
study showed that A20 and RNF11 were significantly
upregulated in the strial basal cells, spiral ligament fibro-
cytes, and non-sensory supporting cells of Corti’s organ of
the cochlea exposed to 0.4 % AgNPs, suggesting that A20
and RNF11 might play roles in maintaining cochlear
homeostasis and thus preserving hearing [1, 3]. However,
the incomplete hearing recovery in the high-frequency
range in the AgNP-exposed ear suggested that the pro-
tective effects of A20 and RNF11 might be limited.

Conclusions

AgNPs might confer macrophage-like functions on the
strial basal cells and spiral ligament fibrocytes and en-
hance the immune activities of non-sensory supporting
cells of Corti’s organ through the upregulation of CD68,
which might be involved in TLR4 activation. A20 and
RNF11 played roles in maintaining cochlear homeostasis
via negative regulation of the expressions of inflamma-
tory cytokines. The current study suggested that the rat
cochlea might have a different immune mechanism from
the one in human and mouse.

Additional files

Additional file 1: Figure S1. CD44" cells in the rat cochlea 7 days post-
intratympanic injection of 0.4 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed
to dH,0, the strial intermediate cells (SIMCs), strial basal cells (SBCs), spiral
ligament fibrocytes (SLFs), spiral ganglion cells (SGCs), and outer hair cells
(OHCs), pillar cells (PCs), and Deiters’ cells (DCs) of Corti's organ (CO)
showed intensive staining (B, D, and F), while the inner hair cells (IHCs)
demonstrated mild staining (F). 0.4 % AgNPs had no influence on the
staining in the SIMCs, SBCs, SLFs, SGCs, and CO (A, C, and E). Comparisons
of staining intensity are shown in G and H. Scale bar =50 pm in A-D and
20 um in E and F. (JPG 4396 kb)
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Additional file 2: Figure S2. TLR2" cells in the rat cochlea 7 days post-
intratympanic injection of 0.4 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed
to dH,0, the strial basal cells (SBCs), spiral ligament fibrocytes (SLFs)
(mainly type I}, spiral ganglion cells (SGCs), and inner hair cells (IHCs) and
pillar cells (PCs) of Corti's organ (CO) showed intensive staining (B, D, and F),
while the outer hair cells (OHCs) and Deiters' cells (DCs) demonstrated
extremely weak staining (F). 04 % AgNPs enhanced the staining in the
OHCs and DCs but not in the SBCs, SLFs, SGCs, IHCs, and PCs (A, C, and E).
Comparisons of staining intensity are shown in G and H. Scale bar =50 um
in A-D and 20 um in E and F. (JPG 4393 kb)

Additional file 3: Figure S3. MCP2" cells in the rat cochlea 7 days
post-intratympanic injection of 04 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed

to dH,0, the strial basal cells (SBCs), spiral ligament fibrocytes (SLFs), spiral
ganglion cells (SGCs), and hair cells (HCs), pillar cells (PCs), and Deiters’ cells
(DCs) of Corti's organ (CO) showed intensive staining (B, D, and F). 04 %
AgNPs had no influence on the staining in the SBCs, SLFs, SGCs, and CO

(A, C, and E). Comparisons of staining intensity are shown in G and H. Scale
bar =50 um in A-D and 20 um in E and F. (JPG 4614 kb)

Additional file 4: Figure S4. Rac1™ cells in the rat cochlea 7 days post-
intratympanic injection of 0.4 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed
to dH,0, the strial intermediate cells (SIMCs), strial basal cells (SBCs), spiral
ganglion cells (SGCs), and hair cells (HCs), pillar cells (PCs), and Deiters’
cells (DCs) of Corti's organ (CO) showed intensive staining (B, D, and F),
while the spiral ligament fibrocytes (SLFs) (mainly type Il) demonstrated
moderate staining (B). 0.4 % AgNPs had no influence on the staining in
the SIMCs, SBCs, SLFs, SGCs, and CO (A, C, and E). Comparisons of staining
intensity are shown in G and H. Scale bar =50 pm in A-D and 20 pym in
Eand F. JPG 4501 kb)

Additional file 5: Figure S5. Myosin light chain positively stained cells
in the rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown
by immunofluorescence confocal microscopy or immunohistochemistry. In
the cochleae exposed to dH,O, the spiral ganglion cells (SGCs) and inner pillar
cells (IPCs) of Corti's organ (CO) showed moderate staining (D and F), while
the inner hair cells (HCs), outer pillar cells (OPCs), outer hair cells (OHCs), and
Deiters' cells (DCs) demonstrated mild staining (F). The strial basal cells (SBCs)
and spiral ligament fibrocytes (SLFs) exhibited extremely weak staining (B).

04 % AgNPs had no influence on the staining in the SBCs, SLFs, SGCs, and CO
(A, C, and E). Scale bar=50 um in A-D and 20 um in E and F. (JPG 4602 kb)

Additional file 6: Figure S6. VCAM1™ cells in the rat cochlea 7 days
post-intratympanic injection of 04 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed

to dH,0, the strial basal cells (SBCs), spiral ligament fibrocytes (SLFs), spiral
ganglion cells (SGCs), and hair cells (HCs), pillar cells (PCs), and Deiters’ cells
(DCs) of Corti's organ (CO) showed extremely weak staining (B, D, and F).
04 % AgNPs had no influence on the staining in the SBCs, SLFs, SGCs, and
CO (A C, and E). Scale bar =30 um. (JPG 4582 kb)

Additional file 7: Figure S8. INK" and p38™ cells in the rat cochlea 7 days
post-intratympanic injection of 04 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed to
dH,0, the strial basal cells (SBCs), spiral ligament fibrocytes (SLFs), spiral gan-
glion cells (SGCs), and hair cells (HCs), pillar cells (PCs), and Deiters' cells (DCs)
of Corti's organ (CO) showed extremely weak staining for JNK (B, F, and J) and
p38 (D, H, and L). 04 % AgNPs had no influence on the staining of
IJNK (A, E, and 1) and p38 (C, G, and K) in the SBCs, SLFs, SGCs, and
CO. Scale bar=50 um in A-H and 20 um in I-L. (JPG 4719 kb)

Additional file 8: Figure S7. Erk1/2" cells in the rat cochlea 7 days
post-intratympanic injection of 04 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed to
dH,0, the strial intermediate cells (SIMCs), strial basal cells (SBCs),
spiral ligament fibrocytes (SLFs), spiral ganglion cells (SGCs), and hair
cells (HCs), pillar cells (PCs), and Deiters’ cells (DCs) of Corti's organ
(CO) showed intensive staining (B, D, and F). 0.4 % AgNPs had no
influence on the staining in the SIMCs, SBCs, SLFs, SGCs, and CO

(A, C, and E). Comparisons of staining intensity are shown in G and H. Scale
bar=50 um in A-D and 20 um in E and F. (JPG 4418 kb)
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Additional file 9: Figure S9. TNF-a™, TNFR1", and TNFR2™ cells in the
rat cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by
immunofluorescence confocal microscopy or immunohistochemistry. In
the cochleae exposed to dH,0, the spiral ganglion cells (SGCs), inner hair
cells (IHCs), and inner pillar cells (IPCs) of Corti's organ (CO) showed mild
staining for TNF-a (H and N), while the strial basal cells (SBCs), spiral
ligament fibrocytes (SLFs), outer pillar cells (OPCs), outer hair cells (OHCs),
and Deiters’ cells (DCs) demonstrated extremely weak staining for TNF-a
(B and N). The strial intermediate cells (SIMCs), SBCs, and SGCs exhibited
mild staining for TNFR1 (D and J), while the SLFs, hair cells (HCs), pillar
cells (PCs), and DCs displayed extremely weak staining for TNFRT (D and
P). The SIMCs and SBCs showed mild staining for TNFR2 (F), while the
SLFs, SGCs, HCs, PCs, and DCs showed extremely weak staining for TNFR2
(F, L, and R). 04 % AgNPs had no influence on the staining of TNF-a

(A, G, and M), TNFR1 (C, I, and O), and TNFR2 (E, K, and Q) in the SIMCs,
SBCs, SLFs, SGCs, and CO. Scale bar =30 pm. (JPG 4651 kb)

Additional file 10: Figure S10. IL-13" cells in the rat cochlea 7 days
post-intratympanic injection of 0.4 % AgNPs shown by immunofluorescence
confocal microscopy or immunohistochemistry. In the cochleae exposed
to dH,0, the strial basal cells (SBCs), spiral ganglion cells (SGCs), and pillar
cells (PCs) of Corti's organ (CO) showed intensive staining, while the

spiral ligament fibrocytes (SLFs) (mainly type 1) and inner hair cells (IHCs)
demonstrated mild staining (B, D, and F). The outer hair cells (OHCs) and
Deiters' cells (DCs) exhibited extremely weak staining (F). 0.4 % AgNPs had
no influence on the staining in the SBCs, SLFs, SGCs, and CO (A, C, and E).
Comparisons of staining intensity are shown in G and H. Scale bar =50 pm
in A-D and 20 pm in E and F. (JPG 4326 kb)

Additional file 11: Figure S11. IL-10" and TGF-3" cells in the rat
cochlea 7 days post-intratympanic injection of 0.4 % AgNPs shown by
immunofluorescence confocal microscopy or immunohistochemistry. In
the cochleae exposed to dH,0, the spiral ganglion cells (SGCs) showed
intensive staining for IL-10 (F), while the pillar cells (PCs) of Corti's organ
(CO) demonstrated mild staining for IL-10 (J). The strial basal cells (SBCs),
spiral ligament fibrocytes (SLFs), hair cells (HCs), and Deiters’ cells (DCs)
exhibited extremely weak staining for IL-10 (B and J). The SGCs and PCs
of CO displayed intensive staining for TGF-3 (H and L), while the SBCs,
SLFs, and inner hair cells (IHCs) demonstrated mild staining for TGF-

(D and L). The outer hair cells (OHCs) and DCs showed extremely weak
staining for TGF-B (L). 04 % AgNPs had no influence on the staining of
IL-10 (A, E, and 1) and TGF- (C, G, and K) in the SBCs, SLFs, SGCs, and CO.
Comparisons of staining intensity are shown in M and N. Scale bar =50 um
in A-H and 20 um in I-L. (JPG 4356 kb)

Additional file 12: Figure S12. Negative control. Scale bar =50 um in
Aand C, 20 umin E, and 30 um in B, D, and F. (JPG 3915 kb)
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