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2 INTRODUCTION 

 

Adapted from Publication 1  

Impact of metal nanoparticles on germ cell viability and functionality 

Taylor U, Barchanski A, Kues W, Barcikowski S, Rath D 

Reprod Domest Anim. 2012; 47 Suppl 4:359-68 

 

2.1 INTENDED AND UNINTENDED EXPOSURE TO METAL NANOPARTICLES 
 

The usage of nanotechnology is growing rapidly (Figure 1). Nanoparticles are well 

established for industrial purposes such as electronics, optics and building as well as 

in energy and environmental applications (Garner et al. 2017). Even though in these 

cases direct exposure of humans is rather restricted, efflux into the environment may 

damage sensitive ecological systems and thus affecting humans in an indirect way. 

Some products, however, are sold to come into direct contact the consumer, like 

cosmetics, clothing and food (Vance et al. 2015). These items reach the market often 

without thorough toxicology testing  (Oberdorster et al. 2005) or on-product infor-

mation.  A predominate category in this context are silver nanoparticles (Vance et al. 

2015), which have repeatedly been reported to be cytotoxic (Johnston et al. 2013, 

Chernousova and Epple 2013). These are followed by titanium, carbonaceus, silicon, 

zinc and gold nanoparticles (Vance et al. 2015). Nanoparticles are also used increas-

ingly medical purposes and biomedical research. The main emphasis is laid on se-

lective sensing (Wang and Ma 2009) and imaging of target molecules (Qian et al. 

2010), localized cancer therapy by plasmonic heating of malignant tissue (Gannon et 

al. 2008) and delivery of effector molecules to specific receptors or target areas (Han 

et al. 2007).  
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Contact to nanoparticles does not necessarily derive from the intended usage of na-

noparticle containing products. Also the working environment can lead to exposure to 

a considerable dose of nanoparticles, e.g. airborne fumes released during welding of 

chromium-nickel-based steels (Antonini 2003). In general, thermal processing of 

metals releases airborne particles into the workplace that may cause adverse health 

effects. Laser materials processing for example releases a high fraction of nanoparti-

cles (Barcikowski et al. 2007). Even conventional welding processes set free parti-

cles with comparable high specific surface area into the work place and environment 

(Pohlmann et al. 2008). Apart from external sources, internal exposure to nanoparti-

cles derived from mechanical wear of surgical implants (usually consisting of nick-

el/titanium or cobalt/chrome alloys) also exists (Brown et al. 2006, Case et al. 1994). 

Figure 1: Nanoparticle exposure categories 
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2.2 PRODUCTION OF METAL NANOPARTICLES 
 

Nanoparticles are generally defined as separate particles between 1 and 100 nm in 

size [ASTM International]. Their common generation states are solid powders, gase-

ous aerosols and colloidal dispersions in water or organic solvents, depending on 

preparation conditions and capping agents on the particle surface. Colloids are often 

preferred in research use due to their safe and stable handling form without risk of 

particle inhalation. 

In the last decades, a multiplicity of fabrication methods has been established for na-

noparticle synthesis covering chemical and physical processes. The principle of the 

chemical approach involves the stepwise formation of nanoclusters based on nuclea-

tion, growth and agglomeration of atoms or molecular entities in solution (Watzky and 

Finke 1997). In order to control subsequent agglomeration of nuclei and nanoparticle 

size, stabilizing agents like sodium citrate or tetraoctylammonium bromide are added 

to the reaction solution.  

A physical synthesis approach has become a reliable alternative to these traditional 

chemical reduction methods for obtaining gold nanoparticles. Nanoparticle genera-

tion is achieved by pulsed laser ablation in liquids via conversion of a solid metal tar-

get (Barsch et al. 2009). The basic experimental set-up consists of a pulsed laser 

system, a set of beam guidance and focusing optical components and a vessel, con-

taining a solid gold plate at the bottom, covered with a liquid layer of ablation medi-

um. The exact mechanisms of nanoparticle formation using laser ablation are still 

under debate. However, recent findings confirmed the formation of plasma within a 

cavitation bubble as the laser hits the solid target. The bubble subsequently collaps-

es and reforms, oscillating in tune with the pulsing of the laser (Ibrahimkutty et al. 

2012). The particles are directly ejected from the target material surface due to pho-
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tomechanical effects and as consequence of the irradiation with intense laser light. 

Thereby, stable nanoparticles are obtained in water and organic liquids without pre-

cursor, stabilizing additives and further purification steps.  

 

2.3 GENERAL APECTS OF NANOPARTICLE TOXICITY 
 

Compared to the corresponding bulk material, nano scale particles are considerably 

more biologically active. Their extremely high mass-specific surface area is mirrored 

by a surface-specific dose dependent response in various toxicity assays (Faux et al. 

2003, Oberdorster et al. 2005). The reasons suggested for cytotoxicity caused by 

nanoparticle exposure are the production of reactive oxygen species (Oberdorster et 

al. 2005), interaction with DNA (Singh et al. 2009), membrane damage as well as 

mitochondrial damage (Andon and Fadeel 2013). In somatic cells such insults cause 

inflammation, apoptosis or even malignant transformation. In case of germ line cells, 

either defect might lead to impaired fertility and/or congenital defects in the offspring. 

This hypothesis is supported by studies showing that welders, especially those who 

work with stainless steel, have poorer sperm quality than men in other work. Addi-

tionally, an increase in either miscarriages or delayed conception among welders and 

their spouses was observed (Antonini 2003). Also, fruit flies, exposed to gold nano-

particles, were observed to pass mutations on to their offspring (Vecchio et al. 2012). 

Given the high likelihood of nanoparticle exposure on the one hand and the consid-

erable potential for serious damage on the other, research efforts to obtain a realistic 

picture of nanoparticle toxicity have multiplied in the last decade. The objective is not 

only to understand the toxicity of nanoparticle already put in use, but also to be able 

to predict the toxicity of nanoparticles designed and synthesized in the future. The 

research includes the use of acellular systems like lipid bilayer simulation models, 
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cell culture as well as whole animal testing. The latter ranges from small invertebrate 

animals to various piscine and rodent models as well as larger laboratory animal 

species (e.g. rabbits or monkeys) (Teske and Detweiler 2015, Lin et al. 2013). As the 

work of the here presented habilitation thesis focuses on the effect of nanoparticles 

on somatic and especially reproductive cells under cell culture conditions, this intro-

duction mainly emphasizes on the current findings in these respective fields of nano-

toxicological research. 

 

2.4 EFFECT OF METAL NANOPARTICLES ON SOMATIC CELLS UNDER CELL CULTURE 

CONDITIONS 
 

The knowledge gained from toxicity trials under cell culture conditions must always 

be considered limited, as extrapolation to whole organism studies have proved to be 

difficult (Teske and Detweiler 2015). However, as a multitude of parameters influence 

the occurrences at the nano-bio interface and thus determine the toxic potential of 

any given nanoparticle (Nel et al. 2009), cell culture remains a cost, effort and time 

expenditure saving way to at least establish basic structure parameter-activity rela-

tionships. Besides the chemical composition of the nanoparticle, size, surface modifi-

cation, shape and polarity have to be considered to be biological effective. A further 

effect is added by the suspending medium, which majorly determines the surface 

potential of the nanoparticles. Exemplarily, the results of trials using gold nanoparti-

cles shall be presented here. They are often chosen for such studies, as the corre-

sponding bulk material is considered inert, thus any detected toxicity must be due to 

an aspect of its nano scale.  As can be expected toxicity of gold nanoparticles varies. 

In some trials no toxicity was observed (Connor et al. 2005, Fu et al. 2005, Shenoy et 

al. 2006), while others found low to medium (Massich et al. 2010, Thomas and 
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Klibanov 2003, Tkachenko et al. 2004) and even a high toxicity (Pan et al. 2007, 

Patra et al. 2007). The relevance of nanoparticle size can be seen in the study per-

formed by Pan et al. (2007), who investigated the toxicity of particularly small nano-

particles (<6nm). It was noted that the gold nanoparticles became more toxic as they 

became smaller. Even a small difference in size made the particles up to six times 

more damaging. These results support the assumption derived from previous studies  

(Faux et al. 2003, Oberdorster et al. 2005) that the mass specific surface area, which 

increases as size decreases, plays an important role with regard to nanoparticle tox-

icity.   

The impact of the nanoparticles surface potential can be seen in trials conducted by 

Ding et al. in 2010 (Ding et al. 2010). The surface potential is usually described as 

zeta potential, which is the potential difference between the dispersion medium and 

the stationary layer of fluid attached to the dispersed particle. It is a main determinant 

of particle stability. A high zeta potential increases stability due to a higher electro-

static repulsion. Vice versa, a low surface potential leads to particle agglomeration. 

An increased loss of cell viability was observed after exposure to gold nanoparticles 

with a zeta potential of 40 mV, compared to 20 and 30 mV. This again appears con-

sistent with the hypothesis that the mass specific surface area impacts particle toxici-

ty as particle agglomeration decreases overall surface area and should thus de-

crease toxicity. 

Experiments by Massich et al. (2010) highlight the influence of surface modifications. 

The authors detected a cytotoxic effect of gold nanoparticles in conjunction with cit-

rate, a common stabilizing agent in chemically derived nanoparticles, but none when 

bovine serum albumin or DNA was used. Salamaso et al. (2009) used particles pro-

duced by laser ablation in liquids (Salmaso et al. 2009). As described above, this 
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method requires no stabilizing agent. Therefore, these particles remain entirely with-

out any surface modification. No toxicity was noticed.  

The listed results derived from nanoparticle cell culture studies using particles made 

from supposingly ‘inert’ gold indicate that the biocompatibility of nanoparticles is by 

no means simply a matter of the particle material, but is the outcome of complex in-

teractions at the nano-bio-interface influenced by several aspects. Of particular im-

portance seem to be factors, which influence the overall surface area like particle 

size and agglomeration state. Surface modification can additionally increase or de-

crease toxicity. This has to be considered when looking at trials studying the repro-

toxicological effects of nanoparticles.  

 

2.5 TRANSLOCATION TO REPRODUCTION-RELEVANT SITES 
 

Mammalian gametes and the developing embryo are highly vulnerable and therefore 

situated in rather protected environments. However, various nanoparticles have been 

shown to cross biological barriers such as the blood-brain barrier (Moura et al. 2017). 

Therefore, crossing of, for instance, the blood-testis barrier does not seem unlikely. 

Yet, while many studies looked at the impact of nanoparticles on male reproductive 

tissue, most of them did not evaluate whether the particles actually reached and 

crossed the blood-testis barrier after systemic application or whether the observed 

effects are due to some sort of remote influence the administered nanoparticles are 

having. However, the ones that did clearly point in the same direction. For example, 

Kim et al. (2006) showed in a mouse study effective crossing of magnetic nanoparti-

cles with a SiO2 surface modification after intra-peritoneal injection (Kim et al. 2006). 

Araujo et al. (1999) noted polymethyl (2-14C) methacrylate nanoparticles in rat testis 

after oral administration, while Balasubramanian et al. (2010) observed the same for 
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gold nanoparticles and intravenous injection (Araujo et al. 1999, Balasubramanian et 

al. 2010a). Also the relatively well researched titanium dioxide nanoparticles where 

shown to penetrate the blood-testis barrier, for instance after oral administration into 

mice (Hong et al. 2015). Therefore, since several types of nanoparticles administered 

via different routes using two animal models lead to the same result, it seems pru-

dent to conclude that the blood-testis barrier does not stop nanoparticles to proceed 

into the testis.  

Concerning the placental barrier an excellent recently published review summarizes 

the most recent developments in field (Muoth et al. 2016). By studying a wealth of 

publications they tried to deduce trends which nanoparticle characteristics favour 

placental crossing. They considered nanoparticle size, surface charge and shape as 

categories. A clear tendency could only be established for nanoparticle size, with 

smaller particles showing a higher ability to pass through the barrier. This effect was 

observed for all the applied models regardless of species or experimental design. 

However, while the trend was clear in all reviewed materials, the cut off size varied 

considerably. The authors concluded that the nanoparticle material as such was most 

likely responsible for this finding. For the other two considered characteristics, nano-

particle surface charge and shape, no clear trend was found. The reason for this is, 

according to the authors, a lack of well-designed studies. Besides nanoparticle char-

acteristics the stage of embryonic/placental maturation can play a role in the placen-

tal transfer of nanoparticles. In mice, for instance, a critical window for gold nanopar-

ticle placental transfer was shown to exist between 9.5 and 11.5 day of gestation 

(Yang et al. 2012). 

Surprisingly, whether systemically admininstered nanoparticles can reach and sub-

sequently penetrate into ovaries or follicles has not been studied as yet. But given 

the above-mentioned data, it seems a likely scenario. 
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2.6 MALE REPRODUCTION   
 

The evaluations of toxic effects of nanoparticles on testicular tissue and spermatozoa 

have so far mainly concentrated of titanium dioxide and silver nanoparticles. Due to 

their widespread use in cosmetics, paints as well as in the food industry, intensive 

contact of humans to TiO2NP is a given fact and therefore justifies the efforts made 

to understand their toxicology. Interestingly, especially male reproductive tissue re-

acts particularly sensitive to TiO2NP exposure. Regardless of the administration 

route, whether orally (Shahin and Mohamed 2017, Morgan et al. 2017, Hong et al. 

2015) or intravenously (Miura et al. 2017, Khorsandi et al. 2017) the observed delete-

rious effects ranged from reductions in total sperm concentration, decreased sperm 

motility, increased number of abnormal sperm to altered expressions of testis specific 

genes and a drop in testosterone levels. So far the mechanisms behind these finding 

remain elusive. The effect of silver nanoparticles was recently comprehensively re-

viewed (Ema et al. 2017). Testicular as well as sperm toxicity was found after intra-

venous (Asare et al. 2016), intraperintoneal (Ahmed et al. 2017) as well as oral  

(Lafuente et al. 2016) administration. Regarding the exact mechanisms behind the 

observed damages, it has been suggested that silver nanoparticles exert their patho-

logical impact via affecting testicular antioxidant and endocrinal statuses 

(Rezazadeh-Reyhani et al. 2015). 

Also various other metal nanoparticles have been tested regarding their impact on 

male reproduction, specifically on sperm toxicity, if not to such a depth as titanium 

dioxide or silver nanoparticles were. Among them are gold (Wiwanitkit et al. 2009, 

Zakhidov et al. 2012, Zakhidov et al. 2013, Nazar et al. 2016), polyvinylalcohol (PVA) 

coated iron oxide (Makhluf et al. 2006), europium dioxide, europium hydroxide in 

conjunction with polyvinylpyrollidon (PVP) and PVA (Makhluf et al. 2008b), zinc oxide 
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and titanium dioxide (Gopalan et al. 2009). While Fe3O4-PVA particles showed no 

detrimental effects on spermatozoa, AuNP caused a drop in sperm motility and ac-

cording to Wiwanitkit et al. (2009) also sperm fragmentation. Zakhidov et al. (2012, 

2013) tested very small gold nanoparticles with a diameter of 2,5 nm. Interestingly, 

the authors noted a disruption of the nuclear chromatin decondensation in mouse as 

well as bovine spermatozoa. ZnONP and TiO2NP were also found to lead to sperm 

DNA-damage. Interestingly, while Eu2O3NP with a diameter of 30 nm and positive 

zeta potential caused a complete drop of sperm motility, particles made from 

Eu(OH)3 conjugates with a diameter of 15 and 9 nm respectively and a slightly nega-

tive zeta potential had no effect, even though in the latter case more nanoparticles 

were actually found inside the sperm. This example shows how nanoparticles seem-

ingly of similar material, can have widely different effects.  

In summary, a clear tendency of metallic NP to have toxic effects on cells relevant for 

male reproduction can be determined. However, as in hardly any of the studies, 

which noted sperm or testicular nanotoxicity, the mode of action was investigated, 

there is a clear need for research highlighting the mechanisms behind the observed 

findings in order to increase metal nanoparticle biocompatibility. 

 

2.7 FEMALE REPRODUCTION  
 

Studies investigating nanotoxicity in female reproduction are not as numerous as yet. 

However, so far the findings indicate that female reproduction reacts sensitive to-

wards challenge with nanomaterials. Most studies up to date were run in in vitro sys-

tems. Hou et al. (2009) for instance, co-cultured pre-antral follicles obtained from rats 

with titanium dioxide particles, which caused morphological changes in the follicles 

and lead to a reduced number of matured oocytes (Hou et al. 2009). Xu et al. (2012) 
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also used cultured pre-antral follicles, but of murine origin, in conjunction with 

CdTe/ZnTE-core QD bioconjugated to transferrin. It was noted that while the nano-

particles entered granulosa as well as theca cells, none could be found inside the 

oocytes. Nevertheless, a delay in antrum formation and a reduced oocyte maturation 

rate were observed (Xu et al. 2012). Another study by Hsieh et al. (2010) investigat-

ed the effect of CdSe-core QDs on oocyte maturation, fertilization, and subsequent 

pre- and post-implantation development on mouse oocytes in vitro. The authors 

showed a reduction in the rates of oocyte maturation, fertilization, and in vitro embryo 

development along with increased resorption of post-implantation embryos and de-

creased placental and fetal weights. The effects were obliterated when the quantum 

dots were ZnS-coated (Hsieh et al. 2009). Stelzer and Hutz (2009) studied the effect 

of gold nanoparticles on cultured ovarian granulosa cell derived from rats. The parti-

cles entered the cells and could be followed even into subcellular organelles. Addi-

tionally the exposed cells were observed to have an altered estrogen accumulation 

compared to controls (Stelzer and Hutz 2009). Preaubert et al. (2016) investigated 

the effect of cerium dioxide nanoparticles on mouse oocytes if exposed during in vitro 

fertilization and noted a significant decrease in fertilization rate (Preaubert et al. 

2016). Liu et al. (2017) exposed oocytes in vitro as well as in vivo to zinc oxide nano-

particles. Interestingly in vivo as well as in vitro data matched well showing cellular 

internalization of nanoparticles. Furthermore, the impairments caused by the nano-

particle treatment were noted to pass through cell generations finally leading to inhib-

ited embryonic development (Liu et al. 2017). The only other two nanotoxicology in 

vivo studies concerning female reproduction up to date were determining the associ-

ation of nickel nanoparticle exposure and reproductive toxicity in rats (Kong et al. 

2014, Kong et al. 2016). They showed alteration in the production of various sex 
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hormones as well as causing an inflammatory reaction within the ovaries. Additionally 

a change in reproductive index and offspring development were observed . 

In summary, even if studies are still sparse and the existing ones have mainly been 

conducted in vitro, the results strongly suggest that the effect of nanoparticles on fe-

male reproduction may very well be untoward and should be much better investigat-

ed in the future.  

 

2.8 EMBRYO DEVELOPMENT 
 

Embryo development after exposure to nanoparticles is comparatively well investi-

gated. The majority of studies on embryo toxicology of nanoparticles have concen-

trated on piscine embryos, mostly derived from zebra fish. The types of nanoparticles 

tested in these systems include metals and metal oxides such as gold (Bar-Ilan et al. 

2009, Browning et al. 2009, Mesquita et al. 2017), silver (Bar-Ilan et al. 2009, Laban 

et al. 2010, Lee et al. 2013b, Ringwood et al. 2010, Wu and Zhou 2012, Yeo and 

Yoon 2009, Yoo et al. 2016, Xia et al. 2016, Osborne et al. 2013), nickel (Ispas et al. 

2009), zinc oxide (Bai et al. 2010, Zhu et al. 2008, Zhao et al. 2016, Choi et al. 2016), 

titanium dioxide (Musee et al. 2010, Zhu et al. 2008, Osborne et al. 2013), aluminium 

trioxide (Zhu et al. 2008) as well as copper (Bai et al. 2010, Thit et al. 2017, Xu et al. 

2017). Severe toxic effects in form of decreased survival rates and deformations 

were observed after exposure to AgNP, CuNP and ZnONP even in low concentra-

tions. In comparison, in case of NiNP, concentrations were ten-fold higher before any 

toxicity was noted. AuNP, TiO2NP and Al2O3NP showed hardly any detrimental ef-

fects.  

Another relatively extensively researched organism with regard to embryo nano-

toxicology are chicken embryos. Interestingly, in this species exposure to nanoparti-
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cles made of gold (Zielinska et al. 2009, Sawosz et al. 2010), silver (Grodzik and 

Sawosz 2006, Sikorska et al. 2010, Sawosz et al. 2010), silver-palladium alloy 

(Studnicka et al. 2009), silver-copper alloy (Sawosz et al. 2010) and platinum (Prasek 

et al. 2013) via injection in ovo caused no abnormal development, except a slight 

indication of inflammation in the embryo liver after contact with AgCu alloy NP.  

Considering that they are best suited for extrapolation to human physiology, studies 

exploring embryo toxicology of nanoparticles in mammals are not as abundant as 

yet. But, worryingly, especially with regard to the widely used titanium dioxide nano-

particles, a considerable amount of evidence points out an effect on the development 

of the nervous system. In a study performed on mice, damage to genital and cranial 

nerve systems was observed in the pups after exposure of the mothers to titanium 

dioxide nanoparticles via subcutaneous injection. In the damaged organs the pres-

ence of nanoparticles was confirmed (Takeda et al. 2009). Another study showed 

that comparable exposure increased levels of dopamine in the offspring brain 

(Takahashi et al. 2010). Furthermore, injection of titanium dioxide nanoparticles sub-

cutaneously in pregnant mice affected in the offspring the expression of genes relat-

ed to the development and function of the central nervous system (Shimizu et al. 

2009). Also, offspring prenatally exposed to titanium dioxide nanoparticles after ma-

ternal inhalation exposure exhibited changes in activity and in sensory-motor pro-

cesses (Hougaard et al. 2010). Other investigations observed after administering ti-

tanium dioxide nanoparticles orally to rats during gestation that titanium increased in 

the hippocampus along with attenuated synaptic plasticity in the hippocampus (asso-

ciated with learning and memory) (Gao et al. 2011). Additionally, besides other 

things, damaged nerve cells and inflammatory cell infiltration of the brain of mouse 

pups were noted after repeated intraperintoneal injection of TiO2NP into pregnant 

dams (Jia et al. 2017). But not only the nervous system was affected. An increased 
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risk for mouse pups to develop respiratory disease was noted, if the mothers were 

exposed to titanium dioxide nanoparticles via intranasal installation (Fedulov et al. 

2008). These results highlight also the importance of using more functional endpoints 

when studying nanotoxicology. A TiO2NP embryotoxicity study on rats using parame-

ters like live and dead fetuses, organ weights and skeletal examinations showed no 

toxicity whatsoever (Warheit et al. 2015). 

Besides titanium dioxide only very few other metal nanoparticles have been explored 

for their developmental toxicity in mammalian species. One study investigated silver 

nanoparticles for their effect on blastocyst development after co-culture in a mouse 

model. The authors observed increased apoptosis, decreased cell numbers and im-

plantations success rates (Li et al. 2010b). However, a study applying colloidal silver 

nanoparticles orally to pregnant dams showed no developmental toxicity even at high 

dosages (Yu et al. 2014). Another study looked for the effect of cobalt-chromium na-

noparticles on human trophoblast choriocarcinoma cell line and a layer of BeWo b30 

cells and noted DNA-damage in the fibroblasts despite indirect disposure (Bhabra et 

al. 2009). Positively charged zinc oxide nanoparticles applied orally to pregnant dams 

were reported to cause a decrease in fetal weight and an increase in abnormalities, 

but only if given in high dosages (400 mg/kg/day)(Hong et al. 2014a). Interestingly 

negatively charged zinc oxide nanoparticles, used in exactly the same experimental 

set up, had no embryotoxic effects at all (Hong et al. 2014b). 

The listed findings highlights how differently developing organisms react to nanopar-

ticles. Besides the chemical modalities of the tested nanoparticles, the production 

method and especially the test system itself seems to play a major role in the out-

come of the study. Even particles commonly viewed as rather noxious like silver na-

noparticles did not always display the expected toxicity, which shows how difficult it 
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is, to extrapolate results from one species to another. Therefore, there is the pressing 

need for further studies in model animals phylogenetically close to human. 

 

2.9 CONCLUSION 
 

From the provided data it is rather difficult to depict clear trends regarding the bio-

compatibility of metal nanoparticles. However, most studies did observe adverse ef-

fects from a certain dosage onwards, regardless of the nanoparticles used.  

Unfortunately, it is rather difficult to compare between studies especially because the 

information given concerning the dosage are very diverse. It would be recommenda-

ble to find a common notion on how to express nanoparticle dosage. One option 

would be to calculate the particle surface exposed to a certain number of cells or the 

exact mass of an organism, since it combines particle number and size with the 

amount of exposed biomass and has shown to fit very well in dose-response curves, 

which allowed to extract threshold limit values given by nanoparticle surface per rat 

lung tissue in units of cm²/g (Oberdorster et al. 2005). Additionally, resilient methods 

for particle quantification in the tested biological material, are still missing for many 

particle types. 

Another weakness of the so far published literature is the almost purely descriptive 

nature of the toxic effects of nanoparticles. The mechanisms, which determine parti-

cle biocompatibility, are mostly elusive at the moment. Thus, it would be recom-

mendable for future research to emphasize on exploring the interactions between 

nanomaterials and biological matter on a molecular level.  

 

Copyright notice: Wiley, publisher of ‘Reproduction in Domestic Animals’, 

does not require an extra permission, if articles are reused in the original or in 
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an amended version by any of the authors for their thesis, dissertation or simi-

lar purposes.  
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3 CONCEPTION AND AIMS 

 

Due to their small size, nanoparticles offer a range of potential usages in biomedicine 

including reproduction. With regard to gold metal nanoparticles specifically their 

compelling optical properties make them appear ideal as novel markers for purposes 

such as DNA-hybridization experiments. As nanoparticles have been reported to 

cross intact plasma membranes even in vivo applications are imaginable. An exam-

ple could be to increase the efficiency of sex sorting of farm animal spermatozoa, 

which would have a considerable impact on agriculture. However, especially such in 

vivo applications demand a comprehensive understanding of nanoparticle toxicity. 

Mostly, such tests are performed on somatic cells in culture or in form whole animal 

studies. Yet also reproductive cells are good candidates for such toxicity studies in 

view of several aspects. For once, as mentioned above immediate applications are 

conceivable and would be of great economic advantage. Secondly, gametes and 

embryos are cells or cell agglomerate respectively with a very defined set of func-

tions including a range of standardized methods to measure these functions. For tox-

icity studies this is of high value as it allows to detect much more subtle effects po-

tentially toxic agents might exert on cells than the standard live-dead-testing per-

formed on somatic cells. Thirdly, reproductive cells are easily obtained primary cells, 

which can be held in culture for a sufficient amount of time to perform the required 

tests. As primary somatic cells are more difficult to culture, studies often use immor-

talized cell lines, which hold the risk of aberrant results to their changes in chromo-

somal stability. Last, but not least a thorough knowledge concerning the effect of na-

noparticles on reproductive cells is of universal interest, as potential effects would not 

only burden the exposed individual but might be carried on to the next generation, an 
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aspect which is of growing importance in view of the increasing amount of possible 

exposure scenarios as outlined in the introduction. 

Based on these considerations the here presented work was conceptualized as an in 

depth study of the interactions of gold nanoparticles with a range of reproductive 

cells. The nanoparticles chosen for the study were produced by pulsed laser ablation 

of solid metal targets. Particles synthesized by this method are of particularly high 

purity and stability in order to avoid confounding our results with the effects of addi-

tives present in nanoparticle solutions produced by alternative methods. To establish 

the handling of these particles and to get a first glimpse of their effect on cells, we 

started off by exposing immortalized bovine endothelial cells to AuNP (see 4.1.1). In 

parallel a method of quantitative visualization of intracellular AuNP by confocal mi-

croscopy was developed (see 4.1.2). First experiences with functionalized AuNP 

were gathered by treating bovine endothelial cells with penetratin-conjugated gold 

nanoparticles (see 4.1.3). After preparing the ground with such basic experiments we 

started a set of studies exploring AuNP reprotoxicity. At first we challenged bovine 

spermatozoa with ligand-free as well as oligonucleotide conjugated nanoparticles 

(see 4.2.1). A second study concentrated on the ability of variously functionalized 

AuNP to penetrate the sperm plasma membrane (see 4.2.2), which in many aspects 

is not comparable to the plasma membrane of any other cell typ. The third set of ex-

periments focused on the effect of BSA-coated AuNP in several defined sizes on 

porcine spermatozoa as well as oocytes (see 4.2.3). In this study besides gold nano-

particles, silver and gold-silver alloy nanoparticles were also employed in order to 

compare the effect of the reportedly rather inert gold nanoparticles with the impact of 

potentially toxic silver nanoparticles. During the fourth experiment ligand-free gold 

and silver nanoparticles were injected into one blastomere of murine two cell stage 

embryos (see 4.3.1) and their subsequent development was monitored up to blasto-
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cyst stage. The outcomes of the described studies are presented in the results and 

discussion section of the here presented work. The following comprehensive discus-

sion is based on two review articles which feature besides a summary of our nano-

toxicity studies (see 5.1) also a critical resume of the methods (see 5.2) employed in 

our experiments as well as present in literature.  
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4 RESULTS AND DISCUSSION 

4.1 EFFECTS ON SOMATIC CELLS 
 

4.1.1 Non-endosomal cellular uptake of ligand-free, positively charged gold nanoparti-
cles 

 

Adapted from: 

Non-endosomal cellular uptake of ligand-free, positively charged gold nanoparticles 

Taylor U, Klein S, Petersen S, Kues WA, Barcikowski S, Rath D 

Cytometry A. 2010; 77(5):439-46 

 

As a basis for a risk assessment of laser generated gold nanoparticles (Figure 2), 

this first study evaluated the response of a bovine cell line to ligand-free AuNP expo-

sure.  

 

Figure 2: A – gold nanoparticle synthesis by ablation of a solid gold target placed in water using a 

femto second (fs) pulsed laser; B – colloidal gold nanoparticle dispersions; C – Size distribution of gold 

nanoparticles derived from laser ablation in water, calculated from 500 nanoparticles observed in TEM 

micrographs as depicted in the insert. 
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The aim was to investigate whether the gold nanoparticles were incorporated into the 

cells including possible uptake pathways as well as to monitor any signs of cytotoxic 

effects. In order to avoid further labeling of AuNP and thus any potential confounding 

of the results, means of measuring nanoparticle-associated light scattering by the 

laser scanning confocal microscopy (LSCM) was developed (see 4.1.2) and subse-

quently served as a mode of AuNP detection.  

 

For this purpose cultured bovine immortalized endothelial cells (GM7373) grown in a 

petri dish were co-incubated with AuNP of an average diameter of 15 nm. The final 

concentration consisted of 50 µM Au. Co-incubation lasted for 2, 24 and 48 h respec-

tively. Figure 3 gives an overview concerning the various methods used. 
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Figure 3: Overview over methods applied for studying nanoparticle-cell-interaction 

48h exposure of
cultured bovine 

endothelial cells to
AuNP (diameter 15 

nm, 50µMAu)

Investigation of
nanoparticle
incoporation

LSCM

TEM

Investigation of
mode of

nanoparticle
entrance

Co-localisation study 
of AuNP with either 

Rab5a (endosomes) 
or Lamp1 

(lysosomes) - positive 
structures

Co-incubation
experiments at 4°C

Investigation of
nanoparticle
toxicology

Assessment of
cellular morphology

Flow cytometric 
determination of 

membrane integrity 
using PI

Determination of 
membrane integrity 

using a LSCM in 
conjuction with a  

LIVE/

DEAD Fixable Far 
Red Dead Cell Stain 

Kit

Immunohistochemical
determination of
apoptosis using

TUNEL

Colorimetric 
determination of cell 

proliferation using the 
PromoKine Cell 

Viability Kit III, XTT 



 

31 

 

 

The signal derived from light scattering facilitated a clear distinction between AuNP-

containing cells and the negative controls. After 48 hours, 75% of cells had visibly 

incorporated nanoparticles (Figure 4).  

 

 

Figure 4: Representative laser scanning microscope images of bovine endothelial cells (GM7373) (3D 

- projections of 10 optical sections (1µm each)) after co-incubation with GNPs (50 µM Au): A – nega-

tive controls, co-incubated for 48h in medium; B – 2 h; C – 24 h; D – 48 hours of co-incubation with 

AuNP, respectively. AuNP appear in red. An overlay of the differential interference contrast (DIC) 

merged with the detection channel 2 is shown. The diagram indicates the time-dependent uptake of 

GNPs. Values are means ± standard deviation. Different letters represent significant differences be-

tween the treatment groups (p<0.05). 
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So far, endocytic pathways were reported in literature as the main entrance mecha-

nism for nanoparticles into cells. Therefore, cells were transduced with Organelle 

LightsTM Reagent for endosomes (Rab5a/enhanced green fluorescent Protein 

[eGFP]-construct) and lysosomes (LAMP1/eGFP-construct). Thereby endosomes 

and lysosomes could be detected due to their inherent eGFP-fluorescence without 

the need of further staining. However, no co-localization was detected of AuNP with 

either Rab5a (endosomes) or Lamp1 (lysosomes) - positive structures (Figure 5).  

 

 

Figure 5: Representative laser scanning microscope images of bovine endothelial cells (GM7373) 

transduced with endosome (Rab5a, Figure 4A) and lysosome (LAMP1, Figure 4B) eGFP-protein-

marker constructs after co-incubation with AuNP (50 µM Au) for 2h (endosomes) or 48h (lysosomes). 

C – wild type cells after co-incubation with AuNP (50 µM Au) for 6h at 4°C. GNPs appear in red 

(channel 2), endosomes and lysosomes in green (channel 3; table 1). The inserts include additionally 

the overlay of the DIC. 

 

Nevertheless, transmission electron microscope (TEM) analysis of GNP-co-

incubated cells indicated the nanoparticles to be enclosed into electron-dense struc-

tures (Figure 6).  
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Figure 6: Representative transmission electron microscope images of bovine endothelial cells 

(GM7373) co-incubated with AuNP (50 µM Au) for 48h (A-D) and negative controls (E, F). A, C and E: 

6300x magnification, in A and C with squares pointing out the area depicted in B and D; B, D and F: 

50 000x magnification, in case of B and D with arrows pointing to AuNP (B – group of approx. 10 

GNPs varying between 5 and 65 nm in size, C- single AuNP) and inserts depicting the area of interest 

in 100 000x magnification. The pictures of negative controls (E, F) in two magnifications where includ-

ed, to show that a clear distinction between nanoparticles and artifacts was only possible in a magnifi-

cation of 50 000x and above. 

 

As endocytic pathways therefore seemed unlikely, co-incubation experiments at 4°C 

were performed. The low temperatures did not inhibit nanoparticle uptake, suggest-

ing diffusion as possible entrance mechanism.  

In order to study cytotoxic effects, cell morphology, membrane integrity and level of 

apoptosis pre and post co-incubation were monitored. The results revealed no GNP-

related loss of cell viability as long as exposure took place after cells had been al-

lowed to grow to confluency. Interestingly, a cytotoxic effect was observed in a prolif-

eration assay after exposing low cell numbers of 5 x 104 cells/ml, which had only 
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been allowed to attach to bottom of the petri dish to AuNP in a concentration of 50µM 

Au and above.  

 

In conclusion, the present study confirmed the cellular uptake of ligand-free gold na-

noparticles into immortalized bovine endothelial cells after co-incubation using the 

novel method of light scattering measurement by LSCM. The entrance mechanism 

does not seem to involve endocytic pathways. Cytotoxic effects were observed but 

seemed to depend not on the general final concentration of AuNP but a specific cell-

to-nanoparticle-ratio.  

 

Copyright notice: Wiley, publisher of ‘Cytometry Part A’, does not require an 

extra permission, if articles are reused in the original or in an amended version 

by any of the authors for their thesis, dissertation or similar purposes.  
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4.1.2 Quantitative visualization of colloidal and intracellular gold nanoparticles by con-

focal microscopy 

 

Adapted from: 

Quantitative visualization of colloidal and intracellular gold nanoparticles by confocal 

microscopy 

Klein S, Petersen S, Taylor U, Rath D, Barcikowski S 

J Biomed Opt. 2010; 15(3):036015 

 

In parallel to the experiments described above (see 4.1.1) ways for a reliable, but 

pragmatic detection of gold nanoparticles were sought. In general it can be said, that 

for nanotoxicological studies, but also for the further use of AuNP labeled with func-

tionalized molecules, their visualization in biological systems by routine laboratory 

tools such as light microscopy would be of tremendous advantage. But their size far 

below the diffraction limit affords specialized parameters for microscopical detection.  

 

The here described detection method is based on the occurrence of surface plasmon 

resonance in gold nanoparticles, which tremendously enhances the light scattering 

and absorption properties of such particles. This leads to scattering and absorption 

cross sections several magnitudes higher compared to fluorescent organic dyes. 

However, according to the Mie theory, while the scattering cross section is high for 

particles larger than 50 nm, for particles smaller than 30 nm the absorption prevails 

and scattering is practical not apparent for visualization of particles with diameters of 

less than 20 nm. Thus, this study aimed to determine from which size onwards 

AuNP, either in dispersion or cell-associated, can be reliably detected by standard 

confocal microscopy using SPR-enhanced light scattering or photoluminescence. 

Figure 7 provides an overview of the methods employed in this work. 
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Figure 7: Overview over methods applied for studying LSCM-based gold nanoparticle detection 

Synthesis of gold nanoparticles by laser ablation of a 

solid gold target in water

LSCM-based detection of

size-seperated

colloidal gold nanoparticles

in dispersion (<20 nm, 20-40 

nm, 40-60 nm, 80-100 nm, 

>100nm) 

Visualization of

size seperated nanoparticle
dispersion

adjusted to

constant mass

concentration

(50 µg Au/ml)

Visualization of

size seperated nanoparticle
dispersion

adjusted to

constant number

concentration

(1x1010 AuNP/ml)

Visualization after titration

of 60-80 nm size fraction

down to 1 fg/10 pl

LSCM-based detection of

intracellular gold

nanoparticles

after co-incubation of bovine 

endothelial cells

with size-seperated

(40-60 nm, 60-80 nm) 

or un-seperated

(average diameter 15 nm) AuNP

Counting of intracellular 

particles and 

calculation of average particle 

number 

visualized per cell

Verification of particle numbers

as counted by LSCM 

by recalculating from the

total gold mass found inside
cells by

mass spectroscopy



 

37 

 

For this purpose, we first examined gold colloids of size-restricted fractions in disper-

sion. The AuNP were as before synthesized by pulsed laser ablation of a solid gold 

object placed in distilled water. The hereby produced array of particle sizes was sep-

arated via ultracentrifugation into 5 size fractions: <100 nm, 80-100 nm, 40-60 nm 

and 20-40 nm. Laser wavelengths of 514 nm, 543 nm, and 633 nm were used to ex-

cite the SPR or luminescence of the AuNP. Light scattering for each of the excitation 

wavelengths was recorded in multitracking mode in combination of four separate de-

tection channels within fixed spectral bands.  Using mass and number adjusted sam-

ples respectively, the detection of a minimum particle size of 60 nm appeared to be 

reliable (Figure 8). Particle counts in dilution series confirmed these results by reveal-

ing single particle detection of 60 nm colloids.  
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Figure 8: Representative images of size restricted AuNP in 10 pL volumes (31.3x31.3x10.21 µm). Fig. 

3A-E: Images from mass adjusted series are shown. Fig.3F-J: All colloids were set to an equal num-

ber of AuNP independent of their size (number adjusted series). Size of AuNP was >100 nm in A and 

F; 60-80 nm in B and G; 40-60 nm in C and H, and 20-40 nm in D and I. Excitation was performed at 

514 nm, 543 and 633nm with the corresponding SPR shown in bleu, green and red respectively. Pixel 

size: 80x80x700 nm, pixel time: 5.44 µs. The plots in E and J represent the reflecting pixels in each of 

the size classes after excitation at 514 nm, scale 1µm. 

 

Subsequently, AuNP were visualized and quantified in cells of an immortalized bo-

vine endothelial cell line after 48h of coincubation (Figure 9). Interestingly visualiza-

tion inside cells caused a phase shift in the reflection of AuNP.  
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Figure 9:  Size restricted AuNP (10 mM Au) of a mixed sample with mean particle size of 60 – 80 nm 

(A, D), size selected AuNP of 40-60 nm (B, E) and of 15 nm (C, F) are visualized as colloids in destilled 

water (A-C) and after 48 h of co-incubation in GM7373 cells (D-F). Pixel size: 90 x 90 x 600 nm, pixel 

time: 1.28 µs, image: 33 x 33 x 12 µm. The figures show the overlay of 4 imaged channels each. The 

dispersed AuNPs were visualized in reflection bands after excitation at 543 nm and 633 nm, respec-

tively and two luminescence bands (at 543, and 633 nm excitation) as described in table 3. However, 

exclusively SPR was visualized from the dispersed AuNP of all size groups resulting in the green dom-

inated false color images. The AuNP in cells (D-F) are shown as overlay of reflection after 543 nm 

excitation, and luminescence after 543 nm and 633m excitation added to the DIC transmission defin-

ing the position of the single cells, scale 5µm 
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Gold mass spectroscopy confirmed that also inside cells AuNP sized from 60nm up-

wards could be reliably counted microscopically (Table 1). As predicted by the cell 

free test series, particles below 60nm are cannot be fully accounted for.  

 

Table 1: Mass spectrometric and microscopic quantification of gold (Au) in cells coincubated with 

AuNP of different size classes. 

 Mass spectrometry Microscopic cell 

counts 

AuNP size 

(nm)  

Cells 

(n/µL) 

      Mass Au 

(ng/µL) 

Mean particle 

mass (fg) 

Particles/cell 

calculated 

particles/cell (medi-

an of 100 cells; 25 

and 75 %quartiles) 

15 9061 2.671 0.03414 8634 13.8 (9,4; 15.9) 

40-60 17005 0.583 1.26449 27   9.1 (4.5; 11.9) 

60-80 16750 0.598 3.46976 10 11.6 (9.4; 15.9) 

 

 

Furthermore, the results of the mass spectroscopy study demonstrated for the first 

time a very high diffusion rate of 15 nm particles into the cells.  

 

In conclusion, the investigation of size-separated colloids of laser-generated gold 

nanoparticles clearly showed unrestricted visibility of AuNP of 60 nm and larger by 

confocal laser scanning microscopy. The defined size-dependent optical detection 

limit of spherical AuNP could thus be used for status-dependent visualization of 

AuNP. For instance, while functionalized AuNP well below 60 nm would not be ac-

cessible to light microscopic detection by their scattering cross sections, clustering of 

a few single particles for instance at a hybridization focus may well provide a distinc-

tive signal. Thus, successful hybridization could be recorded without any washing of 
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not hybridized particles. This would provide an interesting solution for problems oc-

curring in applications in living bio-systems. 

 

Copyright notice: SPIE, publisher of the ‘Journal of biomedical optics’, does 

not require an extra permission, if articles are reused in the original or in an 

amended version by any of the authors for their thesis, dissertation or similar 

purposes.  
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4.1.3 Penetratin-conjugated gold nanoparticles – design of cell penetrating nano-

markers by femtosecond laser ablation 

 

Adapted from: 

Penetratin-conjugated gold nanoparticles – design of cell penetrating nanomarkers 

by femtosecond laser ablation 

Petersen S, Barchanski A, Taylor U, Klein S, Rath D, Barcikowski S 

J Phys Chem C. 2011; 115(12):5152–5159 

 

The two previously described works (see 4.1.1 und 4.1.2) solely employed ligand-

free gold nanoparticles. However, if such particles are used for biomedical purposes, 

for instance as marker, they will be conjugated to some sort of functional biomole-

cules. As reliable incorporation into the target cell is an anticipated problem, mole-

cules promoting cellular uptake of nanoparticles are likely candidates to be included 

into the design of such multifunctional nanosytems. As cell penetrating peptides 

(CPP) have shown to be efficient molecular transporters with very few indices of cy-

totoxicity also in conjunction nanoparticles, one of the most commonly used CPP 

called Penetratin was chosen for the first studies with conjugated gold nanoparticles 

(figure 10).  

 

 

Figure 10: In situ bioconjugation of AuNP with penetratin during laser ablation in liquids  

 

The methods applied for investigating status and functionality of AuNP-penetratin 

conjugates are listed in figure 11. 
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Figure 11: Overview of methods employed for the evaluation of AuNP-penetratin-bioconjugates. 
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By the variation of the peptide concentration during laser ablation, AuNP with differ-

ent degree of cluster formation and/or aggregation and peptide surface coverage 

values are obtained. The generation of cell penetrating nanomarkers by laser abla-

tion thus enables correlation of particle size and shape and surface coverage with 

biological activity, i.e. internalization efficiency and mechanism. In a preliminary bio-

logical application, laser scanning confocal and transmission electron microscopy 

reveal a successful uptake of penetratin-conjugated AuNP for the first time in up to 

100% of co-incubated cells within two hours (figure 12).  

 

 

Figure 12: Influence of penetratin conjugation on cellular AuNP internalization: Representative laser 

scanning confocal microscopy images (top, red spots represent the backscatter of AuNP after excita-

tion at 543 nm) and transmission electron microscopy images (bottom) of immortalized bovine endo-

thelial cells (GM7373); from left to right: negative controls, coincubation with AuNP, and AuNP-

penetratin conjugates for 2 h. The bioconjugates were generated by laser ablation in 5 μM penetratin. 
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Copyright notice: ACS, publisher of the ‘Journal of Physical Chemistry’, does 

not require an extra permission, if articles are reused in the original or in an 

amended version by any of the authors for their thesis, dissertation or similar 

purposes.  
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4.2 EFFECTS ON SPERM AND OOCYTES 
 

4.2.1 Gold nanoparticles interfere with sperm functionality by membrane adsorption 
without penetration 

 

Adapted from:  

Gold nanoparticles interfere with sperm functionality by membrane adsorption without 

penetration 

Taylor U, Barchanski A, Petersen S, Kues WA, Baulain U, Gamrad L, Sajti L, Bar-

cikowski S, Rath D 

Nanotoxicology. 2014; 8 Suppl 1:118-27 

 

After examining several aspects of the effect of gold nanoparticles on somatic cells 

(see 4.1.1 and 4.1.3), as well as establishing new efficient ways to visualize the parti-

cles on their own, but also within biological contexts (see 4.1.2), we proceeded to 

examine the impact of gold nanoparticles on reproductive cells. In this initial study, 

bovine spermatozoa were challenged with ligand-free or oligonucleotide-conjugated 

gold nanoparticles, synthesized, as before, by laser ablation in liquids. The oligonu-

cleotide-conjugated AuNP were chosen, as employment of AuNP for in vivo hybridi-

zation experiments are a potential use for these optically versatile particles, were 

nevertheless a sound knowledge of their toxicology is indispensable. 

 

In the first set of experiments fresh semen, washed and diluted in a commonly used 

semen extending medium, was coincubated for 2h with varying amounts of gold na-

noparticles, i.e. 0.1, 1 and 10 µg/ml. The oligonucleotide-conjugated AuNP carried 

oligonucleotides with the following sequence: 5’ GGC GAC TGT GCA AGC AGA-SH 

3’. The thiol group at the 3’ end of the sequence facilitated the connection between 

AuNP and the short DNA-sequence. Figure 13 provides an overview regarding the 

methods employed to evaluate nanoparticle sperm toxicology. 
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Figure 13: Overview regarding the methods employed to evaluate nanoparticle sperm toxicology.  
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The results indicated that sperm motility declined at a nanoparticle mass dose of 10 

µg/ml regardless of surface modification. Interestingly, sperm morphology and viabil-

ity remained unimpaired at all concentrations (figure 14).  

 

 

Figure 14: Sperm vitality parameters after coincubation of sperm with gold nanoparticles (AuNP) for 2 

h at 37°C. (A) Sperm motility, (B) sperm morphology, (C) sperm membrane integrity. Black bars: lig-

and-free AuNP, white bars: oligonucleotide-conjugated AuNP, grey bars: untreated control spermato-

zoa. (Mean±SEM; * a,b<0.05) 
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Transmission electron microscopy showed a modification dependent attachment of 

nanoparticles to the cell membrane of spermatozoa, but provided no evidence for 

nanoparticle entrance into sperm cells (figure 15).  

 

 

Figure 15: Representative TEM-micrographs of spermatozoa after coincubation with gold nanoparti-

cles (AuNP) (10 µg/ml Au) for 2 h at 37°C. (A; B) Ligand-free AuNP, (C; D) oligonucleotide-conjugated 

AuNP. Squares in A and C point out the magnified area depicted in B and D, respectively. 
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To explore, why sperm motility declined after coincubation with AuNP ROS/RNS pro-

ductions was measured and a molecular examination of free thiol residues on the cell 

membrane after nanoparticle exposure was conducted. It appeared, that while no 

increase in free radical production was noted, the amount of free thiol residues signif-

icantly decreased after AuNP exposure, which could explain the decrease in sperm 

motility (figure 16).  

 

 

Figure 16: (A) ROS/RNS production in a sperm suspension based on 2’, 7’- dichlorodihydrofluoresce-

in derived fluorescence measured after coincubation of spermatozoa with gold nanoparticles (AuNP) 

(10µg/ml), RFU= Relative Fluorescence Unit. (B) Analysis of free thiol groups on the sperm surface 

based on Alexa Fluor 488 maleimide binding measured after coincubation of spermatozoa with AuNP 

(10µg/ml), MFI=Medium Fluorescence Intensity. Black bars: ligand-free AuNP, white bars: oligonucle-

otide-conjugated AuNP, grey bars: untreated control spermatozoa. (Mean±SEM; * a,b<0.05) 

 

Another aspect of reprotoxicology investigated in this context, was the fertilizing abil-

ity of spermatozoa after contact to gold nanoparticles. It was noted that the potential 

to fertilize decreased after exposure to 10 µg/ml of ligand-free nanoparticles (figure 
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17). A possible explanation is that ligand-free nanoparticles, which tended to ag-

glomerate (figure 15), interfered with membrane properties necessary for fertilization. 

 

  

Figure 17: Analysis of IVF trials using spermatozoa coincubated with gold nanoparticles (AuNP) for 2 

h at 37°C. (A) Pronucleus formation, (B) blastocyst development rate. Black bars: ligand-free AuNP, 

white bars: oligonucleotide-conjugated AuNP, grey bars: untreated control spermatozoa. (Mean±SEM; 

* a,b<0.05) 

 

In conclusion, while particle internalization was not noted, gold nanoparticles seem to 

impair key sperm functions solely by interacting with the sperm surface membrane. 

However, interference was only noted after exposure to a mass dose of 10 µg/ml of 

AuNP, corresponding to ~ 14,000 nanoparticles per sperm cell, which in case of unin-

tentional exposure is very unlikely to be exceeded. However, if the particles are 

meant for biomedical or biotechnological applications the critical dosage should be 

observed. Furthermore, spermatozoa could be shown to be a cell type where key 

functional aspects can easily be assessed. Therefore, they are an attractive model 

for sensitive toxicity testing. Finally, it should be noted and considered for future ap-
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plications, that nanoparticles can exert detrimental effects without entering the cell or 

even disrupt the membrane. 

 

Copyright notice: Taylor&Francis, publisher of ‘Nanotoxicology’, does not re-

quire an extra permission, if articles are reused in the original or in an amend-

ed version by any of the authors for their thesis, dissertation or similar pur-

poses.  
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4.2.2 Bioconjugated gold nanoparticles penetrate into spermatozoa depending on 

plasma membrane status 

 

Adapted from: 

Bioconjugated gold nanoparticles penetrate into spermatozoa depending on plasma 

membrane status 

Barchanski A, Taylor U, Sajti CL, Gamrad L, Kues WA, Rath D, Barcikowski S 

J Biomed Nanotechnol. 2015; 11(9):1597-607 

 

During our first efforts to study the interaction between spermatozoa and gold nano-

particles it was noted, that the employed particles did not seem to penetrate the 

sperm plasma membrane (see 4.2.1). The outcome stands in contrast to the results 

we obtained when coincubating bovine endothelial cells, i.e. somatic cells, with AuNP 

(see 4.1.1), where ligand-free particles penetrated the membrane of the exposed 

cells based on a probably diffusion-driven mechanism. This apparent resilience of the 

sperm membrane towards gold nanoparticles was an interesting finding, not only 

from an toxicological point of view, but also considering possible usage of gold nano-

particles in biotechnological applications, as spermatozoa are not only essential for 

animal reproduction but also represent important tools for the manipulation of animal 

genetics. For instance, the genetic labeling and analysis of spermatozoa could pro-

vide a prospective complementation of pre-fertilization diagnosis and could help to 

prevent the inheritance of defective alleles during artificial insemination or to select 

beneficial traits in livestock. However, considering that spermatozoa feature extreme-

ly specialized membrane organization (Figure 19) and restricted transport mecha-

nisms it seems consequent that internalization of nanoparticles poses a particular 

challenge. Figure 18 lists the methods used to investigate nanoparticle internalization 

into spermatozoa. 
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Figure 18: Overview of methods employed to investigate nanoparticle internalization into spermato-

zoa.  

 

Synthesis of

(I)   Ligand-free gold nanoparticles

(II)  Monovalent LNA and NLS conjugated gold nanoparticles (in situ conjugation)

(III) Bivalent LNA as well as CPP conjugated gold nanoparticles (additional ex 

situ conjugation of CPPs) 

by laser ablation of a solid gold target in water

Nanoparticle

characterization

Definition of

agglomeration index

using UV-vis spectroscopy

Measurement of

zeta potential 

by dynamic light scattering

Calculation of

nanoparticle size

distribution

using TEM-micrographs

Investigation of sperm-

nanoparticle interactions

Evaluation of

sperm membrane integrity

using flowcytometry

after PI-staining

Evaluation of

nanoparticle internalization

by spermatozoa

using TEM-micographs
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Figure 19: (A) Schematic illustration and equivalent transmission electron micrograph (EM) of acro-

some-intact sperm ultrastructure, depicting a median sagittal section of the sperm head. Spermatozoa 

contain only a minimum of cytoplasm. Beneath the plasma membrane (PM), the anterior part of the 

nucleus is entirely covered by the acrosome, a hat-shaped vesicle containing various substances such 

as enzymes required for fertilization. It is bordered by an inner (IAM) and an outer acrosomal mem-

brane (OAM). The posterior part of the plasma membrane is on the inside reinforced and stiffened by 

a protein-rich electron-dense layer called the post acrosomal sheath (PAS) or post nuclear sheet. The 

border between the anterior and the posterior part of the plasma membrane is marked by the equato-

rial segment comprising the abruptly narrowed caudal portion of the acrosomal cap. And the two 

membranes of the nuclear envelope (NE) are in close contact and carry pores only at the distal end of 

the sperm head, thus representing an effective biological barrier. (B) The morphological modifications 

of sperm ultrastructure after acrosome-reaction are presented by scheme and EM in direct compari-

son to the intact spermatozoon and mainly imply the release of cholesterol from the sperm membrane 

and subsequent ejection of hydrolytic enzymes from the acrosome. The whole process is supported 

by changes in membrane fluidity by migration of membrane proteins and lipids. Prompt differentiation 

between acrosome-intact and acrosome-reacted spermatozoa, e.g., for detection of premature spon-

taneous acrosome reaction in fresh ejaculate is additionally depicted on light micrographs (LM). 
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Thus, we conducted a systematic study on the internalization of variously functional-

ized gold nanoparticles. Bovine spermatozoa, washed and extended as described in 

4.2.1, were incubated for 2h at 37°C with different AuNP samples and subsequently 

TEM analysis of ultrathin sperm sections was performed to determine the AuNP-

sperm interaction and localization of AuNP within the spermatozoa. For this purpose, 

six different sample types were synthetized by laser ablation in liquids including un-

conjugated, ligand-free AuNP, as well as 2 monovalent conjugates which carried ei-

ther a solely negatively-charged 28-mer LNA (locked nucleic acid, a DNA derivate 

with increased hybridizing stability) or a solely positively-charged cell penetrating 

peptide (CPP) called nuclear localization signal (NLS-peptide) attached to the AuNP, 

and 3 bivalent simultaneous negatively- and positively charged CPP-AuNP-LNA con-

jugates using the CPPs deca-arginine, transactivator of transcription (TAT) peptide 

and again the NLS peptide. Peptide selection was based on two CPP classes (poly-

cationic and ampiphilic) in order to investigate internalization efficiencies as a func-

tion of net-charge and hydrophobicity (figure 20). Polydisperse AuNP were applied 

for examination of particle size-related internalization. 
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Figure 20: Design of surface-functionalized gold nanoparticle conjugates, consisting of positive AuNP 

core, negative LNA strand and net-positive CPP. The CPP sequence is varied, consisting of cationic 

and neutral, as well as twisted anionic-neutral-cationic amino acids and featuring reduced hydrophilic 

properties. 

 

The results are summarized in table 2. They clearly indicate that the cell membrane 

of acrosome-intact, bovine spermatozoa was neither permeable to ligand-free or oli-

gonucleotide-conjugated nanoparticles, nor responsive to the mechanisms of cell-

penetrating peptides. Interestingly, after acrosome reaction, which comprises major 

changes in sperm membrane composition, fluidity and charge, high numbers of mon-

ovalent and bivalent nanoparticles were found in the postequatorial segment, depict-

ing a close and complex correlation between particle internalization and membrane 

organization.  
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Table 2: Penetration behavior of ligand-free AuNP as well as of monovalent and bivalent AuNP conju-

gates into acrosome-intact and acrosome-reacted spermatozoa. 

 

Sample Acrosome-intact  

Spermatozoa 

Acrosome-reacted  

Spermatozoa 

Ligand-free AuNP Sporadic attachment to PM No particles 

Monovalent AuNP-LNA All-over attachment to PM Accumulation between PAS 

and NE mostly attached to one 

of those barriers 

Monovalent NLS-AuNP No particles No particles 

Bivalent 10R-AuNP-LNA Attachment to PM Accumulation between PAS 

and NE mostly attached to one 

of those barriers 

Bivalent TAT-AuNP-LNA Attachment to PM Accumulation between PAS 

and NE mostly attached to NE 

and singular 

Particles detected inside the 

border zone of N 

Bivalent NLS-AuNP-LNA Attachment to PM Intense accumulation between 

PAS and NE many particles 

attached to NE and several 

entered the N superficially 

 
LNA – locked nuclear acid; NLS – nuclear localization signal; 10R – deca-arginine; TAT - transactiva-

tor of transcription; PM – plasma membrane; PAS – post acrosomal sheath; NE – nuclear envelope; N 

- nucleus 

 

The most significant results were obtained for bivalent NLS-AuNP-LNA conjugates, 

where a very high number of particles were detected between the PAS and the NE 

region and a considerable amount entered the nucleus superficially (figure 21).  



 

59 

 

 

Figure 21: Transmission electron micrographs of bivalent NLS-AuNP-LNA conjugates attached to the 

outer cell membrane of acrosome-intact spermatozoa (A) and accumulated between PAS and NE of 

acrosome-reacted sperm (B). Scale bars are 100 nm. The overview images are presented in the in-

sets (Scale bars = 400 nm). For the legend of the schematic drawing of the nanoparticle bioconjugate 

please refere to figure 20. 

 

Regarding particle size, the diameters of internalized bivalent CPP-AuNP-LNA con-

jugates ranged from 2 to 12 nm with a maximum between 4 to 8 nm, though polydis-

perse particles with a broader size distribution were offered to the spermatozoa dur-

ing incubation (figure 22).  
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Figure 22: Transmission electron micrographs of bivalent Deca-arginin-NP-LNA conjugates (A); of 

bivalent TAT-AuNP-LNA conjugates (B); and of bivalent NLS-AuNP-LNA conjugates (C) with picture 

detail in acrosome-reacted spermatozoa. For Deca-arginin-AuNP-LNA conjugates, AuNP are detected 

close to the nuclear sheet, while singular particles were located sporadically within sperm nucleus for 

the TAT-AuNP-LNA conjugates (arrow). Efficient internalization of AuNP into spermatozoa nuclei was 

visualized for NLS-AuNP-LNA conjugates (arrows). Scale bars = 50 nm. Full size images are present-

ed in the insets (scale bars = 300 nm (A), 500 nm (B), (C)). Size distributions of the bivalent conju-

gates that penetrated the spermatozoa are presented in comparison to the AuNP-LNA stock solution 
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to which the CPPs were conjugated to by ex situ method (D). For the legend of the schematic drawing 

of the nanoparticle bioconjugates please refere to figure 20. 

 

To examine possible toxic effects of particle treatment on the sperm membrane, a 

membrane integrity test was performed analyzing ligand-free AuNP, monovalent 

AuNP-LNA and bivalent CPP-AuNP-LNA conjugates. No significant decrease was 

found neither for the gold nanoparticle treated sperm samples compared to each 

other, nor in comparison to an untreated negative control. 

 

The results emphasize that the sperm plasma membrane represents a formidable 

barrier, which as long as it is intact, defeats even the most insistent effort to breach 

its barrier. However, once acrosome reaction has taken place, the sperm cell is in a 

much more vulnerable state. This can pose an increased toxicological risk. Neverthe-

less, it also shows that manipulation of the sperm membrane state offers the oppor-

tunity to internalize gold nanoparticles into spermatozoa for biotechnological purpos-

es. 

 

Copyright notice: APS, publisher of the ‘Journal of Biomedical Nanotechnolo-

gy’, does not require an extra permission, if articles are reused in the original 

or in an amended version by any of the authors for their thesis, dissertation or 

similar purposes.  
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4.2.3 Reprotoxicity of gold, silver, and gold-silver alloy nanoparticles on mammalian 

gametes 

 

Adapted from: 

Reprotoxicity of gold, silver, and gold-silver alloy nanoparticles on mammalian gam-

etes 

Tiedemann D, Taylor U, Rehbock C, Jakobi J, Klein S, Kues W, Barcikowski S, Rath D 

Analyst. 2014; 139(5):931-42 

 

While the previously described results regarding reprotoxicology (see 4.2.1. and 

4.2.2) concentrated solely on gold nanoparticles and spermatozoa, in the following 

the spectrum was considerably widened. As various properties have been reported to 

influence the toxic potential of nanoparticles, this systematic study was designed to 

assess the impact of nanoparticle size, surface ligands and chemical composition on 

spermatozoa as well as oocytes.  

 

Figure 23 provides an overview of the experimental set up. Gametes of porcine origin 

were used in the experiments, as the pig genome is closer to humans as bovine or 

small animal models and the pig therefore used model in embryotoxicological stud-

ies. It is particularly noteworthy, that in this study all nanoparticles, which were again 

synthesized by pulsed laser ablation in liquids to achieve maximum purity, carried 

bovine serum albumin (BSA) as surface ligands. This acknowledges the fact, that in 

biological fluids nanoparticles are confronted with a range of proteins, which immedi-

ately form a so-called protein corona around each particle. Thus, the reactions at the 

nano-bio-interface are majorly influenced by the composition of this protein corona. In 

an attempt to standardize this corona across the various experiments included in this 

study, the particles were coated with BSA directly at synthesis. The protein was cho-

sen since albumin is present in blood as well as in most biologically relevant media, 

therefore a very likely candidate of almost every protein corona. Another important 
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aspect for the design of this study was the influence of the metals employed in the 

synthesis of the nanoparticles. Therefore, we chose to use besides gold, which is 

commonly seen as rather inert, particles made from silver, which are regarded as a 

potent toxicant. Furthermore, a range of gold-silver-alloy particles (gold-silver-ratios: 

80:20; 50:50; 20:80) was included into the experimental design. This allowed to in-

vestigate the effect of an increasing electro-chemical potential (respective ion release 

rate) and hazardous potential of the related metal ions. 

 

 

Figure 23: Overview of in vitro test assay of nanoparticles with porcine cumulus-oocyte-complexes 

and spermatozoa. Coloured circles depict nanoparticles: red = AuNP, shades of orange = AuAgNP, 

yellow = AgNP. Blue coating symbolizes BSA. Green coating symbolizes citrate. Numbers indicate 

nanoparticles size (nm). Arrows show which particles are used in the experimental parts. 
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Cumulus-oocyte-complexes were isolated from porcine ovaries, collected at a 

slaughterhouse. During the in vitro maturation process to fertilization-competent oo-

cytes (46h in pigs), which is a standard procedure when performing IVF, nanoparti-

cles were added to the media. Oocyte maturation is viewed as an especially sensitive 

toxicological parameter since it is already impaired by substance concentrations far 

below concentrations that influence the viability of the matured oocyte. As functional 

parameters of oocyte maturation the formation of metaphase plate of the second 

meiosis and cumulus cell expansion were assessed. Porcine spermatozoa derived 

from fresh ejaculates were washed, extended and subsequently co-incubated with 

nanoparticles for two hours. The following functional parameters were determined: 

Sperm motility, sperm membrane integrity, and morphological abnormalities. 

 

During coincubation with oocytes neither any of the tested gold nanoparticles nor the 

gold-silver alloy particles with a silver molar fraction of up to 50% showed any impact 

on oocyte maturation. Alloy nanoparticles with 80% silver molar fraction and pure 

silver nanoparticles inhibited maturation (Figure 24).  
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Figure 24: Oocyte maturation after 46h of in vitro maturation in the presence of various nanoparticle 

types: (A) Percentage of cumulus-oocyte-complexes displaying a metaphase plate and polar body 

[values are mean±SD; * a, b p< 0.05]. (B) Mean value of cumulus expansion, every cumulus-oocyte-

complex test group was assessed and the cumulus expansion rated on a scale of 0 - 3 [values are 

mean±SD; * a, b p< 0.05] 

 

Confocal microscopy revealed a selective uptake of gold nanoparticles by oocytes, 

while silver and alloy particles mainly accumulated in the cumulus cell layer sur-

rounding the oocyte (Figure 25).  
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Figure 25: Representative laser scanning microscope images of porcine cumulus-oocyte complexes 

after 46h coincubation during in vitro maturation. (A) Negative control; (B) gold nanoparticles, 6 m, 

BSA coated; (C) gold nanoparticles, 6 nm, sodium citrate and BSA coated; (D) gold nanoparticles, 20 

nm, BSA coated; (E) gold-silver alloy nanoparticles 80:20, 6 nm, BSA coated; (F) gold-silver alloy na-

noparticles 50:50, 6 nm, BSA coated; (G) gold-silver alloy nanoparticles 20:80, 7 nm, BSA coated; (H) 

silver nanoparticles, 11 nm, BSA coated. Bars (C) = 5 micrometer, bars (A;B;D-H = 10 micrometer). 
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Interestingly, sperm vitality parameters (motility, membrane integrity and morphology) 

were not affected by any of the tested nanoparticles (Figure 26).  

 

 

Figure 26: Sperm vitality parameters after coincubation for 2 h at 37°C with various nanoparticle 

types: (A) Sperm cell motility, (B) membrane integrity and (C) morphology. Shown is percentage of 

spermatozoa, which differs compared to the control [values are mean±SD; * a, b p< 0.05] 
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Only sporadic association of nanoparticles to the sperm plasma membrane was 

found by transmission electron microscopy (Figure 27). 

 

.  

Figure 27: Representative TEM-micrograph of the head of a sperm cell after coincubation for 2 h at 

37°C with gold nanoparticles, 20 nm, BSA coated (10 µg/ml); arrows depicting gold nanoparticles  

 

In conclusion, spermatozoa did not react to any of the nanoparticles they were ex-

posed to. Even free silver ion did not have any impact. The reason lays probably in 

the BSA, which surrounds the particles as well as being present as part of the sperm 

extension medium. BSA seems to inhibit the adsorption of the nanoparticles to the 

sperm membrane, a key factor for sperm nanotoxicology (see 4.2.1), and is also 

known to absorb free silver ions. Mammalian oocytes, on the other hand, reacted 

sensitively to silver containing nanoparticles. This could lead to fertility problems up 
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to complete infertility, if happening in vivo. The results imply that released Ag+-ions 

are responsible for the observed toxicity, but the incorporation into an alloy seemed 

to alleviate the toxic effects to a certain extent. Thus, while albumin seems to protect 

spermatozoa from the Ag+-ion derived toxicity of silver nanoparticles, in case of oo-

cytes the Ag+-ions, which remained unbound to albumin due to the chemical equilib-

rium sufficed to inflict detrimental damage. Apparently, the delicate processes which 

cumulus-oocyte-complexes undergo when completing the second meiotic divisions 

make them considerably more vulnerable compared to spermatozoa whose chroma-

tin is completely inert. However, sperm development may be impaired during sper-

matogenesis. 

 

Copyright notice: The Royal Society for Chemistry, publisher of the ‘Analyst’, 

does not require an extra permission, if articles are reused in the original or in 

an amended version by any of the authors for their thesis, dissertation or simi-

lar purposes.  
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4.3 EFFECTS ON EMBRYOS 
 

4.3.1 Injection of ligand-free gold and silver nanoparticles into murine embryos does 
not impact preimplantation development 

 

Adapted from: 

Injection of ligand-free gold and silver nanoparticles into murine embryos does not 

impact preimplantation development 

Taylor U, Garrels W, Barchanski A, Petersen S, Sajti L, Lucas-Hahn A, Gamrad L, 

Baulain U, Klein S, Kues WA, Barcikowski S, Rath D 

Beilstein J Nanotechnol. 2014; 5:677-88 

 

The previous chapters concerning reprotoxicology (see 4.2) focused on the effect of 

nanoparticles in gametes. Therefore, the next step was to investigate their impact on 

embryos. Thus, a study determining the toxicity of gold and silver nanoparticles on 

mammalian preimplantation development was designed.  

 

In order to create standardized conditions ensuring approximately the same dosage 

for every embryo, microinjection was chosen as the method for nanoparticle internal-

ization. As described in the previous chapters, nanoparticle synthesis was performed 

via pulsed laser ablation of a solid gold or silver target, respectively, in order to pro-

duce particles of maximum purity. The particles employed in these trials were ligand 

free, i.e. carried no further functionalization. Two-cell-stage embryos were isolated 

from synchronized and mated female NMRI mice. Ten pico liter of a nanoparticle 

suspension in a final concentration of 50mg/mL Au or Ag respectively (corresponding 

approximately to 1000 gold nanoparticles/embryo and 3300 silver nanoparti-

cles/embryo), were injected into one blastomere of the embryos, while the sister blas-

tomere served as internal control. In parallel, sham-injections and handling controls 

were run. Silver nanoparticles are known to release a considerable amount of AG+-
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ions. Thus, to distinguish whether possible effects are caused by the nanoparticles 

as such or by Ag+-ions released from the nanoparticles, additional embryos were co-

incubated with 25 μM of silver nitrate. To exclude the influence of the NO3
+-ions on 

the embryo development 25 μM potassium nitrate controls were also run. The num-

ber of embryos per treatment group is detailed in table 3. Nanoparticle fate and dis-

tribution were visualized using laser scanning confocal microscopy. After treatment, 

embryos were cultured and embryo development up to the blastocyst stage was as-

sessed. Additionally, a real time-PCR analysis of the derived blastocysts for six de-

velopmentally important genes (BAX, BCL2L2, TP53, OCT4, NANOG, DNMT3A) 

was conducted. Figure 28 provides a summary of the employed methods. 
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Figure 28: Summary of the employed methods. 

 

Synthesis as well as characterization of ligand-free gold

and silver nanoparticles

by laser ablation of a solid gold or silver target in water

Isolation of murine 2-cell stage embryos and microinjection

Investigation of

nanoparticle distribution

inside blastomeres by LSCM 

Investigation of

nanoparticle

embryo toxicology

Embryo culture and

assesment of

embryo development

Real-time-PCR

on blastocysts of

developmentally important
genes

(BCL2l2, BAX, 
TRP53,DNMT3A, 

OCT4, NANOG)



 

73 

 

Confocal microscopy confirmed nanoparticle injection exclusively into one 

blastomere and showed their distribution into the daughter cells (Figure 29). 

 

 

 

Figure 29: Representative laser scanning microscope images of murine embryos (projections of 10 

optical sections (1µm each)) after injection of gold nanoparticles (10 pl of a 50 µg/ml nanoparticle dis-

persion, equal to 1000 nanoparticles/embryo, primary particle diameter: 11 nm). An overlay of the 

differential interference contrast (DIC) merged with the gold nanoparticle detection channel is shown. 

Upper panels – Two-cell-stage embryos: (A) handling control (B) embryo shortly after gold nanoparti-

cle injection, one nanoparticle is located in the zona pellucida, highlighting the injection canal (C) z-

axis of projection (B); Lower panels – Day-four-blastocysts: (D) handling control (E) 3 days after gold 

nanoparticle injection (F) z-axis of (E). Gold nanoparticles appear in red. Some are exemplarily point-

ed out with blue arrows.  
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Except a complete arrest of embryo development after coincubation with AgNO3 

(Figure 30), rates did not differ between microinjected and control groups (Table 3).  

 

Figure 30: Representative phase contrast microscope images of murine blastocysts (A) after silver 

nanoparticle-injection (10 pl of a 50 µg/ml nanoparticle dispersion, equal to 3300 nanoparti-

cles/embryo, primary particle diameter: 21 nm), (B) untreated handling control, (C) deteriorated 2-cell-

stage embryos after coincubation with silver ions (25 µM AgNO3). 
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Table 3: Preimplantation development rates in the various treatment groups 

Treatment Embryos in culture 

(n) 

Blastocysts 

(n) 

Blastocyst rate 

[%] 

AuNP injection 107 72 67.3a 

AgNP injection 91 56 61.5a 

Sham injection 74 49 66.2a 

AgNO3 coincubation 41 0 0b 

KNO3 coincubation 40 32 80a 

Handling control 102 81 79.4a 

a, b: different symbols indicate significant differences (p<0.05) 

 

Interestingly, real time-PCR-analysis did not revealed any influence on the expres-

sion of the tested genes (Figure 31).  

 

 

Figure 31: Gene expression after normalization based on globin/beta-actin transcript abundance. 

Values are mean±SD. 
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In conclusion, this study shows that the direct injection of colloidal gold or silver na-

noparticles into a blastomere had no effect on embryo development. Particles were 

found inside cells belonging to the trophoblast as well as inner cell mass, pointing out 

that, firstly, the injected blastomeres were able to undergo mitoses and, secondly, the 

cells derived from these blastomeres could facilitate the first steps of differentiation. 

These findings were confirmed by the results of quantitative real time-PCR meas-

urements. The nanoparticle-injected embryos showed no indication of changes in 

apoptotic activity (based on the expression of the pro-apoptotic genes BAX and 

TP53, the anti-apoptotic gene BCL2L2), of disturbances undergoing mitosis and dif-

ferentiation (based on the expression of the ICM-specific genes OCT4 and NANOG) 

or of epigenetic aberrances (based on the expression of DNMT3A, one of the genes 

responsible for the de-novo DNA methylation of the embryonic genome). Especially 

with regard to silver nanoparticles, these results are surprising. However, as intracel-

lular proteins have been described to deactivate heavy metal ions by complexation, 

one hypothesis to explain this finding could be that in the current study a corona of 

intracellular proteins formed immediately around the microinjected (initially ligand-

free) particles, which served to protect the embryo from detrimental nanoparticle in-

teractions. 

 

Copyright notice: The Beilstein Institute, publisher of the ‘Beilstein Journal of 

nanotechnology’, does not require an extra permission, if articles are reused in 

the original or in an amended version by any of the authors for their thesis, 

dissertation or similar purposes.  
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5 COMPREHENSIVE DISCUSSION 

 

Adapted from: 

Influence of gold, silver and gold-silver-alloy nanoparticles on germ cell function and 

embryo development 

Taylor U, Tiedemann D, Rehbock C, Kues WA, Barcikowski S, Rath D 

Beilstein J Nanotechnol. 2015; 6:651-64 

AND 

Rational design of gold nanoparticle toxicology assays: a question of exposure sce-

nario, dose and experimental setup 

Taylor U, Rehbock C, Streich C, Rath D, Barcikowski S 

Nanomedicine (Lond). 2014; 9(13):1971-89 

 

5.1 GENERAL ASPECTS CONCERNING NANOREPROTOXICOLOGICAL STUDIES 
 

5.1.1 The complexity of nanoparticle toxicity 

 

Exposure of humans and environment to nanoparticles is not a „new“ scenario. Even 

when primarily considering anthropogenic particles, they have been for instance in-

haled into human lungs in form of carbon and cereum particles derived from diesel 

fumes for at least the past hundred years. The rise of nanotechnology in the past two 

decades has lead to an exponential increase in products containing specifically engi-

neered nanoparticles. Their use comprises industrial and biomedical applications as 

well as consumer items. In response to this intended exposure to nanoparticles a 

multitude of studies concerning their potential toxicity has been published. 
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However, the results reveal the complexity of the matter. A good example are gold 

nanoparticles (AuNP), which have been investigated in a large variety of such works 

starting about 10 years ago as they have many potential applications in the medical 

sector. i.e. where exposure would be particularly imminent (Dykman and Khlebtsov 

2012, Barchanski et al. 2011). Despite these efforts there is still a considerable un-

certainty concerning gold nanoparticle toxicity. Even though many studies have been 

published attesting gold nanoparticles a very high biocompatibility (Connor et al. 

2005, Shukla et al. 2005), there are regularly reports appearing documenting a range 

of toxic effects (Cho et al. 2009, Truong et al. 2012a, Kim et al. 2013a, Pan et al. 

2007). This apparent discrepancy is due to the fact that, analogous to all other nano-

particle types, the toxic potential of gold nanoparticles depends on a various parame-

ters. Little surprising is the finding that particle properties like size (Pan et al. 2007), 

shape (Sun et al. 2011) and surface modification (Zhang et al. 2012b, Massich et al. 

2010) have major influence on gold nanoparticle biocompatibility. However, it has 

also been shown that different cell types can vary in their response to one and the 

same particle type (Patra et al. 2007). Therefore, it seems impossible and perhaps 

not even constructive to try and reach a global statement concerning nanoparticle 

toxicity as even seemingly minor modifications can have an impact on biocompatibil-

ity. For gold nanoparticles, as highlighted above, if any conclusion can be drawn from 

the results so far, it is that while they cannot be considered toxic a priori, careful test-

ing should precede every application. Thus, when performing toxicity tests the exact 

parameters will have to be unique for every particular nanoparticle type and purpose.  

However, while studies concerning gold nanoparticle toxicology soared, to stay with 

this example, among them little can be found focusing on their reprotoxicology. 
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5.1.2 The importance of reprotoxicological studies 

 

Repotoxicological studies are a mandatory part during every stage of drug approval 

processes. They are of paramount importance as possible defects may not only af-

fect the person or animal directly treated with the drug but possible adverse effects 

may also be predominantly relevant for following generations. This does not only ap-

ply to conventional drugs, but also to nanoparticles. In a multigenerational study us-

ing gold nanoparticles in an caenorhabditis elegans model it was recently shown that 

after oral nanoparticle exposure reproduction rate was clearly affected in the F2 gen-

eration (Kim et al. 2013b). While many reprotoxicological examinations are per-

formed as clinical or animal trials, there is also a wide field of in vitro studies. From 

the final stages of gamete maturation up to the blastocyst stage, when implantation 

becomes imminent, the reproductive process can be monitored employing easily ob-

tainable, well-defined primary cells with clearly defined functions using internationally 

standardized protocols. The period around conception is characterized by considera-

ble cytological and molecular restructuring and is therefore particularly sensitive to 

disturbances. Hence, otherwise subtle effects can be detected more easily. Further-

more, oocytes and spermatozoa possess very different features regarding metabolic 

activity (Ramalho-Santos and Amaral 2013), membrane composition (McEvoy et al. 

2000, Parks and Lynch 1992), and compartmentalization (Flesch and Gadella 2000), 

making it possible to observe in how far such properties influence sensitivity towards 

potentially toxic substances. This facilitates in vitro tests, which significantly surpass 

standard assays traditionally used in somatic cell culture (Table 4).
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Table 4: Common reprotoxicological in vitro tests and their predictive value 

Cell type Test Tools Parameter description Biological importance 

Spermatozoa 
(Perreault and 
Cancel 2001)  

Membrane  integrity 
(Garner and Johnson 
1995) 

Live/Dead stain, 
Flow cytometer 

Percentage of membrane impaired, i.e. dead 
spermatozoa 

An intact membrane ensures the existence of receptors 
necessary for binding to the oocyte 

 Motility (Mortimer 
1997) 

Computer assisted 
sperm analysis 

Percentage of total motile spermatozoa and pro-
gressive motile spermatozoa 

Sperm need to actively swim to the oocyte  

 Morphology 
(Menkveld et al. 
2011) 

Phase contrast 
microscope 

Percentage of spermatozoa with normal mor-
phology 

Abnormal morphology often leads to inability to move, 
bind to oocyte, or fertilize 

 IVF: oocyte penetra-
tion 

Phase contrast 
microscope 

Ability of sperm to penetrate the oocyte Spermatozoa need to bind to the Zona pellucida and 
enter the oocyte for fertilization 

 IVF: Pronucleus for-
mation 

Nuclear stain, 
phase contrast 
microscope 

Ability within the for IVF deployed sperm popula-
tion to decondens the sperm nuclear DNA 

Sperm tail is released and nucleus decondenses in order 
to fuse with female pronucleus 

Oocyte (Beker 
van Woudenberg 
et al. 2012) 

IVM: Metaphase 
plate development 

Nuclear stain, 
phase contrast 
microscope 

Percentage of oocytes having reached the met-
aphase of the second meiosis and excluded a 
polar body 

Nuclear maturation is vital for fertilization and further de-
velopment 

 IVM: cumulus cell 
expansion 

Stereo microscope Rating how far the cumulus cells moved apart 
and away from the oocyte during maturation 

Cumulus cell layer needs to expand in order to stop the 
meiotic arrest of the oocyte 

 IVF: sperm / oocyte Phase contrast 
microscope 

Number of sperm which have penetrated the 
oocyte 

Oocyte is responsible for blocking all other sperm after 
the first one entered   

 IVF: Pronucleus for-
mation 

Nuclear stain, 
phase contrast 
microscope 

Decondensation of the oocytes’ nucleus into the 
female pronucleus induced by fertilization 

After fertilization the oocytes´ nucleus has to exclude the 
second polar body and form the female pronucleus to 
fuse with the males´  

Embryo 
(Michelmann 
1989)  

IVC: Cleavage rate Stereo microscope Number of embryos that show at least two blas-
tomeres and time required for cell division 

Cell division in early embryo to first form the morula and 
later the blastocyst 

 IVC: Blastocyst rate Stereo microscope Number of embryos having reached blastocyst 
stage 

Blastocyst rate indicates cell quality and quality of culture 
conditions 

 IVC: Blastocyst cell 
number 

Fluorescence mi-
croscope 

Number of blastomeres per blastocyst Blastocysts need to have sufficient cell number in order 
to develop further 

IVF: In Vitro Fertilisation; IVM: In Vitro Maturation; IVC: In Vitro Culture
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However, despite its obvious importance, reprotoxicological testing of nanoparticles 

has so far been frequently neglected. While in the last years approximately 1000 arti-

cles were published per year concerning nanotoxicology in general, less then 10 of 

them concerned spermatozoa or oocytes (source: web of knowledge). We are there-

fore unable to draw a comprehensive picture of nanoparticle reprotoxicology. 

In the following a summary of our current knowledge concerning gold and silver na-

noparticle exposure and biodistribution is given, in order to underline the importance 

to increase our understanding of their reprotoxicological potential. 

 

5.1.3 Gold and silver nanoparticles – exposure and biodistribution 

 

Several potential exposure routes for gold and silver nanoparticles exist, including 

injection and inhalation particularly for biomedical applications, but also ingestion and 

skin contact for medical and consumer products. The uptake behavior of nanoparti-

cles differs depending on the mode of exposure. If exposure occurs by inhalation the 

majority of particles is cleared from the lungs by macrophage-mediated transport of 

particles to the airways and subsequent mucociliary escalation to larynx and pharynx. 

But there is still a substantial amount of particles translocated across the air-blood 

barrier (Balasubramanian et al. 2013). The magnitude of particle transfer is inversely 

correlated to particle size (Kreyling et al. 2014). In contrast, particle uptake following 

dermal exposure has so far not been observed as nanoparticles do not penetrate 

beyond the most superficial skin layers (Samberg et al. 2010, Campbell et al. 2012).  

On the other hand, uptake via ingestion has been proven for silver (Kim et al. 2008, 

Lee et al. 2013a, van der Zande et al. 2012) as well as gold nanoparticles (Schleh et 

al. 2012, Bhumkar et al. 2007). Interestingly, for AgNP, it has been suggested that 

mainly ionic silver, released from the actual particles due to dissolution is absorbed 
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via the intestinal tract, followed by an in vivo formation of silver salts like AgS, AgSe 

and AgCl (van der Zande et al. 2012). Gold nanoparticles showed a size dependent 

intestinal absorption while small (<5nm) particles are preferably taken up (Schleh et 

al. 2012). However, in either case uptake via ingestion remained at a very low level 

with <1% for AuNP (Schleh et al. 2012) and <0,1% for AgNP (van der Zande et al. 

2012) of the given dose. Once nanoparticles entered the body, the biodistribution 

depends on factors like particle size (De Jong et al. 2008, Lankveld et al. 2010) and 

surface functionalization (Lipka et al. 2010). No clear trends have been established 

yet as to how those factors determine the particles´ biodistribution and further as-

pects like nanoparticle concentration, animal species, strain, age, breeding, housing 

facilities or inter-animal interaction have been suggested to have an impact on the 

final outcome (van der Zande et al. 2012). However, regardless of the various nano-

particle properties or other circumstances the foremost target organ of gold and silver 

nanoparticles seems to be the liver followed by spleen and kidney (Khlebtsov and 

Dykman 2011, Johnston et al. 2010). But particles have also been localized in other 

organs including brain and testis, which represent sites particularly protected by the 

blood-brain and the blood-testis barrier (Balasubramanian et al. 2013, van der Zande 

et al. 2012, De Jong et al. 2008, Lankveld et al. 2010, Cho et al. 2009, 

Balasubramanian et al. 2010a). An interesting finding, especially under reprotoxico-

logical aspects, is that in the testis several studies consistently noted an accumula-

tion of AuNP as well as AgNP over time (Lee et al. 2013a, van der Zande et al. 2012, 

Balasubramanian et al. 2010a). At least for AuNP, actual crossing of the blood-testis 

barrier has also been shown, though no detrimental effects on fertility were found (Li 

et al. 2013). A study examining the influence of AgNP on spermatological parameters 

following intraveneous injection revealed a reduced sperm count and an increase in 
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sperm DNA damage (Gromadzka-Ostrowska et al. 2012). It remained unclear though 

whether AgNP had actually reached the germinative tissue, or whether the effect was 

caused by ionic silver. However, it supports findings made on spermatogonial stem 

cells in vitro, which claimed a decrease in cell proliferation after AgNP exposure 

(Braydich-Stolle et al. 2005, Braydich-Stolle et al. 2010). Observations concerning 

female reproductive organs are rather rare as most nanoparticle biodistribution stud-

ies have been performed solely on male animals or in case females were used ova-

ries or uteri were not examined. However, while in one study no nanoparticles where 

found in either ovary or placenta after intraveneous injection of AuNP (Sadauskas et 

al. 2007), further studies reported the detection of AuNP after intertracheal or intra-

venous application in placenta and fetus (Semmler-Behnke et al. 2007, Yang et al. 

2012) as well as uterus (Semmler-Behnke et al. 2008). In the first study electron mi-

croscopy was chosen for the examinations, which is perhaps not the most effective 

screening method. In the latter cases the AuNP were either radio-labeled and detect-

ed by gamma-spectroscopy or analyzed via hard X-ray microfocus beamline synchro-

tron imaging which both represent very sensitive detection methods. Silver nanopar-

ticles have been observed to enter the ovaries (Lee et al. 2013a) as well as passing 

through placenta and breast milk (Melnik et al. 2013) in quantities comparable to the 

loads found in liver and blood after oral administration. Transplacental transfer to 

mouse embryos after intraveneous application of nanoparticles to the dam was also 

confirmed for AgNP (Austin et al. 2012). Therefore, it seems reasonable to assume 

that they are as much if not more targeted by nanoparticles than their male equiva-

lents, as ovaries for instance are not protected by a biological barrier. Interestingly, a 

recent study revealed no adverse effects to the reproductive process after oral ad-

ministration to rats (Sun et al. 2011).  
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In summary, the listed results emphasize the importance of reprotoxicological testing 

of nanoparticles, as close and potentially detrimental contact to developing germ cells 

and embryos must be presumed a realistic scenario. 

As the field potentially available nanoparticles is wide, the question of the testing ma-

terial needs to be carefully considered, in order to obtain meaningful information and 

avoid bias or artifacts. Therefore, the next paragraph addresses in how far various 

methods for nanoparticle synthesis may influence the outcome of toxicity trials. 

 

 

5.1.4 Advantages and disadvantages of nanoparticle synthesis by pulsed laser ablation 

in liquids for toxicological trails 

 

Toxicity assays are generally used to correlate adverse effects on biological systems 

to properties of the tested nanomaterial like particle dose, size, morphology and sur-

face functionalization. In order to properly extract suitable information from these as-

says the exposure scenario has to be considered and the tested nanomaterials have 

to be appropriately adapted.  

Currently, gold nanoparticles for most exposure scenarios are fabricated by chemical 

reduction methods based e.g. on procedures by Turkevich yielding monodisperse 

size controlled particles (Turkevich et al. 1951). However, the drawback of chemical 

synthesis is that it necessitates the presence of artificial organic reducing agents and 

stabilizers. This might bias the results of toxicity trials, as these ligands can be highly 

toxic themselves, or at least they may not be necessarily present in all exposure sce-

narios, adding an artificial component to the system. That molecules attached to the 

nanoparticle can have drastic effects was shown by studies which attempted to sys-

tematically examine the impact of surface ligands in gold nanotoxicology. For exam-
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ple, the toxicity of 2 nm sized gold nanoparticles capped with cationic and anionic 

surface ligands was studied and only the former were found to be more harmful 

(Goodman et al. 2004). Another study found no toxic impact of gold nanoparticles (17 

nm) functionalized with citrate, biotin, glucose and cysteine, though particles synthe-

sized in the presence of CTAB ( cetyltrimethylamonium-bromide) were highly toxic 

(Connor et al. 2005).  

However, the major impediment of all prior toxicity studies examining ligand effects is 

that they may allow a comparison between different ligand types but are unable to 

fundamentally deviate ligand effects from particle effects. Additionally, in many as-

says more than one ligand is present on the nanoparticle surface because ligand ex-

change is not necessarily quantitative. Particularly the frequently used additive citrate 

is very tightly bound to the gold surface (Park and Shumaker-Parry 2014). Residual 

ligands like citrate may have a profound influence on a second ligand like e.g. the 

frequently present serum protein albumin (Brewer et al. 2005), a correlation highly 

relevant for toxicity (Choi et al. 2012). Furthermore, citrate is prone to induce aggre-

gation of gold nanoparticles in the presence of other biomolecules (Ojea-Jimenez 

and Puntes 2009), leading to cross effects whose impact on toxicity are very difficult 

to predict.  

In order to systematically study toxic effects derived from surface ligands on gold na-

noparticles, defined ligand-free reference nanoparticles are required. Even though 

ligands may be removed from chemically synthesized gold nanoparticles e.g. by dia-

filtration (Sweeney et al. 2006), tangential-flow filtration (Dalwadi et al. 2005) or cen-

trifugation (Balasubramanian et al. 2010b), these methods are highly labour intensive 

and often entail the risk of aggregation. An alternative approach for the fabrication of 

colloidal gold nanoparticles is pulsed laser ablation in liquid (Barcikowski and 
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Compagnini 2013). This method yields totally ligand-free gold nanoparticles, which 

are stable in solutions with low electrolyte content due to partial surface oxidation 

(Muto et al. 2007a) and specific ion adsorption (Merk et al. 2014). When ligand-free 

gold nanoparticles are mixed with ligands under controlled conditions, e.g. with citrate 

(Wagener et al. 2012), the contributions from the surface ligand may be determined 

and differentiated from the particle effects. Furthermore, ligand-free reference mate-

rials can also be employed to differentiate between ligand and size effects. It has 

been reported that for Au-DNA conjugates the grafting density of ligands differs de-

pendent on surface curvature (Cederquist and Keating 2009) an effect that may have 

to be considered for other ligands as well. To this end ligand-free reference materials 

may help to elucidate whether size dependent toxicity is really derived from particle 

size or originates from differences in ligand coverage. However, one must keep in 

mind that particle size distributions obtained by these methods are notably broader 

than in chemically synthesized particles and stabilization in biological medium may 

require additives like serum proteins. Nevertheless, laser generated nanoparticles 

appeared to be the most suitable material for nanoreprotoxicology studies. 

 

In the following the results of the here represented investigations are reflected under 

consideration of data and conclusions derived from complementing literature. 

5.2 DISCUSSION OF THE OBTAINED RESULTS AND EMBEDMENT IN CURRENT LITERA-

TURE 
 

5.2.1 Experiences drawn from nanotoxicological studies with somatic cells 

 

Prior to the experiments using reproductive cells (see. 4.2 and 4.3), trials were run 

using immortalized bovine endothelial cells. i.e. a standard somatic cell line (see 4.1). 
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Aim of these investigations was to gather first experiences using nanoparticles pro-

duced by laser ablation in liquids, which, as described above, can be left completely 

ligand-free or functionalized in a highly specific manner. Concerning toxicity, only one 

article using such particles had been published by the time the here described trials 

commenced (Salmaso et al. 2009). Articles studying the toxicology of chemically de-

rived gold nanoparticles on somatic cells are comparatively many. Therefore, it 

seemed commendable to first start with somatic cells rather then reproductive cells, 

in order to have a wider base in literature to compare our results with. Furthermore, 

the trials served the development of AuNP detection by laser scanning confocal mi-

croscopy, as an efficient screening tool for nanoparticle-cell-interactions.  

As hypothesized, his technique proved to be a suitable method for the detection of 

AuNP once the system had been adjusted to detect the SPR-related light scattering 

of the nanoparticles (see 4.1.2). The properties attributed to the nanoparticles regard-

ing their very high quantum yield and utter resistance to photo bleaching were found 

to be highly valuable for light microscopic imaging. Particles down to 60 nm in diame-

ter could be visualized on single particle level. This cut off point lay somewhat higher 

than expected. According to literature, the minimum particles size to be detected by 

light microscopy is 20 nm, since in particles smaller than that, the surface plasmon 

resonance mostly enhances light absorption, instead of scattering (van Dijk et al. 

2006). But the photon yield of particles <60 nm is seemingly not sufficient for reliable 

particle detection.  

Concerning AuNP cellular uptake, the mechanism behind it and their intracellular 

fate, previous studies varied in their findings. However, uptake of gold nanoparticles 

into somatic cells as such was a generally observed phenomenon . In our trials with 

somatic cells we also noted AuNP internalization (see 4.1.1). As measured by LSCM, 
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i.e. restricted to particles or particle aggregates >60 nm, the cellular uptake of nano-

particles seemed to increase steadily over time. After 48h 75% of cells could be 

shown to have incorporated particles. However, analysis of internalized AuNP by 

TEM, where detection does not depend on SPR-caused light scattering, displayed 

the entire range of particles included in the co-incubation trials. In contrast to most 

other observations though, our results speak strongly for simple diffusion as the main 

entering mechanism. It could be attributed to the fact, that ligand-free particles syn-

thesized by PLAL indeed present substantially different surface moieties compared to 

chemically derived particles. This might lead to a protein corona, which differs in a 

way to influence the uptake behavior. Interestingly, the results confirm the findings of 

the already mentioned only other study performed with ligand-free laser synthesized 

particles. It also noted a particle uptake independent of incubation temperature, i.e. 

by a passive mechanism. Our trials using penetration conjugated AuNP showed a 

completely different internalization behavior (see 4.1.3). Not only occurred internali-

zation very fast. It could be shown that 100% of cells incorporated nanoparticles with-

in 2h. But also entrance pathway seemed to differ. TEM observations placed the par-

ticles within vesicles, thus indicating internalization by an endocytic pathway. This 

drastic difference underlines the impact varying nanoparticle surface moieties may 

have on particle incorporation. 

In order to investigate the impact of uncoated AuNP on cell viability assessment of 

cell morphology, flow cytometric measurement of PI-uptake and immunohistochemi-

cal evaluation of DNA strand breaks were used (see 4.1.1). No adverse effects were 

detected. To correlate the nanoparticle load and cell necrosis, GNP-co-incubated 

cells were stained with a fixable viability dye and analyzed using the LSCM. Com-

pared to controls, no increase of necrotic cells or an accumulation of AuNP in these 
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few dead cells could be found. However, a trial studying cell proliferation picked up 

cytotoxic effects of gold nanoparticles at a concentration of 50 µM Au. A gold concen-

tration of 25 µM and below, which means that a theoretical ratio (calculated for an 

average particle size of 15 nm with a weight of 34 ag) of 3 x 106 nanoparticles/cell did 

not show adverse effects. Thus, in order for the AuNP to act cytotoxic apparently ei-

ther a very high nanoparticle-to-cell ratio is required or the cells need to be in a par-

ticularly vulnerable state, which is the case, if they are highly diluted and in a loga-

rithmic growth phase. 

In summary, our first trials with AuNP using somatic cells indicated that laser ablation 

of a solid target in liquids provides highly versatile particles with regard to size and 

surface functionalization, which can be readily detected by LSCM, i.e. routine labora-

tory equipment, showing so far only little toxicity. Therefore, investigation of their 

reprotoxicology proceeded. For the reprotoxicity trials silver nanoparticles were used 

additionally, in order to have a toxicologically more potent antipode to the generally 

as rather inert viewed gold nanoparticles. 

 

5.2.2 Effect of gold and silver nanoparticles on spermatozoa 

 

The main purpose of spermatozoa is the safe delivery of the male genome to the oo-

cyte passing through a potentially harsh environment. Therefore, male germ cells 

possess special attributes, which accommodate for these conditions. The sperm nu-

cleus, for instance, is surrounded by a tightly fitted double layered nuclear mem-

brane. The nucleus itself is condensed to a degree that the DNA within almost reach-

es crystalline properties (Ward and Coffey 1991, Jamil 1982). The mitochondria, pro-

ducers of reactive oxygen species, are placed at the midpiece of the spermatozoon 

and thus spatially removed from the nucleus, which limits the affliction of oxidative 
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damage to the precious cargo (Aitken et al. 2012). During the course of our studies 

another safety feature was noted: Compared to somatic cells which readily incorpo-

rate nanoparticles (Chithrani et al. 2006, Shukla et al. 2005), the sperm plasma 

membrane, prior to acrosome reaction, seems literally impenetrable for any nanopar-

ticles we tested which encompassed ligand-free AuNP and oligonucleotide conjugat-

ed AuNP, which were tested using bovine sperm (see 4.2.1), as well as bovine serum 

albumin (BSA) coated gold, silver and various gold silver alloy nanoparticles, where 

trials were conducted with porcine spermatozoa (see 4.2.3). Even conjugation of 

AuNP to three kinds of cell penetrating peptides did not achieve internalization into 

acrosome intact spermatozoa (see 4.2.2). This observation does not entirely agree 

with what can be found in literature. Internalization of nanoparticles made from gold 

(Wiwanitkit et al. 2009, Moretti et al. 2013) or other materials like Fe3O4-PVA 

(Makhluf et al. 2008a, Feugang et al. 2012), Eu2O3, PVP-Eu(OH)3 NP, PVA-Eu(OH)3 

(Makhluf et al. 2008b) and bio-conjugated CdSe/ZnS quantum dots (Feugang et al. 

2012) into spermatozoa has been reported. However, the picture evidence provided 

to support these claims does not withstand critical examination at least with regard to 

intact, non acrosome reacted spermatozoa, which are the ones mattering for fertilisa-

tion. The fact that nanoparticles find it difficult to enter into these highly specialized 

cells does not seem unreasonable. Nanoparticles have been observed to enter into 

somatic cells mostly via endocytosis (Chithrani et al. 2006, Shukla et al. 2005), a cel-

lular mechanism that sperm do not possess. Additionally, membrane wrapping, which 

has been described as an important step in nanoparticle uptake (Gao et al. 2005) 

cannot be performed by spermatozoa due to their rather rigid and tensely stretched 

plasma membrane. As spermatozoa developed in a nanoparticle free environment 
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such protective features might have developed in order to avoid the entrance of vi-

ruses, which are of similar dimensions to nanoparticles, into to the spermatozoon.  

Another noteworthy point is the variation observed in our trials concerning nanoparti-

cle attachment to spermatozoa, which seemed to be driven by the surface modifica-

tions. While ligand-free AuNP and gold nanoparticles conjugated to single stranded 

oligonucleotides (AuNP-ssO) with or without additional conjugation to a cell penetrat-

ing peptide at least attached to the sperm membrane, BSA-coating of nanoparticles 

or, even more intriguing, coating with a cell penetrating peptide alone prevented such 

an attachment. The ligand-free AuNP and the AuNP-ssO were coincubated with 

spermatozoa in a medium consisting only of inorganic salts and fructose without any 

protein source. Even though ligand-free gold nanoparticles possess a negative net-

charge they predominantly have an uncharged metal surface prone to interact with 

electron donors like e.g. thiol groups found on the negatively charged sperm mem-

brane (Aitken et al. 2012, Stoffel et al. 2002). Oligonucleotide conjugated nanoparti-

cles might bind directly to nucleic acid specific binding sites which have been shown 

to exist on the sperm surface (Lavitrano et al. 1989). The fact that BSA coating inhib-

its nanoparticle adsorption to the sperm membrane seems surprising though, since 

albumins have been described to adsorb to the sperm membrane (Blank et al. 1976). 

As the adsorption of albumins to the surface of gold nanoparticles can induce con-

formational changes though (Tsai et al. 2011), the surface moieties displayed by the 

BSA-gold nanoparticle complexes might be different to native BSA and thus leading 

to unexpected interaction patterns. The reason why cell penetrating peptides leave 

the nanoparticles unable to attach to the sperm plasma membrane remains obscure, 

but could lay in the fact that cell penetration peptides attach to specific cell surface 

moieties, which are simply not present on spermatozoa. 
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The difference in nanoparticle attachment to spermatozoa observed in our studies 

also had an impact on the toxic effect the particles exerted. While membrane integrity 

and sperm morphology always remained undisturbed, coincubation with ligand-free 

AuNP and AuNP-ssO at a concentration of 10 µg/ml lead to a decrease in sperm mo-

tility, which is an effect documented also by other authors for gold nanoparticles 

(Wiwanitkit et al. 2009, Moretti et al. 2013). Interestingly, neither BSA-coated AuNP, 

AgNP nor AuAgNP affected sperm motility. We hypothesized that membrane at-

tached gold nanoparticles may lead to a decrease in motility either by production of 

reactive oxygen species (ROS) or by binding to free thiols present on the sperm sur-

face as gold nanoparticles posses a high affinity to thiol groups. The thiols on the 

sperm surface are part of membrane bound Na+/K+-ATPases and Ca2+-ATPases, 

whose inhibition has been reported to induce a rapid loss in motility (Aitken et al. 

2012). While increased ROS production in sperm due to nanoparticle exposure could 

not be confirmed, a decrease of free thiols on the sperm surface was noted, which 

indicates the validity of the second hypothesis. It thus seems plausible that coating of 

gold nanoparticles with BSA alleviates the detrimental effect on motility as it prevents 

nanoparticle attachment to sperm. However, it does so even in case of nanoparticles 

contain silver, which are generally viewed as considerably more toxic than AuNP 

(Johnston et al. 2010) and have also been noted to cause a drop in sperm motility 

(Moretti et al. 2013). Therefore, BSA-coating might be a suitable way to increase na-

noparticle biocompatibility. Sperm membrane integrity and morphology, two further 

important sperm viability parameters, remained unaffected by any of the nanoparticle 

variations tested in our trials. This does not confirm previously published findings, 

which reported grave morphological defects (Wiwanitkit et al. 2009) as well as in-

creased membrane damage (Moretti et al. 2013) after exposure to AuNP. A direct 
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comparison is difficult though as in case of the former study no concentration were 

given. In the latter the concentration indicating the onset of adverse effects was high-

er than in the trials we conducted. Furthermore, both trials were run using nanoparti-

cles produced by chemical means, which could lead to residual stabilizing ligands 

remaining from synthesis, still present in the final solution, where they might cause 

cross contaminating effects. 

In case of ligand-free as well as oligonucleotide conjugated AuNP we also conducted 

trials testing not only sperm viability parameters after nanoparticle exposure but also 

fertilizing potential including preimplantation development of the emerging embryos 

using in vitro fertilization. Interestingly, coincubation of sperm with 10 µg/ml ligand-

free AuNP led to a 50% decrease in the pronucleus development rate, a parameter 

indicating successful fertilization of the oocyte. Oligonucleotide conjugated AuNP had 

no such effect. However, the development of the fertilized egg into the preimplanta-

tion embryo was not affected by exposure of spermatozoa to nanoparticles prior to 

fertilization. The reason why contact to ligand-free AuNP affected sperm fertilizing 

potential in such a way has not been clarified yet and can only be speculated about. 

In contrast to AuNP-ssO which attach to sperm as primary particles due to their good 

electrosteric stability in salt containing media, ligand-free AuNP attach as agglomer-

ates because their electrostatical stabilization is shielded once exposed to salt ions. 

A possible explanation might be that those agglomerates geometrically interfere with 

oocyte-sperm interactions. Future research needs to clarify the effect of nanoparticle 

exposure on the fertilizing capability of spermatozoa, since it has proven to be a sen-

sitive indicator of nanoparticle reprotoxicity. 
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5.2.3 Effect of gold and silver nanoparticles on oocytes 

 

So far, only a few studies have been published concerning the impact of nanoparti-

cles on oocytes or other cells and tissues related to female reproduction, like cumu-

lus cells or preantral follicles. Most of these trials, involving for instance titanium diox-

ide nanoparticles (Hou et al. 2009), CdSe quantum dots (Hsieh et al. 2009), cerium 

dioxide nanoparticles (Preaubert et al. 2016), cobalt oxide nanoparticles (Bossi et al. 

2016) and silver nanoparticles (Chen et al. 2017) reported detrimental effects of the 

respective nanoparticles on oocyte maturation and further parameters, showing that  

female gametes are potentially at risk when exposed to nanoscale materials. Our 

own work investigated the response of porcine cumulus-oocyte complexes to BSA-

coated gold, silver and gold-silver alloy nanoparticles in vitro (see. 4.2.3). Beyond the 

pure AuNP and AgNP the alloy particles were introduced in order to analyze in how 

far alloy formation alters the toxic potential of the pure metal nanoparticles. To esti-

mate the effect of the tested nanoparticles on oocyte maturation the oocyte´s capabil-

ity to reach the metaphase of the second meiosis and the expansion of the attached 

cumulus cells were examined. Gold nanoparticles of two significantly different sizes 

(6 nm versus 20 nm) and different surface modifications (BSA versus BSA+citrate) as 

well as different concentrations (10 µg/mL versus 30 µg/mL) showed no effect on the 

oocyte maturation. Despite the lack of toxicity, the particles were found to have been 

internalized in great numbers into the oocytes as observed by confocal microscopy. 

The directly adjacent cumulus cells incorporated gold nanoparticles to a substantially 

lesser degree. The gold-silver-alloy particles displayed toxicity to oocytes depending 

on the silver molar fraction they contained. Up to 50% silver no significant adverse 

effects were found, while 80% silver lead to an almost complete arrest of oocyte mat-

uration. The same applied to pure AgNP. Surprisingly, independent of their toxicity, 
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silver containing particles preferentially associated to the cumulus cells rather than 

the oocyte as such. Interestingly, the latter finding corresponds to the results in other 

studies, where the toxic potential of silver nanoparticles (Chen et al. 2017), and in 

another case cerium dioxide nanoparticles (Preaubert et al. 2016), unfolded by affect-

ing the cumulus and follicle cells rather then the oocyte itself. The reason for the dif-

ference in internalization behavior can only be speculated about. For cobalt oxide 

particles it was reported that adsorbing BSA to the particle surface impeded plasma 

membrane crossing into the oocyte, while CO3O4NP without albumin layer seemed 

to be readily internalized (Bossi et al. 2016). In our trials, even though all particles 

were initially coated with BSA, they might have attracted a different set of particle 

specific “secondary” surface proteins derived from the hormones and growth factors 

present in the maturation medium. As the outmost layer of proteins defines the bio-

logical identity of a particle (Mahon et al. 2012), they might be responsible for the var-

iations in particle uptake. 

Our results agree with the general conception of cytotoxic effects exercised by gold 

and silver nanoparticles, which views silver as potentially more aggressive than gold 

(Johnston et al. 2010). The exact mechanisms by which silver nanoparticles inflict 

their damage are still a matter of debate. Although the toxicity seems to be driven by 

oxidation and inflammation (Hsin et al. 2008), it is unclear whether silver in its nano-

particulate form is responsible for the toxic effects, as some studies claim (Laban et 

al. 2010), or whether they are solely caused by silver ions dissolving in the course of 

oxidation of the metal (Samberg et al. 2010). In our study silver ions proved to be 

equally toxic than alloy particles containing 80% of silver and pure AgNP pointing out 

that at least their toxic potential is similar.  

It seems noteworthy, that the oocytes showed no response after exposure to alloy 
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particles containing 50% of silver, while the same silver concentration (3.3 mg/mL-1) 

and less has frequently been reported to have reprotoxic effects (Laban et al. 2010, 

Lee et al. 2007, Wu et al. 2010, Ringwood et al. 2010). This suggests that incorpora-

tion of silver into an alloy structure can be used to control the toxicity of silver nano-

particles, which confirms findings observed after exposing bacterial cultures to gold-

silver-alloy nanoparticles (Grade et al. 2013).  

The described results confirm that in vitro maturation of oocytes represent a very 

sensitive system for the exploration of nanotoxicology in which even subtle effects 

can be visualized. The use of this test system should be increased in the future to 

gain a better understanding of possible influences of nanoparticle exposure on fe-

male reproduction.  

 

 

 

5.2.4 Effect of gold and silver nanoparticles on embryos 

 

As mentioned in the introduction, within the field of nanoreprotoxicology embryo de-

velopment is certainly the most intensively investigated area. Among those trials 

many have been conducted using gold and silver nanoparticles. The majority of this 

research focused on piscine species, especially zebra fish, because such embryos 

can be obtained easily and in great numbers. A highly repeatable finding in these 

studies was the severe embryotoxicity of silver nanoparticles, while gold nanoparti-

cles elicited hardly any adverse response (Asharani et al. 2011, Bar-Ilan et al. 2009, 

Lee et al. 2013b, Browning et al. 2009) unless administered in very small sizes 

(<3nm) (Pan et al. 2013, Kim et al. 2013a, Truong et al. 2012a, Truong et al. 2013). 

In case of the latter it was shown that surface functionalization had an additional in-
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fluence on the severity and the characteristics of the observed toxicity (Truong et al. 

2012a, Truong et al. 2013)[. Another interesting point raised was the impact of colloi-

dal stability in the final exposure medium on the toxic potential of gold as well as sil-

ver nanoparticles showing a decrease in toxicity with increasing agglomeration, i.e. 

particle size (Truong et al. 2012b, Park et al. 2013a). Internalization of nanoparticles 

into the embryos in a concentration dependent manner was also a consistent finding 

(Lee et al. 2007, Browning et al. 2009). Oxidative stress was confirmed as the pre-

dominant mechanism responsible for toxic effects of AgNP on piscine embryos (Wu 

and Zhou 2012). 

However, the results derived from marine species under conditions specific for exter-

nal fertilization and embryo development cannot simply be extrapolated to other spe-

cies. This becomes apparent when reprotoxicological studies using chicken embryos, 

which were exposed in ovo to nanoparticles made from gold (Zielinska et al. 2009), 

silver (Grodzik and Sawosz 2006, Sikorska et al. 2010, Sawosz et al. 2010, Sawosz 

et al. 2009), silver-palladium alloy (Studnicka et al. 2009) and silver-copper alloy 

(Sawosz et al. 2010) are considered. While gold nanoparticles remained consistently 

inert, even after application of silver containing nanoparticles, no abnormal develop-

ment was observed, except a low-grade inflammation of the embryonic liver after ex-

posure to AgCu alloy nanoparticles. Similar observations were made when adminis-

tering gold and silver nanoparticles into pregnant mouse and rat dams respectively. 

Gold caused no detectable effects on the offspring, even though considerable 

amounts of nanoparticles were taken up by the pups (Yang et al. 2012). Silver only 

eliceted a toxic response if administered in dosages not relevant for environmental 

exposure (Ema et al. 2017). The reason for the apparent discrepancy between pis-

cine and other species concerning the toxicity of silver-containing nanoparticles could 
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be that the amount of nanoparticles, which actually reached the embryo, was a lot 

higher in the trials using piscine species. In these cases the particles were applied 

basically directly to the embryos in an environment of comparatively low complexity. 

Even though the initial doses in the chicken and rodent studies were comparatively 

high, the nanoparticles were first exposed to the contents of an egg or even to an 

entire different organism (the dam), which probably reduced the nanoparticle load of 

the embryo tremendously. In rats for instance it has been reported that of the AuNP 

dose applied to the mother by intravenous injection the fetus would take up approxi-

mately 0.0005-0.00006 % of the particles (Semmler-Behnke et al. 2007). This is sup-

ported by a study where murine preimplantation embryos were exposed in vitro, i.e. 

directly, to silver nanoparticles (Li et al. 2010b). Similar to the trials using piscine em-

bryos, the authors found abnormalities during preimplantation development like in-

creased apoptosis at the blastocyst stage in conjunction with a reduced number of 

pups if nanoparticle exposed blastocysts where transferred to recipient dams. There-

fore, when interpreting such data for its predictive value, assessing the exposure 

dose for its closeness to reality is a critical point. Intestinally, gold nanoparticles did 

not seem to trigger any toxicity in embryos regardless of dose (Park et al. 2013b). 

In our own study, the effects of gold and silver nanoparticles on murine embryos 

were investigated (see 4.3.1). The particles were microinjected into one blastomere 

of a 2-cell murine embryo, thus ensuring the delivery of small, i.e. realistic, but exact 

amounts of nanoparticles. The sister blastomere remained untreated allowing for an 

internal control. This increases the sensitivity of the test system by also pointing out 

sublethal effects, like the interference with cell division mechanisms, which has been 

described as a toxic effect of gold nanoparticles (Kang et al. 2010). The administered 

dose of nanoparticles was calculated based on the assumption that an embryo would 
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take up approximately 0.0004% of the particles (Semmler-Behnke et al. 2007) ap-

plied to the mother in a clinically relevant dosis (De Jong et al. 2008, Choi et al. 

2009). The applied gold and silver nanoparticles did not elicit any effect. Neither the 

pre-implantation development of the embryos up to blastocyst stage was impaired 

(Table 3), nor could a disregulation of various candidate genes for embryo develop-

ment be found (Figure 31). Especially with regard to silver nanoparticles, this result 

might seem surprising at first. However, our results support the findings of the above 

mentioned in ovo and in vivo studies (Yang et al. 2012, Zielinska et al. 2009, Grodzik 

and Sawosz 2006, Yu et al. 2014). Our in vitro study used similar dosages as can be 

expected after in vivo exposure and we also obtained similar results. This further con-

firms the hypothesis that the effects seen in studies with direct embryonic exposure 

to silver nanoparticles derive from extremely high dosages of nanoparticles per em-

bryo. Therefore, to improve the predictive value of future in vitro studies the experi-

mental design should involve the testing of dosages realistic for in vivo exposure 

scenarios. However, to facilitate this, more biodistribution studies need to be per-

formed, which firstly should also work with dosages and application routes appropri-

ate for the kind of particle tested and secondly actually include reproductive organs 

as well as embryos into their examinations. 

 

This leads to the last part of this comprehensive discussion, where general consider-

ations are presented concerning the experimental setup, based on and learned from 

our own here described studies and a thorough examination of current literature. 
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5.3 A CRITICAL RESUME CONCERNING THE EXPERIMENTAL DESIGN OF NANOTOXICO-

LOGICAL STUDIES 
 

5.3.1 A question of dose 

 

Two key problems regarding dosing in nanotoxicology are, firstly, how to express the 

dose in order to facilitate a meaningful comparison between trails and, secondly, 

which dosing range should be tested.  

When investigating drugs or other chemicals for toxicity in vitro, generally the mass 

concentration in the cell culture medium is given (e.g. µg ml-1), as it is presumed to 

be proportional to the cellular dose. As this paradigm has proven to work successfully 

for soluble compounds (Eisenbrand et al. 2002), it has been widely adopted for test-

ing of particulate matter. Yet this approach neglects that particulates are subject to a 

number of peculiarities unknown to solubles. The most obvious one is, that the same 

particle mass concentration can be obtained by using many small or fewer larger par-

ticles, hence mass weighted toxicity tests ignore the total number of particles. But 

even using particle number concentrations (particle number ml-1) is insufficient, as it 

does not reflect particle size, a parameter reported to play a crucial part in determin-

ing nanoparticle toxicology (Limbach et al. 2005). This originates from the hypothesis 

that bioresponse of nanoparticles is surface-depended, particularly when ion release 

due to curvature dependent surface oxidation and dissolution (Borm et al. 2006) or 

the formation of reactive oxygen species (ROS) is considered (Nel et al. 2009, Pan et 

al. 2009). Therefore, Oberdorster et al. suggested expressing the dosage as particle 

surface area concentration (e.g. cm2 ml-1), as it is most suitable to extract information, 

while studies dosing at equal mass tend to amplify effects stemming from smaller 
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particles and data obtained from studies at equal number doses tend to overinterpret 

effects from larger particles (Oberdorster et al. 2005).  

However, even those metrics of dose merely state the concentration of particles pre-

sent in the cell culture media and not what the cells actually come into contact with. 

This also depends on the cell numbers the particles are exposed to. Our results 

showed gold nanoparticles of the same mass media concentration only to be toxic if 

added to cells seeded out at very low density (see 4.1.1). Therefore, it has been sug-

gested to express dose per cell number (Stone et al. 2009). Yet, in opposite to solu-

bles, particle-cell-contact is additionally majorly governed by diffusion, gravitational 

settling and agglomeration. These aspects in turn are influenced by particle proper-

ties like size, shape, density, surface chemistry, zeta potential and concentration as 

well as density, velocity and media height of the cell culture medium (Teeguarden et 

al. 2007). Furthermore, cellular factors have to be taken into account, like saturation 

of particle uptake or reduced particle internalization due to toxic effects disturbing 

active transport systems, necessary for uptake. Gold standard would certainly be to 

actually measure the exact amount of particles incorporated into or at least firmly as-

sociated to the tested cells, before formulating dose-response curves or making 

statements to which nanoparticle property the observed toxicity may be proportional 

to. This applies particularly to properties, which affect the above mentioned determi-

nators of particle-cell-contact. Unfortunately, an exact measurement of the cellular 

dose is not always feasible due to technical or financial constrictions. An alternative 

may be the in vitro sedimentation, diffusion and dosimetry model (Hinderliter et al. 

2010). It facilitates the calculation of the transport rate of a given particle type to the 

tested cells in silico. In accompanying in vitro trials, the authors could show, that it 
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allows a far more accurate estimate of the particle amounts the cells are actually 

challenged with compared with nominal media concentrations.  

Concerning in vivo nanotoxicology trials, the vast majority of publications states ap-

plied particle mass per mass unit animal. For the same reasons as stated above the 

system is wanting. Yet only very few authors state administered particle numbers 

(Melancon et al. 2008, Sonavane et al. 2008), while particle surface area is a unit 

used in some studies concerning the toxicity of inhaled particles (Han et al. 2012). 

Additionally, studies vary so widely concerning other factors, like particle concentra-

tion, duration and administration route, that comparability is problematic. Up to now it 

remains almost impossible to extrapolate any data, collected in a given study beyond 

the very conditions actually used in the experiments. For “conventional” drugs and 

chemicals, computational models have been developed to interpret overarching in-

formation of experimental data and extract general rules. One of the most advanced 

is the physiologically based pharmacokinetic (PBPK) modeling, which has been re-

cently reviewed for its possible application in nanoparticle related studies (Li et al. 

2010a). However, a large amount of data concerning absorption, distribution, metab-

olism and excretion (ADME) of the substance in question is required to generate 

meaningful information with these models. Thus, the authors of the review concluded 

that our current knowledge of nanoparticle behavior in vivo is not yet sufficient 

enough to develop reliable PBPK models. They recommended increased efforts in 

understanding nanoparticle ADME as well as general rules in study design. 

The second of the above mentioned problems concerns the choice of the „right“ dos-

ing range. Many studies go up and beyond to what they presume to be the toxic 

dose. However, the physiological relevance of such concentrations is a frequently 

discussed subject. Because in vitro trials are less limited by ethical, financial or time 
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constrictions, they allow for a much wider dose range. To establish a “no observed 

adverse effect” level it may be required to use dosages, which under in vivo circum-

stances even in intended exposure scenarios may never be reached. Criteria for 

choosing the appropriate dosing range for in vivo studies are more complex. To test 

every nanoparticle including all possible modifications up to LD50 in vivo has already 

been stated to be a virtually impossible undertaking (Stone et al. 2009). Therefore a 

pragmatic approach considering realistic exposure situations seems an efficient solu-

tion. Nanoparticles, predominantly used in intended exposure scenarios, for instance 

biomedical application of gold nanoparticles, warrant higher dosages than particles 

where exposure will occur as a byproduct of other applications, such as cereum na-

noparticles from exhaust fumes.  

5.3.2 Experimental set up 

 

Careful experimental planning could considerably increase the speed by which we 

gather knowledge concerning possible toxic effects. As in vivo studies are costly and 

the numbers of animal used in trials should be kept low for ethical reasons, those 

trials would be most meaningfully employed for particles dedicated to a specific use, 

i.e. where modifications regarding e.g. size, shape or surface functionalization are 

already set, as they all may influence the outcome. Besides dose and exposure time 

the administration route plays a major role in in vivo trials as it is pivotal for biodistri-

bution and should therefore orientate on realistic exposure scenarios. With regard to 

gold nanoparticles most studies were performed using intraveneous 

injection(Khlebtsov and Dykman 2011). While this is the most likely route for gold 

nanoparticles to enter into an organism, it is difficult to think of a scenario where tita-

nium dioxide nanoparticles exposure will occur in such way. However, in many stud-

ies concerning TiO2NP toxicity the particles were applied intravenously or intraperin-



 

104 

 

toneal (Guo et al. 2009, Yamashita et al. 2011, Xu et al. 2013). Thus, drastic effects 

caused by “unrealistic” exposure scenarios may be overinterpreted, while subtle ef-

fects due to low dose “realistic” exposure may be overlooked.  

The most important question to be answered by in vivo trials concerns the biodistribu-

tion of the tested particles. Besides facilitating more targeted in vitro studies, it would 

also greatly improve the development of the above mentioned computational models. 

This requires efficient screening methods for the detection of particles in the various 

tissues. An excellent review by Chen et al. gives a comprehensive overview over the 

currently available techniques including their advantages and limitations (Chen et al. 

2013). Concerning toxic effects, studies should increasingly include functional pa-

rameters caused by low dose exposure. Investigations showed for instance in-

creased testosterone levels in male mice after injection of AuNP (Li et al. 2013) and a 

decreased reproduction rate in the F2 generation after maternal AuNP exposure in a 

C. elegans model (Kim et al. 2013b) respectively. 

In vitro assays offer a great deal more freedom concerning experimental planning. 

They also allow targeted manipulation using pharmaceutical agents to explore under-

lying mechanisms and pathways. A range of assays has been established for testing 

nanoparticle toxicity, which can broadly be grouped into experiments concerning (i) 

viability, (ii) reactive oxygen species production, (iii) inflammation and (iv) genotoxici-

ty. Several reviews have been published discussing the current status of in vitro 

evaluation of nanoparticles (Stone et al. 2009, Horie et al. 2012, Joris et al. 2013). 

However, these assays solely address cytotoxicity. Yet, besides cell death, impact on 

cell function can under in vivo conditions have a much higher impact on overall bio-

compatibility. This is particularly important for particles like AuNP, where cytotoxicity 

has repeatedly shown to be low (Shukla et al. 2005, Alkilany and Murphy 2010). In 
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literature, tests concerning cell functionality are exceedingly underrepresented. One 

reason might be that most in vitro trials are conducted employing 2D monocultures of 

immortalized or cancer cell lines, which often lack specific functions. Therefore, an 

increased use of primary cells should be propagated, even though they are generally 

more difficult to obtain and to culture. However, reproductive cells for instance are 

usually easily available and additionally fitted with clearly defined functions. Gold na-

noparticles have been found to have a negative influence on sperm fertilizing ability 

(see 4.2.1), to increase estrogen production in granulosa cells (Stelzer and Hutz 

2009), but not to effect meiosis in oocytes (see 4.2.3). In none of these tests the via-

bility of the exposed cells was compromised. Furthermore, primary cells appear to 

have a different sensitivity towards nanoparticle derived toxicity than corresponding 

cancer and immortalized cell lines. For example, primary liver cells were found to be 

less sensitive to a range of metal oxide nanoparticles in comparison to their cell line 

counterparts and the same applies to T-cells in conjunction with zinc oxide nanoparti-

cles (Wang et al. 2011, Hanley et al. 2008). In contrast, primary cultures of human 

hematopoietic progenitor cells appeared to have an increased sensitivity to antimony 

oxide and cobalt nanoparticles compared to cell line equivalents (Bregoli et al. 2009). 

No such comparisons have been run for gold nanoparticles, though these results il-

lustrate that researchers need to be careful when extrapolating in vitro findings on 

cell lines to in vivo conditions. 

Another interesting in vitro system for nanoparticle testing is the utilization of stem 

cells. They offer the opportunity to study the influence of nanoparticles on properties 

unique to this cell type, like multi-differentiation capacity and spheroid formation as 

well as being a of pivotal relevance for the development of every higher organism 

(Hackenberg et al. 2013, Campagnolo et al. 2013). A very sophisticated in vitro sys-
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tem represents the establishment of multiple cell type 3D cultures, which aims to 

more closely resemble in vivo conditions by increasing complexity and has also been 

successfully employed for the study of nanotoxicology (Steiner et al. 2012).   

A range of techniques is employed for detecting gold nanoparticles during in vitro 

trials (Dykman and Khlebtsov 2014). Here, transmission electron microscopy (TEM) 

is most frequently used which detects AuNP down to 3-4 nm. Contrasting agents for 

TEM like uranyl acetate and lead citrate can lead to artifacts easily mistaken for gold 

nanoparticles. Thus, the use of negative controls is imperative. In parallel, investiga-

tions of osmium only stained sections can be performed, since modern digital camer-

as are sensitive enough to visualize cells and particles without further staining. If only 

a few particles can be found, further validation for instance by energy-dispersive X-

ray spectroscopy should be considered. A special problem originates from ultra small 

particles and cluster of 2 nm and below, as they cannot be detected by conventional 

TEM. To circumvent this, the use of silver enhancement has been reported 

(Gromnicova et al. 2013), yet this technique may produce artifacts and needs to be 

very well controlled. Alternatively high-angle annular dark-field scanning transmission 

electron microscopy has been used for the detection of ultra small particles 

(Ackerson et al. 2010). Even though this technique is much less prone to cause false 

positives, it is rarely available up to now. To quantify the cellular uptake of gold nano-

particles, TEM analysis is inadequate unless special methods are used for sampling 

(Mayhew et al. 2009). Thus, an accompanying ICP-MS may be performed. Fluores-

cent labeling of AuNP, to detect them by light microscopical means, has also been 

attempted (Shukla et al. 2005). It should be used carefully though as surface modifi-

cations can influence uptake behavior. Alternatively, we could show in the here pre-

sented work, that AuNP <60nm can also be visualized by laser scanning confocal 
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microscopy due to their surface plasmon resonance, which allows to determine the 

intracellular localization of the particles (see 4.1.2). 

In summary careful experimental planning should favor functional aspects over sim-

ple live/dead outcomes, use creative in vitro culture systems in order to improve ex-

trapolation to the in vivo situation and chose the appropriate system for particle de-

tection. 

 

5.3.3 Particle characterization – after synthesis versus „in realitas“ 

 

The final chapter of this discussion concerns the quality of particle characterization in 

toxicological assays, which greatly varies, ranging from no characterization at all 

(Siddiqi et al. 2012) to detailed examinations of key parameters with several com-

plementary methods (Coradeghini et al. 2013). The most frequently determined pa-

rameters are particle diameter and particle size distributions as well as the surface 

charge estimated by the electrokinetic potential (zeta potential).  

The most commonly applied methods to characterize particle size distributions for 

toxicological assays are transmission electron microscopy as well as dynamic light 

scattering (DLS), while some studies also applied analytical disk centrifugation (ADC) 

(Coradeghini et al. 2013). TEM measurements are frequently used as they allow a 

characterization of particle size distributions as well as particle morphology, however 

they suffer from bad statistics. DLS on the other hand is often used because it is a 

fast and easy method and the instrument is available in many laboratories, though it 

has its drawbacks. As it is based on particle scattering and the scattering intensity 

scales with r6 (r = particle radius), it tends to overinterpret signals from larger parti-

cles and it is impossible to detect smaller particle fractions in the presence of larger 

ones. In contrary, ADC measurements are rarely used for particle characterization in 
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toxicological assays, even though this method is particularly useful to determine hy-

drodynamic diameters in polydisperse samples. However, limited availability of the 

instrument as well as time consuming measurements especially for small particles at 

low material densities limits its widespread use. When particle sizes from different 

methods are compared, DLS and ADC generally yield higher values than TEM. In 

most publications, these differences are correctly attributed to the fact that hydrody-

namic diameters, particularly in serum rich media increase due to concentration de-

pendent serum protein adsorption (James and Driskell 2013) while TEM yields solely 

the size of the metal core. However, in some studies DLS derived hydrodynamic di-

ameters, even in the absence of serum proteins are much larger than anticipated 

from the size of the hydrodynamic layer of surfactants and ions (Choi et al. 2012). 

Here, researchers need to keep in mind that particle diameters derived from electron 

microscopy are number weighted, while DLS data are generally intensity or volume 

weighted and the distributions need to be properly adapted, prior to comparison. 

These differences may be minimal in highly monodisperse colloids with low particle 

diameters (< 10 nm), though great deviations may occur when working with polydis-

perse samples of larger particles. Hence it would be beneficial, if particle sizes stated 

in toxicological studies were properly specified as surface, number or volume 

weighted mean diameters. Consequently, appropriate values could be chosen for 

number, mass or surface doses (see: “A question of dose”) precisely considering the 

particle size with the highest contribution to mass (equivalent to volume), surface and 

number.  

Even though most toxicological studies tend to present an analysis of particle size 

directly after synthesis, it is nonetheless of paramount importance to determine the 

fate of the nanoparticles in the biological medium as well. Next to possible changes 
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of the particle´s dissolution behavior and ion masking in the presence of medium 

components influencing ion-derived toxicity (Grade et al. 2012, Hahn and 

Barcikowski 2009), particle aggregation has proven to be a key factor influencing the 

particle´s bioresponse. For instance, it was shown that defined gold aggregates tend 

to have cellular uptake behavior significantly different from unaggregated single parti-

cles (Albanese and Chan 2011). Furthermore, it was reported that during in vitro tests 

in adherent cell culture experiments, sedimentation of larger particles like aggregates 

significantly influences exposure and nanoparticle uptake (Cho et al. 2011). Our own 

studies revealed that aggregated gold nanoparticles tend to interfere with the fertility 

of mammalian spermatozoa due to membrane attachment (see 4.2.1) while unaggre-

gated, serum protein stabilized particles revealed no adverse effects (see 4.2.3). 

Time resolved aggregation of gold nanoparticles is usually monitored by UV-Vis 

spectroscopy and indicated by a reduction of the SPR-peak´s intensity simultaneous 

to the formation of a scattering band in the NIR regime (Wang et al. 2008). Aggrega-

tion is thereby initiated by high salinities (> 100 mM) found in cell culture media, while 

serum proteins were reported to possess a stabilizing effect (Dominguez-Medina et 

al. 2013). During in vitro studies, aggregation in biological media has been examined 

by many groups (Pan et al. 2007, Perreault et al. 2014), though special care must be 

taken to keep these tests as close as possible to the exposure scenario. However, 

during in vivo tests the characterization of aggregation tendencies is much more diffi-

cult though trials in blood plasma and full blood have been proposed to roughly esti-

mate aggregation in these scenarios (Zhang et al. 2012a, Dobrovolskaia et al. 2009). 

Next to particle size and aggregation behavior, surface charge has been reported to 

have a significant impact on toxicity (Schaeublin et al. 2011), a parameter almost ex-

clusively determined by zeta-potential or electrokinetic potential measurements. 
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However, interpreting these data and correlating it to the surface charge is a chal-

lenging endeavor. For that purpose, researchers need to keep in mind that the pa-

rameter measured in these experiments is the electrokinetic mobility, meaning the 

drift velocity in an electric field, which can be considerable influenced by the kind of 

ligands attached to the particles surface (Doane et al. 2012). In complex systems 

where non spherical particles are covered with multiple layers of charged and per-

haps bulky ligands, the biologically relevant surface charge is possibly far removed 

from the measured zeta-potential and surface charge needs to be further verified, 

e.g. by titration with charged surfactants (Muto et al. 2007b).  

There are further nanoparticle characteristics, which, depending on particle type and 

experimental set up might be worthwhile investigating, like shape, curvature, density 

or ligand coverage. However, while usually the time and financial frame determine 

how thorough the particle can be investigated, it should always be considered that a 

rigorous and systematic particle characterization is basics and key to understand and 

correctly interpret the results of every nanotoxicological trial. 

 

5.4 CONCLUSION AND FUTURE PERSPECTIVE 
 

With regard to the reprotoxicology of gold and silver nanoparticles the following con-

clusions can be drawn:  

(I) Exposure of reproduction relevant cells to gold and silver nanoparticles af-

ter systemic administration has been proven by various studies. However, 

a considerable vagueness exists concerning the particles properties once 

arrived at their site of action. Especially the surface molecules, which likely 

define the particles´ bio-identity, will probably have changed after biodistri-
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bution compared to the pristine particles. Cellular internalization depends 

on cell type as well as particle composition. Spermatozoa showed no evi-

dence of particle uptake at all. Oocytes preferentially internalized pure gold 

nanoparticles, while gold-silver alloy particles as well as pure silver nano-

particles where mainly found in the cumulus cells surrounding the oocytes.  

(II) (ii) Gold nanoparticles seem to be highly biocompatible, also in reproduc-

tion relevant settings. However, even gold nanoparticles were observed to 

be toxic to spermatozoa in a concentration dependent manner, in case the 

nanoparticles possess surface properties that allow direct contact with the 

sperm plasma membrane. Protein coronas seem to inhibit such contact. 

Gold nanoparticles also elicited a toxic response on embryos if applied in 

extremely small sizes in conjunction with high dosages (<2nm, 1014 NP per 

embryo).  

(III) (iii) Concerning oocytes and embryos silver nanoparticles are considerable 

more toxic than gold nanoparticles, with a clear dependency on the applied 

dosage. A clearly defined toxic threshold is difficult to determine though, as 

silver nanoparticle toxicity also depends on particle size as well as particle 

composition. The latter could distinctly been shown by employing gold-

silver alloy colloids. The active components seem to be the Ag+-ions re-

leased from the particles, rather than the nanoparticles itself. Spermatozoa 

have been shown to be considerable more resistant towards silver nano-

particle derived toxicity, which might be explained by the unique metabo-

lism spermatozoa feature compared to other cells.  

Regarding the future perspective, as exposure, even in considerable dosages, is be-

coming a very likely scenario, a rationalized design of nanotoxicological studies is 
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warranted. While it is particularly important that the material design reflects the expo-

sure scenario, the fine line between achieving close adaption and deferring systemat-

ic information needs to be evaluated individually for any given case. Novel strategies 

for fabrication of purpose-fitting nanomaterials should be further implemented e.g. 

laser ablation in liquid to systematically study ligand effects. A thorough particle char-

acterization, prior and after contact with biological relevant environments, is of great 

importance for the evaluation of toxicity tests. Toxicologists should know the potential 

and the limitations of the respective methods for detection of key parameters like par-

ticle size distribution as well as surface charge.  

Agreeing on certain standards among the research community regarding the expres-

sion of dosing in nanotoxicological studies, which are then made mandatory for publi-

cation, would significantly improve the informative value and the comparability of fu-

ture studies. 

While innovative in vitro assays are excellent to systematically explore general as-

pects of nanoparticle toxicology, the focus of in vivo studies should be set on explor-

ing absorption, distribution, metabolism and excretion of nanoparticles. This would 

support anticipation whether and which toxic effects can be expected and enables 

the development of truly predictive in silico models. Especially for gold nanoparticles 

where drastic toxicity can in many cases be excluded, endpoints should be chosen to 

facilitate the perception subtle effects. 

Since the onset of intensive nanotoxicological research about 10 years ago, much 

has been achieved regarding the understanding of nano-bio-interactions but also re-

garding the recognition of the shortcomings of current test systems. Learning from 

these mistakes and misconceptions and finding ways to correct them is a challenge 

though signs are set, that it is accepted and will be mastered. 
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6 SUMMARY 

 

As their use in technical as well as biomedical applications surges, nanoparticle ex-

posure, intended as well as unintended, has become a common occurrence. The 

purpose of the here presented work was to study the effects of gold and silver nano-

particles on various aspects of reproduction. 

The particles used throughout this study were synthesized by laser ablation in water 

of a solid metal target. This method provides particles of highest purity, thus avoiding 

obtaining results biased by the remains of substances used in nanoparticle produc-

tion.  Prior to investigations using reproductive cells and tissues, gold particles were 

tested using bovine immortalized endothelial cells, i.e. a somatic cell line, to gather 

first experiences in the handling, detection but also the toxic potential of gold nano-

particles (see 4.1). Regarding detection, the aim was to establish a tool, which al-

lowed the differentiation of gold nanoparticles with routine laboratory equipment. Tri-

als using a laser scanning confocal microscope proved that this method reliably de-

tected single nanoparticles or nanoparticles agglomerates of 60 nm and larger out-

side, but also inside cells. Detection was facilitated by the surface plasmon reso-

nance based light scattering abilities of the tested particles. The results obtained by 

this novel technique showed that the gold nanoparticles were readily incorporated 

into the somatic cells. In case of ligand-free AuNP, within 48 hours of exposure 75% 

of all cells were detected to have internalized the particles. Conjugation of the cell 

penetrating peptide penetratin sped up this process considerably, showing internali-

zation of AuNP in 100% of cells within 2 hours. While uptake of ligand-free nanoparti-

cles seemed to be driven by diffusion, penetratin conjugated particles were incorpo-

rated by endocytosis. Toxicological investigations indicated that a detrimental effect 
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of gold nanoparticles on somatic cells is only to be expected if using a very high na-

noparticle-to-cell-ratio. 

In the following the impact of gold and silver nanoparticles on spermatozoa and oo-

cytes was explored (see. 4.2). Nanoparticle incorporation into spermatozoa was in-

vestigated using transmission electron microscopy, as sperm cells do not possess 

sufficient depth, i.e. are to flat, to employ a scanning confocal microscope for the dif-

ferentiation of intra- and extracellular particles. Interestingly, regardless of surface 

modification, gold nanoparticles were found unable to penetrate membrane intact 

spermatozoa prior to acrosome reaction. However, ligand-free as well oligonucleo-

tide-conjugated AuNP could be found attached to the outside of the sperm plasma 

membrane. Particles conjugated to only peptides or proteins were never found asso-

ciated to the sperm surface. Yet, membrane association alone seemed to suffice to 

exert toxicologically relevant effects. Ligand-free as well as oligonucleotide conjugat-

ed gold nanoparticles led in a concentration of 10 µg/ml to a drop in sperm motility, 

probably via complexation of free thiols on the sperm surface. Furthermore, in vitro 

fertilization trials showed that ligand-free AuNP even caused a decrease in sperm 

fertilizing ability, most likely due to spacial interference of sperm-oocyte-interactions 

by nanoparticle aggregates, which unstabilized, ligand-free AuNP are inclined to form 

in saline solutions. Gold, silver and gold-silver-alloy nanoparticles conjugated to bo-

vine serum albumin showed no toxic effect on spermatozoa.  Oocytes were tested 

regarding the uptake behavior and toxicity of gold, silver and gold-silver-alloy nano-

particles in conjunction with their cumulus cells, a type of somatic cells, which are 

closely associated to the oocyte until the end of oocyte maturation. Interestingly, pure 

gold nanoparticles were internalized exclusively by the oocytes, while even the 

slightest addition of silver led to a preferential incorporation of the particles into the 



 

116 

 

cumulus cells. Regarding toxicological aspects AuNP remained inert, while silver 

containing particles led to an arrest in oocyte maturation in a concentration depend-

ent manner.  

The final aspect to be tested in the here presented work was the effect of gold and 

silver nanoparticles on early embryo development (see 4.3). For this purpose ligand-

free particles were microinjected into one blastomere of a two-cell-stage murine em-

bryo. This method ensured that only a minimum of variation occurred regarding the 

applied particle dose. It also allowed for an untreated internal control. Interestingly, 

the injected nanoparticles had no adverse affect on embryo development up to blas-

tocyst stage. This observation was supported by the finding that developmentally rel-

evant genes remained equally unaffected. While in case of AuNP this result was not 

unexpected, it was surprising with regard to silver nanoparticles. The reason might be 

the immediate formation of a protein corona around the silver nanoparticles after in-

jection into the blastomere, preventing the leakage of toxic Ag+-ions. 

In conclusion, we could show, that the reprotoxic potential of nanoparticles depends 

to a large part on chemical composition as well as surface modification. Especially 

regarding spermatozoa the conjugation to proteins to the particles led via the preven-

tion of sperm surface association to a complete lack of toxicity even by the toxicologi-

cally potent silver nanoparticles. While embryos seemed to be very robust towards a 

challenge with gold and silver nanoparticles, oocytes reacted in a very sensitive 

manner. This indicates for once that this aspect of reproduction might be especially in 

danger of being disturbed by nanoparticle contact. However, due to its sensitivity, the 

fact that it operates with easily obtainable primary cells as well as the possibility to 

assess functional aspects, rather then mere vitality, it also provides an excellent tool 

to investigate the toxicology of any given nanoparticle.   
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7 ZUSAMMENFASSUNG 

 

Die Auswirkungen von Metallnanopartikelexposition auf somatische 

und reproduktive Zellen 

Die Verwendung von Nanopartikeln sowohl bei technischen als auch bei biomedizini-

schen Anwendungen steigt stetig. Daher häuft sich die Konfrontation von lebenden 

Organsimen mit solchen Partikeln, sowohl beabsichtigt als auch unbeabsichtigt. Der 

Zweck der vorliegenden Arbeit war es, die Auswirkungen von Gold- und Silbernano-

partikeln auf verschiedene Aspekte der Reproduktion zu untersuchen. 

Die während dieser Untersuchung verwendeten Nanopartikel wurden durch Laser-

ablation einer Folie aus Gold bzw. Silber in Wasser synthetisiert. Dieses Verfahren 

liefert Partikel von hoher Reinheit. Dadurch konnte vermieden werden, dass die Er-

gebnisse unserer Studien durch Substanzen beeinflusst werden, die bei der chemi-

schen Herstellung von Nanopartikeln verwendet werden und deren völlige Entfer-

nung aus dem Endprodukt nicht immer gegeben ist. Bevor die Untersuchungen mit 

reproduktiven Zellen und Geweben begannen, wurden Goldpartikel an immortalisier-

ten endothelialen Zellen, d. h. einer somatischen Zelllinie, getestet, um erste Erfah-

rungen bei der Handhabung, der Detektion, aber auch dem toxischen Potential von 

Goldnanopartikeln zu sammeln (siehe 4.1). Ziel war es zum einen ein Verfahren zu 

etablieren, um Goldnanopartikel mit Routinelaborgeräten zu identifizieren. Versuche 

mit einem Laser-Scanning-Konfokalmikroskop zeigten, dass mit dieser Methode ein-

zelne Nanopartikel oder Nanopartikelagglomerate von 60 nm und größer außerhalb, 

aber auch innerhalb von Zellen zuverlässig nachgewiesen werden konnten. Die De-

tektion wurde durch die Oberflächen-Plasmonresonanz-basierten Lichtstreuungsfä-
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higkeiten der getesteten Teilchen ermöglicht. Die mit dieser neuartigen Technik er-

haltenen Ergebnisse zeigten, dass die verwendeten Goldnanopartikel in die somati-

schen Zellen inkorporiert wurden. Im Fall von ligandenfreien AuNP konnten innerhalb 

von 48 Stunden nach der Exposition in 75% aller Zellen Partikel nachgewiesen wer-

den. Die Konjugation der Nanopartikel mit dem zellpenetrierenden Peptid Penetratin 

beschleunigte diesen Prozess beträchtlich und zeigte eine Internalisierung von AuNP 

in 100% der Zellen innerhalb von 2 Stunden. Während die Aufnahme von liganden-

freien Nanopartikeln mittels Diffusion zu verlaufen schien, wurden Penetratin-

konjugierte Partikel durch Endozytose eingeschleust. Toxikologische Untersuchun-

gen haben gezeigt, dass ein negativer Effekt von Goldnanopartikeln auf somatische 

Zellen nur zu erwarten ist, wenn eine hohe Anzahl von Nanopartikel auf eine sehr 

geringe Menge an Zellen trifft. 

Im Folgenden wurde der Einfluss von Gold- und Silber-Nanopartikeln auf Spermato-

zoen und Oocyten untersucht (siehe 4.2). Die Aufnahme von Nanopartikeln in Sper-

matozoen wurde mittels Transmissionselektronenmikroskopie untersucht, da Sper-

mien nicht ausreichende Tiefe besitzen, d. h. zu flach sind, um ein konfokales Scan-

ning-Mikroskop zur Differenzierung von intra- und extrazellulären Partikeln zu ver-

wenden. Interessanterweise konnten Goldnanopartikel, unabhängig von der Oberflä-

chenmodifikation, vor Ablauf der Akrosomreaktion nicht durch die Membran intakter 

Spermatozoen hindurchdringen. Bei ligandenfreien sowie oligonukleotidkonjugierten 

AuNP konnte jedoch eine feste Bindung der Partikel an die Außenseite der Spermi-

enplasmamembran nachgewiesen werden. Teilchen, die nur mit Peptiden oder Pro-

teinen konjugiert waren, wurden nie mit der Spermienoberfläche assoziiert gefunden. 

Jedoch allein die Membranassoziation schien auszureichen, um toxikologisch rele-

vante Effekte hervorzurufen. Ligandfreie sowie Oligonukleotid konjugierte Goldnano-
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partikel führten in einer Konzentration von 10 μg/ml zu einem Abfall der Spermien-

beweglichkeit, wahrscheinlich hervorgerufen durch Komplexierung freier Thiole auf 

der Spermienoberfläche. Darüber hinaus zeigten In-vitro-Fertilisationsversuche, dass 

die Exposition zu ligandenfreien AuNP zu einer Abnahme der Spermienfertilität führ-

te. Vermutlich führten Nanopartikelaggregate, die unstabilisierte ligandenfreie AuNP 

in salinen Lösungen bilden, zu Störungen bei der Spermien-Oozyten-Interaktion. 

Gold-, Silber und Gold-Silber-Legierungsnanopartikel, die an Rinderserumalbumin 

konjugiert waren, zeigten keine toxische Wirkung auf Spermatozoen. Die Oozyten 

wurden hinsichtlich des Aufnahmeverhaltens und der Toxizität von Gold-, Silber- und 

Gold-Silber-Legierungsnanopartikeln immer in Verbindung mit ihren Kumulus-Zellen 

untersucht, einer somatischen Zellart, die bis zum Ende der Reifung eng mit der Ei-

zelle assoziiert ist. Interessanterweise wurden reine Goldnanopartikel ausschließlich 

von den Oozyten inkorporiert, während selbst die geringste Zugabe von Silber zu 

einer bevorzugten Aufnahme der Partikel in die Kumuluszellen führte. In Bezug auf 

toxikologische Aspekte zeigten Goldnanopartikel keinerlei Auswirkungen auf die 

Oozyten, während silberhaltige Partikel in konzentrationsabhängiger Weise zum Ar-

rest der Eizellreifung führten. 

Der letzte Aspekt, der in der hier vorgestellten Arbeit getestet werden sollte, war die 

Wirkung von Gold- und Silbernanopartikeln auf die frühe Embryonalentwicklung (sie-

he 4.3). Zu diesem Zweck wurden ligandenfreie Partikel in ein Blastomer eines muri-

nen Zwei-Zellen-Stadium-Embryos mikroinjiziert. Diese Methode stellte sicher, dass 

nur ein Minimum an Variation bezüglich der angewandten Partikeldosis auftrat. Es 

erlaubte darüber hinaus auch eine unbehandelte interne Kontrolle. Interessanter-

weise hatten die injizierten Nanopartikel keine negative Auswirkung auf die Embryo-

nalentwicklung bis hin zum Blastozystenstadium. Diese Beobachtung wurde durch 
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die Feststellung gestützt, dass entwicklungsrelevante Gene gleichermaßen unbeein-

flusst blieben. Während dieses Ergebnis im Fall von Goldnanopartikeln nicht uner-

wartet war, war es im Hinblick auf Silbernanopartikel überraschend. Der Grund könn-

te die sofortige Bildung einer Proteinkorona um die Silbernanopartikel nach der Injek-

tion in das Blastomer sein, wodurch das Austreten toxischer Ag+-Ionen verhindert 

wurde. 

Zusammenfassend konnten wir zeigen, dass das reprotoxische Potenzial von Nano-

partikeln sowohl von der chemischen Zusammensetzung als auch von der Oberflä-

chenmodifikation abhängt. Speziell bei Spermatozoen konnte nach Konjugation von 

Proteinen an die Partikeloberfläche keinerlei Toxizität mehr nachgewiesen werden. 

Das galt auch nicht durch häufig als toxisch beschriebenen Silbernanopartikel. Grund 

dafür ist wahrscheinlich die Inhibierung der Assoziation der Partikel mit der Sper-

mienoberfläche. Während Embryonen auf den Kontakt zu Gold- und Silbernanoparti-

kelnsehr robust reagierten, erscheinen Oozyten sehr empfindlich zu sein im Hinblick 

auf silberhaltige Nanopartikel. Das deutet zum Einen darauf hin, dass dieser Aspekt 

der Reproduktion durch Nanopartikelkontakt besonders gestört werden könnte. Zum 

Zweiten ist es aber auf Grund seiner Sensitivität, der Tatsache, dass es mit leicht 

zugänglichen Primärzellen funktioniert, und der Möglichkeit, funktionale Aspekte und 

nicht nur die Vitalität zu beurteilen, auch ein exzellentes Werkzeug, um die Toxikolo-

gie jeglicher Nanopartikel zu untersuchen. 
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9 LIST OF NON-STANDART ABBREVIATIONS 

 

ASTM - American Society for Testing and Materials 

NP -  Nanoparticle 

AuNP -  Gold nanoparticle 

AgNP - Silver nanoparticle 

TiO2NP – Titanium dioxide nanoparticle 

PVP - Polyvinylpyrrolidon 

PVA - Polyvinylalkohol 

ZnONP - Zinc oxide nanoparticle 

Eu2O3NP - Europium trioxide nanoparticle 

QD - Quantum dots 

CdTe/ZnTE - Cadmium telluride/Zinc telluride 

CdSe - Cadmium selenide 

CuNP - Copper nanoparticle 

Al2O3NP - Aluminium trioxide nanoparticle 

LSCM - Laseer scanning confocal microscope 

TEM - Transmission electron microscope 

TUNEL - TdT-mediated dUTP-biotin nick end labeling 

Fs - Femto second 

SPR - Surface plasmon resonance 
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 DIC - Differential interference contrast 

CPP - Cell penetrating peptide 

ROS - Reactive oxygen species 

RNS - Reactive nitrogen species 

IVM - In vitro maturation 

IVF - In vitro fertilization 

IVC - In vitro cultivation 

AuNP-ssO - Goldnanoparticle conjugated to a single strand oligonucleotide 

EM - Electron micrograph 

LM - Light micrographs 

PM - Plasma membrane 

IAM - Inner acrosomal membrane 

OAM - outer acrosomal membrane 

PAS - Post acrosomal sheath 

NE - nuclear envelope 

LNA - Locked nuclear acid 

TAT - transactivator of transcription 

BSA - Bovine serum albumin 

AgAuNP - Silver-gold-alloy nanoparticle 
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Publication 1 

 

Impact of metal nanoparticles on germ cell viability and functionality 
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Abstract 

Metal nanoparticles play an increasing role in consumer products, biomedical appli-

cations and in the work environment. Therefore, the effects of nanomaterials need to 

be properly understood. This applies especially to their potential reproductive toxicol-

ogy (nanoreprotoxicity), because any shortcomings in this regard would be reflected 

into the next generation. This review is an attempt to summarize the current 

knowledge regarding the effects of nanoparticles on reproductive outcomes. A com-

prehensive collection of significant experimental nanoreprotoxicity data is presented, 

which highlight how the toxic effect of nanoparticles can be influenced, not only by 

the particles' chemical composition, but also by particle size, surface modification, 

charge and to a considerable extent on the experimental set-up. The period around 

conception is characterized by considerable cytological and molecular restructuring 

and is therefore particularly sensitive to disturbances. Nanoparticles are able to pene-

trate through biological barriers into reproductive tissue and at least can have an im-

pact on sperm vitality and function as well as embryo development. Particularly, fur-

ther investigations are urgently needed on the repetitively shown effect of the ubiqui-

tously used titanium dioxide nanoparticles on the development of the nervous sys-

tem. It is recommended that future research focuses more on the exact mechanism 

behind the observed effects, because such information would facilitate the production 

of nanoparticles with increased biocompatibility.  



 

142 

 

Publication 2 

 

Non-endosomal cellular uptake of ligand-free, positively charged gold nanopar-

ticles 

Taylor U, Klein S, Petersen S, Kues WA, Barcikowski S, Rath D 

Cytometry A. 2010; 77(5):439-46 

doi: 10.1002/cyto.a.20846. 

 

https://www.ncbi.nlm.nih.gov/pubmed/20104575 

 

Abstract 

Gold nanoparticles (GNPs) have interesting optical properties, such as exceptionally 

high quantum yields and virtually limitless photostability. Therefore, they show the 

potential for applications as biomarkers especially suitable for in vivo and long-term 

studies. The generation of GNPs using pulsed laser light rather than chemical means 

provides nanoparticles, which are remarkably stable in a variety of media without the 

need of stabilizing agents or ligands. This stabilization is achieved by partial oxidation 

of the gold surface resulting in positively charged GNPs. However, little is known 

about cellular uptake of such ligand-free nanoparticles, their intracellular fate, or cell 

viability after nanoparticle contact. The current work is aimed to explore the response 

of a bovine cell line to GNP exposure mainly using laser scanning confocal micros-

copy (LSCM) supported by other techniques. Cultured bovine immortalized cells 

(GM7373) were coincubated with GNP (average diameter 15 nm, 50 microM Au) for 

2, 24, and 48 h. The detection of GNP-associated light scattering by the LSCM facili-

tated a clear distinction between GNP-containing cells and the negative controls. Af-

ter 48 h, 75% of cells had visibly incorporated nanoparticles. No colocalization was 

detected with either Rab5a or Lamp1-positive structures, i.e., endosomes or lyso-

somes, respectivley. However, transmission electron microscope analysis of GNP-

coincubated cells indicated the nanoparticles to be positioned within electron-dense 

structures. Coincubation at 4 degrees C did not inhibit nanoparticle uptake, suggest-

ing diffusion as possible entrance mechanism. Although the assessment of cell mor-

phology, membrane integrity, and apoptosis revealed no GNP-related loss of cell via-

bility at a gold concentration of 25 microM or below, a cytotoxic effect was observed 

in a proliferation assay after exposing low cell numbers to 50 microM Au and above. 
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In conclusion, this study confirmed the cellular uptake of ligand-free gold nanoparti-

cles during coincubation apparently without using endocytic pathways. 
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Publication 3 

 

Quantitative visualisation of colloidal and intracellular gold nanoparticles by 

confocal microscopy 

Klein S, Petersen S, Taylor U, Rath D, Barcikowski S 

J Biomed Opt. 2010; 15(3):036015 

doi: 10.1117/1.3461170. 

 

https://www.ncbi.nlm.nih.gov/pubmed/20615017 

 

Abstract 

Gold nanoparticles (AuNPs) have the potential to become a versatile biomarker. For 

further use of AuNPs labeled with functionalized molecules, their visualization in bio-

logical systems by routine laboratory tools such as light microscopy is crucial. How-

ever, the size far below the diffraction limit affords specialized parameters for micro-

scopical detection, which stimulated the current study, aimed to determine from 

which size onward AuNPs, either in dispersion or cell-associated, can be reliably de-

tected by standard confocal microscopy. First, gold colloids of size-restricted fractions 

are examined in dispersion. At a minimum particle size of 60 nm, detection appears 

to be reliable. Particle counts in dilution series confirm these results by revealing sin-

gle particle detection of 60-nm colloids. Second, AuNPs are visualized and quantified 

in cells, which interestingly cause a phase shift in the reflection of AuNPs. Gold mass 

spectroscopy confirms the number of AuNPs counted microscopically inside cells. 

Furthermore, it demonstrates for the first time a very high diffusion rate of 15-nm par-

ticles into the cells. In conclusion, the results back the suitability of confocal micros-

copy for the quantitative tracking of colloidal and intracellular gold nanoparticles sized 

60 nm. 
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Publication 4 

 

Penetratin-conjugated gold nanoparticles – design of cell penetrating nano-

markers by femtosecond laser ablation 

Petersen S, Barchanski A, Taylor U, Klein S, Rath D, Barcikowski S 

J Phys Chem C. 2011; 115(12):5152–5159 

Doi: 10.1021/jp1093614 

 

http://pubs.acs.org/doi/abs/10.1021/jp1093614 

 

Abstract 

Gold nanoparticles (AuNPs) are promising imaging agents for the long-term visuali-

zation and tracing of intracellular functions because they bear outstanding optical 

properties and are fairly easily bioconjugated. However, the design of such multifunc-

tional nanosystems might be limited by their bioavailability. Cell-penetrating peptides 

(CPPs) have been shown to be efficient molecular transporters with very few indices 

of cytotoxicity also in conjunction with nanoparticles. In this context, the current work 

aims to explore the approach of in situ conjugation during laser ablation in liquids for 

the design of CPP−NP conjugates at the example of penetratin-conjugated AuNPs. 

Because penetratin is positively charged at neutral pH, the conjugation process most 

likely differs from the previously reported coupling of oligonucleotides with their nega-

tively charged phosphate backbone. Results reveal that penetratin is more efficiently 

bound to AuNPs, increasing the pH value of the ablation media, whereas the size 

and morphology of the bioconjugates function in terms of the penetratin concentra-

tion during the laser process. Probable underlying processes such as size quenching, 

aggregation, and laser-induced partial melting are assessed by the means of trans-

mission electron microscopy and UV−vis spectroscopy. In a preliminary biological 

study, laser scanning confocal and transmission electron microscopy revealed a suc-

cessful uptake of penetratin-conjugated AuNPs for the first time in up to 100% of co-

incubated cells within 2h. 
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Abstract 

To examine gold nanoparticle reprotoxicity, bovine spermatozoa were challenged 

with ligand-free or oligonucleotide-conjugated gold nanoparticles synthesized purely 

without any surfactants by laser ablation. Sperm motility declined at nanoparticle 

mass dose of 10 µg/ml (corresponding to ∼14 000 nanoparticles per sperm cell) re-

gardless of surface modification. Sperm morphology and viability remained unim-

paired at all concentrations. Transmission electron microscopy showed an modifica-

tion dependant attachment of nanoparticles to the cell membrane of spermatozoa, 

but provided no evidence for nanoparticle entrance into sperm cells. A molecular ex-

amination revealed a reduction of free thiol residues on the cell membrane after na-

noparticle exposure, which could explain the decrease in sperm motility. Sperm ferti-

lising ability decreased after exposure to 10 µg/ml of ligand-free nanoparticles indicat-

ing that agglomerated ligand-free nanoparticles interfere with membrane properties 

necessary for fertilisation. In conclusion, nanoparticles may impair key sperm func-

tions solely by interacting with the sperm surface membrane. 
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Abstract 

Spermatozoa are not only essential for animal reproduction they also represent im-

portant tools for the manipulation of animal genetics. For instance, the genetic label-

ing and analysis of spermatozoa could provide a prospective complementation of 

pre-fertilization diagnosis and could help to prevent the inheritance of defective al-

leles during artificial insemination or to select beneficial traits in livestock. Spermato-

zoa feature extremely specialized membrane organization and restricted transport 

mechanisms making the labeling of genetically interesting DNA-sequences, e.g., with 

gold nanoparticles, a particular challenge. Here, we present a systematic study on 

the size-related internalization of ligand-free, monovalent and bivalent polydisperse 

gold nanoparticles, depending on spermatozoa membrane status. While monovalent 

conjugates were coupled solely to either negatively-charged oligonucleotides or posi-

tively-charged cell-penetrating peptides, bivalent conjugates were functionalized with 

both molecules simultaneously. The results clearly indicate that the cell membrane of 

acrosome-intact, bovine spermatozoa was neither permeable to ligand-free or oligo-

nucleotide-conjugated nanoparticles, nor responsive to the mechanisms of cell-

penetrating peptides. Interestingly, after acrosome reaction, which comprises major 

changes in sperm membrane composition, fluidity and charge, high numbers of mon-

ovalent and bivalent nanoparticles were found in the postequatorial segment, depict-

ing a close and complex correlation between particle internalization and membrane 

organization. Additionally, depending on the applied peptide and for nanoparticle siz-

es < 10 nm even a successive nuclear penetration was observed, making the biva-

lent conjugates promising for future genetic delivery and sorting issues. 
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Abstract 

Metal and alloy nanoparticles are increasingly developed for biomedical applications, 

while a firm understanding of their biocompatibility is still missing. Various properties 

have been reported to influence the toxic potential of nanoparticles. This study aimed 

to assess the impact of nanoparticle size, surface ligands and chemical composition 

of gold, silver or gold-silver alloy nanoparticles on mammalian gametes. An in vitro 

assay for porcine gametes was developed, since these are delicate primary cells, for 

which well-established culture systems exist and functional parameters are defined. 

During coincubation with oocytes for 46 h neither any of the tested gold nanoparticles 

nor the gold-silver alloy particles with a silver molar fraction of up to 50% showed any 

impact on oocyte maturation. Alloy nanoparticles with 80% silver molar fraction and 

pure silver nanoparticles inhibited cumulus-oocyte maturation. Confocal microscopy 

revealed a selective uptake of gold nanoparticles by oocytes, while silver and alloy 

particles mainly accumulated in the cumulus cell layer surrounding the oocyte. Inter-

estingly sperm vitality parameters (motility, membrane integrity and morphology) 

were not affected by any of the tested nanoparticles. Only sporadic association of 

nanoparticles with the sperm plasma membrane was found by transmission electron 

microscopy. In conclusion, mammalian oocytes were sensitive to silver containing 

nanoparticles. Likely, the delicate process of completing meiosis in maternal gametes 

features high vulnerability towards nanomaterial derived toxicity. The results imply 

that released Ag(+)-ions are responsible for the observed toxicity, but the compound-

ing into an alloy seemed to alleviate the toxic effects to a certain extent. 
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Abstract 

Intended exposure to gold and silver nanoparticles has increased exponentially over 

the last decade and will continue to rise due to their use in biomedical applications. In 

particular, reprotoxicological aspects of these particles still need to be addressed so 

that the potential impacts of this development on human health can be reliably esti-

mated. Therefore, in this study the toxicity of gold and silver nanoparticles on mam-

malian preimplantation development was assessed by injecting nanoparticles into 

one blastomere of murine 2 cell-embryos, while the sister blastomere served as an 

internal control. After treatment, embryos were cultured and embryo development up 

to the blastocyst stage was assessed. Development rates did not differ between mi-

croinjected and control groups (gold nanoparticles: 67.3%, silver nanoparticles: 

61.5%, sham: 66.2%, handling control: 79.4%). Real-time PCR analysis of six devel-

opmentally important genes (BAX, BCL2L2, TP53, OCT4, NANOG, DNMT3A) did not 

reveal an influence on gene expression in blastocysts. Contrary to silver nanoparti-

cles, exposure to comparable Ag(+)-ion concentrations resulted in an immediate ar-

rest of embryo development. In conclusion, the results do not indicate any detri-

mental effect of colloidal gold or silver nanoparticles on the development of murine 

embryos. 
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Abstract 

The use of engineered nanoparticles has risen exponentially over the last decade. 

Applications are manifold and include utilisation in industrial goods as well as medical 

and consumer products. Gold and silver nanoparticles play an important role in the 

current increase of nanoparticle usage. However, our understanding concerning pos-

sible side effects of this increased exposure to particles, which are frequently in the 

same size regime as medium sized biomolecules and accessorily possess highly ac-

tive surfaces, is still incomplete. That particularly applies to reproductive aspects, 

were defects can be passed onto following generations. This review gives a brief 

overview of the most recent findings concerning reprotoxicological effects. The here 

presented data elucidate how composition, size and surface modification of nanopar-

ticles influence viablility and functionality of reproduction relevant cells derived from 

various animal models. While in vitro cultured embryos displayed no toxic effects af-

ter the microinjection of gold and silver nanoparticles, sperm fertility parameters dete-

riorated after co-incubation with ligand free gold nanoparticles. However, the effect 

could be alleviated by bio-coating the nanoparticles, which even applies to silver and 

silver-rich alloy nanoparticles. The most sensitive test system appeared to be in vitro 

oocyte maturation showing a dose-dependent response towards protein (BSA) coat-

ed gold-silver alloy and silver nanoparticles leading up to complete arrest of matura-

tion. Recent biodistribution studies confirmed that nanoparticles gain access to the 

ovaries and also penetrate the blood-testis and placental barrier. Thus, the design of 

nanoparticles with increased biosafety is highly relevant for biomedical applications. 
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Abstract 

Many studies have evaluated the toxicity of gold nanoparticles, although reliable pre-

dictions based on these results are rare. In order to overcome this problem, this arti-

cle highlights strategies to improve comparability and standardization of nanotoxico-

logical studies. To this end, it is proposed that we should adapt the nanomaterial to 

the addressed exposure scenario, using ligand-free nanoparticle references in order 

to differentiate ligand effects from size effects. Furthermore, surface-weighted particle 

dosing referenced to the biologically relevant parameter (e.g., cell number or organ 

mass) is proposed as the gold standard. In addition, it is recommended that we 

should shift the focus of toxicological experiments from 'live-dead' assays to the as-

sessment of cell function, as this strategy allows observation of bioresponses at low-

er doses that are more relevant for in vivo scenarios. 

 

 


