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Abbreviations
AgNP

Silver nanoparticles

AuNP

Gold nanoparticles

AuAgNP

Gold silver alloy nanoparticles

BRET-QD

Bioluminescent resonance energy transfer-conjugated
quantum dot

BSA

Bovine serum albumin

CeO2NP

Cerium dioxide nanoparticles

COC

Cumulus oocyte complex

CrNiFeNP

Chromium nickel iron nanoparticles

EDX

Energy-dispersive x-ray spectroscopy

EGF

Epidermal growth factor

Eu2O3NP

Europium oxide nanoparticles

FCS

Fetal calf serum

FGF

Fibroblast growth factor

FSH

Follicle stimulating hormone

GVBD

Germinal vesicle break down

HCG

Human chorion gonadotropin

IGF1

Insulin-like growth factor 1

LH

Luteinising hormone

MII

Metaphase of the second meiotic division

NiNP

Nickel nanoparticles

NiTiNP

Nickel titanium nanoparticles

NP

Nanoparticle

PMSG

Pregnant mare serum gonadotropin

PVA

Polyvinyl alcohol

PVP

Polyvinylpyrrolidone

QD

Quantum dot

SD

Standard deviation

TiO2NP

Titanium dioxide nanoparticles

ZnSNP

Zinc sulfur nanoparticles
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1

Introduction

There is a constant urge and need to improve consumer products, technical applications, and
medical care. Amongst other this might be the main reason for nanotechnology having
become one of the key technologies of the 21st century (OBERDORSTER et al. 2005). Huge
efforts have been made in the development of new production methods, which continuously
open up even more fields of utilization for nanomaterials. The reason for the immense interest
in nanomaterials is their small size and relative large surface area, giving them very unique
physicochemical and optical properties. Further, the ability to tune these properties and to
functionalise nanoparticles for highly specific tasks, makes their application opportunities
nearly endless.
The exposure to certain nanoparticles is inevitable, since these are part of the ambient air, but
especially the uptake of engineered nanoparticles has increased tremendously in recent times,
because their industrial use is expanding. There is no comprehensive list of consumer
products containing nanomaterials, as it is not mandatory to declare these components. Still,
the most copious database, provided by nanotechproject.org, lists more than 1.800 consumer
products containing nanomaterials. The same characteristics that make nanomaterials so
interesting, can on the other hand oppose a possible threat, when introduced to biological
systems (OBERDORSTER et al. 2005) and the knowledge concerning their possible adverse
effects is still comparatively small (TAYLOR et al. 2012). Especially the mechanisms of
interaction and influence mostly remain a mystery even though the field of nanotoxicology is
expanding. The sheer endless possibilities in composition, material, size, shape, and
functionalization of nanomaterials make providing reliable and comparable data concerning
their interacting with biological system a very challenging task. It has been well documented
that nanoparticles, once introduced into the body, are distributed over the entire organism and
can even cross biological barriers. Only very recently the question of the reprotoxic potential
of nanomaterials has arisen and so far there is little knowledge concerning the consequences
of the interaction between nanomaterials and the reproductive system. This is very surprising,
because by influencing reproduction, nanomaterials also pose a possible threat for the
following generation.
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Therefore, the goal of this work was to gain reliable and comparable information on the
interaction between nanoparticles and porcine gametes at different developmental stages. The
experiments were supposed to provide an insight on which nanoparticle properties or
characteristics might influence this interaction and which mechanisms are responsible for
possible influence on gamete development or viability. Further, the aim was to verify the
oocyte maturation and sperm viability assays as a reliable screening tool for
nanoreprotoxicity.
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2

Literature

2.1

Nanomaterials

This chapter provides an overview on the definition, production, properties and applications
of nanomaterials in general. It also describes ways of exposure to different nanomaterials.

2.1.1 General aspects of nanomaterials and nanotechnology
The term “nano” is derived from the greek word “nanos”, meaning dwarf. This makes it clear
that the world of nanomaterials, nanotechnology, and nanotoxicology is a very small one, but
it has a tremendous influence on economy, research, development, health, and our daily life.
This influence has been suspected, but could not be foreseen by physicist Richard Feynman in
1959, when he gave his famous lecture “There´s plenty of room at the bottom” and challenged
the scientific world and even high school students to pay more attention to very small scale
(FEYNMAN 1960). Today nanotechnology is thought to be one of the key technologies of
the 21st century. A very precise definition of nanotechnology is given by BAWA et al. (2005):
“[The term nanotechnology describes] the design, characterization, production, and
application of structures, devices, and systems by controlled manipulation of size and shape
at the nanometer scale (atomic, molecular, and macromolecular scale) that produces
structures, devices, and systems with at least one novel/superior characteristic or property.”
The exact characterisation and definition of nanomaterials is still a controversially discussed
topic. Size is the main characteristic to classify nanomaterials as stated by the European
Commission in 2011:
“ ‘Nanomaterial’ means a natural, incidental or manufactured material containing particles,
in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of
the particles in the number size distribution, one or more external dimensions is in the size
range 1 nm-100 nm. “ (2011/696/EU 2011)
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This definition was urgently needed and long awaited. It provides the foundation for legal
recommendations and guidelines for nanomaterial use. Some experts argue that this definition
is not appropriate, because it does not include the specific properties of nanomaterials, but the
European commission purposefully held the definition very general, in order to be applicable
to the wide variety of nanomaterial appearance.
Further characteristics of nanomaterials are composition, shape, coating, production method,
size distribution, and specific properties or behaviour. Regarding the general definition, which
is just based on size, nanomaterials can be made of any possible matter and occur as such
naturally. In the field of nanotechnology the material is usually selected after its specific
properties at the nanoscale and can be divided into three categories based on their
composition. The first is carbon-based materials like fullerenes or carbon nanotubes. The
second one presents inorganic nanoparticles made of metal oxides (titanium dioxide, iron
oxide, cerium oxide, etc.) or metals (gold, silver, iron, etc.) and the third category represents
quantum dots made of cadmium sulphide or cadmium selenide. Alloys and combinations of
these material categories are also possible and very common (JU-NAM & LEAD 2008).
The shapes of nanomaterials are as diverse as their composition, from simple spherical
nanoparticles, nanocubes, or nanopyramids over nanowires up to complex nanostructures
everything is possible. While naturally occurring nanoparticles usually have simple forms,
nanotechnology makes it possible to design almost every imaginable shape. In this context it
is also important to determine, how the nanoparticles are presented. It makes a tremendous
difference for their distribution and their toxicity, if the materials are free in dispersion or if
they form agglomerates, or if they are fixed on other structures. Free nanoparticles oppose a
much higher risk to health and the environment, due to the fact that they can easily be
released and distributed, while fixed nanomaterials are usually not considered to be of danger
(BUZEA et al. 2007).
The production of nanomaterials can be divided into two approaches, the bottom-up method
and the top-down method. In short, the bottom-up strategies use chemical reactions to build
nanomaterials from molecular components, while the top-down methods derive nanomaterials
from bulk matter through physical forces (GUOZHONG 2004).
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The main reasons why nanomaterials are extremely interesting for all kinds of new
applications are their specific properties. The different properties compared to the
corresponding bulk material occur due to surface effects of the nanomaterials. Small particles
have a higher surface-to-volume-ratio, which leads to a much higher number of atoms on the
surface, resulting in more atoms with less neighbours compared to the bulk material. This
increases exponentially with the decrease of size. The surface atoms have a much higher
binding energy than bulk atoms, which is one of the reasons for their specific behaviour. An
example for the specific properties is gold, which, as bulk material, is a yellow noble metal,
which is non-magnetic and has a melting temperature of 1336 Kelvin. Gold particles with the
size of 10 nm appear red, have a much lower melting point, act as catalysts, and exhibit
magnetism (RODUNER 2006). Another interesting example are quantum dots. They are a
special kind of nanocrystals produced from semiconductors and due to quantum mechanics
they emit fluorescent light at different wavelengths, dependent on their size (MURRAY et al.
2000).

2.1.2 Applications and exposure scenarios of nanomaterials
Nanoparticles in the ambient air partially originate from natural sources like forest fires,
volcano eruptions, and dust storms (OBERDORSTER et al. 2005). Even if these events occur
locally, the particles are distributed over the entire earth (TAYLOR 2002). The size of
particles in the air during desert storms ranges up to 250 µm, but concentrations of 1000
particles/cm3 in the size range of 10-100 nm have been observed (D'ALMEIDA & SCHÜTZ
1983). Such nanoparticles can pass through the entire respiratory tract and actually cause
more severe inflammatory responses than larger particles (OBERDORSTER 2001). The
uptake of these particles is definitely unintentional, but cannot be avoided.
Besides the naturally occurring nanoparticles, the ambient air also carries nanoparticles from
anthropogenic sources. These are by-products of many industrial processes released into the
environment from combustion emissions, power plants, jet engines, and metal fumes from
welding (OBERDORSTER et al. 2005). Even though these particles are released due to
human activity, the uptake is still unintentional, but will probably rise with time due to the
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increase in industrial emissions and number of cars. Already a higher concentration in urban
areas or near highways has been observed (SINGH et al. 2005).
Nanotechnology has also found its way into food production and a lot of effort is put in the
development of nano-sized food ingredients, delivery systems for bioactive compounds, and
innovative food packaging (WEISS et al. 2006; CHAUDHRY et al. 2008). In order to get
information on foods containing these nano-ingredients the European Parliament and Council
presented the new regulations for the provision of food information to consumers in 2011.
Concerning the list of information on foods, article 18(3) states:
“All ingredients present in the form of engineered nanomaterials shall be clearly indicated in
the list of ingredients. The names of such ingredients shall be followed by the word ‘nano’ in
brackets“ (2011/1169/EU 2011)
The transition period for this new regulation ended on December 13th, 2014 for most products,
meaning that new products introduced to the market now and containing nanomaterials have
to be clearly marked as such in the European Union. The future will show how this changes
the availability of information on nanomaterials in foods. So far there are some databases
collecting products, which contain nanomaterials, but the provided information is mostly
based on voluntarily given information from the producers. The database of the Woodrow
Wilson International Center for Scholars (www.nanotechproject.org) lists 1814 products
containing nanomaterials at the moment (status of September 1st, 2015). An overview of the
applications of nanomaterials in food and food production is provided by BOUWMEESTER
et al. (2009). It describes that nanotechnology is utilized in all steps of food production
(agriculture, processing, and conservation) and as food additives also applied directly to
foods. These deployments include, but are not limited to, nanosensors sprayed on food to
detect microorganisms, pesticides with triggered-release nanomaterials, food storage devices
(refrigerators, containers) with antibacterial coating containing silver or zinc-oxide
nanoparticles, and sprays containing silver nanoparticles (antibacterial) or nanosensors
(monitoring). Most of these applications make direct contact of the consumer with the
administered nanomaterial very likely (BOUWMEESTER et al. 2009). Information on
potential health risks as a result of the consumption of food and drinks produced with
nanotechnology, is so far not available (CHAUDHRY et al. 2008).
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Other examples of consumer products containing nanoparticles are functional clothing,
cosmetics (especially sunscreen and deodorant), and medical instruments and dressings
(OBERDORSTER et al. 2005). The classification is not as clear, whether the uptake of
nanoparticles from foods and consumer products is intentional or unintentional. A lot of
consumers are probably not aware that some foods or other consumer products contain
nanoparticles. This makes the uptake unintentional, but the nanoparticles are added on
purpose by the producer, which makes it intended uptake. The most common nanomaterials in
consumer products are silver nanoparticles, carbon-based nanomaterials, and titanium dioxide
nanoparticles (www.nanotechproject.org). Silver nanoparticles are used for their antibacterial
impact. Most consumer products containing silver nanoparticles, like clothing or disinfectant
sprays, do not enhance direct nanoparticle uptake, but the particles are released into the water
and therefore into the environment (BENN & WESTERHOFF 2008).
A definitely intended exposure is the use of nanomaterials for medical purposes. The goals
are to use nanomaterials for advanced in vivo bio-imaging, tumor detection and treatment,
and targeted drug carriers with triggered-release mechanisms. For bio-imaging, especially the
fluorescent quantum dots are highly interesting and already in use. Gold nanoparticles are the
big hope in tumor detection and cancer treatment. They can be targeted with surface ligands
to exclusively attach to tumor cells. Excitation can stimulates them to produce localized heat
and with that selectively damaging or destroying the cancer tissue (JAIN et al. 2007).
In regard to these exposure scenarios the uptake of nanomaterials into the body can happen
through the respiratory system, the gastro-intestinal system, the skin, and systemic
administration to the blood stream. For the evaluation of influence on the body, the uptake
mechanism also plays a significant role (OBERDORSTER et al. 2005). The distribution of
nanomaterials in the body is described further in chapter 2.2.1.
Generally, the very unique characteristics of nanomaterials make them highly interesting for
many applications in research, medicine and consumer products, but they often cause a
different response in biological systems compared to the corresponding bulk materials
(OBERDORSTER et al. 1990). This discovery lead to a completely new research category for
toxicology, which is generally addressed as nanotoxicology, as proposed by DONALDSON
et al. (2004).
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2.2

Nanotoxicology

This chapter gathers the basic principles and problems of nanotoxicology and provides
insight into the current knowledge of nanomaterial effects on mammalian reproduction.

2.2.1 General aspects
As described in Chapter 2.1, there are infinite kinds of nanomaterials, due to the possible
variations in their size, as well as physical and chemical properties. Further there are
numerous applications for these nanomaterials and ways of contact with humans, animals and
the environment. The introduction of nanomaterials to biological systems also makes it
necessary to consider for example parameters like concentration, stability in changing
environment, functionalization, accumulation and exposure time, when observing toxicity. In
order to obtain as much information as possible from experiments with nanoparticles, a
thorough characterization of the used material is necessary. There are no parameter guidelines
or standard techniques for nanomaterial characterization and the goal of every work should
therefore be to provide as much information about the tested material as possible and also to
describe how these data were obtained (TAYLOR et al. 2014c). Especially for toxicological
evaluation of nanomaterials, this would make comparison between different studies a lot more
reliable and the question of the potential danger of nanomaterials to health and environment
could possibly be answered sooner. There is a wide variety of testing strategies for
nanotoxicology including in vitro models, in vivo applications, functional or viability assays,
and studies on uptake behavior (MARQUIS et al. 2009; LOVE et al. 2012), but so far no
assay can provide general information on nanomaterial toxicity. Almost ten years ago
MAYNARD et al. (2006) already stated that it is one of the biggest challenges in
nanotechnology to develop testing strategies for nanotoxicology that are reliable, reproducible
and can be used as screening method to predict nanomaterial influence on health and the
environment. Ideally, these models should be in vitro systems in order to fulfill the
requirement of the 3Rs (replace, reduce, refine), which should always be applied in animal
testing (RUSSELL & BURCH 1959). There is a vast abundance of publications on the effect
of nanomaterials on biology, but most study designs use only one specific material type in one
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test system. Comparison is therefore quite difficult and conclusions on the mechanisms
behind the toxic potential of nanomaterials can only be suspected.

2.2.2 Biodistribution of nanomaterials and crossing of biological barriers
An important aspect for nanotoxicological studies is to gain knowledge on how nanomaterials
are distributed throughout the organism after internalization. The size of viruses ranges
between 10 and 150 nm and nanoparticles have quite similar dimensions. Viruses are known
to be able to penetrate into the body and get distributed to their target tissue, making it is not
surprising that also nanoparticles can overcome the defense mechanisms of the body. Several
factors like size, coating and agglomeration behavior of the nanoparticles play an important
role in uptake behavior, organ distribution, and elimination (OBERDORSTER et al. 2009;
LEE et al. 2014; YANG et al. 2014; LEE et al. 2015). It is fairly easy to imagine the
distribution of nanoparticles throughout the body, if these are administered intravenously, but
also after inhalation (OBERDORSTER et al. 2004; KWON et al. 2008) and ingestion (VAN
DER ZANDE et al. 2012; LEE et al. 2014) systemic distributions have been observed.
Nevertheless liver, spleen, and kidney are preferred targets of nanoparticle location in the
body (KWON et al. 2008; VAN DER ZANDE et al. 2012; WANG et al. 2013b; LEE et al.
2014; CHEN et al. 2015). Even more interesting is the ability of nanoparticles to overcome
biological barriers like the blood-brain barrier (KREUTER 2001; OBERDORSTER et al.
2004; KIM et al. 2006; KWON et al. 2008; VAN DER ZANDE et al. 2012; CALDERONGARCIDUENAS et al. 2014) and the blood-testis barrier (OBERDORSTER & UTELL 2002;
KWON et al. 2008; MORISHITA et al. 2012; VAN DER ZANDE et al. 2012; WANG et al.
2013b) where they may interfere with spermatogenesis. While most nanoparticles are
excreted after a certain amount of time with urine or feces, it seems that the biological barriers
have a mechanism of retaining nanoparticles from clearance (LEE et al. 2013a), which leads
to accumulation in the barrier protected organs (testis: VAN DER ZANDE et al. (2012), LI et
al. (2013); brain: CALDERON-GARCIDUENAS et al. (2014)). A similar accumulation
behavior has also been observed in the ovary (ZHAO et al. 2013). Further in regard to
reproduction, the placenta has been investigated for its barrier capacity and it has been shown
that nanoparticles can enter the placenta, leading to the possible exposure of developing
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embryos or fetuses to nanoparticles (SAUNDERS 2009; WICK et al. 2010; YANG et al.
2012; WANG et al. 2013b). YANG et al. (2012) also reported that the amount of
nanoparticles detected in the fetus or extra-embryonic tissue is related to the gestation period,
in which the nanoparticles are administered. These very important findings make it even more
obvious that nanomaterials need to be investigated regarding their influence on biological
functions.

2.2.3 Influence of nanomaterials on female reproductive functions in mammals
Most studies looking at female reproductive function use in vivo models and focus on fertility
outcome. This approached is both, time-consuming and unable to detect mechanisms of
ovarian damage (CORTVRINDT & SMITZ 2002). In the context of nanotoxicology only
very few studies have been conducted on oocytes, ovarian follicles or the ovary itself. All of
the studies published so far have found severe effects. For example, coincubation of mouse
oocytes with QDs for 24 h during in vitro maturation led to a significant decrease in oocytes
reaching the metaphase of the second meiotic division (MII). Interestingly, this effect did not
occur if the QDs had a zinc sulphur (ZnS) shell (HSIEH et al. 2009). The incubation of
mature mouse oocytes with cerium dioxide nanoparticles (CeO2NP) for 2 h induced DNA
damage to the oocytes, even though the NPs were only taken up by the surrounding cumulus
cells and did not penetrate the oocyte (COURBIERE et al. 2013). These results indicate that
oocyte function can be impaired by NP contact. If the DNA is damaged even offspring may
be affected. Further, KONG et al. (2014) administered nickel nanoparticles (NiNP) to adult
female rats for 18 weeks by gavage. Subsequent histological examination of the ovaries
showed vascular dilatation and congestion as well as lymphocytosis, increased number of
luteal cells, and inflammatory cell infiltration. The co-culture of mouse pre-antral follicles
with quantum dots (QDs) for 8 days resulted in the penetration of them into follicles and
uptake by the theca cells and granulosa cells, but no penetration through the zona pellucida or
into the oocyte took place. A reduced rate of antrum cavity formation was observed. Further
the authors observed a lower number of oocytes with polar body for QDs administered at a
concentration of 2.89 or 28.9 nmol/l (XU et al. 2012). This study is especially important in the
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discussion of the relevance of the in vitro studies, since it shows that the nanoparticles may
pass into the follicle and be present in the follicular fluid surrounding the maturing oocyte.
In another very interesting in vivo study, the widely used titanium dioxide nanoparticles
(TiO2NP) were administered intra-gastrically to female mice for 90 days at low doses. The
authors stated that the administered dose equals a dose of 0.15-0.7 g in adult humans. This
treatment led to significant decrease in body weight and relative ovary weight. In the ovarian
tissue accumulation of titanium with up to 3000 ng/g tissue was observed and TiO2agglomerates were microscopically visible. In the ovaries an increased number of atretic
follicles, severe inflammatory cell infiltration, and necrosis were detected, which indicates
premature ovarian failure (ZHAO et al. 2013). These very few studies cannot provide
comprehensive knowledge on the effects of nanoparticles on female reproductive organs, but
the observed effects clearly raise concern.

Mercaptoacetic acid

?

Transferrin

CdSe
QDs
CdSe
QDs with
ZnS shell

CeO2NP

NiNP

CdTe/
ZnTe
Core/
Shell
QDs

TiO2NP

In vitro/
murine

In vitro/
murine

In vivo/
murine

In vitro/
murine

In vivo/
murine

?

not coated

Coating

Material

Type of
study/
Species

5-6 nm

3-4 nm

90 nm

3 nm

3.5 nm

Size

Gavage

5, 15,
45 mg/kg/day (18
weeks)
Ovarian follicles in
vitro (8 days, until
stimulated
ovulation)
Intragastric
administration

0.0289, 0.289,
2.89, 28.9 nmol/l
(per follicle in
10 µl)
2.5, 5,
10 mg/kg/day (90
days)

Relative ovary
weight

Oocytes with
polar body

Antrum cavity
formation

Tissue damage
of the ovaries

DNA damage
(comet assay)

2, 5, 10, 100 mg/l

500 nM (per 10
COCs)
COCs after in vivo
maturation (2 h)
Oocytes (without
Zona pellucida)
after in vivo
maturation (2 h)
Follicular cells
(2 h)

Obtained
Parameters

Metaphase II

Administration/
Exposure

COCs during IVM
(24 h)

125, 250, 500 nM
(per 10 COCs)

Dose

Yes

Yes (2.86,
28.6 nmol/l)

Yes (2.86,
28.6 nmol/l)

Yes

Yes

Yes

Yes (10,
100 mg/l)

No

Yes (250,
500 nM)

Adverse
effect?

(ZHAO et al.
2013)

(XU et al.
2012)

(KONG et al.
2014)

(COURBIERE
et al. 2013)

(HSIEH et al.
2009)

Reference

NP coating not
provided

Comparable

NP coating not
provided

Dose per cell
not provided

Comparable

Considerations

Table 1: Provided nanoparticle (NP) characteristics of the above described studies on female reproductive function and nanoparticle effects. Highlighted
are studies observing adverse effects. Considerations are also given in regard to comparability (QD: quantum dots, COC: cumulus oocyte complex,
IVM: in vitro maturation).
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2.2.4 Influence of nanomaterials on mammalian spermatozoa and testes
Metals in general have been demonstrated to harm male fertility even at very low
concentrations (PIZENT et al. 2012). Compared to the female side more studies with
nanoparticles are related to sperm, probably due to the much easier access to ejaculates than
to oocytes and the well-defined fertility parameters of sperm, which are regularly used for
semen evaluation. For example, MORETTI et al. (2013) incubated human ejaculated
spermatozoa with AuNP or AgNP and observed a significant decrease in motility and
viability after 60 min compared to the control population at the same time. The according
examination using transmission electron microscopy revealed the attachment of AuNP to the
sperm surface, whereas no membrane association of the AgNP could be detected. The authors
hypothesize that the impairment resulting from the co-incubation with AgNP might be due to
the ion release of the nanoparticles. The findings concerning the AuNP were confirmed in a
similar study performed by TAYLOR et al. (2014a), who incubated bovine sperm with AuNP,
which were either ligand-free or conjugated with oligonucleotides. After a 2 h exposure no
difference in membrane integrity or sperm cell morphology was observed, but a significant
decrease in motility occurred. They found no intact sperm being penetrated by NP, but the
ligand-free NP showed association to the outer sperm surface. Apparently, a motility loss can
already occur after a much shorter exposure time, as shown by WIWANITKIT et al. (2009),
who incubated human spermatozoa with AuNP for only 15 min. This underlines the
hypothesis that the decrease in motility is a result of the physical overload of the spermatozoa
through the NP, as supposed by all above mentioned authors. Boar sperm motility is also
reduced by nanomaterials like quantum dots (QD) within 30 min of incubation (FEUGANG
et al. 2012) or europium-oxide nanoparticles (Eu2O3NP) incubated with bovine spermatozoa
for 24 h (MAKHLUF et al. 2008).
Chromatin decondensation is necessary for successful fertilization. The ability of chromatin to
decondense can be tested in vitro and very small AuNP have been shown to hinder this
process in mouse epididymal sperm incubated with 2.5 nm AuNP (ZAKHIDOV et al. 2010)
and also in frozen-thawed bovine sperm incubated with 3 nm AuNP (ZAKHIDOV et al.
2013). Even DNA damage is a possible result of the exposure of sperm to nanoparticles, as
shown by GOPALAN et al. (2009), who incubated human spermatozoa with titanium-dioxide
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(TiO2NP) or zinc-oxide nanoparticles (ZnONP). A concentration dependency of this effect
was clearly detected, but already very low concentrations seem to have this effect as described
by PREAUBERT et al. (2015) on mice sperm incubated with cerium dioxide nanoparticles.
The direct impairment of sperm, as determined by the above-mentioned in vitro assays,
already raises high concerns, regarding nanoparticle exposure and male reproductive function,
but these direct effects to sperm cell viability could so far only be shown in vitro.
Damage to the testis can be caused by NP uptake and distribution through the body. For
example, in mice the intra-tracheal exposure to carbon nanoparticles, which are present in
ambient air and are generated during combustion processes, led to migration of these particles
into the testes, caused vacuolation of the seminiferous tubules, and resulted in a decrease of
daily sperm production (YOSHIDA et al. 2009). Amorphous nanosilica particles (70 nm) also
entered the testes of mice after intravenous injection and were found in Sertoli cells,
cytoplasm, and nucleus of spermatocytes, while larger silica particles (300 nm) administered
the same way could not be detected in the testes (MORISHITA et al. 2012). Nickel
nanoparticles (NiNP) daily administered to male rats for ten weeks by gavage led to increased
epithelial cell shedding, disordered cell arrangement, and increased cell apoptosis in the testes
(KONG et al. 2014). These findings demonstrate that especially chronic contact, for example
with the inevitable inhalation of ambient air or continuing exposure in the work environment,
can seriously influence the male reproductive performance in mammals. This has also been
observed by ANTONINI (2003), who noted that there is a higher incidence of infertility in
male welders compared to other males of the same age and could trace this back to
nanoparticle exposure.

AuNP

AuNP

CdSe/
ZnsQDs

Eu2O3NP

AuNP

In vitro/
human

In vitro/
porcine

In vitro/
bovine

In vitro/
murine

AgNP

AuNP

Material

In vitro/
bovine

In vitro/
human

Type of
study/
Species

30 nm
9 nm
15 nm

not coated
PVP
PVA
2.5 nm

5-7 nm

Renilla
luciferase/
nonaarginin
peptide

not coated

9 nm

7.3 nm

10.8 nm

65 nm

50 nm

Size

?

Oligonucleotides

not coated

?

Coating

Ejaculated sperm,
24 h
Epididymal sperm,
20 min

0.5x1015 or
1x1015
particles/ml
(diluted)

1 nM per 0.1,
0.5, 1, 2x108
sperm
(in 1 ml)
1, 5 nM per
1x108 sperm (in
1 ml)
2.5 mg/ml

Ejaculated sperm,
30 min

?

Ejaculated sperm,
120 min (37 °C)

Ejaculated sperm,
60 min

Administration/
Exposure

Ejaculated sperm,
15 min

0.1, 1, 10 µg per
100x106 sperm
(in 1 ml)

30, 60, 125, 250,
500 µM

Dose

Chromatin
decondensation
ability

Motility

Viability

Motility

Yes

Yes
No
No

No

Yes (0.1x108
sperm)

Yes

Yes (motility
for 10µg/ml)

Motility,
membrane
integrity,
morphology
Motility

(MORETTI et
al. 2013)

Yes (125 µM
and more)
Yes (125 µM
and more)

Motility and
viability

(ZAKHIDOV et
al. 2010)

(MAKHLUF et
al. 2008)

(FEUGANG et
al. 2012)

(WIWANITKIT
et al. 2009)

(TAYLOR et al.
2014a)

Reference

Adverse
effect?

Obtained
Parameters

Dose per cell
not provided

Comparable

Comparable

One sperm
donor; dose and
coating not
provided

Comparable

Coating and
dose per cell not
provided

Considerations

Table 2: Provided nanoparticle (NP) characteristics of the above described studies on male reproductive function and nanoparticle effects. Highlighted
are studies observing adverse effects. Considerations are also given in regard to comparability (QD: quantum dots, PVP: polyvinylpyrrolidone, PVA:
polyvinylalcohol).

CeO2NP

Carbon
NP

SilicaNP

NiNP

In vivo/
murine

In vivo/
murine

In vivo/
murine

ZnONP

TiO2NP

AuNP

In vitro/
murine

In vitro/
human

In vitro/
bovine

Table 2 continued
Type of
study/
Material
Species

?

not coated

?

not coated

?

not coated

Coating

90 nm

70 nm

14 nm

7 nm

40-70 nm

3 nm

Size

5, 15, 45 mg/kg/day
(10 weeks)

0.8 mg on two
consecutive days

200 µg/mouse
2x during gestation

0.01 mg/l to 1.15
sperm/ml (in
200 µl)

11.5-93.2 µg/ml

Gavage

Testis tissue
damage

Motility
parameters

Epididymis
weight

Testis weight

(KONG et al.
2014)Si

Yes
(45 mg/kg)
Yes
(15,
45 mg/kg)
Yes
(15,
45 mg/kg)
Yes
(45 mg/kg)

Distribution
through blood
stream after
injection

(YOSHIDA et
al. 2009)

(MORISHITA
et al. 2012)

Penetration of
sertolli cells and
spermatocytes

Male mice
in utero

(PREAUBERT
et al. 2015)

(GOPALAN et
al. 2009)

(ZAKHIDOV et
al. 2013)

Reference

Yes

Yes

Testis tissue
integrity and
daily sperm
production

Yes

Yes

DNA damage
(comet assay)

Yes

Adverse
effect?

DNA damage
(comet assay)

Epididymal
sperm for
60 min

Ejaculated
sperm

Chromatin
decondensation
ability

Ejaculated
sperm, 20 min
or 40 min

1x1015 particles/ml
(diluted)
3.7-59.7 µg/ml

Obtained
Parameters

Administration
/ Exposure

Dose

Coating not
provided

Comparable

Coating not
provided

Comparable

Exposure time,
dose per cell,
and coating not
provided

Dose per cell
not provided

Considerations
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2.2.5 Influence on fertilization and embryonic development in mammals
Binding of sperm to the zona pellucida, successful penetration of the oocyte membranes, and
fertilization, including formation of the male and female pronucleus, are the first steps in the
development of a new individual with both gametes being involved. This complex process
can either be affected directly while it occurs or can be disturbed by impaired gametes, if the
damage has been inflicted earlier. Fertilization can be performed in vitro in several
mammalian species and success is usually judged by pronucleus formation or cleavage rate.
In animal experiments the establishment of a pregnancy is the most commonly used ultimate
parameter for successful fertilization. The influence of nanoparticles on fertilization has been
tested in many in vitro studies by treatment of gametes prior to fertilization or nanoparticle
exposure directly at the time of fertilization. In cases of pretreatment it needs to be noted
whether male, female, or both gametes have undergone such treatment, which seems to be
quite important for the outcome. Direct exposure to nanoparticles during fertilization can lead
to a reduced cleavage rate (PREAUBERT et al. 2015). Results for experiment with
pretreatment of the gametes are more abundant. For example, the in vitro fertilization of in
vitro matured porcine oocytes with boar spermatozoa previously treated with the QD did not
influence the subsequent pronucleus formation (FEUGANG et al. 2012). This is interesting,
since the authors detected particle association to the sperm and a decreased sperm motility
rate. Apart from only looking at fertilization rate, the preimplantatory embryonic development
up to the blastocyst stage can also be observed in vitro in several species. These information
can be analysed for potential impairment or damages as done by TAYLOR et al. (2014a),
who fertilized bovine oocytes with AuNP-pretreated sperm and investigated effects on
fertilization and early embryonic development. They noted a decreased penetration rate for
ligand-free AuNP and also a slightly lower blastocyst rate, which was assumed to be a result
of the lower fertilization rate. They concluded that the ligand-free AuNP, which were attached
to the sperm surface, might have interfered with the sperm-oocyte-interaction necessary for
penetration and fertilization. The findings concerning impaired chromatin decondensation
after exposure of spermatozoa to AuNP (ZAKHIDOV et al. 2010; ZAKHIDOV et al. 2013)
could further explain the decrease in fertilization. The exposure of mouse oocytes to QD
during in vitro maturation has been shown to lead to a reduced fertilization rate, cleavage rate,
blastocyst rate, and blastocyst cell number. Additionally, the rate of apoptosis in blastocysts
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was significantly increased (HSIEH et al. 2009). In contrast, injection of AuNP or AgNP in
one blastomere of two-cell stage mouse embryos had no adverse effect on their further
development (TAYLOR et al. 2014b). These results could indicate that the oocyte maturation
process is much more vulnerable to disturbances than later embryo stages. This has also been
shown by BEKER VAN WOUDENBERG et al. (2012) for bovine oocytes during
reproductive toxicology screening. They observed that oocyte maturation was more sensitive
to toxic substances than fertilization or basic viability screening of cells. This also proves to
be true when nanoparticles are administered systemically, as shown for TiO2NP in female
mice significantly decreasing pregnancy rate (ZHAO et al. 2013).

CdSe/
ZnsQDs

AuNP

In vitro/
porcine

In vitro/
bovine

In vivo/
murine

In vitro/
murine

In vitro/
murine

CeO2NP
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TiO2NP

AgNP

AuNP

CdSe QDs
with ZnS
shell

CdSe QDs

Material

Type of
study/
Species

10.8 nm

not coated

?

not coated

Mercaptoacetic acid

5-6 nm

21 nm

11 nm

3.5 nm

7.3 nm

5-7 nm

Renilla
luciferase/
nona-arginin
peptide

Oligonucleotides

7 nm

Size

not coated

Coating

2.5, 5,
10 mg/kg/day (90
days)

0.5 ng -> 3300 NP

0.5 ng -> 1000 NP

500 nM (per 10
COCs)

125, 250, 500 nM
(per 10 COCs)

10 µg per 108 sperm
for 2 h

Intragastric
administration
to female mice

Injection in one
blastomere of a
2-cell-embryo

Oocyte pretreatment
(during IVM)

Sperm pretreatment
(coincubation)

Sperm pretreatment
(coincubation)

5h during IVF

0.01 mg/l per
oocytes of one
superovulated
mouse (in 200 µl)
1 nM per 108 sperm
for 30 min

Administration
/ Exposure

Dose

Pregnancy rate

Preimplantation
development

Fertilization,
cleavage,
blastocyst rate

Fertilization
rate, blastocyst
rate

Fertilization rate
(pronucleus
formation)

Fertilization rate
(2-cellembryos)

Obtained
Parameters

Yes

No

No

Yes (250,
500 nM)

No

Yes

No

Yes

Adverse
effect?

(ZHAO et al.
2013)

(TAYLOR et
al. 2014b)

(HSIEH et al.
2009)

(TAYLOR et
al. 2014a)

(FEUGANG
et al. 2012)

(PREAUBER
T et al. 2015)

Reference

Comparable,
but coating not
provided

Comparable

Comparable

Comparable

Comparable

Comparable,
but dose not
exact

Considerations

Table 3: Provided nanoparticle (NP) characteristics of the above described studies on the effects of nanoparticles on fertilization and early embryonic
development. Highlighted are all studies observing adverse effects. Considerations are also given in regard to comparability (QD: quantum dots, COC:
cumulus oocyte complex, IVF: in vitro fertilization, IVM: in vitro maturation).
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2.2.6 Effects on offspring generations
Toxicological effects on offspring may include direct health impairment of individuals, but in
this context also the fertility is of interest. So far, there has not been much effort to uncover
next generation effects after nanomaterials exposure, but the existing studies clearly indicate
that nanomaterials oppose a threat not only to individuals, which were directly exposed, but
also to their offspring. A significant decrease in survival rate after birth and weight gain for
example may be caused by the exposure of female and male rats to NiNP administered
systemically to the male rats before mating and the female rats before mating and during
pregnancy. Interestingly, this exposure did not result in a decreased rate of fertilization or
pregnancy (KONG et al. 2014). These experiments show quite clearly that even if most
functional parameters of reproduction seem to be unaffected by nanoparticle exposure, there
may still be tremendous effects to the following generation. The exposure of the female
mating partner seems to be more crucial, since a similar study performed with TiO2NP in
mice showed comparable effects, even if only the female was exposed before mating. The
documented effects were significantly dose dependent decreases in pregnancy rate, number of
newborns, neonatal weight and survival rate after birth (ZHAO et al. 2013). For the next
generation also the time of exposure seems to play an important role concerning the
severeness and type of resulting effects. After carbon NP exposure during pregnancy mice
offspring showed no impairment concerning survival rate or development. However, the male
offspring had a significantly lower daily sperm production. Histological examination of the
testes revealed seminiferous epithelial damage and vacuolation in seminiferous tubules
(YOSHIDA et al. 2010).

Material

NiNP

TiO2NP

Carbon
NP

Type of
study/
Species

In vivo/
murine

In vivo/
murine

In vivo/
murine
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coated

?

?

Coating

14 nm

5-6 nm

90 nm

Size

Intragastric
administration to
female mice before
mating

2.5, 5,
10 mg/kg/day (90
days)

200 µg (2x)

Gavage for 10 weeks to
both genders before
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during gestation and
lactation

5, 15, 45 mg/kg/day
(10 weeks or
longer)

Intratracheal
administration to
female mice day 7 and
14 after mating

Administration

Dose

Yes

Offspring daily
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production
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Newborn weight

Yes

Yes

Offspring
survival rate
(28d)

Offspring testis
morphology

Yes (5,
10mg)

Yes

Newborn weight

Number of
newborns

Yes

Yes (15,
45mg)

Yes

No

Live birth rate
Birth survival
rate
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rate
Weight
development

Adverse
effect?

Obtained
Parameters

(YOSHIDA
et al. 2010)

(ZHAO et
al. 2013)

(KONG et
al. 2014)

Reference

Comparable

Comparable,
but coating not
provided

Comparable,
but coating not
provided

Considerations

Table 4: Provided nanoparticle (NP) characteristics of the above described studies on the effects of nanoparticles on offspring. Highlighted are all studies
observing adverse effects. Considerations are also given in regard to comparability.
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2.2.7 Influence on endocrine regulation
It is well known that reproductive function is regulated by complex hormonal interactions,
which either promote or suppress certain relevant processes, like production and maturation
of gametes, establishment and maintenance of pregnancy or the initialization of birth. The
ability of a substance or material to interrupt this hormonal regulation system can majorly
compromise reproduction without actually affecting the reproductive organs or cells. It has
been shown repeatedly that nanoparticles can act as endocrine disruptors. More specifically, it
has been proven that reproductive relevant hormone production and release is influenced by
certain nanomaterials (LARSON et al. 2014). Examples are an increased level of serum FSH
and LH and a decreased level of serum estradiol caused by NiNP in female rats. In male rats
the same particles decreased FSH and testosterone (KONG et al. 2014). The opposite was
found for carbon NP given to male mice, which actually elevated the serum testosterone level
(YOSHIDA et al. 2009). This elevated plasma testosterone level was also shown for AuNP in
male mice (LI et al. 2013). In female mice, ZHAO et al. (2013) noted a decrease in FSH, LH,
progesterone, and testosterone levels as well as an increase in estradiol and prolactin levels
after the exposure to TiO2NP. These contrast findings (Table 5) demonstrate that further
research in this area is urgently needed, as it is clear that nanomaterials cause hormonal
dysregulation.

Material

NiNP

TiO2NP

NiNP

Carbon NP

AuNP

Species/
gender

Rat/
female

Mouse/
female

Rat/
male

Mouse/
male

Mouse/
male
45 mg/kg

0.1 mg/day

5, 15, 45 mg/kg/day

2.5, 5, 10 mg/kg/day

5, 15, 45 mg/kg/day

Dose

(ZHAO et al. 2013)

FSH ↓
LH ↓
Progesterone ↓
Testosterone ↓
Estradiol ↑
Prolactin ↑

Testosterone ↑

Testosterone ↑

Intravenous injection once and
examination at day 1, 7, 14, 30 after
injection

(LI et al. 2013)

(YOSHIDA et al.
2009)

(KONG et al. 2014)

(KONG et al. 2014)

FSH ↑
LH ↑
Estradiol ↓

FSH ↓
Testosterone ↓

Reference

Hormone concentration

Intratracheal installation once a week for
10 weeks

Gavage daily for 10 weeks

Intragastric administration daily
for 90 days

Gavage daily for 18 weeks

Administration

Table 5: Different effects of nanomaterials on the blood plasma level of reproductive relevant hormones (NP: nanoparticles, ↑: increase, ↓: decrease).
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2.3

Oocyte maturation

Oocyte maturation is a crucial mechanism for successful reproduction. All oocytes of a
mammalian individual are produced during fetal development. At the time of birth the oocytes
are in a stage of meiotic arrest. In order to reach their fertilizing and developmental
competence they have to undergo further maturation. This process up to the metaphase stage
of the second meiotic division (MII) usually takes place in the ovarian follicles, but can also
be achieved and mimicked under in vitro conditions for many species. For several mammalian
species larger amounts of matured oocytes can be achieved from slaughterhouse ovaries after
in vitro maturation of immature oocytes. This is advantageous for numerous biotechnological
applications. Further, in vitro maturation enables a very thorough observation of this complex
biological process and to study mechanisms of disturbances (SANTOS et al. 2014).
Successful nuclear maturation can most reliably be judged by expression of the MII-stage,
since it represents the purpose of the process. Another competence indicating and easy
acquirable parameter is the degree of cumulus cell expansion, which is the prerequisite for
nuclear maturation (QIAN et al. 2003). Also cytoplasmic maturation is an important
requirement for subsequent embryonic development (WATSON 2007), but not as easy to
obtain and therefore mostly neglected (SETIADI et al. 2009).

2.4

Sperm cell viability

Sperm, in contrast to oocytes, are produced continuously during the reproductive phase of a
male individual. They develop in the tubuli seminiferi of the testes, mature in the epididymal
head, and are stored in the epididymal tail until ejaculation. At that point they are competent
to transport the male chromosomes to the oocyte. A lot of methods to evaluate sperm viability
have been developed in order to predict fertilizing competence (JUNG et al. 2015). The
parameters motility, membrane integrity, and morphology (CROSS & MEIZEL 1989;
DEGELOS et al. 1994; WABERSKI et al. 1999) have been thoroughly described and provide
information of the sperm ability to reach the oocyte and bind to it. Additionally, these
parameters are also recommended by the World Health Organization for the assessment of
human spermatozoa (WHO 2010).
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2.5

Literature summary

The reviewed literature implements the following conclusions:
• Humans and animals alike are exposed to nanomaterials in their daily life
• Nanoparticles are distributed throughout the entire organism after they have entered
the body
• Negative influences of nanoparticles on reproductive functions are possible
• In vitro and in vivo experiments have demonstrated effects of nanoparticles on
gametes, fertilization, embryonic development, and offspring
• Nanoparticle description and testing lacks standardization
• General conclusions or predictions concerning nanoreprotoxicity are not possible so
far
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3

Material and Methods

3.1

In vitro maturation of porcine oocytes

3.1.1 Oocyte collection and preparation for in vitro maturation
In order to obtain immature cumulus oocyte complexes (COCs), porcine ovaries were
collected at a local abattoir. To ensure that the ovaries stay as warm as possible, they were
separated from the uteri and placed in a prewarmed, isolated bucket directly after dissection of
the carcass and removal of the reproductive tract. Ovaries originated from approximately six
month old prepuberal gilts and only ovaries without corpora lutea were selected (Figure 1C).
Transport to the laboratory was realized within two hours after collection. Per collection day
the ovaries from 60-90 animals were obtained (Figure 1A). Upon arrival at the laboratory, the
temperature of the ovaries was measured and usually varied between 27 °C and 30 °C. After
washing the ovaries with 1 l of 0.9 % saline solution, COCs were aspirated from follicles with
a size of 3-5 mm. For the aspiration an 18G needle was attached to an aspiration device,
which was connected to a vacuum system and the COCs and follicular fluid were collected in
the attached 50 ml plastic tube (Figure 1B).

Figure 1: Freshly collected porcine ovaries from prepubertal gilts (A), aspiration device connected to
vacuum system for collection of immature cumulus oocyte complexes and follicular fluid in the plastic
tube (B), follicles of different size on the ovarian surface (C).
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When the plastic tube was filled with approximately 20 ml of follicular fluid and COCs, it
was disconnected and filled with prewarmed (37 °C) Dulbecco´s phosphate buffered saline
(AppliChem, Darmstadt, Germany) supplemented with 1 % new born calf serum (handling
medium). The tube was left to rest and after 15 min the COCs and debris from the follicular
wall formed a pellet on the bottom of the tube. The supernatant was disposed by careful tilting
of the tube. This step of washing with handling medium was repeated one more time to
eliminate as much follicular fluid and accidentally aspirated blood as possible. The tube with
the remaining pellet was put in a water bath at 37 °C. For the selection of suitable COCs 1 ml
of the pellet was mixed with 9 ml handling medium in a 94 mm petri dish. Under a
stereomicroscope (SMZ-2T, Nikon, Düsseldorf, Germany), COCs with at least three complete
layers of cumulus cells and a dark, even cytoplasm (Figure 2) were selected.

Figure 2: Immature porcine cumulus oocyte complexes after selection for in vitro maturation. A: suitable
for in vitro maturation due to even, dark cytoplasm and even layers of cumulus cells surrounding the zona
pellucida; B: not suited for in vitro maturation due to quality impairments like the lack of sufficient
amount of cumulus cells or light and uneven cytoplasm; C: enlargement for clearer determination of the
different components of a cumulus oocyte complex.
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Oocyte handling was accomplished using a glass pipette with a pulled tip (Figure 3). After
splitting the selected COCs in groups of 50, they were washed twice in 2 ml maturation
medium (Chapter 3.5.1). For the in vitro maturation the groups were placed in 4-well culture
dishes (Nunc A/S, Kamstrupvej, Denmark) containing 500 µl of modified maturation medium
supplemented with nanoparticle solution or control solution (Chapter 3.5.1). The maturation
medium was pre-exposed to the culture conditions for at least 2 h before the cumulus oocyte
complexes were added. The dishes were placed in the incubator (APT™.line CB, Binder,
Tuttlingen, Germany) for 46 h with culture conditions of 38.5 °C and 5 % CO2.

Figure 3: Material used for in vitro maturation: 4-well culture dish with 500 µl maturation medium in
each well (top left), maturation medium for washing of the cumulus oocyte complexes before transfer to 4well dish (top right), and glass pipette with a pulled tip used for handling of the cumulus oocyte complexes
(bottom).

3.1.2 Determination of maturation status
During 46 h of in vitro maturation the COCs were not examined or taken out of the incubator
and therefore remained undisturbed. Afterwards the degree of cumulus expansion in the
different groups was classified under a stereomicroscope (SMZ-2T, Nikon, Düsseldorf,
Germany) at 20x magnification. The expansion level of the cumulus oophorus was rated for
the entire maturation group on a scale from 0 to 3 (Table 6). Figure 4 shows in vitro matured
COCs with a cumulus expansion level rated 3.
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Table 6: Rating for the expansion level of the cumulus oophorus after 46 h of in vitro maturation.

Expansion level of cumulus oophorus (dimension increase)

Score

no expansion (none)

0

slightly expanded (doubled)

1

expanded (tripled)

2

highly expanded (more than tripled)

3

Figure 4: In vitro matured porcine cumulus oocyte complexes with a cumulus expansion level of 3.

The cumulus cells were then removed by vigorously pipetting and the denuded oocytes were
washed twice in handling medium. The oocytes were placed on glass slides in between two
strips of a vaseline-paraffin-mixture and a cover slip was carefully pressed on top to hold the
oocytes in place without destroying them. The glass slides were placed in a solution of
ethanol and acetic acid (3:1) for fixation. About 24 h after fixation the glass slides were
removed from the fixing solution one by one. In order to determine the development status of
the DNA content of the oocytes were stained with lacmoid solution to visualize the nucleus
and polar body. This was achieved by placing a drop of lacmoid stain on the bottom of the
cover slip and pulled through by holding a piece of filtration paper to the top of the cover slip.
Under a phase contrast microscope (BH-2 Olympus, Hamburg, Germany) using 400x
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magnification the nuclear phase and polar body were observed. To determine the nuclear
maturation rate all oocytes of a treatment group were evaluated. It was differentiated between
the stages germinal vesicle (GV), metaphase of meiosis I (MI), and metaphase of meiosis II
(MII, Figure 5), the latter requiring the presence of a polar body. The nuclear maturation rate
was calculated by dividing the number of oocytes having reached MII by the total number of
evaluated oocytes per group.

Figure 5: Porcine oocytes under a phase contrast microscope (top: 400x magnification, bottom: 5x
enlarged for better visualization) after in vitro maturation, fixation and staining with lacmoid. Left oocyte
is arrested in metaphase I, since no polar body can be detected. Right oocyte has reached metaphase II,
since a polar body is visible.
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3.2

Laser scanning confocal microscopy

The distribution of the administered nanoparticles in and on the cumulus oocyte complexes
after the in vitro maturation was investigated by laser scanning confocal microscopy. The
confocal visualization of nanoparticles was previously established by KLEIN et al. (2010).
For the preparation, the cumulus oocyte complexes were carefully taken out of the 4-well dish
after maturation with as much cumulus cells adherent to the oocyte as possible. After three
wash steps in handling medium the cells were transferred to handling medium supplemented
with 20 % sucrose. Three to five cumulus oocyte complexes were then placed in the middle of
an adhesive plastic ring on a glass slide in 3 µl of silicon oil and concealed with a cover glass.
To prevent loss or movement, the cover glasses were fixed on the glass slide with nail polish.
The images were obtained with an LSM510 at an Axioplan 200 microscope (Carl Zeiss Micro
Imaging GmbH, Jena, Germany) in multi-tracking mode. To avoid auto reflection the
detection parameters were adjusted using controls without nanoparticles. From each inspected
cumulus oocyte complex 25 medial images were taken and projected to visualize the
nanoparticle agglomerates. Figure 6 represents an example of a confocal image of a porcine
cumulus oocyte complex after in vitro maturation with nanoparticles (for detection details and
parameters see Support Table 2 in the appendix).
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Figure 6: Confocal image of a porcine cumulus oocyte complex after in vitro maturation with
nanoparticles in the maturation medium. Green: nanoparticle agglomerates in the cytoplasm.

3.3

Porcine sperm viability testing

3.3.1 Ejaculate collection and preparation of sperm
The assessment of nanoparticle influence on sperm viability was performed using ejaculates
from three different large-white boars of proven fertility. Only the sperm rich phase of each
ejaculate was collected with the gloved-hand method in an isolated bucket (Figure 7) and
immediately diluted with 50 ml of pre-warmed Androhep™ (Minitüb GmbH, Tiefenbach,
Germany) semen extender. For washing 5 mL of the ejaculate was further diluted with 5 ml
Androhep™ and centrifuged for ten minutes at 693 xg. After careful removal of the
supernatant, 10 ml Androhep™ were added and the sperm pellet was resuspended. This
process was repeated one more time. Concentration was determined afterwards with a
NucleoCounter® SP-100™ (ChemoMetec A/S, Allerød, Denmark). The washed ejaculate
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was diluted with Androhep™ to a concentration of 200x106 sperm/ml. For the preparation of
the final sample 500 µl of the diluted ejaculate were mixed with 500 µl test substance in an
Eppendorf cup. For the control group it was only Androhep™ and for the test groups the
nanoparticles had previously been diluted with Androhep™. Therefore the groups had a final
concentration of 100x106 sperm/ml and were then kept on a metal heating block at 38.5 °C for
two hours.

Figure 7: Boar semen collection. Left: Boar on dummy, ready for collection. Right: Semen collection using
gloved-hand method into an isolated bucket lined with a semen collection bag.

3.3.2 Determination of viability parameters
The samples were examined after preparation (0 h) and after two hours (2 h) of incubation.
The determined parameters were sperm motility, membrane integrity and morphology.
Motility assessment was performed with computer assisted sperm analysis (CASA, HTMIVOS 12, Hamilton Thorne Biosciences, Beverly, USA). Measurements were accomplished
using a Makler counting chamber (10 µm depth, Sefi Medical Instruments, Haifa, Israel) and
for each sample ten optical fields were analysed. For the assessment of membrane integrity
(AuNP, AuAgNP, AgNP) 5 µl of the sample were diluted in 495 µl Androhep™ and 3 µl
propidium iodide (PI, Life Technologies, Darmstadt, Germany) and analysed using a
FACScan flow cytometer (Becton Dickinson Biosciences, Heidelberg, Germany). The
membrane integrity of the sperm cells incubated with NiTiNP or CrNiFeNP was determined
by preparing them the same way with additional 5 µl of Sybr14 (as described by GARNER &
JOHNSON (1995)) and analysis was performed using a Gallios flow cytometer (Beckman
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Coulter, Brea, California, USA; for setup parameter see Support Table 1 in the appendix; for
example of detection and gating see Support Figure 1 in the appendix). Sperm morphology
was examined on 200 cells per sample using phase contrast microscopy (1000x magnification
under oil; BX60 Olympus, Hamburg, Germany).

3.4

Nanoparticle synthesis and characterization

3.4.1 Particle synthesis
All nanoparticles used for the described experiments were skilfully synthesised and
characterized by the team of Prof. Stephan Barcikowski, Technical Chemistry I, University of
Duisburg-Essen. Dr. Christoph Rehbock oversaw sample preparation, and characterisation.
All nanoparticles were fabricated by pulsed laser ablation in liquids, while three different
setups were used for nanoparticle generation, which are briefly described in the following
sections. For a thorough description of the nanoparticle synthesis method also refer to
REHBOCK et al. (2013) for the gold nanoparticles and to REHBOCK et al. (2014) for the
alloy and silver nanoparticles.
The gold nanoparticles (6 nm and 20 nm) were laser ablated from a gold wire in a flowthrough chamber (Figure 8). The particle sizes were adjusted by the addition of low salinity
electrolytes during synthesis exploiting salt induced size quenching. The particle size of 6 nm
was achieved in the presence of 30 µM NaCl while for the 20 nm particles a concentration of
5 µM NaCl was administered. The particles were stabilized ex situ with BSA at a
concentration of 2.5 g/l. Ex situ stabilization in this case means that the BSA was added after
the ablation in contrast to in situ stabilization, where the BSA is already present during the
ablation process. The citrate used in one sample as additional stabilizing agent was added
after ablation, but additional BSA was subsequently added to this sample as well.
In order to achieve more concentrated samples of gold nanoparticles (30 µg/ml in biological
setting corresponding to an initial sample concentration of 120 µg/ml) and to synthesize alloy
nanoparticles from material, which was not available as a wire, a modified ablation strategy
was applied. Foils of the desired material were used as targets and laser ablation was
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conducted in a flow-through chamber. The beam was focused by a lens, scanning the target in
a helical pattern at a diameter of 6 mm. The final productivity of this setup was about
400 µg/min. BSA was again added ex situ at a final concentration of 2.5 g/l.
The in situ BSA conjugated nanoparticles were produced by pulsed laser ablation in a stirred
aluminium batch chamber (Figure 8) holding a total volume of 30 ml liquid. The ablation was
conducted in the presence of 2.5 g/l BSA diluted in water. The resulting nanoparticle solution
was diluted to a final concentration of 150 µg/ml.

Figure 8: Different setups for laser ablation in liquids of nanoparticles. Left: Flow-chamber for ablation
from wire continuously fed into laser beam. Right: Batch-chamber for ablation from foil target with
moving laser beam. Source: left: REHBOCK et al. (2013), right: TIEDEMANN et al. (2014).

3.4.2 Particle characterization
For the gold nanoparticles ablated from a wire the final mass concentration was determined
using UV-Vis spectroscopy. Spectra were acquired from 1.5 ml sample volume using a
Thermo Scientific Evolution 201 photometer (Thermo Fisher Scientific, Dreieich, Germany;
Figure 9A). The mass concentration was calculated using the correlating interband absorption
at 380 nm. The mass concentrations of the samples ablated from foils were acquired by
weighing the targets before and after the ablation process, using a microbalance (Precisa
XR205 SM-DR, Dietikon, Switzerland).
Each sample was evaluated with an analytical disk centrifuge (DC 24000, CPS Instruments,
Oosterhout, Netherlands; Figure 9B) at 24000 rpm against a saccharose gradient using a
volume of 0.1 ml. The size of all particles with a diameter between 4 nm and 1000 nm were
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determined resulting in number and mass distribution for each sample. The mean particle
sizes used for sample description are the mean values derived from the number distributions.
The surface area was calculated from the particle sizes and number distributions and the
particle concentration was determined from the number distribution and the total mass
concentration.
Gold silver alloy nanoparticles were further analysed by UV-Vis spectroscopy (Evolution 201
photometer, Thermo Fisher Scientific, Dreieich, Germany) to oversee the surface plasmon
resonance peak of the different materials and therefore to assure alloy formation.

Figure 9: Equiment used for nanoparticle characterization. A: Thermo Scientific Evolution 201
photometer (Thermo Fisher Scientific, Dreieich, Germany), B: Analytical disk centrifuge DC 24000 (CPS
Instruments, Oosterhout, Netherlands).

3.5

Introduction of nanoparticles to the test systems

3.5.1 Administration of nanoparticles to the maturation medium
In order to add nanoparticle solution to the maturation medium it was slightly modified and
tested. This allowed adding the desired nanoparticles to the maturation medium in a sufficient
concentration without influencing maturation rate. The nanoparticles for all experiments were
diluted in water supplemented with 2.5 g/l BSA and therefore this solution was also chosen as
control solution. A comparison is listed in Table 7. The standard maturation medium and the
modified maturation medium were compared regarding nuclear maturation rate and cumulus
expansion. For this a total amount of 400 oocytes were matured in each medium. In all
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following experiments the modified maturation medium without nanoparticles in the BSA
solution acted as control.
Table 7: Comparison of the standard maturation medium and the modified maturation medium used for
the nanoparticle related experiments
Substance

1mL standard maturation
medium contains:

1mL modified maturation
medium contains:

DMEM medium

427.5µL

315µL

Ham’s F-12 medium

427.5µL

315µL

FCS

95µL

70µL

L-Glutamine

0.35mg

0.26mg

Penicillin

0.05mg

0.04mg

Streptomycin

0.04mg

0.03mg

EGF

50ng

50ng

PMSG

10IU

10IU

HCG

10IU

10IU

IGF1

100ng

100ng

FGF

5ng

5ng

BSA solution
(2,5mg BSA/ml)

-

250µL
(0.625mg BSA)

3.6

Supplier
Life Technologies
(Darmstadt, Germany)
Life Technologies
(Darmstadt, Germany)
Life Technologies
(Darmstadt, Germany)
Sigma
(Seelze, Germany)
Sigma
(Seelze, Germany)
Sigma
(Seelze, Germany)
Sigma
(Seelze, Germany)
Intervet
(Haar, Germany)
Intervet
(Haar, Germany)
Sigma
(Seelze, Germany)
Sigma
(Seelze, Germany)
Sigma
(Seelze, Germany)

Nanoparticle specifications

3.6.1 Nanoparticles introduced to immature oocytes
The experiments were divided in several test groups and the test of each new group was only
begun after the pervious group was finished. Each experimental repeat was accompanied by at
least one control maturation group in order to determine sufficient oocyte quality. First, gold
nanoparticles (AuNP) with differing physical parameters (Table 8) were tested in order to
determine whether size, coating or concentration of the administered nanoparticles influence
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the in vitro maturation. Small size (6 nm), BSA coating, and a concentration of 10 µg/ml were
defined as standard parameters and then one of these parameters was varied in the other
groups. Experiments were repeated seven times with 350 oocytes evaluated per treatment
group. In the fourth group the mean particle size is 8 nm, but those particles were still
considered to be comparable to the 6 nm standard and only the high concentration (30 µg/ml)
was viewed as parameter variation.
Table 8: Specifications of tested gold nanoparticles. Highlights indicate the variation of the standard
parameters (6 nm, BSA coating, 10 µg/ml).

Mean particle
size [nm]

Particle corona

Mass conc.
[µg/ml]

Particles/oocytes

Surface area
[mm2/oocyte]

6

BSA

10

1.86x1010

3.25

6

Citrate+BSA

10

1.86x1010

3.25

20

BSA

10

8.61x108

1.22

8

BSA

30

1.61x1010

6.14

The second treatment group included silver nanoparticles (AgNP) and gold silver alloy
nanoparticles (AuAgNP). Four alloy nanoparticles with increasing silver molar fraction were
selected (Table 9). All particles were surrounded by a BSA corona and added in a final
concentration of 10 µg/ml. Again, experiments were repeated seven times with 350 oocytes
evaluated per treatment group.
Table 9: Specifications of gold silver alloy nanoparticles and silver nanoparticles for in vitro maturation.

Material

Mean particle size
[nm]

Particles/oocyte

Surface area
[mm2/oocyte]

Au80Ag20

6

5.04x1010

1.69

Au50Ag50

6

5.93x1010

1.98

Au40Ag60

10

3.91x109

2.13

Au20Ag80

7

7.20x1010

2.55

Ag

11

1.29x108

0.65
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The third group of nanoparticles introduced to in vitro oocyte maturation contained nickel
titanium nanoparticles (NiTiNP) and chromium nickel iron nanoparticles (CrNiFeNP,
Table 10). These were produced from material generally used for surgical implants or
instruments, i.e. stents, hip or knee implants. All nanoparticles were added in a final
concentration of 10 µg/ml and surrounded by a BSA corona. Also for this group experiments
were repeated seven times with 350 oocytes examined per treatment group.
Table 10: Specifications of nickel titanium and chromium nickel iron nanoparticles.

Material

Mean particle size
[nm]

Particles/oocyte

Surface area
[mm2/oocyte]

Ni55Ti45

6

3.41x109

3.25

Cr20Ni15Fe65

21

8.28x108

1.98

To compare different nanoparticles with regard to the conjugation method used to induce the
BSA coating, three materials were selected and conjugated either in situ or ex situ with BSA
(Table 11). All nanoparticles were added to the in vitro system in a final concentration of 10
µg/ml and 150 COCs were examined per treatment group.
Table 11: Specifications of nanoparticles with different BSA conjugation treatments.

Material

Mean particle size [nm]

BSA conjugation
method

Au

6

in situ

Au

6

ex situ

Ag

6

in situ

Ag

17

ex situ

Au20Ag80

7

in situ

Au20Ag80

20

ex situ
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3.6.2 Nanoparticles coincubated with ejaculated sperm
The experiments were separated in three parts: first, AuNP were tested, the second part was
performed with AuAgNP and AgNP, and the last test group consisted of NiTiNP and
CrNiFeNP. The particles were the same samples used during in vitro maturation. For
nanoparticle specifications see Table 12. The tested particles had a BSA corona and were
diluted to a final concentration of 10 µg/ml. All experiments were repeated with six ejaculates
from three different boars.
Table 12: Specifications of nanoparticle used for sperm cell viability tests.

3.7

Material

Mean particle size
[nm]

Particles/sperm cell

Surface area/sperm cell
[mm2]

Au

20

1.24x103

1.22x10-6

Au80Ag20

6

5.04x104

1.69x10-6

Au50Ag50

6

5.93x104

1.98x10-6

Au20Ag80

7

7.20x104

2.55x10-6

Ag

11

1.29x102

0.65x10-6

Ni55Ti45

6

3.41x105

3.25x10-6

Cr20Ni15Fe65

21

8.28x104

1.98x10-6

Statistical analysis

Statistical analysis of all results was performed with SigmaStat Version 2.03 (StatCon,
Witzenhausen, Germany). All results were examined concerning their statistical significance
with the Tukey test for oocyte maturation and the Kruskal-Wallis test for sperm viability. A pvalue of 0.05 was accepted as significant.
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4

Results

4.1

Oocyte maturation

4.1.1 Comparison of standard and modified maturation medium
Figure 10 illustrates the results of the described comparison of the two media indicating no
statistically significant difference (p>0.05) in the nuclear maturation rate between the standard
and the modified medium.

Figure 10: Nuclear maturation rate of cumulus oocyte complexes either matured in standard or modified
maturation medium [values are mean ± SD, p>0.05].

Interestingly, the mean cumulus expansion level (Table 13) in the modified medium is higher
than in the standard medium. This indicates that the use of the modified maturation medium
results in more competent oocytes.
Table 13: Comparison of cumulus expansion level (0 = no expansion, 3 = highly expanded) between the
standard maturation medium and the modified maturation medium.

cumulus expansion
level [mean±SD]

Standard medium

Modified medium

2.5
±0.53

2.9
±0.18
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4.1.2 Effects of gold nanoparticles
Gold nanoparticles with different specifications were employed to the in vitro oocyte
maturation system to investigate whether they have an effect on oocyte maturation. The mean
number of oocytes showing nuclear maturity ranged from 70.1 % to 79.7 % of the total
number of oocytes per group (Figure 11). The average cumulus cell expansion level, rated
from 0-3, was between 2.5 and 2.7 (Table 14). Both parameters revealed no significant
difference between the treatment groups and the control (p>0.05). Therefore size, citrate
coating, and high nanoparticle concentrations did not change experimental outcome.

Figure 11: Results of the in vitro maturation of porcine oocytes with different gold nanoparticles present
in the maturation medium. The percentage of matured oocytes determined by expression of the
metaphase of the second meiotic division after 46 h of in vitro maturation is shown. For each group 350
cumulus oocyte complexes were evaluated [values are mean ± SD, p>0.05].
Table 14: Mean value of the cumulus expansion rating (0 = no expansion, 3 = highly expanded) after in
vitro maturation with different gold nanoparticles (AuNP). Grey highlights indicate the physical
parameter variation in the nanoparticles with small size, BSA coating, and a concentration of 10 µg/ml
being the defined standard parameters [p>0.05].
Physical parameters
of AuNP

control
(without NP)

6nm,
BSA,
10µg/ml

6nm,
citrate+BSA,
10µg/ml

20nm,
BSA,
10µg/ml

8nm,
BSA,
30µg/ml

cumulus expansion
level [mean±SD]

2.71
±0.47

2.71
±0.47

2.71
±0.47

2.71
±0.47

2.5
±0.55
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4.1.3 Effects of gold silver alloy and silver nanoparticles
Interesting results were produced by the evaluation of the oocytes after in vitro maturation
with gold silver alloy nanoparticles and pure silver nanoparticles. The mean values of the
nuclear maturation rates shows that the development up to the MII stage of the oocytes
decreased dramatically with the addition of nanoparticles with a high silver content (Figure
12). Gold silver alloy nanoparticles with a 60 % silver molar fraction in the maturation
medium already lowered the mean nuclear maturation rate to less than 60 % matured oocytes,
while a silver content of 80 % or 100 % brings the mean nuclear maturation rate to less than
20 % matured oocytes.

Figure 12: Results of the in vitro maturation of porcine oocytes with gold silver alloy nanoparticles
(AuAg) and pure silver nanoparticles (Ag) present in the maturation medium. The gold silver alloy
nanoparticles differ in the given silver molar fraction. The columns represent the mean percentage of
matured oocytes determined by expression of the metaphase of the second meiotic division after 46 h of in
vitro maturation. Colors indicate the nanoparticle appearance in liquid [values are mean ± SD; a, b, c:
p<0.05].

The increasing silver content in the tested nanoparticles did not only impair the nuclear
maturation of the oocytes, but also affected the cumulus expansion (Table 15). As for the
nuclear maturation, the cumulus expansion was not influenced by nanoparticles with a silver
content of up to 50 %. Most prominently is the result for the pure silver nanoparticles. While
these still allowed some oocytes to mature, their presence during the maturation process
inhibited cumulus expansion.
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Table 15: Mean value of the cumulus expansion rating (0 = no expansion, 3 = highly expanded) after in
vitro maturation with gold silver alloy nanoparticles (AuAg) and pure silver nanoparticles (Ag).
Material of
nanoparticles

control

AuAg
80:20

AuAg
50:50

AuAg
40:60

AuAg
20:80

Ag

cumulus expansion
level [mean±SD]

2.50
±0.67

2.86
±0.38

2.63
±0.52

2.00
±0.00

1.13
±0.83

0.00
±0.00

4.1.4 Effects of nickel titanium and chromium nickel iron nanoparticles
The third test group consisted of nickel titanium nanoparticles and chromium nickel iron
nanoparticles. Introducing these particles to the in vitro maturation system did not influence
the nuclear maturation of the exposed oocytes (Figure 13). Additionally, the mean cumulus
expansion level after maturation did not indicate an effect of the particles on the maturation
process (Table 16).

Figure 13: Results of the in vitro maturation of porcine oocytes with nickel titanium (NiTi) nanoparticles
and chromium nickel iron (CrNiFe) nanoparticles present in the maturation medium. The columns
represent the mean percentage of matured oocytes determined by expression of the metaphase of the
second meiotic division after 46 h of in vitro maturation. Colors indicate the nanoparticle appearance in
liquid [values are mean ± SD, p>0.05].
Table 16: Mean value of the cumulus expansion rating (0 = no expansion, 3 = highly expanded) after in
vitro maturation with nickel titanium (NiTi) and chromium nickel iron (CrNiFe) nanoparticles.
Material of
nanoparticles

control

NiTi

CrNiFe

cumulus expansion
level [mean±SD]

2.30
±0.82

1.90
±0.57

1.80
±0.63

53

4.1.5 Effects of in situ or ex situ conjugated nanoparticles
The effect of different methods of conjugating BSA to the nanoparticle surface on the
maturation of oocytes was tested using particles made from gold, silver, and gold silver alloys
with a silver molar fraction of 80 %. Figure 14 visualizes the results of the nuclear maturation
rate. The conjugation method clearly influences the nuclear maturation, because the effect of
massively hindering nuclear maturation by nanoparticles with high silver content is only
present, if these particles are conjugated in situ. On the other hand the conjugation method did
not change the outcome for in the incubation with gold nanoparticles.

Figure 14: Results of the in vitro maturation of porcine oocytes with nanoparticles made from gold (Au),
silver (Ag), or gold silver alloys (AuAg) with a silver molar fraction of 80%. Nanoparticles were either
conjugated in situ or ex situ with BSA during synthesis. The columns represent the mean percentage of
matured oocytes determined by expression of the metaphase of the second meiotic division after 46 h of in
vitro maturation. Colors indicate the nanoparticle appearance in liquid [values are mean ± SD; a, b:
p<0.05].

The results are also reflected in the cumulus expansion of the exposed oocytes. The groups
incubated with gold nanoparticles or silver-containing nanoparticles conjugated ex situ
expressed normal cumulus expansion. In contrast, the silver-containing nanoparticles
conjugated in situ vastly inhibited cumulus expansion (Table 17).
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Table 17: Mean value of the cumulus expansion rating (0 = no expansion, 3 = highly expanded) after in
vitro maturation with gold (Au), silver (Ag), or gold silver alloy (AuAg, 80% silver molar fraction)
nanoparticles. Particles were either conjugated in situ or ex situ with BSA during synthesis.
Material of
nanoparticles

control

BSA conjugation
method
cumulus expansion
level [mean±SD]

Au

Ag

Au20Ag80

in situ

ex situ

in situ

ex situ

in situ

ex situ

2.71

2.5

2.71

0.00

2.33

1.13

2.5

±0.47

±0.71

±0.47

±0.00

±0.58

±0.83

±0.5
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4.2

Sperm viability

4.2.1 Sperm exposed to gold nanoparticles
To determine the effect of gold nanoparticles on ejaculated boar sperm the total motility,
membrane integrity, and morphology were evaluated after 2 h coincubation. The administered
gold nanoparticles did not significantly (p>0.05) influence any of these parameters in
comparison to the control (Figure 15).

Figure 15: Sperm parameters after 2 h coincubation with gold nanoparticles (AuNP). Total motility (A),
membrane integrity acquired flow cytometrically with PI staining (B), and the number of morphological
aberrations in respect to complete sperm and head of sperm (C) were determined on 21 semen samples
obtained from three different boars [values are mean ± SD, p>0.05].
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4.2.2 Sperm introduced to silver containing nanoparticles
Gold silver alloy nanoparticles with different molar fractions (20 %, 50 %, and 80 % silver) as
well as pure silver nanoparticles were incubated with sperm for 2h . The subsequent
measurement of the above mentioned sperm parameters did not show significant (p>0.05)
differences to the control (Figure 16).

Figure 16: Sperm parameters after 2 h coincubation with gold silver alloy nanoparticles (AuAgNP, 20 %,
50 %, or 80 % silver molar fraction) or pure silver nanoparticles (AgNP). Total motility (A), membrane
integrity acquired flow cytometrically with PI staining (B), and the number of morphological aberrations
in respect to complete sperm and head of sperm (C) were determined on 21 semen samples obtained from
three different boars [values are mean ± SD, p>0.05].
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4.2.3 Sperm introduced to abrasion nanoparticles
Nickel titanium nanoparticles and chromium nickel iron nanoparticles were incubated with
sperm in the same way and these particles also did not induce any changes in the obtained
parameters (p>0.05; Figure 17).

Figure 17: Sperm parameters after 2 h coincubation with nickel titanium nanoparticles (NiTiNP) or
chromium nickel iron nanoparticles (CrNiFeNP). Total motility (A), membrane integrity acquired flow
cytometrically with Sybr14/PI staining (B), and the number of morphological aberrations in respect to
complete sperm and head of sperm (C) were determined on 21 semen samples obtained from three
different boars [values are mean ± SD, p>0.05].
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4.3

Laser scanning confocal imaging

The distribution of the different nanoparticles throughout the cumulus oocyte complex after
maturation was assessed using laser scanning confocal microscopy. It has to be noted that
confocal imaging using the surface plasmon resonance of the nanoparticles is only able to
detect signals for particle agglomerations with at least 60 nm in diameter (KLEIN et al. 2010).
Additionally, nickel titanium and chromium nickel iron nanoparticles to not have surface
plasmon resonance behavior. Therefore only the particles with gold or silver content were
examined. This revealed that the nanoparticles get in direct contact with the cumulus oocyte
complexes, attach to the surface, or were taken up. The interaction varied between the
materials, but also amongst COCs of the same treatment group. Still, it was possible to
determine a tendency. The gold nanoparticles (Figure 18) had a higher affinity to be taken up
by the oocyte and were usually evenly distributed throughout the cytoplasm of the cell. The
signals in the surrounding cumulus cells were weaker or not detectable. No visible
accumulation of nanoparticles on or in the zona pellucida indicates that the zona pellucida
does not have barrier capacities.
The uptake pattern of nanoparticles with silver content (Figure 19) was different to the gold
nanoparticles. Interestingly, all silver containing nanoparticles express a similar association
behavior, regardless of their effect on the maturation process. Generally, these particles had a
higher affinity to the surrounding cumulus cells. It could not be verified, whether the particles
were bound to the surface or taken up by the cumulus cells due to limited resolution. The
silver containing particles also entered the cytoplasm of oocytes, but mainly remained in the
outer area of it. In cases of distribution throughout the entire cytoplasm the signal was not as
evenly distributed as observed for the gold nanoparticles. The signal intensity found in the
cytoplasm compared to the cumulus cells, was weaker or not detectable.
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Figure 18: Two representative laser scanning confocal images of porcine cumulus oocyte complexes after
in vitro maturation with gold nanoparticles present in the maturation medium. Green signal is derived
from surface plasmon resonance of the nanoparticle agglomerates. Left: Overlay of DIC-channel and
fluorescence detection channel. Right: Corresponding image with DIC-channel turned of for better
visualization of the nanoparticle agglomerates. Scale bar represents 20 µm.
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Figure 19: Representative laser scanning confocal images of porcine cumulus oocyte complexes after in
vitro maturation with silver containing nanoparticles present in the maturation medium. Top: Silver
nanoparticles. Bottom: Gold silver alloy nanoparticles with 50% silver molar fraction. Green signal is
derived from surface plasmon resonance of the nanoparticle agglomerates. Left: Overlay of DIC-channel
and fluorescence detection channel. Right: Corresponding image with DIC-channel turned of for better
visualization of the nanoparticle agglomerates. Scale bar represents 20 µm in the images on top and 10 µm
in the images on the bottom.
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5

Discussion

The careful assessment of the interaction between engineered nanoparticles and gametes is
highly important since nanoparticles have become an increasing part of our daily life due to
the fact that they are used in more and more applications and are taken up by humans and
animals alike. This uptake is sometimes intended, like in the case of medical applications, but
the majority of nanoparticle uptake happens unintended through inhalation or ingestion. The
fact that nanoparticles are distributed throughout the entire organism makes it obvious that
also the gametes could get into contact with nanoparticles. Even though the interaction with
every tissue can potentially be harmful for the organism, the impairment of gametes holds the
risk of not only affecting the health and comfort of an individual, but also hurting following
generations. This has been proven in several studies on nematodes (KIM et al. 2013), fish
(LEE et al. 2013b; BLICKLEY et al. 2014; HUA et al. 2014; SHIN et al. 2014), and rodents
(YOSHIDA et al. 2010; ZHAO et al. 2013; KONG et al. 2014). The effects on the next
generation range from impairment of embryo development, lower numbers of offspring,
developmental deficiencies of the new-borns, malformations, to reduced reproductive
performance. Further, nanoparticles can interact with DNA (SINGH et al. 2009) and therefore
also may influence following generations through genetic and epigenetic alterations.
The aim of this study was to obtain reliable and comparable information on the influence of
nanoparticles on porcine gametes at different developmental stages. This was achieved by
coincubation of porcine oocytes and spermatozoa with different metal nanoparticles
synthesized with laser ablation techniques. Afterwards the gametes were evaluated for vitality
and developmental stages.

5.1

Benefits of porcine oocyte maturation and sperm viability assays for

toxicity assessment
It is extremely important to select an appropriate test system for the toxicity assessment. The
results have to be reliable, representative, and reproducible. Since the introduction of the 3R´s
principle (refine, reduce, replace; RUSSELL & BURCH (1959)) and also due to public
demand, it is the aim to develop testing strategies, which are easy to perform, require less
animal experiments, and still provide appropriate insight into toxic potential (SPIELMANN
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2009). Especially for nanomaterials in vitro test systems are inevitable due to the vast amount
of different materials, changing properties, and discovered applications (STONE et al. 2009).
Further, in vitro systems make it possible to observe the interaction between nanomaterial and
cells much closer. When selecting a test strategy, it is also important to take the observed
parameters for sensitivity and functional validity into consideration. For example, some
substances show no effect on somatic cell viability in culture systems, but if the same dose is
administered during oocyte maturation or fertilization, cell functions are detrimentally
impaired (LAZZARI et al. 2008; BEKER VAN WOUDENBERG et al. 2012). The later
further showed that nuclear maturation is a more sensitive parameter than successful
fertilization. This demonstrates the importance to perform toxicity experiments on oocytes
and underlines the significance of the presented results.
Especially sperm are a very valuable cell type for toxicity assessment (TAYLOR et al. 2014a)
providing direct information on functional cell mechanisms (PERREAULT & CANCEL
2001). The advantages are the availability of large amounts of sperm, well-described
functional parameters, the possibility to acquire different parameters at once, and the
opportunity to obtain these parameters with computer-assisted methods, making the results
reproducible and largely objective (PERREAULT & CANCEL 2001).
Generally, the use of oocytes and sperm has the advantage of performing experiments on
primary cells instead of immortalised cell lines, and evaluating physiological cell functions
instead of culture specific cell behavior. The two testing strategies make it possible to gain
information concerning gamete function during the developmental phase (oocyte maturation)
and the functional phase (sperm viability). The use of more than one assay provides a higher
predictive value to the test system (PIERSMA et al. 2013). Observations of fertilization and
early embryo development could further improve the quality and reliability of the test system.
The use of the pig as model animal has the advantage that reproductive protocols are routinely
applied and have been thoroughly research. Other than in rodents, the pig has physiology
characteristics close to the human, making it generally applicable to biomedical research and
toxicological testing (SWINDLE et al. 2012). The porcine model is especially more ethical
for the use of oocytes and sperm, as these are easy accessible and require no extra
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experimental animals to be sacrificed. There is a vast abundance of these cells form
slaughterhouses (oocytes) or from ejaculation (sperm).

5.2

Selection of nanomaterials

As almost all materials can appear in nanoscaled sizes, it was essential to select some of the
most important ones, which are suspected to most likely affect reproduction and genetic
carryover. Known to be mostly biologically inert, gold nanoparticles were selected as a
suitable reference material (TAYLOR et al. 2014c). Gold nanoparticles allowed to explore the
potential effects of the physical parameters of the nanoparticles and their role for the cellparticle-interactions. Chosen parameter variations were size (6 or 20 nm), coating (only BSA
or citrate and BSA), and particle concentration (10 or 30 µg/ml). Especially the comparison of
coating effects was important to enhance comparability, because a lot of studies on
nanoparticle toxicity published so far were conducted with chemically produced
nanoparticles. These particles usually have citrate on their surface, which might interfere with
the toxicity assessment through causing effects itself. Further, gold nanoparticles were
selected due to their optical properties, which are considered to be very promising tools for a
lot of biomedical applications (BARCHANSKI et al. 2011; DYKMAN & KHLEBTSOV
2011; POOJA et al. 2011; RATH et al. 2015).
Silver nanoparticles are considered to be highly biologically active, mostly due to ion release,
and therefore are viewed as the contrast to gold nanoparticles (JOHNSTON et al. 2010).
Further, silver nanoparticles are the most abundant in consumer products. According to the
most comprehensive database (nanotechproject.org), 50% of all administered nanoparticles
are made from silver.
The gold silver alloy nanoparticles used in the present study were administered to evaluate
how the incorporation of silver into an alloy modifies their influence on biological systems.
Gold nanoparticles are considered to be mostly biologically inert, while silver nanoparticles
often induce negative effects through ion release. Therefore the use of gold silver alloy
nanoparticles in the present study allowed observations on how the incorporation of these
materials into an alloy alters their effect.
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From the group of nanoparticles taken up unintentionally, nickel titanium and chromium
nickel iron nanoparticles were selected. These materials are used in medical implants and
nanoparticles can be produced in the body by wear and mechanical abrasion (BROWN et al.
2006). The potential adverse effects of nickel, titanium, and chromium nanoparticles have
already been demonstrated (Ni: GUO et al. (2008), ZHAO et al. (2009), KONG et al. (2014);
Ti: ROLLEROVA et al. (2015), ZHAO et al. (2013), BOLAND et al. (2014); Cr: POSADA et
al. (2015), WANG et al. (2013a), GILL et al. (2012)), but the studies only determined
immune response or effects in cell culture lines. Therefore this study supplemented the
existing information of these particles for threats on gametes.
Besides the material from which the nanoparticles were synthesised, the production method
was also carefully considered. Pulsed laser ablation in liquids as production method requires
no chemical agents for nanoparticle synthesis. This is an important contemplation, especially
for toxicity investigations, because chemical components on the nanoparticle surface can lead
to wrong assumptions through causing toxic effects themselves (REHBOCK et al. 2014).
Serum albumin is abundant in mammalian blood and has a high binding affinity to
nanoparticles (BOULOS et al. 2013; SELVA SHARMA & ILANCHELIAN 2015). It even
replaces other surface ligands (BARGHEER et al. 2015). Therefore, it is very likely that
nanoparticles introduced to an organism and distributed through the blood stream will acquire
a serum albumin corona. The coating of the nanoparticles with serum albumin was chosen to
gain predictive character of the study and provide a more realistic insight of particle-cellinteraction in mammalian organisms.

5.3

Gold nanoparticles

Administered gold nanoparticles did not induce any negative effect on the tested parameters
of gamete competence. Neither for oocyte nuclear maturation and cumulus expansion after in
vitro maturation in the presence of gold nanoparticles, nor for sperm quality significant
consequences were observed. Although oocytes displayed excessive uptake behaviour and
gold nanoparticles were detected in large amounts in the cytoplasm after in vitro maturation,
oocytes maturation rates were not impaired. Similar results were reported by TAYLOR et al.
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(2014b) for murine embryos, which were not affected by gold nanoparticle injection into the
cytoplasm of one blastomere.
Literature reports are not conclusive concerning gold nanoparticles and their effect on sperm
viability parameters (TAYLOR et al. 2012). Unfortunately, many publications lack detailed
information on experimental set-up, particle characterization, or dose per cell, making
comparison difficult. Table 18 summarizes the studies on sperm and gold nanoparticles.
Table 18: Comparison of different studies incubating gold nanoparticles with sperm. If studies had
varying parameters the lowest observed effect level is provided. Dose in brackets if not specified.

Donor
species

Incubation
time

Size / Coating

Dose

Human
(ejaculated)

15 min

9 nm / -

-

Human
(ejaculated)

60 min

50 nm/ -

(125µM)

120 min

10.8 nm /
not coated
7.3 nm /
oligonucleotides

14000
NP/sperm

20 min

2.5 nm /
not coated

(0.5x1015
NP/ml
(diluted))

Bovine
(ejaculated)

20 min

3 nm /
not coated

(1x1015
NP/ml
(diluted))

Porcine
(ejaculated)

120 min

6 nm / BSA

1.24x103
NP/sperm

Bovine
(ejaculated)

Murine
(epididymal)

Outcome

Source

Reduced
motility
Reduced
motility and
viability

WIWANITKIT
et al. (2009)

Reduced
motility

TAYLOR et al.
(2014a)

Reduced
chromatin
decondensation
ability
Reduced
chromatin
decondensation
ability
No influence

MORETTI et
al. (2013)

ZAKHIDOV et
al. (2010)

ZAKHIDOV et
al. (2013)
present study

These data show that the administered dose or incubation time in the presented experiments
were higher than in other sperm studies. From the experimental design, the present study was
similar to the work of TAYLOR et al. (2014a). However TAYLOR et al. (2014a) induced a
drop in motility, when the gold nanoparticle concentration reached a threshold of 10 µg/ml.
This is most likely due to a surface modification of the gold nanoparticles. Nanoparticles used
by TAYLOR et al. (2014a) had either an uncoated surface or carried oligonucleotides as

66

ligands. The observed effect on motility is most likely due to binding of the nanoparticles on
the sperm surface (FEUGANG et al. 2012; TAYLOR et al. 2014a). Coating with DNA can
further increase negative influences of gold nanoparticles (NAHA et al. 2015). The BSA
coating in this study probably prevented such binding. It has previously been demonstrated
that the coating changes the influence of nanoparticles on sperm (MAKHLUF et al. 2008) and
the formation of a protein corona alters nanoparticle-cell-interaction and toxic behaviour
(DOCTER et al. 2014; KREYLING et al. 2014). This demonstrates the possibility to avoid
toxic effects by tuning nanoparticles. Additionally, it is not only the material, but also other
parameters that influence nanoparticle-cell-interactions. Further, it points out that thorough
nanoparticle characterization is a prerequisite for accurate toxicological evaluation (KONG et
al. 2011; TAYLOR et al. 2012).
Production of nanoparticles by laser ablation in liquids has the advantage of gaining particles
without surface agents from the production process (REHBOCK et al. 2013). Chemical
nanoparticle synthesis usually results in surfactants bound to the surface of the particle, which
often include citrate. These surface agents may interact with tissue and cells, affecting the
outcome of toxicological studies (DIEGOLI et al. 2008; BAUMANN et al. 2014). Especially
citrate coating is known to have strong impact (ARNAOUT & GUNSCH 2012; OULDMOUSSA et al. 2014). It is generally assumed that most surface agents do not induce toxic
reactions by themselves, but that they change the interaction between nanoparticles and cells
(KREYLING et al. 2014). Interestingly, negative effects of citrate coating mentioned in
literature could not be reproduced in the present study. This underlines the argument that not
the agent itself induces effects, but the complete corona composition is responsible for the cell
reactions (TENZER et al. 2013). In case of the gold nanoparticles used in the present study,
BSA was a major contributor to the coating composition and seemingly prevented negative
influences.
Gold nanoparticles have become very promising agents for applications in medicine, imaging,
biotechnology, and industry. This is related to their general biological inertness, their optical
properties exhibiting surface plasmon resonance, their ability to be functionalized, and their
magnetic properties (JAIN et al. 2007; BAO et al. 2014). For medical purposes, especially the
use of gold nanoparticles in cancer therapy is greatly considered (KHAN et al. 2013). A lot of
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effort is put in technical development of particles, which are specifically targeted to cancer
cells. This will enable better tumour visualization (COPLAND et al. 2004; EL-SAYED et al.
2005; BOTCHWAY et al. 2015), localized drug release to decrease systemic effects
(RAWAT et al. 2006; DREADEN et al. 2012; ZHU & LIAO 2015), and direct treatment
through local heat generation by in situ stimulation of the nanoparticles (HWANG et al. 2014;
VERMA et al. 2014). In biotechnology gold nanoparticles can also be used for imaging. They
have the advantage of generally being less toxic than fluorescent dyes and they are not
influenced by photobleaching (DENG & GOLDYS 2012). An use of gold nanoparticles as
specific markers and detection agents is also possible and has already been proposed for
sperm (BARCHANSKI et al. 2011; RATH et al. 2013; RATH et al. 2015). This wide variety
of applications in use or in development clearly shows that knowledge about the potential
toxic behaviour of gold nanoparticles is very important. Further, the presented study also
contributed greatly to the knowledge on how adverse affect can be avoided through specific
nanoparticle synthesis and design.
Overall, the presented results of the performed experiments with gold nanoparticles are in
concordance with the literature. Oocyte in vitro maturation was not affected by gold
nanoparticle presence, even though the nanoparticles enter the oocyte in large amounts. This
result underlines the general assumption of biological inertness of gold nanoparticles. The
previously reported effects of gold nanoparticles on sperm vitality parameters could not be
reproduced, but this can be reliably explained with the known influence of BSA coating on
the nanoparticle-cell-interactions.

5.4

Silver nanoparticles and gold silver alloy nanoparticles

The silver-containing nanoparticles co-cultured with sperm and oocytes caused different
results in the gametes. The incubation of sperm with these particles for two hours had no
influence on sperm integrity. Effects on oocyte maturation depended on nanoparticle silver
content and BSA conjugation method. Nanoparticles with a silver molar fraction less than
60 % did not induce negative effects during oocyte maturation. A high silver amount in the
nanoparticles was able to affect the maturation process. This proves that negative influences
can be detected by the in vitro maturation of oocytes (BEKER VAN WOUDENBERG et al.
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2012). Further it confirms that silver nanoparticles cause toxic effects (MASSARSKY et al.
2014; WALTERS et al. 2014; KUMAR et al. 2015; XUE et al. 2015). A major reason for the
toxicity of silver nanoparticles is their release of silver ions (MORETTI et al. 2013; DE
MATTEIS et al. 2015; GAILLET & ROUANET 2015). The ion release has not only
disadvantages. A beneficial use of silver ion release is the use as antibacterial substance,
which is exploited in many consumer products (RAI et al. 2009). More recently, there have
been attempts to replace antibiotics in animal food with silver nanoparticles (FONDEVILA et
al. 2009; GHOLAMI-AHANGARAN & ZIA-JAHROMI 2013; ELKLOUB et al. 2015) to
reduce antibiotic resistance. While this seems to be a valuable attempt, it should be viewed
critical with respect to the demonstrated effect of silver nanoparticles on oocyte maturation
and possible consequences for fertility.
The present results demonstrate that a change in conjugation method of BSA to the
nanoparticle surface effected experimental outcome. Most likely the reason for this immense
variance is the size quenching effect of in situ conjugation (PETERSEN et al. 2009), leading
to smaller particles as shown in Figure 20. Not the size itself causes the negative effects, but
the fact that smaller particles have a comparatively larger surface area, resulting in higher ion
release rates (LIU et al. 2010). During in vitro maturation with silver nanoparticles the ion
release rate is responsible for the silver ion concentration in the medium. Therefore, the
higher ion release rate of the in situ conjugated silver nanoparticles leads to the negative
effects on oocyte maturation.

Figure 20: Comparison of relative number distribution of silver nanoparticles conjugated with BSA in situ
(black) or ex situ (red). Figure from TAYLOR et al. (2015)
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It has been proposed that the conjugation method of BSA to nanoparticles alters the protein
structure (TSAI et al. 2011) leading to toxic effects. One might conclude that the in situ
conjugation led to a toxic BSA conformation. This is a highly unlikely explanation for the
observed effects, because the gold nanoparticles conjugated in situ with BSA did not show
any toxic behaviour.
The gold silver alloy nanoparticles in the present study were used to compare their toxic
potential with the pure metal particles. The incorporation of silver into an alloy reduces its
toxic potential disproportionally (GRADE et al. 2014), meaning that gold has a deactivating
effect on the silver content. This is not due to core/shell formation because both elements are
evenly distributed throughout the nanoparticle surface, as shown by REHBOCK et al. (2014),
(Figure 21).

Figure 21: Determination of gold and silver distribution on an alloy nanoparticle surface (AuAg 80:20) by
TEM-EDX line scan, showing homogenous distribution of both elements on a single particle (REHBOCK
et al. 2014).

The disproportional toxicity behaviour could be demonstrated on oocyte maturation. Up to a
silver molar fraction of 50 % the administered alloys did not influence the maturation process.
The particles were added at a dose of 10 µg/ml, amounting to 3.5 µg/ml silver for the
Au50Ag50NP. Equal or lower doses of pure silver nanoparticles have been demonstrated to
promote cytotoxic and reprotoxic effects (LABAN et al. 2010; WU et al. 2010; LEE et al.
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2013b). The little higher silver molar fraction of 60 % slightly reduced maturation rate, while
80 % silver molar fraction led to an almost entire hindrance of oocyte maturation. Similar
results have been described for gold silver alloy nanoparticles tested in cell culture (RISTIG
et al. 2015). The above-described effect of obliterating the toxic effect of silver containing
nanoparticles by conjugating BSA ex situ instead of in situ was confirmed with the gold silver
alloy nanoparticles, where the size quenching effect also occurred.
Another interesting finding was the distinct penetration behaviour of silver containing
nanoparticles into the oocyte, which was not correlated to toxic influence on the maturation.
In contrast to the gold nanoparticles, which entered the oocyte in large amounts, silver
containing nanoparticles seemed to have higher affinity to the cumulus cells. This underlines
the observation that nanoparticles can interfere with cell function without actually penetrating
(TAYLOR et al. 2014a). It can be hypothesized that the silver alters the protein corona of the
nanoparticles, leading to different association behaviour, as the corona is highly involved in
the nanoparticle-cell-interaction (MONOPOLI et al. 2012; KREYLING et al. 2014).

5.5

Nickel titanium and chromium nickel iron nanoparticles

Joint replacement is a technique used for more than 30 years and as patients become younger,
more durable implants are required. Therefore, implant wear has been intensely studied,
demonstrating abrasion, which leads to release of debris into the body. Most of these particles
are smaller than 50nm (DOORN et al. 1998). Little is known about the long-term effect of the
systemic exposure to these particles (POLYZOIS et al. 2012), but adverse effects to these
abrasion nanoparticles have been reported (GILL et al. 2012). The nanoparticles used in the
present study were synthesized from implant material. REHBOCK et al. (2014) analysed the
particles after synthesis and TEM-EDX line scans revealed a homogenous element
distribution throughout the particle for the CrNiFeNP. The NiTiNP displayed a core/shell
structure with nickel on the inside, surrounded by titanium (Figure 22).
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Figure 22: TEM-EDX line scans of NiTiNP (left) and CrNiFeNP (right). The NiTiNP form a Ni/Ti
core/shell structure, while CrNiFeNP display a homogenous distribution (REHBOCK et al. 2014).

None of the tested particles influenced the observed parameters of sperm viability or oocyte
maturation. Due to the core/shell formation of the nickel titanium nanoparticles, it is likely
that the titanium shell prevents release of nickel ions, which is considered to be a more toxic
component. The chromium nickel iron nanoparticles have an even distribution of their
components on the surface and therefore ion release is possible. The lack of acute toxic
effects to sperm and oocytes might again be related to the BSA corona, preventing direct
interaction and reducing ion release. As demonstrated in literature, particles of these materials
still pose a threat to reproduction after long-term exposure (ZHAO et al. 2013; KONG et al.
2014). Further, TiO2NP have been observed to induce DNA damage in human sperm in vitro
(GOPALAN et al. 2009). Only little information is provided in this reference for dose,
exposure time, and nanoparticle coating, and it is questionable, whether the data are
comparable to the obtained results. However, at least it can be hypothesised that the described
effects are more likely to occur with direct nanoparticle-cell-contact, which was presumably
prevented in the present study through BSA coating. Overall, nanoparticles from implant
abrasion are only unintentionally released into the body and not used for biomedical
applications. Therefore, long-term exposure studies are more suitable to reliably assess their
actual threat to reproduction. Still, the oocyte maturation and sperm viability assays as a
screening tool can provide valuable information on association behaviour and acute toxic
reactions.
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5.6

Parameters influencing the toxicological outcome

The presented results make it obvious that there is more than one parameter influencing the
toxicological consequence of nanoparticle exposure. It was shown that material composition,
size, and corona formation play an important role for gamete integrity exposed to
nanoparticles. Gold is an example for nanoparticles, which do not release ions and therefore
the size is not as decisive. Their toxic potential arises more from physical interaction
(TAYLOR et al. 2014a), making coating more important, because it is distinctive for
nanoparticle-cell-interactions (MONOPOLI et al. 2012; KREYLING et al. 2014). In opposite,
silver nanoparticles and the according alloys are influenced by several parameters. Their main
toxic potential arises from the surface area related ion release (LIU et al. 2010). Again,
coating of nanoparticles influences nanoparticle-cell-interactions and surface binding, as well
as the nanoparticle size during synthesis (PETERSEN et al. 2009). Additionally the
incorporation of silver into an alloy reduces its ion release and therefore adverse effects
(GRADE et al. 2014).
Highly relevant for biomedical applications was the discovery that all negative effects
previously described or found in this study, could be diminished by altering the nanoparticle
properties during or after synthesis.

5.7

Importance of the results to in vivo toxicity

The size of a representative dose is largely discussed, but no conclusion has yet been made.
No data are available to identify the real uptake of nanoparticles through the ambient air,
food, or consumer products. In order to compare nanoparticle effects in experimental settings
a thorough description of dose (volume, time), dose per cell or organism (particles/cell,
surface area/cell, mass/cell), dose expression (molarity, mass, number, surface area), and
administration method (coincubation, injection, systemic administration) is necessary. The
data provided for nanoparticle dosage is of high significance for interpretation and
comparison (TEEGUARDEN et al. 2007). For example, the mass concentration per volume is
not sufficient, since it does not allow conclusions on mass per cell or particle cell. This is
made obvious by using the present study as an example:
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• Most nanoparticles were administered at a dose of 10µg/ml
o For COCs this results in a dose of 0.1µg / cell complex
(50 COCs in 500µl maturation medium)
o For sperm this results in a dose of 0.1pg / sperm
(100x106 sperm in 1ml extender)
It is clear that the same mass concentration can amount to extremely different actual exposure
doses. Therefore, the minimum data, which should be provided for in vitro studies, are:
•

Mass concentration and number concentration

•

Mass per cell and/or number per cell

•

Total surface area and surface area per cell

•

Exposure time

For in vivo studies it is obviously not possible to provide data per cell, but still close attention
should be paid to provide data on the actually administered particle numbers and mass doses.
Study design has to consider, whether a repeated or long-term exposure to small doses of the
material is expected, or rather a comparatively higher dose during a single administration. In
vitro studies are useful even for nanoparticles with expected long-term exposure to observe
general nanoparticle-cell-interactions.
Apart from the dose considerations, in vitro toxicity studies are a valuable tool for predicting
in vivo interactions. Especially the combined oocyte maturation/sperm viability assay
provides viable information on the influence, which nanoparticles can have on gametes in
vivo. It has thoroughly been described that nanoparticles are systemically distributed after
entering the body (OBERDORSTER et al. 2004; LEE et al. 2014) even cross the blood-testisbarrier (OBERDORSTER & UTELL 2002; KWON et al. 2008; MORISHITA et al. 2012).
Further, a certain tendency of the nanoparticles to accumulate in ovaries (ZHAO et al. 2013),
or testes (VAN DER ZANDE et al. 2012; LI et al. 2013) has been observed. Also the uterus
and placenta can be penetrated by nanoparticles (SAUNDERS 2009; WICK et al. 2010;
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YANG et al. 2012). It can be assumed that immature oocytes in the ovarian follicle can have
nanoparticle contact. ZHAO et al. (2013) described nanoparticle accumulation in the ovary in
vivo and XU et al. (2012) demonstrated that nanoparticles can penetrate into the follicle,
which would bring them to the follicular fluid. This results in the same setting as the
presented in vitro experiments, where the nanoparticles were found in the fluid surrounding
the maturing oocyte and therefore similar interactions are very likely. Special attention has to
be paid to the fact that all oocytes of an individual are already present at birth and due to the
described accumulation of nanoparticles in the ovary an exposure of the oocytes seems
reasonable.
There is evidence that in vivo interaction can occur between sperm and nanoparticles, similar
to the one mimicked in vitro. Nanoparticles can enter the testis and sperm can get into contact
during spermiogenesis or during the storage period in the epididymis. Further, nanoparticle
contact is also possible in the uterus during sperm transport to the oviduct.
Generally, it has been well demonstrated that nanoparticle behaviour towards gametes and
other cells depends on a lot of particle characteristics and their interaction. A case-by-case
risk assessment is necessary (GAILLET & ROUANET 2015), if specific nanoparticles are
supposed to be introduced into biological systems. Oocyte maturation and sperm viability
assays have been proven to be an excellent screening tool for this purpose, and the two
sensitive cell types provide excessive insight into association, uptake and functional
interference of the nanomaterials.
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Conclusion

In conclusion, the obtained results as well as the reviewed literature clearly show that
nanoparticles affect reproduction on all levels, like gamete development and function,
fertilization, embryonic and fetal development, and most importantly may have impact on the
following generation. The employed test strategy and nanoparticle selection had the
advantages to provide information using an in vitro model on primary cells, which is able to
mimic the in vivo situation without having to sacrifice animals; using laser-ablated
nanoparticles, which are not coated with substances possibly disturbing experimental
outcome; employing nanoparticles of different materials or characteristics to compare these
directly; and finally investigated both gametes in regard to well defined parameters during
gametogenesis and functional phase. The oocyte maturation and sperm viability assays have
proven to be valuable tools to observe nanoparticle-cell-interaction and predict their
reprotoxic potential. Even though the mechanisms of interaction are still not comprehensively
resolved, it has been demonstrated that many physical and chemical parameters of the
nanomaterials influence their toxic behavior. Additionally, the present study revealed that it is
possible to tune these parameters in order to reduce toxic potential. Still, nanoparticles pose a
potential risk to reproductive function, and therefore, more research is needed to investigate
nanomaterial behavior in biological systems. Especially, studies employing the same
nanomaterials in vitro and in vivo would be highly appreciated to enhance predictability of in
vitro studies. Further, to solve the issue of realistic dose application, strict and enforceable
regulations concerning the use of nanomaterials, and reliable methods to detect them are
urgently needed.
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Summary

Daniela Tiedemann (2015)
Interaction of engineered metal nanoparticles and porcine gametes
Nanotechnology plays an increasing role in consumer products, foods, technical and
biotechnological applications, and medical care. The unique characteristics of nanomaterials
can be of great advantage, but also pose a possible threat. Even though nanotoxicology has
been widely studied, predictive and reliable information are still scarce, especially for the
effects of nanomaterials on reproductive functions.
The aim of this work was to gain comprehensive information on the interactions of metal
nanoparticles and porcine gametes. Experiments were conducted with nanoparticles made
from gold, silver, gold silver alloys, nickel titanium alloys, or chromium nickel iron alloys.
These different engineered metal nanoparticles were introduced to porcine cumulus oocyte
complexes during in vitro maturation and to porcine ejaculated sperm. Subsequently, the
influence of nanoparticles on oocyte maturation and sperm motility, membrane integrity and
morphology was studied. Further, the uptake behaviour was inspected in cumulus oocyte
complexes using laser scanning confocal microscopy.
The parameters for sperm and oocytes were not affected by gold nanoparticles, even though
large amounts of gold nanoparticles entered the cytoplasm of the oocytes. Coating of the
nanoparticles with bovine serum albumin prevented previously described effects of gold
nanoparticles on sperm motility. The nickel titanium nanoparticles and chromium nickel iron
nanoparticles also did not influence any of the observed parameters. The silver containing
nanoparticles had no impact on sperm vitality, but a silver content of more than 60% in the
nanoparticles lead to a significant decrease in oocyte maturation rate.
In conclusion that gamete development and viability can be influenced by nanoparticles. It
was shown that not only material composition is important for toxicological outcome, but
parameters like surface coating, size, and ligand conjugation also have an impact. Oocyte
maturation and sperm vitality assays have proven to be reliable tools for nanoparticle
toxicology screening and provide the opportunity to investigate nanoparticle-cell-interactions.
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Zusammenfassung

Daniela Tiedemann (2015)
Interaktion von synthetisierten Metall-Nanopartikeln und Gameten vom Schwein
Der

Einsatz

von

Nanotechnologie

in

Konsumgütern,

Lebensmitteln,

technischen

Anwendungen und in der Medizin nimmt stetig zu. Die besonderen Eigenschaften von
Nanomaterialien können vorteilhaft genutzt werden, aber sie stellen auch ein Risiko dar. Trotz
der intensiven Forschung im Bereich Nanotoxikologie gibt es bisher nur wenig
aussagekräftige und allgemeingültige Informationen. Vor allem der Einfluss von
Nanomaterialien auf die Reproduktion ist noch nicht hinlänglich bekannt.
Das Ziel dieser Arbeit war die Interaktion von Nanopartikeln und Gameten vom Schwein zu
untersuchen. Die eingesetzten Nanopartikel wurden aus Gold, Silber, Gold-Silber-Legierung,
Nickel-Titan-Legierung oder Chrom-Nickel-Eisen-Legierung hergestellt. Diese Nanopartikel
wurden dem Medium während der In-vitro-Reifung von Schweineeizellen zugesetzt oder mit
ejakulierten Eberspermien inkubiert. Anschließend wurde der Einfluss der Nanopartikel auf
die Eizellreifung und Motilität, Membranintegrität und Morphologie von Spermien
untersucht. Außerdem wurde mithilfe von Konfokalmikroskopie das Aufnahmeverhalten an
Kumulus-Eizell-Komplexen geprüft.
Goldnanopartikel haben die Spermien und Eizellen nicht beeinflusst, obwohl die Nanopartikel
in großer Zahl in das Zytoplasma der Eizellen vorgedrungen sind. Zuvor beschriebene Effekte
auf die Spermienmotilität konnten durch Umhüllen der Nanopartikel mit bovinem
Serumalbumin verhindert werden. Auch die Nickel-Titan- und Chrom-Nickel-EisenNanopartikel hatten keinen Einfluss auf die untersuchten Parameter. Die Nanopartikel mit
Silberanteil haben die Spermienvitalität nicht beeinflusst, aber ein Silberanteil von über 60%
führte zu einer signifikanten Reduzierung der Eizellreifung.
Zusammenfassend wurde festgestellt, dass Nanopartikel die Entwicklung und Vitalität von
Gameten beeinflussen können. Es wurde gezeigt, dass nicht nur das Ausgangsmaterial der
Nanopartikel für deren Effekt verantwortlich ist, sondern auch Liganden, Partikelgröße und
Konjugationsmethode eine Rolle spielen. Eizellreifung und Spermienvitalität haben sich als
Screening-Methode für die Effekte von Nanopartikeln bewährt. Außerdem bot das Testsystem
die Möglichkeit die Interaktion von Nanopartikel und Zellen zu untersuchen.
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Appendix

Support table 1: Gallios cytometer settings for membrane integrity determination on sperm stained with
Sybr14/PI. Abbreviations: FS: forward scatter, SS: side scatter, FL1: fluorescence channel 1, FL3:
fluorescence channel 3, PI: propidium iodide, BP: band pass.
FS

SS

FL1

FL3

Voltage

26

363

396

405

Gain

2.0

10.0

1.0

1.0

Discriminator

120

Off

Off

Off

Compensation factor (FL1 to FL3)

5.8

Compensation factor (FL3 to FL1)

3.4

Blue laser

On, Shutter Closed

Excitation wavelength (nm) Sybr14

488

Excitation wavelength (nm) PI

488

Detection wavelength (nm) FL1 (BP)

525 (40)

Detection wavelength (nm) FL3 (BP)

620 (30)

Sybr14 detection channel

FL1

PI detection channel

FL3

Software version

Gallios 1.2

Support figure 1: Example of the detection plots acquired with the Gallios cytometer and gating. Left:
Gating in the forward scatter/side scatter projection to separate sperm from other signals; right: Gating
in the FL1/FL3 projection to determine number of membrane intact sperm (Sybr14+/PI-; C1).
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Support table 2: Settings for the LSM510 with Axioplan 200 in multi-tracking mode to detect
nanoparticles in and on matured porcine cumulus oocyte complexes.
Excitation
Laser
Detection
Detected
Main beam
Detection
Detection Detection
wavelength
power
band pass
signal
splitter
channel
gain
offset
(nm)
(mW)
(nm)
Scattered
514
0.54
80/20
505-530
2
<270
-0.07
SPR
Scattered
488
0.54
80/20
475-525
2
<270
-0.07
SPR
Scattered
543
0.1
80/20
520-550
2
<270
-0.07
SPR
633

DIC

0.1

488/543/633

None

Transmission

250-300

Distance between optical sections

400nm

Pixel size

400 x 400 x 700nm

Pixel time

1.6 sec

-0.5
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