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Summary 

 
 

The first article on the toxicity of engineered nanomaterials (ENMs) was published in 2004, a time 

considered to be as the birth of nano(eco)toxicology. More than a decade later now, almost three 

thousand articles have been published on this topic, but challenges in this study field still remain. 

More and more studies are being produced  with focus on (1) new released ENMs, (2) commercial 

ENMs, (3) understanding toxicity mechanisms, (4) getting closer to target application conditions, 

and (5) studying more about the composition of ENMs. Additionally, ENMs change their own 

properties and behaviour during exposure conditions, e.g. they agglomerate, aggregate, sediment, 

interact with biomolecules and change colour. The standard OECD methods for the toxicity 

assessment of chemicals have been adapted for the toxicity testing of ENMs. However, they are 

difficult to apply in realistic conditions. Therefore, seeking or employing appropriate methods in 

nano(eco)toxicology is still an urgent need. 

This thesis summarises the impacts of iron-based nanomaterials (NMs)/nanoparticles (NPs), 

including functional magnetic (Fe3O4) and zero-valent iron (ZVI) NMs/NPs. The study not only 

contributes to the toxicity data of iron-based NMs/NPs, but also brings some new modified methods 

and employs advanced methods to the study of toxicity. A notable outcome was that my study 

moved from single microorganism strains to natural microbial communities.   

First, functional Fe3O4-based NMs/NPs were used for obtaining toxicity methods on a lab scale and 

on single bacterial strains. The particles/materials were functionalized for bio applications. The 

biological effects of these particles on microorganisms were applied to two single bacterial strains: 

Gram-negative Escherichia coli and Gram-positive Staphylococcus aureus. The basic methods were 

modified for Fe3O4 particle studies including bacterial growth rate, cell viability and morphology, 

as well as DNA damage. The growth rate method was the main method carried out in this study. It 

was a feasible, economic and less time-consuming method and gave useful data: growth inhibition 

or effective concentration (EC). Combining all methods was found to be the most efficient frame 

for interpreting the toxicity results. The negative effects of Fe3O4 materials were selected on types 

of chemical functionalized roots, bacterial strains, as well as synthesis methods. 

Secondly, the toxicity study of iron zero-valent (ZVI) NMs/NPs was performed and deemed truly 

necessary because these NMs/NPs are put into the environment for various purposes. The ZVI 

particles have potential for the remediation of contaminated soil or groundwater or surface water 
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due to their strongly reactive properties. The ZVI particles were modified to improve their 

properties in in situ applications to effect lower aggregation, and higher mobility. The target 

microorganisms for my ZVI toxicity study were investigated (1) in lab conditions with particular 

soil Gram-negative Pseudomonas putida (under aerobic condition), Gram-positive Clostridium 

perfringens (anaerobic condition), and unicellular green alga Chlamydomonas sp., and (2) in in-situ 

conditions with natural microbial communities in freshwater and groundwater. The 

methods/endpoints involved the growth rate of bacteria/algae, viable bacteria, bacterial 

morphology, algal membrane integrity, ROS formation for lab scale and the effects on whole 

bacterial communities in freshwater. Notably, as far as is known this study was the first to apply 

next-generation sequencing to environmental samples. 

Through this study I found that in terms of methods: (1) to be able to interpret the results correctly, 

it is necessary to carry out combined methods for toxicity; (2) it is more useful to select methods 

which apply from the lab to in-situ study. The functionalized Fe3O4 NMs/NPs showed more 

negative effects on Gram-positive compared to Gram-negative bacteria, and these effects depended 

on functional modifications as well as techniques of synthesis. The studied ZVI caused effects 

depending on their properties (size, shape, surface charge, modifiers) and the proportion of reactive 

Fe(0). ZVI had negative effects on anaerobic than aerobic bacteria in 24h in lab study. 

Chlamysomonas sp. was more sensitive to the ZVI after 2h compared to 24h. The ZVI effect was 

positive in-situ in a long-term experiment, which could indicate that the ZVI reduces concentrations 

of pollutants and thus facilitates bioremediation processes. The effects of ZVI in underground and 

reservoir water often showed toxicity at the beginning application and the ZVI concentration 

quickly decreased due to its reaction with existing organic compounds and oxygen in the water. The 

ZVI impact on natural microbial communities is thus low and shortlived. 

 

Keywords: toxicity, nanomaterials, ZVI, functional Fe3O4-based materials, Escherichia coli, 

Staphylococcus aureus, Chlamydomonas sp., Clostridium perfringens, bacterial communities 
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Abstrakt 

 
První článek o toxicitě syntetických nanomateriálů („engineered nanomaterials“, ENMs) byl 

publikován v roce 2004 a je považován za zrod nano(eko)toxikologie. Více než deset let poté 

vzniklo téměř tři tisíce publikací na toto téma. Stále více studií se zabývá (1) nově vytvořenými 

ENMs, (2) komerčně dostupnými ENMs, (3) porozuměním mechanismu jejich toxicity, (4) 

vytvořením podmínek pro jejich aplikace a (5) detailnějším studiem složení ENMs. Typickou 

vlastností ENMs je, že v průběhu testování toxicity mění své chování, tj. aglomerují, tvoří agregáty, 

sedimentují, interagují s biomolekulami a dochází ke změnám zabarvení prostředí. Standardní 

OECD metody pro stanovení toxicity chemických látek byly upraveny pro hodnocení ENMs, avšak 

je poměrně obtížné aplikovat tyto metody v reálných podmínkách, což je důvodem pro snahu najít 

lepší metody pro nano(eko)toxikologii. 

Tato dizertační práce shrnuje dopady materiálů na bázi železa, konkrétně částic z magnetického 

Fe3O4 a nula-mocného železa („zero-valent iron“, ZVI), studiem toxicity těchto částic a zavedením 

některých nově modifikovaných a pokročilých metod. Důležitým výstupem této práce je přechod ze 

studia jednotlivých mikroorganismů k přirozeně se vyskytujícím mikrobiálním společenstvům. 

Nejprve byly vybrány Fe3O4 materiály připravené pro bioaplikace, na nichž byly použity 

toxikologické metody laboratorního měřítka a to na jednotlivých bakteriálních kmenech. Biologický 

efekt těchto částic/materiálů byl sledován na dvou bakteriálních kmenech: gram-negativní 

Escherichia coli a gram-pozitivní Staphylococcus aureus. Základní metody modifikované pro 

Fe3O4 částice zahrnovaly stanovení rychlosti růstu, buněčné životaschopnosti, změny morfologie a 

poškození DNA. Metoda sledování rychlosti růstu byla stěžejní metodou především proto, že je 

snadno realizovatelná, levná a méně časově náročná ve srovnání s ostatními metodami, přičemž 

poskytuje užitečné informace o inhibici růstu a efektivní koncentraci („effective concentration“, 

EC). Kombinace všech metod poskytla velmi dobrý nástroj pro popis výsledků toxicity. Účinek 

Fe3O4 materiálů byl výsledkem typu jejich funkcionalizace, metody syntézy a vybraného 

bakteriálního kmene.     

Dále byla sledována toxicita částic/materiálů z nula-mocného železa (ZVI), které je ve formě částic 

využíváno díky jejich vysoké reaktivitě pro remediaci znečištěné půdy, a podzemních nebo 

povrchových vod. Testované ZVI částice byly speciálně upravené pro in situ aplikace snížením 

tendence k agregování a zvýšením jejich mobility, přičemž jejich toxicita byla sledována na (1) 
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půdní gram-negativní Pseudomonas putida v laboratorních podmínkách (aerobně), gram-pozitivní 

Clostridium perfringens (anaerobně) a jednobuněčné zelené řase Chlamydomonas sp.; (2) in situ na 

přirozeně se vyskytujících mikroplanktonních společenstvech. Testovací metody zahrnovaly 

stanovení rychlosti růstu bakterií/řas, životaschopnosti a změny morfologie bakterií, membránové 

integrity řas, vznik reaktivních kyslíkových radikálů („reactive oxygen species“, ROS) a celkový 

vliv na bakteriální společenstva ve spodní a povrchové vodě. Nutno zdůraznit, že v této práci bylo 

na environmentálních vzorcích poprvé použito sekvencování příští generace.  

Při výzkumu bylo dosaženo těchto znalostí z hlediska použitých metod: (1) pro stanovení toxicity je 

nutné kombinovat metody, aby bylo dosaženo správné interpretace získaných výsledků; (2) je lepší 

vybrat takové metody, které lze převést z laboratoře i na výzkum in situ. Fe3O4 materiály 

vykazovaly výraznější negativní efekt na gram-pozitivních bakteriích oproti gram-negativním, a to 

jak v důsledku funkčních modifikací, tak v důsledku technologie přípravy těchto materiálů. 

Působení ZVI částic záviselo na jejich vlastnosti a podílu reaktivního Fe(0). Navíc bylo v rámci 24 

hodinového laboratorního experimentu zjištěno, že ZVI částice měly negativní efekt především na 

anaerobní bakterie. V případě dlouhodobého in situ experimentu ZVI částice prokázaly určitý 

pozitivní účinek, tím že snižují vysoké koncentrace polutantů a tím umožňují bioremediační 

procesy. Účinek ZVI v podzemní a zásobní vodě v počátku aplikace často ukazova na jejich 

toxicitu, ale jelikož koncentrace ZVI rychle klesla díky reakcím s přítomnými organickými 

sloučeninami a přítomným kyslíkem, lze tvrdit, že jejich dopad na přirozeně se vyskytující 

mikrobiální komunity je velmi malý a spíš krátkodobý. 

 

Key words: toxicita nanomateriálů, ZVI, Fe3O4 materiály, Escherichia coli, Staphylococcus 

aureus, Chlamydomonas sp., Clostridium perfringens, mikrobiální společenstva  
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1. Background and aims 

 

Nanotechnology is the study of materials and particles in nanoscale. A nanomaterial is defined 

as a "natural, incidental or manufactured material containing particles, in an unbound state or as 

an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number 

size distribution, one or more external dimensions is in the size range 1 nm-100 nm“ 

(https://ec.europa.eu/jrc/en/science-update/jrc-report-reviews-measurement-methods-

nanoparticle-sizing). The nanoscales of materials or particles that are engineered for purposed 

applications, are called engineered nanomaterials (ENMs). They have been found to have 

outstanding advantages due to their distinct properties. In parallel, there have been concerns 

about whether they pose potential risks to health and the environment. 

In 2004, the first paper was published on the toxicity of ENMs (Oberdörster, 2004). At the 

same time, a major review of the opportunities and uncertainties of nanotechnologies (RS/RAE 

2004) was released by the Royal Society and the Royal Academy of Engineering, which 

highlighted the potential risks to health and the environment that may arise from exposure to 

nanomaterials, especially nanoparticles (ISBN 0 85403 604 0, 2004). Therefore, this time 

marked the birth of ENM toxicity assessment. 

In a pool of new ENMs, iron-based materials, including magnetic (Fe3O4) and ZVI materials, 

have attracted a high level of interest because of their merits: easy and cheap synthesis. In 

particular, magnetic iron oxide particles have been employed in an increasing number of  

applications (Ali et al., 2016; Mohammed et al., 2017) because of their biocompatibility, 

superparamagnetic behaviour and chemical stability, which are primarily suitable for biological 

and biomedical applications (Liu et al., 2013; Mahdavi et al., 2013). The magnetic particles 

also show as adsorbents in water treatment, providing a convenient approach for separating and 

removing the contaminants (metals) by applying external magnetic fields (Carlos et al., 2013). 

ZVI has  great reactivity, and has been used for cleaning up a wide range of contaminants in 

soil and groundwater, including metals, non-metal inorganic species, halogenated aliphatics, 

halogenated aromatics and other organic compounds (Yan et al., 2013; Mueller et al., 2012; 

Ševců et al., 2017; Němeček et al., 2015). On the other hand, iron materials/particles need to 

improve their properties by functionalizing or synthesizing for desired utilizations (Li et al., 
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2006; Blaney, 2007; Yan et al., 2013; Ribas et al., 2016; Wacławek et al., 2017). 

With an increasing number of applications being conducted with iron-based, engineering 

aspects related to their functions, the toxicological impacts of iron materials have received 

increasing attention. The toxicity of the materials depends on (1) their characteristics, such as 

chemical composition, size, shape, modification, life stage; (2) exposure conditions regarding 

sterilized nutrient medium, natural environmental medium, temperature, pH; (3) the behaviour 

of materials in exposure conditions: aggregation, agglomeration, sedimentation and interaction 

with organic compounds; (4) the studied (micro)organisms on different trophic levels: for 

example, bacteria, algae, plants, animals, or whole communities; (5) the accuracy of the 

methods; and (6) the chosen endpoints. Therefore, the study of material toxicity should take all 

of these issues into account. 

Tests on single strain bacteria, algae, earthworms, plants, fish have often been carried out in lab 

scale in a variety of growth media and have been one of the most common strategies in the field 

of nanomaterial toxicity assessment. These studies are often based on standard methods 

(OECD, ISO) and are very important for setting up modified or new methods, more appropriate 

for nanomaterials. 

A complex microbial community in a natural environment can be studied to evaluate the 

toxicity of nanomaterials in environmental applications and during accidental spills. There have 

been several studies on ZVI impacts on soil or groundwater microbial communities (Fajardo et 

al., 2012; Nguyen et al., 2018). These studies are more complex because many factors in 

natural conditions are involved, such as organic compounds, pH, oxygen concentration, redox 

potential amongst others. 

Overall, the assessment of nanomaterials toxicity is still urgently needed due to the increasing 

use of nanomaterials in synthesis and applications. In particular, iron-based materials have 

great properties and a wide range of applications from biological sciences and medicine to the 

environment. In parallel, the nanotoxicity study of iron-based materials is challenging because 

their properties change depending on the exposure scenarios.  

The biological effects of iron-based NMs/NPs in this study are addressed in line with the aims 

of this thesis, which are listed below and illustrated in Figure 1. 

 Establishing suitable toxicity methods depending on the target microorganisms and 

environment (papers 1 to 7). 
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 Comparing the toxicity of Gram-negative and Gram-positive bacteria (prokaryotic cells) 

through various biological endpoints such as growth rate, viability, morphology and DNA 

integrity (Papers 3, 5, 6). 

 Studying the toxicity of algal Chlamydomonas sp. (eukaryotic cells) by different endpoints 

such as algal growth rate, membrane integrity, ROS formation and photosynthesis 

efficiency (Papers 2, 4, 7). 

 Studying the toxicity of microbial communities in natural freshwater, namely Harcov 

reservoir water, utilizing a range of different methods from cultivation to next-generation 

sequencing (Paper 1). 

 

Figure 1:  Summary of the study of the impacts of iron-based NMs/NPs on microorganisms in this 

thesis. 
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2. Materials 

 

2.1 Iron-based nanomaterials/nanoparticles 

 

Table 1 summarises the iron-based NMs/NPs tested in this study. They can be divided into two 

groups: (1) functionalized Fe3O4 particles/materials, which were synthesised for bio applications 

and where the research aimed to describe their biological effects or antibacterial properties; (2) 

modified ZVI particles of different sizes, which were used for cleaning contaminated soil and 

groundwater and where the focus was on single microorganisms commonly present in the 

environment and on the natural microbial community present in reservoir water. 

The functionalized Fe3O4 particles were synthesized by Dr. Darwish, a postdoctoral researcher at 

the Technical University of Liberec. The Fe3O4 NMs/NPs were produced and functionalized by 

different methods to achieve the best functionalized Fe3O4 NMs/NPs. This internal cooperation 

resulted in papers 3, 5 and 6. 

Part of the ZVI NMs/Nps was provided by the NanoREM project partners. These were synthesised 

to unlock the potential of nanoremediation in soil and groundwater (http://nanorem.eu/). The ZVI 

particles were obtained from UVR-FIA (Germany), GmH-UFZ (Germany) and the University of 

Duisburg-Essen (Germany). This international cooperation led to joint papers number 2, 4 and 7. 

The nZVI and mZVI particles were provided by Dr. Ribas from the Technical University of 

Catalonia (Spain) and Hepure Technologies (USA), respectively. These particles were aimed at 

application in environmental remediation. This cooperation contributed to paper 1. 

 

 

 

 

 

 

 

http://nanorem.eu/
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Table 1. Summary of all iron-based NMs/NPs used in this study. 

 

Materials Properties 
Article 

No. 

Functionalized Fe3O4 NMs/NPs 

APTS-Fe3O4, 

PEG-Fe3O4, 

TEOS-Fe3O4 

APTS 

PEG 

TEOS 

6 

OA-MNP, 

PEI-MNP, 

PEI-mC-MNP 

OA 

PEI 

PEI-mC 

5 

 

Fe3O4-PNIPAAm-1, 

Fe3O4-PNIPAAm-2, 

Fe3O4-PNIPAAm-3 

PNIPAAm synthesized by different methods: 

(1) emulsion polymerization, 

(2) in-situ precipitation, 

(3) physical addition. 

3 

Iron-based NMs/NPs 

FerMEG12 

(Milled-Fe) 

Fe(0) ≈ 80 wt%, <40 µm, <100 nm thick, 13 – 18 m
2
/g, 

Flakes 
2, 4, 7 

Carbo-Fe
®

 
Fe

0
 ≈ 20%, Fetotal = 30.3 wt%, ACtotal = 55%,  ~1 µm, 

550 - 650 m
2
/g, sphere-like fragments 

2, 4, 7 

Trap-Ox
®
 Fe-Zeolite Si = 38%, Al = 1.8%, Fe(II/III) =1.3% , spheres 2, 4, 7 

Fe-oxide 

(Nano-Goethite) 

Fe(III) ≈ 60%, humic acid coated, 400 nm, 135 m
2
/g, 

sphere-like fragments 
2, 4, 7 

nZVI 
Fe(0) ≈ 74%, C = 2.7%, iron oxide = 23.3%, ~100 nm, 

29.6 m
2
/g 

1 

mZVI Fe(0) ≈ 95%, C = 1.8%, ~4 µm, 0.487 m
2
/g 1 
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2.2 Microorganisms 

 

The microorganisms were selected depending on the target NMs/NPs applications. The 

microorganisms were maintained in growth media and conditions specified by the providers’ 

guidelines. The Gram-negative and Gram-positive bacteria E. coli and S. aureus were used for 

testing the toxicity of Fe3O4 NMs/NPs due to their use in bio applications (papers 3, 5 and 6). 

Gram-negative P. putida, Gram-positive C. perfringens and green unicellular alga Chlamydomonas 

sp. were used for testing the toxicity of ZVI NMs/NPs, which are applied in environmental 

remediation (papers 2, 4, and 7). The complex microbial community in reservoir water was chosen 

to compare the nano- and microscale effect of ZVI particles (paper 1). Details of the studied 

microorganisms are shown below as Table 2. 
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Table 2.  Summary of microorganisms used in this study 

Microorganisms Characteristics, source  Growth conditions 
Article  

No. 

Bacteria (Prokaryotic cells) 

Escherichia coli 

(E. coli) 
Gram-negative, CCM 3954 

Aerobic, 37°C,  

soya broth medium 

3, 4, 5, 

6 

Staphylococcus aureus 

(S. aureus) 
Gram-positive, CCM 3953 

Aerobic, 37°C,  

soya broth medium 
3, 5, 6 

Pseudomonas putida 

(P. putida) 
Soil, Gram-negative, CCM 1977 

Aerobic, 27°C,  

soya broth medium 
7 

Clostridium perfringens 

(C. perfringens) 
Soil, Gram-positive, CCM 4435 

Anaerobic, 37°C, 

anaerobic basal 

medium 

7 

Unicellular green alga (Eukaryotic cells) 

Chlamydomonas sp. 

Planktonic, motile; Biology 

Centre CAS, Institute of 

Hydrobiology, České 

Budějovice, Czech Republic. 

Aerobic, 22°C,  

light/dark regime 

(16h/8h), WC 

2, 7 

Mixture of Prokaryotic and Eukaryotic cells 

Microorganisms in 

reservoir water 

Harcov reservoir, Liberec, 

Czech Republic. 

Late summer, natural 

water 
1 

 

CCM – Czech Collection of Microorganisms, Masaryk Univ., Brno, Czech Republic. 

WC medium components (cf. Guillard et al., 1972) 
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3. Methods  

 

All methods used in this study are listed in Table 3. The chosen methods depended on the 

available instruments in our own laboratory or in laboratories we cooperated with. Typically, a 

combination of several methods was employed in one study, for example cell cultivation, optical 

microscopy and next-generation sequencing (paper 1); fluorometry and flow cytometry (paper 2); 

optical density (OD), optical microscopy and comet assay (paper 3); OD and fluorometry (paper 

4); OD and optical microscopy (papers 5, 6). The endpoints of the methods are given in Table 3. 

Table 3. Summary of all methods and endpoints investigated in this study. 

 

Methods Endpoints 
Article 

No. 

Cultivation Viability of cultivable bacteria (CFU) 1 

Optical density (OD) Bacterial growth rate 3, 4, 5, 6, 7 

Fluorescence microscopy 
Viability, reactive oxygen species (ROS), 

membrane integrity (Sytox, PI) 
2, 3, 5, 6 

Comet assay DNA damage 3 

Optical microscopy Cell morphology, cell numbers 3 

Fluorometry (QY) Photosystem II efficiency  2, 3, 7 

Flow cytometry 
Cell numbers, fluorescence of chlorophyll, 

membrane integrity, ROS formation  
2 

Next-generation sequencing 

(NGS) 
Bacterial community structure 1 
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4. Characterization of NMs/NPs  

 

A proper characterisation of iron-based NMs/NPs was necessary for the evaluation of toxicity. The 

methods that were used for the characterization of NPs and obtained parameters are shown in Table 

4. For example, ZVI at micro- and nano-size tended to be more aggregated in centrifuged 

freshwater compared to filtered water and DI water. In the freshwater, the pH and ORP values of 

nZVI were higher and significantly changed compared to mZVI (paper 1). FerMEG12 showed 

positive surface charge in algal medium (WC), while Carbo-Iron
®
, Fe-zeolites and Nano-Gothite 

showed negative charge during 24h-exposure. These four iron-based materials also aggregated to 

form larger sizes after 2h in WC medium (paper 2). In addition, the pH and ORP values of APTS-

/PEG- and TEOS-NPs in bacterial media were comparable to the controls (paper 6).  

Table 4. Summary of all methods and measurement parameters of particles  

 

Method Parameter 

SEM Shape of particles 

BET Specific surface area  

ICP-OES 
Concentration of chemical compounds 

and dissolved metals 

DLS in combination with 

electrophoresis 

Size distribution  

Zeta potential 

Differential centrifugal 

sedimentation 

(DCS) 

Size distribution 

pH, ORP, dissolved O2 Physical-chemical parameters 
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5. Results and discussion 

 

5.1 Lessons learnt from (nano)toxicity methods 

 

The development of new test strategies has received much recent attention due to (1) the 

constraints of (nano)toxicity testing, (2) the inability of (nano)toxicity tests to adequately assess 

risk, and (3) the limitations of the studies in realistic conditions. In this thesis I established and 

used numerous methods (Table 3) depending on the target microorganisms and conditions for 

toxicity study. Moreover, I found that it is important to use a multi-method approach to elucidate 

toxicity mechanisms, the influence of NP interactions with media/organisms, and ultimately to 

identify artifacts and appropriate endpoints for nanotoxicity study (Sørensen et al., 2016; Jung et 

al., 2013; Hjorth et al., 2017).  

The biological effects of iron-based materials were investigated using different strategies for 

different endpoints. The most common method in this study, bacterial growth rate, was used to 

evaluate the bacterial growth as well as to extrapolate data on effective concentration (EC). The 

key is to measure cell turbidity by wavelength absorption, here using a microplate reader. It is a 

feasible, economical, and reachable method. Bacterial growth rate is a good method to indicate 

the tolerance of bacteria to nanoparticles. Fast-growing bacteria, for example, are more 

susceptible to NPs than slow-growing bacteria (Bayer, 1989; Mah and Toole, 2001). However, 

iron-based materials/particles can aggregate and sediment, and can cause shading effect; all 

these are interfering factors, which should be taken into account. To obtain reliable data, 

negative controls with only NMs/NPs should be screened before the experiments begin, which 

means that absorbance of various concentrations of NMs/NPs without cells in exposure medium 

are measured. The absorbance of NPs should be constant during the whole experiment. The 

tested concentrations should be chosen (1) within the constant absorbance values; (2) or the 

absorbance values of NMs/NPs should be subtracted by the absorbance values of NMs/NPs and 

cells; (3) or there should be a combination of (1) and (2). This method was applied from lab 

scale to large scale study (Nguyen et al., 2017; Darwish et al., 2015; Darwish et al., 2016; 

Hjorth et al., 2017; Coutris et al., 2015).  
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Following bacterial growth rate assay, cell viability assay using fluorescence staining and a 

microplate reader was applied. The principle of this method is to measure the fluorescence 

staining cells by a suitable wave length Excitation (Ex)/Emission (Em). In this method, the 

negative controls of MNs/NPs with staining in the same incubation conditions as the experiment 

were always carried out. The fluorescence values of negative controls should not be detectable 

or scored at very low values with any tested NM/NP concentration; otherwise, 

materials/particles might react with the fluorescent probes. In this case, they should be replaced 

by other suitable probes. For example, live/dead kit (L7007, Thermofisher) did not interfere 

with the tested materials in number of studies (Nguyen et al., 2017; Darwish et al., 2016; 

Darwish et al., 2015; Oukarroum et al., 2012; Naik et al., 2014; Fajardo et al., 2012; Liu et al., 

2013).  

Fluorescence microscopy is a very good method for the observation of cell morphology and cell 

viability. The disadvantage of this method is that it is time-consuming even if an image analysis 

tool is used. However, it can give direct evidence, which can always be visually presented. The 

method was used to evaluate cell length and biofilm cluster formation in the effects of Fe3O4 on 

E. coli and S. aureus, respectively. To obtain adequate data, a large number of cells and images 

should be taken, e.g. at least some hundreds of cells (Nguyen et al., 2017; Darwish et al., 2015).  

The single cell gel electrophoresis assay (SCGE, known as comet assay) is a method to obtain 

genotoxicity data. It is commonly used in eukaryotic cells. Basically, this method serves  to 

measure the comet length of tail and head. In our study, the method was adapted to prokaryotic 

cells (bacteria), which represents  a DNA damage study.  The amount of DNA strand breaks 

should be related to the effect of NMs/NPs. The obtained data are very useful if they are 

combined with other methods (bacterial growth, cell viability, cultivation). However, this 

method is hugely time-consuming and cannot be applied to a large number of samples and a 

complex microbial community. The method is employed in many genotoxicity studies of 

eukaryotic cell lines, whilst there are few studies on bacterial genome including the one in this 

thesis (Nguyen et al., 2017; Cotelle and Fe, 1999; Karlsson, 2010; Omidkhoda et al., 2007; 

Gaharwar and Paulraj, 2015; Naik et al., 2014). 

Aquapen is a practical small instrument used for measuring the efficiency of photosystem II of 

algae. It is fast and economic, and useful data can be obtained about single algal cultures as well 

as environmental water samples. The method should be performed in parallel with other 

methods to produce more endpoints for a broader view of toxicity assessment. In this study, the 
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use of Aquapen was limited by the colour of iron-based NMs. In the case of ZVI particles, it 

could only measure up to 50 mg/L, or in the case of Nano-Goethite the maximum tested 

concentration could be 100 mg/L. Some other researchers have successfully used this method 

for nanotoxicity study on algae (Oukarroum et al., 2012; Ralph et al., 2007; Baselga-Cervera et 

al., 2016; Gerloff-Elias et al., 2005). 

Flow cytometry (FC) is an advanced method, combined with fluorescent probes for 

investigating multi-endpoints in toxicity study. The principle is to separate differently stained 

fluorescent cells (bacteria, algae or cell lines), which depend on the tested endpoints. For 

example, the algal cells were stained with SYTOX Green and propidium iodide (PI) for 

detecting damaged cell membranes (Nguyen et al., 2018). FC will separate damaged cells by 

blue channel with 533/30 nm (SYTOX) and red channel 585/40 nm (PI). This instrument has a 

good reputation in the nanotoxicity field since it is applied in many studies in both lab scale and 

large scale (Nguyen et al., 2018; von Moos et al., 2015; Cheloni et al., 2016; Melegari et al., 

2013; Ghosh et al., 2012).  

Next-generation sequencing is a highly advanced method and is still a new method applied in 

nanotoxicity research. It is a very good method for the metagenomics of soil or water microbial 

communities from environmental samples. Its disadvantages are that it is expensive to run the 

experiments, and it is time-consuming to analyse and interpret the data. There have been several 

studies of soil samples with iron-based NMs/NPs, but as far as is known, this thesis is first study 

of metagenomics in natural freshwater samples (Nguyen et al., 2018).  

 

5.2 Toxicity of iron-based NMs/NPs on single bacterial species (prokaryotic cells) 

 

The number of nanotoxicity studies focusing on microorganisms is increasing; however, these 

have mainly been limited to a single species grown in an adequate nutrient medium (Auffan et 

al., 2008; Saccà et al., 2013; Kim et al., 2010; Fajardo et al., 2013; Jiang et al., 2015; El-Temsah 

et al., 2016; Semerád and Cajthaml, 2016). In these studies, the experiments have been 

performed in carefully controlled, sterilized conditions. Therefore, the obtained data should be 

reproducible and easier to interpret and easier to understand the toxic mechanism. Another 

benefit of lab study is that the experiments can be repeated in the same conditions on different 

bacterial strains, and the results compared. In this thesis, the aim was to study the biological 
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effects of different functionalized Fe3O4 materials which were produced for bio applications. 

The experimental conditions were set up in constant conditions. The bacteria E. coli and S. 

aureus were used as microorganism models. 

The biological study of modified ATPS-, TEOS- and PEG-Fe3O4 on E. coli and S. aureus is 

presented in paper 6 (Darwish et al., 2015). The E. coli responded to stress conditions when in 

contact with ATPS-Fe3O4 by prolonged cells. The effective concentration (EC10) of E. coli 

affected by APTS-, PEG- and TEOS-Fe3O4 was in the order 0.17, 0.5 and 0.35 g/L compared to 

unmodified Fe3O4 at 0.6 g/L. The EC10 of S. aureus on APTS-, PEG- and TEOS-Fe3O4 was 0.1, 

0.25 and 0.12 g/L compared to unmodified Fe3O4 with NOEC < 1 g/L. The functional groups of 

ATPS, TEOS and PEG played more or less an antibacterial role on both bacteria, especially the 

ATPS-Fe3O4 affected Gram-positive S. aureus at EC10 of 0.1 g/L. In general, S. aureus was 

found to be more sensitive than E. coli to the three tested modified Fe3O4 NPs. APTS-magnetite 

NPs displayed a degree of antimicrobial activity, allowing their use in bio applications such as 

drug nanocarriers, where bacterial growth is undesirable (Darwish et al., 2015).  

Next, the effects of three coatings: OA, PEI and PEI-mC of Fe3O4 particles (MNP) on E. coli 

and S. aureus were compared (paper 5) (Darwish et al., 2016). The bacterial growth rate method 

was applied as described in Darwish et al., 2015. Additionally, biofilm formation and viable 

cells assays were investigated. PEI-MNP and PEI-mC-MNP displayed the highest effect on S. 

aureus (0.077 and 0.146 g/L) and E. coli (0.552 and 0.145 g/L), while OA-MNP showed the 

least effect on both bacteria, S. aureus (0.2 g/L) and E. coli (> 1g/L). Following another assay, 

the percentage of dead cells of E. coli were 24% (P= 0.02) when it was grown with PEI-mC-

MNP, while those of S. aureus were significant at P < 0.001 with all MNP materials at 

concentrations of more than 0.5 g/L. All functionalized Fe3O4 inhibited the formation of 

biofilms of S. aureus. S. aureus was again more affected by all three functionalized Fe3O4 than 

E. coli cells. PEI-mC Fe3O4 was found to be most effective against both S. aureus and E. coli 

(EC10 of 0.15 g/L), while PEI-Fe3O4 had the most inhibiting properties on S. aureus (EC10 of 

0.077 g/L). The functionalized magnetite nanoparticles are promising agents for hyperthermia, 

as well as for further work on hyperthermic drug release (Darwish et al., 2016). 

The last types of functionalized Fe3O4 were synthesized by three different methods: emulsion 

polymerisation (Fe3O4-PNIPAAm-1), Fe3O4-PNIPAAm-2 (in-situ precipitation) and physical 

addition (Fe3O4-PNIPAAm-3). The biological effects were studied by multi-endpoint 

approaches (growth rate, viability cells, cell morphology and damaged DNA) (paper 4: Nguyen 
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et al., 2017). The EC10 was found to be almost similar in Fe3O4-PNIPAAm-1 and Fe3O4-

PNIPAAm-2, being 0.1 and 0.14 g/L for E. coli and 0.05 and 0.05 g/L for S. aureus. A 

significant increase in the length of E. coli cells was caused by Fe3O4-PNIPAAm-1 and Fe3O4-

PNIPAAm-2, while biofilm cluster was increased in Fe3O4-PNIPAAm-2 and Fe3O4-PNIPAAm-

3. However, the PNIPAAm itself had a significant effect on both E. coli length cells and biofilm 

clusters. Fe3O4-PNIPAAm-1 displayed stronger biological effects on both bacterial strains than 

Fe3O4-PNIPAAm-2 and Fe3O4-PNIPAAm-3 (Fig. 2). S. aureus was more sensitive than E. coli 

to all three magnetic PNIPAAm nanocomposites. Emulsion polymerisation was the most 

effective method for synthesising of PNIPAAm magnetites nanocomposites, which displayed 

the strongest antibacterial property (Nguyen et al., 2017).  
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Figure 2. Example of bacterial growth rate study of E. coli (A) and S. aureus (B) with 

PNIPAAm (red circles), Fe3O4-PNIPAAm-1 (orange diamonds [1]), Fe3O4-PNIPAAm-2 (green 

triangles [2]) and Fe3O4-PNIPAAm-3 (blue triangles [3]). The error bars show SD calculated 

from n = 3. Significance level ***P < 0.001 (Nguyen et al., 2017). 

 

The antibacterial properties of functionalized Fe3O4 materials were also investigated in other 

studies. Chitosan coated IONPs had antibacterial properties against Bacillus subtilis and E. coli 

using BacLight fluorescence assay, bacterial growth kinetic and CFU (Arakha et al., 2015). 

Glycerol iron oxide nanoparticles (GIO-NPs) were obtained by an adapted coprecipitation 

method and the GIO-NPs showed antibacterial property. These results indicate that the biofilm 

inhibition of Gram-negative P. aeruginosa 1397 was higher than Gram-positive E. faecalis 

ATCC 29212 at concentrations from 0.01 to 0.625 g/L (Iconaru et al., 2013). The antibacterial 
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activities of IONPs, synthesized by laser ablation in liquid, were tested against Gram-positive S. 

aureus and Gram-negative E. coli, P. aeruginosa and Serratia marcescens. The results of zone 

inhibition showed a notable inhibition on both bacterial strains, and the synthesized magnetic 

nanoparticles were used to rapidly capture S. aureus cells under the magnetic field effect (Ismail 

et al., 2015). Fe3O4 NPs were synthesized through the chemical combustion method, and their 

antibacterial property was strongly revealed against Gram-positive S. aureus, Xanthomonas and 

Gram-negative E. coli and Proteus vulgaris (Prabhu et al., 2015). 

 

5.3 Toxicity of iron-based NMs/NPs on unicellular alga (eukaryotic cells) 

 

The unicellular alga, Chlamydomonas sp. served in this thesis as a model for eukaryotic cells. 

Four new iron-based materials developed for groundwater remediation were tested: (i) 

FerMEG12 - pristine flake-like milled Fe(0) nanoparticles; (ii) Carbo-Iron® - Fe(0)-

nanoclusters containing activated carbon (AC) composite; (iii) Trap-Ox® Fe-BEA35 (Fe-

zeolite) - Fe-doped zeolite; and (iv) Nano-Goethite - ‘pure’ FeOOH. Toxicity study of these 

materials was necessary before they could be released into the environment. A whole test battery 

consisting of eight micro(organisms) bacteria (V. fisheri, E. coli), algae (P. subcapitata, 

Chlamydomonas sp.), crustaceans (D. magna), worms (E. fetida, L. variegatus) and plants (R. 

sativus, L. multiflorum) was applied by the project partners. E. coli and Chlamydomonas sp. was 

investigated by the author. A ball milled FerMEG12 showed toxicity in the test battery at 

concentrations up to 100 mg/L, which is the cut-off for hazard labelling in chemicals regulation 

in Europe (paper 3: Hjorth et al., 2017). The alga Chlamydomonas sp. was chosen for further 

investigation of different biological endpoints. The results also confirmed that FerMEG12 

caused the most damage to algal cells and flow by Carbo-Iron®, Fe-zeolite and Nano-Goethite 

(paper 2: Nguyen et al., 2018). An example of algal cells exposed to the four iron-based 

materials observed under microscope is shown in Fig. 3.  
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Figure 3. Example images of Chlamydomonas with FerMEG12 (A, B), Carbo-Iron
®
 (C, D), Fe-

zeolites (E, F) and Nano-Goethite (G, H). The images were taken using a bright field Zeiss 

microscope (mag. 400 x; scale bar = 10 m) (Nguyen et al., 2018). 

 

Each of the iron-based materials has its own specific and unique properties for targeted 

application purposes. Some of these characteristics may not favour the target microorganisms; 

hence, they should be taken into account when undertaking toxicity studies. These unfavourable 

factors were listed as lessons learnt in paper 3 (Hjorth et al., 2017). The green algae take in light 

for their essential life elements; therefore, the dark colour of FerMEG12 and Carbo-Iron®, and 

the colouration of Nano-Goethite at higher concentrations (500mg/L) resulted in shading of the 

algal cells. The larger size of FerMEG12 and Carbo-Iron® (original state or due to 

agglomeration) and consequent sedimentation reduced their effect on Chlamydomonas sp. The 

constituents of iron-based materials, including the percentage of the Fe(0), glycerol, humic acid 

or other added chemicals, may also need to be considered in toxicity studies. In the case of Fe-

zeolites, these have two phases of in-situ application: a sorption phase following particle 

injection to the aquifer, and, after sorption is complete, a flush of H2O2 is applied, which leads 

to hydroxyl radical formation (Fenton-like reaction), which then regenerates the particles and 

oxidises the contaminant. Even though there was no specific evidence, the shape of FerMEG12 

with rough, sharp edges on the surface, could be involved in damage to algal membranes 

(Nguyen et al., 2018).  

As one of the transition metals, ZVI can participate in one-electron oxidation-reduction 

reactions producing ROS, which can have direct toxic effects on living organisms (Ševců et al., 

2011). FerMEG12, for example, with 80% Fe(0), was without surface passivation and displayed 

higher toxicity to Chlamydomonas sp. than the other Fe-containing materials. This could be due 

to higher release of Fe(II) followed by higher uptake by algal cells, causing oxidative stress via 

the classic Fenton reaction (Lee et al., 2008; Ševců et al., 2011). ZVI toxicity strongly depends 

on the percentage of ZVI used and on the surface coating (El-Temsah and Joner, 2012). 

FerMEG12 had the most negative effect on the tested micro(organisms), and therefore was 

remodified. The hypothesis concerned whether the adverse effect was caused by humic acid, a 

surfactant used for stabilizing FerMEG12, or if humic acids would reduce the toxicity of 

FerMEG12 particles on organisms by reducing their bioavailability. The experiment compared 

the toxicity of ZVI alone, ZVI with humic acid, humic acid alone and remodified FerMEG12.  
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No adverse effect of remodified FerMEG12 was found in either anaerobic C. clostridium or 

aerobic P. subcapitata. Humic acid decreased bacterial growth only at 1000 mg/L (Coutris et al., 

2015). 

 

5.4  Effect of iron-based NMs/NPs on complex microbial communities  

 

There have been few studies focused on the effects of NMs on whole bacterial communities. 

The iron-based materials tended to be applied to soil, groundwater or freshwater environments, 

where natural microbial communities are present. Up to the present time, studies on the effects 

of ZVI on microbial communities have been scarce and it is difficult to replicate field-relevant 

exposure conditions; however ecotoxicity studies for these materials are urgently needed 

(Kocur, 2015).  

The nano-scale ZVI caused changes in the diversity of Eubacteria in groundwater microcosms, 

but no change in abundance was detected (Kirschling et al., 2010). Another study found that 

nZVI enhanced bacterial growth but did not influence the bacterial community structure (Barnes 

et al., 2010) in aquatic microbial microcosms. An experiment of nZVI in soil mesocosms 

revealed that nZVI has the potential to inhibit microbial functions because of the changes in soil 

bacterial community composition and reduction of the activity of chloroaromatic mineralizing 

microorganisms (Tilston et al., 2013). In a recent study using next-generation amplicon 

pyrosequencing, nZVI/CMC addition stimulated growth of dehalogenating bacteria in a long-

term field study of microbial communities  (Kocur et al., 2016).  The most advanced results in 

this thesis were obtained from next-generation sequencing (paper 1). When comparing nano and 

microparticles nZVI and mZVI, samples of natural reservoir microplankton were studied. Total 

bacterial species richness and less common bacteria increased significantly when treated with 

mZVI compared to nZVI. The abundance of Limnohabitans (Betaproteobacteria), Roseiflexus 

(Chloroflexi), hgcl_clade (Actinobacteria) and Comamonadaceae_unclassified 

(Betaproteobacteria) increased under nZVI treatment, while mZVI enhanced 

Opitutae_vadinHA64 (Verrucomicrobia) and the OPB35_soil_group (Verrucomicrobia) (Fig. 4). 

mZVI had no significant effect on algal cell number, though cyanobacteria numbers increased 

slightly. Algae were only marginally affected by nZVI after seven days, and cyanobacteria 

numbers remained unaffected after 21 days. nZVI increased the cultivable bacteria, which 

increased significantly and shaped the bacterial community both directly, through the release of 
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Fe(II)/Fe(III),
 
and indirectly, through rapid oxygen consumption and the establishment of 

reductive conditions (Nguyen et al., 2018).  

 

Figure 4: Example of effects of (A) nZVI and (B) mZVI on most abundant bacterial groups in 

reservoir water after 21 days (Nguyen et al., 2018) 

 

5.5 Behaviour of iron-based NMs/NPs in tested media 

 

It was necessary to study the behaviour of iron-based NMs/NPs in the test conditions or media 

to be able to interpret the data of the toxicity study such as size distribution, surface charge, 

agglomeration, and sedimentation, and also other chemical parameters (pH, ORP) and dissolved 

oxygen. These parameters could some extent explain the causes of toxicity. The smaller NPs 

may cause a more toxic effect on the cells compared to larger NPs (Diao and Yao, 2009;  

Phenrat et al., 2009; Lei et al., 2016). The agglomeration of NPs could change their properties, 

which may reduce the toxicity toward  microorganisms (Keller et al., 2012) due to the 

consequent sedimentation. The shading effect of NPs might lead to distorted results in studies 

involving algae (Hjorth et al., 2017). NPs were found to be more stable in a higher pH value, 

and magnetic NPs were more stable compared to ZVI (Auffan et al., 2008). The ZVI 

aggregation rate was greater in seawater (pH 8.1) than in freshwater (pH 7.5) and uncoated ZVI 

aggregated faster than coated ZVI (Keller et al., 2012). In the environment, NPs undergo 

different ways of transformations: (a) chemical, (b) physical (aggregation), (c) biological, and 
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(d) interaction with macromolecules (Lowry et al., 2012). The listed transformation of NPs 

could also happen in growth media. The biotic and abiotic degradation processes occurring in 

situ may progressively remove nanoparticle coating, thus modifying nZVI behaviour and overall 

toxicity (Lefevre et al., 2015). In algal growth medium (WC), iron oxide (Nano-Goethite) was 

more stable than Fe-zeolites compared to unstable ZVI (FerMEG12 and Carbo-Iron) during 24 

h (paper 2). The mZVI and nZVI aggregated quickly in centrifuged freshwater compared to 

filtered freshwater (pH 8) (paper 1). 

0 3 6 9 1 2 1 5 1 8 2 1

7 .0

7 .5

8 .0

8 .5

9 .0

T im e  (d a y s )

p
H

C o n t ro l +  n Z V I +  m Z V I

A

* *

* * *

* * *
* *

3 6 9 1 2 1 5 1 8 2 1

-2 0 0

0

2 0 0

4 0 0

T im e  (d a y s )
O

R
P

 (
m

V
)

B

* * *

* * * * * *

* * *
* * *

* * * * *

* *

 

1 2 3 4 5

0

3

6

9

1 2

S iz e  (m )

C R W

F R W

D IW

R
e

la
ti

v
e

 w
e

ig
h

t

C

0 .0 0 .2 0 .4 0 .6 0 .8 1 .0

0

1 0

2 0

3 0

4 0

0

5

1 0

1 5

2 0

S iz e  (m )

R
e

la
ti

v
e

 w
e

ig
h

t

D
IW

R
e

la
tiv

e
 w

e
ig

h
t

C
R

W
/

F
R

WC R W

F R W

D IW

D

Figure 5. Example of physio-chemical parameters monitored over the 21-day experiment with 

mZVI and nZVI in reservoir water. (A) pH, (B) oxidative reductive potential, (C) size 

distribution determined by differential centrifugal sedimentation with samples mZVI in 

centrifuged reservoir water CRW, filtered reservoir water (FRW) and deionized water (DIW), 

and (D) size distribution determined by differential centrifugal sedimentation with samples 

nZVI in CRW, FRW and DIW. Error bar n = 3; * P < 0.05, ** P < 0.01 and *** P < 0.001 

(Nguyen et al., 2018). 
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7. Conclusions 

 

This work aimed to establish and evaluate different methods to study the biological effect of 

iron-based NMs/NPs. This included basic as well as advance methods, namely: optical density 

(OD), cultivation, fluorescence microscopy, comet assay, optical microscopy, fluorometry 

(QY), flow cytometry and next-generation sequencing. A multiple-endpoint approach is 

recommended to reliably evaluate the biological effect of the tested materials. It is also fruitful 

to study a wider range of representative (micro)organisms to obtain a broad view of material 

toxicity. Moreover, the physical interaction effects should be clearly included in studies of 

toxic mechanisms. The bacterial or algal growth rate endpoint was commonly used when 

following other biological effects (cell length, biofilm formation, membrane integrity, ROS 

generation, DNA damage). Importantly, the interfering factors caused by iron materials should 

be taken into account, e.g. colour, aggregation and sedimentation. It is recommended that the 

toxicity assessment should be set up in relevant concentrations and target application 

conditions.  

The toxicity study on single prokaryotic strains found that Gram-positive S. aureus was more 

sensitive to the tested functionalized Fe3O4 NMs/NPs compared to Gram-negative E. coli using 

multiple endpoints such as growth rate, cell length, biofilm formation, as well as DNA damage. 

S. aureus biofilm formation was inhibited by PEI-Fe3O4 while it was formed in the presence of 

PNIPAAm and PNIPAAm-3. E. coli cell length was prolonged by ATPS-Fe3O4 and Fe3O4-

PNIPAAm-3. The magnetic NPs coated with APTS and PEI had an antibacterial potential. The 

Fe3O4- PNIPAAm was synthesised by an emulsion polymerisation method and displayed a 

strong antibacterial property.  

Gram-positive C. perfringens was exposed to ZVI in anaerobic conditions, which was similar 

to the environmental conditions. The nZVI was in low-oxygen concentrations, which prolongs 

its reactivity. Therefore, nZVI affected the growth of C. perfringens more than aerobic bacteria 

tested in oxic conditions. 

Alga Chlamydomonas sp. was sensitive to iron-based materials in short-exposure (2h) 

compared to longer-exposure (24h) based on its multiple endpoints including algal growth rate, 

membrane integrity, ROS formation and photosynthesis efficiency. The effects on 
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Chlamydomonas sp. decreased in the order FerMEG12 > Carbo-Iron®> Fe-zeolite> Nano-

Goethite. The ecotoxicological experiments were challenged due to various particle properties, 

namely dark colour, the effect of constituents and a tendency to agglomerate, especially at high 

concentrations. All particles exhibited the potential to induce significant toxicity at high 

concentrations (500 mg/L), although such concentrations would rapidly decrease to mg or µg/L 

in natural aquatic environments, at levels harmless to Chlamydomonas sp. The presented 

findings contribute to the practical use of particle-based nanoremediation. 

With planktonic microorganisms in freshwater, nZVI showed stronger effect than mZVI, due to 

its higher reactivity, which caused a rapid decrease in ORP and dissolved oxygen, and possibly 

the generation of intracellular ROS, leading to cell damage. nZVI significantly stimulated the 

growth of cultivable bacteria and iron-oxidising bacteria, but slightly inhibited the growth of 

algae. Phagotrophic flagellates and ciliates were affected by low dissolved oxygen 

concentrations, and such conditions released bacteria from grazing pressure and shifted the 

community from small grazing-resistant prokaryotes to fast-growing opportunists. In support of 

this hypothesis, nZVI strongly favoured the growth of the facultative anaerobe Limnohabitans 

and other opportunist bacteria that can come to dominate in bacterivore-free treatments, 

whereas the LD12 cluster and Verrucomicrobia, with slow-growing life strategies, were 

depleted. mZVI caused an unexpectedly positive effect on cyanobacteria, which could be 

explained by a surplus of iron in its non-toxic form. Further in-situ studies that more 

realistically mimic reservoir conditions could well reveal more information on the influence of 

ZVI on natural microbial communities, including parts of the microbial food web not covered 

here, such as heterotrophic flagellates and viruses. 
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Table 4. Summary of endpoints, microorganisms, materials/particles and results investigated 

and discussed in this thesis. 

 

Iron-based 

NMs/NPs 
Endpoint(s) Microorganism(s) Results 

Article 

No. 

nZVI, 

milled nZVI, 

nZVI + humic 

acid 

Bacterial growth 

rate 

 

Gram-positive C. 

perfringens  

No toxicity was observed in 

the presence of humic acid. 

The nZVI was more toxic to 

C. perfringens than the milled 

Fe particles. 

 

7 

APTS- Fe3O4,  

PEG- Fe3O4, 

TEOS- Fe3O4 

(1) Bacterial 

growth rate 

(2) Viability 

(3) E. coli cell 

length 

Gram-negative E. 

coli and Gram-

positive S. aureus 

All magnetic materials  

affected S. aureus and not E. 

coli, whereas APTS-Fe3O4 

displayed antibacterial 

property. 

6 

OA-Fe3O4, 

PEI-Fe3O4,  

PEI-mC-Fe3O4 

(1) Bacterial 

growth rate 

(2) Cell viability 

(3) S. aureus 

biofilm 

formation 

 

Gram-negative E. 

coli and Gram-

positive S. aureus 

PEI-Fe3O4 was found to be 

most effective against both S. 

aureus and E. coli.  

5 
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Fe3O4-

PNIPAAm-1, 

Fe3O4-

PNIPAAm-2, 

Fe3O4-

PNIPAAm-3 

(1) Bacterial 

growth rate 

(2) Cell viability 

(3) Cell 

morphology 

(4) DNA 

damage 

Gram-negative E. 

coli and Gram-

positive S. aureus 

Fe3O4-PNIPAAm 

causedsignificant damage to 

both E. coli and S. aureus 

DNA and led to a decrease in 

cell viability. Fe3O4-

PNIPAAm-1 displayed a 

stronger antimicrobial effect 

against both bacterial strains 

than Fe3O4-PNIPAAm-2 and 

Fe3O4-PNIPAAm-3. S. aureus 

was more sensitive than E. 

coli to all three magnetic 

PNIPAAm. 

 

3 

Nano-Goethite,  

Trap-Ox
®
 Fe-

zeolites,  

Carbo-Iron
®
, 

Fer- MEG12 

Growth rate 
 E. coli, 

Chlamydomonas sp. 

All tested materials, except for 

FerMEG12 showed no 

toxicity up to 100 mg/L.  

4 

FerMEG12, 

Carbo-Iron®, 

Fe-zeolite, 

Nano-Goethite 

(1) Algal 

growth rate 

(2) Chlorophyll 

fluorescence  

(3) Efficiency 

of 

photosystem 

II 

(4) Membrane 

integrity 

ROS generation 

Chlamydomonas sp. 

Effects on Chlamydomonas 

sp. decreased in the order 

FerMEG12 > Carbo-Iron®> 

Fe-zeolite> Nano-Goethite 

2 
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nZVI 

mZVI 

(1) Number of 

bacteria, 

cyanobacteri

a and algae. 

(2) Diversity of 

bacterial 

communities 

Phytoplankton 

microorganisms in 

freshwarer 

Both nZVI and mZVI showed 

negative effects on 

phytoplankton 

microorganisms.  

nZVI stimulated growth 

bacteria but reduced algal 

growth.  mZVI notably 

reduced cyanobacterial 

growth. 

1 

 

To summarise, in 2013, I started to research the toxicity of iron-based NMs/NPs, at that time there 

have been only several publications on the toxicity of iron-based materials/particles, while several 

more papers mentioned the applications and benefits of iron-based NPs. It was therefore exciting to 

exploring this relatively new field. During course of my PhD study my research has contributed 

valuable data on the toxicity of various new iron-based materials as well as other materials on a 

broad spectrum of microorganisms (Table 5). The latest results of my study of iron-based NMs/NPs 

have made a significant contribution to field of eco(nano)toxicity, specifically in freshwater. 

 

Table 5. Summary of tasks and outcomes of this thesis. 

YEARS Tasks and outcomes 

2013 
- Setting up the bacterial growth rate method. 

- Working on Fe3O4 materials (group 1). 

2014 

- Improving the method and working on other methods (viability, cell 

length). 

- Continuing to work with Fe3O4 materials (group 2). 

- Writing manuscript of Fe3O4 (group 1). 

- Working on ZVI with bacterial growth rate method with aerobic and 

anaerobic conditions. 
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2015 

- Publishing the article on Fe3O4 (group 1) (paper 6). 

- Writing manuscript on Fe3O4 (group 2). 

- Working on Fe3O4 materials (group 3). 

- Passing four exams in PhD study. 

- Finishing technical report for NanoREM project (paper 7). 

- Learning flow cytometry in Geneva. 

- Working on ZVI materials with alga (Chlamydomonas sp.) 

2016 

- Publishing the article on Fe3O4 (group 2) (paper 5). 

- Writing manuscript on Fe3O4 materials (group 3). 

- Writing manuscript on ZVI effect on algae. 

- Writing manuscript on ZVI effect on bacterial growth rate. 

- Passing the state exam. 

- Experiment of ZVI and complex microbial community. 

2017 

- Publishing articles on Fe3O4 (group 3) (paper 3) 

- Publishing articles on ZVI effect on bacterial growth rate of 2014 

(paper 4) 

- Writing manuscript on ZVI and complex microbial community. 

2018 

- Publishing article on ZVI effect on alga (Chlamydomonas sp.) 

- Publishing article on nZVI and mZVI and complex microbial 

community. 

- Writing thesis. 
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