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ABSTRACT 

 

Nano-sized materials could find multiple applications in medical diagnosis and 

therapy. One main concern is that engineered nanoparticles, similar to 

combustion-derived nanoparticles, may cause adverse effects on human health by 

accumulation of entire particles or their degradation products. Chronic cytotoxicity 

must therefore be evaluated.  

In order to establish a model for chronic cytotoxicity testing, plain polystyrene 

nanoparticles (20 and 200 nm), the endothelial cell line EAhy 926, as 

representatives for epithelial cells, as well as THP-1 cells, representing immune 

cells, were used. Culturing was performed in a microcarrier cell culture system for 

anchorage-dependent cells (BioLevitatorTM) and a bioreactor culturing system for 

in suspension growing cells (CELLine CL350). Viability, mode of action assays, 

and cytokine secretion served as read-out parameters. The established system 

was used for cytotoxicity testing of > 50 nm short plain and carboxyl-functionalized 

multi-walled carbon nanotubes.  Cells were cultured for four weeks and exposed to 

doses of polystyrene particles, which were not cytotoxic upon 24 hours of 

exposure. In addition, fluorescent polystyrene particles were applied in order to 

investigate their sub-cellular localization. For comparison, these particles were 

also studied in regularly sub-cultured cells, a method that has traditionally been 

used to assess chronic cellular effects.  

Culturing by using both, microcarrier and bioreactor culture methods, produced 

very high cell densities. After four weeks of exposure, the number of EAhy 926 

cells exposed to 20 nm polystyrene particles decreased by 60% as compared to 

untreated controls. Fluorescent particles were mainly localized in the lysosomes of 

the exposed cells. When tested in sub-cultured cells, the same particles 

decreased cell numbers to 80% of the untreated controls. Dose-dependent 

decreases in cell numbers were also noted after exposure of microcarrier cultured 

cells to 50 nm short functionalized multi-walled carbon nanotubes, but not upon 

exposure to plain nanotubes of the same size. Our findings support that necrosis, 

but not apoptosis, contributed to cell death of the exposed cells in the microcarrier 

culture system.  

In contrast, exposure of THP-1 monocytes to polystyrene particles in bioreactor 

cultures, revealed unreliable findings. Not only the reaction to the particles, but 
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also growth of untreated THP-1 cells in the bioreactor showed great variations 

between the experiments. The uptake of fluorescent particles was very poor; only 

one out of 1000 cells was found to contain particles. When sub-cultured cells were 

exposed to polystyrene particles, the cell number was reduced as expected in a 

dose- and size-dependent manner. Here, too, necrosis, following an inflammatory 

response, contributed to cell death of exposed monocytes. However, exposure to 

both types of carbon nanotubes showed no changes in cell proliferation, and 

induced no release of cytokines as compared to untreated cells.  

In conclusion, the established microcarrier model for anchorage-dependent cells 

appears to be more sensitive for the identification of cellular effects upon 

prolonged and repeated exposure to nanoparticles than traditional sub-culturing. In 

contrast, long-term effects on monocytes are superiorly assessed in sub-cultured 

cells than in bioreactor cultures. While polystyrene particles partially induce 

adverse effects on both cell types, carbon nanotubes seemed to be less harmful. 

These findings could prove short carbon nanotubes to be suitable for applications 

in biomedical applications. 
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ZUSAMMENFASSUNG 

 

In der heutigen Zeit werden verschiedene Nanomaterialien immer häufiger zu 

unterschiedlichen Zwecken (in der Medizin, der pharmazeutischen und 

kosmetischen Industrie, usw.) angewandt.  Großes Interesse besteht darin, 

sowohl industriell hergestellte, als auch natürlich vorkommende Nanopartikel, 

hinsichtlich ihrer Verträglichkeit zu untersuchen. Da Nanopartikel oder deren 

Abbauprodukte in Zellen akkumulieren können, muss neben einer akuten 

Schädigung auch die langzeitliche Zytotoxizität untersucht werden. 

Zur Untersuchung der Langzeittoxizität nach chronischer Exposition von 

Endothelzellen und Monozyten, wurden, im Rahmen der vorliegenden Arbeit, zwei 

Methoden zur Langzeitkultivierung etabliert und mit konventionellen Methoden 

verglichen: eine „microcarrier“ (dt. Mikroträger) Zellkultur für Endothelzellen 

(BioLevitatorTM) und eine Bioreaktor Zellkultur für Monozyten (CELLine CL350). 

Die Zellen wurden über einen Zeitraum von vier Wochen kultiviert. Als 

Modellpartikel wurden nicht-funktionalisierte Polystyrol-Nanopartikel, mit einem 

Durchmesser von 20 und 200 nm, verwendet. Zusätzilch wurde die intrazelluläre 

Lokalisierung der Partikel mittels fluoreszenter Polystyrolpartikel (20 nm) 

untersucht. Nach Etablierung der geeigneten Methode wurden auch zelluläre 

Effekte nach Behandlung mit kurzen Kohlenstoffnanoröhren (engl. carbon 

nanotubes, CNTs), mit einem Durchmesser von > 50 nm, untersucht. 

Nach Behandlung der „microcarrier“ Kulturen mit 20 nm Nanopartikeln reduzierte 

sich die Zellzahl um etwa 60%. In konventionellen Kulturen verringerte sich diese 

jedoch nur um 20%. Funktionalisierte CNTs führten ebenfalls zu einer 

dosisabhängigen Abnahme der Zellzahlen. Diese Änderungen wurden 

hauptsächlich durch nekrotischen Zelltod hervorgerufen.  

Im Gegensatz zu den Endothelzellen, wurden bei Monozyten aussagekräftigere 

Ergebnisse mittels konventioneller Methoden erzielt. Auch hier nahm die Zellzahl 

nach Behandlung mit Polystyrolpartikel ab. Dieser Effekt war jedoch dosis- und 

größenabhängig. Zellnekrose aufgrund einer entzündlichen Reaktion verursacht 

durch Nanopartikel konnte dabei als wichtigster Mechanismus identifiziert werden. 

Interessanterweise konnten bei der Behandlung von Monozyten mit CNTs 

hingegen keine Änderungen festgestellt werden.  
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Während sich für die Untersuchung der langzeitlichen Wirkung von 

unterschiedlichen Nanomaterialien auf Endothelzellen die „microcarrier“ 

Zellkultivierung als geeignete Methode herausstellte, konnte für Monozyten nur die 

konventionelle Technik angewandt werden. Es konnte gezeigt werden, dass 

Polystyrolpartikel zum Teil erhebliche Schäden an Zellen hervorrufen können. 

Eine Exposition mit CNTs schien jedoch harmloser zu sein. Diese Erkenntnisse 

unterstützen somit die unbedenkliche Anwendung von kurzen CNTs sowohl in 

verschiedenen biomedizinischen, als auch in anderen Produkten. 
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Figure 1. Sizes of different small objects. On the left (from top to bottom): a cockroach, a 

pollen grain, a cobalt nanocrystal superlatice; on the right side: a human hair, red blood cells, 

an aggregate of half-shelfs of palladium, an aspirin molecule.                                               

From: Whiteside, Nature Nanotech. 2003  

1. INTRODUCTION 

 

1.1 Nanomaterials and Nanotechnology 

 

The prefix “nano” (greek: nanos = dwarf) refers to nanometer (nm) which is 1 x 10-

9 meter (Arora et al., 2012). Nanomaterials (NMs) are either natural, or 

engineered, or accidental structures with at least one dimension that ranges from 

1 – 100 nm (Nel et al., 2006, EU). Natural or accidental particles of < 100 nm 

usually derive from volcano eruptions or are by-products of other processes such 

as fire smoke, diesel exhaustion, etc. However, the term nanoparticle (NP) refers 

only to engineered NMs (ENMs). Therefore, the new branch in technology dealing 

with engineering, characterization, and application of such materials is called 

nanotechnology (Hartmann et al., 2008). For comparison, the size distribution of 

different “small” objects is presented in Figure 1.  
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Different nanoscaled objects are presented in Figure 2. 

 

Both, the biological and physical sciences share common interests in nano- and 

microscale structures. However, they show nanoscience in different aspects. 

ENMs show unique physicochemical properties when compared to their larger 

counterparts. In physical sciences, NPs offer quantum phenomena, such as size-

dependent fluorescence, as well as remarkable physical properties, for instance 

electrical conductivity, etc. However, also in biological systems (e.g. cells), “nano-

structures” can be found (single molecules, organelles, etc.) (Whitesides, 2003). 

Therefore, NPs are increasingly being used for commercial purposes such as 

electronics, biotechnology, cosmetics, biological / pharmaceutical / medical 

sciences (drug delivery, imaging contrast agents), and medicine (cancer therapy) 

(Arora et al., 2012; Ai et al., 2011). Due to their small size and a very high surface 

to volume ratio, NPs can easily interact with cell surfaces and even intracellular 

structures (Alexis et al., 2008; Hartmann et al., 2008; De Jong et al., 2008).  

In Figure 3, cellular uptake mechanisms of NPs are presented. 

Figure 2. Definition of nanoobjects.                                                                                  

From: Krug and Wick, Angew. Chem. Int. Ed. 2011 
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1.1.1 Nanostructures in biotechnology 

 

Several physical nano-structures can act as tools in biological applications and/ or 

biotechnology (Whitesides, 2003). Self-assembled monolayers allow guidance of 

cell behaviour, attachment, and growth. In addition, cell motility can be studied 

easily by applying a voltage pulse to the surface of the monolayer (Jiang et al., 

2003). Other systems, such as optical or magnetic tweezers, provide more 

detailed insights into functions on the single molecule level, e.g. proteins involved 

in transport within cells (Knight et al., 2001; Block et al., 2003). In tissue 

engineering, nano- or microstructured three-dimensional scaffolds are used. 

Several different labelled and / or coated NPs are commercially available and are 

used for cell tracking, as well as for imaging.  

 

1.1.2 NPs for drug delivery 

 

Nanotechnology has enabled the development of combinatorial drug delivery 

systems using biologically targeted carriers. ENMs may be applied to enhance 

specificity of drug delivery, reduce toxicity, and enhance therapeutic efficacy of 

Figure 3. Cellular uptake of NPs.                   

From Krug and Wick, Angew. Chem. Int. Ed. 2011 



- 20 - 

 

drugs, as well as permit novel combinatorial therapies (e.g. in cancer therapy). 

One of the earliest vehicles used as drug delivery agents in cancer therapies were 

liposomes (Moghimi et al., 2005). The use of liposomes allows enhanced delivery 

of therapeutic agents while their cytotoxic potential is reduced. Furthermore, 

liposomes are amenable to surface conjugation enabling a better targeting to the 

desired site of action. Since then, numerous other nanoscale vehicles, such as 

carbon nanotubes (CNTs), dendrimers, and polymers, have been or are currently 

under development. Sengupta et al. (2005) have developed a targeted “nanocell” 

for the temporal release of an anti-angiogenic agent and cytotoxic chemotherapy 

at tumour sites demonstrating significantly enhanced efficacy. 

 

1.1.3 NPs as imaging contrast agents 

 

NPs have tremendous potential for imaging modalities. Specifically engineered 

NMs improved the specificity, sensitivity, and functionality of imaging contrast 

agents. In addition, such new agents are expected to act less toxic compared to 

traditional imaging contrast agents.  

A variety of nanoscale imaging contrast agents have been developed. For 

instance, nanocages, CNTs, gold-speckled silica NPs have been characterized as 

contrast agents for photoacoustic tomography (Yang et al., 2007; De la Zerda et 

al., 2008; Sharma et al., 2008). Other NPs, such as iron oxides, are used in 

magnetic resonance imaging approaches. Sharma et al., characterized gold-

speckled silica NPs as a novel multimodal imaging contrast agent. These NPs 

function simultaneously as contrast agents for fluorescence imaging, photo-

acoustic imaging, and magnetic resonance imaging (Sharma et al., 2008). 

 

1.1.4 NPs in use for cancer therapies 

 

A wide variety of NPs, including polymers, lipids, dendrimers, as well as 

organometallic, and carbon-based NMs, are under investigation and development 

for cancer therapy and cancer imaging or diagnosis, both combined in the term 

“cancer nanotechnology”. Nanotechnology may enable high-throughput screening 

analysis in vitro. In addition, the sensitivity and/ or specificity of in vitro diagnostic 

assays may be potentially increased by using NMs. A variety of nanoscale 
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systems, such as nanowires, nanotubes, cantilevers, etc., are currently being 

developed to have implications for clinical cancer care (Heath and Davis, 2008; 

Pope-Harman et al., 2007). Other NPs, such as semiconductor nanocrystals or 

luminescent quantum dots, have been applied for enhanced tissue analysis 

(Bruchez et al., 1998; Chan et al., 2002).  

The selection of a particular material for therapeutic purposes depends on the 

size, surface characteristics, biocompatibility, toxicity, as well as their properties in 

biologic systems. NPs have several properties that make them more efficient than 

conventional cancer therapeutics: 

- NPs can act as drug delivery systems, even when loaded with different 

drugs in order to act as a combinatorial cancer therapy, 

- NPs themselves can have therapeutic or diagnostic properties, 

- Attachment to targeting ligands yield high affinity for target cancer cells, and 

- NPs can bypass drug resistance mechanisms. 

Even NP formulations of already established therapeutics have been integrated 

into cancer therapies, and clinical trials are performed. As shown by Peer et al. 

(2007), these NPs show higher efficacy and less toxicity compared to conventional 

drugs. 

Interestingly, the use of NPs in cancer nanotechnology opens the door to new, 

non-invasive therapeutic strategies. This includes: 

 

- Photothermal therapy: relies on the properties of NPs which have high 

absorption in the near-infrared (NIR) region. O’Neal et al. (2004) have 

demonstrated systemic thermal ablation of tumors in vivo following systemic 

injection of gold nanoshells and exposure to NIR light. Other NMs, such as 

nanorods, and CNTs have also been characterized as nanoscale mediators for 

photothermal ablation of tumors. 

 

- NP-enhanced radiotherapy: Hainfeld et al. (2004) demonstrated an 

improved efficacy of radiation therapy on mammary carcinomas in vivo following 

intravenous administration of gold NPs. Similar results were obtained by Chang et 

al. (2008) by using an in vivo model of melanoma. Also in in vitro studies, gold 

NPs were demonstrated to enhance radiotherapy on tumors. Therefore, the 
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application of NPs in radiation therapies on cancer cells allows a dose reduction 

leading to reduced cytotoxicity to the surrounding tissue. 

 

- NP-enhanced radiofrequency therapy: use of NPs in an invasive approach 

enables the development of a non-invasive ablation of tumor cells. Gold NPs as 

well as CNTs have been shown to enhance a non-invasive destruction of tumors 

in vitro and in vivo (Gannon et al., 2008; Cardinal et al., 2008; Gannon et al., 

2007). 

 

- Cancer theranostics: used to simultaneously detect and treat cancer cells. 

Biodegradable NPs, such as iron oxides, are currently being developed as 

theranostic agents which allow a non-invasive diagnosis via optical/ magnetic 

resonance imaging, and targeted cancer therapy (Santra et al., 2009). Such 

strategies may accelerate diagnosis and treatment of tumors, improve cure rates, 

while reducing side-effects of a treatment. 

 

1.2 Nanotoxicity and nanotoxicology 

 

The main characteristic of NPs is their small size by which their unusual physical 

and chemical properties (surface area, size distribution) are conditioned. 

Moreover, also other properties, such as chemical composition (purity, electronic 

properties, etc.), surface structure (functionalization, reactivity, etc.), shape, 

solubility, and aggregation, contribute to it (Nel et al., 2006). In 2005, Oberdörster 

et al. have identified 17 different features which need to be considered when 

assessing NP toxicity. All these desirable physicochemical properties which make 

NPs suitable for biomedical applications are the same that raise concerns about 

adverse effects on biological systems (e.g. organs and tissues, cells, as well as 

sub-cellular organelles and structures) (Nel et al., 2006). A short summary of the 

main NP classes as well as their applications and biological safety concerns, are 

presented in Table 1.  

However, exposure to not only ENMs (e. g. industry (production process, 

handling), use of cosmetics and medical products containing NPs, etc.), but also 

natural or accidental particles (e. g. volcano eruption, air pollution, etc.) may be 

harmful to organisms and / or to the environment. Hence, one of the major 
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professional groups interested in investigating the potential risks of NMs are the 

occupational health staff. 

 

1.2.1 Historic overview 

 

The use of NPs in different areas has a long history. For instance, colloidal gold is 

used in medicine since the 1920s in treatment of tuberculosis. In addition, it has 

found application in the treatment of rheumatic diseases (Bhattacharya and 

Mukherjee, 2008; Fadeel and Garcia-Benett, 2010).  

Moreover, the danger of inhaling air-borne particulate matter (smoke or fume 

particles) was recognized already since ancient times (Maynard and Baron, 2004). 

However, only researchers in the 1980s started to investigate the impact of 

particles with sizes in the nanometer range on human health (Oberdörster et al., 

1990; Ferin et al., 1990). About those times, a new type of NM was discovered - 

CNTs (Iijima, 1991). In the 1990s, associations between NP inhalation and 

diseases of the respiratory and / or cardiovascular system were uncovered 

(Dockery et al., 1993). In addition, more concerns arose about the effects of the 

inhalation of CNTs - or nanoscale fibres in general- on human health (Coles, 

1992). 
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Since nanoscaled materials act differently compared to their larger counterparts, 

the need of a specific category in toxicological sciences raised. Even when made 

of inert elements such as gold, NPs become highly (re)active or catalytic when 

approaching the nanoscale (Ai et al., 2011). This is mainly caused by the very high 

surface to volume ratio (Xia et al., 2006). Therefore, in 2004, Ken Donaldson and 

his colleagues named this new branch of science “nanotoxicology” (Donaldson et 

al., 2004). As presented in Figure 4, the principle components of this branch 

include the production, physicochemical and biological characterization, as well as 

risk assessment and risk management. 

 

 

 

 

 

Figure 4. Overview of the interdisciplinary science named nanotoxicology.                

From: Fadeel and Garcia-Benett, Adv. Drug Deliv. Rev. 2010 
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1.2.2 Physicochemical characteristics important for toxicity  

 

The most important properties for particle toxicity are: size and chemical 

composition (Ai et al., 2011). However, other determinants, such as coating, 

particle shape, surface, aggregation state, etc., are also influencing the potential 

biological effect of a NP (Schlesinger 1995; Chithrani et al., 2006; Lockman et al., 

2004; Wick et al., 2007).  

By decreasing the particle size, more chemical molecules may attach to its 

surface. Hence, the reactivity and toxic potential are enhanced (Linkov et al., 

2008; Hyuk et al., 2009). In 2009, Hyuk et al. have demonstrated that the ability of 

NPs to cross the mucosal barrier is size-dependent: the smaller the NPs, the more 

they were detected in the lymphatic tissue of the intestine.  

In addition, the surface of a NP is also discussed to play an important role in 

toxicity. Reactive groups linked to the surface of an NP, may influence the 

interaction with biological materials. Also other features, such as hydrophobicity / 

hydrophilicity of a NP, may be used to estimate the toxic potential.  As 

demonstrated for silica NPs, surface modifications could influence the cytotoxicity, 

inflammogenicity, and fibrogenicity (Schins et al., 2002), thus leading to fibrosis 

and lung cancer. As proposed by Fubini in 1997, these effects may be caused by 

the appearance of surface radicals and reactive oxygen species. However, some 

surface modifications, such as coating, can reduce the toxicity of NPs (e.g. iron 

NPs).  

Moreover, the shape of NPs was demonstrated to influence the biological effects. 

In 2007, Pal et al. have investigated the interaction of silver NPs with bacteria, and 

they could show that the NPs undergo a shape-dependent interaction. HeLa cells 

have been demonstrated to rather uptake spherical gold NPs than gold nanorods 

(Chithrani et al., 2006). In the case of fibres (e.g. anatase titanium dioxide, CNTs), 

it has been shown that long structures are more prone to initiate inflammatory 

responses in lung tissue than short particles. Moreover, the length of a fibre is 

related to its toxicity as it might be an indication for its bio-persistence (Donaldson 

et al., 2004; Hamilton et al., 2009). Similar to asbestos fibres, long persistent fibres 

initiate pathogenic effects, while short and / or non-persistent fibres undergo 

phagocytosis (Donaldson et al., 2004). In addition, contamination with heavy 

metals (e.g. iron, etc. ) is an important issue in assessing toxicity of CNTs. The 
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metals are originally used as scaffolds in the synthesis process and already have 

been documented to exert toxicity (Donaldson et al., 2006). 

Possible biological effects caused by the physicochemical properties of different 

NPs are presented in Table 2. 
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1.2.3 Routes of exposure 

 

The human body has several interfaces for direct substance exchange with the 

environment (Figure 5). The four most important organs with regard to the uptake 

of NPs are the skin, bloodstream, respiratory tract, and gastrointestinal tract.  

 

-  

- Dermal exposure: the healthy skin is an important barrier. It is a 1.5 – 2 m² 

organ which is composed of three layers: epidermis, dermis, and subcutis. The 

first cell layer of the epidermis is the corneal layer (= stratum corneum). It mainly 

consists of dead epithelial cells (= keratinocytes) representing the first mechanical 

barrier for NPs. The dermis (= corium) is located beneath the epidermis and 

consists of connective tissue. It contains hair follicles, sweat glands, and 

perspiratory glands. These two layers are separated by a basal membrane. Blood 

vessels and nerves (e.g. lammelar bodies) are located in the loose connective and 

adipose tissue of the subcutis (Figure 6). 

Figure 5. Exposure routes and bio-distribution of NPs in the body.                              

From Krug and Wick, Angew. Chem. Int. Ed. 2011  
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There are three major exposure scenarios: air pollution, application of cosmetics 

containing NPs, and application of nanotechnology in textile industry (Roblegg et 

al., 2009). So far, not many exposure studies on healthy skin were performed. 

However, some studies could show titanium dioxide (TiO2) NPs, which are used in 

sunscreens, to be found in the first two cell layers of keratinocytes or even in hair 

follicles (Tinkle et al., 2003). As shown by Ryman-Rasmussen et al. in 2003, the 

penetration of NPs into the skin depends on their size as well as the applied 

surface coatings of the NPs. In addition, studies on toxicological effects of 

exposing diseased or stressed skin to several kinds of NPs must be performed. 

 

- Exposure to injected NPs: injection of NPs is mainly used in diagnosis and 

therapies. Nanoscale imaging contrast agents, as well as transport vehicles in 

cancer therapies are currently under investigation. The NPs are either injected 

directly into the target organ or into the bloodstream from where they can be easily 

distributed. 

Injection of NPs is the choice when biological barriers, such as the skin, gastro-

intestinal tract, etc. need to be bypassed. However, other types of barriers, such 

as the blood-brain-barrier (BBB) or the placenta of pregnant women become more 

Figure 6. Skin model.                                                                              

From Roblegg et al., EuroNanoTox Letters 2009 
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relevant (Helland et al., 2008; Wick et al., 2010). The ability of NPs to pass the 

BBB is exploited to transport anti-cancer drugs into the brain. 

However, when investigating NPs for their administration into the bloodstream, the 

potential effects on different functions need to be evaluated (Abdelmoez et al., 

2010). In 2008, Mayer et al. investigated the effects of carboxyl-functionalized 

polystyrene particles on hemocompatibility. The authors could show that small and 

positively charged NPs caused thrombocyte and granulocyte activation and 

hemolysis, as well as the activation of the complement system, respectively. In 

addition, they showed negatively charged NPs > 60 nm to be less hematotoxic. 

 

- Inhalation: organs with respect to the entry and distribution of inhaled NPs 

are the nasal cavity, the trachea, and the lung (Figure 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Larger particles or aggregates (> 50 µm) deposit on the nasal mucosa and are 

therefore under investigation as effective drug delivery vehicles. However, some 

studies reported a translocation of NPs into the brain via the olfactory nerve 

(Oberdörster et al., 2004; Elder et al., 2006). Other studies demonstrated 

Figure 7. Inhalation of particles.                                                                                    

From Krug and Wick, Angew. Chem. Int. Ed. 2011 
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morphological and cellular expression of free radical formation in microglia (= brain 

macrophages) of mice exposed to small NPs (Long et al., 2006). 

Large particles are mostly removed by mucociliary transport (Krug and Wick, 

2011). The transport of a NP into the lung depends on the particle size: the smaller 

the particle, the higher is the probability of its transport. Particles < 2.5 µm can be 

transported into the alveoli. Once present, the particles are removed by 

phagocytosis resulting from the activation of lung macrophages (Borm et al., 

2006). This may further lead to tissue damage and systemic effects due to the 

inflammation of the lung. Furthermore, the translocation of NPs to the blood 

vessels (Geiser et al., 2005) and the distribution to other organs may result in 

cardiovascular effects (Hoet et al., 2004). 

If NPs are not sufficiently cleared they could be deposited in the interstitium, thus 

leading to oxidative stress reactions and inflammation. Moreover, oxidative 

damage may occur due to the production of free radicals, similar to the 

manifestation of exposure to asbestos fibres (Donaldson et al., 2004). The 

clearance of NPs from the respiratory tract depends on the physicochemical 

properties of the particles. In addition, the health status of the organ is of high 

importance: the clearance mechanisms are extremely efficient as long as they are 

not chronically overstressed (e.g. by dust in workplaces, by smoking, etc.) (Krug 

and Wick, 2011). 

 

- Ingestion: NPs can enter the gastrointestinal tract either through food and 

water, by application of medications and / or other consumer products, or can be 

swallowed unknowingly after mucociliary clearance has occurred (Oberdörster et 

al., 2005). 

While some studies report no uptake at all, some others reported absorption of 

NPs through the intestinal wall (Volkheimer, 1974). Here, too, the size of the NPs 

seems to be the most important physicochemical property (Jani et al., 1990). 

However, due to coating of NPs also larger particles can penetrate the intestinal 

mucosa, thus enabling the application of oral “nano-therapeutics” with enhanced 

efficacy of encapsulated drugs (Gradauer et al., 2012; Gradauer et al., 2013). 

 

1.2.4 Cytotoxicity screening assays 
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When investigating the toxicity of agents, such as chemicals, NPs, etc., cell-based 

assays are often applied before experiments are performed in animals. Compared 

to in vivo testing, in vitro assays are less expensive and easier to control and 

reproduce. Moreover, because of the urging need to develop alternatives to animal 

testing, cellular assays become more attractive. 

For assessing the toxicity of NPs, mainly cells of the respective organ (e.g. lung, 

skin, immune system, etc.) are used. Endpoints such as cytotoxicity, proliferation, 

and genotoxicity are evaluated (Hillegass et al., 2010).  

 

- Cytotoxicity assays: The easiest assay to evaluate cytotoxicity is the visual 

inspection of the cells using bright-field microscopy (Fiorito et al., 2006). However, 

colorimetric methods are used more frequently. Cytotoxicity is often accompanied 

with a loss of membrane integrity. Assays such as neutral red, Trypan blue, and 

the LIVE / DEAD viability test are based on cell staining – live and dead cells are 

distinguished according to the different staining patterns (Lewinski et al., 2008). 

Loss of membrane integrity may also lead to leakage of the cellular content (e.g. 

lactate dehydrogenase, LDH); the amount of released LDH is proportional to the 

number of damaged cells (Haslam et al., 2000). 

Another group of methods include the determination of the cell death mechanism. 

A major part of assays rely on the enzymatic cleavage of a tetrazolium salt by the 

mitochondrial dehydrogenase. This reaction can occur only in living cells 

(Mosmann, 1983). The most commonly used tests are the MTT, MTS and WST (-1 

and -8) viability assays. In addition to assessing the mitochondrial activity, assays 

on detecting activated effector caspases such as caspase-3 and caspase-7 may 

give more insights on the mode of cell death of NPs (Ott et al., 2002).  

Other, sub-lethal effects of NPs, including oxidative stress, lipid peroxidation, and 

inflammation are combined in a third group of cell damage. Oxidative stress is 

mostly detected by the glutathione (GSH) assay. The assay can also be used 

when determining lipid peroxidation. In addition, other methods such as the 

thiobarbituric acid (TBA) assay can be used. Inflammation, however, is mainly 

determined by detecting pro-inflammatory cytokines (e.g. IL1-ß, IL6, TNFα, etc.) 

and chemokines (e.g. IL8). 
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- Cell proliferation: Upon exposure to NPs, cell proliferation can occur either 

as a compensatory response to necrosis or apoptosis of surrounding cells, or as a 

mechanism in tumour promotion and progression (e.g. lung cancer following 

inhalation of asbestos fibres) (Hillegass et al., 2010). 

Different methods using different approaches (e.g. histochemistry, flow cytometry, 

etc.) may be performed to detect proliferating cells in a specific cell population. 

These methods include staining of proliferating cells by detecting Ki-67 or the 

Proliferating Cell Nuclear Antigen (PCNA), both proteins located specifically in 

proliferating cells. Other assays rely on the incorporation of [³H]-thymidine or 

Bromodeoxyuridine (BrdU) into the DNA of dividing cells. 

 

- Genotoxicity: NPs may act genotoxic by affecting the DNA either directly or 

indirectly. They can either enter the nucleus or act via mechanisms such as 

oxidative stress or inflammation. Different types of genotoxicity can be determined: 

mutagenicity, chromosomal aberration, and DNA strand breaks. 

Assays on mutagenicity (e.g. Ames test, hPRT test, etc.) rely on the colony 

forming ability of mutated bacteria or cells, respectively, following treatment with 

NPs. By addition or depletion of growth medium components, the mutation 

ensures the survival of the cells. Another method for detecting point mutations is 

the measurement of oxidized guanine bases (8-OHdG) in the DNA. 

Chromosomal damage is evaluated by analysing the formation of micronuclei in 

treated cells. As this phenomenon may also occur in untreated cells, a ratio 

between treated and control cells is evaluated. 

DNA strand breaks can be assessed either by staining specific proteins (e.g. y-

H2AX) or by gel electrophoresis on a single cell level (COMET assay). 

Additionally, assay on altered gene expression following exposure to NPs may be 

performed. These include microarray, polymerase chain reaction (PCR) array, 

quantitative reverse transcriptase (qRT) –PCR, and so forth (Hillegass et al., 

2010).  

 

All assays show not only certain specificity, but also have their limitations. Some 

NMs, in particular CNTs, may lead to unreliable findings by interacting with assay 

components (Krug and Wick, 2011). In 2006, Wörle-Knirsch et al. have shown that 

performance of a MTT assay when assessing cytotoxicity of CNTs lead to 
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erroneous results. Furthermore, metal NPs (titanium dioxide, silver, and copper 

NPs) have been demonstrated to interfere with the LDH assay by either 

inactivation or absorbion of LDH molecules (Han et al., 2011).  

However, not only NPs but also the cells used in an assay have been shown to 

influence the outcomes. Fröhlich et al. (2012) identified the most reliable 

determinants of cytotoxicity to be growth pattern and the size of the used cell lines. 

Similar findings were shown by Xia et al. (2008). The authors could show that NPs 

act differently in different cell types. The NPs induced apoptosis in macrophages 

and necrosis in epithelial cells by different, cell-specific pathways which may be 

responsible for susceptibility or resistance to NP toxicity.  

 

Available in vitro systems for different sites of entry and different endpoints are 

listed in Table 3. 
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1.2.5 Toxicity of polystyrene NPs  

 

Polystyrene (PS) NPs are generally used as model particles, but not in consumer 

products. Since they are commercially available, well characterized NPs of distinct 

size, functionalization, surface charge, etc. can be purchased (Mayer et al., 2009). 

Physicochemical characterization of PS NPs usually shows that smaller NPs (< 

200 nm) are more prone to aggregation when dispersed in protein containing cell 

culture medium than larger NPs (Mrakovcic et al., 2013). However, the 

functionalization might also influence the aggregation state (Mayer et al., 2009). 

Furthermore, addition of serum to the medium may also cause limited cytotoxicity 

of carboxylated PS NPs independent of the particles’ size (Clift et al., 2010). 

PS NPs induce cell damage mainly in a size-dependent manner. Only small NPs 

induce apoptosis and necrosis in endothelial cells (Fröhlich et al., 2009). However, 

generation of reactive oxygen species (ROS) was shown to be independent of the 

size. The generation of ROS was also detected in macrophages upon exposure to 

PS NPs (Xia et al., 2006). The authors could show that the NPs induced 

mitochondrial injury leading to toxic oxidative stress. However, no inflammation 

upon exposure to NPs was reported. Moreover, hemolysis, thrombocyte and 

granulocyte activation were reported upon exposure of blood samples in vitro to 

small PS beads (Mayer et al., 2009). Only functionalized NPs, however, were 

shown to induce platelet aggregation and this mechanism seems to depend on the 

surface charge. While negatively charged NPs induce an up-regulation of 

adhesion receptors, positively charged particles cause perturbation of the platelet 

membrane (McGuinnes et al., 2011).  

In general, cationic (positively charged) NPs seem to exert higher cytotoxicity (Liu 

et al., 2011). In 2008, Xia et al. could show high cytotoxicity of amine-labeled NPs 

towards macrophages and epithelial cells. The particles caused lysosomal rupture 

and increased mitochondrial Ca2+ uptake, as well as mitochondrial damage and 

ATP depletion, respectively. Similar results were obtained by Bexiga et al. (2011). 

The authors demonstrated that morphological changes of the mitochondria of a 

human brain astrocyte cell line and the increased production of ROS lead to 

apoptotic cell death. In addition, cytotoxicity by disrupting the cell membrane was 

described (Liu et al., 2011; Nomura et al., 2013). Interestingly, Park et al. (2011) 

could not detect any cytotoxicity or cutaneous irritation of human skin in vitro. 
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In 2010, Fröhlich et al. investigated the influence of NPs on the drug-metabolizing 

cytochrome P450 (CYP) enzymes. Similar to cytotoxicity, the enzymes were 

influenced only by small NPs (< 60 nm). Additionally, the authors showed that the 

activity of the enzymes was inhibited. Moreover, the NPs increased the effects of 

known inhibitors of this system. Since the internalized NPs were localized in a 

close proximity to the endoplasmic reticulum, the authors concluded that this might 

facilitate the effects caused by the NPs. Internalization of NPs may lead to their 

localization in different cell organelles. In in vivo experiments, similar results were 

obtained. Combined exposure to PS NPs and other agents increased their effects 

(Yanagisawa et al., 2010; Shimizu et al., 2012). Here, too, the authors could show 

that the effects were much more pronounced for smaller NPs (< 50 nm).  

The most important organelles with respect to uptake and accumulation of NPs 

are endosomes, lysosomes, and mitochondria (Fröhlich et al., 2012; Johnston et 

al., 2010). Moreover, PS NPs were shown to accumulate in bile canaliculi in vitro 

suggesting the elimination within bile (Johnston et al., 2010).  

 

1.2.6 Toxicity of carbon-based NPs (fullerenes C60, carbon nanotubes) 

 

The three most established carbon-based NPs are fullerenes (C60), single-,  and 

multi-walled carbon nanotubes (SWCNTs, MWCNTs). Due to their 

physicochemical properties, they often find application in biomedical materials and 

devices such as drug delivery vehicles, tissue scaffolds, and fluorescent contrast 

agents. 

 

- C60: C60 have been demonstrated to show cell-type specific cytotoxicity. 

While several studies show no toxicity in macrophages (Fiorito et al., 2006; Jia et 

al., 2005), cytotoxicity was reported for other cell lines (Sayes et al., 2004; Sayes 

et al., 2005). C60 was found to bind to cell membranes and accumulate 

intracellulary in different organelles including the nucleus. The aggregation on 

plasma membranes causing peroxidation of lipids was identified as the main mode 

of cell death (Sayes et al., 2005). 

 

- CNTs: Compared to C60, CNTs (especially SWCNTs) clearly show cytotoxic 

effects at high concentrations (Jacobsen et al., 2008). Functionalization of 
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SWCNTs, however, seems to improve the particles bio-compatibility (Sayes et al., 

2006). As demonstrated by Shvedova et al. in 2003, longer incubation periods 

induced oxidative stress, altered glutathione levels, and induced nuclear and 

mitochondrial changes. In addition, the authors postulated that residual iron 

catalysts in solution may influence the toxic effect of SWCNTs. However, this is 

not the case for MWCNTs. Moreover, the aggregation state of the particles may 

also influence the displayed cytotoxicity (Wick et al., 2007). In order to improve 

their dispersion, CNTs are usually dissolved in protein-containing media 

(Donaldson et al., 2006). However, serum may enhance the expression of IL8 

upon exposure of lung epithelial cells A549 to SWCNTs (Baktur et al., 2011). 

Furthermore, the authors could show that the expression of IL8 was increased 

already when cells were exposed to low concentration or even after removal of the 

particles. 

For MWCNTs, similar results to those of SWCNTs were obtained. Exposure to 

higher concentrations and for longer time-periods, resulted in an increased uptake 

of the NPs, a decrease in cell viability, as well as an increased release of the pro-

inflammatory chemokine IL8 (Monteiro-Riviere and Inman, 2006). Interestingly, 

MWCNTs are considered to be not irritating to skin in vitro and in vivo while 

inducing reversible conjungtival redness and discharge in rabbits (Kishore et al., 

2009)  

In in vivo studies, applications of high doses of CNTs induced mesotheliomas in 

the peritoneum, inflammatory fibrotic lesions in the lung or formation of 

granulomas (Becker et al., 2011). Upon, inhalation, CNTs may persist in the tissue 

either as individual nanotubes or as agglomerates, thus leading to injuries of the 

tissue. However, it is still not clear whether CNTs could translocate from the 

respiratory tract to other tissues (Ryman-Rasmussen et al., 2009). The bio-

durability as well as the unique physicochemical properties of CNTs lead to the 

conclusion that they may act similar to asbestos fibres (Murr et al., 2005). 

 

1.2.7 Long-term toxicity of NMs 

 

Cytotoxicity of NPs in in vitro studies is mainly assessed after short-term exposure. 

However, in 2011, Thurnherr et al. investigated both, short-term and long-term 

cytotoxicity upon exposure of the lung epithelial cell line A549 and T-cell line 
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Jurkat-6 to commercial MWCNTs. In this study, the authors showed CNTs to be 

not overtly toxic, even after 3 months of exposure. Moreover, they noticed cellular 

uptake only in A549 lung cells, but not in Jurkat-6 cells (Thurnherr et al., 2011). 

Due to the limitations of cell cultures, studies on long-term toxicity of NPs are 

mostly performed in vivo. The advantage of animal studies in assessing particle 

toxicity is the possibility of investigating the uptake and translocation of NPs. 

Furthermore, the interaction of different cell types or organs (e.g. cells of the site of 

entry and the immune system) can be studied in a more physiologic environment. 

In addition to bio-distribution, also the bio-persistence of both, degradable and 

non-degradable NPs may be evaluated. However, it is of high importance that 

appropriate animal models are used. Some effects may occur only in special 

models (e.g. exposure routes, gender, age, health status, etc.) (Oberdörster et al., 

2005).  

Data suggest that some NMs are not sufficiently cleared from the organism 

(Michalet et al., 2005; Thurnherr et al., 2011). If an organism is exposed over a 

long period to low concentrations of NPs, the function of cells may be 

compromised. Most indications for organ damage by repeated exposure to NPs 

were obtained in animal studies. Repeated exposure to gold NPs and magnetic 

NPs caused not only accumulation and histo-pathological changes in various 

organs but also weight loss and marked alterations in blood count (Sadauskas et 

al., 2009; Kwon et al., 2009; Lasagna-Reeves et al., 2010). Therefore, the 

assessment of toxic effects is becoming of outmost importance. 

 

1.3 Long-term cell culturing 

 

In short-term cytotoxicity studies, cell lines are usually employed, but these 

generally cannot be studied much longer than 72 hours in conventional culture. 

Subsequently, the cells need medium change and / or the cultures are in the 

stationary state. To assess longer time-periods, cells have been sub-cultured and 

again exposed to the tested compound (Thurnherr et al., 2011). Other systems 

such as bioreactors have to be used when observations over longer time-periods 

are needed (Pazos et al., 2002; Gebhardt et al., 2003). Dependent on their growth 

characteristics (adherent or in suspension), cells in bioreactors are either 

dispersed in medium or cultured on scaffolds, matrices or microcarriers.  
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In microcarrier cell cultures, anchorage-dependent cells are grown on the surface 

of small spheres which are maintained in stirred suspension cultures. In 

comparison to conventional monolayer cell culture, this technology provides the 

advantage that high cell densities and higher yields of cellular products such as 

antibodies can be obtained. Main advantages of the microcarrier system are 

reduced costs and reduced risk of contamination, increased culture periods 

without sub-culturing (Lock and Tzanakakis, 2009) as well as the imitation of the in 

vivo situation due to a more physiologic environment. This technique is therefore a 

good choice where cells are used for the production of biologicals, cells, cell 

products, and viral vaccines. Other applications include studies of cell structure, 

function and differentiation, enzyme-free sub-cultivation, and implantation studies 

(Alves et al., 1996; Rourou et al., 2007; Justice et al., 2009). Several cell lines 

(e.g. MDCK, Vero cells, COS-7, stem cells, HEK 293T) were described to grow 

and differentiate on microcarriers (Varani et al., 1998; Butler et al., 2000; Serra et 

al., 2009; Larson et al., 2010). 
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1.4 Aim of the study 

 

The aim of this study was the evaluation of cellular effects upon chronic exposure 

of endothelial cells and monocytes to NPs over a time-period of four weeks. In 

order to perform long-term experiments, different cell culturing approaches had to 

be established and compared.   

Polystyrene NPs are usually not used in consumer products, but serve as a model 

of non-biodegradable NPs. CNTs are bio-persistent NPs which are commonly 

used in different biomedical applications, such as drug delivery, or cancer therapy. 

Moreover, CNTs can be employed as model NPs for air pollution- derived NMs. 

Therefore, the assessment of long-term effects of CNTs is of high importance. 

Hence, the effects of exposing cells to short pristine and functionalized carbon 

nanotubes (CNTs) with lengths > 50 nm should be evaluated in this study.  

Assessment of long-term cytotoxicity is mainly performed in animal models, 

usually rodents. However, when studies on long-term toxicity are performed in 

vitro, cells need to be sub-cultured and again exposed to the chemical/ compound. 

Here, a microcarrier cell culture system for anchorage-dependent cells, as well as 

a bioreactor system for in suspension growing cells, should get established and 

evaluated with respect to their suitability to perform long-term assays. In addition, 

the same assays should be performed in conventional cell cultures where cells 

were sub-cultured at regular intervals. In order to determine which approach is 

more suitable to assess long-term cytotoxic effects, the outcomes on cell density, 

and cell viability upon exposure to plain polystyrene NPs as model particles, 

should get evaluated. In addition, the cytotoxic mode of action (apoptosis and / or 

necrosis) of the NPs was determined. Furthermore, the internalization as well as 

the intracellular localization and accumulation of the NPs had to be investigated. 

Therefore, red fluorescent plain polystyrene NPs should get employed. 
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2. MATERIALS AND METHODS 

 

2.1 Nanoparticles 

 

For the establishment of long-term assays, plain polystyrene particles (PPP) of 20 

and 200 nm (Thermo Scientific) were used. The intracellular localization of the 

NPs was investigated by red fluorescently labelled PPP FluoroMax red (R25) of 25 

nm (Thermo Scientific). To test the suitability of the assays, short multi-walled 

carbon nanotubes of > 50 nm x 0.5 – 2 µm from CheapTubes Inc., USA were 

used.  All NMs were sonicated for 20 min with an Elma S 40 sonicator before use. 

A summary of NMs used in this study is presented in Table 4. 

 

Nanomaterial abbreviation indicated 
size (nm) 

distributor 

plain polystyrene particles PPP 20 20 Thermo 
Scientific 

plain polystyrene particles PPP 200 200 Thermo 
Scientific 

fluorescently labelled plain 
polystyrene particles 

FluoroMax red 
(R25) 

25 Thermo 
Scientific 

multi-walled carbon nanotubes MWCNT (CNT4) > 50 CheapTubes 
Inc. 

carboxylated multi-walled 
carbon nanotubes 

MWCNT-COOH 
(CNT5) 

> 50 CheapTubes 
Inc. 

 

 

 

2.2 Cell culture 

 

2.2.1 Cells 

 

2.2.1.1 EAhy 926 

 

As a representative for epithelial cells, the endothelial cell line EAhy 926, kindly 

provided by C. S. Edgell, was used. This cell line is a hybrid developed by a fusion 

of human umbilical vein endothelial cells (HUVEC) and the permanent human lung 

Table 4. Nanoparticles 
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epithelial cell line A549. Moreover, the cells express the factor VIII-related antigen 

which is a marker for differentiated vascular endothelium (Edgell et al., 1983). 

  

2.2.1.2 THP-1 [ATCC TIB-202] 

 

The human leukemic cell line THP-1 originates from the blood of a patient with 

acute monocytic leukemia. The cell line shows distinct monocytic markers that are 

maintained during sub-culturing in a period of up to 14 month (Tsuchiya et al., 

1980). 

 

2.2.2 Thawing frozen cells 

 

The cryovial containing the frozen cells was removed from the liquid nitrogen 

storage and was immediately placed into a 37°C water bath. The cells were 

thawed by gently swirling the vial until a small bit of ice is left (< 2 min). Then, the 

vial was transferred to a laminar flow where the cells were transferred to a falcon 

containing the pre-warmed growth medium. The cells were centrifuged for 4 min at 

1000 g and the supernatant was aseptically decanted. The cell pellet was 

resuspended with 1 ml of growth medium and was transferred into a 75 cm² cell 

culture flask and cultivated in an incubator.  

 

2.2.3 Cell culturing 

 

EAhy 926 and THP-1 cells were both cultured in DMEM high glucose and RPMI 

1640 growth medium, respectively, supplemented with 10% FBS, 200 mM L-

glutamine, and 1% P / S. The cells were sub-cultured three times per week in a 

1:3 to 1:4 ratio as well as in a density of about 3 x 105 cells / ml, respectively. 

Adherent growing cells were sub-cultured by trypsinization. Briefly, the medium 

was aspirated and the cells were washed with PBS without Mg²+ and Ca²+ at RT. 

After aspirating the PBS, 0.05% trypsin / EDTA was added and the cells were 

incubated (< 5 min) at 37°C until cells detached. The reaction was stopped by the 

addition of growth medium. After re-suspending the cells, an aliquot depending on 

the ratio of sub-culturing was transferred into a new cell culture flask containing 

fresh growth medium. 
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All ingredients and disposables are summarized and presented in Table 5. 

 

Article Company 

Cell culture material 

DMEM high glucose  PAA 
RPMI 1640 PAA 
FBS PAA 
L-glutamine PAA 
P / S (100x) PAA 

0.05% trypsin / EDTA PAA 
PBS PAA 
poly-HEMA Sigma Aldrich 
GEM™ Global Cell Solutions 

  

Disposables 

Cell culture flasks SPL Lifesciences / PAA 

LeviTubes™ Global Cell Solutions / OMNI Life 
Science 

Cell culture plates Nunc, Greiner BioOne 

Serological pipettes Diverse companies 

Pasteur pipettes Roth 

Pipette tips Diverse companies 

50 ml / 15 ml Falcon tubes SPL Lifesciences / PAA 

Safe-lock reaction micro-tubes Eppendorf 

Glasware Roth 

  

Devices 

Laminar flow HeraSafe Thermo Scientific 

HeraSafe incubator  

BioLevitator™ Hamilton Company 

Magnet for microcarrier cultures Global Cell Solutions 

Elma S 30 ElmaSonic 

Bright-field microscope  Olympus 

Confocal microscope LSM510 Zeiss 

SpectraMax BMG Labtech 

FLUOstar Optima BMG Labtech 

LUMIstar BMG Labtech 

CasyTT Inovatis 

Pipettes Eppendorf 

  

Assay reagents 

CellTiter 96 Aqueous Non-Radioactive 
Cell Proliferation Assay (MTS) 

Promega 

CytoTox-ONE Homogeneus Membrane 
Integrity assay (LDH) 

Promega 

LDH from bovine heart Sigma Aldrich 



- 43 - 

 

BSA Sigma Aldrich 
Caspase 3/7-Glo Assay Promega 
ApoTox Glo Triplex Assay Promega 
EtOH 100% Merck 
ELISA Set A (IL6, IL8, IL1-ß) BD Biosciences 
ELISA Set B BD Biosciences 
Tris base Sigma Aldrich 

HCl Sigma Aldrich 

NaCl Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Sodium deoxycholate Sigma Aldrich 

SDS Sigma Aldrich 

Phosphatase and protease inhibitor 
cocktail 

Roche Diagnostics 

NuPage 4-12% Bis-Tris gels Life Technologies 
  

Staining solutions 

Hoechst 33342 Invitrogen 
MitoTracker Deep Red 633 Invitrogen 
ER Tracker green Invitrogen 
LysoSensor green Invitrogen 
Annexin V ebiosciences 
PI ebiosciences 
PARP Cell Signaling Technologies 
beta-Actin Sigma Aldrich 
Secondary antibodies Cell Signaling Technologies, DAKO 
  

 

 

 

2.3 Long-term cell culture approaches 

 

2.3.1 Modified conventional cell culture 

 

In order to investigate the long-term effects of a repetitive exposure of the cells to 

NPs, the cells were sub-cultured once per week or, in the case of THP-1, cells 

were transferred into a new culture vessel. At this time-point the medium 

supplemented with NPs was exchanged. To avoid a growth-bias, the time-points 

were selected when the untreated controls have reached 100% confluence. 

 

2.3.1.1 EAhy 926 

 

Table 5. Ingredients and disposables 
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The cells were plated at low densities (27.8 x 10³ cells / 25 cm²) and were 

incubated for 24 hrs to allow cell attachment. After this period, the medium 

supplemented with 20 µg/ ml PPP 20 and PPP 200 was added. For the controls, 

no NPs were added to the medium. The cells were then sub-cultured in a 1:10 

ratio once per week for a time-period of four weeks. 

 

2.3.1.2 THP-1 

 

The cells were seeded in 6 well plates at densities of 5 x 105 cells / well. Due to 

the growth characteristics of the cells, the NPs were added immediately at a final 

concentration of 20 µg / ml and 50 µg / ml. Untreated cells and cells treated with 

2% EtOH were used as negative and positive controls, respectively. Cells were 

used at low passage numbers. 

At each time point, the cells were counted and all cells were transferred into a 

larger cell culture flask (25 cm², 75 cm², and 175 cm²). At this step, the medium ± 

treatment agent was renewed. The experiment was stopped after 16 days when 

the control cells reached 100% confluence in 175 cm² flasks. 

 

2.3.2 Microcarrier cell culture in the BioLevitatorTM 

 

In general, 3 x 106 anchorage-dependent cells (EAhy 926) were seeded on 1 ml of 

basal membrane or collagen type IV coated microcarrier GEMTM (Figure 8 A) in a 

volume of 10 ml. The cells were cultured in specialized culture vessels 

(LeviTubeTM) in the bench-top bioreactor-incubator hybrid BioLevitatorTM (Figure 8 

B).  

Figure 8 A. Scheme of the GEM
TM

    Figure 8 B. BioLevitator
TM

 

Image courtesy by Global Cell Solutions and Hamilton Company 
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Prior to the inoculation, the storage buffer of the GEMTM was replaced with growth 

medium for the applied cell type. The GEMTM are porous beads of an alginate core 

coated with different proteins (e.g. gelatine, collagen type I, laminin, fibronectin, 

poly-L-lysine, etc.). The porous bead allows the storage of nutrients from the 

medium as well as cell products, e.g. growth factors that are preferably used by 

the cells after a medium change was performed.  

The LeviTubeTM was filled up with medium ± NPs after the initial inoculation phase 

reaching a total volume of 40 ml / LeviTubeTM. The medium was changed once per 

week. The cultures were maintained for 4 weeks without sub-culturing of the cells.  

 

2.3.3 Culturing cells in the bioreactor CELLine 

 

CELLine is a two-compartment bioreactor (Figure 9 A) designed for the culturing of 

cells producing different cell products (e.g. antibodies, vaccines) in high cell 

densities to ensure a rapid propagation of cells and a high amount of excreted 

products. The two compartments are separated by a semi-permeable membrane 

that allows an exchange of nutrients from the upper medium compartment and 

waste products from the lower cell compartment (Figure 9 B). A gas-permeable 

bottom membrane allows the exchange of O2 and CO2 in the cell compartment. 

 

The initial cell density which is suitable for maintaining cultures over a time-period 

of 4 weeks was figured out in a pilot experiment. Therefore, THP-1 cells were 

inoculated at cell densities of 10 x 105 cells / 10 ml, 5 x 105 cells / 10 ml, and 2.5 x 

Figure 9 A. Bioreactor CELLine  Figure 9 B. Schematic representation of the 

two compartment system 

Image courtesy by Sartorius Stedim 
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105 cells / ml into the cell compartment of the CELLine bioreactor and were 

cultured in a conventional incubator (HeraSafe). The medium compartments were 

filled with 200 ml growth medium. The cultures were maintained until the maximum 

cell density was reached. 

In long-term exposure experiments, 2.5 x 105 cells / ml were inoculated. The 

medium in the cell chamber was immediately supplemented with NPs at final 

concentrations of 20 µg / ml and 50 µg / ml of PPP 20, 50 µg / ml of PPP 200, as 

well as with 2% EtOH. Additional 100 ml of complete growth medium was added to 

the medium chamber. All cultures were maintained for at least 3 weeks. Once per 

week, the cells were counted and the medium from the medium compartment was 

exchanged. The medium from the cell compartment was not changed at any time-

point. 

 

2.4 Particle characterization 

 

The physico-chemical characterization of the NMs was performed by Dr. Eva 

Roblegg at the Karl-Franzens University of Graz. 

 

Prior to exposing the cells to NMs, the particles were characterized according to 

their actual size and surface charge in different solvents (distilled water, medium 

with and without 10% serum) by dynamic light scattering on a Zetasizer 3000 

(Malvern). Concentrations of 200 µg / ml of PPP and 1 µg / ml of CNTs were used. 

 

2.5 Acute cytotoxicity assays  

 

2.5.1 Assay on the metabolic activity 

 

The concentrations of NMs used for the evaluation of long-term effects, were 

estimated by a CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay 

formazan bio-reduction assay (MTS). The assay was performed according to the 

manufacturer’s instruction. First, the cells were exposed to NMs. After exposure, 

the cells were stained with the staining solution at 37°C and 5% CO2. Finally, the 

OD was measured on a spectral photometer SpectraMax at 490 nm.  
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Wells without cells but with the respective medium, in which the NMs were 

dissolved, were used as blank control. As positive and negative control, other 

cytotoxic and non-cytotoxic NPs were used, respectively. To determine the 

interference of the NMs with the assay compounds, an interference control 

containing only the highest concentration of the tested NM but no cells, was 

performed. When CNTs were used, the cells were washed three times with PBS 

prior to adding the staining solution. 

In long-term experiments, the cells were exposed to concentrations where no 

acute damage has occurred (concentration < IC50) after 24 hrs.  

 

2.5.1.1 MTS in conventional cultures 

 

The assay was performed in optical clear 96 well plates. A general layout for both 

cell types is presented in Figure 10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EAhy 926 cells were seeded at cell densities of 1.4 x 104 cells / well. After the cells 

have attached (24 hrs), they were exposed to the medium ± particles for 24 hrs. 

THP-1 cells were plated at a density of 5 x 104 cells / well and were immediately 

exposed to nanoparticles. After 24 hrs of exposure, the cells were stained for two 

and for four hrs, respectively.  

Figure 10. A scheme of a general layout for a MTS assay.                                                      

M: medium; B: blank control; PC: positive control; NC: negative control; IC1/ IC2: interference 

controls of each NP; 0 -500: concentration range of each NP in µg/ ml. 
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2.5.1.2 MTS in microcarrier cultures 

 

The plates were coated with 5% poly-HEMA dissolved in 100% EtOH preventing 

cell attachment on culture plates. 10 x 10³ cells were seeded on 5 µl GEMTM and 

cultured in an incubator to allow cell attachment. After 2 days, the cells were 

exposed to the NMs for 24 hrs. Afterwards, the cells were stained for 4 hrs and 

were then analyzed as described in chapter 2.5.1.  

 

2.5.2 Assays on the mode of action of NMs 

 

The cells were seeded in optical clear 96 well plates and were cultured O / N at 

37°C and 5% CO2 to allow cell attachment. Thereafter, the cells were treated with 

different concentrations of NPs for 4, 8, and 24 hrs. The mode of induction of cell 

death was then assessed by two assays that were performed according to the 

provided manuals: 

 

- CytoTox-ONETM Homogeneous Membrane Integrity Assay for the 

fluorescent detection of LDH-leakage from necrotic cells with disrupted 

membranes. 25 µl of the supernatant is transferred into a 96 well plate suitable for 

fluorescence detection. Then, an equal volume of the substrate mix is added. The 

plate was incubated for 10 min at RT and protected from light. The reaction was 

stopped by adding 0.2 volumes of the provided stopping reagent. The reaction 

was evaluated on a FLUOstar Optima fluorescence photometer with an excitation / 

emission wavelength of 544 / 590 nm. 

 

- Caspase-Glo® 3/7 Assay for the luminescent detection of the effector 

caspases 3 and 7 that induce apoptosis. An equal volume of assay reagent was 

added to the medium and the plate was then incubated at RT for 30 min protected 

from light. After incubation, the whole supernatant was transferred to a 96 well 

plate suitable for luminescence detection and was measured on a LUMIstar 

Optima luminescence photometer.  
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A general layout for both assays is presented in Figure 11. 

 

2.5.3 Assay on the interleukin secretion in THP-1 cells 

 

THP-1 cells were plated in 24 well plates in a density of 1 x 105 cells / well and 

were treated with PPP 20 and 200 for 24 hrs. Untreated cells and LPS treated 

cells (100 and 1000 ng / ml) were used as negative and positive controls, 

respectively. After incubation, the cells were transferred into centrifuge tubes and 

were centrifuged at 1000g for 4 min. The supernatant was then transferred into a 

new centrifuge tube and was used for further investigation.  

The secretion of interleukins (IL) 1-ß (only upon long-term exposure), 6, and 8 was 

assessed by an ELISA assay. The assay was performed according to the provided 

instructions. First, ELISA plates were coated  with the respective capture antibody 

and  were then incubated O / N at 4°C. Prior to adding the standards and the 

samples, the plates were washed 3 times with < 300 µl 1 x wash buffer at RT and 

were blocked with 100 µl blocking solution for 60 min at RT. Afterwards, the plates 

were washed 3 times. In the meanwhile, the standards were prepared to range 

from 0 pg / ml to either 200 pg / ml (IL8), or 250 pg / ml (IL1-ß), or 300 pg / ml 

Figure 11. A schematic representation of the layout for the assays on apoptosis and 

necrosis.                                                                                                                                     

M: medium; B: blank control; PC: positive control; NC: negative control; IC1/ IC2: interference 

controls of each NP; 0 -500: concentration range of each NP in µg/ ml; L: lysis control for LDH-

assay. 
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(IL6). 100 µl standard and samples were incubated for 2 hrs at RT. After an 

additional washing step (5 times), 100 µl detection antibody coupled to a HRP was 

added to each well and was incubated for 60 min at RT. The last washing step 

was repeated 7 times. Next, 100 µl of a substrate solution was added to each well 

and incubated for 30 min at RT protected from light. By the addition of 50 µl stop 

reagent, the blue coloured substrate solution turned yellow. Then, the OD was 

determined on a SpectraMax at a wavelength of 450 nm. 

 

2.6 Assessment of long-term effects 

 

The long-term effects of NMs were evaluated by assessing following criteria: 

- cellular density and viability 

- induction of cell death and the mode of action 

- progression of inflammation 

 

2.6.1 Cell densities 

 

The cellular densities and viability were assessed on an automated cell counter 

CasyOne (Lindl et al., 2005). Adherent cells were detached from their growth 

support by trypsinization. Briefly, the cells were washed with pre-warmed PBS and 

were incubated with trypsin/EDTA at 37°C until the cells have detached. 50 µl of 

the cell suspension has been diluted in 10 ml of an isotonic solution (Casyton; 

provided by the supplier) and were then counted. The cells growing in suspension 

were re-suspended in the culture vessel and were immediately analysed by 

counting 100 µl of the cell suspension.  

The main settings of the CasyOne protocols are presented in Table 6. 
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Cell type 

Cursor setting (µm)              
dilution factor 

CL (*) CR NL (§) NR 

Eahy 926 12.63 48.88 07.13 48.88 1 : 200 

THP-1 10.00 48.88 05.86 48.88 1 : 100 

 
* CL/ CR calculation cursor left/ right 

§ NL/ NR normalization cursor left/ right 
 
  

 

2.6.1.1 Counting cells from BioLevitatorTM cultures 

 

The cell detachment was performed in 24 well plates under unsterile conditions. 

Three wells per culture condition were used. 500 µl of each culture suspension 

was used for the estimation of the total cell numbers in the whole LeviTube. By 

placing a magnet, the microcarriers were pulled to one side of the well and the 

medium was removed. 500 µl of pre-warmed trypsin was added to each well and 

the cells were incubated for 30 min at RT. After incubation, the cells were 

vigorously re-suspended and counted as described in chapter 2.6.1. 

The total cell numbers per LeviTube was calculated in accordance with the 

formula: 

 

 

 

2.6.1.2 Counting cells from CELLine 

 

An aliquot of the cells was removed from the cell compartment and was placed 

into a 50 ml tube. After the suspension was re-suspended, an aliquot was used for 

counting.  

The total cell numbers per bioreactor was calculated in accordance with the 

formula: 

 

 

Table 6. Cursor settings of the  CasyOne measuring protocols. 
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2.6.2 LDH - release 

 

In order to assess the mode of induction of cell death, the amount of LDH released 

from damaged cells was investigated. Briefly, an aliquot of the supernatant was 

collected from each culture condition and the assay was performed as described 

in chapter 2.5.2.   

 

2.6.2.1 LDH - stability 

 

In order to minimize the consumption of materials (plates, assay reagents, etc.), 

the stability of the enzyme at different temperatures was assessed.  

For a time-period of four weeks, LDH from bovine heart was diluted to 0.002 – 0.2 

U / ml in complete DMEM medium. To one half of the samples a 2% BSA solution 

was added to improve the storage conditions. The samples were stored at +4°C, -

20°C and -80°C (Shain et al., 1983). 

After four weeks, the frozen samples were thawed on ice and then all samples 

were pre-warmed to RT. The stability of the enzyme was assessed by the 

CytoTox-ONETM Homogeneous Membrane Integrity Assay as described in chapter 

2.5.2. The data were compared to fresh LDH samples.  

 

2.6.2.2 Assessment of necrosis in microcarrier cultures 

 

200 µl of the supernatant of the aliquots used for cell counting were kept in 

reaction tubes and were stored at -80°C. At the end of each experiment, the 

samples were thawed on ice, pre-warmed to RT, and the assay was performed as 

described previously. Biological triplicates were assessed from each culture 

condition. In addition, each sample was evaluated in duplicates. The data from 

treated cultures was compared to untreated controls at each time point and was 

normalized to the total cell numbers per LeviTube.   

 

2.6.2.3 Assessment of necrosis in bioreactor cultures 

 

At each time point, each culture sample used for cell counting was centrifuged at 

1000 rpm for 5 min. 1 ml of the supernatant was collected and stored at -80°C. 
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Here, too, the collected samples were analysed as already described in chapter 

2.6.2.2. All samples were analyzed as triplicates.  

The data from exposed cultures was compared to untreated cells and was also 

normalized to the total cell numbers in each CELLine bioreactor at each time point.  

   

2.6.3 Induction of apoptosis in microcarrier cultures 

 

50 µl of each culture condition was transferred into an optical clear 96 well plate. 

The samples were analyzed in quadruplicates. An equal amount of the assay 

reagent pre-warmed to RT was added to the cells. The assay was performed as 

already described in chapter 2.5.2. In addition, an ApoTox Glo Triplex Assay for 

the simultaneous detection of apoptosis, cytotoxicity and cell cycle block was 

performed 1 and 7 days after exposure of the cultures to PPP. 

Exposed cultures were compared to the untreated control cells. Again, the data 

was normalized to the total cell numbers per condition at each time point.   

 

2.6.4 Western blot analysis on PARP-1 in microcarrier cultures 

 

In order to discriminate between apoptosis and necrosis in microcarrier cultures, a 

Western blot for poly (ADP-ribose) polymerase 1 (PARP-1) was performed 7 days 

after exposure to both, PPP and CNTs. To obtain a positive control, cells were 

treated with 1 µg/ ml staurosporine for 5 hours. Upon washing cells with ice-cold 

PBS, cell lysates were prepared in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM 

NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS; Sigma) overnight 

at 4°C with the addition of protease and phosphatase inhibitor cocktails (1 tablet 

each was dissolved in 10 ml RIPA buffer) (Roche Diagnostics, Austria). The 

protein concentration was determined photometrically by a Bradford Assay (Bio-

Rad Laboratories, California). 20 µg of the protein lysate was separated by SDS-

PAGE (NuPage 4- 12% Bis-Tris gels; Life Technologies, Austria) and transferred 

to nitrocellulose membrane (Bio-Rad). Following primary antibodies were used: 

PARP (dilution: 1:750; Cell Signaling Technology, Massachusetts), and as a 

loading control beta-Actin (diluted 1:1000; Sigma). As secondary antibody we used 

a goat anti-rabbit (Cell Signaling Technologies) or rabbit anti-mouse HRP-

conjugated antibody, respectively (DAKO, Denmark) at a final concentration of 1 
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µg/ ml. An overnight incubation at 4°C was performed for both primary antibodies, 

followed by incubation with secondary antibodies at room temperature for 2 hours. 

Specific protein bands were visualized by the enhanced chemiluminescence assay 

(Amersham Biosciences, Germany).  

 

2.6.5 Expression of IL in long-term cultures of THP-1 cells 

 

For assessing the secretion of ILs, frozen samples of the supernatant from both, 

CELLine and conventional cell cultures, were used. All samples were thawed on 

ice and pre-warmed to RT. The samples were investigated in triplicates. The 

assay was performed according to the protocol described in chapter 2.5.3.  

The exposed cultures were compared to the untreated controls and the data was 

normalized to the total cell amount at each time point.   

 

2.7 Microscopy 

 

2.7.1 Bright-field microscopy 

 

During the whole period of culturing, the cells and especially the detachment 

phase of the anchorage-dependent cells from their growth supports (culture 

dishes, microcarriers, etc.), were monitored under a light microscope CKX41 light 

microscope (Olympus, Japan) using the 10x magnification lens.  

 

2.7.2 Confocal microscopy  

 

In addition to the general monitoring of the cells, different staining protocols were 

performed. All staining was then analyzed on a confocal laser scanning 

microscope (Zeiss) using the 40x as well as the 63x oil immersion lens. The 

LSM510 software was used to document the images. 

   

2.7.2.1 Evaluation of cell proliferation on microcarriers 

 

Proliferation of EAhy926 cells on the GEM was evaluated by nuclear staining. The 

staining was performed 24 hrs, 5 d, 7 d, and 14 d after inoculation.  
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100 µl of culture suspension was transferred into an optical clear black 96 well 

plate suitable for fluorescence detection. The cells were stained with Hoechst 

33342 staining solution added directly to the culture at a final concentration of 5 µg 

/ ml. The staining was performed for 15 min at RT protected from light. The images 

were obtained immediately after incubation with the staining solution. 

 

2.7.2.2 Evaluation of the healthy status of endothelial cells on microcarriers 

(cell organelles staining) 

 

In addition to the assessment of cellular viability on the cell counter, the healthy 

status of EAhy926 cells attached to GEM was determined by staining of different 

cell organelles (mitochondria, endoplasmic reticulum) 24 hrs after inoculation. 

Here, too, 100 µl of culture suspension was co-stained with 200 nM MitoTracker 

DeepRed and 1 µM ER-Tracker green in an optical clear black 96 well plate. The 

cells on beads were washed twice with complete growth medium.  The medium 

was replaced with HBSS buffer containing the staining solutions diluted to the 

appropriate final concentration. For counterstaining 5 µg / ml Hoechst 33342 

solution was added to the buffer. Cell staining was performed at 37°C and 5% CO2 

for 20 min. After incubation, the solution was replaced with fresh HBSS buffer and 

the staining was documented as described in chapter 2.7.2.1.  

 

2.7.2.3 Intracellular localization of NPs 

 

EAhy926 cells were cultured on GEM in the BioLevitator as described in chapter 

2.3.2. After the initial inoculation phase the LeviTube were filled up with complete 

growth medium supplemented with red fluorescent PPP. Here, too, the medium 

was changed weekly. 14 d after treatment the intracellular localization of the NPs 

was investigated. LysoSensorTM Green solution and Hoechst 33342 staining 

solution were added directly to 100 µl of culture suspension at a final concentration 

of 0.5 µM and 5 µg/ ml, respectively. The staining was performed at 37°C and 5% 

CO2 for 5 min. The staining was documented immediately after the incubation.  

In CELLine cultures of THP-1 cells, 50 µg/ ml red fluorescent PPP were added 

immediately. 1 day and 7 days after inoculation, 100 µl of cell suspension was 

analysed. Here, no counterstain was performed.  
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2.8 Statistical analysis 

 

All experiments, except long-term exposure to PPP, were repeated three times. In 

each assay at least triplicates were performed. Data is presented as mean ± SD. 

The calculation was performed with Microsoft Excel software. 

The statistical analysis of data of microcarrier cultures of EAhy926 treated with 

PPP was performed with the statistical software SPSS version 20. Therefore, the 

data of 5 independent experiments were compared, and a repeated measurement 

ANOVA was performed. For post-hoc analysis, a Bonferroni correction was 

conducted. A p-value < 0.05 was considered to indicate statistical significance. 
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3. RESULTS 

 

3.1 Particle characterization 

 

The hydrodynamic sizes of PPP were larger when diluted in medium, especially in 

the presence of FBS, than indicated by the supplier. The differences between the 

indicated size and the hydrodynamic radius in medium with 10% FBS, were more 

pronounced for the  PPP 20 than for the  PPP 200. Sizes of the CNTs increased 

markedly when protein-free medium was used. All particles were negatively 

charged except 200 nm PPP when dissolved in DMEM with 10% FBS. 

A summary of the particle properties is presented in Table 7.  

 

Particle 
Size (nm) ζ-potential (mV) 

Aqua bidest. DMEM+10% FBS Aqua bidest. DMEM+10% FBS 

PPP 20  22.76 73.59*/12.37 -37.1 -11.7 

PPP 200 211.6 224.8 -57.6 8.08 

R25 22.22 58.26 -11.1 -10.3 

CNT4 n.d.* 51.9 n.d.* -7.28 

CNT5 n.d.* 50.41 n.d.* -11.0 

* n.d. not determined due to aggregation 

 

 

 

3.2 Acute effects on EAhy 926 cells 

 

3.2.1 Assay on cell viability 

 

After exposure of cells to  PPP 20 for 24 hours, the cell viability was reduced in a 

dose-dependent manner. Addition of serum to the medium decreased the 

cytotoxicity of the particles (Figure 12 A, B). The estimated IC50 was approximately 

120 µg/ ml in DMEM supplemented with 10% FBS and 30 µg/ ml in medium 

without FBS. PPP 200 exhibited no cytotoxicity, irrespective of the medium used 

(Figure 12 A, B).  

Table 7. Results of the characterization by DLS. 
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Exposure of cells to CNTs dissolved in serum-containing DMEM decreased cell 

viability similarly to PPP 20 (Figure 12 C). The estimated IC50 was approximately 

60 µg/ ml upon exposure to plain CNTs and approximately 125 µg/ ml upon 

exposure to CNT-COOH. 
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3.2.2 Assay on apoptosis 

 

Low concentrations (< 200 µg / ml) of  PPP 20 had no influence on activation of 

effector caspases 3 and 7 at any time-point. However, exposure to PPP at 

concentrations of 200 µg / ml induced strong activation already after 4 hours, 

reaching the maximum of an about 50-fold increase after 8 hours and an almost 

30-fold increase after 24 hours as compared to non-exposed cells (Figure 13 A). 

Exposure of the cells to  PPP 200 resulted in an unnotable increase in caspase 

activation at any time-point (Figure 13 B). 

 

3.2.3 Assay on cytotoxicity based on the release of LDH 

 

A similar dose-dependent effect was observed for membrane disruption upon 

treatment with  PPP 20 (Figure 13 C). Exposure to concentrations ≤ 200 µg / ml for 

4 and 8 hours induced a hardly notable release of LDH compared to the lysis 

control. However, after 24 hours, the LDH release increased to almost same 

amounts as treatment with lysis solution. Higher concentrations induced an 

increased LDH release at all time-points. 

Exposure of the cells to  PPP 200 resulted in a very low release of LDH (up to 

15% of the lysis control) at all time-points, irrespective of the employed 

concentration (Figure 13 D). 

Figure 12. Metabolic activity of EAhy 926 cells.  

20 nm PPP decreased cell viability in a dose-dependent manner in medium without (A) and with 

(B) 10% FBS. No changes were observed when 200 nm PPP were applied. Exposure to CNTs 

resulted in a reduction of the metabolic activity of the cells (C), similar to the exposure to 20 nm 

PPP.  Mean ± SD are presented. 
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Figure 13. Mode of action of PPP 20 and PPP 200 upon short-term exposure.  

Induction of effector caspases 3 and 7 as well as membrane disruption (LDH release) upon 

exposure to 20 nm PPP (A and C) and 200 nm PPP (B and D). Mean ± SD are presented. 
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3.3 Acute effects on THP-1 cells 

 

3.3.1 Assay on cell viability 

 

Exposure to  PPP 20 resulted in a dose-dependent decrease in cell viability. The 

estimated IC50 was approximately 65 µg / ml. Larger particles induced a lesser 

reduction in cell viability. However, the viability upon exposure to concentration ≤ 

500 µg / ml did not drop below 60% (Figure 14). 

 

 

 

3.3.2 Assay on IL release 

 

The maximum amount of IL6 released from treated cells was 10 times lower than 

the release of IL8. Treatment with LPS resulted in a dose-dependent increase of 

IL6- and IL8-release. Exposure to PPPs induced a release of both, IL6 and IL8 as 

compared to untreated cells. 

Figure 14. Metabolic activity of THP-1 cells upon short-term exposure to PPP 20 and PPP 

200.  

Only exposure to PPP 20 induced a dose-dependent decrease in cell viability. Mean ± SD are 

presented. 
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Exposure to concentrations ≤ 75 µg / ml of PPP 20 induced a dose-dependent 

release of both cytokines. While a delayed addition of 100 ng / ml LPS after 

exposing the cells to PPP 20 enhanced the effect, a concentration of 1000 ng / ml 

was shown to be even more effective. However, combined treatment with 1000 ng 

/ ml of LPS and PPP 20 resulted in lower amounts of released cytokines as 

compared to the delayed addition of LPS (Figure 15 A, C). 

Exposure to concentrations of ≤ 50 µg / ml of PPP 200, resulted in a dose-

dependent secretion of IL6, but not of IL8. Even higher amounts of IL6 were 

detected upon a delayed exposure to 1000 ng / ml of LPS (Figure 15 B). The 

amount of IL8 upon a delayed treatment with 100 ng / ml of LPS decreased in a 

dose-dependent manner. However, no dose-dependent effects were observed 

when 1000 ng / ml of LPS were applied. The combined treatment with LPS, 

however, resulted in a lower amount of IL8 which was increasing with the 

application of higher concentration of PPP 200 (Figure 15 D). 
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3.4 LDH stability 

 

The stability of LDH (from bovine heart) markedly decreased by about 30% when 

stored at -20°C as compared to freshly prepared LDH solutions. No LDH could be 

detected in samples stored at +4°C (data not shown). Only storage at -80°C did 

not influence the enzyme stability over time. Moreover, addition of BSA, slightly 

improved the stability, irrespective of the storage temperature (Figure 16). 

Figure 15. Release of IL6 (A, B) and IL8 (C, D) upon short-term exposure of THP-1 cells to 

PPP 20 and PPP 200. 

As positive control 100 and 1000 ng / ml LPS (LPS 100 and LPS 1000) were applied. Both 

concentrations of LPS induced an increase in IL-secretion. However, higher amounts were 

released upon treatment with LPS 1000. NP+LPS: combined treatment with PPP and LPS 1000. 
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3.5 Long-term effects on EAhy 926 cells 

 

3.5.1 Microcarrier cell culture 

 

3.5.1.1 Metabolic activity of EAhy 926 cells  

 

After 24 hours, the viability of cells after exposure to PPP 20 did not decrease 

when cells were grown on GEMTM. As expected, exposure to PPP 200 did not 

influence cell viability at any concentration employed (Figure 17 A). 

Moreover, no changes in cell viability were detected when cells were exposed to 

CNTs (Figure 17 B).  

Figure 16. Stability of LDH III from bovine heart.  

Three concentrations of the enzyme (0.002 – 0.2 U / ml) were dissolved in different media and 

were stored at different conditions. The stability of the samples was not changed in samples 

which were stored at -80°C, but was impaired after storage at -20°C as compared to fresh 

samples.  
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3.5.1.2 Culturing protocol in the BioLevitatorTM 

 

For optimization of the exposure system, different coatings of the GEMTM (gelatine, 

laminin, fibronectin, collagen type I and IV, basal membrane) as well as different 

incubation protocols, pre-defined by the supplier, were compared. 

The culturing protocol is presented in Table 8. 

 

 

 

 

Figure 17. Metabolic activity of EAhy 926 cells grown on microcarriers upon short-term 

treatment with PPP 20 and PPP 200 (A) aa well as CNT4 and CNT5 (B).  

No changes in cell viability was observed irrespective of the NPs and concentrations employed. 

EAhy 926 cells grown on microcarriers seem to be more resistant to the toxic potential of the 

NPs. Mean ± SD are presented. 
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  Inoculation Culture 

Rotation period 1 sec 1 sec 
Rotation pause 0 sec 1 sec 
Rotation speed 50 rpm 80 rpm 
Agitation period 40 min   
Agitation pause 2 min   

Duration 12 hrs ∞ 
Magnet position 0 - 80 mm 0 - 80 mm 
Magnet rot. speed 70 mm / sec 70 mm / sec 

 

 

 

Cells that were seeded on GEMTM coated with either basal membrane or collagen 

type IV, and cultured according to the protocol for endothelial cells (HUVEC) 

reached approximately 4 times higher cell densities compared to which were 

subjested to the protocol for epithelial cells (HEK 293) (Figure 18). Cultures were 

maintained for 23 days without sub-culturing. 

 

 

 

 

 

Figure 18. Differences in cell numbers of EAhy 926 cells in the BioLevitator.  

Cell culturing according to the protocol for HUVEC (= endothelial) cells, resulted in an 

approximately 4 times higher cell density after 23 days.  

Table 8. Culturing protocol in the BioLevitator
TM

 for EAhy 926 cells 
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3.5.1.3 Microscopic evaluation of microcarrier cultures 

 

Staining with Hoechst 33342 dye showed an increase in cell proliferation on 

GEMTM (Figure 19 A). Furthermore, vital staining for mitochondria and 

endoplasmic reticulum (ER) demonstrated the viability of the cells (Figure 19 B). In 

addition, cells were exposed to 20 µg / ml of the red fluorescent PPP in order to 

study cellular localization. R25 were observed within the cells, mainly localized in 

lysosomes (Figure 19 C). 
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3.5.1.4 Cellular effects of long-term exposure to NMs 

      

Cells were cultured according to the established protocol (basal membrane or 

collagen type IV coated GEM, and incubation protocol for endothelial cells) for four 

weeks with a medium change performed once per week. After inoculation, NPs 

were added at a concentration 250 times lower than the concentration where 

cytotoxicity was observed in the acute cytotoxicity setting (24 hours).  

Exposure of the cells to 20 µg / ml of  PPP 20 resulted in a significantly reduced 

cell number already after 7 days, showing a decrease in cell numbers of 

approximately 50%. Even stronger effects were observed at later time-points. No 

decrease in cell number was observed when the cells were exposed to 20 µg / ml 

of  PPP 200 (Figure 20 A). 

Exposure to concentrations of 5 – 20 µg / ml of CNT-COOH decreased cell 

numbers in a dose-dependent manner at day 7 to approximately 75% - 40% of 

control cells, respectively. However, with prolonged contact the cell populations 

recovered. The recovery rate was more rapid for cells exposed to 20 µg / ml than 

for cells that were exposed to 5 µg / ml; Values reached 90% - 70% of the control 

after 4 weeks (Figure 20 B). Similar to PPP 200, exposure to plain CNTs did not 

influence cell numbers at any time point or concentration (Figure 20 C). 

Cell viability was not impaired at any time-point, irrespective of the particle type 

employed.  

 

Figure 19. Confocal images of EAhy 926 cells grown on microcarriers.  

Cell proliferation (A) was monitored 1, 5, 7, and 14 days after inoculation. Cell viability (B) was 

demonstrated by mitochondrial (red) and ribosomal (green) staining. Intracellular localization of 

PPP 20 (red; R25) and co-localization with lysosomes (green) was investigated 14 days after 

inoculation. Hoechst 33342 (blue) was used in all experiments for nuclear staining. 
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3.5.1.5 Mode of action of NMs in microcarrier cultures 

 

Long-term exposure to  PPP 20 induced an 80% higher activation of the effector 

caspases 3 and 7 after 7 days as compared to the control cells. Over time, the 

induction of apoptosis decreased to about 30% of the untreated control (Figure 21 

A). PPP 20 induced necrosis with a maximum of LDH release, about 65% higher 

than in control cells, after 7 days of culturing (Figure 21 C). At later time-points, 

LDH release slightly dropped by about 15%. However, exposure to  PPP 20 

resulted in a 2.5- to 5-fold increase in cytotoxicity, while the viability was slightly 

reduced, as detected by the ApoTox-GloTM Triplex Assay. No induction of 

apoptosis was detected (Figure 21 E). Exposure to  PPP 200 induced neither 

apoptosis nor necrosis at any time-point (Figure 21 A, C, E).  

Figure 20. Long-term effects of NPs on EAhy 926 grown on microcarriers.  

Statistical significant changes in cell numbers of cells exposed to PPP 20 were detected already 

7 days after exposure (A). CNT5 (B) induced a dose-dependent effects, while CNT4 (C) had no 

influence on cell proliferation as compared to untreated cells. Mean ± SD are presented. 
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Only exposure to MWCNT-COOH induced both, apoptosis and necrosis, in a 

dose-dependent manner, reaching a 2.5-fold increase as compared to the control 

upon exposure to a concentration of 20 µg / ml (Figure 21 B, D). Similar to PPP 

20, the strongest induction of caspases and the highest release of LDH occurred 

after 7 days of exposure, after which the levels approached those of control cells.  

As shown in Figure 21 F, an 89 kDa fragment representing cleaved PARP-1, 

indicative for apoptotic cell death, appeared exclusively in the staurosporine 

treated positive control. Treatment with NPs provoked the appearance of not only 

un-cleaved (116 kDa), but also additional slight cleaved PARP-1 bands (89 kDa, 

72 kDa), which, in combination, occur only after necrosis. 
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3.5.2 Modified conventional cell culture 

 

3.5.2.1 Cellular effects of long-term exposure to PPP 

 

Exposure of cells to  PPP 20 decreased the cell numbers to approximately 80% of 

the controls. Larger particles did not influence cell numbers as compared to 

untreated cells (Figure 22). No changes in cell viability were detected. 

Figure 21. Mode of cell death of PPP and CNT5 in microcarrier cultures.  

Necrosis is the main mode of action of both NPs (C, D, F). Furthermore, the data was 

confirmed for PPP 20 by a simultaneous detection of cell viability, apoptosis, and cytotoxicity 

(E). Induction of caspase-3 and -7 (A, B) seems to be a secondary effect of necrotic cell death. 

Mean ± SD are presented. 
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3.5.2.2 Mode of cell death 

 

As expected, no obvious release of LDH was detected upon exposure of the cells 

to smaller PPP at all time-points (Figure 23). 

Figure 22. Differences in cell proliferation of sub-cultured EAhy 926 cells upon exposure 

to PPP.  

Cell numbers of cells exposed to PPP 20 dropped by about 20 – 30 % of the controls. PPP 200 

did not influence cell proliferation. Mean ± SD are presented. 
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3.6 Long-term effects on THP-1 cells 

 

3.6.1 CELLine 

 

3.6.1.1 Establishment of CELLine cultures 

 

The maximal culturing period of 28 days was reached in cultures where 0.25 x 105 

cells / ml were inoculated. The initial application of 0.5 x 105 cells / ml resulted in a 

reduced culturing period by approximately 2 weeks. Inoculation of 1 x 105 cells / ml 

yielded the shortest culturing period of 12 days (Figure 24) 

 

Figure 23. Cytotoxicity of PPP 20 and PPP 200 upon long-term exposure of sub-cultured 

EAhy 926 cells.  

PPP 20 induced a slight increase in the release of LDH as compared to untreated controls. PPP 

200 showed no cytotoxicity. Mean ± SD are presented. 
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3.6.1.2 Cellular effects of long-term exposure to PPP 

 

Data of 7 independent experiments showed that long-term culturing of THP-1 cells 

in bioreactors CELLine was possible. Untreated cells have reached high cell 

densities (16 x 106 cells / 10 ml medium) already 7 days after inoculation. Even 

higher cell densities were detected at later time-points. However, after 24 days cell 

numbers decreased in all cultures but evaluation of the growth curves of untreated 

cells showed that growth inhibition occurs already at 40 x 106 cells / ml.  

As expected, treatment with 2% EtOH resulted in a reduction of the cell 

proliferation. However, this effect was notable only until day 21 after exposure. At 

later time-points (24 and 28 days), the differences in cell numbers were less 

pronounced or even inverted (Figure 25 A). Upon treatment with NPs, cell 

numbers decreased in a dose- and size-dependent manner. However, as 

presented in Figure 25, the variations between the experiments were very high 

(Figure 25 B, C).   

 

Figure 24. Growth curve of THP-1 cells in a CELLine bioreactor.  

Culturing of THP-1 in the CELLine system cells yielded very high cell densities.  
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3.6.1.3 IL expression upon long-term exposure  

 

Release of IL6 of both, untreated and treated cells was very low. However, the 

highest amounts were detected 7 days after inoculation. The reaction was dose- 

and size-dependent. Almost no changes were observed after 7 days when cells 

were exposed to 20 µg / ml of PPP 20. Thereafter, the release of IL6 increased as 

compared to the untreated controls. The maximum was reached 28 days after 

inoculation when a 22-fold increase was detected. Exposure to 50 µg / ml PPP 20 

induced a 2.7-fold increase in the release of IL6. PPP 200, however, induced a 

1.8-fold increase. At later time-points, the release compared to untreated cells 

Figure 25. Changes in cell proliferation upon treatment of CELLine cultures to PPP 20, 

PPP 200, and EtOH.  

Mean ± SD of 7 different experiment is presented in (A). Results of two independent experiments 

(B, C) show the large differences in cell proliferation upon treatment with PPP and EtOH.  
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increased for both conditions, with a maximum release of 14-fold and 3-fold, 

respectively, at day 21 (Figure 26 A). 

The release of IL8 was in general higher than for IL6. Here, too, the highest 

amounts were detected 7 days after exposure. As expected, the highest amount of 

approximately 150 pg / ml was assessed in EtOH treated cells (49.8-fold 

increase). After 14 days, the amount dropped by approximately 145 pg / ml, 

resulting in a 21.5-fold increase as compared to untreated controls. Even smaller 

changes were spotted at later time-points. The influence of PPP on the release of 

IL8 was dose-dependent for small PPP. PPP 200 had no impact at any time-point. 

7 days of exposure to higher concentrations of PPP 20 resulted in higher release 

of IL8. Thereafter, lower concentrations had a greater influence at each time-point 

(Figure 26 B). 
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3.6.1.4 LDH-release in CELLine cultures 

 

The highest amount of released LDH was noted at day 7. As expected, exposure 

to the positive control EtOH revealed the highest increase, followed by the 

exposure to 50 µg / ml PPP 20. Treatment with 20 µg / ml of PPP 20 and PPP 

200, influenced the LDH-release in a similar pattern over the whole culturing 

period, except at day 28. At day 14 a similar dose- and size-dependent effect was 

determined even though the amounts of released LDH were lower (Figure 27). 

 

Figure 26. Release of IL6 and IL8 from CELLine cultures exposed to PPP 20 and PPP 

200.  

The amount of released IL6 (A) was lower compared to IL8 (B). 20/20: 20 µg / ml PPP 20; 

20/50: 50 µg / ml PPP 20; 200/50: 50 µg / ml PPP 200. Mean ± SD are presented. 
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3.6.1.5 Intracellular localization of PPP 

 

2 days after inoculation, some cells were found to contain R25 particles (Figure 28 

A). However, after 7 days, the ratio between cells with and without internalized 

NPs was higher (Figure 28 B).  

 

Figure 27. Release of LDH from CELLine cultures exposed to PPP 20 and PPP 200.  

20/20: 20 µg / ml PPP 20; 20/50: 50 µg / ml PPP 20; 200/50: 50 µg / ml PPP 200. Mean ± SD are 

presented. 
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3.6.2 Modified conventional cell culture 

 

3.6.2.1 Cellular effects of long-term exposure to NMs 

 

Similar to CELLine cultures, the untreated cells reached high density already 5 

days after inoculation. The maximum in cell numbers of approximately 140 x 106 

cells per culture vessel was reached at the end of each experiment.  

A slight reduction of the cell number by approximately 15% was detected in cells 

exposed to PPP 200. Moreover, in cells exposed to 50 µg / ml PPP 20 and 2% 

EtOH the proliferation was reduced by 92% and 95%, respectively. No changes 

were observed upon exposure to 20 µg / ml of PPP 20 (Figure 29 A). 

THP-1 cells exposed to both, CNT4 and CNT5, showed no differences in cell 

proliferation (Figure 29 B). 

 

 

 

Figure 28. Internalization of R25 particles by THP-1 cells cultured in CELLine.  

The ratio between cells which do or do not contain NPs decreases with longer culturing 

periods. Cells which did not internalize NPs, proliferate faster.  
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3.6.2.2 IL expression upon long-term exposure 

 

The peak amount in released IL6 of untreated cells was detected 5 days after 

inoculation. With prolonged culture, it dropped by the half at each time-point. 

Strongest release of IL6 was induced by exposing the cells to 50 µg / ml of PPP 20 

as well as to 2% EtOH. Lower concentrations of PPP 20 or larger PPP showed no 

obvious increase in IL6 at any time-point as compared to untreated controls 

(Figure 30 A). 

A similar dose- and size-dependent effect was noticed for the release of IL8. 

Again, treatment with EtOH induced the highest release at day 5. However, at later 

time-points, the amount dropped. 5 days after exposure to PPP, only larger 

particles induced a 1.4-fold increase of IL8-release as compared to control cells. A 

Figure 29. Changes in cell numbers of sub-cultured THP-1 cells exposed to PPP (A) and 

CNTs (B).  

PPP affected cell proliferation in a dose- and size-dependent manner. CNTs did not influence 

cell numbers at any time-point. Mean ± SD are presented.  
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dose-dependent effect of PPP 20 was assessed at day 8 and all later time-points 

(Figure 30 B). 

Similar to data on IL8, the release of IL1-ß following exposure to PPP showed a 

size-dependent effect at day 5, and a dose-dependent effect of PPP 20 at day 8 

and all following time-points. Treatment with EtOH yielded again high amounts of 

released IL1-ß as compared to untreated cells (Figure 30 C). 

Exposure to both types of CNTs induced no changes in the release of both, IL8 

and IL1-ß. Only treatment with EtOH induced a strong release of both cytokines as 

compared to control cells with higher amounts detected for IL1-ß (Figure 31 A, B) 
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Figure 30. Release of IL6 (A), IL8 (B), and IL1-ß (C) upon long-term exposure to PPP.  

20/20: 20 µg / ml PPP 20; 20/50: 50 µg / ml PPP 20; 200/50: 50 µg / ml PPP 200. Mean ± SD 

are presented. 
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3.6.2.3 LDH-release in modified conventional cultures 

 

The release of LDH corresponds to cell numbers at each time point: the lower the 

cell number, the higher was the amount of released LDH. The highest amount of 

released LDH was detected for EtOH treated cells. However, exposure to PPP 

resulted in a dose- and size-dependent pattern (Figure 32 A). 

Exposure to CNTs induced no release of LDH at any time-point (Figure 32 B). 

 

Figure 31. Release of IL8 (A) and IL1-ß (B) upon long-term exposure to CNTs.  

4/20: 20 µg / ml CNT4; 4/50: 50 µg / ml CNT4; 5/20: 20 µg / ml CNT5; 5/50: 50 µg / ml 

CNT5. Mean ± SD are presented. 
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Figure 32. Cytotoxicity of PPP (A) and CNTs (B) to THP-1 cells upon long-term exposure.  

20/20: 20 µg / ml PPP 20; 20/50: 50 µg / ml PPP 20; 200/50: 50 µg / ml PPP 200. 4/20: 20 µg / 

ml CNT4; 4/50: 50 µg / ml CNT4; 5/20: 20 µg / ml CNT5; 5/50: 50 µg / ml CNT5. Mean ± SD are 

presented. 
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The results of the long-term exposure of THP-1 cells is presented in Table xy. 

 

 

  

Table 9. Summary of the results on long-term exposure of THP-1 cells to PPP.  

Mean ± SD are presented. 
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4. DISCUSSION 

 

4.1 Effects on endothelial cells EAhy 926 

 

One aim of this study was the establishment of a suitable system to investigate 

long-term cellular effects of NMs on endothelial cells. The bench-top bioreactor 

and incubator hybrid BioLevitatorTM was used for the identification of potential 

chronic effects of NPs on endothelial cells EAhy 926, and was compared to 

conventional cell culture. This system enabled the culture of viable cells to high 

densities and identified adverse cellular effects of  PPP 20 and of > 50 nm CNT-

COOH. 

A microcarrier cell culture system enables cell culturing at higher cell densities for 

a longer time-period. The polarized cell growth, in a more physiologic environment 

than in conventional cell culture vessels, allows a better differentiation of the cells. 

The mimicked in vivo situation slows down proliferation and therefore the nutrients 

are depleted more slowly. In addition, due to their structure, the porous 

microcarrier facilitates long-term cell culturing as the nutrients from the medium 

and the molecules secreted from the cells (e.g. growth factors) are retained inside 

the beads. Due to the small volume of medium required to feed the cells over the 

entire culturing period compared to conventional cell culture methods, it is a very 

cost- and material-saving method.  

Bioreactors were initially developed to increase the yield of cellular products (e.g. 

antibodies) (Xiao et al., 1999). This culture method may also be suitable for toxicity 

testing and / or the identification of long-term effects. This is particularly important 

for NPs because they have been shown to persist in organisms (Wu et al., 2009), 

and are influenced by several factors, such as medium composition, binding of 

proteins, mechanical pre-treatment, and pH, which makes it very laborious to 

evaluate all these parameters in vivo.  

The endothelial cells EAhy 926 can be exposed to relatively high concentrations 

(100 µg/ ml) of 20 nm PPP for 24 hours without showing any apparent damage in 

a conventional culture. In microcarrier cultures, the resistance to the toxic action of 

PPP is even higher. Two mechanisms could be suggested that may explain the 

lower cytotoxicity of PPP in microcarrier culture: (I) a more physiological growth 
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with a better supply of nutrients, and (II) the fact that a smaller area of the cell 

membrane is accessible to the NPs because cells are more densely packed (Lee 

et al., 2009).  

Upon longer incubation times, however, the situation is inversed. The low 

concentrations of the NPs did not have a strong influence on the proliferation of 

cells maintained in conventional cell culture, but pronounced cytotoxicity was 

detected in the microcarrier culture. This difference may be caused by a higher 

dilution of the intracellular concentration of NPs due to proliferation. Our 

experiments demonstrated very clearly that the doubling rate of EAhy 926 cells in 

conventional culture was 2.3 times higher than in the microcarrier culture.  

At concentrations higher than 100 µg / ml, 20 nm PPP decreased the metabolic 

activity of the cells in conventional culture and induced the activation of effector 

caspases 3 and 7. In addition, an increased release of LDH, as an indicator of 

membrane damage, was also observed after exposure to these doses of PPP for 

24 hours. Particles of 200 nm did not exert any effect upon culturing under the 

same conditions.  

Upon acute exposure, the main modes of PPP induced cell death were found to 

be apoptosis and necrosis. In 2009, Fröhlich et al. investigated the impacts of 20 

nm carboxylated polystyrene (CPS) NPs in the same cell line, grown in 

conventional cell culture for 24 hours, which also demonstrated induction of 

necrosis and apoptosis. This similarity between 20 nm CPS and 20 nm PPP may 

be linked to their similar physicochemical parameters: the differences in size [42 

nm (CPS) vs. 73 nm (PPP)] were small and the surface charge of both particles 

was slightly negative.  

Upon prolonged exposure to PPP in microcarrier cultures, not only the LDH 

release was increased as compared to controls, but also the activation of 

caspases. However, it is very unlikely that both modes of cell death are induced at 

the same time. The contradictory findings on caspase activation (Figure 21 A) 

could be explained by the normalization of very small differences in assay values 

(caspase 3 / 7) between untreated and treated cells versus larger differences in 

total cell numbers of the respective culture. Moreover, all other data supported the 

induction of necrosis as the predominant mode of action of  PPP 20 upon long-

term exposure. Collectively, we detected no induction of apoptosis and only low 

induction of necrosis at each time-point in cells exposed to 20 µg / ml of  PPP 20. 
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As both cell death mechanisms should occur within 24 hours (van Nieuwenhuijze 

et al., 2003), we presume that the reduction in cell numbers observed upon long-

term exposure was also caused by the decreased cell proliferation in the 

BioLevitatorTM. The lower doubling rate of the cells in microcarrier cultures 

promotes the accumulation of NPs. 

The BioLevitatorTM bioreactor used in this study, also appears suitable for the 

assessment of biological effects upon exposure to other NMs. CNTs could find 

broad medical application, particularly in imaging and treatment (vaccination, 

hyperthermia) provided they are not overtly toxic (Turnherr et al., 2011). Long-term 

exposure to CNT-COOH in the microcarrier culture showed a dose-dependent 

decrease in cell numbers after 7 days. With prolonged contact the cell populations 

recovered. These findings were supported by our data on the mode of action since 

the peak levels of induction of apoptosis and/ or necrosis were also detected at 

day 7. At later time-points, activation of caspases or a notable release of LDH was 

not detected. However, no differences in any outcome were noted when cells were 

exposed to pristine CNTs of the same size.   

The BioLevitatorTM bioreactor may also be used for the toxicological assessment 

of conventional compounds. The action of drugs on CYP enzymes is important for 

the metabolization by hepatocytes. Testing is complicated by the fact that CYP 

enzyme activities are low or absent not only in hepatocyte cell lines but also in 

cultured primary hepatocytes (Guillouzo et al., 2007). In preliminary experiments 

on HepG2 cells growing on microcarriers, we observed very high cell density and 

a higher activity of the enzyme CYP1A1, important for many pathways (e.g. steroid 

hormone biosynthesis, tryptophan metabolism, retinol metabolism, metabolism of 

xenobiotics, and metabolic pathways) (data not shown). Findings on HepG2 cells 

grown in a 3 dimensional cell culture and the advantage of that culturing method 

were described in many other studies (Bokhari et al., 2007; Li et al., 2008). Long-

term culture in the BioLevitatorTM may therefore also be suitable to evaluate 

certain aspects of metabolization by hepatocytes.  

Similar to HepG2 cells, H295R cells, which are used as an in vitro model for 

testing endocrine disruption chemicals, were employed to investigate the potential 

effects of 20 nm PPP on the aromatase activity of the CYP1A1 enzyme. Here, too, 

an increase of the enzyme activity was detected in microcarrier cultures as 

compared to conventional approaches. The similarity of both cell types may be 
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further supported by their growth characteristics. Both cell types are growing as a 

monolayer in conventional cultures. In the BioLevitatorTM, the cells were 

overgrowing each other, thus leading to pronounced increases in cell densities. 

However, no differences in cell number were detected in H295R cells upon 

exposure to NPs at all time-points. In contrast, EAhy 926 cells grow in a 

monolayer, irrespective of the culturing approach. In addition, a pronounced 

decrease of cell numbers in exposed cultures was observed already at day 7. This 

variation in the responses of different cells upon the exposure to the same 

concentration of the same NPs might be explained by the fact that the 

BioLevitatorTM system supports the growth characteristics of the individual cell 

type. In a monolayer, all cells are accessible to the NPs. However, when cells 

grow multi-layered, only the layer on the top is accessible to NMs, while the layers 

in the deep may be protected. Therefore, there are no changes in cell numbers 

when exposing multi-layered cultures to NMs or other chemicals. 

 

The GEMTM technology and the BioLevitatorTM allowed the culture of viable cells 

with high reproducibility. As expected, the physiological growth on basal 

membrane or collagen type IV coated microcarriers slowed down the proliferation 

rate of EAhy 926 cells, which is advantageous for the study of NP accumulation. 

However, one potential limitation of the system is that high-throughput testing is 

not possible because only four experiments can be performed in a single 

bioreactor. Moreover, it is a barely adequate approach to investigate the 

interaction between different anchorage-dependent cell types. Therefore, the 

investigation of long-term effects in vivo will remain unavoidable. 
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4.2 Effects on monocytes THP-1 

 
The second important question that should be answered was the determination of 

cellular effects in monocytes upon exposure to NPs.  In order to investigate long-

term cellular effects on THP-1 cells, the two-chamber bioreactor CELLine was 

used. CELLine bioreactors are used for a rapid production (within few days) of 

high amount of biological products (e. g. antibodies). Since cytotoxicity studies 

using CELLine bioreactors were not performed before, its suitability was evaluated 

in this study. The findings were compared to data from conventional  cell culture 

approaches.  

Upon short-term exposure of THP-1 cells to  PPP 20, the metabolic activity of the 

cells decreased in a dose-dependent manner. In contrast to adherent growing 

cells (EAhy 926), even PPP 200 diminished the cell viability. Similar findings were 

observed when applying CPS (Fröhlich et al., 2012). The authors could show that 

smaller CPS excerted cytotoxicity in all tested cell lines, while larger CPS (≥ 200 

nm) acted cytotoxic only in phagocytic cells. Interestingly, Lankoff et al. (2012) 

have demonstrated that THP-1 cells were more resistant to metal NMs of different 

sizes compared to adherent growing cells. This contradiction could be explained 

by the employed materials. 

Following exposure to different allergens and NPs, immune cells and cell lines 

(e.g. peripheral blood monocytes, THP-1 cells, macrophages) produce pro-

inflammatory cytokines such as IL1-ß, IL8, TNFα, IL6, etc. (Yang et al., 2012; 

Hanley et al., 2009; Cachinho et al., 2013; Segat et al., 2011; Miyazawa et al., 

2007; Chang, 2010; Lucarelli et al., 2004). Moreover, also anti-inflammatory 

cytokines (IL10) may be released from exposed cells (Pollice et al., 1998). 

Interestingly, Kim et al. (2007) could show no release in IL1-ß while other 

cytokines, such as IL6, TNF-α, were detected upon exposure of THP-1 cells to 

titanium particles and discs.    

Here, we demonstrate that upon short-term exposure to PPP, the production of IL6 

but not IL8 was induced. In 2011, Park et al. demonstrated a size-dependent effect 

in the release of cytokines (TNF-α, IL6, IL10, etc.) in RAW 264.7 murine 

macrophages upon exposure to different sizes of silver NPs. The authors could 

show that all cytokines except IL10 were induced by 20 nm NPs. Interestingly, in 

our study only the release of IL8 but not of IL6 was induced by exposing the cells 
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to PPP 20. Addition of LPS could increase the amount of the released cytokines. 

Similar results were obtained by Morishige et al. (2010) after exposing PMA-

primed macrophage-like THP-1 cells to nano-TiO2. Treatment of LPS-primed RAW 

264.7 macrophages with silica NPs also induced the release of IL1-ß (Sandberg et 

al., 2012). However, the release of both IL was decreased upon combined 

treatment with LPS and PPP compared to subsequent exposure. These findings 

could suggest that PPP adsorb LPS. This NP-LPS conjugation may induce 

apoptosis in cells (Ashwood et al., 2007) which could explain the lower amounts of 

released cytokines.   

Long-term cell culturing in CELLine yielded unreliable findings. The proper cell 

density for inoculation was identified in a pilot experiment. However, not only 

exposed, but also untreated cells behaved differently at each assay. At the early 

period (up to 21 days), exposure to PPP resulted to a dose- and size-dependent 

decrease in cell proliferation. At later time-points, almost no differences were 

detected, suggesting growth inhibition by high cell densities in the controls, an 

effect that had been observed for other cell lines (Schumpp and Schlaeger, 1990). 

These variations could be explained by the fact that only a few cells actually 

ingested NPs. Hence, no alteration in cell proliferation was expected. In 2011, 

Lunov et al. demonstrated the uptake of functionalized polystyrene particles of 100 

nm by naïve THP-1 cells which occurred via dynamin II-dependent endocytosis. 

However, the amount of internalized NPs was 4 times lower as compared to 

macrophages. In addition, the age of the cells applied in each CELLine bioreactor, 

was a crucial factor of each experiment. Older cells showed an impaired 

proliferation and stopped growing much earlier than cells of earlier passages (data 

not shown). 

Exposed CELLine cultures also showed a dose- and size-dependent increase in 

the release of the pro-inflammatory cytokine IL6. Release of the chemokine IL8 

was only induced by PPP 20 in a dose-dependent manner. Usually, the production 

of IL6 from exposed cells was very low as compared to the secretion of IL8 or IL1-

ß. Additionally, cytotoxicity, detected by the release of LDH, was induced in a 

similar manner, suggesting that the measured IL levels might be caused by cell 

damage. Moreover, the decreased cell numbers of exposed cells to PPP 20 was 

clearly linked to an increased release of LDH.  
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In contrast, exposure of THP-1 cells in conventional cultures identified severe 

effects upon treatment with PPP. Exposure to lower concentrations of PPP 20 did 

not affect the cells. However, treatment with 50 µg / ml of PPP 20 induced a 

tremendous decrease in cell numbers and cell viability as compared to untreated 

controls. Similar effects were detected upon treating THP-1 cells with ethanol. 

Exposure to PPP 200 induced a slight decrease in cell numbers, but did not alter 

cell viability. 

The amount of released markers of cytotoxicity and inflammation following 

treatment of conventional cultures with 50 µg / ml PPP 20 and ethanol increased 

with prolonged exposure. However, no changes were observed upon treatment 

with 20 µg / ml of PPP 20. PPP 200 induced a 4-fold increased in the production of 

IL1-ß as well as a slight increase in other markers at day 5. These findings 

suggest that long-term exposure to higher concentrations of PPP 20 and PPP 200 

induce inflammatory responses in THP-1 cells, and led to necrotic cell death.  

Long-term exposure to CNTs did not influence the cells at any time-point. No 

induction of cytotoxicity or inflammatory response to CNTs was detected. These 

data are also supported by Brown et al. (2010) who investigated the effects of 

MWCNTs of different lengths and sizes on THP-1 cells. Upon short-term 

exposure, the authors could show an increase in the production of IL1-ß following 

treatment with long but not with short CNTs. They suggested oxidative stress as a 

crucial mechanism. Our findings suggest that short CNTs are less toxic as 

compared to polystyrene NPs. This would make them suitable for the application 

in various biomedical and other day-to-day products. Nevertheless, our findings 

have to be confirmed by other investigators first. 

In both long-term culturing approaches, EtOH was used as a positive control. In 

sub-cultured cells, EtOH induced cytotoxicity already after one week of exposure. 

Chronic exposure to EtOH may induce an increase in reactive oxygen and 

nitrogen species which might shift the balance between pro- and anti-apoptotic 

factors. This could further lead to increased cell death in hepatocytes (Bailey, 

2003; Venkatraman et al., 2003). In CELLine cultures, however, only the cell 

numbers decreased compared to the untreated controls. No changes in cell 

viability could be detected at any time-point. The adaptation of cells to EtOH could 

be confirmed by many other studies which were conducted in order to investigate 

the effect of chronic EtOH exposure on different cell types. Han et al. (2012) 
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suggested mitochondrial plasticity in the liver to be an adaptive response to the 

metabolic stress caused by EtOH. In addition, neuronal cells have been reported 

previously to show an adaptation to EtOH exposure (Vagts et al., 2003; Guo et al., 

2012).  

 

Overall, the conventional approach was identified to be more suitable to 

investigate the long-term effects of NPs on monocytes. It allowed the culture of 

viable cells with high reproducibility. Cellular effects upon repeated exposure could 

get evaluated easier than in CELLine cultures. Moreover, it is a less expensive 

and a less material consuming method compared to CELLine bioreactors. 

However, one limitation of this approach could be the extended risk of missing the  

potential growth inhibition of untreated controls. Thereby, toxic effects of NPs may 

be underestimated.  
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4.3 Conclusions and outlook 

 

In conclusion, our findings could show that repeated exposure to NPs may alter 

different cell functions such as cell proliferation and cell viability. The study 

demonstrated that PPP could be used as model particles in order to investigate 

accumulation of NPs in human cells. PPP affected both cell types in a dose- and 

size-dependent manner. Reduction in cell numbers was accompanied by release 

of LDH suggesting necrosis to be the main mode of cytotoxic action. In addition, 

PPP induced inflammatory responses in THP-1 cells.  

In contrast to PPP, CNTs seemed to be less toxic to both cell types. In 

microcarrier cultures, only CNT-COOH induced a decrease in cell numbers. This 

indicated that the surface functionalization of NPs is an important physicochemical 

property and plays a crucial role in particle toxicity. In THP-1 cells, no alterations in 

different cell functions were detected upon exposure to both, plain and 

carboxylated CNTs. These findings implicate short MWCNTs to be well-tolerated 

by human cells.  

 

However, data suggest that assays on monocultures of THP-1 cells may lead to 

false negative results as compared to co-cultures of monocytes and endothelial 

cells (Liu et al., 2012). Future studies should consider the use of co-cultures of 

THP-1 and EAhy 926 cells. For this task, the BioLevitatorTM system would be an 

ideally suitable approach – the endothelial cells which grow on microcarriers could 

be easily co-cultured with monocytes in one LeviTubeTM. 
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Nano-sized materials could find multiple applications in medical diagnosis and therapy. 

One main concern is that engineered nanoparticles, similar to combustion-derived 

nanoparticles, may cause adverse effects on human health by accumulation of entire 

particles or their degradation products. Chronic cytotoxicity must therefore be evaluated. 

In order to perform chronic cytotoxicity testing of plain polystyrene nanoparticles on the 

endothelial cell line EAhy 926, we established a microcarrier cell culture system for 

anchorage-dependent cells (BioLevitatorTM). Cells were cultured for four weeks and 

exposed to doses, which were not cytotoxic upon 24 hours of exposure. For comparison, 

these particles were also studied in regularly sub-cultured cells, a method that has 

traditionally been used to assess chronic cellular effects. Culturing on basal membrane 

coated microcarriers produced very high cell densities. Fluorescent particles were mainly 

localized in the lysosomes of the exposed cells. After four weeks of exposure, the number 

of cells exposed to 20 nm polystyrene particles decreased by 60% as compared to 

untreated controls. When tested in sub-cultured cells, the same particles decreased cell 

numbers to 80% of the untreated controls. Dose-dependent decreases in cell numbers 

were also noted after exposure of microcarrier cultured cells to 50 nm short multi-walled 

carbon nanotubes. Our findings support that necrosis, but not apoptosis, contributed to 

cell death of the exposed cells in the microcarrier culture system. In conclusion, the 

established microcarrier model appears to be more sensitive for the identification of 

cellular effects upon prolonged and repeated exposure to nanoparticles than traditional 

sub-culturing.  

 

 

Keywords: Microcarrier cell culture, Long-term effects, Nanoparticle, Cytotoxicity 

 

 

INTRODUCTION 
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In nanotechnology, a nanoparticle (NP) is defined as a small object that behaves as a 

whole unit in terms of its transport and properties. NPs are natural, incidental or 

manufactured particles with one or more external dimensions that range from 1 to 100 nm 

[1, 2]. NPs are of great scientific interest as they bridge bulk materials and atomic or 

molecular structures. Properties of nanomaterials (NMs) change as their size approaches 

the nanoscale [3]. Because of quantum size and large surface area, NMs have unique 

properties compared with their larger counterparts. Even when made of inert elements 

(e.g. gold), NMs become highly (re)active or even catalytic at nanometer dimensions [4], 

mostly because of their high surface to volume ratio. Oberdörster et al. discovered that the 

toxic effect of NMs is influenced by several properties, such as size, surface charge, 

hydrophobicity, shape and contamination [5]. Size and surface characteristics of NPs are 

no constants, but vary according to the concentration of salts and proteins as well as to 

mechanical pre-treatment [6]. The danger of inhaling particulate matter (fume or smoke 

particles) has been recognized since ancient times, but it was not until the early 1990s 

when associations between particle inhalation and diseases of the respiratory or 

cardiovascular systems were uncovered [7]. At that time, researchers started to 

systematically study the effects of (natural) NPs on human health [8, 9], especially the 

association between NP size and its response in lung tissue [10 - 12]. However, due to 

their properties, engineered NMs are increasingly often used in consumer products. But 

the same advantageous size-dependent properties of NMs lead to the possibility of 

harmful size-dependent biological interactions [13]. Therefore, the need to assess the 

potential risk of NMs on human health is rapidly growing. 

NPs can display acute cytotoxic action at the site of entry. Cells important in this regard 

are epithelial cells of the respective organ, and cells of the innate immune system. Upon 

exposure to NMs, such as carbon black (CB), carbon nanotubes (CNTs), or zinc oxide, 

cells may be acutely damaged and their functionality may be compromised [14 - 17]. Both, 

bio-persistent (e.g. CNTs) and bio-degradable (e.g. iron oxide) NPs may cause severe 
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problems [2, 18]. In addition to acute toxic effects, chronic exposure may result in 

selective cytotoxicity affecting specific cell functions [19]. However, testing of chronic 

effects in vitro is rarely done for conventional substances. Drugs are usually metabolized, 

excreted and degraded within cells and cellular accumulation is not expected. 

Consequently, models to assess chronic toxicity have not been developed and chronic 

toxicity is usually studied in animals. Nevertheless, data suggest that some NMs are not 

sufficiently cleared from the organism [20, 21]. If an organism is exposed over a long 

period to low concentrations of NPs, the function of cells may be compromised. Most 

indications for organ damage by repeated exposure to NPs were obtained in animal 

studies. Repeated exposure to gold NPs and magnetic NPs caused not only accumulation 

and histopathological changes in various organs but also weight loss and marked 

alterations in blood count [22 - 24]. Therefore, the assessment of toxic effects is becoming 

of outmost importance.  

In short-term cytotoxicity studies, cell lines are usually employed, but these generally 

cannot be studied much longer than 72 hours in conventional culture. Subsequently, the 

cells need medium change and / or the cultures are in the stationary state. To assess 

longer time-periods, cells have been sub-cultured and again exposed to the tested 

compound [21]. Other systems such as bioreactors have to be used when observations 

over longer time-periods are needed [25, 26]. Dependent on their growth characteristics 

(adherent or in suspension), cells in bioreactors are either dispersed in medium or 

cultured on scaffolds, matrices or microcarriers.  

In microcarrier cell cultures, anchorage-dependent cells are grown on the surface of small 

spheres which are maintained in stirred suspension cultures. In comparison to 

conventional monolayer cell culture, this technology provides the advantage that high cell 

densities and higher yields of cellular products such as antibodies can be obtained. Main 

advantages of the microcarrier system are reduced costs and reduced risk of 

contamination, increased culture periods without sub-culturing [27] as well as the imitation 

of the in vivo situation due to a more physiologic environment. This technique is therefore 
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a good choice where cells are used for the production of biologicals, cells, cell products, 

and viral vaccines. Other applications include studies of cell structure, function and 

differentiation, enzyme-free sub-cultivation, and implantation studies [28 - 30]. Several cell 

lines (e.g. MDCK, Vero cells, Cos-7, stem cells, HEK 293T) were described to grow and 

differentiate on microcarriers [31 - 34].  

In this study, we describe a microcarrier cell culture system to monitor cellular effects of 

NPs for a period of four weeks. We used plain polystyrene particles (PPS) as model NPs, 

as they are not bio-degradable; thus, the effect of accumulation can be studied. To 

investigate the suitability of the microcarrier system for other NMs, multi-walled CNTs 

were also evaluated. Cytotoxicity was assessed in microcarrier culture as well as in 

repeatedly sub-cultured cells. Moreover, the intracellular localization and the mode of cell 

death were investigated.  

 

MATERIAL AND METHODS 

 

Cell culture 

All experiments were performed on the endothelial cell line EAhy 926 which was kindly 

provided by Dr. C.J. Edgell [35]. Cells were cultured in high glucose Dulbeco’s Modified 

Earls Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-

Glutamine and 1% penicillin / streptomycin (P/ S) (PAA, Austria).  

 

Nanoparticles 

Non-functionalized PPS “Nanosphere Size Standards” 1% (w/v) 20 nm and 200 nm, red 

fluorescent PPS “Fluoro-Max Red Aqueous Fluorescent Particles” R25 1% (w/v) 25 nm 

(Thermo Scientific, USA), and short (0.5-2 µm) carboxyl-functionalized >50 nm diameter 

CNTs (MWCNT >50 nm COOH) (CheapTubes Inc., Brattleboro, Vermont) were used. 

CNTs were synthesized by catalytic chemical vapour deposition, acid purified, and were 

functionalized through repeated reductions and extractions in concentrated acids. As 
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indicated by the supplier, CNTs were of high purity (> 95%) with low amount of 

contaminants (ash <1.5 wt %).  

 

Characterization of particles 

Particle characterization was performed by dynamic light scattering with a Malvern 

Zetasizer 3000 HS. Size and surface charge were determined after sonification for 20 

minutes in distilled water, and in cell culture medium (DMEM) with or without 10% FBS. 

 

Cytotoxicity screening  

1.4-1.7 x 105 cells per ml were seeded in 96-well plates (Corning Costar, The 

Netherlands) and were incubated overnight at 37°C and 5% CO2 to allow cell attachment. 

For cytotoxicity screening on Global Eucaryotic Microcarrier GEMTM (Global Cell Solutions, 

Virginia, USA), 2 x 105 cells per ml were seeded in 96-well plates (Corning Costar) coated 

with a 5% poly (2-hydroxyethyl methacrylate) (poly-HEMA) solution (Sigma, Austria) to 

block cell attachment onto the plate. Cultures were exposed to different concentrations of 

20 nm and 200 nm PPS as well as CNTs for 4 and 24 hours. After treatment, the viability 

of the cells was assessed by a formazan bioreduction (MTS) assay (CellTiter 96® 

AQueous Non-Radioactive Cell Proliferation Assay, Promega, Germany) according to the 

manufacturer’s protocol. After two hours of incubation with the MTS-solution, the 

absorbance was measured on a SpectraMAX plus 384 (Molecular Devices, Austria) at 

490 nm. Wells without cells but with the respective medium, in which the NPs were 

dissolved, were used as blank control. To investigate whether the NPs interfere with the 

assay, an interference control (= highest concentration of each NP without cells) was 

included. In addition, after exposure to CNT, cells were washed three times with pre-

warmed phosphate buffered saline (PBS) (PAA) prior to adding staining solution. 

 

Mode of action of PPS in conventional cell culture 
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After exposure of cells to the PPS for 4, 8, and 24 hours, the integrity of the cell 

membrane was determined using the CytoTox-ONETMHomogeneous Membrane Integrity 

Assay (Promega), based on the release of lactate dehydrogenase (LDH). The 

fluorescence was recorded with an excitation wavelength of 560 nm and an emission 

wavelength of 590 nm on a FLUOstar Optima (BMG Labtech, Germany). As positive 

control, the cells were treated with a lysis solution of equal amounts of Triton X-100 and 

70% ethanol for 10 minutes at room temperature. Induction of apoptosis was assessed 

after treatment of cells under same conditions as for the LDH measurement by using the 

Caspase-Glo 3/7 Assay (Promega). Measurements were read on a Lumistar (BMG 

Labtech). Both assays were carried out according to manufacturer’s instructions.  

 

Assays on long-term effects in conventional cell culture 

Cells were plated in 25 cm² cell culture dishes in complete DMEM and were incubated at 

37°C and 5% CO2 to allow cell attachment. After 24 hours, the media were exchanged 

and NPs at a final concentration of 20 µg/ ml were added. Controls received no NPs. Cell 

numbers and cell viability were assessed at time-points when controls reached 100% 

confluence to avoid bias by growth inhibition. In parallel, assays on the membrane 

integrity and apoptosis were assessed as described above and the cells were sub-cloned 

in a 1:10 ratio.    

 

Microcarrier cell culture 

For the establishment of a three dimensional model, basal membrane coated GEMTM were 

used. Cells were incubated in specialized culture vessels (LeviTubesTM) in the bench-top 

bioreactor BioLevitatorTM (Hamilton Company, Switzerland) at 37°C and 5% CO2. Two 

pre-installed culturing protocols (for epithelial and endothelial cells) were compared with 

respect to cell proliferation. 3 x 106 cells were seeded on a 50% bead slurry in medium 

with 10% FBS. After an overnight inoculation period, LeviTubesTM were filled with 

additional medium. 20 nm and 200 nm PPS, in concentrations where no acute toxicity was 
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observed after 24 hours, were added to the medium. For untreated controls no NPs were 

added. In parallel, red fluorescent labelled PPS were used in order to identify the sub-

cellular localization of the NPs. 

In pilot experiments, we investigated the effects on cell growth, viability, as well as on the 

toxic action of 20 nm PPS by changing the medium every other day (as in conventional 

cultures), and once per week. Since no differences on any outcome were observed, the 

medium was changed once per week in all further experiments. 

 

Microscopical evaluation of endothelial cells in microcarrier culture 

Cell attachment was recorded at regular intervals by staining the nuclei with 5 µg/ ml 

Hoechst 33342 staining solution (Invitrogen, Austria) for 15 minutes at room temperature. 

The viability of cells was determined by labelling different cell organelles (nucleus, 

endoplasmic reticulum and mitochondria). An aliquot of the microcarrier cultures was 

stained with Hoechst 33342, 1 µM ER-Tracker green and 200 mM MitoTracker DeepRed 

633 (Invitrogen). After incubation for 20 minutes at 37 °C and 5% CO2, staining was 

documented on a LSM510 Meta confocal laser scanning microscope (Zeiss, Germany). 

Changes in cell number and viability were recorded weekly. GEMTM were dissolved in pre-

warmed trypsin/ EDTA (PAA). Detachment of the cells was observed under a CKX41 light 

microscope (Olympus, Japan). Cell number and viability was determined using a 

CasyONE® cell counter (Inovatis, Germany) [36].  

 

Mode of NP action in microcarrier cell cultures 

Induction of apoptosis and / or necrosis of the long-term exposed cultures were assessed 

weekly and were compared to untreated controls. Mean values were normalized to total 

cell numbers in the culture vessels at each time point. To determine the main mode of cell 

death in PPS-exposed cultures, an ApoTox-GloTM Triplex Assay (Promega) was 

performed. Thereby, the effects on viability, cytotoxicity, and apoptosis induction were 
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assessed simultaneously at 24 hours and 7 days after exposure. The assay was 

performed according to manufacturer’s instructions.  

 

Western blot analysis for PARP-1 

In order to discriminate between apoptotic and necrotic cell death, a Western blot for poly 

(ADP-ribose) polymerase (PARP-1) was performed 7 days after exposing microcarrier 

cultures to both, PPS and CNTs. To obtain a positive control, cells were treated with 1 µg/ 

ml staurosporine for 5 hours. Upon washing cells with ice-cold PBS, cell lysates were 

prepared in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS; Sigma) overnight at 4°C with the addition of protease 

and phosphatase inhibitor cocktails (1 tablet each was dissolved in 10 ml RIPA buffer) 

(Roche Diagnostics, Austria). The protein concentration was determined photometrically 

by a Bradford Assay (Bio-Rad Laboratories, California). 20 µg of the protein lysate was 

separated by SDS-PAGE (NuPage 4- 12% Bis-Tris gels; Life Technologies, Austria) and 

transferred to nitrocellulose membrane (Bio-Rad). Following primary antibodies were 

used: PARP (dilution: 1:750; Cell Signaling Technology, Massachusetts), and as a loading 

control beta-Actin (diluted 1:1000; Sigma). As secondary antibody we used a goat anti-

rabbit (Cell Signaling Technologies) or rabbit anti-mouse HRP-conjugated antibody, 

respectively (DAKO, Denmark) at a final concentration of 1 µg/ ml. An overnight 

incubation at 4°C was performed for both primary antibodies, followed by incubation with 

secondary antibodies at room temperature for 2 hours. Specific protein bands were 

visualized by the enhanced chemiluminescence assay (Amersham Biosciences, 

Germany).  

 

Statistical analysis 

All experiments, except long-term exposure to PPS, were repeated three times. At least 

triplicates were assessed for each sample. Due to the small sample size (n = 3), all data 

are described descriptively, as mean ± standard deviation (SD). To investigate the effects 
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of PPS on cell growth over time (n = 5), repeated measurements ANOVA was performed. 

For post-hoc analysis, a Bonferroni correction was conducted. A p-value <0.05 was 

considered to indicate statistical significance. The statistical analysis was performed by 

using the statistical software SPSS Version 20.  

 

RESULTS 

Prior to the assessment of the long-term effects in 3D culture, NPs were characterized 

according to their physicochemical parameters and to their acute cytotoxic action in 

conventional culture.  

 

Particle characterization 

The hydrodynamic sizes of PPS were larger when diluted in medium, especially in the 

presence of FBS than indicated by the supplier. The differences between the indicated 

size and the hydrodynamic radius in medium with 10% FBS, were more pronounced for 

the 20 nm PPS than for the 200 nm PPS. All particles were negatively charged except 200 

nm PPS when dissolved in DMEM with 10% FBS. Sizes of the > 50 nm CNTs increased 

markedly when protein-free medium was used. A summary of the particle properties is 

presented in Table 1.  

 

Acute cytotoxicity  

After exposure of cells to 20 nm PPS for 24 hours, the cell viability was reduced in a dose-

dependent manner (Fig. 1 A). Addition of serum to the medium decreased the cytotoxicity 

of the particles. The estimated IC50 was approximately 120 µg/ ml in DMEM supplemented 

with 10% FBS and 30 µg/ ml in medium without FBS. The viability of cells after exposure 

to 20 nm PPS did not decrease when cells were grown on GEMTM. 200 nm PPS exhibited 

no cytotoxicity, irrespective of the medium used (Fig. 1 A - C). Exposure of cells to CNT 

dissolved in serum-containing DMEM decreased cell viability similarly to 20 nm PPS (Fig 
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1 B); the estimated IC50 was approximately 125 µg/ ml. No changes in cell viability were 

detected when cells were seeded onto GEMTM (Fig 1 C).  

 

Mode of action 

Low concentrations (< 200 µg/ ml) of 20 nm PPS had no influence on membrane integrity 

or on activation of caspases 3 and 7 at any time-point. However, PPS at 200 µg/ ml 

induced strong activation already after 4 hours, reaching the maximum of an about 50-fold 

increase after 8 hours and an almost 30-fold increase after 24 hours as compared to non-

exposed cells (Fig. 2 A). A similar dose-dependent effect was observed for membrane 

disruption (Fig. 2 C). Exposure of the cells to 200 nm PPS resulted in a very low release 

of LDH (up to 15% of the lysis control) and no notable increase in caspase activation at 

any time-point (Fig. 2 B and D). 

 

Establishment of the microcarrier cell culture system 

For optimization of the exposure system, different coatings of the GEMTM (gelatine, 

laminin, fibronectin, collagen type I and IV, basal membrane) as well as different 

incubation protocols, pre-defined by the supplier, were compared. Cells that were seeded 

on basal membrane coated microcarriers and cultured according to the protocol for 

endothelial cells (HUVEC) reached approximately 4 times higher cell densities compared 

to those when the protocol for epithelial cells (HEK 293) was used (Fig. 3). Cultures were 

maintained for 23 days without sub-culturing. The doubling time of EAhy cells was lower in 

the microcarrier culture system (70 h) than in conventional cultures (30 h). Staining with 

Hoechst 33342 dye showed an increase in cell proliferation on GEMTM (Fig. 4 A). 

Furthermore, vital staining for mitochondria and endoplasmic reticulum (ER) demonstrated 

the viability of the cells (Fig. 4 B).  

 

Intracellular localization of PPS 
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Cells were exposed to 20 µg/ ml of the red fluorescent PPS in order to study cellular 

localization. R25 were observed within the cells, mainly localized in lysosomes (Fig. 4 C). 

 

Long-term effects of NPs in microcarrier culture 

Cells were cultured according to the established protocol (basal membrane coated 

GEMTM, and incubation protocol for endothelial cells) for four weeks with a medium 

change performed once per week. After inoculation, NPs were added at a concentration 

250 times lower than the concentration where cytotoxicity was seen in the acute 

cytotoxicity setting (24 hours). Exposure of the cells to 20 µg/ ml of 20 nm PPS resulted in 

a significantly reduced cell number already after 7 days, showing a decrease in cell 

numbers of approximately 50%. Even stronger effects were observed at later time-points. 

No decrease in cell number was observed when the cells were exposed to 20 µg/ ml of 

200 nm PPS (Fig. 5 A). 

Exposure to concentrations of 5 – 20 µg/ ml of CNT decreased cell numbers in a dose-

dependent manner at day 7 to approximately 75% - 40% of control cells, respectively. 

However, with prolonged contact the cell populations recovered. The recovery rate was 

more rapid for cells exposed to 20 µg/ ml than for cells that were exposed to 5 µg/ ml and 

the values reached 90% - 70% of the control after 4 weeks (Fig 5 B). Cell viability was not 

impaired at any time-point. 

 

Mode of action in microcarrier cultures  

Long-term exposure to 20 nm PPS induced an 80% higher activation of the effector 

caspases 3 and 7 after 7 days as compared to the control cells. Over time, the induction 

of apoptosis decreased to about 30% of the untreated control (Fig. 6 A). 20 nm PPS 

induced necrosis with a maximum of LDH release, about 65% higher than in control cells, 

after 7 days of culturing (Fig. 6 C). At later time-points, LDH release slightly dropped by 

about 15%. However, exposure to 20 nm PPS resulted in a 2.5- to 5-fold increase in 

cytotoxicity, while the viability was slightly reduced, as detected by the ApoTox-GloTM 
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Triplex Assay. No induction of apoptosis was detected (Fig. 6 E). Exposure to 200 nm 

PPS induced neither apoptosis nor necrosis at any time-point (Fig. 6 A, C, E). CNT 

induced both, apoptosis and necrosis, in a dose-dependent manner, reaching a 2.5-fold 

increase as compared to the control upon exposure to a concentration of 20 µg/ ml (Fig 6 

B and D). Similar to PPS, the strongest induction of caspases and the highest release of 

LDH occurred after 7 days of exposure, after which the levels approached those of control 

cells.  

 

Western blot for PARP-1 

As shown in Fig. 6 F, an 89 kDa fragment representing cleaved PARP-1, indicative for 

apoptotic cell death, appeared exclusively in the staurosporine treated positive control. 

Treatment with NPs provoked the appearance of not only un-cleaved (116 kDa), but also 

additional slight cleaved PARP-1 bands (89 kDa, 72 kDa), which, in combination, occur 

only after necrosis.  

 

DISCUSSION 

 

In this study, the long-term cytotoxicity testing with the BioLevitatorTM was used for the 

identification of potential chronic effects of NPs on cells and was compared to 

conventional cell culture. This system enabled the culture of viable cells to high densities 

and identified adverse cellular effects of 20 nm PPS and of > 50 nm CNTs. 

A microcarrier cell culture system enables cell culturing at higher cell densities for a longer 

time period. The polarized cell growth, in a more physiologic environment than in 

conventional cell culture vessels, allows a better differentiation of the cells [37]. The 

mimicked in vivo situation slows down proliferation and therefore the nutrients are 

depleted more slowly. In addition, due to their structure, the porous microcarrier facilitates 

long-term cell culturing as the nutrients from the medium and the molecules secreted from 

the cells (e.g. growth factors) are retained inside the beads. Due to the small volume of 
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medium required to feed the cells over the entire culturing period compared to 

conventional cell culture methods, it is a very cost- and material-saving method. 

Bioreactors were initially developed to increase the yield of cellular products (e.g. 

antibodies) [38]. This culture may also be suitable for toxicity testing and / or the 

identification of long-term effects. This is particularly important for NPs because they have 

been shown to persist in organisms [39], and are influenced by several factors, such as 

medium composition, binding of proteins, mechanical pre-treatment, and pH, which makes 

it very laborious to evaluate all these parameters in vivo. The GEMTM technology and the 

BioLevitatorTM allowed the culture of viable cells with high reproducibility. As expected, the 

physiological growth on basal membrane coated microcarriers slowed down the 

proliferation of EAhy 926 cells, which is advantageous for the study of NP accumulation. 

One potential limitation of the system is that high-throughput testing is not possible 

because only four experiments can be performed in parallel.  

The endothelial cells EAhy 926 can be exposed to relatively high concentrations (100 µg/ 

ml) of 20 nm PPS for 24 hours without showing any apparent damage in a conventional 

culture. In microcarrier culture, the resistance to the toxic action of PPS is even higher. 

Two mechanisms could be suggested that may explain the lower cytotoxicity of PPS in 

microcarrier culture: a more physiological growth with a better supply of nutrients and the 

fact that a smaller area of the cell membrane is accessible to the PPS because cells are 

more densely packed [40]. Upon longer incubation times, however, the situation is 

inversed. The low concentrations of the NPs did not have a strong influence on the 

proliferation of cells maintained in conventional cell culture, but pronounced cytotoxicity 

was detected in microcarrier culture. This difference may be caused by a higher dilution of 

the intracellular concentration of NPs due to proliferation. Our experiments proved that the 

doubling rate of EAhy 926 cells in conventional culture was 2.3 times higher than in the 

microcarrier culture. At concentrations higher than 100 µg/ml, 20 nm PPS decreased the 

metabolic activity of the cells in conventional culture and induced the activation of 

caspases 3 and 7. In addition, an increased release of LDH, as an indicator of membrane 
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damage, was also observed after exposure to these doses of PPS for 24 hours. Particles 

of 200 nm did not exert any effect upon culturing under the same conditions. Upon acute 

exposure, the main modes of PPS induced cell death were found to be apoptosis and 

necrosis. Fröhlich et al. investigated the impacts of 20 nm carboxylated polystyrene (CPS) 

NPs in the same cell line, grown in conventional cell culture for 24 hours, and also 

demonstrated induction of necrosis and apoptosis [41]. This similarity between 20 nm 

CPS and 20 nm PPS may be linked to their similar physicochemical parameters: the 

differences in size (42 nm (CPS) vs. 73 nm (PPS)) were small and the surface charge of 

both particles was slightly negative. Upon prolonged exposure to PPS, not only LDH 

release was increased as compared to controls, but also the activation of caspases. 

However, it is very unlikely that both modes of cell death are induced at the same time. 

The contradictory findings on caspase activation (Fig. 6 A) could be explained by the 

normalization of very small differences in assay values (caspase 3/ 7) between untreated 

and treated cells versus larger differences in total cell numbers of the respective culture. 

Moreover, all other data supported the induction of necrosis as the predominant mode of 

action of 20 nm PPS upon long-term exposure. Collectively, we detected no induction of 

apoptosis and only low induction of necrosis at each time-point in cells exposed to 20 µg/ 

ml of 20 nm PPS. As both cell death mechanisms should occur within 24 hours [42], we 

presume that the reduction in cell number observed upon long-term exposure was also 

caused by the decreased cell proliferation in the BioLevitatorTM, as the lower doubling rate 

of the cells in microcarrier cultures promotes the accumulation of NPs. 

The BioLevitatorTM bioreactor used in this study, also appears suitable for the assessment 

of biological effects upon exposure to other NMs. CNTs could find broad medical 

application, particularly in imaging and treatment (vaccination, hyperthermia) provided 

they are not overtly toxic [21]. Long-term exposure in the microcarrier culture showed a 

dose-dependent decrease in cell numbers after 7 days. With prolonged contact the cell 

populations recovered. These findings were supported by our data on the mode of action 

since the peak levels of induction of apoptosis and/ or necrosis were also detected at day 
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7. At later time-points, activation of caspases or a notable release of LDH was not 

detected. The BioLevitatorTM bioreactor may also be used for the toxicological assessment 

of conventional compounds. The action of drugs on cytochrome P450 (CYP) enzymes is 

important for the metabolization by hepatocytes. Testing is complicated by the fact that 

CYP enzyme activities are low or absent not only in hepatocyte cell lines but also in 

cultured primary hepatocytes [43]. In preliminary experiments on HepG2 cells growing on 

microcarriers, we observed high cell density and a higher activity of the enzyme CYP1A1, 

important for many pathways (e.g. steroid hormone biosynthesis, tryptophan metabolism, 

retinol metabolism, metabolism of xenobiotics, and metabolic pathways) (data not shown). 

Findings on HepG2 cells grown in a three dimensional cell culture and the advantage of 

that culturing method were described in many other studies [44, 45]. Long-term culture in 

the BioLevitatorTM may therefore also be suitable to evaluate certain aspects of 

metabolization by hepatocytes. 

 

In summary, our findings suggest that non-biodegradable NPs persist in cells and may 

cause cell damage. Due to the localization of the NPs in lysosomes, as supported by our 

data on fluorescent labelled particles, it is necessary to investigate their effect on 

lysosomes. Lysosomes are potential targets for drug-induced damage, such as for drug-

induced lysosomal phospholipidosis resulting in lysosomal dys-function [46]. 
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FIGURE LEGENDS 

 

Fig. 1 Acute cytotoxicity of NPs exerted on EAhy 926 in different cell cultures after 24 

hours. Cells in conventional cultures were treated with NPs dissolved in serum-free 
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medium (A) as well as in medium with 10% FBS (B). Cells cultured on microcarriers were 

exposed to NMs dissolved in medium with 10% FBS. Data are presented as mean ± SD. 

Fig. 2 Mode of action of PPS in conventional cultures. Activation of caspases 3 and 7 (A 

and B) and release of LDH (C and D) upon exposure of EAhy 926 cells to 20 and 200 nm 

PPS for 4, 8, and 24 hours compared to untreated cells. Data are presented as mean ± 

SD. (h), hours. 

Fig. 3 Growth curve of EAhy 926 cultured on basal membrane coated GEMTM. Two pre-

installed protocols for cell culturing epithelial (HEK 293) and endothelial (HUVEC) cells 

were compared. (d), days. 

Fig. 4 EAhy 926 attached to GEMTM. Nuclear staining with 5 µg/ ml Hoechst 33342 was 

performed 1, 5, 7, and 14 days after inoculation (A). Vital dye staining for ER and 

mitochondria five days after inoculation. Hoechst 33342 dye was used as nuclear 

counterstain (B). Internalized red fluorescent NPs co-localize with the lysosomal dye 

LysoSensorTM Green DND-189 but not with the nucleus (blue) (C).  

Fig. 5 Long-term cytotoxic effects of NPs on EAhy 926. Cultures were exposed to PPS 

over a period of 28 days, Data are presented as mean ± SD of the total cell number; n =5, 

p-value < 0.05. * indicates statistically significant changes in cell numbers between control 

and treated cells at each time-point. Long-term effects upon exposure to different 

concentrations of MWCNT >50 nm are shown in (B). Data are presented as mean ± SD of 

the total cell number per culture vessel; n=3. (d), days. 

Fig. 6 Mode of action of different NPs in microcarrier cultures. Induction of apoptosis (A 

and B) and necrosis (C and D) after long-term exposure of EAhy 926 grown on GEMTM to 

NPs. Data are presented as mean ± SD, normalized to the total cell numbers per culture 

vessel; (d), days. Changes in viability, caspase activation, and cytotoxicity in cells 

exposed to PPS at early time-points are presented in (E). Data are presented as mean ± 

SD. Western blot detecting PARP-1 after treatment of microcarrier cultures with both, PPS 

and CNTs at an early time-point (day 7) is presented in (F). Treatment with 1 µg/ ml 

staurosporine was used as a control for apoptosis induction. 



- 148 - 

 

  



- 149 - 

 

 TABLE 

Table 1. Characterization of tested NMs 

 

 

Particle 

Size (nm) ζ-pot.(mV) 

Aqua 

bidest. 

DMEM DMEM+ 

10% FBS 

Aqua 

bidest. 

DMEM DMEM+ 

10% FBS 

PPS 20 nm 22.76 28.89 73.59*/12.37 -37.1 -13.4 -11.7 

PPS 200 nm 211.6 211.5 224.8 -57.6 -11.0 8.08 

Fluoro-Max 20 nm 22.22 44.56 58.26 -11.1 -28.2 -10.3 

MWCNT >50 nm  n.d.‡ 602.9 50.41 n.d.‡ -16.9 -11.0 

* Predominant peak is indicated first 

‡ Not determined due to aggregates 
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