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1 MOTIVATION 
Almost each day somewhere in the world, someone reveals a better technique for 

producing nanoparticles (NP), a better way of handling them, an even better preparation 

of functionalized them and application method in industry. It serves the dire need to test 

them in terms of toxicity in humans and to the environment. It is widely known that the 

same properties which provide technical benefits of nanotechnology also lead to 

potentially increased or unique health and safety exposures. As, the European Union 

postulates to reduce, refine and replace experiments on animals (3R principle; EU-

Directive 2010/63), this demands the implementation of human-cell based models for 

toxicity assessment, which may mimic with the best possible efficiency living tissue and 

give highly predictive results to in vivo. Moreover, cell-based assays offers several 

advantages over the use of a whole animals or widely used molecular biology methods. 

Cells respond to external stimuli in a physiological manner thus, cell-based assays enable 

more comprehensive and complex functional information through providing insights into 

the mechanisms of toxicant action. Therefore, whole cell-based biosensor (CBB) was 

developed to monitor and screen toxic substances in nano range. Until today, the majority 

of cell-based assays take advantage of traditional two-dimensional (2D) monolayer cells 

cultured on flat surfaces. Although, the 2D cell culture has turned out to be a valuable 

method for cell-based research, its limitations have been increasingly identified. Thus, in 

the presented study, three dimensional cell-culture systems (3D) were incorporated as 

environments for sensor cells. Besides, the developed biosensor enable detection of 

toxicity in very early stage, before cell death, in short time even after 2 h exposure as 

opposed to widely used commercially available cell-based assays such as MTT, XTT 

Alamar Blue or LDH. Moreover, implementation of whole cell biosensors based on 

human cells in a three dimensional milieu and its application for screening of nanoparticle 

toxicity has not been investigated before. Additionally, the presented system joins the 

complex in vitro model imitating living tissue with high throughput analytical methods. 

Genetic modification of HepG2 cells resulted in generation novel NF-κB_HepG2 sensor 

cells with extracellular reporter protein (human secreted alkaline phosphatase). Finally, 

the selected screening pathway (NF-κB signaling) can be activated by a wide range of 

stimuli, which broadens application spectrum of presented CBB. Therefore, this system 

is well suited in nanoparticle toxicity detection but also for a wide variety of potentially 
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hostile compounds in basic screening to provide initial warning of adverse effects and 

trigger subsequent analysis and remedial actions. 

The presented project aimed to improve the prediction of nanomaterial cytotoxicity 

on cell and tissue- level and provide the essential screening steps prior to any in vivo or 

environmental applications. Therefore, to achieve this goal, the initial objective was the 

use of a genetically modified human hepatoblastoma cell line (HepG2) that joins a cellular 

signaling system (NF-κB pathway) with a reporter gene (human secreted alkaline 

phosphatase) to create a whole cell-based biosensor with optical readout. This should 

allow the monitoring of toxic effects of chemicals in real time, in early stage before cell 

death. Based on these results it was intended to establish an environment for sensor cells 

with improved physiological relevance of cell-based assays. Since cells in the body grow 

in a three dimensional milieu, a 3D approach as an alternative to 2D culture was to be 

established to reduce the gap between cell culture and living tissue. Moreover, 

development of new cell models should be coupled with their usage in various 

quantitative measurements. Therefore, an additional objective was to transfer and 

optimize available analytical methods from 2D- to 3D-based cell culture. 
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2 INTRODUCTION 

2.1 Biosensors 

According to a IUPAC (International Union of Pure and Applied Chemistry) 

definition a biosensor is a self-contained integrated device, which is capable of providing 

specific quantitative or semi-quantitative analytical information using a biological 

recognition element which is retained in direct spatial contact with an transduction 

element [1]. Information is translated by the biological recognition elements from the 

biochemical domain (usually an analyte concentration or type), into a chemical or 

physical output signal with a defined sensitivity. Moreover, the purpose of the recognition 

system is to provide the sensor with a high degree of specificity for the analyte to be 

measured [2]. The transducer part of the sensor serves to transfer the signal from the 

recognition system, mostly to the detector domain. Widely used transduction systems are 

based on measurement of fluorescence, luminescence, absorbance, refractive index 

(optical transducers), amperometry, potentiometry (electrochemical transducers), 

calorimetry (thermal transducers), conductivity (electrical transducers) or quartz crystal 

microbalance measurements (piezoelectric transducers) [3], [4]. 

2.1.1
 Whole cell-based biosensors 

The term cell-based biosensor describes detection systems employing both prokaryotic 

and eukaryotic cells. Cell-based biosensors typically have three interconnected modules 

to accomplish the task, that is, the input of the sensor, the internal gene regulatory 

networks and the output system [5]. Input of the CBB is represented by receptors 

embedded in the cell membrane or inside the cytoplasm, which cells need to detect stimuli 

(e.g., chemicals, antigens, heat or light) and forward them into differential gene 

transcriptional levels or post-translation modifications. Next, the information is processed 

by the gene regulatory network, and integrated before an output decision is made. The 

gene expression levels are then altered to produce different proteins, which results in 

measurable changes [6], [7], [8]. Widely used method to create cell-based biosensors is 

transfection of cells with a reporter vector derived from a specific response promoter [9]. 

This kind of biosensors can detect biochemical effects directly via living cells and convert 

these effects into e.g. optical, electrical signals (Figure 1). In addition to analyte sensing 

and detecting, cell-based biosensors can carry the benefits of rapid and sensitive analysis 
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for in situ monitoring with cells. Compared with molecular biosensors, cell-based 

biosensors are expected to respond optimally to bioactive analytes. Additionally, CBB 

are characterized by many advantages, e.g., fast response time, long-term recording and 

label-free experimentation. However, cell-based biosensors still suffer from some 

intrinsic shortcomings. The common problems faced by the optimization of cell-based 

biosensors include how to achieve satisfactory stability, how to improve the selectivity of 

sensor cells and how to prolong the cells’ lifetime [10], [11]. One of the first 

commercialized sensor based on single cells was naturally luminescent bacteria 

(Microtox® test). This simple sensor used the inhibition of the light after exposure with 

pollutant and was developed for monitoring of aquatic samples over 37 years ago [12]. 

Till now, have been published a number of reports where whole cells of microorganisms 

(such as bacteria, yeast and algae) were used as a screening element of environmental 

hazards [13], [14], [15], [16], [17] or mammalian cell-based sensors to evaluate chemical 

safety and their clinical potency [18], [19], [20], [21], [22] (more examples in Table 1). 

Nevertheless, CBB based on human cells used in nanomaterials toxicity screening 

represent small percentage of developed CBB. To date, all this kind of biosensors were 

developed and published by Peng Chen and Akiyoshi Taniguchi groups (National 

Institute for Materials Science, Namiki Tsukuba Japan) [9], [23]. Therefore, the project 

presented here will complement and expand this still novel field and will provide a step 

forward for a better understanding. 

 

Figure 1. Schematic representation of classic and whole cell-based biosensor. 
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Table 1. Overview of the whole cell-based biosensors used in cytotoxicity assessment. * Developed CBB based on 

human cells used in nanoparticles toxicity screening.  

2.1.1.1 Biosensing mechanism 

In cell-based biosensor screening strategies, it is usually not the product of an 

endogenous enzyme, cell morphology or a pathway itself that comes out in a calculable 

output, but preferably the product of a reporter gene that provides a discriminating 

phenotype. Reporters such as lacZ (β-galactosidase), luc (luciferase), or gfp (the green 

fluorescent protein), can be easily screened by color formation, luminescence, or 

fluorescence. Promoters that are strongly activated under normal conditions (constitutive 

expression system) generally ensure a high basal expression level of the reporter gene. 

During exposure of the CBB to a potential toxic analyte, the expression dependent and 

inversely proportional to the tested sample toxicity. This influences the basic gene 

expression of the cell, inhibiting the growth, or inducing cell death and reducing the 

intensity of the reporter signal. Commonly, the promoters selected for designing these 

kind of CBB are those regulating the gene expression of constitutive genes, such as 

ribosomal proteins, metabolism proteins or cell structural proteins (e.g., tubulin, actin, 

Whole cell-based 

biosensor 
Analyte Detection mode Ref. 

HaCaT cells 

(keratinocytes; human) 
Heavy metals, plant extracts Fluorescence 

[24], 

[22] 

Ped-2E9 cells 

(lymphocytes; murine) 

Listeria monocytogenes 

strains, Bacillus cereus 

strains and toxins from 

Listeria / Bacillus 

Laser scanning 

cytometry 
[25] 

Vero cells (kidney 

epithelial cells; monkey) 
Mycotoxins (t-2, zearalenone) Spectrophotometry [26] 

Alcaligenes eutrophus (a 

gram negative Bacillus) 
Heavy metals 

Bioluminescence / 

cyclic voltammetry 
[27] 

HUVECs cells (umbilical 

vein endothelial cells ; 

human) 

Histamine 

Ion-selective electrode 

(ISE) 

 

[28] 

Primary cells (cortical 

cells; rat) 
Acetylcholine Potentiometry [29] 

HepG2 (hepatoblastoma; 

human) 
Copper ions Bioluminescence [30] 

*HepG2 (hepatoblastoma; 

human) 

Titanium dioxide 

nanoparticles 
Bioluminescence [23] 

Chlorella vulgaris (algae) Herbicides Fluorescence [31] 

Pseudokirchneriella 

subcapitata (algae) 

CuO, ZnO and TiO2 – 

nanoparticles 
Fluorescence [32] 

NIH/3T3 (embryonic 

fibroblast; mouse) 

Titanium dioxide 

nanoparticles 
Bioluminescence [33] 
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etc.), which maintain gene expression at a sufficiently high and constant level. Although 

these biosensors are not distinguished by specificity, they may be useful for screening the 

presence of toxic agents in an ecosystem. It should be noted that, in these sensors, any 

compound that affects either the cellular metabolism or causes stress in the cell induces a 

response.  

Inducible systems use constructs which are fusions of an inducible promoter and a 

reporter gene. To design an inducible CBB, a specific promoter, which is only activated 

by a specific group of related analytes / stimuli, is selected to carry out the gene construct. 

The level of the gene expression controlled by these types of inducible promoters is 

commonly high, because the gene product originated may play an important role in the 

cellular defense against a particular stressor or toxic substance. Selection of the 

appropriate promoter demands prior examination of the transcriptional capacities of the 

cell under influence of that analyte. This kind of CBB represent serviceable biosensors 

for monitoring group of specific environmental pollutants, despite the complexity of their 

construction. Promoter region binds transcription factors that are usually activated in 

response to the stimulation of receptor-mediated or receptor-independent signaling 

cascade, which is initiated not exclusively by one kind of analyte but usually chemically 

/ structurally similar compounds. Thus, their specificity will depend on the degree of the 

signaling cascade specificity to an exclusive analyte of a chemically related group of 

analytes [34], [35], [36], [37], [38], [39]. Heat shock response (HSP), the SOS controlled 

response (including recA, sulA, umuCD, recN, uvrA, cda) in connection with a reporter 

gene are widely developed in a semi-specific CBB. Thus, these kind of CBBs are named 

parallel stress response or semi-specific CBB [40]. 

2.1.1.2 Human secreted alkaline phosphatase (SEAP) 

Widespread research in the field of molecular biology based on eukaryotic cells 

involves the elucidation of factors which regulate the gene expression at the 

transcriptional and post-transcriptional levels. The use of reporter genes which encode 

enzymes or proteins that can be easily quantify is a typical approach that has been used 

to facilitate the determination of gene expression levels. Many reporter proteins have been 

used in eukaryotic cells including chloramphenicol acetyltransferase (CAT) [41], β-

Glucuronidase (GUS) [42], β-galactosidase (lacZ) [43], or luciferase (luc) [44] and 

fluorescent proteins [45], [24], [46]. However, all of these reporter systems show some 

disadvantages, such as the presence of similar endogenous enzyme activity, requirement 
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for a cumbersome assay, separation of the product from the substrate, cell lysis 

performance, fluorescent proteins bleaching or difficulties with high throughput 

screenings development. Berger et al. [47] described a reporter gene, human secreted 

alkaline phosphatase (SEAP), which avoids several of these limitations. The SEAP gene 

encodes a secreted form of the human placental alkaline phosphatase (PLAP, EC 3.1.3.1), 

which is a hydrolase enzyme involved in removing phosphate groups from many types of 

molecules, including nucleotides and proteins. PLAP is initially anchored to the 

membrane via a C-terminal 26-amino acid hydrophobic domain. SEAP lacks this amino 

acids sequence, allowing the protein to be efficiently secreted in an active form [48], [49]. 

SEAP is secreted by genetically modified cells and can be consequently assayed using a 

small aliquot of the cell culture medium. SEAP activity revealed in cell culture medium 

is directly proportional to changes in the intracellular amount of SEAP mRNA and 

protein. Another important advantage is that background noise of the endogenous alkaline 

phosphatases is nearly absent. Nevertheless, the activity of endogenous alkaline 

phosphatases (AP) present in test samples can be excluded completely by incubating the 

sample at 65°C and with L-homoarginine without affecting SEAP activity. The enzyme 

can withstand temperatures as high as 65°C and is durable to the phosphatase inhibitor L-

homoarginine [50]. The secreted nature of SEAP provides several advantages for its use 

as a reporter gene: (i) preparation of cell lysates is not needed; (ii) the kinetics of gene 

expression can be easily examined by repeated series of medium from the same cultures; 

(iii) transfected cells are not disturbed during measurement of SEAP activity and remain 

intact for further investigations; and (iv) background from endogenous alkaline 

phosphatase can be eliminated. SEAP catalyzes the hydrolysis of p-Nitrophenyl 

phosphate producing a yellow end product that can be measured spectrophotometrically 

at 405 nm. Therefore, a SEAP reporter system is well-suited to high-throughput 

applications. As the goal of presented study was to adopt three dimensional environment 

for sensor cells, SEAP seems to be an ideal extracellular reporter protein for application 

in such a complex cell culture system, which enable measurements without the time 

consuming cell extraction from 3D milieu. 
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2.2 Nanoparticles  

Nowadays nanotechnology is one of the key technologies which promises revolution 

in our world [51]. Materials at nano scale, multiply novel features and applications that 

vary markedly comparing to corresponding bulk counterpart. The unusual 

physicochemical features of engineered nanomaterials are attributable to their small size 

(size distribution and surface area), surface structure (inorganic or organic coatings, 

surface reactivity, surface groups, etc.) chemical composition (electronic properties, 

purity, crystallinity etc.), shape, solubility and tendency of agglomeration. The potential 

risks of nanotechnology are currently the topic of hundreds of studies being performed in 

laboratories around the world. The urgency of this research is driven by the rapid 

utilization of the known applications for nanotechnology by industrial and commercial 

entities, as well as the extensive numbers of theoretical applications that are expected to 

fundamentally modify the world around us [52]. Nanoscale materials are already being 

incorporated for the use in many commercially available products including electronics, 

pharmaceuticals, cosmetics and sunscreens, automobile catalytic converters, dental 

bonding, stain resistant clothing and fabrics, corrosion resistant paints and coating metal 

cutting tools [53], [54], [55], [56], [57]. Nanotechnology can be very profitable sector and 

already the United States government has described nanotechnology ,,as the foundation 

for the next industrial revolution” worth as appraised trillion dollars within the coming 

ten years [58]. 
2.2.1

 Definition and classification 

The term engineered nanoparticles applies only to particles which have at least one 

dimension less than 100 nm in length and does not apply to particles under 100 nm that 

produced naturally or are by-products of other processes such as fire smoke, welding 

fumes, or carbon black [52]. Nanoparticles are generally classified based on their 

dimensionality, morphology, surface charge, composition, size, uniformity, and 

agglomeration state. Depending on the physicochemical properties, nanomaterials can 

induce different biological effects (Table 2). 
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Physicochemical features Biological effect Cell type Ref. 

Size 

5-10 nm AgNP Oxidative stress HepG2 [59] 

20 nm, 80 nm and 110 

AgNP 

Genotoxicity, 

inflammation 

L929, RAW 

264.7 
[60] 

5 nm, 20 nm and 50 nm 

AgNP 

Morphological changes 

and changes in 

membrane integrity 

A549, SGC-

7901, HepG2, 

MCF-7 

[61] 

165 nm ZnONP 
DNA damage, 

lipids peroxidation 
A431 [62] 

267 nm ZnONP Apoptosis, NP uptake HepG2 [63] 

10 nm ZnONP 
Inflammation, 

oxidative stress 
BEAS-2B [64] 

Surface 

charge 

Positively-, neutral- and 

negatively charged AuNP 

Differences in potential 

of mitochondrial 

membrane 

HaCaT [65] 

Positively charged with 

different Z-potential  

ZnONP 

Differences in cell 

death 
Hut-78 [66] 

Positively-, neutral- and 

negatively charged AgNP 

Differences in cell 

proliferation 

,membrane damage, 

cell uptake, DNA 

oxidation 

TK6 

 
[67] 

Aggregation 

state 

Aggregates of AuNP vs 

monodispersed AuNP 

Differences in cell 

uptake 

HeLa, MDA-

MB-435 

 

[68] 

Aggregates of SiNP vs 

monodispersed SiNP 

Differences cytokine 

levels IL-6,IL-8, IL-1β 
BEAS-2B [69] 

Aggregates of TiO2NP with 

different sizes 

Differences in 

cytotoxicity and 

genotoxicity (level of 

DNA strand breaks) 

TK6 [70] 

Surface 

coating 

PEGylated PMA-coated 

Fe3O4NP vs uncoated 

Fe3O4NP 

 

Differences in cell 

membrane integrity, 

cellular uptake, 

inflammatory response 

HUVEC, 

RAW264.7 
[71] 

PVP-coated 20 nm AgNP 

vs PVP-coated 110 nm 

AgNP; citrate-coated 20 nm 

AgNP vs citrate-coated 110 

nm AgNP 

Differences in cell 

vitality, bioavailability, 

inflammation 

BEAS-2B [72] 

 

Table 2. Biological effects due to physicochemical features of nanoparticles. 
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2.2.2

 Routes of exposure and bio-distribution 

The human body contains several semi-open spaces for direct substance exchange 

with the external environment, i.e. the skin, respiratory tract and gastrointestinal tract 

(GIT) [73]. Exogenous substances are also able to translocate to secondary organs mostly 

with blood stream or lymph system [74],[75]. Skin is the mean border and defense organ 

in our body and directly interacts with many toxic agents. The skin is a structured organ 

containing three layers: the epidermis, the dermis and the subcutaneous layer [76]. The 

strongly keratinized stratum corneum is the primary protecting layer and may be the rate 

limiting obstacle to defend against the infiltration of micron sized particles and harmful 

toxicants. Skin exposure to nanomaterials can also take place during the intentional 

application of topical / sun creams and other drug treatments. The main mechanism of NP 

uptake by skin cells is via endocytosis of epithelial cells [77]. Second exposure rote 

represent the respiratory system - a mean portal for ambient particulate material. Latterly, 

the pathology of inhaled manufactured nanoparticles have received attention. Micron 

sized particles are predominantly trapped and cleared by upper airway mucociliary 

escalator system, but particles smaller than 1 µm can get down to the pulmonary alveolus 

provide their abnormal functions after longer exposure time. Additionally, the deposition 

of inhaled ultrafine particles with diameter < 100 nm may result besides in absorption 

across the lung epithelium, and later nanomaterials can enter through alveolar blood 

vessels the blood system and lymph to reach cells in the liver, bone marrow, lymph nodes, 

spleen and heart [78], [79]. Nanomaterials can fetch up the GIT from the respiratory tract 

through the nasal region after mucociliary clearance, or can be administrate directly with 

water, food, cosmetics, drugs, and drug delivery devices. In GIT the main protective 

barrier is mucus which is continuously secreted and traps and coats external particulates 

and pathogens to preserve the underlying epithelium [80]. In biodistribution of exogenous 

substances very important roles are played by endogenous clearance processes like 

mucociliary movement, interstitial translocation, lymphatic drainage, blood circulation 

translocation, epithelial endocytosis and chemical clearance processes such as 

dissolution, leaching and protein binding. Clearance and opsonization of nanoparticles 

depends on size and surface characteristics. De Jong et al. [81] described size dependent 

tissue distribution of gold nanoparticles where smaller (10 nm) nanoparticles showing the 

most widespread distribution (liver, blood, spleen, thymus, heart, lung, kidney, testis and 

brain) whereas the larger particles (50, 100 and 250 nm) were noticed only in liver, blood, 



 

 

  22 

and spleen. Moreover, nanomaterials are known to activate the immune system and 

contribute to initiate the complement pathway or promote allergies. Furthermore, NP are 

readily taken up by monocytes, macrophages and dendritic cells. This may pose a hazard 

to these cell types and therefore, reduce the capacity of an immune response. Interferon 

(IFN)-γ, IL-12 and tumor necrosis factor (TNF)-α, production were induced by NP in 

peripheral blood mononuclear cells [82], [83], [84]. 

2.2.3

 Uptake of nanoparticles into cells 

Comprehension the way nanomaterials interact with living matter will rise 

substantially new opportunities in medicine and diagnostics. The same nanoparticle can 

be captured via different mechanisms. For example, diamond powder particle uptake is 

based on macropinocytosis or on cadherin-mediated endocytosis pathways and uptake 

type influences intracellular metabolism [85]. Membrane stability can be affected by 

nanoparticles directly (e.g. physical damage) or indirectly (e.g. oxidation), however, in 

both cases can lead to cell death. The ability of membranes to regulate intracellular 

homeostasis, through selective permeability and transport mechanisms [86], makes it a 

susceptible target for possible impairing effects of nanomaterials. Interplay between 

nanoparticles and membranes depend largely on the nanoparticles surface properties 

(hydrophilic/hydrophobic). This is the reason why surface modifications, development 

novel coating methods are crucial in the design of drug delivery systems due to 

enhancement of nanoparticle uptake into cells. Nanoparticle size also plays an important 

role. Nanomaterials may enter cells in various ways by known mechanisms e.g. 

phagocytosis which is mostly characteristic to specialized macrophage cells; 

macropinocytosis traps large droplets of fluid and occurs in many different types of cells; 

in processes mediated by proteins such as clathrin and caveolin or other less understood 

mechanisms that are independent of clathrin or caveolin are probably also involved with 

nanoparticle uptake [87, 88]. Charged nanoparticles can alter the local physical features 

of lipid membranes, which could shed new light on the interplay between cells and 

nanomaterials. Differently charged nanoparticles can actively modulate the phase 

structure of lipid membranes and contribute to formation of nano-sized holes. For 

example, cationic NP were reported as more cytotoxic compared to negatively charged 

or neutral nanomaterials, as they are known to disturb the integrality of negatively 

charged plasma membrane [89]. Gene expression analysis suggests that membrane 

damage is nanomaterial as well as concentration dependent [90]. Furthermore, 
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mitochondria, appear to be a major target for gold nanoparticles [91], magnetic iron oxide 

nanoparticles [92], or titanium dioxide nanoparticles [93]. Another preferential 

intracellular compartment is represented by lysosomes, the cell's digestive system. 

Nanoparticles usually end up in lysosomes where cells try to either digest or excrete them. 

The impact of size, shape and nanomaterial type on the cell's ability to digest or excrete 

nanoparticles after accumulation in lysosomes is not fully analyzed [94], [95]. Finally, 

the nuclear membrane with nuclear pores transport substances in and out the nucleus and 

some, generally smaller, nanoparticles appear able to either diffuse through these pores 

or be transported via receptor meditated transport mechanisms to gain access to the intra-

nuclear [96]. NP-induced genotoxicity may be direct, through intercalation or physical 

interaction, or indirect via altering proteins involved in cell division or oxidative stress. 

Some research has shown that silica NP are able to enter the nucleus and change cell 

proliferation by inhibiting DNA replication and transcription processes [97] while 

quantum dots have been shown to interact with histone proteins [98]. Oxidative stress is 

typical and a well-described effect of the interaction NP with biological systems, which 

undoubtedly contribute to point mutations, DNA adducts and fragmentation of 

chromosomes. NP have also been shown to alter the function of DNA repair genes 

resulting in aberrant DNA repair such as BRCA1, Gadd45, XRCC1, RPA1, RAD51C and 

FEN1, providing defects in DNA repair [99], [100]. Research on the genotoxic potential 

of NP are conducted in many laboratories, but still very few studies, so far, have examined 

their epigenetic potential. Gene expression is controlled by epigenetic processes, namely 

DNA methylation, histone modification and miRNA. NP are able to affect both global 

DNA methylation levels, methylation at specific gene promoters as well as 

enzymes/proteins involved in regulation of DNA methylation. NP are able induced 

changes in histone modifications as well. Oxidative stress has been shown to increase the 

levels of acetylated histone H4 and therefore abnormal changes in chromatin 

condensation. NP interact with miRNAs, which are short, single stranded, noncoding 

RNA molecules that have diverse functions in cells and it is appraised that about a third 

of the mammalian genes are regulated by miRNAs [101], [102], [103], [104]. 

Furthermore, Lynch et al. [105] suggest that interaction of nanoparticles with proteins 

causes mainly their bioavailability for cells. Surfaces of nanomaterials that interact with 

a biological milieu are in a dynamic exchange with biomolecules such as proteins and 

lipids. Proteins that reside on the particle surface (in in vitro systems proteins from FBS, 

in in vivo system proteins from e.g. extracellular matrix) will influence, indeed mediate, 
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the nanoparticle–cell interplays. Therefore, the identity and life time of these proteins on 

the particle surface can affect the way cells interact, recognize and process the 

nanoparticles. Proteins that do not have relevant receptor-binding sequence, will make 

the particle less attractive for the cell, because cells associate and take up only the proteins 

they need. However, if a protein corona on nanoparticle surface presents the relevant 

receptor-binding sites and is in contact with the cells long enough, it can activate the cell’s 

uptake machinery process known as endocytosis.   

2.2.4

 Cellular signaling pathway modulation 

Nanoparticles activate various intracellular signaling pathways such as NF-κB, MAPK, 

Rho GTPase, p38-Nrf-2, and SAP/ JNK signaling [106], [107], [108]. The ability to 

monitor transcriptional regulators in real time after exposure with nanomaterials greatly 

enhances the understanding of cellular regulation and control of their toxic mechanisms. 

Conventional gene expression analysis usually engages measuring single-time-point with 

techniques such as northern blots, reverse transcription polymerase chain reaction (RT-

PCR) or DNA microarrays. Taking advantage of these techniques, dynamics can only be 

approximated by assembling average results from separate cell populations, one for each 

time point. Therefore, sensor cells developed in this thesis seem to be a perfect tool to 

control over the time activation of specific intracellular pathway (NF-κB) after exposure 

of cells to nanoparticles.  
2.2.5

 NF-κB pathway 

Different kind of response elements / biomarkers / receptors (e.g. AP-1(activator 

protein 1), STAT3 (Signal transducer and activator of transcription 3), HSP (Heat Shock 

Protein), ISRE/IRF (IFN-stimulated response elements /Interferon regulatory factor ) 

were previously developed in combination with various reporter systems [109], [22] to 

monitor gene expression in mammalian cells after exposure to potentially hazardous 

agents. Undeniably, selecting the right biomarker is necessary for the later proper 

assessment of the toxic effects of analyzed compounds. The presented PhD thesis aims to 

develop universal biosensor to analyze toxic effect of chemicals including nanomaterials 

and literature described the NF-κB pathway as strongly activated after exposure of 

various kinds of nanoparticles [110], [111], [112] therefore, the NF-κB pathway was 

selected, examined and implemented in sensor cells as a screening pathway /response 

element. 
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Crucial to life is the ability to sense and adjust to the environment changes. For 

multicellular organisms, the ability to respond to external alteration is pivotal not only for 

survival but also for normal development and maintenance of homeostasis. It is well 

known that various signaling pathways can modify cellular function, as signaling acts to 

alter transcriptional responses and contribute to both transient and sustained changes. 

Rapid, but temporary, changes in gene expression are regulated by inducible transcription 

factors such as NF-κB. Nuclear factor-κB is a pleiotropic mediator of inducible and 

specific gene regulation involving various biological activities including immune 

response, inflammation, cell proliferation and death. The NF-κB transcription factor 

family in mammals consists of five proteins, p65 (RelA), p105/p50 (NF-κB1), RelB, c-

Rel, and p100/52 (NF-κB2) that associate with each other to form individual 

transcriptionally active homo-and heterodimeric complexes (Figure 2). They all are 

characterized by a conserved 300 amino acid long amino-terminal Rel homology domain 

(RHD), and sequences within the RHD are required for (i) dimerization, (ii) DNA 

binding, (iii) interaction with IκBs and (iv) nuclear translocation. Although NF-κB 

activity is inducible in most cells, NF-κB pathway can also be constitutively active in 

certain cell types, such as neurons, vascular smooth muscle cells, mature B cells, 

macrophages, as well as some of tumor cells [113], [114]. 

 

Figure 2. Members of the NF-κB family [115]: (RHD) the Rel homology domain - typical for the NF-κB proteins, 

(ANK) ankyrin repeats; (DD) death domain; (GRR) glycine-rich region; (LZ) leucine-zipper; (TAD) transactivation 

domain. 

2.2.5.1 Activation of NF-κB pathway 

In most cells NF-κB proteins residue in cytoplasm in an inactive form, where they are 

bound to inhibitors known as IκB. These proteins contain multiple copies of sequences 

known as ankyrin repeats, the IκB molecules mask the nuclear localization signals (NLS) 
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of NF-κB proteins and keep them in an inactive state. There are two activation processes 

of NF-κB pathway: canonical (classical) and non-canonical (alternative). In the canonical 

process, after activation of NF-κB pathway-specific kinases, IKKα (or IKK1), IKKβ (or 

IKK2) and regulatory protein NEMO (NF-κB essential regulatory protein, IKKγ) are 

activated to phosphorylate tandem serine residues on the N-terminal domain of IκB 

molecules (serines 32 and 36 for IκB-α). This leads to polyubiquitination and subsequent 

degradation of the inhibitor, enabling active NF-κB to translocate into the nucleus. In the 

nucleus NF-κB may activate the expression of a variety of genes (pro- or anti-apoptotic, 

it depends of: (i) kind of stimuli, (ii) concentration of stimuli or (iii) stimuli frequency) 

[116]. Because the NF-κB pathway controls the expression of numerous genes, the 

activity of NF-κB is tightly controlled at multiple levels. Several mechanisms exist to 

terminate NF-κB-dependent signals and avoid deleterious constitutive activation. For 

instance, the IKK negatively controls the duration of their activation via multiple 

phosphorylation of their N-terminal domain. The most efficient way to block NFκB-

dependent transcription is via inducible transcription of the gene for IκB-α, the inhibitory 

subunit. Once expressed, IκB-α molecules translocate to the nucleus to remove NF-κB 

from DNA and shuttle it back to the cytosol to terminate transcription. The more NF-κB 

is activated, the more molecules of IκB-α are expressed, therefore the amount of IκB-α 

molecules is proportional to activated NF-κB. This assumption is used to measure 

activation of NF-κB signaling via qPCR [117]. The alternative activation process 

concerns nuclear translocation of dimer p52:RelB and is strictly dependent on IKK1 

homodimers (activated by NF-κB inducing kinase – NIK). While the classical activation 

process may activate plenty of stimuli, alternative pathway is joined with lymphotoxin-

α, BAFF- B cell activating factor and RANKL -receptor activator for nuclear factor kappa 

B ligand [118], [119]. 

2.3 Methods of nanoparticle toxicity assessment  

Quantification is associated inseparably with reproducibility of measurements, which in 

biological research sometimes proves difficult, mainly because of the complexity of 

living matter and the often inevitable experimental variability. Quantification of 

nanoparticles in biological systems (i.e., cells, tissues and organs) has grown to be an 

essential part of nanotoxicological and nanomedical fields. Compared to in vivo studies, 

in vitro studies benefit from being faster, allowing greater control, lower cost, and 
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decreasing ethical concerns by reducing the number of laboratory animals required for 

experiments. However, the extension of results from in vitro experiments for the 

prediction of in vivo toxicity is problematic due to the in vitro exposure conditions which 

usually feature higher concentrations and exposure times than found in the cellular 

environment in vivo [120], [121], [122]. Diverse quantitative and semi-quantitative 

techniques for analysis of nanoparticle interaction with cells and tissues already exist 

(Table 3). Microscopy (mostly light microscopy and electron microscopy) enables 

detection and location of nanoparticles in cells. Examination of in vitro nanoparticle 

uptake and localization is intrinsically combined to cytotoxicological studies. Cell uptake 

provides evidence of nanoparticle-cell interaction, wherein the intracellular machinery is 

in contact with nanoparticles. Nevertheless, all microscopy methods demand elaborate 

sampling strategies in order to provide quantitative results [123]. Other methods require 

‘labeled’ particles, fluorescently, radioactively or magnetically. However, still the most 

commonly used in vitro assessment techniques are based on the changes in cell 

proliferation, metabolic activity, membrane integrity, molecular biology methods or 

detection of apoptic markers for example anexin V.  

Method Application Type of NP Biosystem Ref. 

Light 

microscopy 

Morphological 

Observation 

Quantum Dots (QD) NIH/3T3 cells [124] 

Spherical silver 

nanoparticles 7-20 

nm 

primary fibroblasts 

and primary liver 

cells isolated from 

Swiss albino mice 

[125] 

Live/dead staining 

Superparamagnetic 

iron oxide 

nanoparticles 100 

nm, 150 nm 

HBMEC cells [126] 

NP localisation 

CdSe/ZnS QDs MCF-7 cells [127] 

Copper(II) oxide 12 

nm, 50-80 nm 
HepG2 [128] 

NaYF4:Er3+,Yb3+ 

up-converting 

nanoparticles <70nm 

HeLa cells [129] 

Changes in chromatin 

condensation NP 

exposure-

immunocytochemistry 

CdTe QDs MCF7 [102] 

Scanning 

electron 

microscopy 

SEM 

Agglomeration state 

of nanoparticles 

SilverNP 20nm and 

200nm, Titanium 

dioxide 21nm 

HepG2, A549 and 

THP-1 cells 
[130] 

Intracellular 

nanoparticles 

localization 

Iron NP hMSCs cells [131] 

serum-protein-coated 

AuNP of 10, 15, and 

30 nm 

A549 [132] 

TiO2 NP <25 nm HEK-293 cells [133] 
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Transmission 

electron 

microscopy 

TEM 

Intracellular 

nanoparticles 

localization 

Au NP 4, 12, or 18 

nm 
K562 cells [134] 

poly(d,l-lactide-co-

glycolide) 

nanoparticles 260 nm 

VSMCs cells [135] 

Mass 

spectrometry 

Cell uptake depended 

of nanoparticles 

concentration 

yttrium oxide and 

zinc oxide 

nanoparticles 45 nm 

HAECs cells [136] 

Field –flow 

fractionation 

Particle in tissue 

separation, size 

sorting 

SiO2NP 70 nm 250 

nm 
HAEC cells [137] 

Radioactive 

labeling 

Monitoring of 

translocation of NP to 

blood and secondary 

organs 

iridium and carbon 

nanoparticles 

radiolabeled  with 
192Ir 

male 

WKY/Kyo@Rj 

rats 250±20 g 

 

[138] 

Magnetic 

nanoparticles 

Monitoring of 

translocation, 

accumulation 

and increased 

cytotoxicity 

in tumor cells 

Iron oxide 

nanoparticles 5-8 nm 

Rat 9L/lacZ 

glioma(9L) and 

human D283 

medulloblastoma 

(D283) cells 

[139] 

Colorimetric 

assays 

Metabolic activity 

(Alamar Blue, 

MTT,XTT) 

AgNP <100nm, 

ZnO, NiO, and CeO2 

different sizes, nano 

Metal–organic 

framework <200 nm 

HT22, A549, 

MCF7, HepG2 

cells 

 

[140], 

[141], 

[142] 

Membrane integrity 

(LDH) 

superparamagnetic 

iron oxide 

nanoparticles 10-15 

nm 

T3, 

RAW264.7,MCF7 
[143] 

Molecular 

biology 

techniques 

DNA fragmentation 

after NP exposure- 

single cell gel 

electrophoresis assay 

(Comet assay), 

TUNEL 

thiolated and 

nitrosated iron oxide 

NP, Nanocrystalline 

silve <50 nm 

Human 

lymphocytes 

isolated from 

blood, Eight- to 

ten-week-old 

female BALB ⁄c 

mice, weighing 

16–18 g 

[144], 

[145], 

[146] 

Gene expression after 

NP stimulation- Real-

Time PCR, proteins 

expression- Western 

Blot 

TiO2NP < 600 nm, 

AgNP <40 nm 

 

lung tissue from 

adult female 

C57BL/6BomTac 

mice, 16HBE, 

HepG, HUVEC, 

EUE 

[147], 

[148], 

[149] 

 

Table 3. Overview of analytical methods to assess nanoparticles toxicity in cells, tissues or organs. 
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2.4 Hepatotoxicity 

2.4.1

 Liver 

Liver is one of the major organs of nanoparticles accumulation, has crucial role in 

metabolic homeostasis and is the principal detoxification center in our body. This 

explains the choice of hepatocyte cells (HepG2) as a model cells, described in the 

presented thesis. In the human body the liver is located in the upper right quadrant of the 

abdomen, under the diaphragm and to the right of the stomach. It weighs about 1800 

grams in men and 1400 grams in women. The liver consists of two main lobes (gross 

anatomy) both of which consist of 8 segments. The segments contain a thousand lobules. 

The lobules are joined to small ducts that link with larger ducts to finally form the 

common hepatic duct. The common hepatic duct carries bile produced by the liver cells 

to the duodenum and gallbladder (the first part of the small intestine). Lobules are the 

functional units of the liver and each lobule contain of millions of hepatic cells 

(hepatocytes) which are the main metabolic cells. The lobules are combine together with 

accompanying the vessels (veins and arteries) ducts and nerves through the hepatic portal, 

as a fibrous capsule called Glisson's capsule. Two major types of cells reside liver: 

parenchymal cells and non-parenchymal cells. Hepatocytes represents parenchymal cells 

(approximately up to 70% of total liver). These cells are engaged in most of the functions 

that are ascribed to the liver. They play a considerable role in the metabolism of 

exogenous and endogenous lipids and catabolism of blood-derived protein. Hepatocytes 

produce important serum proteins such as complement components and acute phase 

proteins, as well as numerous hormones and cytokines. Non-parenchymal cells mainly 

represent phagocytic Kupffer cells (KC), hepatic stellate cells and intrahepatic 

lymphocytes [150], [151]. KCs are the resident macrophages of the liver and portray the 

largest number of macrophages in the mammalian body. KCs remove antigens from the 

circulation and are responsible for the clearance of bacteria. These macrophages are 

usually concentrated in the peripheral region of the liver, which enables control of the 

blood entering the organ. It is believed that due to the permanent exposure to low levels 

of gut-derived antigens, KCs are in a constant semi-activated state. Alike other 

macrophages, once these KCs are fully activated they are capable of phagocytosis and 

antigen uptake and the production of mediators involved in protein degradation, 

cytotoxicity and defense mechanisms. KCs are also essential in the maintenance of liver. 
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2.4.2

 Models of hepatotoxicity 

Almost every day somewhere in the world someone reveals a better technique for 

producing NP, a better way of handling them, an even better preparation of functionalized 

them and application method in industry. Therefore, it is in dire need to test them in terms 

of toxicity to humans and the environment. Nowadays consumers continually increase 

their expectations about the safety of products. Therefore, the European Union brought 

in the regulation known as Registration, Evaluation, Authorisation and Restriction of 

Chemicals (REACH) by legislation in 2007 [152], what is the largest safety assessment 

of chemicals that has ever been accomplished. REACH executes industry accountable for 

managing and accessing the risks posed by chemicals and providing proper safety 

information to their users.  

An ideal examination to understand whether a factor is harmful to humans would 

require a large number of human volunteers who are representative of the heterogeneity 

of humans and who are in contact with examined agent under realistic conditions. All 

possible results should then be assessed. Therefore, a crucial question is how 

advantageous are the current models, which are usually animal models? It is known that 

the use of animals has limitations [153], [154], [155], [156]: people are not 80 kg rats; the 

way of consuming substances is different; metabolism shows often disparate; people live 

longer and are exposed to a multitude of environmental factors. Finally, people suffer 

from different diseases, which have as well high impact for organism sensitivity. Incorrect 

experimental models yield many false positive results and subsequently diminishes the 

correlation between findings in animal models and humans. Additionally, the European 

Union insists to reduce, refine and replace (3R principle; EU-Directive 2010/63) 

experiments on animals. This has created substantial pressure to develop human-cell 

based models for toxicity testing that may be able to reflect with great efficiency living 

tissue and give highly predictive results to simulate the in vivo situation [157]. 

2.4.3

 Three dimensional cell culture 

From 1997, when the pioneer in the development three dimensional cell cultures Prof. 

Mina Bissell published a breakthrough article [158], until present 3D cell culture 

technologies have revolutionized our comprehension of cellular behavior. There is a huge 

difference between a flat layer of cells and a complex, three-dimensional tissue. A 3D 

cell culture system contains an artificially created milieu in which cells are permitted to 
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grow or interact with their surroundings in all three dimensions. Bissell’s group 

demonstrated that antibodies against a cell surface receptor (β1-integrin) utterly changed 

the behavior of cancerous breast cells grown in 3-D environment: they become non-

cancerous, changing their abnormal shapes and growth patterns. This result had never 

been observed in 2-D cultures. Therefore, just the modification of the way a cell interacts 

with its environment, as Bissell had shown, can radically alter cell behavior. 3-D culture 

can provide a better model for what happens in vivo, it might allow scientists to reduce 

their use of experimental animals. Additionally, Mihael Polymeropoulos (chief scientific 

officer of Vanda Pharmaceuticals in Rockville, Maryland) predicts that “in 10 years, 

anyone trying to use 2-D analyses to get relevant and novel biological information will 

find it difficult to get funded” [159]. Therefore, cultures of hepatocytes in 3D 

environments become a more and more popular model of hepatotoxicity. Each 3D cell 

model comes with its own set of advantages and limitations, and one distinct model is not 

suitable for all applications. Models for the appraisal of testing cell toxicity must mimic 

the in vivo situation as closely as possible.  

2.4.3.1 Spheroid model 

Spheroid cell culture is one of the most popular models of 3D cell culture. Spheroids 

are self-assembled agglomerates of cell colonies that resemble avascular environments 

with gradients of nutrients, O2, CO2 and water soluble wastes, [160]. Compared to 

conventional 2D cell cultures, multicellular spheroids better mimic a real tissue [161], 

[162], [163]. Spheroid formation can be divided into three main phases: (i) formation of 

cell agglomerates via integrin-ECM binding; (ii) a delay period for cadherin expression 

and accumulation; (iii) formation of compact spheroids through homophilic cadherin-

cadherin interactions[164] (Figure 3A). Several mathematical models have been applied 

to simulate nutrients, oxygen and waste transport and pH measurement in spheroid cell 

culture [165], [166]. Experimental verifications of these predictions have also been 

performed using methods such as microelectrodes with pH-sensitive indicators, 

microscopic observations and development genetically encoded sensors [167], [168], 

[169]. Research indicates that the spheroid model is similar to avascular tissue or tumor 

mass with diffusion limitation of about 150–200 µm to many molecules. Inefficient mass 

transport also results in metabolic waste accumulation inside the spheroids .Therefore, 

compacted spheroids with a size above 200-500 µm (depends mostly on kind of cells and 
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connections strength between cells) in diameter commonly are characterized by an outer 

layer of highly proliferative cells with a necrotic core inside spheroid (Figure 3B).  

 

Figure 3. A model of the spheroid formation process; HepG2 cells in Collagen type I gel (A) and schematic of 

microenvironment inside a compacted spheroid (B) [164] 

A popular method to obtain spheroid-like structures is embedding cells in different 

hydrogel materials. Hydrogels are water-swollen polymeric networks, usually composed 

of cross-linked hydrophilic polymers that can swell but do not dissolve in water. Their 

ability to swell under biological conditions makes them a perfect class of materials for 

biomedical applications, such as tissue engineering and drug delivery [170], [171], [172], 

[173], [174], [175]. Moreover, hydrogels portray an emerging and highly attractive class 

of biomaterials whose unrivaled set of properties has recently broadened their use in in 

vitro cell culture platforms. Hydrogels have a high water content, possess tissue-like 

elasticity, and facile transport of nutrients and waste point them out as ideal candidates 

for mimicking the cell’s extracellular matrix (ECM). Furthermore, their optical clarity 

makes microscopy-based assays of cell function possible [176], [177]. Gels can be created 

from a multitude of sources through a variety of cross-linking methods (e.g., physical, 

covalent, ionic interactions) with varying degrees of success. Based on their cross- linking 

mechanism, hydrogels can be classified into physical and chemical. Physical crosslinks 

encompass entangled chains mainly by hydrophobic / hydrophilic interactions. These 

physical crosslinks may not be lasting junctions and may be reversible due to small 

changes in temperature, pH, and electrolytes content. Some hydrogels can be cross-linked 

by thermally induced gelation [178], self-assembling amphiphiles [179] or ionic cross-

linking [180]. A popular strategy applies cross-linking with UV light through 

photopolymerization [181], [182], [183]. Here, free radicals released from a photoinitiator 

attack the organic groups, which results in covalent cross-linking of the hydrogel within 

seconds or minutes upon irradiation. Since the photoinitiator and its solvent, the UV light 

exposure, and the free radicals may be damaging to cells, application of this method in 
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cell-based assays has been lately declined. Chemical (or covalent) crosslinks are lasting 

junctions formed by covalent bonds. A common way to create a covalently crosslinked 

network is to polymerize end-functionalized macromeres. Hydrogel networks may 

include both lasting junctions and semilasting junctions. The type and degree of 

crosslinking effects many of the network properties, like swelling properties, elastic 

modulus and transport of molecules [184]. Subsequently, hydrogels can be classified by 

their structure (amorphous, semicrystalline and hydrogen-bond), preparation methods 

(homopolymer, copolymer and multipolymer) or ionic charge (cationic, anionic, neutral, 

and ampholytic). Hydrogels from natural polymers have been used in cell biology owing 

to their biocompatibility and biodegradability. There are four main types of natural 

polymers: (i) proteins, such as silk, fibrin , collagen, gelatin, Matrigel [185], [186] or 

genetically engineered proteins, such as silk-elastin like protein [187], (ii) 

polysaccharides, such as agarose, dextran, hyaluronic acid (HA), and chitosan; (iii) 

protein/polysaccharide hybrid polymers, such as collagen/HA, fibrin/alginate laminin/ 

cellulose and gelatin/chitosan. Despite many benefits, the application of natural hydrogels 

may be limited due to potential immunogenic reactions [188], [189]. 

Collagen-, gelatin- and Matrigel-based hydrogels were developed in this study to 

create 3D environments for sensor cells. Selected polymers normally build the 

surroundings of cells in tissues in vivo, therefore they nicely mimic the native system. 

Collagen is the main fibrous protein in mammals and the basic constituent of extracellular 

matrix (25% - 35% of the whole-body protein content). Three left handed polypeptide 

helices entwine together into a right handed triple helix create molecular structure of 

collagen. Obtained long fibrils can form bundles of much larger diameters, the thickness 

of which determines the tensile strength of the connective tissue. Cells can control locally 

the orientation of collagen fibrils in extra cellular matrix which affect cell polarization. 

Additionally, collagen contains cell-adhesion sites along their sequence which act in cell 

migration [190], [191]. Gelatin is the peptide mixture produced through the irreversible 

process of partial hydrolysis of collagen. Gelatin gels lack thermal stability; therefore, 

they require covalent crosslinking for applications as tissue engineering. For cell culture 

studies, the materials properties of gelatin gels may be improved by crosslinking the fibers 

using gluteraldehyde, formaldehyde or enzymatic crosslinking by transglutaminase (used 

in this study) [192], [193]. Finally, Matrigel (commercial name) consists of basement 

membrane proteins extracted from Engelbreth-Holm-Swarm (EHS) mouse sarcoma, a 
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tumor rich in extracellular matrix proteins. Matrigel contains a heterogeneous 

composition and is rich in laminin and collagen types I and IV. It also contains heparin 

sulphate proteoglycans, entactin/ nidogen, and usually various growth factors. Matrigel 

gels quickly and irreversibly between 24 °C - 37 °C, and the gelling speed is dependent 

on the concentration and incubation temperature [194].  

Furthermore, 3D spheroids model can be formed using the hanging drop method 

[195], [196], [197], [198]. Cell suspension drops are deposited onto the underside of the 

lid of a tissue culture dish. Each drop usually is 15–30 µL in volume containing 

approximately 100–1000 cells. When the lid is inverted, drops are held because of surface 

tension. The microgravity environment in each drop results in central placement the cells, 

which then create single spheroids at the free liquid-air interface. This simply method is 

especially useful for generating spheroids of defined sizes  and for studying cellular or 

molecular events during spheroid assembly, but is limited by difficulty in medium 

exchange and handling and long-term cultures. Another popular method to create 

spheroid system is cultivation of the cells in bioreactors [199], [200], [201], [202]. 

Bioreactors are usually exploited in industrial fermentation processing, wastewater 

treatment, food processing and production of pharmaceuticals and recombinant proteins 

(e.g. antibodies, growth factors, vaccines and antibiotics). The overall basis behind these 

methods is that a cell suspension is located into a reservoir and the suspension is maintain 

in motion, that is, either it is gently stirred or the reservoir is rotated. The continuous 

motion of the suspended cells provide that cells do not adhere to the container walls, but 

rather form cell–cell interactions [203], [204]. Furthermore, spheroids may be set up on 

commercially available well plates with modified surface e.g. SCIVAX's NanoCulture® 

Plate, Lipidure®-COAT Plates, Mimetix® multi-well plate, Celltreat® Scientific 3D 

Insert™, Alvetex Scaffold with perfused well plates and Perfecta3D® Hanging Drop 

Plates. Hepatocytes-based spheroids models are widely used and well described in 

toxicology research such as models of anti-cancer drug testing [205], platform for drug-

induced hepatotoxicity analysis [206], as a functional xenobiotic metabolism model [207] 

as a tool for in vitro toxicity studies [208] as models to test drug delivery [209] as a 

platform for long-term preservation of liver-specific functions [210] or as well- defined 

micro-platform of liver tissue reconstruction on-a-chip [211]. 
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2.4.3.2 3D cell culture models based on synthetic scaffold  

Nowadays, synthetic polymers are an alternative choice for fabricating scaffolds for 

3D cell culture. Because they can be composed with various block structures 

characterized by different molecular weights, mechanical strength and biodegradability. 

Synthetic polymers can be classified regarding their biodegrability into three main types, 

including nonbiodegradable, biodegradable and bioactive polymer. Typical synthetic 

polymers used in cell biology and tissue engineering are represent by poly(ethylene 

glycol) (PEG), poly(vinyl alcohol) (PVA), polypropylene furmarate-co-ethylene glycol 

(P(PF-co-EG)), poly(acrylamide) (PAAm), poly(acrylic acid) (PAA), poly(hydroxyethyl 

methacrylate) (PHEMA), poly(ethylene oxide) (PEO), poly N-isopropylacrylamide 

(PNIPAAm), poly(methacrylic acid) (PMMA), poly(glycolic acid) (PGA), poly(ε-

caprolactone) (PCL), and poly(lactic acid) (PLA)) [212]. A major requirement is 

biocompatibility of material, therefore currently, material developers combine semi-

synthetic hydrogels. This kind of structures usually consist of a synthetic hydrophilic 

polymer which is joined to a polysaccharide or protein moiety. Semi-synthetic hydrogels 

are produced in copolymerization reactions between the polymer precursor and the 

biological conjugate. Such reactions typically adapt the already mentioned cross-linking 

methods. In this way, it is possible to create a promoting hydrogel with highly defined 

technical properties [213], [214] [215]. A variety of rapid prototyping (RP) methods have 

been extensively used. RP implements computer-aided design (CAD) in which 

construction data are read and manufactured automatically layer-by-layer according to 

the virtual design. The main benefit of rapid prototyping is its high flexibility. Using RP, 

the 3D form of tissue engineered constructs can be custom-manufactured according to 

individual needs. Another advantage is controlled size, geometry and scaffold porosity. 

Furthermore, hydrogels with different mechanical features can be used to create a 

complex 3D scaffold resembling blood vessels or skin substitutes [216], [217], [218]. 

Nevertheless, due to the high number of hydrogels, there is no universal RP method which 

can be implemented to each hydrogel material. Additionally development of high 

throughput assays is challenging with 3D printed scaffolds and still mainly cell analysis 

precede time consuming cells extraction. [219]. 
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2.4.4

 Organotypic slice cultures and decellularized liver 

matrix 

Organotypic models are created by culturing organ slices of microscopic thickness. 

Slices are usually cultured on porous membrane, on collagen-coated substrates, or within 

3D collagen gel. Each cell in the slice should be not more than 200 µm apart from the 

media and oxygen supply. In this way, the tissue slice remains viable for many weeks or 

months even in serum-free media. Organotypic liver cultures are widespread in drug 

discovery and toxicity testing. A main benefit of adapting whole organ slices is that the 

basic organ architecture is preserved. A drawback is that the data processing and the 

interpretation of experiments based on complex tissue specimens can be challenging 

[220], [221], [222], [223]. Other complex liver model is presented by decellularized liver 

matrix. The decellularized liver graft is characterized by the functional and structural 

similarities to the native microvascular network. Efficient recellularization of the liver 

matrix with differentiated hepatocytes and following perfusion for in vitro culture allows 

to maintain liver-specific function including albumin, urea synthesis and cytochrome 

P450 enzyme expression at approximate levels to native liver [224], [225]. Isolated tissue 

slice models and perfused are the closest in vitro models of the in vivo state. Nevertheless, 

these models are costly, the organs are hard-to-reach and preserving the tissue’s viability 

ex vivo is intractable. This rise isolated perfused organs and tissue slice models unsuitable 

for routine testing purposes. Organotypic 3D cell cultures could offer an attractive 

alternative to animal models for both ethical and economic grounds. 

2.5 Three dimensional environment for cell-based 

biosensor 

Developed and presented in this study cell-based biosensors use living cells to 

monitor physiological and functional changes induced by external stimuli. The cultured 

cells are the most critical part of a cell-based biosensor. Therefore, adoption of three 

dimensional cell culture to biosensor is anticipated to provide more predictive results for 

in vivo analysis, as three dimensional cultures resemble closer to in vivo conditions than 

traditional monolayer cell culture. To date, almost all cell- based biosensors use 

traditional cells cultured on flat materials. Although the time-honored 2D cell culture has 

proven to be a prominent technique for cell-based research, its limitations have been 
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increasingly noticed. In in vivo milieu, most of the cells are surrounded by other cells and 

extracellular matrix in a 3D fashion. As a result, monolayer cell culture analysis may rise 

misleading and non-predictive results for in vivo responses. On the other hand, 3D cell 

culture provides a more physiologically relevant environment for cells and allows the 

study of cellular responses in a setting that resembles in vivo environments. The 3D 

structure not only affects the spatial organization of the cell surface receptors involved in 

interactions with cells milieu, but also induce the physical constraint to cells. These spatial 

aspects in 3D results in the stimuli transduction from the outside to the inside of cells, 

and ultimately influence on gene expression and cellular behaviors. Compared to 2D cell 

culture, 3D culture replicates more similar the actual microenvironment where cells reside 

in tissue and therefore the behavior of cells in 3D culture reflects closely the in vivo 

responses. [226]. 
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3 MATERIALS AND METHODS 

3.1 Technical equipment 

 Device 

Autoclave VB65 

AxioCam Mrm 

Axiovert 40 CFL 

Centrifuge Fresco 

Centrifuge Heraeus Biofuge Fresco 

Centrifuge Heraeus Labofuge 200 

CO2-lid PM S1 

CO2-Incubator HeraCell150 

Corbett Rotor-Gene—6000 

Digital camera 

Electrophoresis chamber 

Filter set 10 

Filter set 62 HE 

Fine and Precision Balances 

Freezer Arctiko 

Imagingsystem vilber Laurmat 

Incubator XL S1 

Mastercycler® peronal 

Microcomp electrophoresis Supply E452 

Nanodrop 1000 

Neubauer cell chamber 

Laser scanning microscope 710 

Objective EC Plan-Neofluar 20x/0.50 M27 

Objective CP Achromat 10x/0,25 

PerfecBlue Semi-Dry Electroblotter 

PerfectBlue Vertical Double Gel System-Twin L 

pH-Electrode FE20 

Pipette Accurpette 

Pipette Research 

Pipetus® 

Power supply electrophoresis E844 

Safety cabinet HeraSafe 

Scanning electron microscope 

Shaker MS3 digital 

Sterile filters (0.22µm) 

Syringes Injekt® 10ml - 50 ml 

Tecan Infinite® M200 

Thermomixer compact Eppendorf 

Ultrasonic baths , Sonorex super RK 102H 

Waterbath M20 Lauda 

Zeta-seizer Nano ZS 

Supplier 

Systec 

Carl Zeiss 

Carl Zeiss 

Heraeus 

Thermo Scientific 

Thermo Scientific 

Carl Zeiss 

Thermo Scientific 

Qiagen 

Pentax K-50 

Thermo Scientific 

Carl Zeiss 

Carl Zeiss 

Satorius 

Esbjerg (Dänemark) 

Peqlab 

Carl Zeiss 

Eppendorf 

Consort 

Thermo Scientific 

Improved LaborOptik 

Carl Zeiss 

Carl Zeiss 

Carl Zeiss 

SEDEK M 

Peqlab 

Mettler Toledo 

VWR 

Eppendorf 

Hirschmann Laborgeräte 

Consort 

Thermo Scientific 

Nova NanoSEM 450 

IKA 

Carl Roth 

B. Braun Melsungen AG, Melsungen 

Tecan Group 

Eppendorf 

Bandelin 

Dr. R. Wobser GmbH & Co. 

(Malvern, Malvern Hills, UK) 
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3.2 Software 

AxioVision 4.8.2 (Carl Zeiss); BioCapt Software (Vilber Lourmat), Excel® 2013, 

Word® 2013 (Microsoft® Corporation, Redmond (USA)); i-control software (Tecan 

Deutschland GmbH, Crailsheim); Malvern version 7.03 (2002-2013 Malvern Instruments 

Ltd.);  NanoDrop 1000 version 3.8 (Thermo Fisher Scientific); NCBI/ Primer-BLAST 

online software; Origin 9.1G OriginLab® (Corporation, Northampton (USA)); Rotor-

Gene 6000 Series Software 1.7 (Qiagen); STATISTICA 9 (Dell Software); ZEN 2012 

black edition System (Carl Zeiss). 

3.3 Experimental part 

3.3.1

 Cell culture 

The human hepatoblastoma cell line HepG2 was obtained from Cell Line Service 

GmbH (CLS Eppelheim, Germany). Cells were maintained in Dulbecco’s modified 

Eagle’s medium with low glucose (DMEM) supplemented with 10% (v/v) fetal bovine 

serum (FBS), 2 mM L-glutamine, 100 µg/ml penicillin and 100 µg/ml streptomycin 

(complete cell culture medium). All mentioned reagents were purchased from Biowest. 

The cells were kept at 37°C in a cell incubator under a humidified atmosphere with 5% 

CO2. With the exception of cytotoxicity assays, cells were deprived of serum (1% FBS) 

for at least 24 h prior to the treatment with chemicals. 

For longer storage cells were frozen (- 80 ˚C) in complete growth medium 

supplemented with 10% (v/v) DMSO in 1ml aliquots of approximately 5 x 106 cells. 

In experiments in which was required to know the cells concentration, Neubauer 

chamber (Improved LaborOptik) was used to count cells under Microscope Axiovert 40 

CFL with objective CP-Achromat 10x/0,25Ph1 (Carl Zeiss) after staining with Trypan 

Blue 5% (Roth). Number of cells was estimated according to equation: 

𝐶 =
𝐴 × 𝑠𝑞𝑢𝑒𝑟𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 × 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑚𝑏𝑒𝑟 ×  𝐷

𝑁
  

C- cells concentration in 1 ml; A-number of counted cells (arithmetic mean); N – 

number of squares; D- dilution factor; 

  

http://vilber-lourmat.software.informer.com/
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3.3.2

 3D cell culture 

Three different hydrogels were developed to generate hepatocytes spheroids: Matrigel 

depleted growth factors and phenol red (Corning, Netherlands), gelatin type A from 

porcine skin (Sigma) and collagen type I (Sigma). A stock of Matrigel was prepared in a 

concentration of 1 mg/ml in DMEM and diluted in ratio 1:1 with cell culture medium 

before cell seeding. Gelatin solution (10% w/v in DMEM) was sterilized using a syringe 

filter with a 0.22 µm pore size (Carl Roth) and prior to use incubated about 30 min. at 37 

°C to obtain liquid consistency. The gelatin solution was then cross-linked with 1% v/v 

transglutaminase (100 u/g, Ajinomoto). Collagen gel was obtained by mixing DMEM and 

collagen type I solution (10 mg/ml in 0.1% acetic acid). pH was adjusted to 7.4 with 1 M 

NaOH (Sigma, sterilized by autoclaving). HepG2 cells were mixed with the above 

mentioned hydrogels and cultured at 37 °C in a cell incubator. 

3.3.3

 Metabolic activity of HepG2 cells 

Albumin and urea in the cells lysates were measured using the BCG Albumin Assay 

Kit and the Urea Assay Kit (from Sigma). Samples were collected after 3, 5, 7 and 10 

days of initial cell seeding from 2D and 3D cultures. Changing the culture media every 

2–3 days was essential for optimal growth of spheroids in 3D culture and for cells growing 

in monolayer. Cells were extracted from the hydrogels directly before the experiment by 

using collagenase (400 u/ml) and dispase (4 u/ml) (Gibco) with incubation time 5 min for 

cells in collagen gel and Matrigel and 25 min for cells in gelatin gel. Cells number was 

estimated at each time point using 5% Trypan Blue (Carl Roth), and the data were 

normalized to 1 × 106 cells. Cultures were briefly washed with PBS and homogenized 

with urea assay buffer (urea measurements) or Cellytic M/Protease Inhibitor Coctail 

(Sigma) (albumin measurements) and analyzed according to protocols provided by the 

manufacturer. Known quantities of human albumin and urea were used as standards. 

Standard curve after subtraction blank was plotted (the standard curve was set up in each 

time the assay was run) and the amount of urea and albumin in unknown samples were 

read from standard curves using linear function f(x) =ax + b, where y- measured 

absorbance, a- slope, x-concentration, b-intercept. 

3.3.4

 Proliferation assay, growth of spheroids 

The colorimetric assay CellTiter 96® Aqueous One Solution (Promega) was used to 

determine the number of viable cells. The assay based on modified Mosman’s method 
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[227]. 2 x 104 cells were seeded on the surface of each well of 96-well plates to obtain 

2D cell culture. For 3D cell cultures, cells were first mixed with previously prepared 

hydrogels and subsequently seeded on well plates. Assay was performed after 1, 3, 7, and 

10 days of cultivation cells in 2D and 3D cell culture by adding 20 µl of the CellTiter 

reagent directly to the culture wells. After 3 h of incubation in a cell culture incubator, 

absorbance was recorded at 490 nm with a plate reader (Tecan). Known numbers of 

HepG2 cells were used as standards. Standard curve after subtraction blank was plotted 

(the standard curve was set up in each time the assay was run) and the cell number in 

unknown samples were read from standard curves using linear function f(x) =ax + b, 

where y- measured absorbance, a- slope, x-concentration, b-intercept. The growth of 

spheroids was estimated by measuring their diameters (over 16 days) on the images 

obtained with an LSM 710 microscope (Carl Zeiss) in orthogonal view after staining 

nuclei with DAPI (AppliChem) with excitation 358 nm and emission 461 nm. Objective 

EC Plan-Neofluar 20x/0.50 M27 (Carl Zeiss) was used. Error bars represent the standard 

deviation of three independent experiments with 100 images taken per each time point. 

3.3.5  Assessment of nanoparticle induced cytotoxicity 

(Alamar Blue) 

Cells viability were determined using the Alamar Blue Assay. 15.000 cells were 

seeded in each well of 96-well plates in the form of monolayer or spheroids. After 8 days 

the cells were treated with varying concentrations of nanoparticles: silver nanoparticles 

(AgNP, 10 nm), zinc oxide nanoparticles (ZnONP, 25 nm, and 14nm), silicon dioxide 

nanoparticles (SiO2NP, 10 nm and 20 nm), titanium dioxide nanoparticles (TiO2 4-8 nm 

and 16-26 nm) all obtained from PlasmaChem or heavy metals cadmium chloride (CdCl2, 

Sigma) and nickelsulfat hexahydrat (NiSO4 · 6 H2O, Sigma). All NP were sonicated 

(Bandelin, Sonorex super RK 102H) for 15 min at room temperature directly before use 

to resuspend formed agglomerates. After 24 h  or 72 h of incubation all wells were washed 

3 times with PBS and Alamar Blue (50 µM, Alfa Aesar) was added. Absorbance was 

recorded at 540 nm with reference at 630 nm by using a plate reader. Cytotoxicity (in 

percent) was expressed by dividing the absorbance recorded for treated cells with the 

absorbance obtained for untreated control samples (after subtraction of blank: cell culture 

medium in polystyrene well-plate). To visualize toxic effect of NP, cells were stained 

with propidium iodide (4 µM) and calcein AM (4µM) (Sigma) in Hanks’ Balanced Slats 

(Sigma). After 10 min of incubation in darkness, images were recorded using the LSM 



 

 

  42 

710 microscope. The respective excitation and emission wavelengths were 490 nm and 

540 nm for calcein AM, and 560 nm and 690 nm for propidium iodide. An EC Plan-

Neofluar 20x/0.50 M27 objective was used.  

3.3.6

 Dynamic light scattering measurements 

The size distribution of nanoparticles was estimated by dynamic light scattering 

(DLS). Measurements were performed at 25 °C using the Zeta-seizer Nano ZS (Malvern, 

Malvern Hills, UK). Stock solutions were diluted in ratio 1:5 in complete cell culture 

media (see section 3.3.1) or 1:5 in deionized water. Samples were measured in triplicate. 

3.3.7

 Contact angle measurements 

For measuring the contact angle (CA) the samples were placed on a horizontal surface 

and a 5 µl water droplet was deposited on the surface using a micropipette. The samples 

were photographed using a digital camera (Pentax K-50) with 18-135 Pentax lens at right 

angle to the surface of the sample. The images were analyzed using the DropSnake 

plugging for the free program ImageJ [228]. CA<90°- hydrophilic surface, CA>90°- 

hydrophobic surface (Figure 4). 

 

Figure 4. Schematic overview of contact angle properties 

3.3.8

 Sample preparation for SEM analysis 

To characterize the scaffolds architecture, scanning electron microscopy (SEM) was 

performed using a Nova NanoSEM 450 instrument. Hydrogels were prepared on indium 

tin oxide (ITO) coated glass (surface resistivity 8-12 Ω per square) obtained from Delta 

Technologies Ltd., USA.  Samples were fixed with 3 % glutaraldehyde in 0.1 M 

phosphate buffered saline (PBS) pH 7.2 (Sigma) and post-fixed with 2 % osmium 

tetroxide (Sigma). Afterwards, samples were washed three times with PBS and 
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dehydrated with an ethanol series (50%, 70%, 80%, 90%, 95%, 100%, Sigma). After the 

dehydration step, samples were dried with hexamethyldisilazane (HMDS, Sigma) 

evaporated and then air-dried overnight at a room temperature. Dried samples were 

mounted on aluminum specimen holders. SEM imaging was performed under low 

vacuum conditions with uncoated samples and under high vacuum with samples coated 

with 1 nm sputtered gold. 

 Chemicals Temperature Time Repetitions 

fixation 2%-4% glutaraldehyde in 

phosphate buffer 

Room temp 

or 

 0-4˚C 

2h 1 

washing 0,1 M (pH 7.2) Phosphate buffer Room temp 

or 

 0-4˚C 

30min 3 

Post-

fixation 

1%-2% osmium tetroxide in 

phosphate buffer 

Room temp 

or 

 0-4˚C 

2h 1 

washing 0,1 M (pH 7.2) Phosphate buffer Room temp 

or 

 0-4˚C 

30min 3 

dehydration 30%ethanol 

50% 

70% 

80% 

90% 

95% 

100% 

Room temp 

or 

 0-4˚C 

10min 

10min 

10min 

10min 

10min 

10min 

30min 

1 

1 

1 

1 

1 

1 

2 

HMDS ethanol 100%:HMDS 100% 2:1 

ethanol 100%:HMDS 100% 1:1 

ethanol 100%:HMDS 100% 1:2 

HMDS 100% 

Room temp 

or 

 0-4˚C 

10min 

10min 

10min 

10min 

1 

1 

1 

2 

Air drying  25˚C 

37˚C 

45˚C 

overnight 

4h 

4h 

1 

1 

1 

Coating with gold (1nm) 

 

3.3.9

 Plasmid amplification 

pNiFty2-SEAP lyophilized plasmid (InvivoGen, Figure 5) was resuspend in Milli-Q 

water to obtain a 1 μg/μl solution. 25 µl of competent cells E. coli strain DH5α (Thermo 

Fisher) were transformed with 1 µl of plasmid using heat shock method. Firstly, mixture 

was kept 20 minutes on ice, than 45 seconds in 42 ˚C and again 2 minutes on ice. Next, 
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500 µl of S.O.C. medium (Invitrogen) was mixed with cells and shaked 30 minutes in 37 

˚C. Afterwards, cells were seeded on agar LB medium (5g tryptone, 2.5g NaCl, 2.5g 

yeast, 7.5g agar/0.5 L deionized water; (Roth) autoclaved) with 25 µg/ml zeocin 

(InvivoGen) as a selective antibiotic, and incubated overnight at 37 ˚C. Next, one colony 

of cells was pick up and placed into 5 ml liquid LB medium (5g tryptone, 2.5g NaCl, 2.5g 

yeast/0.5 L deionized water; autoclaved) with 25 µg/ml zeocin and incubated overnight 

at 37 ˚C. Next, plasmid DNA was isolated from cell pellet using QIAprep Spin (Qiagen) 

following the manufacturer's protocol. Concentration and quality of extracted plasmid 

DNA was analyzed using Nanodrop 1000 (Thermo Scientific).  

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒260 𝑛𝑚

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 280 𝑛𝑚
> 1.8 acceptable purity of sample 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒260 𝑛𝑚

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 230 𝑛𝑚
> 1.8 acceptable purity of sample 

NF-κB5-eLAM is an engineered ELAM promoter combining five NF-κB sites 

(ggggactttcc) with the proximal ELAM promoter. SEAP is a secreted form of human 

embryonic alkaline phosphatase. sV40 pAn is the Simian Virus 40 late polyadenylation 

 

Figure 5. Map of pNiFty2-SEAP plasmid 
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signal enables efficient cleavage and polyadenylation reactions resulting in high levels of 

steady-state mRNA. Ori is a minimal E. coli origin of replication. hEF1/HTLV promoter 

exhibits a strong activity and yields long lasting expression of a transgene in vivo. EM7 

is a bacterial promoter that enables the constitutive expression of the antibiotic resistance 

gene in E. coli. Zeo represent resistance to the antibiotic Zeocin and is conferred by the 

Sh ble gene from Streptoalloteichus hindustanus. The Sh ble gene is driven by the hEF1-

HTLV promoter in tandem with the bacterial EM7 promoter allowing selection in both 

mammalian cells and E. coli. βGlo pAn is the human beta-globin 3’UTR and 

polyadenylationsequence allows efficient arrest of the transgene transcription. 

3.3.10

 Transient transfection 

Twenty four hours before the transfection cells were seeded on 24-well cell culture 

plates at a density of 4 x 104 cells per well in 0.5 ml of complete growth medium. The 

transfection was performed using 2 µl of Lipofectamine 2000 reagent (Life Technologies) 

and 500 ng of pNiFty2-SEAP plasmid according to the manufacturer’s protocol. 24 h 

after transfection complete cell culture medium was replaced with selective medium (300 

µg/ml zeocin, DMEM, 10 % FBS) containing zeocin as a selective antibiotic. Five days 

later, the transiently transfected cells were used for experiments. 

3.3.11
  Stable transfection and single colony screening  

Twenty four hours before the transfection cells were seeded on 24-well cell culture 

plates at a density of 4 x 104 cells per well in 0.5 ml of complete growth medium. The 

transfection was performed using 2 µl of Lipofectamine 2000 reagent (Life Technologies) 

and 500 ng of pNiFty2-SEAP plasmid according to the manufacturer’s protocol. 24 h 

after transfection complete cell culture medium was replaced with selective medium (300 

µg/ml zeocin, DMEM, 10 % FBS) containing zeocin as a selective antibiotic. The optimal 

dose of zeocin was determined using Alamar Blue assay. 300µg/ml of antibiotic was 

lethal for HepG2 cells after 1 week of exposure. Because, zeocin in solution is not stable, 

therefore selective medium was renewed every two - three days. Transfected and 

reproduced cells (confluent monolayer) were then subcultivated and highly diluted (~ 50 

cells / well on 12 well plate) to perform single clones selection. Single clone selection 

enables to obtain 100% clonal purity. Clones were isolated and reproduced using soaked 

with trypsin paper disks (Ø~6 mm; Whatman filter paper; sterilized by autoclaving). After 

reproduction of single colonies (scaled up to T75 flask), 20 of them (with the highest 
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growth rate and vitality) were induced with TNF-α (diluted in deionized water; Sigma) 

and LPS (diluted in cell culture medium; Sigma) and screened using NF-κB_HepG2 cells 

assay (3.3.12) to find the most sensitive one. Clone 13 stood out with the lowest 

background, linearity and smallest standard deviation. Therefore, this clone, was 

considered as a SuperClone and implemented for further experiments. Developed sensor 

cell line was named NF-κB_HepG2. 

3.3.12

 NF-κB_hepG2 cells assay 

NF-κB_HepG2 cells and transiently transfected HepG2 cells were stimulated with 

chemicals t=1-24 h (kept in 37˚C, 5% CO2 and humidified atmosphere). Then cell culture 

supernatants were placed into fresh Eppendorf tubes and centrifuged 10 min, 13.000 rpm 

to clarified solutions (after centrifugation samples may be stored in -80 ˚C). To continue 

assay cell culture supernatants were transferred (20 µl) to fresh 96-well plate. First 

inactivation step of endogenous alkaline phosphatase was done by heating samples in 65 

˚C for 10 min (SEAP is heat stable). Later samples were mixed with (46 µl) Assay Buffer 

(20 mM L-Homoarginine (Sigma), 1mM MgCl2 (Roth), Tris base (Roth) pH 9.0) and 

incubated 15 min in cell culture incubator. L-Homoarginine is a second inhibitor of 

endogenous alkaline phosphatase. Divalent ions (Mg2+) are cofactors of SEAP and pH 

9.0 is optimum for enzyme activity [229]. In the last step 120 mM (34µl) p-nitrophenyl 

phosphate (pNPP; fresh prepared; Sigma) was added and incubated t=1h with samples in 

37˚C. In preliminary experiments optimum concentration of p-nitrophenyl phosphate and 

incubation time was estimated. Secreted alkaline phosphatase (reporter protein) catalyzes 

the hydrolysis of p-Nitrophenyl phosphate producing a yellow product under alkaline 

conditions which was conveniently measured at 405 nm on a plate reader (Figure 6; Tecan 

Infinite® M200 Tecan Group). SEAP activity revealed in cell culture medium is directly 

proportional to changes in intracellular amount of SEAP mRNA and protein. Results were 

presented as relative values of absorbance calculated according to equation below. In this 

calculation method control (unstimulated cells) = 1. 

𝑅𝐴 =
𝐴 − 𝐴𝐵

𝐴𝐶 − 𝐴𝐵
 

RA- relative absorbance; A- absorbance of analyzed sample (supernatant from stimulated 

cells); AB-absorbance of blank (cell culture medium); AC- absorbance of control 

(supernatant from unstimulated cells) 
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3.3.13

 Western Blot 

Cell preparation: Stimulated HepG2 cells (t=24h) with ZnONP 80 µg/ml, AgNP 

15µg/ml, SiO2NP 250µg/ml, staurosporine (positive control)10µM and unstimulated 

cells (negative control)  were harvested using  tripsin with EDTA, counted using 

Neubauer chamber and lysed in an appropriate volume of ice-cold lysis buffer for 30 

minutes on ice. Samples (contained 2x107cells) were spin down for 30 minutes at 13 000 

g, 4°C. The supernatant was transferred to a fresh tube. Next, samples were mixed with 

2 x Laemmli sample buffer, incubated at 95 °C for 5 minutes (Thermomixer compact 

Eppendorfand) and stored in -80 °C for further use.  

Gel-Electrophoresis: The glass plates used for sample separation were cleaned with 

detergent and ethanol. The resolving gel was prepared as indicated below and poured into 

glass plates. Isopropanol was added on top of the resolving gel to remove air bubbles. 

The gel was allowed to polymerise for up to 10 minutes. Once gel polymerized, the 

isopropanol was washed from the top of the gel using deionised distilled water. The 

stacking gel and comb was placed cautiously. The gel was allowed to polymerise for 15 

minutes. As an electrophoresis chamber PerfectBlue Vertical Double Gel System- Twin 

L (Peqlab) was used. SDS/polyacrylamide gel electrophoresis of whole-cell extract 

proteins and blotting were done. Samples were electrophoresed through the stacking gel 

at 110 V and trough the resolving gel 160 V using microcomp electrophoresis supply 

E452 (Consort). As a standard PageRuler Prestained Protein Ladder (Fermentas) was 

p-nitrophenyl phosphate(pNPP) 

Colorless 

p-nitrophenol 

Colorless 

p-nitrophenolate 

Yellow 

Figure 6. Secreted alkaline phosphatase catalysis the hydrolysis of p-Nitrophenyl phosphate producing a yellow 

product under alkaline conditions. 
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used. Electrophoresis was stopped once the bromophenol front approached the end of the 

gel plates. 

Western-Blot: The blot sandwich was prepared: 

Cathode  4 filter papers (Whatman-Paper 3 mm CHR, Amersham) soaked with cathode 

buffer  gel  nitrocellulose blotting membrane (Protranns 0,45 µm) and 2 filter papers 

soaked with anode buffer 1  4 filter papers soaked with anode buffer  Anode 

The transfer was carried out with 110 mA for t= 90 minutes using PerfecBlue Semi-Dry 

Electroblotter SEDEK M (Peqlab). Next, nitrocellulose membrane was blocked t= 60 

minutes in nonfat dry 5% w/v milk (Roth) in TBST. Then, membrane was incubated with 

diluted (1:1000) primary antibody (Anti-human PARP antibody; source - rabbit, Cell 

Signaling; Cat. No #9542) in 5% w/v nonfat dry milk in TBST at 4°C with gentle shaking, 

overnight. After washing step with 1 x TBS, 0.1% Tween 20 (x 3, t= 5 minutes) 

membrane was blocked again t= 30 minutes in nonfat dry 5% w/v milk in TBST. Then 

secondary anti- rabbit antibody HRP-linked (source – goat, Cell Signaling; Cat. No 

#7074S) were applied (diluted 1:2000 in nonfat dry 5% w/v milk in TBST) and incubated 

with gentle shaking in room temperature t= 60 minutes. After final washing step with 1 x 

TBST (3x, t= 5 minutes) a commercially available enhanced chemiluminescence (ECL) 

solution (Amersham) was breafly prepared to facilitate the visualization of the bonds. The 

ECL mixture was added to the membrane and incubated under dark conditions at room 

temperature for 10 minutes before developing (Kodak-developer and replenisher; 

Fixation Solution - Carestream Kodak from Sigma-Aldrich) the blots with imaging films 

(CL-Exposure Film Thermo Scientific).  

Lysis - Buffer 

750 mM NaCl; detergents mix (Nonidet P-40 5% (Substitute Amresco); sodium 

deoxycholate 2.5 % (Berlin Chemie)); 0.5 % SDS (Roth); Protease Inhibitor Cocktail 

(Sigma) in atio 1:100 (inhibitor:buffer); 250 mM Tris-buffer (Roth) pH 7.5; Mili-Q water 

Laemmli Buffer 

60 mM Tris-HCl pH 6.8 (Roth); 2 % (v/v) SDS (Roth); 10 % (v/v) glycerol (Roth); 5% 

(v/v) β- mercaptoethanol (Sigma); 0.01% (w/v) bromophenol blue (Sigma) 

1L 10x TBS 

24.2 g Tris (Roth); 87.66 g NaCl; pH 7.6; H2O 
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5L TBST 

500 ml 10x TBS; 5 ml Tween 20 (Roth); H2O 

Stacking gel 

1.3 ml Bis-Acrylamide (AppliChem); 1 ml of 1M Tris pH 6.8; H2O 7.7 ml; TEMED 15 

µl (Roth); 30 µl of 10% APS (Sigma) 

10 % resolving gel 

7 ml 1.5 M Tris pH 8.8; Bis-Acrylamide 9.3 ml; H2O 11.6 ml; TEMED 30 µl; 90 µl of 

10% APS 

Cathode buffer 0.5 L 

1.51 g Tris (Roth); 2.6 g 6-aminohexanoic acid (Roth); 100 ml Methanol (VWR); H2O 

Anode buffer-1 0.5 L 

18.17 g Tris; 100 ml Methanol; H2O 

Anode buffer-2 0.5 L 

1.51 g Tris; 100 ml Methanol; H2O 

3.3.14
 RNA isolation and cDNA synthesis  

Total RNA was extracted from cell pellets (1 x 106 cells) using the RNeasy MiniKit 

(Qiagen) according to the manufacturer’s protocol. RNA concentration and purity were 

assessed photometrically using A260/A280 ratio (Tecan). 2 µg of total RNA was converted 

to cDNA in a 20 µl reaction volume using First Strand cDNA synthesis Kit (Thermo 

Scientific). All reagents were mixed in followed order: 

Template- total RNA 2 µg 

Primer Oligo(dT)18 100 µM 1µl 

Water, nuclease-free to 11µl 

5 x reaction buffer 4 µl 

RiboLock RNase Inhibitor (20 u/µl) 1 µl 

dNTP Mix 10 mM 2 µl 

M-MuLV reverse Transcriptase (20 u/µl) 2 µl 

Total volume 20µl 

Incubation 60 min at 37 ˚C. Termination of the reaction by 

heating samples at 70 ˚C for 5 min. Products stored at -80 ˚C. 

 

3.3.15

 Real-Time PCR 

Primers were designed using online software NCBI/ Primer-BLAST and were 

purchased from Eurofins Genomics. 
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GAPDH fwd  5'-GAAGGTGAAGGTCGGAGTC-3'   226bp 

GAPDH rev   5'-GAAGATGGTGATGGGATTTC-3'    

IκB-alpha fwd  5'-GGCAGCAACGACACAGAAAC-3'  128bp 

IκB-alpha rev  5'-GCGGTGGGTAATGGAGACAT-3'  

Specificity of designed primers and length of their products was firstly examined 

on electrophoresis gel after PCR reaction with genomic DNA of HepG2 cells as a 

template (chapter: 3.3.16 and 3.3.17) and further by performing melting curve analysis (, 

appendix). Real-Time PCR analysis was done on Rotor-Gene 6000 (Corbett) system 

using the GoTaq qPCR Master Mix (Promega): 

 

GoTaq qPCR Master Mix 12,5 µl 

Upstream PCR primer 0.2 µM 1 µl 

Downstream PCR primer 0.2 µM 1 µl 

Template (cDNA) 2 µl 

Nuclease-free water To final volume of 25µl 

Program: 

 

 

Data were analyzed with the Pfaffl quantification model [230] using GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) as reference gene. Real-Time PCR 

efficiencies were calculated, according to equation:  

𝐸 = 10−1/𝑠𝑙𝑜𝑝𝑒−1  

E- efficiency of Real-Time PCR; slope (a): f(x) = ax +b –slope of standard curve of serial 

dilutions of DNA 

 

  

Hot-Start activation 95 ˚C, 3 minutes 

Denaturation 95 ˚C, 15 seconds 

Annealing/ Extension 60 ˚C, 60 seconds 

Melting curve analysis / Termination 65 ˚C -95 ˚C 

40 cycles 



 

 

  51 

Relative expression ratio in real-time PCR was calculated according to equation: 

R= (Etarget gene)
ΔC

T
 target gene (control –stimulated sample)/ (Eref: gene)

ΔC
T

 reference gene (control –stimulated sample) 

R- relative expression ratio; Etarget gene- is the real-time PCR efficiency of target gene 

transcript; Eref gene- is the real-time PCR efficiency of a reference gene transcript; CT – 

cycle threshold. 

3.3.16

 Genomic DNA isolation 

1x 106 (HepG2) cells were used to isolate genomic DNA. Both the isolation, and 

purification was carried out with the Flexi Gene DNA Kit (Qiagen, Hilden) following the 

manufacturer's protocol. 

3.3.17

 Polymerase chain reaction (PCR) and Agarose gel 

electrophoresis 

Specificity of designed primers and length of their products was examined on 

electrophoresis gel after PCR reaction. PCR analysis was done on Mastercycler personal 

(Eppendorf) using Taq PCR Kit (New England Biolabs) and genomic DNA as a template. 

In PCR reaction all reagents were mixed in followed order: 

Taq reaction buffer (with MgCl2 25mM) 10 µl 

dNTP 10 mM 1µl 

Upstream Primer 0.2 µM 2 µl 

Downstream Primer 0.2 µM 2 µl 

Template DNA 1 µg 

Taq DNA Polimerase 1.25 u/ 50 µl PCR 0.25 µl 

Nuclease free water To final volume of 50 µl 

Program: 

 

 

 

 

Agarose gel electrophoresis was performed in 1.8 % (w / v) agarose (Roth) in 1x 

TAE-Puffer (2M Tris-base (Roth), 1M acetic acid (Merck), 0.05M sodium EDTA 

Initial denaturation 95 ˚C, 30 seconds 

Denaturation 95 ˚C, 30 seconds 

Annealing 60 ˚C, 45 seconds 

Extension 68 ˚C, 60 seconds 

Final extension 72 ˚C, 5 minutes 

Hold 4 ˚C 

40 cycles 
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(Applichem)). The DNA samples were mixed with 6 x Orange DNA Loading Dye 

(Fermentas) and loaded into the gel. Separation was done on power supply 

Electrophoresis E844 Consort at a constant voltage of 100 V. As a size standard 100 bp 

DNA Ladder Plus (Fermentas) was used. Separated DNA fragments were stained for 20 

minutes in ethidium bromide solution (Roth; 2 µg/ml in 1x TAE) and analyzed using 

Imaging system vilber Laurmat (Peqlab). 

3.3.18

 NF-κB activation 

To confirm the desirability of considered biomarker, activation of NF-κB pathway 

after nanoparticles exposure was analyzed using NF-κB p65 ELISA Kit (eBioscience). 

Cells were stimulated t=6h with ZnONP 80 µg/ml, AgNP 15µg/ml, SiO2NP 250µg/ml 

and 20 ng/ml TNF-α. Then cells were harvested, counted using Neubauer chamber 

(Improved LaborOptik), 1 x106 cells were lysed and followed steeps of the assay were 

performed according to manufacturer’s protocol. Negative control represents lysate from 

unstimulated HepG2 cells; positive control represents lysate from cells which 

continuously had activated NF-κB (subunit p65) pathway (provided by supplier). Results 

were presented as relative value calculated according to equation below. In this 

calculation method control (unstimulated cells) = 1. 

𝑅𝐴 =
𝐴 − 𝐴𝐵

𝐴𝐶 − 𝐴𝐵
 

RA- relative absorbance; A- absorbance of analyzed sample; AB-absorbance of blank 

(cell culture medium in a polystyrene well plate); AC- absorbance of control (supernatant 

from unstimulated cells) 3.3.19

 Statistics 

Quantitative data were expressed as arithmetic mean ± standard deviation. Student´s 

t-test was used to analyze the statistical significance of the data (p < 0, 05 vs. control; 

STATISTICA 9). All measurements were made in at least three independent experiments. 
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4 RESULTS 

4.1 Development of whole cell-based biosensor 

Currently used methods of testing chemicals and assessing their risks haven’t 

followed with recent progress in science, which point to completely new factors that need 

to be examined, such as the importance of the timing of exposure, the effects of low-dose 

exposures and the scope of variability in the human population, or interactions of 

hazardous agents with assay components [231], [232], [233], [234], [235]. Moreover, 

conventional methods rarely predict toxicity in physiological concentration range and 

how chemicals act and interact with biological systems. Current medical application give 

NP access to tissues that may be usually fetched up via the skin, by inhalation or the 

gastrointestinal tract [236]. Better understanding and proper risk assessments of NP is 

therefore required in response to the rapid increase in development, production and 

utilization of NP in the industry. ZnONP, SiO2NP and AgNP were chosen as NP-models 

because of their universal features, wide applications, different size, tendency of 

agglomeration and chemical composition. Since nanoparticle safety issues are not entirely 

settled, continued research is required to characterize the effects of nanoparticles on 

human health and the environment. Therefore, the purpose of presented project was to 

create system which can be applied to a wide variety of potentially hostile nanoparticles 

in basic screening to ensure initial caution of adverse effects and trigger subsequent 

analysis and remedial actions without the exact analysis of the interaction mechanism 

between nanoparticles and living systems. To meet these challenges, sensor cells have 

been developed. Furthermore, created biosensor with an absorbance readout allows 

monitoring the metabolic activity in a hepatocyte cells under a broad range of conditions 

in a real time with superior chemical range and sensitivity. These approaches allow testing 

of more chemicals at lower cost, can also help characterize the underlying mechanisms 

by which chemicals interact with human cells and provide physiologically relevant data 

in response to the analyte. 
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4.1.1

 Properties of nanoparticles 

The stability of NP in various aqueous suspension is the major challenge in 

nanotoxicology [130]. The magnitude of the cytotoxicity endpoints depends on the 

agglomeration state of nanoparticles [130]. Therefore, the tendency of NP agglomeration 

in complete cell culture medium was examined by DLS measurements. ZnONP have a 

larger mean hydrodynamic size in a cell culture medium compared to exactly the same 

NP in deionized water (Table 4). Thus, clustered nanoparticles rather than individual 

particles were observed. High standard deviations suggest that the NP create clusters of 

various sizes. In contrast, SiO2NP and AgNP did not show high tendency to agglomerate. 

NP 
Nominal 

size1 (nm) 

Average hydrodynamic 

diameter in deionized water 

(nm) 

Average hydrodynamic 

diameter in cell culture medium 

(nm) 

Ag 10 6.873 ± 3.330 6.887 ± 4.176 

SiO2 10 30.99±20.01 41.65 ±22.09 

ZnO 25 
43.58 ±9.113 

292 ±42.50 

134.7 ±108.2 

3902.0 ±1119.0 

 

Table 4. Hydrodynamic size of NP in a deionized water and complete cell culture medium (size distribution by intensity 

of scattered light). All presented data as mean of triplicate ± SD measurements of DLS. 1Data obtained from 

PlasmaChem providing NP. 

Furthermore, the reagglomeration state of nanoparticles was examined in the 

context of their cytotoxicity (Figure 7). A higher toxic effect of nanoparticles with 

sonication step included was observed. Stimulation with sonicated 80 µg/ml ZnONP 

reveals higher cytotoxicity up to 22% compared to the same concentration of ZnONP 

without sonication step. Consequently, to keep exactly the same experimental conditions, 

nanoparticles were always sonicated directly before incubation with cells.  
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Figure 7. Dose-response analysis of AgNP, SiO2NP and ZnONP on HepG2 viability in a monolayer with and without 

sonication step; (t= 24h); (n=6 ± SD). 

It is known that serum albumin binds and thereby reduces toxic effects of 

chemicals [237], [238]. Therefore, to optimize the dosimetry of NP for in vitro toxicity 

assessments, the cytotoxic effect of the NP on HepG2 cells (after 24h incubation time) 

was measured under normal (10% FBS) and serum-deprived (1% FBS) conditions using 
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the Aalmar Blue endpoint cytotoxicity assay (Figure 8, Table 5). As expected the toxic 

effect of AgNP (EC50=34 ± 7.58 µg/ml), ZnONP (EC50=95 ± 5.19 µg/ml) and SiO2NP 

(EC50=400 ± 9.19 µg/ml) using 10% FBS was lower than with 1% FBS. There was no 

difference in cell survival between unstimulated control with 1% FBS and 10% FBS, 

which eliminates the influence of the FBS on cell viability. Therefore, the toxicity assays 

were carried out under serum-deprived conditions. 

Figure 8. Dose-response analysis of AgNP, ZnONP and SiO2NP using 10% FBS or 1% FBS on HepG2 vitality in a 

monolayer; (t= 24h); (n=6 ± SD). 

4.1.2

 Screening pathway examination 

In order to select stress response pathway for later development of sensor cells, 

activation of NF-κB signaling after exposure of HepG2 cells with nanoparticles was 

analyzed. Cells were stimulated for 6 h with ZnONP 80 µg/ml, AgNP 15µg/ml, or 

SiO2NP 250µg/ml. These concentrations corresponded to toxicity EC50 values observed 

in monolayer after 24 h of incubation (compare Table 5). In the ELISA assay, 

 ZnONP EC50 [µg/ml] ± 

SD 

SiO2NP EC50 [µg/ml] ± 

SD 

AgNP EC50 [µg/ml] ± 

SD 

1% FBS 80 ± 3.74 250 ± 1.75 15 ± 2.99 

10% FBS 95 ± 5.19 400 ± 9.19 34 ± 7.58 

Table 5. The EC50 values were obtained by fitting the dose response function to the experimental data using nonlinear 

regression analysis. 
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discrimination between activated and inactivated NF-κB molecules (subunit p65) was 

feasible because inactivated NF-κB molecules are in complex with their inhibitors (IκB) 

and the antibody used for detection can bind only to dissociated NF-κB molecules with 

available epitopes. As expected, cell treatment with nanoparticles resulted in activation 

of the NF-κB pathway (Figure 9). Exposure of cells to ZnONP resulted in 6-fold induction 

in comparison to unstimulated cells (negative control), whereas AgNP and SiO2NP 

provoked a 5-fold and 3-fold induction, respectively. As expected, the strong activation 

was observed after stimulation of HepG2 cells with the cytokine TNF-α, which is well 

known activator of NF-κB pathway [239], [240], [241].  
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Figure 9. Activation of NF-κB (subunit p65) after stimulation HepG2 cells (t=6h) with 80 µg/ml ZnONP, 250 µg/ml 

SiO2NP, 15 µg/ml AgNP and 20 ng/ml TNFα. Negative control (neg. ctrl.) represents HepG2 cells without stimulation; 

positive control (pos. ctrl.) represents lysate from cells with constantly activated molecules NF-κB (subunit p65, 

provided by supplier); (n=4 ± SD). 

4.1.3

 Generation NF-κB_HepG2 sensor cells  

After having confirmed that the NF-κB pathway is activated in response to the 

exposure of HepG2 cells to NP, the next step was to generate a sensor cell line that would 

allow for the rapid determination of NP effects based on reporter gene activation. To this 

end, a commercially available reporter plasmid (pNiFty2-SEAP) was chosen to construct 

transgenic HepG2 cells.  

In first experiments HepG2 cells were transiently transfected to examine the 

usefulness of pNiFty2-SEAP plasmid (map and description of plasmid in chapter 3.3.9) 

for screening of nanoparticles toxicity. Five days after transfection the cells were treated 



 

 

  58 

with 15 µg/ml AgNP, 250 µg/ml SiO2NP and 80 µg/ml ZnONP (t=8h). Obtained data 

showed that the level of SEAP reporter enzyme increased after stimulation of cells with 

nanoparticles with the highest induction represented by more than 6-fold after treatment 

with 80 µg/ml ZnONP (Figure 10).  
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Figure 10. Induction of transiently transfected HepG2 cells with pNiFty2-SEAP vector with 15 µg/ml AgNP, 250 

µg/ml SiO2NP and 80 µg/ml ZnONP (t=8h), control represent unstimulated transiently transfected cells; (n=4 ± SD). 

Based on this result, HepG2 cells were stably transfected (chapter: 3.3.11) with a reporter 

vector (pNiFty2-SEAP plasmid) derived from an ELAM promoter combining with five 

NF-κB binding sites (ggggactttcc) to amplify signal. In the absence of NF-κB pathway 

activation the reporter displays low activity. Induction of NF-κB activates the promoter 

resulting in expression of the reporter gene (SEAP) and enables monitoring toxic effect 

of chemicals (Figure 11).  

 

Figure 11. Schematic representation of working cell-based biosensor. After bioavailable analyte passes across the 

cellular membrane, activates a regulatory protein, which is a transcription factor, therefore, initiating transcription and 

translation of the reporter gene. Further addition of an external substrate provide measurable signal results. 
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After stable transfection single colony selection was performed (schematic overview of 

experiment is presented on Figure A. 1, appendix and described in above mentioned 

chapter). Aim of single clone selection was to obtain 100% clonal purity. To screen clones 

and establish, optimize and validate the sensor cell-based assay, stimulation with TNF-α 

and LPS has been performed as proof-of-concept setup. LPS next to TNF-α is second 

well known activator of NF-κB pathway [242]. After reproduction of single colonies, 20 

of them (with the highest growth rate and viability) were induced with TNF-α (30 ng/ml 

– 200 ng/ml), LPS (0.01 µg/ml - 60 µg/ml) and screened to find colones with linear 

output. Clone 13 stood out with the lowest background, linearity and relatively small 

standard deviation (Figure 12). Therefore, this clone, was considered as a SuperClone and 

implemented for further experiments. Additionally, clone 2; 15, 16 and 19 were initially 

considered and tested as possiblle sensor cells parallel to clone 13 due to their dose-

depended response in linear manner (Figure A. 2, appendix). Hovewer, all of them 

displayed lower sesnitivity for nanoparticles toxicity detection compared to clone 13 in 

subsequent experiments. 

 

 

Figure 12. Response of stable transfected HepG2 cells with pNiFty2-SEAP vector, clone 13 (clone 13- later named as 

sensor cells or NF-κB_HepG2 cells) after stimulation with TNF-α and LPS (t=6h) with linear fitting, (ctrl=1, 

unstimulated cells, n=3 ± SD). 

4.1.4

 Evaluation of the NF-κB_HepG2 cells 

Firstly, the growth rate of the transfected cells was analyzed using Neubauer cell chamber. 

Both, genetically modified and non-modified cell lines require a similar time of 36 h to 

double the population with initial density 5x105 cells / well in a 6-well plate. Growth 

curves indicate that both HepG2 cells and NF-κB_HepG2 cells require > 160 h to stabilize 

their growth and reach plateau Figure 13. 
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Figure 13. Growth rate of HepG2 (non-modified cell line) and NF-κB_HepG2 (modified cell line). Initial cell seeding 

5 x 105 cells/ well; observation over t=192h; (n=4 ± SD). 

The established stable sensor cell line was compared with untransfected cells to examine 

if genetic modifications had an impact on the properties of the cells. Known inducers of 

cell death (DMSO and ethanol) were used to compare cells viability. After incubation 

cells (t=24h) with DMSO (1 % - 10% (v/v)), both, modified and non-modified cell lines 

showed similar half maximal effective concentration EC50= 4% (Figure 14). Similar 

results were observed after incubation of cells with ethanol (2%-16% (v/v)) EC50= 8% 

for both HepG2 and NF-κB_HepG2 cells (Figure 14).  

 

Figure 14. Dose response comparison of sensitivity between modified and non-modified cell lines. Exposure time 
t=24h, stimulation with DMSO (1-10 % v/v) and ethanol (2-16 % v/v), (n=3 ± SD) 
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Moreover, the stability of the sensor cell response upon storage of cells was 

verified after 3, 25 and 35 subcultivations. NF-κB_HepG2 cells were stimulated with 

TNF-α 30 ng/ml and LPS 0.02 µg/ml (t=8h) and it was found that even after one year of 

storage and repeated re-activation transfected cells are characterized by producing stable 

reporter signals (Figure 15). 

Figure 15. Investigation of the sensor cells stability after 3, 25 and 35 subcultivations. NF-κB_HepG2 cells exposed 

to 30 ng/ml TNF-α and 0.02 µg/ml LPS, t= 8h., (n=3 ± SD) 

The reporter protein is secreted by the sensor cell into the cell culture medium. 

Therefore, it was examined whether cell culture media of stimulated cells could be stored 

for further use. One week storage of samples in -80 ˚C did not significantly change signal 

compared to fresh samples; however, longer storage (t=1month) resulted in considerable 

degradation of the reporter enzyme (Figure 16). Consequently, all data presented in this 

study result from measurements of fresh samples. 

 

 

Figure 16. Examination of storage conditions of cell culture supernatants on final signal. NF-κB_HepG2 cells were 

stimulated with TNF-α and LPS, t=8 h, then samples were collected and stored (1 week or 1 month) in -80 ˚C before 

endpoint measurement; (n=4 ± SD) 
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The correlation between SEAP activity and NFκB_HepG2 cell number was 

examined next (Figure 17). As shown, the more cells present, the higher the SEAP activity 

detected in the culture medium. Therefore, to compare results between experiments is 

indispensable design assays with exactly the same number of cells. The minimum cell 

number needed for detectable SEAP activity at 8 h post-plating was > 250. 
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Figure 17. The correlation between SEAP activity and NFkB_HepG2 cell number after stimulation with 70 ng/ml 

TNF-α and 20 µg/ml LPS, t= 8h., (n=5 ± SD). 

4.1.5  Summary 

DLS measurement revealed a tendency of ZnO nanoparticles agglomeration in cell 

culture medium. Both sonication and FBS concentration influenced nanoparticle 

cytotoxicity. Therefore, all experiments were performed in exactly the same condition 

using 1% FBS medium and sonicated NP directly before their application. Moreover, 

sensor cells based on an inducible gene expression system were developed. The validation 

and optimization of the sensor cell line was carried out with activators (TNF-α, LPS) of 

NF-κB pathway. Genetic modifications display any influence on cells viability and 

growth rate. One year observation of sensor cells exhibit stable signal. Nevertheless, 

analysis of the supernatant storage warns against work with outdated samples, 

theretofore, all experiments were carried on fresh samples. 
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4.2 Application of cell based biosensor 

4.2.1

 Application of NF-κB_HepG2 cells for nanoparticle 

toxicity assessment 

In the next step of the project, the established stable NFκB_HepG2 reporter cell line 

(clone 13) was used to determine the safety of nanomaterials. With increasing 

concentration of nanoparticles and incubation time signal in sensor cells increased, thus 

revealing an NFκB-mediated stress response (Figure 18). Developed system based on 

sensor cells requires 2 h of incubation time with nanomaterials to display measurable 

signal. Furthermore, selected threshold concentrations (for AgNP 3.75 µg/ml; for SiO2NP 

125 µg/ml and for ZnONP 20 µg/ml) are the lowest concentrations detectable in 

monolayer cell culture with developed system after t=2h stimulation. Application of 

lower doses require longer incubation time to observe significant response of 

NFκB_HepG2 cells. Assessment NP toxicity with developed cell-based biosensor is more 

sensitive method than applying widely used commercial cytotoxicity assay Alamar Blue 

(Figure 8). Threshold concentrations AgNP 3.75 µg/ml; SiO2NP 125 µg/ml and ZnONP 

20 µg/ml detectable with sensor cells after 2 h of incubation are not detectable with above 

mentioned commercial assay even after 24 h of time exposure cells to nanomaterials. The 

highest activation of NFκB pathway and thus the highest expression of reporter protein 

provide ZnONP among tested nanomaterials. High concentrations of examined analytes 

(AgNP > 30µg/ml; ZnONP >160µg/ml; SiO2NP > 500 µg/ml) or extended incubation 

time (> t=12h) resulted in lower signals, which is a measure of damage of the sensor cells. 

Nevertheless, in the working range of the biosensor a linear signal was observed (Figure 

18).  
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Figure 18. Relative response of sensor cells after stimulation with AgNP, SiO2NP and ZnONP in monolayer; (ctrl=1, 

unstimulated cells; n=10 ± SD). 

To further characterize the NF-κB-mediated stress response to NP exposure, investigation 

of the NF-κB transactivation potential via quantitative RT-PCR (RT-qPCR) of IκB-α 

expression was performed to verify correlation between mRNA levels of activated NF-

κB elements with levels of expressed reporter protein. As was explained in chapter 
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2.2.5.1, termination of NF-κB transcription is mediated through the NF-κB-dependent 

synthesis of the IκB-α inhibitory subunit. Therefore, to quantify NF-κB activation by RT-

qPCR, the expression of IκB-α mRNA was examined (Figure 19). After t=2h stimulation 

NF-κB_HepG2 cells with nanoparticles mRNA level of IκB-α was the highest for AgNP 

(30µg/ml), ZnONP (160 µg/ml) and SiO2NP (500 µg/ml). Longer time exposure resulted 

in decreasing of mRNA levels and after ca 6h reached plateau. Obtained results coincide 

with SEAP (reporter protein) expression. Maximum expression of IκB-α mRNA was 

recorded after 2h stimulation with examined NP whereas, maximum abundance of 

reporter protein was noticed after 6h after stimulation for SiO2NP and 8h for AgNP and 

ZnONP. Naturally, cells needs more time for translation and post-translations 

modification in compare to transcription what may explain shift in the observed time. 

Additionally, it was observed the highest mRNA level after stimulation with ZnONP 

among tested nanomaterials what correspond as well to protein abundance after 

stimulation with this kind of nanoparticles.  
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Figure 19. mRNA level of IκB-α in NF-κB_HepG2 cells after stimulation with AgNP, SiO2NP and ZnONP as a fold 

of control (ctrl=1, unstimulated cells; n=6 ± SD). 
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Moreover, to have more detail information how analyzed nanoparticles interact with 

HepG2 cells Western Blot analysis was performed (Figure 20). Cleaved form of PARP 

protein is known marker of apoptic cells [243], [244], therefore apoptosis was examined 

using anti-human PARP antibody. As negative control was used cell lysate from 

unstimulated HepG2 cells and as positive control was used cell lysate from cells 

stymulated with 10 µM  staurosporine, which is known as a toxic compound activating 

apoptosis. Obtained results indicate that nanomaterials activate pro-apoptotic cascades in 

HepG2 cells. 

 

Figure 20. Western Blot analysis of pro-apoptic action of nanoparticles on HepG2 cells. As a primary antibody, anti-

human PARP antibody (source - rabbit, Cell Signaling; Cat. No #9542 were used. ) HepG2 cells were stimulated 

(t=24h) with ZnONP 80 µg/ml, AgNP 15µg/ml, SiO2NP 250µg/ml and staurosporine 10 µM (positive control), as 

negative control unstimulated cells were used. Cleaved PARP is marker of apoptic cells. 

4.2.2

 Summary 

Genetic modification of the human hepatoblastoma cell line (HepG2) involving the 

coupling of a cellular signaling system with a reporter gene was successfully conducted. 

Therefore, developed sensor cells produced measurable reporter gene products encoded 

in transfected vector after exposure of cells to activators of the NF-κB pathway. Three 

different kinds of nanoparticles were used as a model nanoparticles (ZnONP 20 nm, 

AgNP 10nm and SiO2NP 10nm) because of their universal properties and application. 

With increasing concentrations of nanoparticles and incubation times, responses of sensor 

cells increased, suggesting activiation of the NF-κB-mediated stress response. High 
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concentration of analyte or long incubation time provided decrease of the signal due to 

the damage of sensor cells. Investigation of the NF-κB-mediated transactivation of IκB-

α expression in the sensor cells confirmed the activiation of the NF-κB pathway, 

indicating that NF-κB_HepG2 cells are perfect indicators of toxicity in very early stages 

of exposure to stressors. 

4.3 Development of the three dimensional 

environment for cell-based biosensor 

Cell culture in two dimensions is a widely used method of cultivation of cells in 

thousands of laboratories worldwide for the past decades. However, the culture of cells 

in two dimensions is limited in that it does not reproduce the anatomy and physiology of 

a tissue. Work with third dimension in cell culture is more relevant to human and animal 

physiology. Moreover, two-dimensional cell cultures do not properly represent the 

functions of the tissues that have specific cell-cell and cell-matrix interactions and 

completely different transport conditions. Oxygen, nutrient or waste gradients are not 

present in a monolayer. Coating surfaces with poly-L-lysine, collagen [245], albumin, 

fibronectin [246], [247] and many others biocompatible materials can mediate more 

natural basal adhesion; however, cells are still forced into monolayer morphology. 

Although establishing co-cultures can increase contact between cells [248] [249], 2D 

surfaces still inhibit the ability of cells to form multidimensional structures. Models for 

the estimation of cell toxicity must reflect the in vivo situation as closely as possible. 

There is a broad spectrum of three dimensional cell cultures models that vary widely due 

to the diverse requirements of different cell lines and applications [250],[163]. Spheroids 

are self-assembled agglomerates of cell colonies that naturally resemble avascular 

environments with gradients of nutrients, O2, CO2 and water soluble wastes [164], [160]. 

Unlike conventional 2D cell cultures, multicellular spheroids readily mimic a real tissue 

better. The chemical and physical properties of the cell environment such as wettability, 

roughness, stiffness, softness [251], or microstructure (pore size, pore shape) [252] have 

been shown to have a crucial effect on cells behavior. Hydrogels with a high water content 

imitate a natural soft tissue more than any other type of polymeric biomaterials. With this 

objective, three dimensional environments for cells using three different types of 

hydrogels were developed and tested including transglutaminase-crosslinked gelatin, 

collagen type I and growth-factor depleted Matrigel. Even though a variety of research 
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on 3D cultures has recently been published, the results were mostly compared with 

conventional 2D cultures and not with different conditions of 3D cultures. Therefore, in 

presented thesis to bridge this gap different environments created from hydrogels were 

examined.  

4.3.1

 Hydrogels characterization  

Hydrogel materials generally exhibit good biocompatibility and high permeability for 

oxygen, nutrients and other water-soluble metabolites, making them an attractive scaffold 

for cells [189]. A variety of hydrogels has been developed as microenvironment for cells 

[253], [188], [254]. Moreover, a slight distinction in concentration of natural polymers, 

crosslinking agents, and size of porous can make a huge differences in cell behavior. 

Cross- linking of gelatin was necessary due to gelatins properties: in concentration lower 

than 10 % in 37 ˚C is liquid and higher concentration of gelatin resulted in inhibition of 

HepG2 cells growth. In a first step, highly recommended acetic acid and glutaraldehyde 

as cross-linking agents were examined. However, both of them were problematic due to 

difficulties to remove their excess, which resulted in cell cytotoxicity (workflow of 

experiment is presented on Figure A. 4, appendix). To circumvent this problem, 

transglutaminase (EC 2.3.2.13) as a cross-linking agent was used which catalyzes the 

formation of isopeptide bonds between glutamine and lysine residues in proteins. 

Optimum pH of this enzyme is pH = 7 and temperature around 37 ˚C, which make it 

perfect for the use in cell culture research. Additionally, cytotoxicity of transglutaminase 

was examined prior development it as a crosslinking agent and obtained results indicate 

any toxic effect on cells (Figure 21).  
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Figure 21. Cytotoxic effect of transglutaminase (0,001% - 20% (w/v)) on HepG2 cells grown in monolayer, t=24h. 

Alamar blue assay; (n=5 ± SD). 
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Both Matrigel and collagen type I solution have gel-like consistency at 37 ˚C, 

therefore they do not require cross-linking. Scanning electron microscopy was used to 

compare the morphologies of hydrogels created by gelatin cross-linked with 

transglutaminase, Matrigel, and collagen type I (Figure 23 and Figure 24). All materials 

showed different pore sizes and different architectures. These observations suggest that 

the nanometer-scale architecture of the ECM (Extra Cellular Matrix) has an impact on 

the structure, functions and composition of the integrin-mediated adhesions. In all 

hydrogels generation of HepG2-spheroids was performed successfully (Figure 22).  

 

Figure 22. Morphology of spheroids created in gelatin gel (A) collagen I gel (B) and Matrigel (A). From the left: nuclei 

stained with DAPI, phase contrast image and merge; scale bars 20µm. 
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Figure 23. SEM images of hydrogels: (A) collagen (I) gel, (B) Matrigel  (C) gelatin gel 10%(v/v) cross-linked with transglutaminase, (D) HepG2 spheroid under collagen fibers, (E) group 

of HepG2 cells on Matrigel, (F) HepG2 cells on cross-section of gelatin gel, (G) HepG2 cell on ITO glass (2D); all images scale bar 5µm. D-G anaglyph 3D images (please look at them 

with red/cyan glasses to see 3D effect). 

 



 

 

  72 

Figure 24. Images of (A) collagen type I gel, (B) cros-section of gelatin gel and (C) Matrigel. Anaglyph 3D images (please look at them with red/cyan glasses to see 3D effect). 



 

 

  73 

The surface hydrophobicity is well known to be a key factor in a cell response and can be 

assessed by contact angle (CA) measurements. The lower the contact angle, the more 

hydrophilic the surface is. Results show that gelatin gel has the most hydrophobic surface 

(CAleft 109.773 ± 9.28 ˚ and CAright 132.759 ± 14.19˚) and Matrigel possess the lowest 

hydrophobic properties (CAleft 11.529 ± 3.91 ˚ and CAright 11.377 ± 2.35˚) (Table 6). 

Surface wettability is related to the rate of cell adhesion, proliferation and differentiation 

[255], [256]. As described in the literature, liver cells prefer to settle on hydrophilic areas 

[257]. 

 

Table 6. Values of contact angle of 5µl of water droplet spreaded on the surfaces of collagen type I gel, gelatin 10% 

gel, Matrigel and polystyrene well plate. Data present mean of n=10 ± SD. Image shows selected examples of water 

droplets on polystyrene well-plate (used for 2D cell culture) –A, on gelatin gel –B, on collagen I gel –C, on Matrigel –

D. CA<90°- hydrophilic, CA>90°- hydrophobic. 

  

 
Polystyrene well 

plate 
Collagen type I Gelatin Matrigel 

Contact Angle 

(degrees) 

Left 56.823 ± 8.13 

Right 72.849 ± 12.2 

Left 41.717 ± 

5.413 

Right   41.573 ± 

4.770 

Left 109.773 ± 

9.28 

Right 132.759 

±14.19 

Left 11.529 ± 

3.91 

Right 11.377 ± 

2.35 
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4.3.2

  Growth of HepG2 cells in 2D and 3D environments 

The dynamics of spheroids growth was analyzed as the function of the increasing 

number of viable cells over time. Up to 7 days of cultivation, a similar cell number was 

observed on a monolayer and in gels with different final concentration of gelatin (3.5%, 

6.5%, 10% v/v) whereas a somewhat higher cell number was observed in collagen and in 

Matrigel. After longer time of liver spheroids cultivation (>1 week) the number of viable 

cells stabilized. This could be assigned to the balance between an outer layer of highly 

proliferative cells and the growth over time of necrotic space inside the spheroids, due to 

insufficient distribution of O2, CO2 and nutrients. On the other hand, cells in a monolayer 

can proliferate as long they have space on the dish; at the last day of the experiment; on 

day 10, the cells were approximately 95% confluent (Figure 25).  

Figure 25. Proliferation of HepG2 cells after 1, 3, 7 and 10 days of cultivation in a monolayer, embeeded in Matrigel, 

collagen (I) gel and gelatin gel with different final concentrations (3.5%; 6.5%; 10%); (n=8 ± SD). 

As a consequence of the highly proliferative activity of cells in the outer layer of the 

spheroids, an increase of their size was observed continuously over time (Figure 26). 

After 16 days of cultivation, spheroids reached an average size of 258 ± 54 µm in 

Matrigel, 214 ± 52 µm in collagen (I) gel and 201 ± 41 µm in gelatin gel. 
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4.3.3
  Functionality of HepG2 cells in 2D and 3D 

environments 

One of the critical function of liver cells is the synthesis of albumin, a molecule of 

585 amino acids known to be important for maintenance of colloid osmotic pressure 

[258], the scavenging of free radicals [259], and the binding and transport of compunds 

[260]. Therefore, albumin production is recognized as a marker of hepatocyte metabolic 

activity in vitro and is generally identified as an indicator of liver-specific functions. 

Albumin secretion after 3 and 5 days of cultivation was not detectable in samples from 

2D and 3D cultures. However, after 7 days of cultivation albumin output in monolayer 

was 5.47 ± 0.027 µM/ 106 cells compared to 4.43 ± 0.042 µM/ 106 cells in the collagen 

(I) gel. In contrast, albumin production was about 30-fold higher in gelatin gel (115.97 ± 

0.054 µM/106cells) and Matrigel (141.83 ±0.07 µM/106cells) (Figure 27 A). Urea 

production is the second biomarker of hepatocyte function. It was considerably higher 

when cells were cultivated in 3D environment in comparison to cells in 2D (Figure 27 B). 

Urea production gradually increased with time and cells in Matrigel exhibited the highest 

output of urea (0.017 ± 0.007 nM/106 cells).  

Figure 26. (A) Spheroid diameter as function of time in culture. HepG2 cells were cultivated over 16 days embeeded 

in Matrigel, collagen (I) gel and gelatin gel. Data represent mean ± SD of three independent experiments with 100 

images taken per each time point. (B) Example images of HepG2 in Matrigel after staining with DAPI, scale bars 20μm. 

Ortho view allows to measure distances in three dimensions. 
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Figure 27. Albumin (B) and Urea (A) production in HepG2 cells after 3, 5, 7 and 10 days of cultivation. Albumin 

production was not detectable at days 3 and 5. Data were normalized to 106 cells, (n=4 ± SD). 

4.3.4

 Summary 

Hydrogel properties strongly depend on the macromolecular structure, methods of 

preparation, and degrees of crosslinking. Because cells can feel and respond to the 

physical properties of their environment, selecting the right material and corresponding 

properties is essential in cell biology research. The choice of environment in presented 

PhD-thesis was preceded by experiments that allow for the identification of suitable 

conditions to grow the selected cell line. Obtained results demonstrates different 

architecture, size of pores, network construction and wettability of examined hydrogels. 
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Moreover, spheroid formation in all analyzed artificially created microenvironment was 

successfully performed. Among tested microenvironments Matrigel turned out to be a 

suitable three-dimensional substrate for HepG2 cells, allowing these cells to re-establish 

hepatocyte - like properties that are not observed under the conditions of conventional 

cell culture. Cells in Matrigel exhibited a high growth rate and biosynthesis of albumin 

and urea. The presented 3D cell culture models improve the predictive outcome of 

toxicity assessments in vitro and are a step forward for a better understanding and 

characterization of these systems.  

4.4 Assessing nanoparticle toxicity in a 3D cell 

environment 

Firstly, application of widely used MTT assay as a basic cytotoxicity test in 3D cell 

culture was considered. MTT is a colorimetric assay in which colorless tetrazolium salt 

(3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide) is converted into dark 

blue formazan under activity of mitochondrial dehydrogenases in viable, metabolic active 

cells. The amount of formazan is proportional to number of living cells [261], [227]. 

However, transfer MTT assay from monolayer cell culture to 3D cell culture was 

unsuccessful due to difficulties in dissolution of formazan crystals in hydrogels. Longer 

incubation of samples with organic solvent (DMSO) did not solve this issue. Therefore, 

Alamar Blue assay was implemented as an alternative cytotoxicity test. Here, resazurin 

is reduced by viable cells into resorufin (maximum absorbance at 573 nm). So far there 

is no conclusive studies proving in which compartment of the cell the reduction of 

resazurin process takes place. Resorufin does not form crystals and is soluble in cell 

culture medium, which is an obvious advantage over the MTT assay [262], [263]. 

HepG2 cells were exposed to different concentrations of NP for 24h and 72h in 2D 

and 3D cell environments. Dose-response curves are presented in Figure 28. The toxic 

effect of nanomaterials was lower when cell were embedded in hydrogels than when cells 

were grown as monolayer cultures. This difference in cell survival is especially visible 

after 72 h of nanoparticle exposure. To highlight evidence that cell environment has 

significant influence on cell response to toxic compounds Figure 28 A2-C2 shows 

comparison of toxic effects after 24h of NP incubation in concentration equal half 

maximal effective concentration (EC50) on cells in monolayer. As Figure 28 A2-C2 shows 
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exactly the same concentration is significant less toxic for cells embedded in Matrigel, 

collagen type I or gelatin. To visualize toxic effect of examined nanomaterials HepG2 

cells after 24h of incubation with 15 µg/ml AgNP; 80 µg/ml ZnONP and 250 µg/ml 

SiO2NP were stained with propidium iodide (dead cells; red color) and calcein-AM 

(viable cells; green color). Although the spheroid culture did not undergo distinct 

morphological changes, dead cells were observed (example images Figure 28 C2). 

 

 

Figure 28. Viability of HepG2 cells after exposure to ZnONP (A1), AgNP(B1) and SiO2NP (C1) for 24h or 72h; (n=10 

± SD). Graphs (A2,B2,C2) show comparison of toxic effect after 24h of NP incubation in concentration equal EC50 for 

cells in monolayer (single dot reflects single result, horizontal line shows average value). Optical visualization of dead 

cells:-propidium iodide and viable cells - calcein AM was performed under microscope; scale bar: spheroids 100 µm 

and 200 µm in monolayer.  
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Changes in cellular morphology observed under the phase-contrast microscope are an 

obvious initial sign of toxic effects. In monolayer HepG2 cells usually appear flat and 

densely packed. However, their shape changed after 24 h of NP exposure. A significant 

number of cells were round and partially detached (Figure 29). Similarly, spheroids 

exposed to NP for 24 h were observed under microscope and any substantial alteration in 

their morphology was noticed in comparison to untreated control, only a decrease in their 

size was recognized (this observation was exploit in next experiment).  

 

Figure 29. Morphology of HepG2 cells grown as monolayer after nanoparticles exposure (t=24h); (A) control, (B) 

AgNP 15µg/ml, (c) SiO2NP 250µg/ml, (D) ZnONP 80µg/ml. Scale bar 200µm. 

Moreover, the influence of the frequency of dosing of nanoparticles was analyzed. 

AgNP were dosed with different frequency (every 12 h or every 24 h) and with different 

concentration (2.5 µg/ml or 5 µg/ml), while the final concentration was exactly the same 

(15 µg/ml) for both dosings. The results (Figure 30) indicated that a higher frequency of 

dosing the lower concentration of NP resulted in higher disintegration of spheroids and 

stronger toxic effect than the less periodicity dosing with higher concentrations of the NP. 
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Figure 30. Dosage effect of AgNP (10 nm) on spheroids size. Cells HepG2 were cultivated in a Matrigel and over 72 

h AgNP were dosed with different frequency (every 12 h or every 24 h) and with different concentration (2.5 µg/ml or 

5 µg/ml), with equal final concentration (15 µg/ml). Data represent mean ± SD of three independent experiments with 

100 images taken per each time point. Cell staining performed at the endpoints of the experiments, (dead cells (PI)-
propidium iodide; viable cells (C AM) - calcein AM; nuclei –DAPI. Scale bar 40 µm. 

4.4.1

 Summary 

HepG2 cells cultivated in three dimension display higher resistance to toxic effects of 

examined nanomaterials then in 2D cell culture. The data suggest that measurements of 

the toxicity of nanoparticles in 2D and 3D cultures of the same cells differ significantly, 

suggesting that conclusions drawn from 3D cell culture models may more reliably reflect 

the in situ situation since cells in native tissue create even more complex structures. 

Therefore, hepatocytes cultivated as spheroids structures embedded in artificial 

environments provides an excellent experimental tool for toxicity assessments as an 

intermediate between simple cell culture and animal models and enable analysis of dosing 

effect even in in vitro conditions. 

4.5 Application of NF-κB_HepG2 cells in 3D 

environment 

Matrigel turned out to be the most suitable environment for HepG2 cells and was 

therefore implemented as a 3D environment for NFκB_HepG2 sensor cells to improve 

predictive value of cytotoxicity assays (Figure 31). The same experiment was carried out 

as described in chapter: 4.2.1, but cells were cultivated in Matrigel instead in monolayer 

form. Error bars were much smaller compared to measurements in 2D therefore, 

application of 3D environment ameliorated precision of sensor cells. However, as 
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expected, the relative response of NFκB_HepG2 cells in 3D environment was lower 

compared to monolayer cell culture. This can be explained by lower sensitivity of cells 

in 3D environment to nanomaterials (what was presented on Figure 28). 

 

 

 

Figure 31. Relative response of sensor cells in Matrigel after stimulation with AgNP, SiO2NP and ZnONP; 

(ctrl=1, unstimulated cells; n=7 ± SD). 
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One of the major advantages of the developed system is the possibility of implementation 

it in the basic screening. Therefore, in order to ascertain the feasibility of detecting 

cytotoxicity by sensor cells, a series of experiments with another kind of nanomolecules 

(ZnONP 14 nm, TiO2NP 16-26 nm, TiO2NP 4-8 nm and SiO2NP 20 nm) were performed 

(Figure 32). Firstly, working ranges and cytotoxic effects of nanoparticles were tested 

using Alamar Blue assay. Maximum examined concentration was 300 µg/ml for TiO2NP 

4-8 nm, 600 µg/ml for SiO2NP 20nm, 400 µg/ml for ZnONP 14nm and 500 µg/ml for 

TiO2NP 16-26 nm. Higher concentration of analyzed nanomaterials provided 

precipitation and the disappearance of clarity of cell culture medium. The response of 

NFκB_HepG2 cells increased with increasing concentration of analytes. Moreover, all 

examined nanomaterials provided response of sensor cells in dose- depended manner. It 

is also important, that the most toxic were TiO2NP 4-8 nm and the lowest toxicity was 

observed after stimulation sensor cells with SiO2NP 20 nm and these data coincide for 

both types of measurements Alamar Blue and developed NFκB_HepG2 cells. 

Furthermore, sensor cells detected toxic effects of nanoparticles at lower concentration 

(10µg/ml is already detectable) and shorter incubation time.  

 

Figure 32. Dose-response analysis (left) after incubation NF-κB_HepG2 cells in Matrigel t=24h with ZnONP 14nm, 

TiO2NP 16-26 nm, TiO2NO 4-8 nm and SiO2NP 20 nm using Amar Blue assay; (n=4 ± SD). And response of sensor 

cells (right) cultivated in Matrigel after incubation t=8 h with the same nanomaterials; (ctrl=1, unstimulated cells; n=5 

± SD). 

Since the developed NFκB_HerpG2 cells showed promise to detect cytotoxicity through 

NF-κB pathway activation caused by nanomaterials, the sensor cells were applied to 

assess cytotoxicity of heavy metals as well. Both, NiSO4 (Figure 33) and CdCl2 (Figure 

34) induced response of the biosensor; at 0.4 mM of NiSO4 and 8 µM of CdCl2 after t=6h 

a maximum response of the NFκB_HepG2 cells was observed. Higher concentrations 

resulted in decrease of the signal due to damage of sensor cells. 
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Figure 33. Response of sensor cells (left) cultivated in Matrigel after incubation t=6 h with NiSO4; (ctrl=1, unstimulated 

cells, (n=4 ± SD). And dose-response analysis (right) after incubation NFκB_HepG2 cells in Matrigel and monolayer 

(t=24h) with above mentioned heavy metal using Amar Blue assay; (ctrl=1, unstimulated cells; n=4 ± SD).  

 

 

Next, detection of DMSO by sensor cells was examined, since DMSO is described as a 

compound which induce cell stress without activating of NF-κB signaling (Figure 35) 

[264], [265]. Over t=12 h of monitored time relative response of sensor cells stayed on a 

constant level, thus toxic effect of DMSO was not detectable. Dimethyl sulfoxide may be 

used as a negative control in further investigations with developed sensor cells and as a 

solvent of compounds that must be dissolved in DMSO. 
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Figure 34. Response of sensor cells (left) cultivated in Matrigel after incubation t=6 h with CdCl2; (ctrl=1, unstimulated 

cells (n=4 ± SD). And dose-response analysis (right) after incubation NFkB_HepG2 cells in Matrigel and monolayer 

(t=24h) with above mentioned heavy metal using Amar Blue assay; (ctrl=1, unstimulated cells; n=4 ± SD). 
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Figure 35. Response of sensor cells cultivated as monolayer form after incubation t=2-12 h with DMSO; (ctrl=1, 

unstimulated cells; n=3 ± SD). 

4.5.1

 Summary 

The featured cell-based biosensor in 3D cell culture (Figure 36) model provides a 

platform for an in-depth analysis of NP toxicity. NF-κB_HepG2 cells detect toxic effect 

of agents which activate NF-κB pathway even after 2h of exposure time what is 

impossible to detect performing commercially available Alamar Blue assay. Comparison 

of the dose and time depended detection of the nanomaterials toxicity between sensor 

cells in 2D and 3D environment showed higher precision of NF-κB_HepG2 cells in 

Matrigel. Exactly the same sensor cells were applied for screening toxic effect of heavy 

metals. Obtained results indicate that developed CBB may take advantage as a screening 

tool of activators of NF-κB signaling in general and use in high throughput applications.  

 

Figure 36. Schematic of NF-kB_HepG2 cells in 3D milieu created on 96-well plate for high throughput applications. 
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5 DISCUSSION 

5.1 Development of whole-cell based biosensor 

The recombinant HepG2-based biosensor cell line seems to be a perfect 

hepatotoxicity model. Firstly, immortalized cells are easy to transfect and do not have 

limited life time like primary cells, this make them advantageous in cell-based 

bioengineering. Nevertheless, realizing that HepG2 cells differ from hepatocytes which 

can be found in native tissue [266], [267], [268], adoption of three dimensional 

environment was a balanced solution. Implementation of biosensor and 3D cell culture is 

anticipated to ensure more predictive results for in vivo studies, as 3D models come closer 

to in vivo conditions than conventional 2D monolayer culture [269], [270], [271], [272], 

[273], [274] (an in-depth discussion concerining the development of 3D environment for 

CBB is continued in the chapter 5.3). The advantages of using cell based sensors include 

rapid growth and ease of culturing cells compared to complex experiments on tissues 

slices or animals. The mammalian cells can report information such as bioavailability, 

cellular metabolism, and physiological responses relevant to human and animals. This 

type of information is important for the development of functional biosensing. The 

opportunity of mammalian cells to imitate how the organism interacts with toxicants has 

become a fundamental tool for screening, sensing, and evaluating environment, food, or 

clinical hazards. Moreover, the implemented extracellular reporter system (SEAP) is 

advantageous considering 3D cell culture because preparation of cell lysates and thus 

extraction cells from hydrogels is not required. Aditionally, the kinetics of reporter gene 

expression can be easily studied by repeated collection of medium from the same cultures; 

analysed cells are not disturbed during measurement of SEAP activity and remain intact 

for further investigations, also background from endogenous alkaline phosphatase can be 

eliminated; and assay may be readily automated using multi-well plates. In turn, to 

confirm the desirability of considered molecular recognition, activation of the NF-κB 

pathway after exposure of cells to nanoparticles was analyzed using ELISA assay. 

Review of the literature [110], [275], [112] and obtained results presented on Figure 9 

complement each other, confirming that nanoparticles activate the NF-κB pathway. 

Additionally, usefulness of the designed reporter construct for nanoparticles cytotoxicity 

screening was examined initially on transiently transfected HepG2 cells with pNiFty2-

SEAP vector. Results presented on Figure 10 indicate increase of SEAP activity in 
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transiently transfected cells after incubation with ZnONP, SiO2NP and AgNP compared 

to untreated control. Moreover, analysis of the results on the Figure 10 point out high 

background and standard deviation. Therefore, unquestionably essential was selection of 

single clones to establish, optimize, validate sensor cell-based assay. 100% clonal purity 

allows conduction of the study using a defined and homogenous cell system. Furthermore, 

stimulation of sensor cells with TNF-α and LPS has been performed as a proof-of-concept 

setup. Clone 13 (Figure 12) stood out with the lowest background, linearity and with 

relatively small standard deviation. Therefore, this clone, was considered as a SuperClone 

and implemented for further experiments. Depending on, in which place of genomic DNA 

vector was inserted and in how many copies, transfected cells may display different 

expression levels of proteins coded in inserted plasmid. This statement may explain 

response with different sensitivity of analyzed clones after stimulation with LPS and 

TNF-α (presented on Figure A. 2, appendix). Moreover, mentioned above linearity of the 

signals is an essential feature of sensors because it indicates that an output is directly 

proportional to input over its entire range while, standard deviation emphasize precision 

of developed system. Because some reports warn that genetic modification of cells may 

have influence on cells basic functionality [276], it was important to examine the 

influence of cell transfection on cell proliferation and both modified and non-modified 

cell lines are characterized by similar growth rate with t=36 h needed for doubling their 

population (Figure 13), this value does not differ obtained from the supplier data. 

Similarly, cells sensitivity stayed unaltered (Figure 14). Both, modified and non-modified 

cell lines were stimulated with known inducers of cell death DMSO and ethanol. 4% (v/v) 

of DMSO and 8% (v/v) of ethanol provide 50% of cell death (t=24 h). Correlation 

between SEAP activity and number of NF-κB_HepG2 cells was also examined. As shown 

on Figure 17 the more cells present in the sample, the higher SEAP activity was detected. 

Therefore, to compare results between different experiments necessary was to design 

assays with exactly the same number of cells. Additionally, the minimum number of cells 

with implemented reporter system was determined and to detect stimuli ~250 cells is 

required (examined with strong activators NF-κB pathway), this density is relatively low 

in comparison to widespread used commercially available assays like MTT, LDH, where 

detectable signal is represented by ~1000 of cells. Furthermore, one year monitoring of 

NF-κB_HepG2 cells (Figure 15) indicate that transfected cells are characterized by a 

stable signal (in the meantime cells were frozen and thawed). Nonetheless, accomplished 

examination of storage conditions of cell culture supernatant (Figure 16) warns against 
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work with outdated samples (older than 1 week, -80˚C). Keeping this in mind all 

presented experiments were carried out on fresh samples.  

5.2 Application of whole cell-based biosensor  

in 2D environment 

The created biosensor responds optimally to bioactive analytes, is characterized by fast 

response time, label-free experimentation and simple protocol. Therefore, developed 

HepG2-based biosensor is a useful tool to study the physiological effects of analytes. As 

(Figure 18) display NF-κB_HepG2 cells detect toxic effect of NP even after 2h of 

exposure time, NF-κB signaling belongs to rapid acting, therefore, NF-κB pathway seems 

to be perfect screening signaling of cytotoxicity in very early stage. This can be explained 

by NFκB-transcription factors, which are present in cytoplasm in an inactive form and do 

not require new protein synthesis in order to be activated. This allows NF-κB to be fast 

responder to harmful cellular stimuli. Whole cell-based biosensors measure bioavailable 

rather than total quantities of chemicals. Furthermore, in adopted inducible promoter; the 

reporter signal level increases with stressor concentration/ incubation time and after reach 

a maximum value signal decreases due to the toxic effect on the cell (damage of 

biosensor; Figure 37). The critical concentration value will depend on the degree of 

cellular resistance to the stimuli (for AgNP 15 µg/ml t=8 h; for SiO2NP 500 µg/ml t=6 h 

and for ZnONP 80 µg/ml t=8 h in monolayer). Furthermore, selected threshold 

concentrations (for AgNP 3.75 µg/ml; for SiO2NP 125 µg/ml and for ZnONP 20 µg/ml) 

are the lowest concentrations detectable in monolayer cell culture with developed system 

after t= 2h stimulation. Application of lower doses require longer incubation time to 

observe significant response of NFkB_HepG2 cells. Comparison of the data obtained 

from nanomaterials toxicity assessment applying sensor cells (Figure 18) and 

commercially available assay (Alamar Blue; Figure 8) display higher sensitivity of 

developed system. All commercial assays based on the reduction of tetrazolium salts 

differentiate cells into death and viable. Even in the terminal phase of the toxicity (late 

apoptosis) cells still are able reduce tetrazolium salts and are counted as a viable cells. 

This explain long incubation time of toxic compounds with this kind of assays. Therefore, 

NFκB_HepG2 cells seems to be attractive alternative for assessment toxicity of pro-

inflammatory agents in early stage and short time. 
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Figure 37. Turn on assays use inducible promoters; the reporter signal level increases with increasing concentration of 

analyte or incubation time. This reporter signal may reach a maximum value, after which decreases due to the toxic 

effect on the cell. 

Measurements taken from mRNA and protein levels are complementary and both are 

indispensable for a complete comprehension of how the NFκB_hepG2 cell works. To 

quantify NF-κB activation by real-time PCR the expression of IκB-α mRNA was 

analyzed (according to explanation in chapter: 2.2.5.1) Maximum expression of ikB-α 

mRNA (Figure 19) was recorded after 2h stimulation with examined NP whereas, 

maximum abundance of reporter protein was noticed after 6h after stimulation for SiO2NP 

and 8h for AgNP and ZnONP. Naturally, cells needs more time for translation and post-

translations modification in compare to transcription what may explain shift in the 

observed time. Moreover, mRNA levels after 4 h stimulation with all kind analyzed NP 

decreased and reached a plateau what can be assumed to relatively short half-life time of 

the transcript and switching pro-inflammatory pathways into pro-apoptotic pathways 

what results in inhibition of expression reporter gene. Now, highly stressed cells direct 

the metabolism into death, instead of expressing redundant reporter protein. Additionally, 

it was observed the highest mRNA level after stimulation with ZnONP among tested 

nanomaterials what correspond as well to protein abundance after stimulation with this 

kind of nanoparticles. 

Still challenging is the issue of establishing a nominal and effective dosimetry of 

nanoparticles in cytotoxicity assays. Teeguarden et al. [277] estimated that only a small 

fraction of nanoparticles in the lower part of the suspension would reach cells by 

sedimentation and predicted problems in determining the nominal dose of NP in in vitro 

experiments. Another hypothesis put forward by Lison et al. [278] states that the most of 
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NP will interfere with adherent cells and impose biological effects (because of convection 

forces). Furthermore, the pH, protein/electrolyte content and viscosity of cell culture 

medium firmly influence on the agglomeration process [279], [280] and may cause 

significant differences in the estimation of toxic doses. Considering the above mentioned 

aspects the state of agglomeration was verified by DLS measurements (Table 4). Size of 

ZnONP, AgNP and SiO2NP examined by DLS was higher than this obtained from the 

supplier (based on TEM measurements). This is attributed to not only the intrinsic 

features of DLS analyses based on light scattering measurements but to the agglomeration 

of particles in the culture media as well. As a rule, image analysis based on the TEM 

micrographs gives the ‘true radius’ of the particles, and DLS assures the hydrodynamic 

radius on an ensemble mean, resulting in that the particle size observed using DLS is 

bigger than the actual single particle size [281]. According to obtained results ZnONP 

have a high susceptibility to agglomerate in cell culture media, such that the noticed toxic 

effect is provided not by single ZnONP but also by their agglomerates which may 

accomplish sizes of about 150 times larger than single nanoparticles. In contrast, AgNP 

and SiO2NP do not have a substantial tendency to agglomerate in cell culture media. 

Dispersion and stability of tested nanoparticles are relevant in biological application. 

Therefore, nanoparticles were sonicated directly before toxicity assays to examine toxic 

effect of the NP agglomeration state. Results (Figure 7) showed higher cytotoxicity of 

sonicated NP. This observation may be explained that for cells is easier uptake smaller 

molecules, thus, noticed higher toxic effect. Sonication is commonly used to break up 

agglomerated NP which usually performed in a solvent. The size of dispersed 

agglomerates of NP depends on the suspension milieu such as volume of suspension 

solution, solvent type and concentration. In sonication, oscillation of liquid induce 

nucleation and collapse of solvent bubbles; bubble assembling and collapse at the surface 

of solids can be very efficient in chopping solids. In this technique, breaking the 

agglomerates is usually regulated by power, time and dispersion volume. However, 

sonication couldn’t prevent long term agglomeration of nanoparticles [282], [283], [284]. 

Due to the extremely high surface-to-volume ratio of NP, nanomolecules have a very 

active surface chemistry in comparison to bulk biomaterials. Therefore, in biological 

applications, they aim to reduce their large surface energy by interacting with the medium 

components in which they are dispersed. Obtained results confirm that FBS which 

contains proteins can bind NP and reduce their toxic potential (Table 5). Significant lower 

cytotoxicity was observed when cells were cultivated in medium with 10% FBS. 
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According to this observation, it is recommended to perform all toxicity measurements 

under serum-deprived conditions (1 % FBS). To be able to compare the results between 

different experiments, the validation of an analytical procedures was necessary. In 

presented study were maintained always exactly the same experimental conditions. It 

means NP were always sonicated directly before experiments and cells were deprived 

FBS for toxicity assays. Furthermore, the optical properties of some NP may interfere 

with the endpoint measurement of absorbance in a biochemical assay. Possible 

interference effects (such as surface plasmon resonance and quantum confinement) that 

can initially from varying size, shape, surface modality, inter-particle interaction and 

composition make optical characterization of each NP species essential. Higher 

concentrations of NP have greater probability of interfering with assay function, and the 

use of high concentrations is not rare in toxicological research based on cells metabolic 

activity assays [233], [285]. Therefore, NP concentration should be limited in the final 

sample, this rise next advantage of developed in this study reporter assay, where in final 

step analyzed supernatant is centrifuged to get rid of NP unabsorbed by cells and toxicity 

of analyte may be analysed in lower concentration, since sensor NF-κB_hepG2 cells are 

characterized by greater detection limit than above mentioned cell-based assay. 

5.3 Implementation of 3D cell culture as an 

environment for CBB 

The presented methods of hydrogel preparation ensure successful, rapid and simple 

protocols for large-scale generation of spheroids with hepatocytes. Despite, primary 

hepatocytes taken directly from a living tissue are still recognized as the most dependable 

model in a toxicity tests, some reports show that immortal hepatocytes can recover liver-

like functionality when cultivated in three dimensions [286], [287]. This assumption was 

verified in this study, showing that HepG2 cells achieved liver-like cell functionality in 

3D environments as deduced from light-level production of albumin and urea by the 

HepG2 cells that was not observed with the same cells in conventional 2D culture (Figure 

27). Interestingly, HepG2 cells growing in Matrigel 3D matrix were able to recover 

hepatocyte-typical activity as judged by the production of albumin and urea, but the cells 

required at least 7 days to recognize the 3D shape of their environment. It is to be expected 

that the 3D environment requires adaptation for individual cell lines, but it may be 

predicted that other cell lines, including cancer cells, may acquire in situ-like properties 
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not observed in conventional cell culture and thus provide ,more predictable and 

representative experimental results for in vivo cytotoxicity assessments. All presented 

hydrogels have three-dimensional geometry, are highly porous (Figure 23 and Figure 24) 

and allow to exchange medium, water-soluble waste, and gases. Additionally, they are 

based on the natural polymers that normally build the surroundings of cells in tissues in 

vivo. The highest proliferation activity of HepG2 cells was observed in Matrigel (Figure 

25), which could be assigned to the surface properties of this material. Contact angle 

measurements showed that Matrigel provided the highest wettability of tested hydrogels 

(Table 6) that is in a good agreement with the literature and the observation that liver cells 

prefer to settle and proliferate on hydrophilic substrates [257]. Moreover, a high growth 

rate may be assigned to residual growth factors which are reduced but usually cannot be 

fully eliminated from Matrigel. Similarly, the highest diameter size of spheroids was 

observed when HepG2 cells were embedded in Matrigel (Figure 26). Nevertheless, high 

error bars indicate that cells form spheroids with various sizes. Even after the most 

accurate initial reagglomeration cells (by pipetting) and their mixing with the hydrogel, 

standardization of spheroids size was not fully solved. An interesting phenomenon is the 

issue of long-term plateau phase: spheroid stopped growing, but all the time (over 26 days 

observation) cells in the outer part were viable. High viability was confirmed by live/dead 

staining performed in 26 day of culture (Figure A. 5, appendix). This phenomenon is not 

common in classical culture system in vitro, where space limitations result in 

degeneration of the culture and its gradual dieback. However, the condition of 

maintaining a constant number of viable cells is a characteristic feature of the 

environment in vivo homeostasis. Homeostatic mechanisms are not fully understood in 

3D cell culture. Nevertheless, the observation of growth arrest of the spheroids in 

hydrogels may be a result of signaling pathways that inhibit cell growth analogously to 

the in vivo situation. Based on the available results it is not possible to place bolder 

hypothesis, however, the developed system proved to be a good model for future studies 

of this phenomenon. Obtained results indicate that Matrigel is the most suitable 

environment for HepG2 cells in this study and obtained data emphasize the importance 

of proper selection of the three dimensional environment and demonstrates how slight 

distinctions in concentrations of natural polymers, sizes of pores, wettability, and 

morphological differences in the structure of hydrogels can make a difference in cell 

physiology, which is the basis for their use as sensor cells to generate suitable predictions 

of cytotoxicity of test compounds. In 2D culture, cells adhere and grow on a flat surface. 
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Monolayer framework allows all of the cultivated cells to obtain a homogenous amount 

of nutrients from the medium during growth. Since death cells are usually detached from 

the surfaces and easily removed during medium change therefore, the monolayer is 

mostly composed of viable cells. Cells grown in 2D culture are usually more flat and 

stretched than they would appear in vivo. When cells grown in 3D environment are in 

contact with matrix and other cells, so that the cell morphology closer resembles its 

natural shape in the body. Furthermore, spheroids are comprised of cells in different 

stages (including proliferating, semi sleeping - quiescent, necrotic, apoptotic and hypoxic 

cells). The outer layers of a spheroid represent proliferating cells, which are highly 

exposed to the medium. The core cells receive less oxygen, growth factors, and nutrients 

therefore tend to be in a semi sleeping- quiescent or in a hypoxic state. Described cellular 

heterogeneity is more similar to native tissues and because the morphology and the 

interactions of cells grown in 3D environment is more similar to what occurs in vivo, the 

cellular processes of these cells also closely emulate what is seen in native tissue. 

Figure 38. The structure of the 10 days old spheroid, (A) view of the individual channels of a multi-channel image; 

(B) recording images of spheroid at different focal planes of the entire sample volume. This “Z stacks” was generated 

by incrementally stepping through a sample using a focal drive, (spheroid stained with calcein AM (green, viable cells) 

and propidium iodide (red, dead cells)). Scale bar 20 μm. (C) 2.5D view of HepG2 cells with display of the two-

dimensional intensity distribution of cells in a pseudo 3D mode. 

C 
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Wrzesinski et al. [288] showed that cells are much more sensitive to toxins shortly after 

trypsinization. Typically a 4 days old 80% confluent cell culture is not the same as a 1 

day old 80% confluent cell culture: cell will have metabolic activity and reactivity at 

different levels. On that account, all the presented toxicity assays were conducted after 8 

days of cultivation cell in monolayer (~90% of confluence) and with 8 days old spheroids 

in 3D environments. Assessment of NP-induced cytotoxicity in 3D cell cultures shows 

lower toxic effects in comparison to the same exposure time and dose in monolayers 

(Figure 28). In the monolayer culture, cells are in contact with about 50% of their surface 

with a solution of NP, what results in high mortality of cells. Additionally, cells grown 

on flat surfaces possess an abnormal architecture and are typically under mechanical 

stress which results in lower tolerance to negative external environmental stimuli, 

whereas cells in 3D (representing their native shape) are less susceptible to environmental 

pressures. Moreover, the most straightforward explanation for increased resistance in 3D 

cultures to NP-mediated toxicity is that the cells inside the spheroids may be protected 

from NP penetration by the cells in the outer layer of the spheroid. In addition, the lower 

toxicity of NP in the 3D cultures may be due to the hindered diffusion through the 

hydrogels and therefore, decreased NP uptake and penetration into the inner layers of the 

spheroids [289]. Furthermore, after exposure spheroids to xenobiotics a most of well 

oxygenated external cells die. Subsequently, quiescent cells that become situated at the 

periphery of the spheroids have better access to nutrients. These quiescent cells thus 

return to the cell cycle and resume growth. Putting forward broader finding, spheroid 

heterogeneity it could be valuable model of tumors heterogenity and their response to 

anticancer drugs [290].  

Another aspect worth mentioning concerns cell viability and the influence of the 

frequency of dosing with NP, what is usually ignored in the basic research. The entire 

system including time point of application should be considered to be a step closer to the 

natural conditions. Therefore, the dosage effect of nanoparticles on the dynamics of 

disintegration of spheroids was investigated (Figure 30). Here, two models of dispense 

dosage were applied: frequent dosage of small concentrations and less frequent dosage of 

higher concentrations. The first regime turned out to be more toxic, indicating that the 

influence of NP dosing on their toxicity can be determined even at the level of in vitro 

studies in 3D models. Moreover, microscopic observation of decreasing spheroid 

dimensions is low-cost, easy to conduct and is suitable for long-term observation of 



 

 

  94 

exactly the same spheroids as opposed to other viability assays requiring termination of 

a cell culture. Complexity of cell culture model determines toxic effect of xenobiotics. To 

be able transfer results from in vitro to in vivo level many aspects should be considered 

like mentioned dosage effect, long time exposure, therefore possible cytotoxicity of 

metabolites of analyzed compounds. Nevertheless, cells surrounding, have prominent 

influence on their resistance and functionality in general.  

5.4 Application of whole cell based biosensor in 3D 

environment 

Because, Matrigel proved to be the most proper environment for HepG2 cells, therefore, 

Matrigel was implemented as a 3D milieu for sensor cells to improve predictive value of 

cytotoxicity assays. Comparison of the dose and time depended detection of the 

nanomaterials toxicity between sensor cells in 2D and 3D environment showed higher 

precision of NF-κB_HepG2 cells in Matrigel. Demonstrated data on Figure 31 indicate 

lower standard deviation compared to exactly the same experiment performed using 

monolayer cell culture (Figure 18). As expected relative response of sensor cells in 3D 

environment was lower compared to monolayer cell culture. This may be explained by 

higher resistance to nanomaterials of cells in 3D environment. Since, cells in native tissue 

create multilayer structures with hindered diffusion of chemicals and uneven exposure of 

cells to external stimuli, developed 3D system seems mimic native tissue more closely. 

Moreover, Figure 32 demonstrates successful application NFκB_HepG2 cells in basic 

screening of nanomaterials with different sizes and chemical composition. Moreover, 

sensor cells exhibit detection of NP toxicity at lower concentration and shorter incubation 

time compared to commercially available assays based on metabolism activity of cells. 

There are many efforts in understanding the effects of various nanoparticles on cell 

viability and metabolism, however, not much is known regarding the distinct molecular 

mechanisms of inflammation and cellular stress using low exposure concentrations. 

Therefore, developed NF-κB_HepG2 cells address perfectly this gap in the literature. 

Developed biosensor may be used in a basic screening of all components which activate 

NF-κB pathway and since, heavy metals are inducers of pro-inflammatory pathways 

[291], [292]. Therefore, to verify this concept NF-κB_HepG2 cells were stimulated with 

NiSO4 and CdCl2. Data shown on Figure 33 and Figure 34 dose-depended response of 

sensor cells and similarly, like in the case of nanomaterials, high concentration of heavy 
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metals provide decrease in signal due to their damage. Created biosensor can be applied 

in basic screening without the exact analysis of the interaction mechanism between NP 

and living systems. Nonetheless, already application of NF-κB_HepG2 cells gives 

information whether the analyzed analyte is characterized by pro-inflammatory action. 

Taking into account the use of described system in technology, NF-κB_HepG2 cells may 

be an advance screening system with simple procedure for companies which produce 

nanomaterials for accessing the risks posed by chemicals and providing proper safety 

information to their users. 

Nevertheless, CBB have some feature that might limit their application. Unlike to 

nucleic acid- or antibody-based methods, CBBs are unsuitable for the identification of 

the analyte. Activation of cell signaling pathways or cell death may be the results of 

exposure to multiple stimuli. Therefore, cell-based biosensors may give rather an answer 

if analyte is toxic in physiological range to the cells than what kind of components contain 

examined sample. Undoubtedly interaction of chemicals with living cells are complex 

and involved many intracellular pathways. Until now CBB which are specific to exactly 

one type of analyte were not described. Therefore, to improve specificity of cell-based 

biosensor, reporter expression should be regulated by multiple response elements or 

bioengineered cells should express artificial receptor which is selective to particular 

analyte and linked with intracellular signaling cascade. 
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6 SUMMARY 
The emergence of human-based models is incontestably required for the study of 

complex physiological pathways and validation of reliable in vitro methods as alternative 

for in vivo studies in experimental animals for toxicity assessment. With this objective, 

three dimensional environments for human cells were developed and tested using three 

different types of hydrogels including transglutaminase-crosslinked gelatin, collagen type 

I and growth-factor depleted Matrigel. Cells grown in Matrigel exhibited the greatest cell 

proliferation and spheroid diameter. Moreover, urea and albumin analysis indicated that 

the created system allows the immortalized liver cell line (HepG2) to re-establish normal 

hepatocyte-like properties which are not observed under the conditions of conventional 

cell cultures. This study presents a reproducible technology for production of complex-

shaped liver multicellular spheroids as a system which improves the predictive value of 

cell-based assays for safety and risk assessment. The time- and dose-dependent toxicity 

of nanoparticles demonstrates higher cytotoxic effects when HepG2 cells grown as 

monolayer than embedded in hydrogels. The experimental setup provided evidence that 

cell environment has significant influence on cell sensitivity and that liver spheroids are 

useful and novel tools to examine NP dosing effect even at the level of in vitro studies. 

 Moreover, the created cell-based biosensor responds optimally to bioactive analytes, 

has a fast response time, offers label-free experimentation and simple procedures. 

Besides, the developed NF-κB_HepG2 cells enable detect cytotoxicity of variety 

nanoparticles with different chemical composition, size, tendency of agglomeration or 

cytotoxic potential and other stimuli which activate NF-κB signaling (e.g. heavy metals), 

in very early stage, before cell death, in short time even after 2 h time exposure as opposed 

to widely used commercially available cell-based assays like MTT, XTT Alamar Blue or 

LDH. Successful modification of HepG2 cells resulted in generation of novel NF-

κB_HepG2 sensor cells with extracellular reporter protein (human secreted alkaline 

phosphatase) and its application in cytotoxicity of nanomaterials detection has not been 

investigated before. The developed NF-κB_hepG2 cells may also provide a useful tool to 

study distinct molecular mechanisms of inflammation and cellular stress using low 

exposure concentrations of cell irritants. The presented sensor based on human cells in 

three dimensional milieu provides a novel application for nanoparticles screening that 

joins the complex in vitro model imitating living tissue with high throughput analytical 
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methods. This system can be applied to a wide diversity of potentially hostile compounds 

in basic screening to provide initial warning of adverse effects and trigger subsequent 

analysis and remedial actions. 
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7 ZUSAMMENFASSUNG 
Die Entwicklung von Zellmodellen basierend auf humanen Zellen ist eine 

unbestrittene Voraussetzung zur Untersuchung komplexer physiologischer 

Stoffwechselwege und die Validierung zuverlässiger in vitro Methoden als Alternative 

zu in vivo Studien im experimentellen Tierversuch zur Toxizitätsbeurteilung. Mit diesem 

Ziel wurden dreidimensionale Umgebungsstrukturen unter Verwendung drei 

verschiedener Typen von Hydrogelen, darunter Transglutaminase-vernetzte Gelatine, 

Collagen Typ I und Wachstumsfaktor-freies Matrigel, für humane Zellen entwickelt und 

getestet. Die in Matrigel kultivierten Zellen zeigten die größten Proliferationsraten und 

Spheroid-Durchmesser. Darüber hinaus deuten die Harnstoff- und Albumin-Analyse 

darauf hin, dass das entwickelte System der immortalisierten Leberzelllinie (HepG2) das 

Wiederherstellen normaler Hepatozyten-ähnlicher Eigenschaften, die nicht unter den 

Bedingungen der konventionellen Zellkultur auftreten, ermöglicht. Diese Arbeit 

präsentiert eine reproduzierbare Technologie zur Herstellung komplex geformter 

multizellulärer Leberzell-Spheroide als ein System zur Verbesserung des 

Vorhersagewertes von zellbasierten Assays zur Sicherheits- und Risikobeurteilung. Die 

zeit- und dosisabhängige Toxizität von Nanopartikeln demonstriert bei Wachstum der 

HepG2 Zellen als Monolayer höhere zytotoxische Effekte als beim Einbetten der Zellen 

in Hydrogele. Der experimentelle Aufbau bewies, dass das Umgebungsmilieu einen 

signifikanten Einfluss auf die Sensitivität der Zellen hat und Leberzell-Spheroide ein 

nützliches und neues Werkzeug zur Untersuchung von dosisabhängigen Effekten von 

Nanopartikeln selbst im Dosisbereich der in vitro Studien darstellen. 

Darüber hinaus reagiert der entwickelte zellbasierte Biosensor optimal auf bioaktive 

Analyte, zeichnet sich durch eine schnelle Ansprechzeit aus und bietet eine 

markierungsfreie und einfache experimentelle Prozedur. Zudem ermöglichen die 

entwickelten NF-κB_HepG2 Zellen die Detektion der Zytotoxizität einer Vielzahl von 

Nanopartikeln mit unterschiedlicher chemischer Zusammensetzung, Größe, Tendenz zur 

Agglomeration oder zytotoxischen Potential und anderen Stimuli, die den NF-κB 

Signalweg in einem sehr frühen Stadium vor dem Zelltod auslösen (z.B. Schwermetalle). 

Im Gegensatz zu weit verbreiteten kommerziellen zellbasierten Assays wie dem MTT-, 

XTT-, Alamar Blue oder LDH-Test erfolgt die Detektion in sehr kurzer Zeit bereits nach 

zwei Stunden. Die entwickelten NF-κB_HepG2 Zellen könnten ein nützliches Werkzeug 
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zur Untersuchung bestimmter molekularer Mechanismen der Entzündungsreaktion und 

des zellulären Stresses unter Verwendung geringer Konzentrationen der reizenden 

Substanzen darstellen. Der auf humanen Zellen in einem dreidimensionalen Milieu 

basierende präsentierte Sensor liefert eine neue Applikation zum Nanopartikel-Screening, 

die ein komplexes, lebendes Gewebe imitierendes in vitro Modell mit Hochdurchsatz-

Analytikmethoden verbindet. Dieses System kann für die grundlegende Überprüfung 

vieler potentiell gefährlicher Substanzen verwendet werden, um frühe Hinweise auf 

schädliche Effekte zu geben und weiterführende Analysen und Gegenmaßnahmen zu 

veranlassen. 
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9 APPENDIX  

 

Figure A. 1 Schematic overview of single colony selection. Transfected cells were supplemented with selective 

medium supplemented with 300 µg/ml zeocin. After, cells reached ~100% confluency, were trypsinized and highly 

diluted plated on a 6-wellplate (~50 cells / well). After 8 days of cultivation single colonies were picked up with sterile 

filter paper soaked with trypsin and transferred to single well. 
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Figure A. 2. Screening of clones after stimulation with TNF-α and LPS; t= 6h; (n= 3 ± SD). 
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Figure A. 3 Selected examples of standard curves of housekeeping gene (GAPDH) and target gene (IκBα) ( axis Y –fluorescence; axis X –cycle) with melting curve of Real-Time-

PCR products (axis Y- dF/dT; axis X- temperature (˚C)). Screenshots from software Rotor-Gene 6000 Series Software 1.7 (Qiagen). 
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Cross linking with glutaraldehyde 
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Cross linking with acetic acid 
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Figure A. 4 Schematic overview of the workflow of cross-linking gelatin development. Acetic acid and glutaraldehyde 

in different concentrations as cross-linking agents were examined with different concentrations of gelatin. However, 

both of them were problematic due to difficulties to remove their excess, which resulted in cell cytotoxicity. 
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Figure A. 5 26 days old spheroid on Matrigel. Gallery view display images of Z-stuck series from outer part of spheroid till 32.98 µm inside. External part of spheroid contain 

viable cells and dead cells start appear 10µm deeper.Spheroid stained with calcein AM (green, viable cells) and propidium iodide (red, dead cells). 
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